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ABSTRACT

The development and use of renewable energies represent one of the principal approaches
regarding the important struggle against climate change. Given the existent renewable ener-
gies, nowadays solar light possesses a great potential to generate energy. The development
around solar energy generation has received great attention throughout the last couple of
decades. Considering existent solar cells, dye sensitized solar cells (DSSCs) are a promising
alternative to traditional silicon-based solar cells. The development of dye sensitizers that allow
the obtention of superior photovoltaic efficiencies is of utmost importance. The use of organic
dyes in DSSCs are an interesting alternative to the traditionally employed ruthenium-based
dyes. The development of these organic molecules uses a design containing donor, n-bridge
and acceptor units.

A set of dyes that can be applied in DSSCs has been developed. These possess as central
cores coumarins, acenaphthenes, acenaphthylenes, and thieno[3,4-b]thiophenes. Considering
the employed nuclei, the efficiency of DSSC devices through variation of the n-bridges and
donor groups was studied. Different structural designs were used, namely the linear, di-
branched, and the dianchoring designs.

This work involved the synthesis of all the chromophores, and their photophysical and elec-
trochemical characterization. Additionally, it involved theoretical calculations (DFT and TD-
DFT). The DSSC devices were built from scratch and, subsequently, the photovoltaic perfor-

mance of the final chromophores was tested by measuring the /-V/curves.

Keywords: dye sensitized solar cells, organic dyes, coumarin, acenaphthylene, thieno[3,4-

blthiophene






RESUMO

A utilizacdo e desenvolvimento de energias renovaveis representam uma das principais
abordagens relativamente ao importante combate as alteragdes climaticas. Tendo em conta as
energias renovaveis existentes, atualmente a energia gerada a partir da luz solar é considerada
como tendo um dos maiores potenciais para gerar energia. O desenvolvimento em torno da
energia solar tem sido alvo de grande atencdo ao longo das ultimas décadas. De entre as
células solares existentes, as células solares sensibilizadas por corante (DSSCs) apresentam-se
como sendo uma alternativa promissora as tradicionais células solares a base de silicio. O de-
senvolvimento de corantes sensibilizadores que permitam a obtencao de eficiéncias fotovol-
taicas superiores em dispositivos de DSSCs é de extrema importancia. Os corantes organicos
aplicados em DSSCs sdo uma alternativa aos de ruténio habitualmente utilizados. O desenvol-
vimento destas moléculas organicas envolve um design contendo unidades doadoras, pontes-
n e unidades aceitadoras.

Um conjunto de corantes que pode ser aplicado em DSSCs foi desenvolvido. Estes corantes
apresentam como nucleos centrais cumarinas, acenaftenos, acenaftilenos e tieno[3,4- b]tiofe-
nos. Atendendo aos varios nucleos utilizados, estudou-se o efeito da variacdo das pontes-m e
grupos doador na eficiéncia em dispositivos de DSSCs. Diferentes designs estruturais foram
aplicados, nomeadamente o linear, o dirramificado e o diancorado.

Este trabalho envolveu a sintese de todos os corantes e a sua caracterizacao fotofisica e
eletroquimica. Envolveu também calculos teoricos (DFT e TD-DFT). Os dispositivos de DSSC
foram construidos de raiz e a performance fotovoltaica dos croméforos foi testada através da

medicao das curvas /-V.

Palavas chave: células solares sensibilizadas por corante, corantes organicos, cumarina, acenafti-

leno, tieno[3,4- b]tiofeno
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1.1 Context and motivation

Fossil fuel consumption has increased dramatically in the last decades as a result of global
population growth and industrialization. This contributes to the constant increment of concen-
trations of greenhouse gases (GHGs) in the atmosphere, and thus causing aggravation of en-
vironmental pollution, global warming, and health problems. Besides that, these resources are
finite and will be depleted within a few years at current use levels. In response to this, most of
the countries with high harmful greenhouse gas emissions are committed to achieve carbon
neutrality by 2050."?

The climate change concern and the production of sustainable energy are also included in
the 17 Sustainable Development Goals (SDGs) for 2030 founded by the United Nations. These
goals are a common strategy for world peace and prosperity, and the following are considered
to be the most representative regarding this area: 7- Ensure access to affordable, reliable, sus-
tainable and modern energy for all; 11- Make cities and human settlements inclusive, safe,
resilient and sustainable; 13 - Take urgent action to combat climate change and its impacts
(Figure 1).2

In light of this, it becomes imperative to invest in the development of renewable energies
such as solar energy, hydropower and wind power. These have a minimal negative impact on

the environment and will help to achieve carbon neutrality.?
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Figure 1. Sustainable development goals 4 2

The sun the most powerful source of energy for the planet. The total amount of solar radi-
ation that reaches the Earth's surface each year is equivalent to 7500 times the world's energy
consumption.® As such, this source of renewable energy has great potential to contribute sig-
nificantly to the global energy demand issue. Unfortunately, there is a gap between its poten-
tial and its use due to the high costs and low energy conversion capacity of light-harvesting
devices. The development of technologies capable of efficient energy conversion and great
stability is, thus, required. &%

The composition of the first and second-generation solar cells includes mainly silicon.? The
energy efficiency percentage of these conventional classical solar cells ranges from 16% to
22%. Due to this low conversion efficiency, a higher number of panels/cells must be used in
order to generate a suitable amount of power output. Some of these cells are composed of
pure silicon crystals, which increases their price.'® In addition, the scarcity, the rising cost of raw
materials and their inherent toxicity are all concerning factors, which become more relevant
with the rise in the device's manufactoring." A third generation of photovoltaic cells emerged
as an alternative to classical photovoltaic cells. They use low-cost abundant materials, and are
easily fabricated and produced on a large scale. Specifically, dye-sensitized solar cells (DSSCs)

which were mainly developed through the work of Gratzél' represent a very suitable substitute

2 The content of this publication has not been approved by the United Nations and does not reflect the
views of the United Nations or its officials or Member States
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for traditional silicon solar cells.”® Ruthenium complexes are the most often applied dyes in

these devices.* However, ruthenium is not an accessible metal,’

and the photovoltaic perfor-
mance of DSSCs must be upgraded to compete with the traditional silicon ones. As a result,
the research for efficient totally organic dyes was considered a viable alternative.

This doctoral thesis' primary goal is to synthesize new push-pull organic molecules that can
be an alternative to the ruthenium dyes applied in DSSCs. Taking into account the state of the
art for dye sensitisers, this project aims to go further and, through molecular tailoring, propose
the synthesis of new promising molecules. The dyes were obtained through the functionaliza-
tion of different main cores, namely: coumarins, acenaphthenes acenaphthylenes and
thieno[3,4- blthiophenes. The final compounds were characterized by '"H NMR, *C NMR and
HRMS. The photophysical and electrochemical characterization was performed for the final
sensitizers, as well as the theoretical calculations (DFT and TD-DFT). The DSSC devices were

built from scratch and, subsequently, the photovoltaic performance of the final chromophores

was tested by measuring the /-V/curves and photocurrent action spectrum (IPCE).

1.2 History

It was a long time ago that Becquerel observed that voltage was generated under sunlight
when two platinum electrodes were submerged in an electrolyte containing metal halide salts.
This observation led him to discover the photovoltaic effect in 1839. In the photovoltaic effect,
when light strikes a semiconductor material, electron-hole (e'/h*) pairs are generated. This
leads to an electrical potential difference in the junction between the two semiconductors (n-
and p-type®), which drives current across a circuit. This process of converting light energy into
electrical energy has become the base of solar energy harvesting devices. '*®

An investigation group at Bell Labs created the first silicon solar cell in 1954." Three years
later it was patented as a monocrystalline silicon cell with a p-n junction that achieved a prom-
ising efficiency.?’ Since then, this technology has been incorporated into small daily objects,

homes, and more complex structures, such as satellites. The development of this photovoltaic

technology followed the necessity to replace the energy derived from fossil fuels. Four distinct

b n-type semiconductors are doped semiconductors in which the main charge carrier is an electron,
whereas p-type semiconductors are semiconductors in which the dominant charge carrier is a hole.
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generations of photovoltaic solar cells have emerged. The first one concerns the aforemen-
tioned silicon solar cells, using a wafer-based design composed of layers of crystalline silicon
or gallium arsenide (GaAs). They have become the leading commercial cells, due to their prom-
ising effectiveness and robustness. The second generation consists of thin film cells and it uses
cheaper materials than the first one, namely amorphous silicon, gallium selenide (GazSes), cop-
per indium gallium selenide (Culni_,Ga,Se; with 0<x<1; usually abbreviated as CIGS), and cad-
mium telluride (CdTe). **" The third generation has been developed as a substitute to the con-
ventional inorganic p—n junction solar cells. They are easy to manufacture and can be produced
on a large scale and use abundant and inexpensive materials. Some examples are organic pho-
tovoltaics, perovskites solar cells, quantum dots solar cells and dye-sensitized solar cells. The
fourth generation, also known as "nano photovoltaics”, applies new materials to this field such
as graphene or carbon nanotubes that can be included in DSSCs and polymers/organic pho-

tovoltaic cells. ??

1.3 Dye-sensitized solar cells (DSSCs)

Beyond the aforementioned photovoltaic cells, dye-sensitized solar cells (DSSCs) represent
a very promising alternative to conventional silicon cells.”® DSSCs were first reported in the
1870s, when Vogel discovered a silver halide gelatin that exhibited activity under UV light.
Later, by applying dyes with this silver halide gelatin emulsion, it was possible to observe ac-
tivity under visible light. This photosensitization phenomenon was corroborated by Moser in
1887, with this device achieving a voltage of around 0.04 V.'"?*2?4 |n the same year, Hertz found
that photons can eject electrons from a solid conductor surface to generate energy. After sev-
eral decades, the field continued to expand with the sensitization of ZnO with cyanines (Hishiki,
1965)% and rose Bengal (Tributsch, 1968) being reported.?® In 1977, TiO, was employed as an
alternative semiconductor to ZnO by Spitler and Calvin.?’ In 1991 Brian O’'Regan and Michael
Gratzel described a promising photovoltaic cell with ruthenium-based dyes adsorbed on col-
loidal TiO; films.'?

The work of Gratzel's group was the beginning of a new era on DSSC research. These devices
are regarded as one of the most promising substitutes for conventional silicon solar cells and
have generated considerable interest, due to their lower cell fabrication costs when compared

to silicon cells, flexible molecular design of the sensitizers, transparency, relatively high energy
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conversion efficiencies, and ability to operate under diffuse light.?**° These cells separate the
function of light absorption from charge carrier transport and use dye molecules that absorb
photons, converting them into electric charge. This separation of functions allows the use of
materials with lower purity, which makes these devices a low-cost option. The DSSC operational
process is a biomimetization of photosynthesis, in which the dye functions as an electron trans-

fer sensitizer similar to chlorophyll present in plants.’?3"3?

1.3.1 DSSC structure

Since Gratzel's work'?, the structure of the DSSCs generally hasn’t changed much and con-
tains a photoelectrode (anode), a counter electrode (cathode), and an electrolyte (redox medi-
ator) (Figure 2).

The photoelectrode comprises a dye adsorbed to a porous semiconductor layer, which is
deposited on glass containing a translucent conductive electrode (TCE). Due to its thermal and
physical resistance, chemical stability, electrical conductivity, ample availability, and optical
transparency, the fluorine doped tin oxide (FTO) is the conductive electrode of choice.®® Since
Gratzel's primordial work, nanocrystalline TiO; is the most employed semiconductor metal ox-
ide, and the use of these nanoparticles ensures a larger surface area for dye adsorption than
flat TiO> films. Regarding the existent polymorphs of TiO, anatase (tetragonal) is the preferred
one to be applied in DSSCs due to its superior efficiency, photocatalysis, and stability. Con-
trasting with other polymorphs, anatase is an indirect band gap semiconductor, which means
that excited electrons are unable to go directly from the conduction band (CB) to the valence
band (VB), leading to longer photoexcited electron lifetimes.'®**3¢ Usually the dye sensitizer
anchors to the TiO; through carboxylic acid or cyanoacrylic acid anchoring groups. This ad-
sorption typically occurs by submerging the anode containing a TiOz layer in a dye solution.
The solvent used, the adsorption time, the dye concentration and the pH of the solution will
influence this dye sensitization process. In the last decades, the search of dyes for more efficient
DSSCs has been extensive. This topic is detailed in section 1.4.

The electrolyte regenerates the dye continuously and transports the inner charge carrier
between the anode and cathode. In their constitution they have a solvent (e.g. acetonitrile) and
a redox mediator, generally the redox couple 1/15.3*® Despite its excellent performance, the I
/I3 pair has certain drawbacks due to its corrosive nature and the significant thermodynamic

loss during the dye renewal process. Alternatively, electrolytes based on Co(ll)/Co(lll)* and
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Cu(l)/Cu(l)* have been successfully employed. lonic liquids (ILs), which possess exceptional
thermal stability, almost negligible vapor pressure, and non-flammability properties, have also
been applied as electrolytes in DSSCs and represent a suitable option for the aforementioned
liquid electrolytes.*’ To increase the performance of the DSSC, additives can be added to the
electrolyte, such as 1-butyl-3-methylimidazolium iodide, 4-butylpyridine (TBP), and guani-
dinium thiocyanate (GuSCN) present in EL-HPE High Performance Electrolyte®.

The counter electrode comprises a transparent conductive oxide (TCO) glass covered with
a catalyst (e.g platinum or carbon), capable to receive electrons from the external circuit and
then reduce the redox couple (I3 to I).%8

Despite the advancements in these devices, their efficiencies remain lower than other com-
peting technologies. As such, to improve their photovoltaic performance all the key compo-

nents of these cells must be refined. This includes the photoanode, dye sensitizer, electrolyte,

cathode, and also the architecture of the cell itself.*?
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Figure 2. Architecture of a typical DSSC.
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1.3.2 DSSC operational process

In a DSSC's operational process (Figure 3), the dye sensitizer absorbs visible light, resulting
in photoexcitation from the HOMO to the LUMO of the molecule (1, Equation 1). Then, the
excited electron is injected into the CB of the TiO; layer (2, Equation 2), and the dye is oxidized.
The injected electron is transported through the TiO, nanoparticles to achieve the FTO glass.
Subsequentially, the electron passes to the counter electrode via an external circuit (3). The
circuit is completed when the electrolyte is regenerated at the counter electrode (CE) (4, Equa-
tion 4) (the Is” ion is reduced to I). The oxidized dye is regenerated by electron donation from
the iodide ion present in the electrolyte (5, Equation 3) and, as a result, the I" ion is oxidized to
|3—.43-45

Unwanted processes may occur during the operational DSSC process, thus negatively af-
fecting the cell performance. Recombination and dark current are two examples of what may
occur during cell operation. Recombination happens when the injected electrons in the CB of
TiO, recombine with the oxidized dye (6, Equation 5). They can also recombine with the redox
couple in the TiO; surface, the process commonly called as dark current (7, Equation 6). Another
undesired event is the electron's direct decay from the excited to the ground state (8, Equation
7).4346

The dye's chemical composition (functional groups capable of inter and intramolecular in-
teractions, polarity, presence or absence of long alkyl chains) will have an impact on its intrinsic
capacity to interact with another molecule. If a clustering of molecules is formed (dye aggre-
gation), this may affect the homogeneous distribution of the dye in the metal oxide surface or
inhibit the TiO,---dye interaction and, as a consequence, efficient electron injection will cease

to exist.*’
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Figure 3. Operation principles of a DSSC containing an iodine electrolyte with 17/13~ redox couple. 1. Dye photoex-

citation; 2. Injection of excited electron into the CB of TiOy; 3. Electron transport via external circuit; 4. Regenera-

tion of the electrolyte; 5. Regeneration of the oxidized dye; 6. Recombination; 7. Dark current; 8. Electron's decay

from the excited to the fundamental state.

Dye excitation S [TiO2] + hv — S* [TiO2] (h

Electron Injection / Dye oxidation S* [TiOz] — ST [TiO;] + e [TiOy] (2)

Dye regeneration / Redox mediator oxida- 2S*[TiO;] + 31" - 2S [TiOz] + I3~ (3)

tion

Redox mediator regeneration I57+ 2e [CE] — 3I 4)
Recombination e [TiOz] + ST[TiO2] — S [TiO:] (5)
Dark current 2e [TiOy] + 15— 3I (6)
Direct decay to the fundamental state S* [TiOz] — S [TiOy] (7)
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1.3.3 Solar spectrum

The solar spectrum extends from 280 to 4000 nm. Part of this spectrum is filtered after
passing through the planet’'s atmosphere. Given this, the solar spectrum in space differs from
the spectrum that reaches the planet's surface. The passage through the atmosphere deter-
mines the total amount of irradiation at the Earth's surface, which is determined by a coefficient
denoted air mass (AM). Although the irradiation at the surface varies with the time of the year,
a standardized spectrum for energy conversion applications is required. The solar irradiance
measured outside the atmosphere is represented by the reference spectrum AMO, and it is
used for testing solar cells in space. The spectrum that characterizes the radiation reaching at
the planet’s surface after passing through 1.5 times a standard air mass, with the sun at 48.2°,
is denominated Air Mass 1.5 Global (AM1.5G). This is the standard spectrum to measure the

photovoltaic performance of terrestrial solar cells and it has a power intensity of 1000 W m™

(Figure 4).1348
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Figure 4. Reference spectra AMO and AM1.5G (ASTM G173-03).4°

1.3.4 Solar cell parameters

1.3.4.1 Photocurrent-voltage curves

To evaluate a DSSC efficiency, the cell is irradiated by a simulator calibrated against a refer-

ence spectrum, in the terrestrial conditions under simulated AM1.5G conditions. Voltage is
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applied across the cell and the current flowing through it is measured, allowing for the obten-
tion of the photocurrent-voltage curves (/- curves) (Figure 5). These curves represent the re-
lationship between the current and the voltage across its terminals at a given irradiance, tem-

perature, and different external circuit loads.

16
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Figure 5. Typical photocurrent-voltage (/-1 curve for a DSSC.

The photoconversion efficiency (PCE, n) of a DSSC can be determined by the ratio between
the maximum photoelectric output power (Pmax) and the incident solar energy (Pin). Pmaxis equal
to the product of the current and voltage values where the output energy is maximal (Jmp and

Vmp respectively).®® (Equation 8)

N = Pnax/Pin = (]mp X Vmp)/Pin (8)

In an /-Vcurve (Figure 5), the short-circuit current (Js) represents the current flow when the
voltage is 0 V, and the open-circuit voltage (Voc) represents the voltage difference across the
cell when the current is 0 A. These two values correspond respectively to the greatest current
and voltage that can be obtained from the solar cell.”’

The fill factor (FF), whose values range from 0 and 1, determines the amount of electrical
and electrochemical losses occurring when the DSSC is operating. It can be determined by the
following equation 9 and indicates the amount of the rectangular area for Jsc x Vo is filled by

the Jmp X Vimp rectangle area (black and grey dashed rectangles respectively).?'*
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FF = (]mp X Vmp)/(]sc X Voc) (9)

Thus, the relationship between overall PCE (n), Vo, Js, and FF of a DSSC is given by equation
10.

N = Pnax/Pin = Usc X Voo X FF)/Py (10)

The chosen sensitizer has a massive impact on the cell efficiency. Each parameter Js, Voc and
FF must be considered individually, to better understand why a dye has a considerably higher
or lower PCE in a DSSC device.

The short-circuit current (Js) is mainly affected by the molar extinction coefficient, the spec-
tral range of the dye and, also, electron injection efficiency. The open circuit-voltage (Voc) con-
cerns the difference between the energy level of the redox couple and the quasi-Fermi level of
the semiconductor. It is given by the following equation 11, in which Ecg is the level of CB TiO,,
n is the number of electrons on TiO,, Ncg is the effective density of states, Eredox is the HOMO
energy level of the redox couple and q is the unit charge. To improve the V.. value, it is neces-

sary to increase the Ecg or decrease the Eredox.*®>?

_ Bcg | KTy (n\ _ Ereaox
Vo = =0 *7 ln(Ncs) a ()

1.3.4.2 Incident photon to current conversion efficiency

The incident photon to current conversion efficiency (IPCE) is the ratio between the gener-
ated electrons and the incident photons as a function of A. In short circuit conditions, the IPCE
is given by equation 12, where Jsc (A) is the Jsc produced under monochromatic illumination and

O\ is the incident monochromatic photon flux.'®*

IPCE = 1240 x sc®) (12)

AX®)
IPCE can also be defined as the product of electron injection efficiency from the dye’s

excited state (ninj), light-harvesting efficiency (LHE), and charge collection efficiency (ncon)

(Equation 13).
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IPCE = Minj X LHE (X) X Neon (13)

LHE can be obtained through the absorbance of the dye on the TiO; (a), as described on the

following equation 14.>*

LHE =1-10¢ (14)

1.4 Dyes for DSSCs

The development of new efficient dyes for DSSCs devices has been a case of study for the
past few decades. Research on DSSCs reached its pinnacle in 2014, but it remains a topic of
scientific interest to this day (Figure 6). They can be divided into several classes, such as ruthe-

nium-based dyes, natural sensitizers, and organic metal-free dyes.>
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Figure 6. Number of research articles per year using the keywords: "Dye sensitized solar cell" or "DSSC" (blue / left
bar); "Dye sensitized solar cell" or "DSSC" and "Organic dye" (purple / right bar) (data source: ISI Web of
Knowledge)
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1.4.1 Ruthenium dyes

12 ruthenium-based dyes have been the preferred sensitizers for

Since Gratzel's work in 199
several years. These sensitizers consist of a central ruthenium metal ion, which is linked to
ancillary ligands (e.g. bipyridines or terpyridines), and anchoring groups like (e.g. carboxylic
acid). They have long-term chemical stability and superior quantum yield of electron injection
into the CB of TiO,. Moreover, the metal-to-ligand charge transfer (MLCT) process is responsi-
ble for a large absorption range (from visible to NIR)."*° The most representative ruthe-
nium(ll)-polypyridyl complexes include N-719, N-3, and N-749 (black dye), which have
achieved DSSCs efficiencies of 11.2 %, 10.0 %, and 11.1% respectively (Figure 7).°° These
polypyridyl complexes contain carboxylate groups, which decreases the energy of the n* or-
bital.>” Despite the high efficiencies, inferior molar extinction coefficients, complicated purifi-
cation steps and the existence of dye aggregation represent drawbacks in this family of com-
pounds.™ Besides that, ruthenium is an expensive metal and is not earth-abundant and its price
increased drastically in the last decade, which compromises the use of these complexes on a

large scale.'"®

N-719 N-3 N-749
Figure 7. Structures of ruthenium-based dyes N-719, N-3, and N-749.

1.4.2 Natural sensitizers

Natural dyes are present in fruits, leaves, roots, and flowers. They can be obtained generally
in large amounts by using simple procedures, such as extraction with ethanol, acetone, or wa-

ter, which turns them into a cheaper and more ecological alternative to synthetic dyes. **%
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Some examples of natural dyes applied in DSSCs are anthocyanins®'®3, chlorophylls®, and
betalains® (Figure 8). These dyes can be used directly as a mixture of compounds (extracts) or
in their pure form. Additionally, chemical modifications can be made to improve their efficien-

cies.

OH
OH OH

®
HO )
N
O®
OH OH OH

Cyanidin (Anthocyanin) Betanin (Betalain)

O OH
\OH

Chlorophyll-b

Figure 8. Chemical structures of natural sensitizers.

1.4.3 Organic metal-free dyes

Due to the shortage and cost of raw materials or low efficiencies of the two types of dyes
mentioned above, the research is now focused on metal-free organic sensitizers. They provide
superior long-term chemical stability, high molar extinction coefficients, considerable flexibility
in tuning molecular architecture, and easier and less expensive synthesis methods when com-
pared to ruthenium-based dyes.*

An efficient metal-free organic dye should accomplish the following requirements:

1) Have a highly conjugated m-system, with a low bandgap between the frontier molecular
orbitals.
2) For efficient light harvesting, the absorption spectrum of the dye should cover a wide range

of the visible and NIR spectrum; high molar extinction coefficients (g) are also required.
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3) The effective electron transfer process between the excited dye and the semiconductor’s
conduction band (CB) requires that the LUMO is higher than the CB of the TiO,. Also, to ensure
efficient dye regeneration by electron donation from the electrolyte, the HOMO of the dye
must be lower than the redox potential of the redox pair (Figure 3).
4) Electron lifetime in the excited state must be long enough for the injection of all the excited
electrons into the CB of the semiconductor to occur before the dye returns to its fundamental
state.
5) The anchoring groups should interact strongly with the semiconductor.
6) The dye must have good heat, electrochemical, chemical, and light stability.>%>"¢667

The greatest focus of research in this field is directed towards these organic molecules.
In the last few decades, more than half of the published articles have been related to organic
dyes (Figure 6).

Generally, these metal-free organic dyes have a design based on a D-ni-A architecture (Fig-
ure 9). In the dye structure D corresponds to the donor moiety, rt is the n-bridge, and A the
acceptor. This push-pull structure can induce intramolecular charge transfer (ICT) from the do-
nor to the acceptor subunits through the n-bridge, when a dye absorbs light. In a D-nt-A dye,
the HOMO levels are generally localized on the donor and the n-bridge, and the LUMO levels
are localized in the acceptor moiety. The energy levels, the photophysical characteristics, and
the photovoltaic performance can be modulated by modifying the donor and the n-bridge

moieties.”?

~
D-mr-A

Figure 9. Mono-branched D-n—A architecture of an organic dye sensitizer. Schematic representation of the ICT

from the donor to the acceptor and electron injection into the TiO, nanoparticles.

However, the D-n-A design presents some drawbacks, namely the tendency to aggregate
and the existence of only one anchoring group that may lead to reduced electron transfer
ability.®® By taking into account the highly efficient ruthenium dyes that have present in their
structure one to four anchoring groups for an efficient electron transfer, di-anchoring and di-
branched groups of dyes have emerged (e.g D-(n-A),, D;-n-A; and (D-n)2-A) (Figure 10). This

multi-branched architecture presents advantages over the mono branched one, such as a

48



greater structural variety to achieve panchromatic response, superior optical density conferred

by the extended n-conjugated system, and increased binding strength of the dye on Ti0,.6"2

= Bridge n Bridge

n Bridge = Bridge

D'(1T'A)2 (D-1T)2-A
Dz-'IT-Az

Figure 10. Schematic representation of multi-branched and multi-anchoring design of organic DSSC dyes.

Some examples of di-branched di-anchoring organic dyes are depicted in Figure 11 and its
spectroscopic and photovoltaic parameters are presented in Table 1. In all reports, a compari-
son with a unidimensional dipolar analog is made. In 2009, Abbotto et a/. introduced the first
di-branched di-anchoring dyes, which comprised a donor group, triarylamine, linked to two
anchoring groups via a m-spacer, vinylthiophene (1.2). The UV-Vis spectra indicate a batho-
chromic effect from the mono- (1.1) to the di-branched (1.2) structure, and, also, a superior
molar absorptivity (€) for the latter. The power conversion efficiency of the di-branched struc-
ture (1.2) was 5.7 % and the mono-branched (1.1) was 5.5 %. This improvement was due to an
increase in photocurrent (from 11.56 to 12.68 mA/cm?) and enhanced stability, conferred by
the presence of a di-anchoring system.” The effect of mono- and bi-anchors on photovoltaic
performance was also studied by Cao’s group. Different structures containing the central core
di(1-benzothieno)[3,2-6:2',3'-dlpyrrole (DBTP), with one or two anchors linked by a thiophene
moiety were synthesized (1.3-1.6). The di-anchoring dyes (1.5-1.6), when compared with the
mono-anchoring analogues (1.4-1.3), exhibited a red-shift (24-28 nm) and an improvement in
molar extinction coefficients. Additionally, concerning the photovoltaic performance, the di-
branched achieved higher efficiencies (6.73-7.09%, in contrast to the reported 5.37-5.78% for
the mono-anchoring dyes), due to a larger photo-spectral response and a more efficient elec-
tron injection.” Liu et a/. synthesized D-D-n-A dyes, in which three different additional units
were linked to indoline (carbazole, fluorene, and 4-methylphenyl), and cyanoacrylic acid was
used as acceptor linked to the donor via a vinyl thiophene (1.7-1.9). It was possible to observe
that by increasing the electron-donating ability of the substituents, the absorption spectra are

shifted to a longer wavelength (carbazole — 523 nm > fluorene — 504 nm > 4-methylphenyl -
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491 nm). The same behaviour was observed for improved power conversion efficiency and Js,

with the carbazole derivative (1.8) being the best-performing dye ( 5.87 %).”*

CN NC

Q o~ COOH HOOC\__ /7 D )~COOH
/7 on ST s
N
N

©(1.1) @ (1.2)

(1.3) R=H R (1.5) R=H
(1.4) R=C¢H13 (1.6) R=CgH13

"~ g o oo
N S N 7\ CN
Y \COOH
\ /)
NC
(1.8) (1.9)

Figure 11. Chemical structures of di-branched di-anchoring sensitizers and respective unidimensional analogues.

Table 1. Spectroscopic and photovoltaic parameters of di-branched di-anchoring sensitizers and respective unidi-

mensional analogues.

Dye Amax (M) e (MTem™)  Joc (MA/cm?) Voc (V) FF n (%) Ref.
1.1 441 33000 11.56 0.653 0.73 55 72
1.2 463 -473 44 500 12.68 0.612 0.73 57

1.3 457 43 516 10.66 0.702 0.72 537 &
14 426 34 100 9.73 0.774 0.77 5.78

1.5 495 81667 15.41 0.673 0.68 7.09

1.6 450 65 280 13.19 0.741 0.69 6.73

1.7 491 22 300 9.77 0.622 0.65 3.99 74
1.8 523 27 900 14.16 0.628 0.66 5.87

1.9 504 27 200 12.28 0.614 0.68 5.09
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Following the referred architectures, it is possible to synthesize a vast amount of different
promising dyes by combining different donors, acceptors, and n-bridges.
The donor’s electron-donating ability will strongly influence the light-harvesting capacity and
the energy levels of the molecule. Triarylamines’ have received prominence as donor groups
in the last years. Similarly, donor groups based in phenoxazines’® and phenothiazines’’ have
also been regarded as very promising. These donors have non-planar structures that avoid dye

78-80

aggregation. Other examples of donors include coumarins’®®°, indolines®', carbazoles®’, and

).34 The existence of a structure

truxene,® which are also widely used for this purpose (Figure 12
containing two distinct donor groups with complementary absorption spectra should confer
enhanced optical properties to the final dye. The n-bridge allows the extension of the n-con-
jugated system of the molecule and works as a passage for charge transfer from the donor to
the acceptor. Phenyl or heterocycle rings such as thiophene and their derivatives are frequently
used as m-bridges in dye sensitizers, because of their exceptional conjugate structures. Modi-
fying the n-bridge, even if only slightly by changing one atom, will significantly impact the
device's performance.®* Polyaromatic backbones such as thieno[3,4- Hlthiophene®® or indeno-
fluorine®” can be used as a component of the conjugated n-bridge (Figure 12). The anchoring
group may be the same as the acceptor moiety or be in close proximity to it, and it has the
capacity to immobilize the dye in the surface of the TiO,, which is essential for the generation
of electrical current flow. The bonding between the dyes and the TiO; surface is mainly cova-
lent, thus conferring uniform dye distribution, firm coupling, and stability. The cyanoacrylic acid
group is the most promising anchoring group to TiO.. Alternatively, catechols, vinylpyrimidines,
carboxylic acids, and rhodanine acetic acid can also effectively anchor to TiO (Figure 12). The
carboxylate groups coordinate with the metal ions from the semiconductor surface mainly by
monodentate, chelated bidentate, and bridged bidentate modes (Figure 13).24%%° Sterically
hindered substituents, such as long linear and branched alkyl chains, can also be introduced in
the dyes (Figure 12). These will help to control the uniform distribution of sensitizers on the
metal oxide surface by reducing the m---it interactions, thus having the capacity to suppress

dye aggregation and impede charge recombination occurrence (Figure 12).°"%
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Figure 12. Structures that can be used as donors, n-bridges, acceptors, and substituents alkyl chains in DSSC chro-

mophores.
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Figure 13. Binding modes of carboxylic acids with metal oxide surface.

1.4.3.1 Highly efficient organic dyes

Some examples of highly efficient metal-free organic dyes resulting from an exceptional
molecular tailoring approach are dye R6, (blue dye) developed by Gratzel's group® and dye
ZL003, synthesized and studied by Sun’s group.** Dye R6 contains an extensive conjugated m-
system, containing a benzophenanthrothieno benzophenanthrothiophene as n- bridge, a dia-
rylamine as a donor, and 4-(7-ethynylbenzol[c][1,2,5]-thiadiazol-4-yl)benzoic acid as anchoring

group. By using a Co(ll/l)tris(bipyridyl)-based redox electrolyte with this dye, the cell achieved
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a photovoltaic performance of 12.6 %, with Js;, Vo, and FF values of 19.69 mA/cm?, 0.850 V and
0.75, respectively.” The sensitizer ZL003 is based on a triazatruxene donor core linked to a mt-
bridge, 4,7-Bis(4-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (BTBT), and 4-ethynylbenzoic
acid as the chosen anchoring group. This dye achieved a PCE of 13.6 % when an electrolyte

based on Co-bpy was employed (Figure 14, Table 2).

CeHq30

N
JDJ > )~ )=
N CeHis

O CeHys
9\ ZL003

Figure 14. Chemical structures of the highly efficient dyes R6 and ZL003.

In 2023 it was reported a co-sensitization study with two molecules, SL9 and SL10, having
complementary absorption spectra (SL9: 330 nm and 557; SL10: 333 nm and 413 nm). A pre-
adsorption of 2-(4-butoxyphenyl)- N-hydroxyacetamide (BPHA) in TiO; helped to prevent the
desorption of dyes SL9 and SL10 and improved the molecular packing. A remarkable power

conversion efficiency of 15.2% was achieved (Figure 15, Table 2).%
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Figure 15. Chemical structures of the highly efficient sensitizers SL9 and SL10

Table 2. Spectroscopic and photovoltaic parameters of highly efficient sensitizers R6, ZL003, SL9, SL10

Dye Amax € Jsc(MA/cm?) Vo (V) FF n (%) Ref
(nm) M1 em™)
R6 631 81820 19.69 0.850 0.75 12.6 93
Z1L003 519 29 042 20.73 0.956 0.69 13.6 94
SL9 330 54 700 95
557 64 600 17.8 1.04 0.82 15.2
SL10 333 41900
413 33000
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2 COUMARIN DERIVATIVES AS PHOTOSEN-
SITIZERS

Coumarin derivatives as photosensitizers chapter is based on the journal article “Sarrato, J.;
Pinto, A. L; Malta, G,; Rock, E. G;; Pina, J.; Lima, J. C,; Parola, A. J.; Branco, P. S. New 3-Ethynylaryl
Coumarin-Based Dyes for DSSC Applications: Synthesis, Spectroscopic Properties, and Theo-
retical Calculations. Molecules 2021, 26, 2934."

The author contributed to the synthesis and structural characterization of the compounds
with the collaboration of Jodo Sarrato (M.Sc.), the DSSCs devices were prepared by Ana Lucia
Pinto (PhD). The absorption and emission spectra and DFT studies were carried out at the Uni-
versity of Coimbra by Professor Jodo Pina and the student Eva Rock (M.Sc.). This chapter only
depicts the synthetic methodology performed by its author and several considerations about

the photophysical properties and photovoltaic efficiency.

55



2.1 General overview

Coumarins (2H-chromen-2-ones) are a class of compounds of natural occurrence that can
be found in many plant families. They are secondary metabolites derived from the shikimic acid
pathway and were originally extracted from tonka beans by Vogel in 1820.%%" They are heter-
ocycle compounds that contain a benzene ring fused with a lactone ring. The double bond

present in the latter extends the conjugated n-system across the molecule (Figure 16).”

5 4

6 X 3
2
7 o7 o
8 1

Figure 16. Chemical structure of coumarin.

Coumarins can be synthesized by different methodologies such as Perkin, Pechmann,
Knoevenagel, Wittig, Reformatsky, and Kostanecki reactions. The first synthetic methodology
to obtain coumarins was developed by Perkin. By reacting salicylaldehyde with acetic anhydride
and sodium acetate, the o-hydroxycinnamic acid is formed and the coumarin is obtained after
an intramolecular cyclization.®'® The Pechmann reaction consists of an esterification/trans-
esterification reaction between a B-keto ester and a phenolic derivative in the presence of an
acid (e.g. Lewis acid). After ring closure and dehydration the desired coumarin is obtained.’®"%
The Knoevenagel condensation is also applicable for the preparation of this scaffold, by react-
ing a salicylic aldehyde derivative with a malonate derivative in the presence of amines or am-
monia.'®'% The Wittig reaction can be applied for the synthesis of this heterocycle. In this case,
a salicylic aldehyde analog reacts with a phosphonium ylide and, after an intramolecular Wittig
cyclization, the coumarin is obtained.’"'% In the Reformatsky reaction ketones or aldehydes
react with a zinc metal to obtain a B-hydroxy ester, affording the desired coumarin after a
lactonization.'™ In the Kostanecki reaction, an o-acylation occurs by reacting an o-hydroxyaryl
ketone with an aliphatic anhydride (eg. acetic anhydride) in the presence of a base. After that,

a cyclization occurs via an aldol condensation followed by dehydration (Figure 17).'%1%
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Figure 17. Different synthetic methods for the preparation of coumarins.

This class of compounds is recognized for its biological activity and as so broadly applied in
the pharmaceutical industry due to their antiprotozoal'®, anticancer'®, antibacterial''® activi-
ties among others. Additionally, coumarins derivatives present exceptional photochemical and
photophysical properties and have been applied in optical brighteners'", laser dyes'?, non-
linear optical chromophores', and as fluorescent probes in medicine.""'> They have been
effectively employed as organic dye photosensitizers in DSSC devices.”"'®"?" Generally, donor
groups are introduced in positions 6 and/or 7 (mostly amines) and acceptors in the 3 and/or 4
positions of the coumarin, due to a red shift effect in the absorption and emission spectra. The
ICT process, induced by the absorption of photons, is supported by the presence in the mole-
cule of the previously mentioned groups through resonance or inductive effects. Accordingly,

this results in the formation of a para-quinoidal ring, as depicted in Figure 18.%% Table 3 show

some of the developments made in this field over the past decade.
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Figure 18. ICT effect in 7-dimethylaminocoumarin via absorption and emission of light.?®

As mentioned above, coumarins with a dimethylamine in position 7 have recently been the
focus of continuous research. Han et al. investigated the effects of introducing different -
bridges in the coumarin core and compared cyanoacrylic acid and rhodanine acetic acid as
effective anchoring groups. The extension of the n-bridge from phenyl (i-a) to biphenyl (ii-a)
did not significantly affect the efficiency (a difference from 2.60% to 2.80%). The biggest im-
provement occurred when phenylthiophene (ii-c) was employed, an efficiency of 3.60% was
achieved due to an increase in Js.. Despite the high molar extinction coefficients (g) and Amax,
the rhodanine acetic acid derivatives (i-b, ii-b, ii-d) have lower IPCE and worse photovoltaic
performance than the derivatives containing a cyanoacrylic acid group(i-a, ii-a, ii-c), due to a
lower conjugation between the acceptor and the anchoring group.® To improve the perfor-
mance achieved by the phenylthiophene derivatives (ii-c and ii-d), the phenyl moiety was re-
placed by an electron-withdrawing thiazole (iii-a and iii-b). This improved the electron injection
efficiency and induced a red-shift of the maximum absorption band, with the best performing
dye achieving an efficiency of 4.78 % (iii-a).""” To confer rigidity to the molecule and reduce
charge recombination, Torres et al. introduced as n-spacer in the 7-diethylaminocoumarin, an
ethynyl group, resulting in an efficiency of 2.21 % (iv).""® Jadhav et a/. studied the effects of
introducing different groups in position 4 of the 7-diethylaminocoumarin, namely chlorine,
piperidine, and cyano groups (v-a to v-d). The best-performing dye was the one containing the
cyano substituent (xiii) with an efficiency of 4.60 %. The presence of this electron withdrawing
group in position 4 acts as an electron trap, leading to an improvement of Js., Vocand Pmax 11.18
mA/cm? 0.637 V and 4.59 respectively.'' Based on the promising photophysical results of Pe-
reira’s group with 7-(diethylamino)-4-methyl-3-vinylcoumarin-based dyes®’, Sekar's group
synthesized two similar coumarins containing cyanoacrylate and cyanoacrylic acid as anchors
(vi-a and vi-b). The latter achieved the best performance with an efficiency of 4.31 % (Figure
19, Table 3)."%
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Figure 19. Chemical structures of 7-diethylaminocoumarin dyes for DSSC application.
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Table 3. Spectroscopic and photovoltaic parameters of 7-diethylaminocoumarin sensitizers applied in DSSCs in
the last decade.

