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Abstract

Due to the low cost, lightness and flexibility, Polymer Solar Cell (PSC) technology is
considered one of the most promising energy technologies. In the past decades, PSCs
using fullerenes or fullerene derivatives as the electron acceptors have made great
progress with best power conversion efficiency (PCE) reaching 11%. However,
fullerene type electron acceptors have several drawbacks such as complicated
synthesis, a low light absorption coefficient and poor tuning in energy levels, which
prevent the further development of fullerene-based PSCs. Hence the need to have a
new class of electron acceptors as an alternative to conventional fullerene compounds.
Non-fullerene acceptors (NFAs) have developed rapidly in the last years and the
maximum PCEs have exceeded 14% for single-junction cells and 17% for double-
junction tandem cells. By combining an electron-donating backbone, generally with
several fused rings with electron-withdrawing units, we can simply construct NFA of
the acceptor—donor—acceptor type (A—D—A). Versatile molecular structures have been
developed using methods such as acceptor motif engineering and donor motif
engineering. However, there are only a few electron-donating backbones that have
been proved to be successful. Therefore, it is still necessary to develop promising
building blocks to further enrich the structural diversity. An indacenodithiophene (IDT)
unit with just five fused rings has a sufficiently rigid coplanar structure, which has been
regarded as one of the promising electron-rich units to design high-performance A—D—
A NFAs. In this work, performed at the King Abdullah University of Science and
Technology in Saudi Arabia, a new nine-cyclic building block (TBIDT) with a two
benzothiophene unit was synthesized and used for designing new non-fullerene

electron acceptors.
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Abbreviations and acronyms list
PSC : Polymer Solar Cell

OSCs : Organic Solar Cells

NFAs : Non-Fullerene Acceptors
IDT : Indacenodithiophene

HOMO : Highest occupied molecular orbital
LUMO : Lowest unoccupied molecular orbital
Ec : Conductive band

Ev : Valence band

Ecar : Energy gap

EprH: Energy of the photon

EQE : External Quantum Efficiency

IQE : Internal Quantum Efficiency

PCE : Power Conversion Efficiency

Pin : Power irradiating the solar cell

Pout : maximum power at the output

Vwmep : Voltage at the Maximum Power Point (MMP)
Jmpp : Current at the Maximum Power Point (MPP)
Jsc : short-circuit current

Voc : open-circuit voltage

FF : Fill Factor

g : elementary charge

BHJ : Bulk heterojunction solar cell

BT : 2,1,3-benzothiadiazole



TB : benzothiophene

PVCs : Photovoltaic cells

CIS : Cupper Indium Selenide

CIGS : Cupper Indium Gallium Selenide
DSSCs : Dye-Sensitized Solar Cells

ITO : Indium Tin Oxide

SCMs : Semiconducting Materials

NF-OSCs : Non-Fullerene Organic Solar Cells

IDTT : Indacenodithieno[3,2-b]thiophene






1. Introduction

Electricity undoubtedly had an impact in thriving the development of human
civilisations. It is often linked to the overall living standard of a country whereby the
higher the electricity consumption usually equates to an overall higher living standard
and a more developed country. Currently, the demand of electricity in the world is met
predominantly by non-renewable means. The fossil energy sources, ranging from the

combustion of fossil fuels i.e. coal, petroleum, natural gas, are the major sources.
1.1. Issue with fossil fuels

Non-renewable energy sources such as fossil fuels' had thrived the economy of the
world during the industrial revolution. As we know, the reserves of fossil energy
sources are limited and burning leads to the emission of CO2 and other pollutant
chemicals which cause an increase of the greenhouse gases and lead to acceleration
of global warming. The continual increase in using non-renewable sources of energy

will undoubtedly have a negative impact in the overall ecological cycle of the world.

Therefore, the development of clean and renewable energy sources has become one
of the major scientific and technological topics of the 21st century and clean, green

and sustainable solar energy is one of these sources.
1.2. Awareness of switching energy sources

As shown in Figure 1, green renewable sources?? of energy are on the rise and they
are projected to be the major source of electricity in the future. This is simply an
indication of the awareness in mankind regarding the unsustainability of the non-
renewable sources of energy. Amongst all the renewable sources of energy, wind
(which is harvested by a wind turbine) and solar (which is harvested by photovoltaic

cells, generally) are projected to be the leaders in this matter.

The main issues with wind turbines are the size required to generate feasible amount
of electricity, the noise that may affect the inhabitants in surrounding area and the
destruction of flora and fauna whilst building one. Photovoltaic cells on the other hand
do not possess such issue, as they are relatively smaller when compared to a wind

turbine.
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Figure 1: World electricity generation by source. Taken from DNV GL'’s Energy Transition Outlook.

1.3. Solar energy as the source of electricity

Solar radiation is arguably one of the most abundant sources of renewable energy
available as it covers about 71% of the surface of the earth. The energy from the solar
radiation can be harvested by photovoltaic effect*. It was in the 1839 that a French
physicist A.E. Becquerel discovered that electricity could be produced directly from the
sun radiation by applying photovoltaic effect. This effect is found in semiconductor
materials, characterized by their intermediate properties in electrical conductivity
between a conductor and an insulator. When the incident radiation in the form of
photons reaches the material, electrons exist in the valence band are excited resulting
in higher energy content. If the electrons acquire sufficient energy, they can be
promoted to the conduction band and circulate through the material. This electron flow
generates electric potential and upon application of an electric field on the
semiconductor, the electrons move in the direction of the field, generating an electrical

current.




1.4. Photovoltaic cells

Photovoltaic cells® (PVCs) are devices that convert solar radiation into electrical energy
through the photovoltaic effect. The PVCs present an architecture based on the union
of two semiconductor regions with different electron concentration. These materials
can be type-n (semiconductors with excess of electrons) or type-p (semiconductors
with an excess of positive charges, called holes), though in both cases the material is

electronically neutral (Figure 2).
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Figure 2: Schematic representation of a photovoltaics cell, showing the n-type and p-type layers.

As shown in Figure 2, the holes flow from the p-region and electrons flow from the n-
region through the p-n junction via diffusion current upon contact. In addition to that,
the fixed ions near the junction known as space charge region generate an electrical
field in the opposite directions to the diffusion, which leads to a drift current. At
equilibrium, the diffusion current is balanced with the drift current, so that the net

current is zero.

When the PVC is in a relaxed state, the potential barrier is established at the p-n
junction. As the light strikes the PVC, the energy contribution of the photons can be
absorbed by the electrons, which can break their bonds, producing hole-electron pairs.
These charge carriers are pushed by the electric field and conducted through the p-n
junction. If an external load is connected, an electric current and a potential difference

between the cell terminals will be established.




The different PVCs that have been developed to date can be classified into three main
generations® and the aim of each generation is to reduce costs and improve efficiency

compared to the previous one(s).
e First-Generation Photovoltaic Solar Cells:

The first-generation solar cells are based on single crystalline silicon (c-Si) or multi-
crystalline silicon (multi-Si). Despite having good efficiency and stability, the indirect
bandgap present in the crystalline silicon requires bulk of the material, which is

cost-ineffective.
e Second-Generation Photovoltaic Solar Cells:

The second-generation solar cells are based on amorphous silicon, CIS/CIGS and
CdTe due to their direct bandgap. The second-generation photovoltaic solar cells
are more efficient in photons absorption, thus require thinner active layer as
opposed to the bulk active layer in the first generation. The main issue with these
materials is the instability upon prolonged period of exposure to the sunlight and

their toxicity.
e Third-Generation Photovoltaic Solar Cells:

The third-generation solar cells can be thought as a more advanced version, where
the aims are to realize highly efficient thin layer materials similarly to the second-
generation solar cells’, stable and non-toxic materials comparable to first-
generation solar cells®. The main advantages of third generation PVCs are solution-
processable technologies, suitable for large-scale production, mechanical
robustness and high efficiencies at high temperatures. The most important
technologies included in the third generation PVCs are: dye-sensitized solar cells
(DSSCs); organic and polymeric solar cells (OSCs); perovskite cells and multi-
junction cells. However, their key challenge is reducing the cost/watt of delivered

solar electricity.




1.5. Organic solar cells

An organic solar cell is a type of photovoltaic that deal with conductive organic
polymers or small organic molecules. The organic molecules are used for light
absorption and charge transport to produce electricity from sunlight by the photovoltaic

effect.

Interests in organic solar cells are caused by several factors such as the organic solar
cells are lightweight, flexible, the organic molecules present in the organic solar cells
are tunable, possess high optical absorption coefficients, the molecules are solution
processable at high throughput cheaply and the organic solar cells have the potential
to exhibit transparency (for application in windows) mean that it could potentially be
the low-cost, innovative alternative for solar cells. In spite of that, organic solar cells
suffer from efficiency. They offer about a third of the efficiency compared to inorganic
solar cells and are prone to photochemical degradation®, which implies low stability,™

and less durable when compared to silicon based inorganic photovoltaic cells.

The prospects of low costs'" and the potential in increased efficiency'? for the organic
solar cells favours them in the field of solar cell research. In fact, as of 2015, polymer
solar cells were able to achieve over 10% efficiency via a tandem structure™ and in

2018 was reached a record-breaking efficiency of 17.3%".
1.5.1. General principles of photovoltaic cells

When describing photovoltaic cells, band diagram is used to represent important
energetic levels as a function of a spatial dimension. The following quantities are

particularly important:

* Valence band (Ev) which is the highest occupied energy band (HOMO)
* Conductive band (Ec) is the lowest un-occupied energy band (LUMO)
+ Energy gap (Ecar = Ec— Ev) is the difference between the energy of the lowest

unoccupied energy band and the highest occupied energy band

When the material absorbs sufficient photons, electrons in the valence band will be
promoted into the conductive band in order to become a free negative charge. At the
same time, this process would leave an empty state in the valence band, which would

act as a free positive charge (hole). Therefore, the Ecap is an important quantity that




defines whether a material is a conductor (Ecar = 0 eV), a semi-conductor (Ecar = 1
eV) or an insulator (Ecar > 5 €V). The most vital part of solar cells are the semi-
conductors, in which the energy required for an electron in the valence band to be
promoted to the conductive band can be provided by solar energy. When an electron
is in the conductive band, it is free to flow within the material, leaving an empty energy
state in the valence band, and creating the electron-hole pair. Such a process can

occur if the equation below is satisfied.
Epy > Egap

Where the Epn is the energy of the photon and it must be greater than the energy of
the bandgap. Once the electron is promoted to the conduction band, the carriers can
then either be moved by diffusion or driven by an electric field until they are collected
at the electrodes. For instance, in silicon solar cell, a p-n junction provides the electrical
field that helps drive the carriers towards the respective electrodes, hence generating
a photocurrent. Organic solar cells on the other hand obey similar principles with slight

difference in which the route of the excited electron travels.
1.5.2. Organic Solar Cells (OSC) working principle

Contrary to inorganic solar cells such as single crystalline silicon, in organic solar cells
a photon is absorbed by an organic material which gives rise to an electron-hole pair
called an exciton. An exciton needs some energy in order to be separated into a free
electron and a hole pair. Such a separation can occur owing to effective fields. By
tuning the blend of two materials (known as heterojunction) with suitable chemical

potential difference, the effective fields present break the electron-hole bond.

