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ABSTRACT

Nowadays, energy crisis and environment pollution are two big challenges that restrict
the development of society. Energy is a very important driving force to improve the standard of
living and develop a country. The most versatile material class used in the field of organic
photovoltaics is called wm-conjugated polymers. Solar energy is a sustainable, environmentally
friendly, unlimited energy from the sun and renewable energy source. The morphology of the
active film is important for the efficiency of the solar cells. The most important branches in
materials science is called polymer blend which has gained considerable attention to meet
multifunctional need. Blends of two different polymers are likely to form a large phase separated
structure; this is an inherent characteristic of polymers with a long main chain. Phase diagrams
display specific information in terms of when the phase separation occurs and which phase-
separated structure can be formed and therefore can be a suitable guidance to the phase
separation of polymer blend. In this study, the phase diagrams of n-type low bandgap
P(NDI20OD-T2) solutions and blends were constructed. To this end, we employed the Flory-
Huggins lattice theory for qualitatively understanding the phase behavior of P(NDI20OD-T2)
solutions as a function of solvents (chlorobenzene, chloroform, and p-xylene). Herein, the
polymer-solvent interaction parameter was obtained from a water contact angle measurement,
leading to the solubility parameter. The phase behavior of these P(NDI20OD-T2) solutions
showed both liquid-liquid and liquid-solid phase transitions. However, depending on the solvent,
the relative position of the liquid-liquid phase equilibria and solid-liquid phase equilibria (i.e.,
two-phase co-existence curves) could be changed drastically, i.e., LLE > SLE, LLE = SLE, and
SLE > LLE. Finally, we studied the phase behavior of the polymer-polymer mixture composed of
P(NDI20D-T2) and r-reg P3HT, in which the melting transition curve was compared with the
theory of melting point depression combined with the FH model. The FH theory describes
excellently the melting temperature of the r-reg P3HT/P(NDI20D-T2) mixture when the entropic
contribution to the polymer-polymer interaction parameter (y =116.8 K/T—0.185, dimensionless)
was properly accounted for indicating an increase of entropy by forming a new contact between
two different polymer segments. Understanding the phase behavior of the polymer solutions and
blends affecting morphologies plays an integral role towards developing polymer optoelectronic

devices. We report the phase behavior of amorphous/semicrystalline conjugated polymer blends
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composed of low bandgap PCPDTBT and P(NDI20D-T2). As usual in polymer blends, these two

polymers are immiscible because AS, ~ Oand AH, > 0, leading to AG,> 0, in which
AS, ,AH_, and AG, are the entropy, enthalpy, and Gibbs free energy of mixing, respectively.

Specifically, the FH interaction parameter for the PCPDTBT/P(NDI20OD-T2) blend was
estimated to be 1.26 at 298.15K, indicating that the blend was immiscible. When thermally
analyzed, the melting and crystallization point depression was observed with increasing
PCPDTBT amounts in the blends. In the same vein, the X-ray diffraction patterns showed that
the m-rr interactions in P(NDI2OD-T2) lamellae were diminished if PCPDTBT was incorporated
in the blends. Finally, the correlation of the solid-liquid phase transition and structural
information for the blend system may provide insight for understanding other
amorphous/semicrystalline conjugated polymers used as active layers in all-polymer solar cells,
although the specific morphology of a film is largely affected by nonequilibrium kinetics. The
thesis is organized into six chapters. Chapter 1 gives a brief general introduction. Chapter 2
focuses on a literature review on the topic of the study. The third chapter focuses on the
experimental methods and materials adopted for the present work. The fourth chapter deals with
the phase diagrams of n-type low bandgap naphthalenediimide-bithiophene copolymer solutions
and blends. Chapter 5 focuses on the phase behavior of amorphous/semicrystalline conjugated
polymer blends for which PCPDTBT and P(NDI20D-T2) was chosen as a model system. Last
chapter 6 includes the general discussion of the investigations, overall messages, strengths and
limitations, conclusions drawn from the works, and recommendations relates to the outlook for
future work. In each case, the goal is to understand the phase behavior of the polymer solutions
and blends affecting morphologies that plays an integral role in developing polymer

optoelectronic devices.

Keywords: phase diagram, Flory-Huggins theory, n-type polymer, p-type polymer, low bandgap
polymer, polymer solution, phase behavior, conjugated polymer, polymer blend, all-polymer
solar cell materials, melting point depression, amorphous, semicrystalline, polymer

thermodynamics, solar energy
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1. INTRODUCTION

1.1 Background of the Study

Nowadays, energy crisis and environment pollution are two big challenges that restrict the
development of society (Sthel et al., 2013; Kamanzi and Kahn, 2017). According to the
international energy agency as of Avtar et al., 2019 reported that, the energy demand of our
globe is expected to increase by twofold in the year 2050, Figure 1.1. As a result, the
development of clean and environmentally friendly renewable energy sources is required to meet
the growing energy demand caused by rapid economic development and increasing population,
by minimizing pollution, global warming and fossil-fuel depletion. Among the renewable energy
sources (i.e., fossil fuels, wind energy, hydropower and nuclear energy), solar energy is one that
can replace fossil fuels (Kumar, 2020, Martins et al., 2019, Asif and Muneer, 2007).

Type of
Hydropower i~ Renewable
energy Energies

Figure 1.1 The types of renewable energy resources listed above: biomass, solar, geothermal,
wind, and hydropower (adapted from (Avtar et al., 2019)).



The silicon solar cell currently dominating the market has been suffered from the various
major challenges, such as high production cost which is the main drawback for large-scale
energy applications and commercialization (Haitz and Tsao, 2011, Reineke, 2013). Thus, to
compete and replace the use of fossil fuels in large scale energy demands, there has been an
intensive effort to uncover a cheaper and more efficient solar cell materials alternative to silicon
solar cells (Tuller, 2017, Battersby, 2019).

All-polymer solar cells are expected as one of the next generation photovoltaics and also
believed to be promising devices that can be substitute silicon solar cells. The worldwide energy
consumption continues to rise; leading to an increased exploitation of available energy sources.
There has been a surge in global energy demand with the advancement in technology, economic
growth, and increasing growth in population. Due to the fact that solar energy is well known as
one of the clean and available energy sources, harvesting such solar energy is very important to
meet the world’s energy demand. Solar energy received by the earth in one hour from the sun is
more than the total energy consumption across the planet in one year (Facchetti, 2011, Zhan and
Zhu, 2010, Cheng et al., 2009, Boudreault et al., 2011). Figure 1.2, below indicates that one of
the mechanisms used to harvest solar energy directly from sun light and convert this light into
electricity is called solar cells (Ushasree and Bora, 2019). Solar cells can be categorized into two
types depending on the active material used to harvest light (i.e., inorganic and organic solar
cells). Today, silicon-based inorganic solar cells are dominating the solar cell market
(Venkataraman et al., 2010). In lab-scale devices, the efficiency of multijunction inorganic solar
cells is over 43 % and commercially available silicon-based solar cell is above 40 %
(Venkataraman et al., 2010, Chen and Cao, 2009). Compared to inorganic solar cells, organic
solar cells have many features such as low-cost, flexible, solution-processible, large-scale device
fabrication and economically fairness. Besides, to meet the desired needs of solar cells, both the
physical and chemical properties of organic polymeric materials can be modified (Zhou et al.,
2011, Price et al., 2011, Helgesen et al., 2009, Kim et al., 2007, Lin et al., 2012, Anthony, 2011).
Even if organic solar cells have a lot of interesting features, still the efficiency is lagged behind
inorganic solar cells. To overcome this problem, a lot of researches have been conducted to
enhance the efficiency of organic solar cells by synthesizing new active materials and developing

new active layer fabrication methods (Zhou et al., 2011, Helgesen et al., 2009, Lin et al., 2012,
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Anthony, 2011, Zhao and Zhan, 2011). In organic solar cells, the active material comprises the
hole-electron transporters to generate and move the charges. Currently, 18.22 % power
conversion efficiencies have been achieved in the state-of-the-art organic solar cells (Liu et al.,
2020).

< Solar cell »
Sunlight -
Absorpti -
n——— sorption Ct.larg.e (.Zharge Charge Charge . r‘]
of light excitation diffusion separation collection *
Electricity

Figure 1.2 Steps involved in conversion of sunlight into electricity in a typical solar cell
(adapted from (Ushasree and Bora, 2019)).

Recently, all-polymer solar cells with active layers composed of Pp and Pa have been
competitive technologies as an alternative to polymer-fullerene solar cells (Wang et al., 2019,
Fan et al., 2017, Li et al., 2017, Li et al., 2018, Kolhe et al., 2018). Increasing the efficiency of
photovoltaic devices based on the use of organic materials, especially in the form of
nanostructure elements, is the object of the research of scientists from around the world (Tanski
et al., 2016, Matysiak et al., 2017, Tanski et al., 2019, Liu et al., 2019, Liu et al., 2016, Liu et al.,
2018, Wen et al., 2018, Liu et al., 2018). Conjugated polymer blends composed of polymer
donor and polymer acceptor have been used as an active material for all-polymer solar cells,
leading to a high power conversion efficiency of ~10—14.4 % (Jia et al., 2020, Zhao et al., 2020,
Zhu et al., 2019, Yao et al., 2019, Wu et al., 2019, Liu et al., 2019, Genene et al., 2019, Li et al.,
2019), which still lags behind PFSCs, demonstrating a PCE of over 16 % (Yao et al., 2019, Fan
et al., 2019). But all-small-molecule organic solar cells has highest power conversion efficiency
reported over ~ 14 % (Qin et al., 2020, Jia et al.,, 2020). However, all-PSCs have clear
advantages compared to PFSCs in that they have electronic tunability, leading to high open-
circuit voltage and light absorption, thermodynamic stability in morphologies, mechanical



stability of devices, lower cost of synthesis, large-scale processability in manufacturing, and

others.

In 2009, Facchetti et al. reported that P(NDI20D-T2) has a high electron mobility of ~ 0.85
cm?/Vs (Yan et al., 2009). Since then, P(NDI20D-T2) has been mostly used as a benchmark Pa
in all-PSCs, based on its properties, including high electronic charge mobility, a small bandgap
1.45 eV leading to effective light absorption, high electron affinity in its lowest unoccupied
molecular orbital = -4.0 eV, density = 1.1 g/cm?® glass transition temperature ~ -70 °C,
aggregation in common solvents, and controllable face-on or edge-on molecular orientation
depending on the molecular weight and its distribution (Moore et al., 2011, Fabiano et al., 2011,
Schuettfort et al., 2011, Steyrleuthner et al., 2012, Schubert et al., 2012, Yan et al., 2012, Mori et
al., 2014, Zhou et al., 2015, Zerson et al., 2016, Zhang et al., 2016). However, in spite of the
aforementioned strong characteristics, all-PSCs based on r-reg P3HT/P(NDI20D-T2) showed a
very low PCE (~ 0.2 %) initially, because of the geminate recombination of charge pairs
originating from its coarse phase separation with a large domain size of ~ 0.2—1 um (Moore et
al., 2011). Note that organic semiconductors, n-conjugated polymers, and small molecules have
low dielectric constants and van der Waals bonding (Pope and Swenberg, 1999, Gregg and
Hanna, 2003). Hence, for separating small radius (< 5 A) Frenkel excitons, a phase-separation
scale around the exciton diffusion length (~ 10 nm) must be controlled, leading to a sufficient
interfacial area (Pope and Swenberg, 1999). Hence, for effectively controlling morphologies, we

need to understand the phase-separation mechanism in detail.

Here, when Pp and Pa are mixed together, the goal of this mixing is not to make a miscible
blend unlike the versatile commercial blends, e.g., poly(vinyl chloride)-butadiene/acrylonitrile
copolymer and polystyrene-poly(2,6-dimethyl-1,4-phenylene oxide) blends (Olabisi, 1979), but
an immiscible (or partially miscible) blend for the separation of Frenkel excitons at the Pp/Pa
heterojunction (Pope, 1999, Gregg, 2003). In general, the ideal size of phase-separated domains

is ~10—20 nm because the exciton has a limited diffusion length (L, = ~ 10 nm) due to low

dielectric constants of organic macromolecules (Gregg and Hanna, 2003, Mikhnenko et al.,

2015, Tamai et al., 2015). However, if two homopolymers are mixed, the polymer blends may

undergo macrophase separation because of the increased Gibbs free energy of mixing (Bates,
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1991). Figure 1.3, showed that on the other hand, when Pp and Pa are linearly linked by covalent
bonds, these block copolymers may undergo microphase separation into ordered structures such
as cubic sphere, hexagonal cylinder, bicontinuous gyroid, and lamellae (Leibler, 1980, Bates and
Fredrickson, 1990, Dolan et al., 2015). Hence, considering the necessity of nanoscale phase
separation (much smaller than micro-/macro-scale domains) for organic photovoltaics, we need

to understand the polymer-polymer thermodynamic behavior in the Pp/Pa blend films.

lamellae gyroid cylinders spheres

Figure 1.3 Block copolymers and self-assembled equilibrium morphologies of lamellae,

bicontinuous gyroid, hexagonal cylinder, and cubic sphere (adapted from (Dolan et al., 2015)).

If Po and Pa are amorphous, there are two type of phase separation in liquid-liquid phase
transition: nucleation and growth, and spinodal decomposition (Cahn, 1965, McNeill and
Greenham, 2009). Here, NG proceeds in the metastable region, whereas SD takes place in the
unstable region without any energy barrier. However, if Pp and/or Pa are semicrystalline, the
liquid-solid phase transition (crystallization) also takes place with L-L phase transition (Kim,
2018, Kim, 2019, Fanta et al., 2019). Indeed, in many Pa/Pp blend systems, they contain a
stereoregular (or regioregular) polymer, leading to both L-L and L-S phase transition, directly
affecting the morphologies of Ppo/Pa blend films. Importantly, the pre-formed aggregation
through L-S phase transition in OPV blend solutions may play a significant role in generating

nanoscale phase domains instead of macrophase separation (Kim, 2018).

Previous studies (Kim, 2018) showed that the r-reg P3HT solution exhibits L-S phase
transition related to order-disorder phase equilibria between single-coiled polymer in solution

and polymer in nanocrystalline aggregate. The phase diagrams of low bandgap copolymer,
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PCPDTBT solutions as a function of solvent, chain length, polymer species, fullerene size, etc.,
are constructed theoretically (Kim, 2019). Then, with this understanding of solution phase
behavior for crystalline-amorphous, amorphous-amorphous, and crystalline-crystalline mixtures,
the phase diagrams of binary PCPDTBT:PCs:BM and PCPDTBT:PC7:BM blends are

constructed based on the thermal and optical properties of the materials (Kim, 2019).

