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Abstract

This work investigates the tuning of photophysical properties of two different classes of photoactive
molecules, 2-(2'-hydroxyphenyl)benzothiazole (HBT) and perylene bisimide (PBI). The Suzuki coupling
reaction was employed to synthesize aryl-substituted derivatives of HBT and PBI. The tuning of the
photophysical properties of both HBT and PBI was successfully carried out by attaching either electron-
donating (ED) or electron-withdrawing (EW) aryl moieties to the parent compounds. For HBT, a series of
S-substituted derivatives were synthesized to modify the highest occupied molecular orbital (HOMO)
energy levels of zinc-benzothiazole (Znb,) complexes. Perylene bay substitutions were used to tune the
HOMO-LUMO (LUMO: lowest unoccupied molecular orbital) energy gap of the diaryl-PBIs.

Spectroscopic and electrochemical techniques were used to determine the effects of substituents on the
photophysical properties to the parent compounds. For the Znb, complexes, absorption and emission
spectra as well as the HOMO energy levels are effectively modified by the aryl-substitution while the
LUMO energy level remains largely unaffected. Whereas, for the PBI derivatives, the spectroscopic
profiles as well as the HOMO and LUMO energy levels were tuned by the attached aryl groups. These
results indicate that inductive effects are more dominant in both Znb, and PBI derivatives.

All the involved reactions, especially borylation of both the HBT and PBI were studied in detail to
achieve maximum yield and simple purification. The separation of a series of 1,7- and 1,6-diaryl-PBIs by
normal column chromatography was an important step in perylene chemistry. The individual
regioisomers of diaryl-PBIs were unambiguously characterized by observing the chemical shifts of a-
methylene protons using 300 MHz '"H NMR spectroscopy. Obtained results indicate that both 1,7- and
1,6-regioisomers of same diaryl-PBI possess slightly different opto-electronic properties, which might be
important while designing a system for optical devices.

Moreover, the synthesized Znb, complexes were used as anode buffer layers in thin film bulk-hetero
junction (BHJ) based inverted organic solar cells. The presence of vacuum evaporated Znb, buffer layers
was found to enhance the photovoltaic performance by up to 40 % when compared to a similar device
containing tris(8-hydroxyquinlinato)aluminum(III) (Algs;) buffer layer. The device stability also improved
considerably when compared to the corresponding device with the Alq; buffer layer.

Finally, benzothiazole-perylene bisimide (HBT-PBI) dyads, in which two chromophore units were
linked in close proximity to each other, were synthesized and studied by optical spectroscopy to explore a

new donor-acceptor light-harvesting photovoltaic antennae system.
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1 Introduction

1.1 Motivation

The worldwide demand for energy has grown enormously over the last century as a consequence of the increasing
rate of industrialization throughout the world. In 2010, the total global energy consumption was approximately 16
TW.!" With the improvements of living standards across the planet, the need for energy is likely to grow even more
in the 21% century; moreover, the rapid growth of developing nations like India and China, has emphasized the
problem of energy demand. The projected global energy demand would be 28 TW by 2050.) Most of today’s
energy demand comes from non-renewable energy sources like oil, coal, and natural gas. Combustion of these fossil
fuels has harmful effects on the Earth’s ecosystem by exposing the land and sea to pollutants like carbon dioxide
(CO,), nitrogen oxides (NOy), sulfur dioxide (SO,), and heavy metals. As the main combustion product, CO, is
considered to be one of the most prominent contributors to the “greenhouse effect” accelerating global warming. "’
An increase in global warming will cause an alarming sea-level rise (eliminating many small island nations), the
acidification of oceans, changes in the pattern of precipitation and the encroachment of the subtropical deserts."! All
of these will have a devastating effect on all forms of life on earth.

With respect to the ecological problems and the limited availability of fossil and nuclear fuels, special focus is on
renewable energy sources to contribute significantly to the world’s energy supply. But even in a best case scenario,
the combined accessible capacities of water, wind, biomass and geothermal energy could supply just 22 TW in total.
The sun, on the other hand provides 120, 000 TW of radiations on earth each year. In total, 36, 000 TW is shining
onto landmass. A practical global solar potential value is estimated to be at 600 TW. Thus, using solar farms with an
efficiency of 10 %, about 60 TW of energy can be generated.”!

Solar energy generally converted into electricity using photovoltaics (solar cells) or thermal systems. The solar
cell technologies have been experiencing a large growth in the last decade and the total capacity of installed solar
cells reached 40 GW in 2010.1 However, both photovoltaics and thermal system industries have to grow
enormously in order to provide a significant fraction of the entire global energy production.

From the yearly mean of irradiance in the world, (Figure 1.1)!"!it is evident that subtropical deserts have the best
potential for photovoltaic installations. However, higher latitude countries especially Nordic countries can also
benefit from the fact that very long summer days can provide around-the-clock electricity generation from sunlight.
Thus, the sun could be a singular solution for all our future energy needs if we know how to harvest sunlight and

store the solar energy in a cost-efficient way.
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Figure 1.1. Yearly mean of irradiance in the world."’

To foster the growth of photovoltaic adaptation as a future source of energy, large-scale production and
manufacturing cost of photovoltaic systems should be substantially reduced.”™ To overcome the main limitations of
efficiency and durability of existing organic photovoltaics, it is imperative to synthesize compounds that match the
solar spectrum, optimize the device architecture, and understand the photo-induced phenomena inside the thin-film
structures. Hence, the synthesis of new classes of compounds and applying them in solar cells are essential for the

design of efficient photovoltaic devices.

1.1 The aims and contents of the Thesis

This Thesis aims to offer a contribution to the understanding of the tuning of photophysical properties of photoactive
molecules via attachment of either electron-withdrawing (EW) or electron-donating (ED) aryl groups to the photo-
active compounds and to study their properties by spectroscopic and electrochemical methods. The Suzuki coupling

reaction’” 1"

was used to synthesize aryl-substituted derivatives.

In the present study, a series of new compounds were synthesized, bearing either EW or ED aryl groups at the 5-
position of 2-(2'-hydroxyphenyl)benzothiazole (HBT) and at the bay region of perylene bisimide (PBI). HBT
derivatives were used to synthesize bis[2-(2"-hydroxyphenyl) benzothiazolato]zinc(I) (Znb,) complexes.”
Photocurrent measurements were done to test the applicability of synthesized compounds as an anode buffer layer in

inverted organic solar cells (OSC).™ All the reactions involved in the synthetic schemes were studied thoroughly,



revealing new insights. Especially the borylation of both HBT and PBI was studied in detail to gain knowledge
regarding the effects of various reaction conditions on the product yield and ease of purification.™ ™ Moreover, in
the case of the PBI derivatives, a series of 1,7- and 1,6-regioisomers of diaryl-substituted PBIs were isolated via
conventional column chromatography, which has previously not been succeeded."! Finally, HBT-PBI dyads were
synthesized as they might behave as a light-harvesting antenna in photovoltaic applications.

Steady-state spectroscopy and time-resolved measurements were used to determine the effect of various aryl
groups in the parent compound. Electrochemical methods were used to measure the redox potentials and to calculate
the molecular energy levels of each derivative.

The following chapters will provide background reading to the papers, a summary from the results, and an
outlook for the future work:

= The properties and current state of development of OSCs; in particular, the working principles of OSC,
photo-active materials, and coupling reactions will be introduced in Chapter 2.

= Chapter 3 describes a short introduction to the classes of compounds used in this study, the instrumentation
involved for their characterization, and for spectroscopic, electrochemical, and photocurrent measurements.

= Chapter 4 describes all the synthetic, spectroscopic, electrochemical, and photocurrent results from this
work, and also provides an outlook for the future.

=  Finally, chapter 5 summarizes the conclusions based on the synthetic and spectroscopic results.
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2 Background

2.1 Evolution of organic solar cells

Conversion of solar energy into electrical power through the so-called "photovoltaic effect" can be traced back to
Edmond Becquerel’s (1839) pioneering work with liquid electrolytes."") Becquerel observed generation of a
photocurrent when platinum electrodes covered with silver chloride or silver bromides were illuminated in aqueous
solution (electrochemical cell). Since that it has been the basis for various concepts developed to convert solar
energy to electricity. However, the biggest impact on the solar cell technology was achieved more than one century
later by Chapin et al. (Bell Laboratories) in 1954." They converted solar radiation into electricity in a silicon-based
single p-n junction device with a power conversion efficiency of 6 %. The p-side contained an excess of positive
charges (holes), and the n-side an excess of negative charges (electrons). An electric field formed in between these
two layers and the electrons and holes, created through the light absorption of Si, diffused through the layer, where
they were accelerated by the electric field and collected by the opposite electrodes.

Over the years, many improvements have been achieved in terms of the efficiency and the stability of
photovoltaic devices. The highest efficiency achieved with a single crystal Si cell is 25 %.!"* Recently, with a
tandem cell approach (stacking of several devices in series), an efficiency of 40.8 % has been achieved."" It is,
however, important to emphasize that the efficiency of most of the commercial inorganic solar cells lies between 14-
19 %, which is much lower than the highest efficiency achieved in controlled laboratory conditions. Moreover,
efficiency improvements often result in additional costs arising from manufacturing the devices from ultra-pure rare
materials and complex device architectures. Thus, for mass production, it is mandatory to reduce the cost-to-
performance ratio as much as possible.

In spite of the promising efficiencies of conventional inorganic solar cells, high up-front cost prevents its large-
scale applications. The limited natural resources of some of the crucial elements like tellurium, gallium and indium,
also poses a major problem for using the latest highest performing inorganic cells for mass productions. !

Organic semiconductors are a less-expensive alternative to inorganic semiconductors like Si. Unlike their
inorganic counterparts, organic molecules can also be mass processed at a lower temperature. The thin-film solar
cells are flexible and lightweight, which can lead to innovations such as solar shingles, panels that can be rolled out
onto any surface, consumer products, or even integrated into the building architecture.”'®'®! Moreover, the ability to

tune the physical properties of organic molecules by modifying their chemical structure constitutes the main drivers
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boosting research and industrial interests in OSCs. The efficiencies of modern OSCs lie in the range of 6-13 %.!""!
Despite many improvements over the years, OSCs have not yet reached the market place similar to inorganic solar
cells but the future is certainly looks bright for OSCs."*")

In the last three decades, at the cutting age third generations OSCs evolved are: (i) dye-sensitized solar cells
(DSSC) pioneered by M. Gritzel in 1991, 2! which are essentially electrochemical cells composed of TiO, covered
with molecular dye (generally Ru-complexes); (ii) multi-junction cells;** (iii) hybrid solar cells, in which inorganic
nano-crystals or quantum dots are doped into a polymer matrix;**' (iv) small molecule and polymeric solar cells.**:
21 This Thesis focuses only on the latter approach.

