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The main scientific aim of the project was to understand and tune the spin dependent
mechanisms taking place in the light harvesting of OSCs in order to improve the efficiency of

charge generation.

As the ESR 13 and a part of the work package related to materials and samples, my main goals
were mostly related to synthesize conjugated donor materials for their application in organic
photovoltaics. In addition, | have also been trained in different areas other than organic
chemistry, HPLC chromatography, crystallization techniques, thermal characterization and
preparation and characterization of thin films and organic solar cells among others. Since the
group of the University of Angers (UA) was the only one composed of organic chemists, the main
task was to provide our partners with different materials according to their specific needs. To
make the most of this opportunity, some of the donor materials synthesized during the frame
of this PhD thesis were shipped to Barcelona (EURECAT and ICMAB), Dresden (Heliatek GmbH

and TUD) and Groningen (RUG). In addition, a collaboration with the University of Mons (UM)
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was set in place in order to obtain a better structure-property relationship from their theoretical
calculations. Thus, as the scope of the materials was diverse, only a coherent selection of the

molecules and the results was eventually included in this manuscript.
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Introduction to organic solar cells







CHAPTER 1

1.1 Context

Energy has been essential for the development of human activity for a long period of time. It
supports economic growth and social progress and is vital to maintain our quality of life.
However, there are nowadays several concerns regarding how the current methods of obtaining

energy impact the environment.

Over the last years, the energy consumption has continuously increased due to several reasons,
such as population growth and a general access to technology. According to a recent study
published by the International Energy Agency (IEA), the energy demand would increase up to
1.3% per year until 2040 if the current policies scenario does not change.* Although fossil fuels,
namely coal or oil, have been the historical and primary sources of energy, they present several
drawbacks, such as limited reserves and large generation of greenhouse gas emissions during
combustion. Consequently, in light of the above, keeping the same level of fossil fuel
consumption would be only postponing the inevitable. That is the reason why different

sustainable energy sources are currently emerging.

Photovoltaics is one of them and it stands out due to the high potential of the Sun. The amount
of energy it provides the Earth will be more than 1000 times the world energy consumption per
year for decades even though the demand will rise.? This intrinsically means that by covering
only around 0.1% of the surface of the Earth with 10% efficient solar cells would be enough to
take care of the whole energy demand.® That is why many efforts have been devoted to
improving the performance and scalability of these devices in order to make them a real long-

standing alternative to conventional energy sources.
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CHAPTER 1

1.2 History of photovoltaics

First discovered by Becquerel in 1839,%* the photovoltaic effect corresponds to the generation
of electric current and voltage in a material when exposed to light. It is based on the use of a
semiconductor that is excited under irradiation, thus creating an electron-hole pair, the so-called
exciton, due to the absorption of a photon. Eventually, the dissociation of this exciton in two
different charges and their collection by two different electrodes lead to the generation of an

electric current.

However, the fabrication of the first solar cell prototype, made out of silicon, came quite later,
i.e., in 1954.° This started the first generation of devices based on silicon with a power
conversion efficiency (PCE) of around 6%. Since this first demonstration, the PCE has constantly
improved and this first generation of devices currently generates 93% of the solar energy
production.” However, it is noteworthy that their performance greatly depends on the quality
of silicon, which is directly related to its price. The most efficient devices, which are made of
monocrystalline silicon, exhibit a PCE of 27.6%, but it decreases respectively to 23.2% and 14.0%
when multi-crystalline and amorphous silicon are used instead.® Moreover, and even if
commercially available, they present additional drawbacks, such as their extremely energy-
demanding fabrication and high weight, impacting for instance the ease of installation on roof
tops. In view of the foregoing, different types of solar cells have been developed afterwards

(Figure 1.1).°
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Figure 1.1. Best research-cell efficiencies chart from the National Renewable Energy Laboratory (NREL).°

Hence, the second generation of solar cells is based on inorganic semiconductors. Among other

materials, GaAs (gallium arsenide), CIGS (copper indium gallium diselenide) and CdTe (cadmium
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telluride) stand out with efficiencies of 30.5%, 23.4% and 22.1% respectively. Their improved
optical properties in comparison to the silicon-based devices allow the use of thinner layers,
decreasing the required weight and enabling their deposition on top of flexible substrates. The
main hurdles for their large-scale implementation are the toxicity and low availability of the

involved materials.

Besides, a more recent third generation of solar cells has been developed to overcome the major
issues of all the previous systems, and particularly their high production cost. The main
difference composition-wise is the implementation of organic materials. This generation of
hybrid solar cells includes different types of devices, such as dye-sensitized solar cells (DSSCs),
perovskite solar cells (PSCs) and the so-called organic solar cells or organic photovoltaics

(OSCs/OPV).

I'° and they are mainly composed of a dye-sensitized

DSSCs were largely developed by Gratze
wide-bandgap inorganic semiconductor, a counter electrode and an electrolyte which allows the
electron transfer. The dye or sensitizer carries out the light harvesting and, through its excited
state, it is able to inject electrons into the conduction band of the n-type semiconductor. The
electrolyte subsequently regenerates the sensitizer and is, in turn, reduced by the counter

electrode, resulting in the generation of photocurrent. These devices can reach efficiencies over

14%.1

The keys for the success of PSCs are the great charge mobility and the outstanding optical
properties of the perovskite. This inorganic network based on an ABXs structure, where A is an
organic cation, B a metallic cation and X a halide, was first used in a photovoltaic device in 2009
as a sensitizer for DSSCs.'? Although this result was already promising, the major breakthrough
came in 2012, when it was proved that this material can efficiently transport the electronic
charges to the electrodes in the total absence of the detrimental liquid electrolyte,® reaching a
PCE of 10.9%.* Since then, this topic has attracted considerable research attention resulting in
an impressive enhancement of the performances reaching 25.2% at this moment.® > However,
the main drawback of these devices comes from their lack of stability, since the perovskite is
water-soluble and moisture greatly spoils their performance. It is noteworthy that their air
stability has improved from minutes to thousands of hours but it is still far from being enough
for a real application.'® In addition, another big concern is the toxicity of lead, which has led to
several studies aiming to replace it by another cation. However, the efficiencies of these lead-

free PSCs are still lagging behind the conventional ones.?”

21



CHAPTER 1

Eventually, unlike the other types of solar cells, the active layer of OSCs is composed of organic
semiconductors sandwiched between two electrodes. As this PhD thesis will be related to this
type of devices, their working principle and their recent progress will be thoroughly detailed

along this chapter.

1.3 Organic solar cells

The first example of OPV was reported in 1958.% The active layer was made of two different
components, i.e., magnesium phthalocyanine and oxidized tetramethyl p-phenylenediamine.
However, the following examples were usually based on active layers of just one material in the
so-called Schottky devices. Although different organic semiconductors were tested for many
years,'>?! the intrinsic lack of charge separation completely hindered the development of this

type of devices.

Thus, to solve this problem, active layers made of two components with different electron
affinities were re-introduced. The electron-donating (D) material carries out the transport of
holes and the electron-accepting (A) material the transport of electrons. Then, depending on
how both materials are combined, two structures have been most widely employed, namely the

bilayer or planar heterojunction (PHJ) and the bulk heterojunction (BHJ).

1.3.1 Planar heterojunction solar cells

In this architecture, the D and A materials are deposited separately in two superimposed layers
(Figure 1.2). The first PHJ device was reported in 1986 by Tang and reached a PCE of 0.95%. In
this device, copper phthalocyanine (CuPc) and 3,4,9,10-perylenetetracarboxylic
bisbenzimidazole (PTCBI) were used as D and A materials respectively.?? The main advantage
over the elder examples comes from the existence of a D/A interface, which allows a better
exciton separation. However, this improvement is still limited to significantly increase the
performance of the devices. In addition, the exciton diffusion length is usually between 5 and
10 nm for amorphous materials,?® thus impacting the thickness of the layers and consequently
the absorbing capability of the active layer. Although this architecture presents several
drawbacks, it remains a great breakthrough in the OPV research and an accessible way of

evaluating the photovoltaic performances of new semiconductors.
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Figure 1.2. Representation of a PHJ OSC and the D/A couple used in the first device.

1.3.2 Bulk heterojunction solar cells

Based on the limitations previously stated, the concept of bulk heterojunction was introduced
in 1995.2%% |n these devices, both components of the active layer are mixed together in the
same film instead of processed separately. This modification intrinsically increases the D/A
interface area facilitating the exciton dissociation (Figure 1.3). In addition, larger thicknesses can
now be used resulting in a highly improved absorption potential of the devices. However, in this
structure, the phase segregation was found to be a key parameter that needs to be controlled,
since it deeply affects the degree of interpenetration between nano-domains and also their
size.?® In the ideal case, a mixture of pure domains of D and A with sizes in the order of the
exciton diffusion length would be regularly distributed along the active layer. In contrast,
extremely large domains would indeed lead to the recombination of the excitons since they
would not be able to reach the interface, as well as to a poor exciton dissociation due to a limited
interface area. Besides, controlling this phenomenon is not straightforward and turns out to be
empirical and time-consuming, since the morphology differs significantly from one D/A couple
to another. To date, the most-studied active materials in BHJ OSCs are poly(3-hexylthiophene-

2,5-diyl) (P3HT) and [6,6]-phenyl-Cs:-butyric acid methyl ester (PCs1BM).%’

_é\.p
NI

Aluminum

PEDOT:PSS
ITO
[ Glass

Figure 1.3. Representation of a BHJ OSC and the most studied D/A couple in this type of devices.
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1.3.3 Working principle of OSCs

The electronic processes occurring in both PHJ and BHJ OSCs that lead to a photocurrent are
depicted in Figure 1.4. First, the light reaches the active layer through the transparent electrode
(1). Photons are then absorbed by the constituting materials, both the donor and the acceptor.
Although for simplification and clarification purposes only the contribution of the donor will be
fully detailed, an analogous process can take place in the acceptor domains also leading to the
separation of free charges to produce an electric current (right diagram of Figure 1.5).22 Hence,
the light absorption by the donor produces the electronic transition between its highest
occupied molecular orbital (HOMO) and its lowest unoccupied molecular orbital (LUMO). This
generates an exciton (2) that only can be dissociated at the D/A interface. In addition, although
for years an energy offset of approximately 0.3 eV between the LUMO of D and the LUMO of A
was thought to be required, recent publications report that charge separation can also take
place despite a negligible driving force.?® Then, if all of this is accomplished, in order to separate
the charges, it is believed that an intermediate charge-transfer state (CT state) has to be reached
(3).%% Finally, as a consequence of the internal electric field, the electron goes through the

acceptor towards the cathode (4) and the hole through the donor towards the anode (5).

Cathode Cathode

1t t t Anode

t Anode

111
|_) (( Glass |_) ( (¢ Glass

Figure 1.4. Schematic representation of the working principle of PHJ (left) and BHJ (right) OSCs.

On the other hand, several detrimental processes can impact the performances of the devices,
such as the charge recombination, in which hole and electron come together to go back to their
initial state, resulting from different radiative and non-radiative pathways. The former are

inevitable in this type of devices but not that unfavorable since they are intrinsically related to
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the new emission of photons that can be reabsorbed. However, non-radiative recombination is
completely detrimental and it has to be avoided as much as possible as state-of-the-art OSCs
usually suffer from high energy losses, which significantly limit their performance.3! According
to a recent publication, one solution could be the use of non-fullerene acceptors (NFA), since

their electroluminescence quantum yields are relatively higher than those of fullerenes and this

could hinder such detrimental processes.?®3%33
Energy
.
// //// \\\ e’ e
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Figure 1.5. Energetic diagram of charge generation in OSCs as consequence of donor (left) or acceptor
(right) absorption.

1.3.4 Characterization of OSCs

Prior to discussing the composition and evolution of the active layer, this section describes the
analytical tools usually used to characterize a solar cell. It turns out that most of the key
characteristics can be extracted from a current density-voltage (J-V) curve recorded in the dark
and under illumination (Figure 1.6). On the one hand, the photovoltaic parameters that are
related to the PCE can be obtained directly from the illuminated curves, i.e., the open circuit
voltage (Voc), the short-circuit current density (Jsc) and the fill factor (FF). On the other hand, the
shapes of both dark and illuminated curves can provide hints about the possible pitfalls of the

cells.3436

e Ji corresponds to the current density at illuminated conditions when the
applied voltage is equal to zero. It depends on many parameters related to the
active layer, among others, its thickness, the mobilities of holes and electrons,

the charge separation capability and the absorption properties.
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oV, is the voltage at a neutral current density. Its maximum theoretical value is
related to the energy difference between the HOMO level of the donor and the
LUMO of the acceptor.3”-* However, this value cannot be achieved in actual
devices due to detrimental processes, such as charge generation losses and
charge recombination.?!

e FF corresponds to the quotient of the maximum power delivered by the cell by
the maximum theoretical power, in other words, the blue area divided by the

gray area in Figure 1.6, which is calculated through the following equation:

_ Areapp,e _ Prax _]max * Vinax

FF = = =
Aredgrqy,  Jsc - Voc Tsc = Voc

This parameter can be affected by the quality of the charge transport and the

recombination rate that takes place in the solar cell.*

e Eventually, the PCE can be directly obtained by means of all the already
mentioned photovoltaic parameters and the following equation (for a specific
intensity of incident light P;):

Pmax =]sc " VYoc - FF
P, P,

PCE =

max V
oc

max

'ISC

Figure 1.6. Representation of a J-V curve under illuminated (white dots) and dark conditions (black dots).
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A second characterization technique is routinely used, namely the external quantum efficiency
(EQE) also known as the incident photon-to-current conversion efficiency (IPCE). This
measurement provides the percentage of incident photons converted into electrons for each
wavelength (Figure 1.7). The integration of the area below the curve provides the Ji,: value,

which should match the J. obtained by means of J-V curves.

EQE (%)

Wavelength (nm)

Figure 1.7. Representation of an EQE curve.

Eventually, for comparative purposes, every photovoltaic characterization has to be carried out
under standard experimental conditions. Hence, simulated light sources have to be calibrated
in terms of wavelength and power. To do so, a general agreement was adopted through the air
mass coefficient (AM), in an attempt to simulate the solar spectrum taking into consideration
the interaction of the light with several atmospheric species, such as ozone, H,0 and CO;in its
way to the surface of the Earth.*® Moreover, usual experimental measurements are carried out
under an AM 1.5 illumination, corresponding to an incident simulated light power of 1000 W m~

2 with a deviation angle of 48.2°, as illustrated in Figure 1.8.%
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Figure 1.8. Solar emission spectra depending on the position: AM 0 (before entering the atmosphere) and
the widely used irradiating source in OSCs AM 1.5 (on the Earth’s surface and 48.2 °tilted).**#

1.3.5 Evolution of the active layer

In order to improve their performance, all the aspects of the cells have to be optimized in

parallel. The structure of the devices is extremely crucial and it has been subjected to constant

modifications, such as the followings:

There are two general architectures for single junction devices, i.e., direct and
inverted, depending on the direction in which the electrons and the holes are
extracted from the device.® In the direct (or standard) configuration, the holes
are going towards the transparent electrode, generally made of indium tin oxide
(ITO), and the electrons away from it and vice versa for the inverted solar cells
(Figure 1.9).

In addition to PHJ and BHJ, both approaches can be combined in the so-called
planar-mixed heterojunction (PMHJ) (Figure 1.9). In that way, a bulk
heterojunction is sandwiched between layers of donor and acceptor. This
configuration ensures both the low resistance to charge transport of a PHJ and
the high exciton diffusion efficiency of a BHJ.***

In contrast to single junctions, multi-junction solar cells, which are composed of

stacked active layers (Figure 1.9), can minimize the low charge mobility of
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organic materials and a higher overall thickness can be used. In addition,
complementary active layers can be used to cover the light spectrum as much
as possible.*® Another advantage is that the V,. of a multi-junction solar cell is
ideally the sum of the V,. of its sub-cells.*” Although the fabrication procedure
is more challenging, this strategy historically has led to higher efficiencies than
those recorded with single junctions.*®

Ternary blends are another useful strategy in OPV. Their active layer is
composed of a donor, an acceptor and a third D or A material. The idea is to use
an additional complementary material that produces a synergic effect to

improve the overall performance.**°

Cathode

Cathode

Acceptor
Cathode Anode Intermediate layer

Donor
Anode Cathode Anode Anode

B — ) 70/
L Glass Glass Glass L Glass
a) b) c) d)

Figure 1.9. Schematic structure of direct (a), inverted (b), PMHJ (c) and multi-junction (d) devices.

Moreover, and common to the above described architectures, several modifications within the

fabrication procedure can also been carried out:

The deposition of the active layer onto heated substrates is sometimes an
effective approach in order to impact the morphology of the active layer ending
up, in some cases, with a significant performance enhancement.*?

The use of extra interlayers is another critical point that has attracted a lot of
interest since it can play an important role in several parameters, such as the
morphology and/or the carrier recombination/extraction.*?

Post-treatments (thermal or solvent annealing) carried out on the active layer
can drastically enhance the performance of the devices. In these processes, the
cell is exposed to the vapor of a solvent® or to a higher temperature®°
resulting in changes in the morphology of the active layer.

The use of solvent additives in the blend can also induce a positive effect in the
morphology of the active layer.>® Several molecules have been tested for this
purpose, such as 1,8-diiodooctane (DIO),>” different alkanedithiols,>® 1-

chloronaphthalene®® or N-methyl-2-pyrrolidone.®°
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Finally, since this PhD thesis will be primarily related to synthesis, a special emphasis will be

placed on the key donor and acceptor materials reported in the field.

1.3.5.1 Donors materials

1.3.5.1.1 Macromolecular architectures

The first types of donor polymers used in OSCs were mainly polyparaphenyle vinylene- (PPV) or
polythiophene-based (PT).2* They had been thoroughly studied and their properties could be
easily tuned by modifying their synthetic procedure.®* Among the most well-known polymers of
those series, the P3HT holds a special place.”’” However, their photovoltaic performances have
been spoiled by their large bandgap that prevents the absorption of 70% of the solar radiation.®?
Thus, in order to maximize the number of absorbed photons, the synthesis of low-bandgap

polymers became of substantial importance.®

To achieve this goal, the most common approach corresponds to the copolymerization of an
electron-donating and an electron-accepting block. In that way, the optical bandgap of the
resulting polymer is narrowed due to the orbit coupling between these two blocks along the
polymer backbone.®* So far, a myriad of combinations of several monomers have been reported

and some examples are illustrated in Figure 1.10.

O0-R
O-R O-R
CN S
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—0 n R-0 n

MEH-PPV CN-PPV P3HT
(R=2-ethylhexyl) (R=hexyl) (R=hexyl)
s R
NN R //\\<
\ N N
S 7\ N
| s \S /] ’ .
R E F / S N n
FF
PffBT4T-2DT PTQ10 DT-PDPP2T-TT
(R=2-decyltetradecyl) (R=2-hexyldecyloxy) (R=2-decyltetradecyl)

PBDB-T PTB7-Th PBTA-PSF
(R=2-ethylhexyl) (R=2-ethylhexyl) (R=2-hexyldecyl)

Figure 1.10. Examples of donor polymers used in OPV (D and A blocks highlighted in blue and red
respectively).
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Among the most common moieties used as donor monomers, thiophene (T), 2,2’-bithiophene,
thieno[3,2-b]thiophene, benzo[1,2-b:4,5-b']dithiophene (BDT) and fluorene stand out.®* %> On
the other hand, benzo[2,1,3]thiadiazole, thieno[3,4-b]thiophene, 2H-benzo[d][1,2,3]triazole,
diketopyrrolopyrrole (DPP), thieno[3,4-c]pyrrole-4,6-dione, quinoxaline and benzo[1,2-c:4,5-

c'ldithiophene-4,8-dione (BDD) can be cited as examples of commonly used accepting blocks.®

69

Although highly performing, these materials present several drawbacks, such as the batch-to-
batch variations, which impact their polydispersity index, or the usual difficulty to obtain a high
degree of purity. In this context, the development of molecular donors has attracted

considerable attention.

1.3.5.1.2 Molecular architectures

The main advantage of this class of materials comes from their discrete structure that avoids the
molecular weight dependence, thus enabling a better structure-properties relationship.
Although used in the first OPV devices, they did not trigger a great interest until the mid-2000s.
At this point, the first materials were mainly meant to be deposited by evaporation. For instance,
acene-based donors as tetracene, pentacene and rubrene were really popular since they
exhibited promising PCEs between 2 and 3% (Figure 1.11).7°7? Oligothiophenes have been as
well employed due to their outstanding charge transport properties,’® either by themselves or

substituted by short alkyl chains or end-capped with dicyanovinyl groups (DCV).”*

Besides, more
complex molecules based on macrocycles, such as porphyrines and phthalocyanines, have been

also used as donor materials due to their suitable absorption and charge transport properties.”

76
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Figure 1.11. Examples of donor molecular architectures for vacuum-processed OSCs.

Afterwards, the introduction of solubilizing groups was strongly considered as a further step
towards solution-processed solar cells based on small molecules. Roncali et al. published one of
the pioneer papers in which a home-made soluble small molecule consisting of a tetrahedral

oligothiophene donor was reported.”’ The three-dimensional structure of this molecule allowed
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an isotropic charge transport but its narrow absorption limited the efficiency resulting in a
modest PCE of 0.3%. Although the devices were not highly performing, this publication paved
the way for the development of molecular architecturesin OPV. Since then, countless structures
have been studied and reported: from the soluble version of the above stated molecular
donors’®7° to the use of materials based on different organic dyes, such as merocyanines,?°

squaraines,®®2 boron-dipyrromethenes (BODIPYs)®® and DPPs.24%

Linear small D-rt-A push-pull molecules have also been used as D materials due to their ease of

synthesis, tunability, suitable absorption in the visible spectrum?®®#’

and usual compatibility with
both solution and vacuum deposition processes. In view of the great potential of these
materials, their development, with particular emphasis on arylamine-based push-pull
molecules, has been one of the main focuses of the reaserch developped by the SCL group of
MOLTECH-Anjou over the last decade.®®®° This electron-rich block exhibits relatively good hole
transport properties® and a high versatility, since subtle chemical modifications can indeed
deeply affect the optical, electrochemical, self-assembling and therefore photovoltaic
properties of the materials. Among other promising and performing molecules (Figure 1.12),°>

% DTDCPB can be highlighted, since impressive PCEs of 9.8% and 15.0% were reported when

combined with Cy in single- and multi-junction stacks respectively.®®

Qod” @g*@g

TPA-T-DCV Me-T-DCV Na-T-DCV

’ NNC © N’S\NNC B \
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26 fony ;
DTDCPB DTDCTB ©

Figure 1.12. Examples of arylamine-based push-pull donor materials used in OPV.

TPA-T-DCV-Ph

Eventually, in a further attempt to reduce the gap in performance between small molecules and
polymers as donor materials in OPV, more extended structures have been designed.®® Hence,
one approach deals with the synthesis of oligomers to combine the properties of both chemical
architectures, i.e., the mono-dispersity of the molecular systems and the good film-forming
capabilities of the polymers. Consequently, these molecules usually include blocks that come

directly from the most performing D polymers, as illustrated in the structure of PBDB-T or
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DR3TBDD (Figure 1.13). These BDT- and BDD-based donors reached efficiencies of 9.2% and
11.3% when blended with PC;:BM in simple device architectures.®”*® In addition, many soluble
molecules based on m-conjugated macrocycles have been synthesized,®® such as the DPPEZnP-

BzTBO, which exhibits a PCE of 9.1% once blended with PCs:BM.1%°

DPPEZnP-BzTBO DR3TBDD
(R=2-butyloctyl) (R=octyl)
(R'=2-ethylhexyl) (R'=2-ethylhexyl)

PBDB-T
(R=2-hexyldecyl)
(R'=hexyl)

Figure 1.13. Examples of highly performing small molecule donor materials used in OPV.

1.3.5.2 Acceptor materials

1.3.5.2.1 Fullerene derivatives

Since the discovery of the fullerenes in 1985,'°! Cgo and Cyo (Figure 1.14) have been widely
employed as acceptor materials in organic solar cells.!?? There are several reasons to justify their
long reign as reference compounds in the field of OPV. First, they are characterized by a great
electron-withdrawing capability, as the photoinduced electron transfer from the donor takes
place in the sub-picosecond time scale.’®® In addition, they can reversibly accept up to six
electrons depending on the fullerene derivative.®* In order to favor the good functioning of the
solar cells, it is also possible to limit their high tendency to form nano-domains through n-7
stacking by using different solvent additives or techniques, such as thermal or vapor
annealing.1%1% These features, along with their outstanding electron mobility and their
isotropic charge transport,1%’1% gre the main reasons for their great success in OPV for many

years, and that is why a myriad of donors have been synthesized according to their energy levels.
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Figure 1.14. Chemical structures of Cso and Cz and their soluble derivatives PCs1BM and PC7;:BM.

On the other hand, several structural modifications have been carried out to make them
compatible with the different solution processing technologies. Obtained by means of the
respective cyclopropanation reactions of Csp and C7o, PCc:BM and PC7:BM are amongst the most
commonly used soluble fullerenes. This additional functionalization was also found to tune the

morphological, optical and electrochemical properties of the fullerene-based materials.06-107.109

Another well-known example is the indene-Ceo bisadduct (ICBA), 10!

which presents a higher
LUMO level that can lead to larger Vo values and therefore to improved performances in

comparison to the conventional PCs:BM.

Even though they exhibit quite suitable properties for their use as acceptors in OPV, their
tridimensional structure is a double-edged sword as it is also responsible for their main
drawbacks. First, the high symmetry of Cs hinders many electronic transitions leading to an
almost negligible visible absorption. This effect is less intense in the case of C7o due to its lower
degree of symmetry, which results in an improved absorption in the 400-600 nm range, but still
with a limited contribution in the harvesting process in comparison to the donor.1??13 |n
addition, it is possible to modify the properties of the fullerenes via different approaches, such

115116 nenta(organo)fullerenes®!’ or

as the use of fulleropyrrolidines,'** open-cage fullerenes,
different substituents other than the phenyl ring in PCBM.!'® However, the delocalization of the
orbitals limits the room for maneuver in terms of efficient energy tuning. Consequently, many
efforts have been devoted to tune the donor materials instead. In addition, their apparently
fruitful aggregation seems not to be that beneficial if it is not controlled, since their
crystallization can also lead to a detrimental phase segregation.® There are also many concerns
regarding their stability towards oxygen and light since several adverse processes can take place.
For instance, in the presence of the former, fullerenes suffer from photo-oxidation reactions,*®

thus producing epoxides and carbonyl groups in the fullerene cage.'?®!?! In addition,

dimerization processes can also take place in the presence of the latter.'??
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1.3.5.2.2 Non-fullerene acceptors

All these drawbacks are the main reasons for the current increasing interest in the synthesis of
non-fullerene acceptors. Although their efficiencies were not comparable to those of fullerenes
atthe beginning, they became highly competitive and are currently part of the renewal occurring
in the field, resulting in a countless number of related publications. Their main advantages are

their improved absorption properties and their easier electrochemical tunability.!??

