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ABSTRACT

The search for renewable energy sources to replace fossil fuel has been a major research
focus in the energy sector. The sun, with its vast amount of energy, remains the most abundant
and ubiquitous energy source that far exceeds the world energy demand. The ability to
effectively capture and convert energy from the sun in the form of photons will be the key to its
effective utilization. Of the many materials researched, organic macromolecules have
tremendous potential to replace and out-perform existing materials, due to their low-cost, ease
of tunability, high absorption coefficient and “green” nature.

In this thesis, zinc phthalocyanine (ZnPc) functionalized with oligothiophene was
investigated. ZnPc is known for its chemical and thermal stability. There is efficient charge
transfer in ZnPc because of its conjugated n-electrons. The power conversion efficiency (PCE)
in ZnPc-based solar devices is however, very low because of the poor absorption of ZnPc in the
300 — 550 nm region of the solar spectrum. Oligothiophenes have good absorption in the
spectral region where the absorption of ZnPc is poor. By functionalizing ZnPc with
oligothiophene using ethynylene linkage, it is possible to capture the solar energy in the entire
visible spectrum. Spectroscopic techniques of steady state absorption and time-resolved
fluorescence spectroscopy were used to show the improved absorption of the oligothiophene-
functionalized ZnPc. The steady-state fluorescence result showed an energy transfer from the
oligothiophene units to the ZnPc and the efficiency of energy transfer increases as the number

of oligothiophene groups attached to ZnPc increases. The ultrafast energy transfer was found to
Xvii



occur in a time of 300 fs.

Other groups of organic compounds that have gained prominence in the study for the
design of efficient active materials for photovoltaic cells are the polymers. Over the years, the
efficiency of devices fabricated from organic polymers has increased steadily. For organic
polymers to compete favorably with inorganic counterparts, the fundamental correlation
between the structure and performance of polymers has to be investigated. In this dissertation,
PTB7 which once had the world solar efficiency record of ~ 7.4% was investigated using
steady state spectroscopy, nonlinear optical spectroscopy and time-resolved fluorescence
techniques were used to investigate the structure-function relationship in the polymer. The
steady state measurement showed a good absorption of PTB7 over the entire visible region
because of strong electronic coupling between electron-donating benzodithiophene (BDT) and
electron-withdrawing thienothiophene (TT). The large two-photon cross-section found in PTB7
suggests that there is an efficient charge transfer between the BDT and TT co-monomers of
PTB7. The electronic structure calculation of PTB7 indicates that the HOMO was localized in
the BDT co-monomer and the LUMO was localized in the TT co-monomer. Four other
promising conjugated polymers based on thieno[2',3":5',6']pyrido[3,4-g]thieno[3,2-
clisoquinoline-5,11(4H,10H)-dione (TPTI) and fluorenedicyclopentathiophene dimalononitrile
(FDCPT-CN) were also investigated and their photophysical properties were compared with
the properties of PTB7. The results of the four polymers showed that a strong coupling between
electron-donating co-monomer and electron-withdrawing co-monomer is essential for good

solar cell performance. This conclusion agrees with the results obtained for PTB7
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Chapter 1

Introduction and Background

1.1 The Scope of this Dissertation

The search for efficient and new forms of energy is one of the most exciting and
challenging areas of research.’™ Historically, the world has depended on energy sources from
fossil fuels such as coal, natural gas and oil.>® These energy sources were formed from
gradual decay of prehistoric plants and animals that died and are buried under layers of rocks
which are over millions of years old. These energy sources are non-renewable and are known
to be a major source of emissions. According to United States Department of Energy, 75% of
human-caused emissions have come from the burning of fossil fuels in the past twenty years."*
Some drawbacks that are associated with the over-reliance on fossil fuels include production of
acidic gas such as sulphur dioxide and carbon dioxide which can result in acid rain, greenhouse
effect which is the gradual warming of the earth and the destruction of the landscape when
mining for the fossil fuels.*>*®> The continued rise in the world energy consumption which has
culminated in increased environmental pollution has led to the intensification of research into
alternative energy forms of energy.

Hydroelectric, geothermal, nuclear, wind, biofuels and solar forms of energy are some
of optional sources of energy available to the world.>**? Hydroelectric power generation
involves the generation of electrical power from the gravitational force of falling or flowing
water.?%? For this source of energy to be viable, there has to be large volume of water in

different seasons. Because of this reason, its use is limited to countries which have large bodies
1



of water that can be dammed for hydroelectric power generation. There is usually fluctuation
of the power generation during the dry season when the volume of water in the water bodies
reduces. China is the largest producer of hydroelectric power.?**

Geothermal energy is a more recent source of energy which involves the conversion of
thermal energy inside the earth crust into usable energy. Heat is constantly being produced
below the earth’s crust as a result of the decay of naturally radioactive materials such as
uranium.?®>%° The heat from geothermal energy source can be used to heat houses during the
winter season by using ground-source heat pumps comprising of piping system buried under
the ground. This piping system is used to circulate air on anti-freeze liquid into buildings for
heating purpose.®® Additionally, steam can be produced in the earth crust through contacts of
underground water with layer of hot and molten rock. Electricity can be generated when the
produced steam is used to turn turbines. Only few countries are presently making use of
geothermal energy sources on a large scale and these countries include United States of
America, Philippines, Italy, Iceland, Mexico, Indonesia and El Salvador.** There are research
collaborations on this alternative energy source to better harness its utilization and make its
usage commercially viable. 3%

Nuclear power generation makes use of the exothermic energy generated from nuclear
processes to generate useful heat and electricity.>”*® The energy generation process takes place
via nuclear fission. Nuclear fission is the breaking up of the nuclei of radioactive materials into
smaller nuclei accompanied by the production of large amount of energy usually in the form of
heat.®***! The process of generation of electricity in nuclear plants is similar to that used by

geothermal processes. The heat generated from nuclear fission is used to produce steam in

boiling water reactors through a physical process. The generated steam is piped to drive



turbines whose mechanical energy is converted to electricity. The nuclear energy alternative
source is widely used by most industrialized countries but there have been recent call for its
use to be limited because of the Fukushima Daiichi nuclear disaster in Japan in 2011. There
have been rigid regulations as a result of the accident and a few countries including Germany
and Italy have shut down their nuclear power plants.***?

Wind power generation involves the use of large draft of air to drive wind turbines and
wind mills to produce electrical power.* This form of energy is very unreliable as there could
be a significant variation in the generated power over a short time.*** For effective utilization
of the energy, there has to be the capacity to store produced energy during the peak period of
air draft for use during the off-peak periods.**~>°

Recently, there has been some focus on biofuels.”**? Biofuels are energy derived from
living organisms mostly plants and micro-organisms. Biofuels are produced through thermal or
chemical conversion of plants into other forms of products which have higher calorific
values.>**° One disadvantage of this form of energy is that some of the plants that are often
used to generate biofuels also serve as food to humans. Bioethanol has been produced from
crops such as sugarcane, soy bean, corn and sorghum through fermentation. Over-reliance on
these food crops for biofuel production can lead to the increase in the prices of food and this
reason has led to the shift of focus into non-food sources such as trees, grasses and algae.”®®*
These non-food sources are subjected to several chemical processes to extract bioethanol.
There has also been an intense research into how to improve the production of these non-food
sources to make biofuels to be commercially viable. Presently, biofuels are used to supplement
62,63

fossil fuel in order to reduce the world’s fossil fuel use.

The sun is a stable source of energy with a vast amount of energy in the region of 3.86



10?° J released every second from the core of the sun.®* The solar energy is the most plentiful
and ubiquitous out of all the alternative energy sources. Some of the energy released from the
core of the sun is lost as a result of absorption by the air mass in the atmosphere and the earth
receives over 100,000 TW of energy from the sun annually.®>®® An hour of energy from the
sun is enough to power the earth for one year.”® In spite of the enormous amount of energy
received from the sun, it has only been possible to capture a small fraction of the energy
reaching the earth from the sun. The limitation has reduced effective utilization of this energy
source to power the earth. The energy from the sun could be harnessed by using solar thermal
electricity, solar architecture, artificial photosynthesis and solar photovoltaics.®® " The solar
photovoltaic is the most common method of harvesting solar energy from the sun. This study is
focused on the characterization of new organic materials for the effective conversion of solar
energy into electricity. The most essential properties that a material must meet before it can be
used for photovoltaic applications include (a) strong light absorption over a large spectral
range, (b) good carrier collection properties, (c) low cost of production, (d) stability over time
when subjected to illumination, (e) high abundance of source materials and (f) environmentally
friendly technology.” "’

The first step in photovoltaic process is the absorption of light. It is therefore essential
that photovoltaic materials exhibit good absorption in the visible region of the solar spectrum.
The incident photon passes through transparent electrodes and area absorbed by the active
material in the photovoltaic cells. The energy from the incident photon is passed to the active
material to generate electron-hole pair known as excitons. Organic semiconductor materials
have better absorption coefficient than their inorganic counterparts. Organic materials can have

absorption coefficient in the order of 10° M™ cm™ which ensures that only thin layer of organic



materials are needed to absorb significant fraction of light.”® The absorption coefficient of
organic materials is two orders of magnitude more than that of silicon.”® Another approach that
can be used to increase solar absorption is the increase in the thickness of the active layer.
However, there is a limit to which the thickness of the active layer can be increased because of
the low charge mobilities in organic polymers. Charge mobilities in organic materials can be as
low as 10™ cm?/Vs. Hence, the advantage of increased absorption due to increased thickness of
the active layer will be lost in reduced short-circuit current because of the low charge
mobilities. Modulation of the chemical structure of the organic materials to ensure that their
absorption spectrum matches the solar spectrum is therefore a better approach to improve solar
absorption.®® There have been significant efforts to design low bandgap materials which are
capable of absorbing solar energy in the near-infrared region of the solar spectrum.®8-#3

Generated charge carriers after photon absorption will have to diffuse through the
active layers of the photovoltaic cells to the electrodes. The electrons diffuse to the cathode
while the holes diffuse to the anode. The interfacial barrier between the active materials and
the electrodes will have to be surmounted before the charge carrier can be collected by the
electrodes. The electrodes are wusually coated by materials such as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), graphene oxide and metal
oxides to improve the hole collection in the anode.?34%

For a solar cell material to be used commercially, the cost of production must be low.
That was the initial incentive for the search for alternatives to the use of silicon as active
material in photovoltaic cell. The fabrication process for crystalline silicon is expensive

because of the need for high purity in the silicon.”® Organic polymers are soluble in most

organic solvents and this has ensured that organic solar cells can be produced through solution



processing by spin-coating, ink-jet printing and roll-to-roll processing. These processing
techniques have reduced the manufacturing cost of organic photovoltaic cells.®

A solar cell material must be stable when subjected to illumination over a long period
of time to be useful as active material for commercial solar device. At the moment, Si-based
solar cells are more durable than organic solar cells. For organic solar cells to be able to
compete favorably, it is essential that researchers re-engineer organic materials to be resistant
to oxidation when exposed to air and humidity; and reaction with electrode material. The
approach presently used to reduce oxidation of active layers of solar cell materials is to the
modulation of the high occupied molecular orbital (HOMO) energy level below the oxidation
threshold (-5.27 eV).%" 8

Solar cell materials must also be abundant to be used as active materials in photovoltaic
cells. Silicon is one of the most abundant elements on earth.®® That is one of the factors
responsible for its use in manufacturing active materials in solar cell. In spite of its abundance,
the manufacturing cost of pure form of silicon is expensive.” On the other hand, newer
materials like cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) depend
on rare elements like tellurium and indium. The rarity of the source materials of these materials
has limited their applications.”® Organic solar cells have the advantage of being able to be
processed from small molecules and polymers using well-developed synthetic processes.” %

The manufacturing technology for the production of solar cell material must be
environmentally-friendly for it to be generally acceptable. The world is gradually shifting
towards green technology. There is a growing interest in the environmental-friendliness of the
processes involved in manufacturing alternative green energy. Any solar cell material will have

to be able to surmount this scrutiny for it to be useful in photovoltaic applications in the long



run. %%

1.2 Silicon-based Photovoltaic Solar Cell Mechanisms

Semiconductor materials can either be inorganic compounds (such as silicon) or
organic compounds. Photovoltaic cells based on inorganic compounds presently have
efficiency between 12 — 25%% % while photovoltaic cells based on organic compounds have
efficiency in the region of 129%.291% The solar cell market is still dominated by silicon-based
photovoltaic technology because of the abundant supply of silicon as raw material and the
established technology.'®*% The silicon technology has been well developed before the advent
of photovoltaics and high quality material was already being produced for the use in transistors
and integrated circuit. The first silicon solar cell was reported by Bell Laboratories in 1954
with a power conversion efficiency of 6%." Significant progress in the silicon-based solar cell
industry has contributed in no small measure to the current power conversion efficiency that
stands at a maximum of ~ 25%."%%%° When light with appropriate energy is incident on silicon,
electrons are promoted from the valence band into the conduction band. The valence band is
the region with the highest probability of finding electrons and it is located below the
conduction band. On the other hand, the conduction band is the region that an electron that is
already freed from the electron affinity of the valence bound is free to move to. Materials can
be categorized by the amount of energy required to free electrons from the valence band to the
conduction band known as the band gap. Figure 1.1 shows a schematic of the band structure of

a typical semi-conductor material.
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Figure 1.1  Schematic of the band structure of a typical semiconductor compared to metal
and insulator

For metals, the conduction band and the valence band overlap and this is the reason
why metals are very conductive. The bandgap of a semi-conductor material is between that of a
conductor and an insulator. Silicon is an example of a semi-conductor with an indirect bandgap
because the crystal momentum (k-vector) in the minimum energy state of the conduction band
and the maximum energy state in the valence band are the different.™®*? In an indirect
bandgap material, an electron can only emit a photon through an intermediate state. This has
the implication of limitation of absorption in silicon-based materials because light has to
penetrate the silicon materials much farther before being absorbed. Consequently, it requires
more materials to make silicon-based solar cells as light absorption cannot effectively take
place over thin active layer. The weak absorption of light in silicon-based material has
implication on its cost from the material stand point. Silicon will require 100 pm of thickness
to absorb 90% of incident light compared to 1 pm GaAs which is a direct bandgap material ***

High purity silicon crystals are usually required to manufacture solar cells. Silicon
atoms have four electrons in its outermost electrons and the electrons are locked in the valence

band. Pure silicon can be doped by ‘impurities’ (dopant) to modulate its electrical properties
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and therefore make it conductive. Charge carriers can be introduced into the lattice of silicon
by introducing suitable extrinsic materials. The charge carriers can either be electrons or holes.
Group Il and V elements are usually used as dopants. When group Il elements (such as
boron) having three electrons in their valence bands are used as dopants, p-type of
semiconductor having excess holes is produced. Alternatively, when group V elements having
five electrons (such as phosphorus) in their valence bands are used as dopants, n-type of
semiconductor having excess electrons are produced. When a p-type semiconductor is placed
near an n-type semiconductor, a p-n junction is produced. Light of adequate intensity and
energy can generate a free electron which is attracted to the n-region of the p-n semiconductor
through the p-n junction. This creates an imbalance of charge between the n-type
semiconductor and the p-type semiconductor. The imbalance in charge promotes the flow of
electrons from the n-type semiconductor to an external load thereby generating electricity.
Crystalline silicon still dominates the silicon solar cell market but there have been
tremendous progress in the thin-film materials which require only small amounts of material.
In the emerging markets of thin-film materials are amorphous silicon, cadmium telluride,

copper indium gallium diselenide and organic polymers.***

1.3 The Principle of Organic Photovoltaic Systems

Photovoltaic is the method by which electrical power is generated by converting energy
from the sun using semiconductor materials into direct current. In order to understand the
principle of photovoltaics, it is important to define some terminologies that will be encountered
throughout this dissertation.

The molecular orbital of an organic system is the region in the molecule where the

probability of finding an electron is highest. Because molecules are made up of atoms,



molecular orbital is formed from the overlap of atomic orbitals. Molecular orbital gives the
spatial representation of electrons in the organic system. In organic systems, the molecular
orbital is formed from the overlap of the o- and n-orbitals. There are two types of molecular
orbitals in organic systems which are the highest orbital molecular orbital and the lowest
unoccupied molecular orbital which are often referred to as HOMO and LUMO. HOMO is the
region of the orbital with the highest probability of finding bonding electrons. The HOMO is
equivalent to the valence band of inorganic semiconductors. On the other hand, the LUMO is
the orbital with the least probability of electron occupation is the LUMO. The LUMO is the
anti-bonding molecular orbital (7* orbital). The occupation of the LUMO by electrons weakens
the bonding in the organic polymer and raises the overall energy of the polymer. The LUMO is
equivalent to conduction band in inorganic semiconductors. The bandgap is the difference in
the energy between the LUMO and the HOMO. The bandgap is usually given in the unit of
electron Volt (eV). For optimum harvest of solar energy from the sun, the bandgap has to be in
the region of 1.1 - 1.5 eV.">**" At this bandgap, the polymer is able to absorb energy from the
sun in the near infrared region of the electromagnetic spectrum. This is the region of the
electromagnetic spectrum where the energy from the sun is most intense. Figure 1.2 shows the

relative intensity of the radiation from the sun at different wavelengths.
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Figure 1.2 Intensity of sunlight at different wavelengths for AM1.5 conditions.*

The open-circuit voltage (Vo) is the potential difference between the terminals of the
solar cell under illumination when there is no external load connected to it. At the instant when
the measurement of the open-circuit voltage is made, there is no current flowing through the
solar cell. It is the maximum voltage that can be obtained from the solar cell. The short-circuit
current (lsc) is the current flowing the solar cell under illumination when there is no potential
between its terminals. It is the maximum current obtainable from the solar cell. Figure 1.3
shows a typical current density-voltage (J-V) characteristic curve for organic photovoltaic

device.
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Figure 1.3  Typical current-voltage characteristic curve for an organic solar cell®*

The fill factor (FF) is the ratio of the maximum obtainable power (Poy) from the solar
cell and the power obtainable from the cell when the voltage and the current have values
equivalent to the open-circuit voltage and the short-circuit current. To have a high fill factor, it

is important for the solar cell to have a very low resistive loss. The fill factor is given by

Equation 1.1.

P .
FF =4 °”t| =V’“ = Equation 1.1

In Equation 1.1, V,, and I, are the voltage and current in the solar cell at maximum
power point. Due to the limitation of the ability of semiconductor materials to absorb incident
light from the sun and the internal loss of energy as heat in the solar cell, all the energy from
the sun cannot be converted into electrical power. The power conversion efficiency (PCE) is
the performance metric of solar cell and it is the percentage of the incident radiant energy from
the sun that can be converted to electrical energy. For the sake of comparison of the
efficiencies of different solar cells, power conversion efficiencies are measured under standard
test conditions (STC) at temperature of 25°C, irradiance of 1000 W/m? and an air mass 1.5

(AM1.5) spectrum.™® The PCE can be expressed algebraically in terms of measurable

parameters of V. (in Volt), Is. (in Ampere) and FF as shown in Equation 1.2.
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In Equation 1.2, E is the intensity of the energy from the sun (in W/m?) and s is the
surface area (in m?) of the solar cell being evaluated. The short-circuit current is as a result of
the generation of charge carriers (electrons and holes). The movement of the charge carriers in
the solar cell materials leads to the flow of current. To ensure a high short-circuit current, it is
essential that the solar cell material must have good absorption in the entire solar spectrum,
good charge carrier mobility, and low recombination rate.*'® Solar cell materials are required to
have low bandgap for their spectra to match the intensity peak of the solar spectrum. The
intensity peak of the solar spectrum is near infrared region and the lower the bandgap, the more
the shift of the spectrum of the organic solar material to the red region of the electromagnetic
spectrum (see Figure 1.2). It has been reported that good morphology of solar cell materials
also improves the Iy because the charge carrier mobility in solar cell is dependent on
morphology.'?**?! The V. is dependent on the potential difference between the LUMO and the
HOMO of the donor (p-type semiconductor) and acceptor (n-type semiconductor) materials of
the solar cell respectively. V. can be viewed as the driving force needed to transfer electron
from the HOMO of the donor organic molecule to the LUMO of the acceptor molecule. If the
incident light cannot provide energy more than this driving force, photovoltaic effect will not
take place. Deep-lying HOMO level favors increased Vo.'?>'® The addition of highly
electromagnetic elements like fluorine to organic polymers has been reported to decrease the
HOMO level. 2% ow equivalent series resistance and a high equivalent shunt resistance are
requirements for high fill factor.*?” This ensures that the internal losses in the solar cell as heat
are minimized. Typical commercial solar cells have fill factor greater than 0.70 while most

solar cell materials have fill factors between 0.4 and 0.8.1%81%°
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Quantum efficiency is a parameter used to characterize the extent of conversion of the
incident photon to electrical current. The quantum efficiency can be categorized into two:
internal and external quantum efficiency. The internal quantum efficiency (IQE) is the ratio of
the charge carriers generated by the solar cell to the number of photons absorbed by the solar
cell while the external quantum efficiency (EQE) is the ratio of the charge carriers generated
by the solar cell to the number of photons that are actually incident on the solar cell. Generally,
the number of photons absorbed by the solar cell is less than the number of photons incident on
the solar cell, therefore the internal quantum efficiency is greater than the external quantum
efficiency. The external quantum efficiency depends on the absorption of light by the solar cell
and the ability to successfully separate the generated charge carriers. Charge recombination
reduces the external quantum efficiency because it limits the number of flowing electrons. The
formula for IQE and EQE are given in Equation 1.3.

generated electrons per unit time

IQE =
¢ number of absorbed photons per unit time

Equation 1.3

generated electrons per unit time
EQE =

number of incident photons per unit time

Figure 1.4 shows the schematics for the mechanisms by which the photovoltaic process
takes place. The processes involved in the conversion of incident light to electrical power are
(1) absorption of incident light by the solar cell material. (2) the promotion of electrons from
the HOMO to the LUMO of the donor organic material to generate electron-hole pair known as
exciton. The energy of the incident light needs to be equivalent or greater than the band gap of
the donor material in order for the exciton to be generated. If the energy of the incident light is
greater than the bandgap, some of the energy will be lost through internal conversion. (3)

diffusion of the exciton to the interface of the donor and acceptor polymers. It is essential that
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the exciton diffuses to the interface before the lifetime of the exciton. The diffusion length of
excitons is around 10 nm (4) exciton dissociation and charge carrier generation at the
donor/acceptor interface. The generated holes and electrons are still coulombically attracted to
each other; therefore, they would have to be dissociated before they can be transported to the
electrodes (5) transportation of charges to the electrodes. The PCE of the solar cell changes if
any of these five processes is altered. Therefore, the solar cell has to be optimized such that all

the processes run at optimum levels.
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Figure 1.4 Schematic of photovoltaic processes showing photon absorption (,), exciton
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1.4 The Development of First Generation of Solar Cell

Silicon-based solar cells still dominate the solar cell market but there have been intense
research into solar cells based on organic materials. For solar cell to be a commercially viable
source of electricity, it is important for it to be affordable. The high cost of production of
silicon has limited the usage of silicon-based solar cell.®****? Organic materials have the
advantages of low production costs in high volumes, high optical absorption coefficient, and
flexibility in the molecular engineering of organic materials.****33* Unlike silicon, only a thin
film of organic material is required to absorb considerable amount of solar energy.***** More

importantly, the flexibility in the molecular engineering of organic materials enables the
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bandgap to be modulated by changing the length or functional groups of the polymers. In spite
of all the advantages that organic polymers offer over silicon in the manufacture of solar cells,
the commercialization of organic solar cells has not reached the peak because of low power
conversion efficiency and low stability of organic polymers.