Dye Amax (NM) eMtem™)  Js Voc (V) FF n (%) Ref
(mA/cm?)
i-a 420 30 100 5.63 0.66 0.70 2.60 116 a
i-b 449 40 300 333 0.58 0.73 1.41
ii-a 413 49 400 579 0.69 0.70 2.80
ii-b 425 60 500 4.03 0.60 0.73 1.77
ii-c 438 37 300 7.72 0.66 0.71 3.62
ii-d 465 44 900 341 0.56 0.73 1.39
iii-a 401, 45 333, 9.79 0.69 0.71 478 17b
460 23433
iii-b 413, 50 800, 0.96 0.50 0.69 0.33
489 34 167
iv 440 14170 6.11 0.547 0.66 2.21 19 ¢
v-a 521 19 193 6.85 0.615 0.62 2.64 121d
v-b 491 20 366 7.79 0.636 0.64 3.19
v-C 487 20 533 8.62 0.626 0.66 3.79
v-d 613 16 313 11.18 0.637 0.65 4.60
vi-a 455 - 8.70 0.52 0.61 2.85 123
vi-b 464 - 12.16 0.57 0.62 4.31

aElectrolyte composition: OPV-AN-I containing 0.07 mM/L |-,

b Electrolyte composition: solution of 0.3 M 1-methyl-3-propylimidazolium iodide (MPII), 0.03 M I, 0.07 M Lil, 0.1 M guanidinium thiocyanate and
0.4 M 4-tert-butylpyridine (TBP).

¢Electrolyte composition: 0.5 M lithium iodide (Lil), 0.05 M iodine (I;) and 0.1 M tert-butylpyridine (TBP) in CH3CN. [Dye solution]= 0.23 mM in CH,Cl,,
Reference dye: N719 (n=3.23 %)

d Electrolyte composition: 0.5 M lithium iodide (Lil), 0.05 M lodine (l,), 0.5 M tert-butyl pyridine (TBP), and 0.5 M guanidium thiocynate (GSCN) in 3-
methoxy propionitrile. [Dye solution] =3 mM

¢ Electrolyte composition: 0.5 M Lil + 0.05 M |+ 0.5M guanidinium thiocyanate (GuSCN) + 0.5M tert-butyl pyridine (4-TBP) in 3-methoxy propionitrile
(MNP) solvent.

The introduction of m-conjugated donors in position 7 of the coumarin was also explored by
Han's group, with the employed donors being diphenylamine, difluorenylamine and triaryla-
mine. The linkage of these donors with the coumarin creates a D-D-n-A system. The presence
of an additional donor contributes to the expansion of the conjugated m-system. With this,
improvements were expected in the light-harvesting ability, tunability of energy levels of the
molecule, and also on the thermostability of the sensitizers. In their studies, three different n-
bridges were compared, namely thienyl, bithienyl and thiophene-phenyl (vii-xii).''®120124 Re-

garding the diphenyl coumarin dyes (vii-viii), the extension of the conjugated system increased
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the light-harvesting ability and, consequently, the Js., with bithienyl (viii-b) and thiophene-phe-
nyl (viii-a) derivatives having Jsc values of 12.91 and 14.33 mA/cm? and power conversion effi-
ciencies of 4.59 % and 6.24 %, respectively.'® By taking into account these results, another
study was carried out where the diphenylamino core was replaced with a difluorenylamino core
(xix-xxi) in order to improve V.. values. This modification resulted in an improvement in the
absorption and IPCE spectra and, consequently, all the derivatives presented higher Js values.
The thienyl (ix) and bithienyl (x-a) derivatives had also an improvement concerning Vo values,
leading to an improvement of their efficiencies from 3.36 % to 4.70 % and 4.59 % to 5.06 %,
respectively.'® Due to triarylamine’s properties, a set of dyes bearing this donor group in po-
sition 7 of the coumarin (xi-xii) was synthesized in the same group. Once again the thiophene-

phenyl (xii-b) derivative was the best performing dye with an efficiency of 4.99 % (Figure 20,
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Table 4)."*

NC
7\ ~COOH
©\ X s @\ /@\/ID\ COOH
N S Ar= /©/(vm-a)
(vii) (viii) S
Ar= U?

(viii-b)

O‘ i N\ / COOH
O N s COOH
N o” "o
Ar=

9 1& ’

(xii-b)
Figure 20. Chemical structures of coumarin dyes containing diphenylamine, difluorenylamine and triarylamine as

additional donor groups.
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Table 4. Spectroscopic and photovoltaic parameters of coumarin sensitizers containing diphenylamine, difluo-
renylamine and triarylamine as additional donors applied in DSSCs in the last decade.

Dye Amax e (MTem™) Jsc (MA/cm?) Voc (V) FF n (%) Ref
(hm)
vii 489 45 200 9.52 0.54 0.65 3.36 120 a
viii-a 473 61033 14.33 0.69 0.63 6.24
viii-b 492 52 433 12.91 0.59 0.63 4.59
ix 515 49 100 10.94 0.62 0.70 4.70 1183
X-a 497 55733 12.97 0.61 0.64 5.06
x-b 493 34 966 14.53 0.67 0.61 5.94
Xi 343, 20 967, 8.20 0.65 0.85 4.52 124 a
432 29 667
xii-a 350, 46 533, 9.21 0.64 0.75 4.40
467 33 867
xii-b 340, 43 700, 9.17 0.70 0.78 4.99
408 28 933

3 Electrolyte composition: CH3CN solution of 0.3 M 1-methyl-3- propylimidazolium iodide (MPII), 0.03 M |,, 0.07 M Lil, 0.1 M guandine thiocyanate
and 0.4 M 4-tert-butylpyridine (TBP).

Inspired by the work of Hara et a/ between 2001 and 2007 with coumarins’®'®'%8, Liu's

group studied two similar coumarins based on a D-ni-A-ni-A design. The two acceptor groups
were benzothiadiazole and a cyanoacrilyc acid, the n-bridges were thienyl ethyne and thienyl
or phenylene groups (xiii). The phenylene derivative (xiii-b) obtained an efficiency of 6.29 %
with a Jsc of 13.31 mA cm™, which is three times higher than the thienyl analog. The efficiency
was increased to 8.03% by adding 20 mM of CDCA. '*® Mori et al. also synthesized a coumarin
of this family containing an oligothiophene linker, which achieved an efficiency of 6.1% (xiv)
(Figure 21, Table 5)."*°

The performance of 6,7-dihydroxycoumarins derivatives containing styryl and phenylethynyl
bridges between the coumarin and the aryl ring (xv-xvi) was evaluated by Martins et al. Effi-
ciencies between 0.99 and 2.0% were obtained, and the study demonstrated that the efficiency
increased when a more linear phenylethynyl bridge was used in place of the styryl bridge (Fig-
ure 21, Table 5).”°
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o s 2 (xv-a) n=1
(xiii-a) Ar=\||/\/)*é (xiii-b) Ar=/©/ (xv-b) n=2
%

CeH1z

(xvi-a) R= CH3

(xvi-b) R=C1gHy4

Figure 21. Chemical structures dyes based on NKX coumarins and 6,7-dihydroxycoumarins.

Table 5. Spectroscopic and photovoltaic parameters of dyes based on NKX coumarins and 6,7-dihydroxycouma-

rins in the last decade.

Dye Amax (NM) e M em s Vo (V) FF n (%) Ref
b (mA/cm?)

xiii-a 512 51900 3.83 0.537 0.66 1.35 1292
xiii-b 490 22 000 13.31 0.678 0.70 6.29

Xiv - - 12 0.758 0.69 6.1 130 b
Xv-a 400 19190 3.36 0.59 0.69 1.37 Me

xv-b 415 20 035 2.98 0.60 0.55 0.99

xvi-a 398 17 376 442 0.60 0.74 2.00

xvi-b 398 17 413 3.52 0.62 0.74 1.65

a Reference dye: coumarin NKX-2677 (n= 5.34%)

b Electrolyte composition: 0.22 M cobalt(ll) tris-bipyridyl BCN,4, 0.02 M cobalt(l11) tris-bipyridyl BCN4, 0.1 M LiCIO,4, and 0.2 M 4-tert-butylpyridine in
CH3CN. [Dye solution] = 0.3 mM.

¢Electrolyte composition: commercial electrolyte from Solaronix with reference lodolyte AN-50 containing the redox iodide/ triiodide with a concen-

tration of 50 mM. [Dye solution] = 0.5 mM in ethanol. Reference dye: N719 (n=6.36%).
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2.2 Results and discussion

Considering the previous experience of our group on the derivatization of coumarins’'3"132,

the synthesis of 3-arylethynyl coumarin dyes was proposed. The donor moiety of the molecules
consists of a coumarin with methoxy groups linked to the positions 7, and positions 5 or 6. The
different n-bridges linked to a cyanoacrylic acid acceptor group were introduced in position 3
of the coumarin since it was observed that this functionalization allowed to decrease the en-
ergy gap between HOMO and LUMO levels.” Based on previous work’®, the n- bridges con-
sisted of a linear ethynyl group linked to different aryl rings. The effect of the different aryl
rings on the photovoltaic and photophysical properties was studied. The applied bridges were
the phenylene, thieno[3,2-b]thiophene, 2,2'-bithiophene, thiophene units as also a benzotria-
zole unit containing a long alkyl chain (Figure 22). The effect of the methoxy groups in positions
6 and 5 was also compared. The performance of the final coumarin chromophores in DSSC
devices was tested and this work was published in the scientific journal Molecules in May
2021."%

(2.11) R;=OMe R,=H
(2.19) R;=H R,=OMe

CioHa4
N'N‘N s
1)
K STy : SN
(2.11a) (2.11b) (2.19¢) (2.19d) (2.19€)

(2.19b)

Figure 22. Structures of the synthesized and studied coumarin chromophores in this work.

2.2.1 Synthetic methodology

The development of coumarin dyes with a D-n-A architecture involved the derivatization of

5,7-dihydroxycoumarin and 5,6-dihydroxycoumarin.
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2.2.1.1 5,7-Dihydroxycoumarin based dyes

Following the Pechmann methodology, phloroglucinol (2.1) reacted with ethyl propynoate
in the presence of a Lewis acid, ZnCl,, capable of coordinating with both a hydroxyl group of
the phenol and the carbonyl group of the ethyl propynoate. Regioselective ZnCl,-catalyzed
esterification followed by cyclization occurs, and 5,7-dihydroxycoumarin (2.2) can be obtained

with a good yield."** (Scheme 1).

(0]
OH ///LOEt (1.5eq.) OH
HO OH 100°C
21 HO (0) (0]
n=92 % (22)

Scheme 1. Synthesis of 5,7-dihydroxycoumarin (2.2).

To extend the conjugation length, the coumarin needs to be brominated in position 3. How-
ever, position 8 is more reactive than 3 and, so, to deactivate the ring hydroxyl groups, these
were acylated by reacting the coumarin with ethyl chloroformate in the presence of piperidine
(2.3)."** The bromination reaction was challenging to accomplish since coumarins have an elec-
tron-deficient character. The bromination reaction involved two different methods. The first
one concerns a reaction with OXONE® (2KHSOs - KHSO, - K2SO.) and HBr’®, where Br; is formed
in situ.”® The reaction was slow and incomplete, and the dibromo compound (bromination at
positions 3 and 4 of the coumarin) was also obtained, indicating that elimination did not occur.
Alternatively, a pathway in which copper(ll) bromide activates NBS was employed. **’ This re-
gioselective 3-halogenation method allowed to obtain the compound (2.4) with 51 % yield,

which was superior to the OXONE® and HBr method (n= 22 %) (Scheme 2).
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O (2.4 09 0 a) OXONE (2 eq.) /HBr (2.2 eq.) 0
N

CH,Cl,
OH /\oJ\o or /\oJ\o
o b) NBS (5 eq.) / CuBr, (10 eq.) Br
X CIJLO/\ (24 eq) 0 X CH3CN (Reflux) j\ X
HO 0 o) Dioxane /\O)J\O o o /\O 0 0 o)
(2.2) (23) n=63% (2.4) method a) n=22 %

method b) n=51 %

Scheme 2. Synthesis of 5,7-diethylcarbonatecoumarin (2.3) and 3-bromo-5,7-diethylcarbonatecoumarin (2.4).

The compound was then hydrolyzed to compound 2.5, and the hydroxyl groups were meth-

ylated with iodomethane in basic medium to accomplish compound 2.6 (Scheme 3).
o

OMe
K>COj3 (2eq.) Br
NaHCO3 sat. Mel (4 eq ) X
CH3CN (Reflux)  MeO (o) (o)

(2.4) (2.5) (2.6)

Scheme 3. Synthesis of 3-bromo-5,7-dihydroxycoumarin and 3-bromo-5,7-dimethoxycoumarin.

Introduction of ethynyl group and aryl-n-bridges

The palladium cross-coupling reactions are crucial for the preparation of metal-free organic
dyes. The extension of the n-conjugated system and the coupling between n-bridges and do-
nor involve these types of reactions. In the case of the synthesis of 3-arylethynyl coumarin dyes,
the Sonogashira coupling is vital.

The palladium/copper-catalyzed Sonogashira reaction concerns the coupling between a
terminal alkyne (sp carbon) and an aryl or vinyl halide (sp® carbon). In this reaction a palladium
source is required (Pd(0) complex), usually Cul is employed as a co-catalyst and the reaction is

performed in the presence of amines (Scheme 4).

Pd source
CuX

. Base 3 _
R1_X+ Rz — H R1 — R2

X=l, Br,Cl, OTf
R4=aryl, alkenyl, allyl, benzyl
R,= aryl, alkyl, alkenyl,SiR3

Scheme 4. Copper co-catalyzed Sonogashira reaction.
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For this reaction two independent cycles must be considered: the palladium cycle and the
copper cycle. The first mentioned cycle starts with an active species, Pd(0)L,, in a catalytic
amount, which can be generated by the dissociation of two PPhs ligands from Pd(PPhs)s First,
the oxidative addition of the halide to the Pd(0) catalyst occurs, forming a Pd(ll) complex. Then,
the [Pd(I)RsLX] intermediate suffers a transmetalation reaction with the copper acetylide
formed in the parallel copper cycle, giving [Pd(I)R1(C=Rz)L2]. Next, trans-cis isomerization oc-
curs, followed by reductive elimination, and the cross-coupling product is obtained. At the end
of the cycle, the Pd(0) catalyst is regenerated. It is proposed that, in the copper cycle a n-alkyne
copper complex is formed. This complex turns the terminal alkyne more acidic. This makes the
acetylenic proton more prone to be removed by an amine, thus favoring the formation of a
copper acetylide (Figure 23). 138140

The use of Cul as a co-catalyst increases the reactivity of the system, however, the use of
this co-catalyst brings the disadvantage of the sensibility for oxygen. Due to this sensibility
copper acetylide forms easily alkyne homocoupling by-products. As such, coupling approaches
that do not include the use of copper have been created by increasing the catalytic system's

reactivity ("copper-free" Sonogashira reactions)."''%

R1_X

Oxidative
Addition

[PdoL,] [
Ri—Pd—X +
L CuU——R, RaNH X
R1
Transmetalation
H—=F—R;

X=1, Br,Cl, OTf

R4= aryl, alkenyl, allyl, benzyl
Ro= aryl, alkyl, alkenyl,SiR3
R3= diethyl, triethyl, diisopropyl

Figure 23. Catalytic cycles of Pd and Cu in Sonogashira coupling.'38140

In the Sonogashira couplings, Pd(PPhs)4 was used as palladium source (Pd(0)), Cul as co-
catalyst, and diisopropylamine as a base. A catalytic amount of PPhzwas used to generate Pd(0)

in situ if undesired Pd(ll) is formed in the course of the reaction. Through a Sonogashira
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reaction between 3-bromocoumarin (2.6) and 4-ethynylbenzaldehyde, compound 2.7 was af-
forded with 49% yield. For the preparation of dye 2.11b the 3-bromocoumarin (2.6) was reacted
with ethynyltrimethylsilane and the compound 2.8 afforded in 73 % yield (Scheme 5).

o

H
OMe

=
Pd(PPhs), (0.15 eq.)

H O A
OMe PPh3 (0.06 eq.) MeO (6) e}
/@\/XBF g:;ég}liyelgﬁ)ﬂne (15eq) ' @7) n=4%%
MeO O o) Dioxane

(sealed tube 60°C)

ke M
/

(2.8) n=73%

AN
. (@]

<
o)
S

Scheme 5. Synthesis of compounds 2.7 and 2.8 via Sonogashira coupling.

To remove the trimethylsilyl protecting group from compound 2.8, a catalytic amount of
K>COs in methanol was used. In this reaction a nucleophilic attack from the methoxide, formed
in basic conditions, at the silicon atom occurs. The free alkyne is then generated in the presence
of a proton source. Since this particularly alkyne is prone to polymerization or even cycloaddi-
tion reaction, the purification via column chromatography using silica was avoided and the
obtained compound 2.9 was directly used in a C-C coupling with 5-bromo-2,2'-bithiophene-
5-carbaldehyde to obtain compound 2.10 with 14.1 % yield (Scheme 6).
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OMe Si OMe H
Z2 Z
N K,CO3 (0.12 eq.) X
MeO 0 o MeOH MeO o Yo
(2.8) (2.9)

Pd(PPh3),4 (0.15 eq.)

PPh3 (0.06 eq.)

Cul (0.12 eq.)

Dioxane

Diisopropylamine (1.5 eq.)
o

| \ ,
Br \ (15eq)

Dioxane
(sealed tube 45°C) (@]

MeO
(2.10) n=14%

Scheme 6. Preparation of the intermediate compound (2.9) and synthesis of compound 2.10 by introduction of the
2,2'-bithiophene m-bridge.

The last step of this synthesis consisted in the introduction of the cyanoacrylic anchoring
groups through a Knoevenagel condensation between the aldehydes 2.7 and 2.10, and the
cyanoacetic acid in the presence of piperidine. Dyes 2.11a and 2.11b were obtained with 13%

(incomplete reaction) and 53% vyields, respectively (Scheme 7).

kCN (3eq) C COOH
OMe Ar H
// (2.7 eq.)
A N
MeO 0" o CHACN
80°C 2 11)
(2.7/2.10)
(2.11a) R= /©/
n=13%
S
B \
@1p)R= g N\
n= 53 %

Scheme 7. Synthesis of the final 5,7-dimethoxycoumarin chromophores 2.11a and 2.11b.
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2.2.1.2 6,7-Dihydroxycoumarin based dyes

Similar procedures were used for the synthesis of 5,6-dimethoxycoumarin derivatives but in
this particular case it was used the natural compound esculetin (6,7-dihydroxycoumarin). Ini-
tially, the hydroxyl groups of the 6,7-dihydroxycoumarin (2.12) were methylated to the 6,7-
dimethxycoumarin 2.13, and position 3 of the coumarin ring was brominated with OXONE®

and HBr in dichloromethane to attain compound 2.14 (Scheme 8).

K2CO3 2eq MeO OXONE(2 eq) MeO x Br

CH3CN CHZCIZ

Reflux MeO 0 o
(2.12) (2.13)1=67% (2.14)n= 98%

Scheme 8. Synthesis of 6,7-dimethoxycoumarin (2.13) and 3-bromo-6,7-dimethoxycoumarin (2.14).

The ethynyl group was introduced in the 3-bromo-6,7-dimethoxycoumarin (2.14) as previ-
ously mentioned. In this synthetic pathway, several attempts have been made to remove the
trimethylsilyl protecting group. This step was optimized by using different reagents, solvents,
and purification techniques. Originally, TBAF in a THF solution was used as a deprotecting re-
agent, but it was not possible to remove this reagent without exposing the formed free alkyne
to light or silica due to the necessity of purification and removal of TBAF. Given this, the search
for more efficient methods led to the use of catalytic amounts of K,COs in the presence of

methanol (Scheme 9).

Pd(PPhs), (0.15 eq.)

PPh3 (0.06 eq.)
Cul (0.12 eq.) a) TBAF
Diisopropylamine (2 eq.) \SI/ THF
MeO Br =—d—eq) MeO Z N0, 01260 MeO
MeO (o) o) Dioxane (40°C) MeO o) 0
(2.14) (2.15)n= 96% (2.16)

Scheme 9. Synthesis of 3-ethynyl-6,7-dimethoxycoumarin (2.16)

After removal of the protecting group, 3-ethynyl-6,7-dimethoxy-2 H-chromen-2-one (2.16)
was obtained and used directly in a Sonogashira coupling with different aldehydes. The applied
aldehydes were 5-bromothiophene-2-carbaldehyde (2.17c) and 7-bromo-2-decyl-2H-
benzol[1,2,3]triazole-4-carbaldehyde (2.17d), with the latter having been prepared in the
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laboratory according to what was described in the literature.' Compounds 2.18c and 2.18d

were obtained with 51% and 9% yield respectively (Scheme 10).

Pd(PPhs), (0.15 eq.) O
PPh; (0.06 eq.)

H cul(0.12eq) ArH
MeO 4 Diisopropylamine (1.5 eq.) MeO N é
N Ar-Br (1.5 eq.)
MeO 0 0 Dioxane (60°C) MeO (o) 0

(2.16) Ar-Br= Br’@\n/H (2.18)
S 218¢) A= 5 |

o) n=51%
(2.17¢c) Sy

CioH21
CioH21

N N\NIN
1 vt
\ o) (2.18d) Ar= S n=9%
H

(2.17d)

Ar-Br= Br

Scheme 10. Introduction of the mn-bridges thiophene (2.17¢c) and benzotriazole (2.17d) in 3-ethynyl-6,7-dimethox-

ycoumarin via Sonogashira coupling to obtain compounds 2.18c and 2.18d respectively.

The cyanoacrylic anchoring group was introduced in compound 2.18c¢ to afford 2.19c with
a 53% yield. The same anchoring group was also introduced in 2.18d and it was possible to

obtain compound 2.19d with a 15% yield. (Scheme 11).
o
o) Hok/CN (3.0eq.)

U CN
N
_ A" TH O 27 eq) _ Ar/\lﬂ“
MeO (0] O CH3CN (80°C) MeO O

O
(2.18c-d) (2.19)
(2.19¢) Ar= %,@\; 1= 53%
C1oHa21
N\N,N

(2.19d) Ar= S_O_E n=15%

Scheme 11. Synthesis of the 6,7-dimethoxycoumarin final chromophores 2.19¢ and 2.19d.

The structure of the final chromophores was corroborated by 'H NMR and HRMS. In con-
trast with the starting materials (coumarin ethynyl aldehydes 2.7,2.10, 2.18c), the "H NMR spec-
tra of the final chromophores shows the disappearance of the aldehyde proton (10.02-9.87
ppm) and a new singlet at high field 8.53-8.06 ppm emerge corresponding to the B-proton to
the cyanoacrylic acid anchoring group (CH). This indicates that the Knoevenagel condensation

of the aldehydes and the cyanoacetic acid occurred. The protons of the coumarin moiety
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correspond to 3 singlets in the aromatic region. The proton of position 4 appears at 8.53-8.06
ppm. In 6,7-dimethoxy-coumarin, the protons from the positions H6/H8 are less deshielded
(6.20-6.65 ppm) than protons H5/H8 (7.11-7.22 ppm). The methoxy groups appear in the form
of two singlets around 4 ppm and the remaining signals present in the different spectra are in
accordance with the corresponding aryl rings (Figure 24). The HRMS showed the expected mo-

lecular ion peaks [M+H] 490.0406 for 2.11b, 408.0529 for 2.19¢ and 583.2542 for 2.19d.

.
1 T8
MeO 5/5\.\4a ‘\\3 {”/ s
¥
MeO” 74,0730 y l
1 MeO” 77,"072 0
(2.19¢) 1
| (219d) ‘ﬂ
| | \
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[ I ‘
Lt U AN
I A L _.J\//\\-“-ﬁ_; l M N (S \Nk\_dl J (\/“_._..ﬂ._.,
838573 g ice 4 > T
AHo oA [l san A
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Figure 24. "TH NMR (400 MHz) spectra of 2.11a-b and 2.19¢c-d final dyes (2.11a (CDCl3); 2.11b (DMF-d); 2.19¢
(DMSO-ak); 2.19d (DMF-dy)).

2.2.2 Absorption and Fluorescence

The optical properties of each coumarin dye were studied by measuring the UV-vis absorp-
tion and emission spectra in acetonitrile as solvent at room temperature. The absorption spec-

tra show a band in the region 414-420 nm (12000-64470 M~'cm™). The large Stokes shifts
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between the absorption and the emission bands (2201-3998 cm™) point to a charge transfer

(CT) character of the fluorescence emission band (Figure 25, Table 6).
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Figure 25. Normalized absorption and fluorescence emission spectra for compounds 2.11b and 2.19b-e in
acetonitrile solution and in the solid state (adsorbed in TiO; films) at 293K.

Table 6. Spectroscopic data (absorption and fluorescence emission maxima, molar extinction coefficients, €, and
Stokes shift, Ass) for compounds 2.11b and 2.19b-e in acetonitrile solution and absorbed in TiO; films at 293 K.

Dye 2A4bs (nm) A4bs solid € (cm1M) Afluo (nm) Afluo soid Ass (em™)
(nm) (nm)

2.11b 418 380 45480 499 500 3998

2.19b 420 380 30190 464 510 2201

2.19¢ 414 375 15300 486 488 3578

2.19d 416 375 12060 462 490 2451

2.19e 417 386 64470 489 476 3589

2.2.3 Photovoltaic performance

The performance of the final coumarin chromophores (2.11a-b, 2.19b-e) in DSSC devices
was evaluated by measuring the /-V curves (Figure 26-A, Table 7)."** Compound 2.19e pre-
sented the best performance, with an efficiency of 2% and the highest values of Voc and Vimax,

0.367 and 0.256 V, respectively. This superior efficiency is related with the superior molar
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extinction coefficient of 2.19e (Table 6). The DSSC's performance of dye 2.11b was 1.78%, while
the analog 2.19b was 0.95%, with the first one having a superior efficiency due to high photo-
current values (Jsc = 10.2 and Jmax = 7.8 mA/cm?). The photophysical, electrochemical compu-
tational studies revealed that substitution at the 5- and 7- positions of the coumarin unit is a
more suitable choice for the inclusion of electron-donating groups, when compared with sub-
stitution at the 6- and 7- positions. Compound 2.11a was also tested in the cells and obtained
the worst efficiency (0.84%) when compared to the other compounds. Despite having the third
highest Vo value, it has a low value of Jsc when compared with 2.11b. In the literature, the
analog with substituents in position 6 (Figure 26-C) has an efficiency of 2.00 % (N-719:6.36%)",
however, these efficiencies are not comparable because the cell fabrication conditions and the

electrolyte are not equal (the amount of compound 2.11a obtained was not enough to carry

out further studies).
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Figure 26. A- /- curves of the test cells based on the synthesized coumarin dyes under 100 mW.cm-2 under simu-
lated AM 1.5 illumination; B- Structures of the tested coumarin chromophores; C- structure of the 6,7-dihydroxycou-

marin based dye already reported In the literature’.
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Table 7. Performance values of the test cells based on the synthesized dyes and reference dye N719 under 100
mW.cm2 AM 1.5 illumination. The results presented correspond to the average values of at least two cells per dye,
each cell measured 5 times. The prepared anodes were soaked for 16 h in an CH,Cl,/MeOH/H,0 65:20:2 (% v/v)
solution of the dye (0.5 mM), at room temperature in the dark.

Electrolyte composition: 0.8 M Lil and 0.05 M I, in an acetonitrile/valeronitrile (85:15, % v/v).

Dye Vuc (V) Jsc Jmax Vmax (mV) FF n (%)
(mA/cm?) (mA/cm?)

2.11a 0.362 4.5 3.5 0.243 0.51 0.84
2.11b 0.339+0.003 10.2+0.1 7.8+0.2 0.227+0.002 0.51+0.01 1.78+0.06
2.19 0.289+0.006 6.7+0.3 4.9+0.3 0.193+0.004 0.49+0.02 0.95+0.07
2.19c 0.311+0.005 6.4+0.1 4.9+0.3 0.214+0.005 0.54+0.02 1.07+0.05
2.19d 0.359+0.002 5.4+0.1 4.3%0.2 0.258+0.001 0.58+0.02 1.13+0.04
2.19%e 0.367+0.005 9.3#0.1 7.5%0.2 0.256+0.003 0.56+0.01 2.00+0.06
N719 0.440+0.006 15.5+0.4 13.1+0.2 0.305+0.004 0.59+0.02 4.06+0.05
2.19c 0.493+0.015 2.4+0.1 1.840.1 0.341+0.011 0.52+0.02 0.63%0.04
HPE

Compound 2.19¢ was tested in DSSCs with the commercial electrolyte EL-HPE® (GreatCell
Solar) to understand the effect of this electrolyte with ethynyl coumarin dyes. The EL-HPE®
electrolyte contains 1-butyl-3-methylimidazolium iodide, 4-butylpyridine (TBP), and guani-
dinium thiocyanate (GUSCN). TBP acts as a Lewis base and occupies the dye-absent TiO; sur-
face, reducing the reversed electron transfer from TiO, CB to triiodide. The Gu™ cations from
the GUSCN are adsorbed on the TiO; surface to slow down electron recombination. The TBP
and GUSCN contribute, respectively, to a negative and positive shift of TiO, CB. This change in
the band position influences the charge recombination at the TiO/electrolyte interface ."* By
being adsorbed these additives block reduction sites, thus preventing their contact with elec-
tron acceptor molecules. In this way, the recombination process is suppressed and the open-
circuit voltage (Vo) increases.”® Indeed it is observed the positive effect of this electrolyte in
Voo, due to an increase from 0.311 V to 0.493 V. However, the photocurrent density at short
circuit (Js) decreases (from 6.4 mA cm™ to 2.4 mA cm™). This parameter is related to the elec-
tron injection efficiency from the photoexcited dyes in the conduction band of the TiO.. The
additives can reduce the energy gap between the conduction band of the TiO; and the LUMO
of the dye. As a result, the injection of electrons into the CB of the TiO: is thermodynamically
less favorable, resulting in a decrease in this value. Therefore, it was not possible to improve
the cell efficiency because the effect of the increase in Vo was suppressed by the decrease in
Jsc (Figure 27, Table 7).

76



6 _
2.19c¢
5 _
=
€4 1 ——2.19¢ HPE
<
Es .
3
2 _
1 _
O T T T T T
0 0.1 0.2 0.4 05

0.3
Voltage (V)

Figure 27. /-V curves of the test cells based on the synthesized coumarin dye 2.19¢ containing I/13” electrolyte and
EL-HPE® (GreatCell Solar) electrolyte, under 100 mW.cm under simulated AM 1.5 illumination.

2.3 Conclusion

It was possible to synthesize successfully a family of 3-arylethynyldimethoxycoumarin-
based dyes to explore the effects of different heterocyclic m-bridges and substitution patterns
(6,7- vs. 5,7-) on their photovoltaic performance. The 6,7-dimethoxycoumarin derivative con-
taining thieno[3,2-b]thiophene as m- bridge was the best performing dye (n= 2.00%). The
5,7-Dimethoxycoumarin derivative achieved better efficiency in the cells than the 6,7- equiva-
lent. Theoretical calculations confirmed the stronger electron-donating properties of the

5,7-substituted coumarins.
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2.4 Experimental section

General information - synthesis

The solvents and reagents were purchased (Merck KGaA, Darmstadt, Germany) and used
without further purification. Solvent drying was performed by using M2A molecular sieves
(Merck KGaA), according to the literature.” The solution of n-BuLi was always titrated using
diphenyl acetic acid as indicator. Zinc chloride, p-anisidine and benzoquinone were purified
before use as described in the literature.'*

Cooling baths were prepared by mixing acetone or ethanol and liquid No..

Thin-layer chromatography (TLC) was performed on aluminum-backed Kieselgel 60 F254
silica gel plates (Merck KGaA). Plates were visualized with UV light (254 and 336 nm) and/or by
and by staining with dragendorff and dinitrophenylhydrazine solutions."’ Preparative-layer
chromatography (PLC) was performed on Keiselgel 60 F254 silica gel plates (Merck KGaA). Col-
umn chromatography was performed using Kieselgel 60A (Carlo Erba) with particle size 40-63
um in normal phase.'®

High-resolution mass spectra (HRMS) were obtained at the University of Salamanca, re-
search support service — NUCLEUS, with a Thermo Vanquish core HPLC coupled to a diode
array ultraviolet detector and a mass spectrometer Thermo Orbitrap QExactive Focus.

The "H and *C Nuclear Magnetic Resonance (NMR) spectra were recorded in a Bruker
Avance Il 400 (Billerica, MA, USA), at 400 and 101 MHz, respectively. The employed solvents
were CDCls;, MeOD, CD3CN, DMSO-agt and DMF-d,. The NMR data is described in the following
order: chemical shift (6, in ppm), signal multiplicity, coupling constant (J in Hz) relative intensity
of each signal (nH, number of protons) and corresponding position in the molecule (Hx, posi-

tion). Trace of deuterated solvents is used as reference signals.

General information — photovoltaic characterization

The DSSCs detailed fabrication procedure has been described in the literature.’

The conductive FTO-glass (TEC7, Greatcell Solar) used for transparent electrodes was first
cleaned with soap , followed by rinsing with water and ethanol. To prepare the anodes, the
FTO-glass plates were coated with a TiCls/water solution (40 mM) at 70 °C for 30 min, then
washed with water and ethanol before being sintered at 500°C for 30 minutes. This treatment

acts as a ‘blocking-layer’ to prevent charge recombination between electrons in the FTO, and
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it also improves the adherence of the subsequently deposited nanocrystalline layers to the
glass plates. The transparent TiO, layers were deposited on the treated plates via the screen-
printing method by using a 43.80 mesh per cm? polyester fiber frame and using a titania paste
(18NR-T, Greatcell Solar, Queanbeyan, Australia). After deposition, the plates were heated to
125°C to dry the films, and the coating and drying process was repeated. The TiO,-coated
plates were then gradually heated to 325°C and 375°C over 5 minutes, followed by sintering at
500°C for 30 minutes. Once cooled to room temperature, the TiCl,/water treatment (40 mM)
was repeated. A reflective titania paste layer (WER2-O, Greatcell Solar) was then deposited via
screen-printing, and the plates were sintered at 500°C. This layer, containing 150-200 nm an-
atase particles, improves photocurrent generation. The plates containing the anodes were di-
vided into rectangles (size: 2 cm x 1.5 cm), containing a spot area of 0.196 cm? with a thickness
of 15 um. The anodes were immersed for 16 h in a 0.5 mM solution of the dye in
CHCl>:MeOH:H,0 (65:35:5, %v/v) or ethanol, at room temperature protected from the light.
The photoanodes were rinsed with the same solvent to remove the excess dye.

The cathodes were fabricated using 2 cm x 2 cm FTO-glass plates with a 1.0 mm diameter
hole drilled into them. To remove any residual glass powder and organic contaminants, the
plates were thoroughly cleaned with water and ethanol. A transparent Pt catalyst (PT1, Greatcell
Solar) was applied to the conductive side of the FTO-glass using the doctor blade technique.
A strip of adhesive tape (3 M Magic) was placed along 0.5 cm of the edge of the glass in order
to control the thickness of the deposited layer and to mask an electrical contact strip. The Pt
paste was uniformly distributed across the substrate by sliding a glass rod along the tape
spacer. After removing the tape, the cathodes were heated at 550°C for 30 minutes. By using
a thermopress, the photoanode and the cathode were assembled into a sandwich-type con-
figuration. Surlyn ionomer (Meltonix 1170-25, Solaronix SA) was used to seal the cells. The
redox couple, I7/13 (0.8 M Lil and 0.05 M |,) was dissolved in a mixture of acetonitrile/valeroni-
trile (85:15, % v/v) to prepare the electrolyte employed in this work. The electrolyte introduction
into the cell was done by filling under vacuum through the hole drilled in the cathode, followed
by sealing with adhesive tape. For each compound, at least two cells were assembled under
identical conditions, and the efficiencies of each cell were measured five times to ensure accu-
racy.

Photocurrent voltage measurements were performed using a Keithley SourceMeter mul-
timeter and an Oriel solar simulator (Model LCS-100 Small Area Sol1A, 300 W Xe Arc lamp
equipped with AM 1.5G filter, 100 mW cm™) was used to simulate sunlight irradiation.
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2.4.1 Synthesis of 5,7-dimethoxycoumarin-based dyes

Synthesis of 5, 7-dihydroxycoumarin (2.2)

In a round-bottom flask equipped with a magnetic stir bar were added under OH

50 40 2
N, atmosphere 140 mg of phloroglucinol (2.1) (1.11 mmol), 153 mg of zinc 8NN
chloride (1.11 mmol, 1eq.) and 0.170 mL of ethyl propynoate (2.39 mmol, ™07 Js 920

1.5eq.). The reactional mixture was heated at 100 °C and followed by TLC

(CH2Cl> with 5% of MeOH). After 19 h the reactional mixture was cooled to room temperature
and then was added an aqueous solution of HCI (5%). The resultant precipitate was filtered off
and washed with water to afford 182 mg of 5,7-dihydroxycoumarin (2.2) (n=92%). '"H NMR (400
MHz, DMSO-dk) & (ppm): 10.62 (s, TH, OH), 10.34 (s, 1H, OH), 7.92 (d, /= 9.6 Hz, 1H, H4), 6.22
(d, /= 2.1 Hz, 1H, H6/H8), 6.14 (d, /= 2.1 Hz, 1H, H6/H8), 5.99 (d, /= 9.6 Hz, 1H, H3). **

Synthesis of 5,7-diethylcarbonatecoumarin (2.3)

To a solution of 5,7-dihydroxycoumarin (2.2) (659 mg, 3.7 mmol) in 5 ) j\
mL of dry dioxane, were added at 0°C 0.72 mL of pyridine (8.9 mmol, o 5o \
6 4a \3

2.4 eq.) and 0.85 mL of ethyl chloroformate (8.9 mmol, 2.4 eq.). The Ji
N0 o 0 N0

reaction was stirred at room temperature for 70 h under a nitrogen 8

atmosphere. The solvent was removed, and the product was extracted -

with dichloromethane. The organic layers were combined, dried with anhydrous Na»SO,, fil-
tered, and dried under reduced pressure. The crude was purified by flash column chromatog-
raphy using the eluent hexane/ EtOAc (1/1) to give 749 mg of 5,7-diethylcarbonatecoumarin
(2.3) (2.32 mmol, n=63 %)."* "TH NMR (400 MHz, CDCls) 6 (ppm): 7.84 (d, /= 10.0 Hz, 1H, H4),
7.19 (d, /= 2.4, 1H, H6/H8), 7.14 (d, /= 2.0 Hz, 1H, H6/H8), 6.41 (d, /= 9.6 Hz, 1H, H3), 4.36 (m,

4H, H2'/H2"), 1.41 (m, 6H, H3'/H3")

Synthesis of 3-bromo-5,7-diethylcarbonatecoumarin (2.4)

In a round flask containing 144 mg of 5,7-diethylcarbonatecouma- o

rin (2.3) (0.45 mmol) were added 398 mg of N-bromosuccinimide 3'/2'\01)1\0

(2.23 mmol, 5 eq.), 999 mg of copper(ll) bromide (4.47 mmol, 10 o ¢ 2\Ja 4\3 Br
eq.) and 20 mL of dry acetonitrile. The mixture was heated to reflux 3"/2<5ﬂj\0 N A
under N2 atmosphere. When the reaction was complete the mix- (24)

ture was cooled to room temperature and the solvent was removed. It was added a 5% aqueous
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solution of NaHSOs and the product was extracted with ethyl acetate. The organic layers were
combined, dried with anhydrous Na,SO,, filtered, and evaporated. The crude was purified by
flash column chromatography using the eluent hexane / EtOAc (8/2) to afford 91 mg of 3-
bromo-2-oxo-2 H-chromene-5,7-diyl diethyl bis(carbonate) (2.4) (0.228 mmol, n=51%).'"H NMR
(400 MHz,CDClz) 6 (ppm): 8.22 (s, TH, H4), 7.25 (br s, 1H, H6/H8), 7.15 (br s, TH, H6/H8), 4.37
(m, 4H, H2'/H2"), 1.42 (m, 6H, H3'/H3")."’

