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Preface

PREFACE

The rapid depletion of fossil fuel-based non-renewable energy resources is a major cause for
concern. The energy crisis can be reduced by efficient utilization of renewable energy
resources such as solar, tidal, wind, etc. Solar energy is the most significant energy resource
which directly converts sunlight into electricity. Inorganic material based solar cell devices
are currently available in the market. These solar devices are installed on rooftops of
buildings. However, the cost of these devices is rather very high. The scientific community
has given considerable attention to developing a new cost-effective material for energy
generation. This is the primary motivation for the development of organic photovoltaic
(OPV) materials and a device, which exhibits flexibility, are low cost, and are available in
abundant quantities. Equally important to energy generation is the energy storage systems as
it plays a major role in the availability of sustainable renewable energy on demand.
Supercapacitors have gained much attention as energy storage devices due to their high
power density, excellent cycle life, etc. Along with other materials like metal oxides, metal
sulphides, carbonaceous materials, and conducting polymers, conjugated polymers are also
explored as electrode materials for energy storage. Composite electrode materials developed
from hybrids of carbonaceous material with conjugated polymers are known to perform by
electrical energy storage by both electrostatic (Electrode Double layer effect) and redox

(Pseudocapacitance) processes at the electrode surface.

Statement of Problem, Objective:

Naphthalene and perylene diimides based polymers are promising candidates for energy
generation application because they exhibit good optical and semiconducting properties.
These building blocks could be utilized to construct n-type materials with a unique
combination of desired properties such as absorption in the visible region, high electron
mobility and excellent thermal and photostabilities.

The objective of the present thesis work was to design and synthesize various copolymers of
bay substituted naphthalene and perylene diimides, aimed at fine-tuning the HOMO-LUMO
band gap, electrochemical properties as well as modifying their structural characteristics to
suit their application in Energy generation and Energy storage. This thesis has been divided
into six chapters. Chapter 1 gives a glimpse of donor-acceptor based n-type polymers and
their application in the organic solar cell as well as in Energy storage devices such as
supercapacitors. It deals with detailed literature survey on organic solar cell based n-type

polymers along with a detailed study of energy storage devices.
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Key Findings

Chapter 2: Improved All-Polymer Solar Cell Performance of n-type Napthalennce
diimide-bithiophene P(NDI2OD-T2) Copolymer by Incorporation of Perylene diimide
as Co-acceptor.

Naphthalene diimide bithiophene P(NDI2OD-T2) polymer, also known as N2200, is a
commercially available donor-acceptor polymer, which is extensively investigated for its
high electron mobility (> 0.85 cm? V™' s™ in OFET), high power conversion efficiency (PCE)
~5% in all-polymer solar cells (PSC)s, good solution processability, high crystallinity and
light absorption capability near-visible and infrared region. However, the inherent n-stacking
tendency of the naphthalene diimide unit hampers good intermixing with donor copolymers
when used in solar cell devices. We have attempted to overcome this issue by developing
copolymers of P(NDI20OD-T2) incorporating varying mole ratios of the higher analogue -
perylene diimide randomly. These random copolymers (NDI-Th-PDIx; xPDI, x = 15, 30, 50
mole % of PDI) were synthesized by Stille coupling copolymerization. Proton NMR spectra
recorded in CDCl; showed that the n-w stacking induced aggregation among the naphthalene

units could be successfully disrupted by the random incorporation of bulky PDI units.
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The newly synthesized random copolymers were investigated as electron acceptors in BHJ
all-PSCs, and their performance was compared with P(NDI2OD-T2) as reference polymer.
Compared to the 2.97 % PCE for a blend of lab-made reference acceptor polymer
P(NDI2OD-T2) with Donor polymer - PTB7-Th (PCE10), the 30 mole % Perylene diimide
incorporated random copolymer exhibited an enhanced PCE of 5.03 %. SCLC bulk carrier
mobility measured for blend devices showed enhanced hole mobility compared to reference
polymer, with PTB7-Th: NDI-Th-PDI30 blend device exhibiting the highest hole and
electron mobility of 5.2x10* cm*Vs and 1.5x10* cm?/Vs respectively. This work

demonstrated the importance of molecular design via random copolymer strategy to control
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Preface

the bulk crystallinity, compatibility, blend morphology and solar cell performance of n-type
copolymers.

Chapter 3: All-Polymer Solar Cell Performance of n-type Naphthalene diimide-
bithiophene P(NDI2OD-T2) Copolymer with PCBM as Co-acceptor.

In this molecular structure design strategy, we have attempted to improve the electron
mobility of P(NDIOD-T2) by covalent incorporation of small amounts (5 — 15 %) of PCBM
(Phenyl-C61-butyric acid methyl ester) on the polymer backbone. Although PCBM has
several disadvantages like poor solubility and weak absorption in the visible region, it is still
regarded as one of the best n-type material due to its higher electron mobility and better
charge transportation. All-polymer solar cells fabricated with the PCBM modified
P(NDI2OD-T2) as the acceptor polymer, and PTB7-Th as the donor polymer in the active
layer demonstrated improved device performance with a (PCE) of 2.45 % for the 7.5 %
PCBM incorporated polymer. The reference solar cell fabricated using unmodified

P(NDI2OD-T2), and PTB7-Th exhibited only 1.5 % PCE under identical conditions.

| - / |
[ | s /] R { ! s
a s /
o N o - v s m ’
C. =

P(NDI-T,-PCBTM)7.5

PCE 2.45 %

Chapter 4: Naphthalene diimide Based Copolymers by Direct Arylation
Polycondensation as Highly Stable Supercapacitor Electrode Materials.
The energy storage efficiency of naphthalene diimide based m conjugated polymers was

explored by utilizing their hybrid with carbon nanotube (CNT) as Type Il supercapacitor
electrode materials in devices and employing 0.5 M H,SO, as the electrolyte. The polymers
with naphthalene diimide (NDI) as acceptor and thiophene terminated oligo
phenylenevinylene as donor moieties were synthesized using the direct (hetero) arylation
(DHAP) polymerization route. Nitrile groups were introduced at the vinylene linkage in one
copolymer (named as P;) to fine-tune its electrochemical properties. P, exhibited a blue
shifted intramolecular charge transfer (ICT) band in the absorption spectrum as well as a
lower reduction potential in the cyclic voltammogram compared to the analogous polymer

without the nitrile substitution (P;). The two polymers were evaluated as Type III
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supercapacitor materials by preparing composite electrodes with carbon nanotubes (CNTs)
and employing 0.5 M H,SOy as the electrolyte. Their performance was compared with that of
P(NDI2OD-T2) as a reference polymer. The nitrile substituted polymer exhibited a specific
capacitance of 124 F/g with excellent stability up to 5000 cycles with almost 100 % retention
of the initial capacitance in the potential window of -0.7 to 0.5 V. P, exhibited a specific
capacitance of 84 F/g, while the corresponding value for the reference Polymer P(NDI2OD-

T2) was 61 F/g under identical conditions.
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Chapter 5: Naphthalene diimide and Perylene diimide Based Alternate and Random
Copolymers for Supercapacitor Electrode Materials.

Alternate and random copolymers of naphthalene diimide and perylene diimide with
Benzadithiophene (BDT) were synthesized in good yield and characterized. These polymers
were evaluated as supercapacitors materials. The alternate copolymer exhibited better
capacitance compared to the random copolymer due to the proper ordering of the polymer

chain and higher conductance in the former compared to the latter architecture.

Random

P(NDI-alt-BIVT} P{(NDI-r-BDT)

e N
s
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[

F{PDI-alt-BDT) P(PDI-r-BDT)

Chapter 6: Conclusions and outlook
This chapter summarizes the overall outcome of the research work carried out in the present

Ph.D. thesis.
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Chapter1 Introduction

1.1 Introduction

In the present global scenario energy is a primary focus of scientific community and the
major world powers. Energy requirements are mainly fulfilled by non-renewable fossil fuel-
based resources. The current non-renewable energy resources are coal, oil and gas. There are
more costly and environmentally harmful and is diminishing very fast. Hence, it is very
important to find an efficient, cost-effective and sustainable approach to produce and store
energy. Sustainable energy resources play a crucial role to fulfill the current energy needs and
also for future generations. Sustainable energy is the energy which is collected from a
sustainable source such as wind energy, solar energy, geothermal energy, wave power, tidal
power, bioenergy, etc.'

The primary source of renewable energy is the sun. Solar energy can be used directly for
producing electricity and for solar cooling, water heating, and a variety of industrial and
commercial applications.’

The sun's heat also initiates the winds moving air is called wind and it is generated by uneven
heating of earth’s surface. Winds energy is collected through wind turbines. Then, the sun's
heat and winds allows water to evaporate. When this vapors converts into rain and flows into
rivers, their energy can be caught through hydroelectric power.’

Along with the snowfall and rain, sunlight also helps plants to grow. Agricultural and other
plant waste known as biomass, can be utilized to produce chemicals and electricity. The use
of biomass for these purposes is known as bioenergy.*

All renewable energy resources do not originate from the sunlight. For instance, geothermal
energy or earth's internal heat can be utilized for different purposes, including the heating and
cooling of buildings, and electric power production. Another example is the energy of the
oceans tides which comes from the sun and the gravitational pull of the moon.’

The most essentially renewable energy resource which can meet the world’s rising high
energy demand is solar energy. Sun is the star of our planet. Per day, approximately 14 TW
power reaches on the earth’s surface and the whole world’s necessity is nearly 10% of this
value. Solar energy is a clean, nonpolluting and lifetime available energy source. The
research on harvesting solar energy has become a hot topic not only for scientific interest but
also for social demands. Photosynthesis is the natural phenomena where chlorophyll (the
pigment present in green plants) absorbs energy and converts water and carbon dioxide into
carbohydrate. The energy produced during this process is saved in the form of energy known
as adenosine triphosphate (ATP). A mimicking phenomenon, photovoltaic effect was

invented by Alexandre-Edmond Becquerel; the generation of electrical current or voltage in
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Chapter1 Introduction

the material after exposure to light is the basic principle of a photovoltaic cell or a solar cell,
that is the production of electric power from sunlight.”” Solar cells, which directly convert
sunlight into electricity are one of the most efficient and promising technologies to produce
energy. The first solar cell device was made from selenium wafers with power conversion
efficiency (PCE) of approximately 1 %.® The solar cell devices are mainly divided into 1)
inorganic 2) organic solar cell 3) dye-sensitized solar cell depending upon the semiconductor
material used as active layer. Inorganic solar cells are mostly based on silicon. Today
standard solar cell devices such as Monocrystalline and Multi-crystalline silicon have power
conversion efficiency, 24.4 and 19.8 %, respectively.’ The first and second generation solar
cells based on the crystalline silicon, amorphous and multi-crystalline silicon and metal
chalcogens such as copper indium germanium selenide (CIGS) and other thin film absorber
has been developed that shows a relatively high power conversion efficiency around 15-20
% and therefore, dominate over commercially available solar technologies.'® Dye-sensitized
solar cell introduced by Gratzel is a kind of hybrid solar cell where a ruthenium based dye
acts as the solar harvester.'' Even though this concept gives a constant high performance of
12 %, the long-term stability of the device is still a challenge. However, cost of inorganic
solar cells is still too high, and these are not readily processable. Therefore it becomes
exciting and challenging for scientists to develop alternate energy generation devices with
high power conversion efficiency.

Organic solar cells are a fast-growing research area because of the necessity of an alternative
energy generation source. The very high demand for energy arises when the sun is not
shining, which requires to storage of the harvested energy. The most general ways to store
energy is batteries. Despite their extensive use, batteries are not the best technique to store the
energy. Many research groups are searching alternative ways to store the electricity.

Supercapacitors are one of the alternatives to batteries.

1.1 Energy Generation: Organic Solar Cell

Organic solar cells are a revolutionary technology which converts the sunlight into electrical
energy using organic semiconductor material as active layer. This technology is very
promising due to its lightweight, mechanical flexibility, large area and low fabrication cost.
The basic organic solar cell device architecture consists of a photoactive layer of organic or
polymeric semiconductor material sandwiched between indium tin oxide (ITO) electrode
(anode) and a metal electrode (cathode).'? With active materials electron transporting (ETL)

and hole transporting layers (HTL) are used for better charge transportation. Dependence
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Chapterl Introduction

upon the nature of transporting layer, two device architecture can be identified; a)

Conventional solar cell b) Inverted solar cell (shown in Figure 1.1).

HTL / PEDOT:PSS
ITO ITO
Glass ‘ Glass
a) Conventional b) Inverted

Figure 1.1. Schematic of organic solar cells a) Conventional, b) Inverted

1.1.1 Working Principles of Organic Solar Cells
The working principle of typical bilayer organic solar cell is shown in Figure 1.2. In the

basic working principle of the organic solar cell, four steps are involved.™*

a) Absorption of Light and Exciton Generation

A photon of light incident on an active organic semiconductor material, having higher energy
than the semiconductor band gap, excites an electron from highest occupied molecular orbital
(HOMO) state or valence band to the lowest unoccupied molecular orbital (LUMO) or
conduction band, generates an electron-hole pair. Upon excitation, the excited electron is still

bound to its hole (positively-charged), this electron-hole pair is known as an exciton.

b) Exciton Diffusion

After the exciton generation, the exciton will not dissociate under normal conditions. Some
driving force is required to make it favorable for the exciton to convert into free charge
carriers. Excitons migrate between adjacent donor moieties via a “hopping” mechanism, in
which the exciton transitions between adjacent to localized energy states on different donor
moieties. The rate of exciton diffusion is governed by how closely the electronic clouds of
adjacent donor molecules overlap, as well as the availability of similar energy levels on
different moieties for the exciton to occupy. If the donor material has strong n-m interactions
with itself; it will show better diffusion of excitons. The diffusion length of an exciton varies

between 5-20 nm. "
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a) Light b) Exciton ¢) Charge d)Charge
absorplion diffusion scparation extraction
LUMO
I— — —
A A = A
HOMO A

Figure 1.2: Mechanism of bilayer organic solar cell.

Due to the high exciton binding energy, exciton shows limited stability and has very less
time, which allows electron-hole pair recombination. This recombination results in energy

loss, which decreases PCE of the device.

¢) Exciton Dissociation

Exciton dissociation is referred to the process of separating the electrostatically attached
electron-hole pair (exciton) into free charge carriers. The dissociation of excitons occurs at
interfaces of the donor-acceptor. The donor and acceptor materials are designed in a such
way that they exhibit a difference in LUMO energy levels of the materials, which allows the
dissociation of exciton. For the efficient dissociation, difference between the LUMO of donor
and acceptor should be higher than the binding energy of exciton. Usually the difference is
around 0.2-0.3 eV.

d) Charge Collection

After exciton dissociation, the electrons and holes travel through the acceptor and donor
domains, respectively, to reach their respective electrodes. The free charge carriers (electrons
and holes) are directed to their respective electrodes built into the device. This electric
conductivity is created by using asymmetric electrode materials with different work

. 16-19
functions.

1.1.2 Parameters of Organic Solar Cell Performance Measurement

Figure 1.3 shows a typical current density-voltage (J-V) curve of the organic solar cell in the
dark and under the light. In the dark, there is no current flow in the circuit, and J-V curves
pass through the origin. When the photon of light is incident on the cell, the J-V curves are
shifted in the fourth quadrant of the graph. A lot of important parameters can be extracted
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from J-V curves such as short circuit current density (Ji.), open circuit voltage (V,), fill

factor (FF) and power conversion efficiency (PCE or n).20

Iluminated

Dark

Voltage (V)

EN=P 0¥ .Y

ax 5C ocC

PCE= FF.J_.V, /P,

Current density (J) \

Maximum power
point (MPP)

max

5C

Figure 1.3. Typical current density-voltage (J-}) curve under dark (blue) and under Light

(red) for polymer solar cell.

The p,, is the sum over all wavelengths fixed at intensity of 100 W/cm?®. The equation for the
calculation of PCE is given in Figure 1.3 which shows that PCE is directly proportional to
the Voe, Jse, and FF. The Ji value depends upon the photon collecting capability of the active
layer of the device, charge separation at donor-acceptor interface, charge transport and charge
collection at electrodes. V,. depends upon the energy gap between HOMO of the donor and
LUMO of acceptor. The following factors have to be taken care of while designing new
materials for organic solar cell application. 1) Broad absorption in visible and near IR region
to match solar spectrum. 2) Suitable HOMO and LUMO energy level to maintain V. as well
as energy offset for exciton dissociation at interface. 3) High charge carrier mobility (electron
mobility for acceptor and hole mobility for donor) to improve the charge transport. 4)
Optimal morphology of donor-acceptor blend within a nanoscale level of the active layer

which improves Vo, Jse, and FF.
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1.1.3. Organic Photovoltaic Architectures
The organic solar cell can be divided into a) single layer organic solar cell b) bilayer organic
solar cell ¢) bulk heterojunction solar cell (BHJ) according to their device fabrication. (See

Figure 1.4)

Cathode

Transparent anode Transpavent anode

Transparent anode

a) Single layer b) Bilayer ¢) Bulk-heterojunction

Figure 1.4. Schematic representation. a) single layer b) bilayer and c) bulk-heterojunction

(BHJ) OPV device.

In single layer organic solar call one kind of active material (either donor or acceptor) is
sandwiched between the two electrodes. In 1994, Marks et al. reported solar cell based on
poly (p-phenylenevinylene) (PPV).?! However, this device fabrication could not achieve high
efficiency. Bilayer organic solar cell consists of both the electron donor and acceptor moieties
sandwiched in between the two electrodes. The first organic solar cell with power conversion
efficiency (PCE) ~ 1 % reported by Tang et al.”** belongs to this category. MEH-PPV
polymer as donor and PCBM ([6,6] -phenyl C60 butyric acid methyl esters) as an acceptor
layer which is sandwiched between two electrodes is an example for bilayer solar cell.**

The bilayer configuration where the donor and acceptor layer was fabricated separately with
layer thickness 80-100 nm each consecutively resulted in large macrophase separation
between donor and acceptor layer. The exciton generated 10-20 nm apart from donor-
acceptor interface only was able to reach interface and dissociate in to free charge carriers.
All exciton generated inside the active layer is not able to reach the interface before which
they will recombine. Consequently, the power conversion efficiency is low. In most of the
cases the exciton recombination will happen is before reaching the respective interfaces. The
hole-electron pair will recombine so that the number of charge carriers get reduced and the
performance drops out. So the exciton diffusion length plays a very crucial role in the device
performance.

To overcome this drawback bulk-heterojunction (BHJ) solar cell was introduced where the
donor and acceptor were mixed in the proper ratio to form a blend, due to which in some

region the length scale of donor-acceptor in the blend is nearly equal to exciton diffusion
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length. Excitons generated in the material may reach the D-A interface efficiently, where
excitons can dissociate efficiently, thus the PCE increases. Up to now, the highest efficiency
in bulk-heterojunction (BHJ) solar cell obtained is 14.2 % %.% Furthermore, the tandem solar

cells have reached up to 15%. 26

1.1.4. Type of Organic Semiconductors
Based on the electronic properties and nature of charge transport, the organic semiconductors
are further classified into three types namely p-type (Donor or electron rich), n-type

(Acceptor or electron deficient) and Donor-Acceptor or ambipolar (both electron and hole).
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Chart 1.1 p-type semiconducting materials.

p-type organic semiconductor is also known as a donor or hole transporting material. p-type
semiconductors are electron rich and has tendency to donate the electron and create a hole
which is then transported through the semiconducting material in the applied electric field.
The charge transport in the p-type semiconducting material occurs by extracting electron or
injecting the holes from highest occupied molecular orbital (HOMO). To attain better
electron extraction or hole injection, the HOMO energy level of the semiconducting material
should be in the range of 4.8 to 5.2 eV. In the last few decades scientific community have
done extensive research on the design and synthesis of p-type air-stable materials, and now
an enormous collection of materials based on polymers and small molecules are available

with high hole mobility. Chemical structures of some of the typical p-type organic
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semiconductors are shown in Chart 1.1, which have been utilized in the Organic Solar cells.
12,20,27

n-type organic semiconductors are known as acceptor or electron transporting material. These
are electron deficient in nature and have tendency to accept the electrons. n-type organic
semiconductors are used as counterpart of p-type semiconductors in p-n junction devices, but
n-type materials development has lagged behind the p-type semiconducting materials. Reson
behind this shortage of the n-type organic semiconductor is instability of their ambient charge
carriers. The anions (negative charge carriers) are generally trapped by reactive species like
oxygen and water that diffuses into the semiconducting layer. The air stability issue of n-type
materials was conquered up to a certain extent by giving more insight into the design
strategies of the organic semiconductors.”®** The most useful and important strategy to
enhance the air stability of organic n-type semiconductor is by introducing electron
withdrawing groups such as cyanide, by which redox potential of n-type semiconductors can
be fine-tuned. In addition to that the lower level of LUMO also helps for better charge
injection. The chemical structures of some of the typical n-type organic semiconductors

shown in Chart 1.2 have been utilized in the Organic Solar cells.

n
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Chart 1.2 n-type semiconducting materials.

There is a new class of semiconducting materials which exhibits both donor and acceptor
moieties. These are low band gap materials which exhibit better charge transport properties

and often used as p-type or n-type material depending upon their HOMO and LUMO levels,
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so the energy level of the polymers can be easily fine-tuned. Some of the materials are shown

in chart 1.3.2%2>%7
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p-type D-A polymers n-type D-A polymers

Chart 1.3. Donor-acceptor type semiconducting polymers.

1.1.5 All-Polymer Solar Cells

There is a library of thiophene-based molecules available as p-type (Donor) materials which
exhibit good device performance. The most commonly used n-type (Acceptor) system is
PCBM and its derivatives. However, PCBM has many drawbacks like poor solubility, phase
separation, weak absorption in the solar region. So there exists an urgent requirement for
alternative derivatives which can overcome these challenges. Naphthalene and perylene
bisimides are polyaromatic hydrocarbons which can be easily derivatized into highly soluble
materials which have good quantum yield and photo and thermal stability. Nowadays
research is progressing in this direction where PCBM is replaced with naphthalene and
perylene based polymers. Among the two, naphthalene exceeds perylene as a charge
transporting material whereas the latter has good absorption in the visible region of solar
spectrum. So a combination of both can result in better performance. Small molecule-based
systems have many advantages like high crystallinity and better charge transporting.

However, making thin films of small molecules is difficult. Polymers based on these systems
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can have very good thin film formation so that they can be easily processed. Bay substitution
of these moieties will help to tune the band gap efficiently so that it can absorb a major part
of the visible light.

Bay substituted naphthalene diimide with a bithiophene alternating comonomer (P(NDI20OD-
T2)) was first synthesized by the group of Fachetti and later commercialized as
PolyeraActivink N2200 (bay substituted naphthalene diimide  with a bithiophene
comonomer).”’ This P(NDI20OD-T2) polymer exhibited very high electron mobilities in
organic field effect transistors (OFET) of ~ 0.85 cm?/Vs. P3HT/P(NDI20OD-T2) blends have
shown balanced hole and electron mobilities of 2 x 10° c¢cm?Vs and 4 x 107 cm?/Vs
respectively. Later on, this moiety has been well explored by different research groups
varying the donor moiety, processing parameters like solvents, temperature, etc., and donor
/acceptor weight combinations.”® Loi and Sirringhaus et al. measured the solar cell efficiency
of P(NDI20OD-T2) independently in solvents like o-dichlorobenzene (0-DCB), chlorobenzene
(CB), chloroform, or p-xylene for device fabrication and a maximum PCE of 0.2 % was
obtained which was not a good number.*** Neher and co-workers improved the PCE to 1.4
% by using P(NDI20OD-T2) as acceptor and P3HT as donor material using a 1:1 solvent
mixture of chloronapthalene (CN) and p-xylene.>* The reduction of polymer aggregation in
the 1:1 solvent mixture of chloronaphthalene: p-xylene was expected to be a reason for high
efficiency. Later on, Facchetti et al. reported P(NDI2OD-T2) and PTB7 as donor in different
processing solvents such as xylene, chlorobenzene, and chloroform, which exhibited PCE of
2.7 %, 1.35 %, and 1.78 % respectively.” PCE higher than 4 % was achieved by Benten et al.
using poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl- al/t -thiophene-2,5-diyl] (PTQI)
as the donor and P(NDI2OD-T2) as the acceptor polymer.*® 30:70 wt % combination of
P(NDI20OD-T2): PTQ1 showed open circuit voltage of 0.84 V, short-circuit current density of
8.85 mA/cm® and a fill factor of 0.55 resulting in PCE more than 4 %.>” The inverted type
solar cell with PTB7-Th as the donor and P(NDI2OD-T2) acceptor polymer were fabricated
by Kim et al. using chloroform as the solvent and optimized blend ratio of 1.3:1 (w/w) donor
to acceptor got an efficiency of 4.6%.*® Side chain tuning P(NDI20D-T2) with flouro
substitution in the thiophene group (P(NDI2OD-FT2)) was done by Jen et al. where the
fluorine substitution on thiophene could increase the electron accepting power of the
polymer, and this concept clicked for PTB7-Th/P(NDI20OD-FT2) with a maximum power
conversion effciency of 6.3 %.” The blend of donor PTB7-Th with fluorine substituted
P(NDI2OD-FT2) showed better thin-film crystallinity with a improved face-on orientation

which enhances the vertical charge transport in devices to result in higher Js, and FF. In
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addition, this combination exhibited wide band gap and slightly higher LUMO value which
improved the V. compared to P(NDI20OD-T2). Recently Facchetti et al. reported newly
synthesized NDI co-polymerized with alkoxy-functionalized thienyl-vinylene (TVTOEt)
(building-block P(NDI- TVTOEt) (shown in Chart 1.4) and their photovoltaic properties.
The organic solar cell device were fabricated from the blend of P(NDI- TVTOE?t): PTB7
showed PCE of 1.7 %.

CyoHyy
O _N_O
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SORAT
O N O 3
CyoHy P(NDI2OD-T2) P(NDI2OD-FT2) CSHH\K P(NDI-TVTOE()
CSHW CIOHZI

Chart 1.4 Structure of NDI based copolymers

1.2. Energy Storage: Supercapacitors

One of the major difficulties in utilizing the solar energy efficiently is the challenges in
storing the harvested energy until it is needed. A very high demand of energy occurs when
the sunlight is not available, which demands to store the energy. The most general way to
store the energy is to use batteries.”' There are two broad categories of batteries: primary and
secondary. Primary batteries are non-rechargeable, and it is not recyclable. Primary batteries
are applied for uses that require infrequent power, but they can get costlier in continuous use.
There are different types of secondary batteries available in the market. The most common
secondary batteries are lithium-ion batteries and lead-acid batteries. Despite their extensive
use, batteries are not the best technology to store the energy. Many research groups are
searching alternative ways to store the electricity. Supercapacitors are another alternative way

of storing energy.

1.2.1 Lead-acid Batteries

Lead-acid batteries contain lead oxide (PbO,) and lead (Pb) electrodes embedded deep in
aqueous solution of H,SO4. While discharging, the lead (Pb) electrode is oxidized, and lead
oxide (PbO,) electrode is reduced by H2SO4 to form lead sulfate (PbSQO,4). While charging,
electrons are extracted from PbSO, to form PbO; at the positive electrode and these electrons

are used to reduce the PbSO4 to Pb at the negative electrode.*
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Lead-acid batteries are very attractive due to their low production cost and high power-to-
weight ratio. However, despite their extensive use, these batteries having some drawbacks.
Over a period of time, repeated charge-discharge cycles cause mechanical stress at the
electrodes, decrease the mechanical strength, thus charge capacity can be reduced. In addition
to that if the battery is not fully charged or after being discharged, sulfate deposits increase
and break the electrode plates.* Lead is a very toxic metal; the discarding of these batteries is
a very big environmental issue. Although these batteries can be recycled, a major proportion

still reaches the dumping yard.

1.2.2 Lithium-ion Batteries

Lithium-ion batteries are well known for automobiles, and in consumer electronics and other
applications. Lithium-ion batteries work on a somewhat different working principle
compared to lead-acid batteries. Lithium-ion batteries work on the principle of
intercalation/de-intercalation of Li' ions. Cathode (positive electrode) is made up of metal
oxide, while anode (negative electrode) is generally made up of carbon and mostly it is
graphitic carbon. Both electrodes are embedded deep in the electrolyte. Generally, organic
carbonates having a lithium complex are used as the electrolyte. During charging, the metal
oxide is oxidized and the electron diffuses to the carbon electrode where they meet the Li"
ions. While discharging, Li" ions which are located in the carbon matrix leave the electrode
and flow to the cathode, where the metal oxide is reduced. *

Lithium-ion batteries have high energy density compared to lead-acid batteries, these are
getting more attention in various important electronics applications. However, lithium-ion
batteries also suffer from dropping capacity upon repetitive charging-discharging cycles due
to the generation of irreversible lithium oxides. In general, most of the lithium-ion batteries
have less than three years lifetime.* Also, the abundance of lithium is available in only a few
areas of the world - primarily Asia and South America.* It is relatively energy and time-
intensive to purify the lithium from these salt deposits. Despite the high energy density of

lithium-ion batteries, several issues affect their cost-effectiveness and efficiencies.

1.2.3 Supercapacitors

Supercapacitors, also known as an ultracapacitor, have electrode materials with the high
surface area and thin electrolytic dielectrics to achieve very high capacitances compared to
typical capacitors.*”* Supercapacitors, have significantly emerged over the past few decades

with significant advances in energy storage.
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Figure 1.5 Typical structure of a) Capacitor b) Supercapacitor

Conventional capacitors having an insulating dielectric material separating two metal
electrodes is shown in Figure 1.5.a. When a voltage is applied to the capacitor, opposite
charges gather on the electrode surfaces. The dielectric separates the charges, consequently
an electric field is generated that allows the capacitor to store energy.

Capacitance C is the ratio of Q and V, where Q is stored charge and V is the applied voltage.
)
c=¢

For a conventional capacitor, capacitance C is directly proportional to the electrodes surface

area A and inversely proportional to the D distance between the two electrodes.

A
C=&s&, (2

Where C is the capacitance of the capacitor, €, is permittivity of the insulating material and

& is the permittivity of free space. A is the area of the electrodes and D is the distance
between two electrodes. The energy stored in a supercapacitor is directly proportional to the
capacitance.”

The two primary characteristics of a capacitor are power density and energy density. The
energy density can be calculated as a quantity per unit volume or per unit mass. The energy E

stored in a capacitor is directly proportional to capacitance:

E=-CV2  (3)
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In common, the power P is the energy exhausted per unit time. The components of the

capacitor (e.g., electrodes, dielectric material, and current collectors) also contribute to the

resistance of the capacitor, which is known as equivalent series resistance (ESR). These

resistances decide the voltage during the discharge of the capacitor. P.x the maximum power

for a capacitor’' ™ is calculated by the formula:
V2

N 4 XESR

max

“)

This equation shows how the ESR can limit the maximum power of a capacitor.

Conventional capacitors have relatively low energy densities, but relatively high power
densities, compared to fuel cells and batteries. Batteries can store more energy than a
capacitor, but it cannot provide it very fast, which confirms its very low power density.
Instead, capacitors store relatively less energy, but they can discharge quickly to produce
high power, so it confirms that capacitors have high power density.

