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ABSTRACT

The continuous increase in energy consumption and decrease in fossil fuels reserves are a primary
concern worldwide; especially for South Africa. Therefore, there is an urgent need for alternative
energy resources that will be sustainable, and environmentally friendly in order to tackle the
ecological degradation generated by the use of fossil fuels. Among many energy ‘niches’, solar
energy appears to be one of the most promising and reliable for the African continent because of
the constant availability of sun light. Organic conjugated polymers have been identified as suitable
materials to ensure proper design and fabrication of flexible, easy to process and cost-effective
solar cells. Their tendency to exhibit good semiconducting properties and their capability to absorb
photons from the sunlight and convert it into electrical energy are important features that justify
their use in organic photovoltaic cells. Many different polymers have been investigated as either
electron donating or electron accepting materials. Among them, poly(3-hexylthiophene) is one of
the best electron donor materials that have been used in organic photovoltaic cells. It is a good
light absorber and its Highest Occupied Molecular Orbital (HOMO) energy level is suitable to
allow electron transfer into an appropriate electron acceptor. On the other hand, the molecular
ordering found in dendrimers attracted some interest in the field of photovoltaics as this feature
can ensure a constant flow of charges. In this work, I hereby report for the first time, the chemical
synthesis of a highly crystalline dendritic star copolymer generation 1 poly(propylene
thiophenoimine)-co-poly(3-hexylthiophene) (G1PPT-co-P3HT) with high molecular weight and
investigate its application as donating material in bulk heterojunction organic photovoltaics. The

crystalline nature of this macromolecule was conferred by 84 % regioregularity found in the



extended conjugation of poly(3-hexylthiophene). The star polymer exhibited good absorption
properties with an optical energy band gap as low as 1.43 eV, which is in the spectral range for an
ideal light absorber. The requirement that a donor material should have its highest occupied
molecular orbital, HOMO below the air-oxidation energy level was also achieved by the star-
copolymer whose HOMO energy level is found to be -5.53 eV. G1PPT-co-P3HT with particle size
of less than 90 nm also demonstrated good semiconducting properties with phase degree slightly
above 74; and good electron donating properties characterized by photo-induced intermolecular
charge transfer to the acceptor copolymer, poly[N,N-bis(dodecyl)perylene-3,4,9,10-
tetracarboxylic diimide-1,7-diyl-alt-9-(heptadecan-9-yl)carbazole-2,7-diyl] (PDI-co-Carbazole).
Such property was exhibited when G1PPT-co-P3HT was blended in bulk heterojunction systems
with this electron accepting, perylene-based copolymer through photoluminescence quenching.
The acceptor was prepared by Suzuki coupling and also demonstrated good absorption and
semiconducting properties. Even though, the two materials. demonstrated good features toward
photovoltaic application, the device characteristics of their bulk heterojunction active layer
G1PPT-co-P3HT:PDI-co-Carbazole (2:1) were very poor with an open-circuit voltage Voc below
10 mV and a short-circuit current Jsc in the microampere range. Forster resonance energy transfer,
as observed from the donor emission and acceptor absorption spectral overlap and suggested to be
accompanied by non-radiative charge carriers’ recombination, is one of the main factors that led
to such poor performances. Also, defects that act as traps, observed in their molecular structure as

seen on their HRSEM images aided in these charge carriers’ recombination.



Because charge transport constitutes an important step in the photovoltaic process, in the course
of this work, the hole mobilities of a series of thienothiadiazole/fluorene-based copolymers were
also investigated. The results obtained demonstrate that the extent of hole transport is strongly
associated with the type of alkyl chains used as substituents - straight or branched, the molecular
weight and the dispersity of the copolymers. Saturated hole mobility, psa, as highas 2.4 x 1072
cm?/Vs was obtained from the longer, straight dodecyl substituent on the thienothiadiazole

component.
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CHAPTER ONE

Conjugated polymers at the rescue of energy shortage

1.1 Background

Over the past decades, conjugated polymers have attracted an increasing amount of attention
mainly because they have demonstrated outstanding properties towards soft, processable, easy-to-
manufacture, stretchable, large-area and cheaper electronic devices'? for applications in areas such
as organic field-effect transistors (OFETs)?* and organic photovoltaic cells (OPVs)>® (Figure 1.1
shows their characteristic device images). This is possible, thanks to the conjugated electronic and
polymeric structures of the polymers, resulting in semiconducting properties with good solution
processability, mechanical properties and thermal stability.>*° In order to afford new conjugated
polymers with excellent photoelectrical properties, appropriate design and synthesis of the
macromolecules with different architectures and functional moieties are crucial.! Among
conjugated polymers, polymers consisting of alternating electron donor (D) and electron acceptor
(A),>1° known as D—A conjugated polymers and low-band gap polymers have been extensively

investigated recently. Indeed, varying the electron donating or electron withdrawing component in
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these conjugated polymers results in the effective tunability of the electronic absorptions; highest
occupied molecular orbital/lowest unoccupied molecular orbital (HOMO/LUMO) energies, and
band gap energy, Eg; inter-chain interactions and thin-film morphologies of these conjugated
polymers!2-19 which in turn, has an impact on the semiconductors performances. As such, n-type,
p-type or even ambipolar polymeric semiconductors with high charge carrier mobilities have been

designed and prepared based on D—A and low band-gap conjugated polymers.20-23

Conjugated
polymers

Figure 1.1 Applications of conjugated polymers in electronics and photonics
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1.2 Problem statement: the world facing an energy shortage crisis

Leaving in a more industrialized and digitalized era where there is an unceasingly growing demand
for energy and more developed electronics, the world is in need of alternative sustainable
solutions.?* Especially when considering that over the past centuries, the world energy
consumption has been majorly based on fossil fuels — this term refers to a group of energy sources
consisting of oil, coal and natural gas- whose usage has exponentially increased with the growing
world population.?® Fossil fuels are not renewable, and as such it is expected that the world will
reach a point at which their reserves will be completely depleted. Shafiee and Topal, for instance,
in the report of their investigation published in 2009, demonstrated that the fossil fuels predicted
complete depletion time is 35, 107 and 37 years for oil, coal and gas, respectively.?® The other
disadvantage of the use of these energy resources is their environmental impact that include the
degradation of the sea fauna and flora and the destruction of the ozone layer. Thus, the indisputable
urgent need to look for alternative environmental friendly, clean and renewable sources of
energy.?” Over the past decennia, a lot of research has been conducted to develop and/or improve
new energy carriers such as biomass, biofuel, wind energy, hydrothermal power and solar energy
as potentially good replacements for fossil fuels.?”-?® Among all these renewable energy sources,
solar energy has captured much more interest compared to other energy sources. Indeed, besides
its renewability and ecological advantages, the continuous irradiation of sunlight throughout the
year and almost all over the earth justifies such interest. For many years now, through constant

development and improvement of materials, solar energy has been able to contribute considerably
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to the decrease in fossil fuels dependency. Figure 1.2 shows the different energy sources arranged

in two main categories: renewable and non-renewable.

I Energy Sources I

. Renewable
lon-renewable
. -Biomass
-0 .
- Wind
- =Biofue
- as
o ~hydrotherma
- Loa - Solar

Figure 1.2 Types of energy sources

1.3 Rationale: Solar Cells, a field always developing, contribution of conjugated polymers

Even though the photovoltaic effect was discovered in 1839,%° it is only many years later that
practical photovoltaic power became a possibility. Indeed, the first group of solar cells as reported

by Chapman, Fuller, and Pearson was made of p-n junctions in crystalline Silicon (c-Si) with a
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typical conversion efficiency of about 6%.%° At that time, available literature also reported that c-
Si could only attain a maximum power conversion efficiency (PCE) of about 24%, which could
solely be achieved by highly pure materials.?® This use of Si as the unique solar cell material of
choice was due to its great features such as non-toxicity, abundance and availability — Si being the
element mostly present on earth, besides oxygen. As a quite new technology, Si-based solar panels
faced the challenge of extremely high cost. Nevertheless, developments during the 1950s and
1960s led to the application of silicon photovoltaic technology in areas going from satellites to
rooftops. And despite high cost issue, c-Si solar cells till to date remain the most efficient and
stable type of solar cells; thanks to the wide photons absorption over visible and infrared regions
and the high mobility of generated charge carriers.?® The disadvantages faced by these c-Si solar
panels are associated with the high fabrication cost of large-area c-Si wafers, faster rates of the
charge carriers’ recombination, and the loss as heat of an important amount of energy of high-
energy photons (with ultraviolet and blue wavelengths). These drawbacks led to the need for
developing new types of photovoltaic cells materials: the ‘second generation of solar cells’ that
englobes thin-film solar cells based on amorphous silicon (a-Si); quantum dots materials such as
cadmium telluride (CdTe) or copper indium gallium diselenide (CIGS), gallium-arsenide (GaAs);
and the Gratzel cells, generally referred to as Dye-sensitized solar cells (DSSC) based on the
sensitized absorption of nanocrystalline titanium dioxide (TiOz and other nanocrystalline
molecules.®*2 Although this second category of solar cells could afford thin-films being
fabricated on a big range of substrates, including flexible substrates and textiles, and a reduced

production cost; power conversion efficiency far lower than c-Si cells remains the main issue. This
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brought up the era of the ‘third generation of solar cells’: Organic photovoltaic cells denoted,

OPVs. Figure 1.3 summarizes the different types of solar cells.3

Solar cells

|
—

Organic Solar Cells

[ |
Non-Organic Hybrid
Solar Cells Solar Cells
1
[
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m Multicrystalline -
Silicon Solar Cells

|
g
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STERN 0
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Solar cells

Tandem

Solar Cells

I I ”-

Figure 1.3 Types of solar cells®

During the past four decades, an important effort has been put into developing organic solar cells

as they offer more sustainable advantages compared to silicon and other photovoltaic

https://etd.uwc.ac.za
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technologies.® This field began with the use of small organic molecules such as pigments; ¢’ and
with the development of semiconducting polymers which have been playing a big role in designing
OPVs with remarkable improvement. The great potential of organic semiconductors lies in their
ability to absorb light in the ultraviolet — visible (UV-Vis) region of the solar spectrum as a result
of the sp?-hybridization of their carbon atoms, and in their ability to transport electric current. An
important downfall of organic semiconducting materials over their inorganic counterparts is
generally the poor (lower order of magnitude) charge-carrier mobility in organic materials® which
in turn has a greater effect on OPVs’ design and efficiency. Nevertheless, their relatively strong
absorption coefficients (usually 10° cm™) partly balance the low mobility; therefore, giving rise to
high absorption even with thin devices with dimensions less than 100 nm*. Another important
difference to inorganic, crystalline semiconductors, is the quite small length of diffusion of primary
photoexcitations (referred to as excitons) compare to the rather amorphous and disordered
molecular structure found in organic materials.>® Being very important intermediates in the solar
energy conversion process, these excitons usually require strong electric fields to be separated into
free charge carriers - the final products of outermost importance for photovoltaic conversion. This
is because exciton binding energies usually exceed those of inorganic semiconductors.*® Such
features of organic semiconducting materials generally lead to devices with layer thicknesses of
the order of 100 nm. Most organic semiconductors are hole-conductors (electron donors or p-type
materials) and have their optical band gap around 2 eV, much higher than that of silicon; resulting
in the restriction of the harvesting of the solar spectrum to a great extent. Nonetheless, the chemical

flexibility allowing for modifications of organic semiconductors via synthetic methods; as well as
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the perspective of low cost, large-scale production drives the research in this field in academia and

industry.

The attractive features of organic photovoltaic cells can be summarized as below,*

flexible and semi-transparent,

. Can be manufactured via continuous printing process,
. printing on large surfaces,

. Ease to integrate in various devices

. Environmentally-friendly and cost-effective

1.4 Thesis statement

Conjugated polymers with low band gap energy and/or with alternating donor and acceptor are
extensively used for the design of flexible, low-cost and highly efficient optoelectronic and
photonic devices. Study of the charge carrier mobility of some thienothiadiazole/fluorene
copolymers and investigation of the power conversion efficiency of a novel dendritic bulk
heterojunction nanocomposite might bring a new insight into organic transistors and photovoltaic

fields.
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1.5 Research questions

The following research questions have been set in order to establish a guideline to efficiently

conduct this work.

e What is the effect of alkyl substitution on the charge transport properties of
thienothiadiazole-fluorene copolymers?

e Do parameters such as alkyl substitution, molecular weight, dispersity, temperature,
thickness affect the transport properties in-thienothiadiazole-fluorene copolymers?

e How do optical, photophysical and electronic properties determine the potential applicability
of Poly[N,N’-bis(dodecyl)perylene-3,4,9,10-tetracarboxylicdiimide-1,7-diyl-alt-9(heptad-
ecan-9-yl)carbazole-2,7-diyl] (PDI) copolymer as an electron acceptor in organic
photovoltaics?

e How do parameters such as molecular ordering, crystallinity and light absorption determine
the qualification of generation 1 poly(propylene thiopheneoime)-co-poly(3-hexylthiophene)
(G1PPT-co-P3HT) as a good donor material in organic photovoltaics?

e What are the photovoltaic properties exhibited by G1PPT-co-P3HT:PDI bulk heterojunction

systems and what is the morphology-performance relationship?
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1.6 Aim and objectives of the study

1.6.1 Aim of the study

Investigating the effects of alkyl substitution, molecular weight, dispersity, device thickness on the
charge carrier transport properties of thienothiadiazole-fluorene copolymers in organic field effect
transistors; preparing a novel bulk heterojunction nanocomposite system comprising poly
(propylene thiophenoimine) dendritic star copolymer and a perylene-based copolymer and

investigate its performance in organic photovoltaic cell.

1.6.2 Objectives of the study

The objectives of the study were to

1. investigate charge carrier mobilities in alkylated thienothiadazole-fluorene copolymers.

2. synthesize a conjugated D-A copolymer based on dodecyl perylene diimide and carbazole

via Suzuki coupling.

3. chemically prepare novel poly(propylene thiophenoimine) -co-poly(3-hexylthiophene) star

copolymer via oxidative condensation using FeCls.

10
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4. interrogate the spectroscopic, morphological, structural, electrochemical/electronic and

optical characteristics of the synthesized macromolecules.

5. understand the performance/structure - morphology relationship in the fabricated bulk

heterojunction devices.

1.7 Thesis Structure

The thesis is divided into eight chapters.

CHAPTER ONE gives the background, problem statement, rationale and motivation, research

questions, thesis statement, aims and objectives of the research as well as the thesis structure.

CHAPTER TWO presents a detailed review on conjugated polymers for organic photovoltaic
cells and organic field-effect transistors and parameters affecting charge transport properties and

photovoltaic performances.

11
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CHAPTER THREE gives details on the materials used, describes the major reaction processes
employed for monomer preparation and functionalization; and synthesis of the copolymers; the

general experimental procedures, and a detailed methodology of the research.

CHAPTER FOUR presents the results on the hole mobilities of copolymers based on 4,6-bis(3’-
alkylthien-2’-yl)thieno[3,4-c][1,2,5]thiadiazole and 9,9-dioctylfluorene with different alkyl

substitutions.

CHAPTER FIVE elaborates on  the synthesis ~and characterization of Poly[N,N’-
bis(dodecyl)perylene-3,4,9,10-tetracarboxylic diimide-1,7-diyl-alt-9-(heptadecan-9-yl)carbazole-

2,7-diyl] (PDI-co-Carbzole).

CHAPTER SIX reports on the morphological, optical, photophysical and electrochemical
investigation of highly crystalline chemically prepared poly(propylene thiophenoimine)-co-

poly(3-hexylthiophene) star-copolymer (G1PPT-co-P3HT).

CHAPTER SEVEN discusses the intermolecular charge transfer, photoluminescence quenching
effects, photovoltaic properties and morphology-performance relationship of G1IPPT-co-P3HT /

PDI-co- Carbazole bulk heterojunction systems.

12
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CHAPTER EIGHT summarizes the findings of this work and gives recommendations for future

work.

13
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CHAPTER TWO

Parameters affecting conjugated polymers performances in organic field-effect transistors and

photovoltaic cells

Summary

The continuous depletion of fossil fuels and the environmental impact associated with their
exploitation and use have become a concern of iprimary importance over the years. If the
consumption of these non-renewable energy resources continues at the fast rate at which it is
nowadays, the world will face a major energy crisis in the years to come, worse than the situation
at present. This therefore calls for all parties, going from environmentalists to scientists through
policies makers and government members, to come up with ideas and methods on how to identify,
develop and implement new energy carriers. These energy carriers need to be easy to process, low-
cost, sustainable and most especially ecological-friendly. Among many, solar energy has been
identified as one of the most sustainable, as the earth surface is constantly illuminated by sunlight.
Solar technology has undergone a lot of phases in terms of development of appropriate materials

for solar cells with good power conversion efficiency, flexible and at affordable prices.
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‘Conjugated polymers’ falls within the category of materials that could efficiently fulfill such
requirements if properly designed; and a lot of work from scientists across different fields have
made possible not only to design new materials but to constantly improve them in order to achieve
increasing performances. D-A conjugated polymers consisting of alternating electron donating and
withdrawing repeating units constitute the best type of conjugated polymers due to their interesting
features. Many D-A copolymers based on monomers such as diketopyrrolopyrrole (DPP),
benzothiadiazole (BTZ), fluorene (F), carbazole (C), thiophene (T), perylene diimide (PDI) have
been prepared as n-type, p-type or ambipolar semiconductors and investigated for optoelectronic
and photovoltaic applications. This review aims at presenting some outstanding D-A copolymers
that have been recently investigated as organic field-effect transistors and in organic photovoltaic
cells, and discusses how parameters such as side-chain, molecular weight, interfacial layers and

morphology affect the performances of these devices.

2.1 Introduction

Solar energy has been identified as one of the ideal solutions to fulfill our needs regarding green
and renewable energy while saving our environment from pollution.> Among all materials that
have been involved in solar technology, conjugated polymers with electro-and photo-activity are
considered to constitute the most promising way to decrease the price of the energy generated by

solar cells. Different device architectures have been used for the fabrication of organic
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photovoltaic devices;>® of which the most efficient is the Bulk Heterojunction (BHJ), a blend of
donor p-type and acceptor n-type materials. The bulk heterojunction morphology is characterized
by bi-continuous three-dimensional interpenetrating network* (Figure 2.1) with donor-acceptor
phase separation at least in a 80-100 nm length scale range.® There exists four main steps
characterizing the photovoltaic process in BHJ (Figure 2.2): a) light absorption and excitation, b)
exciton formation and diffusion, c) exciton dissociation/ separation and d) charges transport and

collection at the electrodes.®

Figure 2.1 Conceptual morphology model of BHJ*
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Figure 2.2 Steps in the BHJ photovoltaic process®

Organic conductive materials were already in existence and being used in xerographic applications
(photocopiers)’; but it was not a breakthrough at the time. It is through a discovery by Alan Heeger,
Alan MacDiarmid, and Hideki Shirakawa in 1977 - for which a Noble prize in Chemistry was
awarded in 20008 - that organic semiconductors became popular. Indeed, they found that the
electrical conductivity of a semiconductor, namely polyacetylene, could be tuned to over 7 orders
of magnitude.® This is often regarded as the beginning of ‘organic electronics’. The electrical
conductivity in organic semiconductors results from conjugation characterized by the presence of
alternating single (c-bond) and double bonds (n-bond) between subsequent carbon atoms®®. As

such, in conjugated polymers, the delocalization is not restricted to two carbon atoms, but the -
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electrons are shared over the whole conjugated path. The band gap of a conjugated molecule is
relatively small as a result of this delocalization, and keeps decreasing with increasing conjugation
length.!* Still, the conjugated macromolecule will remain a semiconductor as Peierls distortion?13
inhibits the extinction of the band gap. Rapidly after this discovery, many researchers invested

themselves into developing and investigating more stable polymers.

These polymeric materials attracted more attention compared to inorganic semiconductors due to
their decreased cost of production, flexibility, easy processability, as well as the tunability of their
optical, physical and electronic properties*'*1’ through chemical engineering. These superior
properties therefore made them good advanced candidates for photonics and optoelectronics.'81°
Many classes of conjugated polymers, classified according to the structure of their conjugated
backbone, have been studied for optoelectronic device applications. These include: polyacetylene
(PA), poly(para-phenylene)s (PPPs), poly(para-phenylenesulfide)s (PPSs), polythiophenes (PTs),
polyaniline (PANI), poly(ethylenedioxythiophene) (PEDOT), polypyrroles (PPs), polycarbazoles
(PCs), polyfluorenes (PFs) (Table 2.1). Incorporation of side-chains on these polymers main chains
decreases their backbone rigidity while increasing the solubility; which in turn helps in the
preparation of films through inexpensive, facile, solution-based methods such as spin-coating®.
Variations observed in the photophysical and electrochemical properties of these polymers are also

attributed to these ramifications.
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Table 2.1 Summary of some conducting polymers and their chemical structures

Name Structure Conductivity | Type of
(Scm?) doping
Polyacetylene /\/]/ 200 — 1000 n,p
A\
| n
Polypyrrole [ 40 — 200 P
/
d N
L H n
Polythiophene m\ 10 - 100 P
S n
Poly(ethylenedioxythiophene) e 10 - 600 p
/
S n
Poly(para-phenylene) : 500 n,p
n
Poly(para-phenylene 3-500 p
sulphide) S%
Polyaniline 5-200 n,p
H
N
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2.2 Conjugated polymers in organic field-effect transistors (OFETS) for various applications.