Synthesis of 3-bromo-5, 7-dihydroxycoumarin (2.5)

To a solution of 3-bromo-2-oxo-2H-chromene-5,7-diyl diethyl bis(car- OH

bonate) (2.4) (105 mg, 0.26 mmol) in 2.2 mL of THF were added 20 mL of a 6 ANEAI B
saturated aqueous solution of NaHCOs. After 20h the reaction was com- HO 7 7%, SN
plete, the solvent was removed and the product was extracted once with

diethyl ether, then the aqueous phase was acidified with an aqueous solution of HCl 1M and
the product was extracted with CH>Cl,. The combined organic layers were dried with anhydrous
NazSO;, filtered, and evaporated. The obtained crude containing 3-bromo-5,7-dihydroxycou-

marin (2.5) (101 mg) was used directly in the next reactional step without further purification.

Synthesis of 3-bromo-5, 7-dimethoxycoumarin (2.6)
To a solution containing 3-bromo-5,7-dihydroxycoumarin (2.5) (0.24 OMe

mmol), potassium carbonate (0.48 mmol, 2 eq.) in 3 mL of dry acetonitrile
MeQO™ 7 o 8a (0) 2 (0]

were added 0.18 ml of iodomethane (2.89 mmol, 12 eq.). The reaction was ;
(2.6)

refluxed under N, atmosphere for 66 h. Then the solvent was removed, wa-

ter was added, and the product was extracted with CH,Cl,. The organic phases were dried with
anhydrous Na,SO,, filtered, and evaporated. The crude was purified by column chromatog-
raphy using hexane/ EtOAc 7/3 as eluent to afford 3-bromo-5,7-dimethoxycoumarin (2.6). 'H
NMR (400 MHz, CDCls) 6(ppm): 8.30 (s, TH, H4), 6.39 (br s, 1H, H6/H8), 6.28 (br s, TH, H6/HS8),
3.89 (s, 3H, OCH3), 3.85 (s, 3H, OCHs).
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Sonogashira reactions

Synthesis of 5, 7-dimethoxy-3-((trimethylsilyl)ethynyl)coumarin 2.8)

To a sealed tube were added under a N, atmosphere PPh; (0.06 eq.),
Cul (0.12 eq.), Pd(PPh3)4(0.15 eq), 147 mg of 3-bromo-5,7-dimethox- o b3 FZ
ycoumarin (2.6) (0.52 mmol, 1 eq.) and 5 mL of dry dioxane. After 15 .o~ ~00
minutes, were added ethynyltrimethylsilane (2 eqg.) and diisopropyla- "ol

mine (2 eq.). The solution was stirred at 45°C for 23 hours. The consumption of the starting
materials was monitored by TLC using hexane / EtOAc 6/4 as eluent. The solvent was removed
under reduced pressure and the crude was purified by flash chromatography with hexane/
EtOAc 8/2 as eluent, to afford 114 mg of 5,7-dimethoxy-3-((trimethylsilyl)ethynyl)coumarin
(2.8) (72.9%). 'H NMR (400 MHz, CDCls) & (ppm): 8.14 (s, 1H, H4), 6.37 (s, 1H, H6/H8), 6.25 (d, /
= 2.4 Hz, 1TH, H6/H8), 3.88 (s, 3H, OCH3), 3.84 (s, 3H, OCHj3), 0.25 (s, 9H, Si(CH3)3). HRMS-ESI(+):
Calculated for C16H1904Si [M+H]* 303.1047; Found 303.1041

Synthesis of 5, 7-dimethoxy-3-ethynylcoumarin (2.9)
In a round-bottom flask, 114 mg of 5,7-dimethoxy-3-((trimethylsi- OMe H

lyl)ethynyl)-coumarin (2.8) (0.38 mmol) and 7.5 mg of K.COs (0.054 6 ~

Meo7ssa020

mmol, 0.14 eq.) were dissolved in 10 mL of methanol. The reaction was i
2.9

monitored by TLC using the eluent hexane/ EtOAc 6/4 and after 6 hours
the solvent was removed under reduced pressure. The product was used directly in the follow-

ing reaction without further purification.

Synthesis of 4-((5, 7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)benzaldehyde (2.7)

Following the same method of compound 2.7 and starting with 3-bromo-5,7-dimethoxycou-
marin (2.6) (0.14 mmol) and 4-ethynylbenzaldehyde (0.28
mmol, 2 eq.). After purification by column chromatography us-
ing as eluent CHCl3/0.5% MeOH it was possible to afford 23 mg
of 4-((5,7-dimethoxy-2-oxo-2 H-chromen-3-yl)ethynyl)benzal-
dehyde (2.7) ( 0.069 mmol, n= 48.8%). 'H NMR (400 MHz,
CDCls) 6 (ppm): 10.01 (s, 1TH, CHO), 8.25 (s, TH, H4), 7.85 (d, /= 8.0 Hz, 2H, H3'/H5"), 7.69 (d, /
= 8.0 Hz, 2H, H2'/H6’), 6.42 (s, TH, H6/H8), 6.30 (s, TH, H6/H8), 3.92 (s, 3H, OCH3), 3.87 (s, 3H,
OCHj3).
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Synthesis of 5™-((5, 7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)-[2,2"-bithiophene]-5-carbal-
dehyde (2.10)

To a sealed tube, PPh; (0.06 eq), Cul (0.12 eq), Pd(PPhs)4
(0.15), 154 mg of 5'-Bromo-2,2"-bithiophene-5-carbalde-
hyde (0.56 mmol, 1.5 eq.) and 5 mL of dry dioxane were

added under a N, atmosphere. After a few minutes, the
previously prepared 5,7-dimethoxy-3-ethynylcoumarin @10)

(2.9) (1 eq.) and diisopropylamine (2 eq.) were added and the solution was stirred at 45°C for
15 hours. Once the reaction was confirmed to be complete by TLC (hexane/EtOAc (7/3)), the
solution was cooled to room temperature, the solvent was removed under reduced pressure,
and the solid residue was purified by flash chromatography column with DCM/ 0.2 % MeOH
as eluent to afford 22 mg of 5'-((5,7-dimethoxy-2-oxo-2 H-chromen-3-yl)ethynyl)-[2,2'-bithio-
phene]-5-carbaldehyde (2.10) (0.053 mmol, n= 14.1 %). '"H NMR (400 MHz, DMF-d)) & (ppm):
10.02 (s, TH, CHO), 8.29 (s, 1H, H4), 8.08 (d, /= 4.03 Hz, TH, ArH), 7.69 - 7,67 (m, 2H, ArH), 7,53
(d, /=4.03 Hz, 1H, ArH), 6.67 (s, 1H, H6/H8), 6.63 (s, TH, H6/H8), 4.04 (s, 3H, OCH3), 3.99 (s, 3H,
OCH?s). HRMS-ESI(+): Calculated for C2;H1505S, [M+H]* 423.0355; Found 423.0349

Synthesis of 2-cyano-3-(5-((5, 7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)-/2,2"-bithio-
phenj-5-ylacrylic acid (2.11b)

Compound 5'-((5,7-dimethoxy-2-oxo-2H-
chromen-3-yl)ethynyl)-[2,2'-bithiophene]-5-
carbaldehyde (2.10) (23 mg, 0.055mmol) and cy-

anoacetic acid (14 mg, 0.17 mmol, 3 eq.) were dis-

solved in 5 mL of dry acetonitrile and 16 pL of pi-

peridine (0.16mmol, 2.9 eq.) were added to the solution. Then the reactional mixture was
heated to reflux for 52h (followed by TLC using CH>Cl: as eluent). Then the solvent was evap-
orated under reduced pressure, the solid residue was washed 3 to 5 times with ACN, acidified
with HCI (10%) and washed 3 to 5 times with distilled water. After each washing step the solvent
used was centrifuged (4500 rpm, 10-30 minutes) to recover any lost product. It was obtained
14 mg of an orange solid corresponding to 2-cyano-3-(5'-((5,7-dimethoxy-2-oxo-2H-
chromen-3-yl)ethynyl)-[2,2'-bithiophen]-5-yl)acrylic acid (2.11b) (0.029 mmol, n=52.5%). 'H
NMR (400 MHz, DMF-qa;) 6 (ppm): 8.53 (s, TH, =CH), 8.27 (s, 1H, H4), 8.04 (s, 1H,ArH), 7.70 (br
s, TH, ArH), 7.67 (br s, 1H, ArH), 7.52 (br s, TH, ArH), 6.65 (s, TH, H6/H8), 6.61 (s, 1H, H6/H8),
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4.04 (s, 3H, OCH3s), 3.99 (s, 3H, OCHs). HRMS-ESI(+): Calculated for CysH1NOsS2 [M+H]*
490.0414; Found 490.0406

Synthesis of 2-cyano-3-(4-((5 7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)phenyl)acrylic
acid (2.71a)

Following the procedure for compound 2.11b and
starting with 4-((5,7-dimethoxy-2-oxo-2H-chromen-
3-yl)ethynyl)benzaldehyde (2.7) ( 0.062 mmol) it was

MeQO™ 7
possible to afford 2-cyano-3-(4-((5,7-dimethoxy-2-

(2.11a)

oxo-2 H-chromen-3-yl)ethynyl)phenyl)acrylic acid

(2.11a) (0.0082 mmol, n= 13.2 %) (it was not observed the total consumption of the starting
material 2.7). '"H NMR (400 MHz, CDCls) & (ppm): 8.16 (s, 1H, CH), 8.06 (s, 1H, H4), 7.81 (d, / =
6.8 Hz, 2H,H3'/H5"), 7.51 (d, /= 7.6 Hz, 2H, H2'/H6"), 6.32 (s, 1H, H6/H8), 6.20 (s, 1H, CH, H6/H8),
3.78 (s, 3H, OCHs3), 3.74 (s, 3H, OCHj).

2.4.2 Synthesis of 6,7-dimethoxycoumarin derivatives

Synthesis of 6,7-dimethoxycoumarin (2.13)

Following the same procedure for compound 2.6 and starting from 250 . s 4, 4
X

mg of 6,7-dihydroxycoumarin (2.12) (1.40 mmol). After 45h the reaction Moo ™0 N0
was completed, then the solvent was evaporated under reduced pressure. 213

Water was added and the compound was extracted with CH2Cl,. The organic phases were com-
bined, dried with Na;SOs, filtered and evaporated. It was possible to afford 270 mg of 6,7-
dimethoxycoumarin (2.13) (n= 66.9 %). 'H NMR (400 MHz, CDCls) & (ppm): 7.60 (d, /= 9.2 Hz,
1H, H4), 6.84 (s, TH, H5), 6.80 (s, TH, H8), 6.25 (d, /= 9.6 Hz, TH, H3), 3.92 (s, 3H, OCH3), 3.89 (s,

3H, OCHa).

Synthesis of 3-bromo-6, 7-dimethoxycoumarin (2.14)
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In a round bottom flask equipped with a magnetic stir bar 6,7-dimethox- | St Br
X
ycoumarin (2.13) (1.31 mmol) was dissolved in 10 mL of CHCl, then OX- m

MeO™ 7 s 8a O 2 O
ONE® (2.62 mmol, 2.0 eqg.) and a solution of HBr 2M (2.88 mmol, 2.2 eq.) !

2.14
were added. The reaction was stirred for 20 h at room temperature and it was foIIow;d )by TLC
using as eluent hexane/EtOAc 1/1. After consumption of the starting material water was added
and the product was extracted with CH,Cl,. The organic phases were dried with Na SOy, filtered
and evaporated under reduced pressure affording 364 mg of 3-bromo-6,7-dimethoxycouma-
rin (2.14) (1.28 mmol, n= 97.9 %). '"H NMR (400 MHz, CDCls) 8§(ppm): 7.99 (s, 1H, H4), 6.81 (s,

1H, H5), 6.80 (s, TH, H8), 3.93 (s, 3H, OCHj3), 3.90 (s, 3H, OCH3).

Synthesis of 6,7-dimethoxy-3-((trimethylsilyl)ethynyl)coumarin (2.15)

Following the experimental procedure for compound 2.8 and

starting with 66 mg of 3-bromo-6,7-dimethoxycoumarin (2.14) MGOW
(0.23mmol), after 49 hours the reaction was complete. The crude .5 0720
was purified by flash chromatography with hexane/ EtOAc 7/3 as (2.15)

|

sil

eluent and it was possible to afford 66.9 mg of 6,7-dimethoxy-3-((trimethylsilyl)ethynyl)cou-
marin (2.15) (0. 22 mmol, n = 95.6%). 'H NMR (400 MHz, CDCl3) & (ppm): 7.83 (s, 1H, H4), 6.82
(s, TH, H5/H8), 6.80 (s, TH, H5/H8), 3.94 (s, 3H, OCHj3), 3.90 (s, 3H, OCHs3), 0.26 (s, 9H, Si(CH3)3).
HRMS-ESI(+): Calculated for C16H1504Si [M+H]" 303.1047; Found 303.1053

Synthesis of 3-ethynyl-6,7-dimethoxycoumarin (2.16)

In a round flask equipped with a magnetic stir bar containing 3- 4 H
MeO 4a 3

ethynyltrimethylsilane-6,7-dimethoxycoumarin  (2.15) (20 mg, j@\/{

MeO™ 7 s 8a 10 2 O

0.084 mmol) dissolved in dry dioxane (1mL) was added, after cool- 16

ing to 0 °C, a solution of TBAF in THF (0.085mL, 1 eq.). The reaction

was followed by TLC using as eluent a mixture of n-hexane/EtOAc 6/4. After 30 min. the reac-
tion was complete and the reactional mixture was filtered under silica, then washed with diox-
ane. The solution of 3-ethynyl-6,7-dimethoxycoumarin (2.16) was directly used in Sonogashira

couplings with different aldehydes.
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Synthesis 2-((6, 7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)-thiophene-5-carbaldehyde
(2.18¢c)
Following the procedure for compound 2.10 and

starting from 42.6 uL(0.34 mmol, 1 eq.) of 5-bromothio-

phene-2-carbaldehyde (2.17c). After purification by
column chromatography with CHxCl/ 2% MeOH (2:18c)

58.7mg (50.8%) of 5-((6,7-dimethoxy-2-oxo-2 H-chromen-3-yl)ethynyl)-thiophene-2-carbalde-
hyde were obtained (2.18¢c). 'H NMR (400 MHz, CDCls) & (ppm): 9.87 (s, 1H, CHO), 7.92 (s, TH,
H4), 7.67 (d, / = 3.8 Hz, TH, H4'), 7.38 (d, / = 3.6 Hz, 1H, H3"), 6.89 (s, 1H, H5/H8), 6.87 (s, TH,
H5/H8), 3.97 (s, 3H, OCHs3), 3.93 (s, 3H, OCHs). HRMS-ESI(+): Calculated for C1gH130sS [M+H]*
341.0478; Found 341.0478

Synthesis of 2-decyl-2H-benzo[1,2,3]triazole

To a round-bottom flask under N, atmosphere were added 1,2,3-ben-
zotriazole (500 mg, 4.20 mmol), K>COs (1.745g, 12.59 mmol, 3 eq.), 4
mL of DMF and 1 mL of 1-iododecane (4.69 mmol, 1.1 eq.). The reac-
tional mixture was stirred at 40 °C for 1 hour and 30 minutes. Once
confirmed to be complete by TLC (hexane/EtOAc (6/4), H.O was

added, and the solution was extracted with CH.Cl,. The combined or-

ganic layers were washed several times with distilled water, then with
brine, dried over anhydrous Na,SOy, filtered and evaporated to dryness. The crude was purified
by column chromatography using the eluent hexane/ EtOAc 9/1, to afford 410 mg of an oil
corresponding to 2-decyl-2 H-benzo[1,2,3]triazole (1.67 mmol, n=39.8%). '* '"H NMR (400 MHz,
CDCl3) & (ppm): 7.86 (dd, /= 6.4, 3.2 Hz, 2H, H4/H7), 7.37 (dd, / = 6.4, 3.2 Hz, 2H, H5/H6), 4.72
(t, /= 7.0 Hz, 2H,H8), 2.11 (m,2H, H9), 1.24 (s, 14H, H10-H16), 0.86 (t, /= 6.6 Hz, 3H, H17). It

was also possible to recover the isomer 1-decyl-1H-benzo[d][1,2,3]triazole (n=28.5%)
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Synthesis of 4, 7-dibromo-2-decyl-2H-benzo[1,2,3]triazole

To a two-necked round-bottom flask 642 mg (2.62 mmol) of
2-decyl-2 H-benzol[1,2,3]triazole and 3.7 mL of HBr (48%) were
added, the solution was stirred at 100°C for 1h. Then 0.40 mL
of Br, (7.85mmol, 3 eq.) were added. After stirring at 130°C for

18h, the consumption of the starting material was confirmed I /N‘,\f
by TLC using CHxCl,/hexane 8/2, the solution was cooled to
room temperature and distilled H,O was added. The product
was extracted with CH,Cl,, the organic phases were dried over anhydrous Na,SO,, filtered and
evaporated to dryness. The solid residue was purified by flash column chromatography with
hexane/CH,Cl, 7/3 as eluent, affording 472 mg of 4,7-dibromo-2-decyl-2 H-benzo[d][1,2,3]tri-
azole as a brown oil (1.13 mmol, 43.1%)."* "H NMR (400 MHz, CDCls) & (ppm): 7.44 (s, 2H,
H5/H6), 4.77 (t, /= 7.4 Hz, 2H, H8), 2.14 (m, 2H, H9), 1.26 (s, 14H, H10-H16), 0.87 (t, /= 6.6 Hz,
3H, H17).
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Synthesis of 4-bromo-2-decyl-2H-benzo[d][1,2,3]triazole-7-carbaldehyde (2.17d)
To a round-bottom flask containing 298 mg of 4,7-dibromo-2-
decyl-2H-benzo[1,2,3]triazole (0.72 mmol) in 5 mL of dry THF
was cooled to approximately -78°C and, after a few minutes, 0.5

mL (0. 80 mmol, 1.1 eq.) of a 1,6 M solution of n-Buli in hexanes

were added dropwise. After stirring for 15 minutes at -78°C, 56
uL (0.72 mmol, 1 eq.) of dry DMF were added. The temperature
was maintained, and the reaction was stirred for more 3h. Once 247d)
the total consumption of the starting material was confirmed by TLC hexane/ EtOAc 9/1 the
solution was slowly warmed to room temperature. The quenching was performed by adding
distilled H>O the organic compound was extracted with CH>Cl,. The organic phases were com-
bined, dried under anhydrous Na,SO;, filtered and evaporated to dryness. The solid residue
was purified by flash column chromatography with hexane/ EtOAc 9/1 as eluent, affording 120
mg of 7-dibromo-2-decyl-2 H-benzo[d][1,2,3]triazole-4-carbaldehyde (2.17d) as a beige solid (
0.33 mmol, n= 45.7%). "H NMR (400 MHz, CDCl3) & (ppm): 10.44 (s, 1H, CHO), 7.83 (d, /= 7.2
Hz, 1H, H6), 7.76 (d, /= 7.6 Hz, 1H, H5), 4.84 (t, / = 7.4 Hz, 2H, H8), 2.17 (m, 2H, H9), 1.25 (s,
14H, H10-H16), 0.87 (t, /= 6.4 Hz, 3H, H17).

Synthesis of 2-decyl-7-((6, 7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)-2H-
benzo[d][1,2,3]triazole-4-carbaldehyde (2.18d)

Following the procedure for compound 2.10 and start-
ing with 7063 mg of 7-dibromo-2-decyl-
2Hbenzo[1,2,3]triazole-4-carbaldehyde (2.17d) (0.19

mmol) it was possible to obtain 9.2 mg of 2-decyl-7- (2.184)
((6,7-  dimethoxy-2-oxo-2 H-chromen-3-yl)ethynyl)-
2 H-benzo[d][1,2,3]triazole-4-carbaldehyde (2.18d)
(0.018 mmol, n= 9.2 %). '"H NMR (400 MHz, CDCls) &
(ppm): 10.46 (s, TH, CHO), 8.06 (s, TH, H4), 7.95 (d, /= 7.2 Hz, TH, H5'), 7.78 (d, /= 7.2 Hz, 1H,
H6"), 6.87 (s, 1H, H5/H8), 6.87 (s, TH, H5/H8), 4.85 (t, / = 7.2 Hz, 2H, H8), 3.97 (s, 3H, OCHj3),
3.93 (s, 3H, OCHj3), 2.17 (m, 2H, H9'), 1.24 (m, 14H, H10'-H16" ), 0.86 (t, / = 6.4 Hz, 3H, H17’).

HRMS-ESI(+): Calculated for C30H34N30s [M+H]* 516.2493; Found 516.2509

88



Synthesis  of  2-cyano-3-(5-((6,7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)thiophen-2-
ylacrylic acid (2.19c)

Using the procedure for compound 2.11b and stating
with 28.1 mg of 5-((6,7-dimethoxy-2-oxo-2 H-chromen-
3-yl)ethynyl)-thiophene-2-carbaldehyde (2.18¢c) (0.08

mmol) the reaction was stirred under reflux for 17 hours.

(2.19¢)

The consumption of the aldehyde was monitored by TLC using the eluent CH,Cl»/ 2% MeOH.
It was possible to obtain 17.7 mg (52.7 %) of 2-cyano-3-(5-((6,7-dimethoxy-2-oxo-2H-
chromen-3-yl)ethynyl)-thiophen-2-yl)acrylic acid (2.19c). 'H NMR (400 MHz, DMSO-dk) &
(ppm): 8.50 (s, 1H, H4/CH), 8.36 (s, 1H, H4/CH), 7.98 (d, /= 3.8 Hz, 1H, H3'/H4"), 7.57 (d, /= 3.9
Hz, 1H, H3'/H4"), 7.22 (s, TH, H5/H8), 7.11 (s, TH, H5/H8), 3.89 (s, 3H, OCH3), 3.81 (s, 3H, OCH3).
HRMS-ESI(+): Calculated for C21H14NOgS [M+H]* 408.0536; Found 408.0529

Synthesis of 2-cyano-3-(2-decyl-7-((6,7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)-
2H-benzo[d][1,2,3]triazol-4-ylacrylic acid (2.19d)

Following the experimental procedure for 2.11b and start-
ing from 51,7 mg of 2-decyl-7-((6,7-dimethoxy-2-oxo-
2 H-chromen-3-yl)ethynyl)-2 H-benzo[d][1,2,3]triazole-4-
carbaldehyde (2.17d) (0.10 mmol, 1 eq.), 8.9 mg of 2-cy-
ano-3-(2-decyl-7-((6,7-dimethoxy-2-oxo-2H-chromen-3-
ylhethynyl)-2H-benzo[d][1,2,3]triazol-4-yl)acrylic acid
(2.19d) (50.8%) were obtained. '"H NMR (400 MHz, DMF-
d7 6 (ppm): 8.92 (s, 1H, H4/H7'), 8.55 (d, / = 8.0 Hz, 1H,
H5'/H6), 8.46 (s, 1H, H4/H7'), 7.97 (d, /= 7.8 Hz, TH, H5'/H6’), 7.42 (s, 1H, H5/H8), 7.17 (s, TH,
H5/H8), 4.95 (t, /= 7.3 Hz, 2H, H1"), 4.04 (s, 3H, H1'/H2’), 3.93 (s, 3H, H1'/H2"), 2.22 - 2.15 (m,
2H, H2"), 1.44 - 1.14 (m, 20H, H3"-H9"), 0.85 (t, / = 6.4 Hz, 5H, H10"). HRMS-ESI(+): Calculated
for C33H3sN4Os [M+H]* 583.2551; Found 583.2542

(2.19d)
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3| ACENAPHTHENE DERIVATIVES AS PHO-
TOSENSITIZERS

Part of Acenaphthene derivatives as photosensitizers chapter is based on the journal article
"Malta, G,; Pina, J.; Lima, J. C; Parola, A. J,; Branco, P. S. Acenaphthylene-Based Chromophores
for Dye-Sensitized Solar Cells: Synthesis, Spectroscopic Properties, and Theoretical Calcula-
tions. ACS Omega 2024, 9, 14627-14637."

The author was responsible for all the experiments presented in this chapter. DFT studies

were carried out in collaboration with Professor Jodo Pina from the University of Coimbra.
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3.1 General overview

Acenaphthene is a polycyclic aromatic hydrocarbon (PAH), some examples of acenaphthene
derivatives are acenaphthylene, bis(arylimino)acenaphthenes (Ar-BIANs) and 7H-acenaph-
tho[1,2-adlimidazoles.

3.1.1 Bis(arylimino)acenaphthenes

Bis(arylimino)acenaphthene (Ar-BIAN) compounds are commonly applied as nitrogen bi-
dentate a-diimine ligands for main group elements and transition metals.”*® "2 This class of
compounds has been quite used as sterically bulky diamine ligands in several reactions, the
most remarkable being its use as a catalyst in olefin polymerization.'*">* Furthermore, these
compounds present specific characteristics that are important for their photophysical applica-
tions, namely a n-conjugated naphthalene moiety, structural rigidity, and the presence of tun-
able aryl substituents that allow to vary their steric and electronic capabilities.*®"*> They were

156,157

tested as active layers in bulk heterojunction devices and in the fabrication of graphite

electrodes for lithium-ion batteries.” The use of Ar-BIAN complexes as dye sensitizers in
DSSCs has already been reported, however their energy conversion efficiencies are low. Re-
cently, the synthesis of copper dyes supported by Ar-BIAN ligands containing, as anchoring
groups, sulfonates was reported (Figure 28). Despite the low conversion efficiencies, the /~V

curves have shown that these compounds can inject electrons into TiO,.™*

SO3Na SO3Na COOMe COOMe *

O Ty
. /CU\N/

X
N

SO3Na

SO3Na

COOMe

COOMe

PFg

Figure 28. Cu(l) Ar-BIAN complexes applied in DSSCs as sensitizers.

These Ar-BIAN compounds can be easily synthesized via condensation reactions between

an aniline and acenaphthoquinone, two cheap and commercially available reagents. As so, their
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photophysical and photovoltaic properties can be easily modulated by choosing different ani-
lines. Two stereoisomeric forms are possible for these structures, anti-anti and syn-anti. The

formation of the syn-synisomer is hindered due to steric reasons. (Figure 29)." 1"

R
(0] O
: O s
[ \_/
SOR — (A
OO and/or
NH»
(anti-anti) (syn-anti)

Figure 29. Reaction scheme for the synthesis of Ar-BIAN derivatives.

3.1.2 7H-acenaphthol1,2-alimidazoles

Debus-Radziszewski multicomponent reaction is a powerful tool to synthesize imidazole
cores. By reacting a 1,2-diketone with an aldehyde in the presence of an ammonia source it is
possible to afford a 2,4,5-trisubstituted imidazole, and by adding an aniline to this equation a
1,2,4,5-tetrasubstituted imidazole is obtained.” The aforementioned starting material
acenaphthenoquinone can be used as 1,2-diketone in these reactions, leading to the formation
of 7H-acenaphtho[1,2-d]imidazoles derivatives (Figure 30). Alternative methods using Lewis
acids (InFs, Zn0)'®*"* silver salts (Ag-CO3)'®, ionic liquids (piperidinium hydrogen sulfate)'®
and other catalysts such as TiO2,'®" 15,"%® PhsCCl ' and L-proline’™ can be also employed to

achieve structures of similar types.

¢} 0 Osx _H
AN
OO NH4CH3C02 N "N
+ +
CH3COOH
R R,

Optional

Figure 30. Debus-Radziszewski reaction for the synthesis of 2,4,5-trisubstituted imidazole and 1,2,4,5-tetrasubsti-

tuted imidazole.
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Recently, Ramanujam et a/'"" reported the synthesis of imidazole derivatives with a fused
phenanthrene backbone that achieved good overall efficiencies as sensitizers. Structural mod-
ifications like the introduction of anisole (ancillary donor) in the pyrrolic nitrogen increased the
efficiency from 5.26 % to 6.71% (N719 reference: 7.62%). The compounds were easily prepared
by reacting 9,10-phenanthrenequinone, terephthaladehyde, p-anisidine, and ammonium ace-
tate in glacial acetic acid under reflux. Then, through a Knoevenagel reaction, the cyanoacrylic
anchoring groups were introduced and the final chromophores were obtained (Figure 31). '
This two-step synthesis method allows several units of the molecule to be tuned and the effect
on DSSC efficiency to be studied. Taking into account this methodology, if the 9,10-phenan-
threnequinone is replaced by an acenaphthoquinone, a family-based on 7 H-acenaphtho[1,2-

d]imidazole can be prepared for the first time.

CN
=~ “COOH

o 0 H. 0 NH, i
NC\)LOH (1.5eq.)
NH,CH3CO; (4.0 eq.)
. N N N7 N—Rz NH,CHoCOp (1.95 eq.) N N-R
CH3COOH CH3COOH
H (6]

R1= 4-methoxyphenyl,R,= H
or
R1=R5= 4-methoxyphenyl

Figure 31. Reactional scheme for the preparation of imidazole derivatives with

a fused phenanthrene core embedded in the structure.

3.1.3 Acenaphthylene

Acenaphthylene has been widely used as a building block of several m-conjugated functional

172

materials'’? such as bistriphenylamine fluoranthenes'’?, acenaphthopyrazines'* and acenaph-

thoBODIPYs.!”> Regarding the bistriphenylamine fluoranthenes'” and acenaphthopyrazines'’
dyes cores, their structures, photovoltaic and photophysical characteristics are depicted on
Figure 32 and Table 8. Su’s group studied the application of bistriphenylamine fluoranthenes
(i) in DSSCs with variations in the n-bridge. The thiophene derivative was the best-performing

dye (i-b) in this study, with an efficiency of 4.57 % due to a more extended conjugated
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system.'”® Regarding the acenaphthopyrazines, Sun’s group concluded that the absorption
spectra of dyes ii are red-shifted compared with dyes iii, revealing that the former have a more
efficient electron push-pull system.”” The photovoltaic results are in accordance with this.
Higher values of Jsc were observed for compounds ii, thus resulting in better efficiencies. De-
spite the existence of some reported examples where these cores are applied in DSSCs the use
of dyes in this field containing an acenaphthylene as the main core unit is still at an early stage

of exploration.

2.0
j\ﬁCOOH
NC

® A
(i-b)R= | N
R %COOH i ™
OCQ )
((iifiii-b) R = H3C(H,C)3

HooC N O R
‘ ()R = é@j\ﬁ :@: \ Ph
COOH N ;
NG HooC N O N-3
0
)

((iifiii-c)R = HsC
Figure 32. Chemical structures of dyes bearing bistriphenylamine fluoranthenes and acenaphthopyrazines cores.

Ph

(iifiii-a) R = Ph,N’E

Table 8. Spectroscopic and photovoltaic parameters of bistriphenylamine fluoranthenes and acenaphthopyrazines

based dyes applied in DSSCs.

Dye Amax (NM) eMlem™)  Jo Voc (V) FF n (%) Ref
(mA/cm?) [n ref (%)]
i-a 297, 447 58 000, 7.59 0.73 0.72 4.00 173 a
12 000
I-b 300, 445 54 000, 8.57 0.76 0.63 457
21 000,
I-¢ 303, 51 000, 5.56 0.69 0.69 2.72
426 14 000
ii-a 461 8 000 8.11 0.693 0.72 4.04 174 b
ii-b 457 6 300 6.43 0.662 0.63 2.68
ii-c 444 3100 4.10 0.638 0.70 1.82
iii-a 444 12 200 6.27 0.650 0.70 2.85
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iii-b 435 10 400 5.89 0.632 0.71 2.62
iii-c 424 11 000 3.78 0.589 0.66 1.48

2 Electrolyte composition: 0.1 M Lil, 0.05 M I, 0.6 M PMII (1-methyl-3-propylimidazolium lodide), 0.5 M TBP in the mixed solvent of acetonitrile and 3-methoxy-
propionitrile (7:3, v/v). Reference dye: N719 (n= 8.00%)

bElectrolyte composition: 0.1 M Lil, 0.05 M I,, 0.6 M PMII (1-methyl-3-propylimidazolium lodide), 0.5 M TBP in the mixed solvent of acetonitrile and 3-methoxy-
propionitrile (7:3, v/v). Reference dye: N719 (n= 8.00%)
cohol (v/v, 1:1). Reference dye: N719 (n= 7.05%)

On Figure 33 and Table 9 are depicted some examples of PAH-based dyes widely used in
DSSCs such as biphenyl,"”"® fluorene'®'® and anthracene'®'®' derivatives. Gao's group re-
ported the use of a biphenyl as a secondary electron donor in a structure with a D-D-n-A
design, in which different n-bridges were used, namely phenyl, thiophene and furan (iv). The
furan derivative (iv-c) achieved the best efficiency (5.81 %) with Jsc and Vo values of 11.36 mA
cm™and 0.750 V, respectively. This better efficiency is also related to a superior molar extinction
coefficient (37 135 and 24 966 M" cm™) and less charge recombination. Kim's'® and Lin's'®
groups developed, respectively, structures v and vi containing a fluorene core, a more rigid and
conjugated structure than the biphenyl group, and obtained efficiencies of 9.2 and 6.88 %

respectively. Meymian et al.’®’

reported a D-n-A dye with a AJN-diphenylaniline linked to a
diazo moiety, an anthracene core as n-bridge and a carboxylic acid as anchoring group to TiO;
(vii). The obtained values of Js, Voc and FF were respectively 14.21 mA cm™ 0.630 V, and 0.56
which resulted in an efficiency of 5.01 %. Yeh's group ' reported the synthesis of a dye with
two anthracene cores linked by ethynyl groups (viii) in which a remarkable value of Voc was

achieved (1.07 V) and an efficiency of 8.35 % was obtained.
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Figure 33. Chemical structures of some PAHs-based dyes used in DSSCs
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Table 9. Spectroscopic and photovoltaic parameters of PAHs-based dyes applied in DSSCs.

Dye Amax(hM)  e(MTcem™) Ui Voc (V) FF n (%) Ref
(mA/cm?) [n ref (%)]

iv-a 344 9 944 4.96 0.640 072 2.28 1772
408 5 685

iv-b 349 16 236, 9.99 0.680 0.71 4.83
430 10 786

iv-c 360 37135 11.36 0.750 0.68 5.81
436 24 966

v 377 38119 18.54 0.674 073 92 178 b
544 16 826

vi 448 51300 14.55 0.710 0.67 6.88 179 ¢
348 30 800
310 31000

vii 541 21740 14.21 0.630 0.56 5.01 181

viii 366 19 000 10.82 1.07 072 835 18e
487 37 000
535 27 000

2 Electrolyte composition: OPV-AN-I [I-]= 0.07 mmol L (Yingkou Opvtech New Energy Co., Ltd.).

b Electrolyte composition: 0.6 M DMPII (1,2-dimethyl-3-propylimidazolium iodide), 0.5 M TBP, 0.05 M I, and 0.1 M Lil in CH5CN.

¢ Electrolyte composition: Lil, 0.5M, I, 0.05M, and TBP, 0.5M dissolved in acetonitrile. [Dye solution]= 3x10-* Reference dye: N719

d Electrolyte composition: Lil (6.0 x 102 M), 1, (4.0 x 102M), with 0.5 M 4-tert-butylpyridine as additive in dry acetonitrile. 4.0 x 105 M in ethanol.

¢ Electrolyte composition: 0.2 M [Cu(dmp),(TFSI)], 0.05 M [Cu(dmp),(TFSI),], 0.1 M LiTFSI, 0.6 M 4- tert-butylpyridine (TBP) in MeCN. [Dye solution]= 0.15 mM
with 0.3 mM chenodeoxycholic acid (CDCA) in tert-butanol / ACN / dichloromethane mixture (v/v, 2:2:1).
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3.2 Results and discussion

3.2.1 Synthetic methodology

3.2.1.1 Bis(arylimino)acenaphthenes (Ar-BIANs) derivative dyes

In an attempt to enhance the energy conversion efficiencies of bis(arylimino)acenaphthenes
(Ar-BIANs), the synthesis of an entirely organic Ar-BIAN dye containing two cyanoacrylic acids
as anchoring groups (3.5) was proposed (Figure 34).

Figure 34. Structure of the target Ar-BIAN-based dye (3.5).

The first approach to synthesize the desired compound involved an addition reaction be-
tween acenaphthoquinone (3.1) and 4-aminobenzoic acid (3.2) to obtain compound 3.3. Two
different methods have been employed. The first one uses the Lewis acid ZnCl; in acidic media.
First, a zinc complex is formed which then reacts with K;COs or C:K,04 to obtain the free ligand
(Method A).”® The other method involves acidic catalysis with glacial acetic acid (Method B)."™°
However, in both reactions the obtained solids were complex mixtures that were not in agree-
ment with the literature.”™ The following steps would consist of a reduction of the carboxylic
acids to aldehydes to obtain 3.4 and, then, to obtain the final chromophore 3.5 a Knoevenagel

condensation to introduce the anchoring groups (Scheme 12).
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Method A
1)ZnCl; (2.0 eq.) /CH3COOH

2)K,CO3 or CoKy0, (aq.)  HO, OH

Method B o N—’ o
. CH3COOH/ ACN .
-0 X 2

H H
/—< >—N N—< >—\ }-—< >—N N4©—<\
HooC N cOOH o) o)

CN NC Knoevenagel
consensation
~o—mmmmmmmemeo o

(3.5) (3.4)

Scheme 12. Synthetic route for the preparation of Ar-BIAN 3.5 starting with 4-aminobenzoic acid (3.2).

The second synthetic attempt involved the protection of the aldehyde group of the p-nitro-
benzaldehyde (3.6) with an acetal (3.7) by reacting it with ethylene glycol and catalytic p-tol-
uenesulfonic acid, employing a dean stark for continuous removal of the water formed during
the reaction. Subsequently, the reduction of the nitro group to an amine (3.8) was performed
through catalytic hydrogenation with a Pt catalyst.'® These conditions were too harsh and the
acetal group hydrolyzed, leading to the formation of 4-aminobenzaldehyde (3.9) instead. An
intramolecular reaction between the functional groups aldehyde and amine occurred and the

compound polymerized (Scheme 13).
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THF
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(3.6) (3.7) (3.8)
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' 1) ZnCl (2.0 eq.) /CHzCOOH
: 2) K2C03 or C2K204 (aq)
. 3) Acetal hydrolysis
\l

H H
J N N N H >—N N—< H

HOOC N COOH o) N o)

. NC Knoevenagel .

O  _consensation__ O

(3.5) (3.4)

Scheme 13. Synthetic route for the preparation of Ar-BIAN 3.5 using 4-(1,3-dioxolan-2-yl)aniline (3.8).

Due to this, the strategy was changed again, and the synthesis of an Ar-BIAN with phenyl
methanol substituents (3.13) was proposed. Afterwards, the hydroxyl groups would be oxidized
to obtain the dialdehyde (3.4), and a Knoevenagel condensation would be performed to obtain
the desired compound. The previous starting material p-nitrobenzaldehyde (3.6) was reduced
with NaBH. to a primary alcohol (3.10). Several attempts were made to reduce the nitro group
to a primary amine (3.11). Different conditions for the reduction of (4-nitrophenyl)methanol
(3.11) are depicted in Table 10. The first method used CuCl, and KBHa. It was expected that the
formation of a borohydride-transition metal salt system would be able to reduce the aromatic
nitro compound, but monitorization of the reaction by TLC didn't show any significant
change.’® The second attempt consisted of a catalytic hydrogenation. It was observed that,
besides the reduction of the nitro group to an amine, the reduction of the alcohol group oc-
curred. Changing the reaction conditions to use atmospheric pressure led to the same result.
It was possible to obtain the pure desired compound with a 69 % yield via a method described

by Vogel using Pd/C, NaBH4 and NaOH.'® Then the 4-aminophenylmethanol (3.11) reacted
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with acenaphthoquinone and ZnCl; in acetic acid to obtain the Ar-BIAN (3.13) (Method A). A
complex mixture was obtained, but following analysis of the obtained solid, it was hypothe-
sized that oxidation reactions may have occurred due to characteristic evidence of the func-
tional group aldehyde in "H NMR (s, 9.56 ppm) and IR (1724 cm™). The method using acidic
catalysis with glacial acetic acid (Method B) was also applied but the obtained solid corre-
sponded again to a complex mixture, mainly composed by acenaphthoquinone (Scheme 14).