Supercapacitors also work on the same principles on which conventional capacitors work.
However, they exhibit higher surface area (A) for electrodes and much thinner dielectric layer
that decreases the distance (D) between the two electrodes. While charging, free charges
gather on the surface of the electrodes. This initiates migration of the opposite charges in the
electrolyte towards the electrode while counter ions will migrate towards the separator; for
example, at the negative electrode, electrolyte cations will move towards the electrode while
the anions will migrate towards the separator. These solvated ions are covered with a shell of
solvent molecules, generally restricting direct contact between the electrolyte ions and the
electrode surface. In the fully charged state, solvent molecules and ions of opposite charge will be
filled in crevices of the porous electrode. Consequently, supercapacitors work as capacitors on a
molecular level using a process called electric double layer capacitance (EDLC). In EDLC, the
charged porous material used as the electrodes and ions served as the electrolyte while solvent
molecules are used as the dielectric material. This allows supercapacitors to significantly store
more charge compared to the same dimension capacitors. In addition, if the electrode materials
can involve in oxidation-reduction (redox) reactions with the electrolyte ions (electrochemically
active), the method of charge storage via redox reaction is known as pseudocapacitance (PC).
Both EDLC and PC determine the overall capacitance of a supercapacitor, generally a redox-
active electrode material store more charge compared to EDLC.*

Hence, from equations 2 and 3, supercapacitors exhibiting higher energy and capacitance. In
addition, supercapacitors also can achieve relatively high power densities by maintaining the

low ESR characteristic of conventional capacitors. Supercapacitors also have several
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advantages over fuel cells and batteries, such as minimal charging time, higher cycle life and
improved power density, and. Figure 1.5.b shows a typical supercapacitor device structure.

The performance of supercapacitor is shown in the “Ragone plot.” (Figure 1.6). This graph
shows on the Y- axis, the power densities of different energy storage devices, versus their
energy densities on the X-axis.* In Figure 1.6, it is observed that supercapacitors occupy a
region between batteries and conventional capacitors. Even though they have higher
capacitances than conventional capacitors, still they have to match their energy densities to
fuel cells and batteries. Accordingly, a lot of studies are focused on developing better
supercapacitor devices to improve their energy densities compared to batteries.
Supercapacitors commonly avoid the use of corrosive materials and metals, therefore,

supercapacitors are more environmentally friendly compared to batteries.
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Figure 1.6. Ragone plot of energy device (Adapted from Ref. 49).

1.2.4 Type of Supercapacitors

Supercapacitors can be divided into three types based on the mechanism of storing
charge.These are: electrochemical double-layer capacitors, pseudocapacitors, and hybrid
supercapacitors. These are non-faradic, faradic and combination of two respectively. Faradaic
processes involve the transfer of charges between electrode and electrolyte, known for
oxidation-reduction reactions. A non-faradaic mechanism does not involve the transfer of
charges between electrode and electrolyte. Charges are distributed by physical processes on

the surfaces that do not involve the chemical transformation (oxidation-reduction).
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a) Electrochemical Double Layer Capacitors (EDLC)

Electrochemical double-layer capacitors (EDLCs) are made up of two porous electrodes
based on carbon, electrolyte, and separator. Figure 1.5.b shows a typical EDLC. EDLCs store
charge non-faradaically or, electrostatically, like conventional capacitors, and there is no
exchange of charges between electrolyte and electrodes (Shown in Figure 1.7.a). When a
potential is applied, charge gather on the electrode surfaces. Following the natural attraction
of opposite charges, ions in the electrolyte solution diffuse through the separator into the
pores of the electrode of opposite charge.”*>' However, the electrodes are designed to prevent
the recombination of the ions. Thus, a double-layer of charge is generated at each electrode.
These double-layers known as electrochemical double-layer, coupled with an increase in the
surface area using porous electrode and a decrease in the distance between two electrodes,
allow EDLCs to attain higher energy densities than conventional capacitors.*

As there is no charge transfer associated with electrode and electrolyte solution, there is no
chemical reaction involved in non-faradaic processes. Because of this, charge storage is very
much reversible in EDLCs, which enhance their cycle life. EDLCs usually works with very
high-performance for many charge-discharge cycles, sometimes up to 10° cycles. In contrast,
electrochemical batteries are stable for a maximum up to 10’ cycles. Due to their higher

cycling stability, EDLCs are suitable for wide range of applications.
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Figure 1.7. Mechanism of supercapacitors a) Electrode bouble layer. b) Pseudocapacitors.
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The performance of an EDLC can be tuned by changing the nature of the electrolyte. For
EDLC either an aqueous or organic electrolyte can be utilized. Aqueous electrolytes, such as
H2SO4 and KOH, generally have lower equivalent series resistance (ESR) and lower
minimum pore size requirements compared to organic electrolytes, such as acetonitrile.
However, aqueous electrolytes also have lower breakdown voltages. Therefore, in choosing
between an aqueous or organic electrolyte, one must consider the tradeoffs between
capacitance, ESR, and voltage. The choice of electrolyte normally depends on the intended
application of the supercapacitor. The nature of the electrolyte is very important in
supercapacitor design; the subclasses of EDLCs are distinguished primarily by the form of
carbon they use as an electrode material. Carbon electrode materials generally have higher
surface area, more established fabrication techniques, and lower cost than other materials, for
example, conducting polymers and metal oxides. Different forms of carbon materials can be

used for storing charge in EDLC electrodes such as activated carbons,™ carbon aerogels,”*>*

and carbon nanotubes.>*%*

b) Pseudocapacitors

Pseudocapacitors can store charge through electrochemical processes (Shown in Figure
1.7.b). This is accomplished through intercalation processes, electrosorption, and reduction-
oxidation reactions (Redox reaction). These electrochemical processes can allow
pseudocapacitors to achieve higher energy densities and capacitances compared to EDLCs.
Basically two types of electrode materials are used to store charge as pseudocapacitors -

metal oxides and conducting polymers.

I) Metal Oxides
Because of their high conductivity metal oxides have been explored as an electrode material
for pseudocapacitors. The majority of research is based on ruthenium oxide as it has high
capacitances compared to other metal oxides. The capacitance is achieved through the
intercalation or insertion and removal of protons into its amorphous structure. Higher
capacitance compared to carbon-based and conducting polymer materials is achieved in
ruthenium oxide hydrous form.® " Metal oxides have shown excellent supercapacitive
properties, but these materials are more expensive than carbon-based electrode materials and
require extensive processing to fabricate the SCs devices. Therefore, metal oxide

supercapacitors are not commercially viable so far.
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II) Conducting Polymers
Conducting polymers exhibits comparatively high conductivity and capacitance, and
relatively low equivalent series resistance (ESR) and lower cost compared to carbon-based
SC electrode materials. Particularly, the n/p-type polymer composition, where one positively
charged (p-doped) and one negatively charged (n-doped) conducting polymer electrode,
exhibit excellent potential energy and power densities. But, shortage of efficient, n-doped
conducting polymer materials has prevented these pseudocapacitors from reaching their goal.
Furthermore, the mechanical stress of conducting polymers during redox reactions and
chemical reaction limits the stability of pseudocapacitor materials. This lower cycling
stability has hindered the development of pseudocapacitors based on conducting polymer.

The more detailed discussion is provided in section 1.2.5.

¢) Hybrid Capacitors

Hybrid capacitors utilize the advantages and moderate the disadvantages of EDLCs and
pseudocapacitors to achieve better performance. Employing both processes non-faradaic and
faradaic to store the charge, hybrid capacitors have accomplished higher power and energy
densities compared to EDLCs without sacrificing its affordability and cycling stability that
have limited the success of pseudocapacitors. More detailed discussion on hybrid capacitors

were included in coming sections.

1.2.5. Semiconducting Polymers as Supercapacitor Electrode Materials

There is a requirement to find an inexpensive electrode material that can still achieve very
high capacitance by pseudocapacitance. Semiconducting polymers are a very promising
material for electrode fabrication because they are inexpensive to fabricate and process, and
they involve in redox reactions. Their physical and electrochemical properties can be tuned
by synthetic chemistry. Porosity and pore size can be tuned for conducting polymers. In
addition, the electronic performance of conducting polymers can be tuned to change their
charge carrier majority and to improve their electrochemical stability and conductivity.
Conjugated polymers are very promising because they exhibit very high charge density and
low production cost. The electrochemical properties of conjugated polymers can be improved
by composite formation. Composites can form between the conjugated polymer and other
materials such as carbon-based materials, metal oxides, and other metal compounds. This

section will focus on the conjugated polymers which are generally used for supercapacitor
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devices. Examples of such type of polymers are polyaniline, polypyrrole, polythiophene and

its derivatives, and donor-acceptor polymers.

a) Polyaniline (PANi)

Polyaniline was extensively studied as a supercapacitor electrode material. The structure of
polyaniline is shown in Chart 1.4. Polyaniline has various attractive properties for use as
electrode material for supercapacitor devices; it has a high doping level, high electroactivity,
a high specific capacitance (400-500 F g”' in acidic medium) and excellent stability.®” Also,
it has very good electrical conductivity, better environmental stability, and easy
processability. Polyaniline has an ample range of capacity from 44 to 270 mAh g '.®® This
variation in capacity depends on various factors such as synthetic method, type and amount
of binders and additives, polymer morphology, and electrode thickness. Polyaniline shows
variable specific capacitance compared to other conducting polymers; electrodeposited
polyanilines showed higher specific capacitance compared to chemically synthesize one.
Interfacial polymerization is comparatively easy and cheap. PANi synthesized via interfacial
polymerization method by Sivakkumar et al. was evaluated for electrochemical performance
in two-electrode cell setup, and the supercapacitor device showed good specific capacitance
of 554 F/g at 1.0 A/g current, but it had very less cycling stability.”” Experimental and
theoretical specific capacitance of PANi in sulfuric acid was studied by Li et al. The
maximum theoretical specific capacitance of PANi is 2000 F/g, while the experimental
values are much lower than this.”

Different types of PANi-carbon nanocomposites were studied, such as carbon nanotubes ,
PANi/(CNTs),”'73 PANi/carbon nanofibers,”* PANi/carbon spheres,75 PANIi/carbon
particles,”® PANi/Graphene,””’® and PANi/ Graphene oxide (GO) or reduced GO (rGO).”*!
PANi/Graphene composites reported by Zhang et al. via an in-situ polymerization method,

exhibited a very high specific capacitance of 480 F/g at a current density of 0.1 A/g.®

b) Polypyrrole (PPy)
Polypyrrole is a very important polymer for supercapacitors, having advantages such as
simple synthesis process, relatively high cycling stability and high capacitance. PPy films via
interfacial polymerization were reported by Yang et al. The polymer exhibited exceptional
electrochemical properties, with the specific capacitance of 261 F/g at 25 mV/s and cycling
stability up to 1000 cycles with 75% retention of initial specific capacitance values at the

same scan rate.” Li et al. reported PPy based flexible film via a chemical oxidation method
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with a reactive degradable template methyl orange-FeCh.84 The PPy film has very good
electrochemical properties with specific capacitance of 576 F/g at current density of 0.2 A/g
and the cycle stability up to 1000 cycles (82% retention) in the electrolyte of 1 M KCl
aqueous solution at a current density of 3 A/g. Xu et al. reported PPy nanorods coated with
conductive cotton fabrics via an in-situ polymerization method where FeCls;-methyl orange
(MO) complex was used as the template.”” These films exhibited a higher specific
capacitance of 325 F/g and energy density of 24.7 W h/kg, the current density of 0.6 mA/cm?,
but its cycling life was poor. The electrochemical properties of PPy based SC electrodes are
affected by some factors such as preparing method, dopant, template and substrate, etc.
Electrochemical properties of PPy can be improved by fine-tuning these factors. However,
PPy based electrodes can not fulfill all the requirements of the practical application. Hence,
researchers have focused on Carbon/ PPy composites, and other PPy-based composites are
also very important.

Researchers have designed various types of PPy/Carbon nanotube (CNTs) composites in the
last decade. An et al. reported PPy composite electrode with single-walled carbon nanotubes
(SWCNTs) and showed a specific capacitance of 265 F/g, which was higher than pristine PPy
and SWCNTSs.*® Multi-walled carbon nanotubes (MWCNT) and PPy composites prepared by
Song et al. with homogeneous and in core/shell structures via an in-situ interfacial
polymerization method showed improved chain packing and better molecular conformation,

resulting in better electrical conductivity."’

¢) Thiophene Based Conducting Polymers
Polythiophene (PTh) and its derivatives are very promising supercapacitor electrode
materials. These have attracted considerable attention due to their high environmental

8890 Many research groups have

stability, high electrical conductivity, and broad absorption.
studied extensively PTh based supercapacitor electrode and their electrochemical
performance and various synthetic methods have been applied to improve their performance.
Laforgue and coworker’s synthesized polythiophene via the chemical method and it showed a
high specific capacitance of 40 mAh/g and it exhibited excellent cycle stability up to 500
cycles.”’ Gnanakan et al. synthesized pure PTh nanoparticles and PTh-tartaric acid
nanoparticles, where tartaric acid was used as dopant.92’93 The specific capacitance of these

nanoparticles was 134 and 156 F/g for polythiophene and PTh-tartaric acid nano-particles

respectively. Patil et al. synthesized polythiophene based amorphous thin films via
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consecutive ionic layer adsorption at room temperature, oxidation agent FeCl; was used and

the specific capacitance of 252 F/g in 0.1 M LiClO4 solution was observed.”

O

Polyaniline (PANI) Polypyrrole (PPy)
. /\\o
S n
S n
Polythiophene (PTh) . Poly(3,4-ethylenedioxythiophene) (PEDOT)

/

poly(1-cyano-2-(2-(3,4-
Poly(3-(4-fluorophenyl)thiophene) ethylenedioxylthienyl))-
(PFPTh) 1-(2-thienyl)vinylene) (PThCNVEDT)

Chart 1.4 Various conducting polymer structures.

Low band-gap polythiophene derivatives can be synthesized by substitution at the thiophene
rings 3- position with ethyl, alkoxy, and phenyl groups. It can improve the stability to oxygen
and water. Another strategy was to introduce electron withdrawing groups to thiophene ring.
Some of the examples are poly(3,4-cthylene dioxythiophene) (PEDOT)., poly(3-(3.,4-
difluorophenyl)thiophene) (MPFT), poly(1-cyano-2-(2-(3,4- ethylenedioxylthienyl))-1-(2-
thienyl)vinylene) (PThCNVEDT) and poly(3-(4-fluorophenyl)thiophene) (PFPT). Because of
intrinsic difficulties in the n-doping process there are very less reports of n-doped thiophene
derivatives. To overcome the problem of the n-doped material a very successful approach is
to use carbon based negative electrode in an asymmetric SC device, with the p-doped
polymer based as the positive electrode. Poly(3,4-ethylene dioxythiophene) (PEDOT) is a
thiophene derivative and its structure is given in Chart 1.4. PEDOT has a higher voltage

range of 1.4 V, but exhibits lower specific capacitance due to the high molecular weight of
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the monomer and the low doping level.”” The extensive literature on PEDOT has grown

rapidly in recent years due to its extremely desirable properties.”*®

d) Donor-acceptor Polymers
Donor-acceptor polymers are very promising for organic photovoltaics, these are ideally
suitable for symmetric supercapacitor devices with high operating potential (Chart 1.5).
Reynolds at el. synthesized a novel donor-acceptor polymer, P(BEDOT-il), in SCs.” The
isoindigo functionality allows the material to accept a negative charge and the EDOT
moieties allow the material to accept the positive charge. This polymer was used in
symmetric SCs device with a 2.25 V operating voltage but cycle stability was poor. Seferos et
al. demonstrated donor-acceptor polymers P(DEQ) and P(DDDBT) in SCs with large voltage
windows of 2.5 V and better specific capacitance of 91 F g™ at 50 mV s™ and 201 F g at 100
mV s for P(DDDBT) and P(DEQ) respectively.'” The poor cycling stability gives more
insight into performance improvement for donor-acceptor polymers by increasing the amount
of acceptors in the polymer lead to improve charge stabilization. Further increasing the
amount of acceptor in donor-acceptor polymers can improve the stability and enhance the

conductivity.

S
B QL
S 0
N\\ //N 0\)
P(DEQ)

P(DDDBT) P(DTBT)

Chart 1.5 Donor-Acceptor polymers for supercapacitor devices.

The donor-acceptor polymer P(DTBT) was studied by Unalan et al. for its electrochromic and

electrochemical properties. It shows different colors in each charged state, P(DTBT) is an
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ideal material for smart electronic application as an energy storage device.'"”! P(DTBT) has a
moderate specific capacitance of 112.4 F g" at 1.0 A g, and 59.8 F g'at 16.0 A g, but it
showed exceptional cycling stability (12,500 cycles at 1.0 A g with 82% capacity retention)
and 100% columbic efficiency. The electrodes could reach a high maximum specific energy
of 49.8 W h Kg"' and 16.6 kW Kg'at maximum power density. These polymers showed
excellent cycling stability only in the positive charge-accepting regime.

To develop supercapacitor devices with high cycle stability and good capacitance is still a
challenging task. Donor-acceptor or n-type copolymer based hybrid supercapacitor devices
have potential to be developed as very highly stable (cyclic stability) devices with good

capacitance.

1.3 Aim of the Thesis

The detailed introduction emphasized the potential application of semiconducting materials
for energy generation as well as for energy storage. The objective of the thesis is to explore
the application of n-type polymers based on perylene and naphthalene diimide (NDI) for the
energy generation as well as energy storage. Chapter 2 and 3 explores the field of energy
generation using naphthalene diimide based random copolymers for organic solar cell. While
chapter 4 and 5 explores NDI and PDI based alternate and random copolymers for energy
storage devices (supercapacitors).

Naphthalene diimide (NDI) based copolymers are very promising materials for organic solar
cells because NDI exhibits broad absorption, high electron mobility, easy structural
modification as well as good thermal stability. NDI exhibits n-n stacking which governs self-
aggregation of polymers. This self-aggregation will govern the phase separation in the active
layer, which in turn diminishes the performance. To improve the optoelectronic performance
we can tune their aggregation behavior via multiple processes such as different solvent
system, different substitution on the backbone and via introducing new moieties.

Polymer P(NDI2OD-T2) is a very promising material for energy generation due to its better
photo-physical and semiconducting properties. It exhibits high electron mobility > 0.85
cm®V~'s™ in OFET, high PCE ~5% in all-polymer solar cells, high crystalline nature, light
absorption capability near-visible and infrared region and solution processability. However, it
exhibits strong tendency to form self-aggregates in specific organic solvents that leads to
macro-phase separation instead of the proper donor-acceptor micro-phase separation.
Random incorporation of Perylene diimide in P(NDI20OD-T2) will help to reduce the self-

aggregation and form desirable microphase separation.
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Naphthalene diimide based polymers specially P(NDI2OD-T2) is very promising material,
but still, their electron mobility is lower than PCBM. The electron mobility of the polymer
can be improved by the incorporation of PCBM into the polymer via covalent attachment.
Small incorporation of PCBM can be done by random polymerization, and it will not affect
the solubility of the polymer. Improved electron mobility will help to enhance the power
conversion efficiency of the polymers. Small incorporation of PCBM also prevents the large-
scale phase separation of the PCBM.

NDI based polymers also show promising properties in the field of energy generation. These
polymers also can be utilized for supercapacitors devices. The last two working chapters of
this thesis work explore the electrochemical properties of the polymers in different
electrolytes. Aqueous electrolyte is a very good system for the environment, but it has a small
potential window which limits its application. Organic electrolyte will cover large potential
window which will be very useful for devices. It also explores the effect of electron
withdrawing group in the polymer backbone which will enhance the electrochemical
properties.

Random and alternate copolymer strategy was explored in the last working chapter, in which
new copolymers were designed, and utilized in flexible supercapacitor device. Chapter 6

gives an overall summary and conclusion of this thesis work.
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Chapter 2

Improved All-Polymer Solar Cell Performance of n-type
Naphthalene Diimide-bithiophene P(NDI20OD-T2) Copolymer by

Incorporation of Perylene Diimide as Co-acceptor

This chapter has been adapted from the following publication.

Sandeep Sharma, Nagesh B. Kolhe, Vinay Gupta,* Vishal Bharti, Abhishek Sharma, Ram
Datt, Suresh Chand, S. K. Asha*. Macromolecules 2016, 49, 8113—8125.
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2.1. Introduction

Extensive research has been done on the naphthalene diimide (NDI) based polymers as active
layer materials for energy harvesting. They have high electron affinity, good absorption,
thermal and photochemical stability, and m-stacking behavior which facilitates favorable
solid-state packing.'” Particularly, the low band gap core-substituted NDI donor-acceptor
polymers comprising of bithiophene and selenophene donors have attracted much attention
due to their high electron mobility in OFET and high PCE efficiency in solar cells.*'” As was
discussed in the previous chapter, P(NDI20OD-T2) polymer is extensively utilized in all-PSCs
and OFET applications due to its desirable photo-physical and semiconducting properties. *°
It exhibited properties like high electron mobility > 0.85 ¢m”V™'s™ in OFET, high PCE
efficiency > 5% in all-PSCs, solution processability, high crystalline nature and light
absorption capability near-visible and infrared region.4’ > 9 However, it exhibited strong
tendency to form aggregates in specific organic solvents that resulted in large-scale phase
separation instead of the desirable pure donor / acceptor micro-phase separation.'’
Consequently, the earlier reports on the all-PSC measurements of P3HT/P(NDI20OD-T2)
blend showed very low device efficiency value (PCE, 0.2%)."*'” Later studies showed that
the aggregation in P(NDI20OD-T2) could be suppressed significantly in the early stage of film
formation by using more polar aromatic solvents.?’ Indeed, the solar cell devices prepared
from such non-aggregated solution showed improved PCE due to good intermixing of donor
and acceptor components, thereby efficiently harvesting photogenerated excitons at donor-
acceptor interface. Beyond the solvent induced morphological control, the structural
variations also plays a vital role in improving the blend morphology, bulk crystallinity,
molecular orientation, highest occupied and lowest unoccupied molecular orbital (HOMO-
LUMO) energy level and charge transport properties of polymer. Random copolymerization
is another promising design strategy utilized for synthesis of NDI containing acceptor
polymers which showed significant improvement in the PCE in all-PSCs. NDI based random
copolymers were synthesized either by varying two different donor monomers with NDI 2123
or by varying the acceptor comonomer (such as PDI) with NDI along with a common donor
co component.  ** ** Recent reports on the synthesis of NDI based random copolymers
involved the use of donor monomers such as bithiophene (BT) and thiophene (T), 21
thiophene (T) and selenophene (Se), 2 thieno[3,2-b]thiophene (TT) and thienylene-vinylene-
thienylene (TVT). 2 Li et al. demonstrated great improvement in the PCE of P(NDI20OD-T2)
polymer by modulating its crystallinity by replacing a certain amount of bithiophene (BT)

units with single thiophene (T) (shown in Figure 2.1). *' One of the composition containing
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10 mole % (PNDI-T10) showed optimal bulk crystallinity and miscibility with donor PTB7-
Th, which lead to PCE as high as 7.6% after solvent annealing.

CIUHzi
CBH17
CEH” CygHz4
r/\CmHm H\CaHr?
g} O
W CBH1 S .I I
C1C,H : 07N [
CaHe Cy H21 CuH:?\)

C4H9 CEH,-,: C‘GH21
x=0.1, PNDI-T10

PTB7-Th N2200 PNDI-Tx x=0.2, PNDI-T20
x=0.5, PNDI-T50

Figure 2.1.Chemical structure of donor-acceptor polymer (Adapted from ref. 21)

The use of two mixed acceptors NDI and PDI in random copolymer along with common
donor also showed promising enhancement in the PCE. Particularly Jenekhe et al.
demonstrated enhancement of PCE up to 6.3 % in NDI-selenophene copolymer by
synthesizing NDI-selenophene/PDI-selenophene random copolymers with different
incorporation of PDI into copolymer backbone (shown in Figure 2.2).” These NDI-
selenophene/PDI-selenophene random copolymers are one of the best reported n-type
copolymers which showed optimum bulk crystallinity and compatible blend morphology with

donor polymer that has resulted in improved PCE in the solar cell.

T

CoHs

C4Ho .

xPDI
o 10PDI (x= 0.1)
30PDI (x= 0.
C2Hs ¢ uHy  CoHs 07 N Ng R1=2-ethylhexyl 50PDI =x= gg;
C4Hy | R2 = 2-hexyldecyl
PBDTTT-CT R4

Figure 2.2 Chemical structure of donor-acceptor polymer (Adapted from ref. 7).

Most of the aforementioned reports demonstrated the importance of systematic tuning of
polymer bulk crystallinity via optimizing the different comonomer compositions in random
copolymers. Bulk crystallinity is one of the key factors that are responsible for the bulk
morphology of donor: acceptor blend in all-PSCs.*'™ The optimum crystallinity of acceptor
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polymer is highly desirable to ensure proper intermixing with donor polymer in the blend to
achieve good D/A microphase separation.

Inspired by these strategies, we have synthesized a series of new n-type NDI-
bithiophene/PDI-bithiophene random copolymers (NDI-Th-PDIx) by incorporating varying
amounts of perylene diimide (PDI) as co-acceptor along with NDI. The effect of random
copolymer compositions on their energy level, optical properties, bulk crystallinity, blend
morphology, charge transport and all-PSC performance was investigated.

The all-PSCs performance of the newly synthesized random copolymers was investigated in
combination with PTB7 or PTB7-Th as the donor polymer. The device efficiency was
compared with that of P(NDI2OD-T2) polymer as reference (Shown in Scheme 2.1). The
bulk charge transport properties were measured by space charge limited current (SCLC)
method, the surface morphology of blends was investigated by atomic force microscopy
(AFM) and thin film organization using X-ray diffraction (XRD) and photoluminescence

(PL) measurements.

O C4Hg™ "CoHs
'\rcsHﬂ' S,csz
CioHz C4Ho
P(NDI20D-T2) PTB7 PTB7-Th
"Acceptor" "Donor-1" "Donor-2"

Scheme 2.1 Chemical structure of P(NDI2OD-T2) acceptor and PTB7 / PTB7-Th donor

polymers.

2.2. Experimental Section

2.2.1. Material

1,4,5,8-Naphthalenetetracarboxylicdianhydride (NTCDA), 3,4,9,10- perylene
tetracarboxylicdianhydride (PTCDA), 5,5’-bis (trimethylstannyl)-2,2’-bithiophene 97%, 2-
octyldodecanol, 2-ethylhexylamine, bis(triphenylphosphine) palladium (II) dichloride
(Pd(Ph3),Cl,) were purchased from Sigma Aldrich and used without further purification. The
donor polymers PTB7 and PTB7-Th and electron transport layer PFN (poly [(9,9-bis(3'-
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(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] used in all-polymer

solar cell study were purchased from 1-Materials, Canada.

2.2.2. Measurements

'H NMR and "C NMR spectra were recorded using 200 and 400 MHz Brucker NMR
spectrophotometer in CDCIl; containing small amounts of TMS as internal standard. Mass
spectra were recorded on Voyager-De-STR MALDI-TOF (Applied Biosystems,
Framingham, MA, USA) equipped with 337 nm pulsed nitrogen laser used for desorption and
ionization. The molecular weights of polymers were determined using gel permeation
chromatography (GPC). GPC measurements were carried on a Thermo Quest (TQ) GPC at
25 °C using chloroform as the mobile phase. The analysis were carried out at a flow rate of 1
mL/min using a set of five p-Styragel HT columns (HT-2 to HT-6) and a refractive index
(RI) detector. Columns were calibrated with polystyrene standards and the molecular weights
are reported with respect to polystyrene. FT-IR spectra were recorded with ATR mode using
Brucker a-T spectrophotometer in the range of 4000 to 400 cm™. Absorption spectra were
recorded using Perkin Elmer Lambda -35 UV-Vis spectrophotometer. Thermogravimetric
analysis (TGA) was performed using a TGA Q 5000 thermogravimetric analyser. Samples
were run from 40 to 900 °C with a heating rate of 10 °C/min under nitrogen. DSC
(differential scanning calorimetry) measurements were performed on TA Q10 differential
scanning calorimeter at a heating rate of 10 °C/min under nitrogen atmosphere. The thin film
X-ray diffraction data were recorded using a Rigaku model Dmax-2500 diffractometer using
Cu Ka (1.54 A) emission, and the spectra were recorded in the range of (26) 2-50°.
Electrochemical behavior of NDI polymers were analyzed by cyclic voltammetry by using
BAS-Epsilon potentiostat. The surface morphology of active layers of actual bulk-
heterojunction (BHJ) solar cells were characterized by AFM imaging technique using the
Agilent 5500 AM scanning probe microscopy in tapping mode using Si probe. PL
Measurements were carried out on PTi quanta Master-400 fluorescence spectrometer. Solar

cell device fabrication work was carried out at CSIR-NPL, New Delhi.

2.2.3. Sample Preparation

For the UV-Vis absorption studies, thin films were prepared by dissolving polymer in
chloroform (10 mg/ml) and spin coating (600 rpm/60sec) on quartz plates. For the XRD
analysis, films were prepared by drop-casting the highly concentrated (20 mg/ml) polymer

solution in chloroform on glass slide followed by thermal annealing at 160 °C for 10 minutes.
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Thin film samples of the blend donor:acceptor polymers for PL and XRD measurements were
prepared by mixing the donor PTB7-Th and acceptors P(NDI20OD-T2) / NDI-Th-PDIx in
1.3:1 (w/w) ratio in chloroform under similar conditions as that for the photovoltaic device

fabrication.

2.2.4. Fabrication and Characterization of the Photovoltaic Cells

PTB7 or PTB7-Th as donor and P(NDI20D-T2) and NDI-Th-PDIx (x = 15, 20, 30 mole % of
PDI) acceptors were used. PTB7 or PTB7-Th was blended with each of the four acceptors
separately in chloroform, and stirred at 40 °C for more than 24 h in a glovebox. The
optimized donor:acceptor (D:A) ratio was 1.3:1 (w/w) and total concentrations of (D+A) in
chloroform solution was ~12 mg/ml. The optimized volume fraction of 1,8-diiodooctane
(DIO) additives to (D+A) in chloroform solution was 1.25 vol%. PFN (2 mg/ml) was
prepared in methanol in the presence of a small amount of acetic acid (2 pl ml™"). Preparation
of ZnO sol-gel was done as follows. Zinc acetate dihydrate [Zn(CH3COQ).2H,0] (Aldrich,
99.9%) with 0.1 M concentration was first dissolved in anhydrous ethanol [CH;CH,OH]
(99.5 + % Aldrich) and vigorously stirred for 2—-3 h at 80 °C. Subsequently, ethanolamine
was added to the solution as sol stabilizer followed by thorough mixing process with
magnetic stirrer for 12-15 h at 60 °C. Inverted type all polymer solar cells were fabricated
using an indium tin oxide (ITO)/ZnO/PFN/active layer/MoOs/Al structure. ITO-coated glass
substrates were subjected to ultrasonication in soap, deionized water, acetone and in
isopropyl alcohol. The substrates were then dried for several hours in an oven at 120 °C. The
ITO substrates were treated with UV-ozone before ZnO sol-gel was spin-coated on the ITO-
coated glass substrate with 3000 rpm for 60 sec. The ZnO films were annealed at 200 °C for
1 h in the air. The thickness of ZnO film was approximately 30 nm, as determined by a
profilometer. PFN was spin-coated on ITO at 2,000 rpm for 60 sec and baking for 15 min at
80 °C in N; glove box. Then, each active blending solution was spin-casted onto an
ITO/ZnO/PFN substrate at 2000 rpm for 120 s. The final thickness of each films was
100~110 nm. Then, MoOs (~ 10 nm) was thermally deposited in high vacuum (~8 x 107
torr). Finally Al (~100 nm) was deposited in same high vacuum (~8 x 107 torr), over the
MoO; through shadow mask. The active area of the devices was 10 mm? in all the cases.

The photovoltaic performance of the devices was characterized using a solar simulator
(SCIENCTECH SS150 Solar Simulators) with an air-mass (AM) 1.5 G filter. The intensity of
the solar simulator was carefully calibrated using an AIST-certified silicon photodiode. The

current-voltage behavior was measured using a Keithley 2400 SMU. EQE spectra of
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fabricated devices were measured using a Keithley 2600 source meter and a CEP-25ML
Spectral Response Measurement System which shines light with AM 1.5 G spectral
distribution and calibrated using an AIST-certified silicon photodiode to an intensity of 1000
W/m’.