Rylene derivatives'®* (Figure 1.15) have been one of the most common NFAs used in OPV. In
fact, one acceptor of this family was used in the seminal PHJ solar cell reported by Tang in 1986.
Their optical and electrochemical properties, i.e., great absorption coefficients, mobility and
electronic affinity, together with their electron-withdrawing character, charge transport

properties and high thermal and chemical stabilities make them really suitable for this

m e rOA
o 0] (o} o}

NDI

application.'?

Figure 1.15. Structures of the most common rylene diimides.

However, their main weakness is their excessive n-stacking induced by their intrinsic planarity.
This phenomenon leads to a better charge transport but can also result in extremely large
domains that reduce the exciton dissociation thus limiting their film-forming capabilities.
Considering that the intensity of this effect increases along with the length of the rylene core,
the most common derivatives for OPV rely on the use of naphthalene diimide (NDI) and

especially perylene diimide (PDI) derivatives.

Different strategies have been developed to synthesize more sterically hindered structuresin an
attempt to avoid their excessive aggregate formation without jeopardizing their outstanding
properties.’?® Although the functionalization of the nitrogen atoms constituting the imide
groups can already limit this m-stacking, high performances have been mainly reached with
multimeric structures ranging from homo-multimers!?’1%2 to hetero-multimers with several

building blocks (Figure 1.16).1213!
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TPH-Se o
(R=pentylhexyl)

hPDI4 N-annulated PDI
(R=pentylhexyl) (R=3-pentyl)
(R'=hexyl)

Figure 1.16. Examples of PDI derivatives used as acceptors in OPV.

On the other hand, whereas small molecules derived from NDI, such as NDI-TR, have not been
that successful in OPV,'3? NDI-based polymers (N2200 derivatives)'?® 33 are among the

reference compounds used for the fabrication of all-polymer solar cells with PCEs of 10% (Figure

1.17).

NDI-TR S N2200
(R=2-ethylhexyl) (R=2-octyldodecyl)

Figure 1.17. Examples of NDI derivatives used as acceptors in OPV.

In addition to the rylene family, most of the highly efficient NFAs are based on an A-D-A
configuration. One of the first reported derivatives, namely FEHIDT, was based on a fluorene

core substituted with two 1,3-indanediones connected through thiophene spacers.’** This NFA
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was able to reach an efficiency of ca. 2.4% when it was blended with P3HT. Afterwards, the
replacement of this core by an indacenodithiophene (IDT) increased the PCE up to 3.7%.'%
Eventually, the substitution of the IDT by the extended indacenodithieno[3,2-b]thiophene (IDTT)
was a major breakthrough, as the new reported material (ITIC) was the first high performing
NFA of this series of acceptors to outperform the fullerenes.'®® The structural modification of
these systems has been a hot topic ever since, being always related to the highest performances
in the field.**” Among other successful examples, IT-4F and CO:8DFIC stand out, since they both
have been able to reach efficiencies of ca. 14% (Figure 1.18). The main advantages of this type
of NFAs lie in their narrow bandgaps and higher molar extinction coefficients. In addition, their
rigid backbone enhances their crystallinity both in pure and blend films, thus leading to high

electron mobilities (ca. 10* to 103 cm? V1s1) 138

Finally, the low-bandgap acceptor Y6 has been recently established as the new cornerstone for
the fabrication of high-performing solar cells.’*® Reported in 2019, this NFA recently set up a
world record for a single junction solar cell with a PCE of 18.22%.%° The active layer consisted
of a blend of Y6 and a wide-bandgap DTBT-based copolymer, whose combination was found to
efficiently harvest all the visible and a significant part of the NIR spectrum. Some modifications

of this structure have already been reported in an attempt to improve its performance.'*!

FEHIDT ITIC (X=H)
(R=2-ethylhexyl) IT-4F (X=F)
(R=hexyl)

CO;8DFIC
(R=hexyl) (R=2-ethylhexyl)
(R'=undecyl)

Figure 1.18. Examples of A-D-A derivatives used as NFAs in OPV.

Although not fully detailed herein, additional types of acceptor materials have been reported,

142-143

including subphthalocyanine, porphyrin!* or DPP4514¢ derivatives.
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1.4 Objectives of the thesis

Even if performances of OSCs are getting closer to those of other photovoltaic technologies
(silicon or perovskites), a critical vision of the state-of-the-art publications highlights that the
highest efficiencies are generally paired with an enhancement of the synthetic complexity of
both the materials and the fabrication procedure. Hence, the large-scale production of efficient
0OSCs is currently not realistic and thus the research on their actual applicability is of substantial

importance.

In the recent years, continuous efforts have been devoted to optimize the scalability of the
fabrication process. Owing to its industrial optimization, roll-to-roll printing techniques have
become a real alternative for the fabrication of actual modules and could reduce the existing
efficiency gap between them and the demonstrators built in laboratories.'*’ This technique also
presents several additional advantages that could lead to several milestones, such as the

possibility of fabricating efficient devices under air and using harmless solvents.

However, most performing materials are not compatible with these large-scale processing
technics and do not fulfill the basic requirements for their commercialization, namely to be low-

cost (Figure 1.19).

PBDB-T
(R=2-ethylhexyl) (R=2-ethylhexyl)
(R'=undecyl)
11 synthetic steps 10 synthetic steps
1980 €/g (Ossila) 4910 €/g (Ossila)

Figure 1.19. Synthetic length and cost of a highly performing D/A couple: PBDB-T/Y6.

Their syntheses are indeed very long, tedious, require the use of toxic reagents and their
purifications are expensive and generate a huge amount of waste. Several studies have been
already reported regarding many aspects of the scalability of the synthesis of highly performing

148149 5r NFAsS.'0 In view of these results, it seems that the

materials, e.g., donor polymers
complexity required to improve the performance of the devices has outweighed the goal to
produce affordable scalable devices, which is the final aim of this technology. Thus, in pursuit of

a real commercialization, a compromise between the photovoltaic performances and the
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production cost has to be reached, and that is the reason why the preparation of simpler and

less expensive materials is that crucial.

In this context, the aim of this PhD thesis will be to minimize the synthetic cost by decreasing
the number of steps and using non-expensive starting materials. Hence, based on this approach,
different donor molecules based on a push-pull configuration will be synthesized, characterized

and tested in devices (Figure 1.20).
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Figure 1.20. Graphical abstracts of chapters 2, 3 and 4 of this PhD thesis.

Chapter 2 will be focused on the synthesis of D-m-A molecules based on the N-methyl-N-
phenylthiophen-2-amine (MPTA) donor unit, which has not yet been explored in the field. A
series of derivatives will be synthesized by modulating the m-spacer and the electron-
withdrawing group, and the impact on the optical, electrochemical and photovoltaic properties

will be naturally investigated.

Chapter 3 will be related to the structural modification of a recently reported push-pull

molecule, namely TPA-T-DCV-Ph (Figure 1.20). The latter includes an additional phenyl ring in
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its accepting moiety compared to the well-known TPA-T-DCV. This change results in a higher
exciton diffusion length and therefore PCE. Hence, two different structural modifications of this

donor will be reported.

Eventually, chapter 4 will be related to the functionalization of a promising and unexplored
rylene, namely the benzothioxanthene imide (BTXI), whose most attractive features are its low
synthetic cost and outstanding optical and electrochemical properties. Thus, its reactivity will be

explored in a deeper level and the properties of the new derivatives will be studied.
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CHAPTER 2

2.1 Introduction

Triarylamine derivatives (TAAs) represent a major class of building blocks for the synthesis of
hole-transporting materials (HTMs) used in various optoelectronic applications, such as organic
light-emitting diodes (OLEDs) or organic/hybrid solar cells. During the past decades, and
considering that the chemistry of active materials related to OSCs has witnessed an increasing
interest, TAA-based materials have been widely used for the preparation of molecular electron-
donor materials due to their strong electron-donating properties and high hole-mobility. One of
the first examples for OPV was reported in 2006 by our laboratory group, when the usual donor
polymer was replaced by a soluble D-(rt-A)s push-pull molecule composed of a TPA substituted

by electron-withdrawing T-DCV branches in each para position of its constituting phenyl rings

TN\
QL e
’T‘ NC
R
NC Me-T-DCV (R=Me)
—— Na-T-DCV (R=2-naphthyl)
NC — Ant-T-DCV (R=9-anthryl)
PE-T-DCV (R=(2-(2-ethoxyethoxy)ethyl)
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Figure 2.1. Evolution of the chemical structure of the TAA-based D materials from our laboratory group.

Since then, several types of molecular donors based on TAA units have been developed through
various configurations and combinations with different w-spacers and acceptor moieties.
However, it is noteworthy that our interest has been mainly related to the preparation of simple,
accessible and affordable donor materials. To that end, two T-DCV branches of TPA-(T-DCV);
were removed, ending up in the mono-substituted TPA-T-DCV (Figure 2.1).2 First, the gram-scale
synthesis of the latter was thoroughly optimized and it can currently be obtained in only two
“green” steps in an overall yield of 87% from affordable and commercially available materials.?
TPA-T-DCV was then embedded as a donor material in solution-processed OSCs revealing

promising power conversion efficiencies of 2.5% and 3.0% in PHJ and BHJ respectively.** The
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photovoltaic performances were thereafter improved by reaching a 4.0% PCE through the
development of co-evaporated devices.® Hence, these results contributed in demonstrating

promising efficiencies for a quite affordable couple of materials and devices.

Afterwards, the latter has been subjected to several chemical modifications that, in some cases,
exerted a considerable and specific impact on the properties of the materials (Figure 2.1). For
instance, one strategy consisted in substituting one of the outer phenyl rings of the TPA by
different groups. Hence, the replacement by a polyether chain (PE-T-DCV) led to original and
unexpected mechano-fluoro-NLO-chromic properties.” On the other hand, the substitution by
an 9-anthryl (Ant-T-DCV), a 2-naphthyl (Na-T-DCV) or even a methyl group (Me-T-DCV) led to a
three-, five- and fifty-fold increase of the hole mobility respectively and therefore to better
photovoltaic performances.” #° Another strategy has been the substitution of the phenyl ring
that connects the nitrogen atom with the m-spacer by a thiophene (DPA, DTA and DAA donors,

).11

Figure 2.1).** This modification led to an electron-rich D unit with a higher donating capability
responsible for redshifted absorptions and higher HOMO levels. This approach has been
combined with additional cyclizations to afford the 8-methyl-8H-thieno[2,3-b]indole that also

showed promising results (MTI-T-DCV, Figure 2.1).1%13

Another highly performing push-pull molecule from the literature that can be cited is DTDCTB
(Figure 1.12). With an associated PCE of 5.8% when used as donor material, this molecule is
characterized by a great evaporability, broad absorption and suitable phase segregation with

fullerene derivatives.*

In that way, by combining these reported results with our background and experience, the
synthesis and characterization of N-methyl-N-phenylthiophen-2-amine- (MPTA) based push-pull
molecules was carried out during this chapter. Hence, different structures resulting from the
combination of the aforementioned donor unit with different nt-spacers and accepting blocks

were considered (Figure 2.2).

n = thiophene, BTZ
MPTA A =DCV, 1,3-indandione

Figure 2.2. General structure of the MPTA-based target molecules of this chapter.
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Due to their good performance in multiple applications related to organic electronics,
thiophene®?'® and benzothiadiazole?*® (BTZ) will thus be employed as spacers and
dicianovinyl*® and 1,3-indandione?® as A units. Once isolated, the optical, electrochemical and
photovoltaic characterizations of the new D materials will be discussed to rationalize the

structure-property relationships.

2.2 Synthesis of the MPTA-based molecular donors

The electron-rich MPTA block was synthesized using a procedure from the literature®! via a

Buchwald-Hartwig cross-coupling between the commercially available N-methylaniline and 2-

bromothiophene (Scheme 2.1).%
NaO'Bu
H 1) BuLl NC,
N Pd(OAc), | Malononitrile \ cN
©/ S @\ _ RuPhos ©/ D 787,11 N@CHO EtsN NW’
s " Toliene 2 DMF / CHCl, /
110 °C, 19 h MPTA 16 h 1 65°C, 16 h MPTAA
86% 67% 86%

Scheme 2.1. Synthetic pathway followed to obtain MPTA-1.

Then, the smallest push-pull molecule of the series was first synthesized. To that end, MPTA was
selectively formylated at the a position of the thiophene by means of a lithiation with n-
butyllithium (n-Buli) in THF followed by an electrophilic quench with DMF. The resulting
compound 1 was finally engaged in a Knoevenagel condensation with malononitrile in
chloroform to afford the target push-pull MPTA-1. In parallel, a m-spacer was introduced
between the D and A units. Since the pinacol derivative of MPTA was not stable enough, a
tributyltin group was consequently introduced on the constituting thiophene (MPTA-Sn). This
stannane derivative was directly engaged in two Stille couplings with the bromocarboxaldehyde

derivatives of thiophene and BTZ to afford aldehydes 2 and 3 respectively (Scheme 2.2).

S

CHO
U
e (ST 1741
Toluene
110 °C, 16 h

1) BuLi
THF |

N_ S
mpTa /8°C.1h USnBu3 S
2) BugSnCl NN
\
. 16h MPTA-Sn
Br
Pd(PPhy). @/
Toluene

110 °C, 16 h

56%

88%

Scheme 2.2. Synthetic pathway towards aldehydes 2 and 3.
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Eventually, Knoevenagel condensations involving aldehydes 2 and 3 were finally carried out in
acetonitrile for 2-4 hours at room temperature and protected from light (Scheme 2.3). All crudes
were purified using a recycling preparative HPLC (see experimental section for details) except
for MPTA-5. Due to its solubility issues, the crude was dissolved in chloroform and precipitated

with pentane to obtain the pure product after thoroughly washing with distilled pentane.

Malononitrile

EtsN N \S /]
/" CHiCN 7 s
M, 2h \
MPTA2 NC~ “CN

‘ 73%

. \ e}
1,3-Indandione
, N
\_ EtN \S 2
CH4CN 7 NeTNF
o)

rt, 4 h

MPTA-3
79%
S.
NN
Malononitrile \ \
Et;N N_S
" CH4CN W N—cN
rt, 2 h NC
MPTA-4

b 76%

\
1,3-Indandione N
\ Et;N ©/
CH3CN
rt,4 h

64%

Scheme 2.3. Knoevenagel conditions used for the synthesis of MPTA-2, MPTA-3, MPTA-4 and MPTA-5.

The change in the solvent for the Knoevenagel condensations from chloroform, i.e., to prepare
MPTA-1, to acetonitrile for the rest of the series was not arbitrary. When 2 and 3 reacted in
standard conditions with malononitrile in chloroform, reactions were highly problematic as the
products decomposed and only some byproducts were recovered upon purification. For
instance, during the reaction of aldehyde 3 with malononitrile, the color of the solution changed
from purple to red (blueshifted absorption) instead of going towards the expected blue color
(redshift), in consistency with the usual effect of adding such electron-withdrawing moiety. The
only isolated structure, which was investigated by *H NMR and mass spectroscopy (Figure 2.3),
was the result of the hydrogenation of the vinylene group constituting of the DCV moiety. The
'H NMR spectrum revealed the complete disappearance of the characteristic deshielded proton
of the double bond of DCV derivatives (blue arrow in Figure 2.3) giving rise to a system of a
doublet and a triplet integrating for one proton each at 3.8 and 4.7 ppm respectively (red arrows

in Figure 2.3).
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Figure 2.3. 'H NMR (CDCls) and MS comparison between the products obtained in the Knoevenagel
condensation of 3 with malononitrile in chloroform (byproduct, up) and acetonitrile (MPTA-4, down).

This new triplet appeared more deshielded, in agreement with its closer position to the DCV
accepting group. Moreover, with a broken conjugation, this result was consistent with the

blueshifted absorption observed during the reaction.

2.3 Optical properties in solution

Once all the compounds were isolated and purified, their optical properties were first evaluated
by means of UV-Vis spectroscopy in CH,Cl; solutions. The spectra and the summary of their

optical properties are gathered in Figure 2.4 and Table 2.1 respectively.

Table 2.1. Optical properties of the MPTA-based push-pull molecules in CH,Cl; solutions.

Molecule Aabs (nm) €(M*cm?) Aem (NM) Stokes Shift (cm) (OFS
MPTA-1 463 56500 527 2,623 0.3
MPTA-2 562 30000 657 2,573 26.2
MPTA-3 597 40100 699 2,444 4.8
MPTA-4 657 30000 756 1,993 0.0
MPTA-5 663 42200 776 2,196 0.0

2 Measured with an integrating sphere.
As expected, all of them presented an intense and broad band in the visible ranging from 460 to
660 nm and attributed to an intramolecular charge transfer (ICT) from the donor to the electron-

withdrawing moiety (D to A).
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Figure 2.4. UV-Vis absorption spectra of the MPTA-based donors in CH,Cl, solutions.

Due to its shortest conjugated structure, MPTA-1 exhibited the narrowest absorption band with
a maximum at 463 nm and a molar absorptivity (&) of 56500 M cm™. Then, a 100 nm redshift
was observed for MPTA-2 by extending the conjugated chain with a single thienyl spacer. An
extra 100 nm redshift was witnessed when replacing the latter by a BTZ (MPTA-4) due to its
stronger electron-withdrawing capability. Although the € of both derivatives, of ca. 30000 M™*
cm’t, were lower than that of MPTA-1, the bands significantly broadened, thus covering a wider
range of the visible spectrum. Eventually, when DCV was replaced by 1,3-indandione, the bands

were slightly redshifted, broader and their molar absorptivity was enhanced by ca. 30%.

The emissive properties of the series of molecules were subsequently explored in CHCl;

solutions (Figure 2.5 and Table 2.1).
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Figure 2.5. Normalized emission spectra of the MPTA-based donors in CH,Cl, solutions.
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As it can be observed, they all exhibited complementary bands along the spectrum. In addition,
it is noteworthy that the emission bands of both BTZ derivatives even reached the Near Infrared
(NIR) region (up to 900 nm for MPTA-5). However, the quantification of their fluorescence
guantum vyields (®f), performed in the same conditions on a fluorimeter equipped with an
integrating sphere, revealed almost negligible emissions (<0.5%) except for MPTA-2 and MPTA-
3 (26.2 and 4.8% respectively). The fact that MPTA-4 and MPTA-5 were not emissive was not
really surprising since NIR emitting organic dyes typically suffer from low photoluminescence

quantum yields due to the energy gap law.??

2.4 Electrochemical properties in solution

The electrochemical properties of all the donors were subsequently evaluated by means of cyclic
voltammetry (CV) (Figure 2.6). To do so, 1 mM solutions of each donor were prepared in a 0.1
M BusNPF¢ buffer in CH,Cl,. Platinum electrodes were used as working and auxiliary electrodes
and a saturated calomel electrode (SCE) as the reference. Finally, potentials were calibrated

against the ferrocene/ferrocenium couple.

I (nA)
z=z=z
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Figure 2.6. Cyclic voltammograms of the MPTA-based donors in CH,Cl,(1 mM) vs Fc¢/Fct. WE (Pt), AE (Pt),
RE (SCE) and 100 mV/s scan rate (buffer: 0.1 M BusNPFs in CHCl>).
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Table 2.2. Electrochemical properties of the MPTA-based donors obtained by CV. WE (Pt), AE (Pt), RE
(SCE) and 100 mV/s scan rate (buffer: 0.1 M BusNPFg in CH.Cl,).

Molecule Epa (V/Fc/Fc+) Epc (V/Fc/Fc+) EHOMO (eV)a ELUMO (eV) b AEeIec (eV)
MPTA-1 0.73 -1.82 -5.42 -3.13 2.29
MPTA-2 0.35 -1.55 -5.03 -3.37 1.66
MPTA-3 0.26 -1.47 -4.95 -3.42 1.54
MPTA-4 0.37 -1.25 -5.06 -3.66 1.40
MPTA-5 0.30 -1.21 -4.99 -3.67 1.32

2Eromo (V) = -(Eox®™et + 4.8). PELumo (eV) = -(Eres®™et + 4.8).

First, the cyclic voltammogram of MPTA-1 exhibited a quasi-reversible oxidation at £,, =0.73 V
and anirreversible reduction at £, =-1.82 V resulting in the widest electrochemical band gap of
the series. Indeed, the insertion of a m-spacer between the donor and the acceptor resulted in a
significant reduction of the latter. Whereas both thiophene derivatives (MPTA-2 and MPTA-3)
presented also a reversible oxidation and an irreversible reduction, MPTA-4 and MPTA-5 were
characterized by an additional reduction peak attributed to the reduction of the BTZ spacer.
Although prepared at the same concentration, the lower intensity observed in both indandione
derivatives may be related to their inherent lower solubility, which can also explain the

difference in their reduction patterns.

An overview and comparison of the oxidation and reduction potentials revealed that replacing
a thiophene spacer by a BTZ significantly affected the E,c (ca. 0.28 V shifted to higher potentials)
while Epq remained almost unaffected, highlighting that the LUMO level was partially delocalized

on the acceptor-spacer moieties.

Hence, frontier energy levels, namely the HOMO and LUMO, were estimated through the
experimental E,°™¢" and E..,"™" and the following equations: HOMO (eV) = - (Ex°"¢" (vs Fc/Fc*)
+4.8) and LUMO (eV) = - (E.ea"™ (vs Fc/Fc*) + 4.8).%2 These values are gathered in Table 2.2 and
revealed that the electrochemical band gap can be gradually tuned from 2.29 to 1.32 eV by
developing simple chemical modifications. Furthermore, according to these data, it turns out
that all of them could be potentially used as donor materials in OSCs if complementarily used

with a fullerene derivative (LUMOp..a > - 4 eV).

2.5 Properties in solid state

The properties of the new donor materials were subsequently investigated by spun-casting the

respective CHCl; solutions on glass sheets (Table 2.3).

First, the UV-Vis spectra appeared significantly broadened due to the aggregation in solid state

(Figure 2.7).
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Figure 2.7. UV-Vis absorption spectra of the spun-casted films on glass of the new MPTA derivatives.

While the spectra of MPTA-1, MPTA-2 and MPTA-5 showed a bathochromic effect upon
aggregation, the spectra of MPTA-3 and MPTA-4 were characterized by an antagonist behaviour
with blueshifted maxima, which could be attributed to the formation of J- and H-aggregates
respectively.? It is also noteworthy that BTZ-based derivatives showed absorptions ranging from
500 to 900 nm, being thus active in part of the NIR. This not so common property, particularly
for small molecules, is interesting since it could be useful for the preparation of semi-transparent

solar cells.

The optical band gap (E;°"") of each material was thereafter estimated from their respective
absorption spectra (Table 2.3). To do so, the Planck equation (E;°* (eV) = hc/A = 1240/A (nm))
was applied to the low-energy absorption edge. In parallel, the HOMO levels were estimated on
thin films from the ionization energy measured by photoelectron spectroscopy in air (PESA)

(Figure 2.8) and then the LUMO levels were deduced from the equation LUMO = HOMO + E°"".

8+

—— Baseline
— MPTA-1
— MPTA-2
— MPTA-3
6 — MPTA-4
— —— MPTA-5
HU)
o
o
ie)
T 4
>~

A Sy s el

. . ; r —
44 46 48 50 52 54 56 58 60 62
Energy (eV)

Figure 2.8. PESA spectra of the new MPTA derivatives.
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It thus turned out that the trend observed for the band gaps in solution remained the same.
However, while the HOMO energies in solution were similar for the four extended molecules,
the use of 1,3-indandione instead of DCV led to ca. 0.4 eV higher HOMO and LUMO levels in thin
films. As a result, the LUMO level of MPTA-4 was very close in energy to that of the fullerene

derivatives, which could be problematic for the preparation of OSCs.

Table 2.3. Summary of the optical and energetic properties of the five MPTA donors as spun-casted films.

Molecule Aabs (nm) Aegge (hnM)? HOMO (eV)* E.°F (eV)* LUMO (eV)
MPTA-1 470 548 -5.70 2.26 -3.44
MPTA-2 577 718 -5.49 1.73 -3.76
MPTA-3 596 749 -5.08 1.66 -3.42
MPTA-4 651 862 -5.58 1.44 -4.14
MPTA-5 665 865 -5.17 1.43 -3.74

2 Low-energy absorption edge (ICT bands). ® HOMO energy in solid state determined by PESA. ¢ Optical band gap estimated
through the low-energy absorption edge. ¢ Obtained through the equation: LUMO = HOMO + Eg°Pt.

2.6 Organic solar cells

2.6.1 Solution-processed solar cells

Eventually, the photovoltaic properties of the new donors were firstly evaluated in the

laboratory in solution-processed OSCs (Figure 2.9).

Aluminum Aluminum

_PEDOT:PSS
ITO0
[ Glass

a) b) c) d)

Figure 2.9. Diagram of the solution-processed OSCs: actual devices (active area = 27 mm?) (a-b), PHJ
structure (c) and BHJ structure (d).
The three DCV derivatives, MPTA-1, MPTA-2 and MPTA-4, were initially assessed in solution-
processed PHJ OSCs to rapidly evaluate the photovoltaic performance of the new series using
an ITO/PEDOT:PSS/D/Cso/Al architecture. First, a commercial solution of PEDOT:PSS and a
solution of each donor (10 mg/mL in chloroform) were sequentially spun-casted (at 5000 and
6000 rpm respectively). Then, the fullerene and aluminum layers, of 30 and 100 nm respectively,
were evaporated under vacuum. Although these PHJ devices usually improve their performance
after a thermal annealing procedure, in this case almost negligible PCEs were obtained for the

three molecules even after the annealing at 80 °C (Figure 2.10 and Table 2.4).
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Table 2.4. Photovoltaic parameters obtained in solution-processed PHJ solar cells using MPTA-1, MPTA-2
and MPTA-4 as donors and Cso as acceptor (AM1.5 conditions, 100 mW/cm?).

Donor Jsc (mMA cm?) Voc (V) FF (%) PCE (%)
MPTA-1 -0.47 0.40 29 0.05
MPTA-2 -2.76 0.25 31 0.21
MPTA-4 -1.50 0.24 34 0.12

It can be observed that the respective J-V curves exhibited strong S-shapes resulted from

detrimental resistive processes.
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Figure 2.10. Photovoltaic parameters obtained in solution-processed PHJ solar cells using MPTA-1,
MPTA-2 and MPTA-4 as donors and Cso as acceptor.