While the efficiencies of OSCs are steadily improving, mainly due to the advent of new low bandgap polymers,
the stability of the devices remains poor.?* Conjugated polymers and fullerene derivatives are highly sensitive to
photo-oxidation.””! Fullerene derivatives also exhibit low conductivity upon oxygen absorption.?®! Thus, it is
necessary to encapsulate the solar cell by preventing the exposure of active materials to oxygen and water vapor.
Moreover, in un-encapsulated devices prolonged exposure to atmosphere can lead to oxidation of the metal
electrode by the formation of an insulating oxide layer.””’ Hence, long-term durability of the devices without
encapsulation is essential to reduce the costs of the technology. At the present, the longest reported lifetime of OSCs

is over one year in outdoor conditions.””’

2.2 Basic working principles of organic solar cells

In organic solar cells, conversion of incident light into the electric current is accomplished by four consecutive steps:
(i) absorption of a photon leading to the formation of an excited state, the electron-hole pair (excifon), (ii) exciton
diffusion to a region, where (iii) the charge separation occurs, and (iv) the charge transport to the anode (holes) and
cathode (electrons), to supply a direct current (Figure 2.1).1'¢-3124

Using strategies to maximize each step, the performance enhancement of an OSC cell can be effectively

achieved. The following points describe each conversion step and the losses involved in those steps:

(i) Absorption of photons: In most of the organic devices, only a small portion of the incident light gets absorbed,
because the semiconductor bandgap (HOMO-LUMO energy) is too high. A semiconductor bandgap of 1.1 eV (1100
nm, AE = 1240/2) is required to absorb ~ 75 % of solar radiation, whereas, most of the polymer has a bandgap
higher than 2 eV, which limits possible absorption to about 30 %.

(i) Exciton diffusion: After the photon absorption, organic semiconductors produce excitons. As excitons are neutral
species and strongly bound electron-hole pairs, their motion is not influenced by any electric field. Excitons are
generally diffused via random hops; importantly, prior to their decay back to ground state. The typical exciton

[35]

diffusion length for organic semiconductors is ~ 10-20 nm,">" and due to the offset of HOMO energy levels of donor

and acceptor, the exciton dissociation occurs only at the donor-acceptor interface. If excitons do not reach the



interface, they recombine and the absorbed energy is dissipated without generating photocurrent. Therefore, to

generate power, the excitons have to be dissociated and collected at electrodes before recombination.

LUMO S S~

light
hV JJJJJJ
cathode fﬁf‘i
- ——
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"""" anode ------I
) —
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...... h - )

(iii) charge separation (iv) charge transport

Figure 2.1. Schematic picture describing the conversion steps in organic solar cells.”*) HOMO: highest occupied

molecular orbital, and LUMO: lowest unoccupied molecular orbital.

(iii) Charge separation: Charge separation usually occurs at the semiconductor/electrode interfaces. If the work-
functions of the electrodes were not suitable enough to overcome the exciton binding energy (~ 0.4 V), charge
transfer may occur, but the exciton does not split into their constituent charges and recombine at the donor-acceptor

interface.

(iv) Charge transport: The transport of charges is affected by recombination during the journey to the electrodes and
may be interaction with atoms and other charges. Both the exciton and charge transport in organic materials usually
require hopping from molecule to molecule. Thus, close packing of the molecules is assumed to decrease the width
of the intermolecular barriers and a planar molecular structure should generally lead to better transport properties

than bulky three-dimensional molecules.
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2.3 Basic organic solar cell architectures

The differences between the existing organic solar cell architectures lie mainly in the exciton dissociation process,
which can occur in different locations, based upon the device architecture. The most widely investigated small
molecule or polymeric solar cells are:

(1) Single layer solar cells, based on a single organic layer (typically evaporated), sandwiched between two
electrodes with different work-functions.®"! These solar cells are very inefficient, due to the small exciton diffusion
length of most of the organics, which limits photo-generation to take place in a thin layer near the interface.

(ii) Bi-layer hetero junctions are bi-layer devices, where a donor material and an acceptor material are stacked
together to form a hetero junction, and which is then sandwiched between two electrodes.”*”! A big advantage of bi-
layers compared to single layer cell is that charges formed after exciton diffusion, i.e. electrons can travel through an
n-type acceptor, and holes can travel through p-type material, which greatly reduces the possibility of charge
recombination.”*!

(ii1) Bulk-hetero junction (BHJ) solar cells, for which the donor and acceptor materials are intimately mixed to form
an interpenetrating network.*” *) As a result, efficient exciton diffusion occurs within the bulk, but at the separate
donor and acceptor phases.*" *? Currently, BHJ cells are most efficient and they can be combined with cheap and
easy device fabrication technology.*! This Thesis solely concentrates on studies of BHJ cells, as they are the most
promising in this field.

In most organic solar cells, the front electrode is based on a transparent conducting oxide, such as indium tin
oxide (ITO), that serves as the high work-function, positive electrode.** To achieve the built-in electric field needed
for device to operate, the back electrode must be made from a low work-function metal (usually Al) that serves as
the negative electrode. In the operation of the typical polymer-fullerene derivative blend BHJ solar cell, electrons
generated in the active layer are collected by the Al electrode, and holes are collected by the ITO. In such a device,
without sophisticated encapsulation to prevent an exposure to atmosphere, the facile oxidation of the low work-
function metal represents an inherent instability.** **) However, the cell polarity can be reversed by inserting a hole-
blocking layer (HBL) between the ITO and the active layer (usually a ZnO layer), so that only electrons can reach
the ITO, and the metal electrode must become the hole-collecting positive electrode (see Figure 2.2).*! It can then
be made from a high work-function metal that is more air-stable.!* This kind of “inverted” structure provides higher

47, 48 .
7. 481 Moreover, the inverted structure

flexibility to the design of multi-junction or tandem polymer solar cells.
removes the need for a ITO-side hole-transporting layer (HTL), generally poly(3,4-ethylenedioxythiophene)/
poly(styrene-p-sulfonate) (PEDOT/PSS), which is believed to introduce chemical and morphological instabilities at

the interface with ITO.”! Inverted OSC architecture has been studied in this Thesis and in publication II.
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Figure 2.2. Normal architecture of a conventional (left) and inverted organic solar cell (right).
2.4 Photoactive molecules in organic solar cells

Plants use the natural process of photosynthesis to convert sunlight into chemical energy, where in the first
step, the chlorophyll molecules absorb the sunlight. Interestingly, chlorophyll pigment and its analogous molecules
can be directly applied in a single layer solar cell.”™ Materials having a delocalized electron system can absorb
sunlight, create photo-generated charge carriers, and transport these charge carriers.

Porphyrins and phthalocyanines are less stable and less synthetically tractable chlorophylls, which are common
electron and energy donors in naturally occurring photosynthesis (Figure 2.3).°”) Porphyrins have a highly
conjugated macrocyclic structure (22 m-electrons), producing intense absorption in the visible region (strong band ~
400-450 nm, Soret band). Phthalocyanines are structural analogues of porphyrins. The main difference to porphyrins
is that in phthalocyanines the four pyrrole units are benzo-fused to form isoindoles and are connected via aza-
bridges. Phthalocyanines have a Soret band and intense Q-bands in the red-part of the solar spectrum (620-700 nm).
Both porphyrins and especially phthalocyanines are used in organic photovoltaics, because of the better matching of

their absorption spectrum with that of the sun.*")

S

Porphine Phthalocyanine P3HT MEH-PPV

Figure 2.3. Molecular structure of porphine, phthalocyanine, P3HT and MEH-PPV.

Poly(p-phenylene vinylenes) (PPV) and polythiophenes are the most common conducting polymers used in OSC.
Poly(3-hexylthiophene) (P3HT) is a widely studied electron donor material due to its excellent change transport
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properties. It also absorbs in a wide part of the solar spectrum, between 400-650 nm."*! Blends of P3HT and
fullerene or its derivatives are the most widely studied configurations for OSCs. PPV and its derivatives are also
extensively used, because conductivity of PPV increases several orders of magnitude in the presence of atmospheric

oxygen, which favors electron abstraction from p-type donor PPV

Perylene Fullerene PCBM

Figure 2.4. Molecular structure of perylene, fullerene and PCBM.

Fullerene and perylene are the most commonly used acceptor materials in opto-electronic applications (Figure
2.4).[54] Fullerenes are even-numbered clusters of carbon atoms in the range of C30-C100.>*! The most stable structure
of fullerenes is the one consisting of 60 carbon atoms, i.e. Cg or buckminsterfullerene. Fullerenes are very special

class of molecule because of their high symmetry, high electron-affinity,"®!

and ability to stabilize negative
charges.”” These exciting properties of fullerenes have led to synthesis and study of a wide-range fullerene
derivatives in the last two decades.”” Fullerene derivative phenyl Cy,-butyric acid methyl ester (PCBM) is currently

the most commonly used acceptor in OSCs. Perylene will be discussed in section 3.1.2.

2.5 Buffer layer

The dramatic improvement of overall OSC performance registered in the last decade has been mainly due to the
combination of optimized active layer nanoscale morphology and improved electronic properties of donor polymer.
However, the performance of a polymer solar cell, and in general, any OSC, is also affected by the quality of the
device electrodes, which contributes considerably to the overall efficiency. In order to improve the device
performance and stability, a thin interlayer is commonly used between the active layer and the electrodes. This
additional interlayer, known as “buffer layer”, is no longer considered optional, but is essential for achieving
maximum performance.” > Every single-junction OSC nowadays includes both an anode buffer layer and a
cathode buffer layer, as shown in Figure 2.2.

A large number of electrode buffer layers have first been established for organic light-emitting diodes (OLEDs)
and later on have been transferred to the OSC devices. The role of buffer layers can be summarized in the following
points: (i) they strongly affect the properties of the organic/electrode interface by inducing interfacial charge
distribution, geometry modifications;'*” (ii) they protect the active layer from the diffusion of top electrode material

through the active layer; and (iii) they can even act as an oxygen and water vapor blocker.”® Electrode buffer
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materials are mainly selected based on their molecular energy levels and charge transport properties. Moreover,
electrode buffer layers are necessary for reversing the cell polarity, as for inverted OSC devices, in which glass|ITO
is also being commonly used as a substrate.”’ In this Thesis, ZnO was used as cathode and Znb, complexes as
anode buffer layers." In the following two sections, the main characteristics of the cathode and anode buffer layers

are briefly described.

2.5.1 Cathode buffer layer

The role of the cathode buffer layer is to improve the cathode electrode efficiency in collecting and extracting the

1561 cathodes with a

charge carriers. As the commonly used acceptor, fullerene derivatives have high electron affinity,
high work-function electrode, like Au or Ag, is generally required for OSCs. Moreover, the work-function of
cathodes mainly affects the open-circuit voltage. Additionally, maximum performance is achieved when the work-
function of a cathode is aligned with the LUMO level of the acceptor.'" Thus, a good cathode buffer layer should
have the following properties: (i) to provide an ohmic contact with the acceptor material; (ii) to carry electrons
efficiently; (iii) to block holes (to prevent leakage current); (iv) to be thermally and photo-chemically stable; and (v)
to be transparent in case of inverted OSC devices.

