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CHAPTER 1

Carbon is a ubiquitous, though unique, element that can form different covalent bonds with
other carbon atoms, as well as with a variety of other elements such as hydrogen, oxygen,
nitrogen, sulfur, etc. The chemistry of carbon is fundamental to life on Earth, since al living
organisms are composed of organic-based structures. The latter, such as carbohydrates, lipids,
proteins, and nucleic acids indeed play crucia rolesin biological processes including energy
production, cell structure and function, and genetic storage information and expression. This
ability to generate molecules from the simplest to the most complex form (methane vs DNA),
defines the vast and almost endless array of organic compounds found in nature but aso in
laboratories. Mgor focus of attention since the dawn of modern chemistry, the synthesis of
such materias entitled “organic chemistry” encompasses a wide range of subcategories and
topics, including the study of properties and reactivity of organic compounds, e€lucidation of
their reaction mechanisms, and synthesis of new compounds with desired properties for
specific applications. Consequently, this field of research plays a vital role in many areas of
science and technology, including medicine, materials science, and energy research: in other

words, in our daily modern lives.

1.1 Organic electronics

The term "Organic Electronics" refers to a broad area based on the synthesis and use of m-
conjugated structures characterized by conducting or semiconducting properties. In contrast to
most conventional inorganic materials like silicon, the popularity of organic-based devices
came along with their flexibility, lightweight, large-area, and low-cost manufacturing since
potentially compatiblewith printing techniques. Hence, organic light-emitting diodes (OLEDS)
-2 organic fiel d-effect transistors (OFETS),® organic photovoltaics (OPVs),”® el ectrochromic
devices (ECDs),’**! and photodetectors 2 have attracted considerable attention over the last

few decades.

From a molecular/chemical point of view, anthracene was amongst the very first organic
compounds studied, in the late 50s, for its semiconducting properties.’>*> However, the field
really took off in the 70s-80s with the synthesis and characterization of conductive polymers
such as polypyrrole, " polyaniling!® and polyacetylene %% (Figure 1.1). From these
discoveries, several years went by before the first reported example of organic-based devices
with the demonstration, in 1987, of an organic light-emitting diode (OLED) by Ching Wan
Tang and Steven Van Slyke, the two OLED pioneers, from Eastman Kodak.?*?® This
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CHAPTER 1

innovation paved the way for modern organic-based displays that are currently widely
embedded in smartphones and televisions.

In paralel, the development of organic field-effect transistors (OFETS), in the 1990s,
demonstrated the potential use of organic materialsin electrical circuits.?#?° Asaresult, organic
thin-film transistors (OTFTS) 2 are nowadays used in several applications, such as flexible
screens, sensors,?’2 and electronic papers.?®

Another striking example, thefirst bulk heterojunction solar cell was reported in 1995 and was
based on purely organic compounds. This breakthrough initiated more than two decades of
intensive research and development resulting in the demonstration of materials and devices
now competing, in terms of efficiencies, with silicon-based solar technologies.**33

cCO ] [ et

Anthracene Polypyrrole Polyaniline Polyacetylene

Figure 1.1 Sructures of the first organic compounds used in organic electronics.

Stemming from this intensive research, the development of electro-active inks from organic
materials opened doors to low-cost printing processes such as screen-printing, blade coating,
inkjet printing, rotogravure printing, aerosol spray coating, and slot-die coating. Most of these
methods target large areas and automated roll-to-roll (R2R) production, where substrate reels
are continually involved in procedures used in the graphic/advertising printing sector (ie,
coating, drying, laminating, and cutting procedures). Simple electronic devices, such as
sensors, logic circuits, and more complex such solar cells can be produced through these
methods in a quicker and cheaper way than that of conventional inorganic-based electronic
components. For instance, two companies, namely “Armor” ** (France) and “Heliatek” %
(Germany) aready supplied large-area, flexible, and lightweight organic-based solar panels
(seeexamplein Figure 1.2), using R2R production from solutions or by evaporation techniques

respectively.

On the niche side, the capacity to print onto a range of substrates creates prospects for the
integration of electronics into paper-, textile- and plastic-based items and thus potential new

applications (such as smart packaging, etc.).® In addition, organic-based electronic
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CHAPTER 1

components can be (semi)transparent or in a range of precisely tuned colors providing
motivational and innovative integration of the latter devicesin places that were not considered
for conventional electronics (architectures, sails, etc.). For instance, LG 37 recently supplied
large-area, flexible, and lightweight transparent OLED wallsinstalled at Incheon International
Airport (Figure 1.2).

Figure 1.2 a) OPV installation on undulating rooftops in the Port of Barcelona, by Heliatek; b)
Transparent OLED display at Korea's Incheon International Airport, by LG.

Finally, the potential biocompatibility of organic-based devices also provides new prospects to
probe, monitor or communicate with living systems. Hence, research and development in
organic electronics offer the advantage of features that are/were not possible/accessible with
conventional inorganic materialsrather than just improving performancesto, somehow, replace
the existing technologies.

1.2 Organic semiconductors

The semiconducting properties of organic materials are the foundation of organic
electronics. This feature results from the ability to transport charge carriers, namely electrons
and/or holes, within the backbone and the stacks (materials) of small molecules and polymers.
Aschemists, it isimportant to understand (1) the working principle of such categories of active
compounds and (2) how chemical modifications can affect their electronic and photophysical
properties to target specific applications through an optimized rationalization of the structure-
property relationships.

19
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1.2.1 m-conjugated materials

n-conjugated materials, whether molecular or polymeric, are usualy constituted of
aternated single and double bonds that creste a plane of sp? hybridized orbitals with 2p;
orbitals left perpendicular to that plane. The overlap of these 2p; orbitals forming a network of

©t bonds allows the delocalization of electrons across the conjugated system.

One of the key design principles of n-conjugated materials relies on the commonly referred
“energy gap engineering”. The energy gap of an organic semiconductor can be defined as the
difference, in energy, between its highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). Hence, when considering molecular design, a fine-
tuning of these frontier orbitals can be achieved by (1) extending the conjugation of the n-
system, (2) incorporating electron-donating or -withdrawing groups, (3) using the
intramolecular Donor-Acceptor (D-A) strategy, ie, aternating electron-rich and poor moieties,

and finaly (4) rigidifying/bridging the n-conjugated system.

(2) In generdl, the extension of the conjugation length of a material, leads to a decrease in the
energy difference between the HOMO and LUMO levels as aresult of the linear combination
of molecular orbitals.® Varying thelength of the n-conjugated backbone from ethylene through
butadiene, octatetraene, and then longer polyenes, increases the number of overlapping 2p;
orbitals resulting in the concomitant stabilization of the LUMO level and destabilization of the
HOMO levels, hence changing the properties from insulators to semiconductors (Figure 1.3).

Ethylene Butadiene Octatetraene Polyacetylene

z oF Az An)

2

- A A_ LUMO
= V H H A\
5 6.7¢€ 5.8eV : 31eV 15-3eVh
wm : : '
: 4 HOMO
—
max
Mabs 185 nm (yy) 215 nm (yy) 400 "M (yisible)

Figure 1.3 Diagram showing the effect of increasing the conjugation length on the energetic gap
between HOMO and LUMO levels.
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Moreover, this reduction of the band gap aso has a direct impact on the optical properties,
sinceit gradually shifts the absorption wavelength of these materials towards lower energies.

Theoretically, extending the conjugation to some extent would result in a negligible bandgap
between the HOMO and LUMO levels affording metal-like behaving organic conductors.
However, the narrowing of the energy gap via this approach is somehow limited by the
instability of a quasi-one-dimensional structure of sp? hybridized C-C bonds. Thiswill lead to
adistortion of the chain, known as Peierl’ s distortion, to provide stabilization through alower
energy arrangement. The physical effect of this stabilization is seen through bond-length
aternation (BLA) of shorter and longer bonds, thus preventing organic conjugated materias
from achieving the zero-energy bandgap seen in conducting metals. *°

(2) The incorporation of electron-donating or el ectron-withdrawing substituents, inductive or
mesomeric, is known to be an efficient strategy to fine-tune the HOMO/LUMO gap of a n-
conjugated material. “° Convenient from an organic chemistry point of view, this approach is
thus frequently and complementarily used with the previously discussed n-extension of the
backbone. Hence, eectron-donating groups will decrease the ionization potentia of the
material, thus, destabilizing the HOMO energy level, while el ectron-withdrawing groups will
increase the electron affinity of the material, and therefore stabilize the LUMO energy level.

(3) Theintramolecular Donor-Acceptor (D-A) concept results from the aternation of electron-
rich, donor (D), and el ectron-poor, acceptor (A) units within the same n-conjugated framework,
leading to new HOMO and LUMO energy levels, wherein the energy gap is narrowed by
forming a higher-lying HOMO and a lower-lying LUMO from the new hybridized orbitals
(Figure 1.4). This approach introduces “push-pull” driving forces through internal charge
transfers that facilitate electron delocalization, an effect that cannot be achieved by simply

repeating the same unit. 442
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> Eg R
<]
) g i
w —4+— g
Donor (D) D-A Acceptor (A)
Electron rich Compound Electron poor

Figure 1.4 Diagram showing the D-A approach.

(4) The planarity of the conjugated backbone also plays a crucial role in al of these energy
gap-engineering strategies. Planarizing a structure indeed enables a more effective n-orbital
overlap resulting in an easier delocalization of the n-electrons and therefore reduction of the
gap. The effect of the covalent rigidification of the n-conjugated system on the energy band
gap isillustrated with practical examplesin Figure 1.5. *® As aresult, this geometric variation

can aso be a useful tool to tune the energy gap of a particular material.

S 1\ S Bridging m—)
\ / S \ ) — /S\ /S\ /S\

32€V . > 1.65€eV
EQ
/ \ Bridgi
o
335eVvV > 2.8eV

=

Figure 1.5 Effect of therigidification on the HOMO-LUMO energy gap of m-conjugated systems.

1.2.2 Molecular vs. polymeric organic semiconductors

By applying the above-mentioned strategies, two types of organic semiconductors are
usually synthesized namely the polymers and the “well-defined” molecular structures. Both
types of architectures have been massively investigated within the organic electronics

community since both are characterized by peculiar advantages but also drawbacks.*

22



CHAPTER 1

As mentioned, polyacetylene %2 was amongst the first reported and one of the most studied
conjugated polymers. However, its relative instability to air and tedious processability (limited
solubility) motivated researchersto devel op functionalization strategies and new materials. The
second generation of semiconducting polymers indeed relies on aromatic and polycyclic
structures. Several key examples are illustrated in (Figure 1.6) such as the poly(p-
phenylenevinylene) (PPV) that was used in the 90s for the preparation of light-emitting
demonstrators. ° Stemming from this simple structure, a large library of semiconducting
polymers has been synthesized and investigated, particularly those incorporating heterocycles

with five-membered rings (pyrrole, thiophene, etc.).

Oy
n n Poly (2,5 dialkoxy) paraphenylene

Poly paraphenylene (PPP) Poly paraphenylene vinylene (PPV) vinylene (MEH-PPV)
R
3 T W
s” Rk S n H n
Poly thiophene (PT) Poly 3-alkyl thiophene (P3AT) Poly pyrrole (PPy)

Figure 1.6 Molecular structures of some important heterocyclic polymers (second generation).

Nevertheless, this second generation of semiconducting polymers also suffers from significant
drawbacks such as limited solubility and usually wide band gaps thus limiting, for instance,

their sunlight-harvesting ability, akey parameter in organic solar cells.*4

From these statements, the third generation of semiconducting polymers emerged in the 2000s.
The latter have more complex molecular structures with different atoms in the repeating units
with either heterocycles or benzene rings. Organic chemists have developed and combined
tremendous amounts of building blocks, such as fluorine,**° carbazole,>*>! thiophene and its
fused derivatives,>>>® benzothiadiazole and (hetero)variations,*®>° indacenodithiophene,®>-6!
rylene diimides,®2%* isoindigo ® and diketopyrrolopyrrole,%% etc. (see structures in Figure
1.7). Indeed, beyond conventional homopolymers, D-A alternated copolymers have attracted
considerable research attention, since a straightforward strategy to decrease and fine-tune the
band gap, solubility, and self-assembling properties. " With almost an endless combination of

the D-A units, with different lengths and natures of the side chains, myriads of structures have
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thus been reported leading to important breakthroughs in their respective fields.> "*/” Some
examples are depicted in Figure 1.2.5.

a)
S -

s
Fluorene Carbazole Thiophene Thieno[3,2-b]thiophene
X=c, Si, Ge
R
S RYR
/4 - -- --
s Z yavYaw Q
- S S h N
- s
Indacenodithiophene Benzodithiophene CyC|0pe(rggclljlt_ltl)lophene Benzothiadiazole
(IDT) (BDT) x=c si, Ge (B7)
R R
- O N 0 (6] N -
i /
-~ N
° 2 R n=o,1,23
Isoindigo Diketopyrrolopyrrole .
(IID) (DPP) Rylene diimides
’ oy O
R1 = 2-ethyhexyl R\
R, = n-octyl

C8H17

YC8H17 N’S‘N

N \ /

PCDTBT

CigHy PDPP2T-TT

ClZHZS

Figure 1.7 a) Example of typical building blocks for conjugated processable polymers; b) Illustration
of some low band-gap (D-A) polymers.

Despite remarkable optoelectronic and, above all, processing/film-forming properties,
semiconducting polymers nonetheless suffer from several drawbacks. First, regarding their
synthesis, polymeric materials, by nature, aways have an intrinsic degree of dispersity
affecting both the reproducibility (batch-to-batch variation) and purification (mainly limited to
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precipitation, Soxhlet extraction, and/or size exclusion chromatography). Consequently,
researchers have focused, in parallel, their attention on small organic molecules %2 &8t (Figure
1.8). The latter are indeed monodispersed and can be purified by traditional workups, ie,
column chromatography, distillation, and/or sublimation. These features make them ideal
candidates for mass production at an industrial scale. However, to increase charge mobility,
densely packed crystalline morphologies are expected while on the other hand, such self-
assembling properties impact their processability, particularly from inks (strong aggregation).
Even if several systems were used to achieve highly efficient vacuum deposited devices,*? 8
8 this technique limits the design to small and robust molecular systems while their

crystalinity was found to affect their usein flexible electronics.

Py-2TPE

Figure 1.8 Sructure of some small organic molecules used in organic electronics.

Conseguently, to overcome these limitations and also gain in efficiency and processability,
larger architectures decorated with various aliphatic solubilizing chains were reported (see

examplesin Figure 1.9). 848
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DRCN7T
11 synthetic steps|

O-BDTAFBT

12 synthetic Steps|

C4H9 C2H5 (0]

J/ n-Oct
S

C4Hg™ ~CoHg

DR3TSBDT
|18 synthetic steps|

Figure 1.9 Sructure of large architecture molecular donorsfor OSCs.

However, this would lead to an increase in the complexity of the reported designs, marking a
starting point of formal divergence with the concept of organic electronics which is the cost-

effectiveness, affordability, and accessibility of these technologies. 8’

Indeed, the latter architectures require asignificant number of synthetic and purification steps,
drastically impacting the cost of the final products.

This complexification is aso found in polymeric materials. Considering the evolution from
P3HT to PM6 (for example) not complex enough, from a synthetic and costly point of view,
chemists push the concept of complexification beyond side chain “engineering” in
macromolecular architectures by, for instance, incorporating a third monomer resulting in
ternary random copolymers (Figure 1.10).888°
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CoHs

R= W\C4H9

P3HT
288 euros / 1gx

*www.ossila.com

MR 2530 euros / 1g

PM6-T5 (x:y= 95:5)

PM6-T10 (x:y= 90:10)
PM6-T15 (x:y= 85:15)
PM6-T20 (x:y= 80:20)

Figure 1.10 Sructure of efficient donor polymers.

High-performance materias developed in the laboratory do not (yet) meet the specifications of
potential industrialization due to excessively long synthetic routes, the use of dangerous
reagents, costly purifications, limited recyclability, and the generation of large quantities of
(chemical) waste.

In this context, the objective of thisthesisisto afford simple and accessible active materialsto
“make organic electronics simple again”. Beyond the design of target materials with specific
properties, synthetic tools to limit the number of synthetic steps and waste will be carefully
selected.

1.2.3 Simplification from a synthetic point of view: Objective of the
thesis

Carbon-carbon bond formation plays a major role in the design and synthesis of organic
building blocks during the preparation of target organic n-conjugated materials. With a few
exceptions, these processes usually rely on transition-metal-catalyzed C—C cross-coupling
reactions (Stille and Suzuki). %°! This strategy requires the hal ogenation and functionalization
of complementary building blocks by organometallic functional groups, that can be highly
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toxic (e.g. organotin), and challenging to prepare and purify when applied to large-scale
syntheses (Figure 1.11). %2

Reduc

al

Pdo ©Br
aton?/ \Sxdatve Addition
& )

Pd" P
Br

Transmetalation
SnBuj - Br ©\
SnBus
OR
(0]
QL

d O>=O B-C.

T +KBr

K+ o) +K,CO,4

Figure 1.11 Proposed mechanism of the Sille and Suzuki coupling reactions (Ligands are omitted
from the Pd-metal center for clarity reasons).

Therefore, the direct functionalization of C-H bonds appears to be the optimal cross-coupling
technique, since this procedure does not require organometallic derivatives, simplifying the
synthetic pathways and improving the general safety of the experimentalist’s environment. In
recent years, the direct arylation of C—H-activated aromatic or heteroaromatic moieties has
emerged, as an efficient atom-economical aternative method to conventiona organometallic-
based cross-coupling reactions.®*%® The direct heteroarylation (DHA) approach has
demonstrated its potential, huge versatility, and compatibility with a wide range of blocks
resulting in myriads -conjugated polymers and molecular materials prepared under very mild
conditions. %% In the typical processes illustrated in figure (Figure 1.12), DHA enables the
coupling of an aryl bromide with athiophene heterocycle's activated C-H bond at the 2-position

to create a carbon-carbon single bond.
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Concerted Metalation-Deprotonation

Figure 1.12 Proposed mechanism cycle for a Pd-catalyzed direct heteroarylation coupling reaction
(Ligands are omitted from the Pd-metal center for clarity reasons).

This bonding results from a concerted metal ation-deprotonation process that uses a carbonate
base and carboxylic acid as the proton shuttle. It has been demonstrated that potassium
carbonate and pivalic acid work synergistically in a proper stoichiometry to produce, in situ,
potassium pivalate that will subsequently coordinate the metal center thus expelling the halide
from Pd(l1). The pivalate ligand can deprotonate an acidic hydrogen from the second substrate
allowing its coordination to the metal center and the dissociation of pivalic acid. Reductive
elimination is subsequently executed to generate the target product while regenerating the
catalyst (Pd(0)).

The use of DHA has met with some success since a broad range and variety of employed
organic building blocks, including functionalized thiophenes, furans, and thiazoles using a
variety of aryl halides have been successfully applied. " %1% However this reaction is not
universal and sometimes requires a drastic optimization of the reaction conditions to reach and
defeat the conventional Stille and Suzuki couplings in terms of conversion and thus synthetic
yields. Thisis mostly due to the lack of selectivity without proper directing groups, resulting

in undesirable isomers and/or cross-linked materials during polymerization operations.
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Moreover, homocoupling side reactions can occur between aryl bromides and al so the activated
C-H moieties, % 101103

However, these limitations can be overcome by carefully adjusting the reaction parameters
such as the choice of the carboxylic acid, the phosphine-based ligand, the temperature, and the
reaction time. 1%+1%7 Even if such careful optimization is required, DHA still remains an
amazing tool and method to afford new materials in a more eco-friendly way while limiting
the number of synthetic steps. Consequently, most of the target compounds considered during

this doctorate were prepared by applying this cross-coupling reaction.

Divided into two parts, this thesis manuscript will report and discuss novel materials designed
and prepared by eco-friendly synthetic routes for photovoltaics (chapter 2) and light-emitting
devices (chapter 3).
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CHAPTER 2

The Photovoltaic Effect

Discovered in 1839 by Alexandre Edmond Becquerel, the photovoltaic effect corresponds to
the generation of electric current and voltage from a material when exposed to light.!? He
indeed showed that a photon absorbed by a semi-conducting material brings the requested
energy to promote the formation of ahole-electron pair, named exciton, which, once dissociated

into two different charges, leads to the generation of an electric current.

However, it was not until 1954 that the first solar cell prototype was demonstrated, out of
crystalline silicon, thus kick-starting the era of the first generation of solar cells.® Couple of
years later, thistechnology is now totally viable since commercially available and accessible to
the man on the street. Asamatter of fact, silicon-based PV currently produces 95% of the photo
generated electricity.* However, it suffers from several drawbacks such as limited recyclability,
high weight and rigidity (architectura constraints), high energy-demanding fabrication, and
weak indoor efficiencies or simply under diffused light.

In this context, a second generation of solar cells was developed in the early 70’s, based on
crystalline inorganic materials such as GaAs (gallium arsenide), CIGS (copper indium gallium
diselenide) or CdTe (cadmium telluride).>’ Their improved optical properties (in comparison
to the first generation) allow the use of thinner layers, decreasing the required weight and even
enabling their deposition on flexible substrates. Nevertheless, the rarity and/or toxicity of some
of the constituting active materials represent(s) significant obstacles to a potential large-scale

commercialization and dissemination.

Hence, to overcome these major issues, the third and current generation was introduced which
is based on the use of organic active components. This generation is divided into three different
subfamilies, namely, the Dye-Sensitized Solar Cells (DSSCs),2° the Organic Solar Cells
(OSCs), and the Perovskite Solar Cells (PSCs).

Directly related to these last two types of devices, new accessible active compounds prepared
by direct (hetero) arylation within the frame of this PhD thesis, will thus be discussed in the

remainder of this chapter.
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2.1 Organic Photovoltaics (OPVs)

2.1.1 A Brief History of OPVs

The first example of solar cells using organic materias as the active layer was reported
in 1958.1 From an architectural point of view, it consisted of a superposition of magnesium
phthalocyanine (MgPh) and tetramethyl p-phenylenediamine (TMPD) layers coated between
two electrodes. Even though the efficiency of this cell was extremely low, the authors had
already discovered the primordial concept of using electron donor (D) and electron acceptor
(A) materiasin the active layer. Then, in the following years, the so-called Schottky cells were
mainly developed, consisting in the use of a single organic semiconductor sandwiched between
two metal electrodes characterized by different work functions.'?> Various dyes were thus
embedded such as magnesium phthalocyanine,'® chlorophyll a* squaraine derivatives,*® or

even merocyaninest®!’ (structuresin Figure 2.1).
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Figure 2.1 Sructure of a Schottky device and example of chromophores used as active compounds.
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The photovoltaic conversions of these single-materia devices were notably inefficient (< 1%).
The electric field generated by the electrodes remains insufficient, not allowing an effective
dissociation of the charges thus favoring a high rate of recombination within the material and

exciton quenching at the organic material/metallic el ectrode interface.

It took several years to see the donor-acceptor concept reconsidered and revived by Tang.®
Indeed, abilayer structure (so-called bilayer or planar heterojunction (PHJ) solar cell) with two
organic materialswith different electron-affinity and ionization potentials, was reported in 1986
by combining an electron-donating compound, the copper phthalocyanine (CuPc) and an

electron-accepting material, the perylenebisbenzimidazole (PTCBI) (Figure 2.2).

PH)
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HOMD HOMD:
Diatar ALCEDAOH Dionar Accopton

Figure 2.2 Architecture of the bilayer cell reported by Tang in 1986 with the chemical structures of the
donor and acceptor molecules used to create the planar heterojunction and its working principle.

In this planar heterojunction, the photocurrent results from four specific stepsthat are:
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Q) Photon absorption: The photon absorbed by one of the semiconducting materials of the
active layer leads to the excitation of an electron from the HOMO to the LUMO level, creating

an electron-hole pair, the so-called exciton.
2 Exciton diffusion: The exciton obtained migrates to the D/A interface.

(©)) Exciton dissociation: With optimized energy levels, the exciton generates free charge
carriers, dissociating into positive charges (holes) and negative charges (el ectrons).

4) Charges collection: The electron goes through the acceptor toward the cathode and the

hole through the donor towards the anode, thus creating an electrical current.

Hence with apromising power conversion efficiency of 1% demonstrated, this architecture was
rapidly adopted by the OSC community and is still used to assess the potential of new organic
materials. However, the short exciton lifetime in organic semiconductors (< 1 ns), limits the
diffusion length to 20 nm approximatively, thus impacting the thickness of the layers, the light
absorption, and subsequently the efficiency of the device.r®

To tackle these limitations, the concept of bulk heterojunction (BHJ) was then introduced in
1995.20-21 |n this architecture, both components of the active layer are mixed together before
deposition, instead of processed separately, leading to phase-separated nanodomains of donors
and acceptors favoring the exciton dissociation (Figure 2.3).%2
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Figure 2.3 Architecture of the bulk heterojunction device with the structures of the most-studied
photoactive layer.
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Sincethe seminal report of this concept, one of the most-studied photoactive layer in BHIJOSCs
was undoubtedly based on poly(3-hexylthiophene-2,5-diyl) (P3HT) blended with [6,6]-phenyl-
Ce1-butyric acid methyl ester (PCe1:BM), as electron-donor and electron-acceptor,
respectively.?®

2.1.2 The active layer

In current state-of-the-art devices, the active layer is still composed of a blend of an electron-
donor (D) and an electron-acceptor (A) materials. In addition to significant device optimization
to mainly control the morphology and adapt the interlayers for a better charge
discrimination/extraction,?*® remarkable work has been achieved by chemists in providing

original and compatible D and A structures.

2.1.2.1 Acceptor materials

Since their discovery in 1985, fullerene derivatives have been widely used as acceptor
materialsin OSCs. Their long reign can be directly related to their i) great el ectron-withdrawing
capability, ii) ability to reversibly accept up to six electrons, iii) outstanding electron mobility,
and iv) isotropic charge transport.?’?® In comparison to the most studied acceptor
semiconductor namely the Ceo characterized by an almost negligible absorption in the visible
spectrum, the more expensive C7o, shows additional electronic transitions resulting in an
improved absorbance between 400-600 nm and subsequently improved photoconversion.?
Deposited by vacuum-process due to their low solubility in common organic solvents,
cyclopropanation reactions were devel oped to afford solublefullerene anal ogs namely PCe1BM
and PC71BM, thus opening doors to solution-processed OSCs (Figure 2.4).%°

Figure 2.4 Chemical structures of fullerene acceptors.
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However, the limited range of chemical modifications to tune their energy levels, their low
absorption properties in the visible range and modest stabilities of the resulting devices
(crystalinity, dimerization, etc.) pushed chemists to consider and develop alternatives, paving

the way to the current generation of Non-Fullerene Acceptors (NFA).3134

Historically used (cf Tang's bilayer), and one of the most commonly investigated families of
compounds as NFAs undoubtedly is the rylene family,® and more precisely the perylene
diimide (PDI) molecule.®*3® The latter is indeed available at low cost and shows great
absorption coefficient, good mobility, and el ectron-affinity, in addition to excellent thermal and
chemical stabilities. The evolution of PDI-based acceptors, in the last decade, is strongly
correlated to the development of multimer architectures by attaching a number of PDI units to
a central core resulting in a geometrical distortion of the molecules inhibiting the strong

propensity to self-aggregate 342 (see some structuresin Figure 2.5).
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TPH-Se

TPP-PDI \
(R=butylpentyl) B-4TPDI
(R=pentylhexyl)

Figure 2.5 Examples of some PDI derivatives used as NFAsin OPV.