Consequently, in an attempt to understand these poor performances, the morphology of the
active layers was investigated (after the annealing process) with an optical microscope mounted

with a polarized light (Figure 2.11).

MPTA-1 MPTA-2 MPTA-4

Figure 2.11. Optical microscopy images of solution-processed PHJ solar cells made of MPTA-1, MPTA-2
and MPTA-4 as donors and Cep as acceptor.

Photographs revealed massive formations of crystals all over the devices and even under the
aluminum contact in the case of MPTA-1. This huge phase segregation significantly affected the

separation and transport of the free charges, thus impacting the photovoltaic performances.
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Consequently, with a limited absorption and a high crystallinity, MPTA-1 was no longer

considered for the preparation of solar cells.

Thereafter, the most performing donor in PHJ, MPTA-2, was naturally selected to study the
effect of using different accepting materials (PC¢1BM, PC71BM and ICBA) in BHJ OSCs
(ITO/PEDOT:PSS/D:A/LiF/Al). LiF was deposited as an interlayer to improve the contact between
the active layer and the aluminum-made electrode. Hence, after the deposition of PEDOT:PSS,
blends of D and A at a 1:1 weight to weight (w/w) ratio in chloroform (10 mg/mL in total) were
spun-casted at 1300 rpm prior to the subsequent evaporation of LiF (1 nm) and aluminum (100
nm). It turned out that all photovoltaic parameters were significantly improved, resulting at least

in modest PCEs (Figure 2.12 and Table 2.5).
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Figure 2.12. J-V curves of solution-processed BHJ solar cells using MPTA-2 as donor and PCs:BM, PC7:BM
and ICBA as acceptors (1:1 w/w ratio).

Table 2.5. Photovoltaic parameters of solution-processed BHJ solar cells using MPTA-2 as donor and
PCs1:BM, PC7:BM and ICBA as acceptors (1:1 w/w ratio).

Acceptor Jsc (MA cm™?) Voc (V) FF (%) PCE (%)
PCs:BM -5.06 0.79 36 1.44
PC;:BM -6.40 0.80 35 1.77

ICBA -6.93 0.96 26 1.72

PCs1BM-based devices exhibited the lowest efficiencies mainly due to their low Js. This was
slightly improved in the case of PC;;BM, in agreement with its better absorbing properties.
Finally, the main difference came from the use of ICBA, which is characterized by the highest
LUMO level thus resulting, as expected, in the highest V,. (0.96 V). However, a high decrease in

FF was also produced, therefore impacting the PCE.

Consequently, PC7:BM turned out to be the best compromise to test the rest of the series.

Moreover, the D:A ratio of the active layer was optimized for each donor, in an attempt to
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improve the photovoltaic performances. Three different w/w D:A ratios were thus evaluated,
i.e.,1:1, 1:2 and 1:3. The best curves and the best photovoltaic data for each donor are gathered

in Figure 2.13 and Table 2.6.

Table 2.6. Photovoltaic parameters of the best solution-processed BHJ solar cells using MPTA-2, MPTA-3,
MPTA-4 and MPTA-5 as donors and PC;:BM as acceptor.

Donor Ratio (D:A) Jsc (mA cm?) Voc (V) FF (%) PCE (%)
MPTA-2 1:1 -6.40 0.80 35 1.77
MPTA-3 1:2 -4.41 0.64 37 1.05
MPTA-4 1:3 -3.61 0.72 35 0.91
MPTA-5 1:3 -3.89 0.65 32 0.81

While MPTA-2-based OSCs still exhibited the best PCE (1.77%), several general conclusions can
be drawn from these results. On the one hand, it is noticeable that the PCEs recorded for
thiophene derivatives were higher than for their BTZ analogues. Although the latter could
theoretically achieve higher Vo values due to their lower lying HOMO energy levels, the opposite
trend was unfortunately observed. In addition, BTZ-based derivatives exhibited, in every case, a
lower LUMO energy that may decrease the driving force of the photoinduced electron transfer
towards the LUMO of the fullerene. Eventually, although they exhibited broader EQE curves
since they are active in the NIR (up to 900 nm), their contribution was significantly lower than

that of the thiophene derivatives.

On the other hand, the comparison of the impact of the accepting moieties revealed that DCV-
based molecules exhibited better performances than their indandione counterparts. The reason
may be related to the higher HOMO levels of indandione-based donors which led to lower V.
values. In addition, even though their absorption was redshifted in comparison to the DCV-based
derivatives, they did not lead to broader EQEs. Eventually, since indandione-based donors
exhibited a lower solubility, this could have led to deposition issues and therefore to a less

optimized morphology.
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Figure 2.13. J-V (left) and EQE curves (right) of the best solution-processed BHJ solar cells using MPTA-2,
MPTA-3, MPTA-4 and MPTA-5 as donors and PC7;:BM as acceptor.
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2.6.2 Vacuum-processed solar cells

In parallel to the solution-processed OSCs from Angers, vacuum-deposited organic solar cells
were also fabricated. However, it is noteworthy that materials with a higher purity are usually
required and thus an additional purification step, namely the sublimation, is often carried out.
Consequently, MPTA-3, MPTA-4 and MPTA-5 were sent to the German company Heliatek
GmbH. First, an evaporability study was carried out consisting in measuring the percentage of
residue after an evaporation process. While an empty crucible was recovered for MPTA-4,
MPTA-3 and MPTA-5 produced a ca. 26% and 60% of residue respectively. These values highlight
the modest stability of indandione accepting moieties during vacuum depositions. In addition to
these results, MPTA-4 was also selected for its NIR absorbing properties, a key parameter barely

investigated in all-small-molecule OSCs.

Hence, two preliminary devices were fabricated at Heliatek using the following inverted planar
architecture: 1TO/Ceo/MPTA-4/BPAPF/BPAPF:NDP9(1:1)/NDP9/AIl (active area = 2.76 mm?3). In
these devices, 9,9-bis(4-(N,N-bis-biphenyl-4-yl-amino)phenyl)-9H-fluorene (BPAPF) and the
commercial NDP9 (by Novaled) played the role of hole-transporting material and p-dopant

respectively.

Surprisingly, negligible PCEs were obtained mainly due to the lack of collected current (Table

2.7).

Table 2.7. Photovoltaic parameters of PHJ solar cells fabricated in Heliatek using MPTA-4 and Ceo.

Donor thickness (nm)  J;. (mA cm™) Voc (V) FF (%) PCE (%)
6 -0.0 0.65 16 0.0
10 -0.0 0.63 15 0.0

These poor performances highlight the difficulty in finding the most suitable processing

conditions for this kind of molecules.

Though these results were simply baffling, MPTA-4 was studied in parallel by the group of Karl
Leo at the Technische Universitat Dresden (TUD). First evaluated in PHJ OSCs with a standard
configuration, i.e., ITO/MoOs; (3 nm)/MPTA-4/Cs (15 nm)/Bathophenanthroline (BPhen) (8
nm)/Ag (100 nm) (active area = 6.44 mm?), a photocurrent, though modest, was detected in

stark contrast with the results obtained by Heliatek (Table 2.8 and Figure 2.14).

Table 2.8. Photovoltaic parameters of vacuum-processed PHJ solar cells using MPTA-4 and Cg.

Donor thickness (hm)  J;c (mA cm2) Voc (V) FF (%) PCE (%)
6 -2.08 0.85 48 0.85
9 -1.79 0.76 48 0.65
12 -1.78 0.76 49 0.66
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Figure 2.14. J-V (left) and EQE curves (right) of vacuum-processed PHJ solar cells using MPTA-4 and Ceo.

According to the EQE spectra, the low Jsc can be correlated to the almost negligible contribution
of the donor resulting in the unique participation of Cso. Moreover, considering that the thinner
devices (6 nm) led to slightly better performances, exciton diffusion issues and/or limited hole

transporting properties can partially contribute to these modest efficiencies.

In an attempt to improve the performance of MPTA-4, vacuum-processed BHJ OSCs were
fabricated using Ceo as the complementary co-evaporated acceptor material (Table 2.9 and
Figure 2.15). Standard (ITO/Mo0Os (3 nm)/D:A/BPhen (8 nm)/Ag (100 nm)) and inverted (ITO/Bis-
HFI-NTCDI:W,(hpp)s (5 nm)/A:D/Mo0Os (3 nm)/Ag (100 nm)) configurations were assessed, as
well as the D:A ratio, the thickness of the active layer, the deposition over heated substrates and
the use of a PMHJ architecture (active layer sandwiched between a pure layer of donor and one
acceptor, Figure 1.9). N,N-Bis(fluoren-2-yl)-naphthalenetetracarboxylic diimide (Bis-HFI-NTCDI)

doped with W(hpp)a plays the role of electron-transporting layer in inverted devices.?®

Table 2.9. Photovoltaic parameters of the optimization of MPTA-4 in vacuum-processed BHJ solar cells
using Cgo as acceptor.

Thickness Ratio  Deposition

Configuration (nm) (D:A) T(°0)

Jsc (A cm™?) Voc (V) FF (%) PCE (%)

Standard 30 1:1 rt -6.94 0.69 48 231
Standard 30 1:2 rt -6.07 0.55 41 1.37
Standard 30 1:1 80 -7.87 0.65 47 2.43
Inverted 30 1:1 rt -5.28 0.60 54 1.71
Inverted 30 1:1 80 -6.20 0.53 60 1.97
Standard 40 11 rt -8.17 0.68 46 2.65
Standard PMHJ 50 11 rt -10.13 0.78 48 3.79
Standard PMHJ 60 1:1 rt -9.71 0.78 48 3.64

In stark contrast to the previous devices, the contribution of the donor in the EQE (band between
550 and 900 nm) was at last comparable to that of Ceo, thus substantially enhancing the J
values. Moreover, it was observed that the 1:2 D:A ratio led to substantially lower Js, Vo, FF and

thus PCE. Therefore, the 1:1 ratio was used thereafter.
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While slightly better results were obtained using a standard architecture, particularly on pre-
heated substrates, it is difficult to draw a general conclusion on the real gain with respect to
inverted solar cells. Indeed, and although the latter exhibited higher FF, especially in heated

substrates, the notable decrease in V,c and Ji significantly impacted the PCEs.
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Figure 2.15. J-V (left) and EQE (right) curves resulted from the optimization of the D:A ratio (top),
architecture (center) and thickness (bottom) of vacuum-processed BHJ solar cells using MPTA-4 and Ceo.

Eventually, the thickness of the active layer was gradually increased from 30 to 60 nm (bottom
part of Figure 2.15). First, the increase from 30 to 40 nm resulted in a slightly higher Js. and

therefore PCE since the other parameters (Vo and FF) remained constant. A major breakthrough
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in efficiency was reached when the thickness was increased to 50 and 60 nm using a PMH)J
configuration. It turned out that all the photovoltaic parameters were improved resulting in PCEs
over 3.6%. This PMHJ structure thus minimized the intrinsic issue of low V, inherent to the high
HOMO level of MPTA-4. Moreover, the improved contribution of the donor, highlighted by the
EQE, resulted in a ca. 2 mA cm™ increase in Js, which was clearly beneficial for the PCE. Finally,
considering that a higher Jsc and thus PCE were obtained with the 50-nm-thick active layer, these

parameters will be set and used for further optimizations.

Indeed, using those conditions, the replacement of Ceo by C70 was subsequently evaluated as

well as the use of different ETL combinations (Table 2.10 and Figure 2.16).

Table 2.10. Photovoltaic parameters of vacuum-processed PMHJ solar cells using MPTA-4 as donor, Cep
and Cy as acceptors and two different ETLs (active layers of 50 nm).

Acceptor ETL Jse (MA cm?) Vo (V)  FF(%) PCE (%)
Con BPhen (8 nm) -10.13 0.78 48 3.79
BPhen:Ce (8 nm)/BPhen (5 nm) -10.08 0.78 48 3.53
C BPhen (8 nm) -12.84 0.75 42 3.95
70 BPhen:Cs (8 nm)/BPhen (5 nm) -13.38 0.75 a4 4.27

First, although the modification of the ETL did not really affect the photovoltaic parameters in
the Ceo-based devices, a slightly different behavior was observed in their C;o counterparts. A
higher Js (-13.38 mA cm™) was indeed achieved thus leading to the highest efficiencies with a
champion device exhibiting a PCE of ca. 4.27%. Interestingly, the increase in Jsc can be correlated
with the EQE of ca. 50% from 400 to 800 nm, thus demonstrating the synergic effect between
donor and acceptor. One of the reasons was the improved absorption properties of C7, which
led to a more efficient photo-generation between 500 and 600 nm thus producing a more
homogeneous EQE curve without the previously observed valley at ca. 540 nm.

64— Cqo (BPhen) —— Cqo (BPhen)

4] Ceo(BPhen:C,y/BPhen) 067 Ce (BPhen:Cqy/BPhen)
, Cyo (BPhen) ! Cyo (BPhen)

—— C; (BPhen:Cgy/BPhen)| / 0.5 C,o (BPhen:Cqy/BPhen)
0

EQE

-6 0.3
] / 4

104 0.2

1 A/

14 0.1

-16 4

T T ) 0.0

T T T T T 1
-1.0 05 0.0 05 1.0 300 400 500 600 700 800 900
Voltage (V) Wavelength (nm)

Current density (mA cm?)

Figure 2.16. J-V (left) and EQE (right) obtained in PMHJ solar cells using MPTA-4 as donor, Cso and Cyo as
acceptors and two different ETLs (active layers of 50 nm).

Since this was the first test with Cyo, it would be expected to enhance the obtained PCE after

additional optimization tests that have been already planned in the short term.
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2.7 Conclusions and perspectives

A series of small push-pull molecules based on the N-methyl-N-phenylthiophen-2-amine donor
unit, which had not been used previously in the field of OPV, was synthesized. To do so, this
arylamine was combined with two different heterocyclic spacers and two acceptor moieties,
thus leading to a fine tuning of the optical and electrochemical properties of these new
materials. Though relatively small, the latter indeed presented complementary absorption
covering the whole visible spectrum and part of the NIR. Moreover, according to the data
recorded both in solution and in solid state, their energy levels have been chemically tuned

leading to a progressive reduction of the band gap from ca. 2.3 to 1.4 eV.

Finally, they all have been tested as donor materials in solution-processed OSCs mostly leading
to modest efficiencies due to their high crystallinity. MPTA-4 has been selected to be evaluated
in vacuum-processed OSCs due to its low band gap and better evaporability. While PHJ devices
prepared at Heliatek were not performing, the fabrication of BHJ and PMHJ OSCs in Karl Leo’s
group led to a significant improvement of the PCE, reaching a maximum value of 4.27% in the
preliminary measurements with C7o. These photovoltaic results clearly highlight the enormous

and empirical processing dependence of this type of materials.

In addition, even though further optimizations will be carried out in the short term, the PCE of
5.8% reported in single junction organic solar cells with DTDCTB probably will not be reached.
Consequently, the chemical structures of MPTA-2 and MPTA-4 were recently modified by
substituting their outer phenyl ring by a p-tolyl moiety, affording MTTA-2 and MTTA-4
respectively (Figure 2.17).
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Figure 2.17. UV-Vis absorption spectra in CH,Cl, solutions (left) and energy levels in solid state (right) of

the MPTA and MTTA analogues.

With higher HOMO and LUMO levels, MTTA derivatives significantly improved the molar

extinction coefficients of their MPTA counterparts. Hence, they present the enhanced
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absorptivity of the indandione-based push-pull molecules without, hopefully, their evaporability
issues. Consequently, MTTA-2 and MTTA-4 were recently sent to the Technische Universitat

Dresden for optimized device fabrication.
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CHAPTER 3

3.1 Introduction

The benefits of using accessible TAA-based materials for OPV have been already stated and
demonstrated. In recent years, different design strategies were reported to reach higher
performances. Among them, Kozlov et al. reported in 2018 the effect of substituting the
hydrogen atom of the DCV moiety by a simple phenyl, affording the TPA-T-DCV-Ph derivative,
whose structure is depicted in Figure 3.1. While this chemical modification was found to barely
affect the optical and electrochemical properties in comparison to its TPA-T-DCV analogue,*
TPA-T-DCV-Ph showed higher thermal stability and longer exciton diffusion length (ca. 25 nm),

resulting in improved OPV performances (PCE= 5.11% in BHJ co-evaporated with Cy).
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Figure 3.1. Summary of the most relevant properties of TPA-T-DCV-Ph: UV-Vis absorption spectrum in
CH,Cl, (left), energetic levels obtained by CV in CH3CN/o-C¢H4Cl, 1:4 (center) and J-V curve and
photovoltaic parameters of an ITO/MoQ3/TPA-T-DCV-Ph:C,,/BCP/Al device (right).

Consequently, in view of these advantages, the idea was to synthesize analogues functionalized
with different aryl substituents on the DCV accepting group. However, prior to that, the already

reported synthetic route towards TPA-T-DCV-Ph has to be reconsidered (Scheme 3.1),

particularly for large-scale synthesis.
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Scheme 3.1. Reported synthesis for TPA-T-DCV-Ph.*

Indeed, it is noteworthy that 4 can be obtained by means of a Suzuki coupling in a higher yield
than that of the reported Kumada coupling involving a Grignard reagent. Moreover, even if
afforded in good yield, TPA-T-DCV-Ph resulted in the paper from the Knoevenagel condensation
of ketone 5 with malononitrile under harsh conditions (microwave irradiation for 22 h).
Consequently, a simpler, mild and scalable pathway will be explored. Starting with the
preparation of TPA-T-DCV-Ph, the viability of the new synthetic procedure will be transposed to
other TPA-T-DCV-Ar derivatives (Figure 3.2) to evaluate the impact of these structural

modifications on the optical, electrochemical and photovoltaic properties.

Figure 3.2. Structure of the targeted push-pull molecules.

In parallel, another approach, still based on the TPA-T-DCV structure that showed interesting
features, including a promising PCE (4.0 %), deals with the preparation of push-pull-based
multimers. This simple strategy was recently applied by the group to prepare the Tetra-T (Figure

3.3) from a cheap and commercially available pentaerythritol central core.?3
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Figure 3.3. Structure of the targeted trimer.

NPh,

Consequently, the combination of this multimeric-based strategy with the good results reached
by TPA-T-DCV-Ph led to the design of (TPA-T-DCV)s-Ph, whose synthetic pathway and the

optical, electrochemical and photovoltaic properties will be explored in this chapter.

3.2 Synthesis

3.2.1 Synthesis of TPA-T-DCV-N

The reported synthetic procedure to prepare TPA-T-DCV-Ph was first reconsidered (Scheme
3.2).
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Scheme 3.2. Adapted synthetic pathway to obtain TPA-T-DCV-Ph and TPA-T-DCV-N.

Hence, as mentioned above, the new pathway started with a Suzuki coupling reaction between
the commercially available TPA-B(OH), and bromothiophene, leading to molecule 4 in a better
yield than that of the initial report (88% vs 77% respectively). As in the publication, the latter
was then lithiated and subsequently quenched with benzoyl chloride to afford ketone 5 in a

moderate yield before being engaged in the Knoevenagel condensation.

Considering that the reactivity of ketones in Knoevenagel condensations can be quite poor,
especially for the ones with low electrophilicity, it was not surprising that harsh conditions were
required and reported. Indeed, ketone 5 did not react with malononitrile even though different
solvents, temperatures and bases were used. To tackle this issue, a two-step alternative
consisting in converting the ketone in a highly reactive thione was carried out.* To that end,
ketone 5 successfully reacted with Lawesson’s reagent to afford compound 6 that in turn
reacted with tetracyanoethylene oxide (TCNEO) to eventually obtain TPA-T-DCV-Ph in a good

yield.

All'in all, this new pathway allowed to obtain the desired product in a lower overall yield (25%
instead of 43%) but avoiding this energy and time consuming microwave-assisted step.
However, additional precautions have to be taken into consideration since thione derivatives

can easily face some stability issues in solution in the presence of light.

Afterwards, this new pathway was applied to the synthesis of two other derivatives, either
functionalized with a 2-naphthyl or a 2-quinolyl group (Scheme 3.2). However, the fact that both
acyl chlorides were solids (unlike benzoyl chloride), hindered the reaction as the addition of the
pure reagent over the lithium derivative of 4 was not possible in the same manner. This protocol
difference completely changed the outcome of the reaction, since the fast addition of

concentrated solutions of both acyl chlorides in dry THF over the lithium derivative of 4 only led
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to traces of the desired products. Therefore, to avoid this problem, this step was performed the
other way around and the lithium derivative was slowly added to a solution of each acyl chloride.
On the one hand, ketone 7 was obtained in a comparable yield to that of ketone 5, but
demonstrating that this new synthetic route allows the synthesis of this type of derivatives
based on the use of solid acyl chlorides. While the rest of the synthetic route to afford TPA-T-
DCV-N was carried out in the same way as in the case of the phenyl derivative, the lower
solubility of quinaldoyl chloride in the conventional solvents used for lithiations, such as THF and
diethyl ether, totally prevented the reaction resulting in the absence of formation of the target

ketone.

3.2.2 Synthesis of the trimer (TPA-T-DCV);-Ph

Different approaches were considered for the synthesis of the trimer (TPA-T-DCV)3-Ph (Scheme
3.3).
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Scheme 3.3. Unsuccessful approaches towards the conjugated trimer (TPA-T-DCV)s-Ph.

The first one was naturally based on the protocol developed for TPA-T-DCV-Ph, i.e., reaction of
the lithiated derivative of 4 with the respective acyl chloride, namely benzene-1,3,5-tricarbonyl
trichloride (Scheme 3.3). However, considering that the reaction did not take place in a really
good yield for the monomer, it was not surprising to detect only traces of the triketone in the
reaction mixture. Then, the same tricarbonyl trichloride was engaged in a Friedel-Crafts
acylation with 2-bromothiophene to obtain the tri-bromide 10 but, once again, the reaction was

not successful. Eventually, a different pathway was considered. Adapting a procedure found in
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the literature,”® the commercially available 2-acetyl-5-bromothiophene reacted at 160 °C in an
excess of N,N-dimethylformamide dimethyl acetal (DMF-DMA) to first afford the enaminone 9
almost in a quantitative yield (Scheme 3.4). The latter was then engaged in a reaction with lactic
acid at 90 °C in water yielding the tri-brominated central core 10 in a good yield and a column-

free way.

o
~ = N/
I N\__° DMF-DMA \_d | Lactic acid
Br™ s 160 °C, 15', MW H,0
Br 90 °C, 16 h
96%
9 81%

Scheme 3.4. Synthetic pathway used to obtain the tri-brominated central core 10.

Afterwards, 10 reacted with TPA-B(OH). under Suzuki-Miyaura palladium-catalyzed cross-

coupling conditions to afford ketone 11 in a moderate yield (Scheme 3.5).
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Scheme 3.5. Synthetic pathway towards (TPA-T-DCV)s-Ph.

Finally, the procedure used to obtain TPA-T-DCV-Ph was thus adapted since ketone 11 was
converted into thione 12 that was subsequently engaged in a reaction with TCNEO to obtain the
target trimer (TPA-T-DCV)s-Ph. The yields of these reactions were comparable to those obtained
with the monomers, especially taking into consideration that three reactions took place per

molecule.

3.3 Optical properties in solution

Hence, the two new compounds, namely TPA-T-DCV-N and (TPA-T-DCV)s-Ph, were isolated,
purified and compared to the reference compound TPA-T-DCV-Ph. Starting with their UV-Vis
profiles recorded in CH,Cl, solutions, it turns out that both monomers exhibited comparable

patterns and absorption ranges even though a slight redshift was recorded in the case of TPA-
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T-DCV-N. However, it is noteworthy that the latter was characterized by a higher € which could

be beneficial once embedded in OSCs (Figure 3.4 and Table 3.1).
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Figure 3.4. UV-Vis absorption (left) and normalized emission (right) spectra of TPA-T-DCV-Ph, TPA-T-
DCV-N, (TPA-T-DCV)s-Ph and their respective ketones 5, 7 and 11 in CHCl solutions.
The main difference was found when the properties of the trimer were compared to those of its
single counterpart TPA-T-DCV-Ph, since a threefold € was obtained due to the effect induced by
the three push-pull structures within the same molecule. In addition, its absorption spectrum

was ca. 25 nm redshifted, probably due to the extension of the conjugation within the structure.

Table 3.1. Summary of the optical properties of TPA-T-DCV-Ph, TPA-T-DCV-N, (TPA-T-DCV)s-Ph and their
respective ketones 5, 7 and 11 in CH,Cl; solutions.

Molecule Aabs (nm) €(M*cm?) Aem (NM) Stokes shift (cm™) oOf

5 414 23696 565 6,455 99.4
TPA-T-DCV-Ph 502 25950 701 5,655 0.7
7 418 26511 575 6,532 92.3
TPA-T-DCV-N 505 28448 708 5,678 0.3
11 434 92181 603 6,458 47.9
(TPA-T-DCV);-Ph 530 76000 734 5,244 0.3

2 Measured with an integrating sphere.

Eventually, the emission spectra of the three DCV-based push-pull molecules were subsequently
recorded and their ®r values measured revealing significant Stokes shifts (ca. 5,400 cm™) but

negligible quantum yields (Figure 3.4 and Table 3.1).

On the other hand, the intriguing emission properties of ketones 5, 7 and 11, highlighted even
with naked eyes, were also investigated in CH,Cl, solutions (Figure 3.4 and Table 3.1). In addition
to significant Stokes shifts of ca. 6,500 cm™, the latter were indeed characterized by impressive
fluorescence quantum yields (almost quantitative for the monomers 5 and 7). Consequently, in
view of these outstanding properties, these ketones turned out to be potential candidates for

optoelectronic applications such as OLEDs.
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3.4 Electrochemical properties in solution

The electrochemical properties of the two new donors were compared to those of the reference
TPA-T-DCV-Ph by means of cyclic voltammetry using the same experimental conditions already
detailed in Chapter 2. The collected spectra and the most relevant electrochemical data are

gathered in Figure 3.5 and Table 3.2.

Table 3.2. Electrochemical properties of TPA-T-DCV-Ph, TPA-T-DCV-N and (TPA-T-DCV);-Ph obtained by
CV. WE (Pt), AE (Pt), RE (SCE), 100 mV/s scan rate (buffer: 0.1 M BusNPFg in CH2Cl,).