Usually alkali metal compounds (e.g. LiF,** Cs,C0O5!®*"), metal oxides (e.g. ZnO,*! Ca0,'” Ti0,,!*®! AL,0,1°"),

[69]

organic compounds (e.g. bathocuproine,”” polyethylene oxide!®®!), or self-assembled monolayers'®” are used as a

cathode layer in OSC devices.

2.5.2 Anode buffer layer

The role of an anode buffer layer is to improve the anode electrode efficiency and to extract the positive carriers. As
polymer materials are commonly used as donor material in OSC devices, the HOMO level of the polymer should be
aligned with the work-function of the anode for an efficient ohmic contact.’® Moreover, like the cathode, anode
work-function also affects the open-circuit voltage; hence the HOMO level of the anode buffer layer is important for
efficient charge collection. Thus, the main requirements for an anode buffer layer are: (i) to provide ohmic contact
with donor material; (ii) to carry holes efficiently; (iii) to block electrons; (iv) to be thermally and photo-chemically
stable; and (v) to be transparent in case of conventional OSC devices.

Most commonly used anode buffer layers are PEDOT/PSS,"" metal oxides (e.g. V,05, MoO3[64]), or self-
assembled monolayers.”? In the Thesis, Znb, complexes were used as an anode buffer layer in the inverted OSC

devices.
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2.6 Importance of individual molecular energy levels in organic solar cells

The molecular energy levels (HOMOs and LUMOs) and thus, the bandgap of photoactive molecules, are the most

important characteristics for determining the feasibility and performance of any photovoltaic device.!>*" % 321 The

schematic energy levels and inter-correlated parameters are shown in Figure 2.5.

ﬂ ] LUMO
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Figure 2.5. Energy diagram of donor and acceptor HOMO-LUMO levels showing linear relationship between
optical bandgap E,, LUMO energy difference £y, built-in potential Upii.in, and molecular energy level.

In the first steps of the photovoltaic mechanism, photoactive molecules absorb sun light to convert light into
electricity. The maximum photon flux density of the solar spectrum is located at 680 nm, which corresponds to a
bandgap of 1.77 eV.”*! To fully exploit the solar energy, donor materials (polymer in the case of BHI) need to
absorb the red and near infrared (NIR) regions of the solar spectrum. Thus, it is highly desirable to synthesize a
polymer with broader absorption through narrowing the optical bandgap without sacrificing the exciting coefficient
and charge transport properties. The most straight-forward way to reduce the bandgap is to simply lower the LUMO
level or raise the HOMO level of the polymer. Through numerous manipulations, polymers with a bandgap as small
as 0.5 eV have been achieved.'”” Unfortunately, the availability of low bandgap polymers is not the sole determining
factor for improving the performance of polymer solar cells. Following the photo-excitation, the excitons must
diffuse to the donor-acceptor interface to achieve efficient change separation. It is also shown that open-circuit
voltage, U,., depends linearly on the built-in potential, defined as a difference between the HOMO of donor and the
LUMO of an acceptor.”* To obtain high efficiencies, the LUMO energy level of the acceptor should also be at least
0.3 eV lower than that of the donor material to achieve energetically favorable electron transfer and overcome the
binding energy of the intra-chain exciton.””” Theoretically, on the other hand, a donor with a lower HOMO will
produce maximum U,,, but the LUMO of donor cannot be lower than that of the acceptor. U, of a BHJ solar cell

can be empirically described as:*

1
Use = - (IESRS| = 1Efomo 1) — 03, (¢A))
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where, 0.3 is an empirical factor, which relates the coulomb interaction between holes and electrons. Finally, to
generate electricity, holes and electrons need to be collected at the anode, so work-function of the electrodes or
energy levels of the buffer layers are important for efficient charge collection. Moreover, U, is also believed to be

761 which is effectively modified by the buffer layers.””! As a

influenced by the work-function of the electrode,
result, not only polymer with a lower bandgap is needed, but molecular energy levels of all the components must

also be tuned to produce maximum photovoltaic efficiency.
2.7 Coupling reactions

The coupling reaction can be described as a variety of reactions, in which a hydrocarbon fragment can be coupled
with another hydrocarbon, or with other functional groups, with the aid of a metal catalyst. Cross coupling reaction
is used for a wide range of C-C, C-H, C-N, C-O, C-M bond-forming processes.””® ") Generally, an organometallic

compound of type R;-m reacts with an organic halide R,-X forming a new R;-R, bond (Equation 2.2).

catalyst [M]
Rim  + RyX—> RR, 2.2)

where, m = Li (Murahashi reaction)

= B (Suzuki coupling) [M] =Fe, Ni, Cu, Pd,Rh .....
= 7Zn (Negishi coupling)

= Si (Hiyama-Hatanaka coupling) X=1,Br,Cl...

= Si (Stille coupling) .....

Since the discovery of the coupling reactions in the 1960s and 1970s, coupling reactions are continued to be one of
the most widely explored branch in organic chemistry. The coupling reaction nowadays is an integral part of almost
every natural product or functional molecule synthesis.!'"”! In 2010, the Nobel Prize in Chemistry was awarded to Ei-

ichi Negishi, Akira Suzuki, and Richard F. Heck for their discovery and development of various coupling reactions.

2.7.1 Suzuki coupling reaction

The cross coupling of an aryl- or vinyl-boronic acid derivative with an organic electrophile in the presence of a base
and a Pd’ catalyst is commonly known as the Suzuki coupling reaction,® and has been established as a powerful
tool for C-C bond formation over the past two decades. It is widely used to synthesize substituted biphenyls and

poly-olefins, or in polymerization reactions."
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Scheme 2.1. Catalytic cycle for Suzuki coupling reaction.

A general catalytic cycle for the Suzuki coupling involves: (a) an oxidative addition of organic electrophile (organic
halides) to the catalyst; (b) a transmetalation between Pd-X and R,-B; and (c) a reductive elimination of the coupled
product to regenerate the Pd’ complex (Scheme 2.1).%'1  Although each step involves further knotty processes,
including ligand exchange, oxidative addition is often the rate-determining step in the catalytic cycle. The relative
reactivity decreases in the order of I > Br >> CL”! Aryl-halides with EW groups also facilitate oxidative addition
when compared to those with ED groups.

A very wide range of Pd’-catalysts can be used for the Suzuki reaction. Pd(PPhs), is most commonly used as
catalyst, but PdCIl,(PPh;s), and Pd(OAc), with phosphine ligands are also efficient, since they are air-stable and
readily reduced to the active Pd’-complexes. Pd-complexes with fewer than four phosphines, a weakly coordinating
ligand, or bulky phosphines, provide highly reactive catalysts because of the ready formation of the coordinatively
unsaturated species.®

The Suzuki coupling, in general, requires the presence of a negatively charged base, such as sodium or potassium
carbonate, phosphate, and hydroxide (1-2 equivalents), which used as aqueous solution. Fluoride salts such as CsF
and BuyF are mild bases accelerating the coupling reaction of such substrates sensitive to bases.'™! The side
reactions causing undesirable byproducts mainly are homo-coupling, dehalogenation, proto-deboronation reaction,

and head-to-tail coupling.’®¥

2.7.2 Borylation reaction
Aryl- or vinyl-boronic acid/ester derivatives are very interesting because of their usefulness in the widely used

Suzuki coupling reaction to form C-C bond,™! their biological activity,* and their molecular recognition
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properties.*” ® Usually, organo-halides react with boron derivatives in presence of a base and a Pd’-catalyst to

synthesize organoboronates (Equation 2.3).

Pd® base
R-X+ B —> Rq-B 23)

A general catalytic cycle for borylation reaction involves: (a) an oxidative addition of organic halides to the Pd’-
complex; (b) a transmetalation between Pd-X and B; and (c) a reductive elimination of R,-B to regenerate the Pd’-
complex (Scheme 2.2).” Aryl-halide with EW groups often results in faster reaction than those with ED groups, due

to their rate-determining role in the oxidative addition.

0, R,-Br
B-R;
(0] Pd(0)
oxidative addition

reductive elimination,

0 R4-Pd(ll)-Br
Ry-Pd(11)—B P
0 AcO™
AcO—B\
o)

transmetalation
R4-Pd(l1)-OAc

Scheme 2.2. Catalytic cycle for borylation reaction.

A wide range of Pd’-catalysts can be used for the borylation reaction. Pd(PPhs), is most commonly used as catalyst,
but PdCl,(dppf) (dppf = 1,1°-bis(diphenylphosphanyl)ferrocene) is better, because palladium-triphenylphosphine
complexes often yield byproducts derived from the coupling of the diboron with a phenyl group on
triphenylphosphine in the reaction of ED aryl halides.

Stronger bases, such as K;PO, and K,COs;, usually promote further reaction of organoboranes to form homo-
coupling products via the Suzuki reaction.””! So, weaker bases, such as potassium acetate (KOAc), sodium acetate
(NaOAc), and triethyl amine (Et;N) are generally used in the borylation reaction. The solvent also plays an
important role in the rate of the homo-coupling. Borylation reaction is usually accelerated in polar solvents: e.g.,

DMSO > DMF > dioxane > toluene.
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3 Materials and methods

The experimental aspects of the work are described in this section, including the classes of the compounds used in
synthesis and the instruments used to characterize the products, especially instruments those were relevant for
determining the structure of the molecule, spectroscopic and electrochemical properties of the synthesized

compounds. The instrumentations regarding the photocurrent sample preparation and analysis are also discussed.

3.1 Compounds

Three main target molecules, 5-substituted (benzothiazole)zinc complex derivatives, bis-substituted perylene
bisimide derivatives, and benzothiazole-perylene bisimide dyads were synthesized in this work. The designs and

syntheses of the molecules are presented in chapter 4.1.

3.1.1 Benzothiazole

Since the pioneering work of Tang et al. in 1986 demonstrated the use of the metal complex tris(8-

hydroxyquinolinato)aluminium(IIl), (Algs) as an emissive and electron transporting layer in OLEDs,”” %%

numerous other metal complexes have been synthesized and intensively explored for OLEDs and other organic
semiconductor devices.”"! Even though Alg; is most prominent of all the metal complexes used in organic
semiconductor devices, bis(2-(2’-hydroxyphenyl)benzothiazolato)zinc(Il) (Znb,; Figure 3.1) has been proposed as a
better alternative, owing to its high fluorescence efficiency, good electron transport capability, low lying HOMO ( ~
-5.7 eV), high thermal stability, and ease of fabrication by vacuum deposition technique.”**> Znb, has been studied

as an excellent white-light emitter in OLED devices.* %7

[98]

The Znb, complex also exhibits charge transport properties,” - which make it favourable to use as an the anode

buffer layer inverted OSCs. Dimer formation in the vacuum deposited amorphous films with a close intermolecular

-m interaction of 3.7653 A suggests a potential reason for the charge transport properties.**!
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Znb,

Figure 3.1. Structure of bis(2-(2'-hydroxyphenyl)benzothiazolato)zinc(IT) complex.