The material which is donating an electron when separating the exciton is called a
donor, and is characterized by a high LUMO (lowest unoccupied molecular orbital and
equivalent to the conductive band), while the material which is receiving an electron
when separating the exciton is called an acceptor, and is characterized by a low HOMO

(highest occupied molecular orbital and equivalent to the valence band).




The basic working principle of an organic solar cell, schematically illustrated in Figure

3, is the following:

1. A photon with an energy Er+ > Ecap is absorbed by the active layer, forming an
exciton.

2. The exciton can diffuse (on the order of the tens of nanometres before
recombining) until it reaches a donor-acceptor interface.

3. The exciton can separate thanks to the potential at the donor-acceptor interface,
forming two free carriers, one positive and one negative (also called polarons).

4. The charge carriers can diffuse across the materials driven by chemical

potential toward the respective electrodes.
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Figure 3: A photon with energy hv generates an exciton that separates into a positive and negative
polaron. The charges are then collected at the electrodes

The number of electrons that are released by the exciton and collected at the

electrodes when irradiated by photons is defined as solar cell quantum efficiency.

In particular, the ratio of the collected electrons divided by the number of incident

photons, for a given energy, defines the External Quantum Efficiency (EQE):

electrons/sec

EQE photo [/sec




While the ratio of the collected electrons divided by the number of photons absorbed

by the active layer, for a given energy, defines the Internal Quantum Efficiency (IQE):

electrons/sec

IQE =

" absorbed photons/sec

More generically, the ratio of the output power divided by the input power is called

Power Conversion Efficiency (PCE):

Pout Vmpp X XV

Pin Pin Pin
Where PN is the power irradiating the solar cell, Pourt is the maximum power at the
output with Vmpp and Jwurp respectively the voltage and current at the Maximum Power
Point (MPP). The parameters such as Jsc, Voc, and FF are derived from the

experimental current-density-voltage (J-V) curve as presented in Figure 4.
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Figure 4: A schematic of a current-voltage graph for organic photovoltaic devices.
Blue Curve: in dark; Red Curve: under illumination; Voc: open-circuit voltage;
Jsc: short-circuit current; Vivpe: voltage at max. power point; Jupp: current at max. power point.

The fill factor (FF) is defined as the ratio between the MPP and the product of the open
circuit voltage (Voc) and short circuit current (Jsc). In organic photovoltaics, FF is
essentially a measure of the quality of the cell compared to theoretical power that could




be generated. It is the quotient of the maximum power value and the product of the

open circuit voltage and short circuit current:

FF _ Pout

" Voc xJsc

The short circuit current (Jsc) is the maximum photocurrent generation value'. It
corresponds to the y-intercept value of standard current-voltage curve in which current
is plotted along the y-axis and voltage is plotted along the x-axis, as seen in Figure 4.
Within organic solar cells, the short circuit current can be impacted by a variety of
material factors. These include the mobility of charge carriers, the optical absorption
profile and general energetic driving forces that lead to a more efficient extraction of

charge carriers.

The open circuit voltage (Voc), is the difference of electrical potential between two
electrodes when there is no external electrical current running through the device. This
corresponds to the x-intercept on a current-voltage curve. Within bulk heterojunction
organic photovoltaic devices, this value is highly dependent on HOMO and LUMO

energy levels and work functions for the active layer materials.

The efficiency depends on the architecture of the active layer, which deeply affects the
probability of separating an exciton. The most basic architecture is a bilayer device,
which was used by Tang in 1986 in order to make the first demonstration of a working
organic solar cell'®. However, this structure suffered from low efficiency due to the short
diffusion length of the exciton in an organic solar cell. Approximately ten years later,
G. Yu et al. introduced the bulk heterojunction (BHJ) solar cell. In such a device, the
interpenetrating mix of donor and acceptor provided large interfacial areas that
increased the exciton dissociation rate by reducing the distance that the carriers

needed to travel before dissociation”.

A common quantity used to describe the irradiating light is the irradiance, measured in
W/m?, which must be multiplied by the active area of the device in order to obtain the
input power Pin. The OSC active area is the area where the top and bottom electrodes
overlap. The efficiency depends on several material properties which affect for
instance the Voc. In fact, the open circuit voltage depends on the value of LUMO of the

acceptor and on the value of HOMO of the donor:




qVoc = ELumo (acceptor) — EHomo (donor)

where q = 1.6 x 10'° C is the elementary charge, while ELumo (acceptor) and Exomo
(donor) are the energy levels of the acceptor LUMO and of the donor HOMO
respectively. Since Voc is directly proportional to the PCE of the device, a lot of
research groups have tried to synthesize donors with a low HOMO, in order to increase
the value of the Voc. However, lowering the HOMO also causes a larger Egap of the
donor, since the position of the LUMO cannot be moved much in order to guarantee a
good exciton separation’®. A larger Ecap implies less solar spectrum absorbed (since
less photons can satisfy) and as a consequence less collected carriers and a lower
efficiency. Therefore, in order to optimize the device efficiency, a compromise exists

between Voc and Jsc.
1.6. Junction types:
1.6.1. Single layer

Single layer organic photovoltaic cells are the simplest form. Where the organic
molecule is placed between two electrodes. The top electrode shown in Figure 5 is
typically Al, Mg or Ca and the bottom electrode is typically ITO-coated substrate such

as glass.

Electron transport layer

Organic electronic material

(small molecule, polymer)

Hole transport layer

ITO-coated substrate

Figure 5: Sketch of a single layer organic photovoltaic cell

Upon shining light, the organic layer absorbs photon, as the ITO-coated glasses are
transparent. As described previously, the organic layer will form excitons due to the
excitation of electrons in the HOMO to the LUMO. The issue with single layer organic

photovoltaic cells is that the effective electrical field is often too weak to free the




electron present in the exciton and frequently the electrons recombine with the holes

without reaching the electrode9-2%-
1.6.2. Bilayer

Bilayer cells contain two layers, namely electron donor and electron acceptor in-
between the conductive electrodes (Figure 6). The purpose of having a donor and

acceptor layer was to minimise the issue mentioned in the single layer cells.

| e

Electron transport layer

Donor

Hole transport layer

ITO-coated substrate

Figure 6: Sketch of a multilayer organic photovoltaic cell, Planar Heterojunction (PHJ)

This bilayer structure utilises the difference in electron affinity and ionisation energy
between the donor and acceptor layer, more commonly known as a planar donor-
acceptor heterojunction. The issue with this set-up was that the thickness of a
polymeric layer to absorb enough light is at least 100 nm whilst the excitons have
characteristic diffusion length of about 10 nm. This simply means that only minimal
amount of excitons can reach the heterojunction interface before recombination of

electrons with holes.
1.6.3. Bulk heterojunction

Bulk heterojunctions aim to utilise the same principle of the donor acceptor in bilayer
at the same time minimizing the issue present in the bilayer cells. To do so, donor and
acceptor materials are blend together as a bulk mixture as shown in Figure 7. This
allows the short-lived excitons to reach the interface and dissociate to the acceptors
without compromising the thickness of donor acceptor layer.?! Though, efficient bulk

heterojunctions need to maintain large enough domain sizes to form a percolating




network that allows the donor materials to reach the hole transporting electrode and
the acceptor materials to reach the electron-transporting electrode. This percolating
network is essential as it minimises the chances of the charges being trapped in donor

or acceptor rich domain and undergo recombination.

Figure 7: Sketch of a dispersed junction photovoltaic cell, Bulk Heterojunction (BHJ)

The bulk heterojunctions are typically composed of a conjugated molecule-based

donor and fullerene-based acceptor.

The bulk heterojunction organic solar cells tackle the issue present in the planar cells
as the distance between donors and acceptors are suited for carrier diffusion. This in
turn allows the electron separated from the exciton and diffuse to the collecting

electrode.




1.7. Recent directions for bulk heterojunction materials research

Recent progress in organic electronics had ignited great interest in the fundamental
molecular design of the novel organic/polymeric semiconducting materials (SCMs) and

in the optimal design of device architectures??-23:24.25.26.27,

As mentioned before, the bulk heterojunction (BHJ) concept has been widely used for
mainstream polymer solar cells (PSCs), in fact in BHJ-OSCs, the photoactive layer
comprises electron-donor (D) and electron-acceptor (A) materials, blended in a BHJ
structure. The donor materials can be the polymer or small molecule and the acceptors

can be the fullerene derivatives or n-type organic molecules.

One approach to design highly efficient photovoltaic polymers is to couple at least an
electron donor with an electron acceptor, either directly or through a conjugated
bridge?®2930.31_ Consequently, these polymers form a more favourable energy level for
electron as shown in Figure 8. By using a "weak donor" material, a low HOMO energy
level can be achieved due to the narrow bandgap (Eg < 1.6 eV). In contrast, a "strong
acceptor" material possesses spectral coverage that is complementary to that of the

donor (1.6 < Eg < 2.2 eV) which in turn narrow the bandgap.
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Figure 8: Hybridization of the energy levels of the donor and acceptor units lowering the bandgap of
conjugated polymers.

The ideal conjugated polymer for BHJ solar cells should have a low lying HOMO
energy level to ensure a high open circuit voltage (Voc), a broad absorption in the
range of 300—-900 nm to maximize the short-circuit current density (Jsc) and a high

charge mobility to improve the fill factor (FF).




Both the p-type (hole-transporting) and n-type (electron-transporting)
organic/polymeric semiconductors, presented in Figure 9, are expected to play a role

in tomorrow's electronics.
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Figure 9: Principal organic conjugated semiconductors.

1.8. Non-fullerene acceptor for organic solar cells

The fullerene acceptors have been the standard for most organic photovoltaics in the
last years but due to their weak properties (instability, poor optical absorption and their
limitation in energy tunability), the non-fullerene organic solar cells (NF-OSCs) have
been paid increasing attention. Traditional OSCs utilize fullerene acceptors, typically
[6,6]-phenyl-Cs1 (or C71)-butyric acid methyl ester (PCe1BM32 or PC71BM) as the
electron- acceptor materials (see Figure 10), while n-type organic molecules are

selected to replace fullerene as the acceptor materials in NF-OSCs.

S n

Figure 10: PCs1BM it is an electron acceptor material (left) and it is often used in organic solar cells or
flexible electronics in conjunction with electron donor material (right) such as Poly(3-hexylthiophene
(P3HT).