Molecule Epa (V/ecsrcr)  Epct (V/ecseer)  Epc® (V/ecseet)  Enomo(€V)?  Erumo (V)P AEe'ec (eV)
TPA-T-DCV-Ph 0.60 -1.53 -1.84 -5.29 -3.40 1.89
TPA-T-DCV-N 0.50 -1.48 -1.61 -5.17 -3.45 1.72
(TPA-T-DCV);-Ph 0.61 -1.75 - -5.29 -3.31 1.98

2 Enomo (€V) = -(Eox®™et + 4.8). ° Erumo (€V) = -(Ered®™t + 4.8).

The three donors showed one reversible oxidation wave that could be assigned to the formation
of a radical cation localized on the TPA-thiophene branch, as previously observed in other TPA-
based push-pull derivatives. In comparison to TPA-T-DCV-Ph, the position of the peak was
subjected to a 100 mV negative shift upon substitution of the phenyl by a naphthyl group
although remained unaffected in the case of the trimer. In addition, when scanning towards
negative potentials, a different behavior was observed. Whereas the CV of TPA-T-DCV-Ph
showed two reduction waves, being the first of them reversible and the second irreversible, the
one of TPA-T-DCV-N showed two quasi-successive reversible waves. In stark contrast, the CV of

(TPA-T-DCV);3-Ph only showed one non-reversible reduction wave at Ep,c=-1.75 V.
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Figure 3.5. Cyclic voltammograms of TPA-T-DCV-Ph (1 mM), TPA-T-DCV-N (1 mM) and (TPA-T-DCV);-Ph
(0.5 mM). WE (Pt), AE (Pt), RE (SCE), 100 mV/s scan rate (buffer: 0.1 M BusNPFs in CH>Cl>).
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Regarding their estimated energy levels (calculated as detailed in Chapter 2), whereas the trimer
presented the same HOMO energy as the reference TPA-T-DCV-Ph (-5.29 eV), the one of TPA-
T-DCV-N was slightly higher (-5.17 eV). In addition, while the substitution of the phenyl by a
naphthyl led to a lower LUMO, (TPA-T-DCV);-Ph exhibited the highest LUMO (-3.31 eV) due to

its greater band gap AE®',

3.5 Properties in solid state

The properties of the new donors as spun-casted thin films were compared to those of the
reference TPA-T-DCV-Ph prior to their use in OSCs (Table 3.3). Following the procedure already
detailed in Chapter 2, both HOMO and LUMO energies were estimated from PESA and the

absorption spectra in solid state.

Table 3.3. Summary of the optical and energetic properties of TPA-T-DCV-Ph, TPA-T-DCV-N and (TPA-T-
DCV)s-Ph as spun-casted films.

Molecule Aabs (nm) Aedge (NM)? HOMO (eV)* E.° (eV)© LUMO (eV)
TPA-T-DCV-Ph 529 630 -5.66 1.97 -3.69
TPA-T-DCV-N 528 617 -5.59 2.01 -3.58

(TPA-T-DCV);-Ph 552 657 -5.69 1.89 -3.80

2Low-energy absorption edge.? HOMO energy in solid state determined by PESA. ¢ Optical gap estimated through the low-energy
absorption edge (ICT bands). ¢ Obtained through the equation: LUMO = HOMO + Eg°°t.

The UV-Vis spectra in solid state (Figure 3.6) followed the trend observed in solution but they

appeared slightly broadened and redshifted (ca. 30 nm) due to aggregation phenomena.

Although the HOMO levels estimated by PESA (Figure 3.6 and Table 3.3) matched the tendency
previously obtained by CV, a different trend was observed for the LUMOs. While the monomers
presented a similar E;°"* (1.97 and 2.01 eV), both the HOMO and LUMO energies of the naphthyl
derivative turned out to be less stabilized. In addition, the HOMO level of the trimer (TPA-T-
DCV)s3-Ph was found to be almost the same as for TPA-T-DCV-Ph, but its shorter estimated band
gap led to a lower LUMO. Thus, according to these data, both new donors could be potentially
used as donors for OSCs since their LUMO energies were higher than the ones of the main

fullerene derivatives (ca. 4 eV).
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Figure 3.6. Normalized UV-Vis absorption (left) and PESA (right) spectra of TPA-T-DCV-Ph, TPA-T-DCV-N
and (TPA-T-DCV)s-Ph in solid state.

3.6 Organic solar cells

3.6.1 TPA-T-DCV-N

In view of the great photovoltaic performance of TPA-T-DCV-Ph in vacuum-processed OSCs,

TPA-T-DCV-N was directly tested in such devices by our partners of the Technische Universitat

Dresden. First, standard (ITO/MoOQs/TPA-T-DCV-N/Ce/BPhen/Ag) and inverted (ITO/Bis-HFI-
NTCDI:W>(hpp)a/Ceo/ TPA-T-DCV-N/Mo00s/Ag) PHJ OSCs were fabricated using three different
donor thicknesses (6, 9 and 12 nm) (Figure 3.7 and Table 3.4).
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Figure 3.7. J-V curves of vacuum-processed PHJ solar cells using TPA-T-DCV-N and Cep.

Table 3.4. Photovoltaic parameters of vacuum-processed PHJ solar cells using TPA-T-DCV-N and Ceo.

D thickness (nm) Configuration Jsc (mA cm?) Voc (V) FF (%) PCE (%)
6 Standard -2.19 0.97 35 0.74
Inverted -2.11 0.73 55 0.85
9 Standard -2.11 0.82 41 0.71
Inverted -2.18 0.68 60 0.83
12 Standard -2.22 1.01 24 0.54
Inverted -2.31 0.95 60 1.31
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On the one hand, it can be clearly observed that J-V curves recorded on devices of standard
configuration exhibited strong S-kinks, potentially related to injection/extraction barriers or an
unbalance between the electron and hole mobilities, which highly spoiled the performances. On
the other hand, inverted PHJ OSCs showed suitable curves even though the performances were
not really high due to their moderate Js. In addition, the device fabricated with the thickest
donor layer (12 nm) led to the best performance due to its higher V,c and FF, thus indicating that

the diffusion of the excitons was not hindered in thicker layers.

To improve the performance of the donor, BHJ OSCs were then fabricated using Ceo as the
complementary acceptor material. Several parameters of the fabrication procedure were
modulated using once again standard (ITO/Mo0Qs/D:A/BPhen/Ag) and inverted (ITO/Bis-HFI-
NTCDI:W>(hpp)s/A:D/Mo0s/Ag) configurations, such as the D:A ratio, the thickness of the active
layer, the deposition over heated substrates (80 °C) and the use of a PMHJ architecture (Table
3.5 and Figure 3.8). In addition, the last two strategies were tested at the same time in an

attempt to observe a synergic effect.

The outcome of this sequential modulation of parameters will be fully detailed but it has to be
firstly highlighted that these devices were significantly more performing than their PHJ
counterparts mainly due to the improvement of the Js resulting from a better extraction of the

charges.

Table 3.5. Photovoltaic parameters obtained in the optimization of vacuum-processed BHJ solar cells
using TPA-T-DCV-N and Cgp.

Entry Configuration Th;;kn:)e s ?':t:; De$czzlct)|on Jsc (mA cm™?) :/\;; FF(%) PCE (%)
1 Standard 20 1:2 rt -4.12 0.91 44 1.64
2 Standard 20 1:2 80 -4.05 0.89 46 1.67
3 Standard PMHJ 20 1:2 rt -4.36 0.96 42 1.76
4 Standard PMHJ 20 1:2 80 -4.62 0.95 45 1.99
5 Inverted 20 1:2 rt -3.57 0.81 49 1.40
6 Standard 30 1:2 rt -4.88 0.94 45 2.08
7 Standard 30 1:1 rt -5.08 0.98 47 2.33
8 Standard 30 2:1 rt -4.99 1.04 45 2.32
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Figure 3.8. J-V (left) and EQE (right) curves obtained in the optimization of the architecture (top, Table
3.5, entries 1-5), thickness (center, Table 3.5, entries 1 and 6) and D:A ratio (bottom, Table 3.5, entries 6-
8) of vacuum-processed BHJ solar cells fabricated with TPA-T-DCV-N and Cg.

First, in stark contrast to PHJ OSCs, BHIJ fabricated with an inverted configuration (entry 5, Table

3.5) were less performing than the corresponding standard devices (entry 1, Table 3.5) despite

their substantially higher FF. In addition, it is noteworthy that for active layers of 20 nm, PMHJ

structures (entry 3, Table 3.5) led to slightly higher performances due to their higher J;c and V..

Then, while deposition over heated substrates (entry 2, Table 3.5) did not give rise to a better
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efficiency on its own, a synergic effect was observed when combined with the PMHJ architecture

leading to an increase of the Js..

In addition, all the photovoltaic parameters were substantially improved simply by increasing
the thickness of the active layer from 20 to 30 nm (entries 1 and 6, Table 3.5). The improvement
in the J;c was especially noteworthy since this parameter was clearly spoiling the performance
of the devices up to this point. Consequently, thicker active layers are currently being tested in

an attempt to boost the generated photocurrent.

Finally, three different D:A ratios (2:1, 1:1 and 1:2) were compared, still for active layers of 30
nm (entries 6-8, Table 3.5). Although there was not much difference between the overall
performances when the ratio was modulated, several conclusions can be drawn. First, it was
noticeable that the V,. seems to be ratio-dependent. Thus, additional experiments with thicker
active layers would be required to unequivocally conclude whether the 1:1 D:A ratio performs

better than its 1:2 counterpart.

In parallel, C7o was used as the complementary acceptor material since it is known to enhance
the absorption properties usually leading to improved PCEs. To check if this assumption can be
extended to this new donor, devices with a direct configuration were fabricated using a 1:2 D:A

ratio in active layers of 20 and 30 nm (Figure 3.9 and Table 3.6).
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Figure 3.9. J-V (left) and EQE (right) curves of vacuum-processed BHJ solar cells using TPA-T-DCV-N as
donor and Csp and Cyo as acceptors.

Table 3.6. Photovoltaic parameters of vacuum-processed BHJ solar cells using TPA-T-DCV-N as donor and
Cso and Cyo as acceptors.

Acceptor Thickness (nm) Jsc (mA cm?) Voc (V) FF (%) PCE (%)
Con 20 -4.12 0.91 44 1.64
30 -4.89 0.94 45 2.08
Co 20 -6.91 0.87 50 3.01
30 -8.45 0.91 48 3.72
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According to the preliminary results, despite the slight decrease in the V.. the use of Cy
counterbalanced the low Js of Ceo-based devices since the highest value (-8.45 mA cm™) was
obtained up to this point. In addition, the EQE spectra showed an improved photogeneration all
along the visible spectrum with a maximum of ca. 65% at 505 nm. It is also noteworthy that just
the contribution of the donor (peak at 500 nm) was improved when the thickness was increased
from 20 to 30 nm. Therefore, C70 seems to be a more appropriate complement for TPA-T-DCV-

N as it helps to enhance the most limited parameter, namely the Js.

All'in all, although the optimization process was not completed by our partner by the time this
manuscript was submitted, TPA-T-DCV-N achieved quite decent FF and V. values but suffered
from low Js.. Therefore, the idea would be to keep optimizing the device fabrication by using a
PMHJ architecture combined with the deposition over heated substrates but also with optimized
thickness, D:A ratio (between 2:1 and 1:1) and of course acceptor (C7o instead of Ceo). Indeed, in
view of these preliminary results, there is still room to improve the 3.72% PCE obtained up to

this point.

3.6.2 (TPA-T-DCV)s-Ph

Considering that the high molecular weight of the trimer (TPA-T-DCV);-Ph (1282.6 g mol™) may
hinder its evaporation, a preliminary evaluation was performed through the fabrication of
solution-processed BHJ OSCs of architecture ITO/PEDOT:PSS/DA/LiF/Al. Hence, (TPA-T-DCV);-
Ph was solubilized in chloroform and blended with either PCs;BM and PC7:BM in a 1:1 ratio (10
mg/mL in total) and spun-casted at 1300 rpm (Figure 3.10 and Table 3.7).

Table 3.7. Photovoltaic parameters of solution-processed BHJ solar cells using (TPA-T-DCV)s-Ph as donor
and PCs;:BM and PC7:BM as acceptors in a 1:1 D:A ratio.

Acceptor Jsc (MA cm™?) Voc (V) FF (%) PCE (%)
PCs:BM -2.43 0.40 28 0.27
PC;:BM -3.16 0.64 27 0.55

As it can be observed, the performance of the trimer blended with both acceptors was rather
modest. The devices indeed suffered from really low FF (only ca. 28%) but also V,c and Js. As
usual, PCEs were slightly enhanced when the expensive but better absorbing PC7:BM was used
due to the higher Jsc and especially Vo (+0.24 V). Although the only apparent advantage of this
material with respect to the monomer was its slightly broader absorption range, it did not lead

to a significant improvement due to the low intensity of the EQE.
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Figure 3.10. J-V (left) and EQE (right) of solution-processed BHJ solar cells using (TPA-T-DCV)s-Ph as
donor and PCgs:BM and PC7:BM as acceptors.
To improve these preliminary measurements, an optimization process should be carried out
later on in order to evaluate, for instance, the use of different additives, D:A ratios, thicknesses
of the active layer and also configurations of the devices (standard vs inverted). In parallel, (TPA-
T-DCV);-Ph was sent to a collaborator (Prof. Gregory Welch, University of Calgary) to be tested

in ternary organic solar cells.

3.7 Conclusions

First of all, the synthetic procedure for the synthesis of TPA-T-DCV-Ph has been adapted and a
naphthyl analogue, namely TPA-T-DCV-N, has been synthesized as a proof of concept with
comparable synthetic yields. The substitution of the phenyl ring by a naphthyl did not impact
the optical and electrochemical properties of the reference molecule in a great manner. Then,
the new TPA-T-DCV-N was evaluated as a donor material in vacuum-processed OSCs. Although
the optimization process was not fully completed within the frame of this thesis, a significant
improvement of PCE was observed, reaching a promising value of 3.72%. It was found that the
use of Cso drastically increased the FF and especially the Ji, reaching a notable maximum EQE of
65% at 505 nm. Therefore, with additional optimizations, it is expected to significantly improve
its PCE. In addition, the ketone intermediates of both donor materials (5 and 7) were found to
be highly emissive with almost quantitative fluorescence quantum yields, opening doors to

other applications.

Thus, in view of the notable photovoltaic performances of TPA-T-DCV-Ph and TPA-T-DCV-N, the
synthesis of different analogues is envisioned in the short term. The most evident way to
improve the photovoltaic performance is to broaden the absorption range of the molecules,
which has led so far to low Js. To that end, the use of better electron-donating blocks, such as
MPTA or MTTA, will be considered in order to redshift the absorbance and take advantage of

photons of lower energy.
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Additionally, a new strategy to synthesize conjugated trimers of push-pull molecules with a
benzene moiety as a central core has been designed and applied for the preparation of (TPA-T-
DCV)s3-Ph. While the latter exhibited interesting optical and electrochemical properties, further
device optimizations have to be carried out to evaluate the potential of such architectures in

OSCs.

From the synthetic point of view, more soluble arylamine-based electron-rich moieties are
currently considered in order to exploit this new synthetic strategy. For instance, we recently
reported the synthesis of two simple donor materials for OPV based on a N,N-bis(4-
biphenylyl)aniline (BPA) donor unit that exhibited high hole mobility and fill factors over 73%,
which have been barely achieved in all-small-molecule OSCs.” Hence, in an attempt to improve
the results obtained by (TPA-T-DCV)s-Ph, an additional trimer, namely (BPA-T-DCV)s-Ph, was
recently synthesized following the same synthetic pathway but using a BPA donor unit (Figure
3.11). Thus, this new trimer, with similar electrochemical properties but improved absorptivity,

will be soon tested in solution-processed BHJ solar cells.
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Figure 3.11. UV-Vis absorption spectra (left) and HOMO/LUMO levels (right) of (TPA-T-DCV)s-Ph and
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CHAPTER 4

4.1 Introduction

Among other simple, affordable and absorbing molecules, dyes have clearly a special place.
Several architectures, such as BODIPY, porphyrin, phthalocyanine, diketopyrrolopyrrole or
rylene imide derivatives, have been already synthesized, functionalized and used in organic
photovoltaics. One intriguing example is N-(alkyl)benzothioxanthene-3,4-dicarboximide (BTXI),
whose most distinctive feature is the push-pull effect created along its conjugated core through

the interaction between the electron-donating sulfur atom and the imide group. Its structure is

compared to that of the well-known PDI in Figure 4.1.
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Figure 4.1. Structures of PDI and BTXI.

In stark contrast to the reference and symmetrical PDI, which has been extensively employed
due to its redox, electron-withdrawing and charge-carrier transport properties as well as its
excellent chemical, thermal and photochemical stabilities,’* BTXI has been scarcely studied
since its discovery in 1974.>% Indeed, just a few publications related to its application in

bioimaging”™ or antitumor therapeutics'® were reported before 2018.

First fully investigated by our group, BTXI revealed interesting optical properties with an
absorption in the visible and an associated emission characterized by an almost quantitative

fluorescence quantum yield (Figure 4.2).
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Figure 4.2. UV-Vis absorption (left) and emission (center) spectra in CH>Cl, and cyclic voltammogram
(right) in 0.1 M Bu4NPFs/CH,Cl, (100 mV/s scan rate, Pt working electrode) of BTXI.
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In addition, the exploration of its redox properties highlighted two fully reversible and stable
one-electron processes in both the anodic and cathodic regions with an impressive

electrochemical gap of ca. 2.5 V.

As a step forward to its use in the preparation of extended m-conjugated systems, the synthetic

pathway to obtain the bare BTXI in gram-scale was first optimized (Scheme 4.1).
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Br

—_—
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BTXA BTXI

70%
Scheme 4.1. Optimized synthetic pathway used to obtain BTXI.

To do so, two already reported routes were combined to afford the anhydride BTXA from 4-
bromo-1,8-naphthalic anhydride and 2-aminothiophenol through a one-pot reaction with
isopentyl nitrite prior to the introduction of the alkyl chain in molten imidazole. Eventually, this
2-step synthesis was upscaled allowing the column-free production of BTXl in a 52% yield and

using less expensive starting materials.

Indeed, unlike PDI, whose chemical functionalization in the bay, ortho and N positions had been
widely studied,'* BTXI had been only functionalized in the latter (imide) for post-grafting or
solubility purposes.'® 1213 Hence, it is important to note that the reactivity of the 8 available
positions of its conjugated backbone was still unexplored. Consequently, the selective mono-
bromination of the core was investigated by our group.' It turned out that the structural
elucidation of the product was not straightforward, since only X-ray diffraction provided the
exact position (5) of this efficient and selective functionalization. This new BTXI-Br was proven
to be fully compatible with the most commonly used palladium-catalyzed cross-coupling

reactions, i.e., Stille, Suzuki-Miyaura, Sonogashira and direct arylation (Scheme 4.2).
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Scheme 4.2. lllustration of the synthetic versatility of BTXI-Br.
Following this approach, several m-conjugated systems were prepared and evaluated in different

applications of organic electronics with great results in, for instance, OPV,** OTFT® and

supercapacitors®® (Figure 4.3).

OPV . OTFT | | SUPERCAPACITORS |

Figure 4.3. Examples of BTXI-based materials for organic electronics.
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On the other hand, it is noteworthy that the nitration of other rylenes, particularly in the case
of PDI, has gained attention over the bromination over the last few years, especially due to two
main reasons. The first one is related to the ease of synthesis and purification of nitro
derivatives.' The second deals with the potential compatibility of this group with different
cyclizations in the bay area through Cadogan-type reactions in order to incorporate diverse
heteroatoms, namely sulfur,’” oxygen,® nitrogen®® or even more complex structures, such as
azaborine-?° or pyran-based?! moieties. Considering that there are no examples of this reaction
over BTXI in the literature, the experimental conditions will be first optimized and then the
susceptible positions to react in this non-symmetric block will be evaluated. Then, the reactivity
of the nitro group will be studied and afterwards the optical and electrochemical properties of

the new synthesized derivatives will be naturally investigated.*?

Eventually, the ultimate goal would be to develop a methodology to nitrate a bay position of
BTXI in order to study the viability of different cyclizations through Cadogan reactions to obtain

new extended BTXI-based systems.

4.2 Synthesis and characterization of BTXI-NO2 and NO,-BTXI-NO;

In view of the high reactivity of BTXI with bromine, the former was subjected to one molar

equivalent of fuming nitric acid under air at room temperature (Scheme 4.3).
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Scheme 4.3. Reactive conditions used for the nitration of BTXI.

However, regardless of the reaction time, the full conversion of the starting material was not
reached, resulting in the addition of different equivalents of HNOs, i.e., 2, 5 and 10. As an
illustration, the NMR of the unpurified crudes after reactions of 20 minutes are gathered in

Figure 4.4.
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Figure 4.4. 'H NMR in CDCls of BTXI and the reaction crudes obtained after the nitration of BTXI with
different equivalents of HNOs in CH,Cl, at rt during 20 minutes.
It turns out that the full conversion of BTXI was already achieved with two equivalents, even
though it already started to generate traces of a secondary product. In these conditions, the
mono-nitrated BTXI-NO; directly precipitated from the reaction after approximately 20 minutes
and was directly recovered by a simple filtration. The rest of the product was purified by
recrystallization from CH,Cl;, meaning that BTXI-NO; is less soluble than its multi-nitrated
counterparts in chlorinated solvents. Then, when 5 eq were added, a mixture of BTXI-NO; and
a di-nitrated product was obtained according to the NMR spectrum. Eventually, when 10
equivalents were added, the di-nitrated derivative NO,-BTXI-NO, was obtained in a high yield
without additional impurities. Both products were also confirmed by mass spectroscopy.
However, the addition of more equivalents, i.e., 20 or 30, provided mixtures of NO,-BTXI-NO;
and more than one multi-nitrated product that could not be separated by column
chromatography. Thus, the reactivity of this block towards nitric acid just allows the selective
synthesis of BTXI-NO, and NO,-BTXI-NO,. Hence, as in the case of BTXI-Br, the next step was to

precisely identify the functionalized positions.*

To that end, the mono-nitrated product was first fully characterized by NMR, even if complicated

due to its modest solubility (Figure 4.5).
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Figure 4.5. 'H NMR (top), 1H-'H COSY (bottom-left) and *H-*H NOESY (bottom-right) spectra of BTXI-NO;
in CDCls.
By means of its COSY spectrum, 3 systems of aromatic protons were confirmed: 1 singlet (1H at
9.43 ppm), 2 doublets (1H each at 8.84 and 8.53 ppm) and 3 multiplets (4H in total, at 8.39, 7.72
and 7.59 ppm), demonstrating that the -NO, group was grafted on the naphthyl ring, i.e.,
positions 4, 5, 11 and 12. Then, NOESY experiments confirmed the interaction between protons
11 (doublet, 8.53 ppm) and 10 (multiplet, 8.39 ppm) thus highlighting that the nitro group was
located either on position 4 or 5. However, unlike for BTXI-Br, the crystal growth process was

unfortunately unsuccessful even if different techniques were tested.

Consequently, density functional theory (DFT) calculations were carried out at the OT-wB97X-
D/6-31g(d,p) level of theory to determine the low-energy nitro-substitution site for each unique
and potential BTXI-NO; derivative. It is noteworthy that geometries were optimized with methyl

groups instead of ethylpropyl side chains to reduce the computational cost. As illustrated in

96



CHAPTER 4

Figure 4.6, the mono-nitrated isomer with the lowest energy was found to be the one

functionalized on the position labeled 9.
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Figure 4.6. Relative energy of every possible mono-nitrated isomer of BTXI.

These results, in disagreement with those deduced from the NMR experiments, suggested that
the isolated BTXI-NO; did not correspond to the thermodynamic product but to the kinetic one.
Moreover, although computational chemistry revealed that isomer 5 was substantially more
stable than its counterpart functionalized on position 4, a different approach was required to
unequivocally assign the right substitution. Indeed, an indirect synthetic strategy was
subsequently considered, consisting in the preparation and comparison of two structural
isomers obtained from BTXI-Br, whose functionalized position was known and confirmed (5),

and BTXI-NO; (approaches A and B respectively of Scheme 4.4).
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Scheme 4.4. Synthetic route towards BTXI-NPh; using two different approaches (A and B).
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Hence, BTXI-Br was involved in a Buchwald-Hartwig cross-coupling reaction with diphenylamine
to afford the reference compound (A)-BTXI-NPh;. In parallel, the nitro group of BTXI-NO; was
first reduced into a primary amine (BTXI-NH>) with iron powder and hydrochloric acid in a high
yield before being engaged in a double Buchwald-Hartwig coupling with iodobenzene to obtain
(B)-BTXI-NPh,. Once isolated and purified by column chromatography, both molecules revealed
a perfect superimposition of their *H NMR spectra (Figure 4.7), thus confirming the nitro

substitution in position 5.
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Figure 4.7. 'H NMR in CDCls of BTXI-NPh; obtained by approaches A and B.

Eventually, to unequivocally confirm the right substitution in position 5, single crystals of (B)-
BTXI-NPh, were successfully grown via slow evaporation of a CH,Cl,/petroleum ether mixture

(Figure 4.8).

Figure 4.8. Molecular structure of BTXI-NPh; obtained by X-ray diffraction.
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On the contrary, the elucidation was straightforward in the case of NO,-BTXI-NO,, since single
crystals were successful grown via slow evaporation of toluene. X-ray analysis showed that the

nitro groups were located in positions 5 and 11 (Figure 4.9).

Figure 4.9. Molecular structure of NO»-BTXI-NO; obtained by X-ray diffraction.

As it can be observed, the planar structure of the core is lost due to the higher torsion induced
by the functionalization in the bay position 11. Another conformation, in which the phenyl ring
is twisted towards the other face of the molecule was also found in the crystal structure. This
higher torsion may decrease the strength of the n-stacking thus explaining the higher solubility
of NO»-BTXI-NO, in comparison to the mono-functionalized BTXI-NO and the bare BTXI. This is
also the reason why the mono-nitrated product was obtained via precipitation in the presence

of NO2-BTXI-NO:.

4.3 Properties of the N-functionalized BTXI derivatives

4.3.1 Electrochemical properties in solution

In order to compare the electronic effect of incorporating D and A moieties to the BTXI core, the
electrochemical properties of BTXI-NO,, BTXI-NH, and BTXI-NPh, were studied. The cyclic
voltammetry measurements were carried out in CH,Cl; using a 0.10 M BusNPF; solution as
supporting electrolyte and the experimental conditions detailed in previous chapters (Figure

4.10 and Table 4.1).
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Figure 4.10. Cyclic voltammograms of BTXI, BTXI-NO;, BTXI-NH and BTXI-NPh, (1 mM) in 0.1 M BusNPFs
in CHxCl> using a 100 mV/s scan rate. WE (Pt), AE (Pt), RE (SCE).

The cyclic voltammogram of BTXI, used herein as a reference, exhibits two perfectly reversible
processes in both positive and negative regions with a gap of 2.53 V. It turns out that the
substitution of the core led, in all the cases, to lower electrochemical gaps regardless of the
electronic nature of the grafted moiety.

