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Abstract

Organic solar cells appear as a promising technology within photovoltaic field owing to their
low-cost fabrication and their great flexibility enabling a widespread distribution. For now, they
are still at the prototype stage due to their limited efficiency and lifetimes. Many efforts were
realized in designing new materials as they are involved in every steps of the photovoltaic
process and thus they dictate the cell efficiency. Along this thesis, two series of electron-
donating semi-conductors were designed and synthesized. The first series consist in three
oligomers containing three diketopyrrolopyrrole units, a well-studied chromophore. Those
oligomers absorb up to the near infra-red region, a very interesting feature for light harvesting.
Through the engineering of electron-rich spacers, various twists were generated in the oligomers
backbone. The oligomer showing a coplanar conformation appears to be the most crystalline and
thus exhibits the best charge transport properties with a hole mobility of 10° cm2.Vv?'s™.
However, bulk heterojunction organic solar cells, this high crystallinity results in an unfavorable
morphology and a PCE inferior to 1%. As for the second series, the four small molecules
combined 3,3’-(ethane-1,2-diylidene)bis(indolin-2-one) (EBI), an electron deficient unit, and
various electron-rich units such as thiophene (EBI-T), benzofuran (EBI-BF) and bithiophene
(EBI-2T). Among EBI derivatives, EBI-BF demonstrated the highest hole mobility of 0.021
cm2 Vst in field effect transistors due to its coplanar conformation. Meanwhile, in bulk
heterojunction solar cells, the highest PCE of 1.92% was obtained with EBI-2T:PC¢BM blend
owing to a more appropriate morphology and the broadest absorption spectrum of EBI-2T.
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INTRODUCTION

World energy consumption has been increasing over the years while major conventional
energy resources such as fossil oil, coal, and natural gas are rapidly depleting. Fossil fuel-based
energy, which has, until now, satisfied the global world energy demand, is both limited and
polluting. It is imperative that a green, sustainable and efficient alternative be found. Among the
many renewable energy sources that have been proposed (such as wind, solar, nuclear,
hydroelectricity or biofuels), solar energy is one of the most promising. The most common
technique is to convert solar radiation into electricity via the photovoltaic process - first
discovered by Becquerel in 1839 [1], and followed 44 years later by the fabrication of the first
solar cell by Charles Fritts in 1883 [2].

To date, there are mainly three generations of photovoltaic devices. The first generation of
solar cells is based on (multi)crystalline silicon semiconductors. This technology is currently
dominating the solar cell market, thanks to the high efficiency, reliability and abundance of
silicon. Power conversion efficiencies of first generation solar cells have reached as high as 25 %
[3]. However, silicon solar panels are rigid and fragile, and their fabrication requires many
energy-consuming steps. Solar cell grade silicon must have a high degree of purity and be
processed at high temperatures. These requirements make the first generation solar cells
expensive and limit their widespread application.

The second generation of solar cells is based on thin film inorganic semiconductors
principally fabricated from amorphous silicon, cadmium telluride (CdTe), or copper indium
gallium selenide (CIGS). These devices demonstrate decent power conversion efficiencies of 12-
20% and appear less rigid than their predecessors. Nonetheless, the fabrication costs for these
thin film solar cells remain high because high temperature processing is still required [4,5].

Organic solar cells (OSC) are considered to be part of the third generation of solar cells
together with Dye Sensitized Solar Cells (DSSC) [6,7] and hybrid organic-inorganic perovskites
[8,9]. OSC are made of m-conjugated organic semiconductor materials sandwiched between two
electrodes. This new technology have the potential to allow fully flexible devices with lower
fabrication costs than first and second generations [10,11]. Organic semiconductors can be
deposited at low temperature by solution processing techniques such as roll-to-roll [12], ink jet
printing [13] and screen printing techniques [14]. These deposition techniques are compatible
with any substrate including plastic foils. The resulting mechanical flexibility and ability to be
deposited on curved substrates allow OSCs to be fabricated on a wide range of objects and
maximizes the use of surface areas [10,11]. However, OSCs have not reached the
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commercialization stage yet. Figure 1 displays the NREL report of best research-cell efficiencies
which enables to place OSCs into PV context. Even if production costs are effectively low, their
rather low efficiencies and limited lifetimes present challenges that must be addressed to enable
the large scale production.
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Figure 1: NREL’s best research solar cell efficiencies as of February 11", 2016

This thesis aims to develop and synthesize two sets of solution-processable electron donating
semiconductors (donors): one based on the well-known diketopyrrolopyrrole (DPP) group and
the other made of a new electron-deficient building block regarding OSC field, the 3,3’-(ethane-
1,2-diylidene)bis(indolin-2-one) (EBI). The optoelectronic properties were investigated to
confirm their potential for photovoltaic application and establish a correlation with their
molecular backbone. In a second phase, all molecules were introduced in OSC devices to explore
their photovoltaic properties. A particular attention was addressed to the morphology of the
active layer which is critical to achieve high efficiency OSCs. The miscibility and the co-
organization of electron donating and electron accepting semiconductors were studied to
understand the build-up of the morphology and extract some insights into the optimization of the
OSC fabrication process.

Chapter 1, first, describes the photovoltaic process and delineates the challenges in making
efficient OSC and in designing novel donor semiconductors. In the second stage, it introduces
the objectives of this research. Chapter 2 summarizes all the experimental methods used along
this research. Chapter 3 is related to DPP derivatives and details their synthesis, their
optoelectronic properties and behavior in OSC. Chapter 4 refers to EBI derivatives and, similarly
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to chapter 3, presents the study on those materials. To finish, chapter 5 summarizes and
concludes on this research embedding some perspectives for future works






CHAPTER 1: GENERAL BACKGROUND

1. ORGANIC SOLAR CELL

1.1. Principle

An organic solar cell (OSC) aims to convert the photon sent by the sun into free charge
carriers and thereby into electrical power. An OSC is composed of an active layer containing an
electron-accepting (acceptor) and an electron donating (donor) semiconductors sandwiched
between two electrodes. The photovoltaic process can be divided into five steps:

1-Absorption of a photon and generation of an exciton by either donor or acceptor

2-Diffusion of the exciton to a donor/acceptor interface

3-Transfer of the charge from donor to acceptor or from acceptor to donor and formation of
charge transfer exciton (CTE)

4-Separation of CTE into free charges

5-Charge transport and collection

These five steps are represented in Figure 2 through the energetic scheme of donor/acceptor
and simulating a photon absorption by the donor.

4
Donor Acceptor

Figure 2: Photovoltaic process

The first step of the photovoltaic process consists in the absorption of photons received from
the sunlight by the donor and acceptor organic semiconductors. Organic semiconductors are -
conjugated molecules that have alternating © and ¢ bonds. Their energy diagram is composed of
discontinuous energy levels. In the ground state, electrons fill first the lower energy levels in
accordance with the Pauli Exclusion Principle. The highest occupied molecular orbital and the
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lowest unoccupied orbital by electrons are respectively called HOMO and LUMO level. The
difference in energy between these two levels is referred to as the band gap. For a photon to be
absorbed, its energy must be equal or greater than the band gap to excite an electron from the
HOMO into higher energy levels. When excited, the empty site left in the HOMO by the excited
electron (known as hole) remains electrostatically bound to the excited electron, forming a pair
called exciton. There are two-types of excitons: the Frenkel exciton with a strong binding energy
(Ep>0.1 eV) and the Wannier exciton with a weak binding energy ( E, < 0.01 eV). In inorganic
semiconductors, Wannier excitons are formed with exciton binding energy lower than the
thermal energy at room temperature (Kyr at 298 K) and as such, excitons are easily separated to
generate free charges. However, in the case of organic semiconductors, the greater electric
permittivity inherent to organic materials results in Frenkel excitons with a much higher exciton
binding energy, so a higher driving force is required to separate the charges.

The first OSC fabricated by Kallmann [15], made of one semiconductor, showed efficiency
lower than 0.1% because exciton did not have any driving force to separate in free charges and
recombine instead. In 1986, Tang et al. discover that to successfully operate, an OSC needs two
types of semiconductors: a donor and an acceptor [16]. The difference between their energy
levels gives charges enough driving force to overcome the binding energy of the exciton.
Therefore, an exciton generated within the donor, for instance, must migrate to a donor/acceptor
interface where the electron will transfer to the acceptor’s more stabilized LUMO. The
remaining hole and the transferred electron are forming now a charge transfer exciton which is
spontaneously further broken into free charges. Electrons then migrate through the acceptor
semiconductor to the cathode and holes through the donor semiconductor to the anode. Both
electrons and holes are finally collected by their respective electrodes.

1.2. Characterizations

The efficiency of a solar cell is determined by the efficiency of each step of the process: Maps
for photon absorption, ngp for exciton diffusion, ncs for charge separation and ne for charge
collection. The external quantum efficiency nege is the product of all of these efficiencies and
represents the overall efficiency of OSCs [11,17-19]:

MEQE = Mabs(A) X NMgp X Ncs(V) X N

1.2.1. Absorption efficiency

Prior to define absorption efficiency, a particular attention must be attributed to the solar
spectrum. The sun presents similar emissive spectrum as a black body at 5 900 K, however, the
atmosphere filters some solar radiations and thereby confines the solar spectrum between the far



infrared and the near ultraviolet. Some models called Air Mass (AM) were developed to
characterize the sunlight emissive spectra at different path length through the atmosphere. For
instance, AMO corresponds to the spectrum outside the atmosphere and AML1 to a radiation
arriving at normal incident at the Earth surface. Only equatorial and tropical regions are exposed
to radiation of AM1, so the photovoltaic community agrees on using the model AM 1.5 to
evaluate OSC efficiency [20]. AM 1.5 refers to an incident radiation arriving with an angle of
48.2° compared to Earth surface with an intensity fixed at 1 000 W.m™. Figure 3 shows the solar
spectrum at AM 1.5.
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Figure 3: Solar emissive spectrum (AM 1.5) [21]*

Absorption efficiency corresponds to the ratio of the number of generated excitons to the
number of photons received by the active layer. The absorption step mainly relies on the
broadness of the absorption spectrum of the donor/acceptor system and how it matches with the
solar spectrum emitting from 300 nm to near infrared (Figure 3). Fullerene derivatives, generally
employed as acceptor semiconductor, absorb in a limited range of 300-400 nm, overlapping
poorly the solar spectrum. Consequently, the donor semiconductor becomes the main actor in
light absorption and thereby must have a low band gap around 1.2 eV to optimally cover the
solar spectrum up to 1 034 nm (infrared limit). Additionally, higher is the absorption coefficient
of the donor and thicker is the active layer, more efficient is the absorption.

1.2.2. Exciton diffusion

Exciton diffusion is defined and limited by the semiconductor’s exciton diffusion length,
which is the average distance that excitons can diffuse before recombination [19]. In organic
semiconductors, the exciton diffusion length is typically on the order of 1-10 nm [18,22], much

1 Published by the Royal Society of Chemistry, reproduced here with permission
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shorter than those of their inorganic counterparts. Only excitons that are formed within a distance
from donor/acceptor interfaces not further than the exciton diffusion length can be separated into
free charges, otherwise excitons recombine. Geminate recombination corresponds to excitons
that recombine before being separated into free charges and is one of the main recombination
mechanisms that limit the photovoltaic process. Exciton diffusion length can be stretched by
increasing intermolecular interactions and improving the molecular packing.

1.2.3. Exciton separation

Charge separation efficiency is the ratio between generated free charges to the number of
excitons. For instance, excitons, formed in donor, can efficiently get separated at the
donor/acceptor interfaces if the gap between the LUMO’s of both materials is large enough.
According to the literature, 0.3 eV is the minimal value to give electrons enough driving force to
transfer from donor to acceptor [23]. Then, the newly formed charge transfer exciton (CTE)
requires some velocity to separate in free charges. Donor and acceptor should have high charge
carrier mobility and procure pathways to enable CTE to drive away from each other as fast as
possible. Limited charge transport ability would result in recombination.

1.2.4. Charge collection

Charge collection includes charge transport through the donor/acceptor system and charge
injection at the electrodes. Charge transport is principally governed by the charge carrier
mobility through the semiconductors. As for charge injection, the work functions of the electrode
or of the charge transport layer are determinant and require a careful choice of the metal and the
interlayers. Moreover, the quality of the interfaces is critical to get perfectly ohmic contacts;
otherwise the OSC device will suffer from high series resistances.

To obtain high efficiency OSC, the device must satisfy the requisites of each steps of the
process. To do so, delicate and challenging trade-offs must be accomplished by the molecular
structure, the morphology and the device architecture which will be discussed along the
manuscript.

1.2.5. Photovoltaic characteristics

In order to evaluate the quality of an OSC and the efficiency of each step in the photovoltaic
process, the current through the device is measured as a function of an applied bias voltage —
generating a so-called “I-V curve”. This measurement is carried out in darkness and under
illumination, each curve giving different information about the cell (Figure 4).
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Figure 4: Typical IV curves measured in the dark and under solar illumination

From the illumination IV curve, five key parameters can be deduced:
-Short circuit current density (Jsc):

The short circuit current Isc is the current flow at zero applied voltage. It is directly related to
the efficiency of free charge carrier generation and collection. Furthermore, light harvesting and
charge separation also influence the Isc. The photovoltaic community often employs the short
circuit current density (Jsc), dividing Isc by the cell surface.

-Open circuit voltage (Voc):

Open circuit voltage (Voc) is the voltage at zero current. The energy levels of the two
semiconductors govern the Vo, in conjunction with the choice of interlayers and electrodes on
both sides. Brabec et al. demonstrate that the maximum theoretical V. value can be found from
HOMO of the donor and LUMO of the acceptor with the following equation [23]:

Voc = % Edoner — |ERaP®'| — 0.3 (in eV) with e, the elementary charge

The driving force (corresponding to the energy needed to overcome the exciton binding
energy — estimated to be 0.3 eV) is subtracted from the difference between donor HOMO and
acceptor LUMO energy levels (the band gap). A lower V. is commonly observed in practice as
it is hindered by imperfections in the film, by unfavorable morphology or any resistances within
the device. The Voc is so strongly related to the two last steps of the photovoltaic process: charge
separation and charge collection.



-Maximal power (Pmax):

Maximal power corresponds to the grey area in Figure 4. It is the maximum power that can be
supplied by the OSC.

-Fill factor (FF):
The fill factor is calculated using the following equation:

Pm ax

FF =
Isc. Voc

Fill factor is related to the two last steps of the photovoltaic process: charge carrier transport
and charge collection. It follows that an ideal OSC would exhibit a fill factor of one. To date, the
best polymer-based solar cells have shown a fill factor of 0.80 [24].

-Power conversion efficiency (PCE):

The PCE can be regarded as a measure of the global efficiency of the solar cell, and is found
from this equation:

FF.Isc.Voc

PCE = Zmax —
P

in in

, with Pj, the incident power of solar radiation

According to the equation, a high PCE is reached for an OSC with high values of FF, Iscand
Voc.

1.3. Device architectures

Since the first appearance of OSC, many advances have been made especially in the device’s
architecture [25,26]. The most important breakthroughs in OSC architecture was the discovery of
bulk heterojunction (BHJ) [27] as it revolutionized exciton diffusion within the device.
Interlayers and electrodes are critical for efficient charge collection and thereby have to be
carefully chosen among a luxuriant literature [28]. This section introduces the different devices
used along this research and their architecture. The advantages and the limitations for each
device are detailed.

-10 -



1.3.1. Bi-layer

The first OSC architecture was bi-layer devices, referring to their active layer in two
successive layers: one of donor and one of acceptor. In this report, they are used for primary tests
for  new donor  semiconductors  and are  composed of  six layers:
ITO/PEDOT:PSS/Donor/Cgy/Ca/Aluminum (Figure 5). Indium tin oxide (ITO) is the transparent
bottom electrode and is commercially available on glass substrates. The poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is the hole transport layer and is
deposited by spin-coating. Then, the donor is deposited via spin-coating, followed by the
thermal-deposition at 2 x 10 mbar of fullerene (Cgo), the acceptor semiconductor. To finish,
calcium and aluminum are successively deposited by thermal-deposition as electron’s extraction
layers and electrodes. For a bi-layer structure, the limiting step is the exciton diffusion. Excitons
have to diffuse to a unique planar donor/acceptor junction. Only exciton generated not further
than exciton diffusion length can be separated, meaning that only a thin layer of donor and
acceptor contributes to the photovoltaic process. The rest of the excitons are lost due to geminate
recombination and thereby increasing the thickness of the active layer is useless. Despite these
disadvantages, this architecture shows an ideal charge transport and good charge collection. Free
electrons and free holes never cross along their way to the electrodes after charge separation
which hampers any recombination. The photovoltaic process is less sensitive to the OSC
fabrication process than the following devices.

Ca

Donor

PEDOT :PSS

Figure 5: Bi-layer OSC architecture

1.3.2. Bulk heterojunction

In 1995, Heeger et al. introduced the concept of donor/acceptor blend network; later named
bulk heterojunction (BHJ) [27]. A BHJ consists of an interpenetrated network between a donor
and an acceptor semiconductor within one single composite layer. This interpenetrated network
enables more donor/acceptor interfaces. The idea is that wherever excitons are generated, they
will be close to an interface and will be able to separate. Short exciton diffusion length will no
longer be an issue and OSC will not suffer of geminate recombination anymore.
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To be successful, the donor/acceptor interpenetration needs to be tuned and controlled which
is far to be evident. Many studies were conducted to understand how the photovoltaic process
works within a BHJ and to define an ideal morphology [29-33]. Even if the BHJ photovoltaic
process is still not fully understood, some statements have been clearly established. An ideal
morphology should provide not only enough donor/acceptor interfaces to raise the chance of an
exciton to be separated but also pure material domains to give CTE enough velocity to fully
separate in free charges and finally percolating pathways to the electrodes for good charge
collection.

In these regards, the ideal morphology should be composed of three phases: pure donor, pure
acceptor and intermixing donor/acceptor domains (Figure 6). The intermixed domains are
requisite to have fast exciton separation [31,32,34]. The pure donor and pure acceptor domains
insure the separation of CTE into free charges [29]. As for charge transport, pure material
domains should provide percolating pathways to the electrodes without overly overstepping the
exciton diffusion length. Meanwhile, charge transport competes with bimolecular recombination,
ascribing to the recombination of a hole and an electron that cross on their way to their
respective electrodes. In this regards, crystalline domains of both donor and acceptor are
desirable to improve the charge transport.

Crystalline
donor domains

€——— Crystalline
acceptor domains

=5

Figure 6: Scheme of an ideal BHJ

The control of the morphology is challenging and has been the subject of deep research.
Various strategies have been investigated to control the morphology of a BHJ such as ink
formulation and post processing steps. Regarding ink formulation, a large choice of solvents and
additives can be tested to control and significantly improve the morphology [35]. For instance,
using high boiling point solvents affords a slow solvent evaporation rate after deposition and
sometimes a more homogeneous layer [36-38]. Semiconductors get more freedom to self-
organize in a more favorable morphology. Additives like 1,8-diiodooctane (DIO) or 1-
chloronaphtalene (CN) are widely used for their high potential in the optimization of
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morphology for many donor/acceptor systems [39—43]. Ink formulation has to take into account
either the ratio of solvents/additives and ratio of donor/acceptor concentrations of materials.

Likewise, the speed and the deposition time are key process parameters as they can tailor
active layer’s drying and thickness. On top of that, post treatments are also efficient to adjust the
morphology [44-46]. Heating thin films after deposition allows materials to rearrange into a
preferable network. Temperature and annealing time should be carefully chosen to get the right
donor/acceptor domains. Another example of post treatment is solvent annealing for example for
polythiophene [44]. Just after deposition, the device is introduced in a Petri box. Solvent
saturates the atmosphere inside the box inducing a slow drying and ending in the most favorable
morphology for polythiophene-based OSCs.

To conclude about bulk heterojunction devices, this architecture appears to be more adequate
than bi-layers even if the tuning of the morphology required more time to optimize. To reach an
optimal morphology, a panel of parameters has to be tuned such as the ink formulation, the
process conditions, and post processing steps.

1.3.3. Conventional OSCs vs inverted OSCs

In this manuscript, conventional OSCs were mainly employed to test the newly developed
donors for architecture: ITO/PEDOT:PSS/BHJ Donor:Acceptor/Ca/Al (Figure 7). The
interlayers and electrodes are processed as in bi-layer solar cells. The donor and acceptor are
dissolved together and spin-coated on top of PEDOT-PSS. Two acceptors were used along this
research: [6,6]-phenyl-Cg;-butyric acid methyl ester (PCs;:BM) and [6,6]-phenyl-C;-butyric
acid methyl ester (PC71.BM). PCBM derivatives are the most commonly used in the literature.
The principal advantage of this architecture comes from PEDOT:PSS and its ability to form a
particularly smooth film. This property induces a better deposition and film formation of the BHJ
and reduces the leakage currents and series resistance due to unfavorable interfaces and film
defects.

Inverted OSCs are named in opposition to the conventional solar cells. The role of the top
electrode and the bottom electrode are reversed. Electrons are then collected from the bottom
interface and holes from the top interface. The structure of the inverted OSC used in this report is
the following: 1TO/ZnOx/BHJ donor:acceptor/MoO3z/Ag (Figure 7). Indium tin oxide (ITO) is
the cathode and plays the role of the electron collecting electrode. Zinc oxide is deposited by
spin-coating as electron transport layer. The BHJ is processed as in conventional OSC.
Molybdenum oxide, the hole transport layer, is thermally evaporated followed by silver, the
anode which plays the role of the hole collecting electrode. This type of architecture answers to
the issue of aluminum degradation. Some studies showed that aluminum tends to degrade and to
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diffuse into the active layer. By using ITO as the cathode, a more stable metal can be chosen
such as silver for anode [47]. As a consequence, inverted solar cells are much more air stable
than direct cells even without sophisticated encapsulation. Additionally, some vertical phase
segregations of donor and acceptor can occur within the BHJ and, for instance, result in a rich
bottom layer of acceptor and a rich top layer of donor. An inverted OSC will be more suitable for
this typical morphology as electrons are collected at the bottom electrodes. Obviously, for
opposite segregation, a conventional OSC will be the best choice.

E (eV)
-2.9
Ca T
-4.0
BHJ : —
Donor/Acceptor 4.7
-5.1
PEDOT :PSS
ITO PEDOT:PSS Donor Acceptor Ca Al
E (eV)
-2.6
Ag
MoO3 4.4
BHJ : -4.7 £
Donor/Acceptor
-5.3
-7.5
ITO ZnO« Donor Acceptor  MoOx Ag

Figure 7: Conventional (top) and inverted (bottom) OSC architectures

To summarize, BHJ OSC is the most promising architecture to achieve high performances
although its process optimization demands much more efforts than for bi-layers OSCs.
Conventional and inverted OSCs are both tested for each material to determine the most
appropriate architecture. Common and efficient interlayers and electrodes were chosen for each
architecture.

2. DONORS REQUISITES AND DESIGN

OSCs are mainly limited by their low PCE and poor stability. To solve those issues, a
widespread research, going from architecture optimization to morphology control and including
design of new active materials, is essential. This report focuses on the lead consisting of
designing new active material. For a long time, donors have monopolized attention as they play a

-14 -



crucial role at each step of the photovoltaic process. This thesis follows this mainstream by
developing and synthesizing two strategic series of donors. The goal is to investigate the effect of
the molecular framework on the optoelectronic and charge transport properties. Furthermore, the
behavior of these donors within BHJ OSC will be explored to address some correlations with
their molecular structure. A better understanding of the morphology is helpful to control it and
find out which additives or post treatment should be used.

2.1. Donor requisites

When designing new donor semiconductors, some requisites must be taken into account.
Donor semiconductors are involved in each step of the process, all requesting essential
properties. Consequently, donor backbones should respect energy levels, solubility, charge
transport and morphology requirements.

2.1.1. Energy levels requisite

By looking at the photovoltaic process, donor energy levels obviously appear as crucial
metrics. First, for efficient photon absorption, the band gap of the donor is preferably low about
1.7-1.2 eV to broaden the absorption spectrum. Then, for efficient electron transfer from donor to
acceptor, the gap between the LUMOs of both semiconductors must be higher than the minimal
value of 0.3 eV stated by Scharber et al. [23]. Finally, the Voc is determined by the gap between
the HOMO of the donor and the LUMO of the acceptor. Deeper is the HOMO of the donor,
higher is the Voc. Combining this requirements and defining the ideal energy levels are far from
straightforward and represents an important challenge for the OSC field.

For these reasons, Scharber et al. conducted an intensive study on donor polymers to establish
ideal energy levels [23]. This work introduces a diagram correlating the LUMO and bang gap of
the donor to the optimal PCE the donor can reach with PCgBM (Figure 8). The estimated PCE
can be achieved only if it satisfies all morphology and device requirements. This diagram is a
guideline to predict the potential of new donors according to their energy levels. The energy
levels are mainly determined by the n-conjugated backbone which will be further detailed in the
following sections.
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Figure 8: Scharber’s diagram : Estimation of the PCE versus donor's LUMO and band gap [23] 2

2.1.2. Solution process requisite

This report treats only about solution-processed semiconductors as this deposition process is
more suitable for low-cost and large-area production. A solution deposition process also enables
the use of flexible substrates. Obviously, this process requires a good solubility of the donor in
commonly used solvents like chloroform or chlorobenzene. The solubility of semiconductors is
generally tuned by the introduction of alkyl chains. The length and the branched or linear
character of the alkyl chain have significant impacts on the solubility as well as the packing of
the molecules [48-51]. Overly long alkyl chains can induce steric hindrance and hamper the
packing of the molecule limiting the charge mobility. For this reason, the alkyl chains should be
carefully chosen. The donor should also offer a good film formation as defects like pinholes can
generate important leakage currents.

2.1.3. Hole mobility requisite

Donors are also in charge of the hole transport within the active layer of OSCs. Of course,
high hole mobility is beneficial for efficient charge transport but not sufficient in the case of BHJ
OSC. The hole and electron mobilities must also be balanced within the OSC. Otherwise, a space
charge will be created and will exacerbate bimolecular recombination. The value of the FF is
strongly affected by the presence of bimolecular recombination. Proctor et al. established a
mobility guideline to achieve a FF superior to 0.65 [52]. In their study, the mobilities were
measured in hole only diode with ITO/PEDOT:PSS or MoOs/active layer/Au architecture
following Mott-Gurney law for space charge limited current (SCLC). The charge carrier
mobilities must be balanced within one order of magnitude to prevent the build-up of space

2 Reproduce with permission: License number: 3831911369611
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charge and superior to 2 x 10 cm2.V'.s™ to get a low charge carrier sweep-out time. Longer the
charge carrier sweep-out time is, more the charge collection will compete with bimolecular
recombination. Another significant observation was that hole mobility of the donor neat film was
generally superior to the one in the blend, meaning that the neat film mobility could correspond
to the mobility’s upper limit. If low mobility is observed in neat film transistors, the OSC based
on the same material will suffer from low FF.

Charge carrier transport can be led by two mechanisms: band transport and hopping transport.
In band transport, charge carriers are delocalized over the whole domains. Conversely, in
hopping transport, charge carriers are localized on a single molecule and hop from one molecule
to another. Hopping transport is less efficient than band transport because of the energy barriers
that the charges must overcome to move from one molecule to another. To occur, band transport
requires continuous energy band, however organic semiconductors present discontinuous energy
levels. Nevertheless, to get more continuous behavior, intermolecular interactions should be
favored to increase the splitting of the energy levels. Therefore, the donor should have high
crystallinity and close molecular packing. A planar conformation or non-covalent bounding
between the molecules can help to get closer packing [53-55].

2.1.4. Morphology requisite

As mentioned in the BHJ section, the donor and the acceptor must organize in three phases:
intermixed donor/acceptor domain and pure crystalline domains. To respect these criteria, the
donor material has to be partially miscible with the acceptor semiconductor to form intermixed
domains.

Designing new donor semiconductors with respect to all these requirements is complex and
challenging. The literature compiles a great deal of donors offering some insights for new donor
frameworks. A state of art of the literature introducing some design strategies is directed in the
following section.

2.2.  Polymers versus small molecules

Organic semiconductors are commonly divided in two classes: small molecules and polymers.
Small molecular semiconductors were the first tested in OSCs fabricated via vacuum deposition
[2], but polymers have since attracted a tremendous amount of interest from the scientific
community because of their compatibility with solution processing. A plethora of studies have
been carried out on polymeric donor materials [56]. However, since polymers exhibit some
limitations, small molecules have recently attracted renewed and increased attention as a credible
challenger to polymers, emphasized by recent improvements in their film formation [57]. As
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seen on Figure 9, for a long time polymers showed better PCE than small molecules but small
molecule have been catching out. Nowadays, both polymer and small molecule reach a PCE of
10% [58,59].
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Figure 9: Evolution of the PCE over the years for polymers and small molecules according to
Chen Y. et al review [60]° with additional PCEs obtained between 2014 and 2016 for polymers
[61,62] and small molecules [59,63] in single junction OSCs.

The majority of semiconducting polymers mentioned in the literature embed thiophene,
benzothiadiazole, diketopyrrolopyrrole or benzodithiophene moities [64-67]. The best PCE
reported with these materials is around 10% in single junction cells [58,61,62,68—70]. Generally,
polymers offer good film formation, efficient hole transport and desirable mechanical properties.
The tuning of polymer morphology has been the subject of extensive research, which has led to
significant improvements in the OSC performances [71]. Despite the initial success of donor
polymers, they show some limitations, such as the variation from batch to batch in the
regioregularity, molecular weight and polydispersity. Consequently, device performances have
poor reproducibility, and OSCs need to be optimized for each batch of polymer. For industrial
applications, such limitations are undesirable. In the context of academic research, the poor
reproducibility of syntheses makes correlation of molecular structure and device performance
difficult.

In stark contrast, small molecules show well defined structure and are increasingly regarded
as promising donor semiconductors [72—74]. Small molecule synthesis is simpler and the purity
is more reproducible than their polymer counterparts. Very small batch-to-batch variations would
be expected with small molecular semiconductors. From the point of view of commercialization,
small molecules are more desirable. As the structure of small molecules is well defined, the
effects of molecular structure on optical properties or energy levels can be readily studied. At

3 Reproduce with permission
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present, predicting new material’s performance remains challenging but some links have been
demonstrated.