In this study, | report that how n-type low bandgap P(NDI20OD-T2) solution undergoes L-L
and L-S phase transition depends on the solvent in comparison with the phase behavior of the r-
reg P3HT solutions. These phase behaviors are qualitatively described by the Flory-Huggins
lattice theory (Flory, 1953, Flory, 1942, Huggins, 1942), for which the y interaction parameter is

estimated from contact angle measurements, leading to a solubility parameter (Kim, 2018, Kim,
2019). Then, the phase behavior of all semicrystalline polymers, the r-reg P3HT/P(NDI20D-T2)
system, is studied based on both experimental and theoretical analyses. Importantly, for
analyzing the melting points of r-reg P3HT/P(NDI20D-T2), | employ the theory of melting point
depression combined with the FH model (Flory, 1953, Flory, 1942, Huggins, 1942), and observe
excellent agreement between the theoretical and experimental results when | employ

a y parameter with both enthalpic and entropic contributions. Note that, when a polymer contains

impurities (e.g., solvents or copolymerized units or other polymers), the melting point is shifted
by re-establishing the condition of equilibrium between liquid and crystalline polymer, which
could be described by combining the melting point depression theory with the FH model (Flory,
1953). Also, I further extended my works to an amorphous/semicrystalline conjugated polymer
blend for which PCPDTBT and P(NDI20D-T2) were chosen as a model system. Here,
PCPDTBT is a p-type polymer acting as Po (Muhlbacher et al., 2006, Morana et al., 2008, Gu et
al., 2012, Fischer et al., 2015). Interestingly, if PCPDTBT with bulky branched alky! side chains
(ethyl hexyl groups) has a relatively low number average molecular weight, M, = 3.2 kg/mol, it
shows amorphous or marginally crystallizable behavior, indicating that the chain ends (just like
impurities) may disturb polymer crystallization process (Kim, 2019). However, PCPDTBT with
high Mn =~ 35 kg/mol could be highly crystallized when this polymer was processed with
exposure to chlorobenzene vapors and/or with some solvent additives such as 1,8-diiodooctane,
1,8-octanedithiol, and 1,8-dichlorooctane (Muhlbacher et al., 2006, Morana et al., 2008, Gu et

al., 2012, Fischer et al., 2015). Note that in such a case, | may not rule out the effect of substrate
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on polymer’s crystallization. On the other hand, P(NDI20D-T2) is a highly crystallizable n-type

polymer acting as Pa in all-PSCs or n-channels exhibiting very high electron

mobility (1, ~0.85cm? / Vs) in the top-gate bottom-contact organic thin-film transistor (Yan et

al., 2009, Rivnay et al., 2010, Brinkmann et al., 2012, Takacs et al., 2013, Zhou et al., 2014,
Zhou et al., 2015, Zhang et al., 2016). Here, it is notable that P(NDI20D-T2)’s glass transition
temperature was reported to be - 70 and - 40 °C based on dynamic mechanical analysis and
differential scanning calorimetery, respectively (Schuettfort et al., 2011, Gu et al., 2016). Hence,
inspired by the important properties of these two polymers (Kim, 2019, Mihlbacher et al., 2006,
Morana et al., 2008, Gu et al., 2012, Fischer et al., 2015, Yan et al., 2009, Rivnay et al., 2010,
Brinkmann et al., 2012, Takacs et al., 2013, Zhou et al., 2014, Zhou et al., 2015, Zhang et al.,
2016, Schuettfort et al., 2011, Gu et al., 2016), | further studied the thermodynamic behavior of
PCPDTBT/P(NDI20D-T2) blends based on the thermal and structural analyses. Specifically, the
melting phenomena of crystalline P(NDI20D-T2) with added amorphous PCPDTBT material
was investigated using DSC and confirmed by X-ray diffraction, in which n-stacking was
observed to be dependent on the amount of amorphous PCPDTBT in the blend film. Finally, the
morphologies of the pure polymer and 1:1 blend film were investigated using the tapping-mode

atomic force microscopy.
1.2 Rationale of the Study

The main motives of our research are solution-processable conjugated polymers have
attracted enormous attention because of their potential application in the generation of cheaper to
fabricate, flexible, lightweight, disposable, have fewer adverse environmental impacts and
printed electronics (Beaujuge and Frechet, 2011, Li et al., 2010, Wu et al., 2015). The phase
behavior of conjugated polymer-solvent and polymer-polymer mixtures has been an interesting
topic of research in which there are two important phase-separation mechanisms, i.e., liquid-
liquid and liquid-solid phase transitions (Flory, 1953, Kim, 2018, Kim, 2019). Herein, the L-L
phase transition is similarly divided into two: spinodal decomposition, and nucleation and
growth (Cahn, 1965, Bates, 1991, McNeill, 2009). The former proceeds in an unstable region
through spontaneous phase separation without energy barriers, leading to a high interconnectivity
of two phases, whereas the latter exists in a metastable region (Cahn, 1965, Binder, 1983, Favvas
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and Mitropoulos, 2008). Specifically, in the field of polymer optoelectronics, L-L or amorphous—
amorphous phase transition through SD has been emphasized because the bicontinuous phase
morphologies of polymer/fullerene or polymer/polymer resemble those generated through
SD demixing (McNeill, 2009, Vaynzof et al., 2011). However, many well-known conjugated
polymers, including regioregular r-reg P3HT and P(NDI20OD-T2), are semicrystalline, not pure
amorphous, indicating that they may exhibit not only liquid-liquid phase equilibria but also solid-
liquid phase equilibria, i.e., self-assembly for crystallization (Whitesides and Grzybowski, 2002,
Whitesides and Boncheva, 2002) in the thin-film process from solution (Kim, 2018, Kim, 2019).
Hence, in the case of stereoregular polymer-based solutions, it becomes very important to
elucidate both SLE and LLE mechanisms and their sequences SLE to LLE or LLE to SLE for
understating morphology-formation mechanisms. Figure 1.4 showed that the Wikipedia of the
free encyclopedia on website of (https://en.wikipedia.org/wiki/Materials_science), the four
components (i.e., processing, structure, properties and performance) of the discipline of materials
science engineering and their interrelationship were showed which was commonly named as
materials tetrahedron, from this materials paradigm represented below my research work was

mainly focused on structure-property relationship.

Structure

Characterization

Properties

Processing

Performance

Figure 1.4 The materials paradigm represented in the form of a tetrahedron (adapted from

(https://en.wikipedia.org/wiki/Materials_science)).

1.3 Significance of the Study


https://en.wikipedia.org/wiki/Materials_science
https://en.wikipedia.org/wiki/Materials_science

The importance of this dissertation research is conjugated polymers or copolymers have
different applications today as of polymeric materials such as organic solar cells, organic field
effect transistors, organic light emitting devices or thermoelectric generators. The main reason
why conjugated polymers are used in such applications was because of their electronic structure.
The P3HT is the next generation material with thiophene based backbone where as both
PCPDTBT and P(NDI20OD-T2) are the state-of-the-art copolymers materials. Despite the lower
power conversion efficiencies, all-polymer solar cell still has some advantages over polymer-
fullerene systems. One of such advantages is the possibility to improve absorption by tuning the
polymers to absorb in different parts of the solar spectrum, whereas fullerenes generally absorb
poorly solar spectrum (Bavel et al., 2010). Solution processability may also be easier with all-
polymer systems because of the possibilities to easily change the solution viscosity (Facchetti,
2013). One of the problems that all-polymer solar cells face is low electron mobilities due to, for
example, large portions of amorphous materials. By using polymers and conditions such that
crystalline structures may be formed in the film mobility may be increased, but the mobility may
also get anisotropic, that is why the orientation of crystalline regions may become important. All-
polymer solar cell is an emerging technology as a new subject of active research because
polymer-polymer blend technique can avoid the aforementioned drawbacks of polymer-fullerene
systems (Ding et al., 2015). Therefore, the conjugated polymer has much significance specially
in polymer solar cells. The combination of p-type and n-type polymeric materials is important
for polymer-polymer photovoltaics and complementary logic circuit applications (Rivnay et al.,
2011).

1.4 The Scope of the Study

The major objective of the study is on the morphology and phase behavior of
polymer/solvent solution and polymer/polymer blends; this research work contributes to the
development of organic solar energy for devices that make use of polymer/solvent and
polymer/polymer blend systems. Therefore, my dissertation research work was focused on three
low bandgap polymeric materials (i.e., r-reg P3HT, PCPDTBT and P(NDI20D-T2)); and
includes common solvents of CB, CF and p-xylene for studies on the morphology and phase

behavior of polymer/solvent solution and polymer/polymer blends. Both the r-reg P3HT and
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P(NDI20OD-T2) are semicrystalline not pure amorphous, but the PCPDTBT is amorphous
conjugated polymer. F-H lattice theory was used to study the thermodynamics (statistical
thermodynamics) of the polymer solution and blends; and the effect of the interaction that exists
in polymer/solvent solution and polymer/polymer blends were examined using the interaction
parameter obtained from the Flory Huggins lattice theory. The solubility parameters were
determined with the help of contact angle measurement. The phase diagram was plotted and
analyses using experimental and theoretical studies. The thermal behavior was also studied using
differential scanning calorimeter and thermogravimetric analysis. The morphology and structural
behavior of the blends were studied with the help of the X-ray diffraction spectroscopy and
Atomic force microscopy. Our research suggests an alternative to achieve well-defined
morphology in polymer/solvent solution and polymer/polymer blends; and also provides a better
understanding of the background knowledge of the thermodynamics and phase separation

mechanism in polymer blends.
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1.5 Objectives of the Study

= To construct the phase diagrams of n-type low bandgap P(NDI20D-T2) solutions and
blends.

= To investigate the phase behavior of the polymer-polymer mixture composed of
P(NDI20OD-T2) and r-reg P3HT, in which the melting transition curve was compared
with the theory of melting point depression combined with the FH model.

= To apply the FH lattice theory to qualitatively understand the phase behavior of
P(NDI20D-T2) solutions as a function of solvents (CB, CF, and XY).

= To apply the FH lattice theory for which the polymer-solvent interaction parameter (y) is

estimated from contact angle measurements, leading to a solubility parameter.

= To report the phase behavior of amorphous/semicrystalline conjugated polymer blends
composed of low bandgap PCPDTBT and P(NDI20OD-T2).

= To study the correlation of the solid-liquid phase transition and structural information for
the blend system may provide insight for understanding other amorphous/semicrystalline

conjugated polymers.

= To investigate the morphologies of the pure polymer and 1:1 blend films were compared
using the tapping-mode AFM.
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2. LITERATURE REVIEW

2.1 Photovoltaic Cell

Energy is a very important driving force to improve the standard of living and develop a
country. Solar energy is a sustainable, environmentally friendly, unlimited energy from the sun
and renewable energy source, from a global perspective (Ali et al., 2016, Li et al., 2014). Since
solar energy is clean (Late et al., 2015), there is large interest in developing efficient photovoltaic
device for the conversion of solar energy to electrical energy (Li et al., 2014). At present, the
photovoltaic market is dominated by silicon solar cells. However, the high production cost of
crystalline silicon and long payback times, decreases its economic feasibility of widespread
application. So, there has been a strenuous endeavor to find a cheaper alternative to silicon solar
cells (Noel et al., 2013). The performance and efficiency of new technologies for solar energy

conversion strongly depends on the materials (Liu et al., 2012).

2.2 All-Polymer Solar Cells

All-polymer solar cells (i.e., polymer-polymer blends), are composed from both
conjugated polymer donor and conjugated polymer acceptor, and they have advantages such as
tunable chemical and electronic properties, morphological stability and enhanced mechanical
properties (Lei et al., 2016). In 1995, Halls et al. reported that the pioneering work on all-
polymer blend solar cells and the materials they used as of photoactive layer to produce a
polymer blend film are two soluble poly(p-phenylenevinylene) derivatives, poly[2-methoxy-5-
(20-ethyl)-hexyloxy-p-phenylenevinylene] and cyano-PPV (Halls et al., 1995). All-PSCs have
been proved as of alternative to the polymer-fullerene blend (Lei et al., 2016). Currently, state-
of-the-art single-junction all-PSCs show power conversion efficiency over ~10-14.4 %, which
still lag behind of polymer-fullerene system (i.e., due to not well-defined blend morphology and
limited charge transport) (Lei et al., 2016b, Yao et al., 2019, Fan et al., 2019). Polymer-fullerene
blends-based bulk-heterojunction polymer solar cells have gained good attention over the past
decade and the power conversation efficiencies have reached over ~16 % (Fan et al., 2019).
Moreover, it is still difficult to extend the absorption of fullerene derivatives into the near-

infrared regions of the solar spectrum (Lei et al., 2016).
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In recent years, many efforts have focused on developing optimal polymer donor and
polymer-acceptor combinations with well-controlled bulk-heterojunction morphologies. Among
the non-fullerene acceptors, naphthalene diimide-based copolymers have been the most
successful polymer acceptors with high electron affinities and high electron mobilities, which are
a result of their highly extended n-conjugated structure and strong m-n intermolecular interaction.
The power-conversion efficiencies of all-PSCs have improved greatly to ~10—14.4 %, and there
is still great potential for further enhancement, provided that simultaneous adjustment of
polymer-donor and polymer-acceptor energy levels can improve their light harvesting and
increase the open-circuit voltage. Compared with conventional polymer-fullerene solar cells, all-
PSCs can potentially exhibit much better mechanical strength and stability, because polymer
acceptors are not only intrinsically more ductile than fullerenes but also are entangled with other
polymers within the acceptor domain and at the interface. In consideration of the application of
PSCs in flexible devices, the mechanical properties of the all-PSCs should be investigated. All-
PSCs are better candidates than fullerene-based solar cells for applications in flexible and
portable electronics. The better performance of the all-PSCs was attributed to the high open
circuit potential of 1.06 V. The optimized BHJ active layers of polymer donor and acceptor with
favorable interfacial interactions. Kim et al. also studied the mechanical properties of the all-
PSCs and found that, compared with fullerene-based blend films, all-polymer blend films offer

superior flexibility, stretching and bending properties.

2.3 n-Type All-Polymer Solar Cells Application

In 1995, the history of the polymer acceptors was started as early as the fullerenes, but
their progress lags far behind. Primarily n-type polymers such as cyanated
polyphenylenevinylenes (Kietzke et al., 2005), benzothiadiazole (Arias et al., 2001, McNeill et
al., 2007) and rylene diimide-based polymers (Guo et al., 2015). The polymers based on rylene
diimide such as perylene diimide, nanphthalene diimide, and naphtho [2,3-b:6,7-b] dithiophene-
4,5,9,10-diimide are among the most efficient acceptors for all-PSCs.

In 2007, Zhan et al. synthesized the first perylene diimide-based polymer, PDI-co-
dithienothiophene, and investigated the photovoltaic performance. After modulation of the

chemical structures of PDI-based polymer and utilization of promising p-type polymers, the
13



photovoltaic performance improved gradually. In 2011 and 2014, PCEs of 2.2 % (Zhou et al.,
2011) and 4.1 % (Zhou et al., 2014) were realized by utilizing PDI-co-carbarzole and PDI-co-
thiophene copolymers, respectively. In 2016, Yan et al. adopted a vinylene-bridged PDI-based
polymer and achieved a high PCE of 7.57 %, which is also the highest value for PDI-based
polymers (Guo et al., 2016). Perylene diimide has the most effective acceptor in the polymer
solar cells field because of its properties of solubility, environmental stability and thermal

stability, low cost, broad and strong absorption (Ganesamoorthy et al., 2017).

NDI-based copolymers have been the most successful polymer acceptors among the non-
fullerene acceptors by having both high electron affinities and electron mobilities, which are a
result of their highly extended m-conjugated structure and strong n-7 intermolecular interaction.
For instance, PBDTTTPD as the electron donor, P(NDI2HD-T) as the electron acceptor.
Therefore, based on the above materials, the BHJ all-PSCs of PBDTTTPD-P(NDI2HD-T)
showed a PCE of 6.64 %, which is higher than that of PBDTTTPD-PCBM BHJ PSCs PCE of
6.12 % (Kim et al., 2015). Studies on NDI-based acceptor polymers (Yan et al., 2009), for
organic photovoltaic began with the work of Loi and co-workers in 2011 (Fabiano et al., 2011).
They studied the photovoltaic properties of the classic NDI-co-bithiophene copolymer (N2200)
in the blend with the P3HT and achieved a high fill factor of nearly 70 %, suggesting high charge
separation efficiency and balanced electron and hole mobility. In 2013, Zhou et al. synthesized a
n-type polymer of NDI-co-carbazole and achieved a PCE of 3.6 % (Zhou et al., 2013) and almost
at the same time, Jenekhe et al. also realized a PCE of 3.3 % by using a polymer of NDI-co-
selenophene (Earmme et al., 2013). In 2014 and 2015, all-PSCs based on NDI-based polymers
realized high PCE of 5.7 % (Mori et al., 2014) and 7.7 % (Hwang et al., 2015) by both the
material designs and the device optimizations. In 2016, Li et al. utilized medium bandgap
benzodithiophene-alt-benzotriazole copolymers as the donor and N2200 as the acceptor to
achieve the highest PCE of 8.27 % with a high FF of 70.24 % (Gao et al., 2016). Up to now,
NDI-based polymers were the most efficient polymer acceptors in all-PSCs (Schubert et al.,
2014, Geng et al., 2015, Wang et al., 2015, Xiao et al., 2015). All-PSCs is an effective approach
to further promote the state-of-the-art all-PSC technique at this early stage. NDI-based
copolymers, (Mori et al., 2013, Zhou et al., 2014, Earmme et al., 2014, Mori et al., 2014, Zhou et

al., 2013) especially P(NDI20OD-T2), also known as Activink N2200, (Yan et al., 2009) have
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been demonstrated the most effective acceptors in all-PSCs as their superior properties in
thermal stability, electron affinity, mobility and absorption coefficient in the visible and near-
infrared wavelength region. The blending of polymeric materials of P(NDI20OD-T2) as an
acceptor and P3HT as a donor were investigated as of photovoltaic properties of solar cells. In
2011, Sirringhaus et al. reported that the PCEs 0.21 % and 0.17 % were the initial P3HT:
P(NDI20D-T2) blends solar cell (Moore et al., 2011) and Fr echet et al. (Holcombe et al., 2011),
respectively. Again, in this year for the first time Loi et al. obtained a high FF of 0.67% for
P3HT/P(NDI20OD-T2) blends solar cells which is comparable to the polymer: fullerene blends
efficient values reported (Fabiano et al., 2011). However, the PCE of these devices was 0.16 %,
because of their limited Jsc value of 0.48 mAcm2. The entropy of mixing has an effect for the
formation of large domains in these two polymers, which is driven by preferential segregation
and crystallization, is the dominating factor behind the relatively poor Jsc, which limits the
overall device performance (Yan et al., 2012). In 2012, the poor Jsc was improved by the
addition of chloronaphthalene suppressed the pre-aggregation of P(NDI20OD-T2) in solution
(Schubert et al., 2012, Steyrleuthner et al., 2012). For P3HT:P(NDI120D-T2) blends which were
prepared from a mixture of p-xylene and cyanonaphthalene as spin-coating solvent a PCE of 1.4

% with a J.. of 3.77 mA cm*and an FF of 0.65 results were achieved (Schubert et al., 2012).