Recently, OSCs based on PDI-type NFASs have surpassed 11% of efficiencies once combined
with a mid/low band gap donor polymer (P3TEA or PM6).% However, this PCE does not
come free of charge since the synthetic complexity of these molecules appears to be

significantly improved compared to the simple monomeric PDIs.

In recent years, another type of NFAs has been reported and built on A-D-A or A-DA’D-A
molecular configuration. The most famous and most studied families are based on ITIC and Y6
key building blocks (see Figure 2.6). With impressive efficiencies, swiftly surpassing those of
the fullerene, hundreds of molecules/anal ogs have been designed, synthesized, evaluated, and
reported.***® For instance, the Y-series NFAs are capable to achieve more red-shifted
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absorption bands than those of 1TIC-type NFAs,* increasing the Jsc values with relatively low
Voc losses reaching PCEs over 18% and becoming the current state-of-the-art family. Both
ITIC and Y6 are now “commercially’” available (from middle-scale companies), but their

complex synthetic procedures impact their prices (> 2000 euros for 1 g of Y6).
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Figure 2.6 Representation of the synthetic path towards Y6 molecule and chemical structure of the
ITIC NFA.

But instead of devoting efforts to simplifying the synthetic route, researchers tend to design
even more complicated structuresto keep improving the efficiencies and therefore publish these
results in high-impact factor journals. An obvious example is the trimer acceptor named TY T
(Figure 2.7), consisting of three “small” molecular acceptor units linked by two electron-
donating thiophene spacers. Despite an obvious synthetic challenge, this molecule in
combination with the PM6 polymer donor, was able to reach a high PCE of 18.15% but above
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all, agood operational stability under 1-sun illumination with a retention of 80% of this value
after 8454 hours.>
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Figure 2.7 Sructure of the high-performance TYT NFA molecule.

2.1.2.2 Donor materials

With almost two decades of reign of fullerene-based acceptors, myriads of donor materialswere
reported to target an optimized complementarity from both energetic and morphological points
of view. Briefly introduced in Chapter 1, this paragraph will mostly focus on the synthetic

pathways, number of steps, and costs of some selected high performing donor materials.>

Usually prepared by altering electron-poor and el ectron-rich building blocks/monomers, amost
endless combinations can be easily considered.>> From the literature, the benzodithiophene
(BDT) appears as akey and major unit for the preparation of both high performing molecules®®
%5 and polymers.>®>8 Used as monomer, the latter was co-polymerized with different electron-
poor blocks to afford, for instance the PBDB-T, also known as PCE12, corresponding to its
performance when blended with PC7:BM (polymerization with the co-monomer BDD, Figure
2.8).
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Figure 2.8 a) Synthetic procedures to obtain DTBDT and BDD, monomers of the PCE12 polymer; b)
Structures of some other electron-poor monomers polymerized with DTBDT.
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In parallel, the BDT was aso used to prepare the O-BDTAFBT large molecular donor (see
synthesis and structure in Scheme 2.1) that was able to achieve aPCE > 8% in 2015 when, once
again, combined with PC7:BM >3

Pd(PPh3)2Cl>

O-BDTAFBT

Scheme 2.1 Synthesis and chemical structure of the O-BDTAFBT molecular donor.

Though highly efficient, particularly when now associated with the new generation of non-
fullerene acceptors, their time consuming multi steps syntheses hinder their potential large scale
and commercial preparation. In this context, Sun C. et al. designed in 2018 alow cost and high
performance polymer donor material, namely the PTQ10 that was demonstrated to achieve
PCEs around 12.70% when used with IDIC acceptor *° (see structures in Figure 2.9). Recently,
this promising donor was combined to the T2EH acceptor (Figure 2.9), functionalized with
akylthienyl outer sidechains, and an outstanding PCE above 18% was recorded.®
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Figure 2.9 Sructures of PTQ10 donor polymer, IDIC and T2EH NFAs.

Beyond this efficiency, haf issue remains considering the synthetic accessibility of the
acceptor. Moreover, PTQ10 as a polymer, still presents amajor drawback which isits inherent
polydispersity, known to affect the batch-to-batch reproducibility. Consequently, discrete
conjugated molecules®! appears to be an ideal and appealing aternative. And several examples
of simple structure such as push-pull type molecules (i.e. presenting an internal charge transfer)
have attracted considerabl e research attention due to their ease of synthesis, tunability, suitable
absorption in the visible spectrum 2% and potential compatibility with both solution and
vacuum deposition processes. For instance, the DTDCPB derivative (Scheme 2.2), prepared in
5 steps, is a good example since impressive efficiencies of 9.8% and 15% were demonstrated

when combined with C7o in single- and multi-junction stacks, respectively.%®
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Scheme 2.2 Synthesis and structure of DTDCPB.

2.1.3Making it Simple: thesignaturelook of Angersfor thepast 17
years

Magjor actor in the development of simple and accessible active compounds for OSCs, the SCL
“Systémes Conjugués Linéaires” group of MOLTECH-AnNjou laboratory has spent more than
17 years on arylamine-based push-pull molecules,® initiated by the groundbreaking on a star-
shaped triphenylamine (TPA), published in 2006.%” This electron-rich block indeed
demonstrates strong hole transport properties and a high degree of versatility since minor
chemical changes can induce significant impact on the optical, electrochemical, self-

assembling, and therefore, photovoltaic performances.®®

Flagship of the group, the TPA-T-DCV compound,® obtained by coupling a TPA donor block™
to adicyanovinyl (DCV) acceptor unit through athiophene spacer, constitutes the archetype of
this family (Figure 2.10).

Initially synthesized in three steps, the latter allowed for achieving photoconversion yields of
2.5% in a PHJ cell with Ceo. The PCE was then raised to 3.7% with C7™* and 4.0% in co-

evaporated BHJ-based solar cells, thanks to device engineering and optimization.’
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Figure 2.10 Chemical structures of arylamine-based push-pull small molecular donors from Angers.

In parallel, various chemica modifications were considered and carried out over the years. For
instance, substituting one of the outer phenyls of the TPA unit with an anthryl (Ant-T-DCV) or
a naphthyl (Na-T-DCV) was shown to improve the hole-mobilities (by three and five times
respectively).”>" In addition, the replacement of an outer phenyl group by a simple methyl
(Me-T-DCV) results in an unexpected gap reduction in the thin film along with a marked
improvement in the hole-transport characteristics (ca. 5.0x10* cm?V-1s? vs, 1.0x10° cm?V-is
! for TPA-T-DCV), leading to a higher power conversion efficiency (3.3% vs. 2.5% for TPA-
T-DCV).”™ Last but not least, the preparation of biphenylamine-based push-pull derivatives
(BPA-T-DCV and BPA-BT-DCV) yielded remarkable hole mobilities (of ca. 1.0x10° cm?V-

1) and FFs values among the highest published so far with small molecular donors (> 73%).7

Considering that the lower production cost is still one of the major advantages of OPV's claim
by the community over conventiona silicon or inorganic photovoltaic technologies, efforts
should be devoted to reduce/limit the synthetic steps, complexity and chemical waste generated
during the synthesis of active compounds.’”-"® Based on the know-how of the group, promising
results already published, it isin thiscontext that the new TPA based derivatives were designed,
synthesized and eval uated.
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2.2 Triarylamine-difluor obenzothiadiazole based push-pull

molecular donorsfor Organic Photovoltaics

2.2.1 Context and molecular design

Recently, the synthesis of the triarylamine based push—pull TPA-T-DCV, (Figure 2.1.9)
flagship of our group, was simplified by using the trendy direct (hetero)arylation cross-coupling
reaction.” Accessible now at gram-scale in only two steps from cheap commercially available
starting materials, these results opened doors to new potential chemical variations accessible
with difficulties with conventional coupling reactions. Hence, considering the impressive
efficiencies achieved by Wong and coworkers with their DTDCPB, the insertion of electron-
deficient (hetero)aromatic namely the benzothiadiazole (BzT) represents a particularly
interesting approach to fine-tune the ground- and excited-state characteristics of the D-A
system.®% However, as depicted in Scheme 2.2, the use of the BzT building block generally
requires harsh electrophilic halogenation conditions leading to moderate yields, mixtures of
products, and/or unstable intermediates.®* In this context, the direct (hetero)-arylation appears
to be amethod of choice to overcome these synthetic problems, particularly with 5,6-difluoro-
2,1,3-benzothiadiazole (BT2F) where only two positions are reactive. Moreover, it isimportant
to note that the latter can be prepared in only one step from a cheap and commercially available
starting block, vs four for its dibromo analog (Scheme 2.3).
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Scheme 2.3 Comparison of the synthetic route to 5,6-difluoro-2,1,3-benzothiadiazole compared to its
dibromo counterpart.
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However, very limited examples of BT 2F-based molecular systems were found in the literature

and to date none of them were embedded in devices.82 With thisin mind and from the experience
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of the group, the two target molecular push—pull derivatives, which structures areillustrated in
Figure 2.11, were designed.

S
N N

Q toita

Figure 2.11 Chemical structures of the target push-pull derivatives.

CN

Two different triphenylamine blocks were thus considered to rationalize their impact on the
electronic, charge transport and therefore their photovoltaic properties. While the methoxy
groups of MD-OMe are expected to increase the donor strength of the triphenylamine block,
the two biphenyl side groups of MD-Ph are expected, as discussed above, to increase the hole

mobility of the corresponding analogue.”

2.2.2 Synthesis

Both target compounds (MD-OMe and MD-Ph) were initially prepared according to the
synthetic route depicted in Scheme 2.4. To do so, the direct arylation coupling between BT2F
and 4-bromo-N,N-bis(4-methoxyphenyl)aniline was first carried out, and optimized, to afford
the arylamine functionalized unsymmetrical 5,6-difluoro-2,1,3-benzothiadiazole derivative 2.

Toluene PiVOH
Toluene

R R
! \
Br S \
_©—Br . catalyst / catalyst/ ligand _ CN
TKCO, Q Q W’
Q PIVOH p |); C(;Igand p
,CO;3

BT2F

MD-OMe (69)
R = OMe or Ph 3R = Ph (78%) MD-Ph (596)

2 R = OMe (76%)

Scheme 2.4 Synthetic route for MD-OMe and MD-Ph.

56



CHAPTER 2

Asshown in Table 2.1, the first attempt was performed in the presence of palladium(l1) acetate
and tri-tert-butyl phosphonium tetrafluoroborate (PBus.HBF4) in conventional oil bath heating
(entry 1). Despite operating in relatively diluted conditions, moderate yields were
systematically obtained mainly due to the major formation of the symmetrical arylamine end-
capped derivative (2a). Following a paper by Marder & all,# the number of equivalents of the
bromo derivative was reduced by afactor of two resulting, this timein aslight improvement of
the conversion yield (entry 2). In parallel, the replacement of the conventional oil bath by
microwave irradiations (entry 3) leads to a further dlight improvement of the yield while
shortening the reaction time. It turned out that one hour of irradiation appeared to be a good
compromise between the consumption of the starting materia and the formation of the
symmetrical by-product (2a). Afterward, theinitial catalytic system was modified by replacing
the tri-tert-butyl phosphonium tetrafluoroborate either by the tri(o-tolyl)phosphine (entry 4) or
the tricyclohexylphosphine tetrafluoroborate (entry 5). While similar conversion rates were
monitored with the neutral ligand (entry 4), a descent synthetic yield reaching almost 80% was
achieved with the bulkier and charged analogue (entry 5). Applied to the biphenyl derivative
(R = Ph), these conditions led to the target unsymmetrical 5,6-difluoro-2,1,3-benzothiadiazole
based analogue 3 in similar yields (i.e. 78%). Once isolated, each monoarylated product was
then subsequently engaged in another cross-coupling reaction with the 2-bromo-5-(2,2-

dicyanovinyl)thiophene.®
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Table 2.1 Reactions conditions used for the coupling of 4-bromo-N,N-bis(4-methoxyphenyl)aniline and

BT2F.
d
. catalyst / I|gand
O A
v e p
\ \ /
OMe-Br . . 2
Entry (eq) Catalyst Ligand Heat sour ce, temp./time (% yield)
Oil bath
1 1.0 Pd(OAc)2 PBusz.HBF4 20%
120°C/ 16h
Oil bath
2 05 Pd(OAc), PBus.HBF4 33%
120°C/ 16h
pu-wave
3 0.5 Pd(OAc), PBus.HBF4 36%
150°C/ 1h
p-wave
4 05 Pd(OAc).  P(o-MePh)s 40%
150°C/ 1h
pu-wave
5 0.5 Pd(OAc). PCysz.HBF4 76%
150°C/ 1h

Even though the unsymmetrical functionalization of the BT2F core by direct arylation was
successfully carried out with electron-rich moieties, modest yields were achieved with such
electronically deactivated thiophene moiety (Scheme 2.4). Consequently, and as a compromise
between reactivity and extra synthetic steps, carbaldehyde functionalized unsymmetrical 5,6-
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difluoro-2,1,3 benzothiadiazole derivatives 4 and 5 were prepared by coupling 2 and 3 with the
5-bromo-thiophene-2-carbal dehyde respectively (Scheme 2.5).

Pd(OAC)2

R
NN
AN _PCysHBF, "N
@ Q Y s
p F PivOH DCM

Toluene
2. R= OMe pwave 4. R= OMe, 26% MD-OMe, 90%
3’ R= Ph (150°C; 1h) 5’ R= Ph, 34% ’\/lD-Ph7 53%

Scheme 2.5 Second synthetic route considered to MD-OMe and M D-Ph through a Knoevenagel
reaction.

Though still modest, synthetic yields achieved were nonethel ess significantly improved and are
in consistency with early reported results.®2 Moreover, as a further step toward simplification,
attempts to prepare carbal dehyde derivatives 4 and 5 through a one-pot like strategy were thus
considered. Hence, BT2F was first reacted with bromo arylamine before adding the 5-bromo-

thiophene-2-carbaldehyde to the reaction mixture. After a second round of microwave
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irradiation, carbaldehyde 4 and 5 were successfully isolated with synthetic yields similar to
those achieved with the above described two-step procedure (Scheme 2.6).

Fd{Cck _'"';I N '-.:_'
Py, HEF, — |
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pwave

R = Ohlde ar Ph {150°C: k) £k E B, R= Ph {1}

17 pewawe irradiaricn 2" powaee irtadiation

Scheme 2.6 One-pot reaction to obtain compounds 4 and 5.

Finally, the later compounds were engaged in a Knoevenagel reaction with malononitrile to
afford the corresponding final push—pull molecules. Despite full conversion confirmed in both
cases by TLC, the biphenyl derivative was isolated in lower yield due to alimited solubility at

room temperature, limiting its purification by usual technics.

2.2.3 Optoelectronic Properties
Once the identity and purity of the final compounds were confirmed by nuclear magnetic
resonance spectroscopy and mass spectrometry, exploration and comparison of their

optoel ectronic properties were carried out.
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2.2.3.1 Electrochemical properties

First, the electrochemical properties of the two molecules were studied by cyclic voltammetry
ina0.5 mM solution in CH2Cl using tetrabutylammonium hexafluorophosphate (TBAPFg) as
supporting electrolyte. The voltammograms of both compounds, plotted in Figure 2.12 show a
reversible oxidation wave and an irreversible reduction process.

1.5 14 05 wa a5 ]

E [va FEFLT)

Figure 2.12 Cyclic voltammograms of MD-OMe and MD-Ph molecules, 0.5M in 0.1 M TBAPF¢ in
CHCl > with a scan rate of 100 mV/s.

Whilethe latter appears at asimilar potential of -1.32 V for both molecul es, the oxidation wave
exhibited a potentia of 0.34 V for MD-OMe while at higher potential for MD-Ph (0.54 V).
Thisdifference of A =0.20 V isdueto the higher el ectron donating effect of the methoxy group
compared to a phenyl ring.

The HOMO and LUMO energy levels were then deduced from the onset of the oxidation and
reduction potentials for both molecules (Table 2.2) through the use of these two equations:®*

Equation 1. Enomo(€V) = -(5.1 + Eoxonset FC/FC™(V))

Equation 2. ELumo(eV) = -(5.1 + Eredionset FC/FC*(V))
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Table 2.2 Electrochemical data of MD-Ph and MD-OMe molecul es.

wese e S o e S U
M D-Ph 0.54 0.43 -5.53 -1.32 1,22 388 165
MD-OMe 0.34 0.23 -5.33 1.32 1.22 388 145

While the difference in HOMO levels underlines the effect of the methoxy group, the similar
LUMO levels suggest a common localization of the electron density on the BT 2F-thiophene

dicyanovinyl part of the molecules.

2.2.3.2 Optical properties

UV-vis absorption spectra of the two compounds were recorded, as for the cyclic voltammetry,
in dichloromethane (DCM) and plotted in Figure 2.13. Spectra show three successive
absorption bands with maximaat 332, 413 and 513 nm for the biphenyl compound M D-Ph and
at 315, 412 and 527 nm for MD-OMe.
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Figure 2.13 UV-Vis absorption spectra of MD-OMe (blue) and MD-Ph (red) in DCM.
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As expected, replacing the biphenyl by a methoxy group produces a bathochromic shift of the
maxima (ca 14 nm), reflecting, in agreement with the el ectrochemical measurements, the higher
electron donating effect of the methoxy group compared to a phenyl ring. Moreover, it turns
out that this chemical modification also resultsin an increase of the molar absorptivity by almost

afactor of two for the visible centered absorption bands (Table 2.3).

Table 2.3 Optical Data gathered from DCM solutions and thin films spun cast on glass sheets.

Aabs M Mabs Max
Molecule solution ¢ thin film E g HOMO LUMO
(M-1tcm™) (eV)? (eV)P (ev)a
(nm) (nm)
315 51800 325
MD-OMe 412 44100 421 1.68  -543 -3.75
527 41100 571
332 42900 343
MD-Ph 413 21900 423 1.86 -5.64 -3.78
513 20200 552

2estimated from the low-energy absorption onset of thin films;  determined by photoelectron
spectroscopy in air (PESA) ; °LUMO = HOMO-E¢*

Considering that the UV -vis absorption patterns of TPA-T-DCV and derivative usually exhibits
asingle transition in the visible region, attributed to an internal charge transfer (ICT) from the
TPA moiety to the DCV group,® time-dependent density-functional theory (TD-DFT)
calculations were carried to rationalize the presence of a second band around 410 nm (Table
2.4).
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Table 2.4 TD-DFT calculated states and electronic transitions that rule the UV-vis optical absorption
of MD-Ph and MD-OMe.

Molecular Wavelength Oscillator

Donor (nm) strength Major transition Minor transition
728 0524  HOMO->LUMO -
HOMO-1->LUMO  H-1->L+1 (12%), H-
MD-Ph = e (62%) SL+1 (12%)
HOMO-1- H-3->L (30%), H->L+2
376 0463 S| UMO+1 (46%) (26%)
756 0529  HOMO->LUMO i
HOMO-1->LUMO = H-1->L+1 (13%), H-
MD-OMe 471 0.619 (67%) SL+1 (20%)
HOMO-1- H-3->L (34%), H->L+2
375 0407 S UMO+1 (41%) (25%)

It turned out from these calculations that the latter absorption bands also have a charge-transfer
character, such asthe low-energy ones (HOMO - LUMO transition), since they predominantly
arise fromaHOMO-1-> LUMO transition (Figure 2.14).
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Figure 2.14 Smulated UV-vis spectra and optimized geometries of MD-Ph (red) and MD-OMe (bluge).

Moreover, ground-state density-functional theory (DFT) geometry optimizations confirmed the
localization of the electron density on the arylamine moiety for the HOMOs and on the
benzothiadiazole/thiophene-DCV for LUMOs (Figure 2.15).
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Figure 2.15 Optimized geometries and computed energy levels of MD-Ph (left) and MD-OMe (right).
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Also in agreement with the electrochemical and optical characterizations, a reduced band gap
was computed for MD-OM e that originates from a significant destabilization of the HOMO
level, induced by the electron donating methoxy group, exceeding by far that of the LUMO
level (AHomo = 0.19 eV vs. Arumo = 0.10 eV). These predictions were subsequently
experimentally confirmed at solid state (Figure 2.16).
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Figure 2.16. Photoel ectron spectroscopy on air (PESA) analysis of MD-Ph and MD-OMe in thin films
(top), UV-visible spectra recorded on thin films, and energetic diagramin solid state.

Hence, while HOMO levels of -5.43 eV and -5.64 eV were measured by photoelectron
spectroscopy in air (PESA) measurements on thin films prepared by spin-casting
dichloromethane solutions, optical band gaps of 1.86 to 1.68 eV were calculated from the low-
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energy absorption onsetsfor M D-OM e and M D-Ph respectively. Once cross-tabulated, LUMO
levels were finally resulting in the comparative energy diagram plotted in Figure 2.16. The
destabilization of both frontier energy levels was thus confirmed with a magjor effect on the
HOMO level, thus resulting in areduce gap. Designed as potential donor molecular systemsfor
organic solar cells, such a difference might significantly impact the photovoltaic parameters,
particularly the open circuit voltage (V oc).&

2.2.4 Evaluation as active materialsin Organic Solar Cells
Consequently, simple air-processed bulk heterojunction (BHJ) solar cells using [6,6]phenyl-
Cr1-butyric acid methyl ester (PC71:BM) as an electron acceptor material were thus fabricated
to evaluate, compare, and rationalize the potential of these new push-pull. To do so, active
layers with different donor:acceptor (D/A) weight to weight (w/w) ratios were processed, in air,
from chloroform solutions with a total concentration of 10 mg/mL, deposited by spin-coating
usng a speed rate of 1500 rpm, and embedded in devices of architectures:
ITO/PEDOT:PSSactive layer/CalAl (Figure 2.17).

= = e e Fafi - [Pl
) Active layg, &
—— v
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. [.“\-__._l',r HWR-Ph

Figure 2.17 Device's architecture with the chemical structures composing the active layer.

The photovoltaic data are gathered in Table 2.5 and the best current density-voltage (J-V) curve
plotted in Figure 2.18.
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Figure 2.18 Current density—voltage characteristics and EQE spectra of the best MD-OMe (blue) and
MD-Ph (red) based organic solar cells.

Different parameters can indeed be extracted from these curves:

)] The open circuit voltage, or V oc, corresponds to the voltage at aneutral current density.
Known to be affected by the energy difference between the HOM O of the donor and the LUMO
of the acceptor, this parameter isalso directly correlated to other factors such as the morphol ogy
of the active layer (crystallinity) and/or the thermodynamic and non-radiative recombination
(Voc losses).®

i) Theshort circuit current density, or Jsc, isthe current measured under illumination when
the applied voltageis equal to zero. It depends on several factorsrelated to the active layer, such
asitsthickness and absorption properties, the mobilities of holes and electrons, and the charges
Separation capacity.

i) Then, the fill factor, or FF, is defined as the quotient of the maximum power delivered

by the cell by the maximum theoretical power (equation 3).

. P v
Equation 3: FF = —12% = 'max X Jmax
VocxJsc VocxJsc

Correlated to the quality of charge extraction and resistivity within the device, many factors can

affect this parameter.
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iv) And finally, the power conversion efficiency (or PCE), used to benchmark a solar cell,
can be directly calculated by dividing the Pmax by the incident light power (P;), usually an Air
Mass 1.5 Global (AM 1.5 G) of 1000 W.m2 (equation 4).

Equation 4. PCE = fmax = YocXJscXFF
. P; P;

Table 2.5 Photovoltaic data measured on solar cells with 28 mn? active area under AM 1.5 simulated
solar light illumination at 100 mw-cm?.

V) (mA/cm?)
MD-OMe 11 0.71 -3.18 0.33 0.74
MD-OMe 1:2 0.85 -4.55 0.35 1.35
MD-OMe 1:3 0.77 -4.73 0.33 1.20
MD-Ph 11 101 -4.56 0.33 1.52
M D-Ph 1:2 101 -5.47 0.34 1.88
MD-Ph 1:3 0.96 -6.43 0.34 2.09

Herein, best power conversion efficiencies, of 1.35 % and 2.09 %, were achieved with a 1:2
and 1:3 D/A ratio for MD-OM e and M D-Ph based devices, respectively. Comparison of their
corresponding current density to voltage (J-V) curves revealed that the better efficiencies
recorded with M D-Ph mainly arise from their higher short circuit current (Jsc) and open circuit
voltage (V oc) values. While the latter parameter (V oc) can indeed be correlated to the deeper
HOMO leve of the biphenyl derivative, MD-OM e was nonetheless characterized by better
absorbing propertiesin the visible range which was expected to lead to higher Jsc. Interestingly
and in agreement with the recorded Jsc vaues, externa quantum efficiency (EQE)

measurements performed on the best devices also highlighted an improved contribution of the

69



CHAPTER 2

biphenyl derivative to the photocurrent compared to its methoxy counterpart (Figure 2.18). This
measurement, also known as the incident photon-to-current conversion efficiency (IPCE),
provides the percentage of incident photons converted into electrons at each wavelength, and
therefore a direct evaluation of the respective contribution of both constituting materials since
generaly linked to their absorption profiles.

Hence, in an attempt to rationalize these results, morphologies of the active layers were first
probed by atomic force microscopy (AFM). As illustrated in Figure 2.19, smooth surface
topographies with similar roughness (RMS) parameters of ca 0.6 nm were observed in both
cases. Nonetheless, MD-Ph/PC71BM blend exhibits nanodomains of smaller size than those
observed with the methoxy derivative which can be the harbinger of a better biphenyl induced
self-organization of the donor molecule which can, inturn, be beneficia for the charge transport
properties and therefore the Jsc parameter.

L

ACH e
RS = 0,55 m

Figure 2.19 AFM phase images (20 x 20 and 5 x 5 um) of optimized MD-OMe and MD-Ph based
active layers.

Consequently, both optimized active layers were subsequently embedded in hole-only devices
of architecture ITO/PEDOT:PSS/donor/Au. Through the use of the space charge limited current
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(SCLC) method, hole mobilities of ca 7.3x10° and 8.3x10™* cm? V-!s! were measured for M D-
OMe and M D-Ph respectively (see Figure 2.20).
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Figure 2.20 Architecture and J-V characteristics of hole only devices.