Historically, small molecules were not known as efficient as polymers when used in OSC
applications, but since the report of efficient solar cells based on solution-processed small
molecules by Bazan and co-workers in 2012, the community has shown an increased interest in
developing new solution processable small molecule semiconductors [75]. Recently, PCE as
high as 9.95% and 10.1% have been demonstrated [59,63]. The higher solubility and better film
formation of solution processed small molecules contribute significantly to the enhancement of
the PCE. Nevertheless, small molecules were still meeting some difficulties to achieve high FF
and remain less robust than polymer due to the lower flexibility of their structure. Researchers
have therefore paid attention to the development of larger molecules close to the oligomer scale
in the hope of combining small molecule and polymer’s advantages [76]. According to Chen’s
group [60], the currently best photovoltaic (PV) parameters registered for small molecules are:
Voc= 0.9-1.1 V [77-79], Jsc = 15 mA.cm™ [80] and FF >0.7 [77,81]. Compared to polymer
OSCs, Jsc is now the limited factor for small molecule OSCs.

In the literature, small molecules comprise molecules with a very large range of molecular
weights. In a recent review, Lin et al. redefine small molecules as molecules with molecular
weight below 1000 g.mol™ and oligomers as molecules with molecular weight between 1000 and
10000 g.mol™. Even if the term oligomer should comprehend the notion of unit repetition, we
still use this classification according to the molecular weight. In this report, the interest is shared
between the promising large molecule-oligomeric derivatives using the well-known
chromophore, DPP, and small molecule structure using a new chromophore, 3,3’-(ethane-1,2-
diylidene)bis(indolin-2-one) (EBI).

2.3.  Push-pull semiconductors

One of the most important progresses in donor molecular design was the discovery of push-
pull semiconductors, molecules combining an electron rich (D) and an electron deficient (A)
building block. The main advantage of push-pull semiconductors is their ability to get a low band
gap and a broad absorption spectrum for efficient photon absorption. In 1996, Brocks et al.
modeled the band gap of push-pull materials [82] and demonstrated how it results from the
hybridization of the HOMO of the electron rich unit and the LUMO of the electron deficient unit
(Figure 10). The hybridization reduces the band gap, which relies on intramolecular charge
transfers between the electron rich and deficient group. The push-pull system is a tool to tailor
energy levels by introducing weak or strong electron rich/deficient units and by changing the
strength and the intensity of the intramolecular charge transfer between the push and pull units.
Both push-pull polymers and small molecules have been extensively studied. Herein, an
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overview focusing on the principal advances in push-pull small molecules is delineated to
highlight the challenges in designing new donor small molecule semiconductors.

LUMO
B e L e
LUMO LUMO
—
= _-
HOMO HOMO
HOMO

: El -
deficient

Push-pull molecule

Figure 10: Push-Pull hybridization

For solution-processed push-pull small molecules, 2008 was a decisive year with the arrival
of merocyanine [83], squaraine [84] and diketopyrrolopyrrole [85] derivatives in the OSC field
which are all electron deficient groups. Combined with different electron rich units, they show
promising PCEs of 1.77%, 1.24% and 2.3%, respectively. Since then, research on push-pull
small molecules was boosted which was summarized in several excellent review papers
[72,73,86-88]. Numerous electron rich and electron deficient units have been developed. Figure
11 summarizes some of the most promising building blocks.

Electron-deficient units:

0 s

N\ N\

NCTCN \ / \ /

o \
Squaraine Dicyanovinyl Benzothiadiazole (BT) pyridinethiadiazole

Isoindigo Diketopyrrolopyrrole (DPP) 3-ethylrhodamine
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Electron-rich units:
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Triphenylamine (TPA) oligothiophene Porphyrine
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/ Si
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R
Benzodithiophene (BDT) Dithienasilole (DTS) Indoline

Figure 11: Electron-deficient units and electron-rich units reported in the literature

The build-up of new electron-deficient group entails great improvements in OSC
performances. DPP and squaraine are among the most promising electron-deficient unit as they
enabled to create materials with corresponding solar cells achieving PCE over 6-7% [89,90].
DPP compounds are highly conjugated, strongly absorbing, inexpensive and easy to synthesize.
Nguyen’s group introduced DPP as a building block for OSCs by aiming for improving the
absorption property of oligothiophene derivatives (Figure 12a) [85]. This combination was a
success and landed the records of solution processed small molecules with a PCE of 2.33% in
2008. In the following years, Nguyen’s group kept surpassing small molecule OSC efficiency
records by replacing tert-butoxycarbonyl with 2-ethylhexyl alkyl chain to achieve a better
solubility and improved film formation [91], as well as replacing bithiophene with fused
benzofuran to increase the m-conjugation and lower the HOMO (Figure 12b) [92]. All these
improvements led to a high PCE of 4.4%. Larger molecules containing two or three DPP units
and electron rich building blocks were developed (Figure 12c) [89,93,94]. The extension of the
structure increases PCE up to 5-7%. The record PCE of 7% was achieved with a molecule
containing two DPP units and a porphyrin core [89].
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Figure 12: DPP derivatives reported in the literature [85,89,92-94]

As for the squaraine derivatives, they are composed of a very dense electron distribution on
the central ring inducing a very high absorption coefficient [95]. Meanwhile, squaraines can be
easily synthesized via condensation reaction avoiding the use of palladium catalyst and
simplifying the large scale production and purification. Silvestri et al. notably introduced
squaraines as solution-processed donors for OSCs in 2008 by achieving a PCE of up to 1% [84].
Since then, a set of squaraine small molecules have been designed. Squaraine small molecules
are usually divided in two categories: symmetrical and unsymmetrical. The symmetrical category
was the first one to achieve a PCE over 5%, which is represented by the diisobutylamino
dihydroxyphenyl squaraine developed by Forrest’s group (Figure 13a) [96,97]. The four
hydroxyl and N-aryl group deepen the HOMO and provide interesting intermolecular
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interactions. First, the molecule showed an encouraging PCE of 2.9 % in OSCs. Through the
control of morphology using solvent annealing, the PCE was boosted to 5.5%. Other
symmetrical squaraines have now been developed and reached PCE of 4-5 % [98,99]. As for
unsymmetrical squaraines, for a long period, they have showed much lower performances than
their symmetrical analogues, although they have drawn the interest of many researchers as their
structures offer more flexibility for structure tailoring. After much effort made to tweak the
energy levels, the optical band gap and molecular packing of unsymmetrical squaraines through
careful design of the electron rich unit, PCE about 4-5% were achieved [100,101], catching up
their symmetrical counterparts. Meanwhile, a breakthrough was made in 2014 by combining
squaraine with an indoline unit (ASQ5) (Figure 13b) [102]. Indoline has a strong electron rich
capability and small steric hindrance enabling the broadening of the absorption spectrum and
thereby an improved short-circuit current Jsc of 11 mA.cm™was achieved. However, compared
to its symmetrical counterpart, ASQ5 has a lower V. due to their relatively high HOMO levels.
Embedding fluorine (ASQ5-DF) [90] and cyano (ASQ5-CN) [103,104] groups to the indoline
motif decrease the HOMO level to -5.2 eV. Moreover, fluoro and cyano groups are known to
improve the crystallinity. This property greatly improved the charge carrier transport and thereby
raised the Jsc and FF. Without any post treatment, ASQ5-DF and ASQ5-CN yielded high PCEs
of 4.6% and 5% with an enhanced V¢ of 0.93 V in comparison to 0.81 V for ASQS5. This raise
in Voc is the result of the synergistic effect applied by the cyano and fluoro group which lower
the HOMO level [105]. By testing OSCs based on ASQ5-DF and ASQ5-CN at 80°C, the PCE
increased to 6.04% and 6.11%, respectively.

%giqjl p‘?ﬁ = —ng R,

C4Ho

ASQS5: R1=R2=H
ASQ5-DF: R1=F, R2=H
ASQ5-CN: R1=H, R2=CN

Figure 13: Squaraines derivatives, a) symmetrical [96,97] b) unsymmetrical [90,102-104]

Push-pull systems can also be improved by designing new electron rich units like
triphenylamine (TPA), dithienosilole (DTS) and benzodithiophene (BDT). TPA is a non-planar
unit generating amorphous derivatives. TPA can be placed at the center of molecules to form
star-shaped derivatives or at extremities to give linear molecules. The first star-shaped molecules
based on TPA achieving a PCE of 1% was vacuum-processable and tested in bi-layer by Cravino
et al. [106]. Then, solution-processed star-shaped TPA were developed using dicyanovinyle
[107], cyanoacetate [108] or benzothiadiazole [109] as electron deficient unit and offers
respective PCE of 2%, 3.6% and 4.3%. After optimization of the alkyl chain length of TPA-
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dicyanovinyl derivatives (Figure 14a), a PCE of 4.76% was achieved [48]. Shorter alkyl chains
reduce steric hindrance and torsional interaction of the molecule and enhance the intermolecular
interactions and charge transport. This study suggests that equal importance should be addressed
to the alkyl chain design as the rest of the backbone. For linear molecules, TPA was bound to
fluorinated benzothiadazole (Figure 14b) and exhibited a PCE of 4.24% which is in the range of
star-shaped molecules [110]. Nowadays, even more complex structures are developed,
combining TPA with other electron rich units such as DTS into star-shaped structure [111] and
BDT into linear structure [112]. Four star-shaped derivatives based on the combination of TPA-
benzothiadiazole-DTS have been developed to study the effect of fused-TPA and fluoro
substituents. The fused TPA derivatives gave the highest PCE originating their planar
conformation favorable for better charge transport. In presence of fluoride atom along its
backbone, the PCE of the fused TPA derivatives raised up to 5.16%. As for the linear TPA-BDT
derivatives, benzothiadiazole was placed between BDT, the electron rich center and TPA the
electron rich end-capping (Figure 14c). By substituting BDT with an hexylthiophene, an

impressive PCE of 6.13% was achieved [112].
a) b)
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Figure 14: TPA derivatives [48,110,112]

DTS presents a rigid fused aromatic system promoting charge delocalization and co-facial n-nt
stacking and thereby beneficial for good charge transport. DTS has also a strong electronic
density and therefore can be considered as a strong electron rich unit. In 2012, Bazan developed
one of the first small molecules achieving PCE superior to 6%: a A-D-A structure (A: electron
deficient unit; D: electron rich unit), called DTS(PTTh,),, with pyridinethiadiazole as electron-
deficient group and DTS as electron rich group [75]. As DTS(PTTh,), tends to react in acidic
condition, a fluoro atom was introduced on the pyridinethiadazole to stabilize it and formed
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DTS(FPTThy), [113]. With 0.4% of DIO (as solvent additive, see section 1.3.2), this new
fluorinated DTS derivative achieved an impressive PCE of 7% when blended with PC7;;BM.
Since then, DTS(FPTTh,), has appeared as a reference material for solution-processed small
molecules for OPV application and a great deal of research have aimed at increasing its PCE. For
now, the maximum PCE recorded for DTS(FPTThy), is 9% [114], being among the highest PCE
for solution processed small molecules. One needs to mention that this impressive value is also
coming from improved device architecture, interlayers and high conductivity ITO electrodes. In
our group, routine use of this compound in OPV give PCE in the range of 6 % when combined
with PCsBM which correspond the state-of-the-art in classical structures with well-known
interlayers (ZnOy, PEDOT-PSS, M0oO3/Ag, use of DIO as solvent additive).

CsHg CsHg CsHy }CZHS,
C.H
Csz)N }‘ 2Hs Csz)NS
s Si s i s
\ / S %
~ ’QCK A P

CgHy3 \\ \ / S CgHys CgHia \‘~ \ / S CgH13

DTS(PTTh,), DTS(FPTTh,),

Figure 15: DTS derivatives [75,113]

BDT, like DTS, has a strong conjugated and planar backbone but a weak electron rich
character which can maintain a low HOMO level. The most efficient push-pull combination
based on BDT is with 3-ethylrhodamine as electron deficient unit. The two moieties are linked
by a thiophene n-bridge as seen in Figure 16. This structure was first reported in 2012 with
oxoalkylchain embedded on BDT unit (DR3TBDT) and achieved a noteworthy PCE of 6.92%
[115]. By adding polydimethylsiloxane (PDMS) in the ink formulation, the PCE increased to
7.38%, due to an evener continuous interpenetrating network of the active layer. Numerous
papers focused on improving this molecular backbone by changing the substitution of the phenyl
ring of the BDT moiety. Yongsheng’s group aimed at increasing the Jsc by extending the
conjugation of the molecule [77]. To do so, they incorporated a thiophene (DR3BDTT) or a
bithiophene (DR3BDT2T) on the BDT unit. Without any special treatments, DR3BDTT, BDT
derivative with an additional thiophene, showed higher performances (PCE = 7.51%) and more
precisely a higher Jsc of 13.15 mA.cm™. Further increasing the number of thiophene did not
further improve the Jsc but interestingly enhanced the FF. With PDMS additives, the PCE of
both DR3BDTT and DR3BDT2T raised up to 8.12% and 8.02%. Other common additives like
DIO and CN had been tested however no effect was observed on the morphology or the
performance. The design of BDT substitution was pursued with the introduction of branched
alkyl chain (DR3TDOBDT) [116] and thienoalkyl chain (DR3TSBDT) [59]. First, both
molecules shows similar PCE around 6.6%, but an optimization of the morphology by a
successive thermal annealing and solvent annealing boosted their PCEs to 8.26% and 9.95%.
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Through a careful scaffold of BDT substitution, a record PCE near 10% was achieved
highlighting the great importance of molecular design to tweak the optoelectronic properties and
molecular packing.

CoHs
DR3TBDT: R;=C,Hs R,= O\/<: H PCE =7.4 %
4719
CZH5
S C4Hg
DR3TBDTT: R; =C,Hs R, = | PCE =8.1 %
5./ ceH
DR3TBDT2T: R; = C,Hs R, = | S | g PCE =8.0 %
CeH13
C2aHs
DR3TSBDT : R, =C,H5 R, = S\/ PCE =8.3%
’ C4Hg
C2aHs
DR3TDOBDT: R, = \//C H R, =CgH,, PCE =9.95 %
4119

Figure 16: BDT-rhodamine derivatives [59,77,115,116]

This overview highlights the complexity of designing new donor semiconductors. The donor
framework should be composed of efficient and more importantly well-combined electron rich
and electron deficient group. To improve the push-pull system, chemists can focus on designing
new electron rich/deficient building blocks or new combinations. An ideal electron rich or
deficient unit should be a readily tunable and high absorbing chromophore, which can be easily
synthesized from inexpensive reagents. Moreover, when elaborating a new backbone, alkyl
chains should be carefully chosen as they govern the solubility and the packing of the molecule.
Furthermore, the substituents along the backbone like fluoro, cyano or hydroxyl can be
incorporated to refine the energy levels and the molecular packing. The conformation of the
molecule also plays a rule in the molecular packing.
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Additionally, this state of art points out the importance of morphology optimization in bulk
heterojunction OSC and how performances can be boosted if an ideal morphology is achieved.
On the other way round, an unfavorable morphology can inhibit the photovoltaic effect, making
the evaluation of the potential of a novel donor semiconductor difficult. Nowadays, predicting
the effect of additives or post treatments on the morphology is still challenging, therefore, a
complementary study of the morphology is necessary to understand the behavior of the donor
within the OSC.

3. OBJECTIVES

This thesis focuses on the synthesis of novel donor materials and their integration in BHJ -
OPV devices. For the prospect of large scale production, this work focuses on solution-
processable materials. Another key interest for the industrialization of OSC is the reproducibility
of material synthesis which implies small batch-to-batch variations. To this end, we chose to
study two families of materials: one series based on oligomers and one series based on small
molecules.

The main objective of this thesis is to design novel push-pull donor semiconductors for OSC
application and to establish correlations between their molecular structures and their
optoelectronic and photovoltaic properties. Two different strategies were employed for the
design of the two series. To build the series based on oligomers, the well-studied electron
deficient building block DPP was employed and various electron rich spacers were investigated.
As for the series based on the small molecules, a new chromophore in the field of OSC was
employed: the 3,3’-(ethane-1,2-diylidene)bis(indolin-2-one) (EBI) (Figure 17).

The study of both series aims at the following objectives:
1) To elucidate if DPP oligomers could represent a trade-off between small molecules and
polymers regarding synthesis, batch-to-batch variations, and film-forming properties.
2) To elucidate if EBI is a suitable chromophore to build novel donor semiconductors for
OSC application
3) To elucidate the effect of the molecular backbone curvature on the opto-electronic
properties as well as their PV properties

Figure 17: EBI structure
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CHAPTER 2: EXPERIMENTAL METHODS

1. MATERIAL SYNTHESIS AND IDENTIFICATION

1.1. Materials used in the synthesis

All materials and chemicals used for the synthesis of DPP oligomers and EBI small molecules
were purchased from commercial sources such as Sigma Aldrich or Alfa Aesar. If not specified,
the chemicals and solvents were used without further purification.

1.2.  'Hand **C nuclear magnetic reasonance (NMR)

'H and *C nuclear magnetic resonance (NMR) spectroscopy was performed using 400 MHz
or 300 MHz Bruker NMR at the University of Waterloo. The samples were prepared in
deuterated solvents like chloroform, dimethylsulfoxyde and tetrachloroethylene. The chemical
shifts are calibrated with tetramethylsilane (TMS, 0 ppm) or the residual non- deuterated solvent.

1.3. Mass spectrommetry

Mass spectrometry was conducted by CESAMO institute in Bordeaux. For DPP final
oligomers and by-product, MALDI-TOF technique was used. High-resolution mass spectrometry
of final EBI compounds were realized by field desorption.

2. CHARACTERIZATION OF OPTO-ELECTRONIC
PROPERTIES

2.1. UV-Visible spectroscopy

The UV-Visible absorption spectra of all materials were recorded between 300 nm and 1000
nm, using a SAFAS spectrometer. Samples were prepared in dilute chloroform solution and in
thin-film resulting from the spin-coating of a chloroform solution of the material. The optical
band gap was assessed with the off-set of absorption spectra (Figure 18) following this equation:

_hc .
E= 7 in eV

where h is the Planck constant of 4.14 x 10°eV.s, c is the speed of light of 3 x 10 m.s and
A is the photon wavelength.

-29 .-




0.8 |

0.6

0.4}

Normalized absorption

0.2

0.0

400 500 600 700 800 900\ 1000
Wavelength (nm)

Figure 18: Method to extract the off-set of UV-visible absorption spectrum

2.2. Density functional theory (DFT) calculations

DFT calculations were realized by Jesse Quinn from University of Waterloo. The Beckeés
three parameter exchange functional and LYP correlation functional (B3LYP) were employed on
the standard 6-31G basis set. To speed up the calculation, methyl side chains were chosen as
alkyl chain.

2.3. Cyclic Voltammetry (CV)

To perform CV measurement, two platinum electrodes were used as working and counter
electrode along with a Ag/AgCI (0.1 M) reference electrode. The three electrodes were dipped in
a 0.1 M tetrabutylammonium hexafluorophosphate acetonitrile electrolyte solution at room
temperature. All materials were drop-casted on the working electrode from chloroform solution.
DY2000EN electrochemical workstation was employed to collect the electrochemical data. The
red/ox couple, Ferrrocene/Ferrocenium (Fc/Fc*), was used as reference. HOMO level was
estimated from the onset of the oxidation peak using this following equation [117,118]:

Eromo = -(Eox - Ef/, +4.8) ineV

In this work, the reduction peak was not or poorly visible therefore the LUMO levels were
estimated by adding the optical band gap to the HOMO level.
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Figure 19: Method to extract the onset of the oxidation peak

2.4. Organic thin-film transistor (OTFT)

Bottom-gate/bottom contact OTFTs were fabricated using silicon wafer with gold electrodes
patterned at the surface (Figure 20). Fraunhofer IPMS provides two types of substrates with two
different channel widths (W): substrates with a W = 10 mm were used for Tri-BTDPP and all
EBI derivatives and substrates with W = 2 mm were used for Tri-DPP-PT and Tri-DPP-PT-C6.
Each substrate is composed of 16 devices with 4 different channel lengths (L) of 2.5 um, 5 pum,
10 pm and 20 pm. For DPP derivatives, a channel length of 5 um was chosen and for EBI
derivatives, channel lengths of 5um and 10 um were chosen. All substrates were cleaned in
successive baths of acetone, ethanol and isopropanol for 5 min, followed by a UV-ozone
treatment of 15 min. Then, a chloroform solution of 5 mg.ml™ of the material was spin-coated on
top of these bottom-gate bottom-contacts backplanes.

ITO (10 nm) Au (30 nm)

B B

SiO2 (230 nm)

Si (675 nm)

Figure 20: OTFT transistors: substrates (left), vertical view (center) and top view (right)

The devices were characterized using a semiconductor analyzer (Keithley 4200) coupled with
a probe station. For transfer curve, Vps was fixed at -30 V for DPP derivatives and at -40 V for
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EBI derivatives. A saturation regime is recorded where the drain-source current (Ips) can be
expressed following this equation [119]:

Ips = % M Cox % (Ves — Vin)?
where  is the mobility, Coy is the capacitance of 1.5 x 10® F.cm™, W is the width of the
channel, L is the length of the channel, Vgs is the gate voltage and Vy, is the threshold voltage.

By plotting the square root of Ips as a function of Vgs, a linear curve was obtained following
this equation:

1 w 1 w
_uCoxT Vs - EIJ-CoxT Vin

Ihe =
DS 2

The mobility was extracted from the slope of this curve. For output characteristics, Vgs was
varied from 0 V to 30 V for all materials.

3. CHARACTERIZATION OF PHOTOVOLTAIC
PROPERTIES

3.1. Oraqganic solar cell fabrication and characterization

3.1.1. Bi-layer organic solar cells

ITO substrates (Figure 4a) are cleaned in three successive baths of soap, water and
isopropanol, followed by a UV-o0zone treatment for 15 min. A solution of PEDOT:PSS (Heraeus,
Clevios Ph, 2014P0Z90) filtrated on 0.2 um RC filter, is spin-coated at 3000 rpm for 60 sec onto
ITO to elaborate a film of 40 nm. This film is annealed at 120°C for 10 min to remove any trace
of water. The donor material are then spin-coated under nitrogen atmosphere to create a film
with a thickness of 30-40 nm followed by the thermal evaporation at 400°C under secondary
vacuum of 10 mbar of a 30 nm-thick fullerene layer (Cg). Finally, 20 nm of calcium and 100
nm of aluminum are successively evaporated under 2-6 x 10°® mbar onto the active stack through
a shadow mask (Figure 4 b,c).The effective active area of the solar cells is 10 mm2.

-32-



ITO

Glass

Figure 21: a) ITO substrates (1.5 cm x 1.5 cm); b) electrode patterns; ¢) The picture
shows a typical OSC sample (the electrodes on the side are here to take the contact on
the underneath ITO)

3.1.2. Conventional OSC

ITO substrates are cleaned in three successive baths of soap, water and isopropanol, followed
by a UV-ozone treatment of 15 min. PEDOT:PSS (Heraeus, Clevios Ph, 2014P0OZ90) filtrated
on 0.2 um RC filter, is spin-coated at 3000 rpm for 60 sec onto ITO to elaborate a film of 40 nm.
This film is annealed at 120°C for 10 min to remove any trace of water. A solution mixing
donor: acceptor in various solvents at various concentrations is then spin-coated as an active
layer under nitrogen atmosphere. The resulting thickness varies from 40 to 250 nm depending on
solution concentration, solvent and spinning conditions. Finally, 20 nm of calcium and 100 nm
of aluminum are successively evaporated under 2-6 x 10°® mbar onto the active layer through
shadow masks. The effective active area is 10 mm2.

3.1.3. Inverted OSC

ITO substrates are cleaned in three successive baths of soap, water and isopropanol, followed
by a UV-o0zone treatment of 15 min. A solution of zinc oxide precursor prepared by dissolving
zinc acetate (Sigma Aldrich, 96459, 99%) with ethanol amine (Sigma Aldrich, 15014-25mL,
99%) in ethanol, is spin-coated onto ITO to elaborate a ZnOy film of 60 nm. The film was
annealed at 180°C for 1h. A donor: acceptor solution is then spin-coated under nitrogen
atmosphere. Finally, 10 nm of molybdenum oxide (MoO3) followed by 60 nm of silver are
successively evaporated under 2-6 x 10°® mbar onto the active layer through a shadow mask.

3.1.4. Device characterization

The devices were characterized using a K.H.S SolarCelltest-575 solar simulator with AM
1.5G filters set at 100 mW.cm™ with a calibrated radiometer (IL 1400BL). The current density-
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voltage (J-V) measurements are processed with Labview controlled Keithley 2400 SMU. Devices
are characterized under nitrogen in a set of glove boxes (O, and H,O < 1ppm).

3.1.5. External quantum efficiency (EQE)

The sample was first encapsulated between two glass substrates using NOAG61 glue
(EPOTECNY) activated with 2 min of UV treatment (365 nm from a UV-oven from Fisher
Scientific) in a glovebox. For the quantum efficiency measurements, a setup provided by Horiba
Scientific (500 W Xenon lamp and Triax 180 monochromator) were used. The incident photon
flow was controlled by the calibrated, integrated sphere (Labsphere), and a Keithley 6487
Picoammeter was used to acquire data. Neither white-light bias nor lock-in acquisition was used.
The EQE measurement shows the quantum efficiency at a particular wavelength, i.e the current
that the OSC produces when irradiated by photons of a particular wavelength. The integration of
the quantum efficiency over the entire spectra provides information on the maximum Jsc with
AML.5 spectrum_ The thicknesses of the active layer were measured using an alpha-step JQ
profilometer.

3.2.  Thin film morphology characterizations

3.2.1. Atomic force microscopy (AFM)

AFM imaging was carried out at room temperature using a Nanoman from Bruker Instrument
with Nanoscope 5 controller. Images were obtained in tapping mode using silicon tips
(pointProbe Plus AFM-probe, Nanosensors, Switzerland ). The scanned area was usually 2um x
2um. The roughness was measured from the height images. Phase images were also recorded.

3.2.2. Differential scanning calorimetry (DSC)

Samples are prepared by drop-casting donor:acceptor blend solutions with various ratios onto
glass substrates. After leaving the film to dry for 2 hours at room temperature, the layer is
scratched and collected in a capsule. Differential scanning calorimetry (DSC) is performed on a
Mettler—Toledo DSC 1 Stare system at a heating/cooling rate of 10 °C.min™, under a nitrogen
flow protection. Every sample was submitted to three heating-cooling cycles between 25°C and
350°C. The phase diagram was built by compiling the endothermic peaks of the first heating
curve of each blend film as a function of their blend ratio.
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3.2.3. X-ray diffraction (XRD)

DPP samples were prepared by drop-casting similarly to DSC samples. The X-ray diffraction
measurements were performed at Imperial College London with the help of Dr. Jaime Martin.
The molecular packing was characterized by wide-angle X-ray diffraction (XRD, PANalytical
X'Pert Pro MPD) using the Cu Ka radiation. 6/20 scans were performed to the films at room
temperature.

EBI samples were spin-coated from chloroform solution. The X-ray diffraction measurements
were conducted at ISM (Bordeaux) by Sabine Goma on a D8 advance diffractometer using the
Cu Ka radiation. The molecular packing was characterized in grazing incidence with 6 constant
(<1.5°). The scans were performed to the films at room temperature as a function of 26.

The d-spacing was calculated according to Bragg’s law:

_ nA
" 2sin(6)
where n is an integer; A is the X-ray wavelength of 1.54 nm and 0 is the angle between the
incident rays and the surface of the crystal.

The crystallite size was calculated according to Scherrer equation:

kA
'™ Bcos(d)
where k is the dimensionless shape factor of 0.9; A is the X-ray wavelength of 1.54 nm, 3 is
the full width at half maximum in radians, and 0 is the angle between the incident rays and the
surface of the crystal.
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CHAPTER 3:
DIKETOPYRROLOPYRROLE
OLIGOMERS

In this chapter, three oligomers based on diketopyrrolopyrrole (DPP) building blocks were
designed and synthesized: Tri-BTDPP, Tri-DPP-PT and Tri-DPP-PT-C6 (see chemical structure
on Figure 22). These three oligomers possess the same A-D-A-D-A (A = electron-deficient, D =
electron-rich) structure with three DPP cores as electron-deficient groups and differ from the
nature of their electron-rich spacers. Their optoelectronic properties, their morphologies as well
as their photovoltaic (PV) performances will be compared. A first section will present the state-
of-the-art on DPP derivatives in order to understand why they have attracted lots of attention as
donor semiconductors in OSCs. This will be followed by three sections each dedicated to one of
the designed molecule.

Iri-DPP-PT CiHg Tri-DPP-PT-Cé

Figure 22: Chemical structure of Tri-BTDPP, Tri-DPP-PT and Tri-DPP-PT-C6

1. INTRODUCTION

The interest in oligomers relies on their intermediate molecular weight (MW), between
1 000 g.mol™ and 10 000 g.mol™ suggesting that oligomers could be a compromise between
small molecules and polymeric semiconductors [76]. Ideally, oligomers would display a well-
defined structure and poor batch-to-batch variations like small molecules and simultaneously
backbone flexibility and good film forming properties like polymers. For these reasons, more
and more oligomers were recently developed for solution processed solar among which some
demonstrated PCEs of 7-9% [59,89,114,115]. As reviewed in Chapter 1, DPP is one of the most
efficient electron-deficient building block, offering small molecules and oligomers with
remarkable PCEs of 5-7% [80,89,120,121]. It is also noteworthy that DPP offers easy chemical
modification and great potential to attach various moieties at its 2,5-position, which is a very
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important feature to elaborate relatively large molecules. Hence, DPP was chosen in this study to
build oligomeric semiconductors.