Contrary to the fullerene acceptors, the chemical structure of the non-fullerene organic
acceptors is more tunable through the chemical modification of the T1r-system.
Therefore, it is possible to obtain a complete coverage of the solar spectrum credits to

a design specific of the acceptor molecules combined with the donor.
1.9. Indacenodithiophene (IDT)

Amongst the various types of conjugated donor molecules, indacenodithiophene (IDT)
has been recognized as a promising building block to construct narrow bandgap
semiconductors for high-efficiency photovoltaics.33343% This is due to its coplanar fused
ring aromatic structure and credits to strong intermolecular interactions can afford

ordered molecular organization.

DBT BDT CPDT NDT IDT

Figure 11: Building blocks: Dibenzothiophene (DBT), Benzodithiophene (BDT),
Cyclopentadithiophene (CPDT), Naphthodithiophene (NDT) and Indacenodithiophene (IDT).

As shown in Figure 11, in contrast to the other building blocks such as
Dibenzothiophene (DBT), Benzodithiophene (BDT), Cyclopentadithiophene (CPDT),
Naphthodithiophene (NDT), the pentacyclic IDT molecule with a much-extended -
conjugated system could produce highly desirable photo-physical and electronic
properties i.e. a low degree of energetic disorder and high carrier mobility. IDT unit has
three aromatic rings integrated into a single fused molecular structure in which a
bridging atom fixes coplanarity between the rings, maximizing the 1T orbital overlap, as

well as reducing conformational energetic disorder.

Recently, lain McCulloch and co-workers have developed an IDT-based polymer with
a high hole mobility despite lack of long-range crystalline order36. This is mainly due to

the remarkable resilience of the backbone conformation to side chain disorder?®’.

Another feature of the IDT unit is that both the choice of bridging atom and the planarity
of the substituents projecting from the bridge and/or through electron donation or

inductive effects strongly influence the frontier molecular orbital energy levels and




distribution. The former influences the degree of aromaticity of the repeating units,

while the latter has an effect on the electron density of the structural unit.

In addition, the bridging position also offers an opportunity to covalently graft different
side chain groups; typically, alkyl chains or aromatic side chains, which can improve
solubility and impact polymer thin film morphology, depending on their length and

shape (Figure 12).

Extention -~ - *--*" Extention

X =various bridging atoms (e.g. C, Si, Ge)
R = various side chain (e.g. alkyl chain, aromatic chain)

'_.' = various conjugation lengths and various electron acceptors

Figure 12: Design consideration of IDT units

Since the first introduction of an IDT unit into photovoltaic materials, hundreds of new
IDT-based polymers have been synthesized through Stille coupling and/or Suzuki
coupling reactions, suggesting that these materials have currently become one of the
major families of polymer photovoltaic materials3®3°4°, Recently, various IDT-
derivatives based on non-fullerene electron acceptors have also been developed for

photovoltaic applications*'.
1.9.1. IDT polymer based on electron acceptor 2,1,3-benzothiadiazole (BT)

The ability to absorb light from the near UV up to 700 nm is another major merit of the
IDT-based copolymers for photovoltaic applications. The absorption profile can be
easily tuned by varying the electron-deficient counterpart, and consequently strong

absorption can be achieved in the low-energy region of the visible spectrum.

As one of the most promising acceptors suitable for construction of highly efficient
photovoltaic materials, 2,1,3-benzothiadiazole (BT) with a relatively high electron
affinity has a quasi-quinoidal structure rather than a heteroaromatic system. Its high
electron affinity is the result of the imine functionalities with relatively low energy p*-

orbitals. This molecule possesses a relatively low-lying HOMO energy level in the




resulting polymers, which is very favourable to achieve a high Voc*?. Ting et al. were
the first to synthesize an IDT and BT-based conjugated amorphous polymer (Figure
13)*3, with a high PCE of 6.4%, a larger Jsc of 11.2 mA cm, a Voc of 0.85 V and a
quite high FF of 0.67. Following their report, several state-of-the-art IDT-based

conjugated polymers were successfully developed soon after.

IDT-BT

Figure 13: Chemical structures of IDT-based polymer with benzothiadiazole (BT) derivative as
acceptor

1.9.2. IDT polymers based on various side chains

By spin coating or blade-coating a polymer solution (if materials are highly soluble in
organic solvents), one can easily fabricate large-area thin film photovoltaic devices. In
particular, for solution-processable PSCs the solubility of the polymer is one of the key
factors affecting film morphology and device performance. As reported in many
literature studies, the introduction of side chains onto the polymer backbone is the most
effective way to tune and improve the polymer solubility since the side chains can
induce the backbone twisting as well as increase the interchain distance. For that
reason, the size and shape of the side chains play an important role in molecular
orientation and Tr-11 stacking of the polymers and influence the charge transport and
the miscibility of the acceptors. IDT-based polymers could be divided into two parts:
one-part concerns substitution of the IDT units by aromatic side chains; the other deals
with the grafting of alkyl side chains on the IDT units. Studies show that replacement
of the aromatic side chains with the alkyl side chains with less steric hindrance would
make the polymer backbone to aggregate easily*4, which will be beneficial for charge
transport (Figure 14). This means that by choosing appropriate side chains, it is

possible to control the optoelectronic properties of polymers.




Figure 14: Chemical structure of IDT-based polymers with various side chains (aromatic and alkyl)

1.9.3. IDT polymers based on various bridging atoms

Most of the high-performance polymers for state-of-the-art BHJ solar cells mainly rely
on thiophene or thiophene-based heterocycles. The heteroatoms can induce a variety
of intermolecular interactions that are essential for achieving excellent device
performance by affecting the electron density and molecular planarity. A series of
soluble IDT-BT based D—A copolymers were designed and synthesized, where a

single bridging atom in the IDT unit varied from C to Si to Ge (Figure 15)*54647,

Figure 15: Chemical structure of IDT-based polymers with various bridging atoms




As a result, heavy atom substitution leads to the polymer being crystalline. Unlike the
amorphous polymer with C, both Si and Ge show clear indications of semi-crystalline
behaviour due to the longer C—-Si or C—Ge bond relative to the C—C bond, which reduce

the steric hindrance from the bulky alkyl side chains.

This result indicated that bridging atom variation in the IDT unit could be used to control
the molecular packing behaviour of the polymers but has a little effect on the optical
bandgaps. Moreover, a strong correlation between the polymer molecular weight and
the absorption and photovoltaic performance has demonstrated that the high molecular

weight polymer could provide the best performance in those categories.

In addition to the above-mentioned three elements (C, Si, Ge) as the bridging atoms
of the IDT unit, the more electron donating nitrogen atom (N) can also be the bridging
heteroatom of the IDT unit. Incorporation of a strong electron-donating atom would
further promote molecular orbital hybridization leading to a reduction in the bandgap
of the polymer and enhance the electron density of the ring. Additionally, the electron-

rich nature of the polymer backbone would be favourable for hole transport.
1.9.4. IDT polymers based on various conjugation lengths

The highly fused aromatic/heteroaromatic units, in which the covalently rigidified
adjacent units could prevent rotational disorder to reduce reorganization energy, which
lead to improved charge carrier mobilities, enhance effective conjugation of the

polymer backbone to facilitate electron delocalization.4849

In order to enhance the charge mobility and device performance of the fused-ring
polymers, the IDT unit can be further extended by incorporating two thieno[3,2-
blthiophene (TT) units. The extended IDT system with two outward TT units replacing
the thiophene moieties on IDT was designed to form a novel seven-ring
indacenodithieno[3,2-b]thiophene (IDTT) donor unit as shown in Figure 16.

Figure 16: Chemical structure of IDT-based polymer with enhanced conjugation length.




The extension of the effective conjugation length and planarity improve chain packing.
This is also an effective way to reduce the bandgap and improve charge transport for
high-efficiency photovoltaic devices. As mentioned previously, the variation of the
bridging atom of the IDT unit could be used to control the molecular packing properties

but has a little effect on the optical bandgap of the resultant polymer.
1.10. Design and synthesis of the IDT based non-fullerene acceptors

With the fast development of new organic semiconductor materials and the great
improvements in the optimization of device architectures, organic photovoltaics based
on composites of a conjugated polymer as the electron donor and a fullerene/fullerene

derivative as the acceptor have seen a rapid progress in PCE over the past few years.

In comparison with the polymer donor materials utilized for BHJ devices, the
development of electron acceptor materials lags far behind the rate of innovation of
PSCs. To date, electron acceptors used in the vast majority of PSCs are fullerene and
its soluble derivatives (e.g., PCs1BM, PC71BM and others). These fullerene-based
electron acceptors can offer several attractive advantages in the polymer: acceptor

blends-based BHJ devices:

o three-dimensional electron transport;

e multiple reversible electrochemical reductions;

¢ high electron mobilities;

o formation of both pure and mixed domains of the appropriate length scale for
charge separation.

However, the disadvantages of these acceptors include high cost of purification and
production, poor overall yield, relatively narrow spectral range of optical absorption
compared to the solar spectrum, limited energy level variability due to synthetic
inflexibility, device instability resulting from an inherent tendency to undergo post-

fabrication crystallization and more have also been found in the practical PSCs.

The greatest challenges in developing more efficient non-fullerene acceptors are the
narrow absorption spectrum, the absence of semiconductors that can integrate
solution processability with suitable electron-transport properties and energy levels.
Among all the non-fullerene acceptors reported in the past several years, the promising




IDT-based acceptor materials for high performance BHJ PSCs have attracted much
attention due to their rigidified coplanar structures, which can efficiently restrain
rotational disorder and consequently lower reorganization energy, 3D conformation
that is very critical to non-fullerene materials, the tunability of molecular and electronic
properties by chemical modification. Most of the high-performance non-fullerene
acceptors reported so far mainly rely on A-D-A structures. The LUMO levels of
acceptors are mainly determined by the A groups and if the electronegativity of the A
group can be reduced, it will be possible to obtain non-fullerene acceptors with an

elevated LUMO level and hence improved Voc in PSCs.
1.11. State of the art

In a previous work published from my research group at KAUST, a new series of non-
fullerene acceptors based on fluorene core called FBR has been specifically designed
to give improved performance alongside the wide band gap donor poly(3-
hexylthiophene). A polymer with good prospect for commercial OPV due to its relative
scalability, stability and to the high efficiency was obtained. It owned the highest

efficiency for a fullerene-free device when it was first reported®. (Figure 17).

.................

Fluorene

FBR

Figure 17: Fluorene unit and related non-fullerene acceptor (FBR) based on fluorene core

However, the short-circuit current (Jsc) in these devices was limited and the large
extent of spectral overlap of FBR with P3HT and lack of long-wavelength absorption
reduced the ability to harvest photons across the spectrum, further limiting the
generated photocurrent. Hence the need to realize better acceptor derivatives in order

to push forward this technology.