Hence, this order-of-magnitude difference might compensate for the lower absorbing properties
of the active layer and contributeto the higher Jsc value delivered by the M D-Ph-based devices.

2.2.5 Conclusion

Two new triphenylamine-based push—pull molecules containing, for the first time, the 5,6-
difluoro-2,1,3-benzothiadiazol e units have been synthesized. In order to simplify the synthesis
procedure and limit the formation of potentialy toxic by-products, the synthetic route was
optimized to mainly use direct (hetero)-arylation conditions. As a step towards simplification,
a “one-pot” procedure without modification of the catalytic system nor purification of
intermediates was even demonstrated. The analysis of the electronic properties of the two
compounds shows, in agreement with theoretical results, that the methoxy derivative presents
ared-shifted absorption, a higher molecular absorption coefficient, and leads to a materia of a
smaller band gap. On the other hand, the photovoltaic properties of the two compounds, used
asdonor materials, show that in spite of lessfavorabl e optical properties, the biphenyl derivative
led to better performances due to the conjunction of higher open-circuit voltage and better

charge transport properties.
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2.3 Perovskite Solar Célls (PSCs)

Beyond the synthetic achievement and demonstration of the use of the BT2F block to prepare
unsymmetrical molecules, attemptsto val orize side-products was then considered. For instance,
the arylamine end-capped 2a (Figure 2.21), indeed caught our attention since simple
architecture with similarities in their design were recently published as promising hole-
transporting materials (HTMs) in Perovskite based solar cells (e.g. M101 and M102, Figure
2.21) 899

Toluene

Q@ Q Qﬂ gm ® 53

O

0 . (5 (P
§ % o s

M101 M102

Figure 2.21 a) Synthesis of 2a symmetrical molecule, and b) Sructure of arylamine end-capped HTMs.

Interestingly (for us), only limited studies dedicated to developing simple and accessible active
compounds by using modern synthetic strategies such as the direct (hetero) arylation were/are
reported. In this context, the second part of this chapter will thus focus on such materials and

their evaluation in perovskite based solar cells.

2.3.1 Brief History of Perovskites
Organic-inorganic hybrid metal halide perovskite solar cells have been one of the hottest

photovoltaic topicsin the past decade. Their amazing improvement in arelative short period of

time confirmed their huge potential to afford low-cost and high efficient devices.
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However, even if recently used for PV, Perovskites are known for more than a century since
thefirst natural Perovskitewasfound inthe Ural Mountainsin 1839 by the German mineral ogist
Gustrav Rose who named it after his Russian colleague Lev Perovsky.®!

The general chemical formula of a Perovskiteis ABX3, where A and B are cations of different
atomic radii (with A being larger than B) and X an anion (see structure in Figure 2.22). In
organo-lead halide perovskites, mostly used in solar cells, A is a monovaent cation such as
CH3NH3" (methylammonium MA™) or (NH2)2CH™ (formamidinium, FA*), Cs" or Rb"; X isa
monovalent halide anion suchasCl, Br’, or I and finaly, B isametallic divalent cation, usually
Pb2+ or Sn2+_92

Amongst al reported studies, the most studied perovskite type is undoubtedly the methyl
ammonium lead triiodide, also known as “MAPI” (CH3sNH3Pbls), due to its excellent
optoelectrical properties (broad absorption up to 800 nm associated to an absorption coefficient
of 1.5x10* cmt at 550 nm), long electron and hole-diffusion length (up to 1um), low exciton
binding energy (< 10 meV) and a high charge carrier mobility (ca. 66 cm?V1s?) %3
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Figure 2.22 Crystal structure of a perovskite material in 3D.

Interestingly, the optical and electrical properties of the perovskites can be further tuned by
varying the nature of both the organic cations and halide anions. Consequently, mixed

perovskites containing both MA™ and FA™ (as organic cations), metal lead cation, with CI- and
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Br~ anions, have been tested and optimized to afford the current best-performing hybrid

devices.®

Historically, the incorporation of perovskites in solar cells started in 2009, used instead of an
organic molecular dye in dye-sensitized solar cells (DSSCs), reported by Miyasaka and co-
workers,® an amazing proof of concept that paved the way for decades of research. However,
these early devices were unstable and | asted only for afew minutes due to the dissolution of the
perovskite materials in the liquid electrolytes. Six years later a mgjor breakthrough occurred,
i.e., the replacement of the liquid electrolyte by a solid-state hole-transporting material
(HTM).%¢9" This approach encouraged intensified research in the PSCs field from 2012
onwards, focusing on the development and optimization of perovskite materials, device
architectures, deposition techniques, and n-type and p-type charge transporting materias, to

keep breaking records.®

2.3.2 Device Architectures

PSCs are structurally divided into two categories. mesoporous and planar structures. Since
PSCs originated from solid-state DSSCs, the mesoporous structure (FTO/ETM/meso-
ETM/perovskite/HTM/Au) used to be dominant during the genesis of thistechnology. Then, to
simplify the fabrication process, mostly to make it compatible with solution-processes, planar
PSCs were then developed. Moreover, the ambipolar charge transport properties of the
perovskite allows a use in both conventiona n-i-p (FTO/ETM/perovskite/HTM/Au) and
inverted p-i-n (ITO/HTM/perovskite/ETM/AQ) architectures (see Figure 2.23).%°
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Figure 2.23 a) Device structures of PSCs; energy levels and charge-transfer processesin b) n-i-p and
C) p-i-n devices.

Attempts to develop ETL- and/or HTL-free devices have aso attracted considerable research
efforts, mainly for manufacturing purposes (cost reduction and recyclability), and highly
promising results have already been achieved since maximum PCEs of ca 16% were
demonstrated.'®1%2 However, to reach higher PCEs, charge extracting layer are till essential
for the development of performing and stable PSCs.

Conscious that inorganic and organic polymer can be used as HTMs, a special emphasis will
be put herein on organic molecular systems from the literature to compare/benchmark the
potential of the materials developed within the frame of thisthesis.

2.3.3 Small OrganicHTMs

The maor roles of HTMs are basically to optimize the extraction and transport of holes to the
cathode. To achieve this, aHTM material should :%

(1) Be cost-effective.
(2) Be compatible with solution-processed deposition.
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(3) Have suitable and optimized energy level alignment that matches with the perovskite
layer: for efficient extraction of holes as well as an effective blocking of el ectrons.

(4) Show long-term stability: high optical, chemical, water, air, and thermal stability. The
glass transition temperature (T4) should be higher than 120 °C to avoid structural
changesin the HTM under continuous sunlight exposure.

(5) Show high hole mobility with values > 10 cm?V st

(6) Achieve pinhole-free layer once processed.

All these requirements can be sum up as the schematic representation depicted in Figure 2.24.
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Figure 2.21 Requirements for developing good HTMs,

It is important to mention that some requirements may differ depending on the device's
structure. For example, in p-i-n PSCs, the HTMs should be i) insoluble in DM SO and DMF to
avoid the dissolution of the perovskite itself and ii) transparent in the visible optical range. In
contrast, for n-i-p PSCs, high hydrophobicity is a must since HTMs are coated on perovskite

film and should act as a capping layer to protect it from moisture ingress.
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Amongst all reported HTMs, small organic molecul es have undoubtedly been the most studied
category for PSCs. It all started with the use of the spiro-OMeTAD in thefirst all-solid PSC in
2012.% The latter was previously used in solid-state DSSCs architecture.

Spiro-OMeTAD indeed possesses a compatible low lying HOMO level at around -5.1 eV and
awide band gap of 2.98 eV, ensuring a good transparency in the visible range.'®® Moreover,
due to its twisted 3D structure, it shows a good solubility in commonly used and orthogonal
organic solvents such as chlorobenzene or toluene. From a structura point of view, thisHTM

consists of a spiro-bifluorene central core end-capped with four diphenylamine units.
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Figure 2.22 a) Synthesis and chemical structure of spiro-OMeTAD; b) Chemical structures of the most
used dopants.

With a 5-step synthesis, including the preparation and use of Grignard reagent as well as harsh
bromination conditions,'® (see Figure 2.25) the spiro-core is aso known for its touchy
purification usually requiring sublimationsto achieve high performances. Moreover, it isworth

noting that pristine spiro-OMeTAD suffers from moderate hole mobility (~ 10° cm?.V-1s?1) and
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conductivity (108 S.em™),2% consequence of its highly twisted structure that hinders the
formation of close n-n stackings, thus requiring the use of chemical dopants added during the
deposition process. Indeed, dueto the high electron affinity of the p-type dopant, electrons from
the HOMO of spiro-OMeTAD molecules are extracted, resulting in an increased hole density
and conductivity of the HTM.1% The structures of the most used dopants are represented in
Figure 2.25.

Widely used in combination with spiro-OMeTAD, lithium bis(trifluoromethanesulfonyl)imide
(Li-TFSI) isknown to oxidize the hole-transporting material (HTM) into aspiro™ TFSI™ organic
salt but aso resulting in the subsequent formation of del eterious and hygroscopic lithium-based
byproducts such as LixOy.291% As an alternative, tert-butylpyridine (tBP) wasintroduced as a
potential lithium-free dopant; however, its volatility resulted in an irreversible dedoping and
therefore a decrease in the hole extraction of the spiro-OMeTAD based HTL.109110
Conseguently, understanding, rationalizing, and addressing the instability triggered by these
commonly used dopants can be successful milestones for stable and even more efficient PSCs.
According to severa reports, the full potential of the spiro-OMeTAD based |ayer indeed might
not have been reached in the current systems (ie, through doped HTLSs). One of the key limits
is the slow oxidation processes and low doping efficiency.!** For instance, Forward et al.
estimated that only afraction of Spiro™ was generated by the addition of this lithium salt since
50 mol% of Li-TFSI was required to barely oxidize approximately 7.8+0.5 mol% of spiro-
OMeTAD. Moreover, the authors al so emphasi zed that the doping efficiency wasfar from being
quantitative since it was estimated to be approximately 20%,!2 thus requiring a substantial
amount of dopants that do not only increase hole transport properties of the spiro-OMeTAD but

also severe stability problems 113114

In addition, spiro-OMeTAD is still expensive (506 euros/g at Ossila), mainly due to the
multistep synthesis and required sublimation purification, thus the additional doping and
oxidation processes further increase the total complexity and cost, making this material
currently unsuitable for the large-scale fabrication of efficient and stable PSCs.

For these reasons, intense research efforts were and still are ongoing to find relevant low-cost
and efficient HTM alternatives to achieve high performance but, most importantly, stable
devices. Based on the spiro-OMeTAD structure, asagenera model, variations of thelatter were

naturally considered. Hence, most of the organic molecules explored are built on acentral core
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(like 9,9 -spirobifluorene, thiophene derivatives, triphenylamine, sililothiophene, etc.)
decorated in the periphery with electron donor units (mostly diphenylamine, triphenylamine,

and carbazole derivatives).
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Figure 2.23 Chemical structures of some spiro-like HTMs.

For instance, Seok et al.%® synthesized in 2014 pp-, pm-, and po-spiro-OMeTAD derivatives,

by changing the positions of the two methoxy substituents in each of the quadrants (Figure
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2.26). The cell performance was demonstrated to be linked to the positions of the OMe
substituents, resulting in a PCE of 16.7% with the o-OMe derivative compared to ~15% for
conventional p-OMe substituent, correlated to alower LUMO of the po-Spiro-OMeTAD that
efficiently blocks the electron transport from the perovskite to the Au electrode resulting in an
increase of the FF value and thus an enhanced PCE. However, with asimilar complex synthesis
and purification to that of the conventional Spiro-OMeTAD, and an UV-instability, this
approach was limited to the proof of concept and structure/properties investigation.
Conseguently, in 2017, alow-cost HTM named SDF-OMeTAD was designed and synthesized
through atwo-step reaction.™ Its reduced cost and reduced environmental impact compared to
other HTMs were highlighted, but the “moderate” efficiency (of 13% compared to the 17%
PCE reached, at that time with spiro-OMeTAD) appeared to be abottleneck. Later, two families
of spiro-like molecules were introduced in 2020. First, Sini et al.'® published two spiro-
MeTAD compounds that differ from the reference compound only by the presence of methyl
substituents as compared to methoxy groups. Despite a reduced glass transition temperature,
the lower ionization potentials, and larger hole mobility values obtained, this modification led
to promising PCEs of ~17% (vs 19% for spiro-OMeTAD). The main take home message of this
study was to carefully optimize the perovskite/HTM interface, point that was strongly
highlighted by Yang et al.**” who designed two fluorinated isomeric analogs of the spiro-
OMEeTAD that demonstrated better hydrophobicity (the presence of fluorine atoms inducing a
kinetic barriers to slow down O2 and H2O intrusion), better mobilities, long-term stability in
wet conditions without encapsul ation (87% efficiency retention after 500 hours) and better PCE
values exceeding 24.8% compared (to 23% with spiro-OMeTAD). Since improved PCE value
is still the crux for publication in high impact journals, more tuned and complicated spiro-like
structures were developed and reported. For instance, the same group introduced in 2022 the
spiro-Naph molecul e with asymmetric phenyl naphthylamine edge units.*® ThisHTM achieved
higher efficiencies (PCE of 24.43%) and stability than that of the reference compound, while
showing due to a deeper-lying HOMO, higher hydrophobicity, and tighter molecular packing.

In parallel to these Spiro analogs, several structures and design principles were reported taking
into consideration the synthetic accessibility through the use of simpler and accessible building

blocks.

Hence, thiophene-based central cores were investigated (Figure 2.27). For instance, five low-
cost small organic HTMs were reported by Qiao et al. and Wu et al. using one, two, three, four
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or six thiophene units, as central cores, and end-capped with two TPA-OMe groups.8® 11° The
conductivity was increased with the extension of repeating thiophene number from M101 to
HT suggesting that higher conjugation is beneficia to higher conductivity of HTMs. A range
of PCEs from 10.74% to 17.69% was thus obtained, the best being with QT molecule that
exhibited well-balanced parameters including solvent tolerance, thin film conductivity, and

interfacial charge transfer efficiency.

M101 n
BT: n=1
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Figure 2.24 Sructures of non-fused thiophene-based HTMs.

Adapted from the legacy of OPVs and DSSCs, fused central cores, such as cyclopenta[2,1-
b;3,4-b’]dithiophene (CPDT) or spiro-[cyclopentd1,2-b:5,4b']dithiophene-4,9'-fluorene]
(SDTF) (see some structuresin Figure 2.28) were also used.

Sun et al.% indeed compared, in 2019, four extended CPDT-based molecules (CT1-4) .
Photol uminescence studies indicated that unsubstituted CPDT (by aliphatic chains, ie, CT1 and
CT3) showed highly efficient hole transfer from the perovskite to HTMs. These results
demonstrate that a two-dimensional and rigid n-framework facilitate intramolecular n-
conjugation and intermolecular n-n stacking, providing both high charge carrier mobility and
efficient intermolecular charge transfer resulting in improved device efficiency. As a results
and good demonstration, CT1 was able to afford efficient devices (PCE of 17.71%)
characterized by long-term stability over 1300 h (86% of the efficiency retained). In 2021,'%
the same authors developed a new class of hole transporting materials by incorporating a
dithiolane unit into the CPDT (LYC-1, 2 and 3) and claiming that the electron rich nature of

81



CHAPTER 2

sulfur and the rigid planar n-conjugated framework can enhance the hole mobility through an
intermolecular overlap of 7—n clouds in the solid state, alongside to the S---Sinteraction that is
also beneficia to charge transport (due to the electronic softness of the sulfur atoms) and, thus,
an increase of effective overlapping. It turned out that the shorter compound (LY C-1) was
characterized by higher hole mobility, faster charge collection efficiency, and resulted in more
uniform capping layer on top of perovskite, thus leading to a remarkable PCE of 19.07%, that

was, at that time significantly higher than those achieved with other analogues and above all

with the reference spiro-OMeTAD, under similar conditions.

Figure 2.25 Chemical structures of CPDT-based HTMs.
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Meanwhile, Lin et al.1?! synthesized two new star-shaped HTMs, denoted as T-CPDT and C-
CPDT, and based on acentral n-extended CPDT core end-capped with four aryl amine moieties.
Theintroduction of the carbazole groups on C-CPDT was found to increase the planarity of the
molecule, leading to the formation of a smooth and uniform thin film, with improved hole-
transporting capability. More importantly, devices fabricated using the latter compound as
dopant-free HTM were able to achieve an impressive PCE of 19.68%, significantly higher than
that of the device based on T-CPDT (11.45%).

Other structures, based on the SDTF block as central electron-rich and bulky core, were aso
designed and reported (see structuresin Figure 2.29).

The first one, namely FDT, was published in 2016 by Nazeeruddin et al.*?? and was able to
directly compete with the reference spiro-OMeTAD in terms of efficiencies since up to 20.2%
were demonstrated, with, additionally, a distinct advantage, that it can be dissolved in more
environmentally friendly solvents, such as the toluene instead of the traditionally used

chlorobenzene.
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Figure 2.26 Chemical structures of SDTF-based HTMs.

Then, Schmaltz et al.*?® reported in 2019 a series of new HTMs based on a SDTF core end-
capped with two periphera 3,6-dimethoxydiphenylaminyl-carbazole (CzDMPA) units on
either the fluorene or the cyclopentaditiophene part of the central core (SDTFCz2 and
SDTCz2F). Asaresult, while SDTCz2F was found to display a lower HOMO level (—5.25 eV),
asmaller band gap, as well as reduced degradation temperature and hole mobility (8.5 x 1078
cm? V1sh), it, nonetheless led to better PCES (16.4% vs 14.3% PCE for SDTFCz2).

Recently, Gao et al.*** developed another SDTF-based series by varying the grafting position
and the number of peripheral triphenylamine (TPA-OMe) moieties (SDTF-1, 2, and 3). PSCs
fabricated with SDTF-2, as the HTM, afforded the highest power conversion efficiency (of

84



CHAPTER 2

19.3% compared to ~14% with the other molecules), in consistency with an optimized HOMO
level, band gap, and charge transport capabilities.

Hence, as for the OPV and DSSC, a brief survey of the literature once again reveals that
attention is mainly devoted on achieving high efficiencies to reach high impact journa. While
few examples redly focus on improving/understanding the (lack of) stability of the devices,
even scarcest reports provide new design principles or synthetic strategies to accessible
materials with industry-compatible and limited synthetic steps. Looking in the literature, only
few examples of HTMs synthesized via direct (hetero) arylation were found.'?>% (Note that
the majority of these papers have been published by the same group and mainly focus on the

use of the EDOT as main building block2%13%),
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2.4 Step-saving routes to simple triarylamine-based HTMs
for efficient and stable PSCs

2.4.1 Context and Molecular Design

Obtained as a by-product from the bis-coupling reaction on the BT2F early introduced in this
chapter, the TPA-OM e end-capped molecule 2a, caught our attention since its design principle
and structure appeared “familiar” when compared to some efficient yet simple HTMs reported
in the literature. However, optoel ectronic characterization of the latter by UV-vis spectroscopy
and PESA revealed a band gap of 2.16 €V and not really optimized frontier energy levels
(HOMO =-5,51¢eV and LUMO =-3.35 V), particularly the LUMO that appeared too shallow
to provide sufficient electron blocking ability (Figure 2.30).
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Figure 2.30 UV-vis and PESA analysis spectra of molecule 2a in the thin film.

On the other hand, while thiophene-based materials already showed impressive efficienciesin
PSCs, as discussed above, and at the same time they are known for their good reactivity towards
direct arylation couplings (acidic H at positions 2 and 2’); three tris(4-methoxyphenyl)amine
end-capped materials with different thiophene-based n-conjugated central cores were

considered within the frame of this thesis (see structures in Figure 2.31).
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Figure 2.31 Sructures of the three target HTMs.

These three central cores were selected for their synthetic accessibility and/or commercia
availability aswell astheir increasing level of steric hindrance, generated through rigidification
in the 3,3 position starting from a 2,2'-bithiophene (BT) to the bridged and bulky
spiro(cyclopentadithiophene-fluorene) (SDTF) through a diethylcyclopentadithiophene
(CPDT). Published separately in different papers from different groups demonstrating their
potential, the structure-property relationships between these compounds have thus never been
rationalized and their syntheses, solely reported by conventional Stille or Suzuki cross-coupling
reactions, have never been optimized and shortened. 119120, 124

2.4.2 Synthesis

In the context of simplification, the three target molecules were synthesized following the route
depicted in Scheme 2.7. The use of the direct arylation, successfully applied herein, allowed to
reduce the number of synthetic steps, by avoiding i) the bromination of al central cores, and ii)

the borylation/stannylation of the TPA counterpart.

Moreover and as for the push-pull derivative introduced in the early part of this chapter,
conventional homogeneous catalysts were replaced by a silica-supported palladium that is i)
tolerant to temperature, ii) stablein air and against moistureiii) recyclable by ssmplefiltration,

and iv) avoids any metallic contamination of the final batch.
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Scheme 2.7 DHA cross-coupling reactions for the synthesis of BT, CPDT, and SDTF molecules.

Under these optimized conditions, all the target compounds were obtained in good yields, above

70% after purification on silicagel % 119124

2.4.3 Optoelectronic Properties

Once the identity and purity of the final compounds confirmed by nuclear magnetic resonance
spectroscopy and mass spectrometry, exploration and comparison of their optoelectronic
properties were investigated to rationalize the impact of the core and evaluate their potential as
HTMsfor PSCs.
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2.4.3.1 Electrochemical properties

First, the electrochemical properties of the three molecules were studied by cyclic voltammetry
inal mM solution in DCM using 0.1 M of tetrabutylammonium hexafluorophosphate
(TBAPFs) as a supporting electrolyte. The voltammograms of the three compounds, plotted in

Figure 2.32, show reversible oxidation waves whose potentia values are gathered in Table 2.6.

MarmakE ad Curm el

Figure 2.32 Cyclic voltammograms of BT, CPDT, and SDTF molecules, 1 mM in 0.1 M TBAPF¢ in
CHCl, with a scan rate of 100 mV/s.

The effect of rigidifying the central core leads to a more conjugated system, which is clearly
demonstrated through the electrochemical properties. Compared to BT, CPDT and SDTF
molecules can indeed be oxidized at lower potentials with a splitting of the oxidation pattern.
The difference, of A ~ 0.20 V in the first oxidation, between BT and the two other derivatives

is due to the increased conjugation upon fusing of the central cores.
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Table 2.6 Electrochemical data of the three molecules.

Molecule on (V) on/onset (V) EHOMO (eV)

0.23
0.74
-0.01

CPDT 0.14 -0.12 -4.98
0.70
0.03

SDTF 0.17 -0.06 -5.04
0.71

0.07 -5.17

The HOMO energy levels were then deduced from the onset of the first oxidation potential for
the three molecules (Table 2.6) through the use of Equation 1 mentioned before.

2.4.3.2 Optical properties

Soluble in most commonly used organic solvents, UV-vis absorption spectra of the three
compounds were then recorded, as for the cyclic voltammetry, in DCM and plotted in Figure
2.33. Spectra show in all cases, a visible centered absorption band with an interna charge
transfer character with maxima at 425, 440, and 444 nm for BT, CPDT, and SDTF,
respectively. DFT calculations performed on these systems (see Figure 2.33) indeed emphasize
adelocalization of the HOM Os all along the structure while LUM Os appeared mainly localized
on the central core and direct vicinal benzene rings in the case of the SDTF molecule.

As expected, replacing the non-fused ring (BT) with bridged central cores results in a
bathochromic shift of the maxima (ca 15 to 19 nm for CPDT and SDTF respectively),
reflecting, in agreement with the electrochemical measurements, the increase of the conjugation
within the backbone. Moreover, it turns out that this chemical modification also results in an

increase in the molar absorptivity for the visible-centered absorption band (Table 2.7).
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Figure 2.33 UV-vis spectra in solution and thin film; and computed frontier molecular orbitals of BT,

On the other hand, BT molecul e shows a more pronounced bathochromic shift from solution to
thin film, once spun cast on glass sheet, compared to its bulkier counterparts (11 nm vs 2 nm
for CPDT and 4 nm for SDTF). This feature can indeed be correlated to a less sterically
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hindered structure thus favoring stronger intermolecular -x stacking at solid state.
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Table 2.7 Optical Data gathered from DCM solutions and thin films spun cast on glass sheets.

Molecule

CPDT

SDTF

max

Aabs A max A
1 1 abs threshold opt
solution e(M cm) AE " (eV)
film (nm) (nm)
(nm)
425 55942 435 524 2.53
440 70718 443 532 2.48
444 67747 450 537 2.46

Analyzed by photoel ectron spectroscopy in air (PESA), these thin films were directly used to

assess the HOMO energy levels (Figure 2.34).
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Figure 2.34 Photoel ectron spectroscopy on air (PESA) analysisin thin films, and energetic diagramin
solid state of BT, CPDT, and SDTF.

Hence, while bridging the bithiophene with a spiro barely affect the HOMO levels (-5.20 eV
for BT vs-5.22 eV for SDTF), the use of a CPDT core was found to significantly destabilize
thelatter level sincelying around -5.13 €V. These results were then cross tabul ated with optical
band gaps, determined from the absorption onsets (in thin films), to deduce LUMO levels and
afford the comparative energy diagram plotted in Figure 2.34.

Therefore, it turns out that HOMO and LUMO levels of the three molecules are above the
valence band maximum (VBM) and the conduction band minimum (CBM) of the
conventionally used FAPbIz perovskite. This band aignment ensures hole transport with
sufficient el ectron blocking ability and thus potential suitability asHTMsfor PSC applications.
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2.4.4 Evaluation asHTMsin Perovskite Solar Cells

Before the embedment of these potential active layers in devices, their thermal stability was
first evaluated by thermogravimetric analyses (TGA, Figure 2.35).

Walgtd (%)

200 i
Tempamiume "G

Figure 2.35 Thermogravimetric analysis (TGA) of HTMs at a heating rate of 10 °C/min in No.

With a degradation temperature attributed to a loss of 5 weight % (Tdos), the
spiro(cyclopentadithiophene-fluorene) derivative was found to be more sensitive than the two
others with a difference of ca 100°C (T g5 237 °C for SDTF vs 376 °C for BT and 374 °C for
CPDT), in consistency with early reports.’?® However, thisrange of degradationisstill perfectly
acceptable for the target application. Other key parameter, contact angle measurements were
also conducted to evaluate their moisture resistance, and revealed that both BT and CPDT
exhibit similar affinity to water than the benchmark Spiro-OMeTAD (angles ranging from
74.02° to 76.01°) while, once again, SDTF stands out of the crowd with a noticeable higher
visualized hydrophabicity (102.36°, Figure 2.36).
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Spiro-OMeTAD

CPDT SDTF

Figure 2.36 Contact angle measurements of Spiro-OMeTAD, BT, CPDT, and SDTF. Thefilms were
deposited on I TO glass without dopants.