Due to these unfruitful reactions, the synthetic pathway was changed again.

R >

1 NH,
‘ (3.12)

o " HO : HO (0) 0]
See table 3 .
M for conditions + OO
EtOH
lo, NO, NH, 31)

(3.6) (3.10) (3.11)
Method A
ZnCl, (2.0 eq. )/ CH3COOH
or
Method B
CH3COOH/ ACN

)
| Oxidation

HOOC / \ / \ COOH
Knoevenagel
O - consensation

(3.5) (3.4)

O/

Scheme 14. Synthetic route for the preparation of Ar-BIAN 3.5 using (4-aminophenyl)methanol (3.11).
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Table 10. Different conditions for the reduction of (4-nitrophenyl)methanol (3.11).

Entry Reagents Solvent Temperature Time Observations
1 CuCl; (3.0 eq.) MeOH RT 24 h No reaction was
KBH4 (7.0 eq.) observed by TLC
2 Pd/C (10 %)/ H. (4.6 MeOH/EtOH RT 5h 3.11/3.12 ratio (%)
bar) (2:1 % v/v) 66/34
3 Pd/C (10 %)/ H> MeOH/EtOH RT 2h 3.11/3.12 ratio (%)
(without pressure) (2:1 % v/v) 76/24
4 Pd/C 10% (0.009 eq.) H,O RT 0.5h Only compound
NaBH4 (2.0 eq.) 3.11 (n= 69 %)
NaOH

Another strategy involved the reaction of 3-(4-aminophenyl)-2-cyanoacrylic acid (3.15) with
acenaphthoquinone (3.1). For the preparation of compound 3.15, the p-nitrobenzaldehyde
(3.6) reacted with cyanoacetic acid through a Knoevenagel condensation. The temperature was
crucial in this reaction. It was observed that, at reflux, decarboxylation occurs, due to the pres-
ence of four doublets, 7.63 (/ = 8.7 Hz) and 6.05 ppm (/ = 16.7 Hz) for isomer E and 7.96 (/ =
8.6 Hz) and 5.70 ppm ( /= 12.1 Hz) for isomer Z (ratio £/Z: 58/42)."® The desired compound
3.14 was obtained with the same procedure at room temperature with 89 % yield. Then, the
previous method with Pd/C, NaBH4 and NaOH to reduce the nitro group of compound 3.14
was employed, but it was not possible to obtain the desired pure compound 3.15 without
purification. As such, a method with SnCl; in acidic media was used, which allowed to obtain
3.15 in a 86.7% yield. Since the use of high temperatures led to decarboxylation of the cy-
anoacrylic acid group, the formation of the desired Ar-BIAN (3.5) was performed without using
high temperatures. Besides the already reported methods A and B, an attempt using p-to-
luenesulfonic acid in toluene was also experimented (Method C). ' During the attempts to
obtain the desired compound, neither the consumption of the starting materials nor the for-

mation of the product was observed (Scheme 15).

103



COOH COOH

O~ _H o) 0) O
NchOH Z CN Z “CN i
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Scheme 15. Synthetic route for the preparation of Ar-BIAN 3.5 using 3-(4-aminophenyl)-2-cyanoacrylic acid (3.15).

The synthesis of ester derivative, ethyl-3-(4-aminophenyl)-2-cyanoacrylate (3.17) was shown
to be the best choice due to its stability in high temperatures and medium polarity. By per-
forming a Knoevenagel condensation between p-nitrobenzaldehyde (3.6) and ethyl cyanoace-
tate in the presence of piperidine, the ethyl-2-cyano-3-(4-nitrophenyl)acrylate (3.16) was ob-
tained with 88% yield. Next, the nitro group of the afforded compound was reduced to an
amine, through a reaction with tin(ll) chloride dihydrate in the presence of HCl to obtain the
desired aniline (3.17). The aniline reacted with acenaphthoquinone (3.1) and ZnCl, in refluxing
acetic acid. The Ar-BIAN complex precipitated from the hot solution. The dissociation was
made by stirring the precipitate for a few minutes with a solution of potassium oxalate, fol-
lowed by an extraction of the Ar-BIAN with CH,Cl, (Method A). After recrystallization with eth-
anol, the desired compound 3.18 was obtained with a 22% yield.

The final step involved the hydrolysis of the ethyl ester. Given this, procedures using an
aqueous solution of LIOH or NaOH in methanol were used. In the 'H spectra, the presence of
the anilines 3.17 and 3.15 was observed, which indicates that the imine groups suffered hy-

drolysis (Scheme 16).
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Scheme 16. Synthetic route for the preparation of Ar-BIAN 3.5 using ethyl-3-(4-aminophenyl)-2-cyanoacrylate
(3.17).

Due to the instability of the Ar-BIAN imine group when the hydrolysis of the esters groups
was attempted, the already prepared Ar-BIAN (3.18) was reacted with methoxy(methyl) chlo-
ride to obtain Ar-BIAN imidazolium chloride (3.19) (Scheme 17). ¥ It was expected that this
structure should resist to the hydrolysis step. However, when the reaction with NaOH in meth-

anol was carried out, the cyanoacrylic acid derivative (3.20) was not identified in '"H RMN.
S

cl
. Etooc\/\Q\N%@chooa
CN NC
etooc—4 Nerd N\ cooEt
I NC

oN { )
MeOCH,CI
e
55 oC

(3.18) (3.19)

1) NaOH/MeOH
2) NH,CI/MeOH

THF

S)

HOOC\/\Q\ '/@@/\/COOH
CN N™N NG

(3.20)

(@]

Scheme 17. Reaction scheme for the synthesis of an Ar-BIAN imidazolium chloride derivative (3.20).
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3.2.1.2 7H-acenaphtho[1,2-dlimidazole derivative dyes

Since the obtention of Ar-BIANs-based dyes bearing a cyanoacrylic acid as the anchoring
group was unfruitful, the synthesis was directed towards the 7 H-acenaphtho[1,2-d]imidazole
dyes. They can be obtained by reacting the previous starting material, the acenaphthoquinone
(3.1), with an aldehyde, in the presence of an aniline derivative (depending the substrate to
obtain) and ammonium acetate in glacial acetic acid under reflux.

By using the method reported by Singh et. a/ '® with terephthalaldehyde (3.21a), it was
possible to afford the 7H-acenaphtho[1,2-dlimidazol-8-yl derivative containing a benzalde-
hyde group with a 12.9 % yield (3.22a). The formation of the oxazole analogue (3.22b) was also
observed (n=5.1 %) (Scheme 18). The difference between the two compounds was observed in
the LC-ESI-MS spectra due to the appearance of the molecular ion peaks at m/2297.1 for 3.22a
and at m/z298.1 for 3.22b. It was also observed that the '"H NMR spectrum of 3.22b is more
deshielded than 3.22a due to the presence of the oxygen atom. Both compounds could be
isolated by TLC. The formation of these two species is reported in the literature. At low tem-
peratures is only possible to afford the oxazole product, and at high temperatures only the
imidazole or a mixture with oxazole is obtained.’® The cyanoacrylic acid was introduced in the
imidazole derivative 3.22b through a Knoevenagel condensation using cyanoacetic acid, am-
monium acetate and glacial acetic acid."”" The desired chromophore (3.23) was obtained with
a 70.1 % yield (Scheme 18). The structure of the final compound 3.23 was corroborated by "H
NMR, where it is possible to observe four signals at 8.3-7.6 ppm, integrating for 11 protons
and corresponding to the aromatic protons and the CH group from the cyanoacrylic acid moi-
ety. In the IR spectra, it is possible to observe bands corresponding to the carboxylic acid at
3338 and 1634 cm™". The nitrile group from the cyanoacrylic acid appears as a weak band at
2218 cm™', and the bands at 1560 cm™ correspond to the C=N bond from the imidazole ring.
In the ESI-HRMS spectra the molecular ion peak appears at m/z 364.100078, which is in ac-

cordance with the structure 3.23.
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Scheme 18. Reactional s

dioxan-2-yl)thiophene-2-

the aldehyde protecting

(3.22a) X=NH 1= 13% (3.23)

(3.22b) X=0 n=5% n=71%

cheme for the synthesis of 7H-acenaphtho[1,2-d]imidazol-8-y| derivative (3.23).

The next intent was to synthesize the thiophene analogue. For this, the reaction was per-
formed with bromothiophene-2-carbaldehyde (3.24a), but only complex mixtures were ob-

tained. Due to this an experiment with thiophene-2,5-dicarbaldehyde (3.24b) was performed,

but once again the reacti

ion was unfruitful, with emphasis on the appearance in the '"H NMR of

several signals around 10 ppm indicating the formation of other species. 5-(5,5-Dimethyl-1,3-

carbaldehyde (3.24c) was employed in the last attempt to obtain the

condensation compound (3.25). A complex mixture was obtained. Moreover, it was found that

group did not resist under these conditions (Scheme 19).

R
o 0 —
o) SN~
y s . NH,OAc
J\@,R + —>—  N7NH

Another approach to

H H
(3.24) (3.1) CH,CO0 ‘
a R=Br
b R=CHO
c R= (o)
PN (3.25)
0%

Scheme 19. Reactional scheme for the synthesis of an 7 H-acenaphtho[1,2-d]imidazol-8-yl derivative with a thio-

phene moiety (3.25).

obtain analogues was based on the introduction of an electron-do-

nating group in the pyrrolic nitrogen. Assays with aniline (3.26a) and p-anisidine (3.26b) were
done. The presence of the product was not observed in any of the reactions. It was possible to
perceive in 'H NMR spectra the subproducts N-phenylacetamide (3.28a) and N-(4-methoxy-

phenyl)acetamide (3.28b). These compounds are formed through the reaction of anilines with
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acetic acid, with the conversion rate being, in some cases, higher than 50% (entries 4 and 5),

which compromises the success of these reactions (Scheme 20, Table 11).

R,
(0] O Os _H
R4
. NH4O0Ac (4eq.) /@R1
N7 N
CH3COOH
(3.1) (1 eq.) Reflux
) NH; 6
(3.26) 1
(3.21a)(1 eq.) aR;=H ,
b R;= OMe |
! (3.27)
a) Ry = H, Ry= CHO
¥ b) R =OMe, R, = CHO
R1

HN T(
(e}
(3.28)
a R4=H
b Ry= OMe
Scheme 20. Attempted synthesis of 7 H-acenaphtho[1,2-d]imidazole derivatives containing different substituents

on the pyrrolic nitrogen (3.27).

Table 11. Assays carried out to obtain compound 3.27 and conversion ratio of anilines (3.26) into acetamides

(3.28).
Entry Aniline (eq.) Reaction Acetamide
time (h) (3.28) conver-

sion
1 3.26a (5 eq.) 28.5 20 %
2 3.26a (5 eq.) 14.5 N.D
32 3.26b (4 eq.) 19 15%
4b 3.26b (1.2 eq.) 42 71 %
5¢ 3.26b (1 eq.) 18 52%

aMethod A, ® Method B, ¢ Method C in Methods for the synthesis of 7-(4-methoxyphenyl)-8-phenyl-7H-acenaphtho[1,2-d]imidazole derivatives (3.27a and 3.27b)

experimental section.
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Since acetic acid leads to the formation of secondary species, the synthesis efforts were
focused on methods that avoid the use of this solvent. Alternatively, was chose a method where
L-proline was employed as a catalyst in the presence of 3 A molecular sieves using acetonitrile
as solvent. L-proline reacts with the aldehyde and forms the iminium ion, which facilitates the
amination reaction with NH; forming, consequently, a diamine intermediate.”® Also a proce-
dure employing ethanol as solvent was tested (Scheme 21)."° Although the consumption of
the starting materials was observed by TLC, there was no evidence of the formation of the
desired products (3.27b,c) in the '"H NMR spectra. Instead, intermediates were obtained, namely
a derivative of acenaphthoquinone (3.29) and also a Schiff base (3.30), resulting from nucleo-
philic addition of the amine group to the carbonyl group of the aldehyde. Even though the
following reactions were carried out on a sealed tube with high pressure and temperature to
force the reaction between intermediates, it was not possible to obtain the desired products
(entries 5 and 6, Table 12).

NH40Ac (12.2 eq.)
EtOH, reflux
or

R
NH4OAc (1.1 or 2.0 eq.), L-proline (12-24 %) 2
ACN, 82°C
0 (0] Os__H or
OMe NH,4OAc
‘ DMF, 60°C /©/R1
-0 - X—s
e ; =)
@I (ea) g NH, :
(1eq) (1eq.) 1

(3.21a) R, = CHO  (3.26b) : (3.27)
(3.21b) R, = Br !
! b) Ry = OMe, Ry = CHO
Y c) Ry=0OMe, Ry,=Br
OMe
HN (0] HN NH
(> [ R
(0~ 0
N&
320 ) (3.30)
(3.29a) (3.29b) a)R = CHO
b) R = Br

Scheme 21. Alternative approaches for the synthesis of 3.27.

Table 12. Different methods for the synthesis of compound 3.27 without using CH3COOH, recovery of
aniline (3.26b), conversion rate of the starting materials into compounds 3.29 and 3.30.

109



Entry  Aldehyde Solvent Reaction Catalyst Com- Com- Aniline

time (h) pound pound (3.26b)
3.29 3.30
1d 21a EtOH 21 - - -
2¢ 21a Acetoni- 5 L-proline  75% vestigial -
trile (12 mol
%)
3¢ 21a Acetoni- 46 L-proline  15% - -
trile (12 mol
%)
4¢ 21b Acetoni- 146 L-proline - 26% 25%
trile (24 mol
%)
5f 21b Acetoni- 57 L-proline 8% 30% 16%
trile /DMF (12 mol
%)
69 21b DMF 50 - - 49% 29%

d - Method D, e - Method E, f - Method F, g- Method G in Methods for the synthesis of 7-(4-methoxyphenyl)-8-phenyl-7H-acenaphtho[1,2-d]imid-

azole derivatives (3.27b and 3.27c) experimental section.

With the exception of compound 3.22, all the attempts to obtain 2,4,5-trisubstituted and
1,2,4,5-tetrasubstituted imidazoles were unsuccessful, either due to the formation of subpro-
ducts or the lack of reactivity of the intermediaries. Consequently, only the performance of

compound 3.23 was evaluated in DSSCs devices.

3.2.1.3 Diethynylacenaphthylene derivative dyes

After failing to obtain the previous target compounds, the synthesis of 1,2-di-
ethynylacenaphthylene derivatives containing phenyl, thiophene, benzotriazole and
thieno-[3,2-b]thiophene rings present in their n-bridge(3.37 a-d) was proposed (Figure
35). In the end, four dyes with a dibranched and dianchoring system were obtained. The
dyes were photophysically characterized. Theoretical and electrochemical studies were
also performed. The efficiency of the final chromophores in DSSC was evaluated and

this work was published in the scientific journal ACS Omega in March 2024.™"
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Figure 35. Structure of the final diethynylacenaphthylene dyes 3.37a-d.

The synthesis of these chromophores starts with a reaction between NBS and
acenaphthene (3.31) in the presence of catalytic amounts of the radical initiator benzoyl
peroxide, where a tribromination followed by elimination occurs and the 1,2-dibromo-

acenaphthylene (3.32) was obtained (Scheme 22).%2

Br. Br
. NBS (3 eq.) ‘
Benzoyl peroxide (0.1 eq.)
OO CCly reflux OO
(3.31) (3.32)
n=44%

Scheme 22. Synthesis of 1,2-dibromoacenaphthylene (3.32).

Through a Sonogashira reaction between the 1,2-dibromoacenaphthylene (3.32) and
4-ethynylbenzaldehyde, the phenyl dialdehyde derivative (3.33a) was obtained (Scheme
23). For the preparation of similar aldehydes (3.33b-d), first the trimethylsilylethynyl was
introduced in 1,2-dibromoacenaphthylene (3.32), then the trimethylsilyl groups were
removed with K2COs in the presence of methanol, and the ethynyl intermediate was

directly used in a Sonogashira coupling reaction with three different bromoaryl alde-
hydes (3.36b-d) (Scheme 23).
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Scheme 23. Synthesis of acenaphthenedialdehydes 3.35a-d. Reactional conditions: a) 3.32 (1 eq.) Pd(PPhs), (0.30
eq.), PPhs3 (0.12 eq.), Cul (0.24 eq.), 4-ethynylbenzaldehyde (3.0 eq.), DIPA (3 eq.), dry dioxane, 40°C in a degassed
Schlenk tube; b) 3.32 (1 eq.), Pd(PPhs)s (0.30 eq.), PPh3 (0.12 eq.), Cul (0.24 eq.), ethynyltrimethylsilane (3.0 eq.),
DIPA (3 eq.), dry dioxane, 40°C in a sealed tube; c) 3.34 (1 eq.), KxCOs (2 eq.), Dioxane/MeOH (1:1 v/v), RT; d)
Pd(PPhs)4 (0.20 eq.), PPh3 (0.12 eq.), Cul (0.24 eq.), bromoaryl aldehydes (3.36b-d) (2.2 eq.), DIPA (2.0 eq.), dry diox-
ane, 40°C in a degassed Schlenk tube.

The 4-ethynylbenzaldehyde (3.36a) and the 5-bromothiophene-2-carbaldehyde (3.36b)
were commercially available. The 7-bromo-2-(2-ethylhexyl)-2H-benzo[dl[1,2,3]triazole-4-
carbaldehyde'* (3.36¢) and 5-bromothieno[3,2-b]tiophene-2-carbaldehyde (3.36d) were
prepared in the laboratory.

To synthesize the benzotriazole aldehyde (3.36¢), 1,2,3-benzotriazole was alkylated with 3-
(bromomethyl)heptane. Since benzotriazole exists in tautomeric equilibrium, two isomers were
obtained with similar yields. The dibromo compound was then prepared through a reaction
with hydrobromic acid and bromine. These harsh conditions were required because when the
first bromine atom is introduced the other position becomes less reactive. The final step was
the formylation reaction with BuLi and DMF. This reaction procedure was also used in the syn-
thesis of 5-bromothieno[3,2- b]tiophene-2-carbaldehyde (3.36d), starting from 2,5-dibromoth-
ieno[3,2-blthiophene (Scheme 15).
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H
N__ Br N 1)HBr, 1h, 100°C ) BuLi (1.4
N" N /\(\/(1\.16eq.) N" "N 2)Bry, 6h, 135°C N~ N ZgD;,F'&Agg.;
\ S/ \ \ \ o
n=42% H

MeOH, 60°C
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Br.
S 1) BuLi (1.1 eq.) H S
// ] 2) DMF (1.1 eq.) // )
S Br THF, -78°C S Br

n=57% (3.36d)

Scheme 24. A. Synthetic procedure for the preparation of 7-bromo-2-(2-ethylhexyl)-2 H-benzo[d][1,2,3]triazole-4-
carbaldehyde (3.36c). B. Synthetic procedure for the preparation of 5-bromothieno[3,2-b]thiophene-2-carbalde-
hyde (3.36d).

The final chromophores (3.37a-d) were obtained through a Knoevenagel condensation be-

tween cyanoacetic acid and the four aldehydes (3.33a-d) with obtained yields ranging from 50

to 80%.

S
3.37a(ar = S =%

o] HOOC COOH

O
H_< >_H 3.37b =< s
Ar = Uﬁ n=50%

Ar Ar
\\ // HO)K/CN (6.0 eq.) \\ // ﬁ(ﬁ
‘ O (5.4 eq.) < N
N 3.37c (Ar = \C/L
OO _H N n=80%
Acetonitrile, reflux
(3.37)

(3.33b-d)
3.37d (Ar = L, n=75%

S

Scheme 25. Synthesis of the final chromophores 3.37a-d.
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The final chromophores were characterized by '"H NMR (Figure 36). However, character-
ization by '*C NMR was not possible due to their low solubility. In the spectra of all compounds,
a singlet at 8.4-8.5 ppm is observed, integrating for two protons corresponding to the protons
of the two cyanoacrylic acid groups (CH). The protons of the acenaphthylene ring appear as
two doublets and a triplet in the aromatic region, with each signal integrating for two protons.
The remaining signals in the "H NMR spectra correspond to the various n-bridges, with their
integration and multiplicity consistent with the expected structures. The HRMS showed the ex-
pected molecular ion peaks [M-H] at: 541.1202 for 3.37a, 553.0326 for 3.37b, 847.3726 for 3.37¢
and 664.9767 for 3.37d.

HOOC, COOH ‘
= =4 | r 800 Hooc _.CN NC. cooH [ I

rrrrrr
79 77 78 73 71 69 67 65 100 98 96 94 92 90 88 66 84 82 80 78 36 74 72 70 68 66

99 97 95 93 91 89 87 85 8

“ J ¢ |‘| “ | ;li ;k
| | s0 | v Al 50
U ‘,/‘L_/ \ LA\ J \J\\_n L J L
: g

s

] @ L
- E & i} 51 D
ar 50 - - n — k50

99 | 97 95 93 91 89 87 85 &3 81 78 77 78 73 71 69 67 65
1 (zpm)

7.0 45 4.0 35
1 (pom)

Figure 36. 'H NMR spectra of the final chromophores 3.37a-d in DMSO- ¢k at 400 Hz.

The introduction of a stronger donor group in these acenaphthylene molecules was also

explored to increase the ICT (Figure 37).
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Figure 37. Structure of a diethynylacenaphthylene dye containing an acenaphthylene core with an electron donat-
ing group (EDG) in position 5.

In a first attempt triphenylamine was chosen as donor moiety. For this purpose 4-(diphe-
nylamino)pheny! boronic acid was prepared from 4-bromotriphenylamine'® and immediately
reacted with 5-bromo-1,2-dihydroacenaphthylene (3.38) through a Suzuki cross-coupling. It
was possible to obtain the desired product 3.39 with 31 % yield. Following a reported proce-
dure from literature™® the bromination of the 1,2-acenaphthene positions was performed with
NBS and benzoyl peroxide in CHzCl: (Scheme 26 - A). It was observed by TLC the formation of
a new compound with fluorescence at 365 nm. In the NMR spectrum the signals of the posi-
tions 1 and 2 from acenaphthene still appear around 3.4 ppm. However, the integration of the
protons from the aromatic zone indicates that the bromination occurred in the ring of tri-
phenylamine instead.

Alternatively, a diethylamine moiety was introduced in compounds 3.41 and 3.38 through a
Buchwald-Hartwig coupling. Different methods were applied but only vestigial traces of com-
pound 3.42 were obtained and high amounts of the starting materials (3.41 or 3.38) were re-

covered (Scheme 26 - B).
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Scheme 26. A- Synthetic procedure for the synthesis of 1,2-dibromoacenaphthylene substituted with a triaryla-
mine on position 5. B - Synthetic procedure for the synthesis of 1,2-dibromoacenaphthylene substituted with a
diethylamine on position 5. Reactional conditions: a) Compound 3.38 (1 eq.), Pd(PPh3)4 (8 mol%), aq. solution
KoCOs3 2.5 M (4.0 eq.), C1gH14B(OH)2N (1.0 eq.), THF reflux (Suzuki coupling). b) Compound 3.41, diethylamine aq.
(excess), CuSO4-5H,0 (0.05 eq.), DMF. ¢) Compound 3.42 (1eq.), diethylamine (3 eq.), Pd2(dba); (4 mol%), Xantphos
(4 mol %), Cs2CO3 (3 eq.), toluene 80°C. d) Compound 3.38, diethylamine (6 eq.), Pdx(dba)s (8 mol%), Xantphos (8
mol %), Cs»COs (3 eq.), toluene 80°C.
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3.2.2 Photophysical and photovoltaic studies

3.2.2.1 7H-acenaphtho[1,2-dlimidazole derivative dyes

Absorption spectra

The absorption spectrum of compound 3.23 (Figure 38, Figure 39) was measured at room
temperature in methanol. The compound has a maximum absorption at 390 nm and a molar
extinction coefficient of 19 562 cm'M™" By comparison with the work of Sivanadanam et a/. the
similar compound containing a phenanthrene core (depicted on Figure 31) presented two
bands at higher wavelengths (426 and 450) but a lower molar extinction coefficient (17 500
cm'™M™). The compound 3.23 has an emission maximum of 570 nm and presents a Stokes shift
of 8097 cm™.

CN

=~ “COOH

N? "NH

)
(X

(3.23)

Figure 38. Structure of chromophore 3.23.
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Figure 39. Normalized absorption (solid) and fluorescence emission (dotted; Aexe=390 nm) of compound 3.23 in

methanol at room temperature.

Photovoltaic characterization

The efficiency of compound 3.23 was tested in DSSC devices, and the current-voltage curve
(/-V) was measured. The photovoltaic parameters open-circuit voltage (Voc), short-circuit cur-
rent (Jso), fill factor (FF) and photovoltaic conversion efficiency (n) and the /-V curve are dis-
played respectively in Figure 40 and Table 13. The compound presented Vo, Jsc and FF values
of 0.450 V, 0.78 mA/cm? and 0.62, respectively and achieved an efficiency of 0.22 %. Despite
the low efficiency due to inefficient electron injection, the Vocand FF values are higher than the

reference dye N-719.
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Figure 40. /~V curves of the test cells based on the synthesized dye 3.23 and reference N-719 under 100 mW.cm-?
simulated AM 1.5 illumination (best performing cell).

Table 13. Performance values of the test cells based on the synthesized dyes and reference dye N-719 under 100
mW.cm™ AM 1.5 illumination. The results presented correspond to the average values of at least two cells per dye,
each cell measured 5 times. The prepared anodes were soaked for 16 h in ethanol solution of the dye (0.5 mM), at
room temperature in the dark. Electrolyte composition: 0.8 M Lil and 0.05 M I, in an acetonitrile/valeronitrile
(85:15, % v/v).

Dye Voc (V) Jsc (MA/cm?) Jmax Vmax (V) FF n (%)
(mA/cm?)

110 0.450 0.78 0.64 0.346 0.62 0.22

N-719 0422 16.33 13.51 0.277 0.54 3.75

3.22.2 Diethynyl acenaphthylene derivative dyes

Absorption and Fluorescence

The UV-vis absorption and emission spectra were recorded in DMF at room temperature.
The UV-vis spectra display two bands: a more intense band (30 000-60 000 M~'cm™) in the
351-407 nm range, related with the n—n* transition of the conjugated system, and a weaker
band (7 000-17 500 M~'cm™) in the region 486-521 nm, attributed to the intramolecular charge

transfer (ICT) transition between the donor and the acceptor groups. Compounds 3.37b, 3.37¢
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and 3.37d exhibit a red-shift relative to 3.37a. In the case of 3.37a, the D(rt-A), system has
reduced conjugation efficiency due to the phenyl ring potentially adopting a twisted confor-
mation relative to the acenaphthylene ring. The large Stokes shifts between the absorption and
the emission bands (2889 - 3321 cm™) suggest a charge transfer character present on these

dyes (Figure 41, Table 14)."’
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Figure 41. Normalized absorption (dotted) and fluorescence emission (solid; Aexc(3.37a)= 364 nm and 486 nm;
Aexc(3.37b)=351 nm; Aexc(3.37¢)=402 nm and 507 nm; Aexc (3.37d)= 407 nm and 521 nm spectra of chromophores

3.37a-d in DMF solution at room temperature (compounds excited at two different Aexc have identical emission

spectra).

Table 14. Spectroscopic data for the synthesized compounds (3.37a-d) in DMF solution at room temperature (ab-

sorption (Aabs) and emission(Aem) Maxima, molar extinction coefficients (g) and Stokes shift (ASS)).

Dye Aabs1 (NM) g1 (€M™ ™) Aaps2 (nM) €2 (€M ™M) Aem1(NM)  Aem2 ASS (cm™)
(nm)

3.37a 364 61500 486 13802 575 617 3185

3.37b 351 29495 514 sh 7738 612 - 3115

3.37c 402 59568 507 17463 594 640 2889

3.37d 407 54320 521 14742 630 - 3321
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Photovoltaic performance

The performance of the final 1,2-diethynylacenaphthylene chromophores (3.37a-d)
was evaluated in DSSC devices by measuring their current-voltage(/-V) curves. The pho-
tovoltaic parameters, including open-circuit voltage (Voc), short-circuit current (Js), fill
factor (FF) and photovoltaic conversion efficiency (n) along with the /-V curves are pre-
sented in Figure 42 and Table 15. Among the dyes the phenyl-bridged derivative (3.37a)
exhibited the best performance, achieving an efficiency (n) of 2.51%, with V¢, Jsc and FF
values of 0.365 V, 13.32 mA/cm? and 0.52, respectively. In contrast, derivatives (3.37b-
d) exhibited lower efficiencies compared to 3.37a, with a significant decrease on Js. (3.21
— 5.35 mA/cm?) and also on Vo (0.241 — 0.320 V). Previous studies in our group involving
coumarin dyes (Chapter 2),"*? highlighted thieno-[3,2-f]thiophene as a highly effective n-
bridge due to its extended molecular conjugation, high stability, planar structure and S-
S interactions.”® The lower Js values of the more planar compounds could result from
increased dye aggregation, where excited state quenching could lead to inefficient elec-
tron injection into the CB of TiO, or from a more efficient electron hole recombination

in the case of the more planar molecules.> '
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Figure 42. /-V curves of the test cells based on the synthesized acenaphthylene dyes and reference N-719 under
100 mW.cm2 simulated AM 1.5 illumination (best performing cell, [CDCA] = 0 mM).
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Table 15. Performance values of the test cells based on the synthesized dyes and reference dye N-719 under 100
mW.cm2 AM 1.5 illumination. The results presented correspond to the average values of at least two cells per dye,
each cell measured 5 times. Different concentrations of CDCA were applied (0 mM, 10 mM and 50 mM). The pre-
pared anodes were soaked for 16 h in an CH2CI2/MeOH/H20 65:35:5 (%v/v) solution of the dye (0.5 mM), at
room temperature in the dark. Electrolyte composition: 0.8 M Lil and 0.05 M 12 in an acetonitrile/valeronitrile
(85:15, % v/v).

Dye [CDCA)/ VooV Js/mA cm?  Vma/V Jmax/MA cm2 FF n/%
mM
0 0.365+0.003 13.32£0.07  0.234+0.003 10.76+0.  0.52+0.0 2.51+0.02
03 1
10 0.404+0.008 13.62+0.6 0.274+0.003 11.39£0. 0.57x0.0 3.15%0.1
5 2
50 0.371+0.003 12.93+0.1 0.243+0.005 10.33+0. 0.52+x00 2.51+0.07
1 2
0 0.241+0.007 3.21£0.2 0.157+0.004  2.24+0.2 045+0.0 0.35+0.02
1
337b 10 0.241+0.004 427+0.3 0.152+0.002  3.19+0.2 047+0.0 0.49+0.03
04
50 0.240+0.007 3.3910.2 0.155£0.002  2.50+0.1 048+0.0 0.39+0.02
3
0 0.269+0.006 3.75+0.3 0.168+0.003 2.64+0.2 044+0.0 0.44+0.04
01
10 0.287+0.006 470+0.3 0.175+0.003 36602 047+0.0 0.65+0.04
3.37c 01
50 0.352+0.003 10.52+0.3 0.226+0.003 7.90+0.5 048+0.0 1.78+0.1
2
0 0.320+0.005 5.35+0.1 0.225+0.01 442+0.1 0.58+0.0 1.00+0.09
6
10 0.293+0.01 452+04 0.206+0.01 3.70t04 057+0.0 0.77+0.08
3.37d 5
50 0.291+0.004 467+0.2 0.206+0.005 390 £0.1 0.59+0.0 0.80+0.01
2
0 0.442+0.02 16.10£0.07  0.294+0.004 13.28 0.55+0.0  3.90+0.07
+0.1 2
N-719 10 0.44+0.01 16.46+0.1 0.298+0.004 13.93+0. 0.57+00 4.19+0.08
09 07
50 0.46+0.01 14.59+0.7 0.310+0.01 1244+0. 0.58+00 3.86+0.05
4 3
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Chenodeoxycholic acid (CDCA) was used as co-adsorbing agent, to suppress even-
tual dye aggregation. The impact of three different concentrations of CDCA (0 mM, 10
mM and 50 mM) was evaluated (Table 15, Figure 43). For the benzotriazole derivative (3.37c),
DSSC performance improved linearly with increasing CDCA concentration, with corresponding
enhancements in Jsc and Vo values (Appendix Figure A.29). The performance of this dye
improved notably from 0.44 to 1.78 % (with 0 mM and 50 mM respectively). It was ex-
pected that the long and bulky ethylhexyl chains present in benzotriazole would prevent
dye aggregation,*” but apparently this steric hindrance appear insufficient to fully prevent
n-1t stacking. Indeed, the V shape geometry of the molecule where the alkyl chains
extend outwards of the central structure (Appendix Figure A. 31) would allow -1t stack-
ing to occur with the ethylhexyl chains occupying the voids. Consequently, co-adsorbents
like CDCA remain necessary to enhance cell efficiency. Concerning 3.37a, a concentration of
10 mM CDCA resulted in an increase in Vo, improving the efficiency from 2.51 to 3.15
%, and reaching 75 % of the standard cell based on dye N-719. This marked the best result
in this study. No significant effects were observed for 3.37b and 3.37d.
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Figure 43. /~V curves of the test cells based on the synthesized acenaphthylene dyes (3.37a-d) under 100 mW.cm
simulated AM 1.5 illumination (best performing cell, [CDCA] = 0 mM, 10 mM and 50 mM).
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Since 3.37a had the best efficiency of its family, it was tested with the commercial electrolyte
EL-HPE (GreatCell Solar). The Voc increased significantly from 0.365 V to 0.577 V, however the
Jsc decreased from 13.32 mAcm™ to 5.95 mAcm™. This way the overall efficiency of the cells

decreased from 2.51 to 1.90 %, indicating that this commercial electrolyte is not the most suit-

able for this type of dyes.

14

12 L 3.37a
10} 3.37a HPE
E 6 F
- 4 B

2 -

0 1 1 1

0 0.2 0.4 0.6
Voltage (V)

Figure 44. /-V curves of the test cells based on the synthesized dye 3.37a using the electrolyte composed by Lil
and I; and the commercial electrolyte EL-HPE (GreatCell Solar) under 100 mW.cm simulated AM 1.5 illumination
(best performing cell, [CDCA] = 0 mM).

Table 16. Performance values of the test cells based on the dye 3.37a under 100 mW.cm2 AM 1.5 illumination. The
results presented correspond to the average values of at least two cells per dye, each cell measured 5 times. The
prepared anodes were soaked for 16 h in an CH>Cl,/MeOH/H,0 65:35:5 (%v/v) solution of the dye (0.5 mM), at
room temperature in the dark. Electrolytes composition: 0.8 M Lil and 0.05 M [, in an acetonitrile/valeronitrile
(85:15, % v/v); commercial electrolyte EL-HPE(GreatCell Solar) - 1-butyl-3-methylimidazolium iodide, 4-tert-bu-
tylpyridin (TBP), and guanidinium thiocyanate (GuSCN).

Dye Vo/V Js/MACm?  Vimad/V Jma/mA cm~  FF n/%
2

3.37a 0.365+£0.003 13.32+0.07 0.234+0.003 10.76+0.03 0.52x0.01  2.51x0.02
337aHPE 0.577+0.008 5.95+0.06 0.407+£0.006 4.67+0.05 0.55+x0.01  1.90+0.03

To investigate the discrepancy in Jsc values, the incident photon-to-current efficiency
(IPCE) as a function of wavelength was measured. The IPCE determined by the product

of three factors: electron injection efficiency from the dye’s excited state (niy), light-
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harvesting efficiency (LHE) and charge collection efficiency (nc), as described in equa-
tion 1.
IPCE = Mipj X LHE (1) X ¢op (1)

The IPCE spectra, displayed on Figure 45, align well with the absorption spectra of the dyes
(Appendix Figure A. 30). The dyes exhibited maximum IPCE values at 400-410 nm, which were
60.8%, 25.8%, 31.9%, 25.3% for 3.37a, 3.37b, 3.37c and 3.37d respectively. The IPCE spectrum
of 3.37a significantly surpasses those of the other dyes, achieving values of approximately 60%
across the 400-550 nm wavelength range.

Given that LHE can be considered 100% for dye-loaded films with thicker than 10 um?,
and the anodes used in this study have a thickness of 15 um, the IPCE results are primarily
determined by the electron injection efficiency (nin). The superior IPCE performance of 3.37a

indicates a higher electron injection efficiency compared to the other dyes.

The lower performance of the more planar dyes, even in the presence of CDCA, suggests
that electron-hole recombination is more prominent in these compounds. In contrast, the
twisted conformation assumed by the phenyl ring in 3.37a reduces the recombination thus

favoring efficient electron injection.>
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Figure 45. IPCE spectra for the DSSCs based on dyes 3.37a-d (best performing cell, [CDCA] = 0 mM).
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3.2.3 Electrochemical characterization

3.2.3.1 Diethynyl acenaphthylene derivative dyes

The energy levels of the frontier molecular orbitals were determined using cyclic voltamme-
try (Appendix Figure A. 28). From the obtained onsets of reduction peaks, the values of LUMO
energies were calculated following the equation: E [eV] = -(Eonset (V vs. SCE) + 4.44).*® The
highest occupied molecular orbital energy levels, obtained from the LUMO energies and the
energy from the optical transition, are located between -6.04 and -5.79 eV, which are lower
than the redox potential of the I'/15” redox couple (-4.60 eV),*' enabling effective regeneration
of the oxidized dye. The lowest unnoccupied molecular orbitals energy levels lie between -3.84
and -3.61 eV, which are higher than the CB of TiO (-4.0 eV),*®" indicating that electron injection
from the excited molecule to the CB of TiO: is energetically favorable (Figure 46, Table 17).

A
-35 F
-3.61 367
E wmo 373 77 384 e LMo .
g 40 F LUMO LUMO -4.00 CBTiO,
L]
[*]
=
g -45 -4.60 == Ifly
T 50 |
-
B0
T 55 F
S 5.79
-5.90 — o
-6.0 -3.95 _ —
HOMO HOMO 5.U4HDM0 HOMO
-85 -
3.37a 3.37b 3.37¢ 3.37d

Figure 46. Schematic representation of the HOMO and LUMO energy levels of each chromophore vs. the CB of
TiO2 and I7/I3” redox potentials.
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Table 17. Electrochemical properties obtained from cyclic voltammetry measurements in dimethylformamide
(DMF) solution with a dye (3.37a-d) concentration of 1.5X104 M and 0.1 M TBAPF; at scan rates of 50, 100, 250,

500 mV s™.
Dye Ered v5.SCE (V) LUMO vs. Va- HOMO vs. Va- Eg (eV)°
cuum (eV) cuum (eV)2
3.37a -0.83 -3.61 -5.90 2.29
3.37b -0.69 -3.75 -5.95 2.21
3.37c -0.60 -3.84 -6.04 2.21
3.37d -0.77 -3.67 -5.79 2.13

a) HOMO energy level, determined from E(HOMO) = E(LUMO) - Eg; b) Energy gap (Eg) - obtained from the intersection between the normalized

absorption and fluorescence emission spectra (Figure 41)

3.2.4 Theoretical Calculations

3.24.1 Diethynyl acenaphthylene derivative dyes

To investigate the geometry and electronic properties of the dyes, a theoretical analysis was
conducted at the DFT/CAM-B3LYP/6-311G(d,p) level considering the solvent effects of N N-
dimethylformamide using Gaussian 09 (Figure 47, Table 18). Frequency analyses for each com-
pound were also computed and did not yield any imaginary frequencies, indicating that the
optimized structure of each molecule corresponds to at least a local minimum on the potential
energy surface. The time-dependent density functional theory (TD-DFT) approach was applied
to the previously optimized ground-state molecular geometries to obtain the vertical excitation
energies, oscillator strengths (f), dipole moment and excited state compositions in terms of
excitations between the occupied and virtual orbitals for the investigated compounds (Table
18). Although for aromatic donor-acceptor systems, it is known that the TD-DFT approach
overestimates the absorption wavelengths of CT-type transitions (with errors of up to 1 eV)**?
in our case, the predicted transitions (deviations in the 0.07-0.64 eV range, (Table 14 and Table
18) and the calculated frontier molecular orbitals band gaps (see Table 17 with the cyclic volt-
ammetry data) are found to be in good agreement to the experimental values obtained, thus
giving additional support for the calculated molecular geometries. In general, the observed

lowest energy absorption bands are associated to the predicted SO—S1 transitions (f values in
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the 1.6288 - 2.8073 range) and contributions mainly associated to the HOMO—LUMO orbitals
(Table 18).