2.2.5. SCLC Measurement

The hole and electron mobilities of all-polymer blends and polymer neat films were measured
by the space-charge-limited current (SCLC) method using hole only configuration ITO/M0Os3
(10 nm)/active layer (~100 nm)/Au (200 nm) structure and electron only configuration
ITO/ZnO (30 nm)/active layer (~100 nm)//Al (100 nm). In both the cases, active layer was
spin-casted exactly the same way as it was done in the case of photovoltaic cells discussed
above. Current-voltage measurements in the range of 0-10 V were taken, and the results were
fitted to a space-charge-limited function with active area of the devices as 10 mm?. The
carrier mobility was extracted by fitting the J-V curves in the near quadratic region according

to the modified Mott—Gurney equation: *°

V) = %8 - [ﬁ] _ 6(0'89'5'\/%]

L3

Where J is the current density, & (8.85x10'* F/cm) is the permittivity of free space, ¢ is the
dielectric constant of the organic semiconductor (assumed to be 3.2), p is the zero-field
mobility, V is the applied voltage, L is the thickness of active layer, and B is the field

activation factor.

2.2.6. Synthesis of NDI and PDI Monomers

I) N, N’-Bis (2-octyldodecyl)-2,6-dibromo-1,4,5,8-naphthalenediimide (NDI-20D-Br»)
2,6-Dibromo-1,4,5,8-naphthalenetetracarboxylic acid dianhydride (5 g, 11.73 mmole) was
suspended in 25 mL of glacial acetic acid and stirred for a short period of time to get a
homogeneous dispersion which was followed by addition of 2-octyldodecyl amine (13.96 g,
46.94 mmol). The reaction mixture was stirred and refluxed (at 120 °C) to complete
dissolution for 3h and cooled to room temperature. The reaction mixture was concentrated
under reduced pressure to about 1/10™ of original volume and then precipitated into methanol
to yield reddish brown powder that was filtered and dried under vacuum. The crude product
was column purified by using pet ether/ethyl acetate solvent system and again recrystallized

from 1:1 mixture of hexane and acetone to get yellow powder of pure compound. Yield = 1.8
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g (15 %, by considering 2, 6 isomer). Melting point (85-86 °C); 'H NMR (200 MHz, CDCl;)
& ppm: 8.98 (s, 2H, aromatic), 4.15 (d, 4H), 1.97 (m, 2H), 1.22, (m, 64 H), 0.86 (m, 12H). °C
NMR, CDCls, 8 ppm: 161.16, 161.00, 139.14, 128.36, 127.73, 125.27, 124.06, 45.43, 36.44,
31.90, 31.87, 31.53, 30.01, 29.62, 29.58, 29.52, 29.33, 26.32 29.28, 22.67, 14.11. FTIR
(ATR, cm™): 3050, 2920, 2851,1707, 1652, 1557, 1432, 1363, 1308, 1230, 1199, 990;
MALDI-TOF MS (Calcd m/z 985.06); Found m/z = 985.345. Anal. Calcd. for Css Hgs N»O4
Br,: C, 65.84; H, 8.60; N, 2.84. Found C, 66.09; H, 8.67; N, 2.27.

C10H21
C8H17
0..0._0
Br  2-octyldodecyl amme
Br OO Glacial acetic acnd
120 °C
(0] 0" "0
C8H17
C10H21
NDI-20D-Br,
C4H9
Csz
(0] 0._0
OO 2-ethylhexyl amine
Br > Br
Br Glacial acetic acid OO
OO NMP, 120 °C
0~ "0” o Csz
PDI-2EH-Br,
Scheme 2.2. Synthesis of monomers.
1) N, N’-Bis (2-ethylhexyl)-1,7-dibromo -3,4,9,10-perylene

tetracarboxylicdianhydride(PDI-2EH-Br»)

1,7-Dibromo-3,4,9,10-peryleneetetracarboxylic acid dianhydride (3 g, 5.61 mmole) was
suspended in the mixture of 20 mL glacial acetic acid and 60 mL N-methyl pyrrolidine and
purged with argon. The mixture was stirred and heated to 60 °C for 20 minute to get a
homogeneous dispersion which was followed by addition of 2-ethylhexyl amine (2.11 g,
16.36 mmol). The reaction temperature was raised to 120 °C. After 12 hours, the reaction

mixture was cooled to room temperature and poured in to 500 mL water. The water
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suspension was stirred for 2 hours and filtered on Buchner funnel under vacuum. The residue
was washed with large amount of water and dried under vacuum. The crude product was
column purified by using pet ether/ethyl acetate (1:6) and pet ether/DCM (50:50) solvent
system to get red powder of pure compound. Yield = 3.0 g (29 %), Melting point (225-
227°C). '"H NMR (400 MHz, CDCl3) & ppm: 9.35 (d, 2H,), 8.80 (s, 2H), 8.57 (d, 2H), 1.92
(m, 2H), 1.35, (m, 16 H), 0.95 (m, 12H). °C NMR, CDCls, & ppm: 163.09, 162.60, 137.96,
132.56, 129.91, 129.01, 128.32, 126.80, 123.04, 122.60, 120.76, 44.42, 37.91, 30.74, 28.66,
24.00, 23.05,14.11, 10.60. FTIR (ATR, cm™): 2954, 2923, 2857, 1699, 1658, 1586, 1501,
1432, 1386, 1325, 1232, 1181, 1146, 1094, 857, 808, 739, 678; MALDI-TOF MS (Calcd m/z
772.56); Found m/z = 773.98, 795.96 (M+ Na+). Anal. Calcd. for C4H40N,O4 Br,: C, 62.19;
H, 5.22; N, 3.63. Found C, 62.28; H, 5.05; N, 3.34.

2.2.7. Synthesis of Homo and Random Copolymers

I Poly{[N,N’-bis(2-octyl-dodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5'-
(2,2'-bithiophene)}, P(NDI2OD-T2)

NDI-20D-Br; (0.4 g, 0.406 mmole) and 5,5"-bis (trimethylstannyl)-2,2'-bithiophene (0.199 g,
0.406 mmole) were taken in Schlenk tube under N, atmosphere. Dry toluene 18 mL was
added in the tube followed by purging with nitrogen for half-hour. Bis(triphenylphosphine)
palladium (II) dichloride (Pd(Ph3),Cl) (15 mg, 0.0211 mmol) was added to the tube quickly
by opening rubber septa and the whole mixture was degassed by four freeze-vacuum-thaw
cycles. The reaction mixture was stirred at 90-95 °C for 3 days. Bromobenzene (0.2 mL) was
then added and reaction mixture was further stirred at 90-95 °C for 12 hours. Upon cooling
to room temperature, a solution of potassium fluoride (1 g) in 2 mL water was added and
stirred for 2 hours. The reaction mixture was extracted with chloroform (250 mL x 3). The
organic layer was washed with water, dried over anhydrous sodium sulfate and concentrated
on a rotary evaporator. The obtained residue was dried in vacuum oven and subjected to a
Soxhlet extraction with acetone (48 hours) and chloroform (12 hours). Half of the chloroform
was evaporated on rota and concentrated polymer solution was precipitated in 500 mL
methanol, stirred for 2 hours, filtered on Buchner funnel, washed with plenty of methanol and
dried in vacuum. The polymer was obtained as a deep blue solid, Yield: 0.380 g (95 %) 'H
NMR (400 MHz, CDCl3) & ppm: 8.82-8.5 (br , 2H),7.33 (br, 4H), 4.11 (br, 4H), 1.98 (br,
2H), 1.24 (br, 64H), 0.84 (br, 12 H). (FTIR ATR, cm™): 2919, 2923, 2857, 1699, 1658, 1586,
1501, 1432, 1386, 1325, 1232, 1181, 1146, 1094, 857, 808, 739, 678; GPC: Mn, 26.4 kDa;
Mw, 152 kDa; D, 5.7
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II) Poly {(IN N’ -bis(2-octyldodecyl)-naphthalene-1,4,5,8- bis-(dicarboximide)-2,6-diyl]-
alt-5,5 '-2,2'-bithiophene)-ran-(|[N,N’-bis(2-ethylhexyl)-1,7-dibromo-3,4,9,10-
perylenediimide]-alt-5,5 ’-2,2'-bithiophene)

All the random copolymers i,e NDI-Th-PDI15, NDI-Th-PDI30 and NDI-Th-PDI5S0 were
synthesized using same procedure as that given for P(NDI20OD-T2), but with different mole
ratios of NDI-20D-Br; to PDI-20D-Br;.

IIT) NDI-Th-PDI15

NDI-Th-PDI15 was synthesized using (0.199 g,0.406 mmole) of 5,5'-bis (trimethylstannyl)-
2,2'-bithiophene, (0.340 g, 0.345 mmole) of NDI-20D-Br;, (47 mg, 0.0609 mmole) of PDI-
2EH-Br, and (15 mg, 0.0211 mmole) of Pd(Ph;),Cl. Yield: 0.360 g (86 %) 'H NMR (400
MHz, CDCls;) 6 ppm: 8.81, 8.5 (br, 2H naphthalene aromatic), 8.73 (br, 2H perylene
aromatic), 8.37 (br, 4H perylene aromatic), 7.33 (br, 4H bithiophene), 4.10 (br, 8H), 1.97 (br,
4H), 1.24 (br, 80H), 0.84 (br, 24 H). (FTIR (ATR, cm™): 2919, 2851, 1703, 1662, 1571,
1574, 1433, 1377, 1305, 1243, 1188, 1053, 965, 928, 787, 717; GPC: Mn, 16.4 kDa; Mw,
60.7 kDa; D, 3.7.

IV) NDI-Th-PDI30

NDI-Th-PDI30 was synthesized using (0.250 g,0.508 mmole) of 5,5'-bis (trimethylstannyl)-
2,2'-bithiophene, (0.350 g, 0.355 mmole) of NDI-20D-Br;, (117 mg, 0.152 mmole) of PDI-
2EH-Br; and (18 mg, 0.0264 mmole) of Pd(Ph;),Cl,. Yield: 0.450 g (88 %) 'H NMR (400
MHz, CDCl;) & ppm: 8.81 (br, 2H naphthalene aromatic), 8.71, 8.5 (br, 2H perylene
aromatic), 8.36 (br, 4H perylene aromatic), 7.31 (br, 4H bithiophene), 4.11 (br, 8H), 1.97 (br,
4H), 1.23 (br, 80H), 0.84 (br, 24 H). (FTIR (ATR, cm™): 2919, 2852, 1702, 1660, 1572,
1513, 1433, 1401, 1306, 1243, 1186, 1174, 1043, 963, 927, 881, 853, 768, 713, 670; GPC:
Mn, 16.8 kDa; Mw, 49.8 kDa; D, 2.9.

V) NDI-Th-PDI50

NDI-Th-PDI50 was synthesized using (0.250 g, 0.508 mmole) of 5,5'-bis (trimethylstannyl)-
2,2'-bithiophene, (0.250 g, 0.254 mmole) of NDI-20D-Br,, (0.197 g, 0.254 mmole) of PDI-
2EH-Br; and (18 mg, 0.0264 mmole) of Pd(Ph3),Cl, Yield: 420 g (86 %) 'H NMR (400
MHz, CDCls) 6 ppm: 8.79 (br, 2H naphthalene aromatic), 8.69 (br, 2H perylene aromatic),
8.35 (br, 4H perylene aromatic), 7.33 (br, 4H bithiophene), 4.11 (br, 8H), 1.96 (br, 4H), 1.21
(br, 80H), 0.81 (br, 24 H). (FTIR (ATR, cm™): 2921, 2852, 1700, 1660, 1587, 1433, 1401,
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1374, 1313, 1244, 1188, 1036, 860, 712, 755, 715, 761; GPC: Mn, 12.6 kDa; Mw, 32.4 kDa;

D, 25.

2.3. Results and Discussion

2.3.1. Synthesis and Characterization

The

poly {[N,N’-bis(2-octyl-dodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5'-

(2,2" bithiophene)} P(NDI20OD-T2) and its random copolymers NDI bithiophene / PDI

bithiophene incorporating various mole percentage of perylenediimide (PDI) were

synthesized by Stille coupling polymerization. The molecular structure of P(NDI20OD-T2) is

depicted in Scheme 2.1 and the synthesis of their monomers and random copolymers are

outlined in Scheme 2.2 and Scheme 2.3 respectively. The synthesis of monomers N,N’-bis(2-
octyldodecyl)-2,6-dibromonaphthalene-1,4:5,8 tetracarboxylicdiimide (NDI-20D-Br;) and N,
N’-bis (2-ethylhexyl)-1,7-dibromo -3,4,9,10-perylene tetracarboxylicdiimide (PDI-2EH-Br»)

were carried out according to previously reported procedures.

27-29

CgH
k( 817 Toluene

CioH2q Pd (PPh
NDI

ersHﬂ

CioH21

I\ S Sn— +
s YA

. |95 °C 4 days
3:2C1

NDI-Th-PDIIS ( X =0.15)
NDI-Th-PDI30 (X =0.3)
NDI-Th-PDIS0 (X =0.5)

Scheme 2.3 Synthesis of n-type NDI-bithiophene /PDI-bithiophene random copolymers.
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Elemental analysis of the monomers was carried out to confirm the purity and the observed
CHN values were matching with the calculated values. The monomers were subsequently
subjected to MALDI-TOF analysis recorded using 2,5-dihydroxybenzoic acid as the matrix
and molecular ion peaks were obtained for cationic species such as [M+1], [M+Na']. The

MALDI spectra of the monomers are given in Figure 2.3.
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Figure 2.3 MALDI-TOF mass spectra for NDI-20D-Br, and PDI-2EH-Br,

Three random copolymers i.e. NDI-Th-PDI15, NDI-Th-PDI30 and NDI-Th-PDIS0 were
synthesized by varying the feed ratio of the two monomers NDI-20D-Br; and PDI-2EH-Br;
(15, 30, 50 mole % of PDI) while maintaining the concentration of the donor bithiophene
comonomer constant (1 mole) in feed. The higher incorporation of PDI-2EH-Br, monomer

having short alkyl side chain (2-ethylhexyl) produced random copolymers which had limited
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solubility in common organic solvents. The maximum incorporation of 50 mole percentage of
PDI in random copolymer (NDI-Th-PDI50) was found to retain good solubility in common
organic solvents like chloroform, chlorobenzene and dichlorobenzene etc. The alternate
copolymer NDI-bithiophene (P(NDI20D-T2) was also synthesized as a reference benchmark.
The structure of monomers and polymers were characterized by NMR, FTIR spectra. The
NMR, MALDI-TOF spectra and elemental analysis of the molecules confirmed the structure
and high purity of the monomers. The labeled 'H NMR spectra of monomer (NDI-20D-Br,
and PDI-2EH-Br;) and copolymers are given in Figures 2.4-2.9. The actual incorporation of

the PDI in the random copolymers could be determined from the proton NMR spectra.
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Figure 2.4 "H NMR spectrum of monomer (NDI-20D-Br;) recorded in CDCls.
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Figure 2.5 '"H NMR spectrum of monomer (PDI-2EH-Br;) recorded in CDCls.
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Figure 2.9 "H NMR spectrum of NDI-Th-PDI50 recorded in CDCl;.
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Figure 2.10 shows the expanded aromatic region (6.0 to 9.5 ppm) in the proton NMR spectra
of the reference and random copolymers. The 'H NMR spectra of reference polymer
P(NDI2OD-T2) exhibited one extra broad peak at ~8.5 ppm which has been attributed to
strong inter-chain aggregation of P(NDI20OD-T2) in chloroform.'” ' 3° The peaks at 8.5 and
8.82 ppm together accounted for the two aromatic protons of naphthalene core, while the
peak at 7.33 ppm corresponded to the four protons of the bithiophene unit. From the figure it
could be seen that in the random copolymers the extra peak for aggregation diminished

progressively with the incorporation of PDI units and two new peaks at ~8.35 ppm (4
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protons) and ~8.70 (2 protons) ppm appeared for PDI aromatic protons, whose intensity
increased progressively. The dotted line in Figure 2.10 indicates the position of the
aggregated naphthyl aromatic protons. The peak at 8.70 ppm for two aromatic protons of PDI
overlapped with the aromatic protons of NDI. However, knowing the contribution of single
PDI proton from the PDI proton integration at 8.35 ppm, the value could be subtracted from
the integration in the 8.5 to 8.8 ppm region. Thus, the PDI incorporation was calculated as 15
%, 29 % and 43 % respectively for the three copolymers having 15 %, 30 % and 50 % mole
of PDI in the feed. For the sake of simplicity, the polymers were labeled as NDI-Th-PDI15,
NDI-Th-PDI30 and NDI-Th-PDIS0 even though the actual incorporation was slightly
different. The reference as well as newly synthesized random copolymers showed good
solubility in common organic solvents like chloroform, chlorobenzene and dichlorobenzene
etc and their molecular weights were determined by gel permeation chromatography (GPC),
using polystyrene standards for the calibration with chloroform as solvent. The GPC traces

are shown in Figure 2.11.
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Figure 2.11 GPC chromatograms of copolymers recorded using chloroform as eluent.

The benchmark copolymer P(NDI20D-T2) showed weight average molecular weight (Mw)

2728 Random

of 152 kDa with (D) of 5.7. These values are comparable with literature reports.
copolymers showed lower weight average molecular weight (Mw) and (P) with Mw in the
range of 32.4-60.7 kDa and PDI (P) in range of 2.5-3.1 (Table 2.1). Furthermore, the Mw
and (P) were found to decrease as the content of PDI unit increased in the random
copolymer. The lower value of Mw and (P) in random copolymers indicated their less

interchain aggregation in chloroform compared to the reference polymer P(NDI20ODT?2). The
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reduced solubility of the PDI comonomer having short alkyl side chain (2-ethylhexyl) could
also be a reason for the decrease in molecular weights in copolymers with higher PDI

incorporation.

Table 2.1 GPC molecular weight, and thermal characteristics of P(NDI20OD-T2) and NDI-
Th-PDIx random copolymers.

Polymer Mw* | P® | T4 (°C) | Tw' CC) | AHL'(J/g) | AHm, biend
(kDa) J/g)
P(NDI2OD-T2) 152 5.7 422 287 6.65 2.57
NDI-Th-PDI15 60.7 3.7 437 289 12.57 1.77
NDI-Th-PDI30 498 2.9 435 284 6.55 1.49
NDI-Th-PDI50 32.4 2.5 436 269 4.41

“ Weight-average molecular weight (Mw). ” Polydispersity index (P). © The decomposition
temperature (5% weight loss) estimated using TGA under N,. ¢ Measured using DSC under
N,. ¢ Enthalpy for blend PTb7-Th: P(INDI20OD-T2) and PTB7-Th:NDI-Th-PDIx (1.3:1, w/w).
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Figure 2.12 TGA thermograms of copolymers at 10 °C /min under N, atmosphere.

The thermal properties of the copolymers were determined by thermo gravimetric analysis
(TGA) as well as differential scanning calorimetry (DSC) measured under nitrogen
atmosphere. TGA curves given in Figure 2.12 showed good thermal stability for all random

copolymers with onset decomposition temperature (T4) of over > 400 °C. Literature cites
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melting transition for P(NDI20OD-T2) with onset around 280 °C (heating scan), indicating the
crystalline nature of the polymer.**' DSC curves were recorded for all polymers by heating
from -50 °C till 330 °C at 10 °C /min under N; atmosphere. P(INDI20OD-T2) showed a broad
thermal transition with endothermic peak (T,,) at 287 °C and exothermic peak at (T.) 244 °C
with melting and cooling enthalpy values (AHy,) 6.65 J/g and (AH.)7.37 J/g respectively.
NDI-Th-PDI15 and NDI-Th-PDI30 also showed the melting and crystallization transitions in
their second heating and cooling cycles. However, NDI-Th-PDI50 did not exhibit a reversible
thermal transition in the cooling cycle, but a transition was observed in the first and second
heating cycles. In order to compare the relative crystallinity of the polymers based on the
enthalpies of transition, a quench-cooling experiment was carried out to obtain perfectly
reproducible thermograms. Essentially, this experiment involved heating carefully weighed
samples (5-6 mg) of the polymer in a crimped DSC pan from room temperature (25 °C) to
330 °C to melt them and then immediately quenching the DSC sample pan using liquid
nitrogen. The sample pan was then later heated from -50 °C to 330 °C and then again cooled
back to -50 °C. This procedure enables to cool and equilibrate quickly in order to detect the
complete crystallization during the next heating cycle. Figure 2.13 gives the heating and
cooling scans collected for all the four polymers after the quenching experiment. Table 2.1
lists the melting temperature (T,,) and corresponding enthalpies (AH,,) obtained for the four
polymers. NDI-Th-PDI15 showed much sharper melting and crystallization transitions with
almost double the value for enthalpy compared to P(NDI2OD-T2). Its transition temperatures
were also slightly higher compared to the reference polymer. NDI-Th-PDI30 had almost
similar transition temperature and enthalpy values compared to the reference polymer. For
the reference as well as NDI-Th-PDI15 and NDI-Th-PDI30 polymers very good reversibility
was observed for the endo as well as exothermic transitions. However, NDI-Th-PDIS0
showed a broad endothermic transition at 269 °C, which was much low compared to the
reference polymer (286.9 °C) and no exothermic transition was observed during the cooling
cycle. The enthalpy of melting (AH,,) obtained from the area of melting transition could be
correlated to the crystallinity. 2132 The comparison of AH,, showed that NDI-Th-PDI15
exhibited relatively higher crystallinity (AHy, 12.57 J/g) compared to the reference polymer
P(NDI2OD-T2) (AHy, 6.65 J/g), while NDI-Th-PDI30 (AHy,, 6.45 J/g) had slightly lower and
NDI-Th-PDIS0 (AH,, 4.41 J/g) had the lowest crystallinity. The observation from DSC
suggested that low incorporation of PDI (< 15 mole %) did not disrupt the packing of the

polymer chain backbone, whereas > 30 mole % of PDI in the backbone disrupted the chain
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packing leading to sluggishness in crystallization. Furthermore, the reduction in crystallinity
of NDI-Th-PDI30 and NDI-Th-PDI50 with high PDI incorporation supported the observation
from the proton NMR spectra of reduced NDI stacking with increased PDI content.
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Figure 2.13 Second heating/cooling curves of quench-cooled samples of the copolymers in

the DSC scans conducted at 10 °C /min under N, atmosphere.
2.3.2. Optical and Electrochemical Properties

UV-Vis absorption spectra of random copolymers (NDI-Th-PDIx) and reference P(NDI2OD-
T2) were recorded in both dilute chloroform solution as well as in thin-film spin coated on
glass substrate and are shown in Figure 2.14. In solution (top) all copolymers showed two
distinct absorption bands; the first high energy absorption band at ~300-425 nm was
accounted for by n-n* transition and another low energy band at ~460- 800 nm was assigned

I.'7 The reference

to intra-molecular charge transfer (ICT) from bithiophene unit to NDI/PD
polymer P(NDI2OD-T2) showed typical absorption spectrum with -n* absorption peak at
~400 nm and ICT peak at 645 nm. In the random copolymers the position of the m-m*
absorption peak remained unchanged, while the ICT absorption band was found to be blue
shifted (hypsochromic shift). It was observed at 630 nm in NDI-Th-PDI15, 618 nm in NDI-

Th-PDI30, and 605 nm in NDI-Th-PDIS50. The progressive hypsochromic shift observed in
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ICT absorption band of random copolymers could be accounted for by the reduced planarity

of the polymer backbone when compared to P(NDI2OD-T2).
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Figure 2.14. UV-Vis absorption spectra of dilute solutions of reference P(NDI20OD-T2) and

random copolymers in chloroform (top) and thin film (bottom) on glass substrate.

The reference polymer P(NDI20D-T2) is well known to form self-aggregates in chloroform
due to strong inter-chain stacking of more planar polymer backbone, which leads to a red
shifted ICT band.'” Incorporation of the large PDI units in the random copolymers reduced
the planarity of the polymer backbone as well as inter-chain aggregation.”* Consequently, the
ICT band was shifted to lower wavelength. Furthermore, an additional broad peak at ~500
nm was obtained for all random copolymers which was absent in P(NDI20OD-T2) and the
intensity of this peak at ~500 nm was found to increase with the increase in the content of
PDI unit. This additional peak was assigned for the typical absorption of the PDI component
in the random copolymer. The spin coated thin-films of all copolymers showed similar

absorption spectra as that in solution (Figure 2.14, bottom), except for the large red-shifting
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of the ICT band in the solid state compared to that in solution due to the inter-chain
aggregation and chain planarization.* The reference copolymer P(NDI2OD-T2) showed ICT
band at 685 nm. On the other hand, random copolymers NDI-Th-PDI15, NDI-Th-PDI30 and
NDI-Th-PDI50 exhibited blue shifted ICT band along with decreased absorption coefficient
at 670 nm, 655 nm and 630 nm respectively. The large blue shifting of ICT band in random
copolymer indicated less inter-chain stacking and aggregation in solid state compared to
P(NDI20OD-T2). The reduced self-aggregation of random copolymer could be beneficial to
improve the intermixing of n-type random copolymer with donor polymer to form compatible
blend which is discussed later on in the all-PSCs device section. The optical band gaps (E,™)
of random copolymers were calculated from lower energy absorption band edge of thin-film
and is listed in Table 2.2. An optical band gap of 1.52 eV was obtained for reference
copolymer P(NDI2OD-T2) which was slightly increased to 1.55 eV, 1.57 ¢V and 1.60 eV in
NDI-Th-PDI15, NDI-Th-PDI30 and NDI-Th-PDI50 respectively. Electrochemical redox
behavior and electronic energy levels of new n-type random copolymers were analyzed by
cyclic voltammetry. Thin-films of polymer were deposited on the platinum working
electrode. The measurement was carried out in acetonitrile solvent with
ferrocene/ferrocenium as an internal standard and tetrabutylammonium hexafluorophosphate
(n-BudNPF4 0.1M/ acetonitrile) as supporting electrolyte.3 3

Cyclic voltammograms for all copolymers are shown in Figure 2.15 and the calculated
HOMO and LUMO energy levels are given in Table 2.2. Thin-film of reference polymer
P(NDI20OD-T2) exhibited two reversible reduction peaks, which were attributed to the
formation of radical anion and dianions of NDI in the polymer backbone.'® All random
copolymers showed quasi-reversible reduction peaks with almost similar values of
electrochemical reduction like P(NDI20OD-T2). None of the copolymer showed oxidation
peak during anodic scan up to 2V. The lowest occupied molecular orbital (LUMO) energy
levels were estimated based on the onset value of first reduction peak and reference energy
level of ferrocene (4.8 eV below the vacuum level) according to Epymo (eV) = -e X (Ered onset
+ 4.8) below the vacuum level.*® The highest occupied molecular orbital (HOMO) levels
were calculated based on the optical band gap obtained from the solid-state absorption onset
measurements. The LUMO and HOMO energy levels of P(NDI20OD-T2) was found to be -
3.90 eV and -5.42 eV respectively which resembles the previously reported values.'®
Newly synthesized random copolymers exhibited almost similar values for energy level
(LUMO and HOMO) (Table 2.2) like reference polymer P(NDI20OD-T2). This suggested

that there was negligible effect of incorporation of PDI unit on the energy level of random
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copolymers and both the components - NDI and PDI exhibited almost similar electron

accepting strength.

Table 2.2 UV-visible absorption, optical band gap, electronic energy levels and Thin-film
XRD data of thermally annealed random copolymers of P(NDI20OD-T2) and NDI-Th-PDIx

random copolymers.

Polymer Amax (AM) | Apay (nm) | E,”* | LUMO | HOMO 20° d-spacing (A)
Solution Thin-film (eV) (eV) (eV) (100) (010) dl()(l d010

P(NDI20OD-T2) 367,645 | 381,685 | 1.52 3.90 5.42 4.06 | 23.10 | 21.72 | 3.84

NDI-Th-PDI15 367,630 | 381,670 | 1.55 3.94 5.49 4.21 | 23.03 | 20.96 | 3.85

NDI-Th-PDI30 367,618 | 374,655 | 1.57 3.94 5.51 4.58 | 2259 | 19.27 | 3.93

NDI-Th-PDI50 367,605 | 368,630 | 1.60 4.00 5.60 4.80 | 21.92 | 18.38 | 4.00
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y —— NDI-Th-PDII5
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NDI-Th-PDI50

Current (mA)
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Potential (V) vs Fe/Fet

Figure 2.15 Cyclic voltammograms of reference P(NDI20OD-T2) and random copolymers as
thin film on platinum working electrode in 0.1 Mn-BusNPF¢ acetonitrile at a scan rate of 100

mV/s.

2.3.3. Thin-film Crystallinity

The molecular packing and bulk crystalline nature of reference P(NDI20OD-T2) and new n-
type random copolymers were analyzed using wide-angle X-ray diffraction (XRD)
measurement. Figure 2.16 shows the X-ray diffraction patterns of thermally annealed (at 160
°C, 10 min) thin-films of copolymer on glass substrate and relevant data is given in Table

2.2. XRD pattern of reference polymer P(NDI20OD-T2) showed lamellar peak (100) at 26 =
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4.06° and m-w stacking peak (010) at 260 = 23.10° which corresponded to lamellar packing
distance of 21.72 A and n-r stacking distance of 3.84 A. The lamellar peak (100) for random
copolymers were observed at 260 = 4.21°, 4.58° and 4.80° with d-spacing 20.96 A, 19.27 A,
and 18.38 A for NDI-Th-PDI15, NDI-Th-PDI30 and NDI-Th-PDI50 respectively. The
lamellar packing distance was found to decrease progressively with increasing incorporation

of PDI moiety in the random copolymer chain.
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Figure 2.16. Thin-film XRD diffraction patterns of reference P(NDI20OD-T2) and random

copolymers.
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Figure 2.17. Thin-film XRD diffraction patterns of P(NDI20D-T2) and random copolymers.

This observation is very similar to the previous results by Jenekhe er al and could be

attributed to the shorter 2-ethylhexyl side chains on PDI moiety.'® In contrast, the 7-n
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stacking distance increased linearly with increasing incorporation of PDI moiety into the
copolymer chain (Figure 2.16 inset). It increased from 3.84 A in reference P(NDI20D-T2) to
385 A, 393 A, and 4.00 A in NDI-Th-PDI15, NDI-Th-PDI30 and NDI-Th-PDI50
respectively. Overall, all the random copolymers (NDI-Th-PDIx) exhibited sharp and intense
peaks with the lamellar ordering observed up to third order in XRD (Figure 2.17), indicating
their high crystalline nature.

2.3.4. D:A Blend Property Analysis

It is important to study the behavior of the donor: acceptor copolymer blend in order to
understand their photovoltaic device performance. Therefore, blend samples were prepared
by mixing donor: acceptor (D:A) in the ratio 1.3:1 (w/w) choosing PTB7-Th as the standard
donor polymer which produced relatively higher PCE. This D:A blend ratio (1.3:1 ) was
found to be optimum for all-PSCs which is described later on. The thermal analysis of the
blend samples were performed using DSC under identical quench-cool conditions as was
employed for the pristine samples. The thermograms of the blends of the reference as well as
PDI copolymers are given in the Figure 2.18 and the values of the melting transition

enthalpies (AH,,) are listed in Table 2.1.
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Figure 2.18 Second heating/cooling curves of quench-cooled samples of the Blend and

PTB7-Th in the DSC scans conducted at 10 °C /min under N, atmosphere.