1.1. DPP-based oligomers

A large panel of DPP derivatives with a broad range of MW from 600 g.mol™ to 2700 g.mol™
has been developed. In order to investigate the potential effect of the MW on the PV
performance, a literature survey was conducted. The PV characteristics of 76 published DPP
derivatives were plotted as a function of the MW (see Figure 23). If MW does not clearly nor
monotonously affect the Jsc nor the PCE, the figure suggests that increasing MW causes a
decrease in Voc. This can be ascribed to exacerbate splitting of energy levels due to extended =-
conjugation which, in turn, causes an increase in the HOMO level. Conversely, the FF appears to
increase with increasing molecular weight. This is possibly due to better film forming and / or
improved charge transport. Such a large discrepancy on these charts highlights the challenge in
predicting new potential materials.
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Figure 23: PV characteristics of OSCs, based on DPP derivatives versus molecular weight;
each data corresponds to an individual molecule reported in peer-reviewed publications. As a
matter of fact, this chart has been drawn from a survey of 33 independent papers (List of
papers available in Appendix 1). The guideline on V. and FF are fitted linear regression from
the raw data
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1.2. Structure of DPP derivatives

Prior to design new DPP-based oligomers, the structure and the various combinations of DPP
derivatives were explored. DPP derivatives were classified into three categories as a function of
their D-A (D: electron-rich; A: electron-deficient) structures:

1. D-A-D structure: molecules composed of a DPP central core and two electron rich
extremities.

2. A-D-A structure: molecules composed of two end-capping DPP core and a central
electron rich unit.

3. A-D-A-D-A structure: molecules alternating more than three electron rich and deficient
units

The PV characteristics of DPP derivatives in OSCs were compiled and plotted as a function of
their structures, as illustrated in Figure 24. This study reveals that the three structures can
provide PCEs up to 5%. To date, A-D-A and D-A-D are the two most studied structures but the
champion cells for DPP derivatives were obtained with A-D-A molecules due to a high Jsc and
FF [89].
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Figure 24: PV Characteristics of OSCs based on DPP derivatives versus their D-A structure;
each data corresponds to an individual molecule reported in peer-reviewed publications. As a
matter of fact, this chart has been drawn from a survey of 36 independent papers (List of
papers available in Appendix 1)
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In the next section, the best materials of each structure are listed - together with their
advantages.

1.2.1. A-D-A archetype

For A-D-A archetype, the main challenge is to find the suitable electron rich central core. The
most efficient combinations are with benzodithiophene (BDT) [122-124], benzodifuran [124],
anthracene [125], dithienopyrane (DTP) [121], and porphiryn [89,126]. The combination of DPP
and BDT was well-studied as BDT is among the most promising electron rich units. Besides a
weak electron rich feature, BDT has an extended n-conjugated planar structure beneficial for n-n
packing and charge transport. The best A-D-A framework associating BDT and DPP units used a
substituted BDT with an hexylthiophene and trifluoromethyl phenyl end-capping units (Figure
25a) [122]. The large conjugation due to the thiophene substitution and the strong intermolecular
interactions provided by the trifluoromethyl units, resulted in a high Jsc of 13.6 mA.cm™, a high
FF of 0.64, and an impressive PCE of 5.9%. Other derivatives incorporating BDT and DPPs
were realized by embedding different alkyl chains on BDT which controlled the molecular
packing (Figure 25b) [123]. As a matter of fact, incorporating 3,7-dimethyloctyl instead of 2-
ethylhexyl prevented an excessive aggregation and enabled a better intermixed network for
improved exciton separation. This optimization led to an improved PCE of 5.5% over 3.3%.
Another strategy to diminish the strong aggregation behavior of BDT was to replace BDT by
benzodifuran (Figure 25c¢) [124]. Benzodifuran derivatives had a better miscibility with PCg;BM
allowing a better morphology. An increased PCE of 5.5% was therefore achieved over 3.1% for

its BDT counterpart.
b)

Wa . R
‘ 0

X:0orSs
R : 2-ethylhexyl

Figure 25: A-D-A derivatives composed of DPP as electron-deficient units and BDT or BDF
as electron-rich units [122-124]
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Similarly to BDT, anthracene was flanked by two DPPs as weak electron-rich, enlarged =-
conjugation and coplanar unit (Figure 26a) [125]. In the right orientation, anthracene endowed
the molecule of an impressive molecular packing, conveniently red-shifting the maximum of
absorption. With the use of DIO, DPP-anthracene derivative exhibited a PCE of 5.4%. A strong
electron-rich unit was also tested in A-D-A archetype, the dithienopyran group (Figure 26b)
[121], in order to raise the HOMO level and to reduce the band gap. A low band gap was
expected to rise the Jsc of the molecule however an increase in the HOMO level may also cause
a decrease in Voc. As predicted, the Jsc remarkably increased up to 14.1 mA.cm™ whereas the
Voc favorably remained around 0.8 V. The resulting PCE reached a distinct value of 6.9%. To
date, the best DPP derivatives displayed a PCE of 7% originating from the combination of two
DPP units with a porphyrin electron rich unit (Figure 26¢) [89]. Porphyrin was inspired from
natural photosynthesis. This record PCE came along with the highest Jsc of 16 mA.cm™ reported
for solution-processed small molecules and oligomers. As a conclusion, the literature showed
that using a strong electron rich unit in a A-D-A archetype is a promising route to pursue because
it can cause both decrease the band gap and broaden the absorption spectrum. These advantages
enable to reach high Jsc.

a)4

- 030 v

2

R: 2-ethylhexyl R

R;: 2-ethylhexyl

R -~
Ry:CgHy7

Figure 26: A-D-A derivatives composed of DPP as electron-deficient unit and a) anthracene
[125], b) dithienopyrane [121] ¢) porphyrine [89] as electron-rich units

-41 -



1.2.2. D-A-D archetype

As for a D-A-D archetype, the potential of the molecule is ascribed to the right selection of
the electron rich end-capping such as triazatruxene and phenyl. A triazatruxene consists of three
fused carbazoles (Figure 26a) and is a planar moiety promoting molecular self-assembly for
efficient charge carrier transport [120]. With this unit, an impressive Jsc of 14.6 mA.cm™ could
be achieved, leading to a PCE as high as 5.3%. Phenyl group [127] appeared to be a good end-
capping unit as well when a fine engineering of the phenyl substitution with trimethyloxyl is
performed (Figure 26b). A PCE of 5.5% was reached owing to a precise control of the
morphology with two successive steps: a thermal annealing treatment and a solvent annealing
treatment.

b)

R
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R]! C6H13 R: 2-ethylhexyl

R;: 2-ethylhexyl
Figure 27: D-A-D derivatives composed of DPP as electron-deficient unit and a) triazatruxene
[120], b) substituted phenyl [127] as electron-rich units

1.2.3. A-D-A-D-A archetype

Only a few A-D-A-D-A molecules have been reported in the literature so far however as
shown in Figure 24, this archetype appears to enable decent fill factors around 0.6 and high
open-circuit voltages around 0.9 V. Increasing the number of electron deficient units in the
framework lowers the LUMO and in the same time reduces the band gap without impacting the
HOMO level. This appears as a good strategy to broaden the absorption spectrum without
sacrificing the Voc. Two DPP units were first associated with a central benzothiadazole (BT)
unit, a fused-ring with an electron deficient feature (Figure 28a) [128]. The energy levels of the
resulting molecule (DPPBT) were promising with a low band gap of 1.59 eV for a broad
absorption up to 750 nm and a deep HOMO level of -5.10 eV for a high Voc of 0.97 V. The
device still suffered from low FF and Jsc, limiting the PCE to 2.1%. Thiazolothiazole, another
electron deficient group, was introduced instead of benzothiadazole (Figure 28b) [128]. The
thiazolothiazole based molecule (DPPTT) exhibited a larger phase separation with PC;;BM and
could therefore provide better percolated pathways for charge carriers. The donor/acceptor
morphology in the active layer is improved relative to the one obtained when DPPBT is used
(Figure 29). Hence, the PCE could be increased up to 3.9%.
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To date, the best A-D-A-D-A structure combined three DPP cores: bithiophene-DPP as end-
capping moieties and phenyl DPP as central core (Figure 28c) [129]. Both linear and branched
alkyl chains were introduced on the central DPP core. Both derivatives presented deep HOMO
levels to achieve high Voc of 0.85-0.9 V. Linear alkyl chain offered a better molecular packing
and therefore a higher hole mobility of 4.3 x 10 cm2.V'.s™ compared to 6.1 x 10* cm2.v's?
for branched alkyl chain. In OSCs, the use of linear and branched tri-DPP provided PCEs of
5.5% and 4.8% respectively. This could be achieved by delicate tuning of the morphology via the
introduction of solvent additives in the formulation. Interestingly, the optimal morphology of the
two tri-DPPs did not employ the same additives.

a) 9 DPPBT b) 10 DPPTT
R
s
(G
P 0
N\f R
W S s N_o
W WA
s \
/
07 N ,f

R: 2-ethylhexyl

R;: 2-ethylhexyl
R;: 2-ethylhexyl or N-hexyl

Figure 28: A-D-A-D-A derivatives composed of DPP and a) BT [128], b) Thiazolothiazole
[128], C) DPP [129] as electron-deficient unit

10 nm

OnmI

10°

Figure 29: AFM height and phase images (2.0 um x 2.0 um) of as- prepared thin films of
DPPBT and DPPTT with PC,;BM (1 : 1, w/w) [128]*

4 Reproduce with permission, license number: 3831920734523
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Even if A-D-A-D-A structures have been less studied than their A-D-A and D-A-D
counterparts, they show great potential to achieve devices with high Voc above 0.9 V. Therefore,
this report focuses on the most efficient A-D-A-D-A structure, combining three DPP cores.

1.3. Target DPP-based oligomers

As explained in Section 1.2., changing the side chains of an oligomer containing three DPP
cores can tune the molecular packing of the material and can allow better charge transport and
higher PCEs [80]. To pursue this momentum, we aimed at tailoring the curvature of DPP-
oligomer by replacing the phenyl electron-rich spacers - known for having a large dihedral angle
of 26° with DPP [130] (Figure 30a) - by a thiophene electron-rich spacers. The resulting
oligomer, 6,6’-((2,5- octyldodecyl)-3,6- dioxo-2,3,5,6- tetrahedropyrrolo [3,4-c]pyrrole-1,4-diyl)
bis([2,2’- bisthiophene]-5°,5-diyl))bis(2,5-bis(2- ethylhexyl)-3-(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c] pyrrole-1,4-dione) (Tri-BTDPP) is shown in Figure 30b. Tri-BTDPP is
expected to be more planar enforcing a closer molecular packing and thus a better charge
transport. Additionally, the intramolecular charge transfer between thiophenes and DPP is
expected to be stronger due to a better overlapping of the orbitals entailing lower band gap. A
narrow band gap would broaden the absorption spectrum and increase the Jsc. Moreover, Tri-
BTDPP can be compared to its corresponding dimer (presented in Figure 30c ) to investigate the
effect of unit repetition [79].

a) Tri-DPP, developped by Nguyen et al.

b)

Figure 30: a) Tri-DPP developed by Nguyen et al. [80], b) Tri-BTDPP, c¢) Di-DPP developed
by Lee et al.[79]

-44 -



2. TRI-BTDPP: A COPLANAR OLIGOMER INTO 0OSC”®

The first targeted oligomer based on DPP, contains three bithiophene-DPPs in order to obtain
a perfectly planar backbone. First, 2-ethylhexyl side chains were introduced on the nitrogen of
the three DPP units. However the resulting oligomer was not solution-processable due to its poor
solubility in common solvents. In order to ensure a good solubility, 2-octyldodecyl side chains
were embedded on the central DPP core as shown in Figure 31, forming 6,6’-((2,5-
octyldodecyl)-3,6-  dioxo-2,3,5,6- tetrahedropyrrolo  [3,4-c]pyrrole-1,4-diyl)  bis([2,2’-
bisthiophene]-5°,5-diyl))bis(2,5-bis(2- ethylhexyl)-3-(thiophen-2-yl)-2,5- dihydropyrrolo[3,4-c]
pyrrole-1,4-dione) (Tri-BTDPP).

Tri-BTDPP

CqHy CioHz21 CyHg

CoHs CeHy7 C:zHs
Z’ o] Z' O Z—' o)
N

s N\ i\ s hL\/\ s \\/\
\ \N s” st U T s
%l - |
C4Ho CioHa; C4Ho c

CoHs gH17 2Ms

Figure 31: Tri-BTDPP, the first targeted molecule

2.1. Synthesis of Tri-BTDPP

The synthesis route to Tri-BTDPP is shown in Scheme 1. The mono-brominated DPP
compound 1 and the bis(trimethylstannyl) DPP compound 2 were synthesized according to the
methods reported in the literature (Appendix 2) [131,132]. The synthesis of Tri-BTDPP was
conducted via Stille cross coupling reaction between 1 and 2 in a 2.1:1 molar ratio in toluene
under reflux for 60 h in the presence of Pd,(dba); / P(o-tolyl); as a catalyst/ligand system. Over
this reaction, three co-products were formed: the target molecule Tri-BTDPP, compound 3
corresponding to the DPP-dimer resulting from the mono-coupling of 1 and 2 and compound 4
corresponding to DPP-dimer resulting from the homo-coupling of 1.

5 The majority of the material in this section was published by Dyes & Pigments, License number:
875910762153. The text was adapted.
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Scheme 1:Tri-BTDPP synthetic route

Separation of the target product Tri-BTDPP was accomplished by column chromatography,
which was not straightforward due to the close polarity of the Tri-BTDPP and the by-product 4.
First, column chromatography on silica gel using DCM:hexane and then chloroform was
conducted to remove compound 3 (26%) and other impurities to yield a crude product (72%),
which still contained compound 4 as proved by MALDI-TOF mass spectrometry (Figure 32).
Further purification was conducted by using a heated (50 °C) silica gel column using a mixture
of chloroform and toluene (with a volume ratio of 1:1) as eluent, which enabled separation of
Tri-BTDPP and 4 as confirmed by the MALDI-TOF mass spectra (Figure 32) with the
disappearance of compound 4 peak. Pure Tri-BTDPP was obtained in 56% yield, with the
molecular structure further confirmed by *H (Figure 33) and **C (Figure 34) NMR and HRMS.
The yield of homo-coupling dimer by-product 4 yield was 16%. Compound 4 was only
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characterized by MALDI-TOF mass spectrometry as NMR spectra could not be obtained due to
the strong aggregation tendency of this compound. Formation of a notable quantity (~16%) of
homo-coupling by-product in a Stille coupling reaction of a similar brominated DPP compound
under similar conditions was recently reported. [133]
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Figure 32: Mass spectrum before (left) and after (right) hot column

Data for Tri-BTDPP:

'H NMR (400 MHz; CDCl3) & 8.93 (2H, d, J = 4.2 Hz), 8.91 (2H, d, J = 4.2 Hz), 8.85 (2H, dd,
J=13.9,1.1Hz), 7.49 (2H, dd, J = 5.0, 1.0 Hz), 7.25 (4H, dd, J = 3.9, 3.5 Hz), 7.14 (2H, dd, J =
4.9, 4.0 Hz), 3.96 (12H, d, J=5.2 Hz), 2.00 - 1.71 (6H, m), 1.39 - 1.23 (35H, m), 1.22 - 1.05
(70H, m), 0.92 - 0.72 (41H, m)

3¢ NMR (400 MHz, CDCI3) 6 161.81, 161.69, 141.49, 141.19, 140.67, 139.33, 139.28,
137.43, 137.15, 135.95, 131.03, 130.14, 130.02, 129.95, 128.77, 126.12, 109.37, 109.08, 108.44,
77.56, 46.76, 46.30, 39.73, 39.46, 38.41, 32.26, 32.24, 31.60, 30.68, 30.56, 30.51, 30.45, 30.05,
29.99, 29.97, 29.92, 29.72, 29.70, 28.84, 28.69, 26.65, 24.02, 23.87, 23.47, 23.44, 23.03, 14.45,
14.38, 10.91, 10.83

HR-MS (ESI): Found m/z [M.H]" 1906.11094; calculated for C114H164N0sSe 1906.08759
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Data for 3:

! H NMR (CDCls, 300 MHz) § 9.05-8.84 (4H, m), 7.65 (2H, d, J=4.9 Hz), 7.43 (2H, d, J=4.2
Hz), 7.33 — 7.28 (1H, m), 7.23 — 7.18 (1H, m), 4.04 (8H, d, J= 7.1 Hz), 1.92 (4H,s), 1.44 — 1.07
(8H, m), 1.04-0.67 (26H, m). (Spectra in Appendix 2)

3C NMR (CDCls, 300 MHz) §161.62, 140.88, 140.55, 139.15, 136.68, 135.58, 130.80,
129.79, 128.50, 125.99, 108.85, 108.14, 46.30, 45.94, 39.31, 39.07, 37.97, 37.75, 31.91, 31.21,
30.05, 29.65, 29.36, 28.50, 28.34, 26.26, 23.63, 23.08, 22.68, 14.12, 10.56. (Spectra in Appendix
2)

HR-MS (ES|)Z Found m/z [l\/l'i'H]+ 1383.87347; calculated for CgsH127N404S4 1383.87110

Data for 4:
MALDI-TOF: Found m/z [M+H]" 1046.4; calculated for CeoH79N404S, 1046. 7

We performed solubility tests with five solvents: hexane, chloroform, toluene, chlorobenzene
and o-dichlorobenzene. Among all these solvents, only chloroform provides solubility above 10
mg.mL" for Tri-BTDPP confirming the need of long alkyl chains on the central DPP unit. The
thermal properties of Tri-BTDPP were studied by differential scanning calorimetry (DSC)
(Figure 35). Tri-BTDPP presents an endothermic peak corresponding to its melting point at 253
°C in the heating scan and an exothermic peak at 232 °C corresponding to its crystallization
temperature in the cooling scan.

—_
o

1st heating
—— 1st cooling

- 2st Heating
—— 2nd coolin

H (mwW)
o & A M O N B O o

1 n 1 " 1

50 100 150 200 250 300
T (°C)

'
-
o

Figure 35: DSC measurement of Tri-BTDPP powder

2.2. Characterization of Tri-BTDPP

To assess the potential of Tri-BTDPP as a donor semiconductor for OSC applications, we
investigated its optoelectronic properties with UV-visible absorption spectra and the
measurements of its energy levels. We also conducted mobility studies in order to investigate the
ability of Tri-BTDPP to transport charge carriers.
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2.2.1. Optical properties

The UV-Visible absorption spectra of Tri-BTDPP in chloroform solution (concentration of
0.25 mg.mL™) and neat film are shown in Figure 36. Tri-BTDPP absorbs in the range of 600 to
850 nm in solution with the maximum absorption peak (Amax) at 707 nm and a maximum
absorption coefficient around 6 x 10* L.mol™.cm™. Compared with the Tri-DPP containing a
central bisphenyl DPP unit from Nguyen and co., showing an absorption onset at ~670 nm [129],
Tri-BTDPP presents a much longer absorption onset at ~810 nm, owing to the increased
conjugation length as a result of higher coplanarity and a more efficient intramolecular charge
transfer from the electron-rich thiophene units to the central electron-deficient DPP unit.. In
films, the Amax red-shifts to 725 nm and an additional shoulder at ~830 nm appears. The spectrum
extends up to almost 1000 nm. The large red-shift of the absorption spectrum from solution to
film originates from the planarization of the molecule and the strong intermolecular interactions
in the solid state. The optical band gap (Eg) was calculated from the onset absorption wavelength
to be 1.33 eV, which is much lower than its tri-DPP analogues (Eq = 1.65 eV) [129] and di-
bithiophene DPP (Eq4 = 1.51 eV) [79]. The band gap remains in the range of 1.2 eV to 1.7 eV
needed for optimal harvesting of sunlight to achieve a high PCE [23].

Solution

Normalized absorption

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 36: UV-Visible spectra of Tri-BTDPP in solution and thin film

2.2.2. Energy levels

Energy levels are also key parameters for OSCs and were investigated through density
functional theory (DFT) calculations and cyclic voltammetry. Besides energy levels, DFT
calculations were also carried out on Tri-BTDPP to study its optimized molecular geometry.
Methyl side chains were chosen to facilitate the calculation. As shown in Figure 37a-b, Tri-
BTDPP adopts a coplanar structure as the lowest energy conformation, which would be
beneficial for intermolecular interactions and potentially close n-m stacking. According to the
electron density distribution analysis (Figure 37c-d), the HOMO and the LUMO of Tri-BTDPP
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extend over the entire molecule, revealing an efficient conjugation and intramolecular charge
transfer (ICT) between thiophene and DPP moieties. This strong conjugation lower the band gap
as observed earlier in UV-Visible spectra. The theoretical values of the HOMO and LUMO
levels were evaluated to be -4.76 eV and -3.15 eV, respectively.
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Figure 37: DFT calculations on Tri-BTDPP: a-b) lowest energy conformation c-d) electron
density of the LUMO and HOMO levels

The electrochemical properties of Tri-BTDPP were investigated by cyclic voltammetry (CV)
and shown in Figure 38. The HOMO level was calculated from the onset of the first oxidation
peak using the equation: Exomo = - (E”onset — (Erc - 4.8)) eV, where -4.8 eV is the HOMO energy
level of ferrocene (Fc) [117,118]. Since no reduction peak was observed, the LUMO was
estimated by adding the optical band gap to the HOMO. The HOMO and the LUMO of Tri-
BTDPP were evaluated to be -5.34 eV and -3.99 eV, respectively. By comparing tri-BTDPP
energy levels with those of bithiophene DPP [91] and di-bithiophene DPP [134], increasing the
number of bithiophene DPP units results in a lower band gap and lower LUMO level but
maintain the same HOMO level. Consequently, the three electron-deficient DPP units ensure a
deep HOMO level, providing Voc with a promising theoretical value of 0.74 eV for a blend of
Tri-BTDPP and PCBM, based on Scharber’s methods [23]. The gap between the LUMOs of Tri-
BTDPP (-4.01 eV) and PCg:BM (-4.3 eV) [135] was estimated to be 0.3 eV, which is equivalent
to the value needed for electron transfer from donor to acceptor with minimal energy loss [23].
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Figure 38: Cyclic voltammetry of Tri-BTDPP

The data from DFT calculations and CV are summarized in Table 1. The coplanar
conformation and the deep HOMO level of Tri-BTDPP are interesting feature for high
performances in OSCs. Brabec et al. proposed a diagram predicting the best PCE that can be
achieved by a specific donor/PCgBM system according to their energy levels (cf Chapter 1)
[23]. Using Tri-BTDPP as donor material, a PCE of 10% can be predicted (Figure 39). Although
achieving such a PCE requires an ideal morphology and efficient and balanced charge transport,
this analysis confirmed that Tri-BTDPP is a promising donor for OSCs.

Table 1: Energy levels according to DFT calculations and CV

HOMO LUMO E,
(eV) (eV) (eV)
DFT -4.76 -3.15 1.61
Experimental -5.34 -3.99 1.33

Power Conversion Efficiency [ % ]
52°

-3.8

-3.6

-3.4

LUMO Level Donor [eV ]

_4|r LUMO -4.3 eV
52 b
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o
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Figure 39: Tri-BTDPP on Scharber's diagram [23]
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2.2.3. Charge transport properties

As donor semiconductors are responsible for hole transport in the active layer, the charge
transport properties of Tri-BTDPP were investigated. According to Proctor et al. [52], to reach a
FF superior to 0.65, electron and hole mobilities within the active layer, should be balanced and
superior to 10 cm2.V1.s™. Additionally, they highlighted that hole mobility of donor measured
in neat film can be considered as the mobility upper limit, meaning that material with limited
mobility in neat film will probably suffer from low FF. Therefore, the charge transport property
of Tri-BTDPP was studied in neat film using bottom-gate bottom-contact field effect transistors
(OTFTs). The devices were fabricated by spin-coating a solution of Tri-BTDPP (10 mg.mL™ in
chloroform) on top of a heavily n-doped Si/SiO, wafer substrates patterned with gold source-
drain electrodes. The devices based on Tri-BTDPP showed p-type hole transport behaviour. The
average saturation hole mobility of the as-cast thin films was evaluated to be 1.2 x 10* cm2 V' s
! The devices with Tri-BTDPP films annealed at 100 °C and 150 °C for 10 min exhibited higher
hole mobilities with average values of 7.4 x 10* cm? V' st and 9.4 x 10* cm2 v?! s?
respectively (Table 2). The increase mobility indicates improved molecular ordering in the films
upon annealing. Figure 40 shows the transfer curves of the best device, annealed at 150 °C,
which shows the highest mobility of 1.2 x 10 cm2.V.s* with a loworr ratio of 3 x 10*. Those
values are likely underestimated as the output characteristics present a strong non-linear behavior
due to contact resistance effects. In comparison with Nguyen’s branched tri-DPP [129], tri-
BTDPP presents a higher hole mobility even with longer branched alkyl chains on the central
DPP core, indicating that the improved backbone coplanarity enhances the charges transport.
However, Tri-BTDPP’s hole mobility remains lower than tri-DPP with linear alkyl chains.
Linear alkyl chains would not provide enough solubility to tri-BTDPP. According to OTFT
results in neat film, Tri-BTDPP provides relatively high hole mobility for solution-processed
small molecules owing to its coplanar conformation. This is encouraging to reach high FF and
further confirms its great potential for OSC application.

Table 2: Hole mobilities measured in saturation regim before and after thermal annealing of
100°C and 150°C

Annealing As cast 100°C 150°C
Average iy 121 x 10 7.44 % 10° 9.41 10

4 devices 5 4 4
( sz V_l S.l) +/- 59 X 10 +/- 132 X 10 +/- 191 X 10
Maximal

(et :_lf) 1.63 x 10° 8.13 x 10° 1.22.10°
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Figure 40: OTFT characteristics of Tri-BTDPP after annealing at 150°C and at Vps = -30 V
and the corresponding output curves.

2.2.4. Discussion

Using only thiophene spacers in between three DPP-cores provided a coplanar conformation.
As predicted, the planarity of the molecule entailed lower band gap and absorption spectrum up
to the near infrared region along with strong intermolecular interplays ensuring high hole
mobility approaching 10° cm? V* s, A deep HOMO level of -5.34 eV was obtained for a
promising Voc. All these features make Tri-BTDPP a good candidate for OSC application.
Compared to molecules with one or two DPP units, the purification of Tri-BTDPP was more
challenging due to the formation of dimers but remained feasible. As for the optoelectronic
properties, the addition of a DPP unit decreases the LUMO and thus the band gap.

2.3. Photovoltaic properties of Tri-BTDPP

2.3.1. OSCs based on Tri-BTDPP

The photovoltaic properties of a blend of Tri-BTDPP as a donor and [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCs;BM) as an acceptor were investigated in bulk heterojunction (BHJ) OSCs.
Here, the optimizations made on the device architecture and the blend formulation are detailed.
First, a conventional architecture: ITO/PEDOT:PSS/Tri-BTDPP:PCsBM/AI (see Chapter 1) was
used. The active layer was deposited by spin-coating a 20 mg.mL™ solution of Tri-
BTDPP:PC¢BM 1:1 in chloroform. Very low PCE values of < 0.1% (Voc= 0.36 V; FF = 0.28;
Jsc = 0.56 mA cm™) were obtained. Even by varying the active layer thickness from 40 nm to
150 nm and the donor:acceptor ratio (3:1, 2:1, 1:1, 1:2, 1:3), the PCE remains low < 0.1%. The
poor performance was most likely due to a poor morphology, specifically, a poor nanophase
separation of the donor and the acceptor in the film. Using solvent additives is a common and
often efficient way to tailor the morphology and to improve the OSC performances [42,136]. 1,8-
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diiodooctane (DIO) is one of the most commonly used additives, therefore it was used to
improve the film morphology of the Tri-BTDPP:PCs;BM blend. Different concentrations (vol%
relative to the solvent) of DIO (0.1%, 0.2%, 0.4%, 0.5%, 0.8%, 1%, 2%, 3%, 4% and 5%) were
added in the Tri-BTDPP:PCg;:BM 1:1 blend solution. Figure 41 shows that the PCE increases
with the introduction of 1% of DIO however further increase in DIO concentration does not
bring further enhancement. Other solvent/additive systems have been tested such as
chlorobenzene with DIO or 1-chloronaphtalene (CN) and o-dichlorobenzene with DIO and CN
but the limited solubility of Tri-BTDPP in those systems prevents a good quality of film and thus
high PCE.
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Figure 41: PCE of OSC as a function of DIO concentrations (left) and of active layer’s
thickness (right)

The optimization was pursued by defining the optimal thickness of the active layer and the
right donor: acceptor ratio. To do so, a panel of thicknesses between 60 to 240 nm, resulting
from various solution concentrations (10, 15 and 20 mg.ml™) and deposition speeds (1000, 2500
and 5000 rpm) were tested. Figure 41 depicts a maximal PCE for devices with a thickness of 100
nm, corresponding to the best trade-off between photon absorption and charge transport. As for
Tri-BTDPP and PCs;BM ratio, Tri-BTDPP content was varied between 20% and 80%, keeping a
total concentration of 15 mg.ml'l. The devices showed a decrease in Jsc with high concentration
of Tri-BTDPP whereas Voc and FF increased. As seen in Figure 42, the best PCE was achieved
for a 50% content of Tri-BTDPP. To conclude on this primary optimization, with 1% DIO and at
optimized active layer thickness and Tri-BTDPP/PC¢ BM ratio, an improved PCE of 0.27% was
obtained, which is, however, still very low.
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Figure 42: Evolution of Jsc and PCE with Tri-BTDPP content

Those first devices were realized with Tri-BTDPP batches containing a small amount of
dimer 3. In the literature, it has been reported that even a small amount of by-products or
impurities can have a strong and unfavorable effect on the OSC performances by acting as
recombination center or by breaking the crystallinity [137]. As the presence of dimer 3 may
hamper the photovoltaic process, an important effort was furnished to separate Tri-BTDPP and
dimer 3 with heated silica gel column as described in section 2.1. In comparison with Tri-
BTDPP crude, devices using pure Tri-BTDPP exhibited a similar even slightly decreased PCE
around 0.20%, refuting the harmful effect of dimer 3.