Hence, as alogica follow-up, the potential of the three molecules as HTMs was subsequently
evaluated and compared in n-i-p type PSCs of architecture: FTO/SnO2/perovskite/HTM/Au in
collaboration with the group of Jong Hyeok Park (Yonsei University). To do so, different
dopants such as Li-TFSI, tBP, and FK 209 Co(lll) TFSI were used to adjust the Fermi level,
hole conductivity, and morphologies of each individual HTM, but still based on the recipe
known and applied to the reference Spiro-OMeTAD. It turned out that the best results were still
achieved with Li-TFSI and promising maximum efficiencies, ie ranging from 18.53% to
20.69%, were demonstrated, almost competing with that of the benchmark Spiro-OMeTAD
(PCE = 21.56%).
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Figure 2.37 J-V curves of perovskite solar cells (PSCs) with individual HTMs.

The best performing J-V curves can be found in Figure 2.37 and the corresponding data
extracted in Table 2.8.

Table 2.8 Photovoltaic parameters of PSCs with different HTLs (average of 5 devices each).

A(‘i’::t“)’e OI\SApeeri\_\D SDTF CPDT
PCE (%) 2111 (2156) 17.39 (1853) 17.44 (1927) 19.74 (20.69)
Vo (V) 111  (112) 100 (1.03) 106 (1L09) 105 (1.07)
Je (MA/Cm?) 2384 (2400) 2592 (24.26) 2203 (22.95) 2358 (23.92)
FF (%)  79.79 (80.24) 7270 (7416) 7469 (77.19) 79.72 (81.36)

Interestingly, CPDT was found to slightly outperform its two other counterparts, result
correlated to a more uniform and homogenous surface exhibiting an average roughness
comparable to that of doped spiro-OMeTAD (Figure 2.38, Ra= 3.234 nm vs Ra= 3.211 nm,
respectively), while higher roughness values of 5.585 nm and 6.398 nm were found for BT and
SDTF, respectively.
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Figure 2.38 Atomic force microscopy (AFM) images of as-prepared Spiro-OMeTAD, BT, CPDT, and
SDTF based hole transporting layers (HTLs) with dopants. The samples were prepared on perovskite
coated substrate.

From the morphological similarities between CPDT and the reference Spiro-OMeTAD,
bicomponent HTMs were then considered to assess the complementarity, compatibility
(molecular interactions), and impact of a potential synergetic effect on both the chemical
(doping) and electrical properties. Unprecedented (to the best of our knowledge) in the
literature, blends with different ratios of HTMs were processed. As a result, efficiencies
exceeding those recorded with pristine Spiro-OMeTAD based PSCs were quickly demonstrated
with low concentrations of thiophene based molecul es since the best results were achieved with
only 5 mol% for all three thiophene-based compounds. The champion J-V curves are plotted in
Figure 2.39 and data gathered in Table 2.9. To be differentiated from pristine layers, such HTLs
will now bereferred to asBT-B, CPDT-B and SDTF-B with “B” standing for blends.
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Table 2.9 Photovoltaic parameters of PSCs with different blended HTLs.

Spiro-

Average (Best) OMETAD

SDTF-B CPDT-B

PCE (%) 22095 (23.72) 2327 (24.01) 23.12 (24.14) 23.75 (24.49)
Voc (V) 114 (115 114 (1.14) 114 (115 115  (L15)

Je (MA/cm?) 2493 (25.25) 2536 (25.70) 25.06 (25.31) 2549 (25.81)

FF (%) 80.74 (8L.89) 8049 (8L61) 80.93 (8272 8L02 (82.20)
(flg_sgﬂm%{’,'!ig) 3.89 471 431 5.31

These higher efficiencies were found to mainly result from the improvement of both the open-
circuit voltage (V oc) and thefill factor (FF) correlated to improved shunt resistance and energy
band alignment at the HTL/perovskite interface. In particular, an impressive PCE of 24.49%,
close to the state of the art (but in aconventional architecture), associated with a FF of 82.20%
was indeed achieved with CPDT -B based devices.

Beyond pure efficiencies, the key parameter/limitation of the PSCs, which is the overal
stability, was naturally explored to confirm the potential of this bi-component strategy.
Consequently, best operating devices were subjected to constant illumination under ambient
conditions (light illumination was applied using a 150 W Xe lamp solar simulator PEC-L01,
PECCELL after 1 sun calibration and active cooling was not applied during the measurement)
and without any further encapsulation (Figure 2.39).
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Figure 2.39 (a) J-V curves of perovskite solar cells (PSCs) with blended HTLs. (b) Space charge-
limited current (SCLC) measurement of perovskite films with blended HTLs. (c) Operational stability
of PSCswith blended HTLs at ambient environment without encapsulation.

It turned out that while a significant drop in efficiency was recorded for both the neat Spiro-
OMeTAD and BT-B based devices barely reaching 70% of their initial PCE after 1200 hours
of constant operation, the CPDT-B and SDTF-B were able to stabilize the performance above

90% under similar conditions.

Hence, in an attempt to rationalize and elucidate this peculiar increase in efficiencies and
stabilities, space charge-limited current (SCLC) measurements were first carried out on the
doped blends and directly compared to an optimized Spiro-OMeTAD “only” HTL. From the J-
V curves plotted in Figure 2.39 and the application of the Mott-Gurney equation, higher hole
mobilities were systematically measured on bicomponent based blends suggesting improved or
additional intermolecular 7-nt stacking interactions, beneficial to charge transport/extraction
(seevaluesin Table 2.9).
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In parallel, specific attention was drawn to eval uate the degree of oxidized spiro-OMeTAD (into
spiro™ TFSI*™) by the dopant in these HTLs. To do so, UV-vis spectraof optimized doped blends
were recorded over aperiod of 15 days under adry environment (25 °C, relative humidity (RH)
10%, dark). Starting with the spiro-OM€eTAD reference thin films (mono component), two
absorption patterns were recorded, at 371 nm (As71) and 520 nm (Asxo) corresponding to the
neutral and TFSI- stabilized spiro-OMeTAD radical specie (spiro™ TFSI™), respectively (Figure
2.40).
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Figure 2.40 UV-vis absor ption spectra of pristine spiro-OMeTAD and blended HTLs (5 mol % of each
new HTM), and the absorption peak comparison between Asz (absorbance at 520 nm) and As71
(absorbance at 371 nm) of the samples with different exposure time.

Integration of these patterns (As2o/A371) determined ratios that werein turn used to estimate the
doping efficiency of Li-TFSI. It thusfirst appeared that the spiro™* TFSI* was aready present in
the as-cast and fresh sample, highlighting that the oxidation process already occurs in the
solution/ink prior to deposition. Saturation was then reached on aged films after 12 days under
this dry and controlled environment with a maxima Asx/As71 ratio of ca 0.15. Interestingly,
higher values were calculated in all aged bicomponent systems, reaching almost 0.25 for both
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CPDT-B and SDTF-B based samples (Figure 2.41) within the same period of time (but with a
plateau after only 6 days).

This interesting and unprecedented feature suggests that a similar doping efficiency to that of
neat Spiro-OMeTAD can be potentially achieved with alower amount of dopant, which would

have a significant impact on the stability of the device.

In general, the optimized amount of LiTFSI used is23 uL (from a1.8M solution in acetonitrile)
for a 0.07 mol/L solution of spiro-OMeTAD. Consequently, in consistency with the trend of
As20/A 371 maximum values, the quantity of Li-TFSI was significantly reduced, for both CPDT -
B and SDTF-B, by 22% (from 23 ul to 18 ul) compared to the amount usually used in optimized
spiro-OMeTAD only based HTL.
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Figure 2.41 Power conversion efficiency (PCE) distribution of the PSCs with different amounts of Li-
TFS (520 mg of Li-TFS dissolved in 1 mL of acetonitrile) added to the HTL with the corresponding
average PCE change of the PCs.

With suspected improved molecular ordering and interactions within the stacks, grazing
incidence wide angle X-ray scattering (GIWAXS) experiments were subsequently performed
at the Pohang Light Source (PLS) facilities (Figure 2.42).
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Figure 2.42 Grazing incidence wide angle X-ray scattering (GIWAXS) patterns of as-prepared pristine
spiro-OMeTAD and blends. The samples were prepared on silicon substrate and dopants were added.
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All samples exhibited broad scattering around g=1.3 A aong both the in- and out-of-plane
directions. This isotropic ring can be attributed to the amorphous nature of intermolecular n-n
stacking (see Figure 2.43 for intensity profiles). In addition, low intensity scattering around
0=0.43 At was also observed, which is correlated to the presence of lamellar stacking in thein-

plane direction.

The intensities of such interactions were found to be enhanced after molecular blending of the
spiro-OMeTAD with one of the three molecules, with a higher degree in the case of CPDT-B,
thus supporting the role of such bicomponent in enhancing/favoring intermolecul ar interactions
within the films that, in turn, induce efficient intermolecular hole transport. Moreover, it aso
resultsin lower quantities of dopant required to generate and stabilize Spiro-OMeTAD radicals.
Increasing the number of such speciesisindeed acornerstoneto minimize V oc losses, as shown
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in the JV curves, and improve energy band alignments between the constituting perovskite

layers.
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Figure 2.43 The corresponding intensity profiles from GIWAXS patter ns of the spiro-OMeTAD and
blends along the in-plane (left) and out-of-plane (right) directions.

On the other hand, to rationalize the difference of operation stability, surface analyses were
carried out by atomic force microscopy before and after the constant irradiation test (Figure
2.44).
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R,= 3916

Figure 2.44 Pristine and degraded film analysis using atomic force microscopy (AFM). The
mor phology analysis of the degraded films was made right after operational stability measurements
after 600 h. R, denotes average roughness of the film. The size of the samplesis 5 um x 5 um.

Starting with the doped Spiro-OMeTAD only layer, the initial smooth morphology with a Ra
of 3.211 nm was found to be significantly affected since irregular aggregates and pinholes with
awide size distribution were probed on the surface, after only 600 hours of operation (90% of
the remaining initial PCE). These defects are presumed to be byproducts derived from oxidized
spiro-OMeTAD and Li-TFSI (Li aggregation/high hygroscopy was indeed demonstrated to
reduce the power output and induce significant morphology changesin the HTL).%

Regarding the blends, morphol ogies scanned on fresh samples appeared amost identical to that
of neat Spiro-OMeTAD with Ra under 3.5 nm, considering the low amount of co-HTM (5mol
%). After the operation cycle, it was found that the formation of pinholes was somehow
inhibited/limited in al three blends, even though aggregates were generated. The latter were
relatively uniform and smaller than that observed and generated within the “pure” Spiro-
OMEeTAD layer, particularly for the best performing and most stable CPDT-B based HTL. The
feature hence emphasizes a homogeneous distribution of Li-TFSI within the bulk during the
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preparation and deposition processes that result in the limited generation of defects induced by
the uncontrolled aggregation of Li-TFSI.

2.4.5 Conclusions and Per spectives

To sum up, three HTMs, synthesized by DHA, an eco-friendly cross-coupling reaction, in a
simple one-step chemical reaction with a supported catalyst were evaluated in perovskite-based
solar cells. Their promising efficiencies, almost competing with that of the reference Spiro-
OMEeTAD, and fine-tuned/complementary energy levels pushed us to consider and investigate
bi-component blends. It turned out that mixing “only” 5 mol% of these molecules with the
conventional Spiro-OMeTAD resulted in increased but, above al, more stable PCEs.
Considering that dopants are, on one side required to reach high efficiencies, but on the other
side, the primary source of limited stabilities, the incorporation of these molecules was found
to increase the doping efficiency thus allowing a significant reduction of their needed
concentrations within the bulks.

Moreover, these tris(4-methoxyphenyl) amine-based mol ecules were also found to improve the
molecular interactions within the bulk, namely the Spiro-OMeTAD and the dopant, resulting in
an improved intermolecular hole transport, shunt resistance, and energy band alignment at the
HTL/perovskite interface. With the demonstration of a high PCE of ca 24.5% retained over
90% after 1200 hours under constant illumination and without encapsulation, this simple yet
origina strategy, consisting of blending different complementary and compatible HTMs, will
hopefully pave the way to significant future achievementsin the field of Perovskite solar cells.

Asdemonstrated in the push-pull molecule related study, the replacement of the methoxy group
by a phenyl on the triphenylamine was found to be an interesting strategy to improve the charge
transport characteristics. Consequently, the preparation of the BT analog with phenyl moieties
on the two triphenylamines could be an easy way to improve its self-assembly and charge

transport properties, a study investigated in the following chapter.
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CHAPTER 3

3.1 Organic Light-Emitting Devices

Alongside organic photovoltaics, organic light-emitting devices (OLEDS) are clearly heavy-
weight contributors to the development of organic electronics. Cutting-edge technology in
display and lighting industries,! these devices showed substantial improvement over
conventional light and display sources and are nowadayswidely used, if not standardsin abroad
range of “daily” products, including televisions, computers, smartphones, and wearable
devices.? (Figure 3.1).

Figure 3.1 LG OLED flexibletelevision (left) and foldable Samsung smartphone Galaxy Z Flip 3
(right).

The capacity of OLED technology to generate light directly from the organic layer, as opposed
to the conventiona backlight required by liquid crystal displays (LCDs), is one of its most
important benefits. This characteristic indeed allows OLED displaysto achieve “true and deep”
blacks with improved contrast ratios, which produce brilliant colors and better image quality.®
Moreover, organic materials can also be deposited/processed on flexible substrates, enabling
the creation of bendable, foldable, and even rollable displays (see examplesin Figure 3.1).4°
Already strongly used in industry, this technology is still expected to keep shaping the way we
interact with displays and lighting solutions, enhancing our daily lives with its innovative
capabilities.
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3.1.1 Thedifferent generations of emitters

Photoluminescence is a photophysical processthat isinitiated by the absorption of a photon by
amateria thus going from the ground state to an excited state (see Figure 3.2, yellow arrows).’
According to Frank Condon's principle, this excitation is very fast (of the order of 10%° s) and
occurs without geometric modification or spin orientation (or spin multiplicity). Therefore, if
the ground state is a singlet state (So) then, after excitation, the molecule remains in a singlet
excited state (Sn). The excited molecule then rearranges itself into a more stable geometry,
during which, the latter loses energy by vibrational relaxation (VR, pink arrows, of the order of
1012 t0 101° s) and/or by internal conversion (IC, purple arrows, of the order of 101! to 10° s)
to, usualy, the first singlet excited state (S1) followed by several relaxation processes to return
to the ground state (So). Among them, it can relax i) by internal conversion which is a non-
radiative process, ii) by the emission of a photon through the conservation of spin multiplicity,
namely the fluorescence (blue arrows, around 10° to 107 ) and iii) populating triplet states by
inter-system crossing 1SC (red arrows, of the order of 108 to 1023 s). The latter process, slower
than internal conversion and fluorescence, requires a change of spin multiplicity (changein spin
orientation) leading to atriplet excited state from which the return to the fundamental state can
be done by non-radiative processes (inter-system crossings) or by emission of a photon,

speaking then of phosphorescence (green arrows, around 103to 10% s).8

—
— —

Y

il

|||7i
i

Figure 3.2 Perrin-Jablonski energetic diagram.
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In an OLED, =n-conjugated molecules or polymers, sandwiched between two electrodes, are
excited by applying an external electric field. In this configuration, an electron isinjected from
the cathode to the LUMO level of the emissive layer (EML), and a hole from the anode to the
HOMO level of the EML. After migration, charges can recombineinthe (EML) resulting in the

formation of an exciton, i.e. an electron-hole pair, which will emit light upon the deexcitation

pathway (Figure 3.3).
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Figure 3.3 Schematic representation of the radiative recombination occurring in OLEDs.

Three generations of OLEDs have aready been studied and classified according to the emission
properties of the constituting emissive layer. In the case of the 1% generation, also known as
fluorescent OLED, part of the singlet excited states leads to fluorescence, and all of the triplet
excited states are lost in internal conversions due to the forbidden nature of the T1 — So
transition, thus reaching a maximum theoretical internal quantum efficiency (IQE) of 25%.
After injection of electrons and holes at the respective electrodes and their combination, the
generated excitons were indeed demonstrated to result in a statistical distribution between
singlet and triplet states with a1 to 3 ratio (Figure 3.4).5-1°

In parallel, phosphorescent heavy-metal based complexes have been explored and embedded as
emitters resulting in the second generation of OLEDs aso known as Ph-OLED, in order to
access and use the remaining 75% triplet excitons. Those complexes can accel erate theradiative

deactivation through phosphorescence from the lowest-lying triplet state (T1) to the ground
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state (So) and aso facilitate ISC from the lowest-lying singlet state S; to T1 through an
enhanced spin-orbit coupling induced by heavy-metal atoms such asiridium or platinum. Inthis
case, the theoretical IQE can reach a maximum value of 100%.%14

Although this class of emitters have shown great promise and have even been embedded in
commercia electroluminescent devices, the cost and environmental/ecological impact of
heavy-metal atoms pushed the community to develop aternatives (3" generation). Among
them, the incredibly promising TADF (for Thermally Activated Delayed Fluorescence)
materials have attracted considerable research attention. In these molecules, the energy gap
(AEst) between the lowest-lying singlet state S; and lowest-lying triplet state T1 is reduced to
allow the formally spin-forbidden reverse intersystem crossing (RISC) process by thermal
activation, when the lifetime of the T1 excitons is long enough, resulting in the up-conversion
of the triplet excitonsinto the S, state, thus, also leading to atheoretical 1QE of 100%.1>18

Electrical excitation

g "

A ~
15% -_-' H"'I- ..... ___,r .-\.

T75%
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31 : RISC
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! Tl
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Figure 3.4 The three emission phenomena after e€lectrical excitation.

Even though highly promising results have already been demonstrated with external quantum
efficiencies EQE over 30%; 12! this third-generation emitter-based devices are clearly in their
early stage. As a further key development, the next generation of OLED devices needs to
demonstrate good efficiency, color purity, and above al, long lifetimes. Regarding the
efficiencies, the latter can be further improved by optimizing the exciton harvesting through
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chemical and physical engineering. For instance, hyperfluorescence, which is hailed as the
"ultimate solution for OLED displays" refers to the use of cascade-type emissive layers
resulting from the combination of a fluorescent dopant and an assistant dopant, usually with
TADF properties. The magor exciton formation is focused on the dopant molecules by
controlling the ratio of complementary compounds promoting up conversion processes by

favouring Forster resonance energy transfer (FRET) as depicted in Figure 3.5.2223
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Figure 3.5 Smplified schematic diagram of the main energy transfer and luminescence pathways

taking place in hyperfluorescent devices

This concept hence benefits from the fluorescent emitters excellent stability, narrow emission
spectra, and high color purity aswell as the effectiveness of RISC processin TADF molecules,

thus allowing atheoretical use of all generated excitons.

In this context, chemical structures and device architectures will obviously continue to evolve
seeking for record efficiencies;, however, as discussed in the previous chapters, related to the
photovoltaic conversion, increasing the complexity from both the constituent and the device

will still limit their large-scale dissemination and confine their use to academia.
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3.1.2 Evolution of organic electroluminescent devices ar chitectures

An OLED device typically consists of several layers of compatible and complementary

materials sandwiched between two el ectrodes.

From the first demonstration reported by Tang et al.,* architecture has come a long way to
tackle issues of these early OLEDs such as low EQEs and high driving voltages. This was
basicaly achieved by adding layers of functional material to balance charge injection and

transport for optimal emissive recombination (Figure 3.6).2
From the bottom to the top (following the successive and sequential deposition):

e Substrate: The substrate is the foundational layer of the OLED device. It provides
mechanical support for the other layers and can be made of glass, plastic, or other
transparent materials that can also be flexible.

e Anode (Transparent Electrode): The anodeis atransparent, conductive layer that sitson
top of the substrate. As for OPV, indium Tin Oxide (ITO) is a commonly used and
reference material. It serves as a positive electrode for the injection of holes (positively
charged carriers) into the organic layers.

e Hole Injection Layer (HIL): The layer aims at helping the injection of holes from the
anode to the hole transport layer.

e Hole Transport Layer (HTL): The latter is usually made of an organic material that
facilitates the percolation of positive charges (holes) from the anode toward the emissive
layer. It ensures efficient charge transport.

e Electron Blocking Layer (EBL): It blocks the electron transport from the cathode to the
anode to favour charge recombination in the emissive layer.

e Emissive Layer (EML): The emissive layer isthe heart of the OLED device. It consists
of organic materials (organic electroluminescent materials) that will generate the light
from the recombination of injected charges.

e HoleBlocking Layer (HBL): It blocks the hole transport from the anode to the cathode
to favour charge recombination in the emissive layer.

e Electron Transport Layer (ETL): Asfor the holetransport layer, ETL ismade of organic
materials and ams at facilitating the movement of electrons from the cathode toward

the emissive layer.

122



CHAPTER 3

e Electron Injection Layer (EIL): The electron injection layer isincorporated between the
cathode and the electron transport layer to facilitate and help the injection of electrons
from the cathode.

e Cathode: The cathode is the back electrode, typically made of metals with low work
functions, such as calcium, silver, or auminum. The cathode serves as the negative
electrode for the injection of electronsinto the organic layers.

e Encapsulation Layer: OLED devices are sensitive to moisture and oxygen, which can
degrade their performance over time. To protect theses organic layers from

environmental factors, an encapsulation layer isthus finally processed.

)

Figure 3.6 Evolution of the architectures of OLED devices frominitial monolayer to “ conventional”

state of the art multi layers system.

The fabrication of these devices requires a non-negligible production time and above al ahigh
standards of chemica and physical engineering to i) successfully process a large number of
layers without altering/degrading the previous ones and ii) limit as much as possible the defects
a the interfaces to improve lifetime and stability. Moreover, the multiplication of layers

automatically generates high production costs and environmental impact since more organic
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compatible and complementary materials have to be synthesized, purified, processed, and
recycled.

In this context and as an attempt to smplify these structures, light-emitting electrochemical
cells (LECs) were developed and introduced in 1995 by Pei et a.?® For this demonstration
polyphenylene vinylene was used as the emissive polymer asfor the first polymer-based OLED
introduced five years earlier.?® Also sandwiched between an ITO anode and an aluminum
cathode, the main difference with their OLED cousins relies on the incorporation of mobileions
within the emitting layers. When avoltage is applied between the el ectrodes, severa anionsand
cations migrate to accumulate close to the positive anode and negative cathode, respectively,

resulting in the generation of two injection layers (electric double layers).

Migration of remaining ions will then take place to electrostatically compensate the first
injected holes and el ectrons thus defining an n-type transport layer next to the cathode and a p-
type transport layer at the anode. Injected holes and el ectrons can thus recombine between the

latter layersin the so-called p-n junction (Figure 3.7).
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Figure 3.7 Illustration of the light emitting mechanism occurring in a LEC.

Known and reported as a “simplified version” of an OLED, the development of LECs took a
different path since mainly focused on understanding the operating mechanism rather than

increasing complexity to improve the performances.
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However, even if different from a mechanistic and operating point of views, OLEDs and LECs
are both characterized by key parameters related to the quantification of light emitted by these
devices:

e Theluminance (L in cd/m?) definesthe intensity of the light emitted in agiven direction
per unit area; with the candela (cd) being the luminous intensity in lumen/steradian,
formerly defined by the emission of acandle.

e The(injected) current density (J, expressed in mA/cm?) istheratio of the current injected
by the diode area

e Luminous Current Efficiency (CE in cd/A), which is the ratio between the emission of
the diode and the current, or in other words, the rel ationship between the luminance and
the current density.

e Luminous Power Efficiency (PE in Im/W) takes into account the CE and the applied
voltage to the diode; the lumen (Im), which measures the luminous flux, is calibrated
with respect to the detection of the human eye.

e Theturn-onvoltage (Von inV), isthe voltage value from which the diode starts emitting
light, usually determined at L = 0.1 cd/m?. It reflects the effectiveness of the injection
of charges from the electrodes (in other words, the lower it is, the better it is).

e Theinternal quantum efficiency (IQE) is defined by the equation:

Nbr of emitted photons

IQE =

Nbr of injected charges B.p.me
In the latter, B represents the charge recombination efficiency, i.e. the exciton formation
efficiency, p represents the proportion of excitons that can emit light (0.25 for
fluorescent emitters and 1 for phosphorescent emitters) and mpL IS the
photol uminescence quantum yield of the chromophore which assume there is only one
emitter in the OLED.

e Theexternal quantum efficiency (EQE) defined by the equation, EQE = IQE . nopt Where
Nopt represents the optical yield, i.e. the proportion of photons “trapped” or absorbed by
the OLED compared to those emitted in the EML (out coupled photons per injected

charge). This parameter evolves greatly depending on the structure of the device and the
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refractive index (n) of the constituting layers. Experimentaly, the EQE is measured
directly in making the ratio of the photons emitted by the charges consumed.

e Findly, the chromaticity coordinates, defined by the International Commission of
[llumination (also known as the CIE from its French title, the “Commission
Internationale d’ Eclairage”) provide information on the color of the emission. They are

reported on atwo-dimensiona x and y diagram as depicted in Figure 3.8.

Figure 3.8 Chromaticity diagram defined by the CIE. Copyright Roger N Clark, clarkvision.com

Besides this amazing achievement from lab to customers, high-performing OLEDs are, to date
and as stated above, built on a multi-layer (ML) stack, which ensures that holes and el ectrons
are properly injected, transported, and recombined in the EML.2-*° These devices nevertheless
impact the production costs and limit the scope of use (mainly to “high tech” end product) and
also therecyclability. Indeed, for large and daily dissemination, such as simple packaging, road

signs, advertising, etc.: the simpler, the better (for the price and recycling).

Consequently, researchers started putting effortsinto “re” simplifying the device' s architectures

and improve the originally reported single-layer OLED (SL-OLED).3**® Consequently through

chemical engineering, the EML has to play the role of all intermediate functional layers. To

maximize exciton recombination within the center of the EML and prevent leaks through the

electrodes, such amaterial must: (i) show high and balanced mobilities of electrons and holes;

(ii) have HOMO and LUMO levels aligned with the Fermi levels of the anode and the cathode
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to maximize hole and electron injection, respectively; and (iii) exhibit good therma and

morphological stabilities to maximise OLED lifetimes.3%3°

With all these criteria, thisfield is challenging and has not yet attracted the attention it deserves.
Examples from the literature are still rare and usually deal with complex molecular structures
prepared from multi-step syntheses to finally achieve modest results compared to ML-OLEDs.

Some examples are depicted in Figure 3.9.404

DPS
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SQPTZ-2-FPOPh,

Figure 3.9 Chemical structures of some EML for S_.-OLEDs.