2. Aim

This thesis is a comprehensive report of my internship at the King Abdullah University
of Science and Technology (KAUST), in KAUST Solar Centre (KSC), Saudi Arabia.

In order to find new non-fullerene acceptors for OPV applications, new
functionalizations of the indacenodithiophene (IDT) donor were investigated during my
thesis project. In particular, it has been considered the possibility of adding

benzothiophene (TB) units next to the thiophene moieties and side chains (R) within

the IDT. (Figure 18).

(" = Benzothiophene (TB) m
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Figure 18: IDT core with benzothiophene (blue circle) and R side chains

IDT

The purpose of adding benzothiophene (TB) is to extend the conjugation length in the
fused-ring in order to increase the HOMO energy level, thus narrowing the band gap
which results in a significant red-shift in the absorption spectrum. By adding different
side chains (R) in the IDT, we may increase the polymer solubility that is one of the
key factors affecting the film morphology and device performance of the organic solar

cells.




3. Results and discussion

This section of the thesis will be divided into three sub-headings. Section 3.1 will
comprise the synthesis of the indacenodithiophene (IDT) unit. Section 3.2 will comprise
the synthesis of the TBIDT-BT polymer. This is followed by section 3.3, which includes
design synthesis of other new non-fullerene small molecule acceptors based on IDT
unit, alkylated with linear (n-octyl)- or branched (2-ethylhexyl)- side chains, indicated
as O-TBIDTBR and EH-TBIDTIR, respectively. Lastly, in section 3.4 the synthesis of

the novel deuterated compound IDT-BR for future morphology studies will be reported.
3.1. Synthesis of indacenodithiophene (IDT)

The indacenodithiophene (IDT) core was synthesized according to the literature

procedures®'%2 and the synthetic route is shown in Scheme 1.
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Scheme 1: Synthetic route to IDT unit

The first step is a Pd-catalyzed Negishi coupling reaction between the diethyl 2,5-
dibromoterephthalate and the 2-thienylzinc chloride that gave compound 2, derived
form the double cross-coupling, in 79% yield. Subsequently, the compound 2 was
saponified in the presence of aqueous NaOH to give the dicarboxylic acid 3. The




compound 3 was treated with oxalyl chloride in DCM to obtain the acyl-chloride
intermediate which, in turn, was subjected to intramolecular Friedel-Crafts reaction to
give the diketone 4 in good yield (77%). The last step was a Wolff-Kishner reduction
to convert the dicarbonyl groups into methylene groups thus forming the IDT core with

good yield.

The IDT was used as starting material for the syntheses described below.

3.2. Synthesis of the novel TBIDT-BT polymer

IDT-BT TBIDT-BT

Figure 19: Structure of IDT-BT, and of the novel TBIDT-BT acceptor

The synthesis of TBIDT-BT started from the idea to modify IDT-BT®2, an already known
material for photovoltaic devices indicated in Figure 19 (left). The modification was
designed by inserting a benzothiophene (TB) unit, as shown in TBIDT-BT (red in Figure
19). The purpose of adding the TB unit is to narrow the band gap, thus planarizing the
molecular structure and significantly red-shifting the absorption by increasing the
HOMO energy level. Besides that, TBIDT-BT should crystallize better than IDT-BT due
to its unique morphology. Moreover, the development of this kind of compounds would

result in better prospects for commercial OPV, due to their scalability and stability.




The synthetic route to obtain the novel non-fullerene polymer acceptor TBIDT-BT

starting from IDT material is depicted in Scheme 2.
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Scheme 2: Synthesis of TBIDT-BT polymer from IDT

The compound 5 (IDT) was subjected to basic treatment with sodium tert-butoxide to
give a carbanion that was, in situ, treated with 1-bromohexadecane. After
chromatographic purification on silica gel the tetraalkylated compound 6 was isolated
in 71% vyield. Subsequently, compound 6 was treated with n-butyllithium solution (in n-
hexane) and N,N-dimethylformamide (DMF) with formation of an aldehydic group in
alpha position to each thiophene sulphur atom, thus producing compound 7. It was
then treated with n-butyllithium and compound d (prepared separately, synthesis
shown in Scheme 3) to provide compound 8 with a good yield (72%). Reduction of the
hydroxy groups in 8 by treatment with zinc iodide and sodium cyanoborohydride gave
rise to compound 9 that was then deprotected with tetrabutylammonium fluoride
(TBAF) leading to compound 10 in quantitative yield. The latter was then oxidized to
dialdehyde using the Dess Martin periodinane reagent and the dialdehyde 11 was

reacted with Amberlyst 15, to give the cyclic compound 12. The compound 12 was




then di-stannylated in the alpha position to thiophene rings by treatment with n-
butyllithium followed by addition of trimethyltin chloride. Lastly, the TBIDT-BT was
obtained through a Suzuki cross-coupling condensation between the di-stannyl
derivative 13 and benzothiadiazole catalyzed by tris(dibenzylideneacetone)
dipalladium(0) [(Pdz(dba)s] and tri(o-tolyl)phosphine [P(o-tol)s].

The polymer TBIDT-BT thus obtained will be characterized and analysed later by my
laboratory group. This synthetic route provides a well-defined backbone and, combined
with the presence of linear alkyl side chains, optimisation is expected for the molecular

packing.

The preparation of the compound d used in the above described synthesis of TBIDT-

BT is shown in Scheme 3.
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Scheme 3: Synthesis of compound d

The first step is an a-metallation with LDA of the thiophene a followed by DMF attack
to obtain the aldehyde b. This product was treated with sodium borohydride (NaBHa)
to give the alcohol c. The last step was the protection of the hydroxyl group with
triisopropylsilyl chloride (TIPSCI) to obtain the compound d that was used for the
synthesis of TBIDT-BT, O-TBIDTBR and EH-TBIDTBR (see below).




3.3. Synthesis of the non-fullerene IDT-based small molecules O-TBIDTBR and
EH-TBIDTBR as novel acceptors

The optimization of the different steps of the synthetic procedure to produce TBIDT-
BT suggested to attempt the synthesis of novel IDT-based small molecules. The
synthesis of a small IDT-based molecule is justified by the fact that small-molecule-
based solar cells are generally less challenging, giving less variation of the product
between every batch of synthesis when compared to polymer solar cells. Moreover, it

is easier to tune their energy level and they are more stable.

With these considerations in mind, we planned to prepare novel small molecules, by
inserting TB into IDTBR structures, already prepared in my research group. Thus,
analogously to the concept described in section 3.2, we would be able to achieve
similar improvement in terms of broader absorption spectra and better crystallization

with the advantage of small molecule solar cells such as tunability and stability.
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Figure 20 : Structure of O-IDTBR and EH-IDTBR, followed by the new O-TBIDTBR and EH-TBIDTBR
acceptors

The synthetic routes to new non-fullerene small molecule acceptors O-TBIDTBR and
EH-TBIDTBR are reported in Scheme 4. The first syntheses are similar to those shown
in Scheme 2, with the difference that, in current cases, the alkylating agents were n-
octyl- or 2-ethylhexyl- bromide. To obtain a small molecule, the di-stannyl derivative

analogous to 13 in Scheme 2, was designed to react, through Suzuki coupling, with 7-




bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde to give TB-IDTBT. This dialdehyde,

reacting with a rhodanine derivative, will produce the final product.
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Scheme 4: Synthetic route of O-TBIDTBR and EH-TBIDTBR

In particular, compound 5 (IDT) was subjected to base treatment with sodium tert-
butoxide followed by addition with an alkyl halide, namely 1-bromooctane or 2-
ethylhexyl bromide and, after chromatographic purification on silica gel, the desired
tetraalkylated products 15a and 15b were obtained in 87% and 90% yield, respectively.

Subsequently, the compounds 15a or 15b were deprotonated with n-butyllithium
followed by reaction with N,N-dimethylformamide (DMF) introducing an aldehyde
group in alpha position to each thiophene moiety, generating compounds 16a and 16b
which, in turn, were treated with n-butyllithium and compound d (previously prepared,

synthesis showed in Scheme 3) to provide compounds 17a and 17b with a good yield.




Because of the limited time of my internship, in which | also synthesized other
compounds not described in this thesis due to not-disclosure agreements, the
syntheses of Scheme 4 were not completed. The future plan will be the reduction of
compound 17 to remove the hydroxyl groups followed by the addition of TBAF in order
to remove the protecting group and form the dialcohol. After that, a mild oxidation will
be carried out by the Dess-Martin periodinane in order to convert the alcohol into
aldehyde (without further oxidation to carboxylic acid). Subsequently, the Amberlyst 15
(an acid catalyst that works as an ion exchange resin) will be used to perform a
cyclization. The compound thus formed will be first stannylated with trimethyltin
chloride, then reacted via Pd-catalyzed Stille coupling with the
bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde followed by a Knoevenagel

condensation with 3-ethylrhodanine to yield the final product.




3.4. Synthesis of a novel deuterated IDT-BR for future morphology studies

In an effort to understand the morphology of a small molecule (IDT-BR) discovered in
the group previously to mine entrance in internship, we decided to replace the 3-
ethylrhodanine groups present within the structure with deuterated 3-ethyl-ds-

rhodanine groups (Figure 21).

IDT-BR

Figure 21: Structure of IDT-BR, followed by the novel deuterated IDT-BR

To made the deuterated compound IDT-BR it was necessary to previously synthesize
two intermediates to be used during the synthetic pathway, namely 3-ethyl-ds-

rhodanine and 7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde ().

The synthetic route to deuterated 3-ethyl-ds-rhodanine (g) is showed in Scheme 5.
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Scheme 5: Synthetic route to deuterated 3-ethyl-ds-rhodanine

The rhodanine (e) was first treated with KOH in order to generate the potassium salt f
which, in turn, was subjected to an alkylation with bromoethane-ds to give the

compound g with 44% yield.

The synthetic route to the compound I, according to the literature procedures, is

shown in Scheme 6.
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Scheme 6: Synthetic route to compound |

The 3-methylbenzene-1,2-diamine (h) was first treated with thionyl chloride in the
presence of pyridine in order to perform a cyclization to obtain compound I, isolated in
57% yield, which in turn was brominated with bromine and hydrobromic acid to give
the compound j. Subsequently, the compound j was brominated again on the methyl
group in the presence of the N-bromosuccinimide and benzoyl peroxide to form the
dibrominated compound k in 57% vyield. In the last step compound k reacted with the

formic acid to give the desired product | with a very good yield (93%).