The low PCE was mainly due to the low Jsc and FF, which might originate from the
inefficiency of exciton diffusion, charge dissociation, charge transport, and charge collection. In
order to improve the electron collection, a thin layer (~10 nm) of calcium (Ca) was introduced
between the active layer and the aluminum electrode. Calcium acted as an electrode with a much
lower work function (2.9 eV) than that of aluminum (4.3 eV) which increased the built-in
voltage within the device. Additionally, PC;1:BM was used instead of PC¢BM for a better
matching of the energy levels [138]. The PCE increased to 0.43% due to improved charge
collection and thus FF (Table 3, Figure 43). Next, an inverted OSC structure, 1TO/ZnO,/Tri-
BTDPP:PC71BM /M003/Ag, was adopted to examine if they offer better charge collection and
charge transport. Higher Jsc of 2.15 mA cm?, Voc of 0.67 V, and FF of 0.50 were achieved,
which led to an increased PCE up to 0.72%.
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Table 3: Average performances on 8 devices of OSC with various device architectures

Joc Voc FF PCE
Architecture
(mA cm?) v) (%)
1 Conventional: ITO/ PEDOT:PSS/Tri-BTDPP:PCs;BM (1:1)/Al 1.30 0.56 0.38 0.27
2 Conventional: ITO/ PEDOT:PSS/Tri-BTDPP:PC;,BM (1:1)/Ca/Al 1.61 0.57 0.47 0.43
3 Inverted: ITO/ZnO,/Tri-BTDPP:PC7;BM (1:1) /Mo0O3/Ag 2.15 0.67 0.50 0.72

The J-V curves in dark and under illumination of the best devices of each architecture are
represented in Figure 43. For conventional OSCs, important leakage currents were observed
suggesting that the devices suffered from inefficient charge transport, strong recombination or
non-ohmic contact between the interfaces. In comparison, inverted OSC showed much reduced
leakage currents along with lower series resistance of 636 Q over 914 Q in conventional OSC
and enhanced the shunt resistance to 526 k Q over 53 k Q in conventional OSC, confirming a
better charge transport and charge collection in the inverted device. However, the cell
performance is still very low compared to other small molecules reported in the literature, mainly
due to the low Jsc [139]. It is noteworthy that Tri-BTDPP in inverted OSCs shows very low dark
current and thus high shunt resistance compared to p-DTS, a reference in solution-process small
molecules [140], which confirm its great film forming ability.
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Figure 43: J-V curves in dark (left) and under illumination (right) of the best OSC of each
device architectures

To elucidate the origin of the low Jsc, external quantum efficiency (EQE) was measured for
the OSC with an optimal PCE of 0.72%. Figure 44 shows that the current is mainly generated in
the wavelength range from 300 nm to 600 nm. This spectrum region corresponds to the PC;;BM
absorption band indicating that the current is mainly resulting from the excitons generated within
PC71BM. The lack of Tri-BTDPP’s exciton contribution revealed that excitons formed in Tri-
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BTDPP do not separate in free charges and recombine instead. This phenomenon can occur in
the case of an unfavorable morphology with too large domains of Tri-BTDPP causing large
phase separation with the PC7;BM. In order to contribute to the generation of charge carriers, an
exciton has to be formed at a distance in the range of the exciton diffusion length from a donor /
acceptor interface. If the phase separation is too large, excitons can not separate and contribute to
the generation of current. As a second possibility, the donor/acceptor system may not provide
enough driving force for the electron to transfer from donor to acceptor, owing to the narrow
offset of 0.3 eV between the LUMO of the donor and the LUMO of the acceptor.

108
012 -
406

EQE
o
o
©

104

('n'e) uondiosgy

402

0.00 1 1 L . ! 0.0
300 400 500 600 700 800 900 1000

Wavelength (nm)

Figure 44: EQE and absorption of Tri-BTDPP based OSCs

To conclude, the best device was obtained using an inverted architecture offering better
charge transport and charge collection. 1% of DIO also helped the photovoltaic properties of Tri-
BTDPP. In spite of these optimization, the performance remains under 1% due to limited Jsc
caused by the non-participation of Tri-BTDPP’s photo-generated excitons in the photovoltaic
process.

2.3.2. Morphology analysis

In order to determine the reasons of the low performance obtained, the morphology of the
active layer was examined as it strongly dictates the PV performances in BHJ OSC. As presented
in Chapter 1, the morphology should be composed of three phases: intermixed donor/ acceptor
domains and pure crystalline domains of the acceptor and the donor. Due to the short exciton
diffusion length of organic semiconductors around ~1-10 nm [22,141], the donor/acceptor
segregation should be controlled to achieve domain sizes of pure donor and pure acceptor in the
range of their exciton diffusion lengths for an optimum charge separation. Additionally, donor
and acceptor domains should ensure efficient charge transport to prevent from charge
recombination. Therefore, the analysis of the morphology is fundamental and was proceeded
using AFM, DSC and XRD measurements.
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AFM was used on a Tri-BTDPP:PC;;BM (1:1) blend film prepared using the same conditions
as for the one that achieved the best OSC performance to elucidate the morphology at the active
layer top surface. As shown in Figure 45, large grains of ~100-200 nm were observed in both
height and phase images. Since the phase image is very similar to the height image, each grain
seems uniform in composition. Because the Tri-BTDPP phase is highly crystalline as revealed by
the XRD measurements (to be discussed below), the grains appearing in the AFM images are
likely the Tri-BTDPP phase. The PC7;BM phase might be present at the boundaries of the Tri-
BTDPP (the grain boundaries in the phase image are larger than in the height image). It is also
possible that a vertical phase separation occurred with PC;1BM enriched at the bottom of the
film [142—144] but can not be revealed by AFM as a technique examining the top surface only of
thin films. The increase in Jsc observed in the inverted devices compared to the standard devices
supports this hypothesis because the charge collection would be more favorable for the inverted
structure if PC71BM is enriched at the bottom and Tri-BTDPP is enriched on the top. The large
domain size of the Tri-BTDPP phase (~100-200 nm) greatly exceeded its exciton diffusion
length, which is possibly in the range of ~1-10 nm [22,141] and would make the exciton
diffusion to a donor/acceptor interface very difficult. This, in turn, would cause poor charge
carrier generation due to geminate recombination of excitons and thus a low Jsc. Consequently,
the lack of Tri-BTDPP’s exciton contribution, observed in EQE spectrum, originates from a
harmful morphology. Further reduction in the domain size down to the exciton diffusion length
IS required to improve the charge generation.

Figure 45: AFM images of Tri-BTDPP: PC;;BM 1:1 as prepared in the best device; Height
images (left) Phased images (right)

To further understand the formation and composition of the phases of the blend film
morphology, the interaction of Tri-BTDPP and PC;;BM was investigated using differential
scanning calorimetry (DSC). The measurements were completed on films prepared by drop-
casting solutions of Tri-BTDPP and PC7,BM with different ratios in chloroform. The DSC trace
of the first heating scan of each sample is shown in Figure 46. The melting points of both Tri-
BTDPP and PC;1BM do not exhibit a notable melting point depression with varying blend ratio,
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indicating their very low miscibility. This suggests that Tri-BTDPP and PC7;BM do not intermix
and rather form respective pure domains, which explains the resembling height and phase AFM
images. According to previous studies, an ideal donor/acceptor blend layer morphology for
OPVs should provide not only pure domains of donor and acceptor to extract the charges but also
donor-acceptor intermixed domains for ultrafast charge separation [31,32,34]. The immiscibility
of Tri-BTDPP and PC7;BM induces the formation of over-sized pure domains and prevents the
formation of such intermixed domains, leading to hampered exciton dissociation as well as
charge separation.
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Figure 46: First heating scans of Tri-BTDPP:PC;;BM blend films with different Tri-BTDPP
concentrations, using DSC.

XRD measurements were carried out to study the nature of the molecular packing of the neat
Tri-BTDPP and Tri-BTDPP:PC7;BM films. As shown in Figure 47, for the Tri-BTDPP neat
film, sharp and intense diffraction peaks at 20 = 4.50°, 8.96°, 13.28°, 17.72° and 22.64° are
clearly seen. The crystallinity of Tri-BTDPP is much higher than tri-DPP where the diffraction
peaks were barely or not visible [129]. According to the Bragg’s law, the first four peaks
represent the 1% to 4™ order peaks of planes with a d-spacing distance of 1.96 nm, while the last
peak represents another set of planes with a d-spacing distance of 0.39 nm. This XRD pattern is
reminiscent of a lamellar packing motif, which has been frequently observed for many crystalline
polymers such as regioregular head-to-tail poly(3-hexylthiophene) (P3HT) [145]. Therefore, it is
reasonable to consider that the Tri-BTDPP molecules adopted a lamellar packing motif, with an
interlayer distance of 1.96 nm, separated by the alkyl chains, and a n- & stacking distance of 0.39
nm between the conjugated backbones. The high crystallinity of Tri-BTDPP neat film is
consistent with the relatively good hole transport observed in OTFTs as an ordered and close
molecular packing helps hopping transport.

For the 1:1 Tri-BTDPP:PC7.:BM blend film, the primary and secondary diffraction peaks were
still observed at the same positions meaning Tri-BTDPP remained well-ordered. The size of the
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crystallites in neat and blend film was determined from the primary diffraction peak by the
Scherrer equation to be both equal to 27.4 nm, which confirmed that PC;;BM did not intermix
with Tri-BTDPP to influence the crystal structure of the Tri-BTDPP phase. The size of the
crystallites represents the dimension of the crystallites in the vertical direction while the grain
size observed in AFM images is the lateral dimension. Nonetheless, the crystallite size of the Tri-
BTDPP phase is relatively large compared to the exciton diffusion length and suggest the
formation of large domains.
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Figure 47: XRD measurements on Tri-BTDPP neat film and blended with PC;;BM (1:1 in
weight) films

According to this study, devices based on Tri-BTDPP and PC;;BM suffer from unfavorable
morphology with too large crystalline domains of donor and acceptor and without any
intermixed donor/acceptor domain, hampering good charge separation. The non-miscibility of
Tri-BTDPP and PC7;BM is responsible of this strong phase separation where Tri-BTDPP and
PC71BM crystallize separately. To achieve a better morphology and reach higher performances
in OPVs, the size of Tri-BTDPP’s crystallites have to be reduced. In some accounts, nucleating
agents were used to increase the number of nuclei and to limit the formation of large crystals
[146,147], although in this case, introducing 1% of nucleating agent (isotactic polypropylene (i-
PP):1,3:2,4-bis(3,4- dimethylbenzylidene)sorbitol (DMDBS; Millad 3988)) reduced the PCE to
0.3%.

2.4. Conclusion

Tri-BTDPP showed interesting optoelectronic properties with an absorption spectrum up to
the near infrared region and a deep HOMO level of -5.34 eV. Besides, the coplanar conformation
of Tri-BTDPP enabled a close n-n stacking and thus a high crystallinity degree, beneficial for
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efficient charge transport as demonstrated in OTFT transistors with a hole mobility approaching
1 x 10° cm?Vts™. This limitation came from the immiscibility of Tri-BTDPP with PC-1BM
which generates large crystalline domains preventing good charge separation. This
incompatibility may originate from the strong intermolecular interactions between Tri-BTDPP
molecules which must surpass that of Tri-BTDPP with the solvent [148]. As a result, Tri-BTDPP
molecules strongly self-assemble and aggregate, preventing PC7;BM to insert among them and
even being repulsed. Testing various host solvent, additives or nucleating agent did not bring
further improvements. This self-assemble was not observed with Nguyen’s tri-DPP which has
strong dihedral angles along their molecular backbone and low crystallinity [129]. This suggests
that the curvature of the molecular backbone dictates the miscibility between Tri-BTDPP and
PC7;:BM.

3. DESIGN AND SYNTHESIS OF TWISTED DPP
OLIGOMERS

Novel oligomers based on DPP were designed, in order to identify the role played by the
curvature of the molecular backbone on the miscibility between the donor and the acceptor
materials. As Tri-BTDPP showed interesting optoelectronic properties, the three DPP moieties
were maintained in the design of the new oligomers. Many works have studied the effect of
backbone curvature on the solid-state arrangement by anchoring different side chains on
thiophene spacers of polymer [149-151] and also small molecules [113]. The position of side
chains has a great importance as it changes the strength and the location of the disorder [152]:
anchoring side chains on as a position of a thiophene spacer would induce large dihedral angles
between DPP and thiophene and thus significant disorder [113,150,151] whereas side chains
embedded on a B position of thiophene spacers seems to cause a much moderate disorder
[152,153]. As demonstrated by Huang et al., a moderate aggregation is more desirable than
strong or poor aggregation for efficient OSCs as its offer moderate domain size [113]. Therefore,
we aim at increasing the tilt angle between the two thiophene spacers to achieve a moderate
backbone curvature and thus a moderate aggregation. To do so, hexyl chain can be embedded at
B position as illustrated in Figure 48.
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Figure 48: Positions to introduce hexyl chains

3.1. Introduction of hexyl chains on stannyl DPP intermediate

To induce the right twisting, hexyl chains can first be embedded at a B position of the
thiophene spacer linked to the central DPP core as shown in Scheme 2. To this end, 3,6-bis(4-
hexylthiophen-2-yl)pentalene-1,4(2H,5H)-dione, intermediate 5, was successfully synthesized
with a yield of 40%, by mixing 4-hexylthiophene-2-carbornitrile with di-N-ethylsuccinate. Then,
both nitrogen of DPP were substituted with 2-octyldodecyl alkyl using K,COs3; base and 2-
octyldodecyl iodide. After heating the solution at 140°C overnight, intermediate 6 was obtained
yielding 25%. To proceed at the trimethylstannyl substitution, lithium diisopropylamide base
was added to a solution of 6 in THF at -78°C under nitrogen atmosphere. After stirring 1 hour at
this temperature, the solution was slowly warmed up to -20 °C over 2 hours. After cooling down
again the temperature to -78°C again, trimethyltin chloride was added. Finally, the solution was
allowed to warm to room temperature and stirred overnight. The NMR spectra of the crude
revealed that the target compound was not formed and the starting material 6 was no longer
present, meaning that 6 degraded. Hexyl side chains could not be introduced on 3 position of the
spacer flanked to the central DPP.
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Scheme 2: Synthesis route of central DPP monomer with hexyl chain

3.2. Introduction of hexyl chains on mono-brominated DPP intermediate

Incorporation of hexyl side chains at B position of thiophene spacer attached to end-capping
DPP was attempted by synthesizing 3-(5-bromo-4-hexylthiophene-2-yl)-2,5-bis(2-ethylhexyl)-6-
(4-hexylthiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione, intermediate 9 as shown in
Scheme 3. Like for compound 7, 5 was synthesized followed by the substitution of DPP nitrogen
with this time 2-ethylhexyl, offering compound 8 in 16% yield. Then, the mono-bromination was
conducted by mixing 8 and NBS in a 1:1 molar ratio at 0°C in chloroform. The solution was
allowed to warm up to room temperature and was stirred overnight. In general, the crude
obtained after mono-bromination of DPP is a mixture of the target molecule, the starting material
and a by-product resulting from the di-bromination of DPP. Those three compounds has
relatively close polarity which make challenging their separation on silica gel chromatography
column. If the separation was still feasible for DPP without hexyl chains, this was no longer the
case for DPP with hexyl chains. Compound 9 remained mixed to 8 and dibromohexylDPP.

C4H9 CaHs
H Csz Csz
N0
s. N
NBS, CHCl;
Wan\ Cerys  K2C05 C8Br | / CHH_, ' / Ceftra
CeHis N RT. 12H h / |
N s DMF, 130°C,12H 5 ’ N
H 16% kl-/CZHS C2H5
Cy4Hg c Hs

Purification challenging

Scheme 3: Synthesis of brominated monomer with hexyl chains
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3.3. Toward unsymmetrical DPP

Prior to introduce hexyl chains, the synthesis of DPP-oligomer must be simplified in order to
facilitate on the subsequent functionalization. To address this issue, the bithiophene DPP units at
both extremities of the molecules were replaced by unsymmetrical DPP cores with a phenyl ring
on one side and a thiophene ring on the other. Two oligomers were synthesized using those
unsymmetrical DPPs by adding or not hexyl chains on thiophenes spacers, like this, the effect of
unsymmetrical DPP and hexyl side chains can be distinguished. The synthesis of their
brominated intermediates is described in Scheme 4. Unsymmetrical DPPs were produced
according to literature methods using ethylbenzoylacetate to form the intermediate 10 in 45%
[154] which were further reacted with 2-thiophenecarbonitrile and 4-hexylthiophene-2-
carbonitrile to furnish respectively compound 11a and 11b in similar yield (67%-69%) [155]. 2-
ethylhexyl alkyl were then embedded on both derivatives, offering compound 12a with a low
yield of 28% similarly to bithiophene DPP derivatives whereas 12b was obtained with an
increased yield of 52%. The mono-bromination was preceded by mixing 11a and 11b with NBS
reactant in a 1:1 molar ratio in chloroform at 0°C. The mixture was allowed to warm up to room
temperature and was stirred overnight. As bromination using NBS occurred only on thiophene
ring, only the mono-brominated DPP is this time formed, simplifying the separation at two
compounds: 13 the monobrominated DPP and 12 the starting material. After purification, both
unsymmetrical mono-brominated derivatives were obtained with satisfactory yield of 57%
without hexyl and 50% with hexyl (Appendix 2).

i gad
o} 0 o}
0 K,CO; Nal 0 CH;COOH
—_— —_—————
Q/KXO’\ Acetone, DME @fltof\ C,H;30,NH,
(o]
o] AN
Sodium tert butoxide,
tert amyl alcohol ,{_ﬂ R: Hor CgHys
CoHs CaHg
C H c H
e o CgBr, K>CO;
% CHCI; % DMF %
C2H5 13a, R=H, 57% C2H5 12a, R=H, 28% 11a, R=H, 67%
CaHg 13b, R=C¢H,; 50% CsHg  12b, R=C¢H|3 52% 11b, R=CgH ;3 69%

Scheme 4: Synthesis route for brominated unsymmetrical DPP intermediate
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As illustrated in Scheme 5, two DPP oligomers, Tri-DPP-PT and Tri-DPP-PT-C6, can now be
synthesized via Stille coupling reaction by mixing 13a and 13b with stannyl DPP monomer 2 in
a 1:1 molar ratio in toluene. In presence of Pd,(dba); and P(o-totyl)s and after 60 hours at 120°C,
both compounds were obtained and were purified as Tri-BTDPP with a successive silica gel
chromatography columns, one using Hex:DCM 80:20 eluent and a second using
toluene:chloroform 70:30 eluent at 50°C. Tri-DPP-PT-Cg was obtained in a lower yield of 31%
compared to 42% for Tri-DPP-PT, probably due to the steric hindrance generated by the hexyl
chains. Both compounds were characterized by *H (Figure 49, Figure 51) and **C NMR (Figure
50, Figure 52) and MALDI-TOF mass spectrometry.

CoHs
C:zHs CgHy7 (\‘C4Hg
C4H9 CmH21 N__.0 CeHi7
S Pd;(dba); P(o-totyl); A\
|
% % Toluene, reflux, 60h
C,H.
2 5 13a, R=H Ca””
CaHe  13b, R=C4H,; CioHz

Tri-DPP-PT, R=H, 42%
Tri-DPP-PT-Cg, R=C¢H 5 31% CaHg

Scheme 5: Stille coupling reaction for Tri-DPP-PT and Tri-DPP-PT-C6
Data for Tri-DPP-PT:

1H NMR(300 MHz,CHCl3) § 8.91 (d, ] = 3.2 Hz, 4H), 7.74-7.73 (m, 4H), 7.47 (m, 6H), 7.41 (d,
] = 2.9 Hz, 4H), 4.05 (d, ] = 6.8 Hz, 4H), 3.97 (d, ] = 7.7 Hz, 4H), 3.83 (d, ] = 6.8 Hz, 4H), 1.95
(S, 2H), 1.86 (s, 2H), 1.49 (s, 2H), 1.34 (m, 22H), 1.21 (m, 62H), 1.09 (m, 12H), 0.87 (m,
24H), 0.78 (t,] = 6.7 Hz, 6H), 0.70 (t, ] = 7.3 Hz, 6H)

13C NMR(300 MHzCHCl3) 6 162.24, 162.07, 161.56, 147.43, 141.49, 141.37, 140.77,
139.30, 136.80, 129.94, 128.88, 128.84, 128.59, 126.25, 126.14, 109.69, 109.20, 108.89,
46.48, 45.83, 45.16, 39.31, 38.49, 38.04, 32.06, 31.43, 30.43, 30.23, 29.78, 29.52, 28.71,
28.37,26.47,23.90, 23.83, 23.25, 22.98, 22.85

MS (MALDI-TOF): Found m/z [M+Na] 1917.2; calculated for C11sH168N606S4 1917.2
Data for Tri-DPP-PT-C6.:

1H NMR(300 MHz,CHCl3) § 9.07 (d, ] = 4.02 Hz, 2H), 8.91 (s,2H), 7.80-7.74 (m, 4H), 7.56-
7.48 (m, 6H), 7.42 (d, ] = 4.02 Hz, 2H), 4.08 (d, ] = 7.2Hz, 4H), 3.96 (d, ] = 7.6 Hz, 4H), 3.85
(d, J= 7.1 Hz, 4H), 3.01-2.85 (m, 4H), 2.00 (s,2H), 1.90 (s, 2H), 1.87-1.70 (m, 4H), 1.57 (s,2H),
1.42-1.30 (m, 23 H), 1.27-1.17 (m, 62H), 1.16-1.05 (m, 12H), 0.98-0.74 (m, 37H), 0.7 (t, ] =
7.3 HZ, 6H)
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13C NMR(300 MHzCHCl3) § 162.26, 162.14, 161.63, 146.96, 142.34, 140.99, 140.44,
139.52, 139.26, 136.60, 135.91, 130.78, 130.23, 128.84, 128.66, 128.19, 127.68, 109.85,
108.93, 108.60, 46.57, 45.77, 45.17, 39.32, 38.49, 38.07, 31.93, 31.90, 31.72, 31.18, 30.30,
30.22, 30.13, 29.93, 29.66, 29.57, 29.44, 29.38, 29.35, 28.52, 26.25, 23.72, 23.64, 23.12,
22.86,22.69

MS (MALDI-TOF): Found m/z [M+Na] 2085.2; calculated for C130H192Ng0sS4 2085.4
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Figure 49: 'H NMR of Tri-DPP-PT
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Figure 52: **C NMR of TRI-DPP-PT-C6

4. FROM TRI-BTDPP TO TRI-DPP-PT: EFFECT OF
PHENYL UNIT

This section examines the effect of replacing the thiophene groups at the extremities by
phenyl rings. Even if the phenyl ring was originally embedded to simplify the synthesis, it was
not excluded that it may have an effect on both optoelectronic and photovoltaic properties and
may already introduce a slight twisting in the molecular backbone as desired. Therefore, a full
characterization of Tri-DPP-PT was conducted in comparison to Tri-BTDPP as they only differ
from phenyl rings (Figure 53).

Tri-BTDPP Tri-DPP-PT

CoH
R CiHe CgHy7 CyHg CyHs

H CioH
z/ A 10H21 CoHg CyHe C1oHar CaHs
N o o {' o o]
N

N
O J
CyHs—
CyHg CioHaz1 C,Hs CaHs CgHi7 4e

CgHiz
CaHo CioHzy CzHs

Figure 53: Molecular backbone of Tri-BTDPP and Tri-DPP-PT
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4.1. Characterization of Tri-DPP-PT compared to Tri-BTDPP

4.1.1. Optical properties

The optical properties of Tri-DPP-PT were analyzed by comparing its UV-Visible absorption
spectra in chloroform solution (with a concentration of 0.25 mg.ml™) and thin film to those of
Tri-BTDPP, as shown in Figure 54. In solution, similar vibronic features were observed in Tri-
DPP-PT spectra relative to Tri-BTDPP but with a blue-shift of 21 nm, giving a maximum of
absorption at 686 nm. This blue-shift originates from the large dihedral angle between DPP and
phenyl ring [130] which shorten the w-conjugation. In solid-state, the maximum of absorption of
Tri-DPP-PT is red-shifted to 700 nm along with the appearance of a shoulder at 780 nm. A
spectral broadening is observed in the UV-Visible spectra of thin films suggesting intermolecular
ordering in the solid state. Similar shift was observed for Tri-BTDPP and Tri-DPP-PT. The
optical band gap of Tri-DPP-PT is assessed to be 1.40 eV, which is higher than Tri-BTDPP (1.33
eV).

—— Tri-DPP-PT in solution

1.0 - — TH.BTDPP in solution 7N
---- TH-BTDPP in film AN

- - -~ Tri-DPP-PT in film

0.6 |

0.4

Normalized absorption

0.2 R e

0.0

" ~> PR
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 54: UV-Visible absorption spectra in solution and in the solid state of Tri-DPP-PT and
Tri-BTDPP

4.1.2. Energy levels

To further investigate the effect of the phenyl end-capping group on the optoelectronic
properties, DFT calculations were conducted using the same technics as for Tri-BTDPP. As
illustrated in Figure 55, the lowest energetic conformation revealed an almost planar structure at
the exception of phenyl ring which shows large dihedral and angle of 28° with DPP. In
comparison with Tri-BTDPP, the phenyl ring disturbs the perfect planarity of the molecules
which could weaken n-m stacking. As for the electron density distribution, the HOMO and
LUMO extended over the whole molecular backbone except the phenyl due to the large dihedral
angle. The weaker-participation of terminal phenyl ring represented a decrease in m-conjugation
and therefore enlarged the band gap as observed in the UV-Visible spectrum. The HOMO and
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LUMO energy levels were calculated to be -4.8 eV and -3.02 eV, respectively. The major change
in comparison with Tri BTDPP is the increased LUMO level.

a)

'{;fiﬁ Wervoe m ‘M‘Hﬁ o"f‘“f)

° L, . (a 3 J‘J
s il s BHT L s
;“f‘)o % ,‘{*‘,ra‘ ? 9 ,‘4.,% %
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b)
J‘J
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c)

amz)g"’oﬁﬂﬁ.,”, b.

Figure 55: DFT calculations of Tri-DPP-PT: a) Lowest conformation, b)
Electron density distribution in LUMO (bottom) and HOMO (top)

Cyclic voltammetry measurement was carried out on Tri-DPP-PT to evaluate its
electrochemical properties. As depicted in Figure 56, the oxidation peak of both Tri-DPP-PT and
Tri-BTDPP showed identical onset, meaning they have a similar HOMO level, consistent with
DFT calculation. By adding the optical band gap to the HOMO value, the LUMO of Tri-DPP-PT
was estimated to be -3.93 eV. Tri-DPP-PT displayed a higher LUMO level that should enhance
electron transfer from donor to acceptor compared to Tri-BTDPP, where the gap between donor
and acceptor’s LUMO was equaled to the minimal required value of 0.3 eV for electron transfer.
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Figure 56: Cyclic voltammetry of Tri-DPP-PT film

In comparison with Tri-BTDPP, Tri-DPP-PT displays a larger band gap of 1.4 eV due to its
more disordered backbone and thus shortened n-conjugation. Meanwhile, Tri-DPP-PT maintains
a deep HOMO level for a promising Voc. According to Tri-DPP-PT energy levels, a PCE of 10
% can be expected in condition of ideal devices using Tri-DPP-PT:PCBM (Figure 57) [23].

pp Power Conversion Efficiency [ % ]

-3.8

-3.6

-3.4

LUMO Level Donor [eV ]

3.2

30N £ / A
3.0 2.7 2.4 2.1 1.8 1.5 1.2 Donor  PCBM
Band Gap Donor [eV ]

Figure 57: Tri-BTDPP and Tri-DPP-PT on Scharber diagram

4.1.3. Molecular packing and charge transport

According to DFT calculations, the phenyl ring induces small dihedral angles along Tri-DPP-
PT’s molecular backbone and larger ones at extremities, thus breaking the perfect planarity
observed with Tri-BTDPP. According to the hypothesis we formulated in Section 3, the
backbone curvature may reduce the material self-assembly property. Therefore, the study of the
molecular packing of Tri-DPP-PT is of high interest. XRD measurement is performed on neat
film and further compared with Tri-BTDPP. The XRD patterns of the two molecules are
presented in Figure 58. As shown in this figure, Tri-DPP-PT organizes in a similar manner than
Tri-BTDPP in a lamellar crystalline structure with the identical d-spacing of 1.96 nm. This was
expected, as this structure is ascribed to the arrangement of alkyl chains, identic in both
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oligomers. However, only two order of (h 0 0) can be seen revealing a weaker molecular
ordering owing to the more twisted molecular backbone. The crystallite size was calculated from
the first order peak and was estimated to be 20.4 nm, which is much smaller than Tri-BTDPP
crystallite (27.4 nm). Besides, Tri-DPP-PT thin film exhibits a broader and less distinct (O h 0)
diffraction peak with a d-spacing of 3.6 nm, assignable to n-x stacking. This findings support the
hypothesis that Tri-DPP-PT display a weaker arrangement due to more twisted backbone.

Tri-DPP-PT
—— Tri-BTDPP

Intensity (a.u.)

0 é 16 1I5 2I0 2I5 36
20 ()
Figure 58: XRD of neat film Tri-DPP-PT and Tri-BTDPP

The charge transport properties of Tri-DPP-PT were investigated in p-type OTFTs. The hole
mobilities were calculated in the saturation regime for as cast and annealed OTFTs at 100°C,
150°C and 200°C. Table 4 summarizes those mobility data and reveals that an annealing at
100°C provides the highest hole mobilities with an average and maximal value of 3.89 x 107
cm®V1tstand 4.52 x 10° cm?. Vs respectively along with a loyoft ratio of 3 x 10° The
transfer curves of the optimal transistors are illustrated in Figure 59. The hole mobility achieved
with Tri-DPP-PT is much lower than with Tri-BTDPP (1x 102 cm?V™*.s™). This is likely due to
the loss in planarity and in crystallization ability. The mobility of Tri-DPP-PT may not be
sufficient to get high FF. As a matter of fact, the hole mobility in neat film, supposed to be the
upper limit of the material mobility, is below 10 cm?V™*.s? inferring an important competition
between charge transport and bimolecular recombination within OSC.