The first field-effect transistors based on a polymeric semiconductor were presented in 1980°s.%
Indeed, polythiophene based OFETSs, initially produced by electrochemical polymerization
directly onto the source and drain electrodes, were reported in the late 1980s. To be good
candidates for OFET applications, conjugated polymers need to possess some critical properties.
The first requirement is the long-term environmental stability?? of the semiconducting polymers,
which depends on the highest occupied molecular orbital (HOMO) whose energy level value must
be lower than -5.2 eV to be air-stable. Even though stability is important, the main factor that
allows conjugated polymers to exhibit high mobility: is their potential to form highly organized
films. Indeed, the closer is the n-stacking, the better is the charge carrier mobility. Therefore, to
produce polymer with good packing, planar conjugated units could be used, which will drive an
efficient n-stacking. To obtain processable materials, alkyl chains are added along the conjugated
backbone.?’ Adding alkyl chain is not necessarily effective for efficient n-stacking; but we have to
keep in mind that the aim is to find a compromise between the need of substituents for solubility
and the m-stacking to ascertain good mobility in solution-processed technologies. Another very
important point for polymer chain stacking in OFETSs is how these stacks of polymer chains are
positioned versus the substrate. According to reports, perpendicular/parallel orientations of these
polymer packings with respect to the surface affect good charge diffusion through the source and
the drain electrodes.? Also, careful choice of the repeating donor and acceptor units provides a
certain extent of control over HOMO and lowest unoccupied molecular orbital (LUMO) energy

levels of polymers.?* In line with these prerequisites, Li et al., 2012%° studied conjugated
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alternating D-A polymers consisting of relatively strong donor moiety, dithienylthieno[3,2-
b]thiophene (DTT) and a comparatively weaker acceptor moiety, N-alkyldiketopyrrolopyrrole
(DPP) (Figure 2.3 A), a promising building block for the design of high-mobility polymeric
semiconductors, for p-type semiconductor design. Their research allowed them to find that DPP-
DTT-based conjugated polymer with different molecular weights, could exhibit extremely high
hole mobility of 10.5 cm?/Vs, via synthesis and processing optimizations, a world record for a
stable, solution-processed polymer semiconductor at the time. Many reports on conjugated DPP-
based D-A polymer semiconductors are found in literature within mobility range from 0.1 cm?/Vs
to close to 2 cm?/Vs.?5-3! Recently, Park et al.,*? reported n-type charge-transport property with
electron mobilities as high as 2.36 cm?/Vs in alternating copolymers consisting of DPP and a
fluorinated phenyl unit (Figure 2.3 B); the number of fluorine substituents on phenylene varies
from one to four for OFET application. Their investigation demonstrated that in these alternating
D-A copolymers, the increased mobilities \were related to the larger number of fluorine
substitutions. More fluorine attachments, decreased the LUMO energy level of the polymer, which
in turn favored the face-on orientation thereby, switching the charge-transport behavior of the
transistor from p-type to n-type. Some polymers with mobilities exceeding 1 cm?/Vs as reported
in literature are depicted in Figure 2.3; obviously, they exhibit the right combination of

processability, m-stacking and polymer chain orientations onto the substrates.
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Figure 2.3 Efficient conjugated polymers for p-type and/or n-type OFETs%¢

Figure 2.4 depicts the progress in charge transport mobilities of the different classes of
semiconducting materials that have evolved over the years. Short-contact polymers include those

containing DPP and benzothiadiazole (BTZ) in their backbone.
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Figure 2.4 Evolution in charge carrier mobilies

2.2.1 Thiadiazole-containing polymers

Although diketopyrrolopyrroles remain one of the most versatile group of high performing
materials explored for OFETs, D—A conjugated polymers based on thiadiazole, and its derivatives,
especially benzothiadiazole?* (BTZ) have been explored. Oh et al.,*® in 2011 reported on some
copolymers based on dithienylbenzobis(thiadiazole), PCPBBT, with carbazole as donating
counterpart which exhibited ambipolar characteristics with hole mobilty, z» = 7.1 x 10* cm?/Vs and
electron mobility, ue = 3.3 x 1072 cm?/Vs for an optical band-gap of 1.01 eV. The same year, Yuen et
al.,* investigated the transport properties of donor-acceptor copolymers based on diketopyrrolopyrrole

(DPP) coupled to various accepting units: benzene (B), benzothiadiazole (BT), benzobisthiadiazole
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(BBT). In this work, they studied the effects of donor - acceptor interactions. The best properties were
exhibited by the copolymer denoted PBBT12DPP where DPP was coupled with the strong acceptor
BBT. This material displayed strong ambipolar characteristics with equivalent p-type and n-type
mobilities of 1.17 and 1.32 cm?Vs, respectively. These D-A conjugated polymers exhibited better
charge transport properties compared to other conjugated polymers due to strong effect on interchain
interactions. Indeed, ambipolar behavior with mobilities values as low as 1.8 x 102 and 1.9 x 10?
cm?/Vs for hole and electron mobilities, respectively, was reported by Zhang et al.,¥’ in a copolymer
containing dithienocoronenediimide (DTCDI) and benzothiadiazole. Moreover, lower mobilities with
maximum values of 1.04 x 102 cm?/Vs were reported by the same authors when DTCDI was replaced
by benzo[1,2-¢;3,4- cO]bis[1,2,5]thiadiazole (BBT).%® On the other hand, BTZ-based materials
displaying p-type behavior have alsobeen-investigated.>**' Bathula et al.,*?, reported that a new
conjugated polymer denoted PTBDTPT could exhibit hole mobility of 1.92 x 1072 cm?/Vs when the
triisopropylsilylethynyl(TIPS)benzo[1,2-b:4,5-b"}dithiophene unit  was  attached to
dithienothiadiazole[3,4-c]pyridine. Another series of p-type polymeric semiconductors consisting
of a strong-donor-alt-strong acceptor denoted PDFBT-alt-DTP prepared by Efrem et al.,* showed

low hole mobility of 1.4 x 1072 cm?/Vs.

More interestingly, few studies on the transport properties of macromolecules consisting of
fluorene and benzothiadiazole in D-A conjugation have been reported.**> Watters et al.,*
reported on the hole transport of a newly synthesized a fluorene/benzothiadiazole copolymer
(PFDT2BT-8) namely poly[9,9-dioctylfluorene-4,7-alt-(5,6-bis(octyloxy)-4,7-di(2,2'-bithiophen-
5yl)benzo[c] [1,2,5] thiadiazole)-5,5-diyl]. With a good solubility in common organic solvents,

the material mobility was 5.03 x 107 cm 2/Vs with a deep lying HOMO level of —5.33 eV. Pearson
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et al.,*® also worked on the same class of copolymers where the dithienyl group was replaced by a
fused thienothiophene. The materials denoted PCDTTBT-8 and PFDTTBT-8 (chemical structures
shown in Figure 2.5) were prepared via Suzuki coupling reaction of thienothiophene -
octyloxybenzothiadazole with carbazole and fluorine, respectively. Their report showed that
copolymer PFEDTTBT-8 exhibited a lower charge carrier mobility than the dithienyl derivative
PFDT2BT-8 with values of 7 x 10 cm?/Vs and 4.3 xx 10 cm?/Vs, respectively. Whereas their
carbazole counterparts displayed an order of magnitude higher mobility of 2.1 x 10 cm?/Vs for
PCDT2BT-8 and 2.4 x 10 cm?Vs for PCDTTBT-8, showing that PFDT2BT-8 is the best

semiconducting material.

)~C8H17 C8H17O OC8H17
PCDT2BT-8

C8H17O OCSH17

~ 6

cCMr pEDTTBT-8

Figure 2.5 Chemical structures of PCDT2BT-8, PCDTTBT-8, PFDT2BT-8, PFDTTBT-8%
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2.3 Conjugated polymers in organic photovoltaic cells

Just like in organic field-effect transistors, the first successfully applied organic semiconductors in
solar cells were presented in the 1980s.6-*8 Since then, tremendous effort from different scientists
across various fields have been put together and we are now far away from the firstly reported
power conversion efficiency of 1% by Tang, 1986*° with efficiencies now exceeding 10%.05!

Also, the first polymer-based OPV device is already available on the market.>?

Depending on their constituents being either small or large molecules (polymers), OPVs are
classified into two main groups. This classification is-mainly based on the processes used for their
synthesis, purification and device fabrication. While small-molecule solar cells require thermal
evaporation deposition in a high-vacuum environment, Polymer solar cells (PSCs) are simply
prepared from organic solvents.>® PSCs are attractive owing to a number of advantageous features
including their morphology in thin-films, low material "utilization conferred by their high
coefficient of absorption,*® their use of organic materials strictly, the use of efficient solution
processes and low manufacturing energy consumption; as well as their mechanical flexibility, low
specific weight, tunable material properties and high transparency. One of the major forces
currently driving materials innovation lies in the fact that performances of polymer solar cells
(PSCs) are still far below the commercially available Si solar cells. One of the most studied and
efficient OPV BHJ blends is the mixture poly(3-hexyl thiophene) (P3HT) and [6,6]-phenyl-C 61
-butyric acid methyl ester (PCBM);>*-¢ but devices made from these materials without further

processing or optimization, often exhibit poor PCE; therefore, subsequent treatments such as
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thermal annealing or solvent vapor annealing are of uttermost importance.>’~®° Besides
poly(alkylthiophenes), other one-dimension (1D) polymers consisting of the same repeating
monomeric unit such as polyfluorenes, polycarbazoles and others have been used in PSCs as
reported by a review of Guo et al.®® But D-A conjugated polymers comprising different building
blocks (Figure 2.6) have also attracted a lot of attention. Isoindigo-based D-A polymer solar cells,
for example, since their first use in PSCs in 2010 have demonstrated relatively good efficiencies
up to ~ 8 % depending on the type of the donor unit they are attached to, which include
terthiophene, dithienocarbazole or benzodithiophene as reported in literature.®”~%° Park et al.,?*
reported a 6% power conversion efficiency with an internal quantum efficiency close to 100%
using the alternating D-A copolymer, poly[N-9"-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
thienyl-2’,1',3'-benzothiadiazole) (PCDTBT) in bulk heterojunction composites with the fullerene
derivative [6,6]-phenyl Czo-butyric acid methyl ester (PC7oBM). More recently, Xiao et al.,”
reported efficiency as high as 7.25 % resulting from a BHJ blend of a D-A polymer poly{4,8-
di(2,3-dioctylthiophene-5-yl)-2,6- benzo[1,2-b:4,5-b"]dithiophene-alt-5,5-[5",8"-di-2-thienyl-(6"-

fluoro- 27,3"-bis-(3""-octyloxyphenyl)-quinoxaline)]} (PBDTTFTQ-DO) with PC7:BM.
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Figure 2.6 Some typical building blocks for OPVs®%

2.3.1 Dendrimers and dendritic polymers as electron donors in OPVs

The interesting characteristics and electrical properties observed in fullerene,”* have given room

to the investigation of three-dimensional (3D) dendrimers electrical and optical properties and their

potential application in optoelectronics and photovoltaics.”> Among dendritic macromolecules of
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the most important conjugated polymeric materials that have been investigated,”’* we count
poly(phenyleneethynylene),” poly(phenylenevinylene) and poly(phenylene), poly(azomethine)s
(PAZs), "® polythiophenes and their derivatives’’. Zhang et al.,”® for instance, have synthesized
new star-shaped D-n-A molecules made of triphenylamine (TPA) as core and donor unit and
dicyanovinyl (DCN) as end group and acceptor unit; and used them as donor materials in OPV
devices where the fullerene derivative PC70BM was the acceptor. These devices were able to
achieve power conversion efficiencies (PCE) of up to 3.0 %. Schulz et al.,” designed donor
materials by incorporating pyrazinoquinoxaline into thiophene-based conjugated dendrimers and
the fabricated photovoltaics devices demonstrated PCE of maximum 1.7 % with PC7:.BM compare
to slightly lower efficiencies when PCs1BM was used. -Recently, Gao et al.,”” designed a series of
thiophene-based dendrimers and achieved power conversion efficiencies up to 1.33 %. On the
other hand, lwan et al.,”® in their review attempted to understand the effect of liquid crystalline(LC)
PAZs on the photovoltaic parameters of some polymer-solar cells and find the optimum parameters
necessary to produce smart BHJ devices when liquid crystalline compounds are incorporated in

polymer solar cells.

2.3.2 Perylene-containing polymers as electron acceptors in OPVs

Even though most of the research works go into the development of donating copolymers, more

new accepting semiconducting materials are emerging.& Perylene diimide (PDI)-based polymers
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constitute one of the new classes of n-type polymers for application in PSCs as a replacement of
the ‘super acceptor’ fullerene. Indeed, the first PDI-based polymer was used in all-PSC in 2007 by
Zhan and co-workers, using a copolymer based on PDI and dithienothiophene denoted P(PDI2DD-
DTT), as the acceptor. Approximately 3.9 and 5.9 eV were the obtained HOMO/LUMO energies
of P(PDI2DD-DTT) as estimated by cyclic voltammetry. Their prepared thin film showed good
absorption throughout the visible into the near-IR region. PSCs were fabricated using
bis(thienylenevinylene)-substituted polythiophene, BTV-PT as donating component and PCEs
slightly above 1% were obtained.8! Further optimization of PDI-based materials coupled to device
structure engineering have allowed to obtain photovoltaic device performances with PCE 6 %.82
8 Because PDI is electron-deficient, it can be easily coupled with a wide variety of electron-rich
(donor) units in order to tune the optoelectronic properties of the resulting polymers. Zhou et al.,®
developed and investigated a series of six PDI-based D-A copolymers with carbazole (C), fluorene
(F), vinylene (V), thiophene (T), dithieno[3,2-b:2’,3’-d]pyrrole (DTP), and dibenzosilole (DBS)
as n-type component ( Figure 2.7) and blended with two polythiophene derivatives P3HT and PT1
in solar cells applications. They obtained PCE as high as 2.23%, based on PT1/PC—PDI BHJ blend,
which at the time was one of the best obtained efficiencies for polymer/polymer blend photovoltaic

devices.
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Using an alternating PDI-phenylenevinylene copolymer (P(PDI-PEPEP) acceptor and poly(3-
phenyl hydrazone thiophene) (PPHT) donor, Mikroyannidis et al.,%%obtained a PCE of 2.3% under
white-light illumination. Other works on PDI-based copolymer include that of Zhang et al.,®® who
investigated the PCE of Donor-acceptor diblock copolymers, composed of regioregular poly(3-
hexylthiophene) (rrP3HT) as electron donating block and poly(perylene diimide acrylate) (PPDA)
as electron accepting (Figure 2.8). Measured PCE of 0.49% of the annealed devices fabricated
from the polymer was higher compare to blends of P3HT and N,N’-bis(1-ethylpropryl)-3,4,9,10-
perylene bis(tetracarboxyl diimide) (EP-PTC) (0.4%), which was due to the nanostructured nature
of the rrP3HT-block-PPDA copolymer. We suggest that this low efficiency compared to reported
efficiencies was probably due to substitution at the core of the PDI moiety instead of the common
bay-substitution. Steric hinderance caused by bulky attachment probably created some distortion

in the macromolecule planarity resulting in poor stacking.
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2.4 Strategy for optimized Donor — Acceptor (D-A) conjugated polymers

Combined efforts of physicists, chemists, and engineers for the design of better optoelectronic
devices and organic solar cells motivated the shift of research focus from the preparation of highly
conducting polymers to the design of stable semiconducting polymers with improved
performances. This idea is mainly motivated by the goal to set up the so-called ‘plastic electronics’
where micro-electronic devices can be printed on different substrates. But polymer design for
PSCs present key issues®®! that include: engineering of energy levels and bandgap that can allow

for high short-circuit current density, Jsc and open-circuit Voltage, Voc; improving planarity to
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maximize carrier mobility; and materials processability and stability. Unfortunately, all these
issues are interrelated. Ideally, all these factors should be optimized in a single polymer, but this
remains a big challenge.®® It therefore becomes important to chemically tune the electronic
properties of existing polymers in order to obtain low bandgap semiconducting materials. This can
be done through the rigidification of the conjugated backbone, the attachment of electron-
withdrawing or electron-donating side substituents, or maybe increasing of the quinoid (versus
aromatic) character of the main chain.®> However, the most successful approach to obtain low band
gap polymers is a copolymerized D-A structure®® involving the utilization of electron-rich or
electron-poor units leading to alternating “push-pull” architecture®>. Combination of these two
different moieties in a copolymer results-in hybridization between the molecular orbitals of the
donating and accepting units, causing a significant modulation of the copolymer bandgap (Figure
2.9). Usually, while the LUMO energy level is mainly influenced by the electron-poor unit, the

energy level of the HOMO of the resulting D-A polymer is determined by the electron-rich unit.%*
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Figure 2.9 HOMO-LUMO energy levels hybridization in donor-acceptor BHJ active layer®

Over the years, this ‘third generation of semiconducting copolymers® has evolved to meet the
needs of various electronic applications. An example is a series of several different polyfluorene
copolymers prepared and tested in solar cells®®% among which is the APFO (APFO: alternating
polyfluorene) polymers group prepared by Zhang et al.1®® This class of polymers demonstrated a
low band gap with photosensitivity down to 1 mm while displaying various HOMO/LUMO levels
positions. The APFO family is therefore a successful demonstration of the donor—acceptor

approach, and proves the high potential for PSCs of PF-based materials.*

Since in Conjugated D-A polymers, the majority of carriers is determined by the relative strengths

of their electron donating and withdrawing components, they are fundamentally ambipolar
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transport semiconductors i.e. stronger acceptor will majorly lead to electron transport, while
stronger donor to hole transport. Thus, the suitable molecular design to generate the appropriate
material should be a D-A copolymer where a strong acceptor is attached to a comparatively weak
donor or vice versa to develop a n-channel or p-channel semiconductor, respectively.?® Also, a
relatively good planarity of the polymer backbone structure to enhance closer n-n stacking of
polymer chains is ideal as tighter n-m stacking would instead allow charge transport by hopping. 1%t
Another essential parameter is the functionalization of the polymer core via attachment of side-
chains to enhance solubility, essential requirement for cheap solution-processed manufacturing®2
as well as for solid state core interactions enhancement.’®®1% QOther important parameters for
efficient D-A polymer design for PSCs include molecular weight (Mw) and the dispersity (D)®;

type of interfacial layers used and morphology.

2.4.1 Side-chain substitution

When it comes to D-A, low band gap conjugated copolymers engineering, many factors have to
be taken into consideration to obtain better materials for optimized device performances. One of
the factors on which the performance of these macromolecules relies is the variation of the
substituent(s) grafted'®>1% onto the aromatic unit in the polymer backbone. By doing this, the
solubility can be tuned and the molecular orbitals effectively perturbed, as well as polymer

physical properties such as phase behavior, structural order and charge transport properties.'® In
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2002, Egbe et al.,'® reported that depending on the size, number, geometry, and position of alkoxy
side chains attached on the backbone, poly(p-phenylenevinylene)/poly(p-phenyleneethylene),
PPV/PPE hybrid polymer could afford good solubility. This, in turn had effects on the optical
properties of the materials in solution and solid states. Colladet et al.,!* investigated a series of
four D-A polymers among which two of the polymers had alkyl side-chain attached. The alkyl
substitution effectively increased the solubility of these two polymers. But also lowered their Mws
as a result of steric hindrance during the polymerization. Liang et al.,''! found that replacing an
alkyl side chain by an alkoxy group on a copolymer consisting of alternating thieno[3,4-
b]thiophene and benzodithiophene units, PTB made the HOMO energy level to be lowered by 0.1
eV. Cimrova et al.,'*#1%* studied the effect of alkyl (branched and linear) substitution on D-A
copolymers based on thienothiadiazole and fluorene and they found that copolymers denoted
CEHTF with branched ethylhexyl groups exhibited lower power conversion efficiencies compared
to CDTF with dodecyl substituents. Moreinterestingly they found that when replacing the fluorene
donating unit with an alkoxy-substituted dioxaborinanylbenzene, the solubility of the new
copolymer CEHTP was restricted to a certain type of solvent but both copolymers showed PCE
between 0.2-0.3 %. More recently, this same group!'® again investigated the effect of alkyl and
alkoxy substituents but this time on thienthiadiazole-phenylene copolymers CDTDP and
CDTDORP. The nature of the substituting group attached to the benzene ring affected their
photophysical properties. While CDTDP was soluble in all common solvents, the solubility of
CDTDOP was limited to toluene and chloroform. Also, they reported that even though CDTDOP
had a broader absorption, up to the IR region, it exhibited more pronounced aggregation in solid-

state, which was already observed in liquid state. Also, CDTDOP showed a lower HOMO energy
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level compared to CDTDP (4.9 eV) due to its stronger electron donating ability. While CDTP had
a PCE of 1.05 %, CDTDOP was only 0.19 %. The efficiency of the later is almost similar to that

of its fluorene counterpart already reported.*!*

2.4.2 Molecular weight (Mw) and dispersity index (D)

When it comes to developing new D-A conjugated polymers, other key polymer parameters to be
considered for good device performances are the molecular weight (Mw) and the dispersity index
(P) since they tend to influence solubility, solution aggregation, and formulation rheology, as well
as thin films formation and morphotogy.8! Increased molecular weight had also been linked to
improved charge transport arising from better inter-grain connectivity.?®> Cimrova et al.,
investigated the photovoltaic characteristics of a series of thienothiadiazole-fluorene copolymers
denoted CEHTF8 prepared with different My from 60 000 to 220 000 g/mol but similar PDI 1.4-
1.5. They noticed that the Mw did really have an effect on the devices’ performances; as all
conjugated polymers demonstrated almost similar ionization potentials and electron affinities at
5.04 eV and 3.53 eV, respectively. Also, all PSCs showed PCE in the range 1.3-1.9 %. The group
of Chu et al.,**” has developed a new class of low-band gap D-A copolymers consisting of
dithienosilole and poly( N -9'-heptadecanyl-2,7-carbazole- alt -5,5-thienopyrrolodione)
(PDTSTPDs) and studied the effect of Mws on the octyl-substituted derivative denoted PDTSTPD-

8. They demonstrated that increasing Mws from 10000 to 31000 g/mol resulted in increased PCE
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from 3.1 to 7.7%. Kang et al.,''® also showed that an increase in My improves PCE when they
investigated the photovoltaic performances of a series of all-PSCs devices based on poly[(2,5-
bis(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazo-
le)], (PPDT2FBT). Indeed, three copolymers were prepared with Mws 12, 24 and 40 kg/mol and

exhibited efficiencies of 1.34, 2.39 and 3.59 %, respectively.