The frontier molecular orbitals' energy levels and their electron distribution surface plots
are shown in Figure 47. For all the compounds there is an increase in the electronic density in
the cyanoacrylic acid moieties upon the transition from HOMO to LUMO. Compound 3.37a
seems to have a slightly more evident intramolecular charge separation than 3.37b, 3.37c and
3.37d, where a larger overlap between HOMO and LUMO densities is observed. This indicates
that the HOMO-LUMO excitation moves the electron distribution from the donor to the ac-
ceptor, giving support to an efficient photoinduced charge transfer from the dyes to the CB of
the semiconductor, more evident in the case of 3.37a. In the latter compound, a smaller overlap
between HOMO and LUMO densities improves the charge separation and is expected to im-

pact both efficiency of the electron injection and the reduction of the charge recombination.
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Table 18. Computed absorption properties (predicted vertical excitation energies and associated orbitals transi-

tions major contributions together with oscillator strengths, f, and dipole moments) for the chromophores 3.37a-d
obtained by TD-DFT at the CAM-B3LYP/6-311G(d,p) level (using the Polarizable Continuum Model, PCM, to take

into account the solvent effects of N,N-dimethylformamide) after ground-state geometry optimization using the

same functional and basis set.

Dye Amaxt  Amaz  Dipole  Transition and Orbit- Oscillator Oscillator HOMO LUMO Eq
(nm) (nm) Mo- als Major Contribu- Strength, Strength, (eV) (eV) (eV)
ment tions f Amaxt f Amaxa
(Debye)
337a 377 501 9.5146 So—S1, 0.804 2.6091 -5.85 -348 236
HOMO—LUMO (95 %)
337b 413 548 10.718 So—S1, 0.7273 2.1465 -5.77 -3.62 2.15
HOMO—LUMO (98 %)
337c 479 685 7.9016 So—S1, 1.004 1.6288 -5.81 -363 218
HOMO—LUMO (97 %)
337d 411 591  5.6747 So—S1, 0.9414 2.8073 -5.63 -3.53 210
HOMO—-LUMO (98 %)
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Figure 47. Optimized structures and frontier molecular orbitals (MO) of the HOMO and LUMO calculated with DFT
on a B3LYP/6-311G(d,p) level of the dyes. The theoretical optical band gaps (Eg) are also included.

3.3 Conclusion

Several attempts to synthesize an organic Ar-BIAN dye were unsuccessful, primarily due to
the sensitivity of the cyanoacrylic acid groups to high temperatures and the susceptibility of
the imine groups to hydrolysis.

Regarding the 7H-acenaphtho[1,2-dlimidazoles, It was possible to synthesize a derivative
with a phenyl moiety and cyanoacrylic acid as the anchoring group. The photovoltaic perfor-
mance of this dye was tested and despite the low efficiency (n= 0.22 %) the Vo and FF values
were higher than those of reference dye N-719. Attempts to obtain the thiophene analogue
were unsuccessful. It was also not possible to synthesize the compound with a substituent on
the pyrrolic nitrogen due to the formation of secondary products and the lack of reactivity of

the intermediates.
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Four diethynylacenaphthylene dyes with varying aryl m-bridges were successfully synthe-
sized and tested as sensitizers in dye-sensitized solar cells (DSSCs). Spectroscopic analysis
showed that all dyes were red-shifted compared to the phenyl-bridged parent compound,
consistent with TD-DFT calculations. Spectroscopic and electrochemical data allowed to prove
that the HOMO and LUMO energies of the four dyes are adequately located above the CB of
TiOz, and below the I/I3" redox potential, respectively. The phenylethynyl derivative (3.37a) out-
performed the other aryl derivatives, achieving a 2.51% efficiency, which increased to 3.15%
with CDCA. This dye was also tested in DSSCs with the commercial electrolyte EL-HPE, however

it was not possible to improve its efficiency because Jsc decreased significantly.

3.4 Experimental section

The synthetic methods and the fabrication of the photovoltaic devices were performed as de-

scribed in Chapter 2, Section 2.4.

General information — Photophysical and photovoltaic characteriza-
tion

Absorption spectra were recorded on a VWR M4 spectrometer (Ismaning, Germany). Fluores-
cence spectra were acquired on a SPEX Fluorolog 1681 0.22 m spectrofluorimeter (Metuchen,
NJ, USA) equipped with a 150 W Xe-Hg lamp, which were then corrected for the system'’s
wavelength response.

The incident photon to current conversion efficiency (IPCE) of the photovoltaic devices
was measured as a function of wavelength from 350 nm to 800 nm, and it was performed in a

Newport QuantX-300 system containing a 100 W Xe lamp (Montana, USA).

General information — Cyclic voltammetry

Cyclic voltammetry (CV) measurements were conducted using a pAutolab Type Il poten-
tiostat/galvanostat (Metrohm Autolab B. V., Utrecht, The Netherlands), monitored by GPES
(General Purpose Electrochemical System) software version 4.9 (Eco-Chemie, B. V. Software,
Utrecht, The Netherlands). A cylindrical three-electrode cell with a 5 mL capacity was used for
the experiments. Saturated calomel electrode (SCE, saturated KCI) reference electrode

(Metrohm, Utrecht, The Netherlands) was used as the standard for all the measurements. A
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glassy carbon electrode (MF-2013, f = 1.6 mm, BAS inc., West Lafayette, IN, USA) was employed
as the working electrode and as counter-electrode a Pt wire. Prior to each measurement, the
working electrode was polished with 1.0 and 0.3 pum alumina aqueous suspensions (Buehler,
Esslingen, Germany) on 2—7 um micro-cloth polishing pads (Buehler), followed by rinsing with
water and ethanol. This cleaning procedure was consistently applied before all electrochemical
measurements. The electrolyte contained a solution of 0.1 M tetrabutylammonium hexafluor-
ophosphate (TBAPFe) in dry DMF, with a dye concentration of 1.5 x 10* M. Measurements were
performed with scan rates of 50, 100, 250 and 500 mV s™'. Before and throughout the electro-
chemical measurements the solutions were de-aerated by purging with N,. The onset values
were considered the crossing points between the tangent lines of the rising current and the

baseline current.

3.4.1 Synthetic procedure for the preparation of bis(phe-

nylimino)acenaphthene derivatives

Reactions between acenaphthoquinone (3.1) and 4-aminobenzoic acid (3.2) with the aim of

synthesizing 4,4'-((acenaphthylene-1,2-diylidene)bis(azaneylylidene))dibenzoic acid (3.3)
HO OH
Oy -0
OO
33)

Procedure A:

Following the literature procedure of Mak'®, in a round bottom flask containing 75 mg of ZnCl,
(0.55 mmol, 2.0 eq.), 96 mg of 4-aminobenzoic acid (3.2) (0.70 mmol, 2.6 eq.), and 50 mg of
acenaphthoquinone (3.1) (0.27 mmol, 1.0 eq.) were added 1.5 mL of glacial acetic acid. The
reactional mixture was heated under reflux for 1 hour and 45 minutes, it was monitored by TLC
(hexane/ AcOEt 6/4). The reactional mixture was cooled to room temperature, the supernatant
was removed and the formed solid was centrifuged and washed with acetic acid (2x) and di-
ethyl ether (3x). An aqueous solution of K;CO3(1.2g in 1.2 mL H,O (optional: solution of C;:K>04))
was added to the solid and it was heated under reflux for 2 hours. The mixture was cooled to

room temperature and the supernatant was removed, and the solid was washed 3x with water.
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It was possible to obtain 43.3 mg of a brown-red solid. The solid corresponds to a complex

mixture.

Procedure B:

Following the literature procedure of Quintal™’, to a round bottom flask were added 100 mg
of acenaphthoquinone (3.1) (0.55 mmol), 5 mL of acetonitrile, and then 0.88 mL of glacial acetic
acid. After 30 minutes a solution containing 174 mg of 4-nitrobenzoic acid (3.2) (1.27 mmol,
2.3 eq.) in 2.6 mL of acetonitrile was added. The mixture was heated under reflux for 48h. Then
it was cooled to room temperature, the supernatant was removed by centrifugation, and re-
duced under vacuum until the formation of a precipitate. This precipitate was washed with

diethyl ether. The obtained solid was very insoluble and corresponds to a complex mixture.

Synthesis of 2-(4-nitrophenyl)-1,3-dioxolane (3.7)

To a solution of 150 mg of p-nitrobenzaldehyde (3.6) (0.99 mmol) and 3.8 mg of p- H
toluenesulfonic acid monohydrate (0.02 mmol, 0.02 eq.) in toluene (4 mL), 120 pL of
ethylene glycol (1.77 mmol, 1.8 eq.) were added. The mixture was stirred at reflux s 2
with a dean-stark for 16 hours. Then the solvent was removed, and ethyl acetate Ntaz
was added. The organic phase was washed twice with a NaHCOs saturated solution @)
and then with brine. It was possible to afford 198.1 mg of 2-(4-nitrophenyl)-1,3-dioxolane (3.7)
in quantitative yield. "H NMR (400 MHz, CDCls) & (ppm): 8.24 (d, /= 7.6 Hz, 2H, H3/H5), 7.66

(d, /= 7.6 Hz, 2H, H2/H®6), 5.90 (s, TH, H7), 4.14-4.06 (m, 4H, H8/H9).

Reduction of 2-(4-nitrophenyl)-1,3-dioxolane (3.7) — synthesis of 4-aminobenzaldehyde (3.9)

Following the procedure reported by Riddle'®

1,3-dioxolane (3.7) (0.99mmol), PtO, (9.3mg,0.04 mmol, 0.04 eq.), MgSO4 (239.4 mg, s\

, a vessel containing 2-(4-nitrophenyl)- o __H

1.99 mmol, 2.0 eq.), and THF (3 mL) was purged with N2 and subsequently charged A
NH,
(39)

acetate 7/3 and after 19 hours the reaction was stopped. The reactional mixture was filtrated

with Hz (55 psi). The reaction was monitored by TLC using the eluent hexane/ ethyl

and the remaining solid was washed with acetone. The filtrates were evaporated and it was
possible to afford 151 mg of 4-aminobenzaldehyde (3.9) instead of 4-(1,3-dioxolan-2-yl)aniline
(3.8). "H NMR (400 MHz,CDCls) 8(ppm): 9.74 (s, TH,CHO), 7.68 (d, / = 7.6 Hz, 2H,H2/H6), 6.69
(d, /= 7.8 Hz, 2H,H3/H5).
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Synthesis of (4-nitrophenyl)methanol (3.70)
Following the literature procedure described by Desroches®®, to a solution of 4- OH
nitrobenzadehyde (100 g, 0.66 mmol) in 0.9 mL of ethanol was added a suspension , X

of NaBH4 (17 mg, 0.46 mmol, 0.69 equiv.) in 1.5 mL of ethanol. The reaction mixture 5 3

was stirred for 1 hour at room temperature. Then the reaction mixture was (310)

quenched with an aqueous solution of NaOH 10%. Water was added and the solvent was re-
moved under reduced pressure. The product was extracted with CH.Cl,. The organic layers
were washed with an aqueous solution of NaHCO3 5% and water, then dried over Na,SO,,
filtered, and evaporated to dryness. It was possible to afford 95 mg of (4-nitrophenyl)methanol
(3.10) (0.62 mmol, n= 93.7%). "H NMR (400 MHz, CDCls) & (ppm): 8.21 (d, /= 7.2 Hz, 2H, H3/H5),
7.53 (d, /= 7.2 Hz, 2H, H2/H6), 4.83 (d, / = 4.4 Hz, 2H, CH,OH).

Synthesis of (4-aminophenyl)methanol (3.11)

Following the methodology describes in the literature by Vogel', a suspension OH
of 3.4 mg of Pd-C (10%) (0.0032 mmol, 0.009eq.) in 0.34 mL of H,O was placed ¢ X
in a round bottom flask and 24.5 mg of NaBH4 (0.64 mmol, 2.0 eq.) and 049 mL 5 3
of H,O were added. N, was purged into the mixture and then a solution con- o1
taining 50.1 mg of (4-nitrophenyl)methanol (3.10) (0.327 mmol) in 1.6 mL of

NaOH 2M and 0.4 mL of MeOH was added dropwise. The reactional mixture was stirred for 30
minutes (until the yellow color disappeared), it was monitored by TLC using as eluent a mixture
of hexane and ethyl acetate 6/4. The mixture was filtered and acidified with HCl 2M to destroy
the excess of NaBH4. Then it was neutralized by adding diluted NaOH. The product was ex-
tracted with ethyl ether, the combined organic layers were dried over anhydrous Na»SO,, fil-
tered and evaporated to dryness. It was possible to afford 28 mg of (4-aminophenyl)methanol
(3.11) (0.22 mmol, n= 68.5 %). '"H NMR (400 MHz, MeOD) & (ppm): 7.09 (d, / = 8.0 Hz, 2H,
H6/H2), 6.69 (d, /= 7.6 Hz, 2H, H5/H3), 4.44 (s, 2H, CH,OH).
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Reaction between acenaphthoquinone (3.1) and (4-aminophenyl)methanol (3.11) with the aim
of  synthesizing  ((((TE,2E)-acenaphthylene-1,2-djylidene)bis(azaneylylidene))bis(4, 1-phe-
nylene))dimethanol (3.13)

4
7 N N— 4 7
HO N OH
5 6 1a 2a 6 5
8 3
7 4
6 105

Procedure A:

Following procedure A for compound 3.3 and starting with 32 mg of acenaphthoquinone (3.1)
(0.18 mmol), 48 mg of ZnCl, (0.35 mmol, 2.0 eq.), 50 mg of (4-aminophenyl)methanol (3.11)
(0.41 mmol, 2.25 eq.) and 1 mL of glacial acetic acid were refluxed under N, atmosphere for 4

hours. It was possible to afford 44 mg of a brown solid corresponding to a complex mixture.

Procedure B:

Following procedure B for compound 3.3 and starting with 32.1 mg of acenaphthoquinone
(3.1) (0.18 mmol) dissolved in 1.6 mL of acetonitrile 0.28 mL of acetic acid were added. After
30 minutes a solution containing 50 mg of (4-aminophenyl)methanol (3.11) 0.41Tmmol, 2.25
eq.) in 0.5 mL of acetonitrile was added. The mixture was heated under reflux for 46h. It was
possible to obtain 54.5 mg of a brown solid. The solid corresponded to a mixture composed

mainly of acenaphthoquinone (3.1).

Synthesis of 2-cyano-3-(4-nitrophenyl)acrylic acid (3.74)
To a mixture of p-nitrobenzaldehyde (3.6) (299.9 mg, 1.98 mmol), cyanoacetic

acid (507.3 mg, 6.0 mmol, 3.0 eq.) in 10 mL of acetonitrile were added 0.57 mL . C\N

of piperidine (5.77 mmol, 2.9 eq.). The mixture was stirred at room temperature N2
under Nz atmosphere for 4 hours. The consumption of aldehyde was monitored N
by TLC using the eluent hexane / ethyl acetate 6/4. The solvent was removed (:Sj

and HCl 1M was added, the product was extracted with ethyl acetate. The combined organic
phases were washed with H,O, then dried with Na SOy, filtered and evaporated. It was possible
to afford 387.3 mg of a solid corresponding to 2-cyano-3-(4-nitrophenyl)acrylic acid (3.14)
(1.76 mmol, n=89.2%). '"H NMR (400 MHz, MeOD) &(ppm): 8.41 (s, 1H, CH), 8.36 (d, /= 8.0 Hz,
2H, H3/H5), 8.19 (d, /= 8.0 Hz, 2H, H2/H6).
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Synthesis of 3-(4-aminophenyl)-2-cyanoacrylic acid (3.15)
To a mixture of 2-cyano-3-(4-nitrophenyl)acrylic acid (3.14) (380.9 mg, 1.75

COOH
mmol) in 10 mL of ethanol was added a suspension of SnCl,. H,O (1.184 g, NEN
5.25 mmol, 3.0 eq) in 7 mL of HCl 1M. The reaction was stirred to room tem- 6 L,
perature for 2 hours. The formation of the amine and the consumption of the NP
NH,

starting material was detected by TLC using the eluent CHClo/ MeOH/H.0O (3.15)
65/20/2 and staining with Dragendorff reagent. A solution of NaHCO3 was added until pH = 3,
the product was extracted with ethyl acetate, the combined organic layers were washed with
brine and water, then dried over Na,SO,, filtered and evaporated. Affording 285.6 mg of 3-(4-
aminophenyl)-2-cyanoacrylic acid (3.15) (1.52 mmol, n=86.7 %). '"H NMR (500 MHz, DMSO)
8(ppm): 13.13 (s, TH, OH), 7.99 (s, TH, CH), 7.81 (d, /= 9.0 Hz, 2H, H6/H2), 6.65 (d, /= 9.0 Hz,

2H, H3/H5).

Reaction between 3-(4-aminophenyl)-2-cyanoacrylic acid (3.15) and acenaphthoquinone (3.7)
with the aim of synthesizing 3 3"-((((1E2E)-acenaphthylene-1,2-diylidene)bis(azaneylyli-
dene))bis(4, 1-phenylene))bis(2-cyanoacrylic acid) (3.5)

/—< >—N N—< >—\
HoOC~( — HcooH
CN II NC

(3.5)

Procedure A:

Following the procedure reported by Zou™*, a solution containing 3-(4-aminophenyl)-2-cy-
anoacrylic acid (3.15) (57 mg, 0.30 mmol, 2.1 eq.) acenaphthoquinone (3.1) (25.1 mg, 0.14
mmol, 1 eq.) and formic acid (0.1 mL) in ethanol (3 mL) was stirred at room temperature for 31
hours. Then the reaction was warmed to 40°C. Since the starting material wasnt consumed
after 24 hours the reactional mixture was refluxed for more 20 hours. After this time the solvent
was removed, ZnCl; (2.0 eq.) and 1.5 mL of glacial acetic acid were added. After stirring at room
temperature for 3 hours and 30 minutes, the reactional mixture was cooled to room tempera-
ture. Then the supernatant was removed and the formed solid was centrifuged and washed
with acetic acid (2x) and diethyl ether (3x). An aqueous solution of K,COs (1.2g in 1.2 mL H,O
was added to the solid and it was heated under reflux for 2 hours. The mixture was cooled to
room temperature and the supernatant was removed, and the solid was washed 3x with water.

It was obtained 17.8 mg of a solid corresponding to a complex mixture.
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Procedure B:

A solution containing 3-(4-aminophenyl)-2-cyanoacrylic acid (3.15) (57 mg, 0.30 mmol, 2.1 eq.)
acenaphthoquinone (3.1) (25.0 mg, 0.14 mmol, 1 eq.) and acetic acid (1mL) was stirred at room
temperature for 28 hours and 30 minutes, and then warmed to 50°C. After 19h the reaction

was transferred to a sealed tube, the reaction was stirred for more 75 hours under pressure.

Procedure C:

Following the methodology of Liu in the literature'®, a mixture containing 3-(4-aminophenyl)-
2-cyanoacrylic acid (3.15) (57.3 mg, 0.30 mmol, 2.1 eq.), acenaphthoquinone (3.1) (25.2 mg,
0.14 mmol and p-toluenesulfonic acid (5.3 mg, 0.028 mmol, 20 mol %) in 3 mL of toluene was
stirred at 50°C for 5 days. After this time the solvent was removed and the solid was washed

with MeOH. Only starting materials were recovered.

Synthesis of ethyl-2-cyano-3-(4-nitrophenyl)acrylate (3.16)

Following the procedure in the literature described by Suzuki®®, to a N
solution of p-nitrobenzaldehyde (3.6) (500 mg, 3.3 mmol) and ethyl cy- N 0\10/
anoacetate (62 pL, 5.8 mmol, 1.75 eq.) in EtOH (1.5 mL) was added pi- 2 6
peridine (32 pL). The mixture was stirred under nitrogen atmosphere at N“02
room temperature. The reaction was followed by TLC using the eluent (3.16)

hexane / Ethyl acetate 6/4. After 4 hours and 30 minutes the reaction was complete. The solid
was centrifuged and washed 3x with ethanol. It was possible to afford 715 mg of ethyl-2-cyano-
3-(4-nitrophenyl)acrylate (3.16) (2.90 mmol, n= 88 %). '"H NMR (500 MHz, CDCls) & (ppm): 8.35
(d, /=9.0 Hz, 2H, H3/H5), 8.30 (s, 1H, H7), 8.13 (d, /= 9.0 Hz, 2H, H2/H6), 442 (q, / = 7.2 Hz,
2H, CHy), 1.42 (t, /= 7.3 Hz, 3H, CHs). ®C NMR (126 MHz, CDCls) & (ppm): 161.55 (C9), 151.87
(C7), 149.86 (C4), 137.04 (C1), 131.65 (C6/C2), 124.46 (C3/C5), 114.66 (C=N), 107.52 (C8), 63.49
(C12), 14.24 (C11).

Synthesis of ethyl-3-(4-aminophenyl)-2-cyanoacrylate (3.17)

Following the methodology of Lu®®® and Cui®®, to a solution of ethyl-2- CN
cyano-3-(4-nitrophenyl)acrylate (3.6) (400 mg, 1.62 mmol) in EtOH (6.6 17/8; 0\10/11
mL) was added SnCl>2H.0 (1.833 g, 8.12 mmol, 5.0 eq.) in HCI 6M (6.6 mL). Z

The mixture was heated to reflux for 1 h and 30 minutes. It was followed NT"z

by TLC using the eluent hexane / ethyl acetate 6/4. The mixture was cooled
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to room temperature and a solution of NaOH 2M (50 mL) was added. The product was ex-
tracted with ethyl acetate. The organic layers were washed with brine, dried over anhydrous
Na,SO,, filtered and evaporated to dryness. It was possible to afford 307.7 mg of ethyl-3-(4-
aminophenyl)-2-cyanoacrylate (3.17) (1.42 mmol, n= 88%, yellow solid). '"H NMR (400 MHz,
MeOD) & (ppm): 8.07 (s, TH, H7), 7.84 (d, J = 8.4 Hz, 2H, H2/H6), 6.70 (d, J = 8.4 Hz, 2H, H5/H3),
4.32(q,) = 7.1 Hz, 2H, H10), 1.36 (t, J = 7.1 Hz, 3H,H11). 3C RMN (126 MHz, MeOD) & (ppm):
164.87 (C9), 155.36 (C7), 134.86 (C4), 129.71 (C2/C6), 120.14 (C1), 117.67 (C=N), 114.08 (C3/C5),
92.99 (C8), 62.12 (C11), 13.77 (C12).

Synthesis of diethyl 3,3'-((((1E,2E)-acenaphthylene-1,2-djylidene)bis(azaneylylidene))bis(4, 7-
phenylene))(2E 2'E)-bis(2-cyanoacrylate) (3.18)

A mixture of acenaphthoquinone (3.1) (164.5 A
o X N N £ 0
mg, 0.90 mmol), ZnCl, (244.6 mg, 1.79 mmol, - /s 6'1 Sz TN 70\
. .9 ©N 12"‘ NG T
2.0 eq.) and acetic acid (2 mL) was heated to w/ 12' 83 12 N\
7
60°C. Then ethyl-3-(4-aminophenyl)-2-cy- e

anoacrylate (3.17) (495.15 mg, 2.29 mmol, 1.0

eq.) was added to the mixture, it was stirred under reflux and N2 atmosphere. The consumption
of the acenaphthoquinone was monitored by TLC using the eluent hexane/ EtOAc 6/4. The
supernatant was removed and the obtained solid was washed with hot acetic acid and diethyl
ether. The complex was dissolved in CH,Cl; and an aqueous solution of potassium oxalate 1.5M
was added. The mixture was stirred for 5 minutes and then was added to a separatory funnel.
The product was extracted with CH>Cl, and the combined organic phases were washed with
water, dried over anhydrous Na,SOy, filtered and evaporated to dryness. The product was re-
crystallized with ethanol to afford 290.2 mg of an orange solid corresponding to diethyl 3,3'-
((((1E,2E)-acenaphthylene-1,2-diylidene)bis(azaneylylidene))bis(4,1-phenylene))(2E,2'E)-bis(2-
cyanoacrylate) (3.18) (0.50 mmol, n= 21.9 %)."%2” TH NMR (400 MHz,CDCls) & (ppm): 8.31 (s,
2H, H7"), 8.18 (d, / = 8.0 Hz, 4H,H3'/H5"), 7.98 (d, / = 8.4 Hz, 2H,H5/H6), 7.45 (t, / = 7.8 Hz,
2H,H4/H7), 7.27 (br s, 4H,H2'/H6"), 6.96 (d, /= 7.2 Hz, 2H,H3/H8), 4.42 (q, /= 7.2 Hz, 4H,H10’),
1.42 (t, /= 7.2 Hz, 6H,H11"). 3C NMR (101 MHz, CDCl5) & (ppm): 162.99 (C9’), 161.12 (C1/C2),
156.26 (C1'), 154.44 (C7'), 142.28 (C1a/C2a), 133.31 (C3'/C5’), 131.52 (C9/C10), 130.05 (C5/C6),
128.17 (C4/C7), 128.01 (C4'), 124.43 (C3/C8), 119.26 (C2'/C6"), 116.18 (C12"), 101.31 (C8'), 62.81
(C10"), 14.36 (C11").
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Hydrolysis reactions of compound 3.18 to obtain (2E,2°F)-3 3"-((((1E,2E)-acenaphthylene-1,2-
diylidene)bis(azaneylylidene))bis(4, 1-phenylene))bis(2-cyanoacrylic acid) (3.5)

Procedure A

Diethyl 3,3'-((((1E,2E)-acenaphthylene-1,2-diyli- < > N N < >
dene)bis(azaneylylidene))bis(4,1-phenylene))(2E,2'E)- HooC /CN r-coon
bis(2-cyanoacrylate) (3.18) (21.2 mg, 0.037 mmol) was OO

dissolved in 1 mL of THF and an aqueous solution of
lithium hydroxide 0.5 N ( 0.44 mL,0.22 mmol, 6 eq.) was added. The reaction was stirred at
room temperature for 2h and it was followed by TLC using the eluent hexane/ ethyl acetate
6/4. The reactional mixture was taken to dryness and then a solution of NH4Cl was added until
pH 6, the mixture was evaporated once again. The resulting crude was washed with water to
remove LiCl and NH,C|.*%®

Procedure B

Ar-BIAN 3.18 (15.0 mg, 0.026 mmol) was dissolved in 0.94 mL of CH.Clz and a solution of NaOH
1M in methanol was added (0.11 mL, 0.11 mmol, 4.2 eq.) The reaction was stirred at room
temperature for 45 minutes. After this time the solvent was removed, the compound was dis-

solved in water and a saturated solution of NH4Cl was added until pH=6. The compound was

taken to dryness again and the solid was washed with acetonitrile and methanol.**®

Synthesis of 7,9-bis(4-(2-cyano-3-ethoxy-3-oxoprop-T1-en-1-yl)phenyl)-7H-acenaphtho[T,2-
djimidazol-9-ium chloride (3.79)
Ar(BIAN) (3.18) (50.5 mg, 0.086 mmol) and

. W e/~ o, el [
methoxy(methyl)chloride ~ (0.14mL, 173 ¢ /o%” . N}gN®1 g2
mol, 20 eq.) were added to a round bottom W 1a ) ¢ N i
flask. The reaction mixture was stirred at 7834
55°C for 2 hours, after this time the reaction ¢ (:195)

mixture was cooled to ambient tempera-

ture. The obtained solid was washed with diethyl ether, hot toluene and ethanol. It was possible
to afford 10.4 mg of a solid corresponding to compound 3.19 (0.017 mmol, n=19.2%)."®" 'H
NMR (400 MHz, DMSO-ak) & (ppm): 10.42 (s, TH, H11), 8.64 (s, 2H, H7"), 8.51 (d, /= 8.4 Hz, 4H,
ArH), 8.37 (d, /= 8.4 Hz, 4H, ArH), 8.27 (d, /= 8.4 Hz, 2H,H3/H8/H6/H5), 8.03 (d, /= 7.2 Hz, 2H,
H3/H8/H6/H5), 7.83 (t, /= 7.8 Hz, 2H, H4/H7), 440 (g, /= 7.1 Hz, 4H, H10"), 1.36 (t, /= 7.0 Hz,
6H, H11").
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Hydrolysis reaction of compound 3.19 to obtain 7,9-bis(4-(2-carboxy-2-cyanovinyl)phenyl)-
7H-acenaphtho[1,2-dJimidazol-9-ium chloride (3.20)

. . o . ¥ . s . 0o
Following the procedure B for the hydrolysis of \ s-/7 2 C%\ . 2 X, 1 i
compound 3.18 and starting with 8.9 mg of com- 1O oy N NN OH

1 A & o NCy
pound 3.19 (0.015 mmol) in 0.55 mL of THF and 8“3
0.06 mL of NaOH 1 M in MeOH (0.06 mmol, 4 eq.). 74
After 1h a solution of NH4Cl in MeOH was added

and the solvent was removed. The solid was washed with ethanol and distilled water. A complex

¢ ]

mixture was obtained.

3.4.2 Synthesis of 7H-acenaphtho[1,2-d]imidazole derivatives

Synthesis of 4-(7H-acenaphtho[1,2-dJimidazol-8-yl)benzaldehyde (3.22a)

A mixture of terephthalaldehyde (3.21a) (100.6 mg, 0.75 mmol, 1 eq.), acenaph- O<__H
thoquinone (3.1) (13445 mg, 0.74 mmol), ammonium acetate (544.1 mg, 7.1 .
mmol, 9.5 eq.) in glacial acetic acid (3.4 mL) was refluxed for 1 hour. The reaction SNF Y
was followed by TLC using the eluent hexane/ EtOAc 6/4. Then it was cooled to  sN”"x
room temperature and the quenching was performed by adding H>O. The formed 1 9::b .
solid was filtered and washed with H,O via centrifugation. The resulting solid was 2 5

3 4

purified by flash column chromatography using as eluent CH>Cl>to CHxClo/ 5 %  (3.22a) x=nn
MeOH. It was possible to isolate a red solid corresponding to the secondary prod- ~ ©#* *=©
uct 4-(acenaphtho(1,2-aloxazol-8-yl)benzaldehyde (51b) (11.4 mg, 0.038 mmol, n=5.1 % ). The
fraction containing the desired product was purified a second time by preparative chromatog-
raphy using the eluent CH,Cl»/2.5% MeOH, it was possible to obtain 28.3 mg of an orange solid
corresponding to 4-(7H-acenaphtho[1,2-d]imidazol-8-yl)benzaldehyde (3.22a) (0.096 mmol,
n=12.9%). ' 4-(7 H-Acenaphtho[1,2-dlimidazol-8-yl)benzaldehyde (3.22a): "H NMR (500 MHz,
CDCl3) & (ppm): 9.66 (s, TH,CHO), 7.88 (d, /= 8.0 Hz, 2H, ArH), 7.62 (d, /= 8.0 Hz, 4H, ArH), 7.59
(d, /= 8.0 Hz, 2H, ArH), 7.43 (t, /= 7.8 Hz, 2H, H5/H2). LC-ESI-MS, RT: 8.12 min, m/z 297.1 [M]*
4-(Acenaphtho[1,2-d]oxazol-8-yl)benzaldehyde (3.22b): 'H NMR (500 MHzCDCls) & (ppm):
10.08 (s, TH, CHO), 8.34 (d, /= 8.5 Hz, 2H,ArH), 8.01 (d, /= 8.5 Hz, 2H, ArH), 7.95 (d, /= 6.5 Hz,
1H, ArH), 7.87 — 7.81 (m, 3H, ArH), 7.61 (ddd, /= 8.3, 7.0, 2.5 Hz, 2H, H5/H2). LC-ESI-MS, RT:
20.16 min, m/z 298.1 [M]*
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Synthesis of 3-(4-(7H-acenaphtho[1,2-dJimidazol-8-yl)phenyl)-2-cyanoacrylic acid (3.23)
A mixture of 4-(7 H-acenaphthol1,2-dlimidazol-8-yl)benzaldehyde (3.22a) (21.3
mg, 0.07 mmol), cyanoacetic acid (9.1 mg, 0.11Tmmol,1.5 eq.), ammonium ace-
tatate (10.7 mg, 0.14 mmol, 1-9.5 eq.) in 3.6 mL of glacial acid acetic was stirred
at 85°C under N, atmosphere for 20 hours. The consumption of aldehyde was
monitored by TCL using the eluent CH2Cl. / MeOH 2.5 %. Then the reactional
mixture was cooled to room temperature and the quenching was performed

by adding cold water. An aqueous solution of NaHCOs solution was added and

the solid was centrifuged and washed with water. It was possible to afford 18.3 (3.23)

mg of an orange solid corresponding to 3-(4-(7 H-acenaphtho[1,2-adlimidazol-8-yl)phenyl)-2-
cyanoacrylic acid (3.23) (0.05 mmol, n=70.1 %)."" ATR (v (cm™): 3388 (m, O-H), 3054 (w, C-
Har), 2218 (w, C=N), 1624 (m, C=0), 1560 (s, C=N)."H NMR (500 MHz, DMSO-dt) & (ppm): 13.58
(brs, TH), 8.30 (br's, 1H, CH,), 8.23 —8.09 (m, 4H, ArH), 7.79 (br s, 4H, ArH), 7.59 (br s, 2H, ArH).
ESI-MS (+) m/z 364.1 [M+H]* ESI-HRMS calculated for C»3H13N30, 363.10078; Found: 364.1074
[M+H]*

Reactions to obtain 8-(thiophen-2-yl)-7H-acenaphtho[1,2-dJimidazole derivative (3.25)

Reaction with acenaphthoquinone (3.1) and 5-bromothiophene-2-carbaldehyde (3.24a)

To a boiling solution of acenaphthoquinone (3.1) (50 mg, 0.27 mmol) in 1.7 mL of acetic acid
was rapidly added a solution of ammonium acetate (423,2 mg, 0.24 mmol, 20 eq.) and 46 pL
of 5-bromothiophene-2-carbaldehyde (3.24a) (0.27 mmol, 1.4 eq.) in 0.6 mL of acetic acid. The
mixture was stirred under reflux for 1 hour and 30 minutes and allowed to stand at room tem-
perature for 2 hours and 30 minutes. Water was added to the reactional mixture and the pre-
cipitate was centrifuged. Then a mixture of water and ammonia 25% (1:1) was added and the
solid was centrifuged again. The obtained solid was dried and purified by chromatography in

column,'®210

Reaction with acenaphthoquinone (3.1) and thiophene-2,5-dicarbaldehyde (3.24b)

Following procedure for 3.22a and starting from 57.7 mg of acenaphthoquinone (3.1) (0.32
mmol), 48.7 mg of (0.35 mmol, 1.1 eq.) of thiophene-2,5-dicarbaldehyde (3.24b), 228.7 mg of
ammonium acetate (2.97 mmol, 9.3 eq.) and 1.5 mL of acetic acid. After 18 hours the reaction

was complete, the crude was purified with CH,Cl, to CH>Clo/ 5% MeOH.
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Reaction with acenaphthoquinone (3.1) and 5-(55-dimethyl-1,3-dioxan-2-yl)thiophene-2-
carbaldehyde (3.24c)

Following procedure for compound 3.22a and starting from 45.7 mg of acenaphthoquinone
(3.1) (0.25 mmol), 62.6 mg of 5-(55-dimethyl-1,3-dioxan-2-yl)thiophene-2-carbaldehyde
(3.24¢) (0.28 mmol, 1.1 eq.), 177.9 mg of ammonium acetate (2.3 mmol, 9.2 eq.) and 1.12 mL of
acetic acid. After 1 hour and 30 minutes the reaction was complete, the crude was purified with

CH2Cl2to CH2Cl/ 5% MeOH.

General procedure for the synthesis of 4-(7-phenyl-7H-acenaphtho[1,2-dJimidazol-8-y/)ben-
zaldehyde derivatives (3.27a-c)
In a round bottom flask containing a magnetic stir bar were added acenaph- 4

5 3

thenequinone (3.1) (1 eq.), terephthalaldehyde (3.21a) (1 eq.), ammonium acetate ) )

(4 eq.) acetic acid and aniline (3.26a or 3.26b) (1 to 5 eq.). The reaction was stirred HN\n/
under reflux and nitrogen atmosphere until consumption of the limiting reagents, (3_2830)

it was monitored by TLC using as eluent hexane: ethyl acetate 6:4. Water was

added to the reactional mixture and a precipitate was formed, it was centrifuged for 20
minutes, and the supernatant removed. The solid was washed with water, dried and purified
by column chromatography using as eluent hexane/ EtOAc 6/4 to EtOAc/ MeOH 10/1.2"" It was
possible to identify the formation of a secondary product in these reactions corresponding to
N-phenylacetamide (3.28a). "H NMR (400 MHz, CDCls) & (ppm): 7.71 (s, TH, NH), 7.52 (d, /= 7.8

Hz, 2H, H2/H6), 7.32 (t, /= 7.4 Hz, 2H, H5/H3), 7.11 (t, /= 7.2 Hz, 1H, H4), 2.18 (s, 3H, CHj).

Other methods for the synthesis of 7-(4-methoxyphenyl)-8-phenyl-7H-acenaphtho[1,2-dJim-
idazole derivatives (3.27b and 3.27¢c)

Method A

A mixture of acenaphthoquinone (3.1) (1 eq.), terephthalaldehyde (3.21a) (1 eq.), 4-methoxy-
aniline (3.26b) (1.2 to 4 eq.), ammonium acetate (4 eq.) and 8 mL of CH3COOH was refluxed
under nitrogen atmosphere until consumption of the limiting reagents. After cooling to room
temperature quenching with ice water was preformed. The obtained solid was centrifuged and

washed with water and then purified trough column chromatography.'”!
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Method B

Acenaphthoquinone (3.1) (1 eq.) reacted with ammonium acetate (4 eqg.) and 4- .

methoxyaniline (3.26b) (1.2 eq.) in acetic acid at 110°C for 1h. After observing the s 3

consumption of the starting materials and the formation of a new specie the ter- 7 *
HN
ephthalaldehyde (3.21a) (1 eq.) was added to the reactional mixture. It was stirred TI/
o)
util consumption of the starting materials. Cold water was added to the mixture and (3.28b)

the obtained solid was centrifuged and then purified through column chromatography with
petroleum ether/EtOAc. Is was possible to observe the formation of a subproduct correspond-
ing to N-(4-methoxyphenyl)acetamide (3.28b) 'H NMR (400 MHz,CDCls) 6 (ppm): 7.37 (d, / =
8.0 Hz, 2H, H2/H6), 6.84 (d, / = 8.4 Hz, 2H,H3/H5), 3.78 (s, 3H,0CH3), 2.14 (s, 3H, CH3).