Table 4: Hole mobilities in saturation regim before and after thermal annealing at 100°C,
150°C and 200°C

As-cast 100°C 150°C 200°C
SA‘(;‘:L?S;““ 2.04 x 10 3.8 x 10° 233 x 10° 2.59 x 10°
(cme VL +.5.67 x 10 +.3.77 x 10 +.3.01 x 10 +.1.44 x 10
Maximal
cmev S‘f; 2.67 x 10° 4.52 x 107 2.94 x 10° 2.73 x 10°
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Figure 59: Transfer curves of the best Tri-DPP-PT based OTFTs annealed at 100°C

4.1.4. Discussion

Tri-DPP-PT displays an almost planar conformation but the phenyl ring as end-capping unit
induces small dihedral angles along the molecular backbone compared to Tri-BTDPP. In
comparison with Tri-BTDPP, the UV-visible absorption spectra demonstrate a blue shift (in
solution and in the solid state). This demonstrates that a small change in the dihedral angles can
cause changes in the optical properties of the material. As for the energy levels, the LUMO is
raised. This can enhance the energetic driving force for electron transfer from donor to acceptor.
The slight molecular curvature strongly impacts the molecular packing which is weakened by the
loss in planarity. This packing consideration results in a decrease in hole mobility.

4.2. Tri-DPP-PT photovoltaic properties

In this section, Tri-DPP-PT photovoltaic properties were studied to elucidate the effect of a
less planar structure owing to the phenyl addition. To this end, similar device optimizations - as
carried out with Tri-BTDPP - were performed. A particular attention was paid to the morphology
of the active layer in order to estimate if a better miscibility between Tri-DPP-PT and PC7;BM
could be achieved with the slightly more twisted conformation.

4.2.1. Tri-DPP-PT in OSCs

The PV properties of Tri-DPP-PT were investigated in conventional OSCs with PC7,BM as
acceptor with the following architecture: ITO/PEDOT:PSS/ Tri-DPP-PT: PC;1;BM/Ca/ Al. The
donor/acceptor blend formulation was prepared using chloroform as the host solvent and various
concentrations of DIO were introduced. The ratio of Tri-DPP-PT : PC,;BM was set at 1:1 and
the thickness of the active layer at 100 nm. The device performances are summarized in Table 5.
The maximum PCE of 0.42 % was obtained from a formulation containing 1% of DIO along

-74 -



with a Jsc of 1.76 mA.cm™ a Voc of 0.62 V and a FF of 0.38. Further increase in DIO
concentration induced an annihilation of the photovoltaic effect.

Table 5: PV parameters of OSCs prepared with various concentrations of DIO

DIO content Jsc(mA.cm-2) Voc(V) FF PCE (%)
0 0.41 0.18 0.42 0.03
0.5% 1.42 0.61 0.39 0.36
1% 1.76 0.62 0.38 0.42
2.5% 0 0 0 0

The optimization was pursued by tuning the donor/acceptor ratio with a fixed solid content of
20 mg.mI™ in chloroform and using 1% of DIO in the formulation. The thickness was kept at 100
nm. Figure 60 shows the evolution of the PV parameters as a function of the Tri-DPP-PT
content. The main parameters affected by the change in donor:acceptor ratio is the Jsc. The Jsc
reaches a maximal value of 1.8 mA.cm™ for a Tri-DPP-PT content of 50%. The PCE followed
the same trend to reach an average value of 0.55% and a maximum value of 0.76%.
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Figure 60: PCE and Jsc of OSCs based on Tri-DPP-PT and PC;;BM with varying ratios

The PV performances of optimal conventional OSCs based on Tri-BTDPP and Tri-DPP-PT
are summarized in Table 6 to study the effect of phenyl ring end-capping versus thiophene. Tri-
DPP-PT displayed an improved Voc of 0.7 V over 0.57 V for Tri-BTDPP. This, in turn, could
improve the PCE to 0.55%.

Table 6: Average on 8 devices of PV characteristics of optimal conventional OSC based on
Tri-BTDPP and Tri-DPP-PT

]sc (mA.cm-Z) Voc (V) FF PCE (0/0)
Tri-BTDPP 1.61 0.57 0.47 0.43
Tri-DPP-PT 1.81 0.7 0.43 0.55
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The EQE was conducted on the best cells based on Tri-DPP-PT to investigate at which
wavelength the power was generated. As depicted in Figure 61, the EQE shows a maximum in
the range of 300 — 500 nm., revealing a low participation of Tri-DPP-PT’s excitons. Excitons
formed within Tri-DPP-PT must recombine before separating in free charges, probably due to
the lack of donor-acceptor interfaces. This finding suggests that the morphology of the active
layer remains unfavorable with the formation of large domains of Tri-DPP-PT, inferring that the
backbone curvature of Tri-DPP-PT did not provide better miscibility with PC71,BM.
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Figure 61: EQE of Tri-DPP-PT: PC,;;BM based OSC and normalized absorption of a Tri-DPP-
PT : PC;;BM blend film

4.2.2. Discussion

Tri-DPP-PT in conventional OSC exhibits a PCE of 0.55% along with an enhanced Voc of 0.7
V relative to Tri-BTDPP. However, the Jsc remains lower than 2 mA.cm™ due to the poor
contributions of Tri-PTDPP’s excitons in the PV process, similarly to Tri-BTDDP. The slight
curvature of the backbone, originating from the introduction of a phenyl end-capping, did not
improve the miscibility with PC;;BM and results in strong self-assembly like with Tri-BTDPP.

4.3. Conclusion

Tri-DPP-PT molecular backbone differs from Tri-BTDPP with the introduction of phenyl
rings instead of thiophene rings as end-capping unit. This difference induced small tilt angles
over the all molecules and larger ones between the phenyl and the DPP unit. This curvature
slightly shortened the conjugation raising the band gap to 1.4 eV and the LUMO to -3.93 eV
compared to Tri-BTDPP. As for the molecular packing, Tri-DPP-PT exhibited a lamellar
packing like Tri-BTDPP but with a weaker order degree which appeared to diminish the charge
transport properties. In conventional OSC, Tri-DPP-PT :PC;;BM displayed an interesting Voc of
0.7 V meanwhile the Jsc was still relatively low due to the poor participation of Tri-DPP-PT
excitons in the PV process. The curvature of Tri-DPP-PT may not be sufficient to improve the
Tri-DPP-PT :PC7:BM miscibility.
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5. FROM TRI-DPP-TP TO TRI-DPP-TP-C6: EFFECT OF
HEXYL CHAINS

This section explores the effect of the addition of hexyl side chains on thiophene spacers by
comparing the properties of Tri-DPP-PT and Tri-DPP-PT-C6 (Figure 62). The molecule Tri
DPP-PT-C6 is expected to exhibit a more twisted backbone than that of Tri-DPP-PT. The
objective is to elucidate if such a curvature could induce a reduced self-assembly - and in turn
smaller domains sizes - together with a good miscibility with PC7;BM compared to Tri-DPP-PT.
In this regards, the optoelectronic properties of Tri-DPP-PT-C6 were investigated and compared
to those of Tri-DPP-PT. Next to the optoelectronic properties, Tri-DPP-PT-C6 was tested as a
donor material in conventional OSC.

Tri-DPP-PT Tri-DPP-PT-C6

CaHs

Figure 62: Tri-DPP-PT and Tri-DPP-PT-C6 molecular backbone

5.1. Characterization Tri-DPP-TP-C6

5.1.1. Optical properties

The UV-Visible absorption spectra of Tri-DPP-PT-Cg were recorded in chloroform solution
(with a concentration of 0.25 mg.ml™) and thin film and were then compared to those of Tri-
DPP-PT (Figure 63). In solution, the maximum absorption of Tri-DPP-PT-C6 was blue-shifted
by 20 nm compared to Tri-DPP-PT. This is likely to be due to the molecular distortion induced
by the alkyl chains which reduces the n-conjugation. In solid state, the maximum of absorption
of Tri-DPP-PT-C6 is strongly red-shifted by 44 nm relative to its dilute solution against 14 nm
for Tri-DPP-PT. However the additional shoulder is less intense in the case of Tri-DPP-PT-C6.
As the red-shift in solid state is ascribed to intermolecular interactions, the hexyl side chains on
thiophene spacers seem to have a strong influence on intermolecular interactions and thus
molecular packing of the molecules. In the end, the absorption spectrum in thin film of Tri-DPP-
PT-C6 had almost the same offset that of Tri-DPP-PT, indicating that Tri-DPP-PT-C6 molecules
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get more planer in solid-state. The optical band gap of Tri-DPP-PT-C6 was estimated to be 1.38

eVv.
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Figure 63: UV-visible absorption spectra of Tri-DPP-TP-C6 in solution and thin film

5.1.2. Energy levels

CV measurements were performed on Tri-DPP-PT-C6 film to investigate its electrochemical
properties as illustrated in Figure 64. In comparison with Tri-DPP-PT, the oxidation peak of Tri-
DPP-PT-C6 exhibited the same onset and thus had a similar HOMO level to that of Tri-DPP-PT.
As Tri-DPP-PT-C6 has a similar band gap as Tri-DPP-PT, the LUMO obtained by adding the
band gap to the HOMO was also close, -3.95 eV. The introduction of hexyl chains at  position
on thiophene spacer as shown in Figure 48 did not significantly affect the electronic properties of

the molecules.

5
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Figure 64: Cyclic voltammetry measurements on Tri-DPP-PT-C6
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5.1.3. Molecular packing and charge transport

The molecular packing of Tri-DPP-PT-C6 was assessed through XRD measurements on neat
film, as prepared with Tri-BTDPP and Tri-DPP-PT. As shown in Figure 65, Tri-DPP-PT-C6
displays different XRD pattern compared to its DPP analogues. Those multiple peaks suggested
the presence of crystallites with different orientation. It was demonstrated in the literature that
introducing side chains onto thiophene spacers can modified the crystallite orientation and give a
mixture of face-on and edge-on crystallite [151]. An intense peak corresponding to the first order
of (h 0 0) diffraction peak appears at 26 = 4.26° referring to a d-spacing of 2.07 nm which is
larger than its analogue. Surprisingly, the crystallite size was calculated to be 29.9 nm which
appears to be larger than Tri-DPP-PT indicating a high crystallinity degree.

Tri-DPP-PT
—— Tri-DPP-PT-C6

Intensity (a.u.)

20 (°)
Figure 65: XRD measurements of neat film of Tri-DPP-PT-C6 compared to Tri-DPP-PT

The charge transport properties of Tri-DPP-PT-C6 were assessed in p type OTFT. The hole
mobilities were calculated in saturation regime for as-cast and annealed transistors at 100 °C and
150 °C. Table 7 summarizes the mobility data. The as-cast transistors exhibit the highest
mobility with an average and maximal hole mobility of 2.01 x 10®° cm2.V's*and 2.54 x 107
cm2.V1st together with a lgnoff ratio of 6 x 10*. The transfer curves of the best transistors are
illustrated in Figure 66. When compared to Tri-DPP-PT, we observe that Tri-DPP-PT-C6 shows
similar hole mobility. This suggests that hexyl side chains do not strongly disturb horizontal
charge transport.
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Table 7: Hole mobilities for OTFT based on Tri-DPP-PT-C6 before and after thermal annealing
at 100°C and 150°C

As-cast 100°C 150°C
Average
ge Hn 2.01 % 10° 1.91 x 10° 1.41 x 10°
(8 devices) 5 5 5
(cm? v S'l) +-6.2x10 +-25x10 +-4.7x10
Maximal
e S‘i; 254 x 10° 2.36 x 10° 2.02 x 10°
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Figure 66: Transfer curves for Tri-DPP-PT-C6 transistors

5.1.4. Discussion

The comparison between Tri-DPP-PT and Tri-DPP-PT-C6 shows that embedding hexyl side
chains at the B position of thiophene spacers do not affect the energy levels. According to UV-
Visible absorption spectra in solid-state and XRD measurements on neat film, we can see that the
crystal orientation changes due to the presence of the hexyl chains - however this does not
impact significantly the hole mobility as could be observed in transistor measurements.

5.2. Tri-DPP-PT-C6 photovoltaic properties

5.2.1. Tri-DPP-PT-C6 in OSCs

Tri-DPP-PT-C6 was tested as a donor material in conventional OSCs using the following
device architecture ITO/PEDOT-PSS/ Tri-DPP-PT-C6: PC71:BM/ Ca/Al. Chloroform was chosen
as the host solvent for all the studies. The thickness was first optimized by varying the ink
concentration (10, 15 and 20 mg.ml™) and the deposition spin speed (1000, 2500 and 5000 rpm).
In the blend formulation, the Tri-DPP-PT-C6: PC7;BM ratio was fixed at 1:1 and 1% DIO was
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introduced. Figure 67 shows the PCE of the OSCs as a function of the thickness. As shown in
this Figure 67, the optimal thickness was in the range of 40 - 70 nm. Hereafter, a total
concentration of 20 mg/ml and a deposition spin speed of 5000 rpm were used.
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Figure 67: Thickness optimization on TRI-DPP-PT-C6 based devices

Then, various DIO concentrations of 0, 0.5%, 1%, 2% and 3% were tested, in blend
formulations containing Tri-DPP-PT-C6: PC;:BM in a ratio of 1:1. The results are depicted in
Figure 68. The Jsc was maximum for a concentration of 1% of DIO whereas Voc and FF were
optimal with 2% of DIO. The highest PCE of 0.46% was achieved with the use of 2% of DIO.
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Figure 68: PV parameters of OSC based on Tri-DPP-TP-C6:PC;;BM as a function of DIO

concentrations on based OSC devices

The donor: acceptor ratio was finally tailored using a thickness of 60 nm and a DIO
concentration of 2%. While the Voc and the FF remained constant, the Jsc reached a maximum
value for a Tri-DPP-PT-C6 content between 30% and 60% as shown in Figure 69. The PCE
follows this same trend and is optimal for a concentration in Tri-DPP-PT-C6 between 30% and

60%.
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Figure 69: PCE and Jsc of OSCs with various ratios of Tri-DPP-PT-C6:PC;,BM

Figure 70 shows the EQE spectra obtained together with the UV-visible absorption spectra of
TRI-DPP-PT-C6. As shown in the EQE spectrum, the photocurrent is mainly generated in the
range of 300-600 nm which corresponds to the absorption wavelength range of PC7;:BM. This
observation suggests that most of the photocurrent arise from the absorption of PC7,BM and not
from the Tri-DPP-PT-C6.
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Figure 70: EQE of the best conventional OSC based on Tri-DPP-PT-C6 and absorption of Tri-
DPP-PT-C6 neat film

Table 8 summarizes the best photovoltaic characteristic of TRI-DPP-PT and TRI-DPP-PT-C6.
Both semiconductors display similar PV parameters and poor contribution of donor excitons,
suggesting that the introduction of hexyl chains did not affect PV properties of the material.

Table 8: PV characteristics of conventional OSC based on Tri-DPP-PT and Tri-DPP-PT-C6

Jsc (mA.cmz?) Voc (V) FF PCE
Tri-DPP-PT 1.81 0.7 0.43 0.55
Tri-DPP-PT-C. 1.8 0.62 0.41 0.46

5.2.2. Morphology

The morphology of the active layer is crucial for good charge separation and good charge
transport. The objective was to reduce the self-assembly of DPP oligomers by embedding hexyl
side chains on thiophene spacers, forming Tri-DPP-PT-C6. This oligomer was expected to have
an improved miscibility with PC7,BM and therefore enables an appropriate phase separation with
the acceptor. However, EQE measurement on OSCs based on Tri-DPP-PT-C6 revealed a bad
charge separation, suggesting the presence of large domains of Tri-DPP-PT-C6, therefore, the

morphology was further investigated.

To address this question, AFM was performed on a Tri-DPP-PT-C6: PC7BM blend film.
The film was prepared using the same condition as the one used to obtain the best conventional
OSC film. The AFM image is presented in Figure 71. As shown on the images, large domains of
100-200 nm were observed indicating that Tri-DPP-PT-C6 still suffered from strong phase

segregation.
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Figure 71: AFM images 2um x 2um of Tri-DPP-PT-C6:PC,;BM 1:1 as prepared in the best
device: Height (left) and Phase (right)

AFM was then conducted for Tri-DPP-PT-C6: PC7,BM blend film with various ratios: 1:3,
1:1, and 3:1. The height and phase images of each ratio are illustrated in Figure 72 and
demonstrate that strong phase segregation is present at any ratio even with a large amount of
PC71BM. Tri-DPP-PT-C6 aggregates without intermixing with PC7,BM, proving that Tri-DPP-
PT-C6 and PC7;BM are not miscible.

Figure 72: AFM images 2um x 2um - Height (a,b,c) and phase (d,e,f) Images of various ratios
of Tri-DPP-PT-C6: PC;;BM ratio 1:3 (a,d), 1:1 (b,e) and 3:1 (c,f)
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5.2.3. Discussion

Tri-DPP-PT-C6 exhibited similar OSC performances as Tri-DPP-PT with a PCE of 0.46%.
Like its predecessor, Tri-DPP-PT-C6 did not intermix with PC7,BM which generated a
morphology with large domains of 100-200 nm of Tri-DPP-PT-C6. This morphology did not
provide enough donor:acceptor interfaces and therefore Tri-DPP-PT-C6’s exciton mostly
recombined instead of separating in free charge carriers, justifying their poor participation to the
photovoltaic process. The hexyl chains placed on thiophene spacers did not reduced the strong
self-assembly of the molecule.

5.3. Conclusion

Introducing hexyl side chains on thiophene spacers did not affect the energy levels of the
molecules but changed the orientation of the crystal resulting in a mixture of face-on and edge-
on crystal. The mix in crystal orientation did not affect horizontal charge transport properties as
suggested by mobility result. As for OSC devices, similar performances were observed with Tri-
DPP-PT-C6 and Tri-DPP-PT. According to UV-Visible absorption analysis, the hexyl chains
induce a twisted backbone in solution but seem to get planer in solid-state, explaining the strong
self-assembly of Tri-DPP-PT-C6. As Tri-DPP-PT-C6 maintained similar aggregations as its
counterpart, similar morphology was observed with large domains hampering Tri-DPP-PT-C6’s
exciton dissociation into free charges. To avoid this molecular planarization in solid state, hexyl
side chains could be embedded at o position of thiophene spacers.

6. CONCLUSION

Three oligomeric DPP-based semiconductors were designed, all containing three DPP cores
but with different electron-rich spacers tuning the backbone curvature. The measurements of
their energy levels and band gaps suggested, at first, that they have promising optoelectronic
properties to be used as donor materials in OSCs. The HOMO levels are equal to -5.24 eV and
the band gaps are around 1.3-1.4 eV for the three DPP oligomers. Tri-BTDPP has the most
planar structure and was expected to exhibit a high hole mobility. This was confirmed by
mobility measurements in OTFT configurations. Hole mobility as high as 10° cm2 V*.s* was
obtained for a device annealed at 150 °C. Despite these promising properties, the fabrication of
OSCs using Tri-BTDPP showed low performances. AFM images revealed a large phase
separation between Tri-BTDPP and the PC7;;BM preventing an efficient charge separation.
Through DSC measurements, the origin of this unfavorable morphology appears to be the non-
miscibility of Tri-BTDPP with PC;;BM, emphasizing the importance of intermixing properties
of donor/acceptor.

-85 -



We suspected the strong self-assemble feature of Tri-BTDPP to be responsible of the non-
intermixing with PC;1BM. Therefore to address this limitation, DPP oligomers with slightly
twisted structure were designed and synthesized. The use of a phenyl as end-capped moieties
weakened the molecular packing and decreased the charge transport properties. As for the
introduction of hexyl side chains, the crystal orientation could be changed into a mixture of face-
on and edge-on orientations. The OSCs based on Tri-DPP-PT and Tri-DPP-PT-C6 exhibited
similar PV performances to Tri-BTDPP. Table 9 shows the average values obtained with each
material. As a matter of fact, the devices still suffered from unfavorable morphology composed
of large domains of donor. The miscibility with PC;;BM was not improved by the more twisted
backbone of Tri-DPP-PT and Tri-DPP-PT-C6.

Table 9: Summary of PV performances of Tri-BTDPP, Tri-DPP-PT and Tri-DPP-PT-C6 in
conventional OSCs

Jsc (mA.cmz?) Voc (V) FF PCE
Tri-BTDPP 1.61 0.57 0.47 0.43
Tri-DPP-PT 1.81 0.7 0.43 0.55
Tri-DPP-PT-C. 1.8 0.62 0.41 0.46
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CHAPTER 4: EBI SMALL-MOLECULES

This chapter delineates the synthesis and the design of four 3,3-(Ethane-1,2-
diylidene)bis(indolin-2-one) (EBI) based small molecules using different electron-rich end-
capping moieties. The optoelectronic properties were investigated to clarify the impact of the
end-capping group. All molecules were studied in OTFTs as p-type materials and in OSCs as
donor semiconductors.

1. INTRODUCTION

Herein, we aim at introducing 3,3-(Ethane-1,2-diylidene)bis(indolin-2-one) (EBI) - an
electron-deficient building-block - into push-pull semiconductors for OSC application. The EBI
unit has attracted our interest for its similitude with the well-known isoindigo unit. EBI and
isoindigo are both composed of two indolin-2-one moieties but differ from their n-bridge. As
shown in Figure 73, isoindigo has a simple double bond whereas EBI has a butadiene n-bridge.

Isoindigo EBI

Figure 73: Isoindigo and EBI backbones

1.1. From isoindigo toward EBI derivatives

1.1.1. Isoindigo

Isoindigo is a strong electron deficient dye, naturally abundant with a high optical stability.
Reynolds was the pioneer of isoindigo-based semiconductors for OSC application [156]. He
developed a polymer achieving an encouraging PCE of 1.76%. Polymers based on isoindigo
have received much more attention than their molecular analogs owing to their highest
performance in OSC and OTFT applications. As a matter of fact, polymers based on isoindigo
recently achieved high PCEs of 7 to 9%, [157-162] which place them among the best performing
polymeric OSCs. Starting with isoindigo-bithiophene polymer [157], an high PCE of 5.55% was
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achieved although important dihedral angles between the thiophene spacers broke the planarity
of the molecule (Figure 74a). To suppress this torsion in the polymer, a vinylene bridge was
introduced between the thiophene moieties which enabled a closer molecular packing and a
higher crystallinity. The PCE rose up to 7% due to better charge transport. Meanwhile, isoindigo
was also combined with highly planar and rigid electron rich unit such as dithienocarbazole
(Figure 74b) [161]. In spite of its amorphous feature, the dithienocarbazole-isoindigo polymer
exhibited an impressive PCE of 8%. Recently, the isoindigo passed the 9% PCE by incorporating
fused-thiophene to isoindigo unit (Figure 74c) [162]. The resulting large fused isoindigo
structure reduced the polymer disorder and increased the crystallinity which is beneficial for high
charge transport. According to this study, the use of rigid and planar building blocks benefits a
good charge carrier transport and a high PCE.

a} b)

G)

Figure 74: Isoindigo polymers [157,161,162]

In stark contrast, small molecules based on isoindigo are leg behind with PCEs about 3-4 %
[163-166]. Those PCEs are also relatively low compared to small molecules achieving
nowadays PCEs of 7-9% [59,114,167]. Isoindigo small molecules suffer from low Jsc of 8-11
mA.cm?and low FF of 0.40, originating from a limited charge transport within the device. To
tackle this limitation, the molecular packing needs to be improved. One of the drawbacks of
isoindigo originates from the slight dihedral angle at the level of the double bond due to steric
hindrance between the phenyl proton and the carbonitryl oxygen. This dihedral angle induces a
non-planar conformation hampering close molecular packing and good charge transport. Many
publications have focused on minimizing the curvature in isoindigo derivatives. One strategy
was to replace the phenyl by a thiophene ring forming a thienoisoindigo. The perfectly planar
conformation of thienoisoindigo affords great improvements in charge carrier transport for
polymers [168-170] as well as for small molecules [171-173], reaching respective hole
mobilities of 14.4 cm2.V's? and 0.13 cm2V™ st in OTFT devices. Odajima et al. compared
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isoindigo and thienoisoindigo units by combining them with benzothiophene end-capping
moieties (Figure 75) [53]. DFT analysis reveals that a planer structure was indeed obtained with
thienoisoindigo allowing a delocalization of the frontier orbitals along the whole molecule. This
delocalization increased the m-conjugation which conveniently decreased the band gap. The
thienoisoindigo molecule was also more crystalline and induces better charge carrier transport
and photovoltaic properties than its isoindigo analog. Several small molecules based on
thienoisoindigo were designed and then tested in OSCs [173-175]. They revealed good charge
transport properties due to a nearly planar backbone. However, they suffered from low Voc as
thienoisoindigo exhibits a high-lying HOMO level.

Figure 75: Thienoisoindigo versus isoindigo [53]¢

In their review, Lei et al. suggested to insert various m-conjugated skeleton instead of the
double bond of isoindigo as a new strategy to modulate the optoelectronic properties and the
curvature of the building block [176]. New electron deficient groups were developed by
introducing oligophenylvinylene (BDOPV) (Figure 76a) [177,178] or divynilbithiophene (IBTI)
(Figure 76b) [179] between the two indolin-2-one rings. The BDOPV polymer showed strong
intramolecular hydrogen bond between the carbonitryl oxygen and the neighboring phenyl
proton maintaining a good planarity and strong crystallinity. High electron mobilities of 1-
1.74 cm2. V! st were achieved confirming the potential of this strategy. As for the introduction of
divynilbithiophene in isoindigo, the steric hindrance disappeared as predicted and interesting
sulfur-oxygen coulombic interactions promoted the planar conformation of the polymer. Such
molecules could exhibit a high PCE of 6.41%.

6 Reproduce with permission, License number 3831940701558
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Figure 76: Introduction of m-conjugated skeleton in isoindigo: a) BDOPV [177,178] b) IBTI
[179]

1.1.2. EBI

EBI unit follows Lei et al. strategy by incorporating a butadiene n-bridge between the two
indolin-2-one moieties. This extended n-bridge sufficiently pushes away the phenyl proton and
the carbonitryl oxygen to prevent from sterical hindrance and to provide a coplanar geometry.
EBI building block was first synthesized in 1965 by Katner et al. [180] and was only used as
building block for polymer semiconductors in 2014 by Li et al [181].The polymers - alternating
EBI and bithiophene units - were originally meant for field effect transistors applications and
showed impressive hole mobility of 0. 044 cm2.s.V*. EBI-based polymers absorb up to 800 nm
and have a deep HOMO level of -5.38 eV. Based on the interesting optoelectronic properties of
EBI, we performed an in depth study on the use EBI as an electron deficient building block in D-
A-D solution-processable type of small molecules.

1.2. Electron-rich end-capping moieties

Four solution-processable small molecules based on EBI were designed by using different
electron-rich end-capping moieties such as thiophene, bithiophene, and benzofuran (Figure 77).

@ EBI-T

S

Qj EBI-BF with R: 2-butyloctyl or 2-hexyldecyl
O
S / \
| /g~ EBI2T

Figure 77: EBI-derivatives studied in this work
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1.2.1. Oligothiophene as end-capping moiety

Thiophenes were widely used to form donor semiconductors for both polymers and small
molecules [182,183]. The best example is P3HT, a polythiophene which is one of the most
studied semiconductors in the field of OSC [184]. As for isoindigo based small molecules, the
highest PCEs of 3-3.7% were achieved by combining isoindigo with oligothiophene as electron-
rich unit [163,166]. Isoindigo-bithiophene molecule (ID2T) displays a broad absorption up to
700 nm and good charge transport enabling a PCE of 2.6%. Several studies in the literature
attended to control the morphology of ID2T via the introduction of solvent additives in the
formulation [166,185]. By using a mixture of poly(dimethylsiloxane) (PDMS) and triethylene
glycol (TEG), the PCE of ID2T was boosted up to 3.67% which hold the PCE record for
isoindigo small molecule OSCs [166]. Meanwhile, Chen et al. demonstrated that isoindigo with
three thiophenes (ID3T) provided higher PCE of 3.2% over 2.6% for ID2T [163] due to a
broader absorption. As bithiophene affords, for now, the highest PCE for isoindigo based small
molecules, EBI was combined with bithiophene end-capping moieties.

1.2.2. Benzofuran as end-capping moiety

Benzofuran end-capping appeared as a good electron rich moieties when combine with DPP
derivatives [92,186-188]. In 2009, Nguyen et al. developed a DPP-benzofuran solution-
processable small molecule giving a record PCE of 4.4% [92]. Fused-benzofuran had a highly
planar conjugated structure that broadened the absorption spectrum and an oxygen atom that
stabilized the HOMO level for high Voc. Moreover, the molecule appeared to be very crystalline
offering good charge transport. Ascribing to DPP derivatives, benzofuran permits a better
morphology with PCg;BM than benzothiophene and benzoindole [187].

Benzofuran was also combined with isoindigo [189,190] and thienoisoindigo [53,172,174]
giving optimal PCEs of 0.65% [190] and 2.4% [53] respectively. Compared to benzothiophene,
benzofuran leads to a more planar structure with isoindigo owing to the small radius of the
oxygen atom [189]. A more regular molecular packing and a higher crystallinity was thus
obtained. The ability of benzofuran to make planar framework was emphasized with
thienoisoindigo. Stronger vibronic structures were observed on the UV-Visible absorption
spectrum due to stronger intramolecular charge transfer. In neat film, benzothiophene-
thienoisoidigo exhibited a higher hole mobility compared to benzofuran (0.022 cm2.V's-
against 5.4 x 10* cm2V*.s™). However, once blended with PC¢BM, benzofuran showed a
higher degree of crystallinity together with a higher mobility [53]. The good morphology of
benzofuran derivatives with PCBM resulted in an enhanced PCE of 2.4% against 1.5% for
benzothiophene derivatives. Similarly, in spite of its weaker lamellar packing of and its lowered
charge carrier mobility, benzofuran-thienoisoindigo derivatives still exhibited similar PCEs than
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its naphthalene analog [174]. Therefore, benzofuran was employed as an end-capping group for
EBI small molecules.

2. SYNTHESIS

The synthesis routes of the new EBI small molecules are described in Scheme 6 . (32)-6-
bromo-3-((2)-2-(6-bromo-2-oxoindolin-3-ylidene)ethylidene)indolin-2-one (1), starting reagent
to form all EBI derivatives, was prepared using the published procedure.[180,181].