2.4.3 New design of interfacial layers

In PSCs, after they are generated and dissociated, the free charge carriers need to diffuse to their
respective electrodes (anode or cathode) to be collected.*® The charge collection efficiency can
be tuned depending on the type of materials used on the anode covered with an electron blocking,
hole transporting layer (HTL) and, on the cathode covered with a hole blocking layer.'% The band
offset of the hole-transporting layer in a BHJ is critical to establish the device polarity.'?° When it
comes to anode materials for PSCs, the conducting polymer poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), has been widely used as the material of choice in normal
BHJ121 and more recently in inverted BHJ'® PSCs. While serving as a hole-injecting layer,
PEDOT:PSS also helps as an electron blocking layer (EBL) when deposited on the ITO electrode.
PEDOT:PSS helps to reduce the dark current in these devices while acting as a lower resistance
contact for hole extraction.*?%?2 This dual character is mainly due to the band gap of PEDOT:PSS

with a low-lying LUMO therefore providing an energy barrier to the transport of electrons to the
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anode.'? Despite all these advantages, PEDOT:PSS stability is an issue as it degrades and limits
device performance in multiple ways'? due to oxygen and/or moisture presence in the air.!?® These
limitations drive the urge for investigating how PEDOT:PSS properties can be enhanced by
various methods such as solvent treatments;?® embedding of metal oxides!?” and doping;?® or
design of materials'?® such as graphene oxide™®*!3! or metal oxides!!®*2 to effectively replace

PEDOT:PSS as the HTL in OPV devices.

2.4.4 Morphology control in Bulk heterojunctions(BHJ)

Bulk heterojunction architecture offers a powerful solution for addressing the issue of exciton
dissociation. But, it was found that the morphology control of the conjugated polymer (the donor—
acceptor phase separation) is of great importance in achieving proper charge transport paths for
collection of the holes and electrons at the electrodes, and improve PSCs performances.>31%
Ideally, the morphology of the active layer BHJ should be an interpenetrating network of the
electron donating and electron accepting materials, with exciton diffusion length domain sizes or
around 10 nm.®®%" Basically, for effective dissociation of a large number of excitons while
ensuring a constant charge transport channeling to the electrodes, the BHJ layer should have
enough interfacial area. However, effective application of this principle is a bit more complex and
does not really happen in reality; which is the reason motivating researchers in trying to understand

how the nanostructure of the BHJ layer can be manipulated in order to improve photovoltaic
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performances. In PSCs, the type of solvent used; donor/acceptor concentrations; solvent annealing
conditions®3®; thermal annealing temperatures and duration; additives'3, and the interlayer surface

energies are typical parameters that influence the active layer morphology.

Thermal annealing'#°

and solvent annealing are currently the mostly used for morphology control.
Indeed, Wang et al.,**! and Goh et al,*> showed that both thermal and solvent annealing could be
used to improve PSCs efficiency by a significant amount. But in 2001, Shaheen et al.,'*® already
reported that processing poly(2-methoxy-5-(3',7'-dimethyloctyloxy)-p-phenylene vinylene)
MDMO-PPV/PCBM active layer from chlorobenzene rather than toluene increased the device
performance because thin film formed from chlorobenzene solution was more intimately mixed
with small domain sizes. Following this, in an attempt to understand the correlation between
solvent, solvent loading, and blend composition, Hoppe et al.,® by varying weight ratios of
MDMO-PPV:PCBM in chlorobenzene and toluene realized that by increasing the ratio of PCBM,
the films processed from toluene displayed an increasingly large amount of PCBM aggregates
surrounded by a thin skin of MDMO-PPV. But better phases’ mixing was observed when casting

from chlorobenzene for all ratio and PCBM aggregation was only observed from ratio 1:6 and the

clusters formed were even smaller compare to when formed with toluene.

Also, Vanlaeke et al.,***14> demonstrated that the efficiency of BHJ solar cells based on Poly(3-
hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)Ce1 ester (PCBM)
prepared from chlorobenzene solution can be improved by annealing. Layers from 1:2 wt. ratio of

P3HT and PCBM revealed an undesirable amorphous phase in the as-produced cells but after
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thermal treatment, a more desirable crystalline phase was obtained. More interestingly, they
obtained a PCE of 3.6% through variation of the processing solvent without the need of annealing

with evidence that the as-produced BHJ layer is crystalline.

2.5 Conclusion

Alternating donor-acceptor (D-A) conjugated polymers have been extensively studied to
investigate their charge transport properties in organic field effect transistors and in polymer solar
cells applications over the past years. Internetworking phase separation between the donor and
acceptor in bulk heterojunction layer constitutes the best material architecture to use for this type
of macromolecules. Several electron-rich and electron-poor monomeric units have been studied
and copolymerized using various routes in different solvents and under different temperature
conditions; and fabricated devices demonstrated different power conversion efficiencies.®>146:147
Despite their solution processability and their low manufacturing cost, these materials still face the
challenge of not sufficiently good power conversion efficiency to overthrow the long-time used c-
Silicon solar cells. Indeed, in order to be efficient, D-A copolymers need to meet a certain number
of requirements such a narrower energy bandgap, Eq and broad absorption in ultraviolet-visible
region through IR region, relatively lower-lying HOMO (highest occupied molecular orbital) level,
and higher electron and/or hole mobilities. This could be achieved by amending a certain number

of factors. Addition of substituents on the main chain backbone, for instance, has been proven to
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not only help with solubility improvement; but can also to a certain extent, help with the
rigidification of the macromolecules which could increase their planarity, which in turn will favor
the diffusion of the positive and negative charges and ascertain better efficiency.'#314° Increased
molecular weight and appropriate dispersity of these copolymers, on the other hand have
demonstrated to be parameters not to be neglected in the optimization of the performances of these
polymers. 117150 Another very important aspect to consider is the optimization of the interfacial
layers which is very essential to ensure the dissociated charges diffuse to the right electrodes.?
Above all, the parameter which is of outermost importance if the control of the morphology which
can be achieved through thermal annealing, varying solvent conditions, doping, or addition of

additives.
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Research materials and synthetic routes

3.1 Introduction
Details highlighted in this chapter includes the following:

= Materials: provides information on all the materials used including their source

= Methodology: Research design and synthetic routes with sequential steps taken to fulfill
the aim of this research. The research processes section gives information on the types and

steps of all the major reactions carried out in the course of the research.

For the effective investigation, characterization and application of the prepared macromolecules
and/or devices, the following analytical techniques were used: Nuclear Magnetic Resonance
(NMR) spectroscopy using Bruker Avance Il HD 400 MHz Nanobay NMR spectrometer

equipped with a 5 mm BBO using tetramethylsilane as internal standard; Gel Permeation
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Chromatography in the form of Size Exclusion chromatography (GPC/SEC) was performed using
an Agilent 1260 Quad Pump, with DMF as the mobile phase and DMAC (0.05 % BHT + 0.03 %
LiCl) was used as eluent. Fourier-Transform Infra-Red (FTIR) spectroscopy was investigated on
PerkinElmer model Spectrum 100 series equipment; while Ultraviolet-Visible (UV-Vis)
spectroscopy measurements were performed in a quartz cuvette using a Nicolet Evolution 100
UV-Visible spectrometer (Thermo Electron, UK). Photoluminescence (PL) spectroscopy studies
were done on Horiba NanoLog™ - TRIAX (USA), with double grating excitation and emission
monochromators with a slit width of 5 nm, and on Ocean Optics equipment. Microscopic analyses
were performed with: High Resolution Transmission Electron Microscopy (HRTEM) using Tecnai
G2F20 X-Twin MAT 200 kV field emission transmission electron microscope from FEI-Thermo
Fischer Scientific (USA) and Scanning Electron Microscopy (SEM) using ZEISS ULTRA
scanning electron microscope equipped with an energy dispersive spectrometer. Small-Angle X-
ray Scattering (SAXS) analysis was carried out.on an Anton Paar SAXSpace system, Graz, Austria
using copper Ka radiation (0,154 nm) equipped with a 1 D mythen 2 position sensitive detector
and a beamstop alignment for particle size determination. Cyclic Voltammetry (CV), Square Wave
Voltammetry (SWV) and Electrochemical Impedance Spectroscopy (EIS) were done on CH

instruments, Austin-USA.
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The materials used and their suppliers are compiled in Table 3.1

Table 3.1 List of materials used and their suppliers

Materials Suppliers
1,2-dichlorobenzene Acros
1,4,5,8-perylene tetracarboxylic dianhydride Sigma Aldrich
2-ethylhexylbromide Sigma Aldrich
2-thiophene carboxaldehyde Sigma Aldrich
3-hexylthiophene Sigma Aldrich
9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl- Sigma Aldrich
1,3,2-dioxyborolan-2-yl)-9H-carbazole

Acetone Sigma Aldrich
Acetonitrile Sigma Aldrich
Aluminum Sigma Aldrich
Bromine Sigma Aldrich
chloroform Sigma Aldrich
DAB-Am4, Poly(propylene) tetramine dendrimer, Sigma Aldrich

Generation 1
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Dichlorobenzene Sigma Aldrich
Ferric chloride Sigma Aldrich
Ferrocene Sigma Aldrich
Glacial acetic acid Sigma Aldrich
Hellmanex solution Ossila

Hexamethyldisilazane Aesar

lodine Sigma Aldrich
Iron (111) chloride Sigma Aldrich
ITO substrates for photovoltaics Ossila

ITO substrates for transistors Merck

Lithium perchlorate anhydrous Sigma Aldrich
Methanol Sigma Aldrich
N-dodecylamine Sigma Aldrich
N-methyl-2-pyrrolidone Sigma Aldrich
Oleum Sigma Aldrich
Palladium (0) tetrakis- (triphenylphosphine) Sigma Aldrich
Perylene-3,4,9,10-tetracarboxyic dianhydride Sigma Aldrich
Phenylboronic acid pinacol ester Sigma Aldrich

Poly(3,4-ethylenedioxythiphene):poly(styrenesulph-  Sigma Aldrich
onate) (PEDOT:PSS)

Poly(3-hexylthiophene) Sigma Aldrich
Poly(methylmethacrylate) Sigma Aldrich
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Silver nitrate Sigma Aldrich
Sodium carbonate Sigma Aldrich
Tetrabutylammonium hexafluorophosphate Fluka

Tetrahydrofuran Sigma Aldrich

3.3 Research design

The conception of the thesis was done through a series of consecutive steps. For confirmation of
the prepared materials with regard to initially proposed structures, each newly prepared material
underwent Nuclear magnetic resonance (NMR) spectroscopy analysis. After which, purification
and characterization were carried out to investigate the properties of the materials for possible
application in organic electronics; particularly, organic photovoltaic cells. The broad research

design is summarized in the flow diagram shown in Scheme 3.1.

77



Research materials and synthetic routes

Materials Synthess Product Purification

Aryl bro}ninal:i!m, Slmkl confirmation cm.m:& Filtration,
coupling, oxidative NMR
cond ensation (F eCls)

Column Chromatography

pdweg aang

Characterization
NME
FTIR

GPC/SEC

Device Characterization TV-Vis

OFETs measur ements | PL
Photovoliaic analysis | HRTEM

SEM
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TTRYTFETT TR S TFAOET nL.w

Scheme 3.1 Research design flow chart

The entire research based on the evaluation of the performances of conjugated polymers in organic

field-effect transistors and organic photovoltaic cells is designed according to the following
sequential steps:

= Materials synthesis: each route in the materials synthesis followed a set of well-known

chemical reactions usually to give a crude product (with some side-products) which is then
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isolated to get the pure sample. For co-polymerization, synthetic steps such as Suzuki

coupling terminated by end-capping or oxidative condensation using FeCls were used.

Product confirmation: the crude product analyzed by *H NMR spectroscopy to confirm the

success of the synthesis.

Purification/Isolation: successful reactions were followed by purification either through
column chromatography, or filtration or both of the above purification steps to obtain the

pure product.

Sample Characterization: desirable macromolecules were then investigated by nuclear
magnetic resonance (NMR) and Fourier-Transform Infra-Red (FTIR) spectroscopy to
confirm the chemical structures of the materials ‘obtained. Ultraviolet-visible (UV-Vis)
spectroscopy and Photoluminescence (PL) were used as means to elucidate the optical and
photophysical properties of the materials which enabled the determination of the optical
bang gap, Eopt. Scanning Electron Microscopy (SEM) and High-Resolution Transmission
Electron Microscopy (HRTEM), were used for morphology interrogation. The later
technique obtained results about the shape of the materials were then confirmed by SAXS
analysis and interrogation of the materials’ crystallinity was done using XRD technique.
Electrochemical investigation through Cyclic Voltammetry (CV), Square Wave

Voltammetry (SWV), Electrochemical Impedance Spectroscopy (EIS) enabled us to
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determine the Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied
Molecular orbital (LUMO) and electrochemical bang gap, EZ¢, and investigate the

conductivity of the materials and to ascertain their potential for device fabrication.

= Device Fabrication and Characterization: devices are fabricated and characterized to
obtain the OFETSs characteristics (Output and Transfer) and the photovoltaic current-

voltage (I-V) curve, from where the device efficiency is derived.

3.4 Synthetic processes for the preparation [of poly[N,N’-bis(dodecyl)perylene-3,4,9,10-

tetracarboxylic diimide-1,7-diyl-alt-9-(heptadecane-9-yl)carbazole-2,7-diyl] (PDI-co-Carbazole)

3.4.1 Bromination of perylene-3,4,9,10-tetracarboxyic dianhydride (PTCDA)

Exactly, 7.85 g of perylene-3,4,9,10-tetracarboxylic dianhydride was weighed in a 250 mL three-
neck round bottom flask and, 34 mL of 96% sulfuric acid, H2SO4 and 29 mL of oleum was added.
The mixture was allowed to stir overnight. The catalyst 1> (0.20 g) was then added. After which
the reaction mixture temperature was raised to 85 °C, and bromine (Brz) solution (2.5 mL) was
introduced drop-wise over a period of 8 h. The reaction mixture was then stirred for additional 14
h (while temperature was kept 85 °C). Upon reaction completion, the mixture was left to cool down

to room temperature, and Br. excess was removed using a gentle Argon (Ar) stream. Addition of
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50 mL of water allowed for a precipitate to be formed; which was then filtered through an S3 frit
using 30 mL of 70 % and 30 % sulfuric acid and a large amount of water consecutively. Collected

sample was dried under vacuum for 48 h.! The reaction is depicted in Scheme 3.2.

Brz (cat I2)

H2804 o. 0. .0

Scheme 3.2 Bromination of Perylene-3,4,9,10-tetracarboxyic dianhydride
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3.4.2 Imidization of brominated PTCDA

Due to poor solubility of brominated-PTCDA, the material was used as obtained from preceding
bromination reaction. 2 g of brominated perylene-3,4,9,10-tetracarboxylic dianhydride was
introduced into a three-neck round bottom flask containing 40 mL of N-methyl-2-pyrrolidone
(NMP), mixed with 10 mL of acetic acid, and purged under an Ar stream for 15 min. Reaction
vessel temperature was raised to 60 °C for 25 min. Two (2) equivalences of N-dodecylamine
dissolved in 1 mL of acetic acid were added to the heated mixture and temperature was increased
to 120 °C and allowed to stir for 12 h. Upon completion of the reaction, the mixture was poured
into 500 mL of water and filtered using professional filter paper with 4 -7 um pore size and washed
three (3) times with methanol. This reaction procedure (Scheme 3.3) is a slight modification of the

procedure used by Vajiravelu et al.?

82



Research materials and synthetic routes

CoHys CiaHas
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NMP, glacial acetic acid, Ar N o
120 °C, reflux, 12 Hrs

O,

Br l l Br
a0y
O

l}l (0]
CioHos

Scheme 3.3 Imidization of brominated PTCDA

3.4.3 Suzuki coupling

reaction between 1,7-dibromo(N,N’-bis(dodecyl)perylene-3,4,9,10-
tetracarboxylic diimide) (PDI-2Br) and 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-

dioxyborolan-2-yl)-9H-carbazole (Carbazole)

The reaction between an aryl/vinyl boronic acid (R-B(OH).) and an aryl/vinyl halide (R-X) in the
presence of a Pd® complex is referred to as Suzuki coupling. Such coupling usually occurs in a
basic medium, where the base helps in the enhancement of the transmetalation and the reductive
elimination steps by increasing boronic acid reactivity toward the Pd-halide complex and

converting it into the respective organoborate. Transition metal-catalyzed organic syntheses are
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generally needed for the formation of a new carbon-carbon (C-C) bond. Palladium-catalyzed
Suzuki reaction® has been identified as one of the most efficient procedure for C—C bond formation.
Akira Suzuki and co-workers reported this coupling for the first time in 1979. This discovery
coupled to the development of palladium-catalyzed cross couplings used in organic synthesis
earned him and his colleagues, Richard F. Heck and Ei-ichi Negishi the 2010 Nobel Prize in
Chemistry.* Many other coupling reactions that include Stille,> Sonogoshira,® Kumuda,” Heck and
Hiyama® could be used to serve this purpose; but Suzuki coupling remains the mostly used. Indeed,
its mild reaction conditions, the availability of various boronic acids on the market and their
environmental safety compared to other organometallic reagents®*? justify the interest in this type
of reaction. Stability, low toxicity and ease of preparation of boronic acid compounds have also
led to new developments and progress in the reaction process of Suzuki coupling applications. %
The ease in the removal of excess boron-containing products in comparison to other
organometallic reagents and the facile reaction management gave another advantage of this

coupling over the others.
Suzuki catalytic cycle is characterized by 3 main steps:*

1. Oxidative addition: Pd® is added in the reaction medium containing halide-substituted

compound and is oxidized to Pd?* while forming a brominated organopalladium complex.