Method C

Acenaphthoquinone (3.1) (1 eq.) reacted with ammonium acetate (4 eq.) in acetic acid under
reflux. Simultaneously terephthalaldehyde (3.21a) (1 eq.) reacted with 4-methoxyaniline (3.26b)
(1.0 eq.) in CH3COOH at 60°C. After 1 hour and 30 minutes the latter solution was added to the
first one and it was refluxed under nitrogen atmosphere until consumption of the limiting re-
agents. After cooling to room temperature quenching with ice water was performed. The ob-
tained solid was centrifuged and washed with water and then purified trough column chroma-
tography using DCM/ 1% MeOH '

Method D

Acenaphthoquinone (3.1) (0.44 mmol, 1 eq.) was refluxed with terephthalaldehyde (3.21a) (1
eq.), 4-methoxyaniline (3.26b) (1.2 eq.) and ammonium acetate (12.2 eq.) in ethanol under N;
atmosphere for 21 hours. After cooling to room temperature the solid was centrifuged and

washed with ethanol.™°

Method E

A mixture containing acenaphthoquinone (3.1) (0.44 mmol, 1 eq.), ter-
HN. O HN.  NH
ephthalaldehyde (3.21a) or p-bromobenzaldehyde (3.21b) (1 eq.), 4- . .

methoxyaniline (3.26b) (1 eqg.), ammonium acetate (1.1 to 2.2 eq.) and OO or OO
L-Proline (12 mol % to 24 mol%) and 2 mL of acetonitrile was refluxed (3.29)

at 82 °C in the presence of molecular sieves 3A. After consumption of the starting materials
dichloromethane was added and the mixture was washed twice with brine. The combined or-

ganic phases were dried with Na,SQ,, filtered and evaporated. The crude was adsorbed in celite
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and purified by flash column chromatography using the eluent petroleum o
ether/EtOAc. It was possible to identify the intermediate products (3.29) de-

rived from acenaphthoquinone and also compound 3.30. For compound R
3.29: 'TH NMR (500 MHz, CDCls) 6 (ppm): 8.29 (d, /= 8.5 Hz, 2H), 8.13 (d, / = NV©/
7.0 Hz, 2H), 7.87 (t, / = 7.8Hz, 2H). For compound 3.30b: '"H NMR (400 MHz, (3:2=CH0
CDCls) & (ppm): 8.46 (s, TH, CHy), 7.78 (d, /= 8.0 Hz, 2H, ArH ), 7.62 (d, /= 8.0 e

Hz, 2H, ArH), 7.28 (d, / = 4.8 Hz, 2H, ArH), 6.96 (d, J = 8.0 Hz, 2H, ArH), 3.86 (s, 3H, OCHs).

Method F

Following the same procedure as method E and using p-bromobenzaldehyde (3.21b), the re-
action was performed in a sealed tube in acetonitrile at 82°C for 24h. Then the solvent was
removed and replaced by DMF, the temperature has been raised to 110 °C. After 32 hours the
solvent was removed, and the crude was purified by column chromatography using petroleum

ether/EtOAc as eluent.

Method G

p-Bromobenzaldehyde (3.21b) (1 eq.) and 4-methoxyaniline (3.26b) (1 eq.) reacted in DMF at
room temperature. At the same time acenaphthoquinone (3.1) reacted with ammonium ace-
tate at 60 °C in DMF. After consumption of the starting materials and observing the formation
of intermediary species (6 hours), the two mixtures were combined in a sealed tube. After 44
hours the solvent was removed. The crude was purified by column chromatography using mix-

tures of petroleum ether/EtOAc.

3.4.3 Shynthesis of diethynylacenaphthylene derivatives

Synthesis of 1,2-Dibromoacenaphthylene (3.32)

The compound 1,2-dibromoacenaphthylene (3.32) was synthesized according to  Br,  Br
the literature procedures.’® A solution containing 499.3 mg of acenaphthene (1) ‘;223
(3.24 mmol), 79.1 mg of benzoyl peroxide (0.33 mmol, 0.1 mmol) and 1.7318 g of 7 1
N-Bromosuccinimide (9.73 mmol, 3.00 eq.) in CCls; was refluxed under nitrogen 22
atmosphere for 4 hours. The reaction was monitored by TLC using the eluent hexane/EtOAc
9:1. The reactional mixture was filtered to remove the solid. An aqueous solution of Na»S,0s 1

M was added to the filtrate and it was extracted with CH2Cl>. The organic phases were washed
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with water and brine, then dried with anhydrous Na,SO,, filtered and evaporated. The crude
was absorbed in celite and purified by flash column chromatography using the eluent petro-
leum ether. It was possible to afford 439.1 mg of a crystalline yellow solid, corresponding to
the 1,2-dibromoacenaphthylene (3.32) (n = 44 %). "TH NMR (400 MHz,CDCls) 6 (ppm): 7.84 (d, /
= 8.4 Hz, 2H, H8/H3), 7.66 (d, / = 6.8 Hz, 2H, H6/H5), 7.57 (t, /= 7.6 Hz, 2H,H7/H4).

Synthesis of 1,2-Bis((trimethylsilyl)ethynyl)acenaphthylene (3.34)

To a sealed tube, 345.6 mg of 1,2-dibromoacenaphthylene (3.32) (1.12 mmol,
1 eq.), Pd(PPhs3)4(0.30 eq.), Cul (0.24 eq.), PPhs3 (0.12 eq.), diisopropylamine (3
eq.) and 6 mL of dioxane were added under N; atmosphere. The mixture was

stirred at 40 °C for 7 hours and then 3 eq. of ethynyltrimethylsilane were

added. The consumption of the starting material was monitored by TLC using

(3.34a)

petroleum ether as eluent. After 20 h the reaction was complete, and the

solvent was removed under reduced pressure. The crude was washed with water and extracted
with dichloromethane. The combined organic layers were dried over Na,SOy, filtered and evap-
orated to dryness. The crude was purified via column chromatography using the eluent
CHCl,/petroleum ether 9.5/0.5. It was possible to afford an orange oil corresponding to 1,2-
bis((trimethylsilyl)ethynyl)acenaphthylene (3.34) (229.5 mg, n = 60 %). '"H NMR (400 MHz,
CDCls) & (ppm): 7.86 (d, /= 8.0 Hz, 2H, H3/H8), 7.81 (d, /= 7.2 Hz, 2H,H5/H6), 7.59 (dd, /= 8.2,
7.0 Hz, 2H,H4/H7), 0.34 (s, 18H, Si(CH3)3). *C NMR (101 MHz, CDCls) & (ppm): 138.28, 128.70,
128.31, 128.23, 127.93, 127.31, 124.10, 106.59 (C1'/C1"), 99.31(C2'/C2"), 0.27 Si(CH3)3. HRMS-
ESI(+) calculated for C,,H,42%Si, [M+H] 345.14893; Found: 345.1486
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Synthesis of 7-bromo-2-(2-ethylhexyl)-2H-benzo[d][ 1,2, 3]triazole-4-carbaldehyde (3.36¢)

t-BuOK (1.5 eq.)
Br 1) HBr, 1h, 100°C
N—NH (1.16eq) NN 2) Bry, 6h, 135°C N-N
! N o . ! N ———F > Br ! N
MeOH, 60°C
Br

1) n-BuLi (1.1 eq.)
2) DMF (1.1 eq.)
THF, -78°C

r
(3.36¢)

Scheme 27. Synthetic route for the preparation of 7-bromo-2-(2-ethylhexyl)-2H-benzo[d][1,2,3]triazole-4-carbal-
dehyde (3.36¢) using as starting material 1,2,3-benzotriazole.

Synthesis of 2-(2-ethylhexyl)-2H-benzotriazole

To a round-bottom flask under N, atmosphere were added methanol (9 -
mL), 1,2,3-benzotriazole (0.599 mg, 5.03 mmol, 1 eq.), potassium butox- 1N_,f, 13 N
ide (848 mg, 7.55 mmol, 1.5 eq.) and 3-(bromomethyl)heptane (1.04 mL, - N 5
5.84 mmol, 1.16 eq.). The reactional mixture was stirred at reflux for 118 ° ™% )

hours. After cooling the solvent was removed and the crude dissolved in chloroform, washed
with water, and then dried with anhydrous Na,SO,, filtered and evaporated. The residue was
purified by flash column chromatography using the eluent petroleum ether/EtOAc 9:1 "9
It was possible to afford two isomers. 2-(2-ethylhexyl)-2 H-benzotriazole (colorless oil) (n = 42
%) "H NMR (400 MHz,CDCls) & (ppm): 7.86 (dd, /= 6.6, 3.0 Hz, 2H, H7/H4), 7.37 (dd, /= 6.6, 3.0
Hz, 2H,H5/H6),4.63 (d, /= 7.2 Hz, 2H,H1"), 2.23 (m, 1H,H2"), 1.37 - 1.24 (m, 8H,H1""/H3'/H4'/H5),
0.92 (t, /= 7.6 Hz, 3H,H2,H2"/H6"), 0.87 (t, /= 7.0 Hz, 3H, H2"/H6') and also 2-(2-ethylhexyl)-
1H-benzotriazole (n=38.5 %) "H NMR (400 MHz, CDCls) & (ppm): 8.06 (d, /= 8.4 Hz, 1H), 7.49
(m, 2H), 7.35 (ddd, J = 8.0, 6.4, 1.4 Hz, 1H), 4.52 (d, /= 7.2 Hz, 2H), 2.09 (m, TH), 1.36 — 1.24 (m,
8H), 0.93 (d, /= 7.4 Hz, 3H), 0.86 (t, J = 7.0 Hz, 3H).

Synthesis of 4, 7-dibromo-2-(2-ethylhexyl)benzotriazole
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To a round-bottom flask containing 2-(2-ethylhexyl)-2H-benzotriazole

(484.8 mg, 2.1 mmol) were added 3.43 mL of and aqueous HBr solution 1
(5.8 M). The reactional mixture was stirred for 1h at 100 °C. Then 0.35 Br.; A N ' Fa
mL of Brz (6.64 mmol, 3.2 eq.) was added and the mixture was stirred for 6 L5

24 hours and 30 minutes. After cooling to room temperature, the mix-

ture was dissolved in CH,Cl, and washed with a solution of NaHCOs. The combined organic
layers were dried with Na,SOy, filtered and evaporated. The crude was purified by flash column
chromatography (eluent: petroleum ether/CH.Cl 6:4), it was possible to afford 481.6 mg of a
yellow oil corresponding to 4,7-dibromo-2-(2-ethylhexyl)benzotriazole (n = 59 %). '"H NMR
(400 MHz, CDCl3) 6(ppm): 7.44 (s, 2H, H5/H6), 4.68 (d, /= 7.2 Hz, 2H,H1"), 2.30 (m, 1H,H2"), 1.33
(m, 8H,H1",H3'/H4'/H5"), 0.92 (t, / = 7.6 Hz, 3H, H2"/H6'), 0.87 (t, / = 6.8 Hz, 3H, H2"/H6") ',

Synthesis of 7-bromo-2-(2-ethylhexyl)-2H-benzo[d][1,2,3]triazole-4-carbaldehyde (3.36¢)

To a round-bottom flask containing 257 mg of 4,7-dibromo-2-(2- . 7
ethylhexyl)benzotriazole (0.66 mmol) were added 3.8 mL of dry THF o 1r\/1 rle e .
and the mixture was cooled to -78°C in an acetone/liquid N, bath. H 67 /4 )
Then 0.62 mL of a 1.17M solution of n-BulLi in Hexanes (0.73mmol, 1.1 s Br

(3.36¢)

eq.) were added dropwise. After 15 minutes 51 uL of dry DMF (1 eq.)

were added and the reaction was stirred for more 3h at -78°C. The consumption of the starting
material was confirmed by TLC using the eluent petroleum ether/EtOAc 9:1. Then the reaction
was warmed to room temperature and H>O was added, the organic product was extracted with
CHxCl,. The combined organic layers were dried over Na,SO,, filtered and evaporated. The
resulting crude was subjected to a by flash column chromatography (eluent: petroleum ether
/ ethyl acetate 9:1) to afford 139.4 mg of a colourless oil corresponding to 7-bromo-2-(2-
ethylhexyl)-2H-benzo[d][1,2,3]triazole-4-carbaldehyde (3.36¢) (0.41Tmmol, n = 62 %). '"H NMR
(400 MHz, CDCls) 6 (ppm): 10.47 (s, 1H, CHO), 7.83 (d, /= 7.6 Hz, 1H, H6), 7.75 (d, /= 7.6 Hz,
1H, H5),4.74 (d, /= 7.3 Hz, 2H, H1"), 2.39-2.28 (m, 1H, H2'), 1.40 - 1.23 (m, 9H; H1",H3",H4',H5),
0.93 (t, /= 7.6 Hz, 3H, H2"/H6"), 0.87 (t, /= 7.0 Hz, 3H, H2"/H6"). *C NMR (101 MHz, CDCl3) &
(ppm): 188.99, 144.95, 141.70, 131.15, 128.83, 125.72, 118.99, 61.05, 40.47, 30.43, 28.40, 23.88,
22.98, 14.08, 10.49. HRMS-ESI(+) calculated for CisH20BrNsO [M+H] 338.08625. Found:
338.0856.
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Synthesis of 5-bromothieno/3,2-bjthiophene-2-carbaldehyde (3.36d)

O
Br.
S 1)n-BuLi(11eq) H S
// / 2) DMF (1.1 eq.) l/ /
THF, -78°C
S Br S Br

(3.36d)

Scheme 28 Synthetic pathway for the preparation of 5-bromothieno(3,2-f]tiophene-2-carbaldehyde (3.36d) using
as starting material 2,5-dibromothieno(3,2- f]thiophene.

Starting from 150 mg of 2, 5-dibromothienol[3,2-b]thiophene (0.5 mmol) and following the

same procedure for 5¢. The crude was purified by flash chromatography col-

H 2 g1
umn using the eluent petroleum ether: dichloromethane 8:2 and it was ob- al Y |°
5
tained 70 mg of a white/yellow solid corresponding to 5-bromothienol3,2- 457 gy

(3.36d)

blthiophene-2-carbaldehyde (3.36d) (0.28 mmol, n = 57%). "H NMR (400 MHz,
CDCls) 8 (ppm): 9.97 (s, 1H, CHO), 7.84 (s, TH,H3), 7.36 (s, 1TH,H6).*"2

Synthesis of compound 3.33a

1,2-dibromoacenaphthylene (3.32) (50.17 mg, mmol, 0.16 mmol),
PPhs (5.33 mg, 0.02 mmol, 0.12 eq.), Cul (7.76 mg, 0.04 mmol, 0.25
eq.), 4-ethynylbenzaldehyde (63.56 mg, 0.49 mmol, 3.05 eq.) and
Pd(PPhs)s (59.3 mg, 0.05mmol, 0.32 eq.) were added to a Schlenk
tube under N2 atmosphere. Then 4 mL of dry dioxane and 68 pL of

diisopropylamine (0.49 mmol, 3.03 eq.) were added and the reac-

tional mixture was degassed under vaccum. The reactional mixture (3.33a)

was stirred for 19 hours and 30 minutes at 60 °C, it was followed by TLC using the eluent
hexane/EtOAc 7:3. The solvent was removed, H,O was added and the organic product was
extracted with CH2Cl,. The combined organic layers were dried over Na>SOy, filtered and evap-
orated to dryness. The crude was purified via column chromatography using CH2Cl; as eluent
to afford 49.9 mg of a red solid corresponding to 4,4'-(acenaphthylene-1,2-diylbis(ethyne-2,1-
diyl))dibenzaldehyde (3.33a) (n = 76 %). '"H NMR (400 MHz, CDCls) & (ppm): 10.06 (s, 2H,
2xCHO), 7.95 (m, 8H, ArH), 7.82 (d, / = 7.6 Hz, 4H, ArH), 7.69 (t, / = 7.6 Hz, 2H, ArH). *C NMR
(126 MHz, DMSO) & (ppm): 192.06, 136.77, 135.84, 131.21, 129.55, 128.68, 128.51, 127.92,
127.60, 126.49, 125.83, 124.62, 100.04, 87.34. HRMS-ESI(+) calculated for C3oH1602 [M+H]*
409.12231; Found: 409.1216
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General procedure for the synthesis of aldehydes (3b-d)
Bromoaldehyde (3.36b-d)

. _ Pd(PPh3),
Me;Si SiMe; H Ho cul
\ / K,CO4 \ / DIPA
\ / MeOH/Dioxane \ / Dioxane

‘ - = ‘ — 3.33b-d

(3.34a)
Scheme 29. Synthetic pathway for the synthesis of aldehydes (3.33b-d).

Synthesis of 1,2-diethynylacenaphthylene

To a solution of 1,2-bis((trimethylsilyl)ethynyl)acenaphthylene (3.34) (1 eq.) in methanol and
dioxane (1:1) was added K.COs (2eq.). The reaction was monitored by TLC using the eluent
petroleum ether/EtOAc 6:4. After the consumption of the starting material the reactional mix-
ture containing 1,2-diethynylacenaphthylene was directly transferred to the next reactional
step.

In a Schlenk tube were added under N, atmosphere the bromoaldehyde (2.2 eq.), (PdPPhs)4
(0.20 eq.), Cul (0.24 eq.), PPh3 (0.12 eq.), diisopropylamine (3 eq.) and 4 mL of dioxane. The
reaction was degassed and then it was stirred for 3 hours at 40 °C. Then the reactional mixture
containing 1,2-diethynylacenaphthylene (1 eq.) was added and the solution was degassed
again under vaccum. The reaction was monitored by TLC. After consumption of the starting
material the solvent was removed and water was added, the organic compound was extracted
with dichloromethane. The combined organic layers were dried over anhydrous Na,SOs, fil-

tered and evaporated to dryness. The crude was purified via column chromatography.

Compound 3.33b

Starting from 5-bromothiophene-2-carbaldehyde (0.37
mmol, 2.2 eq) and 1,2 bis((trimethylsilyl)ethynyl)-acenaph-
thylene (0.17 mmol, 1 eq.). The reaction was monitored by TLC
using the eluent petroleum ether: EtOAc 6:4 and after 24

hours the reaction was complete. The crude was purified via

column chromatography using as eluent CH2Clz/petroleum

(3.33b)

ether 9.5: 0.5 and then one of the collected fractions was subjected to preparative layer plate

chromatography (PLC) to afford 44.2 mg of a red solid corresponding to 5,5'-(acenaphthylene-
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1,2-diylbis(ethyne-2,1-diyl))bis(thiophene-2-carbaldehyde) (3.33b) (n = 62%). '"H NMR (400
MHz, CDCls) & (ppm): 9.91 (s, 2H, 2xCHO), 7.94 (d, / = 8.0 Hz, 2H, ArH), 7.90 (d, / = 6.8 Hz, 2H,
ArH), 7.72 (d, /= 4.0 Hz, 2H, ArH), 7.66 (t, 2H, ArH), 7.44 (d, /= 4.0 Hz, 2H, ArH). 3C NMR (101
MHz, CDCls) 6 (ppm): 182.47, 144.73, 137.56, 136.26, 133.29, 132.45, 129.56, 128.63, 128.55,
127.73, 126.83, 124.73, 93.71, 93.23. HRMS-ESI(+) calculated for C,H;,0,°%S; [M+H]*
421.03515; Found: 421.0344.

Compound 3.33¢
Starting from 7-bromo-2-(2-ethylhexyl)-2H-benzo[d][1,2,3]triazole-4-carbaldehyde (3.36¢)
(0.38 mmol, 2.2 eq.) and 1,2-bis((trime-
thylsilyl)ethynyl)acenaphthylene  (0.17
mmol, 1 eq.).The reaction was moni-
tored by TLC using the eluent petro-
leum ether: EtOAc 8:2 and after 21 hours

and 30 minutes the reaction was com-

(3.33¢)

plete. The crude was purified via column
chromatography using CHzCl; as eluent. One of the collected fractions was subjected to a pre-
parative layer plate chromatography (PLC) using a mixture of CH>Cl, with 0.5% of MeOH to
afford 67.7 mg of a dark red solid corresponding to 7,7'-(acenaphthylene-1,2-diylbis(ethyne-
2,1-diyl))bis(2-(2-ethylhexyl)-2H-benzo[d][1,2,3]triazole-4-carbaldehyde) (3.33¢) (0.095 mmol,
n = 54%). '"H NMR (400 MHz, CDCls) & (ppm): 10.52 (s, 2H, 2xCHO), 8.12 (d, /= 6.9 Hz, 2H, ArH),
7.98 (d, /= 8.5 Hz, 4H, ArH), 7.87 (d, /= 7.4 Hz, 2H, ArH), 7.74 - 7.68 (m, 2H, ArH), 478 (d, / =
7.1 Hz, 4H,H1"), 2.36 (dt, /= 12.3, 6.3 Hz, 2H,H2"), 1.44 - 1.24 (m, 19H, H1"",H3"",H4" H5"), 0.95
(t, /= 7.4 Hz, 6H, 2xCHs), 0.86 (t, / = 7.0 Hz, 6H, 2xCH;). ®*C NMR (101 MHz, CDCls) & (ppm):
189.01, 145.51, 141.86, 138.26, 130.06, 129.55, 129.44, 128.64, 128.49, 127.99, 127.35, 126.08,
124.97, 120.42, 97.10, 94.10, 60.68, 40.50, 30.54, 28.49, 23.94, 22.99, 14.11, 10.54. HRMS-ESI(+)
calculated for C47H4sNsO2 [M+H]* 715.37549; Found 715.3748.
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Compound 3.33d

Starting from 5-bromothieno-[3,2-6]-tiophene-2-carbaldehyde
(3.36d) (0.28 mmol, 2.2 eq.) and 1,2 bis((trimethylsilyl)ethynyl)ace-
naphthylene (0.13 mmol, 1 eq.). The reaction was monitored by
TLC using the eluent petroleum ether: EtOAc 8:2, after 20 hours is
was observed the consumption of the starting material. The crude
was purified by column chromatography using the eluent
CH.Cly/petroleum ether to CH>Cl,/MeOH 5%. The fraction contain-

(3.33d)

ing the product was washed with ethanol to remove some impurities. It was obtained 37.3 mg
of a dark red solid corresponding to 5,5'-(acenaphthylene-1,2-diylbis(ethyne-2,1-
diyl))bis(thieno[3,2- Hlthiophene-2-carbaldehyde) (3.33d) (0.07 mmol, n = 54 %). '"H NMR (400
MHz,CDCl3) 6 (ppm): 10.01 (s, 2H, 2xCHO), 7.99 — 7.92 (m, 6H, ArH), 7.72 — 7.67 (m, 3H, ArH),
7.63 (s, 2H, ArH). HRMS-ESI(+) calculated for CsoH120.S4[M+Na]* 554.96123; Found: 554.9603.

Synthesis of final chromophores

Compound 3.37a

A mixture of 4,4'-(acenaphthylene-1,2-diylbis(ethyne-2,1-
diyl))dibenzaldehyde (3.33a) (25.1 mg, 0.061 mmol), cy-
anoacetic acid (33.5 mg, 0.39 mmol, 6.5 eq.), 34 uL of pi-
peridine (0.34 mmol, 5.6 eq.) and 3 mL of acetonitrile was
refluxed under N, atmosphere for 16 hours. The consump-

tion of the start material was monitored by TLC using the

eluent hexane: EtOAc 6:4. The solvent was removed under (3.372)

reduced pressure, and the crude was washed with hexane to remove non polar impurities. The
resulting solid was dissolved in methanol and HCl 1 M was added. The mixture was taken to
dryness and the solid was washed with H,O to remove salts and then with ethanol. It was
obtained a dark red/purple solid corresponding to 3,3'-((acenaphthylene-1,2-diylbis(ethyne-
2,1-diyl))bis(4,1-phenylene))bis(2-cyanoacrylic acid) (3.37a) (23.4 mg, n = 70%) '"H NMR (400
MHz, DMSO-dk) 6 (ppm): 8.39 (s, 2H, H7'), 8.15 (m, 8H, ArH), 7.95 (d, / = 8.4 Hz, 4H, ArH), 7.81
(t, / = 7.4 Hz, 2H, ArH). HRMS-ESI(-) calculated for Cs¢H17O,N, [M-H] 541.11938; Found:
541.1202.

151



Compound 3.37b

Following the same procedure for 3.37a and starting from
31,7 mg of 5,5'-(acenaphthylene-1,2-diylbis(ethyne-2,1-
diyl))bis(thiophene-2-carbaldehyde) (3.33b) ( 0.075 mmol)
the reaction was monitored by TLC using the eluent CH,Cl..

The solvent was removed under reduced pressure, and the

solid was washed with acetonitrile. Then the resulting solid
was dissolved in a mixture of CH>Cl,/MeOH/H,O (65/35/5,

(3.37b)

%v/v) and HCl 1 M was added. The mixture was taken to dryness and the solid was washed
with H>O to remove salts. To remove the less polar impurities the solid was washed with hex-
ane, ethyl acetate and ethanol. It was possible to obtain a dark red/ brown solid corresponding
to 3,3'-((acenaphthylene-1,2-diylbis(ethyne-2,1-diyl))bis(thiophene-5,2-diyl))bis(2-cy-
anoacrylic acid) (3.37b) (20.7 mg, n = 50%). "H NMR (400 MHz, DMSO-ak) & (ppm): 8.54 (s, 2H,
H8"), 8.17 (d, /= 8.3 Hz, 2H, ArH), 8.10 (d, /= 8.0 Hz, 2H, ArH), 8.05 (d, /= 4.1 Hz, 2H, ArH), 7.80
(t, /= 7.8 Hz, 4H, ArH), 7.75 (d, / = 3.9 Hz, 2H, ArH). HRMS-ESI(-) calculated for C3,H14N>04S,
[M-H] 553.03222; Found: 553.0326.

Compound 3.37¢

Following the procedure for compound
3.37a and starting with 7,7'-(acenaph-
thylene-1,2-diylbis(ethyne-2,1-diyl))bis(2-
(2-ethylhexyl)-2H-benzo[d][1,2,3]triazole-
4-carbaldehyde) (3.33¢) (40.1 mg,

0.063mmol, 1 eq.), the reaction was fol-

lowed by TLC wusing the eluents s
CH.Cl,/MeOH/H,0 (65/10/1, %v/v) and pe-

troleum ether/EtOAc 8:2, and after 25 hours was complete. The solvent was removed and the

5
(3.37¢)

solid was washed with acetonitrile. Then the resulting solid was dissolved in a mixture of
CHxCl>/MeQOH/H,0 (65/35/5, %v/v) and HCI 1 M was added. The mixture was taken to dryness
and the solid was washed with H,O to remove salts to afford 3,3'-((acenaphthylene-1,2-
diylbis(ethyne-2,1-diyl))bis(2-(2-ethylhexyl)-2H-benzo[d][1,2,3]triazole-7,4-diyl))bis(2-cy-

anoacrylic acid) (3.37¢) (44.2 mg, 0.052mmol, n = 83 %). '"H NMR (400 MHz, DMSO-ak) & (ppm):
8.44 (s, 2H, H10"), 8.13 (d, /= 7.6 Hz, 2H, ArH), 7.87 (d, /= 8.2 Hz, 2H, ArH), 7.74 (d, / = 6.6 Hz,
2H, ArH), 7.65 (d, /= 7.4 Hz, 2H, ArH), 7.52 (t, /= 7.3 Hz, 2H, ArH), 4.57 (d, /= 6.0 Hz, 4H, H1"),
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2.10-1.98 (m, 2H, H2"), 1.18 (m, 7.7 Hz, 19H,H1""/H3",H4",H5"), 0.79 (t, /= 7.4 Hz, 6H, 2xCHj),
0.75 — 0.68 (m, 7H, 2xCHs). HRMS-ESI(-) calculated for Cs2H4sNgO4 [M-H] 847.37257; Found:
847.3726

Compound 3.37d

Following the procedure for compound 3.37a and |,5oc COOH
9' 9'

starting with 5,5'-(acenaphthylene-1,2-

diylbis(ethyne-2,1-diyl))bis(thieno[3,2-b]thio-
phene-2-carbaldehyde) (3.33d) (35.3 mg, 0.066
mmol, 1 eq.) the reaction was firstly stirred at room

temperature and after 40 hours was warmed to 80

°C, it was stirred for more 33 hours. The reaction

(3.37d)

was monitored by TLC wusing the eluents

CH.Cl/MeOH/H,0 (65/10/1, %v/v and petroleum ethe/EtOAc 8:2. When it was completed the
solvent was removed and the solid was dissolved in a mixture of CH,Cl,/MeOH/H,O (65/35/5,
%v/v) and HCl 1 M was added. The mixture was taken to dryness and the solid was washed
with H;O, to remove salts, and then with acetonitrile and CH,Cl, to afford 33 mg of 3,3'-
((acenaphthylene-1,2-diylbis(ethyne-2,1-diyl))bis(thieno[3,2- b]thiophene-5,2-diyl))bis(2-cy-
anoacrylic acid) (3.37d) (0.049 mmol, n = 75%)."H NMR (400 MHz, DMSO-d) & (ppm): 8.52 (s,
2H, H9), 8.26 (s, 2H, ArH), 8.16 — 7.96 (m, 6H, ArH), 7.82 — 7.70 (m, 2H, ArH). HRMS-ESI(-) cal-
culated for: C36H14N204S4 [M-H] 664.97636; Found: 664.9767.

Synthesis of 5-bromo-1,2-dihydroacenaphthylene (3.38)
To a suspension of acenaphthene (3.31) (302mg, 1.95 mmol) in 3 mL of DMF 1—2
were added slowly at room temperature a solution of NBS (415 mg, 2.31 mmol,

1.2 eq.) in 3 mL of DMF. The reaction was stirred for 3h and monitored by TLC h

using the eluent hexane/ ethyl acetate 8:2. Then water was added to the reac- (3:38)

tional mixture and a formation of a solid was observed. The solid was filtered and recrystallized
from ethanol. The compound 5-bromo-1,2-dihydroacenaphthylene (3.38) was obtained.”® 'H
NMR (400 MHz, CDCl3) & (ppm): 7.78 (d, /= 8.4 Hz, 1H, H6), 7.66 (d, /= 7.6 Hz, 1H, H4), 7.55 (t,
J=7.8Hz 1H, H7), 7.33 (d, /= 6.8 Hz, 1H, H8), 7.13 (d, /= 7.2 Hz, 1H, H3), 3.45 - 3.38 (m, 2H,
H1/H2), 3.37 - 3.31 (m, 2H, H1/H2).
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Synthesis of 4-bromo-N,N-diphenylaniline
To a round bottom flask were added 300 mg of triphenylamine (1.22 mmol) and 3.6 mL of
DMF, after dissolution a mixture of NBS (218mg, 1.22 mmol, 1 eq.) in 10
1.2 mL of DMF was added dropwise. The mixture was stirred in the 12 8
dark for 24h, then cold water was added, and the organic compound 15©3/N\©3\
s
R Br

was extracted with CH,Cl,. The combined organic phases were dried 1 8

17

with Na SOy, filtered and evaporated to dryness. The compound was

recrystallized with ethanol and it was possible to obtain 4-bromo-N,N-diphenylaniline."®® H
NMR (400 MHz,CDCl3) 6 (ppm): 7.33 (d, J = 8.4 Hz, 2H, ArH), 7.26 (t, J = 7.6 Hz, 4H, ArH), 7.09 -

7.02 (m, 6H, ArH), 6.95 (d, J = 8.4 Hz, 2H, ArH).

Synthesis of dimethyl (4-(diphenylamino)phenyl)boronate

In a round bottom flask were added 130 mg of 4-bromo-N,N-djphenylanifine (0.4 mmol) and
3 mL of THF. Then the mixture was cooled to -78 °C and 0.82 mL

of n-Buli (0.98 M in hexanes, 0.8 mmol, 2.0 eq.) was added drop- ©

wise. The reaction was stirred for 30 minutes at -78 °C and then ©/N\©\ oMe

0.32 mL of trimethyl borate (2.8 mmol, 7 eq.) were added. The mix- (E';Me

ture was stirred for 2h and 30 min at room temperature and this reactional mixture containing
the formed dimethyl (4-(diphenylamino)phenyl)boronate was directly transferred for the fol-

lowing Suzuki coupling reaction.

Synthesis of 4-(1,2-dihydroacenaphthylen-5-yl)-N,N-djphenylaniline (3.39)
To a degassed double neck round bottom flask were added Pd(PPhs)4
(0.08 eq.) and a solution containing 102.8 mg of 5-bromo-1,2-dihydroa-
cenaphthylene (3.38) (0.44 mmol, 1.1 eq.) dissolved in degassed THF. The
reactional mixture was refluxed for 20 minutes, after this an aqueous so-
lution of NaHCOs (2.5 M, degassed, 10 eq.) was added. The reactional

mixture containing the dimethyl (4-(diphenylamino)phenyl)boronate dis-

solved in degassed THF was added 20 minutes later. The reaction was

(3.39)

stirred and after 18 h the consumption of the starting material was observed by TLC using the
eluent hexane/ AcOEt 6/4. The solvent was removed, and water was added. Then the com-
pound was extracted with CH»Cl,, dried with Na,SO4 and taken to dryness. The crude was pu-
rified via chromatography in column (silica flash) using the eluent petroleum ether / diethyl

ether 99/1. It was possible to afford 49 mg of 4-(1,2-dihydroacenaphthylen-5-yl)-N,N-
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diphenylaniline (0.12 mmol, n=31 %)."H NMR (400 MHz, CDCls) §(ppm): 7.78 (d, /= 8.4 Hz, TH,
ArH), 7.46 — 7.43 (m, 4H, ArH), 7.35 -7.27 (m, 6H, ArH), 7.19 (d, /= 8.4 Hz, 6H, ArH), 7.04 (t, /=
7.2 Hz, 2H, ArH), 3.44 (s, 4H, H1/H2).

Synthesis of 5-bromoacenaphthylene (3.41)

To a solution containing 233 mg of 5-bromo-1,2-dihydroacenaphthylene (3.38) 1_2
(0.97 mmol) in toluene (5 mL) were added 272 mg of DDQ (1.16 mmol, 1.2 eq.). @ 1a 3
The reaction was refluxed for 48 h, after this time H>O was added and the or- 6 5
ganic compound was extracted with CH>Cl,. The organic phase was washed (3.41)

with H,0O, and dried over anhydrous Na,SO4 and filtered. The crude was purified by flash col-
umn chromatography (silica flash) using the petroleum ether as eluent to afford 88.8 mg of 5-

bromoacenaphthylene (3.41) (n= 41 %)."*?

Synthesis of N,N-diethylacenaphthylen-5-amine (3.42)

Method A

To a suspension of 5-bromoacenaphthylene (3.41) (73 mg, 0.34) in DMF (0.57 1_2
mL) were added diethylamine (0.57 mL, 40 % aqueous solution) and @ 3

7

CuSO45H,0 (4.83 mg, 0.017 mmol, 0.05eq.). The mixture was refluxed under G\/NS\/
N2 atmosphere. The reaction was monitored by TLC using the eluent hexane: (3.42)

ethyl acetate 6:4 and after 92 h water was added and a precipitate was formed. The mixture
was centrifuged, the supernatant was removed and the solid was dissolved in CHClz and filtered
through a Celite pad. Then the solvent was removed and the crude was purified via column
chromatography (silica flash) using the eluent hexane/ AcOEt 6/4. It was not observed the for-
mation of the desired compound.?™

Method B

To a solution of 5-bromoacenaphthylene (3.41) (91 mg, 0.40 mmol) in toluene (7.8 mL) were
added sequentially Pdx>(dba)s (17 mg, 4 mol%), Xanthphos (10mg, 4 mol %), diethylamine (0.12
mL, 3.0 eq.) and Cs,COs (386 mg, 3.0 eq.). The mixture was stirred at 80 °C for 24 hours, it was
monitored by TCL using petroleum ether as eluent. The mixture was filtered through a pad of
Celite and washed with CH,Cl,. The solvent was removed and then the crude was purified by
column chromatography using petroleum ether as eluent until petroleum ether: ethyl acetate

8:2. It was possible to recover 43 % of starting material and to isolate a fraction containing the

desired product impure (8.7 mg). "H NMR (400 MHz,CDCls) & (ppm): 8.03 (d, / = 8.4 Hz, 1H,
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ArH), 7.63 (d, /= 6.8 Hz, TH, ArH), 7.53 (d, /= 7.6 Hz, 2H, ArH), 7.46 (dd, /= 8.2, 7.0 Hz, 1H,
ArH), 7.15 (m, TH, ArH), 6.99 (d, / = 5.2 Hz, 1H, ArH), 6.95 - 6.90 (m, 2H, ArH), 3.42 (q, /= 7.1
Hz, 4H, 2xCH>), 1.17 (t, /= 7.1 Hz, 6H, 2xCH3).

Synthesis of N,N-djethyl-1,2-dihydroacenaphthylen-5-amine (3.43)

~_N._~
(3.43)

Following the same procedure for A, N-diethylacenaphthylen-5-amine and starting from 5-
bromo-1,2-dihydroacenaphthylene (3.38) (0.21 mmol), Pdz(dba); ( 8 mol%), Xanthphos (8 mol
%), diethylamine (6.0 eq.) and Cs,COs (3.0 eq.). The crude was purified via PLC using the eluent

petroleum ether ethyl acetate 9.5:0.5. Only 72 % of the starting material was recovered.
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4| OLIGOTHIOPHENES DERIVATIVES
AS PHOTOSENSITIZERS
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4.1 General overview

4.1.1 The n-spacer

Thiophene-based n-conjugated systems possess efficient electron transfer, moderate band
gap, and structural versatility. Fused thiophenes represent a promising class of n-bridge due
to their extended molecular conjugation, high stability, ring planarity and S-S interactions.'*®
Due to these properties, fused thiophenes have aroused much interest in the fields of organic
photovoltaic cells (OPVs),>™*2"® organic field-effect transistors (OFETs)*'® and DSSCs'®?".
Thienothiophenes are one example of fused thiophenes formed by two thiophene rings and
featuring a completely planar system. Their incorporation into a molecular structure has the
potential to dramatically improve or alter the characteristics of the compounds. There are four
possible isomeric forms of thienothiophenes (Figure 48).2'®2' The thieno[3,2- flthiophene-
based dyes have been widely explored in the DSSC field.??°%% In contrast, thieno[3,4- A]thio-
phenes are less stable than the [3,2- 4] derivatives,?'® despite this there are some examples of

their application in this type of dyes.?2%

S S S S— _— T~
[2,3-b] [3,2-b] [3,4-b] [3,4-c]

Figure 48. Possible isomeric forms of thienothiophenes.

In Figure 49 and Table 19 are depicted some examples of sensitizers containing fused thio-
phenes in their structures which were applied in DSSCs.
Wang's laboratory®® synthesized a family of dyes containing a thieno[3,2- b]thiophene unit and
cyanoacrylic acid as anchoring group, the employed donors were triarylamines containing dif-
ferent substituents (i). The overall energy conversion efficiency of these dyes in DSSCs devices
ranged from 5.93% to 7.05 %, with the dye containing the triarylamine bearing the longest
alkoxy aliphatic chain presenting the best performing (i-d). Dyes containing as n-bridge
thieno[3,2- b]thiophenes and as donor triarylamines were also developed by Eom et a/*' and
Fernandes et al.?* (i), with the ones bearing cyanoacrylic acid as anchoring group having better

efficiencies than the one using rhodanine-3-acetic acid due to higher molar extinction
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coefficients, lower recombination and more efficient electron injection into the CB of TiO.. The
elongation of the n-bridge by adding aryl substituents between a triarylamine containing p,o-
butoxy groups and the thieno([3,4-blthiophene moiety was studied by Brogdon and co-work-
ers.”?’ It was observed that the addition of thiophene and furan n-spacers results in a red-shift
in the absorption spectra due to an extended conjugation. The efficiency in DSSCs decreased
with the addition of these moieties due to a substantial increment of the recombination rate
(dyes iii-b and iii-c). The same group®® developed also a set of dyes with different donors linked
to alkyl thieno[3,4-b]thiophene-2-carboxylate moiety. The employed donors included dihex-
lyoxytriphenylamine and indoline-based donors, and the alkyl groups present on the
thieno[3,4- blthiophene ester were also varied (iv). The use of an indoline donor resulted in a
red shift in the absorption spectra compared to dihexlyoxytriphenylamine. Additionally, the
introduction of long alkyl chains on thieno[3,4-f]thiophene ester led to an increment in the
molar extinction coefficient when compared to dyes containing ethyl chains. Regarding the
performance of the dyes in DSSCs, the best Js value was observed with iv-d (13.7 mA cm™),
this was the best performing dye of the set, achieving an efficiency of 7.41 % and values on

IPCE spectrum of 81 %.
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Figure 49. Chemical structures of dyes containing fused thiophenes and arylamines for DSSC application.

Table 19. Spectroscopic and photovoltaic parameters of sensitizers applied in DSSCs containing fused thiophenes

and arylamines.