The development of organic photovoltaic cell was first reported as early as 1959 by
Kallmann and Pope.”8*3"1% A single layer anthracene was developed with a solar efficiency
below 0.1%. The exciton was strongly bound and needed to be split in order to generate
electrical current. The molecular structure of anthracene is shown in Figure 1.5. Later, the
major breakthrough in organic solar cell design occurred in 1985 when C. W. Tang used a
bilayer structure to produce a solar cell device based on copper phthalocyanine (CuPc) and
3,4,9,10-perylene tetracarboxylic-bis-benzimidazole (PTCBI)."* CuPc acted as the electron
donor while PTCBI was the electron acceptor in the bilayer system. This design configuration
resulted in a short-circuit density of 2.3 mA/cm?, open-circuit voltage of 0.24 V and fill factor
of 0.65. The power conversion efficiency was around 1% and this was a significant milestone

at the time.™®® The bilayer design improved the charge separation process in the solar cell

Figure 1.5  Structure of anthracene

device.

It is important that the polymers are soluble in organic solvents for easy processability.
Thus, the polymers are usually synthesized with alkyl side chain to improve solubility. The
solubility of the polymers can be limited if shorter side chains are used but shorter side chains
enhance molecular packing and charge transfer. If the side chain is too bulky, that could cause

the precipitation of the polymers during preparation. It is therefore essential to determine the
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side chain that will give the optimum result for each polymer.14014

1.5 Design Architectures for Organic Photovoltaics

Different design architectures have been employed in order to ensure the separation of
electron-hole pair to generated free electrons and holes. Some of these configurations are the
single layer, bilayer and bulk heterojunction (BHJ)."3*2¥3 |n the single layer organic
photovoltaic cell, the organic material is sandwiched between two electrodes of different work
functions. When organic materials absorb light, the electric potential created by the different
electrodes drive the electrons and holes to the appropriate electrodes. There is a strong
possibility of a recombination between the electrons and holes before arriving at the
electrodes.*** This limits the power conversion efficiency from organic photovoltaic cells
based on a single layer junction. Another configuration that could be used is the bilayer
junction in which two organic materials of different electron affinities are sandwiched between
two electrodes. One of the organic materials will be an electron-donor while the other will be
an electron-acceptor. The difference in the electron affinities of the organic materials improves
the efficiency of separation of the electron-hole pairs in the exciton. The electron donor and
electron acceptor in the bilayer configuration are arranged in a planar configuration. The
diffusion length of exciton is in the order of 10 nm, which is very small compared to the length
of the active layer required for significant absorption of photons. For there to be a significant
absorption in the active layer, the thickness would have to be in the order of 100 nm. This has
the implication of most of the excitons not reaching the bilayer interface.**

The most widely used configuration is the bulk heterojunction in which the two organic
materials acting as the donor and acceptor are dispersed in the bulk of the active layer. The

invention of the bulk heterojunction (BHJ) increased the region of charge generation. The BHJ

17



architecture was invented by Yu et al.** The BHJ is formed from the self-assembling of donor
and acceptor components of the solar cell to form continuous interpenetrating networks. The
length scale of the assembly must be in the region of 10 — 20 nm to avoid recombination which
typically occurs within 10 nm. The BHJ approach is still being used till today and this
approach has largely been successful. Organic polymers are usually used as electron donor
with Cg fullerene derivatives as electron acceptor. This design architecture ensures that the
generated excitons are able to diffuse to the interface of the organic materials before the end of
the lifetimes of the excitons. Figure 1.6 shows the various design architectures explored in

organic solar cells.
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Figure 1.6 Schematics of single layer (left), bilayer (middle) and bulk heterojunction
organic photovoltaic cells**

Fullerene derivatives, 6,6-phenyl-Cg;-butyric acid methyl ester (PCs:BM) and 6,6-
phenyl-C;-butyric acid methyl ester (PC;1BM) are usually explored as electron acceptor in the
various design configurations. Fullerenes are used because of the high electron affinity and

good solubility in most organic solvents. 34

1.6 Different Organic Materials used as Active Materials in Organic Photovoltaic Cells

1.6.1 Poly(3-hexylthiophenes)
Poly(3-hexylthiophene) (P3HT) is one of the most studied polymers used as active

materials in polymer-based solar cells. P3HT has an absorption spectrum that spans 350 to 650
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nm. Figure 1.7 shows the structure and absorption spectrum of P3HT. P3HT is the best
performing solar cell organic polymer in the group of polythiophene polymers. P3HT has
advantages of easy synthesis, high charge carrier mobility and regioregularity. The
performance of P3HT as solar cell active layer has been partly attributed to its regioregularity.
Regioregularity of P3HT improves its crystallinity and its charge-carrier ability. It can easily
assume a planar structure leading to highly conjugated polymer. A twist in the backbone of
P3HT can lead to increase in its bandgap and affect its conducting properties. Therefore, high
regioregularity is essential for good photoconversion of P3HT.'*8° The molecular weight of
P3HT is also important to its performance. The molecular weight of polymers is generally
controlled by the technique of preparation. The hole mobility of P3HT increases with
increasing molecular weight.****° Solar cell devices based on P3HT with efficiencies of 4 —
5% have been achieved.***!***>* There have also been attempts to improve the efficiencies of
P3HT-based solar cells by modifying the morphology, electron acceptor and device
architecture. Therefore efficiencies around 7% have been obtained for P3HT-based solar
cells.”* ™" P3HT, however, has disadvantages of relatively large bandgap (~1.9 eV) and high
HOMO level.*® The large bandgap limits the absorption of the near-infrared region of the solar
spectrum and the high HOMO level limits the V.. The V. of P3HT/PCBM-based solar cells

are usually in the region of 0.6 eV.%
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Figure 1.7  Structure of P3HT and the absorption spectrum of P3HT and hybrid
ZnO/P3HT:TiO, thin films'>®

1.6.2 Poly(phenylene vinylene)

Poly(phenylene vinylene) is used for light-emitting diodes (LED) and as solar cell
materials.*®® Poly(phenylene vinylene) (PPV)-based organic compounds are commonly used as
donor materials in organic solar cell. Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene
vinylene] (MEH-PPV) and  poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenylene
vinylene] (MDMO-PPV) are two representatives of PPV-based organic compounds that have
exhibited efficiencies of ~2% in organic solar cells when used in combination with PCBM as
electron acceptor.®**®* The bandgap of PPV-based organic materials is in the region of 2.3
eV, therefore it does not capture the near-infrared region of the electromagnetic spectrum. %>
This limits the short-circuit current of PPV-based organic solar cells and ultimately the power

conversion efficiency. Figure 1.8 shows the two widely used examples of PPV-based organic

materials.
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Figure 1.8  Structures of MEH-PPV and MDMO-PPV which are the most common
poly(phenyl vinylene) materials

1.6.3 Porphyrins

Porphyrins are other groups of materials that have been studied as active layers of
organic solar cell. Figure 1.9 shows the structure of porphyrin with a metal center. Porphyrins
have conjugated m-electron system that is suitable for electron transfer in solar cell materials.
Porphyrins have the advantages of fast electron transfer to the acceptor, good absorption in the
visible region (especially in the blue-green region), and tenability of the redox potential by the
insertion of metal into their cavities.’*”'®® While porphyrins are commonly used as donor
materials in the organic solar cells, they have often been used as acceptors depending on the
substituents or metal center attached to them.*®**"? Porphyrins have the disadvantages of short
exciton diffusion less than 10 nm and low charge carrier mobility which limit the efficiencies
of porphyrin-based devices.!”*'”® Hole mobility values between 10° to 10 cm?/(V s) have
been reported for porphyrins.t”* " These values are too low to achieve efficient charge
transport in solar cells. Sun et al. was able to achieve an efficiency of 0.775% with annealed
BHJ porphyrin:PCBM based solar cells.*”® Porphyrins also find their uses as photosensitizer to

absorb photons that are not absorbed by other active materials in ternary systems.*”’
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Figure 1.9  General structure of metallic porphyrins

1.6.4 Pthalocyanines

Phthalocyanines are closely related to porphyrins in structure. Phthalocyanines are
planar and aromatic compounds with 18 m-electrons in one aromatic ring. Phthalocyanines
comprise of four isoindole units connected by N-linkage. Phthalocyanines are known for good
thermal and chemical stability.'’* ¥ The stability of phthalocyanines has contributed in no
small measure to their use as active materials in organic solar cells. The optical and electronic
properties of phthalocyanines are flexible as they could be easily tuned through synthetic
modification by the addition of different functional groups to their molecules. More than 70
metallic and non-metallic ions can be added into the phthalocyanine cavity but copper
phthalocyanine (CuPc) and zinc phthalocyanine (ZnPc) are the most studied form of the
compounds till date.’® The advantages of phthalocyanines over porphyrins are longer exciton
diffusion lengths, wider spectral range and higher hole mobility.**> CuPc and ZnPc have the
highest exciton diffusion length out of all phthalocyanines and that is why they are commonly
used as active materials. The exciton diffusion length of CuPc has been found to vary between
8 and 68 nm.'##* phthalocyanines have intense absorption in the near-infrared region of the
electromagnetic spectrum. The intense absorption especially near the infrared region leads to
increase in photocurrent generation. Measurements of hole mobilities of CuPc-based organic

solar cell device show mobilities in the range of 107 — 10% cm?/(V 5).****¥ Tang et al. in 1986
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used CuPc in the construction of a bilayer architecture with CuPc acting as the donor material
and PTCBI acting as the acceptor material and a solar efficiency of 1% was achieved.™*®
Peumans and Forrest achieved an efficiency of 3.6% with a bilayer device based on CuPc as
the donor and PTCBI as the acceptor.’® Figure 1.10 shows the structure of a metallic

phthalocyanine.

Figure 1.10  General structure of metallic phthalocyanines

1.6.5 Development of donor-acceptor co-polymers resulting in 5% solar efficiency in
organic solar devices

Common problems to the materials already discussed above are the large bandgap and
high-lying HOMO level. In order to harvest a greater fraction of energy from the sun and also
improve the V., it is essential that the bandgap of the solar materials is reduced and the
HOMO level is lowered. One strategy that has been used successfully to achieve this is to
construct organic materials with backbone having alternating electron-donor and electron-
acceptor units forming D-A co-polymers.2*89%°  Other approaches adopted are the
stabilization of the quinoid resonance structure of the organic materials in order to maintain
planarity, incorporation of strong electron-withdrawing substituents like fluorine atom or esters
for induced dipole moment and attachment of conjugated side chain in order to increase

conjugation.’***** One polymer that was designed based on the repeating alternating electron-
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donor and electron-acceptor units is poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4",7"-di-2-
thienyl-2’,1,3"-benzothiadiazole)] (PCDTBT).'* PCDTBT contains repeating units of
electron-donating carbazole and electron-withdrawing benzothiadiazole. PCDTBT has a
bandgap of 1.88 eV and HOMO level of 5.50 eV. The device made from PCDTBT showed a
PCE of 3.6%. The Vo, Jsc and FF were 0.89 V, 6.92 mA/cm? and 63% respectively. By
modifying PCDTBT-based device through addition of optical spacer, solution processing and
device engineering, the efficiency has been raised to ~ 7%.*%3!°* Polymers based on repeating
units of cyclopenta[2,1-b:3,4-b']dithiophene (CPDT) and dithieno[3,2-b:2’,3"-d]silole (DTS)
showed lower bandgaps of approximately 1.5 eV.'%*% The polymers, poly[(4,4-bis(2-
ethylhexyl)-cyclopenta-[2,1-b:3,4-b"]dithiophene)-2,6-diyl-alt-(2,1,3-benzothiadiazole-4,7-

diyl)] (PCPDTBT) and poly[(4,4'-bis(2-ethylhexyl)dithieno[3,2-b:2’,3"-d]silole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole-4,7-diyl)] (PSBTBT) synthesized from these units showed absorption
up to 850 nm and showed PCE of ~ 5%. The performance of the polymers can be related to the

strong intramolecular interactions between the donor and acceptor units. The structures of
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PCPDTBT and PSBTBT are shown in Figure 1.11.

Figure 1.11  Structures of PCPDTBT and PSBTBT which gave PCE of 5% in organic
photovoltaic cell

1.6.6 Introduction to PTB polymer series

A major breakthrough in the search for polymer organic materials as active materials in
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photovoltaic cell came with the synthesis of the PTB series of polymers by the research group
of Luping Yu.'?619%19%19 The nolymers contain co-monomers of conjugated benzo[1,2-b:4,5-
b’]dithiophene (BDT) and electron-rich thieno[3,4-b]thiophene (TT) that was stabilized by
electron-withdrawing ester group. TT co-monomer has the ability to support the quinodal
structure of the PTB polymers which lead to enhanced planarity and the reduction of
bandgaps.'*® Different polymers were designed by altering the side chains attached to the BDT
and TT co-monomer. Alkyl and alkoxyl groups were explored as side chains for the BDT co-
monomer while fluorine was explored as side chain for the TT co-monomer. It was observed
that by using alkoxyl group and fluorine as side chains for the BDT and TT co-monomers
respectively, it has the effect of lowering the HOMO energy level. PTB polymer series
exhibited approximately 1.6 eV as bandgaps. The hole mobilities of the polymers were
between 2.6 x 10 and 7.7 x 10™ cm?/(V s). All the polymers had similar absorption in the
visible spectrum which covered wavelength range of 300 nm to > 800 nm. Through the
optimization of the solar device made from these polymers by using different solvents for
preparation, it was possible to obtain highest values of 0.76 V, 14.50 mA/cm? and 68.97 as V¢,
Jsc and FF. The different solvents modified the morphology of the composite films of the PTB
polymers and fullerene acceptor prepared by spin-coating. The films were produced in mixed
solvent of dichloromethane/1,8-diiodomethane in volume ratio of 97:3 to improve morphology.

The best performing polymer in the PTB polymer series was poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl) carbonyl]
thieno[3,4-b]thiophenediyl]] (PTB7). PTB7 had fluorine and ester substituent in the TT co-
monomer and an alkoxyl substituent in the BDT co-monomer. The solar cell device fabricated

from PTB7 once held a world record efficiency of 7.4%.'% Poly[(4,8-bis-(2-ethylhexy-
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thiophene-5-yl)-benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)-alt-(2-(2'-ethylhexanoyl)-thieno[ 3,4-
b]thiophene-4,6-diyl)] (PBDTTT-C-T) and poly[(((2-hexyldecyl)sulfonyl)-4,6-di(thiophene-2-
yl)thieno[3,4-b]thiophene-2,6-diyl)-alt-(4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']
dithiophene-2,6-diyl)] (PBDTDTTT-S-T) are other polymers that have been synthesized based
on repeating units of TT and BDT. They have been shown to have efficiencies of 8% and 9%
in solar cell device.®®*?° The polymers were obtained by replacing the alkoxyl side chain in
the BDT co-monomer of PTB7 by alkylcarbonyl-substituted thieno[3,4-b]thiophene.
PBDTDTTT-S-T also had a thiophene linkage between the BDT and the TT units and a
sulphonyl group attached to the TT unit. Figure 1.12 shows the structures of PTB7, PBDTTT-

C-T and PBDTDTTT-S-T.

PBDTTT-C-T

PBDTDTTT-S-T

Figure 1.12  Structures of PTB7, PBDTTT-C-T and PBDTDTTT-S-T. The PTB polymer
series heralded the solar efficiency above 7% in organic solar cell
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1.6.7 Development of electron-accepting organic materials

There has been tremendous progress in the development of electron-accepting materials
(n-type semiconductor) for use in solar cell device. The most commonly used n-type
semiconductor materials are the fullerenes. The solubility of fullerenes is not quite good but
can be improved by the addition of substituents. C-60 fullerene derivative [6,6]-phenyl-Cg;-
butyric acid methyl ester (PCs:BM) which was synthesized by Wudl et al.** and [6,6]-phenyl-
Cri-butyric acid methyl ester (PC;.BM), first reported by Janssen et al.*®* are the most
commonly used fullerenes. PC;;BM has a better absorption in the visible region than PCs;BM
but it is more costly due to a more difficult purification process. The two organic materials
have been used in conjunction with many high-performing electron-donating polymers in the
solar cell device fabrication. Fullerenes possess high degree of symmetry. Attempts have been
made to shift the LUMO level of the fullerene derivatives in order to increase the V. of their
solar cell device. One approach is the utilization of trimetallic nitride fullerenes. The LUMO

level of Lu,N@CB80-PCBH was 0.28 eV higher than that of PC¢BM and the PCE of device
developed with P3HT reached 4.2%.%* The expensive synthetic method of obtaining the

trimetallic nitride fullerenes has limited their commercial use.

There have been attempts to use small polymers as electron-accepting unit in BHJ
systems because of their better absorption than PCBM in the visible region. In addition, it is
easier to synthesize polymers than fullerenes. Derivatives of perylene diimides (PDI) have
been explored as electron-accepting units because of their high electron affinity. More work
has to be done in the development of other small molecule polymers because the efficiency
offered by these polymers is presently low.?**?® Figure 1.13 shows the structures of some

common organic compounds used as electron-acceptors in organic photovoltaic cells.
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Figure 1.13 Organic materials which have been used as electron-acceptors in organic
photovoltaic cells

1.7 The Big Picture of the Dissertation

As described in the earlier sections, there have been significant works on the
development of new organic polymers that can be used as active materials in organic
photovoltaic cells. The new polymers have contributed to the solar efficiency of approximately
12% which presently exists in tandem solar cell.®>*® For polymer solar cells to be able to
compete favorably with their inorganic counterparts, the efficiency of organic solar cells need
to increase. Continuous design and testing of new polymers in organic photovoltaic cells
requires significant efforts. It is therefore essential to determine the fundamental properties that
the organic polymers need to have in order to be able to convert solar energy to electricity
efficiently in organic photovoltaic cells.

In this thesis, the work on the use of spectroscopic techniques of steady state
measurement, two-photon absorption measurement and time-resolved fluorescence
measurement to correlate the structure and performance of organic materials will be presented.
The results of the work can help in the design of new materials with potential to outperform the
present materials available in the literature. The steady state measurement can give insight into
the structural requirements of the organic materials to be able to absorb photons over a wide

spectral range. The two-photon absorption technique can be used to determine the two-photon
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absorption cross-section which is related to the transition dipole moment of organic materials.
Efficient charge transfer is a key requirement in organic photovoltaic materials and measurable
property like two-photon absorption cross-section and transition dipole moment can be used to
determine how the structure of the organic polymers contribute to charge transfer. The
fluorescence lifetime measurement gives information about the dynamics of exciton decay and
energy transfer between different energy states. The lifetime of exciton decay must be more
than the exciton diffusion time in organic solar cell in order for the generated charge carriers to
reach the electrode.

Two different groups of organic materials were used in the thesis to show how
spectroscopic techniques can be used to relate the structure-function properties. In the first
project presented in Chapter 3, two zinc phthalocyanine dyads functionalized with
oligothiophene were used to illustrate the improvement of the spectral window of absorption of
zinc phthalocyanine by the combination of two materials with complementary absorption. The
energy transfer process in the dyads was illustrated through the steady state absorption and
fluorescence lifetime measurements.

PTB7, one of the best-performing polymers, was studied in Chapter 4. The
spectroscopic techniques were used to illustrate how the structures of PTB7 contributed to its
performance in organic photovoltaic cells. Four other promising conjugated polymers were
also studied and their results were compared to those of PTB7. The chapter illustrates the effect
of the alteration of the conjugation and donor-acceptor group on the photophysical properties
of organic systems and ultimately the performance of the organic systems in organic
photovoltaics.

The effect of different linkages and alkyl side chains on the photophysical properties of
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polymers was illustrated in Chapter 5. Four different conjugated polymers based on 3,7-
didodecyl-2,6-di(thiophen-2-yl)benzo[1,2-b:4,5-b"]difuran (BDF) as donor and either 3,6-di(2-
furanyl)-1,4-diketopyrrolo[3,4-c]pyrrole (FDPP) or 3,6-di(2-thienyl)-1,4-diketopyrrolo[3,4-
c]pyrrole (TDPP) as the acceptor were used in the study. The result of the chapter illustrates
how the alteration of heteroatoms and alkyl side chain in organic systems influence the
photophysical properties and ultimately the performance of the organic systems in organic

photovoltaics.

1.8 Outline of the Dissertation

The body of the remaining part of the dissertation is organized as follows. Chapter 2
includes the relevant experimental techniques used in the experiments presented in this
dissertation. The new techniques discussed include the steady state spectroscopy which
comprises measurement of the absorption spectrum, emission spectrum and the quantum yield;
two-photon spectroscopy which comprises of the two-photon excited fluorescence excitation
measurement and the nonlinear transmission method; and the time-domain lifetime
measurement which comprises the time-resolved fluorescence upconversion spectroscopy and
the time-correlated single photon counting.

Chapter 3 presents the work published in the Journal of Physical Chemistry on the
characterization of zinc phthalocyanine functionalized with oligothienylene-ethynylene
subunits. The chapter will focus on the application of ultrafast spectroscopic techniques to
understand how the addition of oligothienylene-ethynylene subunits affected the optical
properties of the zinc phthalocyanine. The steady state spectroscopy and the time-resolved
fluorescence upconversion techniques were used for this study. The compounds that were

studies were synthesized by the group of Peter Bauerle and Tomas Torrés. The synthesis of the
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compounds was briefly summarized and the photovoltaic studies were presented.