2. Transmetalation: the later intermediate undergoes a transmetalation by reaction with the
boronate complex (which is the base-activated boronic acid produced by the reaction of the

boronic acid with base) to form the organopalladium species.
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3. Reductive elimination allows for the generation of the desired product which ends the

catalytic cycle and allows for regeneration of Pd®

In this work, 1,7-dibromo(N,N’-bis(dodecyl)perylene-3,4,9,10-tetracarboxylic diimide) (PDI-
2Br) was copolymerized to 9-(Heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxyborolan-
2-yl)-9H-carbazole (Carbazole), depicted in Scheme 3.4, according to the same synthetic route as
reported by Zhou et al.®® Approximately, 570 mg of PDI-2Br was weighed in a completely dried
three-neck round bottom flask which was then connected to a condenser and flushed for 1 h under
N2 gas. 425 mg of carbazole was added in 35 mL degassed tetrahydrofuran (THF) and degassed
0.1 M aqueous Na>CO3 (30 mL) was-also added. The reaction vessel was then allowed to be purged
for 30 min to completely remove O in the system. An excess of the catalyst Pd(PPhs)s (3 mg, 20%
per monomer) was also added in degassed THF and reaction mixture was allowed to stir for 72 h
at 110 °C under refllux. End cappings, phenylboronic acid pinacol ester (50 mg) was introduced
and left at 110 °C for 1 h; followed by 2-ethylhexylbromide (21 pL) left for 2 h at the same
temperature. After cooling, the reaction mixture was transferred into an excess of methanol. The

precipitated copolymer was filtered off, washed with water and methanol and dried in the vacuum.
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T G i)

O II\I (6]
CioHas
PDI-2Br _ Carbazole
i)
?12"'25
O N (0]

PDI-co-Carbazole

Scheme 3.4 Synthesis of PDI-co-Carbazole. i) THF, Na.COs (aq), Pd(PPhs)s, N2, 72 h. End
cappings: 1) phenylboronic pinacol ester, reflux 1 h, 2) ethylhexylbromide, reflux 2 h.
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3.5 Synthetic processes for preparation of generation 1 poly(propylene thiophenoimine)-co-

poly(3-hexylthiophene) (G1PPT-co-P3HT)

3.5.1 Generation 1 poly(propyleneimine) tetramine (G1PPI) functionalization

Prior to the functionalization of the dendrimer, a 250 mL 2-neck round bottom flask was washed,
rinsed and dried for two (2) hours to remove all moisture. Then, the glassware was purged with
nitrogen (N2) gas. In order to functionalize the dendrimer, 0.3863 g (1.2205 mmol) of generation
1 poly(propyleneimine) tetramine dendrimer, G1PPl was dissolved in 25 mL of methanol
(MeOH), then 472.55 pL (4.8821 mmol) of 2-thiophene carbaldehyde was added and the mixture
was allowed to stir for 48 h under Nz gas. G1PPT was thus functionalized into generation 1
poly(propylene thiophenoimine), G1PPT.® Upon completion of functionalization (Scheme 3.5),
the solvent was completely removed by evaporation, after which 25 mL of dichloromethane and
25 mL of water were added to the functionalized dendrimer, transferred into a separation funnel,
shaken for 10-15 min; then, the mixture was allowed to rest in order to separate the organic phase
from the aqueous phase. This was done 5 times to ensure complete removal of any excess of 2-

thiophene carbaldehyde. Water was removed, methanol evaporated and G1PPT was collected.
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Scheme 3.5 Functionalization of G1PPI

3.5.2 Oxidative copolymerization of generation-1-pely(propylene thiophenoimine) (G1PPT) to 3-

hexylthiophene (3-HT)

This copolymerization reaction depicted in Scheme 3.6 follows the procedure reported by Liu et
al.,” for the polymerization of 3-hexylthiophene. 77.8 mg of G1PPT, 291 mg of FeCls; and
chloroform (CHCls) were put in a 2-neck round bottom flask. 3-hexylthiophene (81 pL) was added
dropwise to the magnetically stirred suspension and the reaction mixture was stirred for 48 h under
N2 atmosphere. 100 mL of methanol was added to quench the copolymerization. The prepared
material was successively extracted with methanol (100 mL), acetone (100 mL), and CHCI3 (100

mL) by filtration and G1PPT-co-P3HT copolymer was collected from CHCls.
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GI1PPT

1. 3 Hexylthiop hene

2. FeCly

GI1PPT-co-P3HT

Scheme 3.6 Copolymerization of GIPPT and 3-hexylthiophene in the presence of FeCls in

chloroform
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CHAPTER FOUR

Hole mobilities investigation in thienothiadazole/fluorene-based copolymers

Abstract

Denotation | Rz R

CHTF 2-ethylhexyl | n-CeH1z
CDTF 2-ethylhexyl | n-Ci2H2s
CEHTF 2-ethylhexyl | 2-ethylhexyl
CEHTF8 n-CgH17 2-ethylhexyl

Graphical Abstract: OFET device architecture (top left), denotation of copolymers used and
their substituents (top right), fluorene/thienothiadiazole copolymer backbone (bottom)
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Results and Discussion

This chapter reports on the charge transport properties evaluation of the copolymers denoted
CHTF, CDTF, CEHTF and CEHTFS8
consisting of 4,6-bis(3’-alkylthien-2’-yl)thieno[3,4-c][1,2,5]thiadiazole and 9,9-dioctylfluorene
with varying substituents on both donor and acceptor components. These polymers were prepared
with various molecular weights in different solvents. Top-Gate organic field-effect transistors
(OFETSs) were prepared and their characteristics measured for hole mobilities. The polymeric films
were spin-coated on substrates with inter-digitated indium-tin oxide (ITO) electrodes with
preliminary  surface  treatment using  hexamethyldisilazane (HMDS) or not.
Poly(methylmethacrylate) (PMMA) used as gate dielectric layer was spin-coated on top of the
polymer layer and finally a silver (Ag) gate electrode was thermally evaporated. This study
revealed the effects of substitutions on either component of the main backbone with different side
chains- straight and branched- result in the copolymers exhibiting similar hole mobilities
characteristics in both linear and saturated regimes. Obtained results prove that the extent of hole
mobility is associated with different factors that include the type of alkyl chain and their positions
on either donating or electron withdrawing components of the backbone, molecular weight, and
dispersity index. OFETSs prepared based on materials with longer straight alkyl substitutions on

the thienothiadiazole component exhibited higher mobilities up to 2.4 x102 cm?/Vs.

KEY WORDS: Alkyl substitution, fluorene, hole mobilities, molecular weight, OFETs

thienothiadiazole.
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4.1 Introduction

The impressive innovations and progress in the synthesis, design, and processing of organic
semiconductors have made organic electronics to be a continuous emerging technology.* Industrial
applications that need large surface areas distribution on flexible plastic substrates are a good play
ground for the applications of organic thin-film transistors. Field -effect transistor (FET) principle
was first elaborated by Lilienfeld in 1930.2 A FET basic operation is the same as that of a capacitor
in which one plate is the gate electrode and the other plate is a conducting channel between two
ohmic contacts, the source and drain electrodes. The voltage applied at the gate electrode
modulates the density of charge carriers in the channel.? The first field-effect transistor, a silicon-
based metal-oxide-semiconductor FET (MOSFET) was only fabricated in 1960 by Kahng and
Atalla.* On the other hand, even though descriptions of the field-effect in organic semiconducting
materials were made in the 1970s,” it is only after the report of Koezuka et al.,%” that organic field-
effect transistors (OFETs) were identified as potential elements of electronic devices. The
intensive studies conducted in the domain of organic field-effect transistors in the recent years
helped in generating the fundamentals of charge transport physics in small molecules as well as in
n-conjugated polymers.2 While clear guidelines for the design of high-mobility small-molecule
semiconductors, which include extended n-m overlap in two or more spatial directions (ideally),
close m — m stacking that help for high degree of crystallinity, decreased tendency of the materials
to form static lattice defects and total quenching of thermal lattice fluctuations, have been
presented;® charge carrier transport in polymeric field-effect transistors (PFETS) is known to be

more complex to understand and predict, generally exhibiting low charge mobilities as a result of
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the absence or poor macroscopic order, as well as poor molecular packing.® Indeed a major
challenge to OFETs is the ability to monitor the film morphology, electronic structures and the
properties of organic semiconducting devices through chemical modifications of their structures.
Nevertheless, more and more polymeric materials that fulfil the requirements of an ideal FET with
high charge carrier mobilities have been reported.!*? Side-chain engineering®*® has been
identified as one of the most important parameters to ascertain devices high charge carrier
transport; mainly because polymers solubility and molecular packing are greatly affected by
suitable side chain selection that includes side chain type and length, and branching point
position.” In this work, | will therefore investigate the effects of side-chain substitutions on the

charge carrier mobilities of a relatively new group of thienothiadiazole-fluorene copolymers.

4.2 Experimental

4.2.1 Materials and reagents

All materials under investigation were prepared via multi-step synthesis including Suzuki coupling
by Cimrova et al., and are reported in literature.!®24 Indium-tin Oxide (ITO) glass substrates were
purchased from Merck. 1,2-Dichlorobenzene (DCB, 99%, extra purity grade) was purchased from
Acros, hexamethyldisilazane (HMDS) was purchased from Aesar and Poly(methylmethacrylate)

(PMMA) from Sigma Aldrich.
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4.2.2 Sample preparation and characteristics measurement

The structure of the OFET devices was based on a Top-gate — Bottom contact (TGBC) architecture
(Figure 4.1) and device preparation as well as characteristics measurements were done in an
nitrogen inert atmosphere. Two types of top-gate/bottom-contact OFET samples were prepared
and tested. Polymer layers were spin-coated on substrates with interdigitated indium-tin oxide
(ITO) electrodes (5 various interelectrode spacings: 50, 75, 100, 150, 200 um) from Ossila (UK)
for the first type OFET samples (Figure 4.2, left). In the second case, HMDS was spin-coated on
ITO substrate prior the polymer layer preparation. The thin polymer films were prepared by spin-

coating from 1,2-dichlorobenzene solutions followed by annealing at 120 °C for 30 min in vacuum.

Then, PMMA, a dielectric layer was deposited on top of the polymer layer by spin-coating. A
silver gate electrode was then thermally evaporated as the last stage of the transistor fabrication.
All devices were then inserted in the OFETSs board (Figure 4.2, right) for charge-carrier mobilities

evaluation.

/  Gateelectrode  \

Gate dielectric
44444+ + 4444
—_—

Figure 4.1 Top gate- Bottom contact architecture in OFETs
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Figure 4.2 Inter-digitated ITO glass substrates (left) and OFETSs board (right)

4.3 Results and discussion

The charge-carrier transport properties of the copolymers were investigated in the source-drain
voltage (Vsp) range -100 V to 0 V with increasing negative gate-voltage (V) from 0 V to -100 V.
As expected from OFETS, all devices showed typical transistors behaviour displaying some hole-
mobilities in the linear and saturated regimes. All devices displayed output and transfer
characteristics through applying different gate voltages within a fixed source-drain voltage
window (output) or varying applied source-drain voltages at a fixed gate voltage range (transfer).

Typical output and transfer characteristics graphs obtained for all devices are shown in Figure 4.3
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and 4.4, respectively. Output characteristic graphs displayed two main components: a linear regime
where the source-drain current is linearly dependent on the source-drain voltage?® for small applied
source-drain voltages. As the applied source-drain voltages increase, the charge carrier mobilities
get to a plateau referred to as the saturated regime. On the other hand, the transfer characteristics
show that the square root of resulting current is linearly dependent to the gate voltage of the
saturation curve and extrapolation to the x-axis allows for the determination of the threshold
voltage Vr,%° the voltage at which the device gets to its “On” state and flow of charges starts.
Because the mobility is gate-voltage dependent, only the linear portion of the curves was
considered. Threshold voltage in turn depends on several factors that include total trap density
(including dielectric/semiconductor bulk-and dielectric/semiconductor interface trap densities),
hole injection barrier between source/drain contact and polymers, and dielectric capacitance. The
observed change in threshold voltage values is suggested to be due to not only the difference in
the hole injection barrier coming from the difference-in the Highest Occupied Molecular orbital
(HOMO) levels of the polymers but also to the difference in the interface trap densities.
Nevertheless, it is important to note that in all OFET structures, most of the device related
parameters are based on the threshold voltage.?” As it will be seen in the coming results, all devices

exhibited p-type semiconductors behaviour.
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The mobilities were calculated by extracting the data from the graphs based on the Equations 4.1,

4.2,43and 4.4.%8

For small Vsp, the mobility in the linear regime is calculated from Equation 4.1,

L.gm .
Hiin = W-CiVSD (Equation 4.1)
Where,
gm;;sz]G) vy (Equation 4.2)

In the saturation regime, Vsp > (Ve-V1), is given by Equation 4.3
I = Yhsatli (. _py2 (Equation 4.3)

2L

The mobility is calculated using Equation 4.3 above by solving Equation 4.4,

2
2L (0.1 )
Hsat = 3o (VJ?) (Equation 4.4)
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where, L is length of the channel, gm is the transconductance, W is the width of the channel, Ciis
the capacitance of the dielectric layer, Vsp is the source-drain voltage, Isp is the source-drain

current and Vg is the gate-voltage.

4.3.1 Charge transport properties in the different copolymers.

4.3.1.1 Charge transport properties in CEHTF8 thin films

A series of devices based on CEHTF8 copolymers with octyl groups on the fluorene part and
ethylhexyl groups on the thienothiadiazole, with different molecular weights (Mws) was prepared
and characterized. Table 4.1 summarizes the obtained hole mobilities with respect to the molecular
weight. All samples displayed approximately the same degree of dispersity, B =1.45. It was found
that increasing the molecular weight and as such the number of monomeric subunits accounts for
an increase in the charge carrier transport; but it was also noted that this increase is not linearly
proportional as sample CEHTF8-d1, Mw = 63980 displayed a mobility psat = 2.3 x 10 cm?/Vs
compared to sample CEHTF8-x with Mw 1.52 times higher and mobility 1.3 times greater and
CEHTF8- ¢ with molecular weight 3.5 times higher but the mobility was found to be greater by a

factor of 2.9 only.
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Table 4.1 Hole mobhilities in CEHTF8 devices

Results and Discussion

R1=n-CgH17

R=2-ethylhexyl

Miin/ Misat/

Chemical structure Denotation Mw b 104 10

cm?/VVs | cm?/Vs

A~ H R CEHTF8-d1 | 63980 | 1.45 2.0 2.3
IO s \—4
= Py P I"J ; {1 L)
/:-*Rv )_\"_‘;?—\S i

N /‘N CEHTF8-x | 97790 1.45 2.0 3.0

\:S/
CEHTF8-c | 222300 | 1.44 6.4 6.7

4.3.1.2 Charge transport properties in-CBDTF-thin-films

A series of seven (7) devices prepared with samples where Ry is an ethylhexyl group and R is a

dodecyl (-C12H2s) group denoted CDTF was also investigated and all results are summarized in

Table 4.2. These samples were prepared using different solvents and afforded various molecular

weights with various dispersity, . CDTF-1, CDTF-2, CDTF-3, CDTF-4, CDTF-5, CDTF-6,

CDTF-7 with Mws ranging from 14920 g/mol to 48520g/mol exhibited mobilities of 1.3, 1.0, 1.5,

0.8, 0.5, 0.4 and 1.4 x 10 cm?/Vs, respectively. In this batch of devices, it was very interesting to

observe that B played a very important role in the diffusion of the holes within the prepared

polymers. Indeed, CDTF-1 the polymer with the lowest Mw but also with the smallest B = 1.25
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showed a mobility, psat= 1.3 x 102 cm?/Vs compare to CDTF-7 with the highest My 48520 g/mol
and psat = 1.4 x 102 cm?/Vs but, B = 1.67. Also, CDTF-5 with the highest D = 2.36 and Mw 42770
g/mol exhibited a mobility psat= 5.2 x 10 cm?/Vs. It was also interesting to notice that CDTF-6
with higher Mw 44920 g/mol and smaller = 1.83 compare to CDTF-5 displayed a lower mobility,
HUsat = 4 x 10 cm?/Vs. We suggest that the reason being is, even though the D is lower, there might
be lost of planarity or unfavorable molecules packing when forming thin films, therefore hindering
the continuous diffusion of charge carrier along the whole macromolecule. It therefore proves that
to allow for a continuous flow of charge carrier, there must be a continuous m-m stacking that
encourages intermolecular charge transfer and allows increased separation of charges?®, which is
discontinued in macromolecules with increased B.3% 1t is to be noted that CDTF group of devices
exhibited the highest mobilities. This increased mobility is suggested to be caused by the

conformational flexibility in these linear-substituted thienothiadiazole-fluorene 3!
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Table 4.2 Hole mobilities in CDTF devices

Results and Discussion

Denotation | Mw b Miin/ Msat/
Chemical structure 102 102
cm?/Vs | cm?/Vs
CDTE-1 | 14920 | 1.25 | 1.2 13
CDTF-2 | 32330 | 141 | 07 1.0
R CDTF-3 | 34330 | 143 | 1.2 15
I8 s Iy
RO R, 7 W/ s CDTF4 | 35810 | 157 | 07 08
Nag™
CDTE5 | 42770 | 236 | 05 05
Ru=2-ethylhexyl - Ren-Coles e e =000 (183 | 02 0.4
CDTE-7 || 48520 | 167 | 13 14

4.3.1.3 Charge transport properties in CHTF thin films

Two devices were prepared using copolymer CHTF with ethylhexyl groups on the fluorene part
and n-hexyl groups on the thienothiadiazole with two different molecular weights. The lowest
molecular weight device CHTF-1 with D= 1.47 showed a saturated mobility psat= 3 x 1073 cm?/Vs;

whereas CHTF -2 with a molecular weight almost three (3) times that of CHTF-1 showed a
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saturated mobility of only psa = 2 x 10 cm?/Vs. Again, it is suggested that the high molecular

weight achieved inhibits proper n-n stacking in the conjugated polymer.

Table 4.3 Hole mobilities in CHTF devices

Chemical structure Denotation Muw b Miin/ Msat/

103 103

cm?/Vs cm?/Vs

R R
IS s Y
2R s” \J sl | CHTF-1 | 21670 | 1.47 2 3

N\\S//N

Ri- 2-ethylhexyl ~ R= n-CeHis CHTF-2 | 60200 | 2.69 1 2

4.3.1.4 Charge transport properties in CEHTF thin films

Devices based on CEHTF with ethylhexyl groups on the fluorene part and ethylhexyl groups on
the thienothiadiazole exhibited the lowest charge transport properties. Indeed, CEHTF-1 with
molecular weight, Mw 19500 g/mol and dispersity D= 1.43 only demonstrated saturated mobility
of psat = 2 X 10 cm?/Vs. The charge transport mobility was lowered by one order of magnitude to

HUsat = 7 x 107 cm?/Vs when the degree of polymerization was five (5) times increased (Table 4.4).
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The poor performance exhibited by this group is suggested to be due to the branched nature of the

substituents.

Table 4.4 Hole mobilities in CEHTF devices

Chemical structure Denotation Mw b Wiin / Msat/
104 cm?/Vs | 10 cm?/Vs
R R
L I8 s
R<R. SO WA} CEHTF-1 | 19500 1.43 2 2
CEHTF-2 | 95000 3.00 0.5 0.7

Ri1=2-ethylhexyl

R=2-ethylhexyl

4.3.2 Factors affecting the charge transport properties

4.3.2.1 Side-chain substituents

The four main groups of thienothiadiazole-fluorene copolymers with different alkyl chain

substitutions CHTF, CDTF, CEHTF and CEHTF8 summarized in Table 4.5 were prepared and

tested in OFETSs. During charge transport investigation, it was noticed that the extent of hole

mobilities in the devices is related to the type of substituents, branched or linear alkyl chains

attached to the different components of the backbone. Indeed, we observed that all CEHTF
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copolymers with ethylhexyl groups on both fluorene and thienothiadiazole components exhibited
the poorest hole transport properties with saturated mobilities as low as psat = 7 X 10° cm?/Vs. This
saturated mobility is an order of magnitude lower than CEHTF8-based devices where the
ethylhexyl groups on the fluorene was replaced by an n-octyl group. Another increase in order of
magnitude to 10 cm?/Vs compared to the CEHTF8 devices was observed when ehylhexyl groups
were attached on fluorene but linear n-hexyl groups were attached on thienothiadiazole in CHTF-
based devices. Further increase in the hole transport properties to as high as 1.5 x 102 cm?/Vs was
observed in CDTF-based OFETSs devices where the n-hexyl groups on the thienothiadiazole was
replaced by n-dodecyl groups. These results therefore demonstrate that branched or linear alkyl
substitutions play a key role in the hole transport properties of these copolymers as the phase
separation step is strongly dependent on these solubilizing side chains;*? and that best mobilities
are obtained with those polymers were the linear substitutions is on the thienothiadiazole. This
behavior can be explained by the fact that branched alkyl side-chains are bulky and as such they
distort the planarity of the macromolecules which result in lower n-n stacking strength. So, in
CEHTF branched alkyls on both fluorene and thienothiadiazole unfavored n-n stacking which
drastically hindered the hole mobilities. These findings can be correlated to the optical properties
of these polymers. Indeed, Cimrova et al® observed that the maximal absorption of CEHTF with
the branched alkyl chains are hypsochromic shifted compared to the absorption maxima of CHTF
and CDTF copolymers with linear alkyls and suggested that the this could be as a result of the
shielded stacking strength in bulkier branched ethylhexyl chains which hinders strong
intermolecular interactions, while linear alkyl chains substitutions in these thienothiadiazole-

fluorene copolymers enhances the stabilization of the supramolecular structure. Improved

108



Results and Discussion

structural order in CHTF and CDTF is therefore due to the intermolecular contacts caused by S—

N interactions in the thin films.2

It was very interesting to note the large difference in the hole mobilities of these polymers, which

was increased by three (3) order of magnitude despite their structural similarity. Which therefore

suggests that the appropriate choice of alkyl side chains and their position on the different

component of the polymer backbone has a significant effect on the transistors performance whose

charge carrier mobilities strongly depend on interchain hopping?’ which in turn is actually

dependent on the nature of the solid-state packing of these materials®?