Compared with above-mentioned two rylene dimides, Naphthodithiophene Diimide is a
relatively new class of building block (Fukutomi et al., 2013) with an extended =-plane of
thiophenes. It was first used in all-PSCs by Zhou and co-workers in 2014 (Zhou et al., 2014). A
polymer acceptor based on NDTI and bithiophene exhibited an extended absorption in NIR
region up to 900 nm and achieved a PCE of 2.59 % in all-PSCs with PTB7 as the donor. In 2016,
a comprehensive study was carried out on NDTI-based copolymers with thiophene,
thienothiophene, and dithienothiophene units (Nakano et al., 2016). Interestingly, PNDTI-T and
PNDTI-DTT showed a face-on orientation, but PNDTI-TT gave an edge-on orientation to the
substrate due to the difference of the linearity for the polymer main chain. A highest PCE of 3.6

% and J of 10.7 mA/cm? were achieved in PSC with PNDTI-DTT as the electron acceptor

and PTB7 as the electron donor. Because of the strong absorption spectra in the near-infrared

region for NDTI-based polymers, higher J.. could be obtained after choosing suitable large band
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gap p-type polymers. As shown in Figure 2.1, PDI- and NDI-based photovoltaic materials have
achieved a rapid growth in recent years with PCEs exceeding 7.5 % and 8.2 %, respectively.
Although NDTI-based polymers still show lower PCE than PDI- and NDI-based polymers,
considering the limited number of the PNDTI-based materials and only preliminary
investigations on the photovoltaic applications, there is much room for improvement (Yang et
al., 2017). Figure 2.2, shown the chemical structures of the three rylene diimide-based n-type
polymers of PPDI-DTT, PNDI-DTT and PNDTI-DTT (Yang et al., 2017).
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Figure 2.1 Summary of the development of three kinds of rylene diimide polymers for all-PSC

application (adapted from (Yang et al., 2017)).
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Figure 2.2 The chemical structure of the three rylene diimide-based n-type polymers of PPDI-
DTT, PNDI-DTT and PNDTI-DTT (adapted from (Yang et al., 2017)).

2.4 Organic Solar Cells

Organic solar cells have a photoactive layer of organic semiconductors, also known as the
active layer or active film of the device, which is used for harvesting solar energy. The three
most common types of organic (or semi-organic) solar cells are all-polymer solar cells, polymer-
fullerene solar cells and polymer-nanoparticles solar cells. Organic solar cells are currently
viewed as promising power generation technologies that can be integrated into these devices
because they are lightweight, semitransparent and flexible (Thompson and Frechet, 2008,
shrotriya, 2009). To date, most highly efficient OSCs have been based on polymer-fullerene
blends, in which fullerenes such as phenyl-Ce1-butyric acid methyl ester act as the electron
acceptor. However, fullerenes are not ideal acceptor materials due to many intrinsic issues, such
as weak light absorption and un-optimized energy levels, limiting the design adaptability of the
electron donor pair. Moreover, fullerene-based OSCs have low flexibility and stretch ability due
to the brittle crystalline features of the fullerenes (Lipomi et al., 2012, Savagatrup et al., 2015).
To resolve these drawbacks, a number of non-fullerene acceptors, including small molecules,
nanoparticles and polymers, have been developed to replace fullerenes (Moore et al., 2011, Zhou
etal., 2011, Anthony, 2011).

One of the reasons for using organic materials is to reduce environmental problems,

which is the major concern nowadays. At the same time, using organic materials should reduce
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production costs, provide a large surface area for light absorption (Zhu et al., 2007), and
consume less energy. Organic solar cell is divided into two types-polymer solar cell and small
molecule solar cell. These two types of organic electronics materials are essential for light
absorption and charge flow. General differences between these solar cells are the materials used
in accordance with their constituent molecules, either small or large (polymers), as well as their
preparation technique. Spin coating or ink-jet printing is the common technique to fabricate
polymer solar cell, whereas small molecule solar cells are processed by thin film deposition
techniques in vacuum condition (Mihlbacher et al., 2006).

2.4.1 The Bulk-Heterojunction Solar Cell

Solution-processed polymer-polymer BHJ solar cells, consisting of a conjugated polymer
donor and a conjugated polymer acceptor, have advantages including tunable chemical and
electronic properties, morphological stability and enhanced mechanical properties (Lei et al.,
2016). The concept of bulk-heterojunction solar cell was to improve the performance of organic
bilayer solar cells. This is because, in the organic bilayer structure, only a small number of
excitons are collected at the interface of donor and acceptor materials (Kim, 2009). In contrast to
bilayer structure, the active layer in the bulk-heterojunction structure is extended. This is a result
of mixing an electron donor and an electron acceptor together. This is to increase light absorption
and improve efficiency of the optical thickness of the film while maintaining the current flows
(Mdahlbacher et al., 2006, Peet et al., 2007, Zhou et al., 2012). In other words, the separation of
charge in the bulk-heterojunction structure occurs in the whole surface of active layer compared
to the bilayer structure that only occurs in the interlayer. Thus, the tendency of excitons
dissociation is higher in the bulk-heterojunction type. The major issue for OPV is to find suitable
materials of the active layer to improve the interface, charge separation, excitation, and

efficiency.

2.4.2 Working Mechanism of Photovoltaic Device

Figure 2.3 is a schematic illustration of the working mechanism of polymer/polymer
blend solar cells. Photovoltaic conversion processes can be divided into several sequential

processes: (a) absorption of an incident photon by the constituent polymers, leading to the
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formation of polymer singlet excitons; (b) diffusion of the excitons to a donor/acceptor domain
interface (heterojunction); (c) charge transfer at the interface driven by either the LUMO-LUMO
or HOMO-HOMO energy offsets of the donor and acceptor polymers, along with dissociation of
the interfacial charge transfer state into free charge carriers; and (d) transport of the free charge
carriers to the anode and cathode through bicontinuous networks of donor (hole-transporting)
and acceptor (electron-transporting) polymers (McNeill and Greenham, 2009, Clarke and
Durrant, 2010, Ohkita and Ito, 2011, Ohkita and Ito, 2013, Ohkita et al., 2016). As a result, the
incident photon energy can be converted into electricity and a direct current is supplied to an

external circuit. Among these conversion processes, exciton diffusion to the domain interface is
particularly important, because the diffusion length of a polymer singlet exciton (L, )is typically

as short as only 10nm (Mikhnenko et al., 2012, Mikhnenko et al., 2015, Wang et al., 2014,
Tamai et al., 2014, Tamai et al., 2015).

Bulk-heterojunction structure based on
phase separation of polymer/polymer blend
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Figure 2.3 Photovoltaic conversion processes in polymer/polymer blend solar cells: (a) exciton
generation via photon absorption; (b) exciton diffusion at a donor/acceptor interface; (c) charge
transfer at the interface and charge dissociation into free charge carriers; and (d) charge transport
to each electrode (adapted from (Ohkita et al., 2016)).
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The overall photovoltaic performance is, thus, significantly affected by the morphological
characteristics of the blends, such as the domain size, domain composition (purity), and domain
connectivity. The ideal BHJ structure for efficient charge generation and transport is considered
to be a nanostructure blend based on bicontinuous interpenetrating networks of pure donor and

acceptor domains with a characteristic spacing length of ~10 nm, which is comparable to L, .

Therefore, excitons generated at a distance of more than 10nm from the donor/acceptor domain
interface cannot contribute to the photocurrent generation. In addition, even if charge carriers are
converted from the excitons, the charges generated in isolated polymer domains cannot be
transported by the electrodes.

2.5 Morphological Characterization of Thin-Films Using AFM and XRD Techniques.

The morphology of the active film is important for the efficiency of the solar cells. A
common way to achieve a favorable morphology is to use a bulk heterojunction, which contains
random domains of the two polymers throughout the whole structure. Several parameters affect
the microstructure of an organic film, such as (Moons, 2002): chemical structure of the donor-
acceptor, solvent used for processing materials, concentration of the materials used in solution
during processing, the donor-acceptor ratio and the choice of post-production treatments, such as
thermal annealing at different conditions and exposing the resulting film to different solvents.
Long polymer chains do not normally gain enough entropy by mixing for a homogeneously
mixed phase to be energetically favorable (Moons, 2002). Therefore, the thermodynamically
stable situation should involve a phase separation. The kinetics of film manufacturing may,
however, not allow for thermodynamic equilibrium to be reached. If the solvents evaporate fast
enough, the polymer chains may be frozen in a morphology that does not correspond to
thermodynamic equilibrium (McNeill, 2012). Annealing may then give the film opportunity to
approach a more thermodynamically favorable morphology (Bavel et al., 2010). Thermal
annealing is also good for mimicking conditions under which the device may have to operate
(Bavel et al., 2010). It is believed that an ordered structure of the film is favorable. An ordered
structure is assumed to give better charge transport and larger delocalization of charge carriers
(Schubert et al., 2014). There have been indications that the relative direction of the crystallites

in donor and acceptor is important for the efficiency. In a system of the two polymers P3HT as
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donor and N2200 as acceptor, is also known as P(NDI20OD-T2). The charge dissociation would
have been more efficient if the polymer chains in the crystal grains on adjacent sides had been

parallel at the interface between donor and acceptor (Schubert et al., 2014).

The P(NDI20D-T2) has the property of strong tendency of chain aggregation in solution
which leading to form a more “face-on” crystallites orientation of the conjugated backbone is
showed in the bulk of the film which indicates the lamellae confirmed by GIWAXS, from the
technique of as-cast films, Figure 2.4a. The photophysical evidence was reported for this chain
aggregation. A high aggregate content of ~45 % was obtained from solution via the coiling of
individual polymer chains with film formation due its chain collapse. During spin-coating and
drying techniques the flattening of the globuli will cause the formation of face-on lamellae. The
most important thing in polymer property is polymer with shorter chain is less likely to aggregate
and will be more soluble than longer molecular weight chains. Information about the surface
morphology of the as-cast, melt-annealed, and zone-cast films which were all show different
surface morphologies can be obtained from AFM images, as shown in Figure 2.4a-c, as of
Scherrer investigated of the width of the (100) peak) the films regardless of showing similar
surface slant angles and bulk crystal grain size, a = 33° = 3° and 20 £ 2 nm, respectively. As we
see on Figure 2.4c, by zone-casting technique the highly aligned P(NDI20D-T2) film was
produced. This information will give us to understand the film drying conditions can affect the
upper part of the film surface morphology. All films adopt a similar edge-on surface orientation.
This “edge-on” orientation is also observed at the surface of the film with surface-sensitive
NEXAFS spectroscopy, but P(NDI20D-T2) films formation is independent of both substrate and
solution processing. The reason is because of the high-performance top-gate transistors
fabricated on different substrates by a range of deposition techniques (spin-coating, gravure,
flexographic, and inkjet printing) (Schuettfort et al., 2011, Schuettfort et al., 2013, Zerson et al.,
2016).

21



& 7 nmp

0 nm

Figure 2.4 Atomic force microscopy images of the surface topography of (a) as-cast, (b) melt-
annealed, and (c) zone-cast films. The arrow in (c) indicates the zone-casting direction (adapted
from (Schuettfort et al., 2013)).

The reference polymer P(NDI20OD-T2) and new n-type random copolymers were
analyzed using wide-angle X-ray diffraction measurement for their studies on bulk crystalline
and molecular packing nature. The X-ray diffraction patterns for thin films of copolymer which
were spin-coated on glass substrate and also thermally annealed at 160 °C for 10 min shown in
Figure 2.5a and b. And also, in Table 2.1, the relevant data obtained from X-ray diffraction
patterns are given. At angle 26 = 4.06° with corresponds to the peak (100) we can observe
lamellar crystalline from X-ray diffraction pattern for the reference polymer P(NDI20D-T2) and
also at 20 = 23.10° the =n-m stacking peak (010) observed, which corresponded to lamellar
packing distance of 21.72 A and n-r stacking distance of 3.84 A. At 20 = 4.21°, 4.58°, and 4.80°
with d-spacing 20.96, 19.27, and 18.38 A for NDI-Th-PDI15, NDITh-PDI30, and NDI-Th-
PDI50, respectively, the lamellar peak (100) for random copolymers was observed. With
increasing incorporation of PDI moiety in the random copolymer chain the lamellar packing
distance was diminished gradually, but in contrast the n-n stacking distance increased linearly
(Figure 2.5a, inset). In reference polymer P(NDI20D-T2) is started to increase from 3.84 A to
whereas in NDI-Th-PDI15, NDI-Th-PDI30, and NDI-Th-PDI50, 3.85, 3.93, and 4.00 A,
respectively. In general, in Figure 2.5b, sharp and intense peaks with the lamellar ordering are
observed up to third order in X-ray diffraction patterns for all the random copolymers of NDI-

Th-PDIXx, this indicating that due to their highly crystalline nature (Sharma et al., 2016).
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Table 2.1 Thin-film XRD data of thermally annealed random copolymers of P(NDI20D-T2) and
NDI-Th-PDIx random copolymers (adapted from (Sharma et al., 2016)).

26 (deg.) d-spacing (A)
(100) (010) d100 dozo
4.06 23.10 21.72 3.84
4.21 23.03 20.96 3.85
4.58 22.59 19.27 3.93
4.80 21.92 18.38 4.00
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Figure 2.5 (a) and (b) thin-film XRD diffraction patterns of reference P(NDI20ODT2) and

random copolymers (adapted from (Sharma et al., 2016)).

The polymer topography and height profile which scanned by AFM were shown in
Figure 2.6. The root-mean-square roughness value for PCPDTBT(C5) and PCPDTBT (D5) from
1.16 nm - 4.33 nm to 10.8 nm, respectively, which resulted in increased surface area were due to
the addition of ordering agent (OA) roughened the polymer surface. The importance of
introducing OA in to films has an effect which produced both roughened the polymer surface
and unique nano-morphology. Both PCPDTBT(C) and PCPDTBT(D) films have nano-fibril-like
morphology and rough morphology, respectively. In Figure 2.7, the CN-driven morphology has
shown that a high-resolution image in which this information tells as a fibril is composed of
several circular polymer domains in a row. For domain formation there is no any known exact
mechanism, but Liu et al. proposed that while spin coating, a polymer can be aggregate in
solution and form fibril-like aggregates by using high boiling point additives. Having the above
information, it can be suggested that the major cause of having different nano structures on the

polymer surface is due to the OAs has different chemical structure.
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Figure 2.6 Atomic force microscopy images of the ordering agent-induced polymer surface
morphology and height profile. PCPDTBT (a) without OA; (b) with 5 vol % 1-
chloronaphthalene; (c) with 10 vol % CN; (d) with 20 vol % CN; (e) with 5 vol % 1,8-

diiodooctane; (f) with 10 vol % DIO; and (g) with 20 vol % DIO (adapted from (Hwang et al.,
2017)).