On the one hand, the CV of BTXI-NO; showed a single irreversible oxidation and two irreversible
reduction peaks. In addition, the functionalization with this electron-withdrawing group
destabilized both the HOMO and LUMO levels ending up in a narrower gap of ca. 2.41 eV. On
the other hand, the voltammograms of both amines exhibited reversible oxidation processes
and quasi-reversible reduction peaks. The second oxidation wave of BTXI-NPh, could be
attributed to the oxidation of the diphenylamine moiety. Besides, while both electron-donating
groups led to substantially higher HOMO energies in comparison to BTXI, the LUMO levels were
not really impacted, thus leading to lower band gaps of 2.23 and 2.09 eV for BTXI-NPh; and BTXI-
NH; respectively.

Table 4.1. Electrochemical data of the BTXI derivatives at a concentration of 1 mM. 0.10 M
Bu4NPFs/CH,Cl5, 100 mV/s scan rate. WE (Pt), AE (Pt), RE (SCE).

Mol I EPa1 EPaZ Epcl Epcz £ (eV)? E ( V)b AEelec( V)
Ol (Wfrgre)  (Vfegre) (Vo) (Vi) MO0 '® wmo (€ €
BTXI 0.94 - -1.82 - -5.63 -3.10 2.53

BTXI-NO, 1.33 - -1.45 -2.00 -5.93 -3.52 2.41

BTXI-NH, 0.54 - -1.91 - -5.23 -3.14 2.09

BTXI-NPh, 0.70 1.04 -1.82 - -5.37 -3.14 2.23

2 Enomo (€V) = -(Eox®™et + 4.8). ° Erumo (€V) = -(Ered®™t + 4.8).
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4.3.2 Optical properties

Considering that i) rylene derivatives are prone to exhibit interesting photophysical properties
and ii) that there was not much information related to BTXI, the spectroscopic features of the
series synthesized above were thus investigated and compared to the previously reported BTXI
and BTXI-Br in collaboration with our partners of the ENS Lyon. In addition to the absorption
and emission profiles (Figure 4.11), the fluorescence lifetimes (tops) and quantum yields (®s)
were determined in dichloromethane solutions (Table 4.2). Eventually, due to the presence of
heavy heteroatoms in the molecules (S and in one instance Br) that are expected to increase the
spin-orbit coupling (SOC),?® the potential of these derivatives to generate singlet oxygen (®.)

based on their triplet excited states was also quantified.
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Figure 4.11. Normalized absorption (left) and emission (right) spectra of the BTXI derivatives in CH,Cl,
solutions at rt.

Table 4.2. Photophysical data of the BTXI derivatives in CH,Cl, solutions.

Molecule Aabs (hM)  Aem (hm)  Stokes Shift (cm™?)  ®Ff  Tons(ns)  Da®  Eqripler (cm™?) ©

BTXI 455 510 2,370 0.99 7.48 0.00 -
BTXI-Br 469 500 1,322 0.78 6.49 0.11 14,925
BTXI-NO. 486 585 3,482 0.01 8.14 0.42 15,870

BTXI-NH 490 555 2,390 0.67 11.17 0.00 -
BTXI-NPh; 483 600 4,037 0.33 10.68 0.46 14,600

2 Measured using coumarine-153 as reference (O = 0.45 in MeOH); ® Measured using phenalenone as reference (O = 0.95 in
CHCly).*2 < Calculated at the first phosphorescence band maximum.

While BTXI and its brominated counterpart exhibited structured absorption and emission
spectra involving a main transition (at ca. 480 nm) ascribed to a localized ©-n* transition of the
polyaromatic core, the optical signatures of BTXI-NH;, BTXI-NPh, and BTXI-NO, were more
complex and required a deeper analysis to understand their different behavior, starting with a

solvatochromic study (Figure 4.12).
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Figure 4.12. Normalized absorption (left) and emission (right) spectra in toluene, DCM, acetonitrile
(MeCN) and DMF of BTXI-NH; (top), BTXI-NPh;, (middle) and BTXI-NO; (bottom).
While no significant solvatochromic behavior was observed for BTXI, BTXI-NH- did show broad
and structureless solvent dependent absorption and emission bands that appeared significantly
redshifted when compared to other BTXI derivatives. Moreover, a clear linear tendency with
positive slope was found when plotting the energy of the Stokes shift against the solvent
polarizability following the Lippert-Mataga equation (Figure 4.13). All these features are
consistent with an assignment of this band to a charge-transfer (CT) transition, indicative of a
push-pull effect between the amine and the naphthalimide. With an even more redshifted
emission spectrum, BTXI-NPh; also exhibited similar features. This observation can be assigned
to a greater reorganization between a more distorted ground state (produced by the steric
hindrance of the diphenylamine) and a more planar excited state. According to the natural

transition orbitals (NTOs) derived from the TD-DFT calculations, the transitions with significant
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oscillator strength are the ones taking place between the amino and naphthalimide moieties,

thus confirming the CT-like character.
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Figure 4.13. Stokes shift versus solvent polarizability following the Lippert-Mataga equation for BTXI-NH;
(left) and BTXI-NPh; (right).
On the other hand, although BTXI-NO; also exhibited a redshifted, broad and structureless

emission band, it did not follow a solvatochromic behavior.

Thereafter, the emission spectra of all the derivatives was recorded at 77 K in a 1:4 MeOH/EtOH
mixture (Figure 4.14 and Table 4.2). In the case of BTXI-NO;, an emission band at 650 nm
assigned to a triplet-centered phosphorescence was observed. Afterwards, by applying a delay
of 0.05 ms, the phosphorescence band could be observed and an energy at zero-phonon
transition of 15,870 cm™ was recorded. This long-lived triplet state even at room temperature
confirmed both efficient SOC and ISC, which can be the reason for the broader and redshifted

pattern.

Contrarily to the reference BTXI dye, BTXI-Br and BTXI-NPh; also showed phosphorescent
behavior. As expected, the presence of a heavy bromine atom induced SOC thus facilitating the
spin-forbidden S1-T1 intersystem crossing. However, surprisingly the intensity was lower than
in the case of the nitro derivative. Regarding BTXI-NPh,, the distortions of the m-conjugated
backbone induced by the phenyl moieties resulted in an improvement of the SOC characterized

by a triplet state energy of 14,600 cm™.
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Figure 4.14. Normalized excitation (black trace), emission at rt (red trace) and 77 K in a MeOH:EtOH
mixture (1:4) without (blue solid trace) and with a 0.05 ms delay (blue dotted trace) of BTXI-Br (top-left),
BTXI-NO; (top-right) and BTXI-NPh; (bottom).

The fluorescence quantum yields were subsequently determined for all the molecules using
coumarine-153 as reference. While for BTXI almost a quantitative quantum yield was obtained,
the addition of the different substituents efficiently quenched the emission (Table 4.2). The CT
character observed for BTXI-NHz and BTXI-NPh; could explain this difference since the lower
recorded emission energy can enhance the non-radiative deactivations via vibronic couplings
between the ground and excited electronic states (energy gap law). The more efficient ISC,
which quenches the emission from the singlet state, seems to be the reason for the lower
quantum yields of BTXI-Br and BTXI-NO.. This fact was further confirmed by their notable ®,
efficiencies, i.e., 0.11 and 0.42 respectively. Although the higher value measured for BTXI-NO,
seems counterintuitive, this effect in nitro-polyaromatic cores has already been reported.?42¢
This phenomenon can be attributed to a lowest lying emitting 3rn-n* state as well as to a more

3n-n* state centered on the nitroaromatic part. The latter state, which is

energetic
comparatively closer in energy to the rm-mt* state and involves a change in the electronic

configuration (‘r-mt* - 3n-n*), can substantially favor the SOC effect.
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4.4 Towards new extended BTXI-based rylenes

Once the first series of nitrogen-functionalized molecules was fully characterized, the
development of new extended BTXI derivatives via Cadogan cyclizations was thereafter
considered. Being conscious that the nitration can be performed in a bay position (11), the
reactivity of a BTXI functionalized in position 5 was assessed in an attempt to obtain a derivative
compatible with the cyclizations. Among others, BTXI-Br stood out for two reasons. Firstly, it
could enable the reactivity through palladium-catalyzed cross-couplings or be potentially
removed afterwards, i.e., being used as a protecting group for position 5. Secondly, the heavy

bromine atom could potentially provide interesting optical properties to the final product.

Consequently, the same conditions used for the mono-nitration, i.e., 2 equivalents of fuming
nitric acid at room temperature for 20 minutes under air (Scheme 4.5), were used over BTXI-Br
and turned out to be enough to reach a total conversion of the starting material into a new

compound that was easily purified by column chromatography on silica gel.

0 _N_0O
OO HNO; (2 eq) 02N
—_—
Br  CH.Cl
s tt, 20 s
® O
BTXI-Br NO,-BTXI-Br

Scheme 4.5. Nitration conditions used to synthesize NO-BTXI-Br.

The position of the nitro group was then confirmed by X-ray diffraction analyses (Figure 4.15)
after a successful crystal growth via slow evaporation of toluene. As expected, the substituted

position (11) was the same as for NO,-BTXI-NO,.
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Figure 4.15. Molecular structure of NO,-BTXI-Br obtained by X-ray diffraction.
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Then, the new NO,-BTXI-Br was used as the starting material in several Cadogan-type reactions

already reported for the cyclization of the nitrated PDI (Scheme 4.6).17-20-2
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Scheme 4.6. Unsuccessful cyclization tests on NO-BTXI-Br.

As illustrated, the described conditions for the incorporation of azaborine- and pyran-based
moieties were completely unsuccessful. On the other hand, even if properly crystallized via slow
evaporation of chloroform and therefore structurally confirmed, the S-cyclization only led to

traces of the desired product (Figure 4.16).

Figure 4.16. Molecular structure of the brominated S-annulated BTXI obtained by X-ray diffraction.

106



CHAPTER 4

These poor yields highlight the tremendous difference in reactivity between BTXI and PDI. At
this point, the fact that the bromine atom could be detrimental for the reactivity was considered.
However, even though position 5 was also protected with an alkyl side chain, the outcome of

the reactions turned out to be the same.

In a further attempt to perform a cyclization, the procedure used for the synthesis of the N-
annulated PDI was subsequently adapted for NO,-BTXI-Br (Scheme 4.7).%° Interestingly, the
latter successfully reacted with PPhz in DMF thus affording carbazole 13 in a good yield. Then,
the alkylation was performed with 1-bromohexane and potassium carbonate in DMF. Note that
the resulting TCCI-Br was already set to be used in palladium-catalyzed cross-couplings for the
synthesis of different materials. However, for comparative purposes, the bromine atom was
removed by means of a catalytic reaction with a NHC palladium complex in isopropyl alcohol in
the presence of sodium tert-butoxide to afford the unreported 1H-thiochromeno[5,4,3,2-

cdef]carbazole imide (TCCI).%’

(@] N o O N o (@) N (0] ()/T\O
1-Bromohexane (NHC)Pd(allyl)ClI
OO PPhg OO K,CO4 OO NaO'Bu OO
O,N Br DMF HN Br DMF _ Br iPrOH
s 150°C, 40 h s 120 °C,16 h Hex—N s 60°C, 2 h Hex—N S
O 70% O 75% 86% O
NO,-BTXI-Br 13 TCCI-Br TCCI

Scheme 4.7. Synthetic pathway towards TCCI.

Once the first block was synthesized, larger conjugated structures were thereafter considered.
To do so, the first step was to design a synthetic route for the functionalization of the outer
phenyl ring which was, up to that moment, unexplored and consequently unreported.
Considering that the functionalization of the precursor 2-aminobenzenethiol is tedious and the
commercial availability of such analogues is scarce, the synthesis of different amine-thiol
derivatives was investigated. It turns out that the latter can be easily obtained from their
benzothiazole counterparts once engaged under simple basic conditions in ethylene glycol.?® To
test this strategy, 2-methylnaphtho[1,2-d]thiazole was used as the starting material and its
thiazole ring was successfully opened according to a reported procedure (Scheme 4.8).%°
Eventually, the synthesis of the new dibenzo[a,k/]thioxanthene imide (DBTXI), was carried out
using the same procedure as for BTXI but using the resulting 1-aminonaphthalene-2-thiol

instead of 2-aminobenzenethiol.
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Scheme 4.8. Synthetic pathway towards DBTXI.

It is noteworthy that the anhydride was not isolated due to the lack of solubility that hindered
its purification and characterization. However, once alkylated, the resulting compound was
easily purified and isolated. Then, the reactivity of this new derivative was investigated using the

methodology previously described for BTXI (Scheme 4.9).
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Scheme 4.9. Synthetic pathway towards TXAI.

Interestingly, DBTXI was also mono-brominated in position 5 using similar conditions than those
used for BTXI (molecular structure in Figure 4.17). Then, 2 equivalents of fuming nitric acid were
added to a solution of DBTXI-Br in CH,Cl; at room temperature under air and the mono-nitrated
compound NO,-DBTXI-Br, whose structure was confirmed by X-ray analyses (Figure 4.17), was

isolated in a high yield.
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Figure 4.17. Molecular structures of DBTXI-Br (left) and NO,-DBTXI-Br (right) obtained by X-ray
diffraction.
As the nitro group was placed once again in a bay position, NO2-DBTXI-Br was then subjected to
similar N-annulation conditions thus affording an unknonw new product. As in the case of TCCI,
the new carbazole was alkylated with 1-bromohexane and the protecting bromine atom
removed. Luckily, crystals of the isolated blue molecule were successfully grown revealing and
confirming the structure of the expected 12H-thioxantheno[2,1,9,8-kImnalacridine imide (TXAI)

(see X-ray crystallography and theoretical calculations section).

4.4.1 Optical and electrochemical properties

The optical properties of the three new blocks were evaluated both in solution and as spun-

casted films and compared to the ones of BTXI (Figures 4.18-4.19 and Table 4.3).
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Figure 4.18. UV-Vis spectra of BTXI, TCCI, DBTXI and TXAI in CHCl; solutions (left) and as spun-casted
films (right).

Regarding the UV-Vis absorption spectra, it is noteworthy that the absorption ranges of BTXI,
DBTXI and TCCI (ca. 350-500 nm) and their € (ca. 15000-20000 M cm™) were very similar.

However, and contrarily to BTXI and DBTXI, the N-annulated TCCI exhibited two main bands
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resulting in a broader absorption. On the other hand, with a similar pattern in comparison to
BTXI, the main band of TXAl became considerably broader and redshifted, but presented a lower
epsilon. In that way, the extended structure of TXAIl enabled for the first time the absorption

beyond 550 nm, even reaching the NIR, only with a BTXI-based block.

Their spectra in solid state followed the same trend although they were redshifted in

comparison to those in solution.

Table 4.3. Optical properties of BTXI, TCCI, DBTXI and TXAl in CH,Cl, solutions and as spun-casted films.

Aabs film Aem ETri let
1 el a b P
Molecule Aupsso (nMm) € (M1cm?) (nm) (nm) (O Tobs (NS) (O)) (cm ) ¢
477 20000
BTXI 458 22000 jg? gzlli 0.99 7.48 0.00 -
257 42500
485 17000
404 14000 494
TCCI 332 5000 406 520 0.80 9.61 0.14 -
253 44000
480 18000 574 d
DBTXI 268 37000 483 542 0.08 <1 1.00 14,250
659 9000
676
374 11000
TXAI 338 25000 g;g 733 0.05 2.88 0.00 -
260 27000

2 Measured using coumarin-153 as reference (®r = 0.45 in methanol). ® Measured using phenalenone as reference (®f=0.95 in
dichloromethane). ¢ Calculated at the first phosphorescence band maximum. ¢ Lifetime below the limit measured using a
nanoLED-390 nm.

Then, the emission properties of the four blocks were investigated. First, TCCl exhibited a
comparable emission to the one of BTXI despite its lower @, which was countered with an
improvement in the singlet oxygen generation properties (Oa = 0.14). However, the extension
of the conjugation in DBTXI resulted in a significant drop in the fluorescence quantum yield and
a slight redshift. Since a high distortion was found for its molecular structure (see X-ray
crystallography and theoretical calculations section), this favored, as previously demonstrated
for other BTXI derivatives, triplet instead of singlet emission as an outstanding ®, of 1 was
recorded. Eventually, according to its absorption properties, the emission of TXAl was found in

the NIR but its @ and @, were almost negligible.
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Figure 4.19. Normalized emission spectra of BTXI, TCCI, DBTXI and TXAI in CHxCl; solutions.

In order to compare the electrochemical properties of the three new blocks to those of BTXI,
cyclic voltammograms at a concentration of 103 M were recorded in a glovebox using a 0.1 M
BuiNPFs solution in CH,Cl; as the supporting electrolyte, a glassy carbon electrode and a 100

mV/s scan rate (Figure 4.20).
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Figure 4.20. Cyclic voltammograms of BTXI, TCCI, DBTXI and TXAI (1 mM) in 0.1 M Bu4NPFg in CH>Cl,
using a 100 mV/s scan rate and a glassy carbon electrode (WE).
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On the one hand, both TCCI and DBTXI exhibited similar voltammograms to that of BTXI with
perfectly reversible single oxidation and reduction peaks (Figure 4.20 and Table 4.4).
Nonetheless, although the profiles of BTXI and DBTXI were almost superimposable, a ca. 0.2 V
shift towards negative potentials was monitored for TCCI. On the other hand, although a similar
effect was observed for TXAI, it surprisingly exhibited two reversible oxidation peaks and just

one reversible reduction thus leading to a substantially shorter AE®',

The frontier orbital energy levels of the four blocks (Table 4.4) were investigated both in
solution, by means of CV (Figure 4.20), and as spun-casted films, by means of PESA (Figure 4.21)
and UV-Vis spectroscopy (Figure 4.18).
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Energy (eV)
Figure 4.21. PESA spectra (left) and energy levels (right) of BTXI, TCCI, DBTXI and TXAI as spun-casted
films.

The same trend was observed for both states although the obtained gaps in solid state were
slightly narrower. In comparison to BTXI, the insertion of an extra phenyl ring in DBTXI did not
have a real effect on the recorded HOMO and LUMO energy levels. On the contrary, their
respective N-annulated counterparts exhibited both higher HOMO and LUMO energies.
However, while in the case of TCCI this just led to slightly higher levels without affecting the
band gap, the substantial increase in the HOMO level of TXAI led to a much narrower band gap,

in agreement with the optical characteristics of this new molecule.
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Table 4.4. Electrochemical properties obtained by CV using a glassy carbon electrode (buffer: 0.1 M
Bu4NPFg in CH,Cl;) and estimated energy levels in CHCl, solutions and as spun-casted films of BTXI, TCCI,

DBTXI and TXAI.
Molecule Epa Epa? Epc Ewomo  Ewmo ~ AE®*  HOMO  ES  LUMO
(V/ Fc/Fc*) (V/ Fc/Fc*) (V/ Fc/Fc+) (EV)a (eV) b ('EV)c (ev)d (ev)e (ev)f
BTXI 0.94 - -1.82 -5.63 -3.10 2.53 -6.01 2.31 3.70
TCCI 0.71 - -1.97 -5.39 -2.94 2.45 -5.82 2.30 -3.52
DBTXI 0.84 - -1.79 -5.53 -3.12 2.41 -5.94 2.23 -3.71
TXAI 0.05 0.66 -1.93 -4.71 -2.99 1.72 -5.24 1.66 -3.58

2 Eromo (V) = -(Eox®™et + 4.8). P ELumo (eV) = -(Ered®™¢t + 4.8). © Obtained through the equation: AE®'*® = E;ymo - EHomo. ¢ HOMO
energy in solid state determined by PESA. ¢ Optical gap estimated through the low-energy absorption onset. f Obtained
through the equation: LUMO = HOMO + Eg°Ft.

4.4.2 X-ray crystallography and theoretical calculations
As a further step into a better understanding of the obtained properties, X-ray data were
gathered and analyzed. It is important to highlight at this point that although many of the
intermediate compounds were crystallized with ease, it was way more challenging in the case
of the final materials, particularly for the N-annulated blocks. First, single crystals of DBTXI were
obtained via slow evaporation of chloroform. Then, whereas single crystals of TXAl were
obtained via vapor diffusion using CH,Cl; and heptane as solvents, attempts to crystalize TCCI
with such long alkyl chain systematically failed. Thus, its methyl derivative 15 was synthesized
under similar conditions to solve this issue (Scheme 4.10).
1 a9 a9
Mel (NHC)Pd(allyl)C

SeuE = OO o
—_— >

B DMF Br iPrOH

N S

) " 60°C,16h 60°C, 2h

95% 51%

Scheme 4.10. Synthetic pathway towards the methylated TCCI (molecule 15).

Luckily, single crystals of this methylated TCCl were successfully grown via vapor diffusion using
CHCl; and pentane as solvents. The X-ray structures of the four blocks are gathered in Figure

4.22.
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Figure 4.22. Molecular structures of BTXI, DBTXI, the methylated TCCI and TXAI obtained by X-ray
diffraction.
In parallel, the obtained X-ray structures were compared to the optimized geometries calculated
at the DFT/wB97-XD/6-31G(d,p) level of theory. The molecules of solvent (dichloromethane)
were treated as a polarizable continuum (PCM). Moreover, to reduce the computational cost,
geometries were optimized with methyl groups instead of ethylpropyl and hexyl alkyl chains.
Hence, the most highlightable parameters of the experimental and computational molecular
structures (a, b and 0) are gathered in Table 4.5, where it can be observed that the calculations

were extremely accurate for the four molecules.
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Table 4.5. Most highlightable parameters of the experimental and computational molecular structures of
BTXI, TCCI, DBTXI and TXAI.

Molecule a(A) b (A) 80
Exp. Comp. Exp. Comp. Exp. Comp.
BTXI 2.88 2.88 2.74 2.74 2 2
TCCI 2.27 2.27 2.83 2.85 1 0
DBTXI 2.98 2.97 2.75 2.75 28 28
TXAI 2.44 2.43 2.74 2.76 1(4)* 5

*Two different conformations were obtained in the crystal mainly differing in their 6 angle.

As depicted, parameter a stands for the distance between the carbon atoms directly involved in
the carbazole formation, b is the distance between the carbon atoms adjacent to the sulfur atom
and 0 is the dihedral induced by the four carbons forming the bay area of BTXI. The latter
denotes the angle between the naphthalimide and the phenyl/naphthyl below, and thus the

degree of torsion of the molecule.

The molecular structure obtained for TCCl showed a highly planar conformation as for BTXI with
even a lower 0 (Figure 4.22). However, in order to allow the formation of the five-membered
ring of TCCI, a substantial reorganization of the phenyl ring away from the imide group is
produced. Thus, distance a becomes substantially lower (from 2.88 to 2.27 A), thus impacting
distance b, which is significantly increased, resulting in a lower charge transfer interaction
between the sulfur atom and the rest of the block. This effect was not observed in the other
derivatives. In the case of DBTXI, the conformation dramatically changes due to the steric
hindrance induced by its extra phenyl ring resulting in a recorded dihedral angle 8 of 28°, which
is the highest torsion angle experimentally obtained for any BTXI derivative. The sulfur atom is
forced to stay out of both naphthyl planes thus allowing the helically-shaped conformation.
Eventually and in stark contrast to DBTXI, in order to allow the formation of the six-membered
ring, TXAl becomes planar again with just an experimental dihedral angle of 1° and a much lower

distance a (from 2.98 to 2.44 A).
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The crystallographic arrangements of the four blocks, i.e., BTXI and TXAI (orthorhombic), TCCI
(monoclinic) and DBTXI (triclinic), showed a clear n-mt stacking between the molecules. In
addition, in the stacking arrangements found for all of them (Figure 4.23), i.e., head-to-tail (BTXI
and DBTXI), head-to-head (TCCI) and rotated (TXAI), no short S-S intermolecular distances below
the sum of the van der Waals radii of two sulfur atoms (< 3.60 A) were observed, suggesting the

absence of intermolecular S-S interactions.
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Figure 4.23. Stacking arrangements found for BTXI, DBTXI, the methylated TCCI and TXAI by X-ray
diffraction.

In addition, the electron density and energy levels of the frontier orbitals of the four blocks were

also calculated at the DFT/OT-wB97-XD/6-31G(d,p) level of theory (Figure 4.24).
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Figure 4.24. HOMO-1, HOMO, LUMO and LUMO+1 electron density and energy levels of BTXI, TCCI,
DBTXI and TXAI after optimization with Gaussian 09 at the DFT/OT-wB97-XD/6-31G(d,p) level of theory.
These calculations highlight that whereas the HOMO densities are regularly distributed along
the whole conjugated backbone, the electronic density tends to migrate towards the imide
group in the LUMOs. This behavior is in agreement with the relatively close values of LUMO
energies experimentally estimated in both solution and solid state. The case of TXAl is the most
extreme in comparison to BTXI, as it presents the highest HOMO by far due to its extended
conjugated structure, but its LUMO energy is close to the one of BTXI as both electronic

distributions are almost identical. It is also noticeable that even though BTXI and DBTXI may not
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look that electronically different in view of their electrochemical properties, the extra phenyl
ring in DBTXI strongly affects the electron distribution especially in the HOMO-1 and LUMO+1

levels.

In parallel, TD-DFT simulated spectra (Figure 4.25) were investigated and turned out to match
quite accurately the experimental UV-Vis absorption curves. First, the main band, placed at high
wavelengths in the four cases, is ascribable to HOMO—LUMO transitions. Moreover, and
according to the calculations, they all present a contribution between 330 and 380 nm resulting
from a HOMO-1—LUMO transition, but it is only favored in the case of TCCI, thus explaining its
experimental absorption spectrum. It is noteworthy that this effect was not observed in the case

of PDI after its N-annulation in the bay area.?
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Figure 4.25. TD-DFT simulated spectra of BTXI and TCCI (left), DBTXI and TXAI (right).

4.5 Conclusions and perspectives

Forgotten by the community, the potential of BTXI for its application in organic electronics has
been recently pointed out. In addition to the previously reported mono-bromination, its mono-
nitration has been carried out. After the structural elucidation, the photophysical properties of
the new functionalized cores have been investigated. While BTXI presents a high emission
efficiency associated with a localized electronic transition, the introduction of D or A
substituents on the naphthalene ring strongly modifies, as expected, the spectroscopic
signatures. In addition, it was demonstrated that large SOC, and thus efficient singlet oxygen
generation can also be efficiently achieved upon the choice of the substituents that can lead to
a ground state distortion of the m-conjugated backbone. For instance, BTXI-NPh; efficiently
combined both marked CT character (redshifted luminescence with a relevant emission
guantum yield) and a large singlet oxygen generation efficiency, thus becoming a potential

candidate for biophotonics and theranostics applications.
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Then, the nitration of the bay area was investigated in an attempt to extend the n-conjugated
backbone of the dye. To do so, the most active position was first protected with a bromine atom
before being engaged in a Cadogan cyclization to afford the TCCI derivative. In parallel, this
methodology was adapted for the new DBTXI, whose extra phenyl ring allowed the formation
of a six-membered nitrogen-containing ring resulting in the blue molecule TXAI. Hence, this
strategy led to new blocks with diverse optical and electrochemical features allowing to take
advantage of a new range of wavelengths that was previously inaccessible for BTXI-based

materials.