Table 4.5 Summary of hole mobilities of copolymers CHTF, CDTF, CEHTF, CEHTF8

Chemical structure of copolymer Denotation R1 R Msat/
cm?/Vs
CEHTF 2-ethylhexyl | 2-ethylhexyl 7x10°
(lowest psat)
R
0.0 AN CEHTF8 n-CeHiz | 2-ethylhexyl | 6.7 x 10
Re<R, s7 \ / )
-3
Nag CHTF 2-ethylhexyl n-CsH13 3x10
CDTF 2-ethylhexyl n-Ci2Ha2s 1.5x 1072
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4.3.2.2 Solvents used, molecular weight and dispersity

Even though there was a general observation that linear alkyl chain substituted thienothiadiazole-
fluorene copolymers -linear substitution being on the thienothiadiazole part- exhibited the highest
mobilities, it was also noticed that these mobilities are affected by the molecular weight. As a
result, in CEHTF8 based devices, the hole mobilities increased with increasing molecular weight
for these devices where the polymers used had approximately the same D= 1.45 (See Table 4.1).
But this was not true for CEHTF, CHTF and CDTF-based devices where higher dispersity played
an important role in the decrease of the mobilities even in polymers with high molecular weight.
We can take the case of a CDTF- based devices where most of the polymers with high molecular
weights, above 35000 g/mol were characterized by quite high dispersity, B above 1.5, see Table
4.2 and exhibited saturated mobilities slightly lower than those with low molecular weights and
low B. But again, it was interesting to notice that CDTF-7 with My 48520 g/mol had lower b =
1.67 but high saturated mobility psat = 1.4 x 102 cm?/Vs compared to CDTF-6 with Mw 44920, B
1.83 but with a saturated hole mobility an order of magnitude lower, psat = 4 x 102 cm?/Vs.
Variations in these Mws were caused by the solvents used which in turn affected the B. This
demonstrates that trapping should be one of the limiting charge transport steps caused by the lattice
disorder in these high-molecular-weight semiconducting polymers3* which disorder is highly
related to the type of solvents involved in the copolymerization reaction. In addition, high

molecular weight could also have an effect on the orientation of the polymers which could affect
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the planarity.® Therefore, in order to ascertain good charge carrier properties a good Mw/D regime

must be established.*°

4.3.2.3 Surface pre-treatment using hexamethyldisilazane (HMDS): case of CEHTF8-c

Many reports have shown the beneficial effects of self-assembled monolayer (SAM) treatment on
the charge transport properties in OFETS stating that the increase in the mobilities was as a result
of an improvement in the grain size of the thin films caused by the pre-treatment.®® During device
fabrication, the ITO substrate was pre-treated with HMDS before deposition of the CEHTF8-c
layer with the highest Mw= 222300 g/mol on the ITO glass substrate, the obtained hole mobility
of 7.4 x 10 cm?/Vs (Table 4.6) shows that there is nossignificant increase in the mobilities (Figure

4.5).
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Table 4.6 Saturated mobilities of CEHTF8 with and without HMDS treatment.

Chemical structure Denotation HMDS Wiin/ isat/
10 cm?/Vs 10 cm?/Vs
Ii
| i ."
JH R’F/‘* R »J_“ Sas CEHTF8-c No 6.4 6.7
N ,/“
g
Yes 5.8 7.4
R1=n-C3H17 R=2-ethylhexy|
8.0x10°
7.0x10° -
6.0x10™ -
» o |
2 5.0x10" -
N
E o
~.4.0x10"°
5 J
3.0x10° -
| | —=— HMDS/CEHTF8-c/PMMA
s —e— CEHTF8-c/PMMA
2.0x10 " 4
-110 -100 -80 -70 -60 -50 -40 -30 -20 -10

VoItage,VG IV

Figure 4.5 Plot of usa vs Ve for the device configuration

ITO/HMDS/CEHTF8-c/PMMA/Ag and ITO/CEHTF8-c/PMMA/Ag

112




Results and Discussion

4.3.2.4 Other parameters affecting hole mobility: special investigation of CDTF-2 and CDTF-7

Special attention was given to CDTF polymers group as they exhibited the best transport
properties. Indeed, various parameters such as polymer thickness, dielectric thickness, pre-
treatment and annealing have been used/varied to investigate their effect on the hole transport
properties. CDTFs were used to design devices either pre-treated with HMDS, with different
dielectric thicknesses, or annealed. For CDTF-2, with molecular weight Mw 32330 g/mol and B
=1.41, saturated mobility was found to be psat = 1.0 x 102 cm?/Vs as reported in Table 4.2. The
device layer thickness is 84.3 nm and its dielectric layer thickness, 728.8 nm. Pre-treatment with
HMDS did not change the hole mobilities. It has been reported that varying dielectric thickness
and surface roughness can severely impact the mobility of OFET device with ultrathin gate
dielectrics®3° due to the charge scattering that occurs at the rough surface.*® But when the
thickness of the layer was decreased to 80 nm and the dielectric layer PMMA also decreased to
507 nm, saturated mobility was found to be psa = 1.4 x 102 cm?/Vs, a slight increase even though
not significant. This is justified by the fact that the decrease in these layer’s thicknesses was
suitable for the diffusion of the holes. Pre-treatment using HMDS did not really influence the
saturated mobility compare to the untreated one, but slightly affected the linear mobility which
decreased from in ~ 1.5 x 102 cm?/Vs down to ~ 1.2 x 102 cm?/Vs. A new device with PMMA
thickness 560 nm was fabricated and no big change was observed either; saturated mobility was
calculated to be psat = 1.2 x 102 cm?/Vs. While the idea of annealing the device to high temperature
of 200 °C was expected to result in an increase in the charge transport properties as heating is

assumed to increase structural order in the thin films, annealing the device did not show any big
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change neither and the saturated mobility was found to be psat = 1.1 x 102 cm?/Vs. Increasing the
thin film thickness by ca. 2.5 factor slightly changes the saturated mobility to psat =~ 2.4 x 107
cm?/Vs. This slight increase is due to the big increase in thin film layers. But such result was not
surprising if we consider the optical results?® in which an increase in CDTF film thickness caused
the absorption coefficient to decrease which resulted in a blue-shift of the longest wavelength
maximum. Pre-treatment of this device with HMDS did not affect this mobility. On the other hand,
OFETs based on CDTF-7 with higher molecular weight compared to CDTF-2 was also
investigated. While the dielectric thickness was the same, the polymer layer thickness was few
nanometers higher. This device exhibited similar charge transport compared to CDTF-2 despite
the increase molecular weight and layer-thickness and it is due the higher B of the polymer that

results in a discontinuous flow of the charges along the conjugated backbone.
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Table 4.7 Saturated mobilities when CDTF was subjected to different parameters variations

CDTF Dielectric Mw b Miin/ Msat/
(Thickness) thickness 102cm?/Vs | 102 cm?/Vs
507 nm 1.5 14
CDTF-2 507 nm and 1.2 1.3
(80 nm) HMDS 32330 1.41
560 nm 14 1.2
200 °C 1.1 1.1
CDTF-2 728.8 nm 0.7 1.0
(84.3nm) | 728.8nmand 32330 1.41 08 1.0
HMDS
CDTF-2 507 nm 2.2 2.4
32330 141
(209.6 nm) 507 and 2.1 2.3
HMDS
CDTF-7 507 nm 1.3 1.3
507 nm 48520 1.67 1.1 1.3
(107 nm) 507 nm and 1.2 1.3
HMDS

4.4 Conclusion

Organic field-effect transistors based on CEHTF, CEHTF8, CHTF and CDTF copolymers with
either ethylhexyl or octyl substitutions on the fluorene component of the backbone and n-dodecyl,

n-hexyl or ethylhexyl groups on the thienothiadiazole were successfully fabricated using top-gate,
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bottom-contact architecture and different parameters were varied during these fabrications to
investigate if they had any significant effect on the hole mobilities. While CDTFs with ethylhexyl
groups on the fluorene and n-dodecyl side chain on the thienothiadiazole, exhibited the best
performances with mobilities as high as 1.5 x 10 cm?/Vs for as prepared devices without any
parameter’s variations, the lowest mobilities were observed from CEHTF comprising ethylhexyl
side chain substitutions on both backbone components. Increase of hole mobilities by three orders
of magnitude from CEHTF to CDTF was observed. Therefore, this demonstrates that best hole
mobilities in these thienothiadiazole-fluorene copolymers are obtained from the linear alkyl-
substituted polymers and most specifically those with straight alkyl substitutions on the
thienothiadiazole component. A dependence of the hole mobilities on the molecular weights
achieved by the polymers was also observed but the extent of this dependence is highly based on
the lattice arrangement (dispersity, D) within these macromolecules. Indeed, a good Mw/D regime
needs to be met to obtain optimum charge transport properties. Further investigation by varying
parameters such as polymers thickness, dielectric thickness, surface pre-treatment or annealing did

not bring any significant change in the charge transport.
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CHAPTER FIVE

Poly[N,N -bis(dodecyl)perylene-3,4,9,10-tetracarboxylic diimide-1,7-diyl-alt-9-(heptadecan-9-

yl)carbazole-2,7-diyl]: synthesis and characterization

Abstract
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Graphical abstract: Absorption spectra of PDI-co-carbazole in solution and thin film (left) and

HRTEM images of its thin film (right)

Poly[N,N’-bis(dodecyl)perylene-3,4,9,10-tetracarboxylic diimide-1,7-diyl-alt-9-(heptadecane-9-

yl)carbazole-2,7-diyl] (PDI-co-Carbazole) was successfully prepared via Suzuki coupling
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Results and Discussion

condensation reaction as confirmed by *H NMR and Fourier Transform IR spectroscopy, and
exhibited good absorption properties in the visible spectral region. The amorphous morphology of
the copolymer as shown by HRTEM images is as a result of the particle tendency to aggregate in
liquid state as well as in thin films. The copolymer also exhibited good semiconducting properties

with an optical band gap of 1.69 eV.

KEY WORDS: Band gap energy, carbazole, electron acceptor, perylene diimide.

5.1 Introduction

Bulk heterojunction (BHJ) active layers consisting of a blend of bi-continuous and interpenetrating
electron donor (D) and electron acceptor(A) components in a bulk volume are typical solution-
processed techniques currently used for the fabrication of cheap, environmentally-friendly and
cost-effective organic photovoltaic cells (OPVs) on flexible large surface areas.! Dramatic increase
in OPVs power conversion efficiency (PCE) to as high as 10% as reported in literature®® can be
attributed to the progress in these solution-processed BHJ OPVs. This continuous improvement
enabled a better understanding of materials behavior and device fundamentals that include charge
generation, separation, and transport; helped in improved control of materials structure and blend
morphology. It has been noted that high record efficiencies in OPVs generally result from the
design of new electron donor materials with improved properties such as better spectral absorption

sensitivity, increased charge carrier mobility (hole transport) and appropriately tuned
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HOMO/LUMO (highest occupied molecular orbital/lowest unoccupied molecular orbital) energy
levels that correspond to those of well-known acceptors.* On the other hand, development of
electron accepting materials has been lagging behind compared to the electron donating ones even
though they are of the same importance in order to attain high performance OPVs. As electron
acceptors, the materials should possess n-type semiconducting properties (basic properties):
relatively low LUMO/HOMO energy levels and good inherent charge carrier mobility (electron
transport ability).>® To date, majority of the most successful solution-processed BHJ OPVs utilizes
electron acceptor materials based on fullerenes and their derivatives, particularly 6,6-phenyl Ce1
butyric acid methyl ester (PCe1BM) and its C7o-based homologue (PC7:BM), thanks to their
outstanding physical and electronic properties that include: (i) an increased electron affinity
coupled to their high tendency to accept electrons from electron donating semiconductors; (ii) high
charge carrier transport properties (electron mobility, le) even when forming composites; (iii) their
ease to form nanoscale interpenetrating networks with suitable donor materials; (iv) isotropy of
charge transport; and (v) reversible electrochemical reduction.! Even though fullerene acceptors
and derivatives are widely used, they present some important drawbacks.” For example, tuning the
optical properties and electronic structures of fullerenes over a wide range of energy is difficult.®-
10'In addition, no general methods to allow for the enhancement of the absorption spectrum of the
fullerene backbone in the visible and Near Infrared (NIR) regions have been established. Finally,

the practical use of fullerenes and derivatives on a large scale is limited by their expensive cost.!!

More emphasis has therefore been put on developing electron acceptors having totally different
structures that will ascertain the good features of fullerenes while overcoming their insufficiencies,

such as limited spectral breadth, weak visible light spectral absorption or and band gap tunability,
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which are complex to achieve in fullerenes by chemical modification. Recent rapid development
of electron-transporting materials with high performance for organic field-effect transistors
(OFETSs),'2% has triggered the interest of many researchers into exploring non-fullerene acceptors
for solution-processed BHJ OPVs.}87 Introduction of electron-withdrawing building blocks has
proved to be an effective and popular strategy for tailoring the properties of electron acceptors.
Typical electron-withdrawing groups include cyano, perfluoroalkyl, carbonyl, imide or amide
groups and their analogues. The addition of these electron-withdrawing units into m-conjugated
semiconductors enables a decrease of the LUMO energy levels; indeed, as it is known, the 7*
energy level of the LUMO in a n-conjugated system is relatively close to that of the electron
withdrawing unit. Therefore, the efficient mixing of these orbitals enables the stabilization of the
LUMO energy. More and more interesting and novel electron-accepting materials, whether small
or large molecules have been designed and synthesized for OPVs that were able to attain
efficiencies of up to 6%.%!8 The inability of non-fullerene electron-acceptors to fulfill their overall
potential, is therefore justifying the continuous need for development of new electron-accepting
materials. Among non-fullerene electron-acceptors that have been investigated, perylene diimide,
a commercial dye, and its derivatives caught an important interest as alternative electron
acceptors.19202930.21-28 These materials exhibit good electron mobility in organic field-effect
transistors, their molar absorptivity is high; also, they are easy to functionalize; and the starting
materials are available commercially at affordable price.” In this chapter, | therefore report on the
synthesis of a perylene-based donor-acceptor (D-A) copolymer in which the perylene backbone
has been modified through substitution at the core positions by dodecyl groups; and attachment of

a carbazole derivative at the bay-positions through Suzuki coupling.
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5.2 Synthesis

5.2.1 Brominated 1,6- and 1,7- and 1,6,7- perylene-3,4,9,10-tetracarboxyic dianhydride

Bromination of perylene-3,4,9,10-tetracarboxyic dianhydride was confirmed by H NMR
spectroscopy analysis (600 MHz) in D2.SO4 (98% H»0O). This spectroscopic result shows that there
are three isomers 1,6, 1,7- and 1,6,7- present. In the region between 8.4 and 8.65 ppm three
doublets are found; while the further upfield doublet is due to the coupling between neighboring
H protons (C=CH-CH=C-C=0) in the 1,7- isomer, the other two doublets are from 1,6 and 1,6,7-
isomers. Three singlets are found between 8.65 and 8.8 ppm. These bands are from the H protons
that are isolated (C=CH-C-Br). Their polarization is different in the three isomers; as such, they
have different chemical shifts. Further downfield, two doublets found between 9.25-9.50 ppm are
due to the protons in (C=CH-CH=C-C=0) which are highly deshielded due to resonance effect of
oxygen atom. This signals pattern confirms that 1,7- and 1,6-dibromoperylene bisanhydrides (1,7-
and 1,6) and tri-brominated perylene 1,6,7- (Figure 5.1) were formed during the bromination of
perylene bisanhydride. The integration areas of the doublets at 8.50, 8.55, and 8.58 ppm reveals
that 1,7 and 1,6-PTCDA and the tri- 1,6,7-PTCDA are formed in a ratio of ca 70:15:15,

respectively. The results obtained can be related to those reported in literature.®!
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Figure 5.1 *H NMR of 1,7, 1,6-dibromo PTCDA and 1,6,7-tribromo PTCDA

5.2.2 N,N-bis(dodecyl)-1,7-dibromoperylene-3,4,9,10-tetracarboxylic diimide

Upon completion of imidization of brominated PTCDA, the material was subjected to *H NMR
spectroscopy analysis (300 MHz) in CDCl3 to confirm the imidized monomers were obtained.
Bands characterizing the presence of methyl and methylene groups are observed. Chemical shifts,

d ppm 9.36-9.33 (d, 2H, perylene-H), 8.78 (s, 2H, perylene-H), 8.64-8.56 (d, 2H, perylene-H),
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4.18 - 413 (m, 4H, —-CH>-N), 1.72-1.70 (m, 4H, alkyl-OCH>-), 1.37-1.24 (m, 30H, alkyl-OCH-
), 0.88-0.84 (m, 12H, alkyl-CHj3). Three other multiplet bands were found at & ppm 3.42 — 3.38,
2.86 — 2.39 and 2.08-2.00. Results reveal that the three (3) isomers were successfully imidized

(Figure 5.2).
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Figure 5.2 'H NMR of 1,7, 1,6-dibromo PDI and 1,6, 7-tribromo PDI

The sample was then subjected to column chromatography to isolate 1,7-dibromoPDI. The
purification/isolation was conducted in silica gel as stationery phase using a solvent system

dichloromethane: hexane in a ratio 2:1. *H NMR spectroscopy (Figure 5.3) analysis (300 MHz) in
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CDCIs was done to confirm the desired product.; & ppm 9.39-9.37 (d, 2H, perylene-H), 8.82 (s,
2H, perylene-H), 8.62-8.59 (d, 2H, perylene-H), 4.19 - 4.14 (m, 4H, —CH>—N), 1.73-1.67 (m, 4H,
alkyl -OCHz-), 1.37-1.24 (m, 30H, alkyl-OCHz>-), 0.88-0.83 (m, 12H, alkyl-CH3). The obtained

chemical shifts are in agreement with results reported in literature.?432
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Figure 5.3 'H NMR of N,N-(bisdodecyl)-1,7-dibromoperylene-3,4,9,10-tetracarboxylic diimide
(PDI-2Br)
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5.3 Results and discussion

5.3.1 Nuclear Magnetic Resonance (NMR)

Poly[N,N’-bis(dodecyl)perylene-3,4,9,10-tetracarboxylic  diimide-1,7-diyl-alt-9-(heptadecan-9-
yl)carbazole-2,7-diyl] (PDI-co-Carbazole) *H NMR (CDCls, 400 MHz) was characterized by
various chemical shifts 8(ppm): 8.79-8.77 (br, 2H), 8.17 (br, 2H) 7.98-7.96 (br, 4H), 7.78 (br, 2H),
7.50 (br, 2H), these broad bands are from the protons on the various aromatic rings; 6.99 (s, 5H),
4.53 (br, 1H), 4.15 (br, 4H), 3.71 (d, 8H ), 2.28 (br, 1H) and 2.0-1.03 (m, 70 H ), 0.84 (br, 18H).
All these shifts assigned to the respective proton on the chemical structure of the copolymer, are
found in Figure 5.4. The obtained chemical shifts can be related to the results obtained by Huo et

al.®
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Figure 5.4 'H NMR of PDI-co-Carbazole
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5.3.2 Fourier Transform Infrared spectroscopy

Figure 5.5 shows the infrared spectra of PDI-co-Carbazole with reference to carbazole and 1,7-
dibromoPDI (PDI-2Br) as recorded using a PerkinElmer model Spectrum 100 series. It should be
noted that this analysis was done in KBr pellets. The molecule vibrations characterizing the FTIR
signals associated with the investigated polymer appear around, 2924-2854, 1714 - 1561, 1455,
1396, 1349, 1138, 1032, 850, and 750 cm™. The transmittance intensity of PDI-co-carbazole was
very weak due to the low amount of material used; and as such the observed weak bands are
relative to that small amount of material used. Vibrational band at 3071 cm-1 is suggested to be
for the C- H on the aromatic ring.3* Characteristic aliphatic -C-H stretching vibrations signals are
observed in the region 2924 - 2854 cm™.1® Around 1695 cm™ is the vibrational stretching of C=0
which was initially found at 1708 cm™ in PDI-Br.%® The spectrum shows a strong signal situated
at 1455 cm™. This signal arises from the vibrational stretching of the unsaturated double bond
within the conjugated aromatic rings (-C=C). The signals around 1396 cm™ originate from the
alkyl carbon-hydrogen vibrational bending (-C-H). At 1349 cm is the vibrational stretching of -
C-N bond while the quite intense signal at 750 cm™ is suggested to be for the C- H phenyl
substitution on the carbazole monomeric unit.® On the other hand, carbazole was characterized by
many vibrational bands among which the strongest bands around 2950 cm™ are due to the -C- H
stretching in the heptadecanyl group attached to the N atom. PDI-2Br also displayed many
vibrational modes among which are the stretching modes of C = C at 1432, 1466 cm™, C = O at
1708 cm™ and the alkyl -C-H around 2924 — 2848 cm™.3* All these data are summarized in Table

5.1 and in agreement with results obtained by Huo et al

134



Results and Discussion

Table 5.1 Vibrational modes in PDI-2Br, carbazole and PDI-co-Carbazole

Vibrational mode

Origin Group frequency / cm?!
PDI-co-carbazole Carbazole PDI-2Br
C-H 2924 - 2854 2924 - 2848 | 2924 - 2848 -C-H stretching
1396 1261 1332 -C-H bending
750 691 - -C- H stretching,
(phenyl substitution)
c=C 1455 1395 1390 -C=C stretching
C-N 1349 1344 1330 -C-N stretching
C=0 1695 - 1708 C = O stretching
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Figure 5.5 FTIR spectra of PDI-2Br, Carbazole and PDI-co-Carbazole with arrows

marking the absorptions of functional group signals
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5.3.3 Optical and photophysical studies

The photophysical properties of the D-A copolymer were studied by UV-Vis absorption and
photoluminescence in chloroform or dichlorobenzene solution as well as in solid state. Results

include the wavelength at the absorption maximum (/max), the onset absorption (Aonset), the optical

band gap energy (E;7") calculated using the equation 1242//1 , the wavelength at the emission

onset

maximum (PL) as well as the Stokes’ shift. All emission data were obtained by excitation at one

or two wavelengths obtained in the main absorption spectrum.