R=2-butyloctyl, 2a -butyloctyl, EBI-BF-C12
R=2-hexyldecyl, 2b -hexyldecyl, EBI-BF-C16

CaHs

CeHi3

o]

N
C4H ‘
o I EBI-2T

)
CgHiz

Scheme 6: Synthesis routes of EBI derivatives: i) K,CO3 2-butyloctyl bromide or 2-hexyldecyl
iodide, DMF, 70°C, 20 hrs; ii) tributyl(thiophen-2-yl)stannane, Pd,(dba)s;, P(o-totyl)s, toluene,
90°C for 60 hrs; iii) trimethyl(benzofuran-2-yl)stannane, Pd,(dba)s;, P(o-totyl)s, toluene, 110°C
for 24 hrs; iv) 4,4,55-tetramethyl-2(5-(thiophen-2-yl)thiophen-2-yl)-1,3,2-dioxaborolane,
Pd(PPhj3),, K,COg, toluene, 85°C for 24 hrs

2.1. Synthesis of EBI-T

First, 2-butyloctyl chains were introduced onto the nitrogen of the indoline unit of compound
1 to obtain the intermediate (2a). EBI functionalized with thiophene (EBI-T) was then prepared
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through Stille coupling reaction of a commercial tributyl(thiophen-2-yl)stannane with 2a for 60
hours at 90°C. The catalytic system for the Stille coupling was a mixture of Pd,(dba)s; and P(o-
totyl)s. The final compounds EBI-T was obtained with moderate yields of 74% after purification
by column chromatography using a mixture of hexane : DCM in 60:40 ratio as eluent. EBI-T
was fully characterized using *H NMR (Figure 78), *C NMR (Figure 79) and field desorption
mass spectrometry.

'H NMR (CDCls, 300MHz) & 8.96 (s,2H), 7.61 (d, J=7.9 Hz, 2H), 7.35 (dd, J1= 3.6
Hz, J2= 1.0 Hz, 2H), 7.32 (dd, J1= 5.1 Hz, J2= 1.0 Hz), 7.27 (dd, J1=7.9 Hz, J2= 1.5 Hz,
2H), 7.09 (dd, J1= 5.1 Hz, J2=3.6 Hz, 2H), 6.97 (d, J=1.1 Hz, 2H), 3.65 (d, J =7.4 Hz,
4H), 1.91 (s, 2H), 1.37-1.12 (m, 32H), 1.02-0.69 (m, 12H)

3C NMR (CDCls, 300MHz) & 167.66, 144.27, 143.98, 136.31, 130.27, 128.59, 128.21,
125.55, 123.69, 122.61, 121.70, 119.57, 105.80, 44.17, 36.42, 31.82, 31.76, 31.46, 29.65,
28.83, 26.60, 23.03, 22.63, 14.08

HR-MS (FD): calculated for Csy Hes Oz N S;: 788.44092; found (M*): m/z 788.44010

CH,

Figure 78: '"H NMR of EBI-T
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Figure 79: *C NMR of EBI-T

2.2. Synthesis of EBI-BF derivatives

2.2.1. EBI-BF-Cy»

EBI functionalized with benzofuran (EBI-BF) was similarly prepared through Stille coupling
reaction of a trimethyl(benzofuran-2-yl)stannane with 2a for 60 hours at 110°C. The benzofuran
stannyl was produced using benzofuran along with n-butyllithium and tri-methyl tin chloride
reagents. The catalytic system for the Stille coupling was a mixture of Pd,(dba); and P(o-totyl)s.
The final compounds EBI-BF-C;, was obtained with yields of 55% after purification by column
chromatography using a mixture of hexane : DCM in 50:50 ratio as eluent. EBI-BF-C;, was fully
characterized using *H NMR (Figure 80), *C NMR (Figure 81) and field desorption mass
spectrometry.

'H NMR (CDCls, 300MHz) & 8.98 (s, 2H), 7.68 (d, J = 7.9 Hz, 2H), 7.59 (d, J = 7.4 Hz,
2H), 7.52 (d, J = 7.6 Hz, 4H), 7.38 — 7.18 (m, 6H), 7.07 (s, 2H), 3.70 (d, J = 5.2 Hz, 4H), 1.97 (s,
2H), 1.46 — 1.17 (m, 32H), 1.01 — 0.74 (m, 12H).
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13C NMR (CDCl3, 300MHz) & 167.55, 155.50, 154.94, 143.91, 132.05, 130.32, 129.06,
128.86, 124.80, 123.52, 123.14, 121.56, 121.06, 118.71, 111.19, 104.61, 102.55, 44.22,
36.42, 31.87, 31.74, 31.44, 29.68, 28.82, 26.58, 23.06, 22.64, 14.15, 14.10

HR-MS (FD): calculated for Csg Hgs O4 N»: 856.51857; found (M*): m/z 856.51791
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Figure 80: '"H NMR of EBI-BF-C;,
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Figure 81: *C NMR of EBI-BF-C;,

The solubility of EBI-BF-C12 was found to be much inferior to that of EBI-T in chloroform,
indicating stronger intermolecular interactions. To improve the solubility of EBI-BF, longer
alkyl chains, 2-hexyldecyl, were incorporated.

2.2.2. EBI-BF-Cyg

2-hexyldecyl chains were introduced onto the nitrogen of the indoline unit of compound 1 to
obtain the intermediate (2b). EBI functionalized with benzofuran (EBI-BF) was then prepared
through Stille coupling reaction of a trimethyl(benzofuran-2-yl)stannane with 2b for 60 hours at
110°C. The benzofuran stannyl was produced using benzofuran along with n-butyllithium and
tri-methyl tin chloride reagents. The catalytic system for the Stille coupling was a mixture of
Pd,(dba)s; and P(o-totyl)s. The final compounds EBI-BF-C;s was obtained with moderate yields
of 68% after purification by column chromatography using a mixture of hexane : DCM in 50:50
ratio as eluent. EBI-BF-Cys was fully characterized using *H NMR (Figure 82), **C NMR
(Figure 83) and field desorption mass spectrometry

'H NMR (TCE-d,, 300MHz): 5 8.94 (s, 2H), 7.67 (d, J = 7.9 Hz, 2H), 7.57 (d, J = 7.5 Hz,
2H), 7.51 (d, J = 5.8 Hz, 4H), 7.36 — 7.18 (m, 6H), 7.08 (s, 2H), 3.65 (d, J = 7.3 Hz, 4H), 1.92 (s,
2H), 1.46 — 1.08 (m, 49H), 0.90 — 0.73 (m, 13H).
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13C NMR (CDCls, 300MHz) & 167.51, 155.51, 154.93, 143.88, 132.02, 130.27, 129.06,
128.82, 124.78, 123.52, 123.13, 121.53, 121.04, 118.69, 111.19, 104.59, 102.52, 44.21,
36.41, 31.88, 31.75, 30.00, 29.68, 29.61, 29.32, 26.59, 22.65, 14.09

HR-MS (FD): calculated for Cgs Hgs O4 N> : 968.64311; found (M*): m/z 968.64439

ZoovNONON M =D TTe Taon

g v WG e
600
550
500
450

CgHi7
400

X\CGHH CH,
N ° 4 O [ |
d @ f O o 350
LT
J i 300
b g h S

N
a
CgHy7 +250
CHs
] “

CeHis
200
. 150
I
CH, 100
I
CHJ/\./) X
J |
-, N L
- e =g - -
s P g s
g b € @ -50
r T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 4.0 35 3.0 2.5 2.0 15 1.0 05

5.0 4.5
f1 (ppm)

Figure 82: "H NMR of EBI-BF-Cy
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Figure 83: *C NMR of EBI-BF-Cy

2.3. Synthesis of EBI-2T

For EBI functionalized with bithiophene, a Suzuki coupling reaction was carried out between
2a and a commercial 4,4,5,5-tetramethyl-2(5-(thiophen-2-yl)thiophen-2-yl)-1,3,2-dioxaborolane
in presence of the catalyst Pd(PPhs), and a base K,CO3 (2M) for 24 hours at 85°C. EBI-2T was
obtained with a yield of 67% after purification by column chromatography using a mixture of
chloroform : hexane 1:1 as eluent. All four EBI molecules were fully characterized by *H NMR
(Figure 84), **C NMR (Figure 85) and HRMS mass spectrometry.

IH NMR (CDCls, 300MHz): & 8.82 (s, 2H), 7.51 (d, J= 7.9 Hz, 2H), 7.24-7.15 (m, 6H),
7.13 (d, J=3.3 Hz, 2H), 7.07 (d, J=2.6 Hz, 2H), 6.96 (t, J= 4.0 Hz, 2H), 6.84 (s, 2H), 3.56
(d, J= 6.6 Hz, 4H), 1.82 (s, 2H), 1.43-1.10 (m, 33 H), 0.91-0.68 (m, 12H)

13C NMR (CDCls, 300MHz) & 167.7, 144.03, 142.87, 137.55, 137.19, 135.94, 130.19,
128.60, 127.95, 124.73, 124.70, 124.42, 123.88, 122.75, 121.74, 119.19, 105.36, 44.22,
36.50, 31.88, 31.84, 31.54, 29.69, 28.90, 26.67, 23.07, 22.66, 14.13, 14.09

HR-MS (FD): calculated for Csg Hgg O2 N2 S4: 956.41636; found (M¥): m/z 952.41883

-98 -



300

250

200

150

100

S0
0

00°0-—

SS'E:
85'E

88—

CH,

CH,

CH |

-seer

-19¢€€

| Sy

00z
80'Z
[
vz
STL
sI'z

P

85 80 725 70 65 60 55 S50 45 40 35 30 25 20 15 10 05 00 -05
f1 (ppm)

9.0

11.5 10.5 9.5

12.5

'H NMR of EBI-2T

Figure 84

45000

40000

35000

30000

25000

20000

~15000

~1oo00

5000

GO'ET
ET'PT

99' £z
LED
£9°98
:mmmum

69 6E—
P5TE:
e
88 1E
0s om|\|

T

85 9¢

WL

9E 50—

BUBTT
pear
S£EEr
BEEZD
Tl
00bE
£0bET
SEUET~_
098z
(8 :MMA\
PESEL
BULEI=
mmmmﬂ\v
LBEPT
Hi e

0491

180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10
f1 (ppm)

190

Figure 85: *C NMR of EBI-2T

-99 .



3. CHARACTERIZATION

In this section, the optoelectronic properties of EBI derivatives were studied: the energy levels
and the mobility were measured and the molecular packing properties were evaluated. The
properties of the different molecules were compared in order to establish the effect of the
different end-capping.

3.1. Optical properties

The UV-Visible absorption spectra of the EBI derivatives were recorded in chloroform
solution and in thin film and are illustrated in Figure 86. In solution, all EBI derivatives exhibited
two-band profiles. The 300-500 nm band corresponds to the - ©* transition within the electron
rich end-capping whereas the 500-700 nm band can be assigned to intramolecular charge transfer
(ICT) from the electron-rich unit to the electron deficient EBI. EBI-T showed a weaker
absorption in the second band than in the first band revealing weak interactions between
thiophene and EBI. In comparison, EBI-2T and EBI-BF compounds presented stronger ICT. The
maximum absorption (Amax) Of 549 nm and 565 nm also red-shifted compared to EBI-T (Amax-Il
band = 531 nm). The maximum absorption coefficients were estimated from the spectra in
solution to be around 1.9 x 10° L.mol™.s™* for EBI-T, 2.6 x 10 L.mol™.s™* for both EBI-BF
derivatives and 4.3 x 10° L.mol™.s? for EBI-2T. In solid-state, only the Amax Of EBI-2T red-
shifted whereas an additional shoulder appeared for all EBI derivatives originating from
intermolecular interactions. It is noteworthy that both EBI-BF compounds have similar UV-
visible spectra in both solution and solid-state suggesting that the length of the alkyl chains do
not impact the optical properties. The optical band gaps of EBI-T, EBI-BF and EBI-2T,
estimated from the absorption edge of the film, is 1.88 eV, 1.85 eV and 1.76 eV, respectively.
EBI-2T is most propitious for harvesting sunlight.

1.0} 1.0
——EBI-2T AN EBI-T
EBI-BF-C16 JE - EBI-BF-C12
c EBI-T c A N O EBI-BF-C16
2 EBI-BF-C12 S 08f —EBI2T
e 2
=] o] ;
2 2
o 8 06 -
3 3
& N ,
= T 04f
E E
S =}
< o2}
1 N 1 N 1 ST N 1 L 0.0 I 1 1 1 I Tl
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Figure 86: UV-Visible spectra of EBI derivatives in solution (left) and in thin-film (right)
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3.2. Energy levels

To depict the electronic structures of these EBI molecules, computer simulations based on the
DFT were conducted on three model compounds with methyl substituents for the convenience of
computation. The optimized backbone conformations of each EBI derivatives are depicted in
Figure 87a and confirmed the planarity feature of EBI core units. As for the whole molecule’s
conformations, EBI-T and EBI-2T exhibited dihedral angles of 26° and 22° between the EBI and
thiophene units, respectively, whereas EBI-BF had a perfectly planar conformation. The high
planarity of EBI-BF should be favorable for the intramolecular charge transport and allow closer
n-n stacking that is good for efficient intermolecular charge transport. To gain further
information concerning the impact of electron-rich moieties on the energy levels, the HOMO and
LUMO electron density distributions of these model compounds were calculated and shown in
Figure 87c,b. The HOMO electron densities of EBI-T, EBI-BF and EBI-2T are distributed along
the entire backbones whereas the LUMO electron densities are localized on the EBI units and
thus the donor moieties should mainly impact the HOMO levels of these molecules. The
calculated HOMO and LUMO levels are listed in Table 10. EBI-T has the largest band gap due
to its shortest m-conjugation consistent with the UV-Vis data. EBI-BF has the deepest HOMO
indicating the weakest electron-donating effect of benzofuran among the three donor moieties.
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Figure 87: DFT calculations of EBI-derivatives — Lowest energy conformation (a) electron
density of the LUMO (b) and the HOMO (c)
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The electrochemical properties were investigated by cyclic voltammetry. EBI derivatives
were deposited by drop-casting on the working electrode the oxidation peaks of each compound
is represented in Figure 88. HOMO levels were estimated to be -5.71 eV for EBI-T, -5.73 eV for
EBI-BF and -5.66 eV for EBI-2T, all promising to achieve Voc superior to 1 V according to
Scharber equation [23]. Since the reduction peaks were very weak, the LUMO levels were
obtained by adding the optical band gap to the HOMO levels to be -3.83 eV for EBI-T, -3.89 eV
for EBI-BF and -3.90 eV for EBI-2T. The offsets between the LUMO level of EBI derivatives
and that of PC¢:BM (- 4.3 eV) are larger than the minimum value of 0.3 eV required for efficient
electron transfer from the donor molecules to PCg;BM.

—EBI-2T
——EBI-BF-C,,
——EBI-BFC,,
—EBIT

B

00 o5 1.0 15 2.0
V (V)

Figure 88: Cyclic voltammetry measurements on EBI-derivatives

Table 10 summarizes the energy levels calculated by DFT calculations and evaluated by
cyclic voltammetry. The same trends are observed with both technics: EBI-2T exhibits the
lowest band gap and the higher HOMO level while EBI-T displays the largest band gap and EBI-
BF the deepest HOMO. By reporting the energy levels of EBI derivatives on Scharber diagram
(Figure 89)., PCEs of 9%, 8% and 7% can be expected for EBI-2T, EBI-BF and EBI-T
respectively This confirms the strong potential of these compounds as donor materials for OSCs.

Table 10: Energy levels of EBI derivatives according to DFT calculations and CV
measurements

In eV HOMOprr2 LUMOprr®2 EgPFTa HOMOcv LUMO Eg opt

EBI-T -5.21 279 242 -5.71 383 188
EBI-BF-Ciz  _51g 287 231 -5.74 389 1.85
EBI-BF-Ci6 -5.73 391 1.82

EBI-2T -5.06 -2.82 2.24 -5.66 390 176
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Figure 89: EBI derivatives on Scharber diagram [23]

3.3. Charge transport properties

The charge transport properties of EBI derivatives were evaluated in OTFTs and
showed typical hole transport characteristics. Different speed depositions and thermal
annealing were tested in order to control the crystallization and molecular packing of each
EBI derivatives.

3.3.1. EBI-T in OTFTs

When varying the speed deposition, a signal was detected only for a film formed at
2 500 rpm while only noise was recorded for films prepared with faster deposition speed.
The as-cast device of EBI-T gave an average saturated hole mobility (u,) of 6.38 x 107
cm2.V1stas described in Table 11. A thermal annealing step at 150 °C did not further
improve the charge transport properties exhibiting a similar hole mobility of 1.67 x 10
cm2. Vst

Table 11: EBI-T based OTFTs of the as-cast and annealed film at 150°C for 10 minutes.

Mh average Mh max
Speed Thermal
de Esition annealin (L=10 pm) (L=10 pm)
P g (cm2.v1tsh (cm2.v1tsh
6.38 x 107
2500 rpm RT SN 2:28x10%
1.09 x 10
1.67 x 10°
2500 rpm 150°C 562 x 10°® 2.33x10°
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3.3.2. EBI-2T in OTFTs

Concerning EBI-2T, various speed depositions (2500 rpm, 5000 rpm and 10000 rpm)
were tested in order to form the EBI-2T active films of OTFT devices. The results are
summarized in Table 12. The highest hole mobility of 1.67 x 10 cm2.V*.s? is achieved
using a slow deposition speed of 2500 rpm which leads to a slow drying and enables the
formation of larger crystals as can be seen in the microscopic images in Figure 90. The
transfer curves of the best devices are shown in Figure 91. This device displays a
maximum hole mobility of 3.17 x 10° cm2.VV " .stalong with a high lonoss ratio of 4 x 10*
and a small threshold voltage of 4 V.

Table 12: EBI-2T in OTFTs with channel length of 5 and 10 um with the active film prepared
at various speed depositions

Speed Hh average* Hh max Hh average* Hh max
. (L=5um) (L=5um) (L=10pm) (L=10um)
deposition (cm2.v1is™t (cm2.v1ist (cm2.V1is™) (cm2V™s™)
1.52 x 10 1.67 x 107
2 500 rpm "y 12 i 317x10° "y 0; g3 256x10°
. X . X
4.43 x 107 5.3 x 10°
5000 rpm e 5X 100 5 x 10° +,_5X13 s L26x10°
D X . X
2.52 x 10° 1.92 x 10°
10 000 rpm . 5" 104 3.1x 10° ey gx 1o 2.18 x 10°
+/- 9.9 X I X

*average on 4 devices

Figure 90: Microscope images at x50 under cross-polarization of EBI-2T deposited with a speed
deposition of 2500 rpm (left) and 5000 rpm (right)
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Figure 91: Transfer curves of the best EBI-2T based OTFTs with a channel length of 5um and
an active film prepared with a speed deposition of 2500 rpm and Vps = 40 V and the
corresponding output curves

3.3.3. EBI-BF in OTFTs

All transistors were prepared by spin-coating a chloroform solution of EBI-BF at
2500 rpm. Without any post treatment, EBI-BF derivatives exhibited low hole mobilities
of 4.51 x 10 cm2.V*.s™! for EBI-BF-Cy, and 2.95 x 10®° cm2.V'.s™ for EBI-BF-Cy;. EBI-
BF-C6 displayed the lowest mobility. Successive thermal annealing at 100°C, 150°C and
200°C for 10 min were performed on each device. Figure 92 details the hole mobilities as
a function of the thermal annealing temperature for both EBI-BF. The hole mobilities of
EBI-BF-Cy, and EBI-BF-Cys increased up to 4.35 x 10° cm2.V'.s® and 0.021 cm2.Vv?'s™
upon respective thermal annealing of 100°C and 150°C. In the optimal condition, EBI-
BF-C6 thin film transistors displayed better charge transport than EBI-BF-C;, due to a
better uniformity of the film and showed lower leakage currents, and improved oo ratio
of 10° over 10* for EBI-BF-Cy,. The transfer curves of the best devices based on EBI-BF-
C12 and EBI-BF-C;; are shown in Figure 93

EBI-BF-C12, L =10 um
EBIBF-C12, L =5 ym
EBI-BF-C16, L =5 um x
EBLBF-C16, L =10 um

4pon

107 ¢

o —apg
-
H—p—H

M, (cm?. V'1.s'1)

20 40 60 80 100 120 140 160 180 200 220

Annealing temperature (°C)

Figure 92: Hole mobilities of EBI-BF derivatives after successive thermal annealing
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Figure 93: Transfer and output curves of OTFT based on EBI-BF-C,, (top) and EBI-BF-C;
(bottom)

The effect of thermal annealing on EBI-BF films was investigated by comparing the
UV-Visible absorption spectra of as cast and annealed films of both EBI-BF derivatives,
as presented in Figure 94. For EBI-BF-C3,, an additional shoulder clearly appeared at 653
nm upon a thermal annealing at 140°C indicating the appearance of a new type of
intermolecular interaction. The enhanced charge transport properties observed after
annealing at 100°C can be ascribed to a better molecular packing offering new
intermolecular interplay. As for EBI-BF-Cy4, a finer vibronic structure and an increase in
the peak intensity at 650 nm is observed upon thermal annealing at 100°C. Both changes
suggest a better packing of the molecules with thermal annealing which is beneficial for a
better charge transport as observed in the OTFT studies.
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Figure 94: UV-visible absorption spectra of EBI-BF-C,, (left) and EBI-BF-Cys (right) thin
films upon various thermal annealing

3.3.4. Discussion

Among EBI-derivatives, EBI-BF derivatives exhibited the highest hole mobility owing
to their coplanar conformations giving closer m-nt packing. EBI-BF and EBI-2T
demonstrated promising hole mobilities to reach FF superior to 0.65 [52]. The mobility of
EBI-T appeared lower than 10 cm2.VV*.s™* which would lead to large carrier sweep-out
time and therefore important bimolecular recombinations could be expected in solar cells
[52].

3.4. Molecular packing

To further study the molecular ordering of EBI-T, EBI-BF-C;,, EBI-BF-C35 and EBI-
2T, X-ray diffraction measurements were performed on their as-cast thin films, spin-
coated from chloroform solution. As shown in Figure 95, EBI-BF-C,,, EBI-BF-C35 and
EBI-2T display strong and narrow diffraction peaks. This is consistent with their good
charge transport properties. Based on the peak position, the d-spacing are calculated using
the Bragg’s equation to be 2.0 nm for EBI-BF-C;,, 2.3 nm for EBI-BF-Cysand 1.6 nm for
EBI-2T. Those diffraction peaks correspond to the periodical n-n stacking or alkyl chains
packing of the molecules. On the other hand, EBI-T showed only a weak broad peak. This
suggests that this molecule exhibits a poor crystallinity which is likely to be the reason for
the low mobility observed in OTFT devices.
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Figure 95: X-ray diffraction spectra of the neat films of EBI derivatives

3.5. Conclusion

The optoelectronic properties of EBI derivatives were studied. This study could underline
their advantages and drawbacks:

e EBI - 2T exhibits the broadest absorption spectrum together with a high mobility
of 1.67 x 10° cm2.v's?t

e EBI-BF-Cys exhibits the highest mobility of 0.021 cm2V's™ after thermal
annealing. This could be attributed to its planar confirmation. Additionally, it
exhibits a deep homo level that could lead to a theoretical Voc of 1.14 V when
blended with PCg;BM in OSCs. [23]

e EBI-T demonstrates has a narrow absorption spectra and poor charge transport
properties which may limit the PV process.

4. PHOTOVOLTAIC PROPERTIES

The photovoltaic properties of EBI derivatives were investigated in planar and BHJ OSCs.
The morphology of the active layer of each EBI derivatives was analysed by AFM and XRD for
a better understanding of their PV process.

4.1. Bi-layers OSC devices

The PV properties of EBI-T, EBI-BF-Cy, and EBI-2T were first investigated in bi-layer OSCs
with the following architecture: ITO/PEDOT:PSS/EBI/Cg/Ca/Al. EBI derivatives were
deposited from chloroform solutions to form films with a thickness around 30 nm. The PV
performances are listed in Table 13. Among all EBI derivatives, EBI-2T exhibited the highest Jsc
due to its broadest absorption spectrum. EBI-T shows almost no photovoltaic effect.
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Table 13: PV performances of bi-layer OSCs based on EBI-T, EBI-BF-C;, and EBI-2T

Jsc (MA.cm™) Voc (V) FF PCE (%)
EBI-T 0.15 0.33 0.26 0.01
EBI-BF-Cy, 0.60 0.51 0.44 0.14
EBI-2T 1.24 0.62 0.41 0.31

4.2. BHJ OSC devices

4.2.1. Phase diagram

To move towards bulk heterojunction (BHJ) OSCs, particular attention was paid first
to the compatibility of EBI derivatives with the acceptor PCsBM with the concern of
reaching an ideal phase separation. To do so, DSC measurements with three heating and
cooling cycles for each sample were conducted on the blend films with various ratios of
EBI and PCeBM. Those films were prepared by drop-casting chloroform solutions.
Figure 96 juxtaposes the first heating curve of every blend ratios for each EBI derivatives.
In the case of EBI-T and EBI-2T, the endothermic peaks of EBI and PCs;BM converged
to a unique temperature: 209°C for EBI-T blend and 246°C for EBI-2T blend. Then,
phase diagrams were obtained for both EBI-T and EBI-2T by reporting endothermic
peaks over the EBI /PCs;BM weight ratios of the blend samples (Figure 97). Both blend
systems are typical eutectic phase diagrams. The eutectic compositions and the eutectic
temperatures are 55% and 209°C for EBT-T and 50% and 246°C for EBI-2T. These
results demonstrate that both EBI-T and EBI-2T are compatible with PCgBM. As for the
EBI-BF-Ci,, the endothermic peaks do not clearly converge to a unique temperature but a
significant depletion in temperature was still visible. Therefore, it is hard to conclude for
EBI-BF-Ci,: PCs:BM system. Concerning EBI-BF-C16:PCs:BM system, EBI-BF-C;5 and
PCs1BM’s endothermic peaks did not converge to a unique temperature and were weakly
impacted by the donor:acceptor ratio suggesting that both materials are poorly miscible.
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4.2.2. EBI-T in BHJ OSCs

Optimization of active layer’s thickness

EBI-T was tested in conventional BHJ using ITO/PEDOT:PSS/EBI:PCsBM/Ca/Al
architecture. The active layer’s thickness was first optimized by varying the ink concentration
and the speed deposition. Chloroform was chosen as the host solvent and the donor:acceptor
ratio was set at 1:1. Figure 98 displays the PCE of the BHJ OSCs as a function of thickness of
the active layer’s. A thickness of 120-160 nm provides the highest PCE of 0.12%.

PCE (%)

002 | =m L] L] L]

0.00 1 1 1 1
100 200 300 400 500

Thickness (nm)

Figure 98: PCE of BHJ OSC; based on EBI-T : PCsBM system versus the thickness of the
active layer

Optimization of donor: acceptor ratio

According to the literature, donor/acceptor systems, showing eutectic feature like EBI-T and
EBI-2T, present the most finely intermixing at their eutectic concentration [191,192]. Although
this concentration generates the biggest amount of donor / acceptor interfaces desirable for good
charge separation, it is rarely the optimal ratio in OSCs. Numerous papers reported that a slight
hypoeutectic concentration was necessary as crystals of pure acceptor improve electron transport
[192-194]. More balanced hole and electron mobilities were therefore achieved, minimizing
charge recombination. Therefore, the donor: acceptor blend ratio was investigated around its
eutectic concentration, from 30% to 70% of EBI-T. The EBI/PCg¢ BM ratio mainly affected the
Jsc. By superposing the Jsc trend to the phase diagram (Figure 99a), it reveals that the optimal Jsc
of EBI-T was achieved in a slight hypoeutectic region (40%) for an efficient trade-off between
charge separation and charge transport. The PCE followed the same trend as illustrated in Figure
99b, with a maximum PCE of 0.18%.
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Figure 99: a) Jsc of BHJ OSC versus EBI-T content and superposed to EBI-T phase diagram b)
PCE versus EBI-T content

In summary, EBI-T presents low PV properties with a maximum PCE of 0.18%. EBI-T’s poor
charge transport capability may not give enough driving force to CTE to efficiently separate into
free charge carrier and thus recombines. The device may also suffer from unfavorable
morphology which will be explored in section 4.3.

4.2.3. EBI-2T in BHJ OSCs

Optimization of the donor:acceptor ratio

EBI-2T was tested in conventional BHJ using ITO/PEDOT:PSS/EBI:PCsBM/Ca/Al
architecture. Following the same argument as EBI-T, the donor: acceptor blend ratio was
investigated around EBI-2T eutectic concentration, from 20% to 70% of EBI-2T content. Like in
the literature and with EBI-T, the EBI-2T/PCs;BM ratio mainly affected the Jsc. Figure 100a
superposes the Jsc onto EBI-2T phase diagram revealing that the optimal Jsc was achieved in a
slight hypoeutectic region (40%) for an efficient trade-off between charge separation and charge
transport. The PCE followed the same trend as illustrated in Figure 100b, with a maximum PCE
of 0.8%.
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Figure 100: EBI-2T BHJ OSCs, a) Jsc versus EBI-2T content superposed to phase diagram b)
PCE versus EBI-2T content

Optimization of the thickness of the active layer

The thickness was optimized by varying the speed deposition and the ink concentration but
maintaining an EBI-2T: PCgBM ratio of 2:3. Figure 101 depicts the PCE as a function of the
thickness and exhibits maximum PCEs around 1.5-1.6 % for a thickness of 80 nm.