In view of these exciting results, several ongoing projects are considered. First, with the
brominated derivatives of all the new rylenes in hands, more complex materials can be easily
synthesized by means of palladium-catalyzed cross-coupling reactions. Both TCCl and TXAIl could

also be functionalized at their carbazole positions for grafting or solubility purposes.

Finally, the properties of BTXI have been recently modified through two different ongoing
strategies. The first one, which cannot be used in the case of other rylenes, is the direct oxidation
of the sulfur atom with MPCBA to obtain its sulfone derivative BTXI-SO, (Figure 4.26). This mild
reaction can also be performed over most of the functionalized BTXI derivatives in high yields
thus becoming an effective post-functionalizing strategy. It was found to impact the electronic
character of the sulfur atom and to induce a loss of planarity, leading to considerable differences
in the optical and electrochemical properties, such as blueshifted absorption and substantially
lower HOMO and LUMO energies. Eventually, the oxidation of the sulfur atom also drives triplet
formation unveiling the great potential of BTXI-based materials as singlet oxygen
photosensitizers. This approach, combined with the halogenation of the block, recently led to
BTXI derivatives with ®a= 1.3° This photoinduced triplet state generation could pave the way for
the application of these materials in many topics ranging from molecular electronics to

biomedicals.
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Figure 4.26. UV-Vis spectra (left) and cyclic voltammograms in CH,Cl (right) of BTXI and BTXI-SO;.
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The second strategy is the dimerization of the blocks. It is a well-known strategy for the synthesis
of materials based on other rylenes such as PDI, as dimers usually exhibit better transport
properties in the solid state than the monomers. Recently synthesized, the dimer illustrated in

Scheme 4.11 was embedded, as a proof of concept, in solution-processed OLEDs with promising

results.
(e] N (0] Hydroquinone
P(o-tol)3
Cs,CO,
OO PA(OAC,
Br DMA
s 100 °C, 16 h
O 48%
Scheme 4.11. Synthetic approach for the dimerization of BTXI-based derivatives.
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General conclusions

The active layer of the organic solar cells is typically composed of electron-donor and -acceptor
materials. Although the power conversion efficiencies of these devices are continuously getting
closer to those of advanced photovoltaic technologies (silicon- and perovskite-based solar cells),
it usually results from the enhancement of the synthetic complexity of both the materials and
the fabrication procedure. Thus, in pursuit of a real commercialization, a compromise between
the photovoltaic performances and the production cost has to be reached. That is the reason

why the preparation of simpler and less expensive materials is crucial at this point.

After an introduction on OPV, the second chapter of this manuscript deals with the N-methyl-N-
phenylthiophen-2-amine (MPTA) electron-donating unit, which was designed by combining the
results from the literature with our background and experience. Hence, five push-pull molecules
that come out from the combination of the latter with two different heterocyclic spacers and
two acceptor moieties were synthesized. This strategy led to a fine tuning of the optical and the
electrochemical properties of the new donor materials. Their performance was tested in
solution-processed 0OSCs, leading to modest efficiencies due to their high crystallinity.
Eventually, MPTA-4 was selected for the preparation of vacuum-processed OSCs reaching a
maximum power conversion efficiency of 4.27% in preliminary measurements with Cyo, clearly

highlighting the enormous and empirical processing dependence of this type of materials.

Although further optimizations will be carried out in the short term, the PCE reported for other
similar donors from the literature probably will not be reached. Consequently, the outer phenyl
of the MPTA donor was substituted by a p-tolyl moiety, affording two new push-pull derivatives

with improved absorptivity that will be also evaluated in vacuum-processed OSCs.

In the third chapter, the synthetic procedure for the synthesis of the reference TPA-T-DCV-Ph
has been adapted and its naphthyl analogue introduced. The substitution of the phenyl ring by
a naphthyl did not impact the optical and electrochemical properties in a great manner. Then,
although still unfinished, the optimization of the fabrication procedure of the vacuum-processed
TPA-T-DCV-N-based OSCs led to a PCE value of 3.72% in the preliminary measurements with Co.
In addition, based on the same reference molecule, a new strategy to synthesize conjugated
trimers of push-pull molecules with a phenyl moiety as a central core was designed. A first donor
material was synthesized as a proof of concept, leading to slightly modified optical and
electrochemical features in comparison to the monomer. Although further optimizations will be

carried out in the short term to improve its modest performance in BHJ OSCs, the trimer was
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sent in parallel to the laboratory of Gregory Welch in the University of Calgary to test it in OSCs

with a ternary configuration.

Even though the performances of the monomers were notable, there is still room for
improvements. The most evident prospect may come from the use of better electron-donating
blocks, which may broaden the absorption range to make the most of the whole visible

spectrum.

The fourth chapter was related to the functionalization of a sulfur-containing rylene imide,
namely the benzothioxanthene imide (BTXI). In parallel to its bromination, the nitration of its
most active position (5) was performed and then the reactivity of this nitro group was studied
to obtain a series of new derivatives. According to the photophysical characterization of the new
series, the introduction of substituents on the naphthalene ring strongly modified the
spectroscopic signatures of the bare BTXI, which is associated with a localized electronic
transition. It was as well demonstrated that large SOC, and thus efficient singlet oxygen
generation, can also be efficiently achieved upon the choice of substituents that can lead to a
ground state distortion of the m-conjugated backbone. In addition, position 11 could be
functionalized when the most active position was protected. This strategy, carried out on the
BTXI and the new DBTXI, enabled the cyclization in the bay area leading to their respective N-
annulated blocks: TCClI and TXAI. The structure-property relationship highlighted how this

chemical modification induced a massive impact on the features of BTXI.

All in all, the chemical functionalization of the BTXI block has been thoroughly studied leading
to a huge tuning of the properties. Thus, the aim for the short term is combining all the
functionalization strategies to synthesize active materials for their application in the field of

organic electronics.
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General procedures

All reagents and solvents were purchased from commercial sources and used without further
purification unless otherwise stated. Reactions were carried out under an argon atmosphere
unless otherwise stated. Microwave assisted reactions were performed using a Biotage initiator*
system. Flash chromatography was performed with analytical-grade solvents using Aldrich silica
gel (technical grade, pore size 60 A, 230-400 mesh particle size). Flexible plates ALUGRAM®
XtraSIL G UV254 from MACHEREY-NAGEL were used for TLC. Compounds were detected by UV
irradiation (Bioblock Scientific) or staining with I,, unless stated otherwise. *H and *C NMR were
recorded on a Bruker AVANCE Il 300 (*H, 300 MHz; *3C, 75 MHz) or a Bruker AVANCE DRX500
(*H, 500 MHz ; 3C, 125 MHz). Chemical shifts are given in parts per million (ppm) relative to TMS
and coupling constants J in Hertz (Hz). High-resolution mass spectrometry (HRMS) was
performed with a JEOL JMS-700 B/E. UV-visible absorption spectra were recorded with a
Shimadzu UV-1800 spectrometer. Electrochemical measurements were performed with a
Biologic SP-150 potentiostat with positive feedback compensation using a conventional single-
compartment three-electrode cell. The working electrode was a platinum electrode. The
auxiliary was a platinum wire and the pseudo-reference electrode was a silver wire calibrated
with the ferrocene potential. The supporting electrolyte was 0.1 M BusNPFs
(tetrabutylammonium hexafluorophosphate) in dichloromethane (DCM) and solutions were
purged with argon prior to each experiments. All potentials are quoted relative to Fc/Fc". In all
the experiments, the scan rate was 100 mV/s. Photoelectron spectroscopy in air (PESA)
measurements were recorded using a Riken Keiki PESA spectrometer (Model AC-2) with a power

setting of 20 nW.

X-ray single-crystal diffraction data were collected on a Rigaku Oxford Diffraction SuperNova
diffractometer equipped with Atlas CCD detector and micro-focus Cu-Ka radiation (1.54184 A).
The structures were solved by direct methods and refined on F2 by full matrix least-squares
techniques using SHELX programs (G. M. Sheldrick, 2018). All non-H atoms were refined
anisotropically and multiscan empirical absorption was corrected using CrysAlisPro program
(CrysAlisPro, Agilent Technologies, V 1.171.40.45a, 2019). The H atoms were included in the

calculation without refinement.

General procedure for purification with recycling preparative size exclusion HPLC:

Crude compounds were solubilized in HPLC grade chloroform (stabilized with ethanol, 5 mL).
Prior to injection, the solution was filtered through a 0.45 um PTFE filter (VWR 25 mm syringe

filter w/ 0.45 um membrane). Purification was performed on a LC-9160NEXT system from the
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Japan Analytical Industry Co., Ltd. (JAl) equipped with coupled UV-vis 4Ch NEXT and RI-700 Il
detectors at room temperature through a set of two JAIGEL-2H and 2.5H columns at an elution

rate of 10 mL min2.
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Synthetic procedures

N-methyl-N-phenylthiophen-2-amine (MPTA)
| 2-Dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl (227 mg, 0.48 mmol), sodium
©/N© tert-butoxyde (1.62 g, 16.83 mmol), palladium acetate (27 mg, 0.12 mmol) were
dissolved in dry and degassed toluene (30 mL). Then, methyl aniline (1.59 mL, 14.43 mmol) and
2-bromothiophene (1.19 mL, 12.02 mmol) were added and then the mixture was refluxed during
19 h. The reaction was quenched with brine and the organic phase was extracted with CH,Cl,,
washed with water, dried with MgS0Os and concentrated under reduced pressure. The final
product was purified by column chromatography on silica gel (eluent: petroleum ether/ethyl
acetate 20:1). Yield: yellowish oil (1.97 g, 86%). *H NMR (300 MHz, CDCls): 6 (ppm) 7.29 — 7.21
(m, 2H), 6.98 — 6.93 (m, 3H), 6.92 — 6.85 (m, 2H), 6.65 (dd, J = 3.6, 1.4 Hz, 1H), 3.33 (s, 3H). In

accordance with literature.?

5-(methyl(phenyl)amino)thiophene-2-carbaldehyde (1)
. n-Buli (1.6 M in hexanes, 0.50 mL, 0.79 mmol) was added dropwise to a solution
@ e of MPTA (125 mg, 0.66 mmol) in anhydrous THF (10 mL) cooled down to -78 °C.
The mixture was stirred for 1 h at this temperature and then anhydrous DMF (0.12 mL, 1.58
mmol) was added. The reaction mixture was warmed up to room temperature and stirred for
16 h. The reaction was quenched with water and then the organic phase was extracted with
diethyl ether, dried with MgSO,4 and concentrated under reduced pressure. The final product
was purified by column chromatography on silica gel (eluent: CH,Cly/petroleum
ether/triethylamine 85:10:5). Yield: greenish solid (85 mg, 60%). *H NMR (300 MHz, CDCls): 6
(ppm) 9.53 (s, 1H), 7.49 — 7.37 (m, 3H), 7.35—7.29 (m, 3H), 6.09 (d, J = 4.4 Hz, 1H), 3.45 (s, 3H).
13C NMR (75 MHz, CDCl5): 6 (ppm) 180.8, 166.5, 146.5, 139.7, 130.0, 128.0, 126.9, 124.9, 106.1,
42.7. HRMS (El): m/z calcd for C1,H1:NOS: 217.0556, found: 217.0559.

2-((5-(methyl(phenyl)amino)thiophen-2-yl)methylene)malononitrile (MPTA-1)
Five drops of triethylamine were added to a mixture of compound 1 (77 mg,
©/ MCN 0.35 mmol) and malononitrile (47 mg, 0.71 mmol) in CHCl; (6 mL). The reaction
mixture was refluxed for 16 h and then cooled down to room temperature. The solvent was
evaporated under vacuum and the product was purified by column chromatography on silica gel
(eluent: CH,Cl,). Yield: red solid (81 mg, 86%). *H NMR (300 MHz, CDCl3): & (ppm) 7.52 - 7.43 (m,
3H), 7.39 — 7.29 (m, 4H), 6.11 (d, J = 4.6 Hz, 1H), 3.53 (s, 3H). 3C NMR (75 MHz, CDCl3): & (ppm)
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169.0, 149.1, 145.4, 130.4, 128.1,125.2,121.0, 116.8, 115.9, 107.8, 107.7, 43.6. HRMS (Cl): m/z
calcd for C15H11NsS: 266.0746, found: 266.0745. IR (neat): v(cm™) 2196 (C=N).

5'-(methyl(phenyl)amino)-[2,2'-bithiophene]-5-carbaldehyde (2)

|
N S / \
SRAVSASN

down to -78 °C. The mixture was stirred for 1 h at this temperature and then tributyltin chloride

n-Buli (1.6 M in hexanes, 0.56 mL, 0.90 mmol) was added dropwise to a

solution of MPTA (142 mg, 0.75 mmol) in anhydrous THF (10 mL) cooled

(0.27 mL, 0.94 mmol) was added. The reaction mixture was warmed up to room temperature
and stirred for 16 h. The reaction was quenched with water and then the organic phase was
extracted with CH,Cl,, dried with MgS0O,4 and concentrated under reduced pressure.

The stannane (MPTA-Sn), without further purification, was dissolved together with 5-
bromothiophene-2-carbaldehyde (150 mg, 0.79 mmol) and tetrakis(triphenyl-
phosphine)palladium(0) (43 mg, 0.04 mmol) in 10 mL of degassed toluene and the mixture was
stirred under reflux for 16 h. The reaction was quenched with water and then the organic phase
was extracted with toluene, dried with MgS0,4 and concentrated under reduced pressure. The
product was purified by column chromatography on silica gel (eluent: CH,Cl,). Yield: red solid
(125 mg, 56%). *H NMR (300 MHz, CDCls): & (ppm) 9.78 (s, 1H), 7.59 (d, J = 4.0 Hz, 1H), 7.42 -
7.31(m, 2H), 7.28 = 7.18 (m, 2H), 7.17 — 7.06 (m, 2H), 7.00 (d, J = 4.0 Hz, 1H), 6.27 (d, J = 4.1 Hg,
1H), 3.40 (s, 3H). **C NMR (75 MHz, CDCl3): 6 (ppm) 182.2, 157.4, 148.8, 148.1, 139.9, 137.9,
129.6, 126.3, 123.9, 123.8, 122.0, 121.4, 111.6, 42.3. HRMS (Cl): m/z calcd for CicH13NOS;:
299.0433, found: 299.0436.

2-((5'-(methyl(phenyl)amino)-[2,2'-bithiophen]-5-yl)methylene)malononitrile (MPTA-2)
| Five drops of triethylamine were added to a mixture of compound 2 (150
@NWCN mg, 0.50 mmol) and malononitrile (66 mg, 1.00 mmol) in acetonitrile (30
mL). The reaction mixture was stirred for 2 h under air at room temperature and then the solvent
was evaporated under vacuum. The resulting product was injected in a recycling preparative
HPLC following the general procedure. Yield: purple solid (110 mg, 73%). *H NMR (300 MHz,
CDCls): & (ppm) 7.63 (d, J = 0.6 Hz, 1H), 7.50 (dd, J = 4.2, 0.6 Hz, 1H), 7.44 — 7.37 (m, 2H), 7.32 —
7.28 (m, 2H), 7.24 - 7.18 (m, 2H), 6.97 (d, J = 4.2 Hz, 1H), 6.18 (d, J = 4.2 Hz, 1H), 3.43 (s, 3H). *C
NMR (75 MHz, CDCl5): 6 (ppm) 160.0, 151.9, 149.5, 147.4, 141.1, 131.2, 129.9, 128.8, 125.6,
123.3, 121.7, 120.9, 115.3, 114.4, 109.0, 72.5, 42.5. HRMS (FAB): m/z calcd for CigH13NsS;:
347.0545, found: 347.0550. IR (neat): v(cm™) 2213 (C=N).
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2-((5'-(methyl(phenyl)amino)-[2,2'-bithiophen]-5-yl)methylene)-1H-indene-1,3(2H)-dione
(MPTA-3)
L. o Five drops of triethylamine were added to a mixture of compound 2 (89

@ U,W mg, 0.30 mmol) and 1H-indene-1,3(2H)-dione (87 mg, 0.60 mmol) in
acetonitrile (20 mL). The reaction mixture was stirred for 4 h under air at room temperature and
then the solvent was evaporated under vacuum. The resulting product was injected in a
recycling preparative HPLC following the general procedure. Yield: purple solid (100 mg, 79%).
'H NMR (300 MHz, CDCls): & (ppm) 7.96 — 7.89 (m, 2H), 7.88 (s, 1H), 7.78 (d, J = 4.2 Hz, 1H), 7.75
—7.71 (m, 2H), 7.40 (dd, J = 8.5, 7.3 Hz, 2H), 7.32 = 7.27 (m, 3H), 7.21 - 7.13 (m, 1H), 7.06 (d, J =
4.2 Hz, 1H), 6.24 (d, J = 4.2 Hz, 1H), 3.43 (s, 3H). 3C NMR (75 MHz, CDCls): & (ppm) 190.9, 190.2,
158.9, 153.1, 147.7, 144.8, 142.0, 140.6, 136.1, 134.8, 134.6, 134.2, 129.8, 127.7, 124.9, 122.9,
122.8,122.7,122.6,121.8, 110.0, 42.4. HRMS (El): m/z calcd for CasH17NO,S,: 427.0695, found:
427.0703. IR (neat): v(cm™) 1663 (C=0).

7-(5-(methyl(phenyl)amino)thiophen-2-yl)benzo[c][1,2,5]thiadiazole-4-carbaldehyde (3)
| . n-Buli (1.6 M in hexanes, 1.60 mL, 2.52 mmol) was added dropwise to a

@NMCHO solution of MPTA (400 mg, 2.11 mmol) in anhydrous THF (20 mL) cooled
down to -78 °C. The mixture was stirred for 1 h at this temperature and then tributyltin chloride
(0.75 mL, 2.63 mmol) was added. The reaction mixture was warmed up to room temperature
and stirred for 16 h. The reaction was quenched with water and then the organic phase was
extracted with CH,Cl,, dried with MgS0O, and concentrated under reduced pressure.
The stannane (MPTA-Sn), without further purification, was dissolved together with 7-
bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde (540 mg, 2.22 mmol) and tetrakis(triphenyl-
phosphine)palladium(0) (122 mg, 0.11 mmol) in 30 mL of degassed toluene and the mixture was
stirred under reflux for 16 h. The reaction was quenched with water and then the organic phase
was extracted with toluene, dried with MgS0,4 and concentrated under reduced pressure. The
product was purified by column chromatography on silica gel (eluent: petroleum ether/ethyl
acetate 8:2). Yield: purple solid (650 mg, 88%). *H NMR (300 MHz, CDCl3): & (ppm) 10.60 (s, 1H),
8.22 (d, J = 4.3 Hz, 1H), 8.11 (d, J = 7.7 Hz, 1H), 7.65 (d, J = 7.7 Hz, 1H), 7.46 — 7.39 (m, 2H), 7.38
—7.33(m, 2H), 7.24—-7.18 (m, 1H), 6.34 (d, J = 4.3 Hz, 1H), 3.51 (s, 3H). 3C NMR (75 MHz, CDCls):
6 (ppm) 188.4,161.0,154.1,152.1, 147.5,134.1, 133.8, 132.5,129.8, 125.3, 124.4, 123.4, 123.3,
120.4, 109.3, 42.5. HRMS (FAB): m/z calcd for C1gH13N30S;: 351.0495, found: 351.0494.
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2-((7-(5-(methyl(phenyl)amino)thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-
yl)methylene)malononitrile (MPTA-4)
Five drops of triethylamine were added to a mixture of compound 3 (333
@ DMCN mg, 0.95 mmol) and malononitrile (125 mg, 1.90 mmol) in acetonitrile (60
mL). The reaction mixture was stirred for 2 h under air at room
temperature and then the solvent was evaporated under vacuum. The resulting product was
injected in a recycling preparative HPLC following the general procedure. Yield: dark blue solid
(286 mg, 76%). *H NMR (300 MHz, CDCls): & (ppm) 8.67 (s, 1H), 8.64 (d, J = 8.2 Hz, 1H), 8.25 (d, J
= 4.4 Hz, 1H), 7.58 (d, J = 8.2 Hz, 1H), 7.50 — 7.42 (m, 2H), 7.41 — 7.36 (m, 2H), 7.32 — 7.27 (m,
1H), 6.31 (d, J = 4.4 Hz, 1H), 3.54 (s, 3H). *C NMR (75 MHz, CDCls): & (ppm) 163.4, 155.1, 151.8,
150.8, 147.0, 134.6, 131.3, 130.0, 126.4, 124.3, 124.1, 120.4, 118.6, 115.1, 114.3, 109.0, 42.8.
HRMS (FAB): m/z calcd for C21H13NsS,: 399.0607, found: 399.0610. IR (neat): v(cm™) 2216 (C=N).

2-((7-(5-(methyl(phenyl)amino)thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)methylene)-1H-
indene-1,3(2H)-dione (MPTA-5)

Five drops of triethylamine were added to a mixture of compound 3 (144
@(’L O \ mg, 0.40 mmol) and 1H-indene-1,3(2H)-dione (116 mg, 0.80 mmol) in
o acetonitrile (30 mL). The reaction mixture was stirred for 4 h under air at
room temperature and then the solvent was evaporated under vacuum. The resulting solid was
dissolved in CHCIs and precipitated with pentane and washed thoroughly with pentane. Yield:
blue solid (122 mg, 64%). 'H NMR (300 MHz, CDCls): 6 (ppm) 9.73 (d, J = 8.1, 1H), 8.94 (s, 1H),
8.23 (d, J = 4.4 Hz, 1H), 8.04 — 7.97 (m, 2H), 7.83 — 7.75 (m, 2H), 7.72 (d, J = 8.1 Hz, 1H), 7.47 -
7.34 (m, 4H), 7.25 - 7.19 (m, 1H), 6.35 (d, / = 4.4 Hz, 1H), 3.52 (s, 3H). HRMS (El): m/z calcd for
C27H17N30,S;: 479.0757, found: 479.0754. Due to the lack of solubility of the product, we were

unable to obtain a complete *C NMR spectrum. IR (neat): v(cm™) 1682 (C=0).

N,N-diphenyl-4-(thiophen-2-yl)aniline (4)
—  (4-(diphenylamino)phenyl)boronic acid (1.00 g, 3.46 mmol), 2-bromothiophene
@ J@/(S> (5.00 mL, 5.16 mmol), KCO; (1.43 g, 10.35 mmol) and tetrakis(triphenyl-
phosphine)palladium(0) (200 mg, 0.17 mmol) were dissolved in anhydrous and
degassed DMF (15 mL) and the mixture was stirred at 100 °C for 16 h. The reaction was quenched
with water and then the organic phase was extracted with CH,Cl,, washed with brine, dried with
MgS0O, and concentrated in vacuo. The product was purified by column chromatography on

silica gel (eluent: petroleum ether/CH,Cl, 9:1). Yield: pale yellow solid (1.01 g, 88%). '"H NMR
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(300 MHz, CDCl3): & (ppm) 7.50 — 7.44 (m, 2H), 7.30 — 7.20 (m, 6H), 7.15 — 6.99 (m, 9H). In

accordance with literature.?

(5-(4-(diphenylamino)phenyl)thiophen-2-yl)(phenyl)methanone (5)
O n-Buli (2.5 M in hexanes, 0.26 mL, 0.64 mmol) was added dropwise to a
@ solution of compound 4 (200 mg, 0.61 mmol) in anhydrous THF (3.5 mL)
é cooled down to -78 °C. The mixture was stirred for 1 h and then benzoyl
chloride (86 mg, 0.61 mmol) was added in one portion. The reaction
mixture was warmed up to room temperature and stirred for 16 h. The reaction was quenched
with a mixture of brine and a 1 M aqueous solution of HCI (1 mL) and then the organic phase
was extracted with CH,Cl,, dried with MgSO4 and concentrated under reduced pressure. The
product was purified by column chromatography on silica gel (eluent: CH,Cl;) to give pure

compound 5 (107 mg, 41%) as a yellow solid. *'H NMR (300 MHz, CDCls): 6 (ppm) 7.90 — 7.85 (m,
2H), 7.62 —7.47 (m, 6H), 7.38 — 7.23 (m, 5H), 7.17 — 7.04 (m, 8H). In accordance with literature.?

(5-(4-(diphenylamino)phenyl)thiophen-2-yl)(phenyl)methanethione (6)
O To a stirred solution of 5 (107 mg, 0.25 mmol) in toluene (10 mL) was
@ added Lawesson’s reagent (60 mg, 0.15 mmol) and the mixture was
) refluxed for 4 h. The reaction was then cooled down to room temperature
and concentrated in vacuo. The crude was purified by column
chromatography on silica gel (eluent: petroleum ether/CH,Cl, 6:4) yielding compound 6 (81 mg,
74%) as a red solid. 'H NMR (300 MHz, CDCls): 6 (ppm) 7.71 — 7.66 (m, 2H), 7.60 — 7.52 (m, 2H),
7.52 —7.47 (m, 1H), 7.44 — 7.36 (m, 2H), 7.35 = 7.27 (m, 6H), 7.19 — 7.02 (m, 8H). **C NMR (75
MHz, CDCls): 6 (ppm) 220.8, 158.8, 153.1, 149.4, 147.1, 147.0, 133.4, 130.9, 129.6, 128.7, 128.1,

127.2, 126.5, 125.4, 124.1, 124.1, 122.2. HRMS (El): m/z calcd for Cy9H21NS,: 447.1110, found:
447.1112.