Both CN and chlorobenzene solvents have a similar benzene ring-based structure and
polymer main chain, while DIO has no conjugated rings. Accordingly, there is stronger m-n
interactions in between CN-containing solvent with the polymer main chain than the DIO-
containing solvent. This evidence gives distinct fibril array morphology formation (Hwang et al.,
2017).
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Figure 2.7 The surface topography of ordering agent-driven PCPDTBT film scanned by an
atomic force microscope. 1x1um (a) PCPDTBT(N), (b) PCPDTBT(C5), (c) PCPDTBT(D5)
(adapted from (Hwang et al., 2017)).

An instrument grazing-incidence wide-angle X-ray scattering (GIWAXS) was used on
study of PCPDTBT films in which a silicon wafer spin-coated on PEDOT:PSS to investigate the
crystalline structure of the nanostructured polymer films. Figures 2.8a-d shows in-plane (IP) and
out-of-plane (OOP) line-cuts profiles of PCPDTBT(N), PCPDTBT(C5) and PCPDTBT(D5),
PCPDTBT(C) and PCPDTBT(D) diffraction patterns and profiles of the other PCPDTBT films
with different OA volumes. For each film the results of diffraction peak analysis were
summarized in Table 2.2. As other studies reported that the both the peak position values (q) and
full-width at half-maximum values (Aq) are showed similar consistent (Guilbert et al., 2014, Liu
et al., 2012). The PCPDTBT(N) film shows a peak at g,~ 1.57 A in the OOP X-ray profiles,

which corresponds to the n-m stacking reflection of (010). The peak (010) intensity indicates
much weak in both PCPDTBT(C) and PCPDTBT(D) films, which confirms no n-n stacking

occurs along the direction normal to the substrate. The Aq value for the peak (100) is reduced in

the OOP profiles, due to this peak indicates that the inter-chain separation within lamellae. The
increases of both domain size and crystallinity in polymer associated with the reduction of full-
width at half-maximum values. Besides to this the coherence length (€) increased for both C5
and D5 from 28.0 nm - 51.0 nm to 61.3 nm, respectively which reveals a larger size of the
ordered domains.
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Table 2.2 Grazing-incidence wide-angle X-ray scattering (GIWAXS) diffraction peak analysis
of PCPDTBT(N),PCPDTBT(C5) and PCPDTBT(D5) films (adapted from (Hwang et al., 2017)).

OA Index @AY dA) Agc(AYH A
N OOP (100)  0.555 11.3 0.202 28.1
OOP (010) 1.58 3.98 0.294 19.2

IP(001) 0489 129 0199 284
IP (010) 144 436 0455 124

C5 OOP(100) 0548 115 0111  51.0

IP(001) 0538 117  0.0856  66.1
IP(010) 162 389 0184 308
D5 OOP(100) 0549 114 00922 613
IP(001) 0532 11.8 0.0945  59.9
IP(010) 162 389 0140 403

3peak position; Pspacing distance; full-width at half-maximum; 9coherence length, calculated

using the Scherrer equation (§= 2n/Aq).

After OA addition, in the IP line-cut profile the intensity of the (010) plane became
stronger and which leads to the coherence length increased in the IP direction. For both
PCPDTBT(C5) and PCPDTBT(DS), the peak positions slightly shifted to higher values (q,,=

1.62 A’') means that a decrease in the m-m stacking spacing to ~3.89 A was observed. The
spacing distances along the polymer backbone direction is due to the (001) reflection in the IP
profile and also for (010) shows similar changes. To conclude that from GIWAXS profile the
incorporation of both CN and DIO solvents into the PCPDTBT solution would bring
significantly enhanced the polymer ordering in the edge-on direction after spin coating, while
both the mixed face-on and edge-on orientations belongs to the PCPDTBT(N) film in Figure 2.9
(Hwang et al., 2017, Guilbert et al., 2014).
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Figure 2.8 In-plane (IP) and out-of-plane (OOP) line-cuts from GIWAXS images. (a) IP and (c)
OOP X-ray scattering profiles of PCPDTBT(C), (b) IP and (d) OOP X-ray scattering profiles of
PCPDTBT(D) (adapted from (Hwang et al., 2017)).

>

Figure 2.9 The proposed PCPDTBT film orientation change after OA addition.
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2.6 Methods for Determining the Solubility Parameter

Solvent selection is approximated by the solubility parameter for coating materials. Even
to predict the compatibility of polymers and others materials solubility parameters have been
used. During polymer synthesis to avoid phase separation the solvent selection is crucial so as to
develop stable situations which meet environmental friendship, safety and quality standards. The
basic principle of “like dissolves like” applied to polymers. A polymer will dissolve in solvents
when it’s solubility parameters matching with the solvent. May be there are a number of
techniques used to determine the solubility parameters, from such techniques let me discusses the
three widely applicable to measures polymer solution are the Hildebrand, Hansen and contact

angle solubility parameters. The Hildebrand ¢ used a single parameter, defined as the square root

1/2

of the cohesive energy density (6 =(E/V)"“), to determine whether a substance is a good

solvent or nonsolvent for a polymer. Whereas V is the molar volume of the pure solvent, and E is
its (measurable) energy of vaporization. The Hansen model utilizes three

parameters, o5, J,, and o,,,to quantify polymer solution. These three parameters represent the
dispersion, polar, and hydrogen bonding components, respectively, of the Hildebrand parameter

J, such that, &% =5,°+ 5, + 5,,°. If visualized as a three-dimensional plot, the axes being
20,, 05, and o, (Venkatram et al., 2019, Hansen, 2007). In general, there are two types of

techniques that used for contact angle measurements; which means direct (i.e., the angle value is
directly obtained) and indirect (i.e.,the value of the contact angle is calculated) contact angle
measurements. The most commonly employed techniques of direct measurement on the profile is
called sessile and liquid drop, and the adhesion air bubble methods. In order to determine the
contact angle, directly creating a tangent line to the profile at the point of contact of three phases,
Figure 2.10. Using telescope integereted with a goniometer eyepiece, on imaged of the drop
profile the angle can be directly measured. Among the direct contact angle measurement
methods, the technique of using sessile drop has more advantages compered to adhering air
bubble methods because of some complications of solubility and swelling can be dealt wth more
easily with the sessile drop method. The adhering air bubble method has minimizing
contamination from airbone substances. Among the different methods of determing the solubility

parameter above, why | prefer to apply ramé-hart model 290-F1 standard goniometer cntacte
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angle measurement to measure solubility parameter value because of the technique is popular
model with scholars due to wide spectrum of demanding tasks it can perform and very simple
and as well as time saving to apply it (Li and Neumann, 1990, Li and Neumann, 1992, He,
1989).
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Figure 2.10 Constructing a tangent to the profile. (a) sessile drop method, (b) adhering air
bubble method (adapted from (He, 1989)).

2.7 Thermodynamics of Polymer Blends

The most important branches in materials science is called polymer blend which has
gained considerable attention to meet their multifunctional need (Paul and Newman, 1978, Paul
and Barlow, 1980, McNeill, 2012). Due to the negligible mixing entropy, a vast majority of
polymer blends are thermodynamically immiscible, leading to the occurrence of phase separation
(Bates, 1991). In the process of phase separation, either bicontinuous or droplet morphology will
be constructed by a spinodal decomposition mechanism and nucleation and growth mechanism,
respectively. For conjugated polymer blends, the phase separation process is always coupled
with crystallization, in which blend ratio and quenching temperature will function dramatically
(Tanaka and Nishi, 1985).
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Therefore, control of phase separation in conjugated polymer blends becomes more

complicated and necessary.

From thermodynamics of blends and solutions point of view, mixtures are systems
consisting of two or more different components. Blends or mixtures can be categorized
according to the miscibility of their phases in homogeneous, one-phase mixtures or
heterogeneous, multi-phase systems. One phase mixture consists of completely miscible
components, forming homogeneous, uniform and well intermixed systems. Heterogeneous
systems consist of different phases, with partly or not miscible components. Miscibility is
usually defined by thermo-dynamical dimensions. The two decisive parameters are the entropy
and the energetic interactions between components. Entropy always favors mixing whereas it is
the energy that influence as entropy is always favored. The free energy is therefore varying

mainly because of energy not entropy. For real solution energy term has effect (Machui, 2014 ).

2.7.1 Flory-Huggins Theory

Blends of two different polymers are likely to form a large phase separated structure; this
is an inherent characteristic of polymers with a long main chain. According to the Flory-Huggins
theory (Strobl, 2007; Flory, 1953), the change in the Gibbs free energy when two polymers are

mixed AG,; can be derived as follows:

AG

mix ¢A ¢B
—__mix, A 1n + Bn + 211
BT NA ((pA) NB (Q)B) yAUN ( )

where ¢, is the volume fraction of polymer A/B (with ¢, + @, =1), N, is the degree of
polymerization of polymer A/B, n is the total number of segments, x, is the Boltzmann

constant, T is the temperature, and y is the Flory-Huggins interaction parameter. The first two

terms on the right-hand side of equation (2.7.1) represent the entropy component, whereas the
final term represents the enthalpy contribution. For polymer/polymer blends, the entropy gain is

reduced by a factor of N,;. That is, when long polymer chains are mixed, they do not gain

sufficient entropy to yield a negative AG,,, . In addition, in the enthalpy component, y is an
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interaction parameter between two polymers, where a small value of y is required in order to

obtain a well-mixed structure. The entropy terms are negative but small, and the enthalpy of
mixing is likely to be positive. Consequently, polymer-polymer blends tend to phase-separate on
a micrometer scale, which is undesirable with regard to the photocurrent generation, because the
majority of the excitons cannot reach the donor-acceptor heterojunction for charge generation
(Mikhnenko et al., 2012, Mikhnenko et al., 2015, Wang et al., 2014, Tamai et al., 2014, Tamai et
al., 2015). For polymer-polymer blends, it is, therefore, critically important to suppress phase
separation.

2.8 Phase Diagrams

Phase diagrams display specific information in terms of when the phase separation occurs
and which phase-separated structure can be formed and therefore can be a suitable guidance to
the phase separation of polymer blend (Bates, 1991). The phase diagrams of some polymer/small
molecule systems have been depicted by collection of the differential scanning calorimetry data
about the phase transition of each component and have been applied to study the thermal
stability, crystalline behaviors, and their effect on the device performance (Li et al., 2011, Zhao
et al., 2009, Miller et al., 2011). However, phase diagrams based on DSC data merely represent
the bulk properties of the polymer/small-molecule system and lack the information about blend
solutions from which the photovoltaic devices are prepared. Recently, the ternary phase
diagrams, which comprise two solutes and one process solvent, have been drawn based on the
theoretical calculation (Kouijzer et al., 2013; Nilsson et al., 2007). From the ternary phase
diagrams, the phase-separated process, which is sensitive to the solvent property, components
interaction, and blend ratio can be expressed with the evaporation of solvent, while the
information about the phase-separated morphology is seldom involved. Meanwhile, for polymer
blend systems, the effect of blend ratio and drying time on morphological evolution is rarely

systematically investigated.
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2.8.1 Phase Diagram of P3HT and PF12TBT Blend Films Drawn According to AFM

Images.

In 2015, Zhou, et al.reported that by using both the images of AFM and TEM, a
corresponding and approximate phase diagram of the polymer-polymer blends (i.e., P3HT-
PF12TBT blend system) based on the morphological evolution with varying blend ratios and
drying time can be drawn and is shown in Figure 2.11.
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Figure 2.11 Phase diagram of P3HT and PF12TBT blend films drawn according to AFM
images. Red squares, black circles, and blue triangles represent bicontinuous, droplet, and
uniform phase-separated morphologies, respectively. The dashed line and solid line represent the
boundaries between droplet and bicontinuous morphologies and between droplet and uniform
morphologies, respectively (adapted from (Zhou et al., 2015)).

When the P3HT weight fraction is 50 %, the thin films display typical bicontinuous
morphologies (red squares in phase diagram). When the P3HT weight fraction ranges from 20 %
to 40 % and from 60 % to 80 %, the thin films show apparent droplet morphologies (black

circles in phase diagram), and an increased domain size can be observed with extended drying
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time. The boundary between droplet and bicontinuous morphologies must be located at the
middle of 40 % and 50 % or 50 % and 60 % which are marked as the dashed line. When the
P3HT weight fraction is greater than 80 % or less than 20 %, there will be no apparent phase
separation (blue triangles in the phase diagram) because one of the polymer blends will be
dominated (Zhou et al., 2015).

2.8.2 Binary Temperature-Composition Phase Diagram of P3HT: PCBM Blends.

The morphologies of a variety of polymer/fullerene blends useful for solar cells have
been studied extensively as a function of blending compositions, casting solvents, annealing
conditions, chemical structures, solution concentrations, additives and poling electric fields.
Much less attention has been paid to complete characterization of the temperature-composition
phase diagram for polymer/fullerene systems. An exception is the recent calculation of the

ternary phase diagram of polyfluorene-PCBM-solvent mixtures using the Flory-Huggins model.
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Figure 2.12 Binary temperature-composition phase diagram for P3HT:PCBM blends (adapted
from (Kim and Frisbie, 2008)).

A binary temperature-composition phase diagram for P3HT: PCBM blends were also

recently reported using thermal analysis and shown in Figure 2.12. Given the central importance
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of phase behavior to the performance of BHJ-based polymer solar cells, it seems reasonable to
develop a full understanding of the phase behavior of conjugated polymer: PCBM mixtures. In
particular, the solubility limit (phase separation points at a given temperature) is an important
thermodynamic parameter to control phase separation and nanomorphology in a blend film.
Furthermore, the correlation of the phase behavior with electrical transport facilitates better
understanding of structure-property relationship in polymer/fullerene blends and may allow the
development of rational strategies for improving polymer solar cell performance (Kim and
Frisbie, 2008).

2.8.3 Different Phases Formed by Self-Assembly of Coil-Coil Diblock Copolymers in the
Bulk as a Function of the VVolume Fraction of One of the Blocks.

Recently, from block copolymers (BCPs) properties point of view there were plenty of
significant interest generated information to the scientific community these is because of having
highly tunable nanoscale self-assembly. BCPs are defined as macromolecules and connected to
each other by a covalent bond, which are made up of from two or more blocks of different
polymerized monomers. Usually, there are an interaction in between the blocks of BCPs that will
bring render them as of incompatible. A microphase separation process will be driven due to this
incompatibility situation, as of the presence of covalent bonds are prohibited the bulk phase
separation. Therefore, taking in to considerations of the ratio of block lengths, strength of
interaction, and as well as a number of blocks will define the polymer chains self-assemble into
nanoscopic ordered domains with a morphology. There are possibilities to design BCP
macromolecules by modern synthetic chemistry which provides an information with specific
length scales and geometries. The main target of such macromolecules showing properties of
self-assemble in a hierarchical way on multiple length-scales (i.e., ranging from nanometers to
macroscopic sizes), leading to a vast variety of (idealized) nanostructures, in addition to
fundamental studies of this macromolecules, which have also a wide spectrum of an applications
(i.e., ranging from nanolithography to controlled drug delivery to organic photovoltaics to

organic light emitting diodes.
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Figure 2.13 Different phases formed by self-assembly of coil-coil diblock copolymers in the
bulk (when the intermolecular interaction is sufficiently large) as a function of the volume

fraction of one of the blocks, f, . Other phases have also been reported for diblocks, and the

phase diagrams of BCPs containing more than two blocks are considerably more complex.
Switching out one or both coil blocks with a conjugated block that adopts a semi-flexible or rigid
rod structure will also qualitatively change this phase diagram (adapted from (Botiz and Darling,
2010)).

Figure 2.13, showed that phase separation at microscopic level with various
morphologies of body-centered cubic spheres, hexagonally packed cylinders, and lamellae that
are observed in coil-coil diblock copolymers (BCPs comprised of two incompatible and flexible
blocks, A and B). The volume fraction of block A is indicated by f, . In most of conjugated
polymers, when a coil blocks are replaced by blocks that are semi-flexible or rigid rods, will
change this phase diagram. Furthermore, a competition takes place between crystallization and
microphase separation due to introducing the crystallizable blocks, this can affect the

morphology substantially (Botiz and Darling, 2010).
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2.8.4 Phase diagram of the LCST and UCST for Behavior of Polymer Blends.