Moreover, the ligand HBT exhibits excited-state intramolecular proton transfer (ESIPT) phenomena (Figure 3.2),

which is also another motivation for synthesizing a series of HBT derivatives.**'%%
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Figure 3.2. Prototropic equilibria and intramolecular proton transfer of HBT.

3.1.2 Perylene bisimide (PBI)

Perylene dyes were first discovered by Kardos in 1913, and since that have been used extensively as industrial
dyes and pigments."® ' Perylene is a conjugated planar molecule consisting of two naphthalene molecules
connected by two carbon-carbon bonds with sp*-hybridized electronic orbitals of all the carbon atoms.!"! Extended

conjugation results in a strong absorption of perylene and its derivatives in the visible part of the solar spectrum. The

planar structure also leads to strong m-7 stacking and thus, poor solubility in commonly used organic solvents.?” '**!

Near unity fluorescence quantum yield, strong electron accepting character, and high photochemical stability allow
PBIs to be used in many newly developed applications. In the field of electronic materials, PBIs are now considered

as one of the best n-type semiconductors available.”* ' To date, PBIs and its derivatives have been utilized in

various opto-electronic applications, e.g. in organic field-effect transistors (OFETs),!"'” dye lasers,''" '

[115, 116] [112]

OLEDs,""* """ organic photovoltaics, electro-photographic devices,!"'”! fluorescence solar collectors,!"'* and

optical power limiting devices.!''™
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Because of the poor solubility of perylene dyes, the high fluorescence nature and photo-stability of perylene were
not recognized until 1959."°”) Improving the solubility and tuning the optical properties of perylene are the two
major challenges that perylene chemists are facing before it can be used in opto-electronic applications. PBIs with
different chemical and physical properties have been obtained by modification either in the imide N,N -positions or
in so-called “bay” positions (1-, 6-, 7-, and/or 12-positions of perylene core; Figure 3.3).1'*"

bay substitution affects

electronic & optical properties

N imide substitution have
11 12, 102 minor effect on photophysical properties

0 O 0 O : but improves solubility

87 /6 5

Figure 3.3. Chemical structure of perylene bisimide, and its different functional regions.

The imide substitution generally improves the solubility of PBIs in common organic solvents and also affects the n-n
aggregation, but nevertheless, the substituents have a minor influence on the photophysical properties, because the
nodes of the HOMO and LUMO orbitals are located at the imide nitrogens."”” '®! In contrast, the bay substitution
not only improves the solubility but can also have profound effect on the photophysical properties.!"® "1 As the bay
substituents are being forced out of the perylene plane by the bay-hydrogens through steric interactions, which
disrupt face-to-face m-m stacking, leading to improved solubility also for bay-substituted perylene derivatives.!'"!
The presence of bulky bay-substituents can increase the solubility by several orders of magnitude.!"" Thus, the bay

substitution appeared more attractive and was used in this Thesis to synthesize various functional PBI derivatives.
3.2 Characterization techniques

Characterization of the products after synthesis is one of most important issue in organic chemistry. Even though
there are numerous available methods to elucidate the structure of a compound, proton NMR (nuclear magnetic
resonance) is certainly the most valuable method, not only to ascertain the structure but to also check the purity of a
compound. Fourier transform infrared spectroscopy (FTIR) is another method used when it is not possible to
measure NMR. Although mass spectroscopy and elemental analysis methods were also used frequently, only the

NMR and FTIR methods are described here.
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3.2.1 Nuclear magnetic resonance (NMR) spectroscopy

NMR is a powerful, non-selective analytical tool that enables researchers to ascertain molecular structures, including
relative configuration, comparative and absolute concentrations, and even intermolecular interactions without the
destruction of the analyte. NMR is a physical phenomenon in which magnetic nuclei in a magnetic field absorb and
re-emit electromagnetic radiation. This energy is at a specific resonance frequency, which depends on the strength of
the magnetic field and the magnetic properties of the isotope of the atoms. The resonance frequency of a particular
substance is directly proportional to the strength of the applied magnetic field. If a sample is placed in a non-uniform
magnetic field, the resonance frequencies of the sample's nuclei depend on where in the field they are located. Since

the resolution of the imaging technique depends on the magnitude of the magnetic-field gradient, many efforts are

made to develop increased field strength, often using superconductors.“22'124]
A
mg = -%
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Figure 3.4. Splitting of nuclei spin states in an external magnetic field.

All isotopes that contain an odd number of protons and/or neutrons have an intrinsic magnetic moment and angular
momentum, in other words, a nonzero spin, while all nuclides with even numbers of both have a total spin of zero.
The most commonly studied nuclei are 'H (proton NMR) and C (carbon NMR). Nuclei from isotopes of many
other elements (e.g. ''B, 'F, *'P) have also been studied by high-field NMR spectroscopy.

All the NMR measurements presented in this Thesis were recorded with Virian Mercury 300 MHz spectrometer

in deuterated chloroform (CDCl;) at room temperature.

3.2.2  Fourier transform infrared (FTIR) spectroscopy

FTIR is basically an absorption spectroscopy, which deals with the infrared region of the electromagnetic spectrum,
i.e. wavelengths longer than visible light (> 800 nm). The most commonly used spectrum range (4000-400 cm™)
provides information on fundamental vibrations and associated rotation-vibrational structure of molecules.!" IR
spectroscopy exploits the fact that molecules absorb specific frequencies that are characteristic of their structure.

These absorptions have resonant frequencies of the absorbed radiation, which match the frequencies of the bond or
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the group that vibrates. The energies are determined by the shape of the molecular potential energy surfaces, the
masses of the atoms, and the associated vibronic coupling. In order for a vibrational mode in a molecule to be "IR
active", it must be associated with changes in the dipole. A permanent dipole is not necessary, as the rule requires

merely a change in dipole moment. In this Thesis only the KBr pellet method is used for sample preparation."

3.3 Spectroscopic measurements

Spectroscopic methods refer here to measurements related to the interaction of matter with light. The wider
definition of spectroscopy is the measurement of a property as a function of wavelength or frequency. Time-resolved
measurements were used in order to find out the characteristic timescales of the photo-induced processes. The time-
correlated single photon counting (TCSPC) method is described here in more detail. The principal difference of the
time-resolved fluorescence (or absorbance) methods lies not in the measured quantity, but in the technical

implementation of the measurement.

3.3.1 Steady-state absorption and emission spectroscopy

Spectroscopic steady-state measurements for all the synthesized compounds were carried out with a conventional
UV-Vis absorption spectrophotometer in the 300-800 nm range. The absorption spectra were used to monitor the
effect of various substituents on the parent derivatives. Furthermore, the absorption spectra were used to select the
excitation wavelengths for the steady-state fluorescence measurements and the time-resolved measurements. The
absolute value of the absorbance (4) of a known concentration solution was used to calculate the molar extinction
coefficient (¢) via the Beer-Lambert law: A = ecl,!'*®! where ¢ is the molar concentration of the solution and / is the
length of the light path. The absorption spectra also provided a way to verify the film thickness in conjugation with
profilometer measurements for buffer layer deposition."™

Steady-state fluorescence measurements were performed with a continuous excitation and the emission intensity
was followed in the 400-800 nm range. Fluorescence measurements were used to detect the effect of various

substituents on the parent derivatives and were also used to calculate the quantum yield of the solution using a

reference dye.

3.3.2 Time-correlated single photon counting (TCSPC)

Fluorescence lifetimes on a nano-second timescale were measured using the TCSPC system. The scheme of the
TCSPC measurement is shown in Figure 3.5. The sample is excited by a laser pulse, and the same laser pulse is used
as a trigger pulse for the time-to-amplitude converter (TAC). The triggering pulse starts the generation of a linearly
rising voltage in the TAC, and the pulse from emitted photon stops the rising potential in the TAC. The emitted

photons are detected with a photomultiplier tube, which works in photon counting mode and thus produces an
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electrical pulse after each detected photon. Because the rise of the TAC output voltage is linear in time, a certain
output voltage corresponds to a certain delay time, Az, between the excitation pulse and the emitted photon. The
output voltage of TAC (U(Af)) as a function of the delay time is processed by the multichannel analyzer (MCA),
where each channel is associated to some voltage interval and therefore, to some delay time interval. Each output
voltage value adds one to the value stored at the corresponding channel. For example, the time step of the instrument
can be set to 16 ps and then each channel stores the counts at this resolution. The measurement results, after repeated
excitation pulses, in a decay curve with the number of counts as a function of delay time. The time resolution of the
instrument can be found out by measuring the instrument response function (that is, the decay profile of scattering of
the excitation pulse). For the used setup it was ~ 100 ps. The fluorescence decays obtained from the TCSPC

measurements were fitted with mono- or multi-exponential functions to obtain fluorescence lifetimes.*"!
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Figure 3.5. Scheme of the time correlated single photon counting (TCSPC) setup.

3.4 Differential pulse voltammetry (DPV)

Differential pulse voltammetry (DPV)!'?" 2]

was used to estimate the reduction and oxidation potentials of the
synthesized derivatives. DPV was carried out at room temperature under high-purity nitrogen flow and recorded
using a potentiostat (Iviumstat Compactstat [IEC 61326 Standard) controlled by an IBM computer with the software
Iviumsoft (Version 1.752) in a three-electrode single-compartment cell consisting of platinum in glass as working
electrode, Ag/AgCl as reference electrode, and graphite as a counter electrode. Benzonitrile containing 0.1 M
TBABF, was used as solvent. TBABF, was dried under vacuum at 110 °C for 2 h before use. All potentials were
internally referenced to the ferrocene/ferrocenium (Fc/Fc™) couple. Under these conditions, the Fc/Fc' couple

potential was determined to be +0.48 V. The measurements were carried out in both directions: toward the positive

and negative potential.
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The reduction and oxidation potentials were calculated as an average of the two scans. The HOMO and the
LUMO energy levels of the studied compounds were calculated by using commonly used procedure, through the
equation as follows:!'*”)

LUMO = - (E}eq +4.8) eV, in which E| . is the reduction potential referenced against ferrocene;
HOMO = - (Ex +4.8) €V, in which E|,, is the oxidation potential referenced against ferrocene; or,
HOMO = (LUMO - E**,) eV, in which optical band gap, £, = 1240/ .
The value for Fc with respect to the zero vacuum level is estimated at -4.8 eV, determined from -4.6 eV for the

standard electrode potential £° of a normal hydrogen electrode (NHE) on the zero vacuum level, and 0.2 V for Fc

vs. NHE.

3.5 Film deposition methods

The organic solar cells presented here were prepared by thin-film based technologies. The films in this work have

been prepared mainly by spin-coating and vacuum thermal evaporation techniques.