The synthetic route to novel deuterated IDT-BR is shown in Scheme 7.
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Scheme 7 : Synthetic route to deuterated IDT-BR

IDT (5) was used as starting material and was subjected to base treatment with sodium
tert-butoxide to give a carbanion which was then treated with 1-bromohexadecane;
after chromatographic purification on silica gel, the desired product 18 was obtained
with 59% yield. Subsequently, compound 18 was treated with N-Bromosuccinimide in
THF/DMF to form the dibrominated compound 19 in 86% vyield. The brominated
indacenodithiophene core was first stannylated with trimethyltin chloride, then reacted
via Pd-catalyzed Stille coupling with compound I. The last step was the Knoevenagel
condensation with the deuterated 3-ethyl-ds-rhodanine that produced the final product
22 in 78% yield.




4. Conclusions

Since extending the backbone by fusing more aromatic rings in non-fullerene
acceptors (NFAs) may further improve the light absorption ability and charge mobility,
in my internship work at KAUST | have further extended the 5-ring
indacenodithiophene donor unit by incorporating two benzothiophene units to form a
novel 9-ring unit. Moreover, | contributed to develop a side-chain engineering on the
5-heterocyclic-ring core (IDT) by introducing an hexadecyl chain as alkyl substituent.
This substitution should enhance the solubility, increase the intermolecular Tr-11
stacking interaction and, more importantly, may change the blend morphology, leading

to more crystal domains.

In summary, a new non-fullerene polymeric electron acceptor (TBIDT-BT), based on a
9-fused ring with hexadecane alkyl substitutions was synthesized through a multistep
procedure in which the last step was a Pd-catalyzed Stille coupling reaction. The
properties and uses in devices of this compound will soon be investigated by my
research group at KAUST. Due to the enhancement of effective conjugation length,
the novel acceptor should show a lower band gap, better planarity and a higher HOMO
level. Although the synthesis is reported on a small (laboratory) scale, all of the
precursor materials are relatively inexpensive, and the reactions are sufficiently
straightforward and characterized by high yields that a larger scale production should
be easily possible. This will demonstrate an important advantage in the field of the
development of non-fullerene acceptors. To further extend the absorption and increase
the driving force, we also designed a new modification of the TBIDT-BT unit
endcapping it by two 3-ethylrhodanine units to obtain novel small molecule NFAs (O-
TBIDT-BR and EH-TBIDTBR). This synthesis should provide a potential strategy to
improve self-assembly behaviour and order degree of the IDT based SMs via
increasing dipole moment of the terminal group, which is available to further improve
the photovoltaic performance in organic solar cells. Finally, | have carried out a new
modification to the molecule previously synthesized by my research group (O-IDTBT)°
to study its morphological properties. The synthesis of the deuterated molecule IDTBT
was therefore completed starting from the modification of 3-ethyl-rodanine in which the
CH2CHs groups linked to the two nitrogen's rhodanines were replaced by CD2CDs. All
the steps in this synthesis provided high yields.




5. Experimental Section
Materials, synthetic procedures, and compounds characterization

All chemicals were purchased from commercial suppliers unless otherwise specified.
All reactions were carried out using conventional Schlenk techniques in an inert argon
atmosphere. Reactions were monitored by GC/MS and thin layer chromatography
(TLC). TLC was performed using 0.25 mm E. Merck silica plates (60F-254), using
short-wave UV light as the visualizing agent. Column chromatography was performed
using E. Merck silica gel (60, particle size 0.043— 0.063 mm) for flash chromatography
(VWR). The "H NMR and *C NMR spectra were recorded on BRUKER AV-400, AV-
500 and AV-700 spectrometers operating in CDCls, CD2Cl2 or DMSO-ds solution at
298 K. The chemical shifts were expressed in & (ppm) with respect to the TMS and the
coupling constants were reported in hertz (Hz). The following abbreviations were used:
s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of a doublet), ddd (doublet of
a doublet of a doublet), dt (doublet of triplet), tt (triplet of triplet), m (multiplet) and bs
(broad signal) for the characterization of the observed signal multiplicities. Electrospray
mass spectrometry was performed with a Thermo Electron Corporation DSQIl mass
spectrometer. Numeric nomenclature is used to represent the desired compound
formed in the synthesis of the new molecule whilst alphabet nomenclature is used to

represent the synthesis of the intermediate compounds.




5.1. Synthesis of the IDT unit%°3;
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2,5-dithien-2-ylterephthalic acid diethyl ester (2):

A mixture of diethyl 2,5-dibromoterephthalate (1) (4.27 g, 11.24 mmol), 2-thienylzinc
bromide (0.50 M in anhydrous THF, 50 mL, 25.0 mmol) and Pd(PPhs)4 (0.39 g, 0.34
mmol) was heated under reflux for 3 hours. After cooled to room temperature, the
reaction mixture was poured into saturated NH4Cl solution. The product was extracted
with ethyl acetate for three times. The extracts were combined and washed with water
and brine then dried over anhydrous sodium sulfate. After filtration, the solvent was
removed under reduced pressure. The residue was purified by column
chromatography on silica gel, eluting with n-hexane/ethyl acetate (from 10:0 to 9:1) to

obtain the product as pale yellow solid. Yield: 79% (3.43 g).

"H NMR (400 MHz, CDCls): & (ppm) 7.83 (s, 2H, Ar-H), 7.41 (dd, J = 4.8 and 1.4 Hz,
2H, Ar-H), 7.10-7.13 (m, 4H, Ar-H), 4.24 (q, J = 7.2 Hz, 4H,CH2), 1.18 (t, J = 7.2 Hz,
6H, CHs); 13C NMR (100 MHz, CDCls): & (ppm) 167.9, 138.2, 133.7, 133.2, 130.7,
128.6, 128.0, 127.6, 60.9, 14.1.




2,5-dithien-2-ylterephthalic acid (3):

The 2,5-dithien-2-ylterephthalic acid diethyl ester (2) (3.20 g, 8.28 mmol) was dissolved
in ethanol (200 mL), followed by the addition of a solution of sodium hydroxide (4.50 g
NaOH in 30 mL water). This mixture was heated under reflux for 15 hours followed by
evaporation under reduced pressure. To the aqueous residue, concentrated
hydrochloric acid was added. The precipitate formed was collected by filtration and
washed with water then dried in vacuum to obtain the product as off-white solid. Yield:
83% (2.27 g).

"H NMR (400 MHz, DMSO-ds): & (ppm) 13.48 (s, 2H, COOH), 7.73 (s, 2H, Ar-H), 7.72
(dd, J = 5.1 and 1.1 Hz, 2H, Ar-H), 7.30 (dd, J = 3.6 and 1.1 Hz, 2H, Ar-H), 7.18 (m,
2H, Ar-H); 3C NMR (100 MHz, DMSO-ds): 5 (ppm) 168.8 (C=0), 139.7 (q), 134.6 (q),
131.5 (q), 130.3 (CH), 127.9 (CH), 127.6 (CH), 127.2 (CH).

4,9-dihydro-s-indaceno[1,2-b:5,6-b"]-dithiophene-4,9-dione (4):

The 2,5-dithien-2-ylterephthalic acid (3) (2.13 g, 6.45 mmol) was suspended in
anhydrous DCM (100 mL), followed by the addition of oxalyl chloride (3.28 g, 25.83
mmol). To this mixture, anhydrous DMF (1.0 mL) was added dropwise at room
temperature. The resultant mixture was stirred overnight. The solvent was removed
under reduced pressure to afford crude dichloride acid as a yellow solid. The solid
obtained was first dissolved in anhydrous DCM (80 mL) then added to a suspension
of anhydrous AICI3 (4.0 g) in DCM (120 mL) at 0°C. The resulting mixture was allowed
to warm to room temperature and stirred overnight. After that, the solution was poured
into ice-cold HCI solution. The precipitate was collected by filtration and washed with
2 M HCI solution, water and acetone, then dried in vacuum to afford a deep blue solid.
Yield: 77% (1.46 g).

MS (m/e): 294 (M+, 100%), 281, 266, 207, 193. IR: v (cm™") 1705 (C=0). 'H NMR (400
MHz, CDCl3): & (ppm) 8.84 (s, 2H), 7.56 (dd, 4H, J = 1.2, 5.2 Hz); 13C NMR (100 MHz,
CDCls): & (ppm) 188.2, 149.3, 138.8, 138.3, 137.6, 131.9, 130.7, 121.1.

4,9-dihydro-s-indaceno[1,2-b:5,6-b"]-dithiophene, (5, IDT):

A mixture of 4,9-dihydro-s-indaceno-[1,2-b:5,6-b']-dithiophene-4,9-dione (4) (1.33 g,
4.52 mmol), hydrazine monohydrate (4.52 g, 90.40 mmol) and KOH (5.07 g, 90.54




mmol) in diethylene glycol (50 mL) was heated at 180°C for 24 h. The resulting mixture
was poured into a beaker that contains ice and hydrochloric acid. Upon the formation
of the precipitate, the product was collected by filtration and washed with water and
acetone, then dried under vacuum to afford the product as pale yellow solid. Yield:
82% (0.98 g).

H NMR (400 MHz, DMSO-ds): & (ppm) 7.73 (s, 2H, Ar-H), 7.56 (d, J = 4.8Hz, 2H, Ar-
H), 7.22 (d, J = 4.8Hz, 2H, Ar-H), 3.79 (s, 4H, CH2); 3C NMR (100 MHz, CDCl): &
(ppm) 137.1, 134.9, 133.6, 133.3, 130.8, 126.0, 125.6, 32.0.

5.2. Synthesis of the novel TBIDT-BT polymer
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3-bromothiophene-2-carbaldehyde (b):

A solution of LDA in THF (1 M) (67.4 mL, 67.4 mmol) was added dropwise to 3-
bromothiophene (a) (10 g, 61.3 mmol) in 300 mL of anhydrous THF at 0°C. After stirring
the mixture for 1 hour, DMF (5.2 mL, 67.4 mmol) was added to the mixture at 0°C and




the mixture was warmed to room temperature. After stirring for 4 hours, water (100 mL)
was added to the mixture and it was extracted with diethyl ether for three times. The
organic layers were collected, dried over anhydrous magnesium sulfate, filtered and
concentrated under vacuum. The product was purified by column chromatography on
silica gel with n-hexane/ethyl acetate (50:1) as eluent to give a yellow oil. Yield: 94%
(11.0 g).

H NMR (400 MHz; CDCls): & (ppm) 7.15 (d, 1H, J = 4.8 Hz), 7.73 (dd, 1H, J= 1.2, 5.2
Hz), 9.98 (d, 1H, J = 1.2 Hz); 13C NMR (100 MHz; CDCl3): & (ppm) 183.03, 136.90,
134.87, 132.03, 120.38.