Chapter 4 gives the spectroscopic characterization work on PTB7 polymer which once
had the world best solar efficiency. Other promising polymers based on the repeating units of
alternating donor and acceptor co-polymers were also considered. The steady state
spectroscopy, two-photon spectroscopy and time-domain lifetime measurements of the
polymers were measured and compared with that of PTB7. The results of the electronic
structure calculations of the polymers were shown and the correlation with the experimental
results was analyzed. The work was presented at the American Chemical Society National
Meeting between August 10 — 14 and the manuscript has been submitted for publication in a
peer-reviewed journal.

In Chapter 5, the spectroscopic characterization of novel donor-acceptor conjugated
polymers based on donor 3,7-didodecyl-2,6-di(thiophen-2-yl)benzo[1,2-b:4,5-b]difuran (BDF)
and either 3,6-di(2-furanyl)-1,4-diketopyrrolo[3,4-c]pyrrole (FDPP) or 3,6-di(2-thienyl)-1,4-
diketopyrrolo[3,4-c]pyrrole (TDPP) as the acceptor, was presented. The polymers were first
synthesized by the research laboratory of Professor Malika Jeffries-EL in lowa State
University. The steady state spectroscopy, two-photon spectroscopy and lifetime measurements
were carried out on the polymers. The linear and nonlinear spectroscopic results were analyzed
and correlated with the performance of the polymers in organic photovoltaics.

Chapter 6 gives an overall summary of the research and also suggests future research

direction on the investigated organic macromolecules.
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Chapter 2

Experimental Techniques

2.1 Overview

The experimental techniques used in these studies are described in this section. These
experimental techniques are used in the publications that were reproduced in the latter
chapters. The theoretical background of the various techniques and the various
instrumentations are presented. The details are described such that the reader does not need to

consult other sources for explanation of the techniques used.

2.2 Steady-state Spectroscopy

Steady-state spectroscopy includes two spectroscopic techniques used for initial
investigation of organic materials and chromophores. These techniques are UV-visible
absorption spectroscopy and fluorescence spectroscopy. These techniques were used
throughout these studies for the initial investigation of organic compounds. The compounds are
investigated over a range of frequencies in each of the techniques.

The UV-visible absorption spectroscopy involves the measurement of the absorption of
light radiation, as a function of frequency or wavelength, due to the interaction of light with the
sample in solution phase. As the sample interacts and absorbs energy in the form of packets of

light known as photons, there is a transition from the ground state to the excited state. This
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transition of state is what is reflected in the absorption spectrum which is a measure of
absorbed intensity of light as a function of wavelengths. The absorption process is based on the
principle of Beer-Lambert law in which the absorbance of light of a sample at a given
wavelength is directly proportional to the concentration of the sample for a given path length.
The constant of proportionality is the molar extinction coefficient usually represented by & and
measured in M cm™. The molar extinction coefficient only varies with the wavelength of the

input light. The Beer-Lambert law is represented mathematically by:*
l, :
A = log [I—J =¢-l-c Equation 2.1

In Equation 2.1, A is the absorbance or optical density of the sample of concentration ¢ (mol/l)
placed in a cuvette with path length of | (cm) in the direction of travel of light which had an
initial intensity, I, before passing through the sample and a final attenuated intensity | after
passing through the sample (see Figure 2.1). Another important parameter that can be
determined from the molar extinction coefficient is the one-photon absorption cross section.
The one-photon absorption cross section, o (in cm?) is a measure for the one-photon absorption
process and it is related to the molar extinction coefficient by:

2308 g-c
n

o

Equation 2.2

In Equation 2.2, n is the number of absorbing molecules per cubic centimeter, ¢ is the molar
extinction coefficient obtained from Equation 2.1 in M™cm™ and c is the concentration in
mol/l. The strength of light absorption is mostly reported in the form of molar extinction
coefficient in the literature and for organic molecules, it varies between 10° and 10° M*ecm™.2
The molar extinction coefficient increases with the increasing strength of the organic
molecules to absorb photons. Figure 2.1 shows the schematics of the parameters involved in
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the absorption process.

=1

Figure 2.1  Light absorption in a sample

In the studies highlighted in this dissertation, absorbance was measured with an Agilent
8453 UV-visible spectroscopy system and the absorption data was collected with a user
interface implemented by a general purpose Agilent Chemstation software that was linked to
the spectroscopy system with a network cable. The radiation source for the spectroscopy
system is the combination of deuterium-discharge lamp and tungsten lamp. The use of the
combined lamps ensures that the spectroscopy system covers the electromagnetic spectrum
from the ultraviolet wavelength range to the short wave near-infrared wavelength range (190
nm - 1100 nm). The light from the lamps is received and collimated by the source lens. The
collimated light passes through the shutter or stray light filter into the sample in the sample
compartment. Quartz cuvettes manufactured by Starna were used to hold the samples and these
cuvettes typically have optical path of 0.4 cm or 1 cm depending on the face of the cuvette
placed in the direction of the collimated light. Before reading the absorption data, the spectrum
of the blank solvent is taken and this is used by the Agilent Chemstation software to correct for
the background. The light from the sample is passed through the spectrograph lens which

refocuses the collimated light beam before passing it through a slit located at the focus of the
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spectrograph lens. The light is then sent to a grating which disperses the light onto a diode
array which measures the intensity of the light beam.

The other aspect of steady state measurement is the fluorescence emission spectra
measurement. The timescale of fluorescence decay of most organic molecules is in picosecond
or nanosecond, therefore when organic molecules are exposed to light, steady state is reached
almost immediately. The steady state measurement can be obtained from the integral of the
decay kinetics over all time intervals. The relationship between the steady state intensity and

the decay profile is shown in Equation 2.3.

t

lo = [ 1, "dt=1,r Equation 2.3

I, in Equation 2.3 depends on the concentration of the organic molecule and 7 is the lifetime of
excited state decay. The steady state intensity is proportional to the lifetime. An important
parameter that is used as a measure of the ability of an organic molecule to undergo
fluorescence is known as the quantum vyield, ¢. Quantum yield is the number of emitted
photons relative to the number of absorbed photons. Quantum yield could be as high as unity
and this is exhibited by fluorophores which have very bright emission like rhodamine. The
quantum yield was measured by fluorescence comparative method, which involves the use of
well characterized standard samples with known quantum yield value.® Standard samples were
chosen to ensure that they absorb at the same excitation wavelength for the organic molecule
and also emit in similar region as the organic molecule. In order to minimize re-absorption
effects, the optical densities of the organic molecules and the standard did not exceed 0.1.
Some of the standards used for these studies were zinc phthalocyanine* and 5,10,15,20-

tetraphenylporphin®. The fluorescence quantum yield is calculated using Equation 2.4.
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Grad n ’
¢samp|e = ¢std ( e J { e J Equation 24
Grad st

In Equation 2.4, std denotes the standard, Grad is the gradient from the plot of integrated
fluorescence intensity against the absorbance and m is the refractive index of the solvent used
to prepare each solution in order to correct for the solvent effect.

The fluorescence spectrum measurement was done by Spex FluoroMax-2
spectrophotometer. The light source in the spectrophotometer is a xenon lamp that is mounted
vertically. The light beam from the xenon lamp is focused on the entrance slit of an excitation
monochromator with an elliptical mirror. The slit width is adjustable in units of bandpass
which can range from 0 to 30 nm depending on the signal strength. For highly fluorescent
organic compounds, the bandpass needs to be narrow to avoid exposing the detector to too high
signal levels which can damage it. Diffraction gratings in the excitation monochromator
enabled single wavelength excitation of samples placed in the sample chamber. The
fluorescence was measured by a detector placed at right angle to the excitation beam to
eliminate background signal and minimize noise due to stray light. Gratings in the emission
monochromator placed in front of the detector ensure efficient collection of each emission
wavelength. The FluoroMax-2 spectrophotometer is controlled by a computer through a serial
link. Standard quartz cuvettes with path length of 0.4 cm were used for the fluorescence
measurement and the FluoroMax-2 spectrophotometer is capable of emission and excitation

spectra measurements in the wavelength region from 300 nm to 900 nm.

2.3 Two-photon Absorption Spectroscopy
Two-photon absorption (TPA) is the simultaneous absorption of two photons which can

be of the same or different frequencies in order to excite an organic molecule from the ground
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state to the excited state. The difference between the energy of the ground and excited states is
the sum of the energy of the two photons that are absorbed. TPA is different from sequential
absorption in which there is a well-defined intermediate state. For an organic macromolecule
with a bandgap equivalent to the energy of 450 nm wavelength, excitation to the excited state
could be achieved by the simultaneous absorption of two photons having wavelengths of 900
nm if the organic compounds is two-photon absorption active. The energy of a photon is
inversely related to the wavelength of the photon as illustrated. Therefore, it will take two 900
nm photons to excite an organic molecule with a band gap equivalent to the energy of 450 nm.
The Jablonski diagram for TPA process is shown in Figure 2.2.* The phenomenon of TPA was
originally predicted by Maria Goeppert-Mayer in 1931° but the experimental verification of
TPA did not happen until the invention of lasers thirty years later.”® This was the motivation
behind the unit of two-photon absorption cross-section which is the combination of leading
letters of Goeppert-Mayer (1 GM = 10 cm* s photon™). The two photon absorption cross

section is a measure of an organic molecule to absorb two photons simultaneously.

A
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Figure 2.2 Jablonski diagram for two-photon absorption and fluorescence processes®

Two-photon absorption has a quadratic dependence on the intensity of the incident
photon unlike the one-photon absorption which has a linear dependence. Consequently, the

two-photon absorption is not constant across the cuvette but absorption is at its peak at the
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focus of the beam where the incident intensity is highest. This effect can lead the localized
excitation. This effect has contributed to the application of two-photon absorption in optical
data storage, photodynamic therapy, optical power limiting, imaging, micro-fabrication and
lithography.® The localized effect of two-photon absorption and the transparency and two-
photon activity of some materials at the far-infrared region have been explored in these
applications.

Two-photon excited fluorescence (TPEF) and nonlinear transmission (NLT) methods
were methods explored in this research work to determine two-photon absorption cross-section
of organic samples. The TPEF is the more accurate of the two methods. The TPEF set-up
consists of Spectra Physics diode-pumped Mai Tai mode-locked Ti:sapphire oscillator which is
capable of producing sub 100 fs pulse in the wavelength range of 700 — 980 nm. The laser is
able to deliver pulses at average power up to 2 W at repetition rate of 80 MHz, noise less than
0.15%, stability less than +1%, polarization greater than 500:1 horizontal, beam divergence
less than 1.2 mrad and beam diameter less than 1.2 mm. The wavelength output from the Mai-
Tai can be extended by pumping a synchronously pumped parametric oscillator (OPAL) with
the output beam from Mai-Tai. The OPAL is capable of delivering tunable femtosecond pulses
from 1100 to 2500 nm. Other wavelengths can also be obtained through the frequency
doubling of the output from OPAL using first and second harmonic BBO crystals. The OPAL
produces laser pulses with repetition rate of 82 MHz with pulse duration less than 130 fs,
average power between 150 mW and 250 mW, bandwidth greater than 15 nm, beam
divergence less than 1 mrad, beam diameter less than 2 mm and polarization greater than 100:1
horizontal. The quality of mode-lock and the wavelength selection of the laser beam are

monitored by directing the beam through a fiber optic cable to an Ocean Optics spectrometer.
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The wavelength and quality of the beam can be adjusted by changing the prism positions in the
laser through the external knobs of the laser. After obtaining the right wavelength and beam
quality, the beam is directed to a variable neutral density wheel by using set of mirrors in the
set-up. The variable neutral density wheel ensures the control of the power of the excitation
beam. An optical glass is used to direct a small option of the incident beam into a high-speed
silicon photodiode connected to a multimeter which gives feedback to the computer interface.
The signal received from the multimeter ensures that the beam power of the excitation beam is
monitored. The fluorescence beam is collected at right angle to the excitation beam to avoid
the excitation beam finding its way into the photomultiplier tube (PMT). The monochromator,
placed in front of the PMT, is used to select the fluorescence wavelength of interest which is
then detected by a photomultiplier tube (R152P, Hamamatsu, Hamamatsu City, Japan)
connected to a computer via a photo-counting unit.

The two-photon absorption cross-sections by fluorescence method were calculated by
using a reference solution of Styryl 9M™ with known two-photon absorption cross-section.
From the fundamental standpoint,** the collected fluorescence from two-photon excitation is

related to solution and laser parameters as shown in Equation 2.5:

F ) = Znolcln—2—g(P(1))’ Equation 2.5
2 7Afr

In Equation 2.5 above, F(t) is the intensity of the fluorescence photons collected, n is
the fluorescence quantum yield,  is the two-photon absorption cross-section in GM, [c] is the
concentration of the sample in molarity, n is the refractive index of the sample solvent, g, is the
shape factor of the laser pulse which can be taken as 0.664 for a Gaussian shape, A is the
wavelength of excitation beam in nm, fis the frequency of pulses from the laser source, 7 is the

pulse duration, ¢ is the collection efficiency of the laser system and <P(t)> is the input
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intensity. Some of the parameters in Equation 2.5 are associated with the laser and can be
assumed to be the same for samples excited at the same wavelength. Consequently, it is
possible to calculate the two-photon absorption cross-section by running the two-photon
absorption experiment on a standard with known concentration, refractive index and quantum
yield; and then relating the two-photon absorption cross-section of an organic macromolecule
to the properties of the standard through the constant laser parameters. By taking the logarithm
of Equation 2.5, it is possible to express the equation in the form of the slope-intercept form of

equation of a line (y = mx + b) as given in Equation 2.6:

log( F(t)) = 2log < P(t) > + log( ln&[c]n' % P) Equation 2.6
2 wAfr

As it can be attested from Equation 2.6, the logarithmic plot of the data sets of the
fluorescence intensity and the input power will have a slope of 2 for a two-photon absorbing
organic material. For logarithmic plots of fluorescence intensity versus the input power for
both the sample and the standard having slopes of 2, Equation 2.7 will hold for the same input
power for both the sample and the standard:
logl F () sampre ] = Bampre = 1090 F (t) g 1— Dy Equation 2.7

In Equation 2.7, b is the intercept on the vertical axis with functional relationship given by

[1 g, |
b=log| =nslclh - —2 ' ,
ngﬂ [c]n Mhﬂ Equation 2.8

Further manipulation of Equation 2.7 will result in an exponential relationship between the

fluorescence intensity and b given by:

F (t )sample -10 (barple —Dgq )

Equation 2.9
F (t)std

If the logarithms of input power for both the sample and the standard are zero, Equation 2.6
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simplifies to

F(t)= l775[0]n' L ¢ atlog[P(t)]=0 Equation 2.10
2 mAfr

Substitution of the expression in Equation 2.10 in place of the fluorescence intensity in

Equation 2.9 results in

1 g
7775ample55ample [C]sample nsample : : ¢
2 7Z'/1fT (bsanple _bstd ) -
=10 Equation 2.11
1 9,
Eﬂstdéstd [C]std Ny - Az ¢

The laser parameters are independent of the sample and therefore cancel out in Equation 2.11.
After solving the two-photon absorption cross-section of the sample in terms of the sample and

standard properties, we are left with the final expression given by

(Bplie —0gq )
10 =" Mg Oeig IC g N .
S sample = a0 [ N Equation 2.12

nsample [C]sample nsample

The concentrations of the sample and the standard can be obtained through direct
measurement of known mass in a given volume of solvent while the quantum yield can be
calculated using the standard method described in Section 2.3. For dilute samples, the
refractive index of the samples can be taken as that of the solvent used in preparing the sample,
while b can be read directly from the logarithmic plot of fluorescence intensity versus the input
power as the y-intercept.

The other method that was explored in this research work is the nonlinear transmission
method. This method is based on the measurement of the two-photon absorption cross-section
by measuring the changes in the nonlinear transmittance of the organic material as a function
of the intensity of the excitation laser beam. The nonlinear optical set-up used for this study is

shown in Figure 2.3.
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Figure 2.3  Nonlinear optical set-up for two-photon absorption cross-section measurement
The nonlinear optical set-up is used to generate a 1200 nm incident beam used in the
two-photon absorption cross-section measurement. Spectra Physics diode-pumped Millenia Pro
was used to generate 5W, 523 nm continuous wave beam which pumped a Ti-sapphire
regenerative oscillator (Tsunami, Spectra Physics). Seed pulses from the regenerative oscillator
were sent to Ti-sapphire regenerative amplifier (Spitfire, Spectra Physics) with pump beam of
8W, 530 nm from Nd:YLF laser (Spectra Physics, Empower). The 100 fs, 1 mJ output laser
pulse at 800 nm wavelength with an average power of 1 W from the Ti-sapphire regenerative
amplifier was used to pump an optical parametric amplifier (OPA-800C), which has the
capability of producing laser pulse in a wavelength range of 300 — 1200 nm, to produce the
incident wavelength. The incident wavelength was generated using the second harmonic of the
idler and the output beam was set at 1200 nm. The intensity of the incident beam was
controlled by a circular variable neutral density filter (CVNDF) before the beam was split into
two for calibration of the incident beam by a beam splitter. A focusing lens with a focal length

of 25 cm was used to focus the incident beam on the samples. The transmitted beam through
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the samples was measured using an open-aperture detector. The two-photon absorption cross-
section is related to the transmission through the correlation given in Equation 2.13 and

Equation 2.14.*2

L
T(z):l—’B—"z _
2%[“22} Equation 2.13
ZO
3
6= m;—ﬂhv Equation 2.14
c

In Equation 2.13 and Equation 2.14, B is the two-photon absorption coefficient, |, is the
intensity of the incident beam at the focus, L is the length of the sample in the direction of
propagation of the beam, z is the position of the sample in the direction of the beam, h is the
Planck’s constant, v is the frequency of light, N is the number of molecules of the organic

sample in a concentration given by ¢ and 8 is the two-photon absorption cross-section.

2.4 Time-Domain Lifetime Measurements

The fluorescence lifetime is a measure of the time a fluorophore spends in the excited
state before returning to the ground state by emitting a photon. The photons are emitted at
random times, resulting in an exponentially decay curve. For an exponentially-fitted decay
profile, the time it takes for 63% of the population of the excited electrons to return to the
ground state is the fluorescence lifetime. Fluorescence lifetimes can be of the order of
femtosecond to nanosecond time scale depending on the material and its environment. Time-
domain lifetime measurements provide more information than the steady-state data. Analysis
of the lifetime measurements can give better insights into the energy and electron transfer
processes from the donor to the acceptor of organic molecules. Collisional quenching,
fluorescence anisotropy and rotational diffusion which depend largely on the environment of
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the organic molecule can also be studied from the lifetime measurement data.

Depending on the desired time resolution for the lifetime measurement, two different
techniques were used during this research study: femtosecond fluorescence upconversion and
time-correlated single photon counting (TCSPC). Femtosecond fluorescence upconversion is
suitable for lifetime measurements in the femtosecond or picosecond time-scales while TCSPC
is generally used for measurements in the nanosecond time scales. For any lifetime
measurement to be significant, it has to be outside the instrument response function (IRF) of
the laser. The IRF is the response of the laser instrument to scattered excitation pulse. The IRF
was measured by using a dilute scattering sample such as water and adjusting emission
monochromator to the excitation wavelength. The instrument response can be used to increase
the accuracy of analyzed data by subtracting the effect of the IRF from the experimental data.
This is done through a process known as deconvolution. If the measured instrument response
function is I(t) and the sample response to a pulse excitation is f(t), then the experimentally

measured signal is given by the convolution integral:
t

N = [1(z)f(t-7)dz Equation 2.15
0

A MATLAB-based deconvolution program developed in Professor Goodson’s laboratory was
used to find the sample response that corresponds to experimentally measured signal based on
Equation 2.15.

Anisotropy measurements can be used to provide information on the orientation of the
transition dipole moment of organic molecules and the rigidity of the various molecular
environments. Anisotropy measurement is based on the photoselective excitation of the organic
molecules by polarized light having the same orientation as the the transition dipole moment of

the excited organic molecules. In isotropic solution, organic molecules are randomly oriented
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and upon excitation, only molecules with absorption transition dipole parallel to the electric
vector of the excitation light are selectively excited. Consequently, partially oriented excited
molecules result. During the lifetime of excited states, polarization can change from the initial
maximum value as a result of rotational diffusion. If the emission intensities measured through
excitation by parallel and perpendicular oriented excitation beam are given by I, and I, the
fluorescence anisotropy is given by the following relationship:*

1, -G-1,

r=——— Equation 2.16
I, +2G-1,

In Equation 2.16, r is the fluorescence anisotropy and G is the g factor which is used to correct
for the different sensitivities of the detectors for vertically and horizontally polarized light.

For a single-photon absorption process, the maximum anisotropy is 0.4 and this occurs
when the absorption and emission dipoles are collinear which corresponds to a case where the
angle between the absorption and the emission dipoles is 0°. The anisotropy value is less than
0.4 for most organic molecules and the anisotropy value depends largely on the excitation
wavelength. For an organic molecule having angle 6 between the absorption and emission

dipoles, the fluorescence anisotropy is given by the relationship:

2(3cos’6-1 .
r= S — Equation 2.17

Anisotropy is dependent on the excitation wavelength but independent of sample
concentration. The factor of 2/5 in Equation 2.17 is as a result of probability of light
absorption. It must be noted that dilute scattering solution can have anisotropy exceeding 0.4.
Therefore, the presence of scattering light in a fluorescence process can cause the anisotropy to
exceed 0.4. In addition, for multiphoton absorption process, the anisotropy value exceeds the

value of 0.4 observed for one-photon process. When the absorption and emission dipoles are
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perfectly aligned in two-photon absorption process, the maximum anisotropy value is 0.57
while the value increases to 0.66 in three-photon absorption process.' At the magic angle of
54.7° between the absorption and emission dipoles, the anisotropy in all types of absorption
process is zero.

One other phenomenon that was studied through time-domain lifetime measurement is
the fluorescence resonance energy transfer (FRET). FRET involves the transfer of energy from
an excited donor group to an acceptor group in the ground state without the appearance of
photon. It is essential that the fluorescence spectrum of the donor group must overlap with the
absorption spectrum of the acceptor group for FRET to occur. This phenomenon has found its
usefulness in solar cell materials because the spectral gap of a solar material could be widened
by careful integration of another material with complementary absorption band. The rate and
efficiency of energy transfer between the donor and acceptor group depends on a number of
factors such as the extent of spectral overlap of the emission spectrum of the donor with the
absorption spectrum of the acceptor, the relative orientation of the donor and acceptor
transition dipoles, and the distance between the donor and acceptor molecules.