3.5.1 Spin-coating

The spin-coating method is probably the easiest and fastest for thin film preparation and has been used for several
decades for this purpose.!'” This procedure is typically used to apply thin films on flat substrates. A typical process
involves depositing a small puddle of a solution of the desired compound or a mixture of compounds onto the center
of a substrate and then spinning the substrate at high speed, generally under controlled atmosphere. Centripetal
acceleration will cause the solution to spread to, and eventually off the edge of the substrate, leaving a thin film of
the desired compound or mixture on the surface. Final film thickness and other properties will depend on the nature
of the solution (viscosity, drying rate, percent solids, surface tension, etc.) and the parameters chosen for the spin
process. Factors such as final rotational speed, acceleration, and fume exhaust contribute to how the properties of the
coated films are defined. One of the most important factors in spin-coating is its repeatability. Subtle variations in
the parameters that define the spin process can result in drastic variations in the coated film.

In the present study, ZnO layer and the P3HT/PCBM bulk have been deposited by spin-coating, when used as the
main photoactive layer in photovoltaic devices. The ZnO layer was prepared from a zinc acetate (Zn(OCOCHj5),.
2H,0) solution (50 g L") in 96 % 2-methoxyethanol and 4 % ethanolamine and was fabricated according to the
literature procedure. P3HT and PCBM were dissolved separately in 1,2-dichlorobenzene, and stirred at 50 °C
overnight. The solutions were subsequently combined, stirred at 70 °C for 2 h, and finally sonicated (at 50 °C for 30
min.) before the spin-coating. In the OSC devices, the total concentration of P3HT/PCBM was 32 g L (1:0.8
weight ratios). The P3HT/PCBM blends were spin-coated (600 rpm for 5 min. in a WS-400B-6NPP/LITE spin-
coater from Laurell Technologies Corporation) in an ambient air under N, flow. The spin-coated films were

annealed at 110 °C for 10 min. in vacuum.

23



3 Materials and methods

3.5.2 Vacuum thermal evaporation

The vacuum thermal evaporation method is a common method for both organic and inorganic thin film
deposition.!"™ This method can be easily used to ensure smooth thin film deposition and controllable thickness. In a
typical procedure, the evaporable material is placed in a ceramic jar, or high melting metallic (molybdenum or
tungsten) container in high vacuum (~ 10 mbar) and the vacuum allows the vapor particles to travel directly to the
target substrate, where they condense back as thin solid films.

In this work, for organic compound evaporation a ceramic jar and for metal molybdenum, boat was used. The
organic compounds, the Znb, complexes were heated up to specific temperatures (chosen according to their melting
points). The thickness of the evaporated films was monitored with a piezoelectric microcrystal balance, where a
charge in the resonance frequency of the crystal corresponds to the mass of deposition substrate. The crystals were
calibrated by an optical profilometer. The reproducibility of the evaporated thickness could be easily checked
through steady-state absorption spectroscopy.

The inorganic material (here, Au) has been evaporated through a shadow mask as the metal electrode (anode) for

solar cells. The growth rates of all the evaporation were kept low (< 0.01 nm s™) during the processes.

3.6 Photocurrent measurements

After the photovoltaic samples were prepared, their current-voltage (J-¥) characteristics were measured under dark
and white-light illumination. By recording the J-V curves of illuminated solar cell, it is possible to determine the
maximum power output, and thus the power conversion efficiency. Most of the photovoltaic parameters can be
directly derived from the J-V characteristics, like short circuit current (Jy.), open circuit voltage (U,.), calculated fill
factor (FF), and power conversion efficiency (7). Jy. is the current, which flows with zero internal resistance (at V =
0, when no bias voltage is applied). U, is the voltage in the open-circuit conditions, i.e. when no current flows
through the cell. The power conversion efficiency of the device (#) can be calculated from the defined parameters. #
is the ratio of the generated power to the incident optical power (Py). In the end, # is the most important parameter of

any given solar cell. Hence, 7 can be expressed as follows (Equation 3.1):

_ FRJ U

3.1
P, P (ERY

FF is the maximum power that can be withdrawn from the device (Pyayx) and theoretical power (Equation 3.2):'*

FF — Pmax — ]max- Umax’ (32)
]SC'UOC ]SC'UOC
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FF is directly related to the series and shunt resistance of the solar cell. Higher FF is desirable and corresponds to a
more “square-like” shape of the J-V curve. Figure 3.6 shows the schematic diagram of J-J curves of an ideal
photovoltaic device both in the dark and in a white-light illumination. In the dark, the solar cell photocurrent passing
through the cell until the voltage is high enough or in other words the cell behaves like a diode. When the solar cell
is illuminated, the J-V curve shifts downwards by the amount of photocurrent generated. The power (P) produced by
the cell can be calculated along the J-7 sweep by the equation P = JU. The power is zero at the Js. and U, points,

and the maximum power (P,,x) between the two points (shaded square in Figure 3.6).
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Figure 3.6. Current-voltage (J-V) characteristics of an ideal solar cell both in the dark (left) and under illumination
(right).

In this work, the J-V curves were recorded in the dark and under AM 1.5 sunlight illumination. All the
measurements presented in this Thesis were carried out in an open air at room temperature, without encapsulation of
the devices. The solar cells were illuminated by a Xe-lamp with a filter to match the light source with the solar

spectrum.
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4 Results and discussion

This chapter summarizes the essential work leading up to and presented in the publications, I-IV. Firstly, the
syntheses of the relevant molecules reported in publications are presented. Secondly, spectroscopic and
electrochemical studies of the synthesized compounds, as well as photocurrent measurements of the solar cell

samples are discussed.
4.1 Synthesis

The initial aim of the presented study was to find a way towards the tuning of photophysical properties/molecular
energy levels of the zinc(benzothiazole) derivative, ultimately leading to its application in organic solar cell. The
newly designed complexes were successfully used in inverted organic solar cells as anode buffer layer, and they
seem to produce positive effect on the solar cell performance and long-term durability.

After having established this background, modification of the molecular energy levels of PBIs was devised by a
similar approach applied for the benzothiazole derivatives. PBI derivatives are extremely important in terms of their

usefulness as photo-sensitizer or acceptor in organic solar cells.
4.1.1 Zinc(benzothiazole) complexes (Znb,)

According to the literature, photophysical properties of Znb, originate from the benzothiazole ligands. Theoretical
computations have shown that the HOMOs are mainly localized on the phenoxide ring, the LUMOs are on the

thiazolate ring of the benzothiazole ligand, and the contribution by Zn*" is negligible (Figure 4.1).."** ! Thus, it is

thiazolate part: phenoxide part:

LUMO HOMO
s
Ly
N
zn©

Figure 4.1. Frontier molecular orbitals of Znb,.
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4 Results and discussion

possible to modify the HOMO/LUMO energy levels by simple introduction of ED/EW aryl groups to the

benzothiazole ligand.

For tuning the molecular energy levels, EW/ED arenes were attached to the 5-position of the benzothiazole
ligand, which ultimately modifies the HOMO energy levels and consequently, the HOMO-LUMO energy gap.

The commercial unavailability and difficult synthesis of EW-arylboronic derivatives forced to devise two
different pathways for EW and ED-arenes involving the Suzuki coupling reaction. The synthetic scheme involving

5-substituted HBT's are shown in Scheme 4.1.

SH
O 30— O
NH,  HO N

Br

S
Pathway 1 @ @ R Pathway 2
bis(pinacolato)diboron N BnG O"B\O
Q (iv) 5c-d
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BnO
6c-d
' (vi)
R

Cr
O Nove

HO
BnO  ¢ab 7aud
F NMe2
F N F F. F
~
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a b c d
| — N —
EW substituents ED substituents

Scheme 4.1. Synthetic route to 2-(5-arylphenyl)benzothiazoles. Reagents and conditions: (i) polyphosphoric acid (PPA), 140
°C, 24 h, (i) benzyl bromide, acetone, K,COs, 60 °C, 3 h; (iii) PdCly(dppf)-CH,Cl,, KOAc, dimethyl sulfoxide (DMSO), 80 °C,
4 h; (iv) PdCly(dppf)-CH,Cl,, toluene, 1 M K,CO;, tetrabutyl ammonium chloride (TBACI), 90 °C; (v) PdCly(dppf)-CH,Cl,,
toluene, 1 M K,CO;, TBACI, 90 °C; (vi) Pd/C, ammonium formate (HCO,NH,), THF/methanol, 60 °C, 3 h; (vii) Pd/C,
HCO,NH, (20 eq.), tetrahydrofuran (THF), 2.0 mL water, 60 °C, 3 h.
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The synthesis of HBT derivatives bearing the EW group was performed according to Pathway 1, whereas
Pathway 2 was employed for the synthesis of 2-(5-arylphenyl)benzothiazoles bearing ED groups. The hydroxyl
group in the starting material, 2-(5-bromo-2-hydroxyphenyl)benzothiazole 2, was protected by a benzyl (Bn)
protecting group prior to the Pd’-catalyzed coupling reactions. The presence of strong base (here, K,CO; solution) in
the Suzuki coupling reaction precluded using most of the common protecting groups, except the hydrolytically
stable benzyl group.

For the introduction of EW arenes, HBT 3 was converted into pinacolatoboronate ester 4 by Pd’-catalyzed
borylation in 74 % yield. This was followed by Pd"-catalyzed Suzuki coupling with suitable EW bromoarenes, and
consequent deprotection of benzyl lead to HBT 7a-b.

For the introduction of ED arenes, HBT 3 was cross coupled with suitable ED-aryl pinacolatoboronate esters,
followed by benzyl deprotection producing HBT 7¢-d in high yields.

The final zinc"-complexes 1a-d were obtained by reacting the deprotected ligand HBTs with Zn(OAc), in
ethanol (Scheme 4.2). The resulting complexes were purified by vacuum sublimation method and were

characterized by FTIR spectroscopy and elemental analysis. The Znb, complexes were studied in publications I and

1I. R
)
Y/
R
S (viii) '\{ 0

O

N N
1)

S

R
1a-d

Scheme 4.2. Synthetic route to zinc(benzothiazole) complex derivatives. Reagents and conditions: (viii) zinc

acetate, EtOH, 70 °C; reaction times for 1a-d: 16, 22, 36 and 48 h, respectively.

4.1.2 Borylation of benzothiazole

The borylation reaction of benzothiazole is a very important reaction as it was used to synthesize EW-aryl-
substituted benzothiazoles via Suzuki coupling, as is shown in Scheme 4.3. Initially, borylation of unprotected
benzothiazole 2 was considered, but even after repeated attempts; the borylation of benzothiazole remained elusive.
The protection to the phenolic hydroxyl group appeared necessary, as the high acidic hydroxyl group might be
deactivating the Pd catalyst. So, after protection of the hydroxyl group, borylation reaction was carried out. As
standard literature method required long reaction times and gave low yields, systematic variation of the reaction
condition was needed to maximize the yield of the borylated benzothiazole. The optimization conditions are shown
in Table 4.1.
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Scheme 4.3. Borylation of benzothiazole.

It was found that by using KOAc as the base, bis(pinacolato)diboron as the borylating agent, DMSO as solvent, and
PdCl,(dppf)-CH,Cl, as a catalyst at 80 °C, 4 h reaction time gave a yield of 74 % with only a small amount of side
products. From the optimization studies, it is evident that a solvent with high polarity (DMSO > 1, 4-dioxane > THF
> toluene) and a weak base (Et;N > KOAc) was needed to avoid the dimerization or side reactions. The optimization
of borylation reaction condition has been reported in publication I.