(3-bromothiophen-2-yl) methanol (c):

The 3-bromothiophene-2-carbaldehyde (b) (11 g, 57.6 mmol) was dissolved in
methanol (300 mL) and cooled to 0°C. Followed by the addition of NaBH4 (3.3 g, 86.4
mmol) in small portions to the mixture and stirred for 4 hours. After that, water (100
mL) was added to the mixture and it was extracted with diethyl ether for three times.
The organic phases were collected, dried over anhydrous magnesium sulfate, filtered
and concentrated under vacuum. The product was purified by column chromatography
on silica gel with n-hexane/ethyl acetate (10:1) as eluent to obtain a colourless oil.
Yield: 98% (10.9 g).

H NMR (500 MHz, CDCl): & (ppm) 7.28 (d, 1H, J = 5.2 Hz), 6.98 (d, 1H, J = 5.2 Hz),
4.83 (d, 2H, J = 6.4 Hz), 2.98 (s, br, 1H); ®C NMR (176 MHz, CDCl3): & (ppm) 138.31,
130.13, 125.48, 108.89, 58.96.

((3-bromothiophen-2-yl)methoxy)triisopropylsilane (d):

To a solution of (3-bromothiophen-2-yl)methanol (¢) (10 g, 51.8 mmol) and
triisopropylsilylchloride (11.98 g, 62.16 mmol) in dichloromethane was added the
imidazole (8.82 g, 129.5 mmol). The mixture was stirred for 12 hours, diluted with
saturated aq. NH4Cl, extracted with EtOAc, washed with brine and concentrated under
vacuum. The residue was purified by column chromatography on silica gel with
petroleum ether/ethyl acetate (50:1) as eluent to obtain the product as a colorless
liquid. Yield: 98% (17.74 g).




H NMR (500 MHz, CDCls): & (ppm) 7.21 (d, J = 5.3 Hz, 1H), 6.92 (d, J = 5.3 Hz, 1H),
4.92 (s, 2H), 1.22-1.18 (m, 3H), 1.12 (s, 18H); *C NMR (176 MHz, CDCls): 3 (ppm)
140.83, 129.60, 124.39, 105.30, 61.23, 18.01, 12.01.

4,9-dihydro-4,4,9,9-tetrahexadecyl-s-indaceno[1,2-b:5,6-b"]-dithiophene (6):

To a mixture of 4,9-dihydro-s-indaceno[1,2-b:5,6-b']-dithiophene (5) (0.92 g, 3.46
mmol) in anhydrous DMSO (20 mL) was added sodium tert-butoxide (1.99 g, 20.73
mmol) in small portions. The reaction mixture was heated at 80°C for 1 hour, followed
by the addition of 1-bromohexadecane (6.33 g, 20.75 mmol) dropwise. Subsequently,
the resultant mixture was heated at 80 °C for 5 hours, then poured into ice-water. The
precipitate was collected by filtration and washed with water and methanol to give a
black solid. This solid was purified by column chromatography on silica gel with n-

hexane as the eluent, to obtain an off-white solid. Yield: 59% (2.38 g).

H NMR (700 MHz, CDCl3): & (ppm) 7.29 (s, 2H, Ar-H), 7.27 (d, J = 4.8 Hz, 2H, Ar-H),
6.98 (d, J = 4.8 Hz, 2H, Ar-H), 1.94-2.04 (m, 4H, CH2), 1.81-1.92 (m, 4H, CH2) 1.02-
1.46 (m, 104H, CH2), 0.75-0.98 (m, 20H, CH2 and CHs); "3C NMR (100 MHz, CDCls):
8 (ppm) 155.20, 153.22, 141.84, 135.72, 126.25, 121.73, 113.21, 53.85, 39.16, 32.11,
31.96, 30.12, 29.78 29.77, 29.76, 29.75, 29.74, 29.71, 29.43, 29.41, 24.32, 22.81,
22.73, 14.22.

4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-2,7-
dicarbaldehyde (7):

The 4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b'ldithiophene (6) (10 g,
8.59 mmol) was dissolved in anhydrous THF (100 mL) and cooled to -78°C under
argon. The n-butyllithium solution (2.5 M, 8.59 mL) was then added dropwise and the
mixture was warmed up to 0°C and stirred for 30 min. The mixture was cooled to -78°C
again and 1 mL of DMF was added dropwise into the solution and the mixture was
warmed up to room temperature and stirred for an additional 6 hours. Water (100 mL)
was added to the mixture and the product was extracted with ethyl acetate for three
times. The organic phases were collected, dried over anhydrous magnesium sulfate,
fitered and concentrated under vacuum. The product was purified by column
chromatography on silica gel with n-hexane/ethyl acetate (5:1) as eluent to give a
yellow solid. Yield: 93% (9.75 g).




"H NMR (700 MHz, CDCl3): & (ppm) 9.94 (s, 1H), 7.66 (s, 1H), 7.48 (s, 1H), 2.12-2.10
(m, 8H), 1.36-0.92 (m, 104H), 0.91-0.87 (m, 12H), 0.82-0.65 (m, 8H); 13C NMR (126
MHz, CDCls): & (ppm) 182.96, 156.06, 155.18, 151.40, 145.60, 136.47, 130.41,
115.03, 53.81, 39.12, 32.11, 31.96, 30.12, 29.84, 29.77, 29.76, 29.75, 29.74, 29.71,
29.43,29.41, 24.32, 22.81, 22,73, 14.22.

(4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-2,7-
diyl)bis((2-(((triisopropylsilyl)oxy)methyl)thiophen-3-yl)methanol) (8):

The ((3-bromothiophen-2-yl)methoxy)triisopropylsilane (d) (5 g, 14.3 mmol) was
dissolved in 100 mL anhydrous diethyl ether and cooled to -78°C. Then, n-butyllithium
solution (2.5 M, 5.72 mL) was added dropwise and was stirred for 30 min. The (4,4,9,9-
tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-2,7-dicarbaldehyde)
(7) (5.82 g, 4.76 mmol) was then dissolved in 50 mL of anhydrous diethyl ether and
was added dropwise into the solution and stirred for further 30 min. The mixture was
warmed to room temperature and stirred overnight. After that, water (150 mL) was
added to the mixture and the mixture was extracted with ethyl acetate for three times.
The organic phases were collected, dried over anhydrous magnesium sulfate, filtered
and concentrated under vacuum. The product was purified by column chromatography
on silica gel with n-hexane/dichloromethane (3:1) as eluent to give a brown liquid.
Yield: 72% (6.04 g).

"H NMR (700 MHz, CDCls): & (ppm) 7.26 (s, 2H), 7.16 (s, 2H), 7.14 (d, J = 5.2 Hz, 2H),
7.03(d, J = 5.2 Hz, 2H), 6.17 (d, J = 4.8 Hz, 2H), 4.97 (s, 4H), 2.15-2.10 (m, 8H), 1.23-
1.14 (m, 6H), 1.34-0.97 (m, 140H), 0.91-0.82 (m, 12H), 0.81-0.65 (m, 8H); '3C NMR
(176 MHz, CDCls): & (ppm) 171.19, 154.24, 152.54, 148.90, 145.69, 141.11, 140.71,
139.54, 135.67, 128.11, 126.40, 124.23, 123.09, 122.98, 119.11, 112.79, 60.43,
44.60, 31.96, 29.76, 29.71, 29.41, 22.73, 21.08, 18.03, 18.01, 17.99, 17.73, 14.22,
14.16, 12.02, 11.95.

(((((4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-2,7-
diyl)bis(methylene))bis(thiophene-3,2-diyl))bis(methylene))bis(oxy))
bis(triisopropylsilane) (9):

The ((4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno [1,2-b:5,6-b"] dithiophene-2,7-
diyl) bis ((2-(((triisopropylsilyl)oxy)methyl)thiophen-3-yl)methanol)) (8) (10.87 g, 6.17




mmol) was dissolved in 100 mL of dichloromethane, followed by the addition of Znl2
(0.40 g, 1.24 mmol) in one portion, then NaBH3CN (1.17 g, 18.52 mmol). The mixture
was stirred overnight and then quenched by water (100 mL). The mixture was extracted
with ethyl acetate for three times. The organic phases were collected, dried over
anhydrous magnesium sulfate, filtered and concentrated under vacuum. The product
was purified by column chromatography on silica gel with n-hexane as the eluent to
give a yellow liquid. Yield: 94% (10.04 g).

H NMR (700 MHz, CDCl3): & (ppm) 7.26 (s, 2H), 7.14 (d, J = 5.1 Hz, 2H), 6.87 (d, J =
5.1 Hz, 2H), 6.65 (s, 2H), 4.96 (s, 4H), 4.14 (s, 4H), 2.15-2.10 (m, 8H), 1.28-1.14 (m,
6H), 1.34-0.96 (m, 140H), 0.91-0.85 (m, 12H), 0.82-0.64 (m, 8H); 13C NMR (176 MHz,
CDCl): & (ppm) 154.43, 152.29, 145.05, 139.98, 139.90, 135.51, 134.85, 129.04,
126.84, 124.53, 123.09, 121.23, 119.68, 112.50, 59.59, 41.36, 39.07, 36.09, 31.96,
29.75, 27.70, 24.24, 22.73, 20.48, 18.62, 18.03, 17.99, 17.85, 14.22, 14.17, 12.97,
11.48.

(((4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-2,7-
diyl) bis(methylene))bis(thiophene-3,2-diyl))dimethanol (10):

(((((4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno [1,2-b:5,6-b'] dithiophene-2,7-diyl)
bis(methylene)) bis(thiophene-3,2-diyl))bis(methylene))bis(oxy)) bis(triisopropylsilane)
(9) (5.58 g, 3.23 mmol) was first dissolved in anhydrous THF (100 mL) followed by the
addition of TBAF (1M in THF, 8.07 mL). The mixture was stirred overnight then
quenched by water (100 mL). The mixture was extracted with ethyl acetate for three
times and the organic phases were collected, dried over anhydrous magnesium
sulfate, filtered and concentrated under vacuum. The product was purified by column
chromatography on silica gel with n-hexane/dichloromethane (1:1) as the eluent to give
a yellow liquid. Yield: 95% (4.35 g).

TH NMR (700 MHz, CDCl3): & (ppm) 7.26 (s, 2H), 7.21 (d, J = 5.1 Hz, 2H), 6.93 (d, J =
5.1 Hz, 2H), 6.69 (s, 2H), 4.83 (s, 4H), 4.21 (s, 4H), 2.14-2.12 (m, 8H), 1.32-0.97 (m,
104H), 0.91-0.84 (m, 12H), 0.82-0.64 (m, 8H); '3C NMR (176 MHz, CDCl3): & (ppm)
171.26, 154.54, 152.31, 145.13, 140.06, 137.83, 137.71, 135.49, 129.52, 124.29,
119.71, 112.55, 60.46, 57.78, 53.94, 39.07, 31.96, 30.08, 29.75, 29.71, 29.69, 29.46,
29.41,24.23, 22.73, 21.09, 17.73, 14.22, 14.17, 12.29.