The rate of energy transfer from a donor to an acceptor in an organic material is given

6
ke (r)= i(&J Equation 2.18

where 1 is the florescence decay lifetime of the donor molecule in the absence of the acceptor

molecule, Ry is the Forster radius which is the distance between the donor and the acceptor
when the transfer efficiency is 50%; r is the distance between the donor and the acceptor

molecules in the organic system. Therefore, the rate of energy transfer is inversely related to
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the sixth power of the center to center distance between the donor and acceptor molecules. For
energy transfer to be efficient, it is important that the transfer rate must be faster than the
fluorescence decay rate. The efficiency of energy transfer is the fraction of the absorbed energy
by the donor that is transferred to the acceptor. The transfer efficiency can be expressed in
terms of the measurable parameters of the fluorescence time of the donor without the acceptor
(1) and the fluorescence time of the donor with the acceptor (t,). The transfer efficiency (E)
IS given by:

E-1-‘08 Equation 2.19

TD
Having given some background about time-resolved fluorescence measurement, the

two methods of measuring the fluorescence lifetimes will be discussed.

2.4.1 Time-resolved fluorescence upconversion

The time-resolved fluorescence experiments were performed using a fluorescence set-
up with the schematics shown in Figure 2.4. The time-resolved fluorescence upconversion set-
up comprises two lasers — Spectra Physics Millennia and Spectra Physics Tsunami lasers. The
Spectra Physics Millennia laser is powered by a laser diode which is capable of delivering up
to 5 W of power. This laser has a gain medium of neodymium-doped yttrium vanadate
(Nd:YVO,). When electrical signal or light of certain wavelength interacts with gain medium
in the laser, another beam of different characteristic wavelength of the gain medium material is
produced. For the Millennia laser, a green continuous beam with a wavelength of 532 nm is
generated through frequency doubling by the nonlinear optics in the Millennia laser. This beam
serves as input to the second laser (Spectra Physics Tsunami) which has Ti-sapphire as gain

medium. The Tsunami laser is capable of generating < 80 fs pulses at wavelengths between
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780 and 820 nm at a repetition rate of 82 MHz. The output of this laser has an average power
of 700 mW. Ultrafast-pulsed output of the Ti-sapphire Tsunami laser is generated through a
process called mode-locking. Mode-locking is a technique in optics used to generate pulses of
extremely short durations in the order of femtosecond or picosecond. The pulsed output from
the Ti-sapphire laser is generated through self-starting passive mode-locking which involves
the incorporation of saturable absorber with suitable properties in the laser resonator. The
saturable absorber preferentially allows light which has somewhat high intensities to pass
through it because they have enough intensity to saturate absorption more than the light of
lower intensities for each round trip in the resonator. After many round trips, a single pulse will
remain with all the weaker intensity beams already absorbed by the saturable absorber. This
process is repeated to produce series of fast energetic pulses of light. The optimal operating
wavelength of the Tsunami laser is 800 nm; this wavelength was used for this study. The 800
nm beam is passed through a series of focusing elements on to a —barium borate (BBO)
crystal to generate 400 nm beam from second harmonic generation. The residual fundamental
800 nm beam is passed through a dichroic mirror into an optical delay line while the generated
400 nm beam is reflected by the dichroic mirror towards the sample. A berek compensator is
used to control the polarization of the beam so that the beam entering the sample is plane-
polarized. The sample is placed in a 1 mm rotating cell to eliminate the effect of localized
excitation of the sample which can result photo-degradation and damage of the sample. The
fluorescence from the sample is collected by an achromat and directed through a number of
focusing elements and mirrors into a nonlinear sum frequency p—barium borate crystal where it
is recombined with the gate pulse. The gate pulse and the fluorescence must be spatially and

temporally overlapped for efficient measurement of the fluorescence. The overlapping
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arrangement of the fluorescence beam and the gate pulse is ensured by efficient alignment of
the focusing elements and mirrors in the upconversion set up to ensure that the light beams
pass through the right path in space. The sum frequency beam generated from the combination
of the fluorescence beam and the gate pulse is usually in the wavelength range of 300 — 400
nm. The gate pulse has a step size of 6.25 fs and it is capable of ensuring that lifetimes up to 1
ns can be measured using the fluorescence upconversion technique. The sum frequency beam
is passed through focusing lens into the monochromator which picks out the desired
wavelength from the upconverted beam and then send the wavelength into the photomultiplier
tube (R152P, Hamamatsu, Hamamatsu City, Japan) for detection. The excitation beam used for
the study varied between 17 mW and 20 mW. Standard dyes of Coumarin 30'*, Coumarin 153
and Cresyl violet™ were used in the process of alignment of the laser systems. The choice of
the dye depends on the operating fluorescence wavelength. The absorption spectrum of the
sample is measured at the start and end of the experiments to confirm that there is no photo-
degradation in the course of the fluorescence measurement especially for long experimental
scans. In cases where photo-stability is a concern, fresh samples are used for each experimental
run. The fluorescence lifetimes of the samples are obtained by fitting the experimentally
determined fluorescence decay curve to exponential function using the fitting function in
Origin 8. More rigorous deconvolution fitting procedure in an in-house developed program on
the platform of MATLAB is used for extremely small fluorescence lifetimes in the order of

femtosecond.
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Figure 2.4  Time-resolved fluorescence upconversion set-up. Lenses are indicated with ‘L’;
nonlinear crystals, ‘NC’; focusing elements, ‘F’; mirrors, ‘M’; sample, ‘S’;
berek compensator, ‘B’; achromat, ‘A’; low pass filter, ‘LPF’; monochromator,
‘MC’, photomultiplier, ‘PT".

2.4.2 Time-correlated single photon counting (TCSPC)

The time-correlated single photon counting (TCSPC) is another method commonly
used for time-domain lifetime measurements. TCSPC is similar to the fluorescence
upconversion technique in terms of how the laser beam used to excite the organic samples is
generated. The resolution of the two techniques and the approach in which the fluorescence is
collected are the two striking differences between the two frequently used fluorescence
measurement methods. The femtosecond fluorescence upconversion is capable of measuring
the fluorescence lifetimes in femtosecond to picosecond time ranges while TCSPC is capable
of measuring fluorescence lifetimes in the range of picosecond to nanosecond.

The TCSPC set-up consists of a Kapteyn Murnane (KM) Laboratories mode-locked Ti-
sapphire femtosecond laser pumped by a Millenia V Nd:YVO, (Spectra Physics). The pump

67



beam is a 5W continuous green light at 532 nm. The output from the KM laser is capable of
being tuned between 780 to 830 nm. For the experiment conducted in this study, the output
from the KM laser was set at 800 nm wavelength with pulse duration of ~ 30 fs and a repetition
rate of 90 MHz. The output beam from the KM laser was frequency-doubled through the
second harmonic generation by using a B-barium borate crystal to obtain a 400 nm pulsed
beam. For polarization studies, the beam is passed through a polarizer in order to set the
polarization of excitation beam hitting the sample. In studies where the polarization effect is
not desired, the polarizer can be set at the magic angle of 54.7°. At this angle, the total
fluorescence is measured without reference to the polarization. The sample is contained in a
0.4 cm path length rectangular quartz cell.

The fluorescence measurement using the TCSPC set-up is unique because of the
method of collection of the fluorescence beams. The dynamics of fluorescence decay is so fast
that the detector cannot accurately measure it. Therefore, the detector is set to measure 1
photon per 100 excitation pulses. Once the excitation pulse excites the sample, a signal is
produced and passed through constant function discriminator (CFD) which accurately
measures the arrival time of the beam. The signal is then passed to a time-to-amplitude
converter (TAC) which converts the signal to a voltage ramp. The voltage ramp continues to
increase until the emission pulse arrives at the detector and stops the ramp-up process. The
voltage ramp is linearly related to the difference between the time the excitation pulse excites
the sample and the time the emission beam reaches the detector. The voltage signal is
amplified by a programmable gain amplifier (PGA) and converted to a numerical value by an
analog-to-digital converter (ADC). The numerical value is stored as a single event in the

appropriate bin which depends on the time delay between the excitation beam and the emission
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beam. The process is repeated numerous times by repeatedly exciting the sample to generate a
histogram of the decay process. The measurement of 1 photon per 100 excitation pulses is
essential because the detector has a dead time of about tens of microseconds to hundreds of
nanoseconds between detection of photons. These times are greater than the fluorescence
lifetimes of organic samples. If the detector is allowed to measure all the emission photons, the
fluorescence lifetime will be skewed towards short time because of the inability to measure late
arriving photons due to the dead time of the detector between measurements.

The fluorescence emission of the sample is collected at a direction perpendicular to the
excitation beam through a monochromator which is used to spectrally resolve the fluorescence
beam. The photomultiplier tube detects the fluorescence and the result is transmitted to the
computer through an interface card (Time-Harp). The computer displays the histogram of the
different time bins using specialized software, PicoQuant. The PicoQuant Fluofit software is
used to analyze the result and fit the lifetime distribution models into exponential decay
function. The IRF, which is measured via the Rayleigh scattering of a scattering medium, is
overlaid on the decay function in order to verify the significance of the decay process. The IRF
has a full width at half maximum (FWHM) of 330 ps. To ensure that the sample is stable in the
course of the fluorescence measurements, the absorbance of the sample is measured before and

after each measurement. The TCSPC set-up is shown in Figure 2.5.
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Figure 2.5
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Time-correlated single photon counting (TCSPC) set-up. Lenses are indicated
with ‘L’; nonlinear crystal, ‘BBO’; focusing elements, ‘F’; beam splitter, ‘BS’;
sample cell, ‘SC’; photodiode, ‘PD’; photomultiplier tube, ‘PMT’; polarizer,
‘P’; monochromator, ‘M’.
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Chapter 3
Synthesis and Ultrafast Time Resolved Spectroscopy of Peripherally Functionalized Zinc

Phthalocyanine Bearing Oligothienylene-ethynylene Subunits

3.1 Original Publication Information
The text in this chapter was originally published as:
“Synthesis and Ultrafast Time Resolved Spectroscopy of Peripherally
Functionalized Zinc Phthalocyanine Bearing Oligothienylene-ethynylene Subunits”
Oluwasegun O. Adegoke, Mine Ince, Amaresh Mishra, Ashley Green, Oleg
Varnavski, M. Victoria Martinez-Diaz, Peter Bauerle, Tomas Torres and Theodore
Goodson, I11. Journal of Physical Chemistry C 2013, 117, 20912-20918
Modifications were made to the original publication to adapt it to the style of the
content of this dissertation. References and supporting information of the original manuscript

are included in this chapter.

3.2 Abstract

Two new soluble tri-tert-butyl zinc(Il) phthalocyanines, 1 and 2, bearing dendritic
oligothienylene-ethynylene (DOT) groups as one of the peripheral substituents, have been
prepared. The conjugated DOT moieties were introduced to cover the spectral window between
380 and 550 nm, where the ZnPc does not exhibit a strong absorption, in order to improve light

harvesting. For their preparation, a convergent approach has been used starting from the
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corresponding iodoPc as precursor. Further transformation of the iodo groups by a Pd-
catalyzed Sonogashira reaction with the appropriate DOT-functionalized terminal alkyne
allowed the easy preparation of extended n-conjugated compounds 1 and 2. The compounds
have been characterized by standard spectroscopic methods, and their photophysical behaviors
have been established by using ultrafast time-resolved technigues. Femtosecond upconversion
measurements showed an ultrafast energy transfer from the DOT to zinc phthalocyanine in a
time scale of 300 fs. As the number of thiophene groups increases in the dyads, the extent of
ultrafast energy transfer was found to increase. Compounds 1 and 2 have been tested as donor
components in bulk heterojunction (BHJ) solar cells. Their efficiencies are compared with

RuPc analogues previously reported by us.

3.3 Introduction

Phthalocyanines (Pc’s) have been used frequently as active components in organic
(OPVs) and hybrid (DSSCs) solar cells.*™ Apart from their unique electronic properties and
chemical structure, they show an extended photo response in the region between 600 and 800
nm, where the maximum solar flux occurs. That means that only extremely thin films are
necessary to absorb a substantial fraction of solar light. Pc-based OPVs can be prepared either
by vacuum evaporation or by solution processing techniques. Unsubstituted Pc’s are practically
insoluble in common organic solvents due to aggregation phenomena. Therefore, devices
cannot be easily prepared by solution processing. However, they have been successfully used
as the active layer in vacuum-deposited small molecule solar cells. Conversely, solution-
processing techniques are frequently used with chemically modified Pc’s. The introduction of
suitable substituents either in peripheral or in the axial position of the macrocycle, besides

allowing modulation of its electronic properties, increases the solubility of these compounds in
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organic solvents.

In the case of solution processed bulk heterojunction solar cells, there are only a few
examples of soluble Pc derivatives blended with soluble acceptor materials to form a bulk
heterojunction (BHJ) active layer.>”’ The example reported by Palomares et al. consists of a
small molecule organic solar cell based on a soluble tetra-tert-butyl zinc phthalocyanine

(ZnTBPc)/PCBM blend, which produces a short current density (J..) around 3.57 mA cm 2,
and open circuit voltage (V) around 0.53 V. This corresponds to power conversion efficiency

of approximately 0.77%. On the other hand, efficiencies up to 1.6% in solution-processed bulk
heterojunction solar cells have been reported by us.® The cells comprised of highly soluble
ruthenium phthalocyanines (RuPc’s) that were axially functionalized with pyridyl-(DOT)s up

to the third generation, and blended with fullerene derivatives (either PCBM or PC. BM). A

high short current density of 8.3 mAcm 2 resulted from the introduction of DOTs moieties,
which allowed the improvement of light harvesting ability between 380 and 550 nm, where the
RuPc does not exhibit a strong absorption. The results pointed out that the design of new Pc
macrocycles for BHJ solar cells still needs some improvements. One of the reasons for the low

performance of Pc’s is the low V. values. Modifications on the molecular structure of Pc by

the introduction of different groups at distinct positions aimed at extending the absorption
spectra and at tuning the electronic configuration of the excited states are expected to be
efficient ways to improve the conversion efficiency of solution processed phthalocyanine-
based BHJ solar cells.

In this work, we have particularly chosen oligothiophenes to be incorporated at distinct
positions of Pc because of oligothiophenes’ versatile chemistry and availability of many
synthetic routes. As previously reported by Mishra et al.’® ethynylene-functionalized
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oligothiophenes have promising optoelectronic properties that need to be explored in light-
harvesting applications. The large, conjugated n-systems suitable for efficient electron transfer
processes, high thermal stability and relative longer exciton-diffusion length of zinc
phthalocyanine make the investigation of the performance of zinc phthalocyanine bearing
oligothienylene-ethynylene subunits appealing.”**

In this context, the current work focuses on the synthesis and ultrafast time-resolved
spectroscopy studies of new peripherally functionalized zinc phthalocyanines bearing dendritic
oligothienylene-ethynylene subunits. The evaluation of optical, kinetic, and structural data will
provide important incentives for optimizing the performance of these kinds of systems in solar
cells. Zinc phthalocyanine has frequently been used as either donor or acceptor material in

solar cell devices,** %

while dendritic oligothiophenes have mostly been explored as donor
materials in donor-acceptor solar cell systems.?***2In dye-sensitized nanowire array solar cells
involving zinc phthalocyanine donor and ruthenium polypyrine complex, resonance energy
transfer from the zinc phthalocyanine resulted in a 4-fold increase in quantum yields in the
solar cell.’® KC et al.'* reported an energy transfer from a free-base porphyrin to zinc
phthalocyanine within 0.2 ps in a supramolecular solar cell. Quaterthiophene has been explored
as donor material in a light harvesting system involving mono- and bis-Bodipy as acceptors,
and an efficient energy transfer was observed.™ The combined effect of the photon harvesting
ability of oligothiophenes between 380 and 550 nm, and the high absorption of zinc
phthalocyanine between 650 and 720 nm has not been investigated in any solar cell material.
We report herein two different ZnPc-oligothiophene dendron dyads, 1 and 2 matching key

requirements for OPV, such as a relatively low-lying HOMO energy level and a narrow band

gap. Furthermore, tetra-tert-butyl zinc phthalocyanine [Zn(t-Bu) 4Pc]8 was used as a reference
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compound for the purpose of comparison. We used ultrafast time-resolved techniques to show

the Kinetics of excited state decay and energy transfer from DOT to zinc phthalocyanine in the

dyads.
R
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Figure 3.1  Molecular structures of ZnPc-DOT dyads 1 and 2 and reference compound
Zn(t-Bu)4Pc.

3.4 Experimental Section

3.4.1 Sample preparation

The reference compound Zn(t-Bu),Pc and the two ZnPc-DOT derivatives 1 and 2 were

dissolved in spectroscopic grade of toluene. The concentrations of the prepared solutions were

such that the optical densities were always below 0.5.
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3.4.2 Steady state measurements

The steady state measurements on the samples were performed at room temperature.
Equal concentrations of 5.0 x 10 ° M were used for all samples. The samples were placed in 4
mm quartz cuvettes. Steady state absorbance spectra were measured with an Agilent 8432 UV-
visible absorption spectrometer. The absorption spectra were measured before and after
experiments to ensure that there was no appreciable photodegradation during experiments. The
emission and excitation spectrum measurements were performed with Fluoromax-2
spectrophotometer. The quantum vyields of the samples were measured using a known

1, cresyl violet, dissolved in methanol,* and

procedure.’® Coumarin 30, dissolved in ethano
zinc phthalocyanine, dissolved in 1% pyridine in toluene,?? were used as standards. Quantum

yields were measured at excitation wavelengths of 400 and 605 nm.

3.4.3 Femtosecond time-resolved fluorescence measurements

The time-resolved fluorescence experiments were carried out using a fluorescence
setup that had previously been described.?* ® The system contains 80-fs pulses at 800 nm
wavelength with a repetition rate of 82 MHz. These pulses were produced by a mode-locked
Ti-sapphire femtosecond laser (Spectra Physics Tsunami), pumped by a 532 nm continuous
light output from another laser (Spectra Physics Millennia), which has a gain medium of
Nd:YVO,. The pulsed output laser beam was split to generate the fundamental and excitation
beam pulses by a second harmonic crystal. The fundamental beam was at a wavelength of 800
nm while the excitation beam was at a wavelength of 400 nm. The polarization of the
excitation beam was controlled by a berek compensator. The fluorescence emitted by the
sample was up-converted in a nonlinear crystal of B-barium borate by using the fundamental
beam which was delayed with a computer-controlled optical delay line. This procedure enables
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the fluorescence to be resolved temporally. The up-converted signal from the barium borate
crystal is directly proportional to the fluorescence from the sample. The up-converted light was
resolved spectrally by passing it through a monochromator and detecting it using a
photomultiplier tube (R1527P, Hamamatsu, Hamamatsu City, Japan). The power of the
excitation beam was ~12 mW. Standard dyes were used for calibrating the system. The
instrument response function (IRF) has duration of ~220 fs. Lifetimes of fluorescence decay
and rise times were obtained by fitting the experimental profile with multi-exponential decay
functions convoluted with IRF. The lifetimes in the nanosecond time scale were measured

using time-correlated single photon counting (TCSPC) technique.

3.5 Results and Discussion

3.5.1 Synthesis

Two Zn (1) phthalocyanines, 1 and 2 (Figure 3.1), covalently linked to oligothienylene-
ethynylene dendrons have been prepared. Compounds 1 and 2 bear three donor tert-butyl
groups at the peripheral positions, and first- and second-generation of DOTs were attached
through an alkynyl connector to the fourth isoindole Pc unit. The synthesis and electrochemical
properties of the first- and second-generation of trimethylsilylethynyl-functionalized
oligothiophene dendrons has previously been reported by Biuerle and co-workers.*® Dyads 1
and 2 were obtained in 67% and 51% vyield, respectively, by means of Pd-catalyzed
Sonogashira reaction between the tri(tert-butyl)iodoZnPc and the corresponding alkynylDOT
3a,b. Both reactions were carried out in dry tetrahydrofuran (THF) in the presence of

[PCI,(PPh,),] as a catalyst, triethylamine (TEA) as the base, and a catalytic amount of copper

(1) iodide (Scheme 3.1). For details, please see the Supporting Information.

79



b

;NN
= ‘ 3aor3b
\ Nz NG —  » 1or2
N | | Pd(PPhy)Cly, Cul
Ne_N<_=N THF, TEA, 24h, rt.

Scheme 3.1  Synthetic Route to ZnPc-DOT Dyads 1 and 2 (For R; values, see Figure 3.1).

The structures of dyads 1 and 2 were confirmed by IR and UV-vis spectroscopy, and
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) spectrometry. The *H

NMR spectra of tri(tert-butyl)ZnPc-DOTs 1 and 2 in d,-THF show several multiplets

corresponding to the aromatic Pc protons, between 9.5 and 8.0 ppm. The DOT protons can be
easily distinguished in the region between 7.7 and 7.2 ppm (Figure S3.1 and Figure S3.3 in

Supporting Information).

3.5.2 Steady state measurements

The steady state UV—vis absorption spectra of reference ZnPc and ZnPc-DOT dyads 1
and 2 in toluene are shown in Figure 3.2, and the data are presented in Table 3.1. The obtained
absorption spectrum for the reference zinc phthalocyanine is similar to the reported spectrum in
the literature.?” The absorption spectra of dyads 1 and 2 are dominated by two intense Q bands
at 677 and 695 nm and Soret-bands at around 355 nm, whereas only a single Q-band at 677 nm
was observed for the parent ZnPc. The disruption of the symmetry in the phthalocyanine
molecule due to the presence of the dendrons in dyads 1 and 2 resulted in a split in the Q-

band.?® It can be observed that the presence of the dendritic oligothienylene-ethynylene in the
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dyads 1 and 2 provided a slight red-shift (5-8 nm) of the Soret bands relative to the reference
ZnPc. The molar absorption coefficients of the dyads’ Soret bands increase with increasing
generation from 1 to 2. This trend is evident in the higher molar absorption coefficient in dyad

2 compared to dyad 1 between 300 and 500 nm.

30 -

T T T T T T ' 1
300 400 500 600 700 800

Wavelength (nm)
Figure 3.2  Absorption spectra of reference ZnPc, dyads 1 and 2 in toluene (~ 5 x 10-6 M).