5.3.3.1 UV-Vis spectroscopy

The absorption spectra of PDI-co-Carbazole have been recorded in solution from chloroform.
(Figure 5.6) and in spin-coated thin films (Figure 5.7). All data are summarized in Table 5.2. The
optical energy band gap (Egpt) value was calculated by determining the onset at the higher
wavelength region. The electron donating group substitution at the bay region of the perylene
diimide backbone resulted in a change of the optical characteristics of the PDI-2Br. Before
copolymerization, PDI-2Br showed several absorption bands: two absorption maxima at 490 and
525 nm corresponding to Sp—S: transition with clear vibronic fine structure;*” while the bands

below 300 nm are due to the m — n* within the unsaturated aromatic ring.®? Incorporation of
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extended conjugated groups in the bay positions of PDI generally results in to bathochromical shift
of the spectrum.?* As such, the donor-acceptor copolymer, PDI-co-Carbazole, showed a red-shift
to longer wavelength 580—-680 nm with considerable peak broadening and low resolved vibronic
fine structure due to the intramolecular transfer between the perylene diimide and the carbazole
moieties.®® In addition, the observed absorption bands at around 412 to 438 nm correspond to So—
S» transition. Absorption maxima are observed at 244 and 271 nm due to the lowest © —m*
electronic transition within the perylene or carbazole backbone.3*#° The appearance of a new

absorption band at 316 nm is suggested to be as a result of m — n* within the nitrogen containing
ring in the carbazole moiety. The optical band gap, Egpt of liquid state PDI-co-carbazole was
calculated to be 1.73 eV for an onset absorption at 720 nm, while it is found to be 1.9 eV in solid
state. Similar Egpt was previously reported by Huo et al., for a perylene-co-carbazole polymer

denoted PPDIC in which the carbazole monomeric unit was 2- ethylhexylcarbazole-3,6-diyl.>3 On
the hand, the shift in absorption maximum to shorter wavelength from 560 to 520 nm in PDI-co-
Carbazole film is assumed to be due to H-aggregation that could be associated with factors such

as twisting or deplanarization.’

Table 5.2 Optical data of PDI-co-carbazole in solution and in thin film

PDI-co-carbazole Aabs Aonset E;Pf
(nm) (nm) (V)

In solution 244,271, 316, 412,438,560 720 1.73
Thin film 455, 520 737 1.69
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Figure 5.6 UV-Vis absorption of PDI-2Br and PDI-co-Carbazole in solution
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Figure 5.7 UV-Vis absorption of PDI-co-Carbazole film and in solution

5.3.3.2 Photoluminescence studies of PDI-co-Carbazole

PDI-co-Carbazole exhibited intense photoluminescence in solution upon excitation at wavelengths
316 nm and 560 nm. Figure 5.8 shows PL emission spectrum measured in dichlorobenzene
solution using Horiba NanoLog™ - TRIAX (USA). Upon excitation at 316 nm, the emission

spectrum exhibited five distinct emission bands 1’ to 5’at 400, 503, 545, 633 and 665 nm,
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respectively. A clear red-shift of all emission peaks with respect to their inherent absorption bands
is observed. Excitation of electrons within the absorption broad peak 4 with maximum 560 nm
resulted in two emission peaks 4’ and 4’ at two different wavelengths 633 and 665 nm suggesting
that the broad absorption band results from the overlapping and conjugation of the absorption of
chromophores whose electrons get excited to different electronic states; as such when excited at
316 nm, the wavelengths at which those electrons emit are distinguishable. On the other hand,
when the same electrons are excited at 560 nm, relaxation of the electrons only occur at 665 nm.
This finding coupled to the Stokes’ shifts between 73 and 125 nm therefore, confirm photo-induced
intramolecular within the copolymer; but such large Stokes’ shift could also be characteristics of
aggregates or excimers in solid state.*'42 Also, the emission in the longer wavelength region as
compared to PDI-2Br is mainly due to the combination of intramolecular charge transfer (ICT)
from electron-donating substituents to the electron-deficient perylene diimide core along with

effective m-conjugation.
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Figure 5.8 Photoluminescence of PDI-co-Carbazole in solution

5.3.4 Electrochemical studies

All electrochemical studies were carried out on a Pt disk in 0.1M BusNPFs in acetonitrile at scan
rate 50 mV/s using a three-electrode system where the counter electrode is a Pt wire and the

reference electrode is Ag/Ag* (AgNOs in acetonitrile) electrode.
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5.3.4.1 Cyclic Voltammetry (CV) And Square Wave Voltammetry (SWV)

Cyclic voltammetry (CV) was used to determine the electronic structure of PDI-co-Carbazole.
Potential was applied to a thin film of PDI-co-Carbazole on a platinum electrode in acetonitrile
solution of 0.1 M BusNPFs (Bu = butyl) versus ferrocene at a scan rate of 50 mV/s. Representative
CV curve of the thin copolymer film coated onto Pt disk electrode is displayed in Figure 5.9. The
copolymer exhibited electrochemical quasi-reversible redox reactions. Two oxido-reduction
couples were identified ipa1, ipc1 with potential peaks at -1.06 and -1.54 V, respectively and ipaz,
ipc2 with peak potentials at -1.75 and -1.88 V, respectively. Obtained data can be found in Table
5.3 which also include peak current values. The electronic properties were thus derived from these
cyclic voltammograms. The ionization potential (HOMO level), Eip, and electron affinity (LUMO
level), Ea, were estimated from the ‘onset potentials, Eonset, from the first oxidation and reduction
peaks based on the reference energy.level of ferrocene (4.8 eV below the vacuum level) using the

equations below:

Ep, LUMO = —e(EX4e; — Eferr)V — 4.8 €V| (Equation 5.1)
Eyp, HOMO = —e(EdXset — Eferr)V — 4.8 V| (Equation 5.2)
EgC = |Ejp — E4l eV (Equation 5.3)
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where, Eferr = -0.03 V is the value for ferrocene vs. the Ag/Ag™ electrode.

The Ep and Ea were found to be 5.87 and 3.87 eV, respectively giving rise to an electrochemical
band gap EZ° = 1.50 eV which is lower than to the optical band gap E;pt = 1.72 eV calculated
from the absorption wavelength onset. The LUMO energy level as determined by CV was -3.87
eV, close to that of PCBM (-4.1 eV), indicating that the designed copolymer is a potential n-type
polymer material for fabrication of a PSC.3 The redox peaks obtained were ascertained by forward

and reverse scans using square wave voltammetry technique (Figure 5.10).
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Figure 5.9 Cyclic voltammogram of PDI-co-Carbazole thin film on Pt electrode 0.1 M BusNPFg

in acetonitrile at scan rate 50 mV/s versus ferrocene in Ag/Ag* reference electrode
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Table 5.3 Summary of redox potentials and peak currents for PDI-co-Carbazole

Results and Discussion

Materials Ox? Red? Eq° Ox? Red? Ex°
Potential (V) -1.06 -1.54 -1.30 -1.79 -1.88 -1.84
[Ip| (LA) 9.26 47 - 10.9 12.7 -
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Figure 5.10 Forward and reverse square wave voltammograms of PDI-co-Carbazole in 0.1M

BusNPFs in acetonitrile at scan rate 50 mV/s
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Table 5.4 HOMO, LUMO and band gap EZ¢ energy levels of PDI-co-Carbazole

Materials E%L,, | Evedl, | Ew Ea EF | E}
(eV) eV
(V) (V) (- (-ELumo) (eV)
EHomo) eV)
(eV)
PDI-co-Carbazole 0.54 -0.96 5.37 3.87 15 1.72

5.3.4.2 Electrochemical Impedance Spectroscopy-(EIS)

Electrochemical impedance spectroscopy: technique was used to determine the semi-conductive
properties of the copolymer. A formal potential, E°=-1.30 V was applied to PDI-co-Carbazole
film in 0.1M BusNPFs (acetonitrile) in 1-10° Hz frequency range. The material exhibited good
semiconducting properties as confirmed by the obtained phase angle of ca. 60 degree (Figure 5.11).
The copolymer was further investigated by varying the applied potentials and it is found that
decreasing the applied potential, decrease the semi-conductive properties whereas increasing the

applied potential increase this property (Figure 5.12).
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Figure 5.11 Bode plot of PDI-co-Carbazole in 0.1M BusNPFs (acetonitrile) at -1.30 V
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Figure 5.12 Bode plots of PDI-co-Carbazole in 0.1M BusNPFg (acetonitrile) at different formal

potentials
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5.3.5 Morphological and particle size investigation of PDI-co-Carbazole

5.3.5.1 High-Resolution Transmission Electron Microscopy (HRTEM)

Morphological investigation of the copolymer was conducted using HRTEM. The results depicted
on the images in Figure 5.13 represent the morphology of PDI-co-Carbazole thin film casted from
chloroform. As it can be seen, PDI-co-Carbazole presents a rough with coarse (aggregate) phase
demonstrating the amorphous nature of this copolymer which was confirmed by the SAED
(Selected Area Electron Diffraction) images that do not show any crystallinity compared to
Carbazole and PDI-2Br which showed some polycrystalline nature in their HRSEM images as
confirmed by their SAED images which were characterized by more defined rings with white dots
representing the crystal lattices. (Figure 5.14 and 5.15). Such results were predictable if we

consider the obtained optical and photophysical results.
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Figure 5.14 HRSEM and SAED images of Carbazole
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Figure 5.15 HRSEM and SAED images of PDI-2Br
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5.3.5.2 Small-Angle X-ray Scattering (SAXS) analysis

Particle size investigation using SAXS analysis, a method used to determine the structure of
particle systems in terms of averaged particle sizes or shapes, allowed to ascertain the shape and
size of the prepared material. Indeed, the coarse morphology of PDI-co-Carbazole as observed on
HRTEM images were confirmed by the shape of the graph of the free model, pair-distance
distribution function (Figure 5.16). Indeed, the two consecutive peaks at 60 and 87 nm that proves
of the aggregates shape of the particles.** The pair distance distribution functions of the
nanoparticles in number-weighted particle size distributions are shown in Figure 5.17 with the
volume-weighted particle size distribution as the inset. The scattering cross sections describe
nanoparticles in the range of 1- 22 nm and 60 — 90 nm with a larger portion of the nanoparticles
at 12 nm for the number-weighted distribution The volume-weighted particle size distribution
shows the population of particles seen by their volume. It is commonly known that larger particles
are “more seen” than the smaller particles** but here particles around 12 nm are more seen than

those around 73 nm.
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Figure 5.16 Pair-distance distribution function of PDI-co-Carbazole
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Figure 5.17 SAXS particle size distribution: by number and volume.
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5.4 Conclusion

Poly[N,N’-bis(dodecyl)perylene-3,4,9,10-tetracarboxylic diimide-1,7-diyl-alt-9-(heptadecane-9-
yl)carbazole-2,7-diyl] (PDI-co-Carbazole) with particle size in the ranges 1-22 nm and 60-90 nm
was successfully synthesized. The copolymer exhibited good absorption properties in the UV-Vis
region with an absorption onset shift to longer wavelength in thin film thereby decreasing the band
gap energy to 1.69 eV. Photo-induced intramolecular charge transfer (ICT) which could be
associated with the high- lying HOMO of the donor unit and the low-lying LUMO of the acceptor
unit can also account for the reduced optical band gap. The decrease in thin film absorption
maxima observed compared to co-monomer PDI1-2Br, suggests that there is an aggregation in the
solid-state. The LUMO energy level as determined by cyclic voltammetry of -3.87 eV, close to
that of PCBM (-4.1 eV), indicates that the designed copolymer is a potential n-type polymer

material for fabrication of an all-PSC.
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Photophysical and electroanalytical investigation of highly crystalline chemically prepared

poly(propylene thiophenoimine)-co-poly(3-hexylthiophene) star-copolymer

Abstract
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Graphical abstract: Absorption spectra of GIPPT-co-P3HT in solution and thin film (left) and

HRTEM images of the thin film (right)

Highly crystalline generation 1 poly(propylene thiophenoimine)-co-poly(3-hexylthiophene) was

prepared via simple oxidation reaction procedure. The prepared star copolymer spectroscopic
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analyses showed that the macromolecule morphology is based on the mixed ‘regioregular-
regiorandom’ nature of the poly(3-hexylthiophene) component of the material that accounts for
the molecular ordering in G1IPPT-co-P3HT structure. The copolymer is also characterized by good
absorption properties in the UV-Vis into NIR spectral region with an optical bang gap as low as
1.43 eV. Conjugation of these properties, in addition to the highly electron-donating capability of
the prepared material qualifies GIPPT-co-P3HT as a new type of donor polymer for optoelectronic

devices in general and organic photovoltaics in particular.

KEY WORDS: Band gap energy, crystalline, dendritic star-copolymer, electron donor,

semiconductor.

6.1 Introduction

The past recent years have seen an increasing number of investigations in organic bulk
heterojunction solar cells (OBHJ) centered around the development of new materials® resulting in
a rapid expansion of the field with numerous compounds being produced at a tremendously fast
rate.>> Four main categories can be distinguished when considering the different materials that
have been designed, developed and/or investigated namely: conjugated polymers, dendrimers,

oligomers, and small dye molecules.®
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‘Dendrimers’ form a very interesting class of molecules’® which have shown good applicability
in organic optoelectronic applications.® Similarly to polymers, they consist of smaller repeating
subunits, with the difference that instead of generating linear chains, the subunit grows out in a
well-defined pattern (branches) from a main point. The synthesis of dendrimers have been reported
to achieve (macro)molecules with high regularity and controlled molecular weight via either
convergent or divergent methods;*° therefore generating non-linear and covalent structures of this
class of polymers that can be accurately controlled and inducing a broad range of studies.® Within
‘dendrimers’ group, n-conjugated dendrimers have been extensively investigated in organic light-
emitting diodes and have shown to be efficient charge transporters mainly due to the high-quality
films formed by the dendrimers.!! They have also demonstrated good potential applications in
organic photovoltaic devices (OPVs), organic field-effect transistors (OFETS), and non-linear
photonics.'? The strong co-facial n-r linteractions within these molecules allow for a high degree
of molecular ordering. The monodisperse nature of dendrimers help their film morphology, which
in turn provide them with a potential advantage over polymers.®® Indeed, polymers suffer from the
difficulty of achieving low polydispersity index during their synthesis which is a big drawback
during device fabrication as the charge carrier transport (mobility) within macromolecules strongly
depends on their molecular weight.}**> The purification of these materials is easily achieved
through simple processes such as column chromatography. These shape-persistent
macromolecular materials with defined monodisperse structures therefore encompass the
advantages of increased molecular weight of polymers with the chemical defined structures of
oligomers.® Elements typically found in the structures of m-conjugated dendrimers include

phenylenes,'” phenylene-ethynylenes,'®° phenylene-vinylenes?®? carbazoles,?** truxenes®>2®
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and thiophenes.?? Among all materials, thiophene-based polymers, especially alkylated-
polythiophenes exhibit excellent charge transport properties.®® Poly-3-hexylthiophene (P3HT)
specifically have been identified as the best electron-donating material due to its regioregularity,
that leads to better crystallinity and higher the charge-carrier mobility;*! and extensively studied
for OPV applications.’>3133 This chapter, therefore focuses on the development and
characterization of a star-copolymer consisting of generationl poly(propylene thiophenoimine)

and poly(3-hexylthiophene) as a new electron-donating material for OPVs.

6.2 Synthesis

6.2.1 Generation 1 poly(propylene thiophenoimine) (G1PPT)

Functionalization of generation 1 Poly(propyleneimine) tetramine dendrimer that produces
generation 1 poly(propylene thiophenoimine), GIPPT was confirmed by *H NMR spectroscopy
analysis (400 MHz) in CDCl3 and the chemical shifts were compared to those found in the starting
materials generation 1 poly(propyleneimine) tetramine and 2-thiophene carbaldehyde. Generation
1 poly(propyleneimine) tetramine was characterized by the following chemical shifts & (ppm)
2.68-2.64 (t, 4H), 2.41-2.32 (2t, 16H), 1.57-1.49 (m, 12 H) and 1.33 (s, 8H) (Figure 6.1). On the
other hand, 2-thiophene carbaldehyde had three (3) main bands at 9.92 (s, H), 7.77-7.74 (m, 2H)
and 7.25-7.18(m, 1H) (see Figure 6.2). GIPPT on the other hand, showed a combination of the

bands found in both starting materials with the difference that the chemical shifts of the dendrimer
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moiety are deshielded by the attachment of thiophene ring and the formation of an imine group, -
N=CH whose proton appears at 8.31. Furthermore, formation of this new bond results in a
shielding effect of the thiophene protons b and d which appeared as a multiplet in 2-thiophene
carbaldehyde have been splitted with proton-d appearing more downfield than proton-b (Figure

6.3)

b,d

T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 6.1 'H NMR of 2-thiophene carbaldehyde
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NH,
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G1PPI NH, ‘ h

Figure 6.2 'H NMR of generation 1 poly(propyleneimine) tetramine
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@c:n ’J/”=E‘O
HWT\L
fo H=NJ) CIPPT N=34O
85 80 7.5 70 65 60 55 50 45 40 35 30 25 20  ppm

Figure 6.3 'H NMR of generation 1 poly(propylene thiophenoimine)

(Intense peak at 5.28 pm is due to CHsOH)

6.3 Results and discussion

6.3.1 Nuclear Magnetic Resonance (NMR) and molecular weight determination.

H NMR (CDCls, 400 MHz) spectroscopy technique was used to ascertain the structure and purity
of star-copolymer poly(propylene thiophenoimine)-co-poly(3-hexylthiophene) (G1PPT-co-

P3HT). New signals were observed with respect to G1PPT (Figure 6.4). In general, extended

168



Results and Discussion

conjugation and resonance effects resulted in all bands being deshielded compared to the bands in
the functionalized dendrimer and P3HT. The small peaks appearing at further downfield region
(9.36 and 9.09 ppm) are due to the proton in the imine group (-N=CH) with is highly deshielded
in the copolymer compared to the functionalized dendrimer due to the extended conjugation. The
two peaks are suggested to be due to the cis and trans- conformations that the proton take. In the
region 7.8-6.7 ppm, the protons on the non-alkylated and alkylated thiophene rings are found. The
furthest last two downfield singlets are due to the two protons on the non-alkylated thiophene
rings. While the other multiplets are from the poly(3-hexylpolythiophene) (P3HT). According to
literature, regioregular P3HT in a head-to-tail (HT) configuration is characterized by the thiophene
proton appearing at 6.98 ppm3*3® whereas in the regiorandom P3HT where there is a combination
of two or all of HT, head-to-head (HH), tail-to-tail (TT) configurations, more peaks are observed
between 7.05-7.00 ppm.3® This therefore suggests that we have a regiorandom P3HT in the star
copolymer. Because we are dealing with a star copolymer with an imine group we, expect the
protons on the thiophene rings to appear more downfield compared to normal thiopehene polymer.
We suggest that the multiplet between 7.18-7.04 ppm is due to the resonance shifts downfield in
the inner thiophene units. While the protons from the outermost shell of the thiophene rings also
characterized by a multiplet, are located below 7.00 ppm.2” Further upfield, around 4.15-3.91 are
found the bands of the alkyl group protons a-positioned to the thiophene ring. Again, we observe
three bands instead of one as in regioregular P3HT®® conforming the regiorandom nature of P3HT
in the star copolymer. But the intense band at 4.15ppm suggested that our copolymer comprises
84% regioregular P3HT. The other protons in the methylene of both dendrimer and attached to

thiophene rings, and in methyl groups are found between 2.4-1.19 ppm (multiplets) and at 0.79
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ppm (singlet), respectively. Number average molecular weight (Mn) and dispersity, B were
estimated from size exclusion chromatography, performed using HPLC grade dimethylformide
(DMF) at a flow rate of 0.8 mL/min. M» was found to be 16239 g/mol and the average molecular

weight My 30315 g/mol. The dispersity, B = Mw/Mh is calculated to be 1.87.

CsHia CHyy
. . H
LML
CaHy s J) \ GHi
g <ty 175 € |

Figure 6.4 'H NMR of generation 1 poly(propylene thiophenoimine)-co-poly(3-hexylthiophene)
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6.3.2 Fourier Transform Infrared Spectroscopy

The Fourier Transform infrared spectrum of G1PPT-co-P3HT is found in Figure 6.5 s with
reference to 3-hexylthiophene (3-HT) and G1PPT. The star copolymer spectrum is characterized
by many bands associated with the different molecular vibrations within the material which are
found at 2954-2849, 1731, 1638, 1473, 1262, 802, 692 cm™. Bands in the spectral region 2954 -
2854 cmtare characteristics of aliphatic -C-H stretching signals of the hexyl group attached to the
thiophene rings.®” At 1731 and 1638 cm™ are the bands resulting from the molecular vibrations of
C=N-H and C=C, respectively; the same vibrations were observed in G1PPT at 1673 and 1632
cmlwith high intensity.*® The alkyl groups -C-H bending are found at 1473 cm™ in G1PPT-co-
P3HT. At 802 cm, appears the C-S stretching within the thiophene rings that was also observed
in 3-HT and G1PPT.*® Finally, the lowest wavenumber band at 692 cm™ in G1PPT-co-P3HT
already present in G1PPT at 703 cm is as a result of the bending vibrations of the proton at o-

position to the non-alkylated thiophene ring and next to the imine bond.*°
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Table 6.1 Molecular vibrations in G1IPPT-co-P3HT, 3-HT and G1PPT

Origin Group frequency (cm™) Vibrational mode
G1PPT-co-P3HT | 3-HT G1PPT

C-H 2954 - 2849 2967 - 2855 2961 - 2801 | -C-H stretching
1473 1462 1432 -C-H bending
692 - 703 -C- H bending, (o-

position to the ring)
Cc=C 1638 1632, 1538 1632 -C=C stretching
(weak)
C=N 1731 - 1673 -C=N-H stretching
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Figure 6.5 FTIR spectra of GIPPT-co-P3HT, 3-HT and G1PPT
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6.3.3 Optical and photophysical studies of GIPPT-co-P3HT

The polymer photo-physical properties were studied in chloroform solution as well as in thin films.