3,3'-((4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-
2,7-diyl)bis(methylene))bis(thiophene-2-carbaldehyde) (11):

(((4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno [1,2-b:5,6-b"] dithiophene-2,7-diyl)
bis(methylene))bis(thiophene-3,2-diyl))dimethanol (10) (5.22 g, 3.68 mmol) was
dissolved in 100 mL of dichloromethane. The Dess-Martin periodinane (3.91 g, 9.22
mmol) was added into the solution and the mixture was stirred overnight. The resulting
mixture was gradually quenched by saturated NaHCOs solution. The mixture was
stirred at room temperature for 30 min and saturated NaS2SO3 solution was added.
The mixture was extracted with ethyl acetate for three times. The organic phases were
collected, dried over anhydrous magnesium sulfate, filtered and concentrated under
vacuum. The product was purified by column chromatography on silica gel with n-

hexane/dichloromethane (1:1) as the eluent to give a yellow solid. Yield: 87% (4.52 g).

H NMR (700 MHz, CDCl3): & (ppm) 10.13 (s, 2H), 7.65 (d, J = 5.0 Hz, 2H), 7.14 (s,
2H), 7.05 (d, J = 5.0 Hz, 2H), 6.74 (s, 2H), 4.56 (s, 4H), 2.13-2.11 (m, 8H), 1.36-0.96
(m, 104H), 0.90-0.86 (m, 12H), 0.83-0.69 (m, 8H); '3C NMR (176 MHz, CDCl3): & (ppm)
182.09, 154.69, 152.44, 149.14, 143.00, 141.50, 140.61, 137.85, 135.50, 134.50,
131.27, 131.08, 128.42, 128.26, 53.93, 39.01, 31.90, 30.25, 29.71, 29.73, 29.63,
29.41,29.49, 24.22, 22.71, 21.39, 17.43, 14.12, 14.10, 12.49.

TBIDT (12):

3,3'-((4,4,9,9-tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b'ldithiophene-2,7-

diyl) bis(methylene))bis(thiophene-2-carbaldehyde) (11) (3.77 g, 2.67 mmol) was
dissolved in toluene (100 mL) and 5.0 g of Amberlyst-15 was added into the solution.
The mixture was refluxed overnight, and the water generated in situ was removed by
a Dean-Stark Trap. The mixture was filtered, and the filtrate was concentrated under
vacuum. The crude product was purified by column chromatography on silica gel with

n-hexane as eluent to give a pale yellow solid. Yield: 62% (2.28 g).

H NMR (700 MHz, CD2Cl2): & (ppm) 8.37 (s, 2H), 8.31 (s, 2H), 7.52 (s, 2H), 7.51 (d,
J =5.3 Hz, 2H), 7.41 (d, J = 5.4 Hz, 2H), 2.13-2.11 (m, 8H), 1.34-0.96 (m, 104H), 0.91-
0.86 (m, 12H), 0.82-0.69 (m, 8H); ®C NMR (176 MHz, CD:Cl): & (ppm) 139.07,
131.37, 127.83, 126.75, 122.52, 122.09, 121.64, 117.43, 111.44, 108.12, 103.46,




99.16, 98.40, 61.37, 60.89, 60.84, 40.43, 24.10, 16.91, 14.67, 14.65, 14.64, 14.61,
14.58, 14.46, 14.35, 14.17, 8.78, 7.68, 0.90.

TBIDT-MesSn (13):

TBIDT (12) (3.42 g, 2.49 mmol) was dissolved in 80 mL of anhydrous THF and cooled
to -78°C. A solution of n-butyllithium (2.5 M, 2.49 mL) was added dropwise and stirred
for 30 min. After that, the Me3sSnCl solution (1 M in THF) (6.23 mL) was added dropwise
into the solution and the mixture was warmed up to room temperature and stirred
overnight, then quenched by water (80 mL). The mixture was extracted with ethyl
acetate for three times. The organic phases were collected, concentrated under
vacuum. The product was recrystallized in acetonitrile/dichloromethane to afford a pale
yellow solid. Yield: 95% (4.02 g).

H NMR (500 MHz, CD2Cl2): & (ppm) 8.36 (s, 1H), 8.32 (s, 2H), 7.53 (s, 2H), 7.50 (s,
2H), 2.53-2.34 (m, 4H), 2.34-2.16 (m, 4H), 1.41-0.95 (m, 104 H), 0.93-0.86 (m, 12H),
0.84-0.61 (m, 8H) 0.50 (s, 18H). ®C NMR (176 MHz, CDCl3): & (ppm) 139.07, 131.37,
126.75, 123.9, 122.52, 122.09, 121.64, 117.43, 111.44, 108.12, 103.46, 99.16, 98.40,
61.37, 60.89, 60.84, 40.43, 24.10, 16.91, 14.67, 14.65, 14.64, 14.61, 14.58, 14.46,
14.35, 14.17, 8.78, 7.68, 0.90. -6.25, -8.04, -9.85.

TBIDT-BT (14):

A 2.5 mL microwave vial was charged with TBIDT-MesSn (13) (0.40 g, 0.233 mmol),
4,7-dibromobenzol[c][1,2,5]thiadiazole (0.068 g, 0.233 mmol), 2 mol% of tris
(dibenzylideneacetone) dipalladium (2.9 mg, 0.005 mmol) and tri(o-tolyl) phosphine (6
mg, 0.02 mmol). The vial was sealed and chlorobenzene (1 mL) was added. The
obtained solution was degassed with argon for 30 minutes. The vial was subjected to
the following reaction conditions in the microwave reactor: 2 minutes at 100°C, 2
minutes at 120°C, 5 minutes at 140°C, 5 minutes at 160°C and 20 minutes at 180°C.
The polymer was end-capped by addition of 0.1 eq. of 2-bromobenzene before the
reaction mixture was resubmitted to the microwave reactor, 1 minute at 100°C, 1
minute at 120°C, 2 minutes at 140°C and 5 minutes at 160°C. The polymeric solution
was cooled down and 0.1 eq. of 2-(trimethylstannyl)benzene was added by syringe.
The reaction vial was subjected to the previously mentioned temperature scheme to

finalize the end-capping reaction. After reaction, the crude polymer was precipitated in




methanol and was further purified by Soxhlet extractions with acetone, n-hexane and
chloroform for 24 hours each. Remaining palladium residues were removed by treating
a polymeric chloroform solution with an aqueous sodium diethyldithiocarbamate
solution for 2 hours at 50°C under vigorous stirring. Afterwards the organic phase was
separated from the aqueous phase and washed several times with water. The
polymeric solution was concentrated under reduced pressure and the solid was
precipitated from cold methanol. The dark blue solid polymer was filtered off and dried

under high vacuum for 24 hours.

TH NMR (500 MHz, CDCls): & (ppm) 8.71 (br, 2H), 8.37 (br, 2H), 8.13 (br, 2H), 7.68
(br, 2H), 7.74 (br, 2H), 2.14-2.10 (br, 8H), 0.95-1.32 (br, 104H), 0.91-0.84 (br, 12H),
0.82-0.61 (br, 8H).




'H and "3C NMR spectra for TBIDT in CD2Cl2:
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5.3. Synthesis of the non-fullerene IDT-based small molecules O-TBIDTBR and
EH-TBIDTBR as novel acceptors, alkylated with linear (n-octyl)- branched (2-
ethylhexyl)- side chains:

S OH OTIPS
LDA, DMF S~ CHO  NaBH, s TIPSCI, Imidazole s
W 94% @( 08% \ =l
b o
Br Br ° Br 98% Br
a b c compound d
R__R R. R
S t-BuONa S n-BuLi, DMF s n-BuLi, compound d
[ () ——— () —— [} (SyoHo >
S CygHaaBr S THF OHC g Et,0
R” R R-SR
5 15a: R = CgHyy 87% 16a: R = CgHq7 72%
15b : R = 2-EthylHexyl.  90% 16b : R = 2-EthylHexyl.  75%

17a:R = CgHy; 71%
17b : R = 2-EthylHexyl.  55%

Dess-Martin
periodinane

O-TBIDTBR  R=CgHyy

EH-TBIDTBR. R = 2-EthylHexyl

Procedure reported in section 5.2. was used for the synthesis of compounds 17a and
17b.



5.4. Synthesis of a novel deuterated IDT-BR for future morphology studies:

D
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Synthesis of 3-rhodanine-K (f):

KOH (14.02 g, 0.25 mol) was first dissolved in ethanol (50 mL) and it was added
dropwise into the solution of 3-H-rhodanine (e) (26.64 g, 0.20 mol) that was dissolved
in hot ethanol (50 mL) at 80°C. The mixture was stirred at 80°C for 2 hours and then
cooled in an ice-bath. The crystalline solid was collected on a filter paper, washed with
ethanol and air-dried. The potassium salt of rhodanine was obtained. Yield 66.5%
(22.75 g). This product was directly used for next step without purification and

characterization.
Synthesis of 3-rhodanine-CD2CDs (g):

The BrCD2CDs (1.01 mL, 0.014 mol) was added slowly to a suspension of the above
potassium salt, 3-rhodanine-K (f) (2.0 g, 0.0117 mol) in DMF (10 mL). Upon completion
of the addition, the mixture was stirred and heated under reflux at 100°C for 4 hours.

The reaction mixture was then poured into water. Then the mixture was extracted by




CH2Cl2 and washed by water, the organic phase was dried by anhydrous Na2SOs4,
filtered, concentrated and purified by column chromatography on silica gel, to get bright
yellow liquid 3-rhodanine-CD2CDs. Yield: 44% (0.83 g).

"H NMR (500 MHz, CDCI3): & (ppm) 3.96 (2H, s); *C NMR (100 MHz, CDCl3): & (ppm)
(Jc-o not reported): 201.05, 173.63, 39.84, 35.49, 11.97

4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b"]dithiophene (18):

To a suspension of 4,9-dihydro-s-indaceno[1,2-b:5,6-b"]-dithiophene (5) (0.92 g, 3.46
mmol) in anhydrous DMSO (20 mL), sodium tert-butoxide (1.99 g, 20.73 mmol) was
added in parts. The reaction mixture was heated at 80°C for 1 hour, followed by the
addition of 1-bromooctane (20.75 mmol) dropwise. After the addition, the resultant
mixture was heated at 90°C for 5 hours, then poured into ice-water. The precipitate
was collected by filtration and washed with water and methanol to give a black solid.
This was purified by column chromatography on silica gel, eluting with n-hexane, to

give a pale yellow solid. Yield: 59% (1.46 g).