The binary behavior of polymer blends (diagram of T versus volume fraction) for both a
lower critical solution temperature, LCST and an upper critical solution temperature, UCST are
shown in Figure 2.14. It has the following different important regions which includes spinodal,
binodal, stable, unstable, metastable, one phase, and two-phase region for binary blends. The
spinodal is divides that the two-phase region in to a metastable region, which observed between
the spinodal and the binodal, and an unstable region (two-phase), above, LCST and blew, UCST

of the spinodal, whereas the binodal one shows that stable region (one-phase) (Kalogeras, 2016).
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Figure 2.14 Phase diagram showing the LCST and UCST, respectively, behavior of polymer
blends. Nonsymmetric phase diagrams are common in binary blends of polymers with large

differences in their molecular masses (adapted from (Kalogeras, 2016)).

2.8.5 Thermal Properties of Polymers

Polymers have different chemical and physical properties in their nature. They can be
subdivided in to amorphous, crystalline and semi-crystalline polymers. In such a way that when
the amorphous region of the polymer exposes to lower temperature, the polymer molecules

(frozen state), at this stage the molecules shows that can slightly vibrate but not able to move
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significantly. This state is called glassy state. The polymer can be brittle, hard and rigid which is
similar to glass in this state. When the molecular motion is in the frozen state the glassy state is
analogous to supercooled liquid. Therefore, the glassy state indicates that hard, rigid, and brittle
nature which has similar to crystalline solid with molecular disorder as a liquid. Here, the state is
called rubbery state, the polymer is heated then chains can able to wiggle around each other and
then after it becomes soft and flexible the same to rubber. The glass transition temperature, Tq is
the temperature of amorphous materials that show transition from glassy transition to rubbery
state whereas melting temperature, Trm is for crystalline materials show transition from crystalline
to melt, and semi-crystalline materials like polymers will have both temperature transitions.
During the glass transition in the semi-crystalline polymer, the Tq4 affect only amorphous region

while the crystalline region remains unaffected.

(a) 4 (b) 4
Crystalline
Amorphous
1st order
2nd order
\ Melt v Rubbery
Crystalline
Glass
Tm T Tge T

Figure 2.15 Schematic diagram of melting point and glass transition temperature of polymer for
(a) crystalline materials (transition from crystalline to melt), (b) amorphous materials (transition

from glass to rubbery transition) (adapted from (John Wiley and Sons, 2015)).

In terms of thermodynamics we can describe the glass transition temperature (2nd order
transition) and the melting point (1st order transition). There are several factors can affect the
value of Tg, such as molecular weight, measurement method, and the rate of heating or cooling.

Because of polymer having the double bonds, aromatic groups, bulky or large side groups are
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present in their chain, the flexibility of the chain is restricted. The melting point of a polymer
decreased due to the existence of branches in chains (Kalogeras, 2016, John Wiley and Sons,
2015).

2.8.6 Thermodynamic Phase Transitions (First-and Second-Order).

The phase transition is basically associated with a thermodynamic system which means
that the phase is formed by a change in an intensive variable. For instance, the transformation of
one phase or state of matter changed to another. Phase transition is described as a function of
state variables (P, V or T, pressure, volume, temperature, respectively) by Paul Ehrenfest using
traditional scheme classification based on the behavior of Gibbs free energy. Phase transitions
are labeled under this scheme, by the lowest derivative of the Gibbs free energy function
(discontinuous at the transition). In the first derivative of the Gibbs free energy (first-order phase
transitions indicate discontinuity) with respect to some thermodynamic variable. When heat is
applied to materials, a certain amount of heat will be absorbed by that materials during a first-

order transition, which undergoes in its constant-pressure heat capacity, C, is called latent heat of

transition. Melting or freezing, boiling, and condensation are the temperature showed at which

crystal-liquid-gas phase transitions occur, density, p is discontinuously changed and the first

derivative of the Gibbs free energy with respect to the chemical potential. The second-order
phase transitions are continuous in the first derivative of the Gibbs free energy, but exhibit
discontinuity in a second derivative of it. This is occurred in both alloys and ferromagnetic phase
transition which indicates an order-disorder transitions. In such transitions no latent heat will be
present but the material will undergo a change in its heat capacity. By the thermodynamic Gibbs
free energy function the order of phase transition can be described. The second order phase
transition (Gibbs free energy changes continuously with T and P and no abrupt change (first
derivative). But the second derivative changes have abrupt change (discontinuous across the

phase boundary) for instance, isobaric heat capacity, thermal compressibility, x; and thermal

expansion coefficient, « are discontinuous across the phase boundary as a function of T).
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Figure 2.16 Schematic representation of thermodynamic responses. (a) First-order phase
transition: consider, for example, melting of a crystal with defects (—) or of a perfect infinite
crystal (--). (b) Second-order transition: transition dominated by intermolecular cooperative
phenomena (—), or having only intermolecular cooperative phenomena (--). (c) Glass transition:
experimental response (—), and ideal response in an infinately slow experiment (--) (adapted
from (Kalogeras, 2016)).

Both the first- and second-order transitions with the response of the experimental glass
transition for comparison of the thermodynamic purpose are shown in Figure 2.16 (Kalogeras,
2016).

S=—(8G/aT),, V =(6G/aP), and H =—(3(G/T)/8(LIT)), (2.1.2)
C, =-T(8’G/aT?), =T (8S/0T), =(cH /aT), (2.1.3)

K =—1/V (0°G/8P?), =—1/V(8V / oP), (2.1.4)
a=1/V(@/38T (3G /0P),), =1/V (8V /4T), (2.1.5)
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3. METHODS AND MATERIALS

This part includes the relevant experimental methods and techniques used in the
experiments presented in this dissertation. The new techniques discussed include the contact
angle measurement which compromises determining the wetting ability of surfaces on thin-film
samples of conjugated polymers, analysis of contact angles was carried out, the phase behaviors

of conjugated polymer blends are described by FH lattice theory for which y interaction

parameter is estimated from contact angle measurement leading to solubility parameter. Finally,
the film was processed and characterized. Organic materials and solvents are listed; the methods
such as sample preparation, substrate cleaning, thin-film preparation, spin-coating and annealing
methods; the experimental techniques thermal and thin-film morphological characterizations
were described.

3. 1 Experimental Section
3.1.1 Materials

The polymers and solvents used in this work were P(NDI20D-T2) (Mn = 32.1 kg/mol,
Mw = 90.0 kg/mol, polydispersity index (PDI) = 2.8, and molecular formula = Ce2HggN204S2)n)
was purchased from 1-Material Inc. (Dorval, Quebec). R-reg P3HT (M, = 29.6 kg/mol, Mw =
65.2 kg/mol, PDI = 2.2, and molecular formula = (C10H14S)n) was acquired from Sigma-Aldrich
Inc. (Taufkirchen, Germany). Inc. PCPDTBT [Mn = 4.50 kg/mol, My = 13.5 kg/mol, PDI = 3.0,
PDI = 3.0, and molecular formula = (Cs1H3sN2S3)n], chlorobenzene, and chloroform were
provided from Sigma-Aldrich, Inc. All these materials were used as received without further
purification. Figure 3.1 below showed that photographs taken during the laboratory works at the
Silesian University of Technology, Gliwice, Poland. From this photographs what we observed
are includes polymeric materials (a) already used for this dissertation, polymer solution (b)
preparation for the purpose of making thin-films using spin-coater on glass substrate (c and d),
after producing this thin-films and then after that the thin-films characterized by using
Nanometrics 210 Film thickness measurement (e), X-ray diffraction measurements (f), atomic
force microscopy (g) and ramé-hart model 290-F1contact angle goniometer (h). And the other

photographs indicate that from these polymeric materials | was prepared the samples as of mass
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ratio in the form of powdered for different thermal properties test according to the machine.

These machines include thermogravimetric analysis (i) and differential scanning calorimetery (j).

I-reg P3HT P(NDI20D-T2) m
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[
\

Solutions
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r-teg P3HT P(NDI20D-T2)

42



Rameé-hart contact angle
telescope-goniometer

TA Instruments)

A

Figure 3.1 The photographs taken during laboratory experiment (pictured by Gada Muleta).
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3.1.2 Contact Angle Measurement

The goniometer (its accuracy about + 3 degrees) is a powerful tool for measuring contact
angle, which has different parts of horizontal stage, micrometer pipette, illumination source and
telescope with a protractor eyepiece. This telescope-goniometer is not only limited to measure
contact angle but also measures surface energy, surface tension, interfacial tension, and surface
dilatational elasticity and viscosity. The techniques of measurements were obtained positioning
the tangent of the sessile (i.e., permanently attached to a substrate) drop profile at the contact
point with the surface and directly reading the protractor (i.e., used to draw angles) through the
eyepiece. The drop profile pictures taken by the camera which was attached to the equipment to
measure the contact angle at leisure. In order to determine the wetting ability (i.e., interaction
between fluid and solid phases) of surface energy on thin-film samples of P(NDI20OD-T2) and r-
reg P3HT, were carried out using ramé-hart model 290-F1contact angle goniometer and analyzed
using surface energy (one liquid) tool implemented in DROP image 2.4.05 software. A 10 mg/ml
chloroform solutions of sample films were prepared. Measurements of the contact angle were
made using distilled water. The measurement of a drop of liquid applied to the surfaces of the
samples (i.e., a spin-coated film on glass substrate) was made on the OEG SURFTENS
UNIVERSAL test bench. Five drops of distilled water, each with a volume of 1uL, were applied
to the surface of each sample. The measurement was taken 15 s from the moment the drop was
applied. Then the contact angles were observed and the mean values with standard deviation

were calculated (Li and Neumann, 1992).
3.1.3 Solubility Parameter Calculation

According to Li and Neumann (Li and Neumann, 1990, Li and Neumann, 1992), the

contact angle (#) can be expressed as follows:

cosf=-1+2 fﬁe’ﬁ(”ﬁw)z (3.1.1)
ylv

where y,,, 7., and y, are surface energies for surface energy of liquid-vapour, surface energy

of solid-vapour and surface energy of solid-liquid, respectively, and the constant # is 0.000115
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(m?/mJ)2. The value of y,, is unknown; whereas both », and 6 are measurable quantities. As

already stated above in the contact angle measurement case, the contact angle already measured
by a telescope-goniometer technique. Therefore, the output values of surface energy, contact
angle, drop volume, surface area and radius of the phase can be obtained from the telescope-
goniometer. For data analysis | used a FORTRAN computer program, which provides the correct

answer for input of the measurable quantities (i.e., surface energy of liquid-vapour (y,, ) and
contact angle (#)). Finally, the solubility parameter is calculated from surface energy and then we

find & based on this equation, & o \/7,, can be calculated with the assistance of data analysis

computer software (Kim, 2019).

3.1.4 Thermal Property Characterization

Differential scanning calorimetery (2920-DSC, TA Instruments, Champaign, IL, USA)
was performed to characterize the transition temperature of materials at a scan rate of 10 °C/min
from 20 to 350 °C under N2 according to the instrumental set-up conditions. Thermogravimetric
analysis was carried out using a METTLER TOLEDO Thermal Analysis (STARe System)
(Warsaw, Poland), in which samples were heated from 50 to 600 °C using a conventional heating

ramp with a scan rate of 10 °C/min under N, .

3.1.5 Film Processing

Two conjugated polymers, PCPDTBT and P(NDI20D-T2), were dissolved in the mixed
solvents, CB:CF = 1:1wt. ratio according to literature reports (Yang et al., 2015, Van Franeker et
al., 2015, Kadem et al., 2014). The total concentration of the blend system was 10 mg/mL. After
the solvent dissolved completely, the samples were spin-coated on a glass substrate with the
dimensions of 1.5 x 1.5 cm? for thin film deposition. Prior to spin-coating, the glass substrate
was sequentially cleaned in deionized water, chloroform, and isopropanol for 5 min,
respectively, and then dried under a nitrogen atmosphere. The condition of spin-coating was
2000 rpm for 15 s in the air, leading to the film thickness of about 140 nm using Nanometrics
210 Film thickness measurement. The annealing condition for a film was 180 °C for 15 min.

Film thickness measurement equipment (Model: Nanometrics 210) was used to measure the film
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thickness. Film thickness measurements up to 50 mm. The Nanometrics 210 is a computerized
film thickness measurement system that employs the principle of optical interferometry. It
includes a spectrophotometer head which can measure in the wavelength range of 370 to 800 nm
using a computer-controlled grating monochromator, photomultiplier tube detector, and
amplifier. The amplifier output is converted to a digital signal by the computer, which then

calculates film thickness with one of several algorithms based on interference patterns.

3.1.6 Film Characterization

X-ray diffraction measurements (PANalytical Inc., Malvern, United Kingdom; PX 3040

PR; Cu Ka radiation; 4 =15418 A) were performed to examine the structure and ordering of a
film on glass substrate at room temperature. According to the XRD’s instrumental set-up
condition, the diffraction angle (26) ranged from 10° to 100°. An AFM imaging technique
typically requires a method by which the tip can track the topography of the sample. A relatively
simple method of doing this is to monitor the cantilever deflection. The morphologies of the
polymer films were characterized by the tapping-mode AFM (XE-100 Park Systems, Mannheim,
Germany). Here, the data were analyzed using the software Park Systems XEI. UV-VIS

absorption spectra were obtained on a Perkin- EImer Lambda 950 spectrophotometer.
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4. RESULTS AND DISCUSSION

This section describes about the phase diagrams of P(NDI20D-T2) solutions and blends,
the Flory-Huggins lattice theory, the polymer-solvent interaction parameter, the phase behavior
of P(NDI20D-T2) solutions, the phase behavior of the polymer-polymer mixture composed of
P(NDI20OD-T2) and r-reg P3HT, the melting transition curve, the theory of melting point
depression combined with the FH model, the entropic contribution to the polymer-polymer
interaction parameter, the phase behavior of the polymer solutions and blends affecting
morphologies. The phase behavior of amorphous/semicrystalline conjugated polymer blends,
i.e., PCPDTBT/P(NDI2OD-T2); the Flory-Huggins interaction parameter for the PCPDTBT/
P(NDI20D-T2) blend; thermally analyzed; melting and crystallization point depression of
P(NDI20OD-T2)/PCPDTBT blends; the regular m-n stacking could be destroyed by adding
PCPDTBT into a crystalline P(NDI20D-T2) lamellae, which was confirmed through XRD and
AFM data; and finally, tapping-mode AFM images.

4.1 Phase Diagrams of n-Type Low Bandgap Naphthalenediimide-Bithiophene Copolymer
Solutions and Blends

4.1.1 Binary Polymer-Solvent Mixture

Figure 4.1a and b shows the chemical structure of n-type low bandgap P(NDI20D-T2)
and its UV-VIS absorption spectra, harvesting light near infrared regions, about 855 nm.

(c)

r-reg P3HT
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Figure 4.1 (a) Chemical structure of P(NDI20OD-T2) and (c) r-reg P3HT, (b) UV-VIS spectrum
of P(NDI20OD-T2).

When P(NDI20D-T2) is dissolved in a common solvent such as chlorobenzene, the
solution color is almost black, but its film is bluish, as shown in Figure 4.2a. For estimating the

solubility parameter, we measured the contact angle, as shown in Figure 4.2b.
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Figure 4.2 (a) P(NDI20OD-T2) solution and film, (b) Contact angle measurement for
P(NDI20D-T2) film on glass substrate.

The calculated solubility parameter and surface energy are summarized in Table 4.1. As
shown in Table 4.1, P(NDI20D-T2) has § = 7.99 (cal/cm®)*? [ = 16, 386.31(J/m?)*?], whereas r-
reg P3HT (Mn = 29.6 kg/mol, PDI = 2.2) has ¢ = 9.23 (cal/cm®)? [= 18,908.58 (J/m®)¥?],
indicating P(NDI20D-T2) is much more hydrophobic compared to r-reg P3HT. Note that in
previous studies (Kim, 2018), when estimating the 6 of r-reg P3HT (Mn = 22.0 kg/mol, PDI =
2.1) from the contact angle measurement, a value of 8.72 was obtained. Hence, the average & of
r-reg P3HTs with Mn = ~ 22.0—-29.6 kg/mol could be 8.98 + 0.36.