Maximal absorption wavelength (Amax), onset absorption (Zonset), the optical band gap energy (E;pt)

calculated using the equation 1242//1 ; as well as the wavelength at the emission maximum

onset

and the Stokes’ shift are information found in this section.

6.3.3.1 UV-Vis spectroscopy

The absorption properties of GIPPT-co-P3HT were investigated in solution from chloroform as
shown in Figure 6.6 and in spin-coated thin films (Figure 6.7). All data are summarized in Table
6.2. The optical bandgap (E¢°™) value was calculated by determining the onset at the higher
wavelength region. Oxidative copolymerization of 3-hexylthiophene to the functionalized
dendrimer G1PPT resulted in the star copolymer G1PPT-co-P3HT that combined the absorption
properties of GLPPT which showed two absorbance bands in the ultra-violet (UV) region with
absorption maxima at 251 nm; and two new bands in the visible region. These two absorption
peaks at higher frequency are due to the thiophene group®® whereas the broad band from 423 nm
to 676 nm is as a result on the m-n*intermolecular charge transfer due to the delocalization of the

electrons caused by the extended conjugation.*! This broad band has a maximum at ca. 465 nm. In
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the NIR region, a new band is observed at 830 nm with an absorption onset at 870 nm giving rise
to an optical band gap Egpt atca. 1.43 eV. Itis to be noted that the absorption of the star copolymer
never quenches along the whole UV-Vis spectral region. On the other hand, solid-state G1PPT-
co-P3HT demonstrated continuous absorption over the whole spectral range from 400 nm with a
lowest absorption intensity recorded at 700 nm. The absorption maximum was red-shifted with
broadened area owing to strong inter-chain interaction and n-m stacking in the solid state which

are beneficial for charge transport.*?

Table 6.2 Optical data of PDI-co-carbazole in solution and in thin film

PDI-co-carbazole Xabs Donset E;”t
(nm) (nm) (V)

In solution 251, 302, 359, 465, 830 870 1.43
Thin film 443 875 1.42
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Figure 6.6 UV-Vis absorption of GIPPT-co-P3HT and G1PPT in chloroform solution

176



Results and Discussion

| =¥ T

—=—in Solution
—=— Thin film

Absorption

\—\

300 400 500 600 700 800

Wavelength / nm

900

1000

Figure 6.7 UV-Vis absorption of G1IPPT-co-P3HT film and in solution

6.3.3.2 Photoluminescence studies

While the star copolymer demonstrated many absorption bands in the UV-Vis region into the NIR

region, only one intense photoluminescence peak was observed when the material was exposed to

monochromatic light-emitting diode light source of wavelength equals to 365 nm using an Ocean

optics device. Upon excitation, the electrons were found to relapse to ground state via light
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emission at 551 nm (Figure 6.8), causing a Stokes’ shift of 300 nm. Such large Stokes’ shift already
predicts the formation of aggregates in solid state.**#4 Emission at higher wavelength region results

from intramolecular charge transfer (ICT) caused by effective m-conjugation.*®
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Figure 6.8 Photoluminescence of G1IPPT-co-P3HT in chloroform

178



Results and Discussion
6.3.4 Electrochemical studies

6.3.4.1 Cyclic Voltammetry (CV) And Square Wave Voltammetry (SWV)

G1PPT-co-P3HT’s electronic structure was determined by Cyclic voltammetry (CV).
Electrochemical analyses of G1IPPT-co-P3HT thin film on a gold working electrode using CV and
SWV were carried out in 0.1M BusNPFs (Bu = butyl) in acetonitrile versus ferrocene at 50 mV/s
scan rate. A three-electrode system where the counter electrode is a Pt wire and the reference
electrode is Ag/Ag* (0.1 M AgNO:s in acetonitrile) electrode was used. Representative CV curve
of the star copolymer is depicted in Figure 6.9. The copolymer exhibited electrochemical quasi-
reversible redox reactions, found in the region (-2.5 V) — (-0.5 V). Two redox couples were
identified ipaz, ipc1 With potential peaks at -0.9 and -1.3 V, respectively and ipa2, ipc2 with peak
potentials at -1.7 and -2.0 V, respectively. Peak currents and potentials are found in Table 6.3. The
electronic properties were also derived from these cyclic voltammograms. The ionization potential
energy (HOMO energy level), Eip, and electron affinity energy (LUMO energy level), Ea, were
estimated from the respective first oxidation and reduction onset potentials, Eonset, based on the

reference energy level of ferrocene (4.8 eV below the vacuum level) using the equations

En, LUMO = —e(E53et — Eferr)V — 4.8eV (Equation 6.1)

Eyp, HOMO = —e(EJXset — Eferr)V — 4.8eV (Equation 6.2)
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EgC = |Ejp — E4| (Equation 6.3)

Where, Ererr= -0.03V is the value for ferrocene vs. the Ag/Ag™ electrode.

The Eipand Ea were found to be 5.53 and 3.6 eV, respectively, giving rise to an electrochemical
band gap EZ° = 1.93 eV slightly higher than the optical band gap E;pt = 1.43 eV calculated from

the absorption wavelength onset.

Table 6.3 Summary of redox potentials and peak currents for GIPPT-co-P3HT

Materials Ox? Red! E;° 0x? Red? E°
Potential/ V -0.9 -1.3 1.7 -1.7 -2.0 -1.84
1p| /WA 25 5 - 1.9 8.7 -
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Figure 6.9 Cyclic voltammogram of G1PPT-co-P3HT in 0.1M BusNPFg in acetonitrile at scan

rate 50 mV/s versus Ferrocene using Ag/Ag+ reference electrode

Table 6.4 HOMO, LUMO and band gap EZ¢ energy levels of GIPPT-co-P3HT

Materials E%L,. | ETedl, | Ewr Ea Ey | EF
(eV) eV
V) (V) (- (-ELumo) (eV)
EHomo) eV)
(eV)
PDI-co-Carbazole -0.63 -2.2 5.53 3.6 1.93 1.43
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The copolymer was also investigated using Ag/AgCI reference electrode. Upon application of a
potential voltage in the range 0 - 2.5 V, two redox couples are observed. The two oxidation peaks
Ipat and ipa2 are found at 1.38 and 1.73 V, respectively, and the two reduction peaks ipc1 and ipc2 at
0.97 and 1.21 V, respectively (Figure 6.10). The first redox couple ipa1 and ipc1 are suggested to be
due to the insertion and removal of BusN™ion, while the second redox couple ipa2and ipc2 is assumed
to be due to insertion and removal of PF¢ ion. These pairs of oxidation and reduction peaks were
confirmed by square wave voltammetry technique (Figure 6.11) using the same parameters as in

CV.

Current / pA
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'2 T T T T
0.0 0.5 1.0 1.5 2.0

Voltage / V

Figure 6.10 Cyclic voltammogram of G1PPT-co-P3HT in 0.1M BusNPFs in acetonitrile at scan
rate 50 mV/s using Ag/AgClI reference electrode

182



Results and Discussion

10.0
Oxidation 4 4 — Reduction
7.54 34
2.
S 5.0 S ]
= £
o ]
5 £ 0]
3 25 3
-1
0.0 -2
AN
ipc1/( oc2
-3

00 05 1.0 15 2.0 25 0.0 05 1.0 15 2.0 2.5
Voltage / V Voltage/ V

Figure 6.11 Forward and reverse square wave voltammograms of G1IPPT-co-P3HT in 0.1M

BusNPFs (acetonitrile) at scan rate 50 mV/s using Ag/AgCl reference electrode

6.3.4.2 Electrochemical Impedance Spectroscopy (EIS)

Bode plot of G1PPT-co-P3HT (Figure 6.12) was extracted from electrochemical impedance
spectroscopy study. The star copolymer was again deposited on a working gold electrode disc in
0.1M Bu4NPF6 in acetonitrile at scan rate 50 mV/s using a three-electrode system where the

counter electrode is a Pt wire and the reference electrode is Ag/AgCl electrode with an applied
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potential of 1.182 V. The acquired data allowed for the determination of the phase angle at ca. 75

degree which demonstrates the relatively good semiconducting nature of the star copolymer.
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Figure 6.12 Bode plot of GIPPT-co-P3HT in 0.1M BusNPFs in acetonitrile at 1.182 VV
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6.3.5 Morphological and particle size investigation

6.3.5.1 High-Resolution Transmission Electron Microscopy (HRTEM)

HRTEM was used as the technique of choice for the morphological investigation of the star
copolymer. The results depicted on the images in Figure 6.13 represent the morphology of G1PPT-
co-P3HT thin film casted from chloroform. Despite the mixed ‘regiorandom-regioregular’ nature
of the star copolymer as demonstrated by *H NMR spectroscopy, G1PPT-co-P3HT showed a
highly crystalline nature with well-defined lattice fringes as observed on the HRTEM image. This
crystallinity of the star copolymer was confirmed by the SAED (Selected Area Electron
Diffraction) image in which well-patterned crystal lattice arrays are observed; therefore,
confirming our hypothesis from NMR data that P3HT component in the star copolymer is
composed of a higher ratio of regioregular P3HT compared to regiorandom P3HT. G1PPT was
polycrystalline (Figure 6.14) and 3-HT was quite amorphous with coarse nature (Figure 6.15), we
therefore believe that copolymerization of 3-HT to the functionalized dendrimer aided in the
molecular ordering of the star copolymer. Since crystallinity is a very important and critical factor
that affects the properties of optoelectronic films, the achieved degree of crystallinity could

ascertain good organic photovoltaic performances.*®
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Figure 6.13 HRSEM and SAED images of G1PPT-co-P3HT
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Figure 6.14 HRSEM and SAED images of G1PPT
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Figure 6.15 HRSEM and SAED images of 3-hexylthiophene
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6.3.8 Small-angle X-ray Scattering (SAXS) analysis

Small-angle X-ray scattering (SAXS) was used to obtain the particle size distribution of G1PPT-
co-P3HT. The free-model pair distance distribution function of the star copolymer depicted in
Figure 6.16 shows that GIPPT-co-P3HT is mostly in aggregate form with maximum particle sizes
around 80 nm. The pair distance distribution functions of the nanoparticles in number-weighted
particle size distributions are shown in Figure 6.17 with the volume-weighted particle size
distribution as the inset. Nanoparticles in the ranges of 2— 23 nm and 55 — 76 nm are described by
scattering cross sections, with a larger portion of the nanoparticles at 12 nm for the number-
weighted distribution The volume-weighted particle size distribution shows the population of
particles seen by their volume. Particles around 12 nm are more seen than those around 65 nm.
This result is in contradiction with the concept that larger particles are “more seen” than smaller

particles.*’
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Figure 6.17 SAXS particle size distribution: by number and volume.
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6.4 Conclusion

Oxidative copolymerization of G1PPT to 3-HT in chloroform in the presence of FeClz was
successfully achieved as confirmed by the *H NMR spectroscopy analysis of GIPPT- co-P3HT
which demonstrated several characteristic bands associated with the regiorandom and regioregular
nature usually observed in poly(3-hexylthiophene) coupled to the characteristic of the
functionalized dendrimer. Low-band gap of 1.43 eV was achieved by the star copolymer that
exhibits good absorption properties in the UV-Vis to NIR spectral region. The star copolymer also
exhibited good electrochemical properties with two well-defined quasi-reversible redox couples
and very good semiconducting properties as revealed by the Bode plot. The highly crystalline
nature of the prepared copolymer coupled to the above-mentioned other properties suggests that
G1PPT-co-P3HT could be a good candidate as electron-donating material in organic photovoltaic

devices.
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The photophysical and photovoltaic characteristics of generation 1 poly(propylene
thiephenoimine)-co-poly(3-hexylthiophene):poly[N, N -bis(dodecyl)perylene-3,4,9,10-

tetracarboxylic diimide-1,7-diyl-alt-9-(heptadecan-9-yl)carbazole-2,7-diyl] nanocomposites
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Graphical abstract: HRSEM images (left) and FRET (right) of GIPPT-co-P3HT:PDI-co-
Carbazole BHJ blend

Bulk heterojunction systems of G1PPT-co-P3HT:PDI-co-Carbazole were successfully prepared
and exhibited good optical properties in the UV-Vis region. Addition of PDI-co-Carbazole into

pristine G1PPT-co-P3HT resulted in blue shift of the intermolecular vibronic band with respect to
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pristine PDI-co-Carbazole, characterizing the distortion of the molecular structure of the highly
crystalline G1PPT-co-P3HT. Upon excitation of these blends, an increase in the acceptor
fluorescence intensity was observed which demonstrated that Forster resonance energy transfer
occurs, suggested to be accompanied by non-radiative charges recombination. The blend exhibited
poor photovoltaic performances due to the evident defect/trap in the morphology of the active

layer.

KEY WORDS: All-polymer solar cell, bulk heterojunction, nanocomposite, photoluminescence,

photovoltaic.

7.1 Introduction

Polymer solar cells (PSCs), in which the active layer typically consists of an electron donating
polymer and a small molecule or a polymer as an electron accepting counterpart, have caught a lot
of attention in the recent past years for their supreme advantages such as light weight,
inexpensiveness and ease to manufacture through potential roll-to-roll production on flexible
substrates. In this type of solar cells, the p-type and n-type semiconducting materials are physically
intermixed in a bulk heterojunction (BHJ) architecture.® All-polymer solar cells (all-PSCs), in
which the electron accepting material is an n-type semiconducting polymer rather than the
conventional widely used fullerene and its derivatives have some unique attributes over

polymer/fullerene BHJs for many reasons. These include the photons absorption within the
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spectral region of visible light that can be extended into NIR region. Also, there is the possibility
for fine tuning of the energy levels of n-type polymers, thanks to their structural variety; which is
a key aspect in achieving high performances in PSCs.2 BHJ polymer/polymer solar cells with
power conversion efficiency (PCE) exceeding 4% and up to above 7% have been reported.>> The
photovoltaic properties and efficiencies of these PSCs strongly depend on the molecular weight
and molecular weight distribution, nature of the alkyl chains, purity and regioregularity of the
conjugated polymers.®® Unfortunately, in most cases, molecular weight and molecular weight
distribution are difficult to control, affecting the overall devices efficiencies and often resulting in
the challenge of obtaining reproducible PCEs for the same polymers.2° Even though organic solar
cells device fabrication and photovoltaic process (refer to Chapter 2, Figure 2.2) appears to be
relatively easy, the biggest challenge lies in finding the optimal donor-acceptor conjugated
polymers pair and ascertaining the most appropriate morphology; which in turn depends on many
parameters that include choice of:solvent; depaosition technique, annealing temperature and
ultimately, the blend ratio. As a primary requirement, the semiconducting polymers must be air-
stable. This implies that the HOMO (highest occupied molecular orbital) should be below -5.2 eV
(approximately the air-oxidation threshold). Secondly, there must be effective electron transfer
between the LUMO (lowest unoccupied molecular orbital) of the donor and the LUMO of the
acceptor; an energy difference between the two LUMO energy levels of 0.3 eV is required to
achieve such electron transfer (see Figure 7.1). This is also true if the electron transfer occurs
through the HOMO energy levels. Lastly, since the open circuit voltage, Voc is mostly based on
the difference between the LUMO of the acceptor and the HOMO of the donor, it is desirable that

the HOMO energy level of the electron-donating polymer remains as low as possible.!!
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Organic photovoltaic cells consisting of rylene diimide-based acceptor polymers, more recently
developed, are among the most efficient polymer solar cells.!? This class of rylenes are interesting
because they exhibit good electron transport behavior and the molecular electronic properties can
be tuned through varying substituents on the imide nitrogen atoms or on the rylene ‘bay’ position.
Also, they exhibit high electron mobilities, excellent chemical, thermal and photochemical
stabilities as well as relatively high electron affinities.™>'* On the other hand, the molecular
ordering coupled to the good electron donating properties, whose transport happen in all directions,
15 observed in star-shaped dendrimers and dendritic polymers, notably thiophene-based
dendrimers have made them good candidates as electron donor in OPVs.'%" In this chapter, we
are therefore going to prepare a novel BHJ active layer of poly(propylene thiophenoimine)-co-
poly(3-hexylthiophene)/ poly[N,N’-bis(dodecyl)perylene-3,4,9,10-tetracarboxylic diimide-1,7-
diyl-alt-9-(heptadecane-9-yl)carbazole-2,7-diyl], denoted G1PPT-co-P3HT/PDI-co-Carbazole;
study the optical and photophysical  properties of the nanocomposite and investigate its
photovoltaic characteristics. Each of the constituting polymer of this nanocomposite, whether
donor or acceptor, will also be investigated in a BHJ active layer with the worldwide used best

reported acceptor and donor, fullerene (PCs1:BM) and poly(3-hexylthiophene),*® respectively.
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Figure 7.1 Properties of conjugated polymers in OPVs (right) and sun spectrum (left)!
(here the electron acceptor is fullerene)
7.2 Optical and photophysical investigation |of G1PPT-co-P3HT/PDI-co-Carbazole bulk

heterojunction blends

7.2.1 Optical studies of G1IPPT-co-P3HT/PDI-co-Carbazole bulk heterojunction blends

G1PPT-co-P3HT:PDI-co-Carbazole bulk heterojunction blends optical absorption properties were
studied in chloroform in the UV-Vis-NIR spectral region using Nicolet Evolution 100 UV-visible
spectrometer (Thermo Electron, UK) depicted in Figure 7.2. The blends were prepared in the ratio
1:1, 1:2 and 1:3 and investigated with reference to pristine donor G1PPT-co-P3HT (donor) and
pristine acceptor PDI-co-Carbazole (acceptor). The blends displayed combined optical behavior
of both pristine polymers (refer to Chapter 5, Figure 5.6 and Chapter 6, Figure 6.6 for more details)

with strong absorption in the UV-Vis spectral region and onset absorption around 675 nm. It was
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interesting to note that for all BHJ blends, the absorption maxima, Amax for the broad band between
470 — 680 nm corresponding to the intermolecular charge transfer (ICT)!® shifted to shorter
wavelength (blue shift) with respect the pristine PDI-co-Carbazole and to longer wavelength with
respect to pristine G1PPT-co-P3HT. Indeed, as the amount of PDI-co-Carbazole with respect to
G1PPT-co-P3HT was increased in these ratios 1:1, 1:2 and 1:3, the red shift of the blends with
respect to the donor were 57, 69 and 75 nm in 1:1, 1:2 and 1:3, respectively. This therefore suggests
that there is effective electron transfer between the electron donating polymer and the electron
accepting PDI-co-Carbazole. On the other hand, the blue shift of the blends with respect to pristine
PDI-co-Carbazole with the 1:1 ratio having 38 nm blue shift, suggests that addition of the later to
the pristine G1IPPT-co-P3HT results in-the deplanarization of PDI-co-Carbazole;?° but further
addition of the accepting polymer might favor strong co-facial n-x interactions that create some

molecular ordering.t’
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Figure 7.2 UV-Vis absorption of G1IPPT-co-P3HT/PDI-co-Carbazole at different ratio

7.2.2 Photoluminescence quenching effects of PDI-co-carbazole on G1PPT-co-P3HT and Forster

resonance energy Transfer (FRET)

G1PPT-co-P3HT/PDI-co-Carbazole different bulk heterojunction blends photophysical properties
were also investigated using Photoluminescence spectroscopic technique. The nanocomposite

fluorescence properties were studied using Ocean Optics device. Fluorescence of pristine G1PPT-
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co-P3HT and PDI-co-Carbazole have been fully discussed in Chapter 6, Section 6.3.3.1 and
Chapter 5, Section 5.3.3.1, so in this section, we will only focus of the fluorescence of the blends.
Upon excitation of D-A blends, total quenching of the donor is observed, characterized by the
complete disappearance of the G1PPT-co-P3HT fluorescence emission peak initially exhibited by
the pristine material at 551 nm, an indication that there is essentially no radiative exciton decay in
the blend.?! This can be as result of the photo-induced electron transfer between the electron
donating G1PPT-co-P3HT and the electron accepting PDI-co-Carbazole which is the desired
process in photovoltaic devices. Also, while a red shift (20 nm) of the emission peak of the blends
is observed, from 665 nm in pristine PDI-co-Carbazole to 685 nm in the blends, an increase in
peak intensity with increasing content of PDI-co-carbazole is also to be noted (Figure 7.3). The
total disappearance of the donor fluorescence peak coupled to the increase in acceptor intensity
peaks suggest that there is also a Fluarescence or Forster resonance energy transfer (FRET) from
the donor to the acceptor.?? This is further confirmed by the emission spectrum of the donor
overlapping the acceptor absorption spectrum? as shown in Figure 7.4. We also suspect that this
energy transfer is followed by non-radiative recombination? considering the increase in acceptor

peak intensity above-mentioned.
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Figure 7.3 Emission spectra of GLPPT-co-P3HT, PDI-co-Carbazole and their blends
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Figure 7.4 Absorption and emission spectra of GLPPT-co-P3HT (D) and PDI-co-Carbazole (A)

(green area represents the spectral overlap of donor emission and acceptor absorption
characterizing the Forster resonance energy transfer)

7.3 Device fabrication and characterization

7.3.1 Device fabrication

Photovoltaic devices were fabricated according to the following procedure, where the device

configuration used was glass/ indium tin oxide (ITO)/poly(3,4- ethylenedioxythiphene):

poly(styrenesulphonate) (PEDOT:PSS)/ BHJ active layer/Al with a pixel area of ~0.0256 cm?.
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Prior to fabrication, the patterned ITO-coated glass substrates with resistance 20 Q / square, were
cleaned. The cleaning procedure was as follows: the substrates were sonicated in Hellmanex
solution for 15 min and rinsed twice in boiling water; then sonicated for 15 min in N, N-
isopropanol and rinse again twice in boiling water. Afterwards, the substrates were dried under an
argon gas stream. After the cleaning process, the hole transporting layer, PEDOT:PSS (Heraeus
Clevios PH-1000) was deposited on the ITO surface by spin coating at 5000 rpm for 30 s; then
dried on a hot plate at 150 °C for 5 min. PEDOT-PSS was used to reduce the roughness of the ITO
and acts as electron blocking layer between the ITO and the active layer. PEDOT-PSS was gently
wiped away from the etched part of the ITO using de-ionized water with a cotton bud to enhance
contact with the electrode. The prepared donor:acceptor solutions in chloroform (50 pL) were spin
coated on the PEDOT-PSS at 900 rpm for 105 s, dried on a hot plate at 80 °C for 10 min and the
edges were cleaned using chloroform. Finally, the top electrode Al layer (103 nm) deposition was
done by thermal evaporation on the glass/ITO/PEDOT-PSS/BHJ active layer substrate to complete
the device fabrication. A drop of encapsulation epoxy was deposited on a glass substrate and used

to seal the device; that was then dried under UV lamp to avoid oxidation from air contact.