The donor PTB7-Th did not exhibit a melting transition under similar conditions. All blend
samples exhibited reduction in the enthalpy of melting (2.56 J/g, 1.77 J/g and 1.49 J/g for
P(NDI2OD-T2), NDI-Th-PDI15 and NDI-Th-PDI30 respectively) compared to the pristine
samples (6.65 J/g, 12.57 J/g and 6.55 J/g respectively). The NDI-Th-PDI50 copolymer blend
did not exhibit any transition even after being subjected to quench cooling procedure. The
reduced crystallinity indicated better donor:acceptor miscibility in the blend. The thin films
of the blends were next analyzed using wide angle X-ray diffraction studies and
corresponding diffraction patterns are shown in Figure 2.19. It was observed that the sharp
and intense peaks for the lamellar ordering observed in the pristine samples (Figure 2.16)
were mostly retained in the blends of PTB7-Th with P(NDI20OD-T2) and NDI-Th-PDI15
(indicated by arrow in the Figure 2.19). It could be seen that the reference blend PTB7-
Th:P(NDI2OD-T2) exhibited relatively more number of peaks compared to the random
copolymers, which suggested that it did not form good compatible blends. The higher ordered
lamellar peaks were mostly not observed in the blends of NDI-Th-PDI30 and NDI-Th-PDI50.
The (100) and the m-m stacking peak were the only prominent peaks in these blends. The
absence of higher ordered lamellar peaks indicated that the copolymers with higher PDI
content like the NDI-Th-PDI30 and NDI-Th-PDI50 formed more compatible donor-acceptor
blends. The PTB7-Th: acceptor blend films were further analyzed by photoluminescence

(PL) quenching experiments to investigate the exciton diffusion and dissociation.
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Figure 2.19 Thin-film XRD diffraction patterns of blend and PTB7-Th.

Figure 2.20 shows the steady-state PL spectra of the neat PTB7-Th, P(NDI20OD-T2), NDI-
Th-PDI15, NDI-Th-PDI30 and NDI-Th-PDI50 along with their blend films with PTB7-Th.

The PL spectra (at excitation wavelength 645 nm)*' of neat PTB7-Th showed peak maxima at

~755 nm, while acceptor polymers exhibited broad peaks in the range of ~800-830 nm. All
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D/A blend films showed significant PL quenching compared to neat PTB7-Th. The relative

PL quenching efficiency (APL) was estimated by measuring the intensity of various D/A
blend with respect to neat PTB7-Th (Figure 2.21).*' PTB7-Th:P(NDI2OD-T2) reference
blend showed APL ~76 %, while PTB7-Th:NDI-Th-PDI15, PTB7-Th:NDI-Th-PDI30 and

PTB7-Th:NDI-Th-PDI50 exhibited APL of ~86 %, ~87 % and ~91 % respectively. Higher

APL in the random copolymer blends indicated efficient exciton dissociation at D/A interface

as a result of good intermixing of acceptor polymer with PTB7-Th. Overall, the thermal

property, crystallinity as well as PL quenching efficiency of the blends pointed towards the

copolymers ability to perform better in photovoltaic devices compared to the reference

polymer, specially for the copolymers with higher PDI content i.e PTB7-Th:NDI-Th-PDI30
and PTB7-Th:NDI-Th-PDI50.
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Figure 2.20 PL spectra recorded for the blend film of (a) PTB7-Th:P(NDI20OD-T2) (b)
PTB7-Th:NDI-Th-PDI15 (c) PTB7-Th:NDI-Th-PDI30 (d) PTB7-Th:NDI-Th-PDI50 blends.
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Figure 2.21 The combined PL spectra of donor: acceptor blends film and neat PTB7-Th
donor.

2.3.5. All-Polymer BHJ Solar Cells

The potential application of random copolymers (NDI-Th-PDIx) as acceptor (n-type)
materials in all-polymer solar cells was explored by fabricating BHJ all-PSCs using PTB7 or
PTB7-Th polymers as electron donor materials. The inverted devices with configuration of
ITO/ZnO/PFN/polymer blend/Al were fabricated. The detailed procedure for device structure
and fabrication is given in experimental section. The all- PSCs device using n-type reference
polymer P(NDI2OD-T2) was also fabricated for comparison. The blend active layers of
donor: acceptor polymers were deposited by spin coating from chloroform solution (12
mg/ml) containing 1.25 % volume fraction of 1,8-diiodooctane (DIO) additives. The
optimum donor:acceptor (D:A) blend ratio and thickness of BHIJ active layer films were
found to be 1.3:1 (w/w) and 100~ 110 nm, respectively. Figure 2.22 shows the current
density-voltage (J-V) curves for both donor: acceptor polymer blend all-PSCs. The optimized
solar cell parameters including short-circuit current density (Jsc), the open-circuit voltage
(Voc), fill factor (FF), and PCE, are summarized in Table 2.3.The reference polymer
P(NDI2OD-T2) is a well-studied acceptor material used with various low bandgap polymer
and small molecule donors in all-polymer solar cells. In our study, using PTB7 as the donor
material, P(NDI20OD-T2) exhibited maximum PCE of 2.06% (Js¢ of 6.26 mA/cm®, Voc of
0.81 V, and FF of 40.5 %) in device based on PTB7: P(NDI20OD-T2) blend, and a maximum
PCE of 2.97 % was obtained (Jsc of 9.05 mA/cm?®, Voc of 0.797 V, and FF of 41.3 %) using
PTB7 as the donor material; this optimized PCE is comparable with the previously reported

5,10, 19, 34- 36
values.”
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Figure 2.22. Current density- Voltage (J — V) characteristics for all polymers using (a) PTB7
as the donor and (b) PTB7-Th as the donor.

The device performance of the various PTB7: NDI-Th-PDILx blend devices showed that all
the newly synthesized random copolymers (NDI-Th-PDI15, NDI-Th-PDI30, NDI-Th-PDI50)
exhibited significant improvement in the PCE as compared to reference polymer P(NDI2OD-
T2) with the two donor polymers. For instance, PTB7: NDI-Th-PDI15 blend device showed
PCE of 3.15 % (Jsc of 7.71 mA/cm?, Voc of 0.78, and FF of 52.3 %). Further enhancement in
the photovoltaic performance was observed in PTB7: NDI-Th-PDI30 blend device which
exhibited PCE of 3.56 % (Jsc of 9.45 mA/cm” Voc of 0.78, and FF of 48.0 %). However,
PTB7: NDI-Th-PDI50 blend with highest incorporation of PDI (50 %) showed lower PCE of
2.72 % (Jsc of 7.60 mA/ecm®, Voc of 0.77, and FF of 45.9 %), which was still higher
compared to the reference polymer P(NDI20D-T2). A similar trend of enhanced photovoltaic
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performance was observed for blend devices of the random copolymers with PTB7-Th as the
donor. The PCE values obtained were 4.22 %, 5.03% and 3.33 % respectively for PTB7-Th:
NDI-Th-PDI15, PTB7-Th: NDI-Th-PDI30 and PTB7-Th: NDI-Th-PDI50 blend devices
respectively. The dependence of the PCE on the varying incorporation of PDI unit in the
copolymer is shown in Figure 2.23. From Figure 2.23 it could be observed that NDI-Th-
PDI30 reflected the best optimized composition with both donor polymers and further
increase in PDI incorporation into (NDI-Th-PDIx) random copolymer did not result in
improvement of the photovoltaic performance. The improved device performance upon using
PTB7-Th as donor instead of PTB7 in the blend devices with the random copolymers was
expected since PTB7-Th had shown face-on molecular orientation and superior photovoltaic
properties with various electron acceptor materials.*

The enhancement in the PCE values of random copolymers NDI-Th-PDIx based all-PSCs
devices were mainly due to the increase in the Jsc value. Additionally, the observed
variations in the Jsc values with different copolymer compositions were well reflected in the
changes of their spectral response in EQE spectrum which is shown in Figure 2.24. All
random copolymer blend PTB7: NDI-Th-PDIx devices exhibited broad photoresponse in the
region of 300-800 nm with higher photocurrent generation compared to reference polymer
P(NDI2OD-T2). Particularly, NDI-Th-PDI30 showed highest EQE of 48 % at ~605 nm for
blend device with PTB7 and 55 % ~ 615 nm for blend device with PTB7-Th, that was

consistent with the observed Jsc value [within 2 %].

Table 2.3 Photovoltaic properties of PTB7: NDI-Th-PDIx and PTB7: P(NDI2OD-T2) blend

all-polymer solar cells.

Active layer Voc Jse , FF PCE
™ (mA/cm’) (%) (%)
PTB7 Donor
PTB7: P(NDI2OD-T2) | 0.807+0.05 | 6.19+0.07 |40.140.04 |  2.00+0.06
PTB7:NDL-Th-PDILS | 0.77740.03 | 7.66£0.05 |52.1£0.02 |  3.10+0.05
PTB7:NDI-Th-PDI30 | 0.780+0.02 | 9.41£0.04 |47.8£0.02 |  3.50+0.06
PTB7:NDL-Th-PDISO | 0.77440.05 | 7.55£0.05 | 45.5£0.04 |  2.650.07
PTB7-Th Donor
PTB7-Th: PINDI2OD-T2) | 0.793+0.04 | 8.96+0.09 [41.00.03 | 2.91+0.06
PTB7-Th: NDI-Th-PDILS | 0.787+0.05 | 10.65£0.06 [ 49.3£0.04 |  4.13+0.09
PTB7-Th: NDI-Th-PDI30 | 0 792+0.03 | 11.39+0.04 | 55.240.02 |  4.98+0.05
PTB7-Th: NDI-Th-PDIS0 | 0.793+0.04 | 10.10+0.06 [ 40.7+0.05 |  3.26+0.07
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Figure 2.23. Dependence of PCE on random copolymer composition.
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Figure 2.24. EQE spectra of all-PSCs using (a) PTB7 as the donor and (b) PTB7-Th as the

donor in the blend polymer devices (under AM1.5G 100mW/cm? illumination).
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A careful observation of EQE spectra revealed the presence of an additional broad peak at
~480 nm for all random copolymers (shown by arrow in Figure 2.24) that was also observed
in their absorption spectra, which was attributed to PDI unit. Thus the observed EQE spectra
showed that the acceptor polymer in blend also contributed to light harvesting and in

photocurrent generation.

2.3.6. Bulk Carrier Charge Transport in BHJ Blend Film

The effect of charge carrier transport properties on the photovoltaic performance was
investigated by measuring the bulk electron and hole mobility of polymer/polymer blend
films using space charge limited current (SCLC) technique. Mobility measured by SCLC
method is more relevant to the bulk process e.g. organic photovoltaic device and OLED
(organic light emitting device) devices.*” ** All donor: acceptor polymer blend film devices
were made similarly as the all-PSCs devices. The electron-only device was fabricated using
ITO/ZnO/active layer/Al structure and hole-only device was fabricated using
ITO/MoOs/active layer/Au structure (the detailed procedure of device fabrication is given in

experimental section).

Table 2.4 SCLC electron and hole mobilities of donor:acceptor copolymer blend. (In one

series PTB-7 was the donor while in the second series PTB7-Th was used as donor.)

Active layer Hn He Mnlpe

(cm?/Vs) (cm?/Vs)

PTB7 Donor
PTB7: P(NDI20D-T2) 6.7(x0.4)x107 7.5(x0.5)x10” 0.89
PTB7: NDI-Th-PDII5 0.8(+0.3)x10™ 8.6(£0.4)x10” 0.93
PTB7: NDI-Th-PDI30 3.8(+0.2)x10™ 0.8(+0.2)x10™ 4.75
PTB7: NDI-Th-PDI50 3.5(+0.3)x10™ 7.6(£0.4)x107 4.60
PTB7-Th Donor

PTB7-Th: P(NDI2OD-T2) | 0.9(0.3)x10™ 0.7(x0.4)x10™ 1.28
PTB7-Th: NDI-Th-PDI15 | 2.6(+0.4)x10™ 0.9(+0.3)x10™ 2.88
PTB7-Th: NDI-Th-PDI30 | 4.7(+0.5)x10" 1.1(+0.4)x10™ 4.27
PTB7-Th: NDI-Th-PDI50 | 4.0(+0.4)x10™ 1.1(x0.3)x10™ 3.63
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Figure 2.25. Current (J) - Voltage (V) characteristics and SCLC fittings of PTB7:reference
/copolymer blend films (a) Hole-only device and (b) electron-only device and for PTB7-Th:

reference / copolymer blend films (c) Hole-only device and (d) electron-only device.
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2.3.7. BHJ Solar Cell Morphology

Among various other parameters, the BHJ morphology of active layer (D/A) is one of the
important factor that influences the photovoltaic performance.”> AFM images of donor:
acceptor polymer blends were captured, to investigate the surface morphology all-PSCs BHJ
devices. The donor: acceptor polymer (1.3:1 w/w) blend films were prepared in identical
ways as that for all-PSCs devices. Figure 2.26 and Figure 2.27 shows AFM height images (3
um x 3um) of PTB7/PTB7-Th: P(NDI2OD-T2) and PTB7/PTB7-Th: NDI-Th-PDIx blend
solar cell. The reference PTB7: P(NDI20OD-T2) or PTB7-Th: P(NDI2ZOD-T2) blend film
showed rather coarsened morphology with average root mean square (RMS) surface
roughness of 2.06 nm and 1.87 nm respectively due to the formation of large polymer
aggregate domains. The large phase-separated granular morphology observed in PTB7/PTB7-
Th: P(NDI2OD-T2) blend film indicated insufficient donor/acceptor intermixing at

nanometer scale.'*?

PTB7: NDI-Th-PDI1S

/AMS = 1,08 nm

3pmu3 um

PTB7: NDI-Th-PDI50

RMS5=1.42 nm

3pmx3 um

Figure 2.26. AFM height images (3 um x 3um) of PTB7: P(NDI20OD-T2) (1.3:1 w/w) and
PTB7: NDI-Th-PDIx (1.3:1 w/w) blend solar cell.
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Figure 2.27. AFM height images (3 um x 3um) of PTB7-Th: P(NDI20OD-T2) (1.3:1 w/w)
and PTB7-Th: NDI-Th-PDIx (1.3:1 w/w) blend solar cell.

The incorporation of large PDI unit in the random copolymer showed dramatic change in the
surface morphology of PTB7/PTB7-Th: NDI-Th-PDIx blend films compared to reference
blend. The PTB7: NDI-Th-PDI15 and PTB7: NDI-Th-PDI30 blend films showed proper
uniform micro-phase separation with smaller phase-separated domain size. Furthermore, the
RMS surface roughness decreased to 1.08 nm in PTB7: NDI-Th-PDI15 blend and 1.22 nm in
PTB7: NDI-Th-PDI30 blend which suggested the formation of less aggregated domain
leading to better donor/acceptor intermixing at nanometer scale. The well-developed nano-
scale interpenetrating network observed in PTB7: NDI-Th-PDI15 and PTB7: NDI-Th-PDI30
blend films is beneficial for exciton dissociation and charge carrier transport.” Compared to
the other two random copolymer blend, the PTB7: NDI-Th-PDI50 blend film showed high
RMS surface roughness of 1.42 nm with coarsened morphology, which was still more
uniform with smaller phase-separated domain size compared to the reference PTB7:
P(NDI2OD-T2) blend. A similar trend was observed in the blend films with PTB7-Th as the
donor (Figure 2.27). PTB7-Th: NDI-Th-PDI15 blend and PTB7-Th: NDI-Th-PDI30 blend
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films showed more uniform microphase separation (as indicated by the reduced RMS surface
roughness) compared to the reference polymer blend. The reduced roughness can play an
important role in the charge collection process as it decreases surface recombination and

increases the current density as observed from the J-V curves.

2.4. Conclusions

In this study, we synthesized a series of new n-type semiconducting random copolymers
NDI-bithiophene/PDI-bithiophene (NDI-Th-PDIx) by incorporating various amount of
perylene diimide (PDI) (xPDI = 15, 30, 50 mole % of PDI) co-acceptor unit into P(NDI2OD-
T2) polymer. The properties of these acceptor copolymers were investigated in depth in the
pristine form as well as their donor-acceptor (D:A) blends with PTB7-Th as donor in order to
understand the structural features that influence the all-PSCs performance. Proton NMR,
XRD and DSC studies of pristine copolymers showed that increasing PDI content in the
random copolymers resulted in progressive reduction of self-aggregation tendency, increased
n-1t stacking distance and lowering of crystallinity. Although the copolymer with lowest PDI
content composition (NDI-Th-PDI 15) exhibited higher AHm compared to P(NDI20OD-T2),
its D:A blend with PTB7-Th showed reduced crystallinity compared to PTB7-
Th:P(NDI2OD-T2) blend. Analysis of blend properties of these acceptor copolymers with
PTB7-Th gave important findings such as 1) overall reduction of crystallinity in blends was
observed as evidenced by their much lower AHm values compared to the pristine samples. 2)
All random copolymers exhibited lower extent of crystallinity compared to P(NDI2OD-T2)
and the crystallinity was found to decrease as PDI content increased. 3) XRD of the blend
films showed disappearance of the higher ordered lamellar peaks in the random copolymers;
the reference polymer seemed to retain them in the blend as well. 4) Higher PL quenching
was observed in random copolymer blends as compared to P(NDI20OD-T2). Overall, the
random copolymers showed reduced inter-chain interaction promoting better compatibility
with the donor polymer compared to P(NDI20OD-T2). This was reflected in their bulk
photovoltaic properties as well with the random copolymers exhibiting higher PCE compared
to P(NDI2OD-T2). A maximum PCE of ~5 % was observed in the case of PTB7-Th:NDI-
Th-PDI30 blend devices. A precise correlation of the structural variation in the random
copolymers with their device performance was not very straightforward. For instance,
although least self-aggregation was observed in NDI-Th-PDI50, it did not exhibit the highest
PCE value among the random copolymers. AFM imaging analysis indicated large surface

roughness for this blend combination. A probable reason for this discrepancy could be the
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comparatively low molecular weight of the NDI-Th-PDI50, which was the lowest due to the
reduced solubility of the short ethyl hexyl side chain on the PDI unit. Our studies showed that
presumably NDI-Th-PDI30 exhibited optimal crystallinity and miscibility with donor
polymer which lead to the best D/A compatibility, nano-scale phase separation and bulk
carrier charge transport in blend. Thus, it is evident from the structure-property analysis that
the incorporation n-type PDI building block into P(NDI2OD-T2) polymer is a very effective
strategy to tune its photovoltaic parameters and improved PCE observed in new n-type

random copolymers proves its potential application in future all-PSCs.
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Chapter 3

All-Polymer Solar Cell Performance of n-type Naphthalene diimide-
bithiophene P(NDI20OD-T2) Copolymer with PCBM as Co-acceptor
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3.1. Introduction

As discussed in the previous chapter, random incorporation of n-type PDI building block into
P(NDI2OD-T2) polymer is a very effective strategy to fine-tune its photovoltaic properties
and improve PCE. Incorporation of PDI unit in the polymer reduced the self-aggregation of
the polymer which improved the PCE. Random copolymerization is a promising designed
strategy to develop new NDI based acceptor copolymers which exhibit significant
improvement in the power conversion efficiency.

As discussed in chapter 1 the most commonly used n-type system is PCBM (phenyl-C61-
butyric acid methyl ester) and its derivatives. PCBM is used in bulk heterojunction blend as
acceptor material with various donor polymers for high efficiency.' Heeger et al. reported for
the first time PCBM as an acceptor blended in BHJ solar cells with MEH-PPV polymer as a
donor. Since then, PCBM has been extensively used in the BHIJ solar cells fabrication.®
PCBM has some drawbacks such as phase separation and weak absorption, but still, PCBM is
one of the best acceptor materials so far.> PCBM exhibits outstanding characteristics such as
high charge carrier mobili‘[y,“'6 small reorganization energy,7'9 very high electron afﬁni‘[y10
and compatible energy levels. For P3HT/PCBM blend system nearly 4% PCE has been
achieved. There are several reports in the literature for covalent incorporation of PCBM,
mostly as side chain substitution of m-conjugated block copolymers.''"® The covalent

approach is expected to reduce phase segregation issues and improve the device performance.
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Figure 3.1. a) Structure of the polymer PCBM-Ph-P3HT. b) Dependence of the enhancement
of Jsc and PCE of PCBM-Ph-P3HT:P3HT: PCBM BHJ-PSC devices on the doping ratio of
PCBM-Ph-P3HT (Adapted from ref. 19).
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Yang et al. reported side chain substitution of P3HT via PCBM. Polymer PCBM-Ph-P3HT
was doped in the blend formation with P3HT: PCBM in different weight ratios.'” PCBM-Ph-
P3HT improved the interpenetrating networks of the P3HT:PCBM due to its amphiphilicity
toward PCBM and P3HT components like a “surfactant.” P3HT:PCBM devices doped by
PCBM-Ph-P3HT showed enhanced PCE, with the maximum PCE being 3.40 % at the
optimum PCBM-Ph-P3HT doping ratio of 1 wt %, which was 12 % enhancement compared
to that of the reference P3HT: PCBM device. The enhancement of PCE is attributed to the
increase of Jsc, and the improvement emphasizes that the improvement in bicontinuous

interpenetrating networks lead to enhancement of charge carrier mobility in the blend (shown

in Figure 3.1).
a) —
LN
H I'II|III -!j r:s"
\"'r“hff 5 :_:;__J_ I"li
| FiT
Aoy A _1-".-,‘
JCH)-H {CHa)g” S
pind’ ; ot "
N[ AT
= Wi {i 1 S ‘,r_i_.\,'_wr__\ N
71y L' kg A4 I/ ‘\'j X<
[ Y oy )
:"|"’"|2‘".'"‘4~f "
CoP{30DTHC ,HT) SV
n'=0,58, m'=0.42 J AN

Figure 3.2. Copolymer structure (a) and device architecture (b) (Adapted From ref. 20).

Pierini et al. reported fullerene grafted polythiophenes for single material organic solar cells
(SMOCs), shown in Figure 3.2.° The polymer showed high power conversion efficiency of
5.58 %. The efficiency enhancement confirmed that the design of novel macromolecules
were supported by the development of a well defined architecture which confirmed the active
layer nanostructure formation and polymer supramolecular arrangement in order to obtain
high performance.

Polymer P(NDI20D-T2) has good photovoltaic properties,”' > but it is still not high enough
to be considered as an alternative of PCBM. So to improve the charge carrier mobility and
efficiency of the polymer, we have synthesized a series of new n-type NDI-
bithiophene/PCBM-bithiophene random copolymers (PNDI-Th-PCBMx) by incorporating
varying amounts of thiophene substituted PCBM as co-acceptor along with NDI. The effect
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of random copolymer compositions on their energy level, optical properties, crystallinity,
blend morphology, and all-PSC performance was scrutinized. The all-PSCs performance of
the newly synthesized random copolymers was investigated with PTB7-Th as the donor
polymer. The device efficiency was compared with that of P(NDI20OD-T2) polymer as a

reference.

3.2. Experimental Section
3.2.1 Materials

1,4,5,8-Naphthalenetetracarboxylicdianhydride (NTCDA), 2-octyldodecanol, 2-
ethylhexylamine, 3-thiophenemethanol 98%, [6,6]-phenyl C61 butyric acid methyl ester
>99.5% , N'-ethylcarbodiimide hydrochloride (EDC), 4-(dimethylamino)pyridine >99 %,
bis(triphenylphosphine) palladium (II) dichloride (Pd(Ph;3),Cl,) were purchased from Sigma
Aldrich and used without further purification. The donor polymers PTB7-Th and monomer
5,5’-bis (trimethylstannyl)-2,2’-bithiophene 97 % used in all-polymer solar cell study were

purchased from Lumtech and used without further purification.

3.2.2 Measurements

"H NMR spectra were recorded using 400 MHz Brucker NMR spectrophotometer in CDCls
or 1,1,2,2-tetrachloroethane -d, containing small amounts of TMS as an internal standard.
The molecular weights of polymers were determined using gel permeation chromatography
(GPC). GPC measurements were carried on a Thermo Quest (TQ) GPC at 25°C using
chloroform as the mobile phase. The analysis was carried out at a flow rate of 1 mL/min
using a set of five p-Styragel HT columns (HT-2 to HT-6) and a refractive index (RI)
detector. Columns were calibrated with polystyrene standards and the molecular weights are
reported with respect to polystyrene. UV—Vis spectra were recorded using Perkin Elmer
Lambda 950 UV-Vis spectrometer. Thermogravimetric analysis (TGA) was performed using
a Perkin Elmer thermogravimetric analyzer. Samples were run from 30 to 800 °C with a
heating rate of 10 °C/min under nitrogen. WAXRD were recorded using Rigaku, MicroMax-
007HF with high-intensity Microfocus rotating anode X-ray generator. All the spectra were
recorded in the range of 26 = 2-50 degrees and data were collected with the help of Control
Win software. Electrochemical behavior of copolymers was studied by using BAS-Epsilon

potentiostat. The device fabrication was carried out by self at SEM-TEL, IIT- Kanpur.
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3.2.3 Fabrication and Characterization of the Photovoltaic Cells

PTB7-Thas donor and P(NDI20OD-T2) and PNDI-Th-PCBMx (x = 5, 7.5, 15 mole % of
PCBM) acceptors were used. PTB7-Th was blended with each of the four acceptors
separately in chloroform and stirred at 25 °C for more than 24 h in a glove box. The
optimized donor: acceptor (D:A) ratio was 1.3:1 (w/w) and total concentrations of (D+A) in
chloroform solution was ~12 mg/ml. Preparation of ZnO sol-gel was done as follows. Zinc
acetate dihydrate [Zn(CH3COO).2H,0] (Aldrich, 99.9 %) with 0.1 M concentration was first
dissolved in anhydrous 2-methoxyethanol [CH3;CH,OCH;] (99.5 + % Aldrich) and
subsequently, ethanolamine was added to the solution as sol stabilizer followed by thorough
mixing with a magnetic stirrer for 12-15 h at room temperature. Inverted type all polymer
solar cells were fabricated using an indium tin oxide (ITO)/ZnO/active layer/MoOs/Ag
structure. ITO-coated glass substrates were subjected to ultrasonication in soap, deionized
water, acetone and in isopropyl alcohol. The ITO substrates were treated with UV-plasma
before ZnO sol-gel was spin-coated on the ITO-coated glass substrate with 2000 rpm for 60
sec. The ZnO films were annealed at 250 °C for 20 minutes in the air. Then, each active
blending solution was spin-casted onto an ITO/ZnO/ substrate at 2000 rpm for 120 s. The
final thickness of each film was ~100-110 nm. Then, MoOs (~ 10 nm) was thermally
deposited in high vacuum (~1 x 107 torr). Finally, Ag (~100 nm) was deposited under high
vacuum (~1 x 10° torr), through a shadow mask. The active area of the devices was 16 mm®
in all the cases. The photovoltaic performance of the devices was characterized using a solar
simulator using Keithley 2400 source-meter under 1 sun AM 1.5 G illumination from (Class
AAA, Newport-Oriel, USA). The illumination intensity was adjusted using a calibrated
reference silicon solar cell. To ensure well defined active areas, the J-V measurements were

performed using laser-cut stainless steel square masks.

3.2.4 Synthesis of Monomers
The synthesis NDI-20D-Br, was detailed in Chapter 2 in section 2.2.6.”

1) [6,6]-Phenyl-C61-butyric Acid (PCBA) (1)

25 mL of glacial acetic acid and 15 ml of HCl were added in the solution of [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) (250 mg, 0.274 mmol) in 50 mL of o-dichlorobenzene
solution. This solution was further refluxed for 18 h. After the completion of reaction solvent

was removed and the crude product was washed with methanol and dried over sodium sulfate
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(NazSOy). Yield = 230 mg (93 %, brown powder). 'H-NMR (CDCls, 200 MHz) 6 ppm: 7.76
(d, 2H), 7.39-7.29 (m, 3H), 2.78-2.73 (m, 2H), 2.30 (t, 2H), 2.05-1.98 (m, 2H).

2) (2,5-dibromo thiophene-3-yl)methanol (2)

Thiophene-3-ylmethanol (5 g, 43.79 mmol) in dry THF (150 mL) and NBS (19.48 g, 109.49
mmol) was added dropwise and stirred for 72 hours at room temperature under nitrogen
atmosphere. The solvent was evaporated by rotary evaporator. Then the crude material was
washed with KOH (1.0 M, 25 mL), extracted with diethyl ether and dried over sodium sulfate
(NaySOy). It was further purified by column chromatography (pet ether: ethyl acetate = 4:1, as
eluent). Yield = 10 g, (84 %, crystalline white solid). 'HNMR (CDCls, 200 MHz) & ppm:
7.01 (s, 1H), 4.57-4.54 (s, 2H), 1.91 (broad, 1H).

3) PCBTM (3)

A 25 mL two neck-round bottom flask was charged with [6,6]-phenyl-C61-butyric acid
(PCBA) (1) (100 mg, 0.11 mmol), (2,5-dibromo thiophene-3-yl)methanol (2) (30.2 mg, 0.11
mmol), DMAP (1.8 mg, 0.27 mmol), and 0.7 mL of anhydrous o-dichlorobenzene. The
solution was cooled to 0 °C and EDC (56.6 mg, 0.277 mmol) was added. After removing the
ice bath, the reaction mixture was stirred at room temperature for 16 h. The resulting crude
product was washed with methanol and purified by column chromatography (toluene as
eluent). Yield = 75 mg (58 %). 'HNMR (CDCls, 200 MHz) & ppm: 7.90 (d, 2H), 7.52-7.47
(m, 4H), 6.93 (s, 1H), 4.98 (s, 2H), 2.89 (d, 2H), 2.59 (d, 2H), 2.17 (d, 2H).

HC1
Acetic Acid

o-dichlorobenzene

Reflux, 18 h
1
EDC
OH DMAP
OH NBS Br / \ o-dichlorobenzene
/ \ N S Br -
s DMF
r,t,72h 2

Scheme 3.1. Synthesis of monomer.
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Figure 3.3. "H NMR spectrum of PCBMT recorded in CDCl5.

3.2.5 Synthesis of Homo and Random Copolymers

1) Poly{[N,N’-bis(2-octyl-dodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5'-
(2,2'-bithiophene)}, P(NDI2OD-T2)

NDI-20D-Br; (0.4 g, 0.406 mmole) and 5,5"-bis (trimethylstannyl)-2,2'-bithiophene (0.199 g,
0.406 mmol) were taken in Schlenk tube under N, atmosphere. Dry toluene (18 mL) was
added to the tube followed by purging with nitrogen for half-hour. Bis(triphenylphosphine)
palladium (II) dichloride (Pd(Ph3),Cl,) (15 mg, 0.0211 mmol) was added to the tube, and the
whole mixture was degassed by nitrogen. The reaction mixture was stirred at 90-95 °C for 72
hours. Bromothiophene (0.2 mL) was then added as end capper, and the reaction mixture was
further stirred at 90-95 °C for 12 hours. Upon cooling to room temperature, a solution of
potassium fluoride (1 g) in 2 mL water was added and stirred for 2 hours. The reaction
mixture was extracted with chloroform (250 mL x 3). The organic layer was washed with
water, dried over anhydrous sodium sulfate and concentrated on a rotary evaporator. The
obtained residue was dried in vacuum oven and subjected to Soxhlet extraction with
methanol (24 hours), acetone (48 hours) and chloroform (12 hours). Half of the chloroform
was evaporated and concentrated polymer solution was precipitated in 500 mL methanol,
stirred for 2 hours, filtered on Buchner funnel, washed with methanol and dried in vacuum.
The polymer was obtained as a deep blue solid, Yield = 0.385 g (97 %). 'H NMR (400 MHz,
1,1,2,2-tetrachloroethane-d; ) 6 ppm: 8.82-8.5 (br, 2H), 7.33 (br, 4H), 4.12 (br, 4H), 2.00 (br,
2H), 1.26 (br, 64H), 0.85 (br, 12 H). GPC: Mn, 21.8 kDa; Mw, 86.7 kDa; D, 3.97.
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All the random copolymers i,e PNDI-Th-PCBMS5, PNDI-Th-PCBM7.5 and PNDI-Th-
PCBMI15 were prepared using the same procedure as that given for P(NDI20OD-T2), but with
different mole ratios of NDI-20D-Br, to PCBMT monomers.