Dye Amax (M) e (M'em™) Jse(MA/cmM?)  Voc FF n(%) Ref
(mV)
i-a 493 36 600 11.74 0.661 0.76 593 220 a
i-b 512 40 500 13.38 0.664 0.74 6.54
i-C 517 33700 13.56 0.673 0.75 6.80
i-d 516 41900 14.49 0.693 0.70 7.05
ii-a 451 28 690 14.38 0.694 0.74 7.40 221b
ii-b 422 22 079 9.52 0.600 0.63 3.68 222 ¢
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ii-c 476 13 627 0.97 0.517 069 035

jii-a 535 27 000 12.9 0.658 0.71 6.3 227 d
iii-b 585 21000 14.4 0.552 072 597

fii-c 605 16 000 10.6 0.530 068 3.9/

iii-d 570 24 000 13.9 0.622 069 6.27

iv-a 560 26 000 12.1 0.704 0.75 650 e
iv-b 558 22 000 10.9 0.680 075 5614

iv-c 584 30 000 12.7 0.648 075  6.24*

iv-d 591 20 000 13.7 0.697 076 7414

a Electrolyte composition: DMII/EMII/EMITCB/I>/NBB/GNCS (molar ratio: 12/12/16/1.67/3.33/0.67). [Dye solution] =
300 uM and 2 mM of CDCA in the mixture of acetonitrile and tert-butanol (volume ratio: 1/1).

b Electrolyte composition: 0.6 M 1,2-dimethyl-3-propylimidazole iodide (DMPII), 0.5M 4-tert-butylpyridine (TBP), 0.05 M I, and 0.1 M Lil in acetonitrile. [Dye
solution]= 0.3 mM (EtOH/THF % 2:1) with 20 mM CDCA.

¢ Electrolyte composition: iodide/triiodide redox couple lodolyte AN-50, Solaronix, Switzerland [Dye solution] = 0.5 mM in ethanol. Reference dye: N-719 (nN=8.42
%)

9 Electrolyte composition: 0.1M guanidinium thiocyanate, 1.0M dimethylimidazolium iodide (DMII), 0.03M I,, 0.5M tert-butylpyridine, and 1.0M Lil in 85:15
MeCN/valeronitrile. [Dye solution]= 0.3 mM in THF/EtOH (1:4) with 40x CDCA.

¢ Electrolyte composition: 1.0M 1,3-dimethylimidazolium iodide (DMI1), 100 mM Lil, 30 mM I,, 0.5M tert-butylpyridine,0.1M guanidinium thiocyanate (GNCS) in

acetonitrile.

Paek et al??® synthesized organic dyes containing 3,4-ethylenedioxythiophene and
thienothiophene as m-spacers and studied the effect of introducing long alkyl groups on it (v).
Efficiencies between 5.34 and 8.70 % were obtained, with the best efficiencies being predomi-
nant for hexyl and hexyloxy substituents. Choi and co-workers®* synthesized two thienothio-
phene-vinylene-thienothiophene dyes, the introduction of two aryl groups, a phenyl ring (vi-
a) and a benzothiophene ring (vi-b), to extend the conjugation length was compared. The ap-
plications of these dyes in DSSCs achieved efficiencies of 8.0 % and 9.1 % for phenyl (vi-a) and
benzothiophene (vi-b) derivatives respectively. The introduction of ethynyl-thienothiophene as
n-spacer was introduced by Hong's group (vii-a and vii-b).?*> According to their experiments,
adding a second thienothiophene moiety to the molecule (vii-b) narrows the bandgap and
improves the light-harvesting in the visible region. However, the structural planarity and
HOMO level of the dye are badly impacted by the extended conjugation which results in lower
Voc and FF values. Marco et a/**® presented the synthesis of four dyes bearing a 4 H-pyranyli-
dene donor, a thienothiophene unit as n-bridge and cyanoacrylic acid as anchoring group, with
the best performing dye in this study achieving an efficiency of 6.41 % (viii-d) (Figure 50, Table
20).
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Figure 50. Chemical structures of dyes containing thienothiophenes for DSSC application.

Table 20. Spectroscopic and photovoltaic parameters of sensitizers applied in DSSCs thienothiophenes.

Dye Amax € Jse Voc FF n (%) Ref
(hm)  (M'cm™) (MA/cm?)  (mV)

v-a 368 / 38100/ 13.02 0.57 0.72 5.34 2233
450 23100

v-b 371/ 25700/ 13.81 0.59 0.68 5.65
481 25 000

v-C 371/ 44900/ 16.34 0.64 0.74 7.83
455 32100

v-d 370 / 38300/ 15.22 0.58 0.70 6.21
476 38 400

v-e 370 / 69600/ 17.49 0.70 0.70 8.70
466 45 1000

v-f 369 / 46300/ 15.94 0.66 0.67 7.04
484 47 800

vi-a 365 / 51800/ 15.7 0690 074 8.0 224
480 73 800
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vi-b 365 / 50400/ 17.6 0.710 0.72 9.1
490 85 000

vii-a 419 46 700 12.55 0.627 0.69 5.46 225 ¢
vii-b 455 50 400 14.85 0.587 0.58 5.07
viii-a 551 21380 13.51 0.519 0.59 4.13 226 d
viii-b 562 28 106 16.94 0.569 0.63 6.06
viii-c 583 39 811 10.05 0.475 0.56 2.68
viii-d 574 44 668 16.82 0.592 0.64 6.41
viii-e 626 25119 12.30 0.571 0.64 4.45

2 Electrolyte composition: 0.6 M DMPImI, 0.05 I, and 0.1 M Lil in acetonitrile. [Dye solution]= 0.3 mM in EtOH/THF (2/1) containing 10 mM of CDCA.
bElectrolyte composition: 0.6m DMPImI, 0.05m I, 0.1m Lil, and 0.5M tert-butylpyridine in acetonitrile. [Dye solution]= 0.3 mM in THF.

Electrolyte solution: lodolyte AN-50, Solaronix. [Dye solution]= 0.5 mM in ethanol. Reference dye: N-719 (n= 5.57 %).

4 [Dye solution]= 0.3 mM CH,Cl, containing 0.3mM of CDCA.

4.1.2 The donors

Phenoxazine and phenothiazine

Phenoxazine (POZ) and phenothiazine (PTZ) are two structural analogs of acridine with no-
table donor properties (Figure 51). Phenoxazine is a heterocyclic compound containing elec-
tron-rich oxygen and nitrogen heteroatoms, whereas phenothiazine contains a sulfur heteroa-
tom instead of oxygen. Their non-planar rings with a bent conformation (butterfly-like geom-
etry) in the ground state help to avoid molecular aggregation and the formation of excimers.
These structures exhibit superior ability to harvest light in the visible region, and good thermal
and electrochemical stability. It is possible to carry out selective halogenation reactions, and
by adjusting the reaction conditions large yields of mono- or di-halogenated phenothiazine
can be obtained. This facilitates the use of metal-catalyzed coupling reactions to extend the m-
system of the molecules.”*?**23° Various structural modifications can be made, such as intro-
ducing different alkyl or aryl groups in the nitrogen atom and functionalizing the C7 and C3
positions. It has been observed that branched alkyl chains, such as ethylhexyl, present in the

nitrogen atom allow to achieve better results in DSSC application.’®231232
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0

X = 0 10H-phenoxazine
X =S 10H-phenothiazine

Figure 51. Chemical structure of phenothiazine and phenoxazine.

Carbazole

Carbazole is a heterocyclic compound with a planar tricyclic skeleton, consisting of two
fused benzene rings on either side of a central pyrrole ring (Figure 52). This molecular system
has been used in several applications, such as conductive materials, liquid crystals, and in the
optical and thermoelectric fields. Although carbazole has been studied in DSSCs, it has not
been explored as extensively as other donors.?**?** Komura et al. investigated carbazole dyes

linked to linear oligothiophenes. DSSC devices containing these molecules achieved efficien-

Figure 52. Chemical structure of carbazole.

cies of around 7 %.2%°

4.2 Results and discussion

Considering the promising properties of the dyes containing the thienothiophene nucleus,
a family of compounds containing this moiety in their n-bridge has been proposed. The design
features a D-nt-(A)2 structure (Figure 53), where the n-spacer can be extended by attaching a
phenyl or thiophene group. Phenothiazine and carbazole will be tested as donor groups in

these molecules.
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Figure 53. Delineated chromophores with a D-n-(A); architecture containing a
thieno[3, 4-blthiophene in their n-bridge.

4.2.1 Synthetic methodology

4.2.1.1 Development of the n-spacer

The most challenging part of this synthetic pathway is the development of the n-spacer. The
starting material is 3,4-dibromothiophene, from this compound a thieno[3,4- 6] core is formed.
Then phenyl or thiophene rings are linked into it. The presence of an aldehyde and an ester
group in the molecule at this stage is vital to form the anchoring groups in the final steps of

the synthesis (Figure 54).

HY:'Ar: o se\ffg
-- : r::
Ho - %

Figure 54. Chemical structure of n-spacer.

Following the methodology developed by Keller*®, the synthesis of these dyes starts with
the formylation of 3,4-dibromothiophene (4.1), the compound reacts with n-Buli and a lithium
halogen exchange occurs. After quenching with DMF, the 4-bromothiophene-3-carbaldehyde
(4.2) was obtained with 48 % yield. Then, through a copper-catalysed thiol cross-
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coupling/condensation reaction between the bromoaldehyde and methyl/ethyl sulfanylacetate
the ethy/methyl thieno[3,4- b]thiophene-2-carboxylate (4.3) was afforded (Scheme 30).

To extend the conjugated system, a bromine is introduced in position 6 by reacting the previ-
ous compound 4.3 with NBS. A mixture of the 6-bromo- (4.4a) and the 4-bromothieno[3,4-
b]thiophene-2-carboxylate (4.4b) (76:24) was obtained.®>*® The isomers were identified based
on the "H NMR signals for protons 6 and 4, observed at 7.52 ppm and 7.24 ppm, respectively.
It was not possible to separate the two isomers, as so in the next reaction steps, the presence
of the two isomeric reaction products was identified. Despite that, at the end of the synthesis,
it was possible to afford the final chromophores in their pure form. The obtained mixture of
4.4a and 4.4b changed its colour from pink to black and became insoluble in only a few hours,
even protected from light and in a cold environment. Its degradation was evident, and, in fact,
the next reactional step was several times unfruitful or low yields were achieved. In the litera-
ture it is referred that this C-Br bond can suffer photocleavage, followed by bromine initiated
cationic polymerization. 2’ To overcome this issue, a solution containing benzoquinone was
introduced in each test tube during the chromatographic purification step to avoid C-Br bond

cleavage (Scheme 30).

o)
Hs AR
s 1) n-BuLi (1eq.) s EU(?O(Smol"/o) s Brie_s s
[y PowRte) [N KO TN weste || Y@ || e
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Br O R=MeorEt = =
H
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p 4.3) " (4.4a) ,O (4.4b)
R R R

Scheme 30. Synthesis of compounds 4.4a and 4.4b starting from 3,4-dibromothiophene (4.1)

The C-C bond formation dilemma

Keller et al.>**report the formation of a C-C (sp?-sp? bond between position 6 of the 4-
bromothieno([3,4- blthiophene-2-carboxylate and thiophene-2-carbaldehyde to obtain com-
pound 4.5 through a Stille coupling (Scheme 31). We did not choose this method due to the
toxicity of organotin derivatives. Direct arylation between 4.3 and 5-bromothiophene-2-carbal-
dehyde (4.7) to avoid the synthesis of the sensitive bromine compound was attempted. How-
ever, it seems that the C-C bond formation occurred at a different position of the molecule.

Hiyama coupling was also considered to avoid the sensitive bromination reaction.
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Nevertheless, this method requires the introduction of the silyl group followed by the for-
mation of silanol, which increases the number of reaction steps. It seemed that the most ade-

quate method for the achievement of 4.5 was the Suzuki-Miyaura cross-coupling (Scheme 31).

S Br. S
|/ W
S S
— —
o o
) O (4.42)
R R

Stille coupling

[Suzuki-Miyaura coupling]

Direct arylation
Hiyama coupling

Ho iAp
\n/'Ar S (4.52) Ar = SS)\ESf;
o Jy /
g o
(4.5b) Ar = -

O (as)
R

Scheme 31. Possible pathways to achieve compounds 4.5a and 4.5b.

In chapter 2 an overview of the Sonogashira palladium cross-coupling is reported. Here, a
brief description of the Suzuki-Miyaura coupling reaction is given, which is vital for this syn-
thetic pathway. The Suzuki cross-coupling reaction enables the formation of C-C (sp?-sp?)
bonds formation between boronic acids or esters and vinyl halides, aryl halides or triflates in
the presence of a Pd(0) catalyst and a base (usually in aqueous solution). The use of organo-
boron compounds offers the advantage of using an easily available reagent that is low in tox-

icity and highly stable with water and various functional groups (Figure 55).

Pd source
Base

Ri-X + Ry~B(OR3); Ri-Ry

R4/R, = aryl, alkene, alkyne
X =1, Br, Cl, OTf
Rz =H, alkyl

Figure 55. Suzuki-Miyaura cross-coupling reaction.
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The catalytic cycle of Suzuki-Miyaura reaction begins with the oxidative addition of Pd(0) to
the R1-X bond of the organohalide, resulting in the formation of the R;-Pd(ll)-X complex. Sub-
sequently, transmetalation between the aforementioned complex and the boronate R>-B(OH);
occurs forming R1-Pd(ll)-R.. The aqueous base plays a crucial role in this step by increasing the
electronegativity of the organoborane. Additionally, the base’s hydroxyl groups help to form a
bridge with the R1-Pd(ll)-X complex, making it a more reactive species. In the end, reductive
elimination occurs, resulting in the formation of the C-C coupling product R:-R: (Figure
56).238'239

1—X

R
[Pd°L,]
Addition
Reductlve X

Ellmlnatlon LZ—P(.!i(ll)
|
Ry

———Pd H

\
R1 Transmetalation

Base

X—B(OH);  R2—B(OH),

Figure 56. Catalytic cycle of Pd in Suzuki-Miyaura coupling.

The mixture 4.4a and 4.4b was used in a Suzuki cross-coupling with the respective boronic
ester (4.9 or 4.11; the synthesis of the boronic ester is illustrated below in Scheme 33) to afford
compound 4.5a and 4.5b. In the case of using compound 4.9, after Suzuki- coupling the acetal
protecting group was hydrolyzed with HCl to obtain 4.5a. Then, bromination in position 4 of
the thienothiophene was performed in the dark at room temperature with NBS in CHCl; to
afford 4.6 (Scheme 32).
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1)Pd(PPh3), (0.08 eq.) H T A
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+
S — S — THF (reflux) S _ S B
(0] O o) 0
(0] 0]
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(4.5b) Ar = Z/©/ (4.6b) Ar = o

Scheme 32. Suzuki coupling to obtain 4.5a and 4.5b and bromination reaction to obtain 4.6.

Synthesis of boronic esters

The Suzuki coupling reaction requires the synthesis of boronates. In the case of the thio-
phene ring the synthesis started from 5-bromothiophene-2-carbaldehyde (4.7). The aldehyde
group was protected with an acetal to avoid hydroboration in the next reactional step. Then

lithiation-borylation occurs and the boronic ester 4.9 is obtained (Scheme 33).

o M _oH 1500 1) BuLi (2 eq.) /- 78°C
\(——7/[( _PTSA @®moi%) w/j< 2)B(OMe)s (7 eq.) /><
_—
\ / Toluene / Molecular sieves \ / THF \ /
4.7) Reflux (4.8) 4.9)

Scheme 33. Synthesis of boronic ester 4.9.

For the synthesis of 4.11 the starting material was 4-bromobenzaldehyde (4.10). The previ-
ous procedure was unfruitful for this molecule. This way, a Miyaura borylation reaction was
performed via a palladium-catalyzed cross-coupling reaction of bis(pinacolato)diboron with 4-
bromobenzaldehyde (4.10) (Scheme 34).2%°
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Pd(dppf)Cl,.CH,Cl; (5 mol%)
H CH3COOK (2 eq.) H
_—
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1
(4.10) O (@1

Scheme 34. Miyaura borylation reaction for the preparation of compound 4.11.

4.2.1.2 Development and introduction of donors

The chosen donors to be introduced into 4.6 were a phenothiazine with an etylhexyl chain

in the nitrogen and 9-phenyl-9H-carbazole (Figure 57)

LG

L0 ¢

Figure 57. Chemical structures of donors 10-(2-ethylhexyl)-10 H4-phenothiazine and 9-phenyl-9H-carbazole.

The functionalization of the phenothiazine (4.12) starts with the alkylation of the nitrogen
atom with 3-(bromomethyl)heptane, to afford the alkylated product (4.13). Then the com-
pound is brominated selectively in position 7 with NBS to afford 4.14. After this, the ethynyl
group is introduced via Sonogashira coupling to obtain 4.15 (Scheme 35). Hydrolysis of the
trimethylsilyl group to attain 4.16 was achieved in a one-pot reaction immediately previously

to the use of the intermediate in the following Sonogashira coupling reaction.
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N K»COj3 (1.0 eq.) N
s MeOH/Dioxar& s
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H (4.16) _Si (4.15)
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Scheme 35. Derivatization of phenothiazine.

Carbazole (4.17) was treated with base and then reacted with 1-fluoro-4-iodobenzene to
obtain 9-(4-iodophenyl)-9H-carbazole (4.18). Afterwards the ethynyl group was introduced to
obtain 4.19 (Scheme 36). Again, hydrolysis of the trimethylsilyl group to attain 4.20 was
achieved in a one-pot reaction immediately previously to the use of the intermediate in the

following Sonogashira coupling reaction.

171



|
|
Pd(PPh3), (0.15 eq.)
(2.0q.) PPh; (0.06 eq.)
Cul (0.12 eq.)
Dusopropylamlne (2.0eq.)

N - N
Cs,C03 (2.0 6q.) }Sif (20eq)
DMF, reflux (sealgtliot)fja:)r;e60°0)
(4.17) (4.18) 4.

KoCO;3 (1.0 eq.)

MeOH/Dioxane

T

/

%
»

(4.20)

Scheme 36. Derivatization of carbazole.

The next synthetic steps involved the Sonogashira coupling between compound 4.6 and the

donnor units 4.16 and 4.20 to obtain compounds 4.21a-d (Scheme 37).
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PPh;3 (0.06 eq.)
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Scheme 37. Synthesis of compounds 21a-d via Sonogashira coupling.

4.2.1.3 Introduction of anchoring groups

The ester group was hydrolysed with NaOH to form the carboxylic acid anchoring group.
Afterwards, the introduction of the cyaonoacrylic acid was achieved by a Knoevenagel conden-
sation between the aldehyde moiety and the cyanoacetic acid. Thus, four final chromophores

4.23 a-d were obtained to be studied in DSSCs devices (Scheme 38).

173



COOH
P Piperidine (2.9 eq.) -
ASAAL s W O NC/K/._‘:" s
=—EDG S_L_, 60eq) — EDG

ACN

THF

R R=Me,Et
(4.21a-d) (4.22a-d) (4.23a-d)

4

e s N
(4.23a) Ar= || )— EDG:/@[ ]@
% S

5
(4.23b) Ar= \©\ EDG= N
Ty LD
(4.23c) Ar= ;\ES/)fg EDG=/©/N Q

%
(4.23d) Ar= ¢ EDG= N

Scheme 38. Synthesis of the final chromophores 4.23a-d.

The final structures were confirmed using "H NMR. When the compounds exhibited sufficient
solubility to prepare a more concentrated solution, characterization by *C NMR was also pos-

sible. Additionally, HRMS analysis confirmed the identification of the final product.

4.2.1 Photophysical and photovoltaic studies

The performance of the final chromophores (3.23a-d) was evaluated in DSSC devices by meas-
uring their current-voltage(/-V) curves. The photovoltaic parameters, including open-circuit
voltage (Vo), short-circuit current (Jso), fill factor (FF) and photovoltaic conversion efficiency (n)
along with the /-V/ curves are presented in Figure 58 and Table 21. The best performing dye
was the derivative containing a phenyl ring linked to the n—bridge and a phenothiazine as the
donor unit (4.23b) (n = 1.96%). The compound achieved also the best V. value, 0.376 V. In
compounds containing a thiophene ring (4.23a and 4.23c) the best results were achieved when
the donor was a carbazole. For compounds containing a phenyl ring (4.23b and 4.23d), better

results were achieved with a phenothiazine moiety present in the molecule.
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Figure 58. /~V curves of the test cells based on the synthesized thieno[3,4- bthiophene based dyes and reference

N-719 under 100 mW.cm= simulated AM 1.5 illumination (best performing cell).

Table 21. Performance values of the test cells based on the dyes 4.23a-d under 100 mW.cm=2 AM 1.5 illumination.
The results presented correspond to the average values of at least two cells per dye, each cell measured 5 times.
The prepared anodes were soaked for 16 h in an CH>Cl,/MeOH/H,0 65:35:5 (%v/v) solution of the dye (0.5 mM),
at room temperature in the dark. Electrolyte composition: 0.8 M Lil and 0.05 M I, in an acetonitrile/valeronitrile
(85:15, % v/v).

Dye Voo/V Jsc/mA cm?2 Vmax/V Jmax/MA cm2 FF n/%
4.23a 0.283+0.004 10.69+0.45 0.173+0.01 8.00+0.07 0.46+0.04 1.39+0.05
4.23b 0.376+0.004 9.40+0.57 0.252+0.01 7.77+0.43 0.55+0.01 1.96+0.13
4.23c 0.323+0.02 11.21+1.76 0.213+0.03 8.86+0.99 0.52+0.07 1.86+0.09
4.23d 0.327+0.01 8.06+0.12 0.220+0.01 6.65+0.08 0.56+0.01 1.47+0.05
N719 0.427+0.02 14.28+1.23 0.289+0.02 12.01+1.01 0.57+0.02 3.46+0.33

The IPCE spectra of the thieno[3,4- blthiophene derivatives are displayed on Figure 59. The dyes
bearing a thiophene ring 4.23a and 4.23c showed maximum IPCE values at 510 nm, which were
29 % and 33% respectively. The dyes containing a phenyl ring 4.23b and 4.23d showed maxi-

mum IPCE values at 480 nm, which were 13% and 26 % respectively.
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Figure 59. IPCE spectra for the DSSCs based on dyes 4.23a-d (best performing cell).

4.3 Conclusion

It was successfully synthesized, for the first time, dianchoring dyes based on thienol[3,4-
blthiophene core. The synthesis was highly demanding, involving multiple steps and the po-
tential formation of isomeric structures, which made the purification process somewhat chal-
lenging. Variations were made to the n-bridge (phenyl or thiophene) and the donor unit (phe-
noxazine or carbazole) to evaluate their impact when applied in DSSC devices. The derivative
containing phenyl ring and a phenothiazine as donor (4.23b) was the best performing dye with
Voc Jsc and FF values of 0.376 V, 9.40 mA/cm? and 0.55, respectively. Which resulted in an effi-
ciency of 1.96 %.
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4.4 Experimental section

The synthetic methods and the fabrication of the photovoltaic devices were performed as de-

scribed in Chapter 2 - Section 2.4.

Synthesis of 4-bromothiophene-3-carbaldehyde (4.2)
Following the methodology of Keller®®, in a round bottom flask equipped with a 5 51

I
magnetic stir bar were added 3 mL of dry diethyl ether and 0.46 mL of 3,4-dibro- Br4 3/ :

mothiophene (4.1) (4.13 mmol). The mixture was cooled to -78 °C and then 2.58 T

mL of n-BulLi (1.6 M in hexanes) was added dropwise (4.13 mmol, 1 eq.). The re- 2
action was stirred for 15 minutes and 0.32 mL of DMF (4.13 mmol, 1 eq.) were added to the
reactional mixture. The reaction was stirred for 3h at -78 °C and then was slowly warmed to
room temperature. Then H,O was added to perform the quenching of the reaction. The product
was extracted with dichloromethane, the combined organic layers were dried over NaxSOs,,
filtered and evaporated to dryness. The crude was purified by column chromatography (flash)
using the eluent hexane/ethyl acetate 9/1, affording 381 mg of 4-bromothiophene-3-carbal-
dehyde (4.2) (1.20 mmol, n=48.3 %). Spectroscopic data in accordance with the literature.
26ATR (v (€m™)): 3103 (W, C-Hary), 2856 (W, C-Haidehyde) 1680 (S, C=Oaidehyde), 1490-1409 (C=C).
'H NMR (400 MHz, CDCls) & (ppm): 9.95 (s, 1H, CHO), 8.16 (d, /= 3.4 Hz, 1H, H2), 7.36 (d, / =
3.4 Hz, 1H, H5). ®*C NMR (101 MHz, CDCls) & (ppm): 184.9 (CHO), 137.6 (C3), 134.7 (C2), 125.2
(C5), 111.4 (C4).

Synthesis of methyl thieno[3,4-bjthiophene-2-carboxylate (4.3)

Following the methodology developed by Keller*®, to a solution of 4-bromothio- o5
6

phene-3-carbaldehyde (4.2) (748.9 mg, 3.92 mmol), KCOs (812 mg, 5.88 mmol, 1.5 wZ
S

eq.), CuO (19.0 mg, 0.24 mmol, 6 mol %) in 7.8 mL of DMSO at 60 °C was added ' )3 3

methyl 2-sulfanylacetate (0.40 mL, 4.31 mmol, 1.1 eq.). The reaction was followed by
TLC using the eluent hexane / ethyl acetate 9/1, after 32 hours the reaction was ~ *¥

complete, cold H20 and brine were added to the solution and the product was extracted with
CH>Cl,. The organic layers were washed with brine, dried over Na,SO,, filtered and evaporated
to dryness. The crude was purified by column chromatography (flash) using the eluent hexane/
ethyl acetate 95/5. It was possible to afford of 526 mg of methyl thieno[3,4-b]thiophene-2-

carboxylate (4.3) (2.65 mmol, n= 68%). %). Spectroscopic data in accordance with literature. %
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"H NMR (400 MHz, CDCls) & (ppm): 7.71 (s, 1H, H3), 7.60 (d, /= 2.8 Hz, 1H, H4), 7.29 (d, /= 3.6
Hz, 1H, H6), 3.92 (s, 3H, CHs).

Synthesis of methyl 6-bromothieno[3,4-bjthiophene-2-carboxylate (4.4a) and methyl 4-bro-
mothieno[3,4-bjthiophene-2-carboxylate (4.4b)

Following the methodology developed by Keller®®, in a round bot- 5, o o
tom flask, methyl thieno[3,4-blthiophene-2-carboxylate (4.3) (536 WL | paBr
mg, 2.71 mmol) was dissolved in 19 mL of CHCls and stirred in the S =3 ' P =3
dark at 0 °C. Then was added dropwise a solution of N-bromosuc- ° /o © /o
cinimide (506 mg, 2.84 mmol, 1.05 eq.) in a mixture of CHCls and 4, (4.4b)

DMF (19 mL/2 mL). The reaction was stirred at room temperature during 21 h and it was fol-
lowed by TLC using the eluent petroleum ether/ CHzCl, 8/2. The solvent was removed and the
crude was purified via column chromatography using the aforementioned eluent. Due to the
instability of the brominated compound it was necessary to add 0.5 mL of a solution containing
benzoquinone (0,1M) in each test tube to avoid possible photoinduced polymerization. It was
possible to isolate a fraction containing methyl 6-bromo- and the 4-bromothieno[3,4- b]thio-
phene-2-carboxylate (4.4a and 4.4b) (83:17, 239mg, 0.863 mmol, n= 32 %) and benzoquinone.
This mixture was directly used in the next reaction step. Methyl 4,6-dibromothieno(3,4- 6]thio-

phene-2-carboxylate was also isolated (137 mg, 0.39 mmol, n= 14%).

General procedure for the Suzuki coupling between the compounds 4.4a and 4.4b with borates
4.9 and 4.11.

To a degassed double neck round bottom flask were added Pd(PPhs)4(0.16 eq.) and a mixture
of the 6-bromo- and the 4-bromothieno[3,4- blthiophene-2-carboxylate (4.4a and 4.4b) (1 eq.)
dissolved in degassed THF. The reactional mixture was refluxed for 20 minutes, after this a 2.5M
aqueous solution of NaHCOs (degassed, 10 eq.) was added. The boron derivative (4.9 or 4.11,
1.2 eq.) dissolved in degassed THF was added 20 minutes later. The reaction was stirred at

reflux until total consumption of the starting material.

¢ Due to the high volatility of benzoquinone, it is not possible to quantify the precise amount of different
species, so the yield of 4.4a and 4.4b can only be approximated.

178



Synthesis of ethyl 6-(5-formylthiophen-2-yl)thieno[3,4-bjthiophene-2-carboxylate (4.5a)
Step1

To a round bottom flask containing a mixture (130.1 mg) of the 6-
bromo- and the 4-bromothieno[3,4-b6]thiophene-2-carboxylate
4.4) (110.1mg, 0.38mmol, 1.0 eq.) were added 72.74 mg of
Pd(PPhs)4 (0.06 mmol, 16 mol %) and 2 mL of THF. The solution was
degassed under vacuum. The reactional mixture was refluxed for 20
minutes, after this 0.60 mL of a 2.5 M aqueous solution of K,COs

(1.512 mmol, 4.0 eq.) was added. After 20 minutes was added the

reactional mixture containing (5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)boronic acid
(4.9) (1.2 eq.). The reaction was stirred under reflux for 21 hours, and it was followed by TLC
using as eluent a mixture of hexane/EtOAc 7/3. The solvent was removed under vacuum and
water was added, the product was extracted with CH,Cl,. The organic layers were combined
and dried over Na SOy, filtered and evaporated to dryness. The crude was purified via column
chromatography using as eluent a mixture of hexane/ ethyl acetate 8/2, to afford 82 mg of
ethyl 6-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)thieno[3,4-b]thiophene-2-carboxylate
(0.20 mmol, n=52.6 %)."H NMR (400 MHz, CDCls) & (ppm): 7.96 (s, 1H,H3), 7.17 (d, /= 4.0 Hz,
1H,H4), 7.13 (s, TH,H3"), 7.10 (d, /= 4.0 Hz, TH,H4’), 5.65 (s, 1TH, H2"), 4.39 (q, /= 7.2 Hz, 2H,CH>),
3.79 (d, /= 10.8 Hz, 2H), 3.66 (d, /= 10.8 Hz, 2H), 1.40 (t, /= 7.2 Hz, 3H, CH3), 1.31 (s, 3H), 0.82
(s, 3H). HRMS-ESI(+) calculated for C1gsH1804Ss [M+H]* 395.04400; Found 395.0436

Step 2

Ethyl 6-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)thieno[3,4- f]thio-
phene-2-carboxylate (4.5a) (149.6 mg, 0.37 mmol) was dissolved in 10 mL
of THF and 1.5 mL of a TM HCl aqueous solution was added. The reaction
was stirred under N2 atmosphere for 70 hours. The solvent was removed
under vacuum and water was added. The product was extracted with

CHCl,, the combined organic layers were dried over Na>SOy, filtered and

evaporated to dryness. The resulting crude was purified by column chro-
matography using the eluent CH,Cl, / hexane 7/3 to afford 76 mg of compound 4.5a (0.24
mmol, n= 64.0 %). Spectroscopic data in accordance with literature?®®. 'TH NMR (400 MHz,
CDCls) 6 (ppm): 9.91 (s, TH, CHO), 8.00 (s, TH, H3), 7.73 (d, /= 4.0 Hz, 1H, H4'), 7.37 (d, /= 4.0
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Hz, 1H, H3'), 7.34 (s, TH, H4), 442 (q, /= 7.1 Hz, 2H, CH,), 1.43 (t, /= 7.2 Hz, 4H, CH3). HRMS-
ESI(+) calculated for C13HsO3S; [M+H]* 308.97083; Found 308.9711

Synthesis of methyl 6-(4-formylphenyl)thieno[3,4-bjthiophene-2-carboxylate (4.5b)
Starting from a mixture containing 6-bromo- and the 4-bromothienol[3,4-
blthiophene-2-carboxylate (4.4) (0.86 mmol, 1 eq.) and 4-(4,4,5,5-tetrame-
thyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (4.11) ( 1.30 mmol, 1.5 eq.). The
reaction was monitored by TLC using the eluent petroleum ether/ ethyl ac-
etate 9/1 and after 20h the reaction was complete. The solvent was re-

moved, water was added and the compound was extracted to the organic

phase with CH>Cl,. The organic phases were washed with brine, dried over

Na»SOy, filtered and evaporated to dryness. The crude was purified by column chromatography
using as eluent CHxCl,/petroleum ether 8/2 to CH.Cl,/MeOH 98/2. It was possible to afford a
yellow solid corresponding to methyl 6-(4-formylphenyl)thieno[3,4- b]thiophene-2-carboxylate
(4.5b) (262 mg, 0.87 mmol). "H NMR (400 MHz,CDCls) 6 (ppm): 10.05 (s, 1H, CHO), 8.01 (d, / =
0.4 Hz, TH, H3), 7.97 (d, /= 8.4 Hz, 2H, ArH ), 7.84 (d, / = 8.4 Hz, 2H, ArH), 7.40 (s, 1H, H4), 3.95
(s, 3H, CHs). HRMS-ESI(+) calculated for CisH1003S [M+H] 303.01441 ; Found 303.0145.

General procedure for the bromination of 4.5a and 4.5b

Following the methodology developed by Keller*®, to a solution of 4.5a or 4.5b (1 eq.) in dry
CHCl3 was added dropwise a solution of N-bromosuccinimide (1.2 eq) in CHClz at 0° C. The
reaction was stirred in the dark under N until consumption of the starting material by TLC.
Then water was added and the product was extracted with CH>Cl,. The organic phases were

washed with brine, dried over Na,SO,, filtered and evaporated to dryness.

Synthesis of methyl 4-bromo-6-(5-formylthiophen-2-yl)thieno[3,4-bjthiophene-2-carboxylate
(4.6a)

Starting from 68 mg of methyl 6-(5-formylthiophen-2-yl)thieno[3,4- b]thi-
ophene-2-carboxylate (4.5a) (0.22 mmol) dissolved in 5.5 mL of CHClz and
46.2 mg of N-bromosuccinimide (0.26 mmol, 1.2 eq.) in 4.5 mL of CHCls.
The crude was purified by column chromatography using a mixture of
CH2Cly/ petroleum ether 8/2. It was possible to afford 70 mg of 4-bromo-
6-(5-formylthiophen-2-yl)thieno[3,4- blthiophene-2-carboxylate (4.6a)
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Spectroscopic data in accordance with the literature®**. 'TH NMR (400 MHz, CDCls) & (ppm): 9.91
(s, TH, CHO), 7.99 (s, 1H, H3), 7.71 (d, /= 4.0 Hz, 1H, H4"), 7.29 (d, /= 4.0 Hz, 1H, H3’), 3.96 (s,
3H, CHs). *C NMR (101 MHz, CDCls) & (ppm): 182.82, 163.16, 142.47, 142.14, 137.69, 137.49,
125.17, 124.81, 124.65, 124.01, 100.06. HRMS-ESI(+) calculated for Ci3H7BrOsS; [M+Na]*
408.86329; Found 408.8628

Synthesis of methyl 4-bromo-6-(4-formylphenyl)thieno[3,4-bjthiophene-2-carboxylate (4.6b)
Starting from 238 mg of methyl 6-(4-formylphenyl)thieno[3,4- 6]thi- o)

ophene-2-carboxylate (4.5b) (0.79 mmol) dissolved in 8 mL of CHCl; -
and 169 mg N-bromosuccinimide (0.95 mmol) dissolved in 8 mL of
CHClIs. The reaction was monitored by TLC using the eluent CH,Cly/

petroleum ether 8/2. The crude was purified by column chromatog-

raphy using a mixture of CH>Cl,/ petroleum ether 8/2 to only CH,Cls.
It was possible to afford 216 mg of a dark yellow compound corre-
sponding to methyl 4-bromo-6-(4-formylphenyl)thieno[3,4-blthiophene-2-carboxylate (4.6b)
(0.57 mmol, 72%). '"H NMR (400 MHz,CDCl3) & (ppm): 10.03 (s, 1H, CHO), 7.95 (d, / = 8.5 Hz,
3H), 7.73 (d, /= 8.4 Hz, 2H), 3.95 (s, 3H, CHs). HRMS-ESI(+) calculated for CisHsBrOsS, [M+H]*
380.92492 ; Found 380.9250

Synthesis of boronic esters for Suzuki coupling

Synthesis of 2-(5-bromothiophen-2-yl)-5,5-dimethyl-1,3-dioxane (4.8)
Following the procedure of Capodilupo®’, in a round flask containing .
156 mg of neopentylglycol (1.5 mmol, 1.5 eq.) and molecular sieves Br}@%f:&é
were added 15 mg of p-toluenesulfonic acid (0.08 mmol, 8 mol %), 3 ¢ 3(4.8) e

mL of dry toluene and 120 L of 5-bromothiophene-2-carbaldehyde

(1.0 mmol, 1 eq.). The reaction was refluxed for 18 h, then the solvent was removed. The crude
was dissolved in ethyl acetate and washed with brine. Then combined organic layers were dried
over Na SOy, filtered and evaporated to dryness. The crude was subjected to column chroma-
tography separation to afford 225.3 mg of 2-(5-bromothiophen-2-yl)-5,5-dimethyl-1,3-diox-
ane (4.8) (0.81 mmol, n= 81 %). '"H NMR (400 MHz, CDCl3) & (ppm): 6.93 (d, / = 4.0 Hz, 1H, H3),
6.87 (d, /= 4.0 Hz, 1H, H4), 5.54 (s, 1H, H2"), 3.73 (d, /= 11.6 Hz, 2H, H4'/H6'), 3.60 (d, /= 11.2
Hz, 2H, H4'/H6), 1.25 (s, 3H, CH3), 0.79 (s, 3H, CHs).
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Synthesis of dimethyl (5-(55-dimethyl-1,3-dioxan-2-yl)thiophen-2-
AN
yl)boronate (4.9) b
| d bottom flask containing 2-(5-bromothiophen-2-y))-5,5-di \O/BT\S)—<O><
t t ~(5- -2-yl)-5,5-dime-
n a round bottom flask containing 2-(5-bromothiophen-2-yl) ime / 5
thyl-1,3-dioxane (4.8) (1 eq.) and THF was added at -78 °C n-Buli (1.6 M 4.9)
in hexanes, 2.0eq.). The reaction was stirred during 30 minutes at -78 °C and then trimethyl
borate (7 eq.) was added. The mixture was stirred for 2h and 30 min at room temperature, then

this reactional mixture was directly transferred for the Suzuki coupling reaction.

Synthesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y|)benzaldehyde (4.11)

0

Following the methodology of Gao*®, in a round bottom flask were 0

added 500 mg of 4-bromobenzaldehyde (2.70 mmol), 7.5 mL of diox- o 1 H
ane, 443 mg potassium acetate (5.40 mmol, 2.0 eq.), 824 mg of bis(pi- A%}'f & °
nacolato)diboron (3.24 mmol, 1.2 eq.) and 110 mg Pd(dppf)Cl. CHCl3 @

(0.14 mmol 5 mol%). The mixture was purged with N> and warmed to 85°C. After 45 hours the
consumption of the starting material was observed. The mixture was filtered, water was added
and the product was extracted with ethyl acetate. The organic phases were washed with brine,
dried over Na,SO,, filtered and evaporated to dryness. The crude was purified by flash column
chromatography with petroleum ether to petroleum ether/ ethyl acetate 8/2 to afford a white
solid corresponding to 4-(4,4,55-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (4.11)
(n=89.2 %). 'H NMR (400 MHz, CDCl3) & (ppm): 10.01 (s, 1H, CHO), 7.93 (d, / = 8.0 Hz, 2H,
H2/H6), 7.83 (d, / = 8.4 Hz, 2H, H3/H5), 1.33 (s, 13H, 4xCHj3).