2-((5-(4-(diphenylamino)phenyl)thiophen-2-yl)(phenyl)methylene)malononitrile (TPA-T-DCV-
Ph)

O Tetracyanoethylene oxide (26 mg, 0.18 mmol) was dissolved in

@ acetonitrile (10 mL) and then this mixture was added dropwise to a

é * solution of 6 (81 mg, 0.18 mmol) in toluene (25 mL) under stirring. The

reaction mixture was stirred at room temperature for 40 min. Then, a

second amount of tetracyanoethylene oxide (26 mg, 0.18 mmol) dissolved in acetonitrile (10

mL) was added and the reaction mixture was further stirred at room temperature for 16 h and
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concentrated in vacuo. The crude was purified by column chromatography on silica gel (eluent:
CH,Cly/petroleum ether 6:4) yielding TPA-T-DCV-Ph (81 mg, 93%) as a red powder. 'H NMR (300
MHz, CDCls): & (ppm) 7.65 (d, J = 4.3 Hz, 1H), 7.62 — 7.44 (m, 7H), 7.34 - 7.27 (m, 5H), 7.17 = 7.06
(m, 6H), 7.06 — 6.99 (m, 2H). HRMS (FAB): m/z calcd for Cs2H21NsS: 479.1451, found: 479.1453.

In accordance with literature.?

(5-(4-(diphenylamino)phenyl)thiophen-2-yl)(naphthalen-2-yl)methanone (7)
O n-Buli (2.5 M in hexanes, 0.68 mL, 1.70 mmol) was added dropwise to a
@ O B ( solution of compound 4 (530 mg, 1.62 mmol) in anhydrous THF (6 mL)
) cooled down to -78 °C. The mixture was stirred for 1 h and then it was
@ added dropwise (during ca. 1 h) over a solution of naphthoyl chloride
(432 mg, 1.70 mmol) in dry THF at -78 °C. After 1h, the reaction mixture was warmed up to room
temperature and stirred for 16 h. The reaction was quenched with a mixture of brine and 1 N
HCI (1 mL) and then the organic phase was extracted with CH,Cl,, dried over MgSO, and
concentrated under reduced pressure. The crude was purified by column chromatography on
silica gel (eluent: CH,Cl,/petroleum ether 6:4) and was eventually injected in a recycling
preparative HPLC following the general procedure. Yield: yellow solid (370 mg, 47%). *H NMR
(300 MHz, CDCl3): 6 (ppm) 8.40 (s, 1H), 8.00 — 7.90 (m, 4H), 7.67 (d, J = 4.0 Hz, 1H), 7.65 — 7.53
(m, 4H), 7.34-7.27 (m, 5H), 7.18 — 7.05 (m, 8H). *C NMR (75 MHz, CDCls): & (ppm) 188.0, 153.6,
149.0, 147.2, 141.5, 136.4, 135.7, 135.2, 132.5, 130.3, 129.6, 129.4, 128.5, 128.2, 128.0, 127.3,
127.0, 126.7, 125.5, 125.2, 123.9, 122.9, 122.7. HRMS (El): m/z calcd for C33sH,3NOS: 481.1495,

found: 481.1501.

(5-(4-(diphenylamino)phenyl)thiophen-2-yl)(naphthalen-2-yl)methanethione (8)
QO To a stirred solution of 7 (112 mg, 0.23 mmol) in toluene (10 mL) was
@ O /S\ ( added Lawesson’s reagent (56 mg, 0.14 mmol) and the mixture was
)\ refluxed for 4 h. The reaction was then cooled down to room
@ temperature and concentrated in vacuo. The crude was purified by
column chromatography on silica gel (eluent: petroleum ether/CH,Cl, 7:3) yielding compound 8
(88 mg, 77%) as a red solid. *H NMR (300 MHz, CDCl3): 6 (ppm) 8.16 (s, 1H), 7.96 — 7.82 (m, 4H),
7.62 —7.50 (m, 4H), 7.39 (d, J = 4.2 Hz, 1H), 7.35 — 7.27 (m, 5H), 7.19 — 7.02 (m, 8H). 3C NMR
(125 MHz, CDCls): 6 (ppm) 220.2, 158.6, 153.3, 149.4, 147.0, 144.3, 134.6, 133.5, 132.4, 129.6,
129.3,128.2,127.9,127.7,127.2,126.9, 126.7, 126.5, 125.4, 124.1, 122.2. HRMS (El): m/z calcd

for C33H23N522 497.1266, found: 497.1267.
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2-((5-(4-(diphenylamino)phenyl)thiophen-2-yl)(naphthalen-2-yl)methylene)malononitrile
(TPA-T-DCV-N)
QO Tetracyanoethylene oxide (90 mg, 0.62 mmol) was dissolved in
@ O !S\ o acetonitrile (30 mL). This mixture was added dropwise to a solution of
\ " compound 8 (300 mg, 0.60 mmol) in toluene (85 mL) under stirring. The
@ reaction mixture was stirred at room temperature for 40 min. A second
amount of tetracyanoethylene oxide (75 mg, 0.52 mmol) dissolved in acetonitrile (30 mL) was
added and the reaction mixture was further stirred 16 h at room temperature and concentrated
in vacuo. The crude was purified by column chromatography on silica gel (eluent:
CH.Cly/petroleum ether 7:3) yielding TPA-T-DCV-N (270 mg, 85%) as a red powder. 'H NMR (300
MHz, CDCls): & (ppm) 8.02 — 7.91 (m, 4H), 7.70 (d, J = 4.3 Hz, 1H), 7.68 — 7.57 (m, 2H), 7.52 (dd, J
=8.5, 1.9 Hz, 1H), 7.50 — 7.44 (m, 2H), 7.35 - 7.27 (m, 5H), 7.18 — 7.08 (m, 6H), 7.06 — 7.00 (m,
2H). C NMR (75 MHz, CDCl3): & (ppm) 164.1, 156.4, 149.7, 146.8, 138.9, 136.2, 134.5, 133.5,
132.5, 130.2, 129.6, 128.9, 128.7, 128.3, 128.0, 127.4, 127.4, 126.0, 125.4, 125.2, 124.3, 123.7,
122.0, 115.2, 114.6, 75.5. HRMS (El): m/z calcd for CsgH23N3S: 529.1607, found: 529.1615.

(E)-1-(5-bromothiophen-2-yl)-3-(dimethylamino)prop-2-en-1-one (9)
0 A mixture of 1-(5-bromothiophen-2-yl)ethan-1-one (2.00 g, 9.61 mmol) and N,N-

~ a N
\_d \
Br

dimethylformamide dimethyl acetal (1.97 mL, 14.41 mmol) was subjected to
microwave irradiation under solvent-free conditions at 160 °C for 15 min. The mixture was
cooled down to room temperature and then the solvent was removed in vacuo. Yield: brown
solid (2.39 g, 96%). 'H NMR (300 MHz, CDCl3): & (ppm) 7.76 (d, J = 12.2 Hz, 1H), 7.34 (d, J = 3.9
Hz, 1H), 7.02 (d, J=3.9 Hz, 1H), 5.49 (d, J = 12.2 Hz, 1H), 3.21 — 2.84 (m, 6H). In accordance with

literature.?

Benzene-1,3,5-triyltris((5-bromothiophen-2-yl)methanone) (10)
To a mixture of enaminone 9 (1.00 g, 3.84 mmol) and D-(-)-lactic acid (0.43 mL,
5.13 mmol), H,0 (40 mL) was added under air before heating at 90 °C for 16 h.

Ethanol (15 mL) was added and then the mixture was cooled down to 0 °C. The

precipitate was filtered off, washed with water and a mixture H,O/EtOH 6:4
yielding compound 10 (660 mg, 81%) as a brownish solid. *H NMR (300 MHz, CDCls): § (ppm)
8.44 (s, 1H), 7.43 (d, J = 4.1 Hz, 1H), 7.18 (d, J = 4.1 Hz, 1H). 3C NMR (75 MHz, CDCls): & (ppm)
184.9,144.0,138.4,135.8,132.6,131.8, 125.1. HRMS (El): m/z calcd for C,1HoBrs03Ss: 641.7258,
found: 641.7260.
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Benzene-1,3,5-triyltris((5-(4-(diphenylamino)phenyl)thiophen-2-yl)methanone) (11)

(4-(diphenylamino)phenyl)boronic acid (592 mg, 2.05 mmol), 10
(400 mg, 0.62 mmol), NaHCO; (469 mg, 5.58 mmol) and
tetrakis(triphenyl-phosphine)palladium(0) (93 mg, 0.09 mmol)
were dissolved in a mixture of H,O/DMF 8:5 (13 mL) under air and

then heated under microwave irradiation for 1 h at a pre-selected

temperature of 150 °C. The organic phase was extracted with CH,Cl,, dried with MgSQO, and
concentrated under reduced pressure. The crude was purified by column chromatography on
silica gel (eluent: CH,Cly). The resulting product was injected in a recycling preparative HPLC
following the general procedure yielding 11 (400 mg, 57%) as an orange powder. *H NMR (300
MHz, CDCl3): 6 (ppm) 8.52 (s, 3H), 7.66 (d, J = 4.0 Hz, 3H), 7.56 — 7.50 (m, 6H), 7.33 — 7.24 (m,
15H), 7.16 — 7.03 (m, 24H). *C NMR (75 MHz, CDCl3): § (ppm) 186.0, 154.9, 149.2, 147.1, 140.2,
139.0, 137.0, 132.3, 129.6, 127.4, 126.2, 125.3, 124.0, 123.2, 122.5. HRMS (MALDI): m/z calcd
for Cy5sHs1N303S3: 1137.3087, found: 1137.3066.

Benzene-1,3,5-triyltris((5-(4-(diphenylamino)phenyl)thiophen-2-yl)methanethione) (12)

PhoN To a stirred solution of 11 (97 mg, 0.08 mmol) in toluene (20 mL)
was added Lawesson’s reagent (62 mg, 0.15 mmol) and the
mixture was refluxed for 16 h. The reaction was then cooled
down to room temperature and concentrated in vacuo. The

crude was purified by column chromatography on silica gel

Ph,N

(eluent: petroleum ether/CH,Cl; 1:1) yielding 12 (81 mg, 80%) as
a purple solid. *H NMR (300 MHz, CDCls): & (ppm) 8.08 (s, 3H), 7.59 — 7.53 (m, 6H), 7.46 — 7.42
(m, 3H), 7.35-7.27 (m, 15H), 7.18 — 7.07 (m, 18H), 7.06 — 7.00 (m, 6H). It was immediately used

in the next reaction due to stability issues in solution.

2,2',2"-(benzene-1,3,5-triyltris((5-(4-(diphenylamino)phenyl)thiophen-2-
yl)methaneylylidene))trimalononitrile ((TPA-T-DCV)s-Ph)

Tetracyanoethylene oxide (29 mg, 0.20 mmol) was dissolved in
acetonitrile (4 mL). This mixture was added dropwise to a
solution of 12 (82 mg, 0.07 mmol) in toluene (9 mL) under
stirring. The reaction mixture was stirred at room temperature

for 40 min. Then, a second amount of tetracyanoethylene

oxide (25 mg, 0.17 mmol) dissolved in acetonitrile (4 mL) was

added and the mixture was further stirred 16 h at room temperature and concentrated in vacuo.
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The resulting crude was injected in a recycling preparative HPLC following the general procedure
yielding (TPA-T-DCV)z-Ph (42 mg, 47%) as a violet powder. 'H NMR (300 MHz, CDCls): 6 (ppm)
7.72 (s, 3H), 7.63 (d, J = 4.3 Hz, 3H), 7.52 — 7.45 (m, 6H), 7.36 — 7.27 (m, 15H), 7.17 — 7.10 (m,
18H), 7.03 — 6.97 (m, 6H). ¥*C NMR (75 MHz, CDCls): 6 (ppm) 160.4, 158.2, 150.2, 146.7, 140.4,
138.0, 134.8, 131.7, 129.7, 127.8, 125.7, 124.7, 124.5, 124.3, 121.7, 114.4, 114.2, 75.8. HRMS
(El): m/z calcd for CgaHs1NeS3: 1281.3424, found: 1281.3439.

5-nitro-2-(pentan-3-yl)-1H-thioxantheno[2,1,9-def]isoquinoline-1,3(2H)-dione (BTXI-NO,)
m Fuming HNO; (299%, 10 uL, 0.24 mmol) was added dropwise under air over a stirred
OO solution of BTXI (50 mg, 0.13 mmol) in CH,Cl; (5 mL). After 5 minutes, a powder
O IS precipitated and the reaction was quenched with water. The powder was filtered
and washed with water. The rest of the product was obtained by recrystallization
from CH,Cl; yielding BTXI-NO; as an orange solid (30 mg, 54%). 'H NMR (500 MHz, CDCls): §
(ppm) 9.43 (s, 1H), 8.84 (d, J = 8.4 Hz, 1H), 8.53 (d, J = 8.4 Hz, 1H), 8.42 — 8.36 (m, 1H), 7.74 —
7.69 (m, 1H), 7.63 — 7.56 (m, 2H), 5.10 — 5.01 (m, 1H), 2.31 - 2.19 (m, 2H), 1.99 — 1.88 (m, 2H),
0.91 (t, J = 7.5 Hz, 6H). 3C NMR (125 MHz, CDCl3): 6 (ppm) 141.5, 139.0, 138.1, 131.7, 131.6,
130.7, 129.2, 127.4, 127.2, 126.2, 125.8, 121.2, 58.1, 25.0, 11.5. HRMS (El): m/z calcd for

C23H1s8N20,4S: 418.0982, found: 418.0986.

5,11-dinitro-2-(pentan-3-yl)-1H-thioxantheno[2,1,9-deflisoquinoline-1,3(2H)-dione (NO,-

BTXI-NO,)
NS Fuming HNOs (299%, 34 ulL, 0.80 mmol) was added under air over a stirred
0 solution of BTXI (30 mg, 0.08 mmol) in CH,Cl; (3 mL). After 20 minutes, the
o O I " reaction was quenched with water and the organic phase was extracted with

CHCl,, dried with MgSO4 and concentrated under reduced pressure yielding
NO,-BTXI-NO; (33 mg, 100%) as an orange powder. *H NMR (300 MHz, CDCls): 6 (ppm) 9.46 (s,
1H), 9.09 (s, 1H), 7.85 (dd, J = 8.1, 1.2 Hz, 1H), 7.76 (dd, J = 8.3, 1.0 Hz, 1H), 7.66 (ddd, J = 8.1,
7.5,1.0 Hz, 1H), 7.54 (ddd, /= 8.3, 7.5, 1.2 Hz, 1H), 5.11 — 4.97 (m, 1H), 2.33 — 2.14 (m, 2H), 2.02
—1.85 (m, 2H), 0.90 (t, J = 7.5 Hz, 6H). 3C NMR (75 MHz, CDCls): & (ppm) 147.0, 140.5, 140.5,
133.1, 132.7, 131.9, 131.8, 129.8, 129.6, 129.3, 129.1, 128.4, 127.7, 124.2, 122.1, 58.7, 24.9,
11.4. HRMS (FAB): m/z calcd for Ca3H17N306S: 463.0833, found: 463.0838.
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5-amino-2-(pentan-3-yl)-1H-thioxantheno[2,1,9-def]isoquinoline-1,3(2H)-dione (BTXI-NH,)
S THF (60 mL) was added to a solid mixture of compound BTXI-NO; (500 mg, 1.20
OO mmol) and powdered iron (467 mg, 8.40 mmol). HCI (5.00 mL, 37%) was added and
O { ™ the mixture was heated at 65 °C for 40 minutes. Water was added to guench the
reaction and the obtained solid was filtered and washed thoroughly with water.
The crude was filtered through a plug of neutral alumina (eluent: CHCIs) yielding BTXI-NH; (411
mg, 89%) as a red powder. *H NMR (300 MHz, CDCls): § (ppm) 8.41 (d, J = 8.0 Hz, 1H), 8.22 —
8.09 (m, 2H), 8.05 (s, 1H), 7.48 — 7.34 (m, 3H), 5.12 — 4.98 (m, 1H), 4.04 (s, 2H), 2.43 — 2.11 (m,
2H), 2.02-1.78 (m, 2H), 0.89 (t, J = 7.5 Hz, 6H). 3C NMR (125 MHz, CDCls): § (ppm) 137.3, 134.8,
130.4,129.7,128.7,127.9,127.3, 126.8, 126.2, 125.3, 119.8, 57.5, 25.1, 11.5. HRMS (FAB): m/z
calcd for C23H20N20,S: 388.1240, found: 388.1250.

5-(diphenylamino)-2-(pentan-3-yl)-1H-thioxantheno[2,1,9-def]isoquinoline-1,3(2H)-dione
(BTXI-NPhy)
NS (a) Sodium tert-butoxyde (27 mg, 0.28 mmol), Pdz(dba); (10 mg, 0.01 mmol),
o @ diphenylamine (39 mg, 0.23 mmol) and BTXI-Br (100 mg, 0.22 mmol) were
O [ dissolved in dry and degassed toluene (5 mL). Then, 1M tri-tert-butylphosphine
in toluene (220 pL, 0.22 mmol) was added and then the mixture was refluxed for

16 h and the reaction was filtered through a plug of silica (eluent: ethyl acetate). The solution
was concentrated under reduced pressure and the final product was purified by column
chromatography on silica gel (eluent: CH,Cly/petroleum ether 7:3). Yield: orange solid (53 mg,
45%). 'H NMR (300 MHz, CD,Cl,): & (ppm) 8.59 (d, J = 8.2 Hz, 1H), 8.33 (s, 1H), 8.31 — 8.22 (m,
2H), 7.43-7.32(m, 3H), 7.31-7.23 (m, 4H), 7.11 - 7.01 (m, 6H), 5.07 - 4.93 (m, 1H), 2.31 - 2.12
(m, 2H), 1.94 — 1.76 (m, 2H), 0.88 (t, J = 7.5 Hz, 6H). *C NMR (75 MHz, CD,Cl,): 6 (ppm) 146.1,
139.9, 137.6, 136.8, 132.5, 130.3, 129.9, 129.5, 128.2, 128.1, 127.8, 127.5, 126.4, 123.6, 122.3,
120.1,57.8, 25.4, 11.7. HRMS (El): m/z calcd for CssH2sN20,S: 540.1866, found: 540.1864.

(b) Sodium tert-butoxyde (36 mg, 0.37 mmol), Pd;(dba)s (14 mg, 0.02 mmol) and BTXI-NH: (60
mg, 0.15 mmol) were dissolved in dry and degassed toluene (2.5 mL). Then, iodobenzene (87 puL,
0.77 mmol) and 1M tri-tert-butylphosphine in toluene (310 pL, 0.31 mmol) were added and the
mixture was refluxed during 16 h and the reaction was filtered through a plug of silica (eluent:
CHCl,). The solution was concentrated under reduced pressure and the final product was
purified by column chromatography on silica gel (eluent: CH,Cl,/petroleum ether 7:3). Yield:

orange solid (52 mg, 62%). Spectral data matched those previously obtained.
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5-bromo-11-nitro-2-(pentan-3-yl)-1H-thioxantheno[2,1,9-deflisoquinoline-1,3(2H)-dione
(NO,-BTXI-Br)
NS Fuming HNOs (299%, 0.19 mL, 4.42 mmol) was added over a stirred solution of
O BTXI-Br (1.00 g, 2.21 mmol) in CH,Cl; (120 mL) under air. After 20 minutes, the
o O { ™ reaction was guenched with water and the organic phase was extracted with
CH,Cl;, dried with MgSO4 and concentrated under reduced pressure. The crude
was purified by column chromatography on silica gel (eluent: CH,Cl,) yielding NO,-BTXI-Br (994
mg, 90%) as a red powder. *H NMR (300 MHz, CDCls): § (ppm) 8.89 (s, 1H), 8.76 (s, 1H), 7.71 —
7.62 (m, 2H), 7.55 (ddd, J = 8.0, 7.4, 1.2 Hz, 1H), 7.43 (ddd, J = 8.5, 7.4, 1.3 Hz, 1H), 5.09 — 4.89
(m, 1H),2.33-2.11 (m, 2H), 2.02 — 1.82 (m, 2H), 0.88 (t, J = 7.5 Hz, 6H). 3C NMR (75 MHz, CDCls):
6 (ppm) 146.4,141.0, 136.1, 133.5,131.4,129.7,129.4, 129.2,128.7,128.7, 128.4, 127.6, 125.4,
124.6, 116.7, 58.1, 24.9, 11.4. HRMS (FAB): m/z calcd for C3sH17BrN,04S: 496.0087, found:

496.0083.

5-bromo-2-(pentan-3-yl)indolo[4',3',2":3,4,5]isothiochromeno][7,8,1-def]isoquinoline-
1,3(2H,10H)-dione (13)
NS NO,-BTXI-Br (115 mg, 0.23 mmol) and triphenylphosphine (194 mg, 0.74 mmol)
OO were dissolved in DMF (3 mL) under argon. The mixture was refluxed for 40 h and
O s then the solvent was removed in vacuo. The resulting crude was filtered through
a plug of neutral alumina (eluent: chloroform). After removing the solvent, the
crude was slurried in CH,Cl; and filtered to obtain compound 13 (75 mg, 70%) as a reddish
powder. 'H NMR (300 MHz, DMSO-ds): & (ppm) 11.87 (s, 1H), 8.51 (s, 1H), 8.14 (s, 1H), 7.46 (t, J
= 8.2 Hz, 1H), 7.34 (d, J = 8.2 Hz, 1H), 7.20 — 7.11 (m, 1H), 5.06 — 4.91 (m, 1H), 2.28 — 2.07 (m,
2H), 1.94 — 1.78 (m, 2H), 0.83 (t, J = 7.4 Hz, 6H). HRMS (FAB): m/z calcd for Cy3H17BrN,0,S:
464.0189, found: 464.0159. Due to the lack of solubility of the product, we were unable to obtain

a complete 3C NMR spectrum.

5-bromo-10-hexyl-2-(pentan-3-yl)indolo[4',3',2":3,4,5]isothiochromeno][7,8,1-
deflisoquinoline-1,3(2H,10H)-dione (TCCI-Br)
NS Compound 13 (60 mg, 0.13 mmol) and K,COs (35 mg, 0.25 mmol) were
OO dissolved in DMF (3 mL) and then 1-bromohexane (33 pL, 0.24 mmol) was
HJN O [ ™ added. The mixture was heated at 120 °C for 16 h. Water was added to
guench the reaction and the precipitate was filtered off and washed with
water and methanol yielding TCCI-Br (53 mg, 75%) as an orange powder. *H NMR (300 MHz,
CDCls): & (ppm) 8.56 (s, 1H), 8.33 (s, 1H), 7.40 (dd, J = 8.2, 7.5 Hz, 1H), 7.11 (d, J = 8.2 Hz, 1H),
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7.02 (d, J = 7.5 Hz, 1H), 5.11 — 4.97 (m, 1H), 4.31 (t, J = 7.2 Hz, 2H), 2.28 — 2.11 (m, 2H), 1.95 —
1.77 (m, 4H), 1.36 — 1.15 (m, 6H), 0.90 — 0.73 (m, 9H). 3C NMR (75 MHz, CDCls): & (ppm) 141.5,
140.9, 134.2, 132.5, 130.2, 129.8, 123.1, 121.9, 121.9, 118.9, 114.0, 113.9, 107.4, 57.7, 45.1,
31.6, 29.9, 26.9, 25.2, 22.6, 14.1, 11.5. HRMS (FAB): m/z calcd for CasH29BrN,0,S: 548.1128,
found: 548.1116.

10-hexyl-2-(pentan-3-yl)indolo[4',3',2":3,4,5]isothiochromeno[7,8,1-def]isoquinoline-
1,3(2H,10H)-dione (TCCI)
m TCCI-Br (60 mg, 0.11 mmol), sodium tert-butoxyde (11 mg, 0.11 mmol) and
OO (NHC)Pd(allyl)Cl (2 mg, 3.3 umol) were dissolved in isopropyl alcohol (3 mL)
/N O s and stirred at 60 °C for 2 hours. Then, the solvent was removed in vacuo and
the product was purified by column chromatography on silica gel (eluent:
CH.Cl,) yielding TCCI (44 mg, 86%) as an orange powder. *H NMR (300 MHz, CDCls): 6 (ppm) 8.50
(s, 1H), 8.18 (d, J = 8.1 Hz, 1H), 7.39 — 7.30 (m, 2H), 7.01 (d, J = 8.1 Hz, 1H), 6.89 (d, J = 7.5 Hg,
1H), 5.23 - 5.05 (m, 1H), 4.24 (t,J = 7.2 Hz, 2H), 2.40 — 2.20 (m, 2H), 2.04 — 1.80 (m, 4H), 1.41 —
1.21 (m, 6H), 0.94 (t, J = 7.5 Hz, 6H), 0.85 (t, J = 7.0 Hz, 3H). 3C NMR (75 MHz, CDCls): 6 (ppm)
165.3, 141.5, 140.9, 133.7, 130.1, 129.5, 129.0, 123.5, 122.1, 121.4, 120.3, 119.4, 118.8, 116.2,
113.5, 107.0, 57.5, 44.8, 31.6, 29.9, 26.9, 25.2, 22.6, 14.1, 11.6. HRMS (El): m/z calcd for
Ca9H30N20,S: 470.2022, found: 470.2031.

5-bromo-10-methyl-2-(pentan-3-yl)indolo[4',3',2":3,4,5]isothiochromeno][7,8,1-
deflisoquinoline-1,3(2H,10H)-dione (14)
AN Compound 13 (160 mg, 0.34 mmol) and K,COs (93 mg, 0.67 mmol) were dissolved
OO in DMF (7 mL) and then methyl iodide (128 pL, 2.06 mmol) was added. The mixture
N " was heated at 60 °C for 16 h. Water was added to quench the reaction and the

gg

compound 14 (157 mg, 95%) as an orange powder. *"H NMR (300 MHz, CDCl3): 6 (ppm) 8.59 (s,

precipitate was filtered off and washed with water and methanol yielding

1H), 8.35 (s, 1H), 7.44 (t, J = 7.9 Hz, 1H), 7.13 (d, J = 7.9 Hz, 1H), 7.03 (d, J = 7.9 Hz, 1H), 5.20 —
5.00 (m, 1H), 3.96 (s, 3H), 2.39 — 2.17 (m, 2H), 2.05 — 1.83 (m, 2H), 0.92 (t, J = 7.5 Hz, 6H). *C
NMR (125 MHz, CDCls): 6 (ppm) 141.4, 134.7, 130.2, 129.9, 123.0, 121.9, 118.9, 114.0, 107.1,
57.7,30.8, 25.2,11.5. HRMS (El): m/z calcd for C24H19BrN>O,S: 478.0345, found: 478.0347.
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10-methyl-2-(pentan-3-yl)indolo[4',3',2":3,4,5]isothiochromeno[7,8,1-def]isoquinoline-
1,3(2H,10H)-dione (15)

NS Compound 14 (60 mg, 0.12 mmol), sodium tert-butoxyde (13 mg, 0.13 mmol) and

O (NHC)Pd(allyl)Cl (2 mg, 3.8 umol) were dissolved in isopropyl alcohol (3 mL) and
—N s stirred at 60 °C for 2 hours. Then, the solvent was removed in vacuo and the product

was purified by column chromatography on silica gel (eluent: CH,Cl,). To reach a

higher degree of purity, it was purified by HPLC, yielding compound 15 (25 mg, 51%) as a yellow
solid. *H NMR (300 MHz, CDCls): § (ppm) 8.60 (s, 1H), 8.24 (d, J = 7.9 Hz, 1H), 7.50 — 7.38 (m, 2H),
7.11(d,J=7.9 Hz, 1H), 7.00 (d, J = 7.9 Hz, 1H), 5.20 — 5.07 (m, 1H), 3.96 (s, 3H), 2.38 — 2.20 (m,
2H), 1.94 (m, 2H), 0.92 (t, J = 7.5 Hz, 6H). ®*C NMR (125 MHz, CDCls): § (ppm) 141.6, 134.4, 130.2,
129.8, 123.7, 122.2, 121.5, 120.5, 119.0, 113.8, 106.8, 57.5, 30.6, 25.2, 11.5. HRMS (El): m/z
calcd for C24H20N205S: 400.1240, found: 400.1237.