Table 4.1. Optimization of borylation reaction condition of benzothiazole 2.

Entry Base Solvent Catalyst T Time Yield
['C] (h] [%]

1 Et;N® dioxane Pd(OAc), 90 24 -
2 Et;N toluene Pd(OAc), 110 48 11
3 Et;N dioxane PdCL(dppf) 90 24 17
4 Et;N™ THF PdCl,(dppf) 100 36 60
5 Et;N THF Pd[(PPh3),] 100 36 35
6 KOAc™  DMSO PdCl,(dppf) 80 24 38
7 Et;N! DMSO PdCl,(dppf) 80 12 42
8 KOAc®™  DMSO PdCl,(dppf) 80 12 57
9 KOAc™  DMSO PdCl,(dppf) 80 4 74

[a] The reactions were carried out with pinacolborane. [b] The reactions were carried out with bis(pinacolato)diboron.
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4.1.3 Borylation of perylene bisimide

Aryl boronic acid/esters are very useful in many organic transformations, including widely used Suzuki coupling
reaction, and as there have been no reports citing the bay region borylation of perylene bisimide, the synthesis of
PBI-boronic ester derivative was envisioned via a simple and efficient way. The effects of solvents, bases, catalysts,
reaction temperatures, and times on the reaction were systematically studied. This work has been reported in
publication III. The synthetic scheme is presented in Schemes 4.4 and 4.5. Borylation optimization conditions are
described in Table 4.2.

98H17 (?’SHW Qan
0,00 O _N_.0O O _N__O O~ _N__O

e L0 0, O
‘ 85°C, 24 h Br + Br Br , Br Br
(i) CgH17NH;, ‘ Br ‘ ‘ Br
e propionic acid, O O O
= reflux, 48 h = = =

(@] (0] (0] 0] TTJ @] (0] hlf o] 0 N @]
8 CgHy7 CgHy7 CgHy7
-
10
9

Scheme 4.4. Bromination and subsequent imidization of perylene bisanhydride 8.

The synthesis of dibromo-PBI 9 starts with the bromination of perylene bisanhydride 8 and subsequent imidization
of the bromo-PBI derivatives. As mentioned in the literature, bromination of 8 produces 1,7- and 1,6-bromo-
perylene bisanhydride along with tribromo-derivatives in a very small (~ 1 %) amount."** '**! Unfortunately, the
mixture of products cannot be separated at this stage, thus requiring imidization, and which produces a mixture of
dibromo-PBI 9 and tribromo-PBI 10. Tribromo-PBI 10 can be easily separated by silica gel column chromatography

using DCM as eluent system.

Br OO + Br OO gr borylation O-p + 0o
[ —. /
O B\O

Scheme 4.5. Borylation of dibromo-PBI 9.
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4 Results and discussion

However, regioisomers of dibromo-PBI could not be separated by chromatography, but 1,7-regioisomer can be
isolated by repetitive recrystallization method, albeit in low yield (~ 20-25 %). Actually, presence of regioisomers
can only be detected by > 400 MHz '"H NMR at this stage.!"**! In this Thesis and in all the relevant publications,

dibromo-PBI 9 was used as a mixture of regioisomers and final products were isolated as individual regioisomers.

Table 4.2. Optimization of the borylation reaction conditions of dibromo-PBI 9.

Entry Base Solvent Borylating agent T Time Product Product  Yield"”
[°C] (h] Al Bl (%]
1 Et;N/KOAc  DMSO  bis(pinacolato)diboron/pinacolborane ~ 80/90/100  6-12 major trace 0
2Lb-c] Et;N/KOAc  dioxane  bis(pinacolato)diboron/pinacolborane 90/100 6-12 major trace 0
3ol Et;N/KOAc THF bis(pinacolato)diboron/pinacolborane 90/100 6-12 major trace 0

4 Et;N/KOAc  toluene  bis(pinacolato)diboron/pinacolborane 90/100 6-24 major minor 10-16

5l KOAc toluene bis(pinacolato)diboron 110 7 major minor 36
6 KOAc toluene bis(pinacolato)diboron 125 12 minor major 44
7t NaOAc toluene bis(pinacolato)diboron 125 12 minor major 57
glel NaOAc toluene bis(pinacolato)diboron 125 6 minor major 70

[a] All the reactions were performed with 8 mol % of catalyst under Ar atmosphere, [b] Pd[(PPh;),] as catalyst, [c]
PdCly(dppf) CH,Cl, as catalyst, [d] Product A was a mixture of unreacted starting material, monopinacolborane-PBI,

debrominated-PBI, PBI-dimer, Pd-PBI complex etc. [e] Product B is compound 11, [f] Isolated yield of 11.

The bay region borylation of perylene bisimide is very challenging due to: (i) strong steric crowding in the bay
region; (ii) the presence of many side products; (iii) difficult chromatographic purification of these esters on silica
gel, plagued by the products sticking on the column; and (iv) stability of the product after repeated columns. After
systematic variation of different reaction parameters of the borylation reaction (Table 4.2), it was found that the use
of NaOACc as the base, bis(pinacolato)diboron as the borylating agent, toluene as solvent, and PdCl,(dppf)-CH,Cl, as
a catalyst at 125 °C, 6 h reaction time, and neutral alumina columns for purification gave the target
bispinacolborane-PBI 11 with a yield up to 70 %. This reaction condition seemed to suppress most of the side
reactions and produced the simplest columns. Unfortunately, the individual regioisomers, 1,7- and 1,6- could not be
separated by chromatographic methods.

The bispinacolborane-PBI 11 was unambiguously characterized by 'H NMR and HRMS methods. The 'H NMR
spectrum (Figure 4.2) exhibited two sets of signals with different intensities in the aromatic region between ¢ = 8.2-
8.9 ppm, indicating the presence of 1,7- and 1,6- regioisomers. In addition, two well-resolved singlets at 6 = 8.87

and 8.85 ppm and four doublets at J = 8.63, 8.60, 8.32 and 8.27 ppm, which originate from the 2-, 5-, 8-, and 11-
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perylene backbone protons, were observed. The integration of the set of singlets and the doublets revealed that 1,7-

and 1,6-regioisomers were present in a ratio of 2:1.
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Figure 4.2. "H NMR spectrum (6 = 8.0 - 9.3 ppm) of bispinacolborane-PBI 11.

To demonstrate the synthetic potential of newly synthesized bispinacolborane-PBI, the compounds were used in two
Suzuki coupling reactions: substrates with an ED group (i.e. bromo-benzene) and with an EW group (i.e. 4-

nitrobromo-benzene). These reactions produced diaryl-PBIs in high yields in both cases.

4.1.4 Perylene bisimide derivatives

The work conducted on HBT derivatives shows that it was possible to manipulate the molecular energy levels and
thus, the electronic and optical properties of a molecule by attaching suitable aryl groups to the chromophore. As
described in the Chapter 3.1.2, bay substitution is needed for effective modification of molecular energy levels of
perylene bisimides. Therefore, a series of bis-substituted PBIs with ED/EW aryls were synthesized at the bay region

of perylene. The structures of the synthesized compounds are shown in Scheme 4.6.
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Scheme 4.6. Structures of synthesized 1,7- and 1,6-diaryl-PBIs 12-17.
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4 Results and discussion

The Suzuki coupling reaction was used to attach aryl groups to the perylene core. Moreover, individual
regioisomers, 1,7- and 1,6-regioisomer were isolated from the regioisomeric mixture by conventional
chromatography. The isolated compounds were studied by means of spectroscopic and electrochemical methods.
These results have been published in publication I'V.

As EW aryl-pinacolboranes are less readily available and difficult to synthesize, two different pathways were
devised to synthesize diaryl-PBIs. Scheme 4.7 was used for ED aryls, and Scheme 4.8 was used for EW aryls. The
synthesis of dibromo-PBI 9 was carried out by the method described in Chapter 4.1.3 and used as a regioisomeric
mixture. Pd’ catalyzed Suzuki coupling between aryl-pinacolborane and dibromo-PBI 9 in a toluene/water biphasic
system produced diaryl-PBIs 12-14 in 75-80 % yields.
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Scheme 4.7. Suzuki coupling of dibromo-PBI 9.

The regioisomers 1,7- and 1,6- were separated by normal phase silica gel (silica 60) column chromatography in very
slow running condition, normally for 2-3 days. Three separate fractions were generally collected, the first one and
the last one containing pure regioisomers and the middle one a mixture of the two. The individual regioisomers were
unambiguously characterized by 300 MHz 'H NMR spectroscopy. Both the regioisomers produce one singlet, and
two doublets for the perylene core protons, exhibiting small (< 0.2 ppm) but significant difference in the chemical
shift values. However, unequivocal assignments of individual regioisomers were performed on the basis of
methylene protons in a-position to imide groups, appearing at ~ 4.2 ppm. Because of the identical nature of four
methylene protons, 1,7-regioisomer produced one clear triplet, whereas 1,6-regioisomer generally produced two
distinct triplets (Figure 4.3 and 4.4 for Ph-PBI 12 pair). In this way, an unambiguous characterization of

regioisomers has been done solely on the basis of "H NMR.
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Figure 4.3. Chemical shifts of 1,7- and 1,6-regioisomers of Ph-PBI 12.
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Figure 4.4. '"H NMR spectra of 1,7- and 1,6-regioisomers of Ph-PBI 12.

The syntheses of the EW diaryl-PBIs 15-17 were done by Suzuki coupling reaction between bispinacolborane-PBI

11 and aryl bromides. The synthesis of bispinacolborane-PBI 11 was described in the previous section 4.1.3. The

individual regioisomer separation and characterization were done by similar methods as described for the ED diaryl-

PBIs. Even after repeated attempts, the synthesis of PFP-PBI 17 was unsuccessful, presumably due to strong steric

interaction between the pentafluoro phenyl group and perylene bay protons (Scheme 4.9). Unexpectedly, mono-

PFP-PBI 18 was always isolated in high yields. The '"H NMR of PBI 18 is shown in Figure 4.5.

35



4 Results and discussion
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Scheme 4.8. Suzuki coupling of bispinacolborane-PBI 11.

Scheme 4.9. Schematic diagram depicting strong steric interactions in PFP-PBI 17.
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Figure 4.5. "H NMR spectrum of mono-PFP-PBI 18.

4.1.5 Benzothiazole-perylene bisimide dyads

The syntheses of HBT-PBI 20a and 20b were done according to the scheme presented in Scheme 4.10. All the
synthetic knowledge acquired for the publications, I, Il and IV was used to synthesize the dyads.
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Scheme 4.10. Synthetic route to HBT-PBI dyads 20a and 20b.