Table 3.1 Steady state optical properties of reference ZnPc and ZnPc-DOTs 1 and 2

Compound s (m)[e (M em )] Aem (NM)  Aexc (NM) o
ZnPc 350 [67645], 677 [259548] 457,683 348,607,  0.0014°% 0.071°,
664, 684 0.30°
dyad1  355[80839], 677 [143169], 459,699 358,611,  0.0018" 0.18",
694 [174946] 670 0.20°
dyad 2 358 [116771], 676 524,700 366,610,  0.0044% 0.32°,
[138961], 696 [175529] 670 0.18°

Quantum yields (¢,) were measured at excitation wavelength of 400 nm*” and 605 nm°, with

fluorescence spectra centered at 530 nm® and 700 nm®<, Aabs, Aem and Aeyxc represent the
wavelengths for the peak absorbance, emission and excitation respectively.

The reference ZnPc and the substituted dyads were excited at 400 nm to obtain the
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steady state emission spectra shown in Figure 3.3. The emission spectra were normalized by
the maximum intensity of ZnPc dyad 2. The fluorescence spectrum of ZnPc showed a broad
peak at 450 nm. A similar peak at 450 nm was obtained for dyad 1. However, the fluorescence
peak of dyad 2 was red-shifted to 525 nm. The red-shift of the emission spectrum of dyad 2
may be as a result of apparent increase in conjugation due to the presence of more thiophene
oligomers in dyad 2 than dyad 1. Emission from phthalocyanine can be observed between 650
and 750 nm for all the samples with the reference ZnPc having an emission peak around 683
nm. The phthalocyanine emission peaks in dyads 1 and 2 were red-shifted to ~700 nm. The
phthalocyanine emission peak of dyad 2 was more than twice that of the reference ZnPc at
same concentration suggesting an efficient energy transfer from oligothienylene-ethynylene
dendrons to phthalocyanine. The increase of phthalocyanine fluorescence intensity from dyad 1
to dyad 2 may be a result of an increase in the efficiency of energy transfer from thiophene
groups to phthalocyanine as the number of thiophene groups increases or a result of increased

energy absorption by thiophenes for transfer to phthalocyanine (see Figure 3.2).
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Figure 3.3  Emission (excitation wavelength: 400 nm) and excitation (emission wavelength:

. -6
700 nm) spectra of reference ZnPc, dyads 1 and 2, in toluene (~ 5.0 x 10 M).
Emission intensities are normalized.

The excitation spectrum similarly depicted an energy transfer from oligothienylene-
ethynylene to phthalocyanine. The excitation spectrum, shown in the lower panel of Figure
3.3, is for emission at 700 nm which comes from phthalocyanine. As observed in the figure,
the emission intensities from the dyads were higher than the emission intensity from reference
ZnPc, especially at lower wavelengths where the excitation of the dendrons is most intense.

Consequently, the increased emission from the dyads must have been as a result of energy
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transfer from the dendrons. As the excitation wavelength increases, the fluorescence from
dyads 1 and 2 were similar because of the exclusive excitation of the phthalocyanine in the
samples at longer wavelengths. For the emission of 550 nm, which was also used in this study,
the peaks of the excitation spectra (see Figure S3.5 in Supporting Information) were observed
at 400 nm for all the samples.

The fluorescence centered at 530 nm, which comes mainly from the dendrons, was
quenched as a result of the transfer of energy to phthalocyanine. The energy transfer is evident
in the low quantum yield values of 0.0014 and 0.0018 obtained at the low wavelength peak for
dyads 1 and 2, respectively. Quantum yield values of 0.09 and 0.15 had previously been
reported for the dendrons attached to the dyads.'® The quantum yields of the emission from the
phthalocyanine ends of the dyads (fluorescence centered at 700 nm) were enhanced from 0.071
in reference ZnPc to 0.18 and 0.32 in dyads 1 and 2 respectively, when the samples were
excited at 400 nm wavelength (see Table 3.1) because of the presence of the dendrons. This
implies that the quenching of fluorescence at shorter wavelengths, as shown by the low
quantum yields at the low wavelength region, was a result of energy transfer to the longer
wavelengths. This energy transfer contributed to the higher quantum yields in the dyads (0.18
in dyad 1 and 0.32 in dyad 2) than in the reference ZnPc (0.071) at the longer wavelength
region when excitation was carried out at 400 nm wavelength. To demonstrate that the
difference in the quantum yields of the dyads, when excited at 400 nm, was due to the energy
transfer from the different dendrons attached to ZnPc, we found the quantum vyields at
excitation wavelength of 605nm. As shown in Table 3.1, quantum vyields of 0.30, 0.20, and
0.18 were obtained for reference ZnPc, dyads 1 and 2, respectively. The quantum yields

obtained for the dyads were quite similar because of the exclusive excitation of phthalocyanine
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ends at 605 nm. The difference in the quantum yield of ZnPc compared to the dyads may have
been as a result of better symmetry in the reference compound than in the dyads. The similar
quantum vyields in the dyads at excitation wavelength of 605 nm confirm the earlier conclusion
that there must have been an energy transfer from the dendrons when the samples were excited

at 400 nm.

3.5.3 Femtosecond time-resolved fluorescence

Emission wavelengths of 480, 550, and 700 nm were considered for the study. Of
particular interest are the short components of decay kinetics and the time it takes for excitation
energy to transfer from the dendrons to phthalocyanine in the dyads. For the reference ZnPc,
there were short components of 300 and 220 fs, and intermediate components of 61 ps and 445
ps for emission wavelengths of 480 and 550 nm, respectively. The excited states were observed
to have fully relaxed after 3.49 and 3.45 ns for emission of 480 and 550 nm, respectively
(Table 3.2). However, the decay at emission wavelength of 700 nm was delayed with the short
component being around 5 ps, and the excited state relaxed after 4.08 ns. There was no
excitation energy transfer from higher energy state to lower energy state in the reference
compound. Figure 3.4 shows the fluorescence kinetics of reference ZnPc.

Table 3.2 Fluorescence lifetimes at different emission wavelengths

Compound A, (nm) T, (ps) T, (ns) T, (ps)
ZnPc 480 0.3 3.49
550 0.22 3.45
700 5 4.08
dyad 1 480 0.3 9.87
700 2.51 0.3
dyad 2 550 0.3 4.25
700 2.40 0.3
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T, T, and , are the short and long component decay times and rise time, respectively.

Normalized intensity
Nomakzed mensity
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Time (ps)

Figure 3.4  Short-time-scale fluorescence kinetics of reference ZnPc after excitation with

400 nm beam at emission wavelengths of 480, 550, and 700 nm. On the right is
the fit for the emission wavelength of 480 nm.

A fast decay component of 300 fs was observed in the decay kinetics of ZnPc dyad 1 at
emission wavelength of 480 nm, with an intermediate time component of 157 ps, and the
excited state was fully relaxed after 9.87 ns (Table 3.2). At emission wavelength of 700 nm, a
rise time was observed with a time constant of 300 fs, an identical time scale to the short
component decay time of 480 nm emission. It can therefore be inferred that there is an
excitation energy transfer from the higher energy state at 480 nm at a time scale of 300 fs.
Similarly, for the dyad 2, an energy transfer was observed from the emission wavelength of
550 to 700 nm at a time scale of 300 fs (see Table 3.2). The long decay components of 700 nm
emission of dyads 1 and 2 were found to be 2.51 and 2.40 ns. The closeness of the decay times
of the dyads suggests that the 700 nm emission was coming from the phthalocyanine moiety,
which was present in the two dyads. Figure 3.5 illustrates the fluorescence kinetics of ZnPc

dyads 1 and 2.
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Figure 3.5

In order to add more credence to energy transfer from oligothienylene-ethynylene
moiety to zinc phthalocyanine in the dyads, equal concentrations (1.9 x 10> M) of reference
ZnPc, and dyads 1 and 2 in toluene were prepared for fluorescence upconversion experiment at
emission wavelength of 700 nm under similar experimental conditions. As observed in Figure
3.6 (normalized by maximum photon counts from dyad 2), the photon counts (35000) from
dyad 2 were significantly more than those of dyad 1 (24000) and reference ZnPc (4000).
Because the emission at 700 nm occurs only from the phthalocyanine moiety of the dyads, the

additional photons from dyads 1 and 2 relative to zinc phthalocyanine could only be a result of
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Figure 3.6  Short-time scale fluorescence kinetics of reference ZnPc, ZnPc dyads 1 and 2 in

toluene (~ 1.9 x 10'5 M) after excitation with 400 nm beam at emission
wavelength of 700 nm.

3.5.4 Photovoltaic studies

BHJ solar cells using dyads 1 and 2 as electron donors and PCBM as an electron
acceptor in the active layer were fabricated and characterized. The device structure was
ITO/PEDOD:PS/Pc-DOT (1 or 2):PCBM (1:2 w/w)/LiF/Al. The ratio of donor to acceptor
materials was optimized at 1:2, and the thickness of the active layer was optimized for each
donor/acceptor blend, and was typically 60-70 nm. According to preliminary photovoltaic

results, the device having dyad 1 exhibits a J.. value of 3.05 mA cm?a Vo value of 0.62 V

and a FF value of 0.29, resulting in a solar energy conversion efficiency (n) of 0.56%. On the

other hand, the cell consisting of dyad 2 in an active layer produced a V. around 0.63 V, a FF
value of 0.26 and a very low short-circuit photocurrent density (J;.) around 0.81 mA cm 2

This corresponds to power conversion efficiency approximately 0.13%. In order to improve the

performance of the cell based on dyad 1, an additional device was fabricated with dyad 1-
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PC.,BM in a ratio of 1:2. The device allowed for increased performances of J.. = 4.28 mA
cm 2 leading to a PCE of 0.71%. Compared to the PC,,BM device, the improved performance
for PC.,BM device is mainly due to the large increment of the short circuit current, which
could be attributed to the better absorption properties of PC_.BM in the range of 450-700 nm.

These PCE values are lower than the ones obtained with related ruthenium phthalocyanines
(RuPc’s), axially functionalized with pyridyl-(DOT)s and blended with fullerene derivatives

H 9 s
(either PC,BM or PC_,BM).” Although V. and FF values for ZnPc’s 1 and 2 are comparable

to those of their RuPc analogues, lower short current densities are obtained in the second case.
This is most probably due to the lower absorption of compounds 1 and 2 in the range from 450
to 650 nm, which is not compensated by the shifting to the red of the Q-band on going from

RuPc’s to ZnPc’s. The J . values obtained for devices prepared from dyads 1 and 2 (3.05 and

0.81 mA cm?, respectively) are also lower than that of the model compound tetra-t-butyl
phthalocyanine (3.57 mA cm?). Unfortunately, we have no clear explanation for this

observation. The reduced J.. values in dyads 1 and 2 cannot be attributed to absorption

properties of dyads, which are similar to that of tetra-t-butyl zinc phthalocyanine in the range
from 650 to 700 nm. It could be due to recombination of photogenerated charge carriers in the

BHJ device.

3.6 Conclusions

Two highly soluble zinc phthalocyanines bearing one dendritic oligothienylene-
ethynylene as a peripheral substituent were designed and synthesized for studying their
photophysical and photovoltaic properties. The conjugated peripheral groups enhance the
absorption between 380 and 550 nm, where ZnPc¢’s do not exhibit a strong absorption, thus

improving the light harvesting performance of the dyads. Femtosecond upconversion
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measurements have shown ultrafast energy transfer from oligothienylene-ethynylene to zinc
phthalocyanine, which enables light in the region between 380 and 550 nm to be captured and
transferred to the phthalocyanine moiety in a time scale of 300 fs. We were able to show that
the extent of energy transfer increased from dyad 1 to dyad 2 due to increased absorption of
light with increasing generation of the substituent oligothienylene-ethynylene groups from
dyad 1 to dyad 2. BHJ solar cells constructed using dyads 1 and 2 as electron donor and

PC,,BM and PC_ BM as electron acceptors in the active layer showed lower efficiencies than

the corresponding RuPc analogues previously studied by us, due to their lower absorption in
the visible range. We are presently preparing new ZnPc’s with different conjugated
substituents at peripheral positions in order to study their mechanism of recombination,

fundamentally important for increasing the power conversion efficiency of these systems.

3.7 Supporting Information: Synthesis of Zn(I1)Pc-DOTs 1 and 2 and Characterization

Experiment Section

General procedure: To a freshly distilled and deaerated THF/ TEA (8:1) solution (9 ml)
containing tri(tert-butyl)iodophthalocyanine (64 mg, 0.07 mmol), [Pd(PPh,)CL.] (5 mg, 0.007
mmol) and Cul (1.5 mg, 0.007 mmol), the corresponding DOT-functionalized terminal alkyne
3a or 3b (0.22 mmol) was added and the mixture was stirred for 24 h at room temperature. The
solvent was then removed under reduced pressure, and the green solid was extracted with
CHCI,, washed with water and dried over Na,SO,. The crude product was purified by column
chromatography on silica gel (Hexane/dioxane, 3:1).

Dyad 1 was obtained as a mixture of regioisomers (55 mg, 0.047 mmol) as a green
solid. Yield: 67%. HNMR (d,-THF, 300 MHz): & (ppm) = 9.5-8.9 (m, 9H, Ar-H), 8.3-8.2 (m,

3H, Ar-H), 7.7 (d, J=9 Hz, 1H, Ar-H), 7.3-7.2 (m, 4H, Ar-H), 1.8 (s, 27H, C(CH,),), 0.3 (s,
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18H, TMS). IR (film): v (cm ) = 2955, 2928, 1620, 1491, 1400, 1325, 1094, 997, 839, 762,

748. UV/Vis (THF): Amax (log €) = 695 (5.2), 678 (5.1), 642 (4.4), 617 (4.4), 352 (4.9). MS
(MALDI, ditranol), m/z: 1158.3 [M+]. HRMS (MALDI-TOF, DCTB): calc. for

CeaHs2NgS3SinZn: [M+]: m/z: 1158.3084, found 1158.3051.

Dyad 2 was obtained as a mixture of regioisomers (65 mg, 0.035 mmol) as green solid.
Yield: 51%. "HNMR (d,-THF, 300 MHz): § (ppm) = 9.5-8.9 (m, 9H, Ar-H), 8.4-8.2 (m, 3H,
Ar-H), 7.7 (d, J =12 Hz, 1H, Ar-H), 7.6 (s, 2H, Ar-H), 7.4 (t, J =3 Hz 2H, Ar-H), 7.3-7.2 (m,
2H, Ar-H), 7.2-7.1 (m, 8H, Ar-H), 1.8 (s, 27H, C(CH,),), 0.3 (s, 36H, TMS). IR (film): v (cm
" = 2957, 2920, 1728, 1624, 1497, 1254, 1101, 993, 839, 758. UV/Vis (THF): Amax (log &) =
696 (5.2), 678 (5.1), 640 (4.5), 617 (4.4), 345 (5.0). MS (MALDI, DCTB), m/z: 1842.3 [M'].

HRMS (MALDI-TOF, dithranol): calc. for CgogHgoNgSeSisZn: [M+]: m/z: 1842.3138, found

1842.3148.
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Chapter 4
Investigations of the Effect of the Acceptor Strength on the Optical and Electronic

Properties in Conjugated Polymers for Solar Applications

The work in this chapter has been submitted to Journal of American Chemical Society
(JACS) with the title:
“Investigations of the Effect of the Acceptor Strength on the Optical and Electronic
Properties in Conjugated Polymers for Solar Applications” Oluwasegun O.
Adegoke, In Hwan Jung, Luping Yu and Theodore Goodson III.
Modifications were made to the manuscript to adapt it to the style of the content of this
dissertation. References and supporting information of the manuscript are included in this

chapter.

4.1 Abstract

New low band gap electron-accepting polymers PNSW, PNTPD, PNPDI and PECN1
containing thieno[2',3":5',6"]pyrido[ 3,4-g]thieno[3,2-c]isoquinoline-5,11(4H,10H)-dione
(TPTI) and fluorenedicyclopentathiophene dimalononitrile (FDCPT-CN) were investigated.
Also investigated was poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) which is based
on repeating units of thienothiophene (TT) and benzodithiophene (BDT), and one of the most
efficient solar cell materials. The steady state, ultrafast dynamics and nonlinear optical

properties of these organic polymers were probed. All the polymers showed broad absorption
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in the visible region. PNPDI and PECN showed extended absorption into the near-IR region.
The polymers had HOMO levels of -5.73 to -5.15 eV and low bandgaps of 1.47 to 2.45 eV.
Fluorescence upconversion studies on the polymers showed longer lifetimes of 1.6 and 2.4 ns
for PNSW and PNTPD respectively while PNPDI and PECN showed very fast decays within
353 fs and 110 fs. Two-photon absorption investigation of the polymers showed that the
absorption cross sections may be in the region of 1.0-6.4x10* GM per monomer. The electronic
structure calculations of the polymers indicated that the LUMO is localized on the more
electron-withdrawing co-monomers while the HOMO was localized on the more-electron-
donating co-monomers. As the difference between the electron affinities of the co-monomers
in the polymers decrease, the HOMO and LUMO become distributed throughout the
monomers. All of the measurements suggest that high difference in the electron affinities of the
co-monomers of the polymers contribute to improvement of the photophysical properties

(absorption, nonlinear properties) necessary for good solar cell performance.

4.2 Introduction

The search for a clean, renewable source of energy to replace fossil fuels has existed for
many decades.™? The vast amount of energy reaching the earth from the sun has necessitated
research into ways in which humans can tap into this resource. Consequently, there had been
advances into development and synthesis of organic photovoltaic (OPV) materials in the last
two decades.*® OPV materials show great promise to replace relatively expensive inorganic
counterparts because of their flexibility, ease of production and variety of emerging promising
organic compounds for solar cell applications.®* There has been recent progress in the field of

OPV, with power conversion efficiency (PCE) reaching over 10% with a polymer tandem solar
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cell.™ However, in order for solar energy conversion into electricity to be commercially viable,

it is necessary to be able to fabricate solar cell device with a PCE over 15%.'%*’

One of the most studied solar-harvesting polymers is poly(3-hexylthiophene)
(P3HT)."*# Devices based on P3HT were optimized to produce PCEs up to 5%.%%
Significant improvements in the design of light harvesting materials have led to advancements
in solar cell efficiencies, most recently reaching as high as 10%.%%?° One strategy that has been
adopted to improve the PCE is the inducement of intramolecular charge transfer in organic
polymers by designing conjugated donor-acceptor copolymers.®*=*" Organic polymers which
have been developed using this approach, and have been reported to have PCEs close to 8% in
photovoltaic devices, are the poly(thienothiophene-benzodithiophene) (PTB) polymer series
containing repeating units of alternating thieno[3,4-b]thiophene (TT) and benzodithiophene
(BDT).***¥* The HOMO and LUMO levels of the polymers were optimized by introducing
different substituents into the backbone of the polymer series. The common substituents that
were explored are the electron-donating alkyl and alkoxyl groups on the BDT unit and
electron-withdrawing esters and fluorine atom on the TT unit. The best polymer in the PTB
series with the highest PCE is poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]  (PTB7)."®  The
excellent performance of PTB7 has generated intense research to understand how the structures
of polymers correlate to their performance. PTB7 possesses low-lying HOMO and LUMO
levels, a small bandgap, good film morphology with phenyl butyric acid methyl ester (PCBM),
and good absorption over the entire visible and near-infrared regions (NIR).****° Another
reason that has been attributed to its excellent performance is the strong electron-withdrawing

effect of the TT unit on the electron-rich BDT unit.*® There is a bias in the n-electron density
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distribution towards the TT unit which results in induced negative and positive charges on the
TT and BDT units respectively. The induced charges on the TT and BDT units cause
enhancement of the dipole moment in PTB7.'® The presence of electronegative fluorine and
electron-withdrawing ester group on the TT unit enhances the electron-withdrawing ability of

the TT unit. Consequently, there is a good charge transfer in PTB7.

Emerging organic photovoltaic materials depend on the “push-pull” concept or donor-

acceptor mechanism. Carsten et al.*®

worked on different polymers with alternating TT having
different electron-withdrawing substituents and BDT units to investigate the “push-pull”
concept. In the study, poly[(4,8-bis(octyloxy)benzo(1,2-b:4,5-b")dithiophene-2,6-diyl)(2-((2-
ethylhexyl)carbonyl)thieno(3,4-b)thiophenediyl)] (PTB2) did not have a fluorine atom and
PTB7 did have a fluorine atom attached to the TT unit. Poly[(4,8-bis((2-ethylhexyl)oxy)-3,7-
difluorobenzo(1,2-b:4,5-b")dithiophene-2,6-diyl)(2-((2-ethylhexyl)carbonyl)thieno(3,4-
b)thiophenediyl)] (PTBF2) had two opposing fluorine atoms attached to the BDT unit while
poly[(4,8-bis((2-butyloctyl)oxy)benzo(1,2-b:4,5-b")dithiophene-2,6-diyl)(2,2'-bis(((2-
butyloctyl)oxy)carbonyl)-6,6'-bithieno(3,4-b)thiophenediyl)] (PBB3) had two adjacent TT
units in a trans-conformation. These substituents were able to reduce the energy levels of the
polymers because of their electron-withdrawing effect. Deep-lying HOMO level ensures
oxidative stability of organic polymer materials.***’” PBB3 was found to have the best
absorption in the NIR region due to the increased conjugation in its polymer chain as a result of
the additional thiophene ring. It however showed the smallest ground and excited state dipole
moments.'® The ground and excited state dipole moments were lower than those of PTB7 by

factors of 6 and 9 respectively. PTB2 and PTB7 were found to have the best dipole moments.

The result shows that the presence of electronegative substituents in the organic polymer chain
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affects the magnitude of the dipole moment. The position and configuration of the attached
substituents play a huge role in the magnitude of the dipole moment. The reduced dipole
moments observed in PTBF2 and PBB3 were due to the cancellation of the opposing electron-
pulling effects of the electron-withdrawing groups attached to each of the polymers.'® On the
other hand, the fluorine and ester group in PTB7 complemented each other to draw a
significant electron density to the TT unit. Consequently, there was a greater induced dipole
moment in PTB7 monomer than PTBF2 and PBB3 which resulted in better charge transfer
from the electron-donating BDT to the electron-withdrawing TT. The high induced dipole
moment and good charge transfer in PTB7 contributed immensely to its excellent performance

in solar cell device.