Table 4.1 Contact angle, surface energy, and solubility parameter.

Contact Angle Surface Energy Solubility Parameter

Materials
©) (mJI/m?) (cal/cm?)V2
P(NDI20OD-T2) 105.40 19.07 7.99
r-reg P3HT 94.90 25.48 9.23

Table 4.2 shows some properties, including the ¢ for common solvents [chlorobenzene,
chloroform, and p-xylene] (Belmares et al., 2004), which are used for studying the phase

behavior of n-type P(NDI20D-T2) solutions in comparison with p-type r-reg P3HT ones.

Table 4.2 Solubility parameter (Belmares et al., 2004), molecular weight, molar volume, density,
boiling point, and radius of lattice site volume for each solvent, chlorobenzene, chloroform, and
p-xylene.
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Radius of

Solubility Molecular Molar _ Boiling L
) Density ) Lattice Site
Solvent  Parameter Weight Volume Point
(9/cm?3) Volume
(cal/cm?)Y/2 (g/mol) (cm3/mol) (°C)
(nm)
CB 9.5 112.56 101.41 1.11 132 0.34
CF 9.2 119.38 80.12 1.49 61 0.31
XY 8.8 106.16 123.44 0.86 138 0.36
According to the FH theory, the molar Gibbs energy of mixing is given by:
AG, _ 4 ¢
= Aing + ZIng, + 411
RT r ) r ¢ + x40, ( )

where ¢, ¢,, 1, (= 1 for solvent in polymer-solvent mixture; #1 for polymer in polymer-polymer

blends), I, , R, and T are the volume fraction, relative molar volumes of component 1 and 2, the
gas constant, and temperature, respectively. Note that a single lattice site is decided by the
molecular volume of the solvents (e.g., CB, CF, and XY) or the polymer’s structural unit for the
polymer-polymer blend (e.g., r-reg P3HT's repeat unit). Herein, y applies to lattice site volume
with a radius of 0.34 nm for CB, 0.31nm for CF, and 0.36 nm for XY, respectively, Table 4.2.

The FH interaction parameter can be divided into enthalpic and entropic contributions (Flory,
1953, Patterson, 1969).

ZAW,, ZAW,
- + - - 4.1.2
X = I t X T . (4.1.2)
Awg = Aw, — TAw; (4.1.3)

where, Awg is the interchange free energy of a segment pair with enthalpic (Aw,, )and entropic
(Aw ) contributions, z is the coordination number (e.g., z is in the range of 6 to 12 (Flory,

1953). Herein, we used z = 6 for theoretical calculation, and k is the Boltzmann constant. Here,
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we assign (y,) = 0.34 for the polymer-solvent system. Then, (y, ) (dimensionless) can be re

expressed in terms of & as follows:
V,
Xn = ﬁ(cﬂ ~&) (4.1.4)

where V = lattice site volume and d, «j are the molar volume of component 1 (solvent) [\/A1 =

(112.56 g/mol) / (1.11 g/cm®) = 101.41 cm® / mol for CB] and the solubility parameter (subscript
iorj= 1, 2;solvent = 1 and polymer = 2 for the polymer-solvent mixture), respectively. Based

on Tables 4.1 and 4.2, the estimated r, and y,, values are listed in Table 4.3. Note that in some

experimental observations (Koningsveld and Staverman, 1968, Riedl and Prud’Homme, 1988),

y is a function of not only a temperature-dependent interaction parameter, D(T), but also a
composition-dependent parameter B(¢,). Hence, in an extended FH theory, Qian et al., 1991
suggested y = D(T) B(¢,) =(d, +d, /T +d, InT)(L+b ¢, +b,¢’), where d,,d,,d, b, andb,are
adjustable parameters. When y is independent of concentration, i.e., B(4,) =1, y is recovered
to y = D(T). In this work, when B(¢,) =1, weused y=D(T)= y, +xs=d,+d, /T +d,InT,
where d,=034=y,, d, = (V/R) (o, —51.)2 =x,-T, and d,=0 for the polymer-solvent

system according to Equations 4.1.3 and 4.1.5.

Table 4.3 Relative molar volume and Flory-Huggins y interaction parameter for binary
P(NDI20D-T2)/solvent and r-reg P3HT/solvent mixtures as a function of solvent (CB, CF, and
XY), when P(NDI20D-T2) has M, = 32.1 kg/mol and ¢ = 7.99, and r-reg P3HT has M, = 29.6
kg/mol and ¢ = 9.23.

P(NDI20OD-T2)/Solvent Mixture R-reg P3HT/Solvent Mixture

Solvent
r, X r, X
CB 288 116.4 K/T + 0.34 265 3.72KI/T+0.34
CF 364 59.0 KIT +0.34 336 0.04 K/T +0.34
XY 236 408 K/T+0.34 218 11.49 K/T + 0.34
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Figure 4.3 shows the phase diagram of binary P(NDI20D-T2)/CB, P(NDI20D-T2)/CF and
P(NDI20D-T2)/XY solutions, for which Equations 4.1.6 and 4.1.7 are solved simultaneously:

Aluia =A/ulﬂ (415)
At = Al (4.16)

where Au, =0AG,, /on, and Au, = 0AG,, / on, are the chemical potentials of component

1 and 2, respectively, and; « and £ indicate two different phases at equilibrium. Then, for
describing the melting point depression (i.e., the melting point of a material decreases with the
reduction of its size) of the polymer-solvent system, the below equations were used (Flory, 1953,
Kim, 2018, Kim, 2019):

1 R_V,

1 r
-— - = - L[Ing, +(1—-2)¢ + r,x¢’ 4.1.7
vaz Tn?z AHUQ r2Vl[ @, ( rl)¢1 2}(¢1] ( )

1 1 R V,, ,
=~ U2 ( — L1 ~1 4.1.8
o AL, (4 — 287 )(1,>1 =1) (4.1.8)

T

m,2

where T,, and T.,=587.95 K are the melting temperature of P(NDI20D-T2) with solvent and
the melting temperature of pure P(NDI20OD-T2) without solvent, respectively. Note that in
Equation 4.1.7, V, /2\71 is introduced for calculating per structural unit of polymer. AH,, and
V., [= (989 g/mol) / (1.1 g/cm®) = 899.09 cm? /mol] are the unit enthalpy and the unit volume of

P(NDI20D-T2), respectively. Herein, the density of P(NDI20D-T2) is ca. 1.1 g /cm®. However,
P(NDI2OD-T2)’s AH,, with crystallinity X, ~100 % is still unknown, even though (Takacs et

al., 2013) reported remarkable order, “face-on lamella”, in a P(NDI20OD-T2) film. Importantly,
(Clark et al., 2009) estimated the crystallinity, x. =39 + 10 % of r-reg P3HT (Plextronics and

Merck) based on spectroscopic methods. Hence, when we examined r-reg P3HT’s X, based on
the previous studies, AH, . par = 47.5 /g (Kim, 2018), x, ~ 17.80/47.50 x 100 = 37.5 %,

which falls in Clark et al.’s spectroscopic results. In the same vein, Neher et al. (Steyrleuthner et
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al., 2012) estimated that non-amorphous aggregation in P(NDI20D-T2) (M, = 36.2 kg /mol, PDI

= 5.0) is about 45 % based on their spectroscopic results, following Clark et al.’s approach.

Considering our P(NDI20OD-T2)’'s M, and PDI were 32.1 kg/mol and 2.8, respectively, our
P(NDI20D-T2) was roughly similar to Neher et al.’s polymer. Hence, if we consider that our
P(NDI20OD-T2) has an enthalpy of 14.46 J/g with the assumption of x. ~ 45 £10 %, the AH,,
of P(NDI20D-T2) with x, =100 % is estimated to be ~32.13 + 7.58 J/g. In Figure 4.3, LLE is
calculated based on Equations 4.1.6 and 4.1.7, and SLEis based on Equation 4.1.8 with
AH,, ~32.13 J/g. Figure 4.3a—c shows three representative cases of phase transition in
semicrystalline polymer solutions. Note that, if we consider + 10 % error in X_, the estimated

deviation in the SLEcurve is about + 23 K in average from the SLE curve with for the
P(NDI20OD-T2)/CB system see Figure 4.4. Based on the data shown in Figure 4.3, three
representative cases can be discussed, keeping in mind that the FH lattice theory provides

qualitative descriptions.
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Figure 4.3 Phase diagrams of binary P(NDI20D-T2) solutions: Solvent effect. Theoretical phase
diagrams of (a) P(NDI20D-T2)/CB, (b) P(NDI20D-T2)/CF, and (c) P(NDI20D-T2)/XY
solutions, based on the Flory-Huggins lattice theory. (d) Schematic explanation of liquid-liquid
phase equilibria (LLE) and solid-liquid phase equilibria (SLE) phase transition of P(NDI20D-
T2) molecules in solution. Herein, Path | indicate SLE (i.e., crystallization), whereas Path II
denotes LLE (amorphous-amorphous phase separation). Regions correspond to: (A) one-phase
liquid state; (B) two-phase liquid state; (C) both L-L and L-S phase separation; and (D) L-S
phase separation (i.e., polymer crystallization), respectively.
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Figure 4.4 Theoretical phase diagrams of binary polymer solutions:P(NDI20D-T2)-CB. Melting
point depression curves are calculated for three hypothetical crystallinities of P(NDI20D-T2),
I.e., X, =35 % (blue line), 45 % (red), and 55 % (green).

Case 1: LLE > SLE.

Figure 4.3a shows the phase behavior of the P(NDI20D-T2)/CB system, which displays
both L-L and L-S phase transition, LLE > SLE when @, p,,0p.12 <0.37. This kind of phase

behavior (LLE > SLE) was also observed in polyethylene/nitrobenzene, PE/amyl acetate and
poly (N,N’-sebacoylpiperazine)/diphenyl ether systems (Richards, 1946, Flory et al., 1951).
However, note that r-reg P3HT, PCs:BM, and PC7:.BM show SLE > LLE in CB (Kim, 2018).

This difference between LLE > SLE and SLE > LLE should make polymer solutions undergo
55



different pathways for morphology formation, in which the former undergoes SD or NG, but the
latter crystallization. If we use chloronaphthalene, 6 = 10.3 (Dereje et al., 2017) or 1,2-
dichlorobenzene, 6 = 10.0 (Belmares et al., 2004) or 1,2,4-trichlorobenzene, 6 = 10.2 (Dereje et
al., 2017) as a solvent for P(NDI20D-T2), the phase behavior is included in Case 1, because
their solubility parameters are larger than CB's 6 = 9.5, inducing more L-L demixing in
solution. The regions in Figure 4.3a correspond to: (A) one-phase liquid state; (B) two-phase
liquid state; (C) both L-L and L-S phase separation; and (D) L-S phase separation (i.e., polymer
crystallization), respectively.

Case 2: LLE = SLE.

Figure 4.3b shows the phase behavior of the P(NDI20D-T2)/CF system, in which the upper
critical solution temperature, i.e., the binodal coexistence line, is around the melting point
depression curve, indicating L-L phase transition may compete with L-S phase transition, i.e.,

self-assembly for crystallization at @, o 50012 <0.15. Note that, in Figure 4.3b, the regions

(A), (B), (C), and (D) correspond to each state in Figure 4.3a except for the minimized (B)

region, indicating both L-L and L-S phase transition may occur around the region (B).
Case 3: SLE > LLE.

Figure 4.3c shows the phase behavior of the P(NDI20OD-T2)/XY system, in which SLE >
LLE is displayed. This kind of phase behavior (SLE > LLE) is observed also for r-reg P3HT/CB,
PCes1BM/CB, and PC7:BM/CB, in which the system undergoes phase separation in solution over
crystallization, followed by L-L phase transition. Note that, in Figure 4.3c, the region (B)
completely disappears but the other ones, (A), (C), and (D), exist, only.

Figure 4.3d summarizes the phase transition in the P(NDI20OD-T2)/solvent mixtures. Path |
generate crystalline aggregation, in which there is equilibrium between a polymeric chain in
liquid and self-assembled crystals in aggregation. On the other hand, Path Il induces two liquid
phases: a polymer-rich phase and a solvent-rich phase. Lastly, as explained in Case 2, it is
possible that Paths I and Il may compete each other, i.e., simultaneously, the L-L and L-S
transitions occur together.
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Finally, for the purpose of clear comparison, when we calculated the phase diagrams of r-reg
P3HT solution for the same solvent, CB, CF and XY, we can observe only Case 3 (i.e., SLE >
LLE) as shown in Figure 4.4. Hence, we can say that the r-reg P3HT solution may undergo phase
separation primarily through crystallization, whereas P(NDI20OD-T2) solution may phase
separately via SD or NG; crystallization or any combination of SD/NG and crystallization,

depending on the solvent, CB or CF or XY.
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Figure 4.4 (a) Theoretical phase diagrams of binary r-reg P3HT solutions: r-reg P3HT/CB
(green solid line), r-reg P3HT/CF (red), and r-reg P3HT/XY (blue). Inset: Chemical structure of
r-reg P3HT. (b) Schematic explanation of SLE (L-S phase transition) of r-reg P3HT molecules in

solution.

4.1.2 Binary Polymer-Polymer Mixture

In the previous section, we noticed that, when CB was used as a solvent, P(NDI20OD-T2)
showed LLE > SLE, whereas r-reg P3HT displayed SLE > LLE. In this section, we mixed these
two different semicrystalline polymers, r-reg P3HT and P(NDI20D-T2), in solvents to observe
phase behavior. To this end, DSC thermal analysis was employed for some model compositions
such as 0, 20, 50, 80, and 100 wt.% P(NDI20D-T2). Note that two different polymer-polymer

systems may be immiscible if there is no specific interaction, because
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AG,, =AH,, -TAS,, >0 (AS,, =0 and AH,, >0), where AH,, and AS,, are the enthalpy and

entropy of mixing, respectively.
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Figure 4.5 Differential scanning calorimetry thermograms at a scan rate of 10 °C/min: (a)
P(NDI20OD-T2), (b) r-reg P3HT, (c) r-reg P3HT:P(NDI20D-T2) = 50:50 wt.%, and (d) r-reg

P3HT:P(NDI20D-T2) = 80:20 and 20:80 wt.%.

In Figure 4.5, the red solid lines are the first heating and cooling curves, and the blue line

represents the second heating. Through the first heating/cooling cycle, the thermal history of the
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samples was erased (Hiemenz and Lodge, 2007) and through the second heating, we may acquire

data related to the melting and crystallization temperatures. The pure polymers, P(NDI20OD-T2)
and r-reg P3HT show T, at 314.80 °C (with an enthalpy of 14.46 J/g) and at 211.37 °C (that of

17.80 J/g) in Figure 4.5a and b, respectively. These two polymers were mixed together and
compositions of 20, 50, and 80 wt.% P(NDI20D-T2) were made, resulting in the T and T,
shown in Figure 4.5¢c and Figure 4.5d, in which all the blend compositions showed each T, and
T., originating from pure P(NDI2OD-T2) and r-reg P3HT, indicating that these polymers were

immiscible, as expected from two different polymer-polymer systems in the absence of any
specific interaction. Note that P(NDI20OD-T2) and r-reg P3HT have a similar thermal stability,
showing decomposition in the range of ~ 430—500 °C and then when the maximum temperatures
of 600 °C were reached, the residual mass of both conjugated polymers were 31 and 35 % of the
initial mass, respectively, see Figure 4.6.
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Figure 4.6 Thermogravimetric analysis of P(NDI20D-T2) and r-reg P3HT.
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As a result, based on the information in Figure 4.7, we constructed the temperature-
composition phase diagram of the r-reg P3HT/P(NDI20D-T2) system, see Figure 4.7a, in which

the first observation was that T, and T, were very similar in blends compared to those of each

pure polymer, indicating they were immiscible. Note that in the case of the r-reg P3HT/PCes:BM
system, there was a significant melting point depression and miscibility (a miscibility limit at ~
40 wt.% PCe:BM) (Kim and Frisbie, 2008). Conversely, as shown in Figure 4.7a, the phase
behavior of the r-reg P3HT/P(NDI20D-T2) system was very simple, in which L and S stand for

liquid and solid state, respectively. When the temperature was lower than T of r-reg P3HT, the

resultant phase was two solid mixtures, S, However, when the temperature

NDI20D-T2) + Sr—reg P3HT *
was increased above the T of r-reg P3HT but less than the T _of P(NDI20OD-T2), the phase

was SP( Finally, when the temperature was increased above the T of

NDI20D-T2) + Lr—reg P3HT *

P(NDI20D-T2), the phase became a liquid state, L.