Even though the main device of interest is the one based on G1PPT-co-P3HT/PDI-co-Carbazole
(2:1) bulk heterojunction blend, four other devices based on P3HT: PDI-co-Carbazole (2:1),
G1PPT-co-P3HT: PCs1BM (1:2), PDI-co-Carbazole:PCs1BM (1:2), P3HT:PCs1BM (2:1) bulk
heterojunction blends were also fabricated to investigate the photovoltaic characteristics of each
prepared copolymer with respect to well-known widely used P3HT and PCBM as donor and

acceptor, respectively.
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7.3.2 1-V characteristics evaluation: morphology — device performance relationship.

Current voltage (I-V) curves of the devices were recorded in the dark and under illumination using
a solar simulator. All characteristics measurements were carried out at ambient air. The I-V
characteristics of the BHJ PSCs as shown in Figures 7.5 to 7.9 were recorded under simulated
solar illumination of AM 1.5 with an incident power density of 100 mW/cm? from -0.2 to 1 V
using a Keithley output Reader. The parameters of the PSCs are summarized in Table 7.1. All
devices exhibited very poor performances except for P3HT:PCesBM that achieved a power
conversion efficiency of 1.5 % for Voc = 140 mV, Jsc = 17.85 PA, Fill factor, FF = 0.26. G1PPT-
co-P3HT:PDI-co-Carbazole (2:1) exhibited the poorest characteristics with Voc =5 mV, Jsc = 2.65
WA, Fill factor, FF = 0.11 and almost an extremely low power conversion of 2.1 x 10 %. This is
suggested to be due to the recombination of the separated charges immediately after their excitation
- through light absorption. Such result.confirms the findings obtained from fluorescence studies
where we observed a spectral overlap of the donor, GIPPT-co-P3HT emission spectrum and the
acceptor, PDI-co-carbazole absorption characterizing an energy transfer; and mostly the increase
in fluorescence intensity peak of the acceptor, which suggested that non-radiative recombination
occurs.?* In addition, the tendency of PDI-co-Carbazole to self-aggregate during film deposition
can also account for the isolation/trapping of the charges within the macromolecule lattices which
will inhibit proper charge transport.?>?% Device FF of 0.11, smaller than those of other devices
may be due to short-conjugated length and amorphous structure of PDI-co-Carbazole. Low FFs
(below 0.4) of solutions processed OPVs are also associated with large series resistance and small

shunt resistance.?” In OPVs, the device performance is strongly dependent on free charge carrier
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generation, transport in the active layer, and collection at corresponding electrodes. The I-V
characteristics of most devices exhibit strong electric field dependence (Figure 7.6, 7.7 and 7.8)
associated with recombination processes. This is probably induced by the energetically close
positions of G1PPT-co-P3HT and PDI-co-Carbazole,?” thereby reducing the selectivity of the
negative contact to separate holes and electrons. Such behavior appears to be a typical feature of

transport limitation.

Table 7.1 Summary of photovoltaic device performances.

Device structure: ITO/PEDOT:PSS/Active layer/Al

Active layer Voc Jsc FF PCE/
V) (LA/cm?) (1x10
3%)
P3HT: PDI-co-Carbazole (2: 1) 0.18 62 0.26 3.0
G1PPT-co-P3HT: PCe1BM (1:2) 0.08 15 0.24 3
G1PPT-co-P3HT:PDI-co-Carbazole (2: 1) 0.05 2.65 0.11 0.021
PDI-co-Carbazole:PCs1BM (1:2) 0.14 17.85 0.26 7
P3HT:PCe:BM (2: 1) 0.51 7.7 E"3 0.38 1.5x 103
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Figure 7.5 I-V Characteristics of P3HT: PDI-co-Carbazole (2: 1)
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Figure 7.8 I-V Characteristics of PDI-co-Carbazole:PCe1BM (1:2)
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Figure 7.9 I-V Characteristics of P3HT: PCes1:BM (1:2)

7.3.3 Morphological investigation of the BHJ layers

Various studies have demonstrated that organic photovoltaic device performances are strongly
dependent on the BHJ blend morphology.?3? It is therefore imperative to understand the relation
between them. In order to achieve good charge carrier generation, the interface between the donor

and the acceptor should be large enough and efficient charge extraction should be allowed by the
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networks blend of donor and acceptor polymers.® Also, the capacity of both components to exhibit
crystalline ordering on length scales of several nanometers could be beneficial for carrier transport
and device efficiency.’®” The five devices morphology were investigated using Scanning Electron
Microscopy (SEM) and the images on Figures 7.10 to 7.14 show that in most devices, the blends
were characterized by evident defects that act as charge trapping and inhibit continuous flow of
the charges to the respective electrodes. Precise morphology parameters, including the van der
Waals crystal packing of the donor and acceptor polymers; and the formation of nanoscale domains
of the two phases, are strongly dependent on donor and acceptor blend ratio, the solvents used,
processing conditions and finally post-production treatment. The use of chloroform as the casting
solvent could therefore have played a detrimental effect on the morphology of the devices as the
fast evaporation of the solvent resulted in material clustering. Also, the low BHJ active layer
thickness as see on the image of G1PPT-co-P3HT: PCe1BM (Figure 7.11) affected the device

performance.
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P3HT:PDI-co-Carbazole (2:1)

P3HT:PDI-co-Carbazole (2:1)

Figure 7.10 SEM images of P3HT:PDI-co-Carbazole (2:1) on 100 um and 10 pm scale
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G1PPT-co-P3HT: PCs1BM (1:2)

Figure 7.11 SEM images of GIPPT-co-P3HT:PCs:BM (1:2) on 10 um scale

Figure 7.12 SEM images of G1PT-co-P3HT:PDI-co-Carbazole (2:1) on 100 um scale
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PDI-co-CarbazolePCsiBM (12)

—

Figure 7.13 SEM images of PDI-co-Carbazole:PCe1BM (1:2) on 100 pm and 10 pum scale
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P3HTPCs1BM (2: 1)

Figure 7.14 SEM images of P3HT:PCsBM (2:1) on 100 um and 10 pum scale
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7.4 Conclusion

Due to parameters used, the multipolymer architecture of GIPPT-co-P3HT:PDI-co-Carbazole was
limited to a random arrangement of subunits that consequently hindered its propensity for
achieving ordered phases. This resulted in all devices exhibiting relatively poor photovoltaic
performance characteristics. Since molecular ordering characterized by crystallinity is a key factor
influencing the film optoelectronic properties, important effort has to be put toward synthesizing
highly ordered multipolymers that could achieve a greater degree of molecular arrangement and
thus improved performance compare to their random counterparts as it was observed in G1PPT-

co-P3HT:PDI-co-Carbazole blends.
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CHAPTER EIGHT

Conclusion and future work

8.1 Summary of findings

This work reports on the first-time chemical preparation of low-band gap, air-stable and highly
crystalline generation 1 poly (propylene thiophenoimine)-co-poly(3-hexylthiophene) (G1PPT-co-
P3HT) as a donor material for bulk heterojunction organic photovoltaic cells (OPVs). The star
copolymer was synthesized at room temperature in chloroform, via oxidative copolymerization in
the presence of ferric chloride (FeClz) under a gentle nitrogen stream for 48 h. Synthesis achieved
a high molecular weight star copolymer (Mw 30315 g/mol) with dispersity, D= 1.87. Confirmation
of the isolated pure macromolecule was done via 'H NMR and FTIR spectroscopy. Results
obtained from *H NMR demonstrated that the star copolymer was constituted of 84 % regioregular
poly(3-hexylthiophene) which accounted for the molecular ordering observed in the HRSEM
images that showed one-directional lattice fringes; confirmed by the clear, well-aligned crystal
lattices in Small -Angle energy diffraction (SAED) images. Regioregularity of polymers is a very
important feature when designing organic photovoltaic devices as the molecular ordering in the
materials films allows for appropriate charges separation and continuous transport to the respective
electrodes. Particles size within the nanometer range found in this copolymer (2— 23 and 55 — 76

nm); as evaluated by small angle x-ray scattering (SAXS) analysis will definitely aid the flow of
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electrons in the conjugated chain. This dendritic polymer also exhibited excellent absorption
properties in the UV-Vis into NIR spectral region; a very important characteristic of donor material
in OPVs, with an onset absorption above 850 nm that allowed for an optical band gap E;pt around
1.43 eV. Indeed, upon copolymerization to 3-hexylthiophene, two new bands are observed. The
broad band between 400-680 nm is as result of intramolecular transfer due to the extended
conjugation in the alkylated thiophene chain, and another small band at 830 nm is assumed to be
due to n-n* transition. Such low optical band gap is an added advantage towards photovoltaic
device fabrication as when combined to the suitable acceptor material, there will be proper “jump”’
of the electrons to the lowest unoccupied molecular orbital (LUMO) of the acceptor. GIPPT-co-
P3HT demonstrated good semiconducting properties  with quasi-reversible electrochemical
behavior in 0.1 M BusNPFs (acetonitrile) at 50 m\/s scan rate. The electronic parameters, Eip (-
Exomo), Ea (-ELumo) and electrochemical bag gap Eg¢ of the material as determined by cyclic
voltammetry on the reference of ferrocene energy level were 5.53, 3.6 and 1.93 eV respectively.
All these optical, electronic and morphological results qualify GIPPT-co-P3HT as a good electron
donor for photovoltaic applications. But also allow for the consideration of this dendritic star
copolymer in optoelectronic notably organic light-emitting diodes (OLEDSs) in which molecular

ordering is of outermost importance.

On the other hand, poly[N,N’-bis(dodecyl)perylene-3,4,9,10-tetracarboxylic diimide-1,7-diyl-alt-
9-(heptadecan-9-yl)carbazole-2,7-diyl] (PDI-co-Carbazole), an electron acceptor copolymer was
also synthesized. A lot of effort has been put in the designing of non-fullerene based photovoltaic

devices and perylene diimides have been identified as good electron accepting semiconductors.
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Perylene diimide copolymerized to carbazole have received a lot of attention but most of these
types of copolymers being studied consist of branched alkyl or other functionalized substituents at
the imide (core) positions. Here we designed a copolymer based on perylene diimide and carbazole
via the well-known Suzuki coupling with dodecyl substituents at the imide positions. The
copolymer was successfully prepared as confirmed by spectroscopic techniques and exhibited
good absorption properties in the UV-Vis spectral region with optical band gap, E;P* =1.73 eV.
The morphology of the material was found to be amorphous with aggregate formation of particle
size between 122 nm and 60 — 90 nm. Electrochemical band gap, E¢¢ as determined using cyclic
voltammetry investigation of the copolymer deposited on a platinum electrode disk in in 0.1 M
BusNPFg (acetonitrile) at 50 mV/s scan rate on the reference of ferrocene was found to be slightly
higher than the optical band gap. The semiconducting properties of the material were ascertained
by means of electrochemical impedance spectroscopy. The later technique revealed that this
copolymer is very sensitive to the applied potential as decreasing the formal potential resulted in

a decrease of the semi-conductive behavior through an increase of charge transfer resistance.

The two prepared materials, star copolymer donor G1PPT-co-P3HT and polymer acceptor PDI-
co-Carbazole, were then mixed in bulk heterojunction blends of different ratios (1:1, 1:2 and, 1:3),
an architecture that allow for three-dimensional internetworking of the electron donating and
electron accepting materials. The optical studies of these blends revealed that the tendency of PDI-
co-Carbazole to aggregate was increased when mixed with G1PPT-co-P3HT as there was an
evident blue shift of the blends’ wavelength with respect to pristine PDI-co-Carbazole. Studies of

the fluorescence properties demonstrated that photo-induced electron transfer characterized by the
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total disappearance of fluorescence peak of G1PPT-co-P3HT was accompanied by Forster
resonance energy transfer. Indeed, a pronounced spectral overlap of the emission of the donor
GPPT-co-P3HT with the absorption of the acceptor PDI-co-Carbazole was observed. This
resonance energy transfer suggested to be followed by non-radiative, germinate recombination of
the charges, was confirmed by the poor photovoltaic performances of their blend. Indeed, five
photovoltaic devices based on the following BHJ active layers, G1PPT-co-P3HT:PDI-co-
Carbazole (2:1), P3HT: PDI-co-Carbazole (2:1), G1PPT-co-P3HT: PCe1BM (1:2), PDI-co-
Carbazole:PCs1BM (1:2), P3HT:PCs1BM (2:1) were fabricated. The architecture followed this
configuration, glass/ITO/PEDOT: PSS/active layer/Al where, PEDOT:PSS was deposited by spin-
coating followed by annealing at 150 °C-for 5 min, then the active layer was spin-coated from
chloroform solution and annealed at 80 °C. for 10.min and Al layer was thermally evaporated as
the cathode electrode. All devices exhibited poor photovoltaic characteristics except from
P3HT:PCs:BM that demonstrated a power: conversion efficiency PCE of 1.5 %. G1PPT-co-
P3HT:PDI-co-Carbazole exhibited the poorest device performance with an open-circuit voltage
Voc of only 5 mV compare to 510 mV for the P3HT: PCs1BM -based device. Investigation of the
morphology revealed that the high amount of defects in the structure of the blends act as trap of
charges, prevent their transport to the electrodes and allow for charges recombination. Also, the
inherent tendency of PDI-co-Carbazole to aggregate has aided in the poor homogeneity of the thin
film. In addition, we suspect that the choice of chloroform as the casting solvent played a
detrimental role on these performances as chloroform quick evaporation time does not give

sufficient appropriate time for homogeneous film forming.
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This work also included the evaluation of the charge -carrier transport of some
thienothiadiazole/fluorene copolymers in organic field-effect transistors (OFETS). As charge
separation and transport is a crucial step in the photovoltaic performances, it is important to
investigate these parameters in photovoltaic polymer materials. The synthesis of these
thienothiadiazole/fuorene materials was done by Cimrova and co-workers and is reported in
literature (see Chapter 4 for references). Side-chain engineering through alkyl substitution is
usually used during optoelectronic and photovoltaic polymers design as a way to increase the
solubility of the materials, tune their morphology, optical and photophysical properties; which
therefore influence their device performances. The materials under our investigation were prepared
with different alkyl chains on either thienothiadiazole or fluorene component of the backbone and
are denoted CEHTF, CEHTF8, CHTF and CDTF. These organic field-effect transistor devices
were successfully fabricated using top-gate, bottom-contact architecture with silver (Ag) top-
electrode and poly(methymethacrylate) (PMMA): as-dielectric gate. Different parameters were
varied during these device fabrications to investigate if they had any significant effect on the hole
mobilities. Because these polymers are electron donors, hole mobilities were evaluated in the
source-drain voltage (Vsp) range -100 V to 0 V with increasing negative gate-voltage (Vg) from 0
V to -100 V. All, devices demonstrated typical transistors behaviour characterized by linear and
saturated regimes. The best performance, with saturated mobility, psat as high as 2.4 x 102 cm?/Vs
was exhibited by CDTF copolymer with ethylhexyl groups on the fluorene and n-dodecyl side
chain on the thienothiadiazole and with the highest layer thickness; whereas, the lowest mobilities
were observed from CEHTF comprising ethylhexyl side chain substitutions on both backbone

components. An increase of the hole mobilities by three orders of magnitude from CEHTF to
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CDTF through CEHTF8 and CHTF was observed. This demonstrates that the best hole mobilities

in these thienothiadiazole/fluorene copolymers are obtained from the linear alkyl-substituted

polymers and most specifically those with straight alkyl substitutions on the thienothiadiazole

component. These polymers also demonstrated hole mobilities dependence on the molecular

weights; but the extent of this dependence is highly based on the dispersity, D of these

macromolecules. Indeed, a good Mw/ B regime needs to be met to obtain optimum charge transport

properties. Further investigation by varying parameters such as dielectric thickness, surface pre-

treatment or annealing did not bring any significant change in the charge transport. Summary of

the hole mobilities can be found in Table 8.1

Table 8.1 Hole mobilities summary for CEHTF, CEHTF8, CHTF and CDTF

Chemical structure of copolymer | Denotation Ri1 R Msat
cm?/V/s
CEHTF 2-ethylhexyl | 2-ethylhexyl 7x10°
(lowest psat)
CEHTFS8 n-CgHa7 2-ethylhexyl 6.7 x 10*
R
O'O ANCNEA CHTF 2-ethylhexyl n-CeH1z 3x 107
Ry R4 S \ Y S n
N\\S//N CDTF 2-ethylhexyl n-CioHos 2.4 %107
(highest psx)
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8.2 Recommendations and future work

It is evident that the overall device performances were far from good, but these materials present
good properties for OPVs and there is room for optimization of their photovoltaic characteristics.
It is critical to study the fundamental processes of charge transfer and charge carrier recombination
across the donor— acceptor interfaces. The band gap offset between donor and acceptor must be
optimized to yield the highest possible photovoltage from the device. Also, ways to reduce contact
resistance between layers must be found in order to reduce the device series resistance, which is
important in determining the fill factor, FF and thus the power conversion efficiency, PCE. It is
also important to increase the active layer thickness while minimizing charge carrier
recombination and keeping the series resistance of the device low in order to obtain higher charge
carrier mobilities. In addition, strategies to develop BHJ active layers that self-assemble into
ordered phases with pathways for efficient charge transport is a promising route to obtaining higher

carrier mobilities.

Future work therefore consists in designing ways to address issues such as control of the
morphologies, and improving the optoelectronic properties of the light-absorbing and charge-
transporting materials through optimization of the active layer thickness, use of other solvents,
temperature and solvent annealing, use of additives, use of different cathode electrode. This will

therefore include:
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Detailed qualitative and quantitative investigations of the photo-physical and
morphological properties of the co-polymers G1PPT-co-P3HT, PDI-co-Carbazole and
their bulk heterojunction thin films through TOF, AFM, XPS and mobility studies will be
worthwhile to better understand how the materials interact and can be better engineered in

the bulk heterojunctions systems to avoid recombination process.

. Varying the ratio of donor:acceptor, device engineering such as thickness optimization,
pre- and/or post-solvent and thermal annealing which usually have varying influence on
the morphology which in turn will affect morphological and photovoltaic properties of the

material is recommended.

Investigation of other electrodes in place of Al in the device configuration.

Furthermore, it is obvious that despite the good optical properties of GIPPT-co-P3HT and
PDI-co-Carbazole, their photovoltaic properties are far from being enhanced. Reaction
conditions should be optimized through addition of different side-chains or varying the

alkyl substituents in order to suppress the aggregation issue.

Contact resistance in the thienothiadiazole/fluorene —based organic field-effect transistors

devices performances should be investigated in order to understand their effect on the

charge transport properties.
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