2) PNDI-Th-PCBM5

PNDI-Th-PCBMS5 was synthesized using 5,5'-bis (trimethylstannyl)-2,2'-bithiophene (0.200
g, 0.406 mmol), NDI-20D-Br; (380 mg, 0.386 mmol), PCBMT (23.3 mg, 0.0020 mmol) and
Pd(Ph;),Cl, (18 mg, 0.0211 mmol). Yield = 0.38 g (94 %) 'H NMR (400 MHz, 1,1,2,2-
tetrachloroethane-d;) 6 ppm: 8.82-8.5 (br, 2H), 7.37 (br, 4H), 4.12 (br, 4H), 2.01 (br, 4H),
1.26 (br, 80H), 0.86 (br, 24H). GPC: Mn, 33.4 kDa; Mw, 190 kDa; D, 5.7.

3) PNDI-Th-PCBM7.5

PNDI-Th-PCBM?7.5 was synthesized using 5,5'-bis (trimethylstannyl)-2,2'-bithiophene (0.200
g, 0.406 mmol), NDI-20D-Br; (370.4 mg, 0.370 mmol), PCBMT (35.1 mg, 0.0031 mmol)
and Pd(Ph3),Cl, (18 mg, 0.0211 mmol). Yield = 0.38 g (93 %). 'H NMR (400 MHz, 1,1,2,2-
tetrachloroethane-d;) & ppm: 8.82-8.5 (br, 6H), 7.37(br, 8H), 4.12 (br, 4H), 3.45-2.55 (m,
1H), 2.00 (br, 4H), 1.26 (br, 80H), 0.86 (br, 24 H). GPC: Mn, 28.8 kDa; Mw, 153 kDa; D,
5.28.

4) PNDI-Th-PCBM15

PNDI-Th-PCBM 15 was synthesized using 5,5'-bis (trimethylstannyl)-2,2'-bithiophene (0.150
g, 0.30 mmol), NDI-20D-Br; (255.3 mg, 0.25 mmol), PCBMT (52 mg, 0.0045 mmol) and
Pd(Ph;),Cl, (18 mg, 0.0211 mmol). Yield = 0.253 g (82 %). '"H NMR (400 MHz, 1,1,2,2-
tetrachloroethane-d,) & ppm: 8.82, 8.5 (br, 2H), 7.94 (br, 0.28H), 7.38 (br, 8H), 4.98 (br, 0.34
H), 4.12 (br, 4H), 2.92-2.54 (m, 1H), 2.00 (br, 2H), 1.26 (br, 80H), 0.86 (br, 16 H). GPC: Mn,
18.2 kDa; Mw, 77.2 kDa; D, 4.25.

3.3 Results and Discussion

3.3.1 Synthesis and Characterization

The  poly{[N,N'-bis(2-octyl-dodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5'-
(2,2' bithiophene)} P(NDI20OD-T2) and its random copolymers NDI bithiophene / PCBMT
bithiophene incorporating various mole percentage of PCBMT were prepared by Stille
coupling polymerization. The molecular structure of P(NDI2OD-T2) is shown in Scheme
3.2, and the synthesis of their random copolymers are shown in Scheme 3.3. The synthesis of

monomer N,N’-bis(2-octyldodecyl)-2,6-dibromonaphthalene-1,4:5,8 tetracarboxylicdiimide
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(NDI-20D-Br;) were provided in Chapter 2 in section 2.2.6.24%° Synthesis of monomer
PCBMT is shown in Scheme 3.1. Random copolymers i.e. PNDI-Th-PCBMS5, PNDI-Th-
PCBM?7.5 and PNDI-Th-PCBM15 were synthesized by varying the feed ratio of the two
monomers NDI-20D-Br, and PCBMT (5, 7.5, 15 mole % of PCBMT) while maintaining the
concentration of the donor bithiophene comonomer constant (1 mole) in the feed. The higher
incorporation of PCBMT monomer having bulky Cg unit produced random copolymers
which had limited solubility in common organic solvents and higher incorporation of PCBM
also has been shown to result in phase separation. A maximum incorporation of 15 mole
percentage of PCBM in random copolymer (PNDI-Th-PCBM15) was found to result in good
solubility in common organic solvents like chloroform, chlorobenzene and dichlorobenzene

etc.

CeHq7 H
K' gH17 P(NDI2OD-T2) S/Csz PTB7-Th CoHs

C4Ho "Donor"
CroHay Reference Acceptor

N~ ~0
CeHyr PNDI-Th-PCBMS
) PNDI-Th-PCBM7.5
oy New Acceptor Polymers PNDI-Th-PCBM 5
10H121 :

Scheme 3.2. Chemical structure of P(NDI2OD-T2) acceptor, PTB7-Th donor polymers and

new random copolymers.
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The alternate copolymer NDI-bithiophene (P(NDI20OD-T2) Scheme 3.2 was synthesized as
the reference polymer. The monomers were structurally characterized by proton NMR
spectra; polymers were characterized by NMR and GPC. The NMR of the molecules
confirmed the structure and high purity of the monomers. The labeled 'H NMR spectrum of
monomer PCBMT is shown in Figure 3.3 while the "H NMR spectra of copolymers recorded
in deuterated 1,1,2,2-tetrachloroethane-d,, are given in Figures 3.5-3.7. Deuterated 1,1,2,2-
tetrachloroethane-d, is used for recording proton MNR spectra of copolymers to avoid the
overlap of the aromatic protons with CDCl; peaks. The actual incorporation of the PCBM in
the random copolymers could be determined from the proton NMR spectra for the random
copolymers with the highest PCBM incorporation PNDI-Th-PCBM15. Due to the very less
incorporation of PCBM in the copolymers PNDI-Th-PCBMS5 and PNDI-Th-PCBM7.5 it was
not possible to determine their actual incorporation.

Figure 3.6 shows the expanded region (3.5 to 9.5 ppm) in the proton NMR spectra of the
monomer PCBMT, random copolymer PNDI-Th-PCBM15 and reference copolymer P(NDI-
20D-T2). The 'H NMR spectra of polymer P(NDI20OD-T2) and random copolymers
exhibited one extra broad peak at ~8.5 ppm which has been attributed to strong inter-chain
aggregation in 1,1,2,2-tetrachloroethane-d,. The peaks at 8.5 and 8.82 ppm together
accounted for the two aromatic protons of naphthalene core, while the peak at 7.33 ppm
corresponded to the four protons of the bithiophene unit. From the figure it could be seen that
in the random copolymer PNDI-Th-PCBM15 new peak appeared at ~7.94 ppm from the
PCBMT aromatic protons. In the other two copolymers with lower PCBM incorporation, this
peak at 7.94 ppm was hardly visible. For the PNDI-Th-PCBM15 copolymer the actual
incorporation of PCBM could be determined by comparing the integration of peaks at 7.98
ppm and at 4.12 ppm, which corresponded to the four CH; protons next to the imide N on the
NDI ring. The PCBM incorporation was calculated as 14 % for the copolymer having 15
mole % of PCBM in the feed. The molecular weights of the polymers were determined using
SEC in CHCI;. The reference copolymer P(NDI20OD-T2) showed number average molecular
weight (Mn) of 21.8 kDa and weight average molecular weight (Mw) of 86.7 kDa with PDI
(D) of 3.97 comparable with literature reports.”** Random copolymers showed higher
number average molecular weight (Mn) in the range of 18.2-33.4 kDa and weight average
molecular weight (Mw) in the range of 77.3-190 kDa and PDI (P) in range of 4.3-5.7 (Table
3.1). The Mn, Mw and (P) were found to decrease as the content of PCBM unit increased in

the random copolymer.
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Scheme 3.3. Synthesis of n-type NDI-bithiophene /PCBMT-bithiophene random copolymers

Table 3.1 GPC molecular weight, and thermal characteristics of P(NDI2OD-T2) and PNDI-
Th-PCBMx random copolymers.

Polymer Mw* (KDa) | B® [T CO\Tw’'CO\AHL(J/g)
P(NDI2OD-T2) 86.7 4.0 [ 450 305 7.49
PNDI-Th-PCBMS5 190 5.7 1 451 313 8.34
PNDI-Th-PCBM7.5 153 5.3 | 450 304 2.39
PNDI-Th-PCBM15 77.3 43 | 445 290 3.55

“ Weight-average molecular weight (Mw). ” Polydispersity index (D). © The decomposition
temperature (10% weight loss) estimated using TGA under N,.  Measured using DSC under
No.
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Figure 3.4. '"H NMR spectrum of P(NDI2OD-T2) recorded in deuterated 1,1,2,2-
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Figure 3.5. 'H NMR spectrum of PNDI-Th-PCBMS5 recorded in deuterated 1,1,2,2-
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Figure 3.6 '"H NMR spectrum of PNDI-Th-PCBM?7.5 recorded in deuterated 1,1,2,2-
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Thermal properties of the copolymers were determined by thermogravimetric analysis (TGA)
as well as differential scanning calorimetry (DSC) measured under a nitrogen atmosphere.
TGA curves given in Figure 3.9 showed good thermal stability for all random copolymers
with onset decomposition temperature (T4) of over > 400 °C. The literature cites melting
transition for P(NDI2OD-T2) with onset around 280 °C (heating scan), indicating the
crystalline nature of the polymer. DSC curves were recorded for all polymers by heating from
0 °C till 350 °C at 10 °C /min under N, atmosphere. P(NDI20OD-T2) showed a broad thermal
transition with an endothermic peak (Ty,) at 305 °C and exothermic peak at (T.) 277 °C with
melting and cooling enthalpy values (AH,,) 7.67 J/g and (AH,) 7.49 J/g respectively (Figure
3.10). All the random copolymers also showed the melting and crystallization transitions in

their second heating and cooling cycles.
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Figure 3.9 TGA thermograms of copolymers at 10 °C /min under N, atmosphere.

Table 3.1 lists the melting temperature (T,,) and corresponding enthalpies (AH,,) obtained for
the reference polymer as well as random copolymers. PNDI-Th-PCBMS5 showed sharper
melting and crystallization transitions with nearly double the value for enthalpy compared to
P(NDI20OD-T2). Its transition temperatures were also slightly higher compared to the
reference polymer. PNDI-Th-PCBM7.5 showed almost similar transition temperature
compared to the reference polymer. Reference as well as all random copolymers showed very
good reversibility for the endo as well as exothermic transitions. PNDI-Th-PCBM7.5 and
PNDI-Th-PCBM 15 showed broad endothermic transition at 304 °C, 290 °C respectively.

Ph D. Thesis: Sandeep Kumar Sharma Page 83



Chapter 3 NDI/PCBM copolymer for OPV

0.4 P(NDI-20D-T2) Te: 27655 OC PNDI-Th-PCBM5  1c:288.83 °C
AHe: 7.67 /g AHc: 8.35 ‘I/g‘J/\h
0.2
—_ Heating — Heating
—_— 1 .
i —— Coolin
QJ) 001 Cooling 9
g Tm: 313.19 °C
-0.2 Tm: 304.93 °C AHm: 8.34 J/g
N T AHm: 7.49 J/g
E -0.4
&= 0.4 |PNDI-Th-PCBM7.5 Te:28147°C | PNDI-Th-PCBMA15  Te: 246.19 °C
- AHc: 2.78 J/g AHc: 3.32 J/g
S 02 ) —
m 0.0 — Heating — Heati_ng
— Cooling — Cooling
-0.24
Tm: 304.39 °C Tm: 289.83 °C
-0.4 AHm: 2.39 J/g AHm: 3.55 J/g
-0.6

0 60 120 180 240 300 0 60 120 180 240 300

Temperature (0C)

Figure 3.10 Second heating/cooling curves of the copolymers in the DSC scans conducted at

10 °C /min under N; atmosphere.

3.3.2. Optical and Electrochemical Properties

UV-Vis absorption spectra of reference polymer P(NDI20OD-T2) and random copolymers
(PNDI-Th-PCBMx) recorded in thin-film spin-coated on a quartz substrate are shown in
Figure 3.11. All copolymers showed two distinct absorption bands; the first high energy
absorption band at ~300-425 nm was attributed to m-n* transition and another low energy
band at ~460- 800 nm was accounted for intra-molecular charge transfer (ICT) from
bithiophene unit to NDL* %*" The reference polymer P(NDI20OD-T2) showed typical
absorption spectrum with m-n* absorption peak at ~400 nm and ICT peak at 645 nm.”® In the
random copolymers, the position of the n-n* absorption peak and the ICT absorption band
remained unchanged, since PCBM has very low absorption coefficient.

opt

The optical band gap (E, ") of reference and random copolymers were calculated from the
lower energy absorption band edge of thin-film and is listed in Table 3.2. The optical band
gap of reference and random copolymers were very similar The values were 1.44 eV, 1.42¢V,
1.45 eV and 1.42 eV for P(NDI-20D-T2), PNDI-Th-PCBMS, PNDI-Th-PCBM7.5, PNDI-
Th-PCBM15 respectively. Cyclic voltammetry was used to analyze electrochemical redox
behavior and electronic energy levels of the reference and new n-type random copolymers.

Thin-films of polymer were deposited on the platinum working electrode. The measurement

was performed in acetonitrile solvent with ferrocene/ferrocenium as an internal standard and
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tetrabutylammonium hexafluorophosphate (n-Bu4NPF¢ 0.1M/ acetonitrile) as supporting

electrolyte.”’

1.2

] Thin Film — P(NDI20D-T2)
—— PNDI-Th-PCBM5
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Figure 3.11. UV-Vis absorption spectra of reference P(NDI20OD-T2) and random
copolymers in thin film on quartz substrate.

4.0x10”
2.0x107 4
< 00
=.
N’
= -2
= -2.0x107
[<P]
I
5
2 |
O -4-0x10
1 —— P(NDI-20D-T2)
6o0x10° 4 [ —— PNDI-Th-PCBM5
} —— PNDI-Th-PCBM7.5
PNDI-Th-PCBM15
-8.0x107 +—

16 -14 -12 -10 -08 06 0.4 02 00 02 0.4
Potential V vs Ag/Ag"
Figure 3.12 Cyclic voltammograms of reference P(NDI20OD-T2) and random copolymers as

thin film on platinum working electrode in 0.1 Mn-BusNPF¢ acetonitrile at a scan rate of 100
mV/s.

Cyclic voltammograms for all polymers are shown in Figure 3.12, and the calculated HOMO
and LUMO energy levels are given in Table 3.2. Thin-film of reference polymer P(NDI2OD-

T2) exhibited two reversible reduction peaks, which accounted for the formation of radical
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anion and dianion of NDI in the polymer backbone.” All random copolymers showed quasi-
reversible reduction peaks with almost similar values of electrochemical reduction like
P(NDI2OD-T2). The lowest occupied molecular orbital (LUMO) energy levels were
calculated based on the onset value of first reduction peak and reference energy level of
ferrocene (4.8 eV below the vacuum level) according to Epymo (eV) = -e (Ered onset + 4.8)
below the vacuum level. The highest occupied molecular orbital (HOMO) levels were
estimated based on the optical band gap acquired from the solid-state absorption onset
measurements. The HOMO and LUMO energy levels of P(NDI20D-T2) was found to be -
5.31 eV and -3.87 eV respectively which is similar to the previously reported values.** Newly
prepared novel random copolymers exhibited approximately similar HOMO and LUMO
values (Table 3.2) as the reference polymer P(NDI20OD-T2). This confirms that there was

negligible effect of incorporation of PCBM unit on the energy level of random copolymers.

Table 3.2 Optical band gap, electronic energy levels of P(NDI20OD-T2) and PNDI-Th-

PCBMx random copolymers.
Polymer HOMO (eV) | LUMO (eV) | Eg (eV)
P(NDI2OD-T2) -5.31 -3.87 1.44
PNDI-Th-PCBMS5 -5.28 -3.86 1.42
PNDI-Th-PCBM?7.5 -5.34 -3.89 1.45
PNDI-Th-PCBM15 -5.29 -3.87 1.42

3.3.3. Thin-film Crystallinity

The bulk crystalline nature and molecular packing of reference P(NDI2OD-T2) and new
random copolymers were analyzed using Powder wide-angle X-ray diffraction (PXRD)
measurement. Figure 3.13 shows the X-ray diffraction patterns and the relevant data is
summarized in Table 3.3. XRD pattern of reference polymer P(NDI20OD-T2) showed
lamellar peak (100) at 20 = 3.63° and n-m stacking peak (010) at 260 = 19.81° which
corresponded to lamellar packing distance of 24.28 A and n- stacking distance of 4.47 A. No
change in the position of lamellar peak (100) was observed for all random copolymers

compared to reference polymer.
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Table 3.3. 260 values and d spacing values for the copolymers.

20° d-spacing (A)
Polymer (100) | (010) | Lamellar peaks | dwo | doro dometer
P(NDI20D-T2) 363 | 1981 | 661, 12.68 2428 | 447 | 13.35,698
PNDL-Th-PCBM5 | 3.63 | 1954 | 661, 12.84 2428 | 446 | 13.50,6.88
PNDLI-Th-PCBM7.5 | 3.63 | 1967 | 661,12.52 2428 | 450 | 13.35,6.89
PNDI-Th-PCBMI15 | 3.63 | 1981 | 661,1227 2428 | 447 | 13.35,635
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Figure 3.13. Powder XRD diffraction patterns of reference P(NDI20OD-T2) and random

copolymers.

3.3.4. All-Polymer BHJ Solar Cells

All random copolymers (PNDI-Th-PCBMx) as acceptor (n-type) materials in all-polymer
solar cells was studied by fabricating BHJ all-PSCs using PTB7-Th polymers as donor
material. The inverted devices with configuration of ITO/ZnO/polymer blend/Ag were
fabricated. The detailed procedure for device fabrication and structure is given in
experimental section. The all PSCs device using n-type reference polymer P(NDI20OD-T2)
was also fabricated for comparison. The blend active layers of donor: acceptor polymers were
deposited by spin coating from chloroform solution (12 mg/ml). The optimum donor:
acceptor (D:A) blend ratio and thickness of BHJ active layer films were found to be 1.3:1
(w/w) and 100~ 110 nm, respectively. Figure 3.14 shows the current density-voltage (J-V)
curves. The optimized solar cell parameters including short-circuit current density (Jsc), the

open-circuit voltage (Voc), fill factor (FF), and PCE, are summarized in Table 3.4.
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The reference polymer P(NDI2OD-T2) is a well-studied acceptor material used with various
low bandgap polymer and small molecule donors in all-polymer solar cells. In our study,
using PTB7-Th as the donor material, P(NDI20OD-T2) exhibited maximum PCE of 1.50 %
(Jsc of 7.12 mA/cmz, Voc of 0.58 V, and FF of 36.44 %).

77
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Figure 3.14. Current density- Voltage (J — V) characteristics for all polymers using PTB7-Th

as the donor.

Table 3.4 Photovoltaic properties of PTB7-Th: PNDI-Th-PCBMx and PTB7-Th:
P(NDI2OD-T2) blend all-polymer solar cells.

Polymer Jsc (mA.cm™)| Voc (Volts) | FF (%) | PCE (%)
PTB7-Th: P(NDI2OD-T2) 7.12 0.58 36.44 1.50
PTB7-Th: PNDI-Th-PCBMS5 10.59 0.70 32.18 2.39
PTB7-Th: PNDI-Th-PCBM?7.5 7.92 0.79 39.16 2.45
PTB7-Th: PNDI-Th-PCBM15 6.91 0.65 41.25 1.85

The device performance of the various PTB7-Th: PNDI-Th-PCBMx blend devices showed
that all the newly synthesized random copolymers (PNDI-Th-PCBMS5, PNDI-Th-PCBM?7.5,
PNDI-Th-PCBM15) exhibited significant improvement in the PCE as compared to reference
polymer P(NDI20OD-T2). For instance, PTB7-Th: PNDI-Th-PCBMS5 blend device showed
PCE of 2.39 % (Jsc of 10.59 mA/cm?, Voc of 0.70, and FF of 32.18 %). Further enhancement
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in the photovoltaic performance was observed in PTB7: PNDI-Th-PCBM?7.5 blend device
which exhibited PCE of 2.45 % (Jsc of 7.92 mA/cm?, Voc of 0.79, and FF of 39.16 %).

However, PTB7-Th: PNDI-Th-PCBM15 blend with highest incorporation of PCBM (15 %)
showed lower PCE of 1.85 % (Jsc of 6.92 mA/cmz, Voc of 0.65, and FF of 41.25 %), which
was still higher compared to the reference polymer P(NDI2OD-T2). It could be observed that
PNDI-Th-PCBM?7.5 showed the best optimized composition with donor polymer and further
increase in PCBM incorporation into (PNDI-Th-PCBMx) random copolymer did not result in
improvement of the photovoltaic performance. The enhancement in the PCE values of
random copolymers PNDI-Th-PCBMx based all-PSCs devices were mainly due to the
increase in the Voc value. Further optimization is needed for improvement in the

optoelectronic properties.

3.3.5 BHJ Solar Cell Morphology

Morphology of the active layer (D/A) of BHJ is one of the important factors that influences
the solar cell performance. AFM images of donor: acceptor polymer blends were recorded to
study the surface morphology of all-PSCs BHJ devices. The donor: acceptor polymer (1.3:1
w/w) blend films were prepared in identical ways as that for all-PSCs devices. Figure 3.15
shows AFM height images (10 ym x 10um) of PTB7-Th: P(NDI20OD-T2) and PTB7-Th:
PNDI-Th-PCBMx blend active layer. The reference PTB7-Th: P(NDI20OD-T2) blend film
showed rather coarsened morphology with average root mean square (RMS) surface
roughness of 3.44 nm due to the formation of large polymer aggregate domains. The large
granular phase-separated morphology observed in PTB7-Th: P(NDI20D-T2) blend film
indicated no proper mixing of donor/acceptor polymers at nanoscale. The incorporation of
PCBM unit in the random copolymer resulted in dramatic change in the surface morphology
of PTB7-Th: PNDI-Th-PCBMx blend films compared to reference PTB7-Th: P(NDI2OD-
T2) polymer blend. In addition, the RMS surface roughness reduced to 0.30 nm in PTB7-Th:
PNDI-Th-PCBM5 blend and 0.38 nm in PTB7-Th: PNDI-Th-PCBM7.5 blend which
suggested the formation of less aggregated domain and showed improved donor/acceptor
mixing at nanoscale.

Improved nanoscale interpenetrating network in blend films is helpful for exciton
dissociation and charge carrier transport. The PTB7-Th: PNDI-Th-PCBMS5 and PTB7-Th:
PNDI-Th-PCBM?7.5 blend films showed uniform micro-phase separation with smaller phase-
separated domain size. Compared to the other two random copolymer blend, the PTB7-Th:

PNDI-Th-PCBM15 blend film showed higher RMS surface roughness of 0.94 nm with
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coarsened morphology, which was still more uniform with smaller phase-separated domain
size compared to the reference PTB7-Th: P(NDI2OD-T2) polymer blend. The reduced
roughness can play vital role in the charge collection process as it decreases surface

recombination.
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Figure 3.15. AFM height images (10 gm x 10um) of PTB7-Th: P(NDI20OD-T2) (1.3:1 w/w)
and PTB7-Th: PNDI-Th-PCBMx (1.3:1 w/w) blend solar cell.

3.4 Conclusions

In this Chapter, we have synthesized a series of new n-type semiconducting random
copolymers NDI-bithiophene/PCBM-bithiophene (PNDI-Th-PCBMx) by incorporating
various amount of PCBM (xPCBM = 5, 7.5, 15 mole % of PCBM) co-acceptor unit into
P(NDI20OD-T2) polymer. The properties of the newly synthesized acceptor copolymers were
investigated in the pristine form as well as their donor-acceptor (D:A) blends with donor
PTB7-Th in order to understand the structural properties and their influence on the solar cell
performance. Overall, the random copolymers showed better compatibility with the donor
polymer compared to reference polymer P(NDI2OD-T2). This was observed in their bulk
photovoltaic properties as well with the random copolymers exhibiting higher PCE compared
to P(NDI20OD-T2). A maximum PCE of ~2.5 % was observed in the case of PTB7-Th:
PNDI-Th-PCBM?7.5 blend devices. Our studies showed that most likely PNDI-Th-PCBM?7.5
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showed optimal miscibility with donor polymer which produced the best D/A compatibility,
and bulk carrier charge transport in blend. The incorporation of PCBM into P(NDI2OD-T2)
polymer is a very effective strategy to tune its photovoltaic properties and improved PCE
observed in new n-type random copolymers proved its potential application in future all-
PSCs. Further optimization is needed to improve the efficiency and other photovoltaic

properties.
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Chapter 4

Naphthalene Diimide Copolymers by Direct Arylation
Polycondensation as Highly Stable Supercapacitor Electrode

Materials

This chapter has been adapted from the following publication

Sandeep Sharma, Roby Soni, Sreekumar Kurungot*, S. K. Asha*. Macromolecules 2018,
51, 954-965.
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4.1. Introduction

In the last two chapters, the discussion was mainly focused on the Naphthalene diimide
(NDI) based donor-acceptor (D-A) m-conjugated random copolymers for energy generation
using organic solar cell. Equally important to energy generation is the energy storage systems
as it plays a major role in the availability of sustainable renewable energy on demand. This
chapter describes the synthesis of NDI based conjugated polymers for energy storage devices
(Supercapacitors).

Conjugated polymers are generally synthesized by transition metal catalyzed
polycondensation reactions like the Stille, Suzuki etc." * However, the requirement of
prefuntionalization of monomers, toxic nature of the organostannyls used in Stille coupling as
well as the difficulties in their purification reduces the scale-up potential of monomers
prepared using these routes. In early 1999, there was a report of synthesis of poly(3-
octylthiophene) by direct heteroarylation polycondensation method.> However, since this
gave rather low number average molecular weight (3 kDa) and regioregularity (90 %), the
approach did not gain prominence. Interest in direct arylation polymerization resurfaced a
decade later in 2010 once a better understanding of the mechanisms was known. Ozawa et.
al* successfully synthesized P3HT with high molecular weight and regioregularity that was
comparable to P3HT obtained using McCullough®, Rieke or GRIM polymerization methods.’
Since 2012 there has been a flurry of activity in this area with several articles and a couple of
reviews published. The biggest advantage of the direct arylation polycondensation is that it
produces cleaner polymers and less amounts of metal impurities.” This faster, less toxic and
less expensive approach was mostly reported for developing electron rich or p-type
conjugated polymers.*!! The first report of push-pull copolymer synthesized by direct
(hetero) arylation (DHAP) polymerization was in 2011; Kanbara and co-workers reported a
push-pull copolymer made of 2,7-dibromofluorene and tetrafluorobenzene.'? The first report
of successful application of DAP to prepare high molecular weight n-type polymers based on
dibrominated naphthalene diimide (NDI-OD-Br;) was from the research group of Michael
Sommer et al,"” although there were earlier reports which were not so successful in producing
high molecular weight polymers."* Sommer’s group developed P(NDI20OD-T2) (N2200) by
the direct arylation route which involved reaction between unsubstituted bithiophene and
NDI-20D-Br; using tris-(dibenzylideneacetone) dipalladium (Pd,dba;) as catalyst, pivalic
acid as the cocatalyst along with K,CO; in toluene or chlorobenzene as solvent to obtain

defect free P(NDI20OD-T2) with high and controllable molecular weight shown in Figure 4.1.
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Figure 4.1. Synthesis of P(NDI20D-T2) via direct arylation polycondensation. (Adapted
from ref. 13)

Overall the number of reports on NDI based donor-acceptor (D-A) polymers by the DAP
route so far is very less fewer than ten.'*'>' All of them except those reported from
Sommer’s group were made with either thiophene or EDOT flanked naphthalene diimide
derivatives. This was because the early attempts using dibrominated NDI as the monomer
resulted in low molecular weight oligomers only. We are presenting here novel alternating D-
A copolymers involving NDI developed by the direct arylation polycondensation route. The
polymer structures are new; thiophene terminated phenylenevinylene as the donor
comonomer was polymerized with NDI-OD-Br,. The phenylenevinylene unit was modified
by introduction of electron donating (thiophene) and withdrawing (nitrile) units to achieve
panchromatic absorption. The introduction of nitrile groups onto the oligo p-
phenylenevinylene backbone has been known to enhance the electrochemical stability of the
polymers as well as lower the lowest unoccupied molecular orbital (LUMO) level, which is
considered to be desirable for optoelectronic devices.*

As discussed in Chapter 1 Conjugated polymers like poly(3,4-ethylenedioxythiophene)
(PEDOT), polypyrrole (PPy),”' polyaniline (PANI),”* etc., alone or as composites with
carbon nanotubes (CNT) or graphene have been extensively utilized as supercapacitor /
pseudocapacitive materials, where their high conductivity and easy processability offer them
several advantages.23 According to the nature of the conducting polymers and device
configuration, they are classified into type I, type I, type Il and type IV supercapacitors.
Most of the reported data is focused on type I devices where p-type (electron rich) polymers
are used for both electrodes (symmetric). Devices based on polythiophene,24'27 PPy,zg’ »
PANT* abound with specific capacitance values greater than 100 F/g of polymer. Derivatives

of polythiophene - specially those based on PEDOT?'?* have shown great promise due to its
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superior chemical and electrochemical stability and fast switching times. Type 11°* % devices
use different p-type polymers on each electrode (asymmetric); this allows the extension of the
working potential window by encompassing the complementary potential windows of both
the polymers.3 % The type III supercapacitor utilizes identical n-type (electron poor) or donor-
acceptor (D-A) type conducting polymer whereas type IV configuration is an asymmetric
type device configuration.>”** Efficient n-type polymers for supercapacitor applications are a
major challenge due to inferior stability and cycle life issues. Most of the reported type I1I
supercapacitor m-conjugated polymers are based on derivatives of polythiophene. This dearth
of stable, n-type polymer materials is a critical limiting factor in the conjugated polymer
based supercapacitor research. Only a handful of reports are available at present utilizing this
potential of the n-type or electron transporting n-conjugated polymers or donor-acceptor type
polymers.*” *° Significant among the n-type conjugated polymers is the Polymer
(P(NDI2OD-T2)) (Polyera Activink N2200), which was reported by Facchetti et al in 2009
and which has since then been extensively utilized in all-polymer solar cells and organic field
effect transistor (OFET) applications due to its high electron mobility and desirable
semiconducting properties. In 2015 Facchetti and Yao et al. evaluated P(NDI2OD-T2) as a
charge storage material for rechargeable Li batteries (shown in Figure 4.1).*> Although the
specific capacity of ~ 54 mAh/g was lower compared to other inorganic counterparts, they
concluded that with the improved molecular design the n-type m-conjugated polymers could
see widespread application in the energy storage-related devices such as batteries,
supercapacitors, etc. This was one of the early reports of a successful demonstration of the n-
type m-conjugated polymer as a promising material for energy storage application. In 2015,
Luscombe et al. reported a hyperbranched architecture involving triphenylamine (TPA) core
and bay-substituted naphthalene diimide (NDI) terminal units with thiophene rings of varying
length between the core and periphery as ‘n’ type hyperbranched polymer supercapacitor
cathode materials (Shown in Figure 4.2) . 2

A moderate capacitance of 22 F /g (for symmetric device 0.50 F/g) and charge storage device
stability of > 500 cycles with ~ 10 % loss was reported for a two electrode assembly using
organic electrolyte. This work demonstrated the use of synthetic chemistry to precisely
control the structure and fine-tune the electrochemical properties of polymeric supercapacitor

electrode materials.
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Figure 4.2. (a) Graphical representation of the structural characteristics of m-conjugated
polymers, redox polymers, and n-conjugated redox polymers. (b) The molecular structure of
the nonconjugated P(NDI2ODTET) and the m-conjugated P(NDI20OD-T2). (Adapted from
ref. 42)

Figure 4.3. Hyperbranched polymer structure (Adapted from ref. 43)

Encouraged by the potential applicability of the n-type conjugated polymers in energy storage

devices, in this chapter we report two new NDI-based copolymers that we developed via the
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direct (hetero) arylation (DHAP) polymerization route as supercapacitor materials and their
performance was compared with that of (P(NDI2OD-T2)) as the reference polymer. The
polymers had bay substituted naphthalene diimide as the acceptor moiety in the repeat unit,
while the donor strength was varied from bithiophene (P(NDI20OD-T2)) to thiophene end-
capped phenylene vinylene (P;) and thiophene end-capped phenylene vinylene with nitrile
group substitution at the vinylene linkage (P,). The effect of this donor strength variation in

the properties of the polymers as symmetric Type III supercapacitor materials was explored.