Ideally, together with the device simplification, accessible emitting materials should be
designed and evaluated to reduce both the environmental footprint and production cost.® %
Their syntheses should be carried out in aminimum of steps, in high yields, and from accessible

and commercially available blocks to be easily transposed to large scale production. With an
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ultraslow cost and recyclable device, stability and performance can thus be easily revised

downwards.
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3.2 TPA-BP end-capped thiophene-based moietiesassimple

light-emitting materials

3.2.1 Context and synthesis

As stated in the perspective section of the photoconversion related chapter (chapter 2), the
replacement of the methoxy group by a phenyl moiety on the triphenylamine of BT molecule

was carried out to improve the self-assembly and charge transport property (Figure 3.10).
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Figure 3.10 Origin of the design and structure of the BT1 studied herein

However, due to low solubility, insertion of aliphatic chains was then considered. Following
our philosophy based on accessibility, we found out that the 2,2'-bithiophene functionalized by
hexyl chains on positions 3 and 3 was available from common chemical suppliers and
affordable unlike its 4,4'-dihexyl-functionalized analogue (expensive and from start-up like

companies).
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Consequently, even if the distortion induced by the two hexyl chains might affect the solid state
aggregation and conjugation aong the backbone, BT1 was synthesized by direct
(hetero)arylation, in only one step, from these cheap commercially available building blocks
(Scheme 3.1).

Cy )

\5/\ sél(:\/%zj;f; O N %ﬁ
o ®

Yield= 55%

Scheme 3.1 Synthesis of BT1.

Once purified and isolated, the target compound showed, at first sight, intriguing emission
propertiesin both solution and as thin film guiding us towards its potential use in light-emitting
devices. Single crystals of BT 1 were grown by slow evaporation of a chloroform solution. Its
X-ray structure, represented in Figure 3.11, shows that the two thiophene rings adopt a “syn”
conformation with a dihedral torsion angle of 60 ° induced by the hindering hexyl chains.

Figure 3.11 X-ray structure of the BT1 compound.
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The latter was obtained in modest yields (55%), because compound (6), resulting from the
monocoupling reaction, was found to be the major side product. From this feature, it was
decided to use it for the preparation of two other derivatives, namely BT 2 and BT 3, which were
designed and prepared to rationalize the impact of the length of the bi-thiophene based

connector on the optoel ectronic properties (Scheme 3.2).

¥ Q
= N\ s %\ NBS N\ s
\ O Y T '
&)

(6) (6, 85%

Pd(OAc)2 Pd(OAc)2 i
PCy;HBF, PCy;HBF,
DMAc PivOH PivOH DMAc
120°C K,CO5 K,CO4 120°C

Yield= 15% Yield= 26%

Scheme 3.2 Synthetic route to BT, and BTs from compound (6).

To do so, bromination reactions were first carried out using N-bromosuccinimide (NBS) in
DMF to afford both the 5,5'-dibromo-3,3'-dimethyl-2,2"-bithiophene and 6’ in good yields that
were finally combined and engaged in two direct (hetero)arylation reactions.

3.2.2 Optoelectronic properties

Once the identity and the purity of the three final compounds were confirmed by nuclear
magnetic resonance spectroscopy (NMR) and mass spectrometry (MS and HRMS), exploration

and comparison of their optical and electrochemical properties were then carried out.
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3.2.2.1 Electrochemical properties

First, the electrochemical properties of the three molecules were studied by cyclic voltammetry
in a 0.5 mM solution in DCM using 0.1 M of tetrabutylammonium hexafluorophosphate
(TBAPFe) as a supporting electrolyte. As illustrated in Figure 3.12, reversible oxidation
processes were recorded for al BT derivatives.

Normalized Current

Y

" T " T " T
-0.5 0.0 0.5 1.0

E (vs Fc/Fc™)

Figure 3.12 Cyclic voltammograms of BT1, BT», and BTz molecules, 0.5 mM in 0.1 M TBAPFs in
CH,Cl;, with a scan rate of 100 mV/s.

While the first intense and reversible oxidation waves of the BT series occurring at relatively
close potentials can be attributed to the concomitant one-electron oxidation of the two end-
capping aryl amine groups which behave independently due to the highly distorted
oligothiophene central cores, as suggested by the X-ray structure of BT 1. On the other hand,
the effect of the length of the connector was directly monitored and assessed by the significant
shift of the second oxidation wave toward lower potentials (from ca 0.87 V for BT1 t0 0.56 V
and 0.43 V for BT2 and BT 3 respectively). Moreover, it is noteworthy that a third oxidation
wave at 0.57 V was even recorded for BT3s demonstrating the stabilization and ease of
generating multi-charged species up to a tetracations through the increase of the length of the

connector.
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Table 3.1 Electrochemical data of the three molecules (Exomo(€V) = -(5.1 + Eowonset))-

Molecule Eox (V) E oxionset (V) EHOI\/IO (ev)

0.30

B'I'l 0.21 -5.31
0.87
0.31

BT, 0.23 5.33
0.56
0.33

BT3 0.43 0.25 -5.35
0.57

Hence, with almost similar onsets values recorded from the first oxidation wave, close HOMO
energy levels were then deduced emphasizing a localization of the electron density on the

arylamine moieties and the first connected thiophene unit (Table 3.1).

3.2.2.2 Optical properties

Soluble in most commonly used organic solvents, UV-vis absorption spectra of the three
compounds were thereafter recorded in DCM and plotted in Figure 3.13.

Comparison of their spectrashowsin all cases, an intense UV -visible absorption band centered
in the 300-450 nm region with maxima at 356, 358, and 360 nm for BT1, BT2, and BTs,
respectively. Interestingly, such aminor bathochromic shift confirms the significant impact of
the position of the aliphatic side chains leading to a weak increase of n-conjugation with

extension of the thiophene backbone.
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Figure 3.13 UV-vis spectra of solutions and thin films and photoel ectron spectroscopy in air (PESA)
analysis of thin films of BT1, BT, and BT 3 molecules.

Moreover, once spun cast on glass sheets, asimilar feature was observed with aimost negligible
shiftstoward thelowest energies (ca3 nmfor BT 1 and only 1 nmfor BT 2 and BT 3) highlighting
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the limited intermolecular n—n stacking resulting from the steric hindrance generated by the
hexyl chain. Nonetheless, from the low-energy absorption onset of these films, optical band
gaps were estimated and found to be 2.79 eV for BT1 and 2.70 eV for BT2 and BT3. These
results were finally combined with photoel ectron spectroscopy in air (PESA) measurements to

further determine and compare the frontier orbital energies (Table 3.2).

Table 3.2 Optical data gathered from DCM solutions and thin films spun cast on glass sheets.

Mg € . thin
oot e e e £ ) HOMO | LUMO

olecule i i €

solution i} film g (eV) (eV)

(nm) cm’) (nm)

BT, 356 69315 359 2.79 -5.49 -2.70
BT, 358 83630 359 2.70 -5.53 -2.83
BT, 360 93180 361 2.70 -5.64 -2.94

Following the trend observed in solution by cyclic voltammetry, increasing the length of the
connector dlightly stabilized the HOMO. In addition, the LUMO is also dlightly stabilized
without drastically reducing the bandgap.

Regarding their emissive properties, spectrarecorded at room temperature also in DCM exhibit
emission bands with maxima at 483, 519, and 528 nm for BT 1, BT 2, and BT 3, respectively
with acommon excitation at 356 nm (Figure 3.14).
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Figure 3.14 Normalized fluorescence emission spectra in solution and powder state and a picture of
BT4, BT, and BTs molecules in solutions (DCM) and thin films under UV lamp irradiation at 254

nm.

The gradual and larger Stokes shift recorded from BT1 to BT3s might be correlated to
conformational differences between ground (aromatic) and excited (quinoid) states.

Unlike the absorption profile, this trend was maintained in the solid state (Table 3.3).
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Table 3.3 Emission data gathered from DCM solutions and powder materials.

Solution Powder
Solution Powder

. mex
Molecule = g, hemi QY (%) = QY (%)
(nm) (nm)
BT, 483 | 492-513 24 =
BT, 519 530 21 12
BT, 528 535 25 13

Regarding their emission quantum yields recorded using an integrated sphere, all molecule
show similar/close QY in both solution and solid state (powder) with nonetheless a slight
decrease once aggregated. However, while the deformation/twisting of the backbone, induced
by the hexyl chains, limits the n-n stacking, it, on the other hand, prevents strong aggregation

caused guenching (ACQ) phenomenon usually observed with such =-platforms.

3.2.3 Evaluation aslight-emitting materialsin OLEDs

As alogica follow-up, the evaluation of the three above-synthesized molecules as potentia
emitters was subsequently carried out in collaboration with the group of Gregory Welch
(University of Calgary). Demonstration and first round of optimization were performed with
BT 1 since sent in much more quantities dueto its synthetical accessibility (obtained in only one
step). Hence, the first device prepared from BTi1 was of architecture
ITO/PEDOT:PSS/PVK/BT1/PFN/Ag (Figure 3.15). In which PFN, (Poly [(9,9bis(3-(N,N
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)]), isused asan ETL.
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Figure 3.15 Architecture and energetic diagram of the first OLED device tested.

While a cyan emission was monitored, the poor (non-homogenous) quality of the EML (poly(9-
vinylcarbazole) PVK then BT 1 made the characterization of these devices almost impossible.
Consequently, it was considered, as the first optimization, to blend the emitter (BT 1) with the
poly(9,9-di-n-octylfluorenyl-2,7-diyl), aso known as PFO, and used as a host materia to
improve film-forming ability and charge transport within the active layer. Interestingly the
impact of the latter was also evaluated, in parallel, through the preparation of an EML solely
constituted of BT1 directly deposited on PEDOT-PSS. Much more stable, compared to the
PVK-based OLEDSs, characteristics graphs of these operating devices are plotted in Figure 3.16
and their corresponding data, gathered in Table 3.4.
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Figure 3.16 Current density, luminance, current efficiency, and normalized el ectroluminescence
intensity spectra of BT, and PFO:BT1 OLED devices.

The incorporation of PFO in a 19:1 ratio (PFO:BT1) was found to significantly increase the
luminance, current, and power efficiency of the devices. However, that goes along with ahigher
turn-on voltage since a difference of ca 3.5 V was recorded with the PFO-free device. On the
other hand, this comparative study revealed that BT 1 can directly be used asthe EML, by itself,
which considerably simplifies the structure and fabrication of the device.
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Table 3.4 Performances of OLEDs incorporating BT and PFO: BT as emitters. (Average from over 5

devices each).

Turn-on Max. luminance

Emitter Max. CE (cd/A) Max. PE (Im/W)
voltage (V) (cd/m?)
PFO:BT1 7.5 302.3 0.63 0.18
BT1 4.0 89.42 0.11 0.07

With the aim of simplicity and potentially ultra low-cost, it was decided to evaluate the series
in such conditions, i.e. in solution-processed devices of  architecture:
ITO/PEDOT:PSS/BT x/PFN/Ag (Figure 3.17). %
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o — Ag
e By
LY 7

Figure 3.17 Architecture and energetic diagram of OLED devices.

All the characteristic values of these single-component EML OLEDs are gathered in Table 3.5
and the associated graph plotted in Figure 3.18.
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Figure 3.18 Current density, luminance, current efficiency, and normalized electroluminescence
intensity spectra of BTy, BT>, and BT3 OLED devices. (Substrate size: 15x15 mnv; Active area: 2x7
mn? = 14 mn)

First devices prepared from BT 1 exhibit the lowest turn-on voltage (Vo= 4V vs5V for both
BT2 and BT 3) which can be correlated to the relatively lower energy barrier for hole injection
from the PEDOT:PSS layer. Then, the highest luminance and current density were also reached
with BT 1 based devices which might be due to higher hole mobility (transport) as compared
with devices embedding either BT2 or BT s.
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Table 3.5 Performances of OLEDs incorporating BT1, BT, and BT3 as emitters. (Average

from over 5 devices each).

BT, 40+ 05 178.3+ 19.2 0.09+ 0.03 0.053+ 0.03
BT, 50+ 0.5 85.4+5.8 0.12+0.01 0.050+ 0.01
50+ 0.5 63.9+ 7.0 0.10+ 0.05 0.043+ 0.05

Regarding the CE and PE, vaues within the same range were obtained for all compounds.
Finally, while BT 1 based devices were characterized by a blue-cyan emission (maximum at 525
nm) corresponding to CIE coordinates located at (X, y) = (0.23, 0.42), the colour emitted by
both BT2 and BT 3 appeared greener, in consistency with the electroluminescent properties

discussed above (maximum at 550 nm, see Figure 3.19).

{x, y)0.23, 0.42) 5 I, ¥)0.24, 0.51) {x, ¥)(0.34, 0.50)

Figure 3.19 CIE coordinates of BT1, BT2, and BTs OLED devices.
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Evenif these devices show modest efficiencies compared to the state-of-the-art high performing
ones,?’?8 3% gimple operating single layer-based OLEDs were demonstrated with synthetically
accessible emitters. Consequently, attemptsto print large surfaces by slot-die coating technique
were naturally and subsequently considered. Compatibility with roll-to-roll techniques used to
process organic and inorganic layers is indeed an important parameter for the potential large-
scale development and dissemination of ultra low-cost devices. In this context, a FOM Nano
Roll Coater (slot-die head with 13 mm shim width) was used to print the PEDOT:PSSinterlayer,
the EML, and the PFN onto a I TO pre coated flexible substrate (see Figure 3.20).

Figure 3.20 Flexible device architecture prepared from BT 1 as emitting layer.

Solubility and pre-printing tests were first carried out in different non-halogenated and green
solvents (compatible with industrial processes) revealing that only BT 1 can achieve sufficient
film qualities (but still not ideal) and thus be used in this very next step. As aresult, flexible
devicesof large areawith an EML processed from o-xylene were successfully prepared (Figure
3.21).
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Figure 3.21 Current density (dashed line) and Luminance (solid line) vs voltage curves of flexible
BT1-based OLEDs (left) and related pictures (right).

Although uniform emission was demonstrated, modest performances were achieved compared
to the above reported and conventional chloroform processed devices (Table 3.6).

Table 3.6 Summary of the device performance of dlot-die coating OLED based on BT films.

Turn-on Max. luminance
Max. CE (cd/A) Max. PE (Im/W)

voltage (V) (cd /mz)

BT, 50+ 05 4.8 0.00214 0.00122

The main reason might be rooted to the need of pre-heating the solution in o-xylene prior to
deposition, resulting in poor films quality upon cooling with apparition of aggregates in the
layer that in turn cause high current leakage points. Consequently, screening of other and more
compatible processing solvents might lead to significant improvement in both efficiency and
stability.
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3.2.4 Conclusion

A series of simple and accessible oligothiophene based molecules, end-capped with TPA-BP
moieties, was successfully synthesized using the step-saving direct-arylation reaction.
Characterized by promising optoelectronic properties the latter were embedded as emittersin
single layer OLED devices. Structure-property relationship rationalization revealed that
increasing the length of the bi-thiophene based connector has a minor effect due to the
deformation of the backbone induced by the steric hindrance generated by the aliphatic chains.
Moreover, best efficiencies and film forming capabilities were achieved with BT 1, the less
synthetically demanding derivative since prepared in only one step. Transposed from
conventional lab scale processed with halogenated solvent, operating printed large area
demonstrator were even fabricated from industry friendly o-xylene solutions. Even if
optimizations are nonethel ess still required, these promising results open doorsto ultralow-cost
large area and light weight devices where efficiency and stability are no longer discriminating

factors.
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3.3 Replacement of the oligothiophene central cores by the

BTI dye: towardsred emitters

3.3.1 Context and Molecular Design

The main advantage of organic compounds is, from a chemist's point of view, the amazing
versatility in tuning the optoel ectronic properties through synthetic modifications. Red, the one
of the three primary colors, is essential for white-light lighting and full-color displays.*¢*" In
addition to their significant applicability in optoelectronic devices, red emitters are aso
attractive fluorometric probes in the biological field due to their strong tissue penetration
capacity, and low photo-damage to bio-substrates.*®*° Hence, since the strategy aiming at
increasing the length of the oligothiophenein the BT derivatives did not induce a sufficient red

shift of the emission, the latter were subsequently and “simply” replaced by a dye.

Flagship of our group, the benzothioxanthene imide (BT1) molecule (see structure in Figure
3.22) was naturally selected for itsi) synthetic accessibility (initially prepared at tone scale for
textile industry), ii) ease of functionalization (pioneered by our group)®®’ and iii) optical
properties (Aen™ = 502 nm with 99% solution QY).»®

Figure 3.22 Chemical structuresof BTI (with pictures of solutionsin DCM and powders) and BTI -
BTI.

Last but not least, our group recently demonstrated the potential of this dye as an emitter in
light-emitting devices with the preparation and evaluation of the BTI-BTI dimer whose
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structureisillustrated in Figure 3.22). Prepared by copper-catal yzed Ullmann reaction from the
brominated BTI, the large dihedral angle between the two rylenes (ca 76°) was found to
significantly improve the solubility and thus film forming capabilities but limits the -

conjugation resulting in minor bathochromic shifts compared to the BT itself.>®

In this context, by cross-tabulating our experience in functionalizing this dye with the results
gathered from the BT series, two new potential red emitters were considered, namely BT -
TPAz2and BTI-TPA3 (Figure 3.23).

Figure 3.23 Sructures of the target molecules BTI-TPA; and BTI-TPAs.

3.3.2 Synthesisand Characterization

Recently, our group reported an updated and modernized synthetic procedure to afford BTI
molecule in large quantities and in a minimum of time.®® That was successfully transposed to
the preparation of BT 1-N-Br. Hence, the two steps successive “ one-pot-like” reactions between
the brominated naphthalene imide derivative and either the 2-aminobenzenethiol or the 2-

amino-5-bromobenzenthiol were carried out in 2-ethoxyethanol. (Scheme 3.3).
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Scheme 3.3 Schematic representation of the formation and bromination of BTl molecules.

Starting with a nucleophilic aromatic substitution (SnAr), isoamyl nitrite was directly added to
the media resulting in a Pschorr cyclization and preparation of the target dyes. Isolated for the
first time (and not yet reported in the literature), the structure of BTI-N-Br was, in parallel,
confirmed by X-ray diffraction carried out on single crystals successfully grown by slow

evaporation technique (see structure in Figure 3.24).

Figure 3.24 X-ray planar structure of BTI-N-Br.
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Then, the double bromination of the naphthyl moiety was carried out by reacting the dyes with
20 eq of Br2 at reflux in dichloromethane. Assigned NMR spectra of the target BTI1-Br 2, and
BTI-Br3s aredepicted in Figure 3.25 and compared to those of their early intermediates, namely

the BT1 and BTI-N-Br, to confirm the substitution and position of the bromine atoms.
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Figure 3.25 300 MHz NMR spectra of BTI, BTI-N-Br, BTI-Brz, and BTI-Brs in CDCl 3 with signals

attributions.
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Finaly, BTI-Br2 and BTI-Brs were engaged in Suzuki coupling reactions with the
commercialy available N-([1,1'-biphenyl]-4-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)-[ 1,1'-biphenyl]-4-amine (Scheme 3.4).

= o050

Ad
G “B* BTI-TPA,
BTI-Br, Pd(dppf)Cl2
N cho3

T omRho AN

O

BTI-TPA,

Scheme 3.4 Suzuki couplings for the formation of the two target compounds.

Obtained in 70% and 35% yields, respectively, identity and the purity of the two final
compounds, namely BTI-TPA2 and BTI-TPAs3, were confirmed by nuclear magnetic
resonance spectroscopy (NMR) and mass spectrometry (MS and HRMS) before investigating

their optoel ectronic properties.
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3.3.3 Optoelectronic properties

Exhibiting good solubility in common organic solvents despite minimal aliphatic side chains,
the optical properties of both molecules were first studied by UV-vis spectroscopy in
chloroform solutions (see Figure 3.26 and Table 3.7).
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Figure 3.26 Absorption and emission spectra of BTI-TPA: (in blue) and BTI-TPA3z (in pink) in
solution (solid lines) and thin films (dashed lines).

Their absorbance spectra show awell-defined band in the UV region at 339 nm for BTI-TPA2
and 335 nm for BT1-TPA3 attributed to the arylamine groups and a large absorbance band in
the visible range (from 400 to 550 nm approximatively) with maxima at 440 nm and 515 nm
for BTI-TPA2 and BTI-TPAz3, respectively. Hence, functionalization of the lower phenyl ring
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of the BTI with atriphenylamine results in increasing the charge transfer character of the band

and thus in a non-negligible bathochromic shift of ca75 nm.

In solid state optical signals dightly broaden and red shift, a typical signature of
n—m interactions. However, the latter are clearly limited, according to the modest amplitude of
these shift (of ca 6nm), thus reflecting the impact of sterical hindrance generated by the bulky
propeller-shaped arylamine on the self-assembly properties.

Table 3.7 Absorption and emission data gathered from solutions, thin films, and powder materials.

max
max max N max
A

b A
Mabs € Maps opt “emi eml

| | Eg HOMO _ Solution | Powder
Molecule | siution (M'l Cm'l) thin film o &) solution | thin film QY (%) | QY (%)
(nm) (nm) (nm) (nm)
BTI- | 339 | 96500 & 340

221 | 561 667 | 620 30 28
TPA, 440 | 15500 | 446

BTI- 335 | 139000 | 344
213 | -577 | 647 | 630 31 30
TPA, 515 | 20500 | 523

Regarding their emission properties, significant Stokes shifts were recorded of ca 227 and 132
nm for BTI-TPA2 and BTI-TPA3 respectively. Interestingly emission band of the di-
functionalized molecule appeared more shifted towards the longer wavelengths than that of its
tris- TPA based counterpart (of ca 20 nm), afeature that might be correlated to a higher degree
of deformation from ground to excited state. More interestingly these maxima appear blue-
shifted in thin films compared to solutions, with a less important Stokes shift in the solid state
suggesting that the aggregation of the molecules induces less conformational changes.
Consequently, quantum yields estimated in solution (ca 30%) are preserved in the solid state,
highlighting the effectiveness of this hindrance to avoid aggregation caused quenching (ACQ)

phenomena.51-2
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Finally, from the optical band gap determined from the absorption onsets and PESA

measurements performed on the | atter, frontier orbital energy levels were estimated and plotted

in the diagram illustrated in Figure 3.27.

= BTI-TPA, 5
i 1Al 4 ‘ -
" a
(%]
[=IT
w -
o |
— #1
3 | y
= o)
5.1 :
A A
E |
o X4 5
'] L
1 Sog@agadwena?
e C i . ; = .
45 §n EE Ea B
E eVl
. -3.40 8V
. o Sy A
R | .
S e, e
I ! ]
'\. _I & k
= |
5.61 a\f

" w BTLTRA ¥

L | [ ]

Erviisnicn ¥ held [cpa0.853)

i} 85 E E
E =]
X5
3.64 eV - s e-
i [
P g ol 1 e O el
by A kg . g |
i i i 1
a4 k [ L}
— e r o
- - ERTRA
i~ :"L'\. [:.I-I I_d_lq.!-l
— ¥ = "
":.r-'l'lu-‘:r [I; -
o ]

Figure 3.27 Photoel ectron spectroscopy in air (PESA) analysis of BTI-TPA, and BTI-TPA3 in thin

films.

It appears that the HOMO and LUMO levels are both stabilized after the addition of the third
TPA on the BTI core. In general, the addition of a donor moiety should destabilize the HOMO
level of a molecule, however in this example, the steric hindrance induced by the third TPA
leads probably to a weaker conjugation between the two other TPAs and the BTI central core,

thus limiting their donor effect.
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3.3.4 Evaluation aslight-emitting materialsin OLEDs

With great solubility in toluene and film-forming capabilities from this solvent, our collaborator
(Gregory Welch, University of Calgary) has directly decided to evaluate the potential of these
two compounds in printed devices. Hence, solvent-resistance tests were first performed to find
proper orthogonal conditions to sequentially process all successive layers. Avoiding the
degradation and/or intermixing of functional layers in multilayer devices is indeed critical to
achieving homogeneous deposition and therefore high performance and stability in all solution-
processed and fully printed/coated OLEDs.

To do so, very thin films were processed by slot-die coating from toluene solutions at only 5
mg mL ! onto glass substrates and “washed” with different solvent used for the deposition of
the top electron transporting layer (PFN). Comparison of the absorption spectrarecorded before
and after this step, plotted in Figure 3.28, revealed that while EtOAc causes atotal dissolution
of the films, a good solvent resistance to MeOH was monitored for both compounds. On the
other hand, it is noteworthy that unlike BTI-TPA2, BTI-TPA3 aso showed promising results
toward heptane.
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Figure 3.28 Solvent resistance of thin-films of BTI-TPA, and BTI-TPA; studied by UV-vis

spectroscopy.

Hence, to standardize the fabrication, MeOH was thus selected for the deposition of the PFN
layer. Asfor the previously discussed BT series, the PFO polymer was used as host in the EML
in order to improve the overall device performances and also the film forming properties to

achieve large-area uniform slot-die coated films (Figure 3.29).%
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Figure 3.29 Architecture and pictures of the flexible OLED devices.

Prepared in higher quantities, BT1-TPA2 and two different ratios of host:guest (PFO:BTI-
TPA2) were used to fabricate and evaluate first devices. Except for the silver back electrode
that was thermally evaporated, all layers, namely the PEDOT:PSS, PFO:BTI-TPA2 blend
(EML), and PFN were sequentially slot-die coated from water, toluene, and methanol solutions,
respectively.

Remarkably, and in contrast with the BT based series, highly homogenous films were prepared
leading to a uniform emission of the devices which directly reflects their performances (Table

3.8 and Figure 3.30).
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Table 3.8 Summary of the devices performances of dot-die coated OLEDs based on PFO:BTI-TPA,
(2:18) and (18:2).

Turn-on Max. luminance Max. CE

Emitter ; Max. PE (Im/W)
voltage (V) (cd/m’) (cd/A)
PFO:BTI-TPA,
6.0+ 05 23652 0.036 = 0.02 0.011 + 0.02
(2:18)
PFO:BTI-TPA,
75+ 05 146.3+5.8 0.235+ 0.001 0.064 + 0.001
(18:2)

The significant differences recorded between these demonstrators clearly highlight the key role
of the host and the importance of controlling its ratio in the EML. Devices made with larger
amount of PFO than that of emitter (18 to 2) indeed simply outperform, at al levels, those
prepared with the opposite ratio (PFO:BTI-TPA, = 2:18).
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Figure 3.30 Characteristics of OLEDs based on PFO:BTI-TPA, with a 2:18 (blue line) and 18:2

ratio (black line).