O'00 2I0 4I0 6I0 SIO 1(I)0 12IO 1£I10 1é0 180
Thickness (nm)
Figure 101: PCE of OSCs based of EBI-2T:PC¢;BM 2:3 blend versus the thickness of the
active layer

As EBI-2T shows promising PV performances, many efforts was attempted to improve EBI-
2T based BHJ OSCs. In order to improve the BHJ morphology, several strategies were applied:
e The introduction of solvent additives : DIO and CN
e Thermal treatment
e The introduction of insulating polymer: Polystyrene (PS) and
polydimethylsiloxane (PDMS) - used also to improve the film quality and
diminish the leakage currents.
However, none of them brought higher PCE.
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The highest PCE was achieved with a 2:3 EBI-2T : PC;BM ratio and a thickness of 80 nm.
To assess the reproducibility of the devices, the performances of 25 reference cells were
compiled. An average PCE of 1.61% +/- 0.16% was obtained along with a Jsc of 5.44 +/- 0.36
mA.cm™, a Voc of 0.84 V +/- 0.08 and a FF of 0.36 +/- 0.02. The maximum PCE, achieved with
EBI-2T, was 1.92% along with a Jsc of 5.25 mA.cm™, a Voc of 0.91 V and a FF of 0.40, its J-V
curves is illustrated in Figure 102. A relatively low shunt resistance (Rsy) of 13.10 kQ and a high
series resistant (Rs) of 930 Q were extracted inferring significant leakage currents and limited
charge extraction within the devices which decrease the PV performances.
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Figure 102: J-V curves in dark (left) and under illumination (right) of the best OSCs based on
EBI-2T : PC¢:BM system

Figure 103 depicts the EQE measured on this best device and the UV-Vis spectra of the
corresponding active layer. An EQE of 30%-35% was reached from 350 nm to 680 nm revealing
a distinct participation of EBI-2T excitons in the process.
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Figure 103: EQE of EBI-2T OSCs devices and UV-Visible absorption spectra of the
corresponding films
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4.2.4. EBI-BF-C46 in BHJ OSCs

Concerning EBI-BF derivatives, due to the low solubility and bad film formation of EBI-BF-
Ci2, only EBI-BF-Cy was tested in conventional BHJ OSCs. The thickness of the active layer
was varied between 40 nm and 200 nm by varying ink concentration and speed deposition.
Chloroform was used as the host solvent and the donor:acceptor ratio was fixed at 1:1. As shown
in Figure 104, no clear trend stands out.
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Figure 104: PCE of BHJ OSC based on EBI-BF-C,¢ versus active layer thickness

As EBI-BF-Cys did not have a eutectic feature, many donor/acceptor ratios were
investigated: 1:3, 1:2, 1:1, 2:1, and 3:1. However no clear trend was observed due to poor
OSC performances. The low PCE of BHJ OSCs based on EBI-BF-C;s must originate
from an undesirable morphology limiting all steps of the photovoltaic process. To tackle
this issue, various thermal annealing conditions and solvent additives were tested to
improve the EBI-BF-C.6:PCs:BM morphology but no significant improvement was
obtained.

4.2.5. Discussion

EBI-2T exhibits the best PV performances in BHJ OSCs with a maximal PCE of 1.92%. In
contrast, EBI-T and EBI-BF-Cys show very low PCE inferior to 0.5%. EBI-T is suspected to
have a too low charge transport properties preventing charge to well separate in free charges or a
bad morphology. For EBI-BF-Cy6, we suspect an unfavorable morphology that limits the PV
process.

4.3. Morphology study

In BHJ OSCs, the performance is highly dependent of the morphology of the active layer
which should ideally be composed of three phases: an intermixed donor/acceptor phase, a pure
crystalline donor phase and a pure crystalline acceptor phases. The intermixed network
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promotes efficient and fast charge separation [31,32,34] whereas pure crystalline domains
ensure charge transport to the electrodes [29]. Nevertheless, those crystalline domains
should be in the range of exciton diffusion length, which is rarely beyond 10 nm for
organic semiconductors [18,22]. To study the morphology of the different EBI/PCBM
systems, AFM and XRD were performed on the active layer of the optimal devices of each
material.

4.2.1. EBI-T morphology

AFM was carried out on EBI-T:PCBM (2:3) blend film prepared similarly to the most
efficient OSC based on EBI-T. Figure 105 exhibits the resulting height and phase images. The
roughness was evaluated to be inferior to 4 nm which can facilitate a good interface with
calcium. The phase images revealed relatively small domains of 50 -100 nm of both EBI-T and
PCs1BM, offering desirable amount of donor/acceptor interfaces for good charge separation.

Figure 105: AFM images of EBI-T:PCs,BM blend in a ratio 2:3: height (left) and phase (right)

As demonstrated in section 3.4, EBI-T is poorly crystalline suggesting that the pure domains
of EBI-T are probably not crystalline. EBI-T : PCsBM system displays here a morphology
composed of pure amorphous domains of EBI-T. This amorphous feature of EBI-T appeared to
limit its charge carrier transport properties as seen with OTFT measurement. A low hole mobility
can hamper an efficient dissociation of charge transfer exciton (CTE) which would rather
recombine. The poor PV performances of EBI-T based BHJ OSCs can be ascribed to a too
strong competition between CTE separation and CTE recombinations.

4.2.2. EBI-2T morphology

AFM was conducted on EBI-2T:PCgBM (2:3) blend film prepared similarly to the most
efficient OSC based on EBI-2T. Figure 106 shows the resulting height and phase images. The
film is also very smooth with a roughness inferior to 4 nm. The height images revealed small
domains of 50-100 nm, promising for efficient charge separation. On phase images, a fine
intermixed phase of both materials is visible along with some pure material domains. According
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to the EBI-2T phase diagram, 2:3 EBI-2T:PCg;BM ratio is in the hypoeutectic area meaning that
the observed pure domains can be ascribed to primary crystals of PCsBM. Hence, EBI-
2T:PCsBM (2:3) blend film displays a morphology with finely intermixed structure between
EBI-2T and PCgBM domains which provide enough donor/acceptor interfaces for good charge
separation. Also, larger domains of PCg;BM can ensure good electron transport.

Figure 106: AFM images of EBI-2T:PCsBM blend in a ratio 2:3: height (left) and phase
(right)

The morphology of EBI-2T:PCs;:BM (2:3) blend film was further investigated by XRD.
Figure 107 compares the XRD spectra of EBI-2T:PCs;BM (2:3) blend film with neat EBI-2T
film. The same peak was observed with a d-spacing of 1.6 nm. The crystallite domain sizes of
both films were calculated using Scherrer equation to be 39.4 nm for the neat film and 33.8 nm
for the blend film. The presence of PCs;:BM induce a decreased in crystallite size by disturbing
the crystallization of EBI-2T. This finding is in agreement with the observation that EBI-2T and
PCs1BM are miscible to form intermixed domains, but some pure EBI-2T crystalline domains
exist.
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Figure 107: X-ray diffraction spectra of EBI-2T neat film and in blend

To summarize, EBI-2T:PCgBM (2:3) blend displays the three required domains: intermixed
domains of EBI-2T:PC¢BM and pure crystalline domains of both EBI-2T and PCgBM. This
optimal morphology justified the good performances of EBI-2T.

-117 -



4.2.3. EBI-BF-C16 morphology

AFM was performed on EBI-BF-Cis: PCe1BM (1:1) blend film. Figure 108 shows the
resulting height and phase images. The film demonstrates a higher roughness than its
predecessors with a roughness of 6.31 nm which is still smooth. In both height and phase images,
large domains of 100-300 nm were observed which largely exceed the exciton diffusion length of
10 nm [22,141]. This morphology implies that most generated excitons recombine before
reaching any donor/acceptors interfaces. According to phase images, only one material seems to
be present on top of the morphology revealing also vertical phase segregation. In case of a
PCs1BM rich bottom and an EBI-BF-Cy rich top, the charge transport would not be efficient in
conventional OSCs and would further explain the low PV performances of EBI-BF-Cy5 observed
in conventional OSCs.

Figure 108: AFM images of blend film of EBI-BF-C15:PC¢:BM in ratio 1:1: height (left) and
phase (right)

The morphology of EBI-BF-C6: PCs1BM (1:1) blend was further investigated by XRD.
Figure 109 superposes the XRD spectra of neat and blend film of EBI-BF-C16. The blend film
show a diffraction peak with a different d-spacing of 2 nm versus 2.3 nm in neat film. This
change in d-spacing can be the result of a closer packing or a different orientation of the
crystallite or even a new molecular ordering in presence of PCg;BM. The crystallite size in neat
and blend film can’t be compared as they may not correspond to the same packing.
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Figure 109: X-ray diffraction spectra of neat and blend film of EBI-BF-Cy¢

To conclude, the morphology of EBI-BF-C16: PCs:BM (1:1) blend presents morphology with
large crystalline domains of EBI-BF-C,¢ and PCs;BM along with a strong vertical segregation
both harmful for exciton separation. If the vertical segregation is not in favor of conventional
OSCs, the device suffers also from inefficient charge transport. The strong phase segregation is
due to the non- miscibility of EBI-BF-Cy5 and PCs BM which crystallized separately without
affecting each other crystallization.

4.2.4. Discussion

According to AFM and X-ray diffraction analysis, EBI-2T:PCs;BM system displays the best
morphology with intermixed donor/acceptor domains and pure crystalline domains of donor and
acceptor, consistent with its good OSC performances. Concerning EBI-T:PC¢BM system, an
interesting phase segregation in small domains was also observed in AFM images however the
poor crystallinity of EBI-T limited charge transports, explaining its low performances in OSC
devices. According to this study, materials with a eutectic feature demonstrate adequate phase
segregation. In contrast with EBI-T and EBI-2T blend, EBI-BF-C4:PCs;:BM system exhibited
large crystalline domains revealing a too strong phase segregation between donor and acceptor,
limiting charge separation. This strong phase segregation is caused by the non-miscibility feature
of EBI-BF-Cy5 and PCs;:BM as evidenced by their phase diagram. The planar conformation of
EBI-BF-C1, may induce intermolecular interactions that are stronger than that of EBI-BF-C16
with chloroform, therefore EBI-BF-C;; rather self-assemble preventing PC¢;BM to insert among
them [148].

4.4. Conclusion

EBI-2T shows the highest PCE of 1.92 % due to good morphology and good light harvesting.
This encouraging result validates the use of EBI building blocks to design efficient push-pull
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semiconductors for OSCs applications. However, EBI-T and EBI-BF exhibit poor PV
performances with a PCE below 0.25%. Even if EBI-T displays an adequate phase separation,
the low mobility due to poor molecular packing is likely to give rise to strong bimolecular
recombination. It is noteworthy that materials with eutectic feature seem to show good phase
segregation for efficient charge separation. EBI-BF based OSCs suffers from unfavorable
morphology with large domains of 100-200 nm and vertical phase segregation originating from
the non-intermixing of EBI-BF-Cis and PCgBM. This inappropriate morphology hampers a
good exciton separation into free charge carriers.

5. CONCLUSION

In this report, a series of four EBI small molecules, employing the same D-A-D architecture
but differing from their electron-rich units, were successfully synthesized and characterized. All
EBI derivatives exhibit adequate energy levels to be introduced as donor semiconductors along
with PC¢ BM for use in OSCs as shown in Figure 110. The gaps between their respective LUMO
and the LUMO of PCs;BM are superior to the theoretical value of 0.3 eV, necessary for efficient
charge separation. Meanwhile their deep HOMO levels suggest a high Voc superior to 1 V. As
for light harvesting, EBI-2T displays the broadest absorption spectra up to 700 nm while EBI-T
displays the narrowest.

-3.83 eV
— -3.89eV -3.90 eV -3.91 eV
-4.3 eV
-5.66 eV
ﬂ -5.74 eV -5.73 eV
-6.00 eV
EBI-T EBI-BF-C1; EBI-BF-Cis EBI-2T PCs1BM

Figure 110: Energy levels scheme of all EBI derivatives along with PC¢,BM

DFT calculations suggest that EBI-BF derivatives have coplanar conformations which are
beneficial for high degree of crystallinity and subsequently for the charge transport properties.
This is confirmed by the measurement in OTFTs: EBI-BF-Cy, exhibits 4.35 x 10 cm2. V1s?
and EBI-BF-Cy exhibits 0.021 cm2.V1.st. Those mobilities are much higher than benzofuran-
thienoisoindigo and isoindigo small molecules reported in the literature[173,195], confirming the
beneficial effect of EBI planarity on charge transport. As EBI-2T also exhibits a hole mobility
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around 10 cm2.Vv1s?, EBI-2T and EBI-BF materials should promote good FF. In opposition,
EBI-T shows poor charge transport feature due to lack of crystallinity.

Among all the materials, EBI-2T demonstrates the highest PCE of 1.9 % when blended with
PCeBM in BHJ OSCs. This high PCE is attributed to the broad absorption spectra and the
appropriate morphology which is formed with PCg;BM. The low lying HOMO level of EBI-2T
benefits a maximum Voc of 0.9 V which is significantly higher than thienoisoindigo small
molecules [53,172-175,196]. Due to its low charge transport properties, EBI-T display very low
PV performances. However, like EBI-2T, the morphology of EBI-T is composed of domains of
EBI-T and PC¢BM in the range of the exciton diffusion length, this can be ascribed to their good
miscibility as evidenced by their eutectic feature. Surprisingly, EBI-BF-C;¢ based OSCs yield
PCE even lower than EBI-T. Through AFM images, we can identify the formation of large
domains and vertical segregation, both limiting the number of donor:acceptor interfaces, which
in turn causes the recombination of exciton instead of their separation. This investigation
underlines the importance of the phase separation and its major contribution in the PV
performance. This strong phase segregation originate from the non —miscibility of EBI-BF-C;
and PCgBM caused by the strong self-assemble capability of EBI-BF-Cis due to its planar
conformation. It is interesting to point out that the molecular backbone has a relevant impact on
the miscibility of EBI-BF-C;6and PCg BM and consequently the phase segregation.

To conclude, EBI is a promising building block to design novel organic semiconductors for
OTFT and OSC applications. A planar conformation enhances the molecular packing and thus
the charge transport properties. For OSCs, a material with a eutectic (when blended with PCBM)
is preferable as it ensures a good phase segregation between the donor and the acceptor which is
a crucial key for high PCE.
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CHAPTER 5: CONCLUSION

The goal of this research was to design new solution-processable electron donating
semiconductors for OSC applications. To this end, two series of donor semiconductors were
engineered: one based on DPP oligomers and the second based on EBI small molecules. For each
series, we aimed to establish some structure-properties relationships in order to correlate their PV
performances with their structure.

5.1. DPP OLIGOMERS

A first series of three DPP based oligomers was synthesized. All have the specificity to
contain three DPP cores to reduce the HOMO level. This series gives some insights into the
potential of oligomers compared to small molecules and polymers. From a synthesis point of
view, the purification of DPP oligomers was not straightforward as dimer by-products show
similar polarity. Despite this challenge, it was still feasible to isolate the desired tri-DPP through
hot column chromatography, significantly limiting the batch-to-batch variations usually observed
with polymers. Moreover, Tri-DPP displays good film forming capability compared to general
small molecules as evidenced by the reduced leakage currents. These observations are in
agreement with oligomers acting as a compromise between small molecules and polymers.

For similar DPP oligomers, Nguyen et al. demonstrated that linear alkyl chains furnish better
PV performances than branched alkyl chains due to better molecular packing [93]. Therefore, we
designed and studied a coplanar DPP oligomer, called Tri-BTDPP, to elucidate if a further
improvement of the molecular packing would further enhance the PV performances. As shown in
chapter 3, Tri-BTDPP does display improved molecular packing. This results in a broader
absorption spectrum up to the near infrared region, enhancing light harvesting, and a high hole
mobility of 1 x 10° cm2Vt.s? for improved charge carrier transport. Despite those promising
features, Tri-BTDPP displayed poor PV performances with a maximum PCE of 0.7% in inverted
BHJ OSCs.

To understand the origins of the low performances, a careful study of the morphology was
conducted which revealed a strong nanophase separation of donor and acceptor. Large domains
of Tri-BTDPP were predominantly formed, limiting the amount of donor-acceptor interfaces,
which are necessary for efficient charge separation. This result explains the low PV
performances of Tri-BTDPP and highlights how an unfavorable morphology can be detrimental
to the PV process. By analyzing the phase diagram of the Tri-BTDPP:PC;;BM blend, we
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demonstrated that the non-miscibility of both semiconductors is responsible for this harmful
morphology as both compounds preferentially crystallize separately, rather than intermix.

Knowing the root cause of the inefficiency of Tri-BTDPP:PC7;BM based OSCs gives some
avenues for new molecular engineering. We suspected that the coplanar conformation of Tri-
BTDPP would lead to high crystallinity and thus strong self-assembly which would, in tum,
result in poor miscibility with PC;:BM. To identify if a more twisted conformation is susceptible
to reduce the self-assembly tendency and thus improve the molecule’s miscibility with PC71BM,
two other DPP oligomers were subsequently engineered: Tri-DPP-PT with phenyl end-capping
and Tri-DPP-PT-C6 with phenyl end-capping and hexyl thiophene spacers. In the case of Tri-
DPP-PT, its tendency towards lower degrees of self-assembly compared to Tri-BTDPP was
validated by UV-Visible absorption and XRD measurements. This confirms that the curvature of
the molecule controls the molecular packing and thus the self-assembly. However, the reduced
crystallinity adversely affects the charge transport properties of Tri-DPP-PT compared to Tri-
BTDPP, showing a reduced hole mobility of 4.52 x 10° cm2V™s? Conventional OSCs
fabricated with Tri-DPP-PT and PC;1BM display similar performances as Tri-BTDPP, except for
the Voc, which rises to 0.7 V. ldentical nanophase separations were also observed, indicating that
Tri-DPP-PT does not have a better miscibility with PC;;BM. As for Tri-DPP-PT-C6, the
introduction of hexyl chains on thiophene spacers induces a variation in crystal orientation
confirming that side chains can tune the molecular packing as well. The PV performances were
not sensitive to the change in crystal orientation and a similar morphology was observed,
meaning that Tri-DPP-PT-C6 is not miscible with PC;;BM either. These conclusions suggest
that Tri-DPP-PT and Tri-DPP-PT-C6 still have a too planar conformation and consequently too
strong tendency to self-assemble, however an even more twisted conformation may annihilate
the charge transport properties.

5.2. EBI SMALL MOLECULES

A new class of small molecules with a simple D-A-D structure, based on an EBI electron
deficient building block, were successfully synthesized and characterized. These materials
demonstrate that EBI is a suitable building block to form semiconductors for application in
OTFTs and BHJ OSCs. The planar geometry of EBI favors a desirable molecular packing and
thus efficient charge transport, as illustrated with the EBI-2T and EBI-BF derivatives. The
highest hole mobility of 0.021 cm2. V*'s' was achieved when EBI was combined with
benzofuran end-capping as the whole molecular backbone has a coplanar conformation. These
excellent charge transport properties surpass those of small molecules based on thienoisoindigo
and isoindigo, emphasizing the potential of EBI derivatives in improving charge transport.
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In conventional BHJ OSCs, the EBI-2T: PCBM system showed the highest performances,
with a maximum PCE of 1.92%, owing to the broad absorption spectrum of EBI-2T and the
favorable morphology of the blend. The PCE values of EBI-2T-based devices are similar to
those of isoindigo small molecules, validating the use of EBI as chromophore for OSC
application. As for EBI-T and EBI-BF-Cyg, their limited performances were caused by poor
crystallinity preventing efficient charge transport, and unfavorable morphology limiting charge
separation, respectively.

By scrutinizing the morphology and the phase diagram of each EBI:PCgBM blend, we
establish that a donor-acceptor system with a eutectic phase diagram displays suitable nanophase
separation for good charge separation. In stark contrast, donor-acceptor systems with poor
depression of their melting point exhibit a non-miscibility of the donor and acceptor, which in
turn result in excessive phase segregation.

5.3. GENERAL CONCLUSION

This thesis establishes some structure-properties relationships via the study of two series of
donor materials. In both series, increasing the planar conformation grants better molecular
packing and thus improves the charge transport properties of the molecule in OTFTs.
Meanwhile, in OSCs, these planar molecules display limited miscibility with PCBM derivatives.
This leads to morphologies with large domains of donor and acceptor materials which drastically
reduces the PV performances of BHJ OSCs. In contrast, materials with dihedral angles of 20°-
25° along their backbone appear to intermix favorably with PCBM and form morphologies with
domains sizes in the range of the exciton diffusion length, ideal for efficient charge separation.
These conclusions underline the importance of selecting the right donor-acceptor combination to
tune not only the energy levels but also the molecular packing and the miscibility of the donor
and acceptor materials.

5.4. PERSPECTIVES

This thesis identifies the key role played by the miscibility between donor and acceptor in
morphology formation. Our research demonstrates that planar molecules do not show good
miscibility with PCBM. The next step would be to identify how to control this miscibility. For
instance, the use of solvent additives may change the intermolecular interactions and improve the
miscibility. Furthermore, pursuing the testing of different donor spacers could help to determine
the intermolecular interactions that prevent the miscibility of the molecules.
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Concerning DPP oligomers, Chapter 1 introduces Tri-BTDPP, with its unique absorption
spectra up to the near infra-red region. Figure 111-a compares the absorption spectra of P3HT
and Tri-BTDPP neat films. The absorption spectra of both materials were found to be
complementary and therefore a blend of both compounds results in a broad absorption spectrum
from 400 nm to 1000 nm. We believe that ternary BHJ OSCs based on P3HT, Tri-BTDPP and
PCBM could be a good avenue to reach a broad light harvesting and efficient PV performances.
Furthermore, Figure 111-b illustrates the quenching study performed on P3HT with Tri-BTDPP
and PCg;:BM. Tri-BTDPP efficiently quenches P3HT, meaning that electron transfer is possible
from P3HT to Tri-BTDPP. These observations suggest that Tri-BTDPP may also be tested as an
electron acceptor for BHJ OSCs, along with P3HT. Moreover, regarding their optoelectronic
properties, the three DPP oligomers could be embedded in photodetectors.
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Figure 111: a) Absorption and b) photoluminescence spectra of a P3HT neat film, and a P3HT
blend film with Tri-BTDPP and PC¢,BM

Regarding EBI small molecules, EBI-2T exhibits an encouraging PCE of 2% in conventional
BHJ OSCs without any special treatment. Compared to small molecule-based devices found in
the literature, the Jsc and FF of EBI-2T-based OSCs are relatively low. With an optimized
molecular design, both PV parameters can be enhanced. To raise the Jsc, EBI can, for instance,
be combined with an extended w-conjugated electron-rich building block such as BDT and DTS
to broaden the molecule’s absorption spectrum and thus the light harvesting. Moreover, BDT and
DTS are also known to provide efficient charge transport, which is good for a high FF.
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APPENDIX 2: SYNTHESIS OF DPP DERIVATIVES

2,5-bis(2-ethylhexyl)-3,6-dithiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione [197]:

In a 100 ml dry three-necked round bottom flask, 3,6-di(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (6 g, 0.02 mol, 1 eq) and potassium carbonate
(9.12 g, 0.066 mol, 3.3 eq) were introduced. The system was purged under argon. 200 ml of
DMF were added. The solution was heated at 120°C for 1 hour. 2-ethylhexyl bromide
(11.59 g, 0.06 mol, 3 eq) was added. The mixture was heated at 140°C overnight. The
solution was cooled down to room temperature. The solution was poured onto 500 ml of
water. After stirring for 1 hour, the solid was filtrated and washed several times with
methanol. The crude was further purified by silica gel chromatography (eluent:
Hexane/DCM 20/80). The product was crystallized in isopropanol. A dark red solid was
obtained (4 g, 38 %).

1H NMR(300 MHz,CDCls) § 8.89 (d, = 3.3 Hz, 2H), 7.63 (d, ]=3.6 Hz, 2H), 7.27 (d, ]=3.6
Hz,2H), 4.03 (dd, J=7.3 Hz, 3.2 Hz, 4H), 1.86 (s,2H), 1.43-1.17 (m, 16H), 1.08-0.70 (m, 12H)
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3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione (1) [197]:

At 5°C and under light exclusion, to a solution of 2,5-bis(2-ethylhexyl)-3,6-dithiophen-2-
yl)pyrrolo[3,4-c|pyrrole-1,4-dione (2 g, 3.8 mmol, 1 eq) in 50 ml of chloroform, N-
bromosuccinimide (0.68 g, 3.8 mmol, 1 eq) in few portions. The mixture was stirred at
room temperature overnight. The product was extracted with chloroform and washed with
brine three times. The organic phase was dried with sodium sulfate and the solvent was
evaporated under vacuum. The crude was further purified by silica gel chromatography
column (Hexane/AcOEt 96/4). 1.01 g of product were obtained (44 %).

1H NMR(300 MHz,CDCls) § 8.90 (d, ] = 3.3 Hz, 1H), 8.63 (d, J=4.2 HZ, 1H), 7.64 (d, J=4.1 Hz,
1H), 7.28 (d, ]=5.1 Hz, 1H), 7.22 (d, ]= 4.2 Hz, 1H), 4.02 (dd, ]=7.7 Hz, 3.8 Hz, 2H), 3.94 (dd,
J= 7.8 Hz, 3.8 Hz, 2H), 1.84 (s, 2H), 1.47-1.14 (m, 17 H), 1.07-0.66 (m, 12H)
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2,5-bis  (2-octyldodecyl)-3,6-di(thiophene-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione:

In a 100 ml dry three-necked round bottom flask, 3,6-di(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1.5 g, 0.005 mol, 1 eq) and potassium carbonate
(2.1 g, 0.015 mol, 3 eq) were introduced. The system was purged under argon. 60 ml of
DMF were added. The solution was heated at 120°C for 1 hour. 2-octyldodecyliodide (5.1 g,
0.013 mol, 2.5 eq) was added. The mixture was heated at 140°C overnight. The solution
was cooled down to room temperature. The solution was poured onto 500 ml of water.
After stirring for 1 hour, the solid was filtrated and washed several times with methanol.
The crude was further purified by silica gel chromatography (eluent: Hexane/DCM 20/80).
The product was crystallized in isopropanol. A dark red solid was obtained (1.53 g, 35.5
%).

1H NMR(300 MHz,CDCl3) § 8.87 (d, ] = 3.6 Hz, 2H), 7.62 (d, ] = 3.6 Hz, 2H), 7.28 (m, 2H),
4.03-4.00 (m, 4H), 1.90 (m, 2H), 1.40-1.15 (m, 64H), 0.87-0.86 (m, 12H)
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2,5-bis(2-octyldodecyl)-3,6-bis(5-(trimethylstannyl)thiophen-2-yl)-2,5-

dihydropyrrolo|3,4-c]pyrrole-1,4-dione (2) [131]:

2,5-bis(2-octyldodecyl)-3,6-di(thiophene-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(2 g 0.023 mol, 1eq) was dissolved in 70 ml of anhydrous THF under argon protection. The
solution was cooled down to -78°C and 1.8 of LDA solution (2M in hexane) was added
dropwise. The mixture was stirred at this temperature for one hour and allowed to warm
to -20°C- 0°C at which point was stirred an additional hour. The solution was cooled to -
78°C and trimethyltin chloride (8 ml, 0.008 mol, 3.5 eq) was rapidly added. The mixture
was allowed to warm to room temperature and was stirred overnight. 60 ml of cold water
was added and the product was extracted with DCM. The organic phase was washed
several times with water before being dried with sodium sulfate. The solvent was
evaporated. The product was washed with methanol to obtain a sticky dark purple solid.

1H NMR(300 MHz,CDCl3) § 8.98 (d, ] = 2.4 Hz,2 H), 7.32 (d, ] = 2.5 Hz, 2 H), 4.05-4.03 (d, ] =
7.5 Hz, 4 H), 1.91 (s, 2 H), 1.45-1.20 (m, 64 H), 0.99 - 0.73 (m, 12 H), 0.56-0.24 (m, 18 H)
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6,6'-((2,5-Bis(2-octyldodecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-
diyl)bis([2,2'-bisthiophene]-5',5-diyl))bis(2,5-bis(2-ethylhexyl)-3-(thiophen-2-yl)-
2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (Tri-BTDPP).

A 100 mL dry three-necked round bottom flask was charged with compound 1 (1.5 g,
0.0025 mol, 2.1 eq), compound 2 (1.40 g, 0.0012 mol, 1 eq), P(o-tolyl)s (28.7 mg, 0.09
mmol, 0.08 eq) and anhydrous toluene (49 mL) under argon. Then, Pdz2(dba)s (21.9 mg,
0.024 mmol, 0.02 eq) dissolved in anhydrous toluene (1 mL) was added into the flask
through a syringe. The mixture was heated at 120 °C for 60 h during which the color of the
solution turned from purple to blue. After cooling down to room temperature, the solution
was poured into methanol (600 mL) and stirred for 30 min. The resulting precipitate was
filtered and purified using column chromatography on silica gel with a mixture of
dichloromethane (DCM) and hexane (with a volume ratio of 6:4) and then pure chloroform
as eluent to afford 1.65 g (72%) of the crude product and 0.60 g (26%) of 6,6'-([2,2'-
bithiophene]-5,5'-diyl)bis(2,5-bis(2-ethylhexyl)-3-(thiophen-2-yl)-2,5-dihydropyrrolo|3,4-
c]pyrrole-1,4-dione) (3), a by-product formed by the mono-coupling of compound 1 and 2.
The crude product obtained by the first column separation contains the target Tri-BTDPP
and the by-product 3-(5'-(2,5-bis(2-ethylhexyl)-3,6-dioxo-4-(thiophen-2-yl)-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrol-1-yl)-[2,2'-bithiophen]-5-yl)-2,5-bis(2-octyldodecyl)-6-

(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (4), formed by the homo-
coupling of 1. 0.50 g of this crude product was further purified on silica gel column
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chromatography at 50 °C using a mixture of chloroform/toluene (volume ratio: 1/1) as
eluent to afford 0.39 g pure Tri-BTDPP as a dark blue solid and 0.11 g of the by-product 4.
The total amounts of Tri-BTDPP and 4 in 1.65 g of the crude product are estimated to be
1.29 g (56%) and 0.36 g (16%), respectively.

Data for Tri-BTDPP:

1§H NMR (CDCls, 400 MHz) 8.93 (2H, d, ] = 4.2 Hz), 8.91 (2H, d, ] = 4.2 Hz), 8.85 (2H, dd, ] =
3.9, 1.1 Hz), 7.49 (2H, dd, ] = 5.0, 1.0 Hz), 7.25 (4H, dd, ] = 3.9, 3.5 Hz), 7.14 (2H, dd, ] = 4.9,
4.0 Hz), 3.96 (12H, d, J=5.2 Hz), 2.00 - 1.71 (6H, m), 1.39 - 1.23 (35H, m), 1.22 - 1.05 (70H,
m), 0.92 - 0.72 (41H, m)

13C NMR (CDCl3,400 MHz) & 161.81, 161.69, 141.49, 141.19, 140.67, 139.33, 139.28,
137.43, 137.15, 135.95, 131.03, 130.14, 130.02, 129.95, 128.77, 126.12, 109.37, 109.08,
108.44, 77.56, 46.76, 46.30, 39.73, 39.46, 38.41, 32.26, 32.24, 31.60, 30.68, 30.56, 30.51,
30.45, 30.05, 29.99, 29.97, 29.92, 29.72, 29.70, 28.84, 28.69, 26.65, 24.02, 23.87, 23.47,
23.44,23.03, 14.45, 14.38,10.91, 10.83.