Until recently, there has been more focus on only the energetics of the donor polymers
in bulk heterojunction (BHJ) systems because of the need to ensure a good offset between the
LUMO of the donor polymer and the LUMO of the fullerene in polymer-fullerene blends. For
effective charge carrier generation by exciton dissociation at the interface between the donor
polymer and fullerene, the offset between the LUMO of the donor polymer and LUMO of
fullerene acceptor must be at least 0.30 V.***® However, it has been found recently that good
charge separation in the donor polymer reduces the importance of the offset between the
LUMO of the donor organic polymer and the LUMO of the fullerene acceptor needed for
effective charge transfer.®***? In a study by Carsten et al.'®, the transient absorption results of
blended films of PTB7 with fullerenes showed a fast excitonic state decay of less than 120 fs
while blends of PTBF2 and PBB3 showed longer excitonic decay times of 19 ps and 190 ps
respectively. On the other hand, the first component of the charge-separated state of PTB7,

PTBF2 and PBB3 were found to be 87 ps, 1.6 ps and 6 ps respectively. The excitonic decay
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time is related to the time it takes for the generated exciton in the active layer to be transferred
to the fullerene acceptor in BHJ systems. Fast transfer of excitons from the active polymer
layer to the fullerene acceptor occurs when the excitonic decay time is short. The charge
separated state is linked to the time that the electrons and the holes are able to stay separated:
when this time is short, the rate of charge recombination is fast. Therefore, it is necessary for a
polymer blend with the fullerene acceptor to have a short excitonic decay time and a long
charge-separated state. PTB7 had the shortest excitonic decay time and the longest charge-
separated state. Based on the excitonic decay time and charge separated state obtained in the
transient absorption experiment on the polymer/fullerene blend, PTB7 showed the most
efficient charge transfer and the lowest charge recombination rate. This is in spite of the fact
that the energetics of the three polymers was identical, and PTB2 even had better crystallinity
than PTB7. The excellent performance of PTB7 could be attributed to enhanced transition
dipole moment which increases the driving force for charge transfer from PTB7 to the
fullerene acceptor and reduces the rate at which electrons and holes recombine.’® It is
important to understand the effect of induced dipole moment on exciton generation and
recombination; and to characterize the structure-property relationships to further develop

conjugated polymers for solar cell applications

In this paper, we present the results of a spectroscopic study of PTB7 in order to
elucidate why the PTB7-based device offers excellent efficiency. The results of the
spectroscopic studies of new polymers will be compared to those of PTB7. These polymers
were originally designed to serve as possible replacements of fullerene derivatives in solar cell
devices.> Fullerenes are efficient electron acceptors because of their high electron affinity and

mobility. However, they are rather expensive and also suffer from low absorption at longer
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wavelengths of the solar spectrum. The polymers were designed based on electron-accepting
moieties, thieno[2',3":5',6"|pyrido[3,4-g]thieno[3,2-c]isoquinoline-5,11(4H,10H)-dione (TPTI)
and fluorenedicyclopentathiophene dimalononitrile (FDCPT-CN). The polymers investigated
are the low band gap polymers PNSW, PNTPD, PNPDI which have TPTI within their
structures and PECN which contains FDCPT-CN in its structure. In this work, in order to
understand the efficiency of charge transfer in the polymers, the two-photon absorption cross-
section, fluorescence upconversion and excited state dynamics have been investigated. The
results suggest that the efficiency of the charge transfer processes increases as the difference in
the electron affinities of the co-monomers in the polymers increases. As a result, PECN and
PTB7, which have alternating electron-donating and electron-withdrawing co-monomers, were

found to have the best charge transfer abilities among the investigated polymers.

4.3 Experimental Section

4.3.1 Materials

The synthesis of PTB7 and the polymers were carried out by Stille polycondensation
method and purification was done by column chromatography.*®>® The polymers were
characterized by using *H-NMR, *C-NMR and mass spectroscopy (MALDI-TOF). The
molecular weights of the polymers are shown in Table 4.1. The samples were dissolved in
spectroscopic grade chloroform (Sigma-Aldrich, spectrophotometric grade). The optical
densities of the samples were below 0.5 in order to avoid re-absorption during ultrafast

measurements.

4.3.2 Steady state measurements

The steady state measurements of the samples were performed at room temperature.
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Concentrations ranging from 1.7 x 10'7 M to 5.1 x 10'7 M were used for the samples. The
samples were placed in 4 mm quartz cuvettes. Steady state absorbance spectra were measured
using an Agilent 8432 UV-visible absorption spectrophotometer. The emission spectrum
measurements were performed with Fluoromax-2 spectrophotometer. To ensure that there was
no appreciable photo-degradation during the fluorescence lifetime measurements, absorption
spectra measurements were taken before and after each measurement. There was no difference
between the absorption spectra taken before and after the fluorescence lifetime measurements.
The quantum vyields of the samples were calculated using a known procedure®** with

5,10,15,20-tetraphenyl-21H,23H-porphine (TPP) dissolved in toluene (<|>f = 0.11) used as

standards.®® The quantum yields were measured at excitation wavelength of 514 nm.

4.3.3 Fluorescence lifetime measurements

The time-resolved fluorescence experiments were performed using a fluorescence set-
up that had previously been described.””®® Mode-locked Ti-sapphire femtosecond laser
(Spectra Physics Tsunami) was used to generate 80-fs pulses at 800 nm wavelength with a
repetition rate of 82 MHz. This mode-locked laser was pumped by a 532 nm continuous light
output from another laser (Spectra Physics Millennia), which has a gain medium of
neodymium-doped yttrium vanadate (Nd:YVO,). An excitation pulse of 400 nm was generated
by a second harmonic B-barium borate crystal and the residual 800 nm beam was made to pass
through a computer-controlled motorized optical delay line. The polarization of the excitation
beam was controlled by a berek compensator. The power of the excitation beam varied
between 17 mW and 20 mW. The fluorescence emitted by the sample was up-converted by a

non-linear crystal of B-barium borate by using the residual 800 nm beam which had been
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delayed by the optical delay line with a gate step of 6.25 fs. This procedure enabled the
fluorescence to be measured temporally. The monochromator is used to select the wavelength
of the up-converted beam of interest and the selected beam is detected by a photomultiplier
tube (R152P, Hamamatsu, Hamamatsu City, Japan). The photomultiplier tube converts the
detected beam into photon counts which can be read from a computer. Coumarin 153 and
Cresyl violet dyes were used for calibrating the laser. The instrument response function (IRF)
has been determined from the Raman signal of water to have a pulse width of 110 fs.%
Lifetimes of fluorescence decay were obtained by fitting the fluorescence decay profile with

multi-exponential decay functions convoluted with IRF in MATLAB and Origin 8.

For polymer samples having lifetimes in the nanosecond range, fluorescence lifetimes
were measured using time-correlated single photon counting (TCSPC) technique which has
been described previously.®” The laser used for the TCSPC measurement was a Kapteyn
Murnane (KM) mode-locked Ti-sapphire laser. The output beam from the KM laser was at 800
nm wavelength, with pulse duration of ~ 30 fs. The output beam was frequency-doubled using
a nonlinear barium borate crystal to obtain a 400 nm beam. A polarizer was used to vary the
power of the 400 nm beam that excites the sample. Focus on the sample cell (quartz cuvette,
0.4 cm path length) was ensured using a lens of focal length 11.5 cm. Collection of
fluorescence was done in a direction perpendicular to the incident beam into a monochromator
and the output from the monochromator was coupled to a photomultiplier tube which

converted the photons into counts.
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4.3.4 Two-photon absorption measurements

The two-photon excitation fluorescence method was not used in the determination of
the two-photon absorption cross-sections of the polymer samples because of the low quantum
yields of some of the polymers. The two-photon absorption cross-sections of the polymer
samples were measured by an open-aperture z-scan method. The nonlinear optical set-up used
in our study is shown in Figure 4.1. The generation of the 1200 nm incident beam used in the

experiment has been described previously.®*®

OPA SpitFire Regenerative Amplifier Empower
300-1200 nm 800 nm, 1 mJ/pulse Nd:YLF
100 fs 100 fs 532nm, 7.5 W

1200 nm Seed pulse
Tsunami Millenia Pro
Ocean Optics Ti:Sapphire Nd:YVO,
USB 2000 800 nm, 370 mW, 35 fs 532 nm, 3.57 W

Reference

Detector Focal point

(z=0)

\FP%;‘%}: CCD Detector
BS <> Aperture

CVNDF Focusing Sample
lens

Figure 4.1  Schematics of the nonlinear optical set-up used for two-photon cross-section
measurements. Inset: the nonlinear optical set-up

The Spectra Physics diode-pumped Millenia Pro generated 3.57 W, 532 nm continuous
wave beam which was used as a pump beam for Ti:sapphire regenerative oscillator (Tsunami,
Spectra Physics). Ti-sapphire regenerative amplifier (Spitfire, Spectra Physics) generated 100

fs, 1 mJ pulses at 800 nm with an average power of 1 W with seed pulses from the Ti-sapphire
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regenerative oscillator (Tsunami, Spectra Physics) and a pump beam of 7.5 W, 532 nm from
Nd:YLF laser (Spectra Physics, Empower). The incident beam was produced using an optical
parametric amplifier (OPA-800C), with a wavelength range of 300 — 1200 nm. The incident
beam was generated by the nonlinear crystal BBO in the OPA-800C using the second
harmonic of the idler that was set at 1200 nm. The intensity of the incident beam was
controlled by a circular variable neutral density filter (CVNDF). A beam splitter (BS) was used
in splitting the incident beam into two for calibration purpose. A focusing lens, with a focal
length of 25 cm, is placed before the sample to focus the incident beam. The transmitted beam
through the sample is measured using an open-aperture detector and the result is processed
using known correlations (Equation 4.1 and Equation 4.2)** in the literature to obtain the two-

photon absorption cross-sections of the samples.
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In the equation above, |, is the intensity of the incident beam at the focus, f is the two-
photon absorption coefficient, L is the length of sample in the direction of the beam, z is the
position of the sample in the direction of the beam. The two-photon absorption cross-section in

the unit of GM (cm*-s/photon-molecule) is evaluated by using Equation 4.3.
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4.3.5 Molecular orbital calculations

The electronic structure calculation was implemented in the electronic structure code
GAMESS (General Atomic and Molecular Electronic Structure System).®>®® The configuration
interaction singles (CIS) approach was employed in this work. CIS approach uses the restricted
Hartree Fock (RHF) theory which generates all singly excited determinants of configuration
interaction expansions. The CIS approach has the advantage of simultaneous calculation of a
large number of excited states and the optimization of a desired selected state. In this study, the
calculation was done for 11 excited states and the calculation was optimized for the first
excited state. The basis set used was 6-31G and the initial molecular orbital guess was Huickel.
The electronic structure calculation was carried out on the repeating monomers of the
polymers. Electronic structure calculations of the monomers were preferred to the electronic
structure calculations of the polymers in order to reduce computation times and also obtain the
contribution of the monomers to the overall performance of the polymers. The structures of the
monomers were drawn using ChemDraw. Methyl was used to represent the alkyl ends of the
monomer in order to reduce the complexity of computation and reduce computation times. The
repeating monomers were modeled using Avogadro software.®” The GAMESS extension plug-
in of Avogadro was used to prepare the input files for GAMESS-US®®® which was used for

the molecular orbital calculations. The complexity of the building block of the monomer

. . . . . . -7 -5
determines the convergence criterion used for the calculation and it varied from 10 to 10 .

Gabedit®® was used to visualize the molecular orbital results.
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4.4 Results

4.4.1 Synthesis

The molecular structure of PTB7 and the synthetic route of the polymers, PNSW,
PNTPD, PNPDI and PECN are provided below.**** PNSW, PNTPD and PNPDI were
synthesized by combining electron-accepting co-monomers with stannylated TPTI. The
electron-accepting co-monomers used in the synthesis of PNSW, PNTPD and PNPDI are
brominated thieno[3,4-d]isothiazol-3(2H)-one-1,1-dioxide (SW), thieno[3,4-c]pyrrole-4,6(5H)-
dione (TPD), and 3,4,9,10-perylene diimide (PDI) respectively. PECN was synthesized
through a similar process by combining brominated FDCPT-CN and stannylated 2,3-
dihydrothieno[3,4-b][1,4]dioxine (EDOT). The detailed synthetic routes of the final polymers

are shown in Scheme 4.1.
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Scheme 4.1  Structure of PTB7 and schematic scheme for PNSW, PNTPD, PNPDI and
PECN

PNSW, PNTPD and PNPDI have the TPTI unit in their polymer chains, but they
contain different electron accepting moieties in SW, TPD and PDI respectively. The TPD unit
has an electron-withdrawing imide group, while SW has a stronger electron-withdrawing
sulfonamide unit. PDI is a well-known electron accepting unit containing diimide functionality.

Due to the electron withdrawing ability of perylene-based compounds, Zhang et al. were able
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to demonstrate effective electron and charge transfer from dendritic oligothiophene (DOT) to
perylene bisimide (PBI1).°> PECN has donor-acceptor design configuration of strong electron-

donating EDOT and strong electron-withdrawing FDCPT-CN moiety.

4.4.2 Steady state measurements
The steady state absorption spectra of the investigated polymers are shown in Figure
4.2. A summary of the steady state properties of the polymers is provided in Table 4.1. The

absorbance of the polymer samples spans the entire visible spectrum. PTB7 had the highest

molar absorptivity of 3.40 x 106 M_l-cm_l. The excellent absorptivity of PTB7 in the near-
infrared region, where the solar flux peaks, may be critical to the observed excellent efficiency
of its photovoltaic device.*® The absorption spectrum of PTB7 was red-shifted relative to the
TPTI-based polymers. The small bandgap of PTB7 and the red shift in the absorption spectrum
of PTB7 can be attributed to the promotion of the quinoid population by the TT unit of the
polymer which leads to concomitant decrease in bond length alternations. In addition, the
presence of a strong electronegative fluorine atom and an electron-withdrawing ester in the TT
co-monomer of PTB7 modulates the energy levels, consequently resulting in a small bandgap
and contributing to the absorption of PTB7 at longer wavelengths. Only PECN has an
absorption peak at a longer wavelength than PTB7. Coincidentally, PECN consists of
alternating repeating units of strong electron-withdrawing FDCPT-CN and strong electron-
donating EDOT, similar to the design motif of PTB7. PTB7 has a weak electron-donating BDT
unit and a strong electron-withdrawing substituted TT. Therefore, the absorption in the infrared
region of PECN can be attributed to the improved conjugation in the PECN unit and strong

intermolecular interaction between the electron-donating and electron-withdrawing units of
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PECN. The alternating donor-acceptor structure of the polymers enhances electron
delocalization which results in the significant red shift relative to the other polymers. The
absorption spectra of PTB7 and PECN extended to wavelengths of 800 nm and 900 nm

respectively.

The primary absorption peak in PTB7 was obtained at 680 nm and this can be attributed
to the m-n* interaction between the TT and BDT units. A small peak at 396 nm found in the
spectrum of PTB7 can be attributed to a So — S; transition in the TT unit. PECN had the
widest spectra coverage up to 900 nm and it had its most intense peak around 518 nm. The
PECN peak around 486 nm can be attributed to the Sp — S; transition in the EDOT unit while
the intense peak at 518 nm is due to electron transition in FDCPT-CN. The broad absorption
peak noticed at 753 nm can be attributed to n-n* interaction between FDCPT-CN and EDOT.
The higher energy level of the HOMO in the electron-donor, EDOT and lower energy level in
the electron-acceptor, FDCPT-CN gave rise to a low bandgap (see Figure 4.3) and the intra-
chain charge transfer from the donor to the acceptor resulted in the absorption peak at 753 nm.

The onset of absorption in PNPDI was 766 nm. The proximity of the onset to the
infrared region is due to the presence of a strong electron-withdrawing PDI moiety in PNPDI
which extended its conjugation. There was a characteristic perylene C=C stretching mode
associated with a m-m* transition.”>"> Relative to the parent PDI, PNPDI had an extended
absorption beyond 600 nm.”*"® The interaction between the TPTI co-monomer and PDI gave
rise to an absorption peak at 626 nm. The absorption spectrum of PNPDI also appeared to
mirror the PDI spectrum. There was a hypsochromic shift of the absorption peaks of PNPDI

relative to the parent compound PDI with the 504 nm absorption peak experiencing up to a
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blue-shift of 20 nm. Relative to PNTPD, the absorption spectrum of PNSW was red-shifted
because of the extra lone pair of electrons in the sulphonyl bond in SW in the structure of
PNSW. There were noticeable vibronic states in the absorption spectrum of PNSW which were

absent in the absorption spectrum of PNTPD.
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Figure 4.2  Absorption spectra of polymer samples. The molar absorptivity of PTB7 is
denoted by the right scale
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Table 4.1 Molecular Weight and Steady State Properties of Polymers

Polymers Mw PDI Nmonomer Aabs (NM) Aem (NM) Aonset ¢
(kDa) (nm)
PTB7 146.0 24 92 628,671 736 789 0.00857
PNSW 18.5 1.61 12 359, 450, 591, 657 679 0.286
578, 626
PNTPD 18.0 1.65 12 537 576, 646 673 0.455
PNPDI 39.2 2.17 11 409,504, 589,656,778 766 0.0310
626
PECN 52.9 2.43 23 336, 486, 660 946 0.00154
518, 753

M,, is the molecular weight of the polymers, PDI is the polydispersity index, Nmonomer IS the
number of monomer in one molecule of the polymer, Aqps iS the absorption peak wavelength,
dem is the emission peak wavelength, Agnset IS the onset of absorption and ¢ is the quantum yield
of the polymer samples, with TPP as standard and at excitation wavelength of 514 nm.

As shown in Table 4.1 above, PTB7 had the highest molecular weight. There were 92
monomers in one molecule of the polymer. PECN had the second highest molecular weight
and number of monomers in one molecule. PNSW and PNTPD had identical molecular
weights and number of monomers in one molecule. The ability to form films with good
morphology in solar cell device has been found to increase as the molecular weight of
polymers increases.”® "® The results of the electrochemical properties, investigated by cyclic
voltammetry, are summarized in Figure 4.3. The TPTI-based polymers have similar HOMO
values which indicate that the electron density in the HOMO may be residing in the TPTI
moiety of the polymers. PNPDI which has the strongest electron-withdrawing co-monomer of
PDI has the lowest LUMO out of the three polymers having TPTI. PECN has the smallest

bandgap of all the polymers investigated. This is as a result of the coupled effects of the strong
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electron-withdrawing FDCPT-CN and strong electron-donating EDOT.
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Figure 4.3 HOMO-LUMO energy levels of PTB7"® and polymer samples>?

The emission spectra of the polymers are shown in Figure 4.4. The primary emission
peaks of PNSW and PNTPD are 659 nm and 646 nm respectively. These represent Stokes
shifts of 33 nm and 109 nm for PNSW and PNTPD respectively. The relatively bulky
sulphonyl group may have reduced the energy loss due to vibration from PNSW, hence the
reason for its smaller Stokes shift relative to PNTPD which contains the less bulky imide
functionality. The emission peaks at 659 nm and 646 nm in PNSW and PNTPD respectively
may be attributed to the electronic coupling between the donor and acceptor units in the
polymers. There were secondary fluorescence peaks in the emission spectra of PNSW and
PNTPD at 591 nm and 576 nm which can be attributed to the emission from the TPTI units.
The fluorescence from PTB7 occurred at 736 nm. Relative to PNSW and PNTPD, the emission
from PTB?7 is red-shifted and this red-shift can be related to the strong interaction between the
weak electron-donating BDT and the strong electron-withdrawing TT. PNPDI has clearly
defined emission peaks at 589 nm, 656 nm and 778 nm. Compared to the parent compound of

PDI, the fluorescence spectrum is red-shifted and the florescence between 700 and 850 nm is
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broader.

The quantum vyields were measured by exciting the samples at 514 nm using
5,10,15,20-tetraphenyl-21H,23H-porphin (TPP) dissolved in toluene (¢ = 0.11) as a standard.
The quantum vyield of PTB7 was found to be 8.6 x 10 and this relatively low value of
quantum yield ensures that PTB7 does not lose most of its absorbed energy through a radiative
pathway and therefore ensures that absorbed photons are converted into useful energy for solar
cell devices. The TPTI-based polymers PNSW and PNTPD have relatively high quantum
yields of 0.286 and 0.455. PNPDI, another polymer with TPTI co-monomer, however had a
lower quantum yield of 0.0310. The fluorescence quantum yields of PDI derivatives have been
reported to be close to unity.”*® The fluorescence quantum yield of PNPDI is much lower than
the quantum vyield of reported PDI derivatives. This might be as a result of twisting of the PDI
core when attached to the TPTI co-monomer. This conclusion is in agreement with the result
reported by Jung et al.>® that PNPDI exhibited a distortion in its backbone structure by 48°. A

similar observation was also reported by Zhang et al.*

in a compound containing dendritic
oligothiophene and perylene bisimide in which the distortion of the PBI core caused self-
quenching of emission, thereby resulting in the reduction of the quantum yield. PECN had the
lowest quantum yield of 0.00154. The extremely low quantum yield of PECN indicates that it

may be experiencing a fluorescence self-quenching mechanism.
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Figure 4.4  Emission spectra of polymer samples

4.43 Time-resolved fluorescence measurements

The polymer samples were excited at 400 nm and the fluorescence dynamics were
investigated at emission wavelengths of 650 and 700 nm. The dynamics of excited state decay
was fitted to a multi-exponential decay function. The lifetimes of PNSW and PNTPD were
measured using time-correlated single photon counting (TCSPC) because the lifetimes of
excited state decay for these polymers were on the order of many nanoseconds. As shown in
Figure 4.5 and Table 4.2, PNPDI showed a short-lived lifetime of ~350 fs. PNPDI was excited
in the Sp— S, electronic transition of perylene where the dipole moment is perpendicular to the
long perylene axis. As reported in the literature, the lifetime of the parent PDI compound is 4
ns.’%8283 The measured lifetime of 350 fs observed in PNPDI is much shorter than typical
fluorescence lifetime of PDI. The short fluorescence time may be connected to the quenching
effect of TPTI which is geometrically arranged in a parallel orientation to PDI after excitation.

The spatial arrangement allows for easy delocalization of excitation energy and a quick
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pathway for fluorescence decay. The singlet relaxation time at fluorescence wavelength of 700
nm was also measured and the relaxation time was found to be 6.57 ps. No rise time was
observed in the decay kinetics at 700 nm indicating that there was no energy transfer at this
wavelength. It is noteworthy that attempts to measure long-lived state of PNPDI did not yield
appreciable fluorescence counts for analysis which indicate that there is virtually no long-lived
excited states in PNPDI. The lifetime of PECN was within the instrument response function
(IRF) which has a full width at half maximum (FWHM) of 110 fs. The excitation was quickly
delocalized throughout the PECN structure. The fast delocalization of excitation energy in
PECN resulted in the fast dynamics that was measured in the fluorescence lifetime
measurement. The dynamics of PTB7 singlet state decay at fluorescence wavelength of 700 nm
was fitted to a bi-exponential decay function. The short decay component has a lifetime of 540
fs and there was a long-lived component of 11 ps (see Figure 4.5). The short component of the
decay contributed about 78% of the depopulation of the excited states. The short component of

540 fs can be ascribed to internal conversion.