With a higher turn on voltage, the devices based on PFO:BTI-TPA > (18:2) indeed show higher
luminance and improved CE and PE. However, the only “limitation”, if low energy wavelength
are precisely targeted is that high concentration of PFO induces a slight hypsochromic shift of
the emission (of ca 25 nm) which is clearly noticeable from the CIE diagrams (Figure 3.31).
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PFO:BTI{TPA), (2:18)
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Figure 3.31 CIE coordinates of OLEDs based on PFO:BTI-TPA, with a 2:18 or 18:2 ratio.

Further optimizations and, above all, evauation of BTI-TPA; currently undertaken in parallel
of the writing of this thesis manuscript, is thus highly expected to assess and rationalize the

impact of the third arylamine group on the processing and device performances.

3.3.5 Conclusion

To summarize, we have demonstrated through the preparation of atris-functionalized BTI the
selective bromination of the lower benzene ring which was, to date unreported. In addition to
this synthetic achievement, and based on the expertise of the group, two new BTI derivatives
functionalized by either two or three extended triphenylamine were successfully prepared and
characterized. This strategy was demonstrated to be efficient in preventing ACQ phenomenon
but also for the film forming properties once blended with the PFO polymer. As a result,
promising flexible and large area printed OLEDs with orange emission have aready been
demonstrated with BTI-TPA2 From these preliminary yet highly promising results, it is
undeniable that other will follow.
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3.4 Upcycling of the I soviolanthrone Vat Dye

3.4.1 Context and Molecular Design

In recent years, our group has devoted considerable research attention to the highly promising
BTI. Initially prepared for textile industry, we pioneered i) the functionalization of its =n-
conjugated core and ii) the demonstration of its use in OPV, OLEDs, OFET and even for
photodynamic therapy.>2>3 575983 |n other word, we “upcycled” this dye.

However, BTI is aso only one “exotic” dye amongst so many others. For instance, amazing
overlooked structures can be found in vat dyes catalogues, that are, once again produced in
enormous quantities for textile coloring, ie, available in large quantities and thus potential new
candidate for upcycling. Moreover, the latter are also disastrous for the environment since
mostly discarded without post-treatment as waste water (more than 200,000 tons per year).5+6°
Consequently, strategies to recycle and/or purify these dye-contaminated water wastes should
be a priority focus of research devel opment.®’

Moreover, from a chemical point of view, these platforms usually possess highly conjugated
sp? carbon networks, resulting in interesting optical properties and thus making them appealing
building blocks for potential low-cost organic based electronics. Other noteworthy benefits
include their high environmental, thermal, and chemica stability, the ability to undergo
chemical transformations to change their properties due to the presence of functional groups
like ketones, halogens, and amines, and their extremely low cost when purchased due to the
few, inexpensive synthetic steps required to prepare them.®

In this context, couple of vat dyes have already been functionalized and embedded in organic
field-effect transistors (OFET s), light-emitting devices (OL EDs), wearabl e electronics, and for
battery applications.®®’® Major names and associated structures of such early reported upcycled

vat dyes are depicted in Figure 3.32.
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Figure 3.32 Chemical structures, names, and colors of some vat dyes used in organic electronics.

In this context, and in parallel to the substantial work carried out on the BT, the potential of a
nine-ring aromatic diketone compound was explored within the frame of thisthesis, namely the
Isoviolanthrone also known as vat violet 10. Through chemical engineering, it is expected to

improve the solubility of this naturally insoluble dye to rationalize its properties and finally use

it in asuitable application (Figure 3.33).

‘P: ﬂ-ﬂih'ﬂ-ﬂlﬂﬂ af Ineraaded mublﬂl‘lf
reduced carbonyls

Figure 3.33 Sructure of the I soviolanthrone vat dye and potential target O-alkylated “ soluble”

compounds.
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3.4.2 Synthesis

During the dyeing process, insoluble vat dyes are usualy treated by reducing agents such as
sodium dithionite (Na2S204) thus allowing the dye to become water-soluble. Once soaked in
these “leuco” dye solutions, textiles are exposed to air in order to re-oxidize the dyes into their
neutral and therefore insoluble form. With a modest “dyeing” yield, these “leuco” baths are
usually reused and then directly discarded as wastewater. Considering that most of the textile-
producing countries do not have strict regulations on water treatment, vat dyes are thus

considered as major pollutants.

Consequently, we have decided to use the “leuco” form of the Isoviolanthrone as a precursor
for further functionalization. Hence the commercially available dye was first reduced in the

presence of sodium dithionite in basic conditions (Scheme 3.5).

1. Na,S,0,4, NaOH

Water, Ar
60°C, 1 h
2 CioH21
. CgHy7 Br
Isoviolanthrone /E DBP
Violet 10 Toluene, Ajj 336
(Vat ) Aliquat CoHa” “CeHys
110°C, 24 h

Scheme 3.5 One-pot reaction for the preparation of the DBP molecule.

Then, through a one-pot sequentia procedure, 9-(bromomethyl)nonadecane was added to the
mixture with toluene and Aliquat 336, a quaternary ammonium salt, used as the phase transfer

catalyst to form an alkylated derivative of 1soviolanthrone.

The 9,18-dialkoxylated 1.2,8.9-dibenzoperopyrene (DBP) was isolated with 35% yield and
characterized by nuclear magnetic resonance spectroscopy (*H and **C) and mass spectrometry
(MS and HRMYS). Soluble in common organic solvent owing to the successful double O-

alkylation, its optoel ectronic properties were subsequently investigated.
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3.4.3 Optoelectronic properties

3.4.3.1 Electrochemical properties

Starting with the cyclic voltammetry, measurements were carried out in THF solutions using
tetrabutylammonium perchlorate as the electrolyte (0.1 M), glassy carbon as the working
electrode, platinum as the counter electrode, Ag/AgCI as the reference electrode, at a scan rate
of 100 mV/s (Figure 3.34).

Currend dud]

I T
Cl ] 1§ 1.0 a5 an 0k 18

Prelanlisl v AAg Gl

Figure 3.34 Cyclic voltammogram of DBP (1 mM) in degassed THF solution containing 0.1 M of

tetrabutylammonium perchlorate with a scan rate of 100 mv/s.

It turned out that a quasi-reversible wave in both anodic and cathodic regions peaking at Eox =
+0.80 V and Eregd = -1.49 V respectively were monitored, highlighting “dual redox” properties.

Moreover, from the onset potential of these redox processes, frontier orbital energy levelswere
estimated at -5.45 eV and -3.47 eV for the HOMO and the LUMO energy levels, respectively
(Table 3.9).
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Table 3.9 Electrochemical data of DBP.

Molecule Eox (V) Erea (V) Eiomo (8V) E umo (8Y)

DBP 0.80 -1.49 -5.45 -3.47

3.4.3.2 Optical properties

Even with limited solubilities, the optical properties of both the commercial Isoviolanthrone vat
dye and its alkylated derivative DBP were investigated and compared (Figure 3.35).
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Figure 3.35 Normalized absor ption and emission spectra of DBP and Isoviolanthrone in CHCl 5.

Highly structured, spectra of the DBP appears significantly blue-shifted compared to the
ketone-based starting material. While the latter indeed exhibits two prominent and well-defined
absorption bands in the visible range at 543 and 588 nm, those of DBP were monitored around
500 and 534 nm. Attributed to the allowed n—n* transitions, these absorption bands were also
characterized by impressive extinction coefficients of 120000 and 62000 Mt-cm, respectively.

From the emission point of view, DBP shows asignificant greenish-yellow emission associated
with emission maxima at 548 and 583 nm together with a photoluminescent quantum yield
(PLQY) in solution of ca. 80% (Table 3.10).
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Table 3.10 Optical data of DBP and Isoviolanthrone.

;\’abs max ;\‘em max
Molecule solution  g(M7cem™)  solution | HOMO (eV)

(nm) (nm)
500 62000 548

DBP -5.26
534 120000 583
543 602

| soviolanthrone - -5.70
588 653

While the modest solubility of its parent compound limited its characterization in solution,
PESA measurements were carried out on powders to determine their respective HOMO levels

(Figure 3.36).
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Figure 3.36 PESA spectra recorded on DBP (red) and I soviolanthrone (gray) powders (left) and
optimized geometries and computed energy diagram for Isoviolanthrone (gray) and DBP (red) (right).
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As a result, the O-alkylation was found to significantly destabilize the HOMO and LUMO
levelssincelying at -5.26 eV vs-5.70 eV for the Isoviolanthrone. This feature, investigated by
guantum chemical simulations, was correlated to i) abetter conjugation along the w-conjugated
backbone (improved delocalization of both frontier energy levels beyond the central pyrene
core) (see diagram in Figure 3.36) and ii) the replacement of electron-withdrawing ketones

(inductive and resonance effects) by mesomeric alkoxy donor groups.

3.4.4 Evaluation aslight-emitting materialsin LECs

With such high QY, integration in thin film-based light-emitting devices was subsequently
targeted to demonstrate the upcycling potential of DBP. In coherence with the synthetic
accessibility of the dye and also its dual redox behavior, light-emitting electrochemical cells

(LECs) were considered herein for their simplicity and ease of fabrication.”

Prepared in collaboration with the group of Eunkyoung Kim at Y onsel University, active layers
consisting of DBP, 4'-bis(N-carbazolyl)-1,1"-biphenyl (CBP), and tetrahexylammonium
benzoate (THAB) ionic liquid, used as guest (emitter), host, and supporting electrolyte,
respectively, were processed on PEDOT-PSS pre-coated indium tin oxide (ITO) substrates
before being covered by athermally evaporated aluminum back electrode.

First attempts were carried out with 18 weight percentage of DBP. While operating devices
were demonstrated with promising turn-on voltages of ca 6.1 V under direct current-voltage-
luminance (1VVL) mode (increase of 0.1V per second), avery low luminescence was nonethel ess
recorded (ca 1.2 cd.m? @ 561 nm). Even if functionalized by long and bulky alkyl chains, these
modest emission values might have originated from the aggregation-caused quenching (ACQ)
effect induced by the large n-conjugated scaffold of DBP.
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Figure 3.37 Luminescence (a), current efficiency (b), current density (c), and electroluminescence (d)
of the DBP/CBP devices at different concentrations of DBP (18, 10.1, and 2.0 wt %);
photol uminescence intensity (f) and absorption (€) of the best performing LEC (2.0 wt %).
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Consequently, the guest weight percentage was therefore reduced to limit this ACQ effect to
10.1 and then 2 weight % resulting in asignificant increase of luminescence from 9.1 cd.m to
55.9 cd.m? respectively (Figure 3.37) along with a shift of the DBP characteristic EL peak from
559 nm (10.1 wt %) to 555 nm (2.0 wt %, Figure 3.37 d). While PL experiments performed on
the best operating device revealed a strong and major contribution at 406 nm attributed to the
CBP, the EL spectra showed intense luminescence of the DBP, thus emphasizing a good
transfer from the host to the guest under EL conditions.

Finally, to improve the device performance, the driving method was changed from 1VL mode

to pulsed current-voltage mode (Table 3.11, Figure 3.38 a).”>"/
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Figure 3.38 a) The luminescence (square) and voltage (solid line) changes with increasing current
density under different driving conditions of 1VL (black) and pulse current mode (red) (b). EL spectra
for pulse current-driven DBP/CBP LEC devices.

As expected, both the turn-on and peak voltage were reduced (Table 3.11) while the
luminescence was significantly increased (+36%) with maximum intensity reached at 557 nm

(Figure 3.38 b).
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Table 3.11 Comparison of the best device performances recorded under 1LV and pulse current mode

Turn-on voltage above 1Cd m2. PVoltage at peak |uminescence.

Turn-on Peak Peak Current Current
Driving Voltage? L uminescence Voltage®  Efficiency Density
current
(V) (Cd m?) (V) (CdAY)  (mAcm?
IVL 7.3 55.9 9.8 0.0027 175.2
Pulse 51 76.1 6.4 0.11 65.6

Almost negligible, the ca 2-nm redshift of the maximum EL peak recorded under pulsed
conditions (vs. 555 nm for direct VL) yet ill has a noticeable effect on the respective
Commission Internationale de I’ Eclairage (CIE) coordinates (Figure 3.39).

X

Figure 3.39 CIE chromaticity diagram of the DBP LEC device under 1VL and pulse current mode.

Choice of driving conditions hence appears to be a method of choice to fine-tune the emitting
and thus perceived color of the device.
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3.4.5 Conclusion

Initially synthesized for textile coloring, we report through thislast part of this chapter a
successful example of upcycling of another overlooked dye. Through a one-pot sequential
functionalization, soluble version of the vat violet 10 was indeed successfully embedded in
light-emitting electrochemical cells. Hence, considering i) the simplicity of thisreaction to
provide processable active material, ii) the large amount of wastewater still full of reactive
anionic precursors generated and discarded by the textile industry, iii) the successful
fabrication/demonstration of low-cost operating devices, and iv) the tremendous variety of
ton-scale-produced and commercialy available vat dyes, this exploratory and preliminary
contribution highlights the huge potential of upcycling these building blocks for both value-
added applications and environmental purposes. Even if conversion yields are somehow
moderate, as well as device performancesin terms of pure efficiencies, we demonstrate that
dye-contaminated wastewater can still be valorized with aminor effort. In the current context
of ecological transition, it isindeed vital to develop simple research guidelines aiming at
transposing our recycling/upcycling household routines to laboratories, and above all,

industries.
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GENERAL CONCLUSIONS

Over the last three years, this PhD was mainly devoted to the development of more efficient
and sustainable synthetic routes to provide new and accessible n-conjugated materials for
organic electronics applications. Beyond performances, the main criteria sought by most
research groups, accessibility and cost-effectiveness should be of major concernsto truly bridge
the gap between academia and industry. Hence, as a contribution from a chemistry point of
view to achieve a greener and more sustainable future for the electronics industry, the
development of synthetic methods that consume fewer resources, produce less waste, and have
a smaller environmental impact indeed appears crucial. It is therefore in this context that this

PhD thesis was carried out.

Following a general introduction on organic electronics to set the scene, scope, and limitations
in the field, the second chapter describes the preparation of active compounds, by the direct
(hetero)arylation reaction for solar cell applications. Separated into two parts, two different
triphenylamine-based push-pull molecules werefirst introduced and used as donor materialsfor
OSCs. Prepared via an optimized “one-pot” procedure (without modification of the catalytic
system nor purification of intermediates), the latter were then successfully embedded in
solution-processed bulk-heterojunction OSCs. Beyond the demonstration, investigation of their
structural properties rationalized the better efficiencies achieved with the biphenyl derivative
M D-Ph (compared to its methoxy counterpart M D-OM e) due to a higher open-circuit voltage

(energetics) and better charge transport properties (design principle).

Then, in a second sub-chapter, the use of the direct arylation reaction was demonstrated to
prepare simple but efficient hole-transporting materials (HTMs) for Perovskite-based solar
cells. Hence, three tris(4-methoxyphenyl)amine end-capped molecules with different
thiophene-based central cores were successfully synthesized through step-saving routes. Tested
in n-i-p type PSCs highly promising power conversion efficiencies, ranging from 18 to 20%,
were achieved, almost competing with those of the reference Spiro-OMeTAD. Moreover, it
turned out that mixing 5 mol% of the synthesized HTMs with the latter Spiro-OMeTAD,
resulted in i) an increase of the efficiencies of the photovoltaic devices, ii) a reduction of the
dopants concentration, iii) improved intermolecular hole transport, and iv) stabilized PCEs over
time. As a result, a high PCE of 24.5% retained over 90% after 1200 hours under constant
illumination and without encapsulation was achieved with one of the synthesized compounds.
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GENERAL CONCLUSIONS

Alongside organic/hybrid photovoltaics, organic light-emitting devices are also great
contributors, if not THE contributors, to the development and success of organic electronics.
Therefore, chapter 3 was dedicated to the development of simple and accessible

photoluminescent materials and evaluation in light-emitting devices.

Starting with thiophene-based mol ecul es end-capped with triarylamine moieties, three emissive
compounds with different n-conjugated central cores were prepared, once again, by direct
arylation coupling reactions. Through their optoel ectronic characterization, the twisting of the
backbone, induced by the hexyl chains in the 3,3' positions of the thiophene rings, was
confirmed to prevent the ACQ phenomenon but on the other hand, limit the intramolecular =-
electronic delocalization through the backbone. Embedded as emitters in single-layer OLED
devices, the best efficiencies and film-forming capabilities were achieved with the shorter and
less synthetically demanding derivative. Indeed prepared in one step from commercia and
affordable starting materials, the latter was finally used for the preparation of operating printed
flexible large-area blue emitting demonstrators processed from industry-friendly o-xylene

solutions.

Then, to shift the emissions toward higher wavelengths, the bithiophene central core was
replaced by the BTI dye. Hence, two molecules, bearing two or three extended arylamine
groups, were successfully synthesized and characterized highlighting promising optoelectronic
properties. Embedded in flexible and large-area printed OLEDs, BTI-TPA2 has aready

demonstrated promising orange emission.

Finally, inthelast part of chapter 3, the upcycling of avat dye, namely the Isoviolanthrone, was
investigated. Through aone-pot sequential functionalization, asoluble version wasisolated and
successfully embedded in light-emitting electrochemical cells. Even though conversion yields
and device efficiencies were somehow moderate, this study demonstrated, with minor synthetic
efforts, that wastewater from the textile industry, ie containing unreacted dyes, can still be
valorized for both value-added applications and environmental purposes.

Conseguently, the work performed during this PhD thesis demonstrates that great results and
perspectives can be achieved with well-designed, accessible, and even simple molecules. As
guoted by Da Vinci, “Smplicity is the ultimate sophistication” .
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EXPERIMENTAL SECTION

1. General methods

All reagents and solvents were purchased from commercia 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, 230400 mesh particle size). Flexible plates
ALUGRAM® XtraSIL G UV 254 from MACHEREY -NAGEL wereused for TLC. Compounds
were detected by UV irradiation (Bioblock Scientific) unless stated otherwise. *H and 3C NMR
were recorded on a Bruker AVANCE 111 300 (*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 IMS-700 B/E.

UV-visible absorption spectra were recorded with a Shimadzu UV-1800 spectrometer.
Emission spectra were recorded with a Shimadzu RF-6000 or a Jasco FP-8500. Luminescence
guantum yields were measured in diluted solutions with an absorbance lower than 0.1 or in
powder state using an ILF-835 100 mm Integrating Sphere from Jasco. 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 aplatinum electrode. The auxiliary was aplatinum wire and the pseudo-reference
electrode was a silver wire calibrated with the ferrocene potential. The supporting electrolyte
was 0.1 M BusNPFe (tetrabutylammonium hexafluorophosphate) in dichloromethane (DCM)
and solutions were purged with argon prior to each experiment. 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 Keki PESA
spectrometer (Model AC-2). Thermogravimetric analyses (TGA) were performed with TA
Instruments Q500 under nitrogen at a heating rate of 5°C/min.

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
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CrysAlisPro program (CrysAlisPro, Agilent Technologies, V 1.171.40.45a, 2019). The H atoms

were included in the cal cul ation without refinement.

General procedure for purification with recycling preparative size exclusion HPLC:

Crude compounds were solubilized in HPLC grade chloroform (stabilized with ethanol,
5mL). 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 Japan Analytical Industry Co., Ltd. (JAI) equipped with coupled UV-vis 4Ch NEXT
and RI-700 11 detectors at room temperature through aset of two JAIGEL-2H and 2.5H columns

at an elution rate of 10 mL.min™.

186



EXPERIMENTAL SECTION

2. Synthetic procedures

The following molecules were described and published in * Synthesis of push—pull triarylamine
dyes containing 5,6-difluoro-2,1,3-benzothiadiazole units by direct arylation and their
evaluation as active material for organic photovoltaics. Materials Advances 2021, 2 (22), 7456-
7462 with the corresponding supporting information.

MeQ < 4-M ethoxy-N-(4-methoxyphenyl)-N-(4-(5,6-
Q "t difluorobenzo[c][1,2,5]thiadiazol-4-yl) phenyl)aniline (2): General
@ Q F ) procedure: To an oven-dried round bottom flask or microwave tube

Med containing a stirring bar, difluorobenzothiadiazole (DFBT) (100 mg,

0.58 mmol) and 4-bromo-4',4"-dimethoxytriphenylamine (1 or 0.5 eqg.), the palladium source

(0.058 mmoal), the ligand (0.12 mmol), pivaic acid (59 mg, 0.58 mmol) and potassium

carbonate (240 mg, 1.7 mmol) were sequentially added before a septum-cap was crimped on

the vial/flask to form a seal. Solids were degassed 3 times by vacuum-argon filling cycles. Dry
toluene (4 mL) was then added to the reaction mixture before being heated with a conventional
oil bath or under microwave assisted conditions. The resulting mixture was cooled to room
temperature, concentrated under reduced pressure and the residue was purified by column
chromatography on silica gel (eluent: DCM/Petroleum Ether (PE) with 4/1 ratio) affording the

corresponding (2) and the bi-substituted (2a) products as orange solids.

Optimized synthesis: To an oven-dried microwave tube containing a stirring bar,
difluorobenzothiadiazole (DFBT) (100 mg, 058 mmol) and 4-bromo-4'4"-
dimethoxytriphenylamine (111 mg, 0.29 mmol, 0.5 eq.), paladium acetate (13 mg, 0.058

mmol), tricyclohexyl phosphinetetrafluoroborate (43 mg, 0.12 mmoal), pivalic acid (59 mg, 0.58
mmol) and potassium carbonate (240 mg, 1.7 mmol) were sequentially added before a septum-
cap was crimped on the vial to seal it. Solids were degassed 3 times by vacuum-argon filling
cycles. Anhydrous toluene (4 mL) was then added before exposing the reaction mixture to
microwave irradiation for 1 hour at 150 °C. The resulting mixture was cooled to room
temperature, concentrated under reduced pressure and the residue was purified by column
chromatography on silica gel (eluent: DCM/PE with 4/1 ratio) affording the corresponding
product as an orange solid (105 mg, 76%).
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'H NMR (300 MHz, Chloroform-d) & 7.69 — 7.58 (m, 3H), 7.22 - 7.13 (m, 4H), 7.04 (d, J=8.8
Hz, 2H), 6.88 (d, J= 7.1 Hz, 4H), 3.81 (s, 6H).

13C NMR (75 MHz, Chloroform-d) § 156.63, 151.08, 150.98, 150.82, 149.68, 140.27, 131.35,
131.31, 127.61, 121.05, 118.69, 115.01, 55.67.

HRMS(MALDI-TOF) m/z: Calculated for C2sH19F2N302S (M+), 475.1166; Found, 475.1170
(A =1.91 ppm).

e 4,4'-(5,6-Difluor obenzo[c][1,2,5]thiadiazole-4,7-

MeO OM
IS\
Q o iN N 53 diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (2a):
@ FF Q 'H NMR (500 MHz, Chloroform-d) & 7.68 — 7.64 (m,
MeO oM
4H), 7.19 - 7.14 (m, 8H), 7.06 — 7.02 (m, 4H), 6.90 — 6.86

e

(m, 8H), 3.82 (s, 12H).

13C NMR (125 MHz, Chloroform-d) & 156.52, 151.22, 150.87, 149.40, 149.18, 140.35, 131.30,
127.52, 121.44, 118.82, 117.81, 114.96, 55.63.

HRMS (MALDI-TOF) m/z: Calculated for CasH3sF2N4O4S (M+) 778.2425; Found 778.2427
(A =0.91 ppm).

Q 4-Phenyl-N-(4-biphenylyl)-N-(4-(5,6-
Q S, difluorobenzo[c][1,2,5]thiadiazol-4-yl)phenyl)aniline (3): To an
H oven-dried microwave tube containing a stirring bar, DFBT (100 mg,

Q F 0.58 mmol) and N,N-bis(4-biphenylyl)-N-(4-bromophenyl)amine (138
O mg, 0.29 mmol, 0.5 eq.), palladium acetate (13 mg, 0.058 mmal),
tricyclohexyl phosphinetetrafluoroborate (43 mg, 0.12 mmol), pivalic

acid (59 mg, 0.58 mmol) and potassium carbonate (240 mg, 1.7 mmol), were sequentially added
and a septum-cap was crimped on the via to form a seal. The solids were degassed 3 times
under vacuum followed by a flow of argon. Anhydrous toluene (4 mL) was added and the

reaction mixture was heated under microwave irradiation at 150 °C for 1 hour. The resulting
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mixture was cooled to room temperature, concentrated under reduced pressure and the residue
was purified by column chromatography on silicagel (eluent: DCM/PE with 4/1 ratio) affording
the corresponding product as a yellowish solid (130 mg, 78%).

IH NMR (500 MHz, Chloroform-d) & 7.75 (d, J = 7.9 Hz, 2H), 7.69 (dd, J = 9.0, 7.7 Hz, 1H),
7.63—7.55 (M, 8H), 7.45 (t, J = 7.6 Hz, 4H), 7.36 — 7.29 (m, 8H).

13C NMR (125 MHz, Chloroform-d) § 150.91, 150.84, 150.81, 148.49, 146.50, 140.62, 136.57,
131.62, 131.60, 128.93, 128.22, 127.18, 126.90, 125.44, 123.60, 122.49, 104.30, 104.14.

HRMS (MALDI-TOF) m/z: Calculated for CasH23F2N3S (M+), 567.1581; Found, 567.1577
(A =0.30 ppm).

MeQ s . 5-(7-(4-(Bis(4-methoxyphenyl)amino)phenyl)-5,6-
Q v i s 2 difluorobenzo[c][1,2,5]thiadiazol-4-yl) thiophene-2-
p carbaldehyde (4): To an oven-dried microwave tube containing a

Me stirring bar and compound 2 (110 mg, 0.23 mmol), palladium

acetate (4.2 mg, 0.023 mmol), tricyclohexylphosphinetetrafl uoroborate (17 mg, 0.046 mmol),

pivalic acid (23.5 mg, 0.23 mmol) and potassium carbonate (96 mg, 0.69 mmol) were added
under a flow of argon and a septum-cap was crimped on the vial to form a seal. Anhydrous
toluene (4 mL) and 5-bromo-2-thiophenecarboxal dehyde (53 mg, 0.28 mmol, 1.2 eq.) were
added and the resulting mixture was heated under microwave irradiation at 150 °C for 1 hour.
The resulting mixture was cooled to room temperature, concentrated under reduced pressure

and the residue was purified by column chromatography on silicagel (eluent: DCM) affording
the corresponding product as adark orange solid (35 mg, 26%).

1H NMR (300 MHz, Chloroform-d) § 10.02 (s, 1H), 8.31 (d, J= 4.1 Hz, 1H), 7.86 (dd, = 4.2,
1.1 Hz, 1H), 7.68 (d, J= 7.0 Hz, 2H), 7.17 (d, J= 8.4 Hz, 4H), 7.02 (d, J= 8.5 Hz, 2H), 6.91 —
6.84 (M, 4H), 3.82 (s, 6H).