HR-MS (ESI): Found m/z [M*H]* 1906.11094; calculated for C114H164N¢06S¢ 1906.08759
Data for 3:

1H NMR (CDCl3, 300 MHz) §9.05-8.84 (4H, m), 7.65 (2H, d, J=4.9 Hz), 7.43 (2H, d, ]=4.2 Hz),
7.33 - 7.28 (1H, m), 7.23 - 7.18 (1H, m), 4.04 (8H, d, J= 7.1 Hz), 1.92 (4H,s), 1.44 - 1.07 (8H,
m), 1.04-0.67 (26H, m).

13C NMR (CDCls, 300 MHz) § 161.62, 140.88, 140.55, 139.15, 136.68, 135.58, 130.80,
129.79, 128.50, 125.99, 108.85, 108.14, 46.30, 45.94, 39.31, 39.07, 37.97, 37.75, 31.91,
31.21, 30.05, 29.65, 29.36, 28.50, 28.34, 26.26, 23.63, 23.08, 22.68, 14.12, 10.56. HR-MS
(ESI): Found m/z [M+H]+ 1383.87347; calculated for C84H127N404S4 1383.87110
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Data for 4: MALDI-TOF: Found m/z [M*H]* 1046.4; calculated for CeoH79N404S4 1046. 7
3-phenyl-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (11a) [134]:

Tert-amyl-alcohol was first dried and distilled. In a 100 ml dry three-necked round bottom
flask, ethyl 5-oxo-2-phenyl-4,5-dihydro-1H-pyrrole-3-carboxylate (2.5 g, 0.0108 mol, 1 eq)
and thiophene-2-carbonitrile (1.18 g, 0.0108 mol, 1 eq) were introduced. The system was
purged under nitrogen atmosphere. 40 ml of tert-amyl-alcohol were added, followed by the
solution in THF of sodium tert butoxide (2M) (9.18 ml, 0.0184 mol, 1.7 eq). The mixture
was then heated at 90°C overnight. 40 ml of methanol were added. The solution was slowly
neutralized with glacial acetic acid (1.1 ml) and refluxed for 15 min. After cooling down to
room temperature, the product was filtrated and washed with water and methanol several
times. 2.12 g of dark red solid were collected (67 %).

1H NMR(300 MHz,DMSO0) & 11.25 (s,2H), 8.48-8.34 (m,2H), 8.27 (d, ] = 3.7 Hz, 1H), 7.99 (d, ]
= 4.9 Hz, 1H), 7.62-7.48 (m, 3H), 7.35-7.27 (m,1H)
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3-(4-hexylthiophen-2-yl)-6-phenyl-2,5-dihydropyrrolo|3,4-c]pyrrole-1,4-dione
(11b):

Tert-amyl-alcohol was first dried and distilled. In a 100 ml dry three-necked round bottom
flask, ethyl 5-oxo-2-phenyl-4,5-dihydro-1H-pyrrole-3-carboxylate (2.39 g, 0.01 mol, 1 eq)
and 4-hexylthiophene-2-carbonitrile (2 g, 0.01 mol, 1 eq) were introduced. The system was
purged under nitrogen atmosphere. 40 ml of tert-amyl-alcohol were added, followed by the
solution in THF of sodium tert butoxide (2M) (8.5 ml, 0.017 mol, 1.7 eq). The mixture was
then heated at 90°C overnight. 40 ml of methanol were added. The solution was slowly
neutralized with glacial acetic acid (1 ml) and refluxed for 15 min. After cooling down to
room temperature, the product was filtrated and washed with water and methanol several
times. 2.56 g of dark red solid were collected (69 %).

1H NMR(300 MHz,DMSO0) & 11.19 (s, 2H), 8.43-8.41 (m, 2H), 8.14 (s, 1H), 7.62 (s, 1H), 7.56-
7.54 (m, 3H), 2.65-2.60 (t, 2H), 1.63-1.58 (m, 2H), 1.34-1.25 (m, 6H), 0.98-0.84 (m, 3H)
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2,5-bis(2-ethylhexyl)-3-phenyl-6-thiophen-2-yl)-2,5-dihydropyrrolo|3,4-C]pyrrole-
1,4-dione (12a):

In a 100 ml dry three-necked round bottom flask, 3-phenyl-6-(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (10) (1.25 g, 0.00425 mol, 1 eq) and potassium
carbonate (2.35 g, 0.017 mol, 4 eq) were introduced. The system was purged under
nitrogen. 50 ml of DMF were added. The solution was heated at 120°C for 30 minutes. 2-
ethylhexylbromide (2.27 ml g, 0.0128 mol, 3 eq) was added. The mixture was heated at
120°C overnight. The solution was cooled down to room temperature. The solution was
poured onto 70 ml of water. The product was extracted with chloroform (200 ml). The
organic phase was dried with sodium sulfate. The solvent was evaporated under vacuum.
The crude was further purified by silica gel chromatography (eluent: Hexane/EtAc 95/5).
The product was crystallized in methanol. 0.62 g of dark red solid was obtained (28 %).

1H NMR(300 MHz,CDCl3) § 8.92 (d, ] = 3.8 Hz, 1H), 7.75 (dd, J1 = 6.4 Hz, J» = 1.2 Hz, 2H), 7.65
(d,] = 5.1 Hz, 1H), 7.51 (m, 3H), 7.29 (d, ] = 4.1 Hz, 1H), 3.95 (dd, J1 = 7.8 Hz, J» = 1.5 Hz, 2H),
3.81 (dd, J1 = 6.6 Hz, ]2 = 0.7 Hz, 2H), 1.83 (s, 1H), 1.51 (s, 1H), 1.37-1.00 (m, 16H), 0.86-0.67
(m, 6H), 0.75 (t, ] = 6.5 Hz, 3H), 0.70 (t, ] = 7.3 Hz, 3H)

13C NMR(300 MHzCHCI3) 6 162.29, 162.17, 146.92, 142.08, 135.57, 130.84, 130.64,
129.72, 128.76, 128.63, 168.40, 109.55, 107.90, 45.67, 45.05, 39.03, 38.54, 30.27, 28.38,
23.66,23.01, 22.80, 13.97,13.89, 10.47, 10.33
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2,5-bis(2-ethylhexyl)-3-(4-hexylthiophen-2-yl)-6-phenyl-2,5-dihydropyrrolo|3,4-
c]pyrrole-1,4-dione (12b):

In a 100 ml dry three-necked round bottom flask, 3-(4-hexylthiophen-2-yl)-6-phenyl-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2.3 g, 0.0061 mol, 1 eq) and potassium carbonate
(3.31 g, 0.024 mol, 4 eq) were introduced. The system was purged under nitrogen. 70 ml of
DMF were added. The solution was heated at 120°C for 40 minutes. 2-ethylhexylbromide
(3.25 ml g, 0.0183 mol, 3 eq) was added. The mixture was heated at 120°C overnight. The
solution was cooled down to room temperature. The solution was poured onto 100 ml of
water. The product was extracted with chloroform (250 ml). The organic phase was dried
with sodium sulfate. The solvent was evaporated under vacuum. The crude was further
purified by silica gel chromatography (eluent: Hexane/EtAc 98/2). The product was
crystallized in methanol. 1.9 g of dark red oil was obtained (52 %).

1H NMR(300 MHz,TCE-d2) § 8.58 (s, 1H), 7.68 (d, ] = 4.3 Hz, 2H), 7.49 (d, ] = 4.2 Hz, 3H),
7.27 (s, 1H), 3.79 (m, 4H), 2.66 (t, ] = 7.6 Hz, 2H), 1.76 (s, 1H), 1.62 (m, 3H), 1.4-1.15 (m,
16H), 1.07 (m, 6H), 0.89-0.75 (m, 9H), 0.74-0.70 (m, 3H), 0.65-0.57 (m, 3H)

13C NMR(300 MHz,CHCI3) 6 165.46, 165.08, 149.56, 147.92, 145.26, 139.40, 133.83,
132.37,131.98,131.74, 131.65, 129.78, 112.56, 110.64, 48.69, 47.98, 42.01, 41.47, 34.74,
33.49,33.37, 33.24, 32.10, 31.52, 31.23, 26.69, 26.20, 25.94, 25.76, 17.33, 17.26, 17.15,
13.68, 13.57
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3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-phenyl-2,5-dihydropyrrolo|3,4-
c]pyrrole-1,4-dione (13a):

At 5°C and under light exclusion, to a solution of 2,5-bis(2-ethylhexyl)-3-phenyl-6-
thiophen-2-yl)-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione (1 g, 0.0019 mol, 1 eq) in 25 ml
of chloroform, N-bromosuccinimide (0.34 g, 0.0019 mol, 1 eq) in few portions. The mixture
was stirred at room temperature overnight. The product was extracted with chloroform
and washed with brine three times. The organic phase was dried with sodium sulfate and
the solvent was evaporated under vacuum. The crude was further purified by silica gel
chromatography column (DCM/hexane 75/25). 0.65 g of product were obtained (57 %).

1H NMR(300 MHz,CDCl3) 8 8.58 (d, ] = 3.7 Hz, 1H), 7.67(d, ] = 4.2 Hz, 2H), 7.42 (m, 3H), 7.17
(d, ] = 3.8 Hz, 1H), 3.97-3.60 (m, 4H), 1.74 (s, 1H), 1.42 (s, 1H), 1.32-0.89 (m, 16H), 0.89-
0.53 (m, 12H)

13C NMR(300 MHzCHCI3) 6 162.04, 162.01, 147.42, 140.67, 135.47, 131.37, 131.10,
130.78, 128.79, 128.60, 128.49, 119.06, 109.41, 108.06, 45.73, 45.06, 39.04, 38.50, 30.23,
30.17,28.33,28.17, 23.62, 23.57, 23.00, 22.79, 13.99, 13.90, 10.45, 10.30
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3-(5-bromo-4-hexylthiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-phenyl-2,5-
dihydropyrrolo|[3,4-c]pyrrole-1,4-dione (13b):

At 5°C and under light exclusion, to a solution of 2,5-bis(2-ethylhexyl)-3-(4-hexylthiophen-
2-yl)-6-phenyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1.8 g, 0.003 mol, 1 eq) in 40 ml
of chloroform, N-bromosuccinimide (0.53 g, 0.003 mol, 1 eq) in few portions. The mixture
was stirred at room temperature overnight. The product was extracted with chloroform
and washed with brine three times. The organic phase was dried with sodium sulfate and
the solvent was evaporated under vacuum. The crude was further purified by silica gel
chromatography column (DCM/hexane 75/25). 1 g of dark red oil were obtained (50 %).

1H NMR(300 MHz, TCE-d2) § 8.37 (s, 1H), 7.67 (d, ] = 4.9 Hz, 2H), 7.49 (m, 3H), 3.79-3.71
(m, 4H), 2.61 (t, ] = 7.5 Hz, 2H) , 1.74 (s, 1H), 1.61 (s, 2H), 1.38-1.19 (m, 16H), 1.8-1.0 (m,
6H), 0.84-0.81 (m, 9H), 0.73 (m, 3H), 0.64 (m, 3H)

13C NMR(300 MHz,CHCI3) 6 161.97,161.86, 146.93, 143.80, 140.80, 135.73, 130.59,
129.11, 128.67,128.55, 116.49, 109.37, 107.72, 45.62, 44.94, 39.03, 38.34, 31.53, 30.15,
29.58, 29.41, 28.91, 28.33, 28.10, 23.59, 23.00, 22.77, 22.59, 13.99, 13.89, 10.43, 10.33
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6,6’-((2,5-bis(2-octyldodecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo|3,4-c]pyrrole-1,4-
diyl)bis([2,2’-bithiophene]-5,5’-diyl))bis(2,5-bis(2-ethylhexyl)-3-phenyl-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (Tri-DPP-PT):

A 50 ml dry three necked flask was charged with 3-(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl)-6-phenyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (0.600 g, 0.001, 2eq), 2,5-
bis(2-octyldodecyl)-3,6-bis(5-(trimethylstannyl)thiophen-2-yl)-2,5-dihydropyrrolo(3,4-
c|pyrrole-1,4-dione (0.596 g, 0.0005 mol, 1 eq) and trio(o-totyl)phosphine (12.1 mg,
0.00004, 0.08eq). The system was purged under argon. 20 ml of anhydrous toluene was
added. Tris(dibenzylideneacetone)dipalladium(0) (9.1 mg, 0.00001, 0.02eq) was dissolved
into 1 ml of anhydrous toluene and injected in the solution. The mixture was heated at
120°C for 60 H. After cooling down, the solution was poured on 400 ml of methanol. The
precipitate was filtrated. The crude was further purified by silica gel chromatography
column (toluene/chloroform 1/1). 400 mg of dark blue solid were obtained (42%).

1H NMR(300 MHz,CHCl3) § 8.91 (d, ] = 3.2 Hz, 4H), 7.74-7.73 (m, 4H), 7.47 (m, 6H), 7.41 (d,
] = 2.9 Hz, 4H), 4.05 (d, ] = 6.8 Hz, 4H), 3.97 (d, ] = 7.7 Hz, 4H), 3.83 (d, ] = 6.8 Hz, 4H), 1.95
(S, 2H), 1.86 (s, 2H), 1.49 (s, 2H), 1.34 (m, 22H), 1.21 (m, 62H), 1.09 (m, 12H), 0.87 (m,
24H), 0.78 (t,] = 6.7 Hz, 6H), 0.70 (t, ] = 7.3 Hz, 6H)

13C NMR(300 MHzCHCl3) 6 162.24, 162.07, 161.56, 147.43, 141.49, 141.37, 140.77,
139.30, 136.80, 129.94, 128.88, 128.84, 128.59, 126.25, 126.14, 109.69, 109.20, 108.89,
46.48, 45.83, 45.16, 39.31, 38.49, 38.04, 32.06, 31.43, 30.43, 30.23, 29.78, 29.52, 28.71,
28.37,26.47,23.90, 23.83, 23.25, 22.98, 22.85

6,6’-((2,5-bis(2-octyldodecyl)(3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-1,4-
diyl)bis(3-hexyl-[2,2’-bithiophene]-5’,5-diyl))bis(2,5-bis(2-ethylhexyl)-3-phenyl-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (Tri-DPP-PT-C6):

A 50 ml dry three necked flask was charged with 3-(5-bromo-4-hexylthiophen-2-yl)-2,5-
bis(2-ethylhexyl)-6-phenyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (0.500 g, 0.73
mmol, 2eq), 2,5-bis(2-octyldodecyl)-3,6-bis(5-(trimethylstannyl)thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (0.435 g 0.37 mmol, 1 eq) and trio(o-
totyl)phosphine (8.9 mg, 0.0293 mmol, 0.08eq). The system was purged under argon. 15 ml
of anhydrous toluene was added. Tris(dibenzylideneacetone)dipalladium(0) (6.7 mg,
0.0073, 0.02eq) was dissolved into 1 ml of anhydrous toluene and injected in the solution.
The mixture was heated at 120°C for 60 H. After cooling down, the solution was poured on
270 ml of methanol. The precipitate was filtrated. The crude was further purified by silica
gel chromatography column (chloroform/ hexan 70/30). 240 mg of dark blue solid were
obtained (32%).

1H NMR(300 MHz,CHCl3) § 9.07 (d, ] = 4.02 Hz, 2H), 8.91 (s,2H), 7.80-7.74 (m, 4H), 7.56-
7.48 (m, 6H), 7.42 (d, ] = 4.02 Hz, 2H), 4.08 (d, ] = 7.2Hz, 4H), 3.96 (d, ] = 7.6 Hz, 4H), 3.85
(d,]J= 7.1 Hz, 4H), 3.01-2.85 (m, 4H), 2.00 (s,2H), 1.90 (s, 2H), 1.87-1.70 (m, 4H), 1.57 (s,2H),
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1.42-1.30 (m, 23 H), 1.27-1.17 (m, 62H), 1.16-1.05 (m, 12H), 0.98-0.74 (m, 37H), 0.7 (t, ] =
7.3 HZ, 6H)

13C NMR(300 MHzCHCl3) § 162.26, 162.14, 161.63, 146.96, 142.34, 140.99, 140.44,
139.52, 139.26, 136.60, 135.91, 130.78, 130.23, 128.84, 128.66, 128.19, 127.68, 109.85,
108.93, 108.60, 46.57, 45.77, 45.17, 39.32, 38.49, 38.07, 31.93, 31.90, 31.72, 31.18, 30.30,
30.22, 30.13, 29.93, 29.66, 29.57, 29.44, 29.38, 29.35, 28.52, 26.25, 23.72, 23.64, 23.12,
22.86,22.69

APPENDIX 3: SYNTHESIS OF EBI DERIVATIVES

(3Z)-6-bromo-3-((Z)-2-(6-bromo-2-oxoindolin-3-ylidene)ethylidene)indolin-
2-one [180,181]:

A reaction of a mixture of 6-bromoindole-2,3-dione (15 g, 0.066 mol, 1 eq), propionic
anhydride (50 ml) and pyridine (17 ml) was heated to reflux in a 100 ml three-necked
round-bottom flask under argon for 30 min. After cooling, the dark red needles were
separated, washed with acetone and ether several times and dried under vacuum at 100°C.
After washing three times with chloroform, 4.6 g of (3Z)-6-bromo-3-((£)-2-(6-bromo-2-
oxo-1-propionylindolin-3-ylidene)ethylidene)-1-propionylindolin-2-one intermediate
were obtained with a yield of 25%. Then, 4 g of the intermediate was further reacted with
0.8 g of KOH in 100 ml of ethanol under reflux for 20 minutes. The dark blue solid was
separated, washed with acetone and ether. The potassium derivatives was neutralized with
diluted HCl (0.20 M) in ethanol and then washed with water. 2.73 g of final product was
obtained yielding 85%.

1H NMR (DMSO, 300MHz): & 10.81 (d, ] = 21.7 Hz, 1H), 8.65 (d, ] = 13.1 Hz, 1H), 8.07 (dd, J = 15.0,
10.8 Hz, 2H), 7.97 (d, ] = 8.2 Hz, 1H), 7.18 (t, ] = 7.6 Hz, 2H), 7.01 (d, ] = 12.9 Hz, 2H).
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(3Z)-6-Bromo-3-((Z)-2-(6-bromo-1-(2-butyloctyl)-2-oxoindolin-3-
ylidene)ethylidene)-1-(2-butyloctyl)indolin-2-one (2a):

In a two-necked round bottom flask, 1 (1.5 g, 3.4 mmol, 1 eq), potassium
carbonate (1.81 g, 13.1 mmol, 3.9 eq) and 14 ml of DMF were introduced. 2-
Butyloctyl bromide (2.5g, 10.0 mmol, 2.9 eq) was then added. The reaction was
stirred at 70°C under argon for 20 h. 35 ml of deionized water were added and the
product was extracted with dichloromethane (DCM). The organic phase was dried
with sulphate sodium and DCM was evaporated under vacuum. The product was
further purified on silica gel chromatography column using a mixture of Hexane and
DCM (3:2) as eluent. The red solid was crystallized in isopropanol three times to get
red needles. 612.8 mg of 2a was obtained with a yield of 23%.

1H NMR (CDCls, 300MHz): & 8.94 (s, 2H), 7.47 (d, ] = 8.2 Hz, 2H), 7.16 (d, ] = 8.1 Hz, 2H),
6.91 (s, 2H), 3.58 (d, ] = 7.2 Hz, 4H), 1.86 (s, 2H), 1.43 - 1.13 (m, 37H), 1.11 - 0.61 (m, 13H).

13C NMR (CDCl3, 300MHz) 6 167.18, 144.52, 130.28, 129.00, 124.98, 124.40, 122.36,
122.09, 112.06, 44.41, 36.25, 31.78, 31.58, 31.30, 29.62, 28.65, 26.40, 23.03, 22.62,
14.07, 14.03.

HR-MS (ESI): calculated for Cs42 Hsg Oz N2 Brz: 781.29514; found (M+H)*: m/z
781.29378.
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(3Z)-6-Bromo-3-((Z)-2-(6-bromo-1-(2-hexyldecyl)-2-oxoindolin-3-
ylidene)ethylidene)-1-(2-hexyldecyl)indolin-2-one (2b):

In a two-necked round bottom flask, 1 (1.35 g, 0.003 mol, 1 eq), potassium
carbonate (1.63 g, 0.0118 mol, 3.9 eq) and 13 ml of DMF were introduced. 2-
hexyldecyl iodide (3.17 g, 0.009 mol, 3 eq) was then added. The reaction was stirred
at 70°C under argon for 20 hours. 40 ml of deionized water were added and the
product was extracted with DCM. The organic phase was dried with sulfate sodium
and DCM was evaporated under vacuum. The product was further purified on silica
gel chromatography column using a mixture of Hexane and DCM (65:35) as eluent.
The red solid was crystallized in isopropanol three times to get red needles. 530 mg
of 2b was obtained giving a yield of 20%.

1H NMR (CDCls, 300MHz) & (ppm) 8.94 (S, 2H), 7.47 (d, J= 7.47 Hz, 2H), 7.16 (d,
J=7.16 Hz, 2H), 6.91 (s, 2H), 3.57 (d, J=7.3 Hz, 4H), 1.86 (s, 2H), 1.47-1.11 (m, 49H),
0.95-0.78 (m, 12H)

13C NMR (CDCls, 300MHz) § (ppm) 167.19, 144.48, 130.27, 129.01, 124.98, 124.39,
122.35, 122.06, 112.07, 44.39, 36.20, 31.87, 31.78, 31.57, 31.55, 29.95, 29.63, 29.52,
29.28, 26.42, 26.39, 22.66, 22.63, 14.11, 14.09
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HR-MS: calculated for Cso H74 O2 N2 Br2: 893.41948; found (M+H)*: m/z 893.41898
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(3Z)-1-(2-butyloctyl)-3-((Z)-2-(1-(2-butyloctyl)-2-0x0-6-(thiophen-2-
yl)indolin-3-ylidene)ethylidene)-6-(thiophen-2-yl)indolin-2-one (EBI-T):

2a (0.70 g, 0.9 mmol, 1 eq) and tributyl(thiophen-2-yl)stannane (0.57 ml, 1.8
mmol, 2 eq) were placed in a 50 ml dried flask and then, the flask was evacuated and
back-filled with argon three times. Next, 30 ml of anhydrous toluene was poured
into the flask. A mixture of Pdz(dba)sz (0.019 g, 0.018 mmol, 0.02 eq) and P(o-totyl)s (
38.5 mg) which were separately introduced in 1 ml of anhydrous toluene were
injected into the flask. The mixture was heated at 90°C under argon and stirred for
60 hours. Toluene was evaporated. The compound was purified on silica gel
chromatography column with hexane and DCM (60:40) as eluent. The product was
crystallized in isopropanol three times. 0.53 g of EBI-T was obtained giving a yield of
74.6%.

1H NMR (CDCls, 300MHz) & 8.96 (s,2H), 7.61 (d, ]=7.9 Hz, 2H), 7.35 (dd, J1= 3.6 Hz,
J2= 1.0 Hz, 2H), 7.32 (dd, J1= 5.1 Hz, J2= 1.0 Hz), 7.27 (dd, J1=7.9 Hz, ]2= 1.5 Hz, 2H),
7.09 (dd, J1= 5.1 Hz, J2=3.6 Hz, 2H), 6.97 (d, J=1.1 Hz, 2H), 3.65 (d, ] =7.4 Hz, 4H),
1.91 (s, 2H), 1.37-1.12 (m, 32H), 1.02-0.69 (m, 12H)

13C NMR (CDCl3, 300MHz) &6 167.66, 144.27, 143.98, 136.31, 130.27, 128.59, 128.21,
125.55, 123.69, 122.61, 121.70, 119.57, 105.80, 44.17, 36.42, 31.82, 31.76, 31.46,
29.65, 28.83, 26.60, 23.03, 22.63, 14.08
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HR-MS (FD): calculated for Cso Hes O2 N2 Sz: 788.44092; found (M*): m/z 788.44010

(3Z)-6-(benzofuran-2-yl)-3-((Z)-2-(6-(benzofuran-2-yl)-1-(2-butyloctyl)-2-
oxoindolin-3-ylidene)ethylidene)-1-(2-butyloctyl)indolin-2-one (EBI-BF-C12):

2a (0.41 g, 0.53 mmol, 1 eq) and trimethyl(benzofuran-2-yl)stannane (0.35 g, 1.26
mmol, 2.4 eq) were placed in a 50 ml dried flask and then, the flask was evacuated
and back-filled with argon three times. Next, 15 ml of anhydrous toluene was poured
into the flask. A mixture of Pdz(dba)z (0.011 g, 0.011 mmol, 0.02 eq) and P(o-totyl)s
(12.7 mg) which were separately introduced in 1 ml of anhydrous toluene were
injected into the flask. The mixture was heated at 110°C under argon and stirred for
12 hours. Toluene was evaporated. The compound was purified on silica gel
chromatography column with hexane and DCM (60:40) as eluent. The product was
crystallized in isopropanol three times. 0.27 g of EBI-BF-C12 was obtained giving a
yield of 55 %.

'H NMR (CDCls, 300MHz) & 8.98 (s, 2H), 7.68 (d, J = 7.9 Hz, 2H), 7.59 (d, J = 7.4 Hz,
2H), 7.52 (d, J = 7.6 Hz, 4H), 7.38 — 7.18 (m, 6H), 7.07 (s, 2H), 3.70 (d, J = 5.2 Hz, 4H), 1.97 (s,
2H), 1.46 — 1.17 (m, 32H), 1.01 — 0.74 (m, 12H).

13C NMR (CDCl3, 300MHz) 6 167.55, 155.50, 154.94, 143.91, 132.05, 130.32, 129.06,
128.86, 124.80, 123.52, 123.14, 121.56, 121.06, 118.71, 111.19, 104.61, 102.55,
44.22,36.42,31.87,31.74, 31.44, 29.68, 28.82, 26.58, 23.06, 22.64, 14.15, 14.10

HR-MS (FD): calculated for Csg Heg O4 N2: 856.51857; found (M*): m/z 856.51791

(3Z)-6-(benzofuran-2-yl)-3-((Z)-2-(6-(benzofuran-2-yl)-1-(2-hexyldecyl)-2-
oxoindolin-3-ylidene)ethylidene)-1-(2-hexyldecyl)indolin-2-one (EBI-BF-Cis):

2b (0.55 g, 0.61 mmol, 1 eq), trimethyl(benzofuran-2-yl)stannane (0.41 g, 1.46
mmol, 2.4 eq) and P(o-totyl)s (14.8 mg, 0.05 mmol, 0.08 eq) were placed in a 50 ml
dried flask and then, the flask was evacuated and back-filled with argon three times.
Next, 17 ml of anhydrous toluene was poured into the flask. Pdz(dba)s (0.013 g,
0.012 mmol, 0.02 eq) were separately introduced in 1 ml of anhydrous toluene and
were injected into the flask. The mixture was heated at 110°C under argon and
stirred for 24 hours. Toluene was evaporated. The compound was purified on silica
gel chromatography column with hexane and DCM (50:50) as eluent. The product
was crystallized in isopropanol three times. 0.44 g of EBI-BF-C16 was obtained giving
ayield of 68.1 %.

'H NMR (TCE-d2, 300MHz): & 8.94 (s, 2H), 7.67 (d, J = 7.9 Hz, 2H), 7.57 (d, J = 7.5 Hz,
2H), 7.51 (d, J = 5.8 Hz, 4H), 7.36 — 7.18 (m, 6H), 7.08 (s, 2H), 3.65 (d, J = 7.3 Hz, 4H), 1.92 (s,
2H), 1.46 — 1.08 (m, 49H), 0.90 — 0.73 (m, 13H).
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13C NMR (CDCl3, 300MHz) 6 167.51, 155.51, 154.93, 143.88, 132.02, 130.27, 129.06,
128.82, 124.78, 123.52, 123.13, 121.53, 121.04, 118.69, 111.19, 104.59, 102.52,
44.21, 36.41, 31.88, 31.75, 30.00, 29.68, 29.61, 29.32, 26.59, 22.65, 14.09

HR-MS (FD): calculated for Css Hg4 O4 N2 : 968.64311; found (M*): m/z 968.64439

(3Z)-1-(2-butyloctyl)-3_((Z)-2-(1-(2-butyloctyl)-2-0x0-6-(5-(thiophen-2-
yl)thiophen-2-yl)indolin-3-ylidene)ethylidene)-6-(5-(thiophen-2-yl)thiophen-
2-yl)indolin-2-one (EBI-2T):

To a three-necked round bottom flask were added 2a (0.5 g, 0.64 mmol, 1 eq),
4,4,5,5-tetramethyl-2(5-(thiophen-2-yl)thiophen-2-yl)-1,3,2-dioxaborolane (0.41 g,
1.4 mmol, 2.2 eq), 10 ml of toluene and 10 ml of an aqueous solution of carbonate
potassium (2M). The system was placed under argon. Pd(PPhs)s ( 74 mg, 0.064
mmol, 0.1 eq) was added. The reaction was heated at 85°C for 24 hours. The product
was extracted with DCM and washed with deionized water three times. The organic
phase was dried with dehydrated sodium sulfate and DCM was removed under
vacuum. The compound was further purified by silica gel chromatography column
with chloroform/hexane (60:40) as eluent. 410 mg of EBI-2T were obtained giving a
yield of 67 %.

13C NMR (CDCl3z, 300MHz) 6 167.7, 144.03, 142.87, 137.55, 137.19, 135.94, 130.19,
128.60, 127.95, 124.73, 124.70, 124.42, 123.88, 122.75, 121.74, 119.19, 105.36,
44.22,36.50,31.88, 31.84, 31.54, 29.69, 28.90, 26.67, 23.07, 22.66, 14.13, 14.09

HR-MS (FD): calculated for Csg Heg O2 N2 S4: 956.41636; found (M*): m/z 952.41883
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