The HBT-PBI dyads 20 can be assembled by a Pd” catalyzed Suzuki coupling between dibromo-PBI 9 and benzyl-
protected HBT-pinacolborane 4, followed by benzyl deprotection. The individual regioisomers were then separated
by silica gel column chromatography using chloroform/hexane, 3:1 as an eluent.

The regioisomers were unambiguously characterized by 'H NMR and HRMS methods. The unequivocal
assignments of individual regioisomers were performed on the basis of the signal of methylene protons (in
a-position to the imide group) which appear at ~ 4.2 ppm (similar to the method described in Chapter 4.1.4). For the
1,7-regioisomer, the methylene protons are equivalent and appeared as one triplet, whereas 1,6-regioisomer
produced two distinct triplets for the same two methylene groups (Figure 4.6). The presence of bulky HBTs in the

bay region of perylene seems to facilitate the separation of the regioisomers. These are unpublished results.

37



4 Results and discussion
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Figure 4.6. "H NMR spectra of 1,7- and 1,6-regioisomers of HBT-PBI dyads 20.

4.2 Spectroscopic studies

Steady-state absorption and emission measurements of all the synthesized derivatives were done to visualize the
effect of various substituents in comparison to the parent compounds. The spectroscopic results were part of all the

manuscripts involved in this Thesis.

4.2.1 Zinc(benzothiazole) complexes
Steady-state absorption and emission spectra of all the zinc(benzothiazole) complexes were measured in chloroform
and the spectroscopic parameters are presented in Table 4.3. The fluorescence quantum yields @ were determined

by using quinine sulphate (in 0.1 N H,SO,, quantum yield = 0.55) as a standard.""**) The emission spectra of the

complexes 1a-d are shown in Figure 4.7.
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Table 4.3. Summarized spectroscopic parameters of the complexes 1a-d.

Complex  Apax e Ar Dy
[nm] [mol'em™] [nm]

Znb, 346 1.3x 10° 534  0.132

1a 337 3.1x 10 505 0.194

1b 341 2.9x 10 509 0.213

lc 356 1.7x10° 556  0.111

1d 364 1.9x 10* 583 0.076

For the Znb, complexes bearing the EW groups 1a-b, the n-n* absorption maximum hypsochromically shifted by 5-

9 nm, whereas for the complexes with the ED group 1c¢-d, the absorption maximum bathochromically shifted by 10-

18 nm, compared to the parent Znb, complex. A similar effect can be observed for the emission maximum of the

Znb, complexes. The emission maximum shows a considerable hypsochromic shift of 25-29 nm for the complexes

1a-b, while bathochromic shifts of 22-49 nm were observed for the complexes 1¢-d, compared to the parent Znb,

complex.
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Figure 4.7. Emission spectra of the complexes 1a-d and Znb, in chloroform.

From the photophysical data obtained from spectroscopic measurements of the Znb, complexes 1a-d, a remarkable

correlation between the photophysical properties and the electronic nature of the attached substituents was observed.

It can be clearly seen that both the absorption and the emission shift systematically from blue to red depending on

the electronic nature of the aryl groups. This indicates that the participation of inductive effects and reduction in the

contribution from the mesomeric effect from the aryl substituents. These results were reported in publication I.
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4 Results and discussion

4.2.2 Perylene bisimide derivatives

All the synthesized PBIs have a high molar extinction coefficient in the solar spectrum and are green (DMA-PBI 13)
to red (Ph-PBI 12) in color depending upon the attached aryl groups. The spectroscopic parameters are presented in
Table 4.4. All the solution measurements were done in 1-2 uM chloroform solution to prevent strong perylene n-w
aggregation. All the PBIs show a strong m — n* (S, — S;) absorption band with a weaker Sy — S, shoulder band. In
comparison to the parent-PBI (dioctyl-PBI, entry 1), all the PBIs show a significant bathochromic shift of 13-125
nm along with considerable band broadening. These results could be attributed to the EW/ED inductive effect of the
aryl-moieties on the perylene core and the steric core-twisting of perylene. The negative inductive effect of the 4-
nitrophenyl or 4-cyanophenyl units on compound 15-16 results in a small bathochromic shift in their absorption
spectra compared to other PBI derivatives. Moreover, all the regioisomeric pairs also show small but noticeable
variations in the absorption spectra (Figure 4.8, for example). The molar extinction coefficient of the 1,6-

regioisomer was also found to be lower than that of the 1,7-regioisomer of the same pair.

Table 4.4. Summarized spectroscopic parameters of the PBI derivatives 12-16.

Compound Amax £ e [ T
[nm] [mol'em™] [nm] [ns]
dioctyl-PBI 525 78600 535 1 4.32
12a (Ph) 555 42200 609 0.61 7.25
12b (Ph) 551 35400 617 056 6.82

13a (DMA) 481,647  38100,22000 - - -

13b (DMA) 470,631 29400, 17300 - - -

14a (DTB) 561 31700 634 037 8.26
14b (DTB) 557 26600 641 035 7.53
15a (NB) 544 33300 586 048 6.32
15b (NB) 538 31900 592 043 6.14
16a (BN) 546 31600 591 046 6.21
16b (BN) 541 33800 600 049 6.53
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Figure 4.8. Absorption spectra of Ph-PBI 12 pair in chloroform.

All the synthesized derivatives except the DMA-PBI 13 pair are highly emissive and exhibit a broad emission
profile in the 550-800 nm range and also have high fluorescence quantum yields @r in the range of 0.35-0.61. The
fluorescence quantum yields @ were determined using fluorescein (solution in 0.1 N NaOH, quantum yield = 0.92)
as a standard.""*> Emission profiles of all the PBI appear to be a mirror image of the absorption spectra with a Stokes
shift of ~ 60 nm. Similar to the absorption profiles, all the regioisomeric pairs have slightly different emission
spectra (Figure 4.9, for example). For 1,7-Ph-PBI 12a the emission maxima is 609 nm and for 1,6-Ph-PBI 12b is
617 nm.
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Figure 4.9. Emission spectra of Ph-PBI 12 pair in chloroform.

For the fluorescence lifetime measurements, the solutions of all the PBIs were excited at 483 nm and emission time
profiles were collected at corresponding emission maximum. All PBIs show mainly mono-exponential decay with
life-times (7) of 6-9 ns. Fastest fluorescence decay was observed for PBI with the EW aryls (for 14b, 7 = 6.14 ns),
whereas PBI with ED aryl showed the slowest decay (for 13a, 7 = 8.26 ns). These results have been reported in
publication IV.
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4 Results and discussion

4.2.3 Benzothiazole-perylene bisimide dyads

The absorption spectra of the dyads and the model compounds, ref-HBT and ref-PBI (in chloroform) are shown in
Figure 4.10 and the structure of the reference compounds in Figure 4.11. Structure of the dyads can be found in

Scheme 4.10. The summarized spectroscopic parameters are presented in Table 4.5.
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Figure 4.10. Absorption spectra of dyads, ref-HBT and ref-PBIs in chloroform.
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Figure 4.11. Structures of ref-PBIs and ref-HBT.

HBT strongly absorbs at wavelengths lower than 400 nm and has an absorption maximum at 341 nm. For the ref-
PBIs, they exhibit absorption maxima at 555 nm and 551 nm for 12a and 12b, respectively. In the HBT-PBI dyads,
these absorption bands are bathochromically shifted, indicating substantial ground-state electronic interactions
between HBT and PBI moieties. For 20a, absorption maxima appeared at 354 and 575 nm and for 20b, absorption

maxima appeared at 352 and 566 nm.

42



Table 4.5. Summarized spectroscopic parameters of the HBT-PBI dyads and the reference compounds in

chloroform.
Compound Amax e e 7l 2 3
[nm] [mol'em™] [nm] [ns] [ns] [ns]
HBT 341 19700 518 0.18™
12a 555 42200 609 7.250
12b 551 35400 617 6.82M"
20a 354, 26600, 658 0.30! 1.541 3.591
575 20200 (45%), (54%), (1%),
0.13" 0.92™! 2.43M
(43%) (37%) (20%)
20b 352, 33900, 666 0.63" 2.47%
566 23900 (38%), (62%),
0.16" 1.28"
(47%) (53%),

[a] Aex= 340 nm, [b] Aex = 483 nm.

The fluorescence emission spectra of the dyads and ref-compounds in chloroform are shown in Figure 4.12. Ref-

HBT shows an emission maximum at 518 nm and in case of the dyads, 20a has emission maxima at 658 nm and 20b

at 666 nm. In the case of the dyads, the emission of HBT moiety is totally quenched. The possible mechanisms of

efficient quenching of HBT emission might be due to electron and/or energy transfer to the PBI unit.

For the fluorescence life-time measurements, of all the compounds were measured by excitation wavelengths of

340 and 483 nm and emission profiles were collected at 650 nm. Ref-HBT shows mono-exponential decay with a

life-time of 0.18 ns, whereas ref-PBIs also show mono-exponential life-times of 7.25 ns and 6.82 ns for 12a and

12b, respectively. The dyads show multi-exponential decays with reduced life-time of the PBI moiety of the dyad.

These results are unpublished.

Figure 4.12. Emission spectra of dyads, ref-HBT and ref-PBIs in chloroform.
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4 Results and discussion

4.3 Electrochemical studies

Solution electrochemistry methods are known to provide insights into electron-transfer reactions in the condensed

phase.

4.3.1 Zinc(benzothiazole) complexes

The DPV of Znb, complexes in solution is characterized by irreversible single oxidation and reduction processes. In
order to achieve better understanding of the effect of EW/ED aryl groups on the parent Znb,, electrochemical
measurements are invaluable. The main motivation, however, was to estimate the individual HOMO and LUMO
energy levels, not the energy gap of the complexes. HOMO-LUMO energy gaps were calculated from the DPV data
by calibrating the scale of reference to the Fermi level. The summarized electrochemical data are presented in Table
4.6.

Table 4.6. Summarized electrochemical of Znb, complexes.

Complex Eo\ E.eq HOMO-LUMO

[Vl VI [eV]
Znb, 0.90 -1.93 2.83
la 116 -1.87 3.03
1b 112 -1.88 3.00
Ic 0.83  -1.93 2.76
1d 0.56  -1.94 2.50

Interestingly, the reduction process for all the complexes was observed to remain constant at ~ -1.9 V, whereas the
oxidation process took place in the 0.56-1.16 V range. It is clear from the data that the oxidation process becomes
difficult for Znb, complexes with EW aryls, in accordance with the expected behavior of the more electron-deficient
systems. Moreover, it was expected that aryl attachment might affect both the HOMO and LUMO energy levels, but
the LUMO energy levels (or E.q) were observed to be largely unaffected throughout the series (Figure 4.13). These

data have been presented in publication I.
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Figure 4.13. HOMO-LUMO energy levels of Znb, complexes.