13C NMR (125 MHz, Chloroform-d) & 183.20, 156.64, 150.45, 150.38, 149.82, 148.73, 144.58,
144.54, 139.88, 135.74, 131.44, 131.00, 130.92, 127.59, 120.36, 120.12, 118.27, 114.92,
110.02, 55.52.
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HRMS (MALDI-TOF) m/z: Caculated for CsiH21F2N303S2 (M+), 585.0992; Found,
585.0986 (A = -0.23 ppm).

Q 5-(7-(4-(Bis(4-biphenylyl)amino)phenyl)-5,6-
Q S o difluorobenzo[c][1,2,5]thiadiazol-4-yl) thiophene-2-
\ 4 |
O~
W j

carbaldehyde (5): To an oven-dried microwave tube containing a

stirring bar and compound 3 (145 mg, 0.25 mmol), palladium

acetate (5.7 mg, 0.025 mmoal),

tricyclohexyl phosphinetetrafluoroborate (18.8 mg, 0.051 mmal),
pivalic acid (26 mg, 0.25 mmol) and potassium carbonate (106 mg, 0.76 mmol) were added
under a flow of argon and a septum-cap was crimped on the vial to form a seal. Anhydrous
toluene (4 mL) and 5-bromo-2-thi ophenecarboxal dehyde (58.5 mg, 0.31 mmol) were added and
the resulting mixture was heated under microwaveirradiation at 150 °C for 1 hour. Theresulting
mixture was cooled to room temperature, concentrated under reduced pressure and the residue
was purified by column chromatography on silica gel (eluent: DCM) affording the
corresponding product as ared solid (60 mg, 34%).

'H NMR (300 MHz, Chloroform-d) § 10.05 (s, 1H), 8.36 (d, J= 3.9 Hz, 1H), 7.90 (d, J= 4.0
Hz, 1H), 7.80 (d, J = 7.8 Hz, 2H), 7.64 — 7.56 (m, 8H), 7.48 — 7.42 (m, 4H), 7.38 — 7.28 (m,
8H).

13C NMR (125 MHz, Chloroform-d) & 183.39, 148.84, 146.36, 140.61, 136.83, 135.88, 131.79,
131.76, 131.36, 131.28, 128.97, 128.29, 127.25, 126.94, 125.64, 123.08, 122.18, 77.16.

HRMS (MALDI-TOF) m/z: Caculated for C41H2sF2N30S; (M+), 677.1407; Found, 677.1407
(A =0.73 ppm).

General procedurefor the preparation of (4) and (5) through a “one-pot” reaction: To an
oven-dried microwave tube containing a stirring bar, DFBT (1 eg.) and 4-bromo-4',4"-
dimethoxytriphenylamine or N,N-bis(4-biphenylyl)-N-(4-bromophenyl)amine (0.5 eq.),
palladium acetate (0.1 eq.), tricyclohexylphosphinetetrafluoroborate (0.2 eg.), pivalic acid (1
€g.) and potassium carbonate (3 eg.) were sequentially added before a septum-cap was crimped
on the via to sedl it. Solids were degassed 3 times by vacuum-argon filling cycles. Anhydrous
toluene (4 mL) was then added before exposing the reaction mixture to microwave irradiation
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for 1 hour at 150 °C. Then, 5-bromo-2-thiophenecarboxal dehyde (1.2 eg.) was directly added
to the reaction mixture through the septum and the tube was re-heated at 150°C for 30 minutes.
The resulting mixture was cooled to room temperature, concentrated under reduced pressure
and the residue was purified by column chromatography on silica gel (eluent: DCM/PE with
4/1 ratio) affording the corresponding products, namely 4 (18%) or 5 (17%).

Synthesis of  2-((5-(7-(4-(bis (4methoxyphenyl)

MeO N'S‘N Ne oN

Q Q s ) amino) phenyl)-5,6-difluorobenzo[c][1,2,5]thiadiazol-4-yl)
|

p . X thiophen-2-yl)methylene)malononitrile (MD-OMe): From

Me!

(2) by DHA cross-coupling reaction: To an oven-dried

microwave tube containing a stirring bar, compound 2 (40 mg, 0.08 mmol) and 5-bromo-2-
dicyanovinylthiophene (40 mg, 0.17 mmol), palladium acetate (1.9 mg, 0.008 mmoal),
tricyclohexylphosphinetetrafluoroborate (6.2 mg, 0.016 mmoal), pivalic acid (8.6 mg, 0.08
mmol) and potassium carbonate (35 mg, 0.25 mmol), were sequentially added before a septum-
cap was crimped on the vial to seal it. Solids were degassed 3 times by vacuum-argon filling
cycles. Anhydrous toluene (4 mL) was then added before exposing the reaction mixture to
microwave irradiation for 1 hour at 150 °C. The resulting mixture was cooled to room
temperature, concentrated under reduced pressure and the residue was purified by column
chromatography on silica gel (eluent: DCM/PE with 4/1 ratio) affording the corresponding
product as adark purple solid (3.5 mg, 6%).

From (4) by a Knoevenagel reaction: Five drops of triethylamine were added to a
mixture of 4 (50 mg, 0.075 mmol) and malononitrile (10.3 mg, 0.16 mmol) in CHCl3 (4 mL).

The reaction mixture was stirred under air at room temperature. After TLC analysis showed

completion of the reaction, the desired product was obtained by precipitation in hexane as a
dark purple solid (47 mg, 90%).

'H NMR (300 MHz, Chloroform-d) & 8.38 (d, J= 4.3 Hz, 1H), 7.96 (d, J= 4.4 Hz, 1H), 7.88
(s, 1H), 7.71(dd, J=8.9, 1.7 Hz, 2H), 7.21 - 7.14 (m, 4H), 7.02 (d, J= 8.9 Hz, 2H), 6.92 - 6.85
(m, 4H), 3.82 (s, 6H).
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13C NMR (125 MHz, Chloroform-d) & 156.72, 150.43, 150.37, 150.20, 150.03, 143.20, 139.78,
137.55, 136.69, 136.63, 131.53, 131.50, 131.43, 131.34, 127.64, 120.99, 120.18, 118.17,
114.93, 114.04, 113.23, 109.43, 109.34, 55.52, 30.94.

1%F NMR (283 MHz, Chloroform-d) & -123.01 (d, J= 16.3 Hz), -134.60 (d, J = 16.3 Hz).

HRMS (MALDI-TOF) m/z: Caculated for CxuH21F2NsO2S; (M+), 633.1105; Found,
633.1098 (A = -0.22 ppm).

Synthesis of 2-((5-(7-(4-(bis(4-biphenylyl) amino)

S Nc‘ CN - phenyl) -5,6-difluorobenzo[c] [1,2,5 thiadiazol-4-yl)
thiophen-2-yl)methylene)malononitrile (M D-Ph): From (3)
W j

by DHA cross-coupling reaction: To an oven-dried microwave

tube containing a stirring bar, compound 3 (40 mg, 0.07 mmol)

and 5-bromo-2-dicyanovinylthiophene (33 mg, 0.14 mmol),
paladium acetate (1.6 mg, 0.007 mmol), tricyclohexylphosphinetetrafluoroborate (5.2 mg,
0.014 mmol), pivalic acid (7.2 mg, 0.07 mmol) and potassium carbonate (29 mg, 0.21 mmol)
were sequentially added before a septum-cap was crimped on the via to seal it. Solids were
degassed 3 times by vacuum-argon filling cycles. Anhydrous toluene (4 mL) was then added
before exposing the reaction mixture to microwave irradiation for 1 hour at 150 °C. The
resulting mixture was cooled to room temperature, concentrated under reduced pressure and the
residue was purified by column chromatography on silica gel (eluent: DCM/PE with 4/1 ratio)
affording the corresponding product as a purple solid (2.6 mg, 5%).

From (5) by a Knoevenagel reaction: Five drops of triethylamine were added to a
mixture of 5 (23 mg, 0.034 mmol) and malononitrile (4.7 mg, 0.071 mmol) in CHCl3 (4 mL).
The reaction mixture was stirred under air at room temperature. After TLC analysis showed

completion of the reaction, the desired product was obtained by precipitation in hexane as a
purple solid (13 mg, 53%).

IH NMR (300 MHz, Chloroform-d) § 8.40 (d, J = 4.2 Hz, 1H), 7.97 (d, J = 4.1 Hz, 1H), 7.90
(s, 1H), 7.81 (dd, J = 10.3 Hz, 2H), 7.64 — 7.54 (m, 8H), 7.50 — 7.41 (m, 4H), 7.38 — 7.29 (m,
8H).
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13C NMR (125 MHz, Chloroform-d) & 150.35, 149.02, 148.66, 148.59, 146.26, 140.57, 137.68,
136.95, 131.86, 131.83, 131.73, 131.65, 128.97, 128.31, 127.28, 126.94, 125.72, 122.01,
114.12, 113.33, 78.67.

1%F NMR (283 MHz, Chloroform-d) & -122.95 (d, J= 16.3 Hz), -133.85 (d, J = 16.3 Hz).

HRMS (MALDI-TOF) m/z: Calculated for Ca4H2sF2NsS; (M+), 725.1519; Found, 725.1509
(A =-0.70 ppm).

The following molecules were described and published in “Enhancing Intermolecular
Interaction of Spiro-OMeTAD for Stable Perovskite Solar Cells with Efficiencies over 24%.
ACS Energy Letters 2023, 3895-3901" with the corresponding supporting information.

General procedure for the synthesis of BT, CPDT and SDTF: One of the three thiophene-
based central core 1', 2° or 3 (1 eq), 4-bromo-N,N-bis(4-methoxyphenyl)aniline (2.1 eq),
SiliaCat® DPP-Pd (0.25 mmol Pd/g, 0.05 eq), pivalic acid (0.3 eq), and potassium carbonate
(4.5 eq) were charged with a stir bar into a5 mL pressure via that was sealed with a Teflon®

cap under an argon atmosphere. After addition of anhydrous and degassed N,N-
dimethylacetamide (4 mL), the reaction mixture was heated to 120 °C in aLab Armor™ beads
bath for 24 hours. After cooling down to room temperature, the reaction mixture was diluted
with dichloromethane and the organic phase was washed with water and brine before being
dried over MgSO4. After evaporation of the solvent, the crude was purified by column
chromatography on silicagel (eluent: DCM:PE with 3:2 V:V ratio) affording the corresponding
compounds BT, CPDT and SDTF.

OMe 4.4'-([2,2' -Bithiophene]-5,5'-diyl)bis(N,N-
@ bis(4-methoxyphenyl) aniline) (BT): Bright

MeO
N .
(:2 I\ s O orange powder (300 mg, 75% yield).
N O Y ®\om

'H NMR (500 MHz, Chloroform-d) § 7.39 (d, J =
Me 8.5 Hz, 4H), 7.08 (d, J = 8.6 Hz, 12H), 6.92 (d, J
= 8.3 Hz, 4H), 6.84 (d, J = 8.8 Hz, 8H), 3.81 (s, 12H).

13C NMR (125 MHz, Chloroform-d) & 156.16, 148.40, 143.23, 140.76, 135.73, 126.82, 126.35,
124.25, 122.44, 120.62, 114.88, 55.64.
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HRMS (MALDI-TOF) m/z: Calculated for CagH40N204S2 (M+), 772.2429; Found, 772.2440
(A =2.13 ppm).

4,4'-(4,4-Diethyl-4H-cyclopenta[2,1-

MeO 3 OMe
@N @ ’S"S‘ 7, Q b:3,4-b']dithiophene-2,6-diyl)  bis(N,N-bis(4-
methoxyphenyl)aniline) (CPDT): Dark orange
e . powder (270 mg, 75% yield).
H NMR (300 MHz, CDCl3) 6 7.20 — 6.73 (m, 26H), 3.81 (s, 12H), 1.92 (d, J = 6.4 Hz, 4H),
! ( | ( ) ( ) (d )
0.65 (t, J= 7.3 Hz, 6H).

13C NMR (76 MHz, CD2Cl2) § 156.55, 148.34, 141.21, 127.04, 127.01, 125.98, 121.01,
115.08, 55.87, 55.83, 30.65, 9.30.

HRMS (MALDI-TOF) m/z: Calculated for CszsHasN204S, (M+), 840.3055; Found, 840.3038
(A =1.38 ppm).

4,4'-(Spiro[cyclopenta[2,1-b: 3,4-
oMe  p'ldithiophene-4,9'-fluor ene]-2,6-diyl)bis(N,N-
bis(4-methoxyphenyl)aniline) (SDTF): Dark

? Q orange powder (250 mg, 70% yield).
Me

OMe
IH NMR (300 MHz, CDCl3) § 7.84 (d, J= 7.6 Hz,
2H), 7.38 (t, J = 7.5 Hz, 2H), 7.32 — 7.20 (m, 3H), 7.15 (t, J = 7.5 Hz, 3H), 7.03 (d, J = 8.7 Hz,
8H), 6.96 (d, J = 7.6 Hz, 2H), 6.83 (t, J = 6.2 Hz, 12H), 6.53 (S, 2H), 3.79 (s, 12H).

v
Q

13C NMR (76 MHz, CD2Clz) & 145.83, 145.77, 145.70, 142.05, 128.46, 128.45, 128.28,
128.13, 124.05, 120.55, 115.33, 115.18, 114.79, 55.82, 55.80.

HRMS (MALDI-TOF) m/z: Calculated for Ce1H4sN204S2 (M+), 934.2899; Found, 934.2903
(A =1 ppm).
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N,N'-((3,3'-dihexyl-[2,2'-bithiopheng]-5,5'-
diyl)bis(4,1-phenylene))bis(N-([1,1'-biphenyl]-
4-yl)-[1,1'-biphenyl]-4-amine) (BT1): To an
oven-dried Schlenk tube containing a stirring bar,
3,3-dihexyl-2,2-bithiophene (200 mg, 0.60
mmol) and N,N-bis(4-biphenylyl)-N-(4-
bromophenyl)amine (626 mg, 1.32 mmol, 2.2 eq.), palladium acetate (6.7 mg, 0.029 mmal),

tricyclohexylphosphinetetrafluoroborate (22 mg, 0.06 mmol), pivaic acid (18.3 mg, 0.18
mmol) and potassium carbonate (207 mg, 1.5 mmol), were sequentially added. The solids were
degassed 3 times under vacuum followed by a flow of argon. After addition of anhydrous and
degassed N,N-dimethylacetamide (10 mL), the reaction mixture was heated at 120 °C inalLab
Armor™ beads bath for 20 hours. The resulting mixture was cooled to room temperature,
concentrated under reduced pressure and the residue was purified by column chromatography
on silica gel (eluent: DCM:PE with 1:1 V:V ratio) affording the corresponding product as a
light-yellow powder (370 mg, 55%).

IH NMR (300 MHz, Chloroform-d) § 7.63 — 7.57 (m, 8H), 7.56 — 7.49 (m, 12H), 7.48 — 7.40
(m, 8H), 7.36 — 7.29 (m, 4H), 7.25 — 7.20 (m, 8H), 7.20 — 7.15 (m, 4H), 7.14 (s, 2H), 2.63 —
2.52 (M, 4H), 1.68 — 1.55 (m, 4H), 1.35 — 1.24 (m, 12H), 0.88 — 0.84 (m, 6H).

13C NMR (76 MHz, Chloroform-d) § 147.03, 146.83, 143.61, 143.50, 140.73, 135.95, 129.13,
128.93, 128.09, 127.86, 127.09, 126.87, 126.64, 124.62, 124.49, 124.22, 31.85, 30.87, 29.31,
22.76, 14.24.

HRMS (MALDI-TOF) m/z: Calculated for CsoH72N2Sz (M+), 1124.5137; Found, 1124.5112
(A =1.76 ppm).

O N-([1,1'-biphenyl]-4-yl)-N-(4-(3,3'-dihexyl-[2,2'-
bithiophen]-5-yl)phenyl)-[1,1'-biphenyl]-4-amine (6):
\ Same procedure as BT 1, affording the corresponding product
from the mono-coupling as a yellowish solid (180 mg, 41%).
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'H NMR (300 MHz, Chloroform-d) & 7.66 — 7.59 (m, 4H), 7.59 — 7.50 (m, 6H), 7.46 (m, 4H),
7.40-7.30 (m, 3H), 7.30-7.22 (m, 5H), 7.22 - 7.14 (m, 2H), 7.00 (d, J = 5.2 Hz, 1H), 2.61 —
2.49 (m, 4H), 1.62 — 1.56 (m, 4H), 1.32 - 1.26 (m, 12H), 0.91 —0.85 (m, 6H).

13C NMR (76 MHz, Chloroform-d) § 146.97, 146.80, 143.55, 143.44, 142.53, 140.70, 135.89,
129.12, 128.92, 128.77, 128.07, 127.07, 126.85, 126.60, 125.41, 124.59, 124.47, 124.10, 31.81,
30.87, 30.84, 29.28, 29.26, 29.19, 29.04, 22.74, 14.23.

HRMS (MALDI-TOF) m/z: Calculated for CsoHs1NS2 (M+), 729.3463; Found, 729.3458 (A
=0.13 ppm).

N-([1,1'-biphenyl]-4-yl)-N-(4-(5'-bromo-3,3'-dihexyl-

A [2,2'-bithiophen]-5-yl)phenyl)-[1,1'-biphenyl]-4-amine
S

) (6): To asolution of compound 6 (160 mg, 0.22 mmol) in

O DMF (5 mL) was added slowly at 0°C, 49 mg of NBS (1.05

eq). The reaction mixture was stirred at RT overnight in the

dark. DMF was evaporated, then DCM was added and the
organic phase was washed with water and brine. Once dried over MgSO4, the solvent was
removed by rotary evaporation and the crude was subsequently subjected to silica gel column
chromatography (eluent: DCM:PE with 4:1 V:V ratio) to give the target compound as ayellow
solid (150 mg, 85%).

'H NMR (300 MHz, Chloroform-d) § 7.63 — 7.56 (m, 5H), 7.56 — 7.47 (m, 7H), 7.47 — 7.40
(m, 4H), 7.36 — 7.27 (m, 3H), 7.25—-7.19 (m, 5H), 7.19 — 7.14 (m, 2H), 7.11 (s, 1H), 6.93 (s,
1H), 2.54 — 2.46 (m, 4H), 1.25 (m, 12H), 0.88 — 0.83 (m, 6H).

13C NMR (76 MHz, Chloroform-d) & 146.76, 144.09, 143.40, 140.70, 136.00, 131.58, 130.67,
128.93, 128.09, 127.11, 126.87, 126.66, 124.66, 124.37, 123.92, 31.81, 31.76, 30.83, 30.70,
29.25, 29.18, 29.00, 22.74, 22.71, 14.23.

HRMS (MALDI-TOF) m/z: Calculated for CsoHsoBrNS; (M+), 807.2568; Found 807.2545 (A
=0.15 ppm).
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N,N'-((3,3',3"" 4" -tetrahexyl-
[2,2:5',2'":5",2"""-quaterthiophene] -
55""-diyl) bis(4,1-phenylene))bis(N-
([1,1'-biphenyl] -4-yl)-[1,1'-biphenyl]-
O 4-amine) (BT2): To an oven-dried
O Schlenk tube containing a stirring bar,

compound 6 (95 mg, 0.129 mmol) and 6’ (105 mg, 0.129 mmoal), palladium acetate (1.5 mg,

0.0064 mmoal), tricyclohexyl phosphinetetrafluoroborate (4.7 mg, 0.013 mmal), pivalic acid (4
mg, 0.039 mmol) and potassium carbonate (45 mg, 0.322 mmol), were sequentially added. The
solids were degassed 3 times under vacuum followed by a flow of argon. After addition of
anhydrous and degassed N,N-dimethylacetamide (4 mL), the reaction mixture was heated at
120 °CinaLab Armor™ beads bath for 20 hours. The resulting mixture was cooled to room
temperature, concentrated under reduced pressure and then filtered on a plug of silicagel using
DCM, before being injected in the preparative HPLC to give the product as a yellow powder
(50 mg, 26%).

IH NMR (300 MHz, Chloroform-d) § 7.63 — 7.59 (m, 8H), 7.57 — 7.50 (m, 12H), 7.48 — 7.41
(m, 8H), 7.38 — 7.31 (M, 4H), 7.31 — 7.27 (m, 1H), 7.25 — 7.21 (m, 7H), 7.21 — 7.16 (m, 4H),
7.15 (s, 2H), 7.06 (s, 2H), 2.62 — 2.50 (m, 8H), 1.64 — 1.58 (m, 8H), 1.33 — 1.24 (m, 24H), 0.91
—0.85 (M, 12H).

13C NMR (76 MHz, CD2Cl>) & 147.48, 147.16, 144.30, 144.00, 143.91, 140.95, 137.20,
136.26, 129.24, 128.32, 128.27, 127.60, 127.41, 127.05, 126.86, 125.64, 125.03, 124.80,
124.64, 32.11, 31.11, 31.04, 29.57, 29.50, 23.05, 14.29.

HRMS (MALDI-TOF) m/z: Calculated for Ci00H100N2S4 (M+), 1456.6769; Found 1456.6740
(A = 1.65 ppm).
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Q N,N'-

((33,3",3"" 4" 4""-

O hexahexyl-[2, 2' : 5, 2'":
O 5'2er 2 a 2
sexithiophene ]-5,5"""" -

O diyl) bis (4,1 -phenylene))
bis(N-([1,1'-biphenyl]- 4-yI)- [1,1'-biphenyl] -4-amine) (BT 3): To an oven dried Schlenk tube
containing a stirring bar, 5,5-dibromo-3,3"-dihexyl-2,2'-bithiophene (30 mg, 0.061 mmoal),

compound 6 (90 mg, 0.123 mmol), paladium acetate (2.7 mg, 0.012 mmol),

tricyclohexylphosphinetetrafluoroborate (9 mg, 0.024 mmol), pivalic acid (3.7 mg, 0.036
mmol) and potassium carbonate (25 mg, 0.183 mmol), were sequentially added. The solidswere
degassed 3 times under vacuum followed by aflow of argon. After addition of anhydrous and
degassed N,N-dimethylacetamide (4 mL), the reaction mixture was heated at 120 °C in a Lab
Armor™ beads bath for 20 hours. The resulting mixture was cooled to room temperature,
concentrated under reduced pressure and then filtered on aplug of silicagel using DCM, before
being injected in the preparative recycling HPLC to give the product as a yellow powder (17
mg, 15%).

IH NMR (300 MHz, Chloroform-d) & 7.64 — 7.57 (m, 8H), 7.56 — 7.50 (m, 12H), 7.48 — 7.40
(m, 8H), 7.35 (t, J = 1.3 Hz, 1H), 7.33 (t, J = 2.1 Hz, 2H), 7.30 (t, J = 1.3 Hz, 1H), 7.26 — 7.21
(m, 8H), 7.20 — 7.16 (m, 4H), 7.14 (s, 2H), 7.05 (d, J = 1.0 Hz, 4H), 2.62 — 2.48 (m, 12H), 1.67
—1.56 (M, 12H), 1.30 — 1.26 (M, 36H), 0.90 — 0.85 (M, 18H).

13C NMR (76 MHz, Chloroform-d) § 147.10, 146.82, 143.78, 143.73, 143.58, 143.43, 140.74,
137.21, 136.94, 135.98, 129.05, 128.93, 128.10, 128.04, 127.52, 127.41, 127.10, 126.87,
126.66, 125.28, 125.23, 124.65, 124.46, 124.22, 31.84, 31.81, 30.78, 29.86, 29.28, 29.23, 22.75,
14.23.

HRMS (MALDI-TOF) m/z: Calculated for Ci20H128N2Se (M+) 1788.8402; Found 1788.8419
(A =1.30 ppm).
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s 8-Bromo-2-(pentan-3-yl)-1H-thioxantheno[2,1,9-deflisoquinoline-1,3(2H)-

dione (BTI-N-Br): 6-bromo-2-(pentan-3-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

OO dione (600 mg, 1eq), 2-amino-5-bromobenzenethiol (460 mg, 1.3 eg) and K2COs

O (144 mg, 0.6 eq) wererefluxed in 15 mL of 2-ethoxyethanol for 15 h. Then, isoamyl

Br nitrite (0.7 mL, 3eq) was added and the reaction mixture was refluxed for another 15

h. The mixture was cooled down before being diluted with DCM. The organic phase was

washed twice with water and once with brine, then dried over MgSO4 and finally filtered. After

removal of the solvent by rotary evaporation, the crude was subjected to a silica gel column

chromatography using DCM as eluent to afford BTI-N-Br as a yellowish orange powder
(450mg, 57%).

IH NMR (300 MHz, Chloroform-d) § 8.58 (d, J = 8.1 Hz, 1H), 8.40 (d, J = 7.9 Hz, 1H), 8.13
(d, J= 8.3 Hz, 1H), 8.02 (d, J = 8.7 Hz, 1H), 7.52 — 7.44 (m, 3H), 5.10 — 4.98 (m, 1H), 2.33 —
2.15 (m, 2H), 1.98 — 1.82 (m, 2H), 0.89 (t, J = 7.5 Hz, 6H).

13C NMR (76 MHz, Chloroform-d) § 139.09, 135.77, 133.77, 130.86, 130.68, 128.87, 127.57,
127.31, 125.53, 124.46, 120.71, 119.44, 57.57, 25.06, 11.46.

HRMS (MALDI-TOF) m/z: Calculated for C2sH1sBINO2S (M+) 451.0242; Found 451.0229
(A= -1.68).

m 5,8,11-Tribromo-2-(pentan-3-yl)-1H-thioxantheno[ 2,1,9-def]isoquinoline-
1,3(2H)-dione (BTI-N-Br3): To asolution of BTI-N-Br (200 mg, 0.44 mmol)

Br O s iIN CH2Cl2 (100 mL) was added dropwise a solution of bromine (20 eg, 1 M,
O 8.8 mL) in CH2Cl». The reaction mixture was heated overnight at 40°C before

Br being subsequently washed with a saturated agueous solution of NaxS>03,
water and brine. Once dried over MgSOa, the solvent was removed by rotary evaporation and
the crude was subsequently subjected to silica gel column chromatography using CH2Cl, as

eluent to give the target compound as an orange solid (150 mg, 55%).

IH NMR (300 MHz, Chloroform-d) & 8.83 (s, 1H), 8.62 (s, 1H), 8.55 (d, J = 8.9 Hz, 1H), 7.72
(d, J = 2.1 Hz, 1H), 7.52 (dd, J = 8.9, 2.1 Hz, 1H), 5.06 — 4.93 (m, 1H), 2.31 — 2.11 (m, 2H),
1.97 — 1.81 (m, 2H), 0.87 (t, J = 7.4 Hz, 6H).
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13C NMR (125 MHz, Chloroform-d) § 138.19, 135.98, 135.11, 132.23, 130.56, 130.12, 129.50,
127.27,127.23, 124.70, 117.95, 116.36, 58.08, 24.97, 11.38.