4.2. Experimental Section

4.2.1. Materials

1,4,5,8-Naphthalenetetracarboxylicdianhydride (NTCDA), 5,5’-bis (trimethylstannyl)-2,2’-
bithiophene 97%, 2-octyldodecanol, tris-(dibenzylideneacetone)dipalladium (Pd,dba;) were
purchased from Sigma Aldrich and used without further purification. P(NDI20OD-T2)

Reference polymer was used from Chapter 2.'

4.2.2. Measurements

"H NMR spectra were recorded using 200 and 400 MHz Brucker NMR spectrophotometer in
CDClI; containing small amounts of TMS as an internal standard. MALDI TOF spectra of the
final monomers were recorded on AB Sciex 5800 TOF / TOF™. The molecular weights of
polymers were determined using gel permeation chromatography (GPC) using Viscotek VE
3580 RI detector at 25 °C and tetrahydrofuran (THF) as the mobile phase. The analyses were
carried out at a flow rate of 1 mL/min. Columns were calibrated with polystyrene standards,
and the molecular weights are reported with respect to polystyrene. Absorption spectra were
recorded using Perkin Elmer Lambda -35 UV-Vis spectrophotometer. Thermogravimetric
analysis (TGA) was performed using a TGA Q 5000 thermogravimetric analyzer. Samples
were run from 40 to 900 °C with a heating rate of 10 °C/min under nitrogen. DSC
(differential scanning calorimetry) measurements were performed on TA Q10 differential
scanning calorimeter at a heating rate of 10 °C/min under nitrogen atmosphere. The thin film
X-ray diffraction data were recorded using a Rigaku model Dmax-2500 diffractometer using

Cu Ko (1.54 A) emission, and the spectra were recorded in the range of (26) 2-50°.

4.2.3. Sample Preparation
For the UV-Vis absorption studies, thin films were prepared by dissolving the polymer in
chloroform (10 mg/mL) and spin coating (600 rpm/60 s) on quartz plates.
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4.2.4. Electrode Fabrication

For electrochemical tests, a slurry of P(NDI2OD-T2), P, or P, was prepared by dispersing 5
mg of the polymer and 1 mg of carbon nanotubes (CNTs) in 500 ul N-methyl pyrrolidone by
sonication till it formed a uniform dispersion. A 100 pl of the slurry so prepared was drop
coated on the carbon paper over an area of 1 cm” The electrodes were dried in the oven at
120 °C for 6 hours. The electrochemical tests were carried out in a conventional three
electrode cell using 0.5 M H,SOj as the electrolyte. Hg/HgSO4 was used as a reference

electrode, and carbon paper served as a counter electrode in the three-electrode setup.

4.2.5. Characterization of Symmetric Supercapacitor Devices

All the electrochemical tests were carried out on BioLogic SP-300 potentiostat. Cyclic
voltammograms were recorded at scan rates of 5, 10, 20, 50, 100, 200 and 500 mV s in the
potential range of -0.7 to 0.5 V in 0.5 M H,;SOy electrolyte. Galvanostatic charge-discharge
measurements were carried out at different current densities of 0.5, 1, 2, 3, 4, 5and 10 A g'1
for calculation of capacitance. Electrochemical impedance spectroscopy was conducted to
analyze the equivalent series resistance in open circuit condition by applying AC amplitude
of 10 mV. Similar tests were also carried out in the full cell configuration in which two same
electrodes were used in 0.5 M H,SO4. The material loading was maintained at 1 mg in all the

tests.

4.2.6. Synthesis of Monomers

1)(A) 1, 4-BI1S (2-ethylhexyloxy) benzene (1)

p-Hydroquinone (12.0 g, 0.109 mole) and KOH (30.60 g, 0.545 mole) were taken in a two
neck round bottom flask. DMSO (240 mL) was added to it under N, atmosphere and stirred
for 30-45 minutes at room temperature. 2-Ethylhexyl bromide (45.45 ml, 0.272 mole) was
added to the reaction mixture at room temperature and stirred further for 48 hours. For
workup, the reaction mixture was poured into 1.8 L water, stirred and extracted with
chloroform and washed with brine solution. The product was further purified by column
chromatography using pet ether and ethyl acetate as eluent to get the pure compound 1 (1, 4-
Bis (2-cthylhexyloxy) benzene).Yield = 18 g (50 %).'H NMR (200 MHz, CDCls) & ppm:
6.81 (s, 4H), 3.78 (d, 4H), 1.72 (t, 2H), 1.45 (m, 16H), 0.88 (m, 12H)

(B) 2,5-Dibromomethyl 1,4bis-(2-ethylhexyloxy) benzene (2)
1, 4-Bis (2-ethylhexyloxy) benzene (5.0 g, 14.94 mmol) and p-formaldehyde (3.13 g, 104.5

mmol) were taken in a two neck round bottom flask, into which 90 mL glacial acetic acid and
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hydrobromic acid (HBr) (4.47 g, 56.04 mmol) was added at room temperature under nitrogen
atmosphere. The reaction mixture was refluxed for 24 h, cooled and poured into ice water and
filtered to collect the precipitate. The precipitate was recrystallized by dissolving in glacial
acetic acid and cooled for crystallization. The crystals were filtered and dried. Yield =4.28 g
(55 %). "H NMR (200 MHz, CDCl3) & ppm: 6.85 (s, 2H), 4.50 (s, 4H), 3.86 (d, 4H), 1.74 (t,
2H), 1.57-1.32 (m, 16H), 0.93 (m, 12H).

2) 2,5-bis-2-ethylhexyloxy-1,4 xylenebis(diphosphonate) (3)

2,5 Bisbromomethyl 1,4 di-(2-ethylhexyloxy) benzene (2.0 g, 3.84 mmol) and triethyl
phosphite (5 mL) were taken in a round bottom flask and refluxed under N, atmosphere for
24 h. The excess triethyl phosphite and ethyl bromide was removed by vacuum distillation. A
highly viscous liquid was obtained as the product. Yield = 2.38 g (98 %).'H NMR (200
MHz), CDCls; 6 ppm: 6.92 (s, 2H), 3.96 (m, 8H), 3.76 (d, 4H), 3.25 (d, 4H), 1.68 (m, 2H),
1.50-1.15 (m, 18H), 0.88 (m, 12H).

3) 2,5-bis-2-ethylhexyloxy-1,4 xylenebis(cyanide) (4)

Sodium cyanide (1.17 g, 24.02 mmol) and 2,5 bisbromomethyl 1,4 di-(2-ethylhexyloxy)
benzene (5.0 g, 9.6 mmol) were dissolved in 20 ml of dry DMF and solution was heated to
100 °C for 48 hours. For workup the reaction mixture was poured into 0.5 N NaOH solution.
The precipitate formed was filtered and dissolved in chloroform and washed with plenty of
water and dried over sodium sulfate (Na,SO4). The product was further purified by column
chromatography using pet ether and ethyl acetate as eluent to get pure compound 4(2,5-bis-2-
ethylhexyloxy-1,4 xylenebis (cyanide)).Yield = 2.0 g (50 %).'H NMR (200MHz, CDCls) 6
ppm: 6.91 (s, 2H), 3.87 (d, 4H), 3.69 (s, 4H), 1.67 (m, 2H), 1.50-1.20 (m, 18H), 0.92 (m,
12H).

4) (2,5-bis((2-ethylhexyl)oxy)-1,4-phenylene)bis(ethene-2,1-diyl))dithiophene (5)

2,5-Bis-2-ethylhexyloxy-1,4 xylenebis(diphosphonate) (3) (2.0 g, 3.15 mmol) and 2-
thiophene carbaldehyde (0.777 g, 6.93 mmol) were taken in a round bottom flask (R.B) and
thereafter 25 mL dry THF was added under N, atmosphere. Potassium tert-butoxide (1.76 g,
115.75 mmol) and dry THF were taken in two neck R.B and cooled to 0 °C and the reaction
mixture was slowly added into that. After the addition, the reaction mixture was stirred for 30
minutes at 0 °C; subsequently, the ice bath was removed and the reaction mixture was stirred
at room temperature overnight. After completion of the reaction, the product was extracted

using chloroform and washed with brine and dried over sodium sulfate (Na,SOy).Yield = 1.1
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g (64 %). '"H NMR (200 MHz, CDCls) 6 ppm: 7.27 (s, 4H), 7.18 (d, 2H), 7.06-6.94 (m, 6H),
3.91-3.94 (d, 4H), 1.80 (m, 2H), 1.38-1.50 (m, 16H), 0.98 (m, 12H). MALDI-TOF Calculated
m/z =550.29; Found m/z = 550.32 (M"), m/z = 551.31 (M"+H").

5) 2,2'-(2,5-bis((2-ethylhexyl)oxy)-1,4-phenylene)bis(3-(thiophene-2-yl)acrylonitrile) (6)
2,5-Bis-2-ethylhexyloxy-1,4 xylenebis(cyanide) (4) (1.70 g, 4.10 mmol) and 2-thiophene
carbaldehyde (1.38 g, 12.30 mmol) were taken in a two-neck R.B with methanol and stirred
at room temperature. Potassium tert-butoxide (2.31 g, 20.06 mmol) in 20 mL methanol was
added to this mixture and stirred at room temperature for 48 hours. The precipitate was
filtered and washed with brine, extracted in DCM (Dichloromethane) and dried over sodium
sulfate (Na,SO4) to get the desired product. Yield = 1.20 g (49 %).'"H NMR (200 MHz,
CDCl3) 6 ppm: 8.06 (s, 2H), 7.64 (d, 2H), 7.54 (d, 2H), 7.13(m, 4H), 3.95-3.98 (d, 4H), 1.74
(m, 2H), 1.27-1.56 (m, 16H), 0.98 (m, 12H). MALDI-TOF Calculated m/z =600.28; Found
m/z=600.31 (M"), m/z=601.32 (M'+H"), m/z = 623.29 (M'+Na").

4.2.7. Synthesis of Copolymers

1) Polymer P,

NDI-20D-Br; (7) (0.4 g, 0.406 mmol), (2,5-bis((2-ethylhexyl)oxy)-1,4-phenylene)bis(ethene-
2,1-diyl))dithiophene (5) (0.223 g, 0.406 mmol), K,CO; (0.168 g, 1.21 mmol) and pivalic
acid (0.041 g, 0.406 mmol) were carefully weighed into a dry Schlenk tube containing a
magnetic stir bar. Degassed dry toluene (18 mL) was added to the reaction vessel under N,
atmosphere and stirred for 5 minutes at room temperature to fully dissolve the monomers.
This was followed by the addition of Pd,dba; (4 mg, 0.004 mmol) under N, atmosphere and
heating the reaction vessel was in a preheated oil bath and at 100 °C with stirring for 14
hours. After cooling to room temperature, the mixture was dissolved in chloroform,
precipitated in methanol, filtered and purified via Soxhlet extraction with acetone, ethyl
acetate, and hexane and finally collected with chloroform and filtered through a silica plug to
get the polymer. Yield = 520 mg, (94 %) 'H NMR (400 MHz, CDCls) & ppm: 8.80 (br, 2H),
7.35 (br, 4H), 7.28 (br, 2H), 7.15(br, 2H), 7.05 (br, 2H), 4.10 (br, 4H), 3.96 (br, 4H), 1.98 (br,
2H), 1.84 (br, 2H), 1.56-1.25 (br, 112H), 0.88 (br, 30H). Mn : 31,700, D: 4.6.

2) Polymer P,

Polymer P, was synthesized using the same procedure as that given for P, NDI-20D-Br; (7)
(04 g, 0406 mmol), 2,2'-(2,5-bis((2-ethylhexyl)oxy)-1,4-phenylene)bis(3-(thiophene-2-
yl)acrylonitrile) (6) (0.244 g, 0.406 mmol), K,COs (0.168 g, 1.21 mmol), pivalic acid (0.041
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g, 0.406 mmol) and Pd,dbas (4 mg, 0.004 mmol). Yield = 320 mg, (55 %). '"H NMR (400
MHz, CDCls) 6 ppm: 8.80 (br, 2H), 8.17 (br, 2H), 7.71 (br, 2H), 7.32 (br, 2H), 7.20 (br, 2H),
4.03 (br, 8H), 1.96 (br, 2H), 1.83 (br, 2H), 1.56-1.21 (br, 124H), 0.88-0.97 (br, 32H). Mn :
9,750, b : 1.5.

4.3. Results and Discussion

4.3.1. Synthesis and Characterization

The synthesis and characterization of NDI-20D-Br, was previously reported’ in Chapter 2
section 2.2.6. The synthesis of the donor moieties started from hydroquinone, which was
alkylated and then bis bromomethylated following literature procedure.” The bromomethyl
derivative was then converted to the diphosphonate by reacting with triethylphosphite. It was
then subjected to Wittig-Horner reaction with thiophene-2-carbaldehyde to obtain one of the
donor monomers. The second donor monomer with the nitrile substitution was synthesized by
refluxing the 1,4-bis(bromomethyl)-2,5-bis-(alkoxy) benzene with sodium cyanide in DMF.
The nitrile derivative was then reacted with thiophene-2-carbaldehyde to obtain the thiophene
end capped, nitrile substituted phenylenevinylene donor monomer. Scheme 4.1 shows the
synthetic procedure for the two donor monomers. The details of synthesis, structural
characterization and confirmation of purity of the monomers are provided in the Figures 4.4

to 4.7.
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Scheme 4.1. Synthesis of monomers.
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Figure 4.4. 'H NMR spectrum of monomer (2,5-bis((2-ethylhexyl)oxy)-1,4-
phenylene)bis(ethene-2,1-diyl))dithiophene (5).
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Figure 4.5. MALDI- TOF spectrum of monomer (2,5-bis((2-ethylhexyl)oxy)-1,4-
phenylene)bis(ethene-2,1-diyl))dithiophene (5).
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Figure 4.6. 'H NMR spectrum of monomer 22'-(2,5-bis((2-ethylhexyl)oxy)-1,4-
phenylene)bis(3-(thiophene-2-yl)acrylonitrile) (6).
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Figure 4.7. MALDI- TOF spectrum of monomer 2,2'-(2,5-bis((2-ethylhexyl)oxy)-1,4-
phenylene)bis(3-(thiophene-2-yl)acrylonitrile) (6).
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Scheme 4.2. Synthesis of polymers.

The direct heteroarylation polycondensation of NDI-20D-Br, with the donor monomers 5
and 6 was carried out following the procedure outlined by Sommer et.al.'* Scheme 4.2 shows
the conditions of DHAP for the D-A copolymers. In short, the NDI-20D-Br; was reacted

with the donor monomers in the presence of ftris (dibenzylideneacetone)dipalladium
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(Pd,dbaj), K,COs, pivalic acid using toluene as solvent at 100 °C. The polymers were named
P(NDI-ThOPYV) or P; for the polymer without nitrile substitution and (P(NDI-ThCNOPYV)
or P, for the polymer with nitrile substitution on the oligophenylene moiety. Throughout the

rest of the chapter, the polymers were referred to simply as Py and P,.
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Figure 4.8: '"H NMR spectra of copolymers P; and P, recorded in CDCl;.

Figure 4.8 shows the labeled stack plot of the proton NMR spectra of the two new D-A
copolymers. The spectrum in the top in Figure 4.8 corresponds to polymer P;. The two
aromatic protons of NDI appeared at 8.80 ppm, while the peaks at 7.35, 7.15 and 7.05 ppm
corresponded to the aromatic protons of thiophene coupled phenylenevinylene moiety. The
aromatic protons of NDI in polymer P, (Figure 4.8 bottom) also appeared at 8.80 ppm.
However, the aromatic protons of the thiophene coupled phenylenevinylene moiety were de-
shielded (8.17, 7.71, 7.32 and 7.20 ppm) due to the presence of the electron withdrawing
nitrile groups. The two peaks at 4.10 and 3.96 ppm corresponded to the CH, protons next to
the imide nitrogen on the NDI ring and to the -OCH;- protons of the alkyl substitution on the
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central phenyl ring respectively. Some small extra peaks were observed in the aromatic
region of P, which could be assigned to tolyl end capping with various positional isomers.
* Aromatic solvents like toluene has been shown to be susceptible to C-H activation under
DAP conditions which leads to chain termination with end capping. The lower solubility of
the nitrile substituted polymer P, compared to P; resulted in its lower molecular weight
(discussed later on) due to which the tolyl end groups were clearly observed in the proton
NMR spectrum. Although P; was also equally susceptible to end capping by toluene group, it
was not so obvious in its proton NMR spectrum due to its relatively higher molecular weight.
The polymers were purified by repeated soxhlet extraction with methanol, acetone, and
hexane respectively for 24 hours each. The polymers were sparingly soluble in common
organic solvents like DCM, chloroform and, chlorobenzene. However, they had good
solubility in tetrahydrofuran (THF) in which the molecular weight was estimated using size
exclusion chromatography (SEC) with polystyrene (PS) as the standard and THF as the
solvent. Table 4.1 shows the molecular weight (GPC chromatogram provided in Figure 4.9)
and other characterization details of the polymers. The details of P(NDI20D-T2) from
Chapter 2 has also been included in the table for comparison.' The polymers exhibited high
molecular weights with Mn 26.4, 31 and 10 kDa for P(NDI2OD-T2), P; and P,, respectively.
The Mw were 152, 146 and 15 kDa, respectively. Thermal characterization of the copolymers
was carried out by thermogravimetric analysis (TGA) as well as differential scanning

calorimetry (DSC) measurement under a nitrogen atmosphere.
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Figure 4.9: GPC chromatograms of the polymers recorded using THF as the eluent.
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Table 4.1 Molecular weight and thermal characterization of the polymers.

M, (KDa) | Mw® (KDa) | P* T

Polymer
P(NDI20OD-T2) 26.4 152 5.7 422
P 31 146 4.6 395
P, 10 15 1.5 420

“ Determined by SEC using THF as the eluent and PS as standards. ” Determined by

thermogravimetric analysis 10 % weight loss Temperature (°C).
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Figure 4.10: TGA of polymers run from 40 to 800 °C with a heating rate of 10 °C/min under

nitrogen.

TGA curves (Figure 4.10) showed good thermal stability for the polymers with onset
decomposition temperature (T4) more than 400 °C. The DSC thermograms were recorded by
heating the polymers from -50 °C to 300 °C at 10 °C /min under N, atmosphere (Figure
4.11). No transitions were observed in the case of polymer P;, which indicated its amorphous
nature. In the case of polymer P, sharp transitions were observed in heating and cooling due

to its semi-crystalline nature.
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Figure 4.11: DSC thermograms of polymers P; and P, at a heating rate of 10 °C/min under

nitrogen atmosphere.

4.3.2. Optical Characterization and Energy Level

UV-Vis absorption spectra of polymers P; and P, were recorded in chloroform (dilute
solution) as well as in thin-film spin-coated on glass substrate and are shown in Figure 4.12
along with that of the reference polymer P(NDI20OD-T2). In solution (top) and thin film
(bottom) the polymers showed two absorption bands; the high energy absorption band at
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~300-480 nm was assigned to the n-n* transition and the low energy band at ~500 - 800 nm
was accounted to intramolecular charge transfer (ICT) from thiophene based donor unit to

NDI 1245

Solution —— P(O\DI20D-T2)
1.0 P
—DP2
0.8-
0.6-
0.4-
0.2-
0.0
Thin Film —— if“’m““)
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S o o m=
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>
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Figure 4.12: UV-Vis absorption spectra of dilute solutions of polymers in chloroform (top)

and thin film (bottom) on quartz substrate.

This ICT band is sensitive to the nature of the donor unit i.e the electron donating strength of
the donor moiety in the repeat unit.*® It could be seen from Figure 4.12 that the ICT band in
P, was much more blue shifted compared to that of the reference polymer or P;. It indicated a
markedly reduced electron is donating strength of the donor unit in P,, which could be
accounted for by the presence of the two electron withdrawing nitrile groups in P, which was
absent in P;. This blue shift is not caused by a lack of planarity in P, as the nitrile substitution

at the vinylene bridge has been shown to not distort the molecular structure.”’ An
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enhancement of the intensity of ICT band with respect to the n-n* band was observed in P, in
going from solution to film, which demonstrated enhanced donor-acceptor interaction in the

opt

film. The optical band gap (E;") of the polymers was calculated from lower energy

absorption band edge of thin-film and is listed in Table 4.2.

Table 4.2 Electrochemical and optical band gaps.

Polymer HOMO" | LUMO | E/” | HOMO® | LUMO’ E,
(eV) (eV) (eV) (eV) (eV) (eV)

P(NDI2OD-T2) | -5.42 -3.90 1.52 - - -
P, -5.31 -3.75 1.56 -4.91 -3.28 1.63
P, -5.60 -3.95 1.65 -5.34 -3.46 1.88

“ HOMO values calculated from LUMO and E, optical, ’ DFT calculation of energy levels
and bandgap for the model (dimer).

An optical band gap of 1.52 eV was obtained for the reference polymer P(NDI20OD-T2),
which was slightly increased to 1.56 eV and 1.65 eV in P; and P; polymers, respectively.
Electronic energy levels of the new copolymers were measured by cyclic voltammetry. Thin-
films of polymer were drop cast on the platinum working electrode.

The measurement was done in acetonitrile solvent with ferrocene/ferrocenium as an internal
standard and tetrabutylammonium hexafluorophosphate (n-Bu4NPF¢ 0.1M/ acetonitrile) as
supporting electrolyte.*® Cyclic voltammograms for polymers are shown in Figure 4.13, and
the calculated HOMO and LUMO energy levels are given in Table 4.2. Copolymer P; and P,
showed two quasi-reversible reduction peaks at -0.806 / -1.11 V and -0.65 / -1.09 V
respectively with 0.026 / 0.013 and 0.028 / 0.010 peak current. Decreased reduction potential
with increased peak current observed in the case of polymer P, confirmed the comparatively
higher electron deficiency of P, due to the presence of two electron withdrawing nitrile
groups along the backbone.> However, oxidation peaks were not observed during anodic scan
up to 2V. The lowest unoccupied molecular orbital (LUMO) energy levels were calculated
based on the onset value of first reduction peak and reference energy level of ferrocene (4.8
eV below the vacuum level) according to Erumo (eV) = -e x (E™* onset + 4.8) below the
vacuum level.*> The LUMO energy levels of P; and P, were obtained as -3.75 V and -3.95 V
respectively. The highest occupied molecular orbital (HOMO) levels were estimated based on
the optical band gap calculated from the absorption onset measurements in a thin film. Thus,

HOMO energy levels of P; and P, were determined as -5.31 V and -5.60 V respectively.
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Figure 4.13: Cyclic voltammograms of P; and P, copolymers as thin film in 0.1 M (n-

Bu)4NPF¢ — acetonitrile solution.

The LUMO and HOMO energy levels of P(NDI2OD-T2) were taken as -3.90 eV and -5.42
eV, respectively from chapter 2." The HOMO and LUMO energy levels of donor-acceptor
copolymers can be fine tuned by varying the electron donating or accepting the strength of
the donor or acceptor moiety. For instance, in P; and P,, the acceptor part is the same
(naphthalene diimide), but the donor strength is reduced in P, due to the electron withdrawing
nitrile groups. This resulted in lowering of the HOMO level and higher energy band gap in P,
compared to P;. These observations could also be confirmed by calculations based on
density-functional theory (DFT) performed on oligomeric models (dimer). The energy levels
were calculated from Gaussian 09 program using B3LYP functional and polarized 6-31g*
basis set. The bulky alkyl substituents in both the donor and acceptor fragments were
replaced with a methyl group in order to minimize the computational time. The values of
HOMO, LUMO and band gap are listed in Table 4.2, while the surface plots of the model
dimers are provided in the Figure 4.14. In donor-acceptor conjugated systems based on NDI,
the LUMO wavefunctions are generally localized on the NDI aromatic unit as we have
previously also observed in case of NDI-OPV models.” P, and P, followed this pattern with
the LUMO wavefunction localized on NDI and the HOMO wavefunction on the thiophene
end-capped OPV unit.
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The values of the HOMO /LUMO for the two model units (given in Table 4.2) calculated
from the DFT, followed the trend of experimental results from cyclic voltammetry and
absorption spectra. P; and P, models (dimeric unit) showed band gap of 1.63 eV and 1.88 eV
respectively. The LUMO levels were very similar (-3.28 V and -3.46 V for P; and P,
respectively) since the acceptor part was the same, whereas the HOMO values were lower for

P, (-4.91 V and -5.34 V for P; and P, respectively).
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Figure 4.14: HOMO and LUMO surface plots for oligomers (dimer models): (a) Py; (b) P,

4.3.3. Thin-film Crystallinity

The molecular packing and bulk crystalline nature of the polymers were analyzed using
powder wide-angle X-ray diffraction (XRD) measurement. Figure 4.15 shows the
normalized X-ray diffraction patterns of the two polymers. Both of them showed sharp
reflections with multiplicity indicating lamellar nature. A sharp (100) reflection was observed
at 20 = 4.30° and 3.94° corresponding to d spacing of 20.53 A and 22.56 A for P, and P,
respectively. This distance corresponded roughly to the length from one end of the naphthyl
ring (at para position to the thiophene linkage) to the thiophene ring at the end of the
oligothiophene phenylenevinylene unit. The lamellar peaks were obtained at 26 values of
4.30°, 8.91° and 11.97 ° (1:2:3 ratio) for P; (indicated by arrows in Figure 4.15). For P,, the
peaks were observed at 20 values of 3.94°, 7.97° and 11.65°(indicated by arrows in Figure
4.15). Table 4.3 compiles the 26 values, and corresponding d spacing is observed for both the

polymers.

Ph D. Thesis: Sandeep Kumar Sharma Page 112



Chapter 4 NDI copolymers for Supercapacitors

0 —P1
cl —P2
«<
N’
> 0.8 -
N
i7
=
E 06
= 0.
!
S
N 0.4
:
<
é 0.2
S
Z. £y
L/
0.0 - T T T T T T T T T T
5 10 15 20 25 30
20 (degrees)

Figure 4.15: Powder WXRD diffraction patterns of P, and P, copolymers.

Table 4.3. 260 values and d spacing values for the polymers.

20° d-spacing (A) % Crystallinity
Polymer
(100) Lamellar peaks | dioo | diametier
P, 4.30 8.91,11.97 20.53 | 9.91,7.38 16.4 %
P, 3.94 7.97,11.65 22.56 | 11.32,7.59 31.5%

The percent crystallinity of the two polymers were estimated from the areas of the peak under
the crystalline and amorphous regions with the help of “X’Pert Highscore plus software” as

shown in the equation.
% Crystallinity = Areacyys/ Aréaamp+Cryst

Using the above formula, the percent crystallinity was estimated to be 16.4% for P; and
31.5% for P,. Better crystallinity implied improved polymer chain alignment and reduced
chain defects, which are beneficial as far as charge transport and device performance are

concerned.

Ph D. Thesis: Sandeep Kumar Sharma Page 113



Chapter 4 NDI copolymers for Supercapacitors

4.3.4. Electrochemical Characterization of the Symmetric Polymer Composite
Supercapacitor

The electrochemical properties of the polymer composite electrodes (< 16 wt % carbon) were
evaluated using cyclic voltammetry (CV) with Hg/HgSO, as the reference electrode and
carbon paper as the counter electrode in 0.5 M H,SOy as the electrolyte. This analysis served
as a guide for setting the parameters for the device fabrication. The details of the CV
experiments depicting the enhancement in the capacitive performance and current are

provided in the Figure 4.16.
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Figure 4.16: Cyclic voltammogram of the composite material, neat polymer and bare carbon

electrodes.

The carbon nanotubes have been shown to improve the structural ordering of the conducting
polymer chains thereby facilitating delocalization of charge carriers leading to enhanced
conductivity.49 The properties of the two polymers were compared with that of (PNDI20OD-
T2) synthesized in the lab (see our previous report) as a reference polymer.1 Figure 4.17a
shows the cyclic voltammograms for the polymers inspected under a potential range of -0.7 —
0.5 V at a scan rate of 10 mVs™. The nearly square shape of the CV curve indicated good
capacitive behavior. The polymers exhibited a redox peak around -0.3 V. From the CV, the
oxidation peak for P(NDI20OD-T2) was observed at -0.10 V and the reduction peak at -0.26
V. For P;, these peaks were observed at -0.07 V and -0.25 V, respectively, while the
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oxidation and reduction peaks for P, were observed at -0.06 and -0.25 V, respectively. The
area under the CV curve is a measure of the capacitance of the material. As seen in Figure
4.17a, P, exhibited the highest area under the CV indicating the highest capacitance among

the three polymers tested.
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Figure 4.17: a) CV Spectra of different polymers recorded at a scan rate of 10 mVs™. b) CVs
recorded at different scan rates for the P, polymer. ¢) Nyquist plots for different polymers. d)

Represent the zoomed part of the Nyquist plot given in Figure c.

The capacitance values of P(NDI20OD-T2) and P; were more or less similar. The high
capacitance of the P, could be ascribed to the increased electron delocalization along the
polymer backbone brought about by the presence of two nitrile groups which allowed for
more negative charge to be accepted compared to the other two polymers.* Cyclic
voltammograms recorded at different scan rates for (P,) are shown in the Figure 4.17b. The

polymer showed a behavior which is typical of a capacitive material with the peak current
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increases with the increase in the scan rate. However, the CV recorded at high scan rates
became relatively more resistive as the electrolyte ions could not get ample time for the
adsorption on the polymer surface. For gathering more insightful information on the charge
transfer nature of the polymer, the redox activity of the polymers was probed with the help of
the electrochemical impedance spectroscopy (EIS) in the frequency range of 1 MHz to 1
MHz under open circuit voltage (OCV) conditions at an AC amplitude of 10 mV. Figure
4.17¢ shows the Nyquist plots of the imaginary component of the impedance (Z’’) versus the
real component (Z’) for the three polymers. In the Nyquist plot, the high-frequency intercept
on the abscissa gives the equivalent series resistance (ESR) which is the combination of
solution resistance and other resistive contributions arising from the electrode materials,
current collector, and electrical contacts.

The ESR measured for P; and P, were 3 Q while that observed for P(NDI2OD-T2) was more
than double at 6.31 Q. This indicated high conductivity for P; and P, polymers in comparison
to P(NDI20OD-T2). For high power density, it is necessary to have low ESR value as the
maximum power output is inversely proportional to ESR, i.e., Ppa—= V?/ 4R. The enlarged
region in the high-frequency range of the Nyquist plot given in Figure 4.17d confirmed the
absence of any appreciable semi-circle signature for the charge transfer resistance (CTR) or
plateau in the mid-frequency region that gives Warburg diffusion. Overall, the Nyquist
analysis showed higher conductivity and faster kinetics for the P, polymer. The slightly
higher ESR value for the polymer P, could be ascribed to the high band gap of P, (1.65 eV)
compared to P; (1.56 eV).