H NMR (400 MHz, CDCla): & (ppm) 7.28 (s, 2H, Ar-H), 7.21 (d, J = 4.6, 2H, Ar-H), 6.96
(d, J = 4.5, 2H, Ar-H), 2.00-1.87 (m, 8H, Alkyl-H), 1.30-1.00 (m, 48H, Alkyl-H), 0.88-
0.73 (m, 12H, Alkyl-H). ®C NMR (100 MHz, CDCls): & (ppm) 154.0, 152.1, 141.9,
135.5, 126.6, 124.8, 113.0, 54.7, 39.0, 31.8, 30.0, 29.7, 29.3, 24.1, 22.6, 14.1.

2,7-dibromo-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene
(19):

To a solution of 4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno([1,2-b:5,6-b"ldithiophene (18)
(1.86 mmol) in anhydrous THF/DMF (2:1, 100 mL), N-bromosuccinimide (4.10 mmol)
was added. This mixture was stirred for 3 hours at room temperature in the absence
of light, then poured into water. The precipitate was collected and washed with water

then recrystallized with acetone, to give product as pale yellow solid. Yield: 86% (1.40

g9)-

"H NMR (400 MHz, CDCls): & (ppm) 7.17 (s, 2H), 6.97 (s, 2H), 1.98-1.75 (m, 8H), 1.31-
1.00 (m, 48H), 0.86-0.78 (m, 12H). ®C NMR (100 MHz, CDCls): & (ppm) 154.0, 152.1,
141.9, 135.5, 124.8, 113.0, 112.4, 54.7, 39.0, 31.8, 30.0, 29.7, 29.3, 24.1, 22.6, 14.1.




(4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b-5,6-b’]dithiophene-2,7-
diyl)bis(trimethylstannane) (20):

A solution of 2,7-dibromo-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-
b'ldithiophene (19) (2.11 g, 2.42 mmol) in anhydrous THF (200 mL) was stirred at -
78°C for 30 min. Then, the n-BuLi (2.42 mL, 6.04 mmol, 2.5 M in n-hexane) was added
dropwise and the solution was stirred at -78°C for 30 min followed by 0°C for 30 min.
After cooling again to -78°C, trimethyltin-chloride was added (7.26 mL, 7.56 mmol, 1M
in n-hexane) and the solution was allowed to return to room temperature overnight.
The reaction was then poured into water and extracted with n-hexane, washed
successively with acetonitrile to remove excess trimethyltin-chloride and dried over
anhydrous magnesium sulfate to obtain the product as a yellowish oil. Yield: 86% (2.18

9)-

MS (ES-ToF): m/z calculated for Cs4H90S2Sn: 1,040.45; m/z found 1,041.40 (M + H)*.
"H NMR (400 MHz, CDCl3): & (ppm) 7.25 (s, 2H), 6.97 (s, 2H), 1.97-1.91 (m, 4H), 1.86-
1.78 (m, 4H), 1.23-1.05 (m, 48H), 0.83-0.80 (t, 12H, J=7Hz), 0.39 (s, 18H); *C NMR
(100 MHz, CDCIs): & (ppm) 157.15, 153.47, 147.71, 139.24, 135.31, 129.55, 113.42,
53.06, 39.20, 31.87, 30.07, 30.03, 29.31, 24.17, 22.68, 14.14, -6.23, -8.02, -9.83.

7,7-(4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b-5,6-b’]dithiophene-2,7-
diyl)bis(benzo|c][1,2,5]thiadiazole-4-carbaldehyde) (21):

The solution of (4,4,9,9-tetrapctyl-4,9-dihydro-s-indaceno[1,2-b-5,6-b’]dithiophene-
2,7-diyl)bis(trimethylstannane) (20) (1.04 g, 1.0 mmol) and 2,1,3-benzothiadiazole-4-
carboxaldehyde (0.73 g, 3.0 mmol) in anhydrous toluene (40 mL) was degassed for 45
min before adding Pd(PPhs)4 (58 mg, 0.05 mmol). This solution was heated at 100°C
overnight. The reaction mixture was then cooled and purified by flash column
chromatography on silica mixed with potassium fluoride using CHCI3s as the eluent.
Further purification by column chromatography on silica gel using CH2Clz/pentane (1:1)
followed by precipitation from methanol to obtain the product as a dark purple solid.
Yield: 90% (0.93 g).

MS (ES-ToF): m/z calculated for Ce2H7sN402S4: 1,038.5; m/z found 1,041.40. '"H NMR
(400 MHz, CDCl3s): & (ppm) 10.72 (s, 2H), 8.27 (s, 2H), 8.25 (d, J = 7.7 Hz, 2H), 8.06
(d, J = 7.5 Hz, 2H), 7.45 (s, 2H), 2.05 (dtd, J = 59.3, 12.9, 4.6 Hz, 8H), 1.05-1.2 (m,




38H), 0.99-0.81 (m, 10H), 0.77 (t, J = 6.8 Hz, 12H); '3C NMR (100 MHz, CDCl3): &
(ppm) 188.44, 157.04, 154.02, 152.29, 147.00, 140.67, 136.44, 134.14, 132.87,
131.62, 124.87, 124.80, 122.80, 114.12, 54.43, 39.16, 31.79, 29.98, 29.29, 29.20,
24.29, 22.58, 14.04.

Deuterated O-IDTBR (22):

7,7-(4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b-5,6-b’]dithiophene-2,7-
diyl)bis(benzo[c][1,2,5]thiadiazole-4-carbaldehyde) (21) (0.39 mmol) and 3-rhodanine-
CD2CDs (1.16 mmol) were dissolved in tert-butyl alcohol (30 mL). Two drops of
piperidine were added and the solution was left to stir at 85°C overnight. The product
was extracted with CHCIs and dried over anhydrous magnesium sulfate. The crude
product was purified by flash column chromatography on silica gel in CH2Cl2 and
precipitated from methanol. The precipitate was collected and dried by vacuum
filtration to afford deuterated O-IDTBR as a dark blue solid. Yield: 78% (0.41 g).

H NMR (400 MHz, DCM-d2): & (ppm) 8.41 (s, 2H), 8.18 (s, 2H), 7.98 (d, J = 8.0 Hz,
2H), 7,68 (d, J = 7.9 Hz, 2H), 7.42 (s, 2H), 2.26-2.02 (m, 8H), 1.25-1.07 (m, 40H), 0.99-
0.87 (m, 8H), 0.76 (m, 12H); C NMR (100 MHz, CDCls): & (ppm) 192.1, 166.11,
157.04, 154.02, 152.29, 147.00, 143.33, 140.67, 136.44, 134.14, 132.87, 131.62,
128.12, 124.87, 124.80, 122.80, 116.00, 114.12, 54.43, 39.16, 31.79, 29.98, 29.29,
29.20, 24.29, 22.58, 14.04, 9.80.

5.4.1. Synthesis of the 7-Bromo-2,1,3-benzothiadiazole-4-carboxaldehyde’’:

NH, N
NH, SOCl, N\ /N
—>@ :
59%
h 7% i
e R
S S
NBS N N: ;N HO X0 N: ;N
BPO Br 93% //—OBr
57% Br 0]
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_ W,




4-methyl-2,1,3-benzothiadiazole (i):

SOCI2 (1.64 mL, 240 mol) was added drop-wise to a solution of 3-methylbenzene-1,2-
diamine (h) (12 g, 98 mmol) in pyridine (72 mL) with the temperature maintained below
30°C. HCI (48 mL) was then added drop-wise at the temperature maintained below
65°C and the reaction was stirred at room temperature overnight. The reaction mixture
was quenched with water and extracted with diethyl ether. After removal of the solvent,
the crude product was then purified by steam distillation to obtain a colourless oil. Yield:
57% (8.4 g).

H NMR (400 MHz, CDCls): & (ppm) 7.82 (d, J = 8.8 Hz, 1H), 7.47 (dd, J = 8.9, 6.7 Hz,
1H), 7.33 (dt, J = 6.6, 1.4 Hz, 1H), 2.74 (s, 3H). 13C NMR (100 MHz, CDCls): & (ppm)
155.9, 155.2, 130.8, 129.9, 129.7, 118.9, 15.8.

4-bromo-7-methyl-2,1,3-benzothiadiazole (j):

Bromine (2.46 mL, 48 mmol) was added slowly to a solution of 4-methyl-2,1,3-
benzothiadiazole (i) (7.2 g, 48 mmol) in 50 mL HBr (47% aq). The reaction mixture was
heated to 80°C for 30 min after which a solid had precipitated; heating of the solution
at 130°C was then continued overnight. The reaction was neutralized with Na2SO3
solution, extracted with CH2Cl2 and dried over MgSOs to give the product as a pale
yellow solid. Yield: 59% (6.5 g).

"H NMR (400 MHz, CDCls): & (ppm) 7.73 (d, J = 7.4 Hz, 1H), 7.27 (d, J = 7.0 Hz, 1 H),
2.70 (s, 3H). 13C NMR (100 MHz, CDCls): & (ppm) 158.4, 158.1, 132.2, 131.9, 129.8,
113.2, 15.8.

4-bromo-7-dibromomethyl-2,1,3-benzothiadiazole (k):

A mixture of 4-bromo-7-methyl-2,1,3-benzothiadiazole (j) (5.5 g, 24 mmol), N-
bromosuccinimide (12.8 g, 72 mmol) and benzoyl-peroxide (1.16 g, 4.8 mmol) were
dissolved in chlorobenzene (50 mL) and stirred overnight at 80°C. After cooling to room
temperature, the succinimide precipitate was removed by filtration and water was
added to the filtrate which was then extracted with CH2Cl2 and dried over anhydrous
MgSOa. The crude product was purified by column chromatography on silica gel with
n-hexane/CH2Cl2 (9:1) as the eluent followed by recrystallization from EtOH afforded
the product as a white crystalline solid. Yield: 57% (5.3 g).




'H NMR (400 MHz, CDCl3): & (ppm) 7.97-7.91 (m, 2H), 7.41 (s, 1H). '3C NMR (100
MHz, CDCls): & (ppm) 158.8, 158.1, 116.4, 132.6, 131.9, 130.1, 34.9.

7-bromo-2,1,3-benzothiadiazole-4-carboxaldehyde (l):

A solution of 4-bromo-7-dibromomethyl-2,1,3-benzothiadiazole (k) (3 g, 7.8 mmol) in
95% formic acid (30 mL) was refluxed at 110°C for 2 hours, then cooled to room
temperature and poured into water. The resulting precipitate was filtered and washed
with water until the filtrate was neutral pH. The precipitate was then dried to give an
off-white crystalline solid. Yield: 93% (1.75 g).

H NMR (400 MHz, CDCl3): & (ppm) 10.74 (s, 1H), 8.09 (s, 1H, J = 7.7 Hz), 8.06 (d,
1H, 7.6 Hz). 13C NMR (100 MHz, CDCls): & (ppm) 192.0, 159.0, 158.6, 132.8, 132.4,
128.8, 122.0.
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