(@ 500 ——— — (b) 650 : ; . . .
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Figure 4.7 Temperature-composition phase diagram for the binary r-reg P3HT/P(NDI20D-T2)
system, in which L and S stand for liquid and solid, respectively. (a) Experimental results
obtained from DSC thermograms in Figure 4.5 and (b) Comparison of experimental data (from
the second heating curve) with the Flory-Huggins lattice model (Equations 4.1.7) and 4.1.9) with
=116.8/T—0.185.
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Importantly, based on the T data from the second heating curves, we compared the

experimental results with the FH model’s prediction, see Figure 4.7b. For describing the melting
points of P(NDI2OD-T2) (i.e., component 2) and r-reg P3HT (i.e., component 1), we used

Equation 4.1.7 above and Equation 4.1.9 below, respectively. Note that the y interaction

parameter for the r-reg P3HT/P(NDI20D-T2) system was shared together for Equations 4.1.7
and 4.1.9.

L R Vus

1 r
- = — 2lng + ¢ (1—-2)+ ryd? 4.1.9
Tm,l TIT?,l AH ul 1V1 [ ¢l ¢2( rl ) lZ¢2 ] ( )

where r, =178 and r, =193, and we assume V, =V, ,, indicating the segment volume is decided

by the size of r-reg P3HT’s structural unit with the molar volume of 150.9 cm®mol (= 166/1.1)

based on the unit molar weight of 166 g/cm? and the density of 1.1 g/cm®. Hence, y applies to
lattice site volume with the radius of 0.39 nm for r-reg P3HT. Herein, once again the

Vu'l/rl\fl(zl/ r,) term is related with calculation per r-reg P3HT's structural unit, because r-reg
P3HT is a polymeric chain. And, as in the previous section, when estimating y = y,, + x; from

the solubility parameter, here also we use y,, :\71/RT(51—52)2. Resultantly, we obtain y,, =

150.9 cm®mol/ (1.987 cal/mol/KT) (9.23-7.99)? cal/cm® = 116.8 K/T. However, in this study for
the r-reg P3HT/P(NDI20OD-T2) system, if we use 0.34 for y,, we observe that the theory

Equations 4.1.7 and 4.1.9 shows a large deviation from the experimental data, see Figure 4.8.
Hence, as a first attempt towards describing the data, we employed Equation 4.1.10 as:

2=D(M)B(#,) = (xu + 25)B(¢,) = (1168 K/T +0.34)(L+ b, +0,4,°) (4.1.10)

depending on both temperature and composition vis-a-vis Qian et al.’s extended FH model (Qian
et al.,1991). However, upon attempting to fit the data using Equation 4.1.7 with y = (116.8 K/T

+ 0.34) (L+bg, +h¢?), ie, in the presence of y, =0.34 and two adjustable parameters

(b, and b, ), the theory could not fit the data.
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Figure 4.8 Theoretical description of melting points for the binary r-reg P3HT/P(NDI20D-T2)
system by using the theory of melting point depression combined with Flory-Huggins model
incorporating the polymer-polymer interaction parameters of 116.8 K/T + 0.340, 116.8 K/T, and
116.8 K/T—0.185, respectively.

Alternatively, if we use the entropic part y, as an adjustable parameter instead of a fixed
value of 0.34, we find that the FH model (Equations 4.1.7 and 4.1.9) can describe the
experimental data excellently. Resultantly, using Equation 4.1.7, we find that, when g is -
0.185, the model accurately describes the T of the r-reg P3HT/P(NDI2OD-T2) system. In
general, this fitting using an adjustable y parameter is one of the most common methods in
polymer science (Hiemenz and Lodge, 2007). Hence, according to Equations 4.1.2 and 4.1.3
(¥ =xu + x5 =ZAW, /KT —zAW /K; AW, =Aw, —TAw;), if ;<0 and Aw, >0, this
condition indicates an increase of entropy by forming a new contact between the r-reg P3HT and
P(NDI20D-T2) segments (Li and Neumann, 1992), although AS,, =0 in a polymer-polymer

mixture. Interestingly, Ade et al. reported that PCDTBT: PC7:.BM mixture has an amorphous—

amorphous interaction parameter y with y,= -1.63 or -2.21 (i.e., Awg >0) (Ye et al., 2018),
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although, in a polymer-solvent system, y, =0.34 is usually larger than zero (i.e., Aw; <0),

because of the dissimilarity of free volume (Li and Neumann, 1992).

To describe in further detail, y is obtained by fitting the T data of P(NDI20OD-T2) in

Figure 4.7b by using Equation 4.1.7. Then, using the same value of y =116.8 K/T—0.185, we
described the T of r-reg P3HT in Figure 4.7b by using Equation 4.1.9. As shown in Figure 4.7,

the FH model adequately explains the experimental data. Note that Ade et al. studied the
correlation of amorphous-amorphous phase separation and morphologies through the solid-state
bilayer inter-diffusion experiments (Ye et al., 2018), where as we herein investigated =-
conjugated polymer solutions and blends by elucidating a phase-separation mechanism in

solutions, affecting the eventual morphologies of a film.
4.2 Phase Behavior of Amorphous/Semicrystalline Conjugated Polymer Blends

4.2.1Thermal Property of Polymer Materials Analysis

Figure 4.9 shows the chemical structures of (a) P(NDI20D-T2) and (b) PCPDTBT. In the
previous works, we reported that the solubility parameter of P(NDI20D-T2) is 7.99 (Fanta et al.,
2019), whereas that of PCPDTBT (Mn = 3.2 kg/mol and PDI = 2.2) is 10.70 (Kim, 2019). Note
that in this work, PCPDTBT has (Mn = 4.5 kg/mol and PDI = 3.0, indicating a very minor
difference between the two PCPDTBT samples. Hence, based on the former ¢ data, the Flory-
Huggins interaction parameter (Fanta et al., 2019, Flory, 1953, Hiemenz, 2007) for the
PCPDTBT/P(NDI20D-T2) polymer blends could be estimated using Equation 4.2.1:

~n

VS
RT

Aij = (5 _5,')2 (4.2.1)

where V. ( = lattice site volume) and & . were the molar volume of a solvent [V, = (112.56

iorj
g/mol) / (1.11 g/cm®) = 101.41 cm?® / mol for CB] and the solubility parameter [subscript i or j =
1, 2; PCPDTBT =1 and P(NDI20OD-T2) = 2]. R and T were the gas constant and temperature.
Then y,, was estimated to be 374.82 K/T, indicating that y,, =126 at T = 298.15 K and
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X, =0.5 at T =749.64 K. Hence, considering the critical value of interaction parameter (Lipatov

2
and Nesterov,1997), (7).t :l(i + i} ~0.022 and x,, > (7). » We conclude that
2\ e

PCPDTBT and P(NDI20D-T2) were immiscible as usual for many polymer-polymer mixtures.

Mwi ) 4500 M2} 32100
Here we used r, = MF\)/lv = 112156 ~44 and 1, = MR/ZV = 112156 ~ 288, in which r, and r,
P, 1.11 P, 1.11

were the relative molar volumes of component 1 and 2, M, , and M, were the number average
molecular weights of component 1 and 2, MW, was the molecular weight of a solvent (CB), and

P, Py, and p, were the densities of component 1, 2, and solvent, respectively. At this moment,

keep in mind that the Flory-Huggins theory should be understood qualitatively, not

quantitatively.
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Figure 4.9. Chemical structures of (a) P(NDI20D-T2) and (b) PCPDTBT, respectively.

As demonstrated in the aforementioned example, the PCPDTBT/P(NDI20D-T2) mixture

was an immiscible blend, which could be understood based on AG,, = AH, —TAS,, where AG,
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was the Gibbs free energy of mixing, AH_ was the enthalpy of mixing, and AS, was the

entropy of mixing. When mixing long chain macromolecules, AS, ~0 and AH,_, >0 leading to

O°AG,,
2

AG,, > 0. Note that the stability condition for a single phase is ( j >0 where ¢ is
TP

volume fraction of component i and P is pressure. Hence most polymer-polymer blends
including PCPDTBT and P(NDI20D-T2) are immiscible but phase-separated. Usually, the same
structural units are more attractive each other than different ones, leading to aggregation and

clusters, i.e., the phase separation of blends.

Figure 4.10 exhibits TGA data, indicating that PCPDTBT and P(NDI20D-T2) decompose at
around ~ 400-500 °C in organic molecules. Figure 4.11 shows the DSC thermograms for the
PCPDTBT/P(NDI20D-T2) blends. As shown in Figure 4.11a, P(NDI20OD-T2) was a

semicrystalline polymer with T =324 °C (1st heating) or 318 °C (2nd heating) and T, = 294 °C

(1st cooling). On the other hand, PCPDTBT did not show any melting point, indicating it was a
typical amorphous polymer (Kim et al., 2012); see Figure 4.11b—d. About the glass transition
temperature, P(NDI20D-T2) showed it at - 44 °C in the DSC thermogram, which agreed with
Gu et al.’s report Tg = -40 °C within experimental uncertainties. Although in the previous work
(Kim, 2019), PCPDTBT showed T = 112 °C, in this work we could not observe it clearly. That

IS because, as shown in Figure 4.11d, some artifacts were observed for all the samples around

100 °C from the DSC instrumental conditions. Note that T, is a second order transition, but in
many conjugated polymer systems, it is hard to determine T, due to a weak signal in DSC

thermal curves.
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Figure 4.10 TGA curves for P(NDI20D-T2), P(NDI20D-T2)/PCPDTBT blend, and PCPDTBT.

It may be from the rigid or semirigid backbone structure of conjugated polymers, leading to
relatively small free volume (and heat capacity) changes around the second-order transition when

compared to flexible coil polymers.

Note that, in this work, our research interest lies primarily in the S-L phase equilibria (the 1st
order transition) of conjugated polymer blends composed of the semicrystalline P(NDI20OD-T2)
and the amorphous PCPDTBT polymers because it is relatively more clear than other 2nd order
transition. As shown in Figure 4.11a, the 1st heating curve, the melting point is depressed from
323.35 °C at 100 % P(NDI20OD-T2) to 317.83 °C at 80 % to 312.79 °C at 50 %, which is a trend
observed in the 1st cooling and 2nd heating curves, as well. Here note that in Figure 4.11b, at
PCPDTBT:P(NDI20D-T2) = 50:50, the melting peak looks very broad, indicating that, in blend
system, a semicrystalline component should be required at least at 50 % for observing a clear and

sharp T, peak.
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Figure 4.11 DSC curves. (a) Heating-cooling-heating curves for P(NDI20OD-T2). (b) 1st heating,
(c) 1st cooling, and (d) 2nd heating curves for P(NDI20D-T2):PCPDTBT = 100:0, 80:20, 50:50
and 0:100 (wt. ratio), respectively.

Then, the results were summarized in Figure 4.12, displaying both the T, and T, depression,
in which the average difference (AT =T, —T,) between T, and T, is 30.0 £ 1.6 °C in the first-

cycling thermal curve. The origin of this depression comes from the new equilibrium between
crystalline lamellar and amorphous (liquid) chains of P(NDI20OD-T2) when a diluent PCPDTBT
was introduced into the semicrystalline P(NDI20D-T2) system for forming polymer blends.
Specifically, PCPDTBT has one order lower molecule weight, M, = 4.5 kg/mol compared to
P(NDI20D-T2) with M, = 32.1 kg/mol, indicating that many available end groups in PCPDTBT

may serve as impurities in blend systems. However, a liquid state PCPDTBT chain molecule
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itself may act as impurities in semicrystalline P(NDI20OD-T2) blends, depressing the melting

point of the polymer blend systems.
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Figure 4.12 Melting and crystallization point depression of P(NDI20D-T2)/PCPDTBT blends.
4.2.2 Morphology-X-ray Diffraction of Polymer Films Analysis

Figure 4.13 shows the XRD patterns of pure P(NDI20D-T2), mixed P(NDI20D-
T2)/PCPDTBT blends, and pure PCPDTBT, respectively, in the range of 20 = 10°-100°. At 26 =
~ 26°, some peaks related with n-n stacking are observed. Here, the crystallite size (t) could be
estimated based on Scherrer’s equation,t =0.94/(Bcos @) (Kim and Frishie, 2008, Cullity and
Stock, 2001), where A is the X-ray wavelength (= 0.154 nm) and B is the full width at half
maximum at the diffraction angle . The results are summarized in Table 4.4, indicating that the
crystallite size decreases from 2.5 nm at 100 % P(NDI20D-T2) to 2.0 nm at 50 %. In the case of
PCPDTBT, its nominal crystallite size is very small ~1.4 nm, indicating that it is an amorphous

material because the length scale is around the unit cell. Importantly, if we recall the DSC results
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in Figure 4.11, when the crystallite size (related with n-stacking) is larger than 2 nm, we may

observe melting transition in DSC.
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Figure 4.13 XRD patterns of P(NDI20OD-T2):PCPDTBT blends with 100:0, 80:20, 50:50 and
0:100 (wt. ratio).

It is notable also that, in polymer science, the typical unit cell, chain-folded lamella, and
spherulite have dimensions of ~ 0.2—2 nm, ~10—-50 nm thick and several microns wide, and ~
100—1000 pm, respectively (Kim et al., 2012). In the case of conjugated polymer, thin-film
samples for OPV, we usually observe up to a lamella scale because a film thickness is ~100—200
nm. However, there are some exception reporting a three-dimensional spherulite structure
(Fischer et al., 2015, Dorling et al., 2017, Ou et al., 2019, Armas et al., 2019). At this moment,
for interesting readers, the detailed XRD data about P(NDI20OD-T2) films are available in the
literatures (Rivnay et al., 2010, Brinkmann et al., 2012, Takacs et al., 2013, Zhou et al., 2014,
Zhou et al., 2015, Zhang et al., 2016, Armas et al., 2019), in which edge-on and face-on
morphologies were also reported.
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Table 4.4 Crystallite size (t) and d -spacing of P(NDI20OD-T2):PCPDTBT blends with 100:0,
80:20, 50:50, and 0:100 (wt. ratio) at the diffraction angle &, when X-ray has wavelength (1) of

0.154 nm. Herein, d-spacing between lattice planes is calculated based on Bragg’s law,
A=2dsing.

P(NDI20D-T2):PCPDTBT  260(°)  6(°) B(Radians)  t(nm) d-Spacing(nm)

100:0 26.16 13.08 0.05667 2.5 0.34
80:20 26.31 13.05 0.06319 2.3 0.34
50:50 26.26 13.13 0.06606 2.0 0.34
0:100 25.47 12.74 0.09980 1.4 0.35

Based on the crystallize size analysis in Table 4.4, as well as the melting point depression in
Figure 4.12, we suggest the scheme displayed in Figure 4.14. When we add the amorphous chain
molecule PCPDTBT into the semicrystalline P(NDI20D-T2) sample, the crystalline region of
P(NDI20OD-T2) may be destroyed, which could be confirmed through the decrease in XRD
peaks” intensity at 20 = ~ 26°, i.e., n-n stacking, as well as the diminished melting peak in DSC
thermograms in Figure 4.11. However, it is notable that the aforementioned phenomena do not
necessarily mean the miscibility of the two polymers, i.e., they are still in phase-separate state.

They are immiscible because of the thermodynamic reason, AG, >0. However, the above

observation may affect the nano- and micro-structure of blend films, which should be important
in all-PSCs because of the limited diffusion length of Frenkel excitons in the organic/polymer

semiconductors with low dielectric constants.
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Figure 4.14 Schematic explanation of when semicrystalline P(NDI20OD-T2) and amorphous

PCPDTBT polymers are mixed together through solution processing. Here, the regular m-n
stacking could be destroyed by adding PCPDTBT into a crystalline P(NDI20D-T2) lamellae.