The Galvanostatic charge/discharge (GCD) characteristics was investigated for the polymers
P; and P, along with P(NDI2OD-T2). Figure 4.18a shows the GCD profiles for the n-doped
polymer films. The GCD curves showed deviation from the triangular geometry, which is
normally considered as the case of ideal electrochemical double layer behavior. The slightly
distorted GCD profiles appearing in the case of the polymers suggested the existence of
pseudocapacitive contribution by the systems.50 P, showed a gravimetric capacitance of 124 F
g at a current density of 0.5 A g'. This is one of the highest values reported for D-A
conjugate polymers reported so far.* The corresponding values for P; and P(NDI2OD-T2)
were 61 and 84 F g'l, respectively. Figure 4.18b shows the charge-discharge profiles
recorded at increasing current density values. Figure 4.18c illustrates how the specific
capacitance of the system changes with respect to the current density, where a decrease in the
capacitance was clearly observed with increase in the current density. This is expected

behavior in the case of the organic materials. When the current density is increased to 5 A g™,
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P, could retain 40 % of the capacitance as measured at 0.5 A g'l. Such modest rate capability

displayed by the system is ascribed to the restricted ion movement incurred by the system.
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Figure 4.18: a) Charge-discharge profile of different polymers recorded at a current density
of 0.5 A g b) Charge-discharge profile of P, polymer measured at different current densities
c) represents the rate capability and capacitance retention of P, polymer d) Durability test

conducted at a current density of 5 A g™ for the P, polymer.

The cycling stability of the system was tested using cycling experiments by recording 5000
CV cycles at a current density of 5 A g, which is shown in Figure 4.18d. Even after 5000
cycles, P, could retain almost 100 % of the initial capacitance. Moreover, the complete
retention of the coulombic efficiency was observed throughout the cycling tests (Figure
4.18d). The energy density and power density of 2 Wh kg™ and 22 kW kg™, respectively, was
observed for P,, which are comparable to values reported for p-type of conducting polymers

. . 51,52
in the literature.”

4.3.5. Full Cell Characterization
Performance of P, was analyzed in full cell device configuration in 0.5 M H,SO, as an
electrolyte. Cyclic voltammogram recorded at a scan rate of 5 mV st is given in the Figure

4.19a; it shows typical rectangular CV behavior of the capacitive material expected for
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complete two-electrode cell. Furthermore, Figure 4.19b shows the CVs recorded at
increasing voltage scan rates, the peak current increases proportionally with scan rate (a

characteristic of capacitive behavior).
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Figure 4.19: Electrochemical characterization of symmetric supercapacitor fabricated for P,
polymer; the electrolyte used for the test was 0.5 M H,SOj4 a) cyclic voltammogram recorded
at a scan rate of 5 mV s b) represents the CVs recorded at increasing voltage scan rates c)
represents the Nyquist plot depicting the ESR and frequency behavior of the device d)
galvanostatic charge-discharge recorded at a current density of 0.5 A g'l. The inset shows the

glowing of a red LED using P, based full cell configuration.

However, CVs at higher scan rate show more resistive behavior which is caused by the fast
movement of electrolyte ions in and out of the polymer, thereby, electrolyte ions does not get
enough time to participate in charge storage. The equivalent series resistance measured from
EIS for the device is 8 Q which is depicted in the Nyquist plot given in the Figure 4.19c¢; also

any semi-circle representative of the charge transfer resistance is not evident in the Nyquist
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plot. Finally, capacitance was measured by recording galvanostatic charge-discharge curves
at a current density of 0.5 A g-1, capacitance of 40 F g-1 could be obtained in the full cell
configuration (Figure 4.19d). Theoretically, the capacitance obtained in the two electrode
cell is half of the capacitance obtained for the single electrode in the three electrode set up.
However, the capacitance measured here is less than half of the capacitance obtained for
single electrode. This loss in capacitance can be attributed to the ESR obtained for the full
cell. The inset in Figure 4.19d demonstrates the full cell configuration of polymer P, as a
power source used to glow a red light emitting diode (LED) The results shown in this report
are superior compared to the results reported for similar polymer systems in the literature,
and it embarks a significant contribution to the development of n-type polymers in the field

of charge storage.

4.4. Conclusion

In summary, m-conjugated polymers based on naphthalene diimide as the acceptor and
thiophene terminated phenylenevinylene as the donor were synthesized following the Direct
(hetero) arylation polycondensation (DHAP) route. The polymer was successfully evaluated
as composite electrode in supercapacitors in a type III device configuration. A specific
capacitance of 124 F/g with excellent stability up to 5000 cycles with almost 100% retention
of the initial capacitance was observed for the polymer with nitrile substituents along the
OPV backbone (P,). We are not aware of any other reports of application of donor-acceptor
conjugated polymer as supercapacitor electrode materials with such exceptional long-term
cycle life (5000 cycles) with 100 % retention of capacitance value. The energy and power
density was obtained as 2 Wh kg'1 and 22 kW kg'1 respectively. Development of materials for
type III supercapacitor device application is very crucial since not many materials can meet
the challenge of stability under reduced conditions. Although donor-acceptor polymers have
earned their place as efficient materials for photovoltaic applications, they are yet to be
explored for their applicability in type III and type IV supercapacitor devices. The
observations presented here highlight the importance of donor-acceptor m conjugated

polymers in energy storage applications.
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Chapter 5

Naphthalene Diimide and Perylene Diimide Based Alternate and
Random Copolymers for Supercapacitor Electrode Materials
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5.1. Introduction

Electrolytes play a very important role in supercapacitor device fabrication.! Electrolytes can
be either ionic solute (salt) dissolved in solvent or it can be pure salt (ionic liquid). The
electrolyte provide ionic conductivity and thereby allows charge collection on electrodes in
the supercapacitors, it also contributes to the redox reactions for charge storage
(pseudocapacitors). It also participates in the formation of an electrical double-layer in
electrical double-layer capacitors (EDLC). Depending on their application, aqueous and
organic electrolytes are used for supercapacitors. An aqueous electrolyte shows high
capacitance and high ionic conductivity.” The most common aqueous electrolyte is H,SO4
due to its very high ionic conductivity (0.8 S cm™ for I M H,SO; at 25 °C).* In the previous
chapter donor-acceptor polymers based on naphthalene diimide as the acceptor and thiophene
terminated phenylenevinylene as the donor was investigated in aqueous electrolyte.6 Some of
the limitations of aqueous electrolyte is the small potential window. This issue can be
overcome by using organic electrolytes.

The organic electrolyte is alternative of aqueous electrolytes, they have higher potential
operating voltage and it shows very high energy density.”* Supercapacitor using liquid
electrolytes has the problem of electrolyte leakage and packaging of device with metal casing
makes the device quite expensive. To address this problem, gel electrolytes have been
introduced recently and researchers are trying to replace liquid electrolytes with gel
electrolytes.”*® Gou et al. fabricated flexible asymmetric supercapacitor from poly[4,7-
bis(3,6-dihexyloxy-thieno[3,2-b]thiophen-2-yl)] benzo[c][ 1,2,5]thiadiazole (PBOTT-BTD) as
a positive electrode and PEDOT as negative, the device showed electrochromic properties
which changed color with the amount of charge stored.”® The donor-acceptor polymers
demonstrated till now suffer from high equivalent series resistance, low capacitance and low
energy density. A great deal of improvement in the performance of donor-acceptor polymers
is needed to use them in commercial devices. In 2014, Seferos et al. had studied different
types of donor-acceptor polymers for charge storage; they also studied the effect of position
of acceptor molecules on the polymer chain on the polymer conjugation and charge storage in
organic electrolyte 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFq).”’ They
observed an improvement in the charge storage for the alternate arrangement of donor and
acceptor moieties caused by the enhanced delocalization in the polymer backbone.

A very few reports are available at present for the n-type or electron transporting -

conjugated polymers or donor-acceptor type polymers for supercapacitor application. Zeigler
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et al. has demonstrated capacitive properties of n-type TPA-3Th-NDI polymer; in this work,

they fabricated an asymmetric supercapacitor with n-type polymer as a negative electrode.”
However, high charge-transfer resistance severely impacted its performance, delivering a
capacitance of only 22 F g™,

Considering all above mentioned factors in this chapter, reported the synthesis of four
different polymers with NDI and PDI as acceptor moiety and bidithiazole (BDT) as donor
units. Polymers with alternate and random arrangement of donor and acceptor units were
tested for charge storage in Propylene carbonate-lithium perchlorate (PC-LiClO4) electrolyte
and their flexible supercapacitor device were fabricated. All copolymers structural and

electrochemical properties were investigated.

5.2. Experimental Section

5.2.1 Materials

1,4,5,8-Naphthalenetetracarboxylicdianhydride (NTCDA), 3,4,9,10- perylene
tetracarboxylicdianhydride (PTCDA), 2-octyldodecanol, 3-thiophene carboxylic acid 97 %,
2-ethylhexylamine, bis(triphenylphosphine) palladium (II) dichloride (Pd(Phs),Cl,) were
purchased from Sigma Aldrich and used without further purification. 2-(tributylstannyl)

thiophene-98 % was purchased from Lumtech and used without further purification.

5.2.2 Measurements

"H NMR spectra were recorded using 200 and 400 MHz Brucker NMR spectrophotometer in
CDCl; containing a small quantity of TMS as an internal standard. The molecular weights of
polymers were determined using gel permeation chromatography (GPC). GPC measurements
were carried on a Thermo Quest (TQ) GPC at 25 °C using chloroform as the mobile phase.
The analysis was carried out at a flow rate of 1 mL/min using a set of five p-Styragel HT
columns (HT-2 to HT-6) and a refractive index (RI) detector. Columns were calibrated with
polystyrene standards, and the molecular weights are reported with respect to polystyrene.
Absorption spectra were recorded using Perkin Elmer Lambda -35 UV-Vis
spectrophotometer. Thermogravimetric analysis (TGA) was performed using a PerkinElmer

thermal analyzer STA 6000 model at a heating rate of 10 °C/min in a nitrogen atmosphere.

5.2.3 Sample Preparation
For the UV-Vis absorption studies, thin films were prepared by dissolving the polymer in
chloroform (10 mg/mL) and spin coating (600 rpm/60 s) on quartz plates. Solution studies

carried out in chloroform and solution was made 0.1 OD (optical density) at peak maximum.
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5.2.4. Electrode Fabrication

To fabricate electrode, slurry of polymers with carbon nanotubes in 16.6 wt % was prepared
in N-methyl pyrrolidone (NMP) in a concentration of 1 mg cm™. Carbon nanotubes were
added as a conductive additive to improve charge collection and transfer in the polymers. The
polymer slurry was then drop coated on the carbon current collector over an area of 1 cm™.

The electrodes were then dried under IR lamp.

5.2.5 Characterization of Supercapacitor Devices
Charge-storage characteristics of the polymers were analyzed through cyclic voltammetry,
electrochemical impedance spectroscopy, and galvanostatic charge-discharge. All the

electrochemical test were conducted on BioLogic VMP-3 potentiostat-galvanostat.

5.2.6 Synthesis
I) Synthesis of Monomers
1) The synthesis NDI-20D-Br; (1) was detailed in Chapter 2 in section 2.2.6.

2) 2,6-Bis(2-thienyl)naphthalene-1,4,5,8-tetracarboxylic-V,/V’-bis(2-octyldodecyl)
diimide TNDIT (2)

" .
O M © O N._0
Br S S
Br . @/5”8”3 Pd(PPh;);Cl, /I OO \
THF S
0~ 'N° "0 Reflux, overnight
}'? o) l}l 0]
2
Ry = 2-octyl dodecyl amine R>

TNDIT was prepared by Stille coupling reaction according to a standard reported protocol.
NDI—2OD—Br2 (1 g, 1.015 mmol), Pd(PPh3)2C12 (16 mg, 0.022 mmol) and 2-

(tributylstannyl)thiophene (0.886 g, 2.37 mmol) was added into a two-neck R.B. flask,
equipped with a magnetic stirring bar and a reflux condenser. Anhydrous THF (25 ml) was
added by syringe under argon atmosphere. The mixture was refluxed overnight, evaporated to
dryness and dissolved in boiling isopropanol. An orange solid, precipitated upon cooling,

which was separated by filtration, washed with cold isopropanol, methanol and dried in
1
vacuum at 40 °C. Yield = 0.905 g (90 %). H NMR (200 MHz, CDCl3) & ppm: 8.75 (s, 2H),

7.57-8.54 (dd, 2H), 7.28 (dd, 2H), 7.21-7.19 (dd, 2H), 4.07-4.04 (d, 4H), 1.94 (m, 2H), 1.4-
1.15 (m, 64H), 0.87 and 0.86 ppm (m, 12H).
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3) 2,6-Bis(2-bromothien-5-yl)naphthalene-1,4,5,8-tetracarboxylic-/V,N’-bis(2-

octyldodecyl) diimide Br-TNDIT-Br (3)

E E CHCly and Acetic acid, 60 °C /O—E_Q/

' Ry = 2-octyl dodecyl amine

TNDIT (0.80 g, 0.8 mmol) was dissolved in 60 ml of 1:1 mixture of chloroform and acetic
acid (v/v). N-Bromosuccinimide (0.413 g, 2.41 mmol) was added to the solution and the
mixture was stirred at 60 °C and the reaction was monitored with TLC. The chloroform was
evaporated under reduced pressure, the precipitated dark red solid was collected by filtration,

washed with MeOH and recrystallized from boiling EtOH (~100 ml/g). Yield = 650 mg (81
%). Ty NMR (200 MHz, CDCl5) & ppm: 8.70 (s, 2H), 7.12 (dd, 2H), 7.08 (dd, 2H), 4.08 (d,

4H), 1.93 (m, 2H), 1.22 (m, 64H), 0.87 and 0.84 ppm (m, 12H).

4) N, N'-Bis(2-octyldodecyl)-2,8-dibromo-3,4,9,10-perylene tetracarboxylicdiimide (PDI-
20D-Br2) (4)

Ry
O- .O. _O Os_N__O
O,
st04 Br Aceticacid  Br ‘
Br R,-NH, OO Br
85 °C, OO 120°C,12 h
overnight
0”0”0 o~ N 70
Rz

R ;= 2-octyl dodecyl

A mixture of PTCDA (31.3 g, 80 mmol) and 270 mL 96 % sulfuric acid was stirred for 12 h
at room temperature and subsequently iodine (0.77 g, 3.0 mmol) was added. The reaction
mixture was heated up to 85 °C, and bromine (28.2 g, 9.0 mL, 176 mmol) was added
dropwise over a period of 1 h. The mixture was heated overnight at 85 °C and then cooled
down to room temperature. A stream of air was used to remove the excess bromine. Water

(65 mL) was added carefully, and the resulting precipitate was separated by Buchner
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filtration, washed with 86 % sulfuric acid (300 g) and a large amounts of water, some acetone

(about 50 mL), and dried in vacuum to get the product. Yield = 40 gm (92 %)

Step (ii) a mixture of PTCDA-Br; (3.00 g, 5.4 mmol, 1 equiv.) was suspended in the mixture
of 60 mL N-methyl pyrrolidine (NMP) and 20 mL glacial acetic acid and purged with argon.
The mixture was stirred at 60 °C for 20 minutes to get a homogeneous dispersion which was
followed by addition of 2-octyldodecylamine (4.86 g, 16.3 mmol, 3 equiv.). The reaction
temperature was raised to 120 °C. After 12 hours, the reaction mixture was cooled down to
room temperature and poured into 500 mL of water. The suspension of water was stirred for
2 hours and filtered on Buchner funnel under vacuum. The residue was washed with a large
amount of water and dried under vacuum. The crude product was column purified by using
pet ether/ethyl acetate (1:6) to get the pure red product. Yield = 3.0 g (40 %). 'H NMR (200
MHz, CDCls) & ppm: 9.48-9.44 (d, 2H,), 8.90 (s, 2H), 8.69-8.65 (d, 2H), 4.11(d, 4H), 1.97
(m, 2H), 1.21, (m, 64 H), 0.84 (m, 12H).

5) 2,6-Bis(2-thienyl)perylene-3,4,9,10- tetracarboxylicdiimide-/V,/V’-bis(2-octyldodecyl)
diimideTPDIT (5)

R,
0 _N__O Ry

O S )
‘ B BugSn\@ PA(PPh3),Cl, | g ‘ S
OO * THF OO \ !

Reflux, overnight

07 N° 70 Ry= 2-octyl dodecyl N N0

R2 |

Under argon, a mixture of PDI-20D-Br2 (1.00 g, 0.89 mmol, 1 equiv.), 2-tributylstannyl-
thiophene (1. g, 2.69 mmol, 3 equiv.), and Pd (PPh3),Cl, (0.031 g, 0.05 equiv.) in anhydrous
toluene (25 mL) was refluxed overnight. After cooling down to room temperature, the solvent
was removed by rotary evaporator and the reaction residue was purified by column
chromatography with a mixture of pet ether:ethyl acetate (40:1 v/v) as eluent, affording a
purple solid. The solid was then recrystallized in ethanol to get pure TPDIT. Yield =0.93 g
(78 %) . "H NMR (200 MHz, CDCl3) & ppm: 8.64 (s, 2H,), 8.25-8.21 (dd, 2H), 8.06 (dd, 2H),
7.48 (dd, 2H), 7.32 (dd, 2H), 7.18 (dd, 2H), 4.11(d, 4H), 1.97 (m, 2H), 1.21, (m, 64 H), 0.84
(m, 12H).
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6) 2,6-Bis(2-bromothien-5-yl)perylene-3,4,9,10-tetracarboxylicdiimide -N,N’-bis(2-
octyldodecyl) diimide Br-TPDIT-Br (6)
R,
Ry O N._0
O N_O

N N\
| S Br™ S Br
S | NBS
\ —
CHCI; and Acetic acid, 60 °C
0~ N O © ’}l °
IIQ Ry = 2-octyl dodecyl Rz
2

TPDIT (1.4g, 1.2 mmol, 1 equiv.) was dissolved in CHCI3 (30 mL) and acetic acid (30 mL)
then NBS (0.67 g, 3.76 g, 3 equiv.) was added. Then the mixture was heated to 60 °C and
stirred overnight. Solvent was removed by rotary evaporator; the residue was washed with
methanol and purified by column chromatography on silica gel using a mixture of pet Ether:
ethyl acetate (40:1 v/v) as eluent, affording pure Br-TPDIT-Br as a purple solid as the pure
1,7-isomer. The solid was then recrystallized in ethanol. Yield = 1.2 g (88 %). "H NMR (200
MHz, CDCl;) 6 ppm: 8.59 (s, 2H,), 8.30 (d, 2H), 8.19 (dd, 2H), 7.48 (d, 2H), 7.14 (d, 2H),
7.11 (d, 2H), 4.12(d, 4H), 1.99 (m, 2H), 1.56-1.21, (m, 64 H), 0.83 (m, 12H).

7) N,N-Diethylthiophene-3-carboxamide

Vv Ethylene
Oxvyly )
\S / Chio;'ide \S ) Diamine \S ]
DCM DCM N//
COOH T, t, overnight COCl  r, t, 30 min.
@]

Thiophene-3-carboxylic acid (3.0 g, 23.41 mmol) and 10 mL of DCM were taken in a 50 mL
flask. The mixture was cooled ice-water bath, and then oxalyl chloride (5.94 g, 46.8 mmol)
was added in one portion. The reactant was stirred overnight at ambient temperature and a
clear solution was obtained. After evaporation of the solvent, the product (thiophene-3-
carbonyl chloride) was obtained as colorless solid. Yield = 3.42 g (90 %). It was dissolved in
DCM and used as such for the next step.

In a 100 mL round bottom flask, cooled using ice bath, diethylamine (3.42 g) and 10 mL of
DCM was mixed, and dropwise addition of thiophene-3-carbonyl chloride was done. After all
of the solution was added, the ice bath was removed, and the reactant was stirred at ambient

temperature for 30 minutes. Then, the reactant was washed with water several times, and the
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organic layer was dried over anhydrous sodium sulfate (Na,SOa4). After removing the solvent,

the crude product was purified by distillation under vacuum, and the compound was obtained
as pale yellow oil. Yield = 3.5 (91 %). '"H NMR (200 MHz, CDCls) & ppm: 7.44 (dd, 2H),
7.30 (dd, 2H), 7.18 (dd, 2H), 3.43 (s, 4H), 1.96 (m, 2H), 1.18 (m, 6H).

8) 4,8-Dihydrobenzo|1,2-b:4,5-b"]|dithiophen-4,8-dione

/”‘ n- BuL] 74 S
Dry THF S /

0 °C, 30 min.

N,N-Diethylthiophene-3-carboxamide (19.1 mmol, 3.5 g) was put into a well dried flask with
20 mL of THF under an inert atmosphere. The solution was cooled by an ice-water bath, and
9.5 mL of n-butyllithium (19.1 mmol, 2.5 mol/L) was added to the flask dropwise within 30
minutes. Then, 100 g of ice water was added and stirred for 5 to 6 hours. The mixture was
filtrated through Buchner funnel, and the yellow precipitate was washed with 200 mL of
water, 50 mL of methanol, and 50 mL of hexane successively. Yield = 1.5 g (71 %). '"H NMR
(200 MHz, CDCl;) & ppm: 7.66 (dd, 2H), 7.44 (dd, 2H).

10) 2-(2-Ethyl-hexyl)thiophene

@ + n- Bul i / \
—78°C Ih S

Thiophene (5.00 g, 59.43 mmol) was dissolved in 100 mL of THF under nitrogen

atmosphere. The solution was cooled down to -78 °C and 26.0 mL of n-butyllithium (62.4
mmol, 2.4 M) was added dropwise. After stirring at -78 °C for 1 h, 12.05 ml of 2-ethylhexyl
bromide (62.4 mmol) was added. The mixture was stirred at -78 °C for another 1 h and
warmed up to room temperature overnight. 20 mL of cold water was added to quench the
mixture, which was then extracted by diethyl ether three times. The organic layer was dried
over anhydrous sodium sulfate (Na,SO4). After removing solvent, the residue was purified by
vacuum distillation to yield the 2-(2-ethyl-hexyl)thiophene as a colorless oil. Yield = 10.0 g
(86%). "H NMR (200 MHz, CDCl3) 8 ppm: 7.77 (dd, 2H), 7.51 (dd, 2H), 7.08 (dd, 2H), 4.21
(s, 4H), 1. 69 (m, 2H), 1.33 (m, 8H), 0.89 (m, 6H).
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11) 4,8-Bis(5-(2-ethylhexyl)thiophene-2-yl)benzo|[1,2-b:4,5-b’]dithiophene (7)

Ry
o n-BuLi N7
SnCl, . 2H,0
S S 2. 20 s
J +
/ | )R —— 3 ] |
S HCL + Water S
0 r 4. 12h
778
RI=2-ethylHexyl =
Ry

7.3 mL of n-butyllithium (18.16 mmol, 2.5 M) was added dropwise to the solution of 2-(2-
ethyl-hexyl)thiophene (3.57 g, 18.16 mmol) in 50 mL of anhydrous THF at -30°C under
nitrogen atmosphere. The mixture was heated up to 50 °C for 2 h. Then the mixture was
cooled in an ice-water bath. Subsequently, 4,8-dihydrobenzo[1,2-b:4,5-b']dithiophen-4,8-
dione (1.00 g, 4.54 mmol) was added, and the mixture was heated at 50 °C for another 2 h.
After cooling the mixture down to room temperature, a mixture of SnCl2-2H,0 (8.20 g, 36.32
mmol) in 20 mL of dilute HCI (10 %) was added, and the mixture was stirred for 12 h. The
reaction mixture was washed with water followed by brine solution, dried with sodium
sulfate (Na,;SOa), filtered and concentrated via rotary evaporation. Further purification was
carried out by silica gel column chromatography eluting with pet ether to obtain pure
compound  4,8-bis(5-(2-ethylhexyl)thiophene-2-yl)benzo[1,2-b:4,5-b’|dithiophene as a
yellow oil. Yield = 2.0 g (76 %) '"H NMR (200 MHz, CDCl3) & ppm: 7.66-762 (dd, 2H),
7.46-7.43 (dd, 2H), 7.29-7.28 (dd, 2H), 6.88-6.87 (dd, 2H), 2.87-2.84 (d, 4H), 1.68 (m, 2H),
1.33 (m, 16H), 0.94 (m, 12H).

12) 2,6-Bis(trimethyltin)-4,8-bis(5-(2-ethylhexyl)thiophene-2-yl)benzo[1,2-b:4,5-
b’]dithiophene (8)
R, R
S 5
n-Bul.i
S Me;SnCl \ S,
24 - _ 7 _
S % THF /S " S / Sn\
r, t, overnight
7S 7S
— R, R1=2-ethvliHexyl — .

4,8-Bis(5-(2-ethylhexyl)thiophene-2-yl)benzo[ 1,2-b:4,5-b’]dithiophene (1.00 g, 1.73 mmol)
and 50 mL of THF were added into a two neck round bottom flask under nitrogen
atmosphere. The solution was cooled to 0 °C, and 1.72 mL of n-butyllithium (4.31 mmol, 2.5

M) was added dropwise. The reaction mixture was stirred for 2 h at room temperature,
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followed by cooling to 0 °C and addition of trimethyltin chloride (4.31 mmol, 4.31 ml, 1.0 M

in hexane) in one portion. The mixture was stirred at room temperature overnight. The
mixture was quenched by addition of 20 mL of water and extracted with diethyl ether. The
combined organic phase was dried with sodium sulfate Na,SO4, filtered, concentrated via
evaporation. The residue was recrystallized by isopropanol to obtain pure compound as pale
yellow solid. Yield = 0.80 g (51 %). '"H NMR (200 MHz, CDCls) & ppm: 7.68 (d, 2H), 7.32
(d, 2H), 6.89 (s, 2H), 2.86 (s, 4H), 1. 72 (m, 2H), 1.36 (m, 16H), 0.95 (m, 12H), 0.39 (18H).
13) Synthesis of 2,6-dibromo4,8-bis(5-(2-ethylhexyl)thiophene-2-yl)benzo[1,2-b:4,5-
b’|dithiophene (BDT-Br) (9)

R, "
S Y’
n-BuLi S
J S : Br 4 Br
/ (.BI‘_| S /
[ Dry THF
e r, t, overnight s
R
Ry R; = 2-ethylhexyl 1

4,8-Bis(5-(2-ethylhexyl)thiophene-2-yl)benzo[1,2-b:4, 5-b’]dithiophene (0.6 g, 1.03 mmol)
was dissolved in dry THF and cooled down to -78 °C followed by the dropwise addition of
n-BuLi (0.116 g, 2.58 mmol). The reaction mixture was stirred at -78 °C for 1 hour and
warmed to 25 °C, then the solution was again cooled to -78 °C and tetra bromomethane
(0.806 g, 2.59 mmol) in THF was added. The mixture was slowly brought to 25 °C and
stirred for 12 hours. After completion of reaction the crude product was washed with water
and extracted in ethyl acetate. Purification was done by recrystallization from isopropanol to
get pure BDT-Br. Yield = 0.50 g (66 %). 'H NMR (200 MHz, CDCl3) & ppm: 7.57 (s, 2H),
7.21-7.19 (d, 2H), 6.87-6.85 (d, 2H), 2.82 (d, 4H), 1.72 (m, 2H), 1.36 (m, 16H), 0.90 (m,
12H).

II) Synthesis of Polymer

a) Poly{[2,6-Bis(2-thienyl)naphthalene-1,4,5,8-tetracarboxylic-N,N’-bis(2-octyldodecyl)
diimide(TNDIT]-alt-4,8-Bis(5-(2-ethylhexyl)thiophene-2-yl)benzo[1,2-b:4,5-
b’]dithiophene)}, P(NDI-alt-BDT)

Br-TNDIT-Br  (0.381 g, 0.33 mmol) and 2,6-bis(trimethyltin)-4,8-bis(5-(2-
ethylhexyl)thiophene-2-yl)benzo[1,2-b:4,5-b’]dithiophene (0.300 g, 0.33 mmol) were taken
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in Schlenk tube under nitrogen atmosphere. Dry toluene (15 mL) was added to the tube and
purged with nitrogen for half an hour. Bis(triphenylphosphine) palladium (II) dichloride
(Pd(Ph3),Cl,) (31 mg, 0.0211 mmol) was added to the tube quickly by opening rubber septa,
and the whole mixture was degassed by nitrogen. The reaction mixture was stirred at 110 °C
for 48 hours. Bromobenzene (0.2 mL) was then added, and the reaction mixture was further
stirred at 110 °C for 12 hours. Upon cooling to room temperature, a solution of potassium
fluoride (1g) in 2 mL water was added and stirred for 2 hours. The reaction mixture was
extracted with chloroform (150 mL x 3). The organic layer was washed with water, dried
over anhydrous sodium sulfate and concentrated on a rotary evaporator. The obtained residue
was dried in a vacuum oven and subjected to Soxhlet extraction with methanol (24 hours)
then acetone (48 hours) followed by hexane (24hours) and chloroform (12 hours). Half of the
chloroform solution was evaporated on rotary evaporator, and the concentrated polymer
solution was precipitated in 500 mL methanol, stirred for 2 hours, filtered on Buchner funnel,
washed with methanol and dried in vacuum. The polymer was obtained as a solid, Yield =
465 mg (80 %). 'H NMR (400 MHz, CDCl3) & ppm: 8.80 (br, 2H), 7.76 (br, 2H), 7.32 (br,
4H), 6.94 (br, 4H), 4.09 (br, 4H), 2.90 (br, 4H), 1.96 (br, 2H), 1.31-1.21 (br, 124H), 0.82 (br,
24H).

All the alternate and random copolymers were synthesized using the same procedure as that

given for P(NDI-alt-BDT) but with different molar ratio of monomers.

b) Poly{[2,6-Bis(2-thienyl)perylene-3,4,9,10- tetracarboxylicdiimide-/V,/V’-bis(2-
octyldodecyl) diimide(TPDIT]-alt-4,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)benzo|[1,2-b:4,5-
b’]dithiophene)}, P(PDI-alt-BDT)

P(PDI-alt-BDT) was prepared using 2,6-bis(2-bromothien-5-yl)perylene-3,4,9,10-
tetracarboxylicdiimide -N,N’-bis(2-octyldodecyl) diimide Br-TPDIT-Br (422 mg, 0.33
mmol), 2,6-bis(trimethyltin)-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b:4,5-
b’]dithiophene (0.300 g, 0.33 mmol) and bis(triphenylphosphine) palladium (II) dichloride
(Pd(Ph3),Cl,) (31 mg, 0.0211 mmol). Yield = 410 mg (73 %). '"H NMR (400 MHz, CDCl3) &
ppm: 8.88 (br, 2H), 8.34 (br, 4H), 7.70-6.93 (br, 10H), 4.10 (br, 4H), 2.86 (br, 4H), 1.98 (br,
4H), 1.55-1.20 (br, 124H), 0.82 (br, 24 H).
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¢) Poly{(IN N’ -bis(2-octyldodecyl)-naphthalene-1,4,5,8- bis-(dicarboximide)-2,6-diyl]]-

ran-2,5-thiophene-ran-4,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-
b’]dithiophene) P(NDI-r-BDT)

P(NDI-r-BDT) was prepared using NDI-20D-Br, (201 mg, 0.2 mmol), 2,5-bis
(trimethylstannyl) thiophene (168.1 mg, 0.40 mmol), BDT-Br, (150 mg, 0.2 mmol) and
bis(triphenylphosphine) palladium (II) dichloride (Pd(Ph3),Cl») (31 mg, 0.0211 mmol). Yield
=310 mg (82 %). '"H NMR (400 MHz, CDCl3) § ppm: 8.93-8.81 (br , 2H), 7.75 (br, 2H),
7.43-7.32 (br, 4H), 6.94 (br, 4H), 4.12 (br, 4H), 2.90 (br, 4H), 1.98 (br, 2H), 1.78(br, 2H),
1.31-1.21 (br, 124H), 0.82 (br, 24 H).

d) Poly{(N,N'-Bis(2-octyldodecyl)-3,4,9,10-perylene tetracarboxylicdiimide-ran-2,5-
thiophene-ran-4,8-Bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’|dithiophene)
P(PDI-r-BDT)

P(PDI-r-BDT) was prepared using PDI-20D-Br, (226 mg, 0.2 mmol), 2,5-
bis(trimethylstannyl) thiophene (168.1 mg, 0.40 mmol) , BDT-Br; (150 mg, 0.2 mmol) and
bis(triphenylphosphine) palladium (II) dichloride (Pd(Ph3)>Cl») (31 mg, 0.0211 mmol). Yield
=280 mg (58 %). '"H NMR (400 MHz, CDCl3) & ppm: 8.89 (br, 2H), 8.32 (br, 4H), 7.68-6.93
(br, 10H), 4.10 (br, 4H), 2.86-2.58 (br, 4H), 1.98 (br, 4H), 1.68 (br, 2H) 1.55-1.20 (br, 124H),
0.82 (br ,24 H).