HRMS (MALDI-TOF) m/z: Calculated for C23H16BrsNO2S (M+) 606.8452; Found 606.8453
(A=-0.77 ppm).

% 5,11-Bis(4-(di([1,1'-biphenyl]-4-
yl)amino)phenyl)-2-(pentan-3-yl)-1H-

O OO O thioxantheno[2,1,9-def]isoquinoline-1,3(2H)-
N N dione (BTI-TPA2): To an oven dried Schlenk

O O tube containing a stirring bar, BTI-Br2 (100mg,
O O 0.188 mmol, leq), N-([1,1-biphenyl]-4-yl)-N-
(4-(4,45,5- tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)-[1,1'-biphenyl]-4-amine (216 mg, 0.414 mmol, 2.2 eq), Pd(dppf)Cl2 (20 mg, 0.028
mmol, 0.15 eq) and K>CO3 (65 mg, 0.470 mmol, 2.5eq) were sequentially added. The solids
were degassed 3 times under vacuum followed by aflow of argon. After addition of degassed
DMF and water (10:1 V:V ratio) the reaction mixture was heated at 110 °CinalLab Armor™
beads bath for 24 hours. DMF was evaporated under reduced pressure, then the reaction mixture
was diluted with dichloromethane and the organic phase was washed with water and brine
before being dried over MgSO4. After evaporation of the solvent, the crude was filtered on a
plug of silica gel using CHCI3 as eluent to be injected in the preparative recycling HPLC
affording, after purification, the corresponding compound (155 mg, 70%).

IH NMR (300 MHz, Chloroform-d) & 8.71 (s, 1H), 8.42 (s, 1H), 7.64 — 7.52 (m, 17H), 7.51 —
7.39 (M, 14H), 7.37 — 7.29 (m, 11H), 7.24 — 7.17 (m, 5H), 7.00 (t, J = 7.8 Hz, 1H), 5.15—5.03
(m, 1H), 2.36 — 2.20 (M, 2H), 1.98 — 1.83 (m, 2H), 0.91 (t, J = 7.4 Hz, 6H).

13C NMR (76 MHz, Chloroform-d) § 147.92, 147.30, 146.75, 146.69, 140.68, 140.65, 137.57,
137.17, 136.28, 136.11, 135.78, 134.93, 133.58, 133.03, 132.83, 130.63, 130.24, 129.87,
129.67, 128.93, 128.79, 128.20, 128.14, 127.14, 126.90, 126.87, 125.97, 125.12, 124.75,
124.51, 124.31, 123.48, 57.51, 31.07, 25.11, 11.43.
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HRMS (MALDI-TOF) m/z: Calculated for CssHe1N302S (M+) 1163.4484; Found 1163.4470
(A =-0.76 ppm).

o/\N(\O 5,8,11-Tris(4-(di([1,1'-biphenyl]-4-

yl)amino)phenyl)-2-(pentan-3-yl)-1H-

O Oe O thioxantheno[2,1,9-def]isoquinoline-1,3(2H)-

N @ N dione (BTI-N-TPA3): To an oven dried Schlenk

O O tube containing a stirring bar, BTI-Brz (90 mg,

O O 0.147 mmol, 1 eq), N-([1,1-biphenyl]-4-yl)-N-

(4-(4,455  tetramethyl-1,3,2-dioxaborolan-2-

O O yl)phenyl)-[1,1'-biphenyl]-4-amine (255 mg,

0.486 mmol, 3.3 eqg), Pd(dppf)Cl. (27 mg, 0.037 mmoal, 0.15 eq) and K>CO3s (61 mg, 0.442

mmol, 3 eq) were sequentially added. The solids were degassed 3 times under vacuum followed

by a flow of argon. After addition of degassed DMF and water (10:1 V:V ratio) the reaction

mixture was heated to 110 °C in aLab Armor™ beads bath for 48 hours. DMF was evaporated

under reduced pressure, then the reaction mixture was diluted with dichloromethane and the

organic phase was washed with water and brine before being dried over MgSOa. After

evaporation of the solvent, the crude was filtered on a plug of silica gel using CHCI 3 as eluent

to be injected in the HPLC affording, after purification, the corresponding red compound (80
mg, 35%).

IH NMR (300 MHz, Chloroform-d) & 8.72 (s, 1H), 8.43 (s, 1H), 7.64 — 7.50 (m, 30H), 7.47 —
7.39 (m, 15H), 7.38 — 7.34 (m, 3H), 7.34 — 7.30 (m, 8H), 7.29 — 7.26 (m, 3H), 7.25 — 7.20 (m,
10H), 5.17 — 5.04 (m, 1H), 2.39 — 2.21 (m, 2H), 2.00 — 1.84 (m, 2H), 0.93 (t, J = 7.4 Hz, 6H).

13C NMR (125 MHz, Chloroform-d) & 148.02, 147.93, 147.33, 146.75, 146.70, 146.62, 140.72,
140.65, 140.59, 140.58, 137.33, 137.31, 136.26, 136.06, 135.78, 134.97, 134.25, 133.17,
133.06, 132.68, 130.67, 130.28, 129.69, 128.93, 128.19, 128.15, 128.12, 127.97, 127.80,
127.17, 127.13, 126.88, 126.86, 126.82, 125.10, 124.95, 124.71, 124.31, 124.28, 124.09,
123.89, 123.53, 57.51, 29.85, 25.13, 11.45.

HRMS (MALDI-TOF) m/z: Calculated for C113Hs2N402S (M +) 1558.6158; Found 1558.6133
(A =-1.25 ppm).
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The following molecule was described and published in “From Textile Coloring to Light-
emitting Electrochemical Devices: Upcycling of the Isoviolanthrone Vat Dye. Chemistry — An
Asian Journal 2023, 18, €202300014” with the corresponding supporting information.

9,18-Dialkoxylated 1.2,8.9-dibenzoperopyrene (DBP):
A 250 mL three-necked flask was charged with an agueous
solution of NaOH (1.6 M, 35 mL ) and, subsequently, the whole
system was purged with argon (15 min). The solution was then
heated to 60°C whereupon 190 mg (1.10 mmol) of sodium

Caoto” ~Cabyy dithionite and 500 mg (1.10 mmol) of isoviolanthrone were added.

The resulting mixture was stirred for 1 h, and then 25 mL of toluene and ~2.5 mL of Aliquat
336 were added. The mixture was then heated to 110°C and subsequently 2 mL (5.48 mmol) of
9-(bromomethyl)nonadecane were added. It was kept at this temperature for 24 h and then
allowed to cool down to RT and neutralized by drop-wise addition of HCI solution. The organic
phase was extracted with DCM and concentrated. The crude was filtered on a plug of basic
aluminausing DCM as el uent and then precipitated in hexaneto give ared solid (390 mg, 35%).

'H NMR (300 MHz, Chloroform-d) & 9.09 — 8.76 (m, 8H), 8.64 — 8.33 (m, 4H), 7.88 — 7.63
(m, 4H), 4.16 (d, J = 5.4 Hz, 4H), 2.31 — 2.04 (m, 2H), 1.93 — 1.78 (m, 4H), 1.75 — 1.64 (m,
4H), 1.54 — 1.24 (m, 56H), 0.97 — 0.81 (m, 12H).

13C NMR (76 MHz, Chloroform-d) § 150.15, 128.91, 125.97, 125.83, 125.46, 125.06, 124.25,
123.83, 123.51, 122.85, 122.73, 122.07, 121.96, 121.85, 121.57, 79.28, 39.88, 32.15, 31.57,
30.42, 30.00, 29.62, 27.33, 22.90, 14.32.

HRMS (MALDI-TOF) m/z: Calculated for C7aHgsO2 (M+) 1018.7567; Found 1018.7540 (A
=-2.06 ppm).
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3. Devices fabrication and measur ements

3.1 Organic Solar Cells (OSCs)

Fabrication: Indium tin oxide (ITO) pre-coated glass slides of 24x25x1.1 mm with a sheet
resistance of RS = 7 Q/sq were purchased from Visiontek Systems LTD. The substrates were
washed with a diluted Deconex® 12 PA-x solution (2% in water) and scrubbed using
dishwashing soap 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. An agueous solution of poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate)
(PEDOT:PSS; Ossila), filtered through a 0.45 pm RC membrane (Millex®), was spun-casted
onto the patterned ITO surface at 6000 rpm for 40 s before being baked at 140 °C for 30 min.
Then, blends of MD-OMe or MD-Ph and PC71.BM at different weight-to-weight ratios were
dissolved in chloroform at atotal concentration of 10 mg.mL™, stirred at 30 °C for 30 minutes,
and spuncasted on the PEDOT:PSS layer. Finaly, devices were completed by the successive
thermal deposition of Ca (7 nm) and aluminum (100 nm) at apressure of 1.5 x 10°° Torr through
ashadow mask defining six cells of 27 mm? each (13.5 mm x 2 mm).

Device Characterization: J-V curveswere recorded using a Keithley 236 source-measure unit

and a homemade acquisition program. The light source was an AM 1.5 Solar Constant 575 PV
simulator (Steuernagel Lichttecknik, equipped with a metal halogen lamp). The light intensity
was measured by a broadband power meter (13PEM001, Melles Griot). EQESs were measured
under an ambient atmosphere using a halogen lamp (Orsam) with an Action Spectra Pro 150
monochromator, a lock-in amplifier (Perkin-Elmer 7225) and a S2281 photodiode

(Hamamatsu).

AEM: Atomic Force Microscopy (AFM) experiments were performed using the Nano-
Observer microscope from CS Instrument. The topographic images were obtained in tapping
mode. Images were processed using Gwyddion SPM data analysis software. Optimized blends
were spun cast on the above-described PEDOT:PSS modified ITO substrates.

Hole-only devices (SCLC devices and measurements): Gold electrodes (100 nm) were

subsequently and thermally evaporated under a vacuum of 1.5 x 10° Torr, through a shadow
mask defining active areas of 10 mm?, 5 mm?, 1.5 mm? and 0.8 mm? per substrate. Hole
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mobilities un were evaluated using the Mott-Gurney law, ie, Jscic = (9/8)soerun(VHd®) where
er isthe static dielectric constant of the medium (er = 3) and d, the thickness of the active layer.

3.2 Perovskite Solar Cells (PSCs)

Materials: Isopropanol (IPA; anhydrous, 99.5%), SnCl2.2H20 (> 99.995%), Pbl> (99.999%),
Csl (99.999% trace meta basis), N,N-dimethylformamide (DMF; anhydrous, 99.8%),
dimethylsulfoxide (DMSO; anhydrous, 99.9%), lithium bis(trifluoromethanesulfonyl)imide
(Li-TFSI; anhydrous, 99.99% trace metal basis), acetonitrile (anhydrous, 99.8%), 4-
tertbutylpyridine (tBP; 98%), and chlorobenzene (anhydrous, 99.8%) were purchased from
Sigma-Aldrich. FAI (> 99.99%), MABr (> 99.99%), MACI (> 99.99%), and 4-
methoxyphenethylammonium iodide (MeO-PEAI) were purchased from GreatCell Solar.
PbBr, (>98%) was purchased from TCI. Diethyl ether (99% extra pure) was purchased from
Duksan. 2,2',7,7Tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene  (spiro-
OMEeTAD; > 99.5%) and tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(I11)tris(bis(trifluoromethylsulfonyl)imide) (FK 209 Co(ll1) TFSI, > 99%)
were purchased from Lumtec.

Fabrication: Partially etched fluorine-doped tin oxide (FTO, Asahi glass, ~7 Q sq}) glass
substrates were cleaned with detergent solution, acetone, and ethanol for 20 min sequentially.
After 20 min of ultraviolet (UV)-Os3 treatment, a 75 mM SnCl2.2H>O solution dissolved in IPA
was spin-coated on the substrate at a speed of 3000 rpm for 30 s and annealed at 200 °C for 30
min. Oxygen vacancy passivation in the SnO2.x layer was performed. Otherwise, chemical bath
deposition was used to coat smooth SnO» on FTO glass. Prior to perovskite film deposition, 15
min of UV-O3 treatment was applied. The perovskite precursor solution was prepared by
mixing 1.4 M FAI, 1.4 M Pbl,, 0.023 M MABTr, 0.023 M PbBr2, 0.023 M Csl, and 0.5 M MACI
in a mixed solvent of DMF and DMSO at aratio of 85:15 (v:v). The precursor solution was
spin-coated in atwo-step process (1st: 1000 rpm for 10 sec, 2nd: 5000 rpm for 20 sec). 1 ml of
diethyl ether was poured 5 sec before the end of the spin coating process. Subsequently, the
sample was annealed at 150 °C for 15 min and 100 °C for 10 min. For perovskite passivation,
10 mM MeO-PEAI solution dissolved in IPA was spin-coated at 5000 rpm for 30 simmediately
after loading 150 pL of the solution on the substrate. For the spiro-OMeTAD hole transport
layer (HTL), 90 mg of spiro-OMeTAD was dissolved in 1 mL of CB. Then, 23 pL of Li-TFS]
solution (520 mg mLt in acetonitrile), 10 pL of FK209 Co(I11) TFSI solution, and 39 pL of tBP
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were added to the spiro-OMeTAD solution as additives. For the new HTLs, 60 mg of each
compound was dissolved in 1 mL of CB. Additivesfor the new HTLswere equal in molar ratio
to the spiro-OMeTAD system. For the intermolecular interaction enhanced HTL, blended
systems, 5 mol% of each compound was added to the spiroOMeTAD system. The solution was
spin-coated onto the perovskite surface at 3000 rpm for 30 s. Finally, 120 nm of Au counter
electrode was deposited by athermal evaporator in a high vacuum chamber below 10 Torr at
arate between 0.8 and 1.2 A s,

Device Characterization: The photocurrent density-voltage (J-V) curves were measured using

a solar smulator (Newport, Oriel Sol3A Class AAA Solar Simulator) with a source meter
(Keithley 2400) under AM 1.5 G irradiation with a power density of 100 mW cm. The light
was calibrated using a standard Si solar cell (VLS| standards, Oriel P/N 91150V). The J-V
curves were measured by applying reverse (1.2 V to -0.1 V) or forward (0.1 V to 1.2 V) scans.
The step voltage and scan speed were fixed at 13 mV and 130 mV s, respectively. The device
was measured in adry room (RH below 15%). The devices were measured with ametal aperture
with an area of 7.6 mm?. Grazing incidence wide-angle X-ray scattering (GIWAXS) was
performed at the 9A U-SAXS beamline of the Pohang Light Source. The GIWAXS images
were recorded with a 2D CCD (Rayonix MX170-HS). The diffraction angles were calibrated
by apre-calibrated sucrose solution (Monoclinic, P21, a= 10.8631 A, b =8.7044 A, c = 7.7624
A and B = 102.938°). The sample-to-detector distance was 221 mm. The topography of the
HTLs was measured by atomic force microscopy (AFM; NX-10, Park Systems).

Stability measur ements: For operational stability measurements, 0.9 V biasing was applied to

the encapsul ated perovskite solar cell using a potentiostat (CHI 660, CH instruments), and light
illumination was applied using a 150 W Xe lamp solar smulator (PEC-L01, PECCELL) after
1 sun calibration. Active cooling was not applied during the measurement.

3.3 Organic Light Emitting Diodes (OLEDSs)

Materials: Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO), PVK with an average Mn of 25,000-
50,000 g/mol, o-xylene, methanol, and I TO-coated PET with a sheet resistance of 20-50 Q-sq*
were obtained from Millipore-Sigma. (Poly [(9,9bis(3'-(N,N dimethylamino)propyl)-2,7-
fluorene)-alt-2,7-(9,9—dioctylfluorene)]) (PFN) was purchased from Ossila Ltd. (Sheffield,
UK). PEDOT:PSS dissolved in water (CLEVIOS™ P VP Al 4083) was supplied from Heraeus

(Hanau, Germany). Silver pellets with a purity of 99.99% and tungsten boat sources were
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acquired from RD Mathis. FOM nanoroll coater (from FOM Technologies, Copenhagen S,,
Denmark), aroll slot-die coater, was used for coating OLEDs layers on flexible PET substrates.
Spin-coater from Osilla Ltd., Sheffield, UK, was used to form spin-coated OLED layers. The
top silver layer as a cathode was deposited using a Covap system supplied by Angstrom

Engineering.

Fabrication of spin-coated devices. OLED devices were fabricated on ITO-coated glass
substrates (sheet resistance of 10 Ohm Sqg?), which were first cleaned by sequentially

ultrasonicating detergent, and de-ionized water, acetone, and isopropanol before use. Glass/ITO
substrates were first pretreated under UV-ozone for 30 minutes. PEDOT:PSS agueous
suspension was spin-coated onto the 1TO-coated glass substrates at 4000 rpm for 60 s and
annealed in air at 140°C for 20 min. The PEDOT:PSS solution was filtered with a 0.45 um pore
size PVDF filter before spin coating. PVK, if used, was dissolved in 1,4-dioxane (10 mg/mL)
spin-coated at 3000 rpm for 60 sand baked at 120 °C for 10 min. For deposition of the emitting
layer, the solutions or blend solutions (with PFO, if used) were spin-cast at 2000 rpm for 60 s
and annealed inair at 100°C for 10 min. PFN was processed from MeOH (2 mg/mL + 2 uL/mL
acetic acid) at 4000 rpm for 60 s. Finaly, the Ag (100 nm) electrode was deposited using a
thermal evaporation system through a shadow mask under a base pressure of ~2 x 107° torr.
The device area was 14 mm? as defined by the overlapping area of the ITO films and top

electrodes.

Ink formulation: PEDOT:PSS inks were warmed up to room temperature from a storage

temperature of +4°C. PEDOT:PSS dispersion is subjected to filtration using a 0.45 um
polyvinylidene fluoride (PVDF) filter to remove any particles or impurities. In addition, aPVK
solution is prepared by dissolving PVK in 1,4-dioxane at a concentration of 10 mg/mL. For the
PFN solution, PFN is dissolved in MeOH at a concentration of 2 mg/mL, with the addition of
2 uL/mL of acetic acid. The PFN solution is stirred at room temperature for a minimum of 2
hours to ensure proper dissolution. Prior to use, the PVK, and PFN solutions undergo filtration
through a 0.45 pum polytetrafluoroethylene (PTFE) filter to remove any impurities or particles
that may be present in the solutions.

Fabrication of slot-die-coated devices. Prior to the coating of functional layers, the PET/ITO

substrates underwent a cleaning processin an ultrasonic bath with water and isopropanol for 10

minutes, followed by a 30-minute UV-ozone treatment to enhance the surface energy. The

206



EXPERIMENTAL SECTION

PEDOT:PSS ink was applied at a speed of 0.5 m/min with a flow rate of 20 uL/min, while
maintai ning a substrate temperature of 60 °C. The coated substrates were subsequently annealed
at 100 °C for 60 minutesin ambient air. BT 1 dissolved in o-xylene (15 mg/mL) or PFO:BTI-
(TPA)2 dissolved in toluene (15 mg/mL) were deposited at a speed rate of 0.5 m/min, with a
flow rate of 60 uL/min, and a substrate temperature of 35 °C. The resulting films were heat-
treated at 90 °C for 30 minutes to remove any residua solvent. PFN was coated on top of the
emissive layer at aspeed of 0.3 m/min, with aflow rate of 20 uL/min, under ambient conditions
(20-25 °C, relative humidity 50%), and then dried at 100 °C for 15 minutes. Finally, a 200 nm
thick Ag cathode was deposited using thermal evaporation. The deposition process was
conducted at a power of 20 W, a pressure of 2 x 10°° mbar, and a total deposition time of 20

minutes.

Device Characterization: The J-V characteristics of the OLED devices were measured using
aKeithley Source meter (Model: 2612B) provided by Tektronix, Inc., based in Beaverton, USA.

Theluminance of the OLEDs was measured using aluminance meter (Model: LS 150) supplied

by KonicaMinolta, Inc. in Tokyo, Japan. UV -absorption spectrawere obtained using a Cary 60
spectrometer from Agilent Technologies, Inc. in Santa Clara, CA, USA. To measure the
electroluminescent (EL) spectrum, a preconfigured LED measurement system with an
integrating receptor (Stellarnet, 2 x 2 x 2 in. with a 5/8 in. input port) and a Black-Comet
spectrometer for UV-vis (190-850 nm) coupled with an F600-VISNIR fiber optic cable from
StellarNet were employed. Film thickness was determined using KLA-Tencor's probe
profilometer (D-500 Stylus Profilometer).

3.4 Light-Emitting Electrochemical Cells (LECs)

Materials: THAB was used as received from Sigma Aldrich. 4,4-bis(9H-carbazol-9-yl)
biphenyl (CBP) was purchased from TCI and used asreceived. Chlorobenzenewas HPLC grade
[Aldrich, >99% purity]. PEDOT: PSS and pattered ITO glass were purchased from Ossila and
Wooyang GMS, respectively.

Fabrication: Solutions of the active layer were prepared by dissolving dye DBP at three
different concentrations of 5.25 mg/mL, 2.65 mg/mL, and 0.5 mg/mL with CBP, PFO, and
THAB in chlorobenzene, with a weight ratio of CBP/guest/electrolyte = 61:18.3:20.6,
67.2:10.1:22.6 and 73.2:2.1:24.7. Patterned I1TO glass substrates were cleaned by a 20 min
ultrasonic bath in 500 mL of DI water and 5 mL of Hellmanex™ |11, followed by 20 min in DI

207



EXPERIMENTAL SECTION

water and finally 20 min in acetone. The substrates were then dried in an oven at 80 °C for 1 h
to remove any solvent residues before undergoing a UV-ozone treatment for 20 min.
PEDOT:PSS (35 nm) was spin-coated on the substrates at 4000 rpm for 60 s before baking at
110 °C for 1 h. The substrates were then transferred into a dry N2-filled glovebox. The active
layers were then spin-coated at 2000 rpm for 60 s and annealed for 1 h at 40 °C. Findlly, a set
of four Al (100 nm) electrodes was added on top of the active material by thermal evaporation
under high vacuum (1.5 x107° Pa) through a shadow mask.

Device Characterization: The LECswere driven by a pulsed current mode (235 Hz, 50 % duty

cycle) generated by a Keithley 2400 sourcemeter controlled by aMATLAB code. The voltage
and luminescence of the LEC were measured upon application of a current ramp. Absorption
and fluorescence spectra of thin films were measured on a Perkin-EImer lambda 750
spectrophotometer and a Konica Minolta CS-2000 spectroradiometer, respectively (with
excitation at 365 nm from aUV lamp).
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4. Crystallographic data

Table Sl Crystal data collection and refinement parameters of BT, and BTI-N-Br.

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)
4

Volume (A3)
Calculated density (Mg/md)
Absorption coefficient (mmr?)
0 range (deg)
Completenessto 6 = 70.000
GOF

Largest diff. peak & hole
(e/A%)

BT1
CaoH72N2S;
1304.56
230.0(1)
1.54184
Orthorhombic, Pbcn
30.808(16)
23.598(11)
10.040(2)
0
90
90
4
7299(5)
1.187
2.507
2.35810 72.679
97.8%
1.030

0.264 and -0.399

BTI-N-Br
C2H1sBrNO,S
452.35
200.0(1)
1.54184
Triclinic, P-1
7.0658(3)
9.3475(4)
15.0577(7)
79.341(4)
83.234(4)
74.547(4)
2
939.56(8)
1.599
4.179
2.994 to 73.893
98.2%
0.861

1.479 and -0.848
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Synthése, Caractérisation, et Utilisation de Systémes 1mr-conjugués
Accessibles pour I'Electronique Organique

Mots clés : Synthese organique, arylation directe, I'électronique organique, photovoltaique
organique, cellules solaires pérovskites, dispositifs organiques électroluminescents.

Résumé: Les matériaux semi-conducteurs
organigues constituent sans aucun doute une
révolution technologique vers des dispositifs
écologiques, peu codteux et flexibles pour une
variété  d'applications a haut potentiel
technologique. Cependant, une vision critique
des publications souligne qu'efficacité va
généralement avec complexité synthétique des
matériaux et des processus de fabrication. De
plus, a quelques exceptions prés, les synthéses
multi-étapes de la plupart des structures
conjuguées font également appel a des réactions
de couplage croisé C-C catalysées par des
métaux de transition impliquant l'utilisation de
précurseurs fonctionnalisés par des groupes
organométalliques, entrainant une augmentation
du nombre global d’étapes, impactant le codt de
synthese et imposant des contraintes liées aux
traitement des déchets.

Dans ce contexte, ce travail de thése visait a
concevoir de nouvelles structures 1r-conjuguées
accessibles par des voies de synthese
minimisant le nombre d'étapes et surtout plus
écoresponsables. Par conséquent, la réaction
d’'arylation directe a été sélectionnée pour la
préparation de la plupart des composés
présentés dans ce manuscrit. Puis, en fonction
de leurs propriétés optoélectroniques, ils ont été
intégrés, avec succes, dans différents dispositifs
pour I'électronique organique Ainsi, aprés une
introduction générale (chapitre 1), le chapitre 2
se concentre sur [|'étude de composés
moléculaire actifs pour le photovoltaique
organique et hybride (Pérovskite). Finalement
dans un dernier chapitre (3), de nouveaux
matériaux aux propriétés optiques
prometteuses ont été évaluées dans des
dispositifs émissifs type OLED et LECs.

Synthesis, Characterization, and Use of Accessible mr-conjugated
Structures for Organic Electronics

Keywords : Organic synthesis, direct heteroarylation reaction, organic electronics, organic
photovoltaic, perovskite solar cells, organic light emitting devices.

Abstract : Organic semiconducting materials
have undoubtedly paved the way to a
technological revolution towards eco-friendly,
low-cost, and flexible devices for a variety of
optoelectronic  or  electronic  applications.
However, a critical vision of the state-of-the-art
reports from the literature highlights that the
highest efficiencies generally go along with a
significant rise in the synthetic complexity of the
materials but also the device fabrication
processes. Moreover, with only a few exceptions,
the synthesis of most of these active conjugated
structures relies on transition-metal-catalyzed C-
C cross-coupling reactions. This strategy usually
implies the halogenation and functionalization of
complementary building blocks by organometallic
functional groups, leading to an increase in the
overall number of steps and therefore impacting

the costs and waste treatments. In this context,
the main objective of this thesis aimed at
designing new accessible T-conjugated
structures through step-saving and eco-friendly
synthetic  routes. Hence, the direct
heteroarylation reaction was selected as a
method of choice to prepare most of the
compounds reported in this manuscript. Then,
depending on their optoelectronic properties,
the latter were subsequently embedded in
different types of organic electronic devices.
Thus, after a general introduction, the second
chapter focuses on the preparation of molecular
structures for both organic and hybrid
photovoltaics. Then, in the third chapter, new
structures  exhibiting  promising  optical
properties were evaluated as active compounds
in organic and electrochemical light-emitting
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