4.2.3 Morphology-Tapping-Mode AFM of Polymer Films Analysis.

Figure 4.15. shows the AFM images of pure P(NDI20OD-T2), P(NDI20OD-T2)/PCPDTBT
blend, and pure PCPDTBT. As shown in Figure 4.15a, P(NDI20D-T2) film displays rod-shaped
crystalline lamellae with a few um. However, when P(NDI20D-T2) was mixed with PCPDTBT
with a 1:1 wt. ratio, the morphology changed dramatically. Here, elongated crystal domains were
destroyed and diminished into a granular shape. Finally, PCPDTBT exhibits somewhat
homogenous images when compared with P(NDI20D-T2). This smoothness is expected because
PCPDTBT is amorphous (disordered liquid or glass) based on both the DSC and XRD results.
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Pristine Annealed

Figure 4.15 Tapping-mode AFM images of (a) pristine P(NDI20D-T2), (b) annealed
P(NDI20D-T2), (c) pristine P(NDI20D-T2):PCPDTBT = 1:1 blend, (d) annealed P(NDI20OD-
T2):PCPDTBT = 1:1 blend, (e) pristine PCPDTBT, and (f) annealed PCPDTBT films,

respectively.
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5. GENERAL DISCUSSION

This part is the end part of this dissertation research and it has four parts. These includes, the
overall dissertation research, strengths and limitation, conclusions; and also, useful method
recommendations (i.e., which suggests future research direction) were developed based on the

finding of the studies.

The work outlined in this dissertation was conducted with the goal of further
understanding of all-polymer solar cell materials which includes the binary polymer-solvent and
binary polymer-polymer blends, and then, the phase behavior of semicrystalline polymers, the r-
reg P3HT/P(NDI20OD-T2) system, is studied based on both experimental and theoretical
analyses. And also, an amorphous/semicrystalline conjugated polymer blend for which
PCPDTBT and P(NDI20OD-T2) were chosen as a model system, and also the thermodynamic
behavior of PCPDTBT/P(NDI20D-T2) blends based on the thermal and structural analyses was
studied.

The UV-VIS absorption spectra of n-type low bandgap P(NDI20D-T2) was harvesting
light near infrared regions about 855 nm. When P(NDI20D-T2) is dissolved in a common
solvent such as chlorobenzene, the solution color is almost black, but its film is bluish. For
estimating the solubility parameter, we measured the contact angle and then both the solubility
parameter and surface energy are calculated. As the result indicated that the P(NDI20OD-T2) is
much more hydrophobic when compared to r-reg P3HT. Note that in some experimental
observations, the Flory-Huggins interaction parameter is a function of not only a temperature-
dependent interaction parameter, D(T), but also a composition-dependent parameter B(g,). The
theoretical phase diagrams of binary polymer solutions (i.e., P(NDI20OD-T2):CB blends), and the
melting point depression curves are calculated for three hypothetical crystallinities of
P(NDI20OD-T2), i.e., X.= 35 % (blue line), 45 % (red), and 55 % (green). The difference
between LLE > SLE and SLE > LLE should make polymer solutions undergo different pathways
for morphology formation, in which the former undergoes SD or NG, but the latter
crystallization. For the purpose of clear comparison, when we calculated the phase diagrams of r-

reg P3HT solution for the same solvent, CB, CF and XY, we can observe only Case 3 (i.e., SLE
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> LLE). Hence, we can say that the r-reg P3HT solution may undergo phase separation primarily
thorough crystallization, whereas P(NDI20D-T2) solution may phase separately via SD or NG
or crystallization or any combination of SD/NG and crystallization, depending on the solvent,
CB or CF or XY. The pure polymers, P(NDI20OD-T2) and r-reg P3HT show T at 314.80 °C
(with an enthalpy of 14.46 J/g) and at 211.37 °C (that of 17.80 J/g), respectively. These two
polymers were mixed together and compositions of 20, 50, and 80 wt.% P(NDI20D-T2) were
made, resulting in the T_ and T_, in which all the blend compositions showed each T and T,
originating from pure P(NDI20D-T2) and r-reg P3HT, indicating that these polymers were
immiscible, as expected from two different polymer-polymer systems in the absence of any
specific interaction. Note that P(NDI20OD-T2) and r-reg P3HT have a similar thermal stability,
showing decomposition in the range of ~ 430-500 °C. As we constructed the temperature-
composition phase diagram of the r-reg P3HT/P(NDI20D-T2) system, in which the first
observation was that T and T, were very similar in blends compared to those of each pure
polymer, indicating they were immiscible. The phase behavior of the r-reg P3HT/P(NDI20D-
T2) system was very simple, in which L and S stand for liquid and solid state, respectively.

When the temperature was lower than T, of r-reg P3HT, the resultant phase was two solid

MIXLUreS, Sp\ppop-12) +Si-regpanr - HOWeVer, when the temperature was increased above the T,
of r-reg P3HT but less than the T, of P(NDI20D-T2), the phase was S p,00 1) + Lr-regpanir -

Finally, when the temperature was increased above the T_ of P(NDI20D-T2), the phase became

a liquid state, L.

The two polymers, PCPDTBT and P(NDI20OD-T2) are theoretically immiscible. At this
moment, keep in mind that the Flory-Huggins theory should be understood qualitatively, not
guantitatively. Hence most polymer-polymer blends including PCPDTBT and P(NDI20OD-T2)
are immiscible but phase-separated. Usually, the same structural units are more attractive each
other than different ones, leading to aggregation and clusters, i.e., the phase separation of blends.

Note that T, is a second order transition, but in many conjugated polymer systems, it is hard to

determine T, due to a weak signal in DSC thermal curves. It may be from the rigid or semirigid
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backbone structure of conjugated polymers, leading to relatively small free volume (and heat
capacity) changes around the second-order transition when compared to flexible coil polymers.
In this work, our research interest lies primarily in the S-L phase equilibria (the 1st order
transition) of conjugated polymer blends composed of the semicrystalline P(NDI20OD-T2) and
the amorphous PCPDTBT polymers because it is relatively more clear than other 2nd order
transition. The 1st heating curve, the melting point is depressed from 323.35 °C at 100 %
P(NDI20D-T2) to 317.83 °C at 80 % to 312.79 °C at 50 %, which trend is observed in the 1st
cooling and 2nd heating curves, as well. Here note that at PCPDTBT: P(NDI20D-T2) = 50:50,
the melting peak looks very broad, indicating that, in blend system, a semicrystalline component

should be required at least 50 % for observing a clear and sharp T, peak. Then, the results were
displaying both the T and T, depression, in which the average difference (AT =T -T,)
between T and T, is 30.0 £ 1.6 °C in the first-cycling thermal curve. The origin of this

depression comes from the new equilibrium between crystalline lamellar and amorphous (liquid)
chains of P(NDI20OD-T2) when a diluent PCPDTBT was introduced into the semicrystalline
P(NDI20D-T2) system for forming polymer blends. Specifically, PCPDTBT has one order
lower molecule weight, Mn = 4.5 kg/mol compared to P(NDI20D-T2) with M, = 32.1 kg/mol,
indicating that many available end groups in PCPDTBT may serve as impurities in blend
systems. However, a liquid state PCPDTBT chain molecule itself may act as impurities in
semicrystalline P(NDI20D-T2) blends, depressing the melting point of the polymer blend
systems. At 260 = ~ 26° some peaks related with n-n stacking are observed. The results are
indicating that the crystallite size decreases from 2.5 nm at 100 % P(NDI20D-T2) to 2.0 nm at
50 %. In the case of PCPDTBT, its nominal crystallite size is very small ~1.4 nm, indicating that
it is an amorphous material because the length scale is around the unit cell. Importantly, if we
recall DSC results, when the crystallite size (related with n-stacking) is larger than 2 nm, we may
observe melting transition in DSC. It is notable also that, in polymer science, the typical unit cell,
chain-folded lamella, and spherulite have dimensions of ~0.2—-2 nm, ~10—-50 nm thick and
several microns wide, and ~ 100—1000 um, respectively. In the case of conjugated polymer thin-
film samples for OPV, we usually observe up to a lamella scale because a film thickness is
~100—200 nm. However, there are some exception reporting a three-dimensional spherulite

structure. At this moment, for interesting readers, the detailed XRD data about P(NDI20OD-T2)
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films are available in the literatures, in which edge-on and face-on morphologies were reported.
When we add the amorphous chain molecule PCPDTBT into the semicrystalline P(NDI20D-T2)
sample, the crystalline region of P(NDI20D-T2) may be destroyed, which could be confirmed
through the decrease of XRD peaks” intensity at 20 = ~ 26°, i.e., n-n stacking as well as the
diminished melting peak in DSC thermograms. However, it is notable that the aforementioned

phenomena do not necessarily mean the miscibility of the two polymers, i.e., they are still in

phase-separate state. They are immiscible because of the thermodynamic reason, AG, >0. The

P(NDI20D-T2) film displays rod-shaped crystalline lamellaec with a few um. However, when
P(NDI20OD-T2) was mixed with PCPDTBT with a 1:1 wt. ratio, the morphology changed
dramatically. Here, elongated crystal domains were destroyed and diminished into a granular
shape. Finally, PCPDTBT exhibits somewhat homogenous images when compared with
P(NDI20OD-T2). This smoothness is expected because PCPDTBT is amorphous (disordered
liquid or glass) based on both the DSC and XRD results.
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5.1 The Outputs of Dissertation Research

The dissertation research work focusses on the studies of the morphology and phase
behavior of polymer/solvent solution and polymer/polymer blends. This research work
contributes to the development of organic solar energy for devices that make use of
polymer/solvent and polymer/polymer blend systems. Understanding the phase behavior of the
polymer solutions and blends affecting morphologies plays an integral role towards developing
polymer optoelectronic devices. Considering P(NDI20OD-T2) is a commonly used polymer
acceptor material for all polymer solar cells, we believe our findings will be of great help for
understanding the morphology-generation mechanism for active layers composed of polymer
donor and polymer acceptor in all-polymer solar cells. Our dissertation research suggests an
alternative to achieve well-defined morphology in polymer/solvent solution and
polymer/polymer blends; and also provides a better understanding of the background knowledge
of the thermodynamics and phase separation mechanism in polymer blends. To the best of our
knowledge, in our dissertation research, we constructed for the first-time phase diagrams of
binary n-type low bandgap P(NDI20OD-T2) solutions as a function of three different solvents,
chlorobenzene, chloroform, and p-xylene, for which the Flory-Huggins lattice model was
employed with a y interaction parameter estimated from the solubility parameter. The other point
of our research finding was, we have published internationally recognized research article on
journals of web of science with high impact factor and highly indexed (i. e., in our case the area
of research was Biopolymers and Polymer Physics on Polymers, Multidisciplinary Digital
Publishing Institute (MDPI).
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5.2 Strengths and Limitation

Jimma University is primary devoted to launch and run educational programs highly
relevant for the nation with particular emphasis on those which are rarely or not at all offered by
other national Universities. Materials Science and Engineering is among those programs that the
University dared to launch a PhD programs. In addition to this, Science and Technology
Development is one of the factors, which should be pursued for both the effective import of
foreign technologies and their application to the universities, research institutes and industries
through technology transfer. In line with these objectives, Jimma University opened a PhD
program in the Faculty of Materials Science and Engineering for building up human resources
and proving them to the community, both local and global. However, the University is struggling
with the program for its research demands intensive resources and high-tech laboratory that the
University could not fulfill for a moment. As a result, | in Materials Science and Engineering
could not complete my dissertation in time due to lack of laboratory facilities, lack of man power
in my research fields, lack of both office and internet facilities for students at JIT, purchasing
polymeric materials, chemical reagents, financial limitations and problems in Jimma University;
and also at country level in case of advanced researches for testing, solution preparation, film
processing, characterizing of all polymer solar cell materials | have produced through my
research in Ethiopia. The strength of my research methods was sample preparations of polymeric
materials for different equipment’s to test or characterize accordingly to the set up of the
apparatus. The other strength of our research dissertation was, we were published internationally
recognized research article papers in high impact journals (in our case on Polymers MDPI). One
of the limitations of this research was unable to covered to solve the problems that were observed
on polymer solar cell generally and specifically, all polymer solar cell materials. The other
challenge was familiarized with the laboratory equipment’s, because of the research area of all
polymer solar cell materials is very competitive technology issue today in polymer solar cells
research. It only focuses on problems related to film processing, polymeric materials
characterizations as well as surface morphologies related problems. In these situations, and
challenges, | have completed my PhD dissertation work supported by both the Ministry of
Science and Higher Education-Ethiopia six month for lab. work and Erasmus plus scholarship

five month for study, stayed at Silesian University of Technology, Gliwice, Poland.
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5.3 Conclusions

In this study, we constructed for the first-time phase diagrams of binary n-type low
bandgap P(NDI20OD-T2) solutions as a function of three different solvents, chlorobenzene,
chloroform, and p-xylene, for which the Flory-Huggins lattice model was employed with an

interaction parameter ( y ) estimated from the solubility parameter. The P(NDI20D-T2) solutions

showed the three different types of phase behavior depending on the solvent, Case 1: liquid-
liquid equilibria > solid-liquid equilibria, Case 2: liquid-liquid equilibria = solid-liquid equilibria,
and Case 3: solid-liquid equilibria > liquid-liquid equilibria, corresponding to P(NDI20OD-
T2)/chlorobenzene, P(NDI20D-T2)/chloroform, and P(NDI20D-T2)/p-xylene, respectively.
Specifically, when we compared the phase behavior of the P(NDI20OD-T2) solutions and that of
the r-reg P3HT ones, the latter showed only Case 3: solid-liquid equilibria > liquid-liquid
equilibria, indicating r-reg P3HT undergoes phase separation from solutions over crystallization,
i.e., liquid-solid phase transition. It is unlikely that r-reg P3HT is phase separated out from
solution through spinodal decomposition or nucleation/growth, because the liquid-liquid
equilibria are far below the solid-liquid equilibria and room temperature. Finally, we constructed
the phase diagram of a binary polymer-polymer, the r-reg P3HT/P(NDI20D-T2) system for the
first time. These two semicrystalline polymers showed spontaneous phase separation, i.e.,
immiscibility, due to both the absence of specific interaction and the entropic penalty coming
from the mixing of polymeric chains. Importantly, based on melting point depression theory
combined with the Flory-Huggins model, we successfully described the experimental melting

points of the r-reg P3HT/P(NDI20D-T2) system, for which the entropic contribution ys to y

was adjusted to be -0.185, indicating an increase of entropy by forming a new contact between
two polymer segments. Considering P(NDI20OD-T2) is a commonly used polymer acceptor
material for all polymer solar cells, we believe our findings will be of great help for
understanding the morphology-generation mechanism for active layers composed of polymer
donor and polymer acceptor in all polymer solar cells. Two low bandgap conjugated polymers,
semicrystalline P(NDI20D-T2) and amorphous PCPDTBT, were mixed together for a study on
phase behavior. Here, P(NDI20OD-T2) is a high-performance n-type semiconductor, whereas
PCPDTBT is a p-type one when applied to optoelectronic devices. And although two polymers
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were immiscible with y, =126 at T = 298.15 K, the blend exhibited the melting and

crystallization temperature depression phenomena because PCPDTBT acts as a diluent or
impurity for the P(NDI20D-T2) lamellae. In this process, PCPDTBT molecules make it difficult
for the P(NDI20D-T2) chains to form lamellae, leading them to destroy the regular - stacking
in the polymer lamellae, which was confirmed through XRD and AFM data. Specifically, when
the size of crystallite-related n-stacking was larger than 2 nm, we observed the melting points in
DSC. Finally, when we apply conjugated polymer blends to electronic and optoelectronic
devices, it is very important to understand a phase-separation mechanism leading to a specific
morphology.
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5.4 Recommendations

From the result of this dissertation research study | would like to recommend as a future work it

will be very important: -

= To further elucidate the phase-separation mechanism (i.e., spinodal decomposition or

nucleation/growth or crystallization) experimentally for m-conjugated polymer solutions and
blends.

= To further study will be designed for understanding other photovoltaic polymer blends with
amorphous/amorphous, semicrystalline/amorphous, and semicrystalline/semicrystalline

structures.

= To further study the device processing, performance and reliability of various
P3HT/P(NDI2OD-T2) and PCPDTBT/P(NDI20OD-T2) systems for characterizing all-
polymer solar cells in terms of short circuit current density, open circuit voltage, fill factor,

and power conversion efficiency.
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