5.3 Results and Discussion

5.3.1 Synthesis and Characterization

Novel random and alternate copolymers were designed and synthesized where naphthalene
and perylene diimide based moieties were used as acceptor and BDT and Thiophene units
were used as donor unit. Naphthalene and perylene diimide are well-known acceptor units
because of their electron defficient nature, while BDT exhibited a large planar conjugated
structure and small steric hindrance between the adjacent repeating units. All the monomers
were synthesized following by previously reported literature procedures detailed synthetic
procedure and characterization, is given in the experimental section.”*>* All the alternate and
random copolymers were polymerized via stille polycondensation in the presence of catalyst
Pd(PPh3),Cl, and toluene as solvent 2-bromothiophene and 2-trimethyl stannane thiophene
were used as end-capping agents. Scheme 5.1 and Scheme 5.2 show the synthetic steps of
polymerization. Scheme 5.1 shows the synthesis of alternate copolymers where thiophene

terminated naphthalene (3) or perylene diimide (6), and BDTT (8) monomers were used. In
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Scheme 5.2 three different monomers were used for random copolymerization where 1

equivalent of thiophene monomer was used and 0.5 equivalent of naphthalene (1) or perylene
diimide (4) were taken and 0.5 equivalents of BDT (9) monomers were used to maintain the

same stoichiometry as an alternate copolymer.

Ry
\_5 Pd(PPh3),Cl,
s \ Toluene
/ /
“sn 4 sn
/ S \
s
8 Ry Pd(PPh3)>Cls
Toluene
—_——

R ;= 2-ethylhexyl
R,=2-octyldodecyl

P(PDI-alt-BDT)

Scheme 5.1: Synthesis of alternate copolymers P(NDI-alt-BDT) and P(PDI-alt-BDT).

Table 5.1. Molecular weight, Electrochemical and Optical band gaps and thermal

characterization of the copolymers.

Polymer | Mw" (KDa) | B® | E;P'(eV) | LUMO(eV) | HOMO(eV) | T (°C)
P(NDI-alt-BDT) 31.9 26| 145 -4.15 -5.60 445
P(NDL+-BDT) 41.6 27| 141 -4.05 -5.46 435
P(PDI-alt-BDT) 31.2 32| 151 4.13 -5.64 447
P(PDI-r-BDT) 21.1 23] 153 4.17 -5.70 450

“ Weight-average molecular weight (Mw). ” Polydispersity index (P). © The decomposition

temperature (5% weight loss) estimated using TGA under No.

Ph D. Thesis: Sandeep Kumar Sharma

Page 135




Chapter 5 NDI/PDI copolymers for Supercapacitors

Ra
(@) N O

Br
OO Pd(PPh;),Cl,
——

Toluene

Br

Pd(PPh;),Cl,
.

Toluene

R;= 2-ethylhexyl
Ry=2-octyldodecyl 7 >0

4 P(PDI-r-BDT)

Scheme 5.2: Synthesis of random copolymers P(NDI-r-BDT) and P(PDI-r-BDT).

Ry
R, \
Os_N__O
S
ANPeaY
S
O l}l e}
Ry
R,= 2-octyl dodecyl (
R2
TNDIT (2) TPDIT (5) BDT-T (7)

Scheme 5.3: Structure of model compounds.

For a better understanding of the polymer properties model compounds representing the
donor and acceptor fragments TNDIT (2), TPDIT (5) and BDT-T (7) were also prepared. The
structure of the model compounds are shown in Scheme 5.3.

All polymers were purified via Soxhlet extraction with methanol and acetone and
precipitated. The structure of monomers and polymers were characterized by proton NMR
spectroscopy. NMR spectra of the polymers are shown in Figure 5.1-5.4. The polymers were
sparingly soluble in common organic solvents like DCM, chloroform and chlorobenzene. The
molecular weight and polydispersity (D) was measured by gel permeation chromatography

(GPC) at 25 °C with chloroform as solvent and polystyrene as standard. Characteristics of
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polymers are shown in Table 5.1. All polymers exhibited M,, (Weight-average molecular
weight) in the range of 21.1 to 41.6 KDa, and polydispersity (D) in the range of 2.3 to 3.2.

PTNDI-BDT NMR NCL.esp

1.21

50 45
Chemical Shift (ppm)

Figure 5.1."H NMR spectrum of polymer P(NDI-alt-BDT) recorded in CDCls.
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-~
3.90 465 2.78 362 140.58
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Figure 5.2.'"H NMR spectrum of polymer P(PDI-alt-BDT) recorded in CDCl;.
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Figure 5.3.'"H NMR spectrum of polymer P(NDI-r-BDT) recorded in CDCls.
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Figure 5.4."H NMR spectrum of polymer P(PDI-r-BDT) recorded in CDCl;.

Thermal characterization of the copolymers was carried out by thermogravimetric analysis
(TGA) as well as differential scanning calorimetry (DSC) measurement under nitrogen
atmosphere. TGA curves (Figure 5.5) showed good thermal stability for the polymers with
onset decomposition temperature (T4) more than 400 °C (values enlisted in Table 5.1). The
DSC thermograms were recorded by heating the polymers from 0 °C to 350 °C at 10 °C /min
under N, atmosphere. Figure 5.6 shows the DSC thermograms of all the copolymers. No
transitions were observed for most of the polymers, which indicated their amorphous nature.

110

——P(NDI-alt-BDT)
—— P(PDI-alt-BDT)
— P(NDI-r-BDT)

P(PDI-r-BDT)

(=) 3
< (=]
| ' | '

Weight Loss (%)
9]
[—)

30

20

T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
)
Temperature ( C)
Figure 5.5: TGA of polymers run from 40 to 800 °C with a heating rate of 10 °C/min under

nitrogen.
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Figure 5.6: DSC thermograms of copolymers at a heating rate of 10 °C/min under nitrogen

atmosphere.

5.3.2 Optical Properties and Energy Level of Polymers

Absorption spectra of the donor-acceptor alternate copolymers of both NDI and PDI were
compared with that of a 1:1 physical mixture of the respective donor and acceptor fragments
in order to understand the nature of the different absorption bands. Figure 5.7 compares the
absorption spectra of the donor and acceptor model compounds (structure shown in Scheme
5.3) and their 1:1 mixtures recorded in chloroform. NDI model compound TNDIT (2)
showed two absorption bands. The first band observed between 350 nm to 400 nm
corresponded to the m-m* transition of NDI core and thiophene, while the second band
observed between 415 and 565 nm was attributed to intra molecular charge transfer (ICT)
band.*® BDT-T (7) (donor) model compound showed a single absorption band between 315 to
415 nm which crousponded to n-n* transition of the BDT core. The 1:1 mixture of the two
model compounds (TNDIT and BDT-T) exhibited absorption bands, which was the sum of
their individual absorption bands. The perylene based model compound TPDIT (5) showed
absorption band in the high energy region (370 nm) corresponding to the n-n* transition of
PDI core and thiophene.>* TPDIT exhibited several peaks in the region from 400 to 650 nm
of which those in the range 400 to 540 nm corresponded to typical perylene core transitions

and broad shoulder beyond 550 nm was assigned to the ICT band. Compared to the TNDIT
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model compound the peaks of TPDIT were red-shifted due to extended conjugation in the
latter. The Figure 5.7b also compares the absorption spectra of 1:1 mixture of BDT-T and
TPDIT, which like its lower analogue represented a sum of the corresponding absorption
bands. The Figure 5.7 also compares the absorption spectra of alternate copolymers of donor
and acceptor fragments namely P(NDI-alt-BDT) and P(PDI-alt-BDT). A clear difference
could be seen in the absorption spectra of the alternate copolymers compared to the
respective 1:1 donor-acceptor model compound mixture. A clear redshift of the ICT band and
overall broadening of all bands were observed as shown in Figure 5.7, signifying increased

conjugation in the polymer.

— TNDIT

1.0 a) —— BDIL-T
—1:1

0.8 —— P(\DI-alt-BDT)
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0.2
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0.8- — 1l
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Figure 5.7. Normalized absorption spectra of model compound and 1:1 mixtures and

alternate copolymers.
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Alternate copolymers P(NDI-alt-BDT) and P(PDI-alt-BDT) both in chloroform solution and

thin film showed similar characteristic absorption bands as shown in Figure 5.8. Absorption
spectra of the film showed more red shift compared to the solution which is a very common
phenomenon arising from the more ordered molecular organization in the film relative to the

solution.

104 Solution ——P(NDI-alt-BDT)

. ——P(PDI-alt-BDT)
0.8
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Figure 5.8. Normalized absorption spectra of alternate copolymers in solution and thin films.

Figure 5.9 shows the thin absorption spectra of the alternate as well as random copolymers. It
could be seen from the figure that in P(NDI-r-BDT) copolymer the second absorption band
was more red-shifted compared to its alternate analogue P(NDI-alt-BDT). The band was
shifted from 460 nm in the alternate copolymer to 500 nm in the random copolymer. This red
shift in the second absorption band could reflect inhomogeniety in the incorporation of donor
and acceptor units. Infact an indication of this was reflected in the proton NMR spectra (See
Figure 5.3) of the P(NDI-r-BDT) copolymer. It showed two distinct peaks for the NDI
aromatic core protons. In the alternate copolymer P(NDI-alt-BDT) there was regular

alteration of NDI and BDT units and the two aromatic protons of NDI appeared at 8.81 ppm.
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On the other hand, in the random copolymer an additional peak was observed at 8.93 ppm

which could correspond to NDI units bridged with thiophene moieties.*® Only the random
copolymer design had the probability of continued arrangement of NDI and thiophene units
along segments of the polymer chain without incorporation of BDT units. The chemical shifts
of the NDI aromatic protons in such segment along the chain backbone would be slightly

different from that of an NDI unit which had thiophene bridged BDT as neighbors.

1.2

Thin Film —— P(NDI-alt-BDT)
T P(NDI-r-BDT)
—— P(PDI-alt-BDT)
----- P(PDI-r-BDT)

o
H
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Figure 5.9. Normalized absorption spectra of thin films of all copolymers.
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Figure 5.10: Cyclic voltammograms of Copolymers as thin film in 0.1 M (n-Bu)4NPF4 —

acetonitrile solution
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The optical band gap (E,™') of the copolymers was calculated from lower energy absorption
band edge of thin-film and is listed in Table 5.1. Generally NDI based polymer used to show
a low optical band gap compared to PDI based copolymers.*’* The optical band gap of NDI
based copolymers were 1.45 eV and 1.41 eV for P(NDI-alt-BDT) and P(NDI-r-BDT)
respectively, while for PDI based polymer, the band gap was higher at 1.51 eV and 1.53 eV
for P(PDI-alt-BDT) and P(PDI-r-BDT) respectively. Electronic energy levels of the new
copolymers were measured by cyclic voltammetry. Thin-films of polymer were drop casted
on platinum working electrode for recording the CV.

The measurement was done in acetonitrile solvent with ferrocene/ferrocenium as an internal
standard and tetrabutylammonium hexafluorophosphate (n-Bu4NPF¢ 0.1M/ acetonitrile) as
supporting electrolyte. Cyclic voltammograms for copolymers are shown in Figure 5.10. All
polymers were showing the oxidation as well as reduction peaks. The oxidation peaks were
irreversible indicating n-type behavior of polymers.” Generally, most of the NDI and PDI
based copolymers show two reduction peaks.’’*” Two quasi reversible reduction peaks were
observed for all copolymers. The lowest occupied molecular orbital (LUMO) energy levels
were calculated based on the onset value of first reduction peak and reference energy level of
ferrocene (4.8 eV below the vacuum level) according to Eiymo (V) = -e x (E™“ onset + 4.8)
below the vacuum level.*'* The highest occupied molecular orbital (HOMO) levels were
estimated based on LUMO values and the optical band gap obtained from the absorption
onset measurements.** All copolymers showed a LUMO level in the range from -4.05 eV to -
4.17 eV where as HOMO energy level in the range from 5.46 eV to 5.70 eV. The values of
HOMO and LUMO are listed in Table 1.

5.3.3 Electron Microscopy Analysis of Polymers

Morphology of the polymers was observed by scanning electron microscopy; the
corresponding images are given in Figure 5.11. The polymers showed similar morphology
consisting of thick agglomerated fiber-like porous structures. Presence of porosity is

beneficial for the electrochemical application since it allows for the penetration of electrolyte.
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Figure 5.11 SEM images of a) P(NDI-alt-BDT) b) P(PDI-alt-BDT), ¢) P(NDI-r-BDT) and d)
P(PDDI-r-BDT).

5.3.4 Electrochemical Characterization of the Electrodes

All liquid state electrochemical test of the polymer were performed in 1 M (PC-LiClQy)
electrolyte with Ag/Ag" as a reference electrode and graphite sheet as a counter electrode.
Working electrodes of the respective polymers consisted of 1 mg cm™ of active material
(16.6 wt. % carbon nanotubes and 83.4 wt. % polymer) and area of the electrode was kept 1
cm’. The effect of alteration of the acceptor molecule in the polymer chain on
electrochemical behavior was investigated by cyclic voltammetry; Figure 5.12a shows the
cyclic voltammograms, recorded at a scan rate of 5 mV s, for the two polymers with
alternate arrangement of D-A molecules. High charging current was observed for both the
polymers in the negative region of the potential scanning; this region signifies reduction of
polymers. Reduction charge measured in the potential region -1.5 to - 0.85 for P(PDI-alt-
BDT) was 118 mC where as reduction charge measured for P(NDI-alt-BDT) was 105 mC. A
higher reduction charge for P(PDI-alt-BDT) suggested greater degree of reduction of the
polymer chain. The CV features observed here are similar to the features obtained for
perylene dianhydride based alkali-ion batteries.”’ Interesting thing to note here is the
inception of reduction in the two polymers. In P(NDI-alt-BDT), reduction of the polymer
chain began at -0.41 V, however, reduction in the P(PDI-alt-BDT) started at a more negative
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potential (-0.45 V). NDI molecule has low electron density compared to PDI due more

delocalization in the PDI chain making PDI comparatively electron rich. Thus reduction of
P(NDI-alt-BDT) started at low negative potential than P(PDI-alt-BDT). A huge difference in

the area of CV was observed for P(NDI-alt-BDT) and P(NDI-r-BDT) polymers in Figure
5.12b.
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Figure 5.12. Cyclic voltammetry of different polymers recorded at a scan rate of 5 mV s™. a)
CV depicting the electrochemical behavior of polymer with NDI and PDI as a acceptor
molecules; b) and c¢) shows the change in the CV features for the alternate and random
arrangement of NDI and PDI based polymers respectively; d) CV depicting the

electrochemical behavior of all four polymer with different configurations, e) the GCD plots

for all copolymers.
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P(NDI-r-BDT) stored 58 mC of charge in the reduction region which was 55 % of the charge

stored by its alternate counterpart. Similarly, Figure 5.12¢ compares the CVs of P(PDI-alt-
BDT) and P(PDI-r-BDT), the charge stored by the random polymer was 55 mC which was 47
% of the charge obtained for its alternate counterpart in the reduction region. The above
results indicated that alternate arrangement of D-A molecules was better for improved charge
storage. DiCarrmine et al. in their work on donor-acceptor molecules found improvement in
the charge storage properties of acceptor polymer by installing an acceptor molecule next to
it.’ They observed that delocalization of negative charges in the polymer chain was poor;
however, incorporation of an acceptor molecule improved the negative charging stability and
also its ambipolar nature. The alternate arrangements of donor-acceptor molecule permits
better charge storage with significant reduction in leakage current. In our work also the
alternate arrangement of donor-acceptor molecules showed superior charge storage. Random
counterparts showed nearly half charge-storage; this may be accounted for by the reduced
conjugation in the polymer chain caused by the irregular arrangement of donor and acceptor
moieties. To get a picture of difference in the electrochemical behavior of all the four
polymers, Figure 5.12d compares combined CV profiles of all polymers. It can be seen from
the figure that the polymers with alternate arrangement of donor-acceptor units outperformed
their random counterpart for charge storage.

Capacitance of the respective polymers in a three electrode cell was measured by
galvanostatic charge-discharge (GCD); the GCD plots for P(PDI-alt-BDT), P(NDI-alt-BDI),
P(NDI-r-BDI) and P(PDI-r-BDT) recorded at a current density of 0.5 A g are given in
Figure 5.12 e. A large discharge time was observed for polymer with alternate arrangement
of acceptor and donor molecules whereas small discharge time was observed for the random
counterparts. The CD results complemented the CV results indicating high charge storage for
P(PDI-alt-BDT) and P(NDI-alt-BDI) and low charge-storage for P(NDI-r-BDI) and P(PDI-r-
BDT). The capacitance measured for P(PDI-alt-BDT) was the highest with a value of 113 F
g followed by P(NDI-alt-BDT) with capacitance of 80 F g'; the capacitance obtained for
random polymers P(PDI-r-BDT) and P(NDI-alt-BDT) were 48 and 44 F g”', respectively.

Full cell studies by fabricating type III device was carried out for P(PDI-alt-BDT) as it was
the best performing polymer in terms of capacitance. Electrodes were prepared in a similar
manner to the single cell study. The loading of active material was kept 1 mg cm™ and 1 M
PC-LiClO4 was used as the electrolyte. Cyclic voltammograms recorded at increasing scan

for type III device is shown in Figure 5.13a; CV behavior was typical of the symmetric
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devices fabricated using two similar electrodes. The behavior became more resistive at higher

scan rates. When the potential is scanned at high rate, the electrolyte ions are forced to move
with greater speeds to and from the interphase. Thus for better rate behavior the ions should
be highly mobile and more conducting, also, the electrode must be easily accessible to the
electrolyte ions. In this study, PC-LiClO4 electrolyte has low conductivity compared to
aqueous electrolytes and solvated Li" is large which experience large viscous drag. Therefore,
at high scan rates, the behavior becomes resistive.
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Figure 5.13 Full cell characterization of P(PDI-alt-BDT) a) cyclic voltammograms recorded

at different scan rates; b) Nyquist plot; c¢) galvanostatic charge-discharge measured at

different current densities, d) durability test performed at a current density of 4 A g™

EIS spectroscopy can assess the internal resistance, ion diffusion, charge-transfer resistance
and frequency behavior of the supercapacitor device. EIS analysis of the device was
performed in the frequency range of 1 MHz-100 MHz in the open circuit voltage (OCV)
condition with ac amplitude of 10 mV; the Nyquist plot obtained for the device is given in
Figure 5.13b. equivalent series resistance (ESR) measured for the device was 9.5 Q, the

major contribution comes from low conductivity of organic electrolyte. The device fabricated
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with P(PDI-alt-BDT) showed low ESR than PBOTT-BDT based devices where resistance as

high as 272 Q was measured.”® The intercept at x-axis was followed by a semi-circle; it
represented charge transfer resistance at the electrode-electrolyte interface. A small semi-
circle means low charge-transfer resistance (Rct) and vice-versa. The Rct shown by P(PDI-
alt-BDT) was lower than that exhibited by other donor-acceptor polymers; the low Rct value
indicates faster kinetics. Semi-circle in the Nyquist plot was followed by a small horizontal
line which is called as Warburg diffusion line; this region represents the resistance towards
the diffusion of ions in the electrode. The diffusion line was observed in the region of 10.5 to
11.2 Q, this diffusion resistance could be attributed to the bulkier solvated ions in the
electrolyte. The Warburg diffusion line then changes to a straight almost vertical line,
representative of the capacitive behavior. For ideal capacitive behavior this line is parallel to
the imaginary axis, however, the deviation observed for the device is caused by the diffusion
resistance of the electrolyte.

Capacitance measurement and its retention at increasing current densities were analyzed by
galvanostatic charge-discharge; the corresponding plot is given in Figure 5.13¢. Capacitance
measured at a current density of 0.5 A g™ for the type III device was 42 F g™, the capacitance
obtained here was twice the capacitance obtained for TPA-1Th-NDI based donor-acceptor
polymers in Type IV device reported by Zeigler et al.?®. At a current density of 2 A g™ which
was 4 times the initial capacitance, the device retained 19.2 F g’ ie. 42.66 % of the
capacitance at 0.5 A g”'. This modest retention at a high current density is caused by the low
mobility of the electrolyte ions and also due to inferior inter-chain charge-transfer in the
polymer structure. Improving the inter-chain charge transfer in the polymer along with
creation of porosity can ameliorate the rate capability. The energy density obtained for the
device was 9.1 Wh Kg™' which was higher than energy densities obtained for 6,6-BEDOT-il-
But,, PBOTT-BDT? and PDDDBT** based donor-acceptor polymers, The maximum power
deliverable by the P(PDI-alt-BDT) device calculated by V2/4R, where V is the initial voltage
R is the equivalent series resistance, is 164 kW kg™. These results suggest its superior charge
storage capabilities compared to other similar systems reported in literature.

Figure 5.13d shows the durability test conducted at a current density of 2 A g™ for 4000
cycles. The device could retain almost 100 % of the initial capacitance. The cycling stability
of P(PDI-alt-NDI) donor-acceptor polymer in organic electrolyte is superior than many of the
durability results reported for donor-acceptor polymers. Pulverization of the polymer due to

expulsion-insertion of counter-ion during oxidation-reduction dissolution in electrolyte or

Ph D. Thesis: Sandeep Kumar Sharma Page 148



Chapter 5 NDI/PDI copolymers for Supercapacitors
detachment of the material from the current collector are some of the reasons for the

capacitance decay of conducting polymers during cycling. The stable performance P(PDI-alt-

BDT) showed that it did not suffer from aforementioned issues.
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Figure 5.14. Solid flexible supercapacitor study, a) Photograph demonstrating the thin and
flat nature of the flexible device; b) show the flexibility aspect of device where it can easily
rolled on a pen; c¢) cyclic voltammogram recorded at different scan rates; d) Nyquist plot; e)
galvanostatic charge-discharge curves and f) demonstration of device where it is to light a 2.5

V light emitting diode with a single device.

Supercapacitor using liquid electrolytes has the problem of electrolyte leakage and packaging
of device with metal casing makes the device quite expensive. To address this problem, gel
electrolytes have been introduced recently and researchers are trying to replace liquid
electrolytes with gel electrolytes. Also, flexibility of charge storage devices will be an added
advantage as it will allow their application in flexible electronics, and they are expected to be
more cost-effective when produced on a commercial scale. Considering all above mentioned
factors, we also fabricated a solid flexible supercapacitor with P(PDI-alt-NDI) polymer. A
PMMA-based PC-LiClO4 gel -electrolyte replaced the liquid electrolyte in solid
supercapacitor. To fabricate solid device, active material was drop coated on a grafoil-scotch
tape derived flexible conducting substrate with a loading of 3 mg cm™ and the area of the
device was 2 cm?. Digital photographs of the device demonstrating the flexible attributes are
given in Figure 5.14a & 5.14b. The device is very thin with the thickness of 0.418 mm; it
could be bent, rolled and twisted also. Cyclic voltammogram of the flexible device given in

Figure 5.14c show features similar to the characteristics observed for liquid counterpart. ESR
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measured for solid device was 18.4 Q, the resistance measured here was higher than the

resistance measured for liquid counterpart. The electrolyte ion in gel electrolytes are less
mobile due to high viscosity thus have low conductivity. The areal capacitance measured for
the flexible device from GCD curve (Figure 5.14e) at a current density of 0.5 mA cm™ is 35
mF cm?, the capacitance at high current density of 2 mA cm™ decreased to 3.2 mF cm™. The
reduction in capacitance at high current density is caused by the slow diffusion of ions in the
gel electrolyte. However, the areal capacitance obtained in this work is higher than the
capacitance obtained for other donor-acceptor polymers.27 Finally, we have demonstrated
practical utility of capacitor by lighting a 2.5 V light emitting diode, the demonstration is
given Figure 5.14f. The high output voltage allows the device to power electronics that

require high power and energy.

5.4 Conclusions

In summary, m-conjugated alternate and random copolymers based on NDI and PDI as the
acceptor and BDT as the donor were synthesized following stille polymerization method. The
polymer was successfully evaluated as composite electrode in supercapacitors in a type IV
device configuration. A specific capacitance of 113 F g™ with excellent stability up to 4000
cycles with almost 100% retention of the initial capacitance was observed for the P(PDI-alt-
BDT) polymer in single electrode setup in PC-LiClO4 organic electrolyte. Flexible
supercapacitor device was also fabricated to show the commercial application of the
polymers. The areal capacitance of 35 mF cm™ observed for the flexible device at a current

density of 0.5 mA cm™.
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There is a dearth of good performing n-type polymers compared to p-type polymers.
However, among the reported n-type polymers, rylenebisimide based © conjugated polymers
are very promising candidates which exhibited high device performance under ambient
condition. The most important rylenebisimide based materials are naphthalene and perylene
diimides (NDI and PDI). Despite the rapid development in NDI and PDI based polymeric
materials, there is still ample scope for newer polymer designs with improved performance.
Hence, this area is still very important and active, demanding new design strategies to
synthesize novel materials with desirable physical and semiconducting properties for energy
applications. In this context, the present thesis entitled “Alternate and Random Copolymers of
Bay substituted Rylenebisimides for Energy Applications” describes the design and synthesis
of NDI/PDI based novel polymers that find application in energy generation as well as energy
storage.

In the initial part of the thesis, a series of NDI based random copolymers were investigated
and their photovoltaic properties were compared with the reference copolymer naphthalene
diimide bithiophene P(NDI20OD-T2) or PolyeraActivink N2200. P(NDI2OD-T2) polymer is
a commercially available donor-acceptor polymer, which is extensively investigated for its
high power conversion efficiency (PCE) ~5% in all-polymer solar cells (PSC)s, good solution
processability, high crystallinity and light absorption capability near-visible and infrared
region. However, the inherent m-stacking tendency of the naphthalene diimide unit hampers
good intermixing with donor copolymers when used in solar cell devices. Random
copolymerization is a very promising strategy to tune the photovoltaic properties of the
copolymers.

In the initial part of the work, a series of NDI based copolymers with varying extents of PDI
incorporation were studied. The presence of randomly incorporated PDI in the P(NDI20OD-
T2) polymer backbone reduced the self-aggregation of the polymer and enhanced the
intermixing of the donor and acceptor polymers. All the synthesized copolymers showed
better photovoltaic properties compared to reference copolymer. The properties of these
acceptor copolymers were investigated in depth in the pristine form as well as their donor-
acceptor (D:A) blends with PTB7-Th as a donor to understand the structural features that
influence the all-PSCs performance. Polymer with 30 % incorporation of the PDI (PNDI-Th-
PDI30) showed optimum photophysical properties and showed a maximum PCE of ~§ %
with the PTB7-Th donor. It exhibited optimal crystallinity and miscibility with donor

polymer which lead to the best D/A compatibility, nano-scale phase separation and improved
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balanced bulk carrier charge transport in the blend. Thus, the structure-property analysis
established that the incorporation of n-type PDI building block into P(NDI2OD-T2) polymer
was a very effective strategy to tune the photovoltaic parameters and improve PCE in new n-

type random copolymers, thereby proving its potential application in future all-PSCs.

NDI based copolymers are very promising materials, but it still has not surpassed the
excellent charge transport properties of PCBM. PCBM exhibits outstanding characteristics
such as high charge carrier mobility, small reorganization, very high electron affinity and
comparable energy levels. So to improve the charge carrier mobility and efficiency of the
polymers a series of n-type random copolymers with PCBM incorporation were synthesized
and their properties were investigated. The random copolymers showed better compatibility
with the PTB7-Th donor polymer compared to reference copolymer P(NDI20OD-T2). A
polymer having 7.5 % incorporation of the PCBM (PNDI-Th-PCBM?7.5) showed optimum
photophysical properties and showed a maximum PCE of ~2.5 % with the PTB7-Th donor. It
showed optimal miscibility with donor polymer which produced better donor-acceptor
compatibility. Further optimization is needed to improve the photovoltaic performance of the

copolymers.

Equally important to energy generation is the energy storage systems as it plays a
major role in the availability of sustainable renewable energy on demand. Two new NDI-
based copolymers were developed via the direct (hetero) arylation (DHAP) polymerization
route as supercapacitor materials and their performance was compared with that of
(P(NDI2OD-T2)) as the reference polymer. The polymers had bay substituted naphthalene
diimide as the acceptor moiety in the repeat unit, while the donor strength was varied from
bithiophene (P(NDI20OD-T2)) to thiophene end-capped phenylene vinylene (P;) and
thiophene end-capped phenylene vinylene with nitrile group substitution at the vinylene
linkage (P,). The effect of this donor strength variation in the properties of the polymers as
symmetric Type III supercapacitor composite materials with carbon nanotubes was explored
employing 0.5 M H,SO; as the electrolyte. A specific capacitance of 124 F/g with excellent
stability up to 5000 cycles with almost 100% retention of the initial capacitance was observed
for the polymer with nitrile substituents along the OPV backbone (P;). The energy and
power density was obtained as 2 Wh kg and 22 kW kg respectively. Development of
materials for type III supercapacitor device application is very crucial since not many

materials can meet the challenge of stability under reduced conditions. The newly designed
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NDI based D-A copolymers exhibited excellent stability, thereby establishing themselves as
promising polymers for energy storage applications.

The last chapter of the thesis describes the copolymerization strategy to compare the
electrochemical properties of random and alternate copolymers. NDI/PDI and BDT based
alternate and random copolymers were synthesized and their electrochemical properties were
investigated. Polymers with the alternate and random arrangement of donor and acceptor
units were tested for charge storage in the PC-LiClOy4 electrolyte. Devices were fabricated
with P(PDI-alt-BDT) polymer as composite electrode materials both with liquid electrolyte
and solid-state flexible device. The alternate copolymer of both NDI and PDI outperformed
their random copolymers. These results suggested that alternate copolymer resulted in better
conjugation and charge balance which is essential for better charge storage. A specific
capacitance of 113 F/g with excellent stability up to 4000 cycles with almost 100% retention
of the initial capacitance was observed for the polymer P(PDI-alt-BDT). The energy and
power density was obtained as 9.1 Wh kg™ and 164 kW kg respectively. These polymers

showed very high energy and power density compared to previous work.

To conclude, this dissertation is focused on the synthesis and structure-property studies of
NDI/PDI based donor-acceptor conjugated polymers for energy application. In the first part,
an important question of the effect of random incorporation of the higher analogue PDI in
NDI based copolymers on the photovoltaic properties was addressed. Furthermore, the
NDI/PDI containing n-type polymers with fine-tuned optical, electrochemical and
semiconducting properties were synthesized by utilizing alternating and random strategy. In
short, the structure-property relationships reported in this thesis would help to design future

generation NDI based materials for energy application.

A major challenge in the field of the organic solar cell is the scale-up of the polymers. Every
batch the molecular weight of the polymer can vary and their photovoltaic properties also can
vary. Also, the stille polymerization process is time-consuming. Flow synthesis is a technique
that allows preparing a polymer in large scale with reproducible molecular weight
distribution in short reaction times. Up scaling of such polymers using flow synthesis could

be an attractive option in future.

In chapter 4 and 5 NDI and PDI based polymers were synthesized and their electrodes were
fabricated by mixing with carbon nanotubes. The physical mixing of the polymer with carbon

nanotubes is often done to get comparable conductivity. To improve the interaction between
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polymer and carbon nanotube in-situ polymerization can be performed. In this strategy,
carbon nanotubes will be mixed with the monomers and in this way polymer chains can grow
on the carbon nanotubes, resulting in increased interaction. Increased interaction will

ultimately lead to enhanced electrochemical properties of the polymer.
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