2-(pentan-3-yl)-1H-benzo[7,8]thioxantheno[2,1,9-deflisoquinoline-1,3(2H)-dione (DBTXI)
~~~ 4-bromo-1,8-naphthalic anhydride (11.00 g, 39.70 mmol), 1-aminonaphthalene-2-
0. N o]
O thiol (7.65 g, 43.67 mmol) and potassium carbonate (5.49 g, 39.70 mmol) were

oes

the mixture was stirred for 24 h at 60 °C. The orange precipitate that appeared was filtrated and

dissolved in DMF (270 mL) under air. The solution mixture was stirred for 16 h at

room temperature. Then, isopentyl nitrite (15.72 mL, 119.10 mmol) was added and

washed with water and methanol. Then, the obtained solid, 3-aminopentane (5.33 mL, 45.71
mmol) and imidazole (77 g) were mixed and heated at 100 °C for 16 h. After cooling down to
room temperature, a 1 M aqueous solution of HCl was added, the mixture was extracted with
CH.Cl; and the organic layer was dried with MgSO,4 and concentrated under reduced pressure.
The final product was purified by column chromatography on silica gel (eluent: CH,Cl,). Yield:
orange solid (2.20 g, 13%). *H NMR (300 MHz, CDCl3): 6 (ppm) 8.72 — 8.58 (m, 2H), 8.45 — 8.38
(m, 2H), 7.90 — 7.83 (m, 1H), 7.80 (d, J = 8.6 Hz, 1H), 7.59 — 7.50 (m, 3H), 7.39 (d, J = 8.6 Hz, 1H),
5.15-5.02 (m, 1H), 2.36 — 2.20 (m, 2H), 2.00 — 1.84 (m, 2H), 0.91 (t, J = 7.5 Hz, 6H). *C NMR (75
MHz, CDCls): 6 (ppm) 139.1, 136.8, 134.0, 133.5, 131.6, 130.4, 130.4, 129.2, 129.1, 127.5, 126.7,
125.9, 125.7, 124.0, 123.1, 121.1, 120.0, 118.6, 57.5, 25.1, 11.5. HRMS (MALDI): m/z calcd for
Ca7H21NO,S: 423.1288, found: 423.1293.
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5-bromo-2-(pentan-3-yl)-1H-benzo[7,8]thioxantheno[2,1,9-deflisoquinoline-1,3(2H)-dione
(DBTXI-Br)

NS To a solution of DBTXI (500 mg, 1.18 mmol) in CH,Cl; (90 mL) was added dropwise
a 1 M solution of bromine in CH,Cl; (190 mg, 1.18 mmol). The reaction mixture
was refluxed for 16 h before being quenched with a saturated aqueous solution
of Na,S;0s. Then, the organic phase was washed with water and brine. After
drying it over MgSQ0,, the solution was concentrated under reduced pressure and the crude was
purified by column chromatography on silica gel (eluent: CH,Cly). Yield: orange solid (416 mg,
70%). 'H NMR (300 MHz, CDCls): § (ppm) 8.70 — 8.58 (m, 3H), 8.47 (d, J = 8.1 Hz, 1H), 7.90 - 7.81
(m, 2H), 7.58 — 7.50 (m, 2H), 7.46 (d, J = 8.6 Hz, 1H), 5.16 — 5.01 (m, 1H), 2.35 — 2.18 (m, 2H),
2.00 — 1.84 (m, 2H), 0.91 (t, J = 7.5 Hz, 6H). 3C NMR (75 MHz, CDCls): § (ppm) 136.7, 134.2,
133.0, 131.4, 130.8, 130.2, 129.2, 129.0, 127.7, 127.0, 126.5, 125.1, 124.0, 123.2, 114.1, 77.6,
57.7,25.0, 11.5. HRMS (MALDI): m/z calcd for C,7H20BrNO,S: 501.0393, found: 501.0390.

5-bromo-13-nitro-2-(pentan-3-yl)-1H-benzo[7,8]thioxantheno[2,1,9-deflisoquinoline-1,3(2H)-
dione (NO,-DBTXI-Br)
m Fuming HNO; (299%, 50 pL, 1.19 mmol) was added under air over a stirred
OO solution of DBTXI-Br (300 mg, 0.60 mmol) in CH,Cl; (45 mL). After 20 minutes, the
o L' ™ reaction was guenched with water and the organic phase was extracted with
CHCl,, dried with MgS0,4 and concentrated under reduced pressure. The crude
was purified by column chromatography on silica gel (eluent: CH,Cl,) yielding NO2-DBTXI-Br (290
mg, 89%) as a pink powder. *H NMR (300 MHz, CDCls): 6 (ppm) 9.20 (s, 1H), 8.78 (s, 1H), 8.01 (d,
J=8.7 Hz, 1H), 7.95 — 7.87 (m, 2H), 7.66 (d, J = 8.7 Hz, 1H), 7.62 — 7.55 (m, 1H), 7.55 - 7.48 (m,
1H), 5.13 -5.00 (m, 1H), 2.34 - 2.18 (m, 2H), 2.01 — 1.85 (m, 2H), 0.91 (t, J = 7.5 Hz, 6H). **C NMR
(75 MHz, CDCls): 6 (ppm) 147.1, 140.6, 135.1, 132.8, 132.7, 131.7, 131.4, 131.3, 129.8, 129.3,
128.7, 127.8, 123.2, 122.0, 120.6, 116.1, 58.3, 25.0, 11.4. HRMS (MALDI): m/z calcd for

Ca7H19BrN,04S: 546.0243, found: 546.0231.

1-bromo-4-(pentan-3-yl)benzo[8,1]isoquinolino[5,4,3-cdelisoquinolino[4,5,6-
hijlisothiochromene-3,5(4H,7H)-dione (16)
NS NO,-DBTXI-Br (220 mg, 0.37 mmol) and triphenylphosphine (307 mg, 1.17
OO mmol) were dissolved in DMF (5 mL) under argon. The mixture was refluxed for
i 40 h and then water was added to guench the reaction, the precipitate was
filtered off and washed with water and methanol yielding compound 16 (165

mg, 88%) as a blue powder. HRMS (MALDI): m/z calcd for C7H19BrN20,S: 514.0345, found:
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514.0335. Due to the lack of solubility of the product, we were unable to obtain complete H

NMR and 3C NMR spectra.

1-bromo-7-hexyl-4-(pentan-3-yl)benzo[8,1]isoquinolino[5,4,3-cdelisoquinolino[4,5,6-
hijlisothiochromene-3,5(4H,7H)-dione (TXAI-Br)
NS Compound 16 (120 mg, 0.23 mmol) and K,COs (63 mg, 0.45 mmol) were
Ut oo dissolved in DMF (8 mL) and then 1-bromohexane (60 uL, 0.43 mmol) was
N Br
OO s added. The mixture was heated at 120 °C for 16 h. Water was added to
guench the reaction, the precipitate was filtered off and washed with
water and methanol yielding TXAI-Br (121 mg, 87%) as a blue powder. *"H NMR (500 MHz, CDCls):
6 (ppm) 7.92 (s, 1H), 7.61 (s, 1H), 6.97 — 6.84 (m, 2H), 6.59 — 6.50 (m, 2H), 5.96 — 5.88 (m, 1H),
4.99-4.89 (m, 1H), 3.41-3.30 (m, 2H), 2.23 -2.11 (m, 2H), 1.96 — 1.85 (m, 2H), 1.50 — 1.35 (m,
8H), 0.95 (t, J = 7.0 Hz, 3H), 0.90 (t, J = 7.4 Hz, 6H). *C NMR (125 MHz, CDCls): 6 (ppm) 163.1,
141.2, 141.1, 138.7, 134.6, 133.6, 129.1, 128.8, 127.0, 126.4, 124.8, 123.8, 123.6, 123.4, 121.2,
118.3,114.7,105.0,57.7,47.1, 31.6, 26.6, 25.0, 24.6, 22.9, 14.2, 11.6. HRMS (MALDI): m/z calcd
for C33H31BrN,0,S: 598.1284, found: 598.1282.

7-hexyl-4-(pentan-3-yl)benzo[8,1]isoquinolino[5,4,3-cdelisoquinolino[4,5,6-
hijlisothiochromene-3,5(4H,7H)-dione (TXAI)
~~ TXAI-Br (90 mg, 0.15 mmol), sodium tert-butoxyde (15 mg, 0.16 mmol) and
) N o

o‘ (NHC)Pd(allyl)Cl (3 mg, 4.5 umol) were dissolved in isopropyl alcohol (4 mL)
NN

¢

(eluent: CH,Cl,) yielding TXAI (44 mg, 56%) as a blue powder. *H NMR (500 MHz, CDCl3): 6 (ppm)

s and stirred at 60 °C for 2 hours. Then, the solvent was removed in vacuo

and the product was purified by column chromatography on silica gel

7.59-7.51(m, 1H), 7.40 (s, 1H), 6.74 (t, J = 7.9 Hz, 1H), 6.69 — 6.63 (m, 1H), 6.42 — 6.32 (m, 2H),
6.17 (d, /= 8.5 Hz, 1H), 5.75 - 5.64 (m, 1H), 5.00 — 4.87 (m, 1H), 3.23 — 2.96 (m, 2H), 2.21 - 2.09
(m, 2H), 1.99 — 1.87 (m, 2H), 1.50 — 1.41 (m, 2H), 1.40 — 1.32 (m, 6H), 1.00 — 0.88 (m, 9H). 3C
NMR (125 MHz, CDCl3): 6 (ppm) 164.2, 163.4, 140.9, 137.9, 134.3, 129.9, 128.6, 126.8, 126.5,
125.0, 124.7, 123.3, 123.0, 122.2, 120.7, 120.2, 117.9, 104.5, 57.4, 46.9, 31.5, 26.5, 25.0, 24.5,
22.9,14.2,11.7. HRMS (MALDI): m/z calcd for C33H32N»0,S: 520.2179, found: 520.2180.
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Additional methods

Devices fabrication and measurement

Substrate cleaning: Indium-tin oxide pre-coated glass slides of 24 x 25 x 1.1 mm with a sheet

resistance of 7 Q/sq were purchased from Visiontek Systems LTD. The substrates were washed
with a diluted Deconex® 12 PA-x solution (2% in water) before being cleaned by a series of
ultrasonic treatments in distilled water, acetone and isopropanol for 15 min each. Once dried
under a steam of nitrogen, a UV-ozone plasma treatment (UV/Ozone ProCleaner Plus, Bioforce

Nanosciences) was performed for 15 min.

Solution-processed OSC with a direct structure: A filtered aqueous solution of poly(3,4-

ethylenedioxy-thiophene)-poly(styrenesulfonate) (PEDOT:PSS; Ossila Al 4083) through a 0.45
pum RC membrane (Minisart® RC 15) was spun-cast onto the ITO surface at 5000 rpm for 40 s
before being baked at 120 °C for 30 min. For PHJ, the donor was deposited via spin coating from
chloroform solutions and then the accepting material and the cathode were thermally deposited
in vacuum. For BHJ, the bulk was deposited via spin coating from chloroform solutions before
thermally depositing the cathode in vacuum. Device architecture: ITO/PEDOT:PSS (24 nm)/BH)
or (D/A (30 nm))/LiF (1 nm)/Al (100 nm).

Device characterization: J-V curves were recorded in the dark and under illumination using a
Keithley 236 source-measure unit and a homemade acquisition program. The light source is an
AML1.5 Solar Constant 575 PV simulator (Steuernagel Lichttecknik, equipped with a metal
halogen lamp, 80 mW.cm™). The light intensity was measured by a broad-band power meter
(13PEMO001, Melles Griot). EQE were measured under ambient atmosphere using a halogen
lamp (Osram) with an Action Spectra Pro 150 monochromator, a lock-in amplifier (Perkin-Elmer

7225) and a 52281 photodiode (Hamamatsu).

Vacuum-processed OSCs from Heliatek: Devices were prepared by thermal vapour deposition

onto room temperature on tin-doped indium oxide (ITO) coated substrates (Thin Film Devices,
USA, sheet resistance of 30 Q sq!) in an ultra-high vacuum chamber with a base pressure of 10"
"mbar. Layer thicknesses were determined during evaporation by using quartz crystal monitors
calibrated for the respective material. Solar cells were prepared layer by layer with-out breaking
the vacuum as follows: ITO; 15 nm Ceo; 6 or 10 nm MPTA-4; 10 nm BPAPF; 45 nm BPAPF doped
with NDP9 (purchased from Novaled AG Germany, 10 wt%); 1 nm NDP9; 100 nm Al. Device
characterization: J—V and EQE measurements were carried out in a solvent-free N filled

glovebox (0, and H,0 levels <1ppm). J-V characteristics were measured using a source-measure
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unit (Keithley SMU 2400) and an AM 1.5G sun simulator (KHS Technical Lighting SC1200). The
intensity was monitored with a silicon photodiode (Hamamatsu $1337), which was calibrated at
Fraunhofer ISE. The mismatch between the spectrum of the sun simulator and the solar AM 1.5G
spectrum was taken into account for the calculation of current density. Aperture masks (2.76

mm?) were used to obtain well-defined active solar cell areas.

Vacuum-processed OSCs from TUD: Devices were prepared by Vacuum Thermal Evaporation

(VTE) in a high vacuum system with a base pressure of <107 mbar (Kurt J. Lesker). All layers of
materials were evaporated onto a glass substrate with a pre-structured ITO contact (Thin Film
Devices), cleaned in subsequent ultrasonic baths with NMP, Deionized water and ethanol and
ultraviolet ozone cleaning system. Prior to evaporation, all materials were purified by vacuum
gradient sublimation. Metal contacts were deposited through a shadow mask, to form a top
contact, overlapping with the bottom ITO contact thus defining the device are (A = 6.44 mm?).
To avoid degradation due to external conditions, all devices were encapsulated with a glass

cavity glued to the substrate with a moisture getter.
Standard devices: ITO/MoOs (3 nm)/BHJ or (D/A*)/BPhen (8 nm)/Ag (100 nm).
Inverted devices: ITO/Bis-HFI-NTCDI:W,(hpp)s (5 nm)/BHJ or (D/A*)/MoOs (3 nm)/Ag (100 nm).

*In PHJ OSCs, the thickness of the layer of fullerene acceptor was 15 nm unless otherwise

specified.

Device characterization: External Quantum Efficiency (EQE) spectra are taken using light from a
xenon lamp (Apex 150 W Xenon Arc Lamp, Newport Oriel) and a monochromator (Cornerstone
260 Newport Oriel). Signal from the device was amplified and recorded with a lock-in amplifier
(SR 7265 Lock-In Amplifier, Signal Recovery). The reference spectrum was taken with a Silicon
reference diode (S1337, Hamamatsu, calibrated by Fraunhofer ISE). Current-density-Voltage (J-
V) characteristics were measured with Keithley 2400 SMU source meter. The sample is
illuminated by a sum simulator (165-150V.3, Solar Light Co.) with intensity adjusted such as to
duplicate the Am1.5G spectrum (100 mW/cm?), calibrated with Silicon photodiode (51337,

Hamamatsu, calibrated by Fraunhofer ISE).

Photophysical measurements

Absorption spectra were recorded on a JASCO V-650 spectrophotometer in diluted solution (ca.
107° or 107 mol L), using spectrophotometric grade solvents. Emission spectra were measured
using Horiba-Jobin—Yvon Fluorolog-3 fluorimeter. The steady-state luminescence was excited by

unpolarised light from a 450 W xenon continuous wave (CW) lamp and detected at an angle of

147



EXPERIMENTAL SECTION

90° for measurements of dilute solutions (10 mm quartz cuvette) by using a Hamamatsu R928.
Spectra were corrected for both excitation source light-intensity variation and emission spectral
responses. Luminescence quantum vyields Q were measured in diluted solutions with an

absorbance lower than 0.1, by using the following equation:

"2

@ _[A@) <
Q|40 D,

where A(A) is the absorbance (or optical density) at the excitation wavelength, n the refractive

n,zc] Dx]

“
r

index of the solvent and D the integrated luminescence intensity. “r“ and “x“ stand for reference
and sample, respectively. Here, the reference is coumarine-153 in methanol (Qr = 0.45).
Excitations of reference and sample compounds were performed at the same wavelength. The
reported results are the average of 4-5 independent measurements at various absorbances
(comprised between 0.01-0.1) for both sample and reference. The plot of the integrated
luminescence intensity vs. absorbance gives straight line with excellent correlation coefficients

and the slope S can be determined for both sample (x) and reference (r). Then, the previous

equation becomes the following:

& ). [n_]

Q Is.1 [n?
For singlet oxygen quantum yield determination ¢4, the principle is exactly the same except
that the singlet oxygen luminescence emission band (D) is integrated for both sample (x) and
reference (r) compounds. A(A) is the absorbance (or optical density) at the excitation
wavelength. In this case it is very important that both experiments are conducted in the same
solvent at exactly the same excitation wavelength (nx = nr). The reported results are the average
of 4-5 independent measurements at various absorbances (comprised between 0.01-0.1) for
both sample and reference. The plot of the integrated singlet oxygen luminescence intensity vs.
absorbance gives straight line with excellent correlation coefficients and the slope S can be

determined for both sample (x) and reference (r). In the present case, the reference is

phenalenone (pAr = 0.98 in DCM).

Excited state lifetime analyses were measured at the maximum emission wavelength using a
390 nm nanoLED by means of the time correlated single photon counting (TCSPC) method of

diluted dichloromethane solutions at room temperature.

The relationship between Stokes shift and the polarizability of solvent can be described

following the Lippert—Mataga equation:
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2Af )
Av = =AU (Y b
47rgohca3 (4 = a5)
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where Av is the Stokes shift, 72 is the Planck constant, c is the light speed, a is the Onsager cavity
radius, and pe, ug are the excited and ground-state dipole moments, respectively. Af, is known
as the solvent polarizability and can be calculated using the dielectric constants (g) and refractive

indices (n).

Crystallographic data

Table S1. Crystal Data Collection and Refinement Parameters of NO2-BTXI-NO; and NO,-BTXI-Br.

Molecule
Empirical formula
Formula weight
Temperature (K)
Wavelength(A)
Crystal system, space group
a(A)

b(A)

c(A)
a(deg)
B(deg)

y(deg)
z

Volume (A3)
Calculated density (Mg/m?3)
Absorption coefficient (mm™)
0 range (deg)
Completeness to 6 = 70.000
GOF
Largest diff. peak & hole (e/A3)

NO;-BTXI-NO;
C23H17N306S, C7Hs
555.59
150.0(1)
1.54184

Monoclinic, P 21/n

17.1645(2)
7.20880(10)
21.1257(3)
90
101.8510(10)
90
4
2558.28(6)
1.442
1.568
3.030 to 76.167
98.4%
1.030
0.282 & -0.343

NO,-BTXI-Br
C23H17BrN,04S, C7Hs
589.49
150.0(1)
1.54184
Monoclinic, P 21/c
17.2992(3)
7.13370(10)
22.0936(4)

90
109.488(2)

90
4
2570.31(8)
1.523
3.275
2.709 to 72.003
98.0%

1.042
1.481 & -0.702
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Table S2. Crystal Data Collection and Refinement Parameters of DBTXI-Br and NO,-DBTXI-Br.

Molecule
Empirical formula
Formula weight
Temperature (K)
Wavelength(A)
Crystal system, space group
a(A)

b(A)

c(A)
a(deg)
B(deg)

y(deg)
Z

Volume (A3)
Calculated density (Mg/m?3)
Absorption coefficient (mm™)
0 range (deg)
Completeness to 6 = 70.000
GOF
Largest diff. peak & hole (e/A3)

DBTXI-Br
Ca7H20BrNO,S
502.41
150.0(1)
1.54184

Monoclinic, P 21/n

13.8628(8)
7.4278(4)
20.6317(10)
90
96.880(5)
90
4
2109.2(2)
1.582
3.791
3.648 t0 73.869
98.2%
0.997
0.743 & -0.501

NO,-DBTXI-Br
Ca7H19BrN,04S
547.41
150.0(1)
1.54184
Monoclinic, P 21/c
12.0181(3)
14.6961(3)
13.1169(4)

90
109.850(3)

90
4
2179.05(10)
1.669
3.813
3.911to 75.813
98.4%

1.060
0.642 & -0.491

Table S3. Crystal Data Collection and Refinement Parameters of BTXI and TCCI (15).

Molecule
Empirical formula
Formula weight
Temperature (K)
Wavelength(A)
Crystal system, space group
a(A)

b(A)

c(A)
a(deg)
B(deg)

v(deg)
Z

Volume (A3)
Calculated density (Mg/m?3)
Absorption coefficient (mm™1)
0 range (deg)
Completeness to 6 = 70.000
GOF
Largest diff. peak & hole (e/A3)

BTXI
Ca3H19NO2S
373.45
150.0(1)
1.54184
Triclinic, P-1
7.4198(5)
8.8854(5)
15.1195(9)
101.609(5)
90.283(5)
111.324(5)

2
906.22(10)
1.369
1.728
5.476 to 76.310
98.0%
1.032
0.551 and -0.300

TCCI (15)

8(C24H20N20,5),3(CH,Cl2)

3458.61
150.0(1)
1.54184

Monoclinic, P 21/n

7.3447(3)
25.3472(11)
22.0821(8)
90
96.839(4)
90
1
4081.7(3)
1.407
2.510
2.665 to 72.331
98.1%
1.103
1.025 & -0.591
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Table S4. Crystal Data Collection and Refinement Parameters of DBTXI and TXAL.

Molecule DBTXI TXAI
Empirical formula C7H21NO,S Ca3H32N20,S
Formula weight 423.51 520.66
Temperature (K) 150.0(1) 150.0(1)
Wavelength(A) 1.54184 1.54184
Crystal system, space group  Orthorhombic,P 21 21 21 Triclinic, P -1
a(A) 7.4412(2) 13.8024(4)
b(A) 8.0589(3) 14.1157(4)
c(A) 33.5265(13) 14.9672(5)
a(deg) 90 81.003(3)
B(deg) 90 64.157(3)
v(deg) 90 83.063(2)
z 4 4
Volume (A3) 2010.51(12) 2587.60(15)
Calculated density (Mg/m?3) 1.399 1.337
Absorption coefficient (mm™) 1.630 1.378
0 range (deg) 2.636t0 72.412 3.175 to 75.036
Completeness to 6 = 70.000 98.5% 98.1%
GOF 1.130 1.040
Largest diff. peak & hole (e/A%) 0.486 & -0.400 0.971 & -0.625
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Résumé : Les efforts continus développés dans le
domaine du photovoltaiqgue organique (OPV) ont
permis d’améliorer les rendements de photoconversion
jusqu’a 18%. Cependant, une vision critique des
publications met en évidence que les rendements les
plus élevés sont généralement associés a une
augmentation de la complexité synthétique des
matériaux (donneur et accepteur) et de la procédure de
fabrication. C'est la raison pour laquelle la préparation
de matériaux plus simples et moins chers est si
cruciale. Aprés un premier chapitre examinant les
progrés récents en OPV, un deuxiéme chapitre traite
de la synthése des molécules D-1-A dérivées du N-
méthyl-N-phénylthiophéne-2-amine  (MPTA), un
groupe donneur d’électron D encore non utilisé
auparavant en OPV. Une série de dérivées a été
synthétisée en modulant l'espaceur TT-conjugué et le

groupe attracteur d'électrons A, et l'impact sur leurs
propriétés optiques, électrochimiques et
photovoltaiques a naturellement été étudié. Un
troisieme chapitre porte sur différentes approches de
modification structurale d'une molécule push-pull
récemment décrite dans la littérature, a savoir le TPA-
T-DCV-Ph. La présence du groupe phényle (Ph)
terminal a conduit a une longueur de diffusion
d'exciton plus élevée et ainsi a un meilleur rendement
de photoconversion par rapport a la molécule push-
pull de référence TPA-T-DCV. Finalement, un
guatrieme  chapitre  se  focalise sur la
fonctionnalisation d'un bloc prometteur et trés peu
exploré, le benzothioxanthene (BTXI). Ainsi, sa
réactivité a été étudiée et les propriétés des nouveaux
dérivés sont discutées.

Keywords : Organic photovoltaics, 1r-conjugated systems, organic synthesis, push-pull, organic electronics,

benzothioxanthene imide.

Abstract The continuous efforts devoted to
improving the performances in organic photovoltaics
(OPV) have enhanced the photoconversion
efficiencies over 18% so far. However, a critical vision
of the state-of-the-art publications highlights that the
highest efficiencies are generally paired with an
enhancement of the synthetic complexity of both the
materials (donor and acceptor) and the fabrication
procedure. That is the reason why the preparation of
simpler and less expensive materials is that crucial. In
this regard, after a first chapter reviewing the recent
progress in OPV, a second chapter is focused on the
synthesis of D-11-A molecules based on the N-methyl-
N-phenylthiophen-2-amine (MPTA) electron-donor
unit, which was not previously used in the field. A series
of derivatives is synthesized by modulating the TI-
spacer and the electron-withdrawing group A and the

impact on their optical, electrochemical and
photovoltaic properties is naturally investigated.

A third chapter is related to the structural modification
of a recently reported push-pull molecule, namely
TPA-T-DCV-Ph. Its additional phenyl ring in the
accepting moiety led to a higher exciton diffusion
length and therefore photoconversion efficiency in
comparison to the well-known TPA-T-DCV. Hence,
two different structural modifications of this donor are
reported. Eventually, a fourth chapter is related to the
functionalization of a promising and unexplored
rylene, namely the benzothioxanthene (BTXI) whose
most attractive features are its low synthetic cost and
outstanding optical and electrochemical properties.
Thus, its reactivity is explored in a deeper level and
the properties of the new derivatives are studied.
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