Synthesis of donor groups

Synthesis 10-(2-ethylhexyl)-10H-phenothiazine (4.13)

To a round bottom flask equipped with a magnetic stir bar were added
500 mg of phenothiazine (4.12) (2.51 mmol) 596 mg of KOH (10.0 mmol,
4.0 eq.) and 2.5 mL of DMSO. The reactional mixture was stirred for 30
minutes. Then 0.90 mL of 3-(bromomethyl)heptane (3.02 mmol, 2.0 eq.)

was added dropwise. The reaction was stirred at room temperature and (4.13)
monitored with petroleum ether/ ethyl acetate 99/1. After 48 h the reaction was complete, and
the reactional mixture was poured into water. The organic compound was extracted with

CHxCly, then it was washed with brine. The organic phase was dried over Na,SO,, filtered and
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evaporated to dryness. The crude was purified by flash column chromatography, it was possible
to afford 541 mg of 10-(2-ethylhexyl)-10H-phenothiazine (4.13) (1.74 mmol, n = 69 %). Spec-
troscopic data in accordance with literature.** 'TH NMR (400 MHz, CDCls) & (ppm): 7.16 — 7.13
(m, 4H, H2/H4/H6/H8), 6.94 — 6.84 (m, 4H, H1/H3/H7/H9), 3.72 (d, / = 7.1 Hz, 2H, H1’), 1.93
(hept, /= 6.4 Hz, TH,H2), 1.48 — 1.32 (m, 4H, H1"/H3’), 1.28 — 1.25 (m, 4H, H4'/H5"), 0.89 — 0.83
(m, 7H, H6'/H2").

Synthesis of 3-bromo-10-(2-ethylhexyl)- 10H-phenothiazine (4.14)

A solution of NBS (304 mg, 1.71 mmol, 1.0 eq.) in DMF (20 mL) was added
to a solution of 10-(2-ethylhexyl)-10H-phenothiazine (4.13) (533 mg, 1.71
mmol) in DMF 20 mL. The reaction was monitored by TLC using hexane
as eluent and after 12 hours at room temperature. Water was added to

the reactional mixture and it was extracted with ether. The organic phase

was washed several times with an aqueous solution NH4Cl, dried over
Na,SO,, filtered and evaporated to dryness. The crude was purified via column chromatog-
raphy (silica flash) using hexane as eluent. It was possible to afford 517 mg of 3-bromo-10-(2-
ethylhexyl)-10H-phenothiazine (4.14) (1.32 mmol, n = 77 %). Spectroscopic data in accordance
with literature.®"H NMR (400 MHz,CDCl3) & (ppm): 7.26 — 7.22 (m, 2H, H8/H2), 7.18 = 7.12 (m,
2H, H6/H4), 6.93 (t, /= 7.4 Hz, TH, H1), 6.87 (d, /= 8.2 Hz, TH, H3), 6.71 (d, /= 8.5 Hz, TH, H9),
3.68 (d, /= 7.1 Hz, 2H, H1"), 1.89 (hept, / = 6.0 Hz, 1H, H2'), 1.47-1.21 (m, 4H, H1"/H3’), 1.31 -
1.19 (m, 4H, H4'/H5"), 0.86 (t, /= 7.3 Hz, 6H,H6'/H2").

Synthesis of 10-(2-ethylhexyl)-3-((trimethylsilyl)ethynyl)-10H-phenothiazine (4.15)
In a Schlenk flask were added Cul (0.034 mmol, 0.12 eq.) PPh3 (0.017

mmol, 0.06 eq.), Pd(PPhs)s (0.042 mmol, 0.15eq.), 6 mL of dry diox-

ane, 3-bromo-10-(2-ethylhexyl)-10H-phenothiazine (4.14) (0.28

mmol, 1 eq.), diisopropylamine (0.56 mmol, 2.0 eq.), ethynyl trime- 8
thylsilane (0.56 mmol, 2.0 eq.). The reactional mixture was degassed %" /1//7©:

under vacuum. The reaction was stirred at 40° C for 72h and it was

monitored by TLC with hexane. The solvent was removed and the

crude dissolved with CHxCl,, the organic compound was extracted with CH,Cl, dried over
Na.SO;, filtered and evaporated to dryness. Then the crude was purified via PLC using hexane
as eluent to afford 48.5 mg 10-(2-ethylhexyl)-3-((trimethylsilyl)ethynyl)-10H-phenothiazine
(4.15) (0.12 mmol, n= 42.3 %). "H NMR (400 MHz, CDCls) & (ppm): 7.25 — 7.23 (m, 2H, H8/H2),
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7.17 = 7.10 (m, 2H, H6/H4), 6.92 (t, /= 7.2 Hz, TH, H1), 6.86 (d, /= 8.0 Hz, 1H, H3), 6.75 (d, / =
8.8 Hz, 1H, H9), 3.70 (d, /= 7.1 Hz, 2H, H1’), 1.89 (hept, /= 6.0 Hz, TH, H2"), 1.48 — 1.31 (m, 4H,
H1"/H3"), 1.30 - 1.20 (m, 4H, H4'/H5"), 0.85 (t, /= 7.4 Hz, 6H, H6'/H2"), 0.23 (s, 9H, H3""). HRMS-
ESI(+) calculated for CasH3sNSSi [M+H] 408.21757; Found 408.2174

Synthesis of 10-(2-ethylhexyl)-3-ethynyl-10H-phenothiazine (4.16)
To a solution of compound 4.15 in MeOH/Dioxane 1/1 was added
KoCOs (1 eq.). After the total consumption of the starting material the

solvent was removed under reduced pressure at room temperature. 2

8
The crude was directly transferred to the next reactional step. /@E
“Z e

Synthesis of 9-(4-iodophenyl)-9H-carbazole (4.18)
To a round bottom flask were added 1954 mg of Cs,COs (6.0 mmol, 2eq.),

500 mg of carbazole (3.0 mmol, 1 eq.), 69 yL 1-fluoro-4-iodobenzene (6.0 ¢
mmol, 2eq.) and 10 mL of DMF. The reaction was stirred under N, atmosphere ] A
at 150°C for 19 hours. The reaction was monitored by TLC using petroleum O 2
ether/DCM 9/1 and after the consumption of the staring material, CH>Cl, and
cold water were added and the compound was extracted to the organic
phase. The combined organic layers were washed with brine, dried over Na,SO,, filtered and
evaporated to dryness. The resulting crude was purified via chromatography column using the
aforementioned eluent. It was possible to obtain a white solid (961 mg, 2.60 mmol, n= 87%)
corresponding to 9-(4-iodophenyl)-9H-carbazole (4.18). 'H NMR (400 MHz, CDCls) 8(ppm):
8.14 (d, / = 7.6 Hz, 2H, H5/H4), 793 (d, / = 84 Hz, 2H, H5/H3"), 745 - 7.36 (m, 4H,
H8/H1/H6'/H2"), 7.37 — 7.27 (m, 4H, H6/H3/H2/H7).

Synthesis of 9-(4-((trimethylsilyl)ethynyl)phenyl)-9H-carbazole (4.19)
To a Schlenk flask were added Cul (0.101 mmol, 0.12 eq.) PPhs (0.051 3
mmol, 0.06 eq.), Pd(PPhs)4 (0.126 mmol, 0.15eq.), 6 mL of dry dioxane, 9-
(4-iodophenyl)-9 H-carbazole (4.18) (0.84mmol, 1 eq.), diisopropylamine
(1.68 mmol,2 eq.), ethynyl trimethylsilane (2.50 mmol, 3.0 eq.). The reac-
tional mixture was degassed under vacuum. The reaction was stirred at

40° C for 48h and it was monitored with petroleum ether /DCM 9/1. The

solvent was removed, then DCM and water were added and the organic
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compound was extracted. The combined organic layers were washed with brine, dried over
Na,SO,, filtered and evaporated to dryness. The crude was purified via column chromatog-
raphy using as eluent a mixture of petroleum ether/DCM 9/1. It was possible to afford 265 mg
of a pale yellow solid corresponding to 9-(4-((trimethylsilyl)ethynyl)phenyl)-9 H-carbazole
(4.19) ( 0.78 mmol n = 92.7 %). '"H NMR (400 MHz, CDCls) 6 (ppm): 8.14 (d, / = 7.6 Hz, 2H,
H5/H4), 7.70 (d, / = 8.4 Hz, 2H, H5'/H3"), 7.53 (d, / = 8.4 Hz, 2H, H8/H1), 7.46 — 7.38 (m, 4H,
H6'/H2'H6/H3), 7.30 — 7.28 (m, 2H, H2/H7), 0.30 (s, 9H, H3"). 3C NMR (101 MHz, CDCls) & (ppm):
140.65, 137.89, 133.63, 126.83, 126.19, 123.68, 122.24, 120.50, 120.35, 109.83, 104.41, 95.52,
0.12.

Synthesis of 9-(4-ethynylphenyl!)-9H-carbazole (4.20)

To a solution of compound 4.19 in MeOH/Dioxane 1/1 was added K>COs
(1 eq.). After the total consumption of the starting material the solvent
was removed under reduced pressure at room temperature. The crude

was directly transferred to the next reactional step (Sonogahsira coupling

with formylarylthieno([3,4- b]thiophene n-bridge).

Introduction of donor groups in formylarylthieno[3,4- blthiophene n-bridge

General procedure:

As previously described to a solution of compound 4.15 or 4.19 in MeOH/Dioxane 1/1 was
added KoCOs (1 eq.). After the total consumption of the starting material the solvent was re-
moved under reduced pressure at room temperature. The crude was directly transferred to the
next reactional step.

In a Schlenk tube were added under N, atmosphere 4.6a or 4.6b (1.2 eq.), Pd(PPhs)4 (0.15 eq.),
Cul (0.12 eq.), PPh3(0.06 eq.), dry dioxane and diisopropylamine (2 eq.). The reaction was de-
gassed and then it was stirred at 40° C. Then the donor moiety containing the deprotected
ethynyl group 4.16 or 4.20 was dissolved in dioxane and added to the reactional mixture. De-
gass was preformed again and the reaction was stirred under N> atmosphere at 40°C. After
consumption of the limiting reagent the solvent was removed, water was added and extrac-
tions with CHCl, were performed. The organic phases were washed with brine, dried over

Na,SO;, filtered and evaporated to dryness. The crude was purified via column chromatog-

raphy.
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Synthesis of compound 4.21a

Starting from 10-(2-ethylhexyl)-3-((trime-
thylsilyl)ethynyl)-10 4-phenothiazine  (4.15)
(0.14 mmol) and methyl 4-bromo-6-(5-
formylthiophen-2-yl)thieno[3,4- blthio-

phene-2-carboxylate (4.6a) (0.14 mmol). The

0]
/

(4.21a)
reaction was monitored by TLC using the el-

uent CHCl,/ petroleum ether 1/1, and after 20 hours the reaction was complete. The crude was
purified by column chromatography using as eluent CH.Cl, / petroleum ether 1/1 to only
CHCly, it was possible to afford 71.1 mg of methyl 4-((10-(2-ethylhexyl)-10A4-phenothiazin-3-
yhethynyl)-6-(5-formylthiophen-2-yl)thieno[3,4-blthiophene-2-carboxylate  (4.21a)  (0.11
mmol, n = 78 %) with some traces of isomer presence. "H NMR (400 MHz,CDCls) §(ppm): 9.87
(s, TH, CHO), 7.96 (s, TH, ArH), 7.71 = 7.68 (m, 1H, ArH), 7.37 — 7.28 (m, 3H, ArH), 7.22 - 7.12 (m,
2H, ArH), 6.95 (t, /= 7.1 Hz, 1H, ArH), 6.89 (d, /= 8.1 Hz, TH, ArH), 6.84 (dd, /= 8.4, 4.4 Hz, TH,
ArH), 3.95 (s, 3H, OCH3), 3.74 (d, J = 7.1 Hz, 2H,H1""), 1.92 (hept, / = 6.0 Hz, 1H, H2""), 1.42 -
1.36 (m, 4H,H1"""/H3""), 1.27 — 1.25 (d, 4H,H4""/H5""), 0.90 - 0.82 (m, 6H, H6"'/H2"""). 3C NMR
(101 MHz, CDCl3) 6(ppm): 182.42, 162.87, 146.82, 145.01, 144.94, 144.81, 144.52, 142.60, 142.16,
142.03, 137.19, 130.82, 130.22, 127.81, 127.48, 127.19, 126.17, 125.21, 125.10, 123.71, 123.12,
116.34, 115.80, 115.75, 111.94, 100.37, 80.28, 52.96, 51.28, 36.02, 30.76, 28.66, 24.08, 23.16,
14.14, 10.61. HRMS-ESI(+) calculated for C3sH31NO3S, [M+H] 642.12595; Found 642.1255

Synthesis of compound 4.21b

Starting from  10-(2-ethylhexyl)-3-((trimethyl-
silyl)ethynyl)-104-phenothiazine  (4.15)  (0.13
mmol) and methyl 4-bromo-6-(4-for-
mylphenyl)thieno[3,4- f]thiophene-2-carboxylate

(4.6b) (0.13 mmol). The reaction was monitored by

TLC using the eluent petroleum ether/EtOAc 9/1, /0

(4.21b)

and after 17 hours the reaction was complete. The

crude was purified by column chromatography using as eluent CH.Cl / petroleum ether 1/1
to 7/3, it was possible to afford 71 mg of 4-((10-(2-ethylhexyl)-10 #-phenothiazin-3-yl)ethynyl)-
6-(4-formylphenyl)thieno[3,4- b]thiophene-2-carboxylate as an dark orange solid (4.21b) (0.11
mmol, n= 86.0%). "H NMR (400 MHz,CDCl3) & (ppm): 10.00 (s, 1H, CHO), 7.94 (s, 1H, ArH), 7.92
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(d, /=84 Hz, 2H, ArH), 7.76 (d, / = 8.0 Hz, 2H, ArH), 7.35 - 7.27 (m, 2H, ArH), 7.21 - 7.12 (m,
2H, ArH), 6.95 (t, /= 7.4 Hz, 1H, ArH), 6.88 (d, /= 8.0 Hz, 1H, ArH), 6.82 (d, /= 8.4 Hz, TH, ArH),
3.94 (s, 3H, OCH3), 3.74 (d, /= 7.2 Hz, 2H, H1""), 1.93 (hept, /= 6.0 Hz, 1H, H2""), 1.50 — 1.35 (m,
4H, H1"""/H3""), 1.30 — 1.24 (m, 6H, H4""/H5""), 0.92 — 0.82 (m, 7H, H6"'/H2"""). *C NMR (101
MHz, CDCls) 6 (ppm): 191.26, 163.09, 146.67, 145.19, 145.05, 141.87, 141.31, 138.89, 135.48,
134.10, 130.74, 130.46, 130.20, 128.12, 127.79, 127.45, 127.33, 126.14, 125.12, 123.88, 123.07,
116.30, 115.94, 115.77, 111.91, 99.52, 80.36, 52.89, 51.27, 36.01, 30.76, 28.66, 24.08, 23.15, 14.13,
10.60. HRMS-ESI(+) calculated for C37H33NOsSs [M+H] 636.16953 ; Found 636.1686

Synthesis of compound 4.21¢

Starting from 9-(4-((trimethylsilyl)ethynyl)phenyl)-9 H-
carbazole (4.19) (0.20 mmol) and ethyl 4-bromo-6-(5-
formylthiophen-2-yl)thieno[3,4- blthiophene-2-carbo-

xylate (0.20 mmol). The reaction was monitored by TLC

using the eluent petroleum ether /AcOEt 9/1, and after
19 hours the reaction was complete. The crude was K (4.21¢)

purified by column chromatography using as eluent CH,Cl, / petroleum ether 1/1 to only
CHCl,, it was possible to afford 85 mg of ethyl 4-((4-(9 H-carbazol-9-yl)phenyl)ethynyl)-6-(5-
formylthiophen-2-yl)thieno[3,4- blthiophene-2-carboxylate (4.21c) as an orange solid (0.15
mmol, n=73.2%). '"H NMR (400 MHz,CDCls) 8(ppm): 9.92 (s, 1H, CHO), 8.15 (d, /= 7.7 Hz, 2H,
ArH), 8.00 (s, 1H, ArH), 7.79 (d, /= 8.5 Hz, 2H, ArH), 7.74 (d, /= 4.0 Hz, TH, ArH), 7.63 (d, /= 8.5
Hz, 2H, ArH), 7.52 — 7.43 (m, 3H, ArH), 7.43 — 737 (m, 2H, ArH), 7.37 — 7.29 (m, 2H, ArH), 4.44
(q,/=7.1Hz, 2H, CH,), 1.45 (t, /= 7.1 Hz, 3H, OCHs). ®*C NMR (101 MHz, CDCls) § (ppm): 182.52,
162.47, 145.64, 144.40, 142.97, 142.82, 142.40, 140.55, 138.53, 137.22, 133.13, 127.92, 127.05,
126.28, 125.56, 123.82, 123.47, 121.09, 120.57, 120.54, 111.15, 109.86, 99.69, 81.29. HRMS-
ESI(+) calculated for C34H21NO3Ss [M+H] 588.07563 ; Found 588.0760
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Synthesis of compound 4.21d

Starting from 9-(4-((trimethylsilyl)ethynyl)phenyl)-9 H-
carbazole (4.19) (0.22 mmol) and of methyl 4-bromo-
6-(4-formylphenyl)thieno[3,4- blthiophene-2-carbox-
ylate (4.6b) (0.26 mmol). The reaction was monitored by
TLC using the eluent petroleum ether /AcOEt 9/1, and

after 22 hours the reaction was complete. The crude

(4.21d)

was purified by column chromatography (silica flash) using as eluent CHCly, it was possible to
afford 52 mg of methyl 4-(4-(9H-carbazol-9-yl)phenyl)-6-(4-formylphenyl)thieno[3,4- blthio-
phene-2-carboxylate (4.21d) as an orange solid (0.091 mmol, n =43 %). '"H NMR (400 MHz,
CDCl3) & (ppm): 10.06 (s, TH,CHO), 8.16 (d, /= 7.7 Hz, 2H, ArH ), 8.02 (s, 1H,H3), 7.99 (d, /= 8.3
Hz, 2H, ArH), 7.85 (d, / = 8.2 Hz, 2H, ArH), 7.81 (d, /= 8.5 Hz, 2H, ArH), 7.63 (d, /= 8.5 Hz, 2H,
ArH), 7.49 — 7.41 (m, 4H, ArH), 7.32 (ddd, / = 8.0, 6.7, 1.5 Hz, 3H, ArH), 3.98 (s, 3H, OCHs). *C
NMR (101 MHz, CDCls3) 6 (ppm): 191.30, 163.10, 142.04, 141.49, 140.57, 138.82, 138.39, 135.73,
135.00, 133.09, 130.84, 127.04, 126.27, 123.93, 123.80, 121.26, 120.56, 120.51, 109.86, 98.99,
81.41, 52.99.

Introduction of anchoring groups

General procedure for the ester hydrolysis

To a solution containing 4.21b-d or 4.22a dissolved in THF was added NaOH (5eq.). After con-
sumption of the starting material, the solvent was removed, CH,Cl, and water were added, the
solution was acidified with the HCl (1M) until pH=1. The organic compound was extracted with

CHxCly, the organic phases were dried over Na,SO, filtered and evaporated to dryness.

Synthesis of compound 4.22b

Starting from 47 mg of compound 4.21b
(0.074 mmol). The reaction was monitored
by TLC using CHxCl,/ petroleum ether 1/1

and after 24h it was complete. The crude was

purified by PLC using as eluent
CH2Cl2/MeOH 9/1 it was possible to afford
20 mg of compound 4.22b (0.033 mmol, n= 44 %). "H NMR (400 MHz, DMSO-d) & (ppm): 10.00
(s, TH), 7.97 (d, /= 8.3 Hz, 2H), 7.89 (d, / = 8.3 Hz, 2H), 7.59 (s, 1H), 7.43 — 7.40 (m, 1H), 7.37 (d,

(4.22b)
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J=16Hz 1H), 7.26 = 7.17 (m, 3H), 7.08 (d, /= 7.6 Hz, 2H), 6.99 (t, /= 7.7 Hz, 1H), 3.84 - 3.78
(m, 2H), 1.86 — 1.77 (m, 2H), 1.38 (dd, /= 14.3, 7.2 Hz, 4H), 1.28 — 1.15 (m, 7H), 0.83 (dd, /= 94,
6.1 Hz, 8H). C NMR (126 MHz, DMSO-dk) & (ppm): 192.63, 164.65, 146.61, 146.55, 145.59,
144.85, 144.04, 138.73, 138.11, 135.24, 131.39, 131.00, 129.84, 128.25, 127.86, 127.16, 125.94,
125.39, 124.13, 123.58, 117.18, 116.91, 115.61, 109.43, 98.47, 81.41, 50.76, 35.89, 30.18, 28.25,
23.67, 22.93, 14.27, 10.78. HRMS-ESI(-) calculated for C3sH31NO3S3 [M-H] 620.13933; Found
620.1394

Synthesis of compound 4.22c

Starting from 40 mg of compound 4.21¢ (0.068 mmol).
The reaction was monitored by TLC using petroleum
ether/ ethyl acetate 1/1 and after 144h it was complete.

The crude was purified by chromatography in column

(silica flash) using as eluent CHCl; it was possible to af-
ford 36 mg of compound 4.22c (0.064 mmol, n= 94 %).
"H NMR (400 MHz, DMSO-ak) & (ppm): 9.90 (s, 1H, CHO), 8.24 (d, /= 7.7 Hz, 2H, ArH), 8.02 (d,
J=39Hz 1H, ArH), 7.86 (d, /= 8.4 Hz, 2H, ArH), 7.76 (s, TH, ArH), 7.71 (d, /= 8.5 Hz, 2H, ArH),
7.65 (d, /= 4.0 Hz, TH, ArH), 7.45 (d, /= 5.7 Hz, 4H, ArH), 7.33 = 7.27 (m, 2H, ArH). *C NMR (101
MHz, DMSO-a) & (ppm): 183.87, 163.72, 145.48, 142.73, 142.26, 139.71, 139.03, 137.72, 133.15,
126.86, 126.71, 126.49, 126.29, 123.56, 123.09, 120.72, 120.67, 120.57, 120.07, 109.78, 109.07,
99.02, 81.21. HRMS-ESI(+) calculated for C3,H17NO3Ss [M+H] 560.04433; Found 560.0447

Synthesis of compound 4.22d

Starting from 32 mg of compound 4.21d (0.056 mmol).
The reaction was monitored by TLC using petroleum
ether/ ethyl acetate 8/2 and after 24h it was complete.
The crude was purified by PLC using as eluent
CHxCl,/MeOH 9/1 it was possible to afford 18 mg of O oH  waa

compound 4.22d (0.33 mmol, n=58 %). 'H NMR (400 MHz, DMSO-ak) & (ppm): 9.97 (s, 1H,
CHO), 8.24 (d, /= 7.7 Hz, 2H, ArH), 7.94 (d, / = 8.2 Hz, 2H, ArH), 7.86 (d, /= 7.6 Hz, 2H, ArH),
7.82 (d, /= 8.2 Hz, 2H, ArH), 7.71 = 7.64 (m, 3H, ArH), 7.47 — 7.43 (m, 5H, ArH), 7.30 (ddd, / =
7.9, 5.4,2.6 Hz, 2H, ArH). ®C NMR (126 MHz, DMSO-dk) 6 (ppm): 192.26, 164.42, 146.76, 143.57,
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139.79, 139.76, 138.19, 137.50, 134.99, 133.03, 131.45, 130.60, 126.90, 126.51, 123.08, 120.69,
120.56, 120.42, 109.80, 108.48, 99.66, 97.89, 81.87. HRMS-ESI(-) calculated for C34H19NO3S; [M-
H] 552.07336; Found 552.0732

Synthesis of compound 4.23a

Starting from 16 mg of compound 4.22a. The
reaction was monitored by TLC using CHClz/
MeOH/H,O 65/10/1 and after 48h it was com-

plete. The solvent was removed, then the solid

OH (4234

was dissolved in a mixture of CHxCly/
MeOH/H,0 65/35/5. It was acidified by adding HCL 1M, and then washed with H,O to remove
salts. The residue was also washed with toluene to remove less polar impurities. It was possible
to afford 15 mg of the final chromophore 4.23a (0.021 mmol, n= 98 %). '"H NMR (400 MHz,
DMSO-ak) 8(ppm): 8.52 (s, TH, CH), 8.03 (d, /= 4.4 Hz, 1H, ArH), 7.93 (s, 1H, ArH), 7.77 (d, / =
4.2 Hz, TH, ArH), 7.47 —7.41 (m, TH, ArH), 7.39 (d, /= 2.7 Hz, 2H, ArH), 7.26 — 7.20 (m, 1H, ArH),
7.18 (d, /= 7.4 Hz, 1H, ArH), 7.08 (d, / = 6.4 Hz, 2H, ArH), 6.99 (t, /= 8.0 Hz, 1H, ArH), 3.82 (d, /
= 6.9 Hz, 4H,H1""), 1.85 - 1.76 (s, 2H,H2""), 1.41- 1.32 (m, 4H, H1""/H3""), 1.24 — 1.17 (m, 6H,
H4"'/H5"), 0.84 — 0.78 (m, 8H, H6"'/H2""). HRMS-ESI(-) calculated for Cs7H30N204S4 [M-H]
693.10156; Found 693.1014

Introduction of the cyanoacrylic acid

General procedure:

Compound 4.21a or 4.22b-d and cyanoacetic acid (3.0 eq.) were dissolved in acetonitrile, then
piperidine was added (2.9 eq.). The mixture was refluxed under N, atmosphere, after consump-
tion of the starting material the solvent was removed. The crude was washed with several sol-
vents to remove impurities, then it was acidified with HCl 1M and washed with water to remove

salts.
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Synthesis of compound 4.22a

Starting from 27 mg of compound 4.21a (0.042
mmol). The reaction was monitored by TLC us-
ing CH,Cl,/ MeOH/H,0 65/10/1 and after 17h it

was complete. The crude was washed with pe-

troleum ether to remove impurities. It was pos-

o)
/

(4.22a)
sible to afford 20 mg of a purple solid corre-

sponding to compound 4.22a (0.028 mmol, n= 67%). '"H NMR (400 MHz, DMSO-d¢) & (ppm):
8.17 (s, TH), 7.99 (s, 1H), 7.79 (d, /= 2.1 Hz, 1H, ArH), 7.71 (d, /= 4.0 Hz, 1H, ArH), 7.47 — 7.41
(m, TH, ArH), 7.41 — 7.38 (m, 1H, ArH), 7.26 — 7.16 (m, 2H, ArH), 7.08 (d, / = 8.3 Hz, 2H, ArH),
7.00 (g, /= 8.0, TH), 3.90 (s, 3H, OCHs3), 3.85 —3.78 (m, 2H, H1""), 1.84 — 1.78 (s, 1H, H2""), 1.41
- 1.28 (m, 5H, H1""/H3""), 1.26 — 1.17 (m, 5H, H4"'/H5""), 0.81 (q, J = 7.6 Hz, 6H, H6"'/H2"").
HRMS-ESI(-) calculated for C3gH32N204S4 [M-H] 707.11721; Found 707.1174.

Synthesis of compound 4.23b

Starting from 10 mg of compound 4.22b
(0.017 mmol). The reaction was monitored by
TLC using CHClz/ MeOH/H;0 65/10/1 and af-

ter 48h it was complete. The crude was

washed with toluene/petroleum ether 1/1 to OH  (4.23b)

remove impurities. It was possible to afford 10 mg of a dark purple solid corresponding to
compound 4.23b (0.014 mmol, n= 85 %). '"H NMR (400 MHz, DMSO-ds) & (ppm): 8.30 (s, 1H,
CH), 8.15 (d, /= 8.3 Hz, TH, ArH), 8.11 (s, TH, ArH), 7.99 (d, /= 7.8 Hz, 2H, ArH), 7.48 — 7.41 (m,
2H, ArH), 7.27 —=7.17 (m, 3H, ArH), 7.11 - 7.08 (m, 2H, ArH), 6.99 (t, /= 7.2 Hz, 2H, ArH), 3.83 (d,
J=72Hz 2H, H1"), 1.86 — 1.77 (m, 2H, H2""), 1.41 — 1.34 (m, 4H, H1"""/H3""), 1.26 — 1.18 (m,
6H, H4""'/H5""), 0.82 (q, /= 7.5 Hz, 7H, H6"'/H2"""). HRMS-ESI(-) calculated for C3sH32N>04S3 [M-
H] 687.14514; Found 687.1454
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Synthesis of compound 4.23c

Starting from 28 mg of compound 4.22¢ (0.050
mmol). The reaction was monitored by TLC
using CH>Cl,/ MeOH/H,O 65/10/1 and after

144h it was complete. The crude was washed

with diethyl ether to remove impurities. It was OH  (a.230)

possible to afford 29 mg of a purple solid corresponding to compound 4.23¢ (0.046 mmol, n=
93%)."H NMR (400 MHz, DMSO-a) 6 (ppm): 8.54 (s, TH,CH), 8.26 (d, /= 7.8 Hz, 2H, ArH), 8.06
(d, /= 4.2 Hz, 1H, ArH), 7.97 (s, TH, ArH), 7.91 (d, /= 8.4 Hz, 2H, ArH), 7.82 (d, / = 4.0 Hz, TH,
ArH), 7.75 (d, / = 8.5 Hz, 2H, ArH), 7.50 — 7.44 (m, 4H, ArH), 7.35 — 7.29 (m, 2H, ArH). 3C NMR
(126 MHz, DMSO-dk) 6 (ppm): 163.45, 163.03, 145.89, 144.88, 143.95, 142.18, 141.56, 141.03,
139.67, 137.81, 135.61, 133.16, 127.82, 126.96, 126.81, 126.46, 123.07, 122.97, 120.64, 120.54,
119.88, 116.54, 109.77, 109.68, 99.70, 99.14, 80.81. HRMS-ESI(-) calculated for C3sH1sN204S3 [M-
H] 625.03559; Found 625.0359

Synthesis of compound 4.23d

Starting from 15 mg of compound 4.22d (0.027
mmol). The reaction was monitored by TLC using
CHxCl/ MeOH/H:0 65/10/1 and after 48h it was

complete. The crude was washed with toluene to re-

move impurities. It was possible to afford 14 mg of OH  (4.239)

a dark red solid corresponding to compound 4.23d (0.022 mmol, n= 81%)."H NMR (500 MHz,
DMSO-dk) & (ppm): 8.26 (d, /= 7.8 Hz, 2H), 8.18 — 8.14 (m, 1H), 8.01 (d, /= 8.5 Hz, 1H), 7.91 (d,
J=84Hz 2H), 7.74 (d, / = 8.4 Hz, 2H), 747 (q, /= 7.9 Hz, 4H), 7.34 — 7.29 (m, 2H). *C NMR
(126 MHz, DMSO-d) 6 (ppm): 165.69, 163.35, 163.27, 152.66, 145.29, 141.67, 139.69, 137.69,
135.88, 135.03, 133.14, 131.82, 131.52, 127.37, 126.95, 126.87, 126.44, 123.04, 120.64, 120.51,
120.06, 116.42, 115.65, 109.75, 109.16, 98.75, 81.04. HRMS-ESI(-) calculated for C37H20N20.S:
[M-H] 619.07972; Found 619.0793
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GENERAL CONCLUSIONS

In this study, three distinct families of chromophores were successfully synthesized, aiming
to advance knowledge in the fields of dye sensitized solar cells and renewable energy.

Regarding the coumarin dyes, six new 3-ethynylaryldimethoxycoumarin-based dyes were
successfully synthesized. The effects of different heterocyclic n-bridges (mono and bithio-
phenes, phenyl and benzotriazole) and substitution patterns (6,7- vs. 5,7-) on their photovoltaic
performance were explored. The 5,6-dimethoxycoumarin bearing thieno[3,2- b]thiophene moi-
ety was the best performing dye of the study, achieving an efficiency of 2.00%.

Concerning the diethynylacenaphthylene dyes, it was possible to synthesize four novel di-
anchoring dyes employing as m-bridges phenyl, thiophene, benzotriazole and thieno-[3,2-
blthiophene rings. The one bearing a phenyl ring was shown to be a particular case with an
efficiency superior to that of the other derivatives. This dye achieved an efficiency of 2.51%,
with Vo, Jsc and FF values 0.365 V, 13.32 mA/cm? and 0.52, respectively. The other dyes exhib-
ited a significant decrease in Js (3.21 — 5.35 mA/cm?) and, also, on Vo (0.241 — 0.320 V). This
difference was also observed in the IPCE spectra, where the phenyl derivative presented supe-
rior maximum IPCE value (60.8%). This improved electron injection is likely related to the fact
that the phenyl ring has a twisted conformation with respect to the acenaphthylene ring. The
efficiency of this compound improved to 3.15% with the addition of CDCA (10 mM), represent-
ing the best efficiency result in this study.

In this work it was also possible to synthesize four new thieno[3,4-b]thiophene based dyes
with a D-rnt-(A).. Variations were made to the n-bridge (phenyl or thiophene) and the donor
unit (phenoxazine or carbazole). The best performing dye in this study was the derivative con-
taining phenyl ring and a phenothiazine as donor achieving an efficiency of 1.96 %, with Voc Jsc
and FF values of 0.376 V, 9.40 mA/cm? and 0.55, respectively.

The photovoltaic performance of the compounds contributes to the understanding of the
impact of specific groups present in the molecules. The photophysical data are also an indicator

for future experiments, such as co-sensitization.
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Chapter 2

Compound characterization
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Figure A. 1. "TH-NMR (400 MHz, CDCl3) spectrum of 3-bromo-5,7-dihydroxycoumarin (2.3)
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Figure A. 2. "H NMR (400 MHz, CDCls) spectrum of diethyl (2-oxo-2H-chromene-5,7-diyl) bis(carbonate) (2.5)
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Figure A. 3. "H NMR (400 MHz, CDCls) spectrum of 5,7-dimethoxy-3-((trimethylsilyl)ethynyl)coumarin (2.8)
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Figure A. 4. HRMS-ESI spectrum of 5,7-dimethoxy-3-((trimethylsilyl)ethynyl)coumarin (2.8)
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Figure A. 6. HRMS-ESI spectrum of 5'-((5,7-dimethoxi-2-oxo-2H-chromen-3-yl)ethynyl)-[2,2'-bithiophene]-5-car-
baldehyde (2.10)
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Figure A. 8. HRMS-ESI spectrum of 2-cyano-3-(5'-((5,7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)-[2,2'-
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Figure A. 16. HRMS-ESI spectrum of 5-((6,7-dimethoxi-2-oxo-2H-chromen-3-
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Figure A. 18. HRMS-ESI spectrum of 2-decyl-7-((6,7-dimethoxy-2-oxo-2H-chromen-3-yl)ethynyl)-2H-
benzo[d][1,2,3]triazole-4-carbaldehyde (2.18d
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Figure A. 19. "TH-NMR (400 MHz, DMSO-dj) spectrum of 2-cyano-3-(5-((6,7-dimethoxy-2-oxo-2H-chromen-3-
yl)ethynyl)-thiophen-2-yl)acrylic acid (2.19¢)
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Figure A. 20. HRMS-ESI spectrum of 2-cyano-3-(5-((6,7-dimethoxy-2-oxo-2H-chromen-
3-yl)ethynyl)-thiophen-2-yl)acrylic acid (2.19¢)
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Figure A. 21. TH-NMR (400 MHz, DMF-d7) spectrum of 2-cyano-3-(2-decyl-7-((6,7-di-
methoxy-2-oxo-2H-chromen-3-yl)ethynyl)-2H-benzo[d][1,2,3]triazol-4-yl)acrylic acid (2.19d)
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Figure A. 22. HRMS-ESI spectrum of 2-cyano-3-(2-decyl-7-((6,7-dimethoxy-2-oxo-2H-
chromen-3-yl)ethynyl)-2H-benzo[d][1,2,3]triazol-4-yl)acrylic acid (2.19d)
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Chapter 3

Absorption spectra
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Figure A. 23. A- UV-Vis spectrum of compound 3.23 at different concentrations. B- Linear correlation between the

absorbance at Amax and the concentration of dye in solution.
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Figure A. 24. A- UV-Vis spectrum of compound 3.37a at different concentrations. B- Linear correlation between

the absorbance at Amaxand the concentration of dye in solution.
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Figure A. 25. A- UV-Vis spectrum of compound 3.37b at different concentrations. B- Linear correlation between

the absorbance at Amaxand the concentration of dye in solution.
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Figure A. 26. A- UV-Vis spectrum of compound 3.37c at different concentrations. B- Linear correlation between

the absorbance at Amaxand the concentration of dye in solution.
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Figure A. 27. A- UV-Vis spectrum of compound 3.37c at different concentrations. B- Linear correlation between

the absorbance at Amaxand the concentration of dye in solution.

Cyclic voltammetry
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Figure A. 28. Cyclic voltammograms of compounds 3.37a-d in dimethylformamide (DMF) (dye concentration of

1.5X104 M and 0.1 M TBAPFs ) at scan rates of 50, 100, 250, 500 mV s™".
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Figure A. 29. Linear correlations between the concentration of CDCA and the photovoltaic pa-

rameters obtained for DSSCs devices based on dye 3.37c. A- open-circuit voltage (Voc
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IPCE spectra
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Figure A. 30. IPCE spectra DSSCs based on dyes 3.37a-d (best performing cell, [CDCA] = 0 mM, dotted) and UV-Vis
spectra in DMF solution (solid).
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Figure A. 31. DFT B3LYP/6-31G(d,p) optimized geometry of compound 3.37c.

238



Compound characterization
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Figure A. 32. 'TH NMR (CDCls, 400 MHz) spectrum of 2-(4-nitrophenyl)-1,3-dioxolane (3.7)
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Figure A. 33. TH NMR (CDCls, 400 MHz) spectrum of 4-aminobenzaldehyde (3.9).
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Figure A. 34."H NMR (CDCls, 400 MHz) spectrum of (4-nitrophenyl)methanol (3.10)
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Figure A. 43. HMBC spectrum of compound 3.18.
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Figure A. 46. "H NMR (CDCl;, 500 MHz) spectrum of 4-(7H-acenaphtho[1,2-d]imidazol-8-yl)benzaldehyde (3.22a)
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Figure A. 47. LC-ESI-MS spectrum of 4-(7H-acenaphtho[1,2-d]imidazol-8-yl)benzaldehyde (3.22a) at RT 8.12 min.
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Figure A. 49. LC-ESI-MS spectrum of 4-(Acenaphtho[1,2-d]oxazol-8-yl)benzaldehyde (3.22b) at RT 20.16 min.
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Figure A. 53. HRMS-ESI spectrum of 3-(4-(7H-acenaphtho[1,2-d]imidazol-8-yl)phenyl)-2-cyanoacrylic acid (3.23)
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Figure A. 56. 13C NMR (CDCl;, 101 MHz) spectrum of 1,2-bis((trimethylsilyl)ethynyl) acenaphthylene (3.34).

252



211116_002 #15 RT: 0.14 AV: 1 NL: 2.51E+009
T: FTMS + p ESI Full ms [100.0000-1500.0000]

0= 233.0057
3 GRM134.2PB
90
3 W/ \ /
80 —Si Si—
70 M+H \\ / /
3 3
5 o 345.1486 ‘
€ E 305.1353 OO
< 50
o
2 3 273.1090
T 40
o
30
3 201.0697
377.1748
20
E 378.1777
3 189.0695 I 499.2290 ;
10 | i 577 fass = 832.‘2401 947."5282
. 7121.0681 " Wi, . 4411881 | 5361654 | 617.2500 1 7853300 | 907.2612 | 982.2782
T T T T T Y T T T T T T T T T k [ 1
100 200 300 400 500 600 700 800 900

m/z

Figure A. 57. HRMS-ESI spectrum of 1,2-bis((trimethylsilyl)ethynyl)acenaphthylene (3.34).

253



5500

7.841
7.822
7.760
7.741

—10.472

J
\
|
)
v

I 5000
I 4500
N—N
[N f // 4000
Br 3500
3000
2500
2000

1500

1000

500

~-500

T T T
1.0 105 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0
f1 (ppm)
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Figure A. 60. HRMS-ESI spectrum of 7-bromo-2-(2-ethylhexyl)-2H-benzo[d][1,2,3]triazole-4-carbaldehyde (3.36¢).
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Figure A. 63. HRMS-ESI spectrum of compound 3.33a.
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Figure A. 64. "H NMR (CDCls, 400 MHz) spectrum of compound 3.33b.
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Figure A. 65. 13C NMR (CDCl;, 101 MHz) spectrum of compound 3.33b.
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Figure A. 66. HRMS-ESI spectrum of compound 3.33b.
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Figure A. 68. 13C NMR (CDCl;, 101 MHz) spectrum of compound 3.
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Figure A. 69. HRMS-ESI spectrum of compound 3.33c.
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Figure A. 70. "H NMR (CDCl3, 400 MHz) spectrum of compound 3.33d.
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Figure A. 71. HRMS-ESI spectrum of compound 3.33d