-3.04
-3.5:
.4_0_-
45
50
.5,5_-

-6.0 4

Znb,

LUMO

4.3.2 Perylene bisimide derivatives

1a

1b

1c

1d

HOMO

The electrochemical properties of all diaryl-PBIs were determined by the DPV method in benzonitrile containing

0.1M TBABF, as a supporting electrolyte. As the PBIs are generally considered as n-type organic semiconductors,

i.e. electron acceptors, hence, only the measured reduction potentials and calculated HOMO and LUMO energy

levels (details in Chapter 3.4) are shown in Table 4.7. All the PBIs undergo successive reversible reductions to

corresponding radical anions and dianions. The reduction potentials of all the PBI derivatives are comparable to the

parent PBI (dioctyl-PBI, E}..q=-1.02 V). The reduction potentials can be directly correlated to the electronic nature

of the aryl (ED/EW) groups attached to the perylene bay region.

Table 4.7. Summarized electrochemical of PBI derivatives.

Compound E\ed Ered HOMO LUMO E™,

[V] [V] [eV] [eV] [eV]
dioctyl-PBI -1.02 -1.23 -6.12 -3.78 2.36
12a (Ph) -1.08 -1.28 -5.99 -3.72 2.33
12b (Ph) 01 -132 595 369 225
13a (DMA) -1.15 -1.35 -5.56 -3.65 1.91
13b (DMA) -1.13 -1.33 -5.63 -3.67 1.96
14a (DTB) -1.12 -1.32 -5.89 -3.68 2.21
14b (DTB) -1.14 -1.35 -5.88 -3.66 2.22
15a (NB) -0.91 -1.18 -6.16 -3.89 2.27
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4 Results and discussion

15b (NB) -0.94 -1.20 -6.16 -3.86 2.30
16a (BN) -0.94 -1.19 -6.12 -3.86 2.26
16b (BN) -0.96 -1.21 -6.13 -3.84 2.29

The reduction potentials of ED diaryl-PBIs are higher (£.q=-1.16 V for 13a) than those of EW diaryl-PBIs (E}q=
-0.91 V for 15a). Their lees negative reduction potentials mean that they are behaving as strong electron acceptors.
The systematic variations of the reduction potentials indicate the strong inductive influence of ED/EW aryl groups
on PBIs. It is also evident that all the corresponding regioisomeric pair has slightly different reduction potentials,
which suggests that this property can be accentuated when designing materials for optical devices. The calculated

HOMO energy levels are in the range of -6.16 to -5.55 eV and LUMO energy levels are -3.89 to -3.64 eV (Figure
4.14). These data have been reported in publication I'V.
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Figure 4.14. HOMO-LUMO energy levels of PBI derivatives.

4.4 Photocurrent experiments

The synthesized Znb, complexes 1a-d were used as an anode buffer layer in P3HT/PCBM blend based inverted
OSCs. The use of Znb, complexes proved to be important both in terms of improved device performance and long-

term device stability in ambient air conditions. All the photocurrent measurements can be found in publication IL
4.4.1 Influence of buffer layer on organic solar cell performance

Summarized current-voltage (J-V) parameters of the prepared devices under white-illumination with an intensity 50
mW cm” are shown in Table 4.8 and the J-V characteristics in Figure 4.15. In the prepared devices, both the

electrodes work-functions have been modified by introduction of ZnO on the ITO cathode and Znb, complexes on
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Figure 4.15. J-V characteristics for the studied devices with different buffer layers.

the Au anode side, respectively. This favors electron transport from Au (-5.1 eV) towards ITO (-4.7 eV). Moreover,

the ZnO layer used as HBL in the inverted OSC devices ** ®! and the Au anode improved device stability.!'**! By

comparing the photovoltaic parameters of the devices containing no buffer layer or Alq; with Znb, complexes as a

buffer layer, it is clear that the introduction of Znb, buffer layers are beneficial to the improved device performance.

In all the examples, J;. was improved by 14-33 % and n were improved by 14-41 % when switching from Alqs to

Znb, buffer layer devices. In the prepared devices, the Znb, buffer layers seem to be playing multiple roles as: (i)

hole-transporting layer; (ii) exciton blocking layer; (iii) modifier of Au work-function; and (iv) encapsulation of the

finished devices.

Table 4.8. Summary of the photovoltaic parameters (measured one day after the Au evaporation) for devices

containing different buffer layers.

Sample  Buffer layer  Ji, [mA/cm?] [l\]‘]’i FF 7 [%]
1 no buffer 3.57 0.47 0.55 2.08
2 Algs 4.45 0.49 0.59 2.77
3 Znb, 5.05 0.52 0.60 3.14
4 la 5.03 0.54 0.61 3.33
5 1b 5.13 0.53 0.60 3.30
6 1c 5.01 0.53 0.61 3.26
7 1d 5.22 0.55 0.64 3.55
8 1d|Alqs 5.02 0.52 0.61 3.31
9 Algs|1d 5.87 0.53 0.62 3.90
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4 Results and discussion

The energy-level diagram illustrating the molecular energy levels of active layers, together with electrode work-
functions are presented in Figure 4.16.°% %1 Of all the Znb, complexes, 1d works best in OSC devices (entry 7), as
the HOMO energy level of 1d (-5.36 ¢V) has a negligible difference, both with the HOMO level of P3HT (-5.2 eV)
and the Au work-function (-5.1 eV) which favors efficient hole movement towards the Au anode, resulting in
improved Ji. up to 5.22 mA em?, Uy, of 0.55 V and FF of 0.64. Moreover, the introduction of double buffer layer
“Algs|1d” (entry 9) increased the Ji further up to 5.87 mA cm™, producing an # of 3.90 %.
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Figure 4.16. Energy-level diagram illustrating the HOMO-LUMO energy levels of the active materials and the

work-function of the electrodes.
4.4.2 Stability of organic solar cells

The stability of the prepared devices was tested for a total period of 245 days, and different photovoltaic parameters
calculated from the J-V curved were plotted as a function of time (expressed in days), as shown in Figure 4.17. As
the individual photovoltaic parameters describe how the photovoltaic device converts incident photons into
electricity, one can get a clearer picture of the device degradation by plotting those parameters against function of

time. All the photovoltaic parameters were normalized to their initial value.
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Figure 4.17. Normalized photovoltaic parameters plotted as a function of time (in days) for the device containing

Algs (a) and 1d (b) as buffer layer.

By comparing the device containing the Alq; buffer layer with the 1d derivative buffer layer, it is evident that Znb,
buffer layers not only prevent the long-term device degradation, but also improve the device performance on short-
terms basis (for 1d, 7 improved up to 138 % after 35 days). The improved device stability is presumably due to
better encapsulation of the active layers (P3HT/PCBM) from water vapor or oxygen in the atmosphere, which
generally have a detrimental effect on the device stability.”® The reproducibility of the described degradation trends

was verified by investigating several devices with an identical structure.

4.5 Future perspectives

The results achieved with this work provide a relevant step towards the realization of thin film solar cells. OSCs
have an unlimited number of potential applications because of their possibility of being thin, flexible, and cheap.
The first attempts to build devices for electricity generation can pave the way for the development of thin film OSC
devices. Moreover, initial studies show that it is possible to fabricate OSCs with lifetimes of almost one year or
more. Nevertheless, few issues are still left open, mainly concerning the performance of the fabricated photovoltaic
devices.

The highest power conversion efficiency presented in this work was 390 % for an
ITO|ZnO[P3HT/PCBM|Alq;|1d|Au cell.™ The efficiency value lies in the average range of performance typically
obtained for polymer/PCBM blend based BHJs. It should be mentioned that the main aim of the study is to offer a
novel buffer layer for inverted OSC devices with an improved device lifetime without encapsulation. The main
weaknesses of the investigated OSC come from the fact that: (i) P3HT absorbs only in 400-600 nm spectral range,
which is not ideal for making highly efficient OSCs; and (ii) low total absorption (absorbance ~ 0.7) of OSCs.
Hence, for high-performing OSC, we required to have: (i) broad and strong absorption band for active materials in
visible and NIR region to match solar spectrum; (ii) relatively low-lying polymer HOMO level; and (iii) high charge

carrier mobility for both polymer and acceptor.
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5 Conclusions

The main results of this Thesis are summarized as follows:

1. The synthesis, spectroscopic and electrochemical measurements of a series of 5-substituted Znb, complexes with
EW/ED aryl group was studied. Two separate pathways based on Suzuki coupling were devised to carry out the
synthesis of complexes of a diverse electronic nature in a simple and efficient fashion. Moreover, standardization of
the reaction conditions of both the borylation of protected-HBT and the Suzuki coupling reactions were done
systematically.

From the optical studies, it was shown that EW/ED substituents exert a systematic tuning effect on the Znb,
complexes. Complexes bearing EW groups show hypsochromic shifts in both the absorption and emission spectra,
whereas complexes bearing ED groups show bathochromic shifts. Moreover, from the calculated molecular energy
levels, it was demonstrated that the HOMO levels were effectively manipulated, while the LUMO levels were

largely unaffected for all the synthesized complexes (results from Chapter 4.1.1, 4.1.2,4.2.1 and 4.3.1).

2. The synthesized Znb, complexes were successfully used as an anode buffer layer in P3HT/PCBM blend based
inverted OSC devices. The performance and lifetime of the devices were compared with the devices containing Alq;
buffer layer or no buffer layer. The power conversion efficiency was improved up to 30 % for single buffer layer 1d
and up to 40 % with the double buffer layer Alq;|1d. The improved performance correlates with the better alignment
of the HOMO levels of Znb, complexes both with the HOMO of P3HT and Au work-function.

The stability of the devices was studies in a time frame of 245 days. Even though, from fabrication to storage, the
devices were handled in the open atmosphere without any encapsulation, the stability of the devices was excellent

compared to Alq; buffer layer solar cells (results from Chapter 4.4).

3. Bispinacolborane-PBIs were synthesized in high yield. The use of mild base, a non-polar solvent, and a high
reaction temperature proved to be essential for the successful synthesis, as they prevent numerous side reactions.
Moreover, two successful Suzuki couplings of the bispinacolborane-PBI demonstrated the applicability of the newly

synthesized target compound (results from Chapter 4.1.3).

51



5 Conclusions

4. A series of diaryl-substituted-PBIs bearing ED/ED groups were synthesized via the Suzuki coupling reaction. The
two individual regioisomers, 1,7- and 1,6- were isolated via conventional silica gel column chromatography without
any recrystallization. The individual regioisomers were unambiguously characterized by 300MHz '"H NMR via
pattern of a-imide protons.

All the PBIs were studied extensively by spectroscopic and electrochemical methods. The opto-electrochemical
properties of 1,7- and 1,6- regioisomers of a particular pair were found to be little different from each other.
Moreover, the optical and electrochemical properties of PBI derivatives varied systematically in accordance with the

electronic nature of the attached aryl groups (results from Chapter 4.1.4, 4.2.2 and 4.3.2).

5. The synthesis of the HBT-PBI dyads was done via a simple yet efficient Suzuki coupling reaction. The 1,7- and
1,6-regioisomers were separated by conventional column chromatography. Initial spectroscopic studies indicate that
there might be energy and/or electron transfer from the HBT moiety to the perylene (results from Chapter 4.1.5 and
4.2.3).
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