Shown in Figure 4.6 are the decay dynamics of PNSW and PNTPD, as measured by the
TCSPC set-up. The decays were fitted to bi-exponential decay function. The lifetime of PNSW
was found to have fully relaxed after 1.57 ns while the lifetime of PNTPD does not relax until
after 2.40 ns. Both PNSW and PNTPD consist of electron-withdrawing co-monomers and the
long-lived state may have been as a result of absence of a pathway for fast delocalization and
relaxation of the excitation energy. PTB7 and PECN had donor-acceptor building block which
ensures a fast energy delocalization and TPTI may have acted as a quenching unit for the

fluorescence of PDI in PNPDI. These features were absent in PNPDI. These results appear to
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be consistent with the quantum vyields obtained for the samples in which more fluorescent
polymers have longer relaxation times. A summary of the fluorescence lifetimes of the
polymers is given in Table 4.2.

The fluorescence lifetime measurements of the polymers indicate that the fluorescence
lifetime is inversely proportional to the difference in the electron affinities of the co-monomers
in the polymers. PECN, which had the fast fluorescence dynamics, comprises of very good
electron-donating EDOT and very strong electron-withdrawing FDCPT-CN. Therefore, there is
a great difference in the electron affinities of the co-monomers making up PECN. PTB7 also
has a similar backbone as PECN except that the electron-donating unit, BDT in PTB7 is not as
strong as EDOT. PNSW and PNTPD both have electron-withdrawing units of varying degrees
coupled together. The difference in the electron affinities of the co-monomers in PNSW is
however higher than in PNTPD because of the presence of the sulphonyl unit. PNPDI is the
only exception to the observation and this may be as a result of the parallel spatial arrangement
of the TPTI and PDI co-monomers in PNPDI. The close parallel spatial arrangement of the
TPTI and PDI co-monomers allows TPTI to quench the fluorescence of PDI resulting in the

fast dynamics shown in Figure 4.5.
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Figure 4.5
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Figure 4.6  Decay dynamics of excited states of PNSW and PNTPD at fluorescence
wavelength of 650 nm

Table 4.2 Fluorescence lifetimes of polymer samples

Polymer sample 71 (PS) T2 (pS)
PTBY 0.54 11.0
PNSW 690 1570
PNTPD 900 2400
PNPDI 0.353
PECN <0.110

4.4.4 Two-photon absorption

The two-photon absorption cross-sections of the investigated polymers were measured
using the open-aperture z-scan method. This technique involves the measurement of the
transmission through the samples as a function of the z-position with respect to the focal point
at z = 0 (see Figure 4.1). The TPA cross-section measurement is based on the correlation
between the transmittance and TPA cross-section as described in previous section of this
article.® Styryl 9M was used as a standard in the determination of two photon absorption cross
sections of the polymers. The two-photon absorption cross-sections of PNSW, PNTPD,
PNPDI, PECN and PTB7 were measured as 3.30 x 10* GM, 2.92 x 10* GM, 4.84 x 10* GM,
19.04 x 10* GM and 9.60 x 10* GM respectively. All investigated polymers were studied at
incident wavelength of 1200 nm except PTB7 which was studied at 1250 nm. PECN and PTB7
have the highest two photon absorption cross sections because of the presence of repeating
donor-acceptor units in their structures which introduce nonlinearity and increase potential for

charge transfer. PECN has a strong electron-donating EDOT co-monomer and a strong
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electron-withdrawing FDCPT-CN co-monomer while PTB7 has a weak electron-donating
BDT co-monomer and a strong electron-withdrawing TT co-monomer. This donor-acceptor
backbone ensures that electron transfer from the donor group to the acceptor group takes place
efficiently. The two-photon absorption cross-section increases as the transition dipole moment
increases and charge transfer becomes more efficient. Therefore, the high two-photon
absorption cross-section of PTB7 and PECN can be directly linked to the design motif of the
two polymers. Unlike PTB7 and PECN, the other polymers have combinations of monomers
with different strengths of electron-withdrawing ability and therefore could not take advantage
of the push-pull concept that enhances two-photon absorption. The two-photon absorption
cross section of PECN may have been additionally enhanced by the presence of the
dicyanoyinyl group in its polymer chain. Dicyanoyinyl groups have been found to enhance
two-photon cross-section due to the presence of delocalized electrons in the dicyanoyinyl

bond.2+8¢

We are interested in finding the contribution of each conjugation unit in each of the
polymer chain to the two-photon absorption cross-section. Bhatta et al.** found the number of
monomers in the conjugating unit of PTB7 using the density functional theory calculation to be

around 12 with a conjugation length of 147 A, However, Niklas et al.®’

reported a shorter
conjugation length of 40 A and a conjugating unit of 3 to 4 monomers. Here, we use a
conservative estimate of 6 monomers in the conjugating unit of PTB7 and 3 units for the other
polymers. By scaling the two photon absorption cross section of PTB7 polymer by the number

of monomers in the conjugating unit, the contribution of the monomer to the two-photon

absorption cross-section is found to be 1.60 x 10* GM. The contributions of the monomer of
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PNSW, PNTPD, PNPDI and PECN to the two-photon-absorption cross-section were calculated
to be 1.10 x 10* GM, 0.97 x 10* GM, 1.61 x 10* GM and 6.34 x 10* GM respectively. The
results of the two-photon properties of the polymers are summarized in Table 4.3.

Table 4.3 TPA Properties of PTB7 and the polymers

Calculated transition
Sample & (x10°GM)  &/monomer (x 10* GM)  dipole of monomer

(D)
PTB7 9.60 1.60 6.77
PNSW 3.30 1.10 9.77
PNTPD 2.92 0.97 2.08
PNPDI 4.84 1.61 1.72
PECN 19.04 6.34 4.86

The TPA absorption cross-section is highly dependent on the transition dipole moment.
The absorption cross-section is enhanced for conjugated systems possessing large transition
dipole moment as well as large difference between the dipole moments in the ground and
excited states. The transition dipole moments of the monomers in the building blocks of the
polymers, given in Table 4.3, were obtained from the electronic structure calculations
implemented in GAMESS software. The calculated transition dipole moment of PNSW was
higher than the monomers of the other investigated polymers. The high transition dipole
moment may be due to the good electron-withdrawing effect of the sulphonyl group in PNSW.
However, similar trend was not observed in the experimentally determined two-photon

absorption cross-section of the PNSW polymer compared with the other investigated polymers.
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The steric hindrance of the sulphonyl group between monomers of PNSW may have limited
the experimentally measured two-photon absorption cross-section. PECN and PTB7 with
alternating donor-acceptor building blocks have the higher calculated transition dipole moment

and two-photon absorption cross-section relative to the other investigated polymers.

4.45 Electronic structure calculations

The molecular orbital calculations indicated that the HOMO and LUMO were
concentrated at the electron-donating and electron-withdrawing ends of the monomers
respectively for organic polymers having alternating donor-acceptor alternating units. The
localized effect of the HOMO and LUMO in different part of the copolymers of the alternating
systems ensures that the HOMO and LUMO energy levels of the copolymers can be easily
tuned independently. This provides the chance for further modification and improvement of the
copolymers. Only monomers of PTB7 and PECN showed appreciable localization of HOMO
and LUMO in different moieties. In the monomer of PTB7, the HOMO was localized on the
BDT moiety while the LUMO was concentrated on the TT moiety. The presence of fluorine
and esters on the TT ensures that the LUMO was effectively pulled towards the TT end. A
similar scenario was observed in PECN in which the HOMO was localized in the EDOT
moiety while the LUMO was localized in FDCPT-CN. However, the HOMO can also be seen
to have extended to some part of FDCPT-CN. Therefore, the localization was not as evident as
it was in PTB7. The localization of the energy levels in different moieties of the monomers
ensures that electron delocalization and formation of quinoid mesomeric structures can take
place through the push-pull driving force in the donor-acceptor system. The quinoid structure

influences the carbon-carbon single bond between the electron-donating and electron-
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withdrawing moieties to adopt more double bond character and the bond length alternation
decreases. This improves the conjugation in the organic systems and enhances electron
transfer. Effective conjugation and electron transfer in organic systems lead to red-shift of the
absorption spectrum. This supports the results of the absorption spectra (see Figure 4.2) in
which light harvesting in PTB7 and PECN extended to wavelengths of 800 nm and 900 nm
respectively. This was the furthest absorption to the near infrared region of all the polymers
investigated in this study. Good intermolecular coupling between two dipolar ends of PTB7
and PECN enhances the absorption of light in the near infrared region. In addition, good orbital
mixing and redistribution of the HOMO and LUMO of the electron-withdrawing and electron-
donating moieties in PTB7 and PECN also resulted in a narrow band gap as shown in Figure

4.3.

The HOMO and LUMO in PNSW and PNTPD were distributed throughout their entire
monomers. The monomers of PNSW and PNTPD consist of two electron-withdrawing units.
Therefore, the difference in the electron affinity between the two units in each of PNSW and
PNTPD is not as significant as the difference in the electron affinity in the units contained in
PTB7 and PECN. It can however be noticed that the HOMO has a slight bias for the TPTI unit
because of its stronger electron affinity than the SW and TPD units. The push-pull concept
cannot occur in PNSW and PNTPD because the HOMO and LUMO are not localized in
different moieties of the monomers. These electronic results agree with the findings in the
absorption spectra and bandgaps of PNSW and PNTPD as shown in Figure 4.2 and Figure 4.3
respectively. The light harvesting of PNSW and PNTPD only extended to ~ 700 nm which

with the absorption peak being 626 and 537 nm respectively. Compared with the other
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polymers, PNSW and PNTPD also had the largest bandgaps because the HOMO and LUMO
could not redistribute effectively to reduce the bandgap. The slow fluorescence lifetimes of
PNSW and PNTPD can also be explained from the HOMO and LUMO distribution in their
monomers. Unlike in PTB7 and PECN where localization of HOMO and LUMO ensures
effective electron transfer from the electron-donating to the electron-withdrawing units and
eventually short fluorescence lifetimes, PNSW and PNTPD have distributed energy levels and
cannot take advantage of the push-pull concept. Therefore, electron transfer rate is slower and
the electrons are rather trapped within the monomer, hence the reason for the long fluorescence
lifetimes observed in PNSW and PNTPD.

PNPDI is composed of two electron-withdrawing moieties in PDI and TPTI but the
electron-withdrawing strength of PDI is greater. Thus, the LUMO was concentrated on the PDI
moiety while the HOMO was more spread out in the PNPDI monomer. PNPDI had a spatial
geometrical orientation which has TPTI lying in a parallel plane to PDI. The parallel nature of
the HOMO and LUMO of TPTI and PDI in PNPDI must have contributed to the observed
fluorescence quenching in the fluorescence lifetime measurements of PNPDI. Shown in Figure

4.7 are the HOMO and LUMO distribution of the repeating monomers in each of the polymers.

HOMO LUMO

Polymer
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Figure 4.7  Molecular orbital energy level diagram of the repeating monomers in the
polymers.

As shown in Table 4.4, PTB7 was estimated to have excitation energy of 4.16 eV. This
energy was more than the excitation energies for all other monomers. However, the cyclic
voltammetry results indicated that the bandgap of PTB7 was smaller than the bandgaps of

PNSW and PNTPD. The bandgap of a polymer decreases as the number of monomers in the
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conjugation length of the polymer increases. Therefore, the combined results of the cyclic
voltammetry and the electronic structure calculations indicate that PTB7 has a conjugation
length that extends beyond one monomer which was considered in the electronic structure
calculation. This conclusion is consistent with the performance of PTB7 in solar cell device.
Extended conjugation is essential for effective charge transfer and ultimately good solar cell
performance. The trend in the excitation energies of the other monomers was consistent with
the cyclic voltammetry results shown in Figure 4.3.

PECN, just like PTB7, has alternating donor-acceptor backbone. PECN showed a wide
and intense absorption band, low quantum yield and high two-photon absorption cross-section.
PECN also showed a localization of the HOMO and LUMO in different moieties of its
monomer. These are properties that are essential for good solar cell performance. It will be
worthwhile to investigate PECN as a donor material in a solar cell device. The results also
confirm that the combination of electron-donating and electron-withdrawing moieties to form
the backbone of organic solar cell materials is the best approach for the design of new solar cell
materials.

Table 4.4 Electronic properties of the repeating monomers of the polymers obtained from
electronic calculation using GAMESS

Monomer Excitation  Ground state  Transition
energy (eV) dipole (D) dipole (D)

PTB7 4.16 4.17 6.77
PNSW 3.66 4.23 9.77
PNTPD 3.80 3.28 2.08
PECN 2.32 3.52 1.72
PNPDI 2.33 3.83 4.86
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4.5 Conclusions

PTB7, which is one of the best efficient organic solar cell materials, was investigated
using linear, nonlinear and ultrafast spectroscopic techniques. The results were compared to
those of new conjugated organic polymers which had different design motifs and electron-
withdrawing substituents. The polymers with the donor-acceptor design motif had the most
intense and widest spectral absorption band. Thus, PTB7 and PECN had absorption spectra that
extended from 300 nm to 800 nm and 900 nm respectively. Only PNPDI showed absorption
that extended to 800 nm out of the other polymers because of its extended conjugation. The
nonlinear spectroscopic measurements indicated that PECN and PTB7 have high two-photon
absorption cross-sections. Therefore, there will be effective charge transfer in PECN and PTB7
because of the direct correlation between two-photon absorption cross-section and
effectiveness of charge transfer. The electronic structure calculations in the polymers indicate
that the HOMO and LUMO are localized in different moieties contained in PTB7 and PECN
which suggests that the polymers can take advantage of the push-pull concept to transfer
charge. In the other investigated polymers, the HOMO and LUMO were distributed through
the monomer. PECN showed photophysical properties similar to PTB7 and showed that it will
be a good candidate as solar cell material. It will be suggested that PECN should be used to

fabricate solar cell device in order to investigate its photovoltaic performance.
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4.6 Supporting Information
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Figure S4.1 Thermogravimetric analysis (TGA) thermograms of the polymers were
performed using a TA Q600 instrument. All polymers exhibited good thermal
stability, showing less than 5% weight loss up to 381 - 420 °C.
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Figure S4.2 The number- and weight-averaged molecular weights of the polymers were
determined by Gel-permeation chromatography (GPC) with a Waters Associates
liquid chromatography instrument equipped with a Waters 510 HPLC pump, a
Waters 410 differential refractometer, and a Waters 486 tunable absorbance
detector. Tetrahydrofuran (THF) was used as the eluent and polystyrene as the
standard.
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Figure S4.3 Normalized UV-visible absorption (a) in chloroform (CF) and (b) in film of the
polymers
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Figure S4.4  Cyclic voltammograms of the polymers were obtained from cyclic voltammetry,
which was performed on an AUTOLAB/PG-STAT12 model system with a
three-electrode cell in a 0.1 N Bu,NBF, solution in acetonitrile at a scan rate of

50 mV/s. A film of each polymer was coated onto a Pt wire electrode by dipping
the electrode into a polymer solution in chloroform. All measurements were
calibrated against an internal standard of ferrocene (Fc), the ionization potential
(IP) value of which is -4.8 eV for the Fc/Fc' redox system.
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Chapter 5
Investigation of the Effect of Heteroatoms and Alkyl Side Chain on the Photophysical
Performance of Donor-Acceptor Copolymers using Linear and Nonlinear Spectroscopic

Techniques

5.1 Introduction

The design and development of new organic materials are central to the actualization of
the commercialization of organic photovoltaic cells. Many organic compounds exist because of
the ability of carbon to undergo catenation. In addition, other atoms and substituents like
oxygen, sulphur, nitrogen among others can be incorporated to the main chain of these organic
compounds. Organic polymers are important examples of organic compounds and they have
been explored in the construction of organic photovoltaics.™ Organic polymers based on
repeating backbone unit of alternating electron-donating and electron-accepting moieties have
been well investigated for organic photovoltaics because of their interesting optical and
electronic properties especially wide spectral absorption and low bandgap.®™* The organic
polymers having donor-acceptor backbone are able to lower the bandgap by making use of a
“push-pull” mechanism where 7 electrons on the electron-rich donor moiety are drawn toward
the neighboring electron-deficient moiety.>*?*® Electron delocalization and formation of
mesomeric quinoid structures are achieved through the “push-pull” mechanism.>*214-16

Most high-performance polymers reported in the literature have thiophene and
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thiophene heterocycles in their architectures.***"?* Thiophene is a flat five-membered
heterocyclic compound with the formula C4H;S. Thiophene has been explored in the
development of organic photovoltaic materials because of its ability to increase conjugation
along organic compounds through the stabilization of quinoidal structure.?**® Figure 5.1 shows
the  resonance  stabilization effect of thiophene on  polythiophene  and
poly(isothianaphthalene).?* The early success in the development of efficient organic
photovoltaics was observed in poly(3-hexylthiophene) which is a derivative of thiophene.?’°
Other high-performing polymers, based on thiophene, have since been designed. One organic
polymer that have been greatly explored in the development of organic photovoltaics is
poly((4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)(3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl)) (PTB7). The device with PTB7 as active
material had an efficiency of 7.4%.%%!

/N s S\ s
s X /T s” X T

Aromatic Quinodal
Polythiophene

Aromatic Quinodal

Poly(isothianaphthalene)

Figure 5.1  Resonance stabilization effect in thiophene-based compounds

Furan, which is an isoelectronic compound to thiophene, has several advantages over
thiophene. Furan has an oxygen atom in place of sulphur of thiophene in a five-membered ring

structure of thiophene. The smaller size of oxygen when compared to sulphur in thiophene
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ensures that there is less steric repulsion between the heteroatom and the B-hydrogen atom in
the adjacent ring. The small size of the oxygen heteroatom in furan ensures that the solution of
furan-based polymers have better solubility than their thiophene-based analogs.®>* The
improved solubility brought about by furan ensures that less bulky and shorter alkyl
substituents are needed to improve solubility of furan-based organic polymers than in the case
of their thiophene-based analogs.**** Longer and bulky alkyl chains can help in the
improvement of solubility of polymers but can also result in the distortion of intermolecular
ordering and also affect the intermolecular charge transfer if they are not coplanar with the
polymer backbone.®*® Therefore, incorporation of furan into the polymer chain can lead to
enhancement of intermolecular charge transfer. Furan is less aromatic than thiophene and this
property facilitates the ability of furan-based polymer to form quinoidal structure essential for
stabilizing HOMO level.*” Furan-based compounds are more rigid than their thiophene-based
analogs. The rigidity in the backbone of furan-based compounds enhances planarity in their
conjugated systems and contributes to good m-orbital overlap and effective electron
delocalization.®**” These properties, in addition to biodegradability of furans, gives furan an
edge over other competing building blocks of polymers.®’

Although, furan has many advantages over thiophene as listed above, there have not
been many synthesis of conjugated polymers from furan because of the difficulty involved in
synthesizing furan-substituted conjugated compounds.®® Furan has been used in place of
thiophene in a number of dye-sensitized solar cells and results have been similar to those
obtained for thiophene based compounds.®***° One of such dye-sensitized solar cells was
designed with bis-dimethylfuorenyl amino benzo[b]furan by Jung et al. with a power

conversion efficiency of 6.65%.* Furan-containing DPP-based polymers have been shown to
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exhibit power conversion efficiency up to 5%.%* Oligofuran-based organic solar cells have also
been optimized to give open-circuit voltage of 0.73 V, a high short-circuit current of 9.1 mA
cm™ and a power conversion efficiency of 3.8%.%

In this study, the results of the spectroscopic study of conjugated polymers, based on
3,7-didodecyl-2,6-di(thiophen-2-yl)benzo[1,2-b:4,5-b"]difuran (BDF) as donor and either 3,6-
di(2-furanyl)-1,4-diketopyrrolo[3,4-c]pyrrole (FDPP) or 3,6-di(2-thienyl)-1,4-
diketopyrrolo[3,4-c]pyrrole (TDPP) as the acceptor, were presented. The synthesis of these
conjugated polymers has earlier been reported by Kobilka et al.®® As shown earlier, furan has
some advantages over thiophene in the development of organic solar cell materials.
Consequently, the building block of the donor group of these polymers was benzo[1,2-b:4,5-
b'ldifuran instead of the commonly used benzo[1,2-b:4,5-b"]dithiophene. Four different
polymers with different linkages, which are either furan or thiophene, between BDF and DPP
and different alkyl side chains to DPP were investigated. The alkyl side chains to DPP are 2-
ethylhexyl and n-tetradecyl chains. The study gives insight to the effect of the replacement of
thiophene by furan on the electronic and optical properties of conjugated polymers and
ultimately the possible effect on the power conversion efficiency of organic solar cell. The
influence of the size of the alkyl side chains on the intermolecular charge transfer of the
polymers is also discussed. The structures of the investigated polymers are shown in Figure

5.2.
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Figure 5.2  Structures of the investigated polymers based on BDF and DPP

5.2 Experimental Section

5.2.1 Materials

The synthesis of the four investigated polymers was carried out by Still cross-coupling
reactions between benzodifuran and corresponding DPP and this has been reported by Kolbika
et al.*® The molecular weights were estimated using gel permeation chromatography with THF
as eluent and the results are shown in Table 5.1. The samples were dissolved in spectroscopic
grade choloroform (Sigma-Aldrich, spectrophotometric grade) before ultrafast measurements.

Table5.1  Molecular weights for the polymers®

Polymer My (kDa) M, (kDa) PDI
P1 55.6 28.9 1.9
P2 44.2 19.9 2.2
P3 24.0 9.5 2.5
P4 8.1 6.1 1.3

5.2.2 Steady state measurements

The steady state measurements of the samples were carried out in solution phase. All
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steady state measurements were carried out in 4 mm quartz cuvettes. The steady state
absorption spectra were measurement with an Agilent 8432 UV-visible absorption
spectrophotometer while the emission spectra measurements were carried out using
Fluroromax-2 spectrophotometer. The steady state measurements were taken before and after
each ultrafast measurement to confirm that there was no appreciable degradation during the

measurements. The optical density was kept below 0.5 to avoid photon re-absorption.

5.2.3 Fluorescence lifetime measurements

The detail of the fluorescence set-up that was used to perform the time-resolved
fluorescence measurements was provided in Chapter 2. The fluorescence lifetimes of the
polymers were measured using the time-correlated single photon counting (TCSPC) method.
The TCSPC method is capable of measuring fluorescence lifetimes in the time range of
picosecond to nanosecond. Kapteyn Murnane (KM) Laboratories mode-locked Ti-sapphire
laser pumped by Millenia V Nd:YVO, (Spectra Physics) was used to generate 800 nm pulsed
beam. The output from KM laser had a pulse duration of 30 fs and a repetition rate of 90 MHz.
The 800 nm output beam from the KM laser was frequency-doubled using B-barium borate
crystal to obtain the 400 nm excitation beam. The excitation beam was directed to the polymer
samples placed in a quartz cell with path length of 0.4 cm. The fluorescence beam is collected
at right angle to the excitation beam. The detector is set such that only 1 photon per 100
excitation pulses can be measured. Once the excitation pulse gets to the sample, a signal is sent
to the constant function discriminator (CFD) which measures the arrival time of the excitation
beam. The signal sets up a voltage ramp which continues to rise until the fluorescence beam

gets to the detector. The voltage signal is amplified and converted to a numerical value by the
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analog-to-digital converter (ADC), which is stored in the appropriate time bin representing the
time between the arrival of the excitation on the sample and arrival of the fluorescence beam
on the detector. The process was repeated numerous times and the result was aggregated to
generate the histogram of the decay process. The photomultiplier tube on the detector transmits
the fluorescence to the computer through an interface card. The fluorescence result is displayed
on the computer through the PicoQuant software. The PicoQuant Fluofit software is used to

analyze and find the fluorescence decay times using exponential decay function.

5.2.4 Two-photon absorption measurements

The two-photon excitation fluorescence (TPEF) method was used to determine the two-
photon absorption cross-sections of the polymers. The TPEF set-up consists of diode-pumped
Mai Tai mode-locked Ti-sapphire oscillator (Spectra Physics) which was set to produce pulses
at 860 nm and 100 fs duration. The average power from the laser was 2 W and the repetition
rate was 80 MHz. The beam is directed through a variable neutral density filter into the
polymer samples. The variable neutral density filter is used to control the power of the incident
beam. The fluorescence is collected at the emission peak of each polymer sample at right angle
direction to the excitation beam. The monochromator is used to select the desired fluorescence
beam and the fluorescence is detected by a photomultiplier tube (R152P, Hamamatsu,
Hamamatsu City, Japan). The detected photon is then sent to a computer for display via a
photon-counting unit. The two-photon absorption cross-section of the polymer samples were
calculated from the collected data by using a reference solution of Rhodamine B with known

two-photon absorption cross-section.*
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5.3 Results and Discussion

5.3.1 Steady state measurements

The steady state spectra of the polymers are shown in Figure 5.3 and the steady state
properties are summarized in Table 5.2. All the four polymers had absorption spanning the
visible spectrum. The polymers showed two distinct absorption bands. The high-energy band,
which occurred at ~ 400 nm, can be attributed to localized n-* transitions in the thiophene and
furan rings present in the polymers. The broad, low energy band corresponds to intermolecular
charge transfer between the BDF and the FDPP or TDPP. The absorption in the polymers
containing FDPP (P1 and P2) had more intense absorption peaks than the polymers containing
TDPP. The higher absorption intensity in FDPP-containing polymers can be attributed to
reduced steric hindrance and repulsion in the FDPP compared to TDPP. Consequently, the
conjugation in P1 and P2 containing FDPP is better than the conjugation in P3 and P4,
resulting in a good intermolecular charge transfer from the donor to the acceptor. In addition,
the size and bulkiness of the alkyl side chains can affect the spatial arrangement and ultimately
the intermolecular charge transfer in the polymers. Long alkyl chains can contribute to
improved solubility of polymers but can lead to poor intermolecular charge transfer due to poor
n-n stacking. For both FDPP and TDPP-containing polymers, it was found that the polymers
having 2-ethylhexyl side chain had more intense absorption than their corresponding polymers
having n-tetradecyl side chain. Therefore, the maximum molar absorption coefficient of P1
was twice of the molar absorptivity coefficient of P2. Similar trend was also observed in P3
and P4 which contained the 2-ethylhexyl and n-tetradecyl side chains respectively. The switch

between furan and thiophene as a linkage group was found to have a more significant effect on
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the absorption properties of the polymers than the alkyl side chain. P1 with a furan linkage
group had a maximum molar absorptivity coefficient that was five times greater than the
maximum molar absorptivity coefficient of P3 having thiophene linkage group. Both P1 and
P3 have 2-ethylhexyl side chain. On the other hand, the change in the alkyl side chain from 2-
ethylhexyl to n-tertradecyl in P1 and P2 brought about only a reduction in the molar absorption
coefficient by a factor of 2. There was a small red-shift in the absorption peak of the polymers
as the linkage group in the polymers change from furan to thiophene. All four polymers exhibit

shoulders in the absorption spectrum at the low-energy absorption bands at ~ 650 nm.
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Figure 5.3  Absorption spectra of polymer samples
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Table 5.2 Steady state properties of the polymers

Polymer g (x 10) Mt em™ Aabs (NM) Aem (NM)
P1 313 656 692
P2 168 656 692
P3 67 660 703
P4 24 670 695

The emission spectra of the polymers are shown in Figure 5.4. The primary emission
peaks of the polymers occurred between 690 nm to 705 nm with the thiophene-based polymers
having a slight red-shifted emission peaks relative to their furan-based analogs. There were
secondary peaks at 525 nm and 550 nm for P3 and P4. There was no visible secondary
emission peaks for the furan-based polymers. The absence of the secondary emission peaks in
P1 and P2 may be an indication of an energy transfer between the BDF and FDPP. The
difference in the emission behavior of FDPP- and TDPP- containing polymers can be attributed
to the better conjugation in the FDPP-containing polymers which allow efficient electron
delocalization and energy migration. The heteroatoms had more impact on the emission spectra
than the alkyl side chains. The emission peak in P1 and P2, which contains FDPP but have
different alkyl side chains, occurred at the same wavelength of 692 nm. On the other hand,
there was a 10 nm red-shift between the emission peak of P1 and P3 having the same alkyl side

chain of 2-ethylhexyl but different linkages of furan and thiophene.
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Figure 5.4  Emission spectra of the polymer samples

5.3.2 Time-resolved fluorescence measurements

The polymers samples were excited at 400 nm and the fluorescence dynamics were
investigated at 700 nm. The fluorescence lifetimes were obtained by fitting the decay profile to
an exponential decay function. As shown in Figure 5.5 and Table 5.3, the FDPP-containing
polymers had longer fluorescence lifetimes than their TDPP-containing analogs. However, the
effect of the heteroatoms on the fluorescence lifetimes is not as significant as the effect of the
alkyl side chains. The relatively shorter lifetimes in polymers having n-tetradecyl side chain
may be attributed to steric hindrance which distorts the n-n stacking in P2 and P4. This
distortion in the n-n stacking provides a pathway for the depopulation of the excited states of

P2 and P4.
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Figure 5.5  Decay dynamics of the polymer samples

Table 5.3 Fluorescence lifetimes of the investigated polymers

Polymer Decay time (ps)
P1 757
P2 406
P3 628
P4 354

5.3.3 Two-photon absorption

The two-photon absorption cross-sections of the investigated polymers were measured
using the two-photon emission fluorescence method. The method involves the comparison of
the two-photon emission of the polymers samples with a reference standard with known two-

photon properties. The reference sample used for the two-photon absorption study was
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Rhodamine B.** The plot of the emission intensity to the power of the excitation beam was
found to follow a quadratic dependence. The two-photon absorption cross-sections of P1, P2,
P3 and P4 were 1405 GM, 1099 GM, 104 GM and 55 GM respectively. P1 was found to have
significantly higher two-photon absorption than the other polymers. The high TPA of P1 can
be attributed to the combined effect of low steric hindrance of 2-ethylhexyl (relative to n-
tetradecyl) and better quinoid resonance structure-promoting qualities of furan over thiophene.
The type of linkage between the electron-donating and electron-accepting units had a more
significant impact on the two-photon absorption cross-section than the type of the alkyl side
chain. As a result, P1 was found to have a greater TPA cross-section than P3 by more than a
factor of 10. When only the alkyl side chain was changed in P1 from 2-ethylhexyl to n-
tetradecyl to obtain P2, the TPA cross-section only decreased by less than a factor of 2.
Therefore, the two-photon absorption study on the polymers indicates that the
replacement of thiophene by furan as linkage in organic polymers can bring about an
enhancement in the two-photon absorption characteristic. The improvement is as a result of
less steric hindrance between the oxygen heteroatom and the neighboring atoms when
compared to the steric hindrance in thiophene. In addition, it was found that the longer the
alkyl side chain to the DPP unit in the polymer, the lower the two-photon absorption cross-
section. This can be attributed to the disruption of the n-m stacking by the alkyl group.
Therefore, when adding alkyl side chain to improve solubility of polymers, it is essential to
find the optimal size that will not significantly limits the two-photon absorption cross-section

and ultimately the charge transfer ability of the polymer.
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Table 5.4 Two-photon absorption cross-sections of the investigated polymers

Polymer 6 (GM)
P1 1405
P2 1099
P3 104
P4 55

5.4 Conclusions

Four polymers with BDF as electron donor and DPP as electron acceptor, with different
linkages of thiophene and furan, were investigated to determine the effect of different
heteroatoms and alkyl side chains on the optical and electronic properties of polymers. All the
polymers were found to have a broad absorption that covered the visible spectrum. It was
found that the replacement of thiophene by furan as linkage enhances the n-n stacking of the
polymers. This was evident in the increase in the intensity of molar absorptivity coefficient and
the two-photon absorption cross-section. The type of linkage (thiophene or furan) between the
electron-donating BDF and electron-accepting DPP was found to have a more significant effect
than the alkyl side chain on the DPP. The fluorescence lifetimes of the polymers were found to
decrease as the size of the alkyl side chain increases. The effect of the furan or thiophene
linkage was not as significant as that of the alkyl side chain on the fluorescence lifetimes.
These results support the photovoltaic device performance of the polymers that was published
by Kobilka et al.*® P1 was found to have the best photovoltaic device performance, with a
power conversion efficiency of 2.89 % with P2 not too far behind at 2.81%. P4 had the worst

power conversion efficiency of 0.97%. Consequently, it can be concluded that the use of short
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alkyl side chain and the use of furan to replace thiophene in organic polymers can improve
photon absorption, two-photon-absorption ability and ultimately the photovoltaic performance

of polymers.
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Chapter 6

Overall Summary and Future Direction

6.1 Overall summary

Researchers have spent enormous time and resources to develop new conjugated
organic materials for solar cell applications. My dissertation focuses on using different
spectroscopic techniques to understand the fundamental properties that can influence the
performance of organic materials in photovoltaic devices. The dissertation sought answers to
the effect of alteration of the structures of organic systems on their photophysical properties
and ultimately their performance in organic photovoltaics. The effect of the alternation of
substituent groups on ultrafast energy transfer and ultimately on performance in organic
photovoltaics was investigated and presented in Chapter 3. Zinc phthalocyanine functionalized
with oligothienylene-ethynylene subunits were studied to understand how the alteration of the
substituents of an organic compound can lead to variation in the extent of ultrafast energy
transfer. Zinc phthalocyanine with no attached substituents was used as a reference in the
study. In Chapter 4, different organic polymers were studied to illustrate the effect of the
alteration of conjugation and donor-acceptor groups on the photophysical properties of organic
systems and ultimately performance of organic photovoltaics. PTB7 which is one of the most
efficient polymers used in organic solar cell device was investigated using linear, nonlinear and

ultrafast spectroscopic techniques and the results were compared to those of new conjugated
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organic  polymers based on thieno[2’,3":5',6|pyrido[3,4-g]thieno[3,2-c]isoquinoline-
5,11(4H,10H)-dione (TPTI) and fluorenedicyclopentathiophene dimalononitrile (FDCPT-CN)
electron-accepting units. Chapter 5 highlighted the effect of alteration of heteroatoms and alkyl
groups on the photophysical properties in organic systems and ultimately performance of
organic photovoltaics. Donor-acceptor conjugated polymers based on electron-donating unit of
3,7-didodecyl-2,6-di(thiophene-2-yl)benzo[1,2-b:4,5-b"]difuran and electron-accepting unit of
1,4-diketopyrrolo[3,4-c]pyrrole were used for this study. The techniques that were used in the
dissertation are the steady state spectroscopic method, two-photon absorption technique and
time-resolved fluorescence technique. The steady state spectroscopic technique was able to
reveal the absorption and fluorescence properties of the investigated organic materials. There
were important properties that need to be met by organic compounds to be useful as solar cell
active materials. Organic materials need to have good absorption over a wide spectral range of
the visible spectrum, good charge transfer ability, low quantum yield, good charge carrier
mobilities and good chemical and thermal stability. Important properties such as the absorption
peak wavelength, molar extinction coefficient, and quantum yield were measured from the
steady state measurements. The two-photon absorption technique provides information that can
be processed to calculate the two-photon absorption cross-section. The magnitude of the two-
photon absorption cross-section is related to the transition dipole moment. Large value of
transition dipole moment is required for efficient charge transfer in organic molecule. The
time-resolved fluorescence technique provides information about the dynamics of exciton
decay and energy transfer between different states.

The background for the historical evolution of organic macromolecules for use as

active materials in photovoltaic cell was presented in Chapter 1. The chapter focused on the
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development of p-type and n-type semiconducting organic materials and how the efforts of the
systematic design of new materials have led to an efficiency of ~ 12% in organic tandem solar
cells.) The various spectroscopic techniques used in the dissertation were described
comprehensively in Chapter 2. The theoretical background of concepts such as one-photon and
two-photon absorption, and fluorescence process were provided. Chapter 3 contained the work
on two dyads which consists of zinc phthalocyanine bearing oligothienylene-ethynylene
subunits. Zinc phthalocyanine was selected because of its thermal and chemical stability. It has
been widely investigated because of its usefulness in photodynamic and photovoltaic
processes. Zinc phthalocyanine has a significant absorption in the near-infrared region of the
solar spectrum. Zinc phthalocyanine, on the other hand, does not absorb photon significantly
between 300 and 550 nm. Oligothiophenes are known to absorb light significantly in the region
where zinc phthalocyanine does not absorb significantly. The two organic materials were
combined through ethynylene linkage to produce two dyads. The dyads were synthesized to
take advantage of complementary absorption in different spectral regions. The number of
oligothiophene groups in each of the dyad was different, with one of the dyads having one
group of oligothiophene and the other having three groups linked together by ethynylene
linkages. The spectroscopic results of the dyads were compared with the results of the
reference zinc phthalocyanine compound. The absorption spectra of the dyads indicated two
bands — Q and Soret bands. The Q band was associated with the absorption from zinc
phthalocyanine and oligothiophene in the dyads while the Soret band is a characteristic of the
zinc phthalocyanine. The absorption of light by the dyads in the Q band was enhanced because
of the attached oligothiophene to zinc phthalocyanine. Analysis of the absorption and

fluorescence spectra of the dyads indicated an energy transfer from the oligothiophene group to
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the zinc phthalocyanine. The energy transfer from the oligothiophene groups to zinc
phthalocyanine in the dyads resulted in reduced fluorescence intensity between 300 and 550
nm and increased fluorescence intensity at the near-infrared region. The extent of the energy
transfer was found to increase as the number of oligothiophene group increases. From the
fluorescence lifetime measurements, it was found that the energy transfer took place within a
time frame of 300 fs. Photovoltaic studies on the dyads, however, showed that the reference
zinc phthalocyanine had a better solar cell performance than the dyads. The unexpected poor
photovoltaic performance of the dyads can be due to a possible recombination of charge
carriers in the dyads as was evidenced in a lower short circuit current compared to the device
fabricated from reference zinc phthalocyanine. This study showed that addition of substituents
to organic compounds can be used to influence ultrafast energy transfer process and possibly
improve performance of the organic systems in organic photovoltaics if the problem of
recombination can be overcome.

In Chapter 4, four promising organic polymers based on TPTI and FDCPT-CN
monomers were studied to understand structure-function relationship in the polymers. The
reference compound for the study was PTB7 which has been well-studied and still remains one
of the best performing organic polymers for use as active material in solar cell device. For the
TPTI-based polymers, the voltammetry study reveals that the HOMO was localized in the
TPTI co-monomer of the polymer because similar values were obtained for the HOMO energy
level of the TPTI-based organic polymers. The conclusion from the voltammetry result was
confirmed by the electronic structure calculation implemented in GAMESS where the HOMO
showed bias shift towards the TPTI moiety in the monomer of the organic polymers. PECN

and PTB7 had absorption that extended to the near-infrared region of the solar spectrum. The
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absorption band of PECN covered spectral window between 300 nm to 900 nm while the
reference PTB7 had an absorption band that covered the spectral band between 300 nm to 800

nm. They were also the polymers with the most intense absorption peak. The maximum molar

extinction coefficients of PTB7 and PECN were 3.40 x 106 and 1.38 x 106 M'lcm'1 while the

other polymers (PNSW, PNTPD and PNPDI) had maximum molar extinction coefficients ~

4.0 x 105 M'lcm'l. Among the investigated polymers, PECN and PTB7 had the greatest two-
photon absorption cross section. The two-photon absorption cross-sections of PECN and PTB7
were measured as 19.0 x 10* and 9.6 x 10* GM respectively while the other polymers, PNSW,
PNTPD and PNPDI, had two-photon absorption cross-sections of 3.3 x 10*, 2.9 x 10* and 4.84
x 10* GM respectively. As a result of the study, it can be concluded that PECN and PTB7
were the best polymers for application in organic photovoltaics because of the good photon
absorption and high two-photon cross-section which is related to effectiveness of charge
transfer. PECN and PTB7 have alternating donor-acceptor repeating units as backbone unlike
the other polymers which have electron-accepting units of different degrees coupled together
as their backbones. The push-pull effect of the donor-acceptor backbone of PECN and PTB7
enhanced effective charge transfer and can be attributed for the observed wide spectral
absorption band and two-photon absorption cross-section that were obtained in this study.
Therefore, the results of this study suggest that PECN will be a good candidate as active
material in organic photovoltaic system.

The effect of alteration of heteroatoms and alkyl group on the photophysical properties
of organic polymers and ultimately performance of the organic systems in organic

photovoltaics was investigated in Chapter 6. The photophysical properties of donor-acceptor
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copolymers based on 3,7-didodecyl-2,6-di(thiophene-2-yl)benzo[1,2-b:4,5-b']difuran (BDF) as
electron donor and 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) as electron-acceptors were
investigated. BDF and DPP were connected together by different linkages of furan and
thiophene to be able to study the effect of different heteroatoms of oxygen and sulphur on
optical and electronic properties. Oxygen and sulphur are isoelectronic atoms with similar
properties. In addition, different alkyl side chains of 2-ethylhexyl and n-tetradecyl were
attached to the DPP. The different alkyl side chains was used to determine the trade-off
between improvement of solubility of polymers and the distortion of n-rt stacking as the length
of the alkyl side chain increases. The results of the study show that the linear absorption and
nonlinear absorption properties are enhanced when thiophene linkage in the polymers is
replaced by furan. This can be attributed to the reduction of the steric hindrance due to the
presence of a smaller oxygen atom in the furan relative to larger sulphur in thiophene. The
rigidity and planarity of furan ensures that there is a better conjugation in the polymers
containing furan which enhances charge transfer in the polymers. In addition to the effect of
the different linkages, it was also found that the molar absorptivity and two-photon absorption
cross-section decrease as the length of the alkyl side chain increases. These results were in
agreement with the photovoltaic studies. The polymer with furan linkage and 2-ethylhexyl side
chain had the highest power conversion efficiency of 2.89% while the polymer having
thiophene linkage and n-tetradecyl side chain had the lowest power conversion efficiency of
0.97%. The result indicates the replacement of thiophene with furan can enhance the electronic
and optical properties of polymers and ultimately the device photovoltaic performance. In
addition, when adding alkyl side chain to enhance solubility, it is necessary to find the optical

size of the alkyl group that will not distort the n-n stacking in the polymer backbone.
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6.2 Future direction

The measurements in the dissertation were carried out in solution phase. Organic
photovoltaic cells are made in thin films. In thin films, the molecules of the organic materials
are tightly packed and there exists a better interaction between the molecules than in the liquid
phase. It is therefore essential to study the spectroscopic behaviors of the organic materials in
thin films. It had been reported previously that there could be a difference in the absorption
spectra of organic molecules in film and in solution.?® The method of preparation of thin films
is crucial to the PCE in photovoltaic cells because of the influence of the morphology of the
thin layer. The effect of the solvent used in making the film, annealing time and temperature
can influence the PCE of the photovoltaic cell.*” It is necessary to characterize the organic
materials in solid state using the steady-state technique, the time-resolved fluorescence
measurement and the two-photon absorption technique. The results obtained from the solid-
state measurement will give a better indication of the performance of the organic materials
when used on organic photovoltaic cells.

Solvent used in dissolving organic samples can be crucial to their photophysical
behaviors. Organic materials behave differently in different organic solvents. Some organic
materials can form aggregates when put in certain solvents and this can lead to a drastic change
in photophysical performance.?? In addition, the morphology of thin films in organic solar cells
has been modified by using different solvents. It is therefore expedient to study solvent effect
on the photophysical behavior of the investigated organic materials. Effect of the different
solvents on the one-photon absorption, two-photon absorption and fluorescence properties can
give indications of the best solvent that can ensure effect mobility and charge transfer

properties in organic photovoltaic cells.
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Molecular orbital calculation is fast becoming an essential tool in the development of
new materials because of the rapid development in the computational technology over the
years. The electronic structure calculation was carried out in this study but it was limited to
only the monomers. The electronic and optical properties of organic molecules vary with the
number of monomers. Therefore, it is essential to carry out the electronic structure calculation
for larger number of monomers. This will require more computational memory space and
power. The number of monomers making up the conjugation unit can be estimated from the
electronic structure calculation. The length and the number of monomers in the conjugation
unit play important role the in the linear and nonlinear properties of the polymers. More
rigorous computational approach will be required in the modeling of electronic structure of the
polymers. The density functional theory with Becke-Lee-Yang-Parr (B3LYP) functionality has
been used in the literature for the study of complex molecules.*®* This can be the basis of

further study on the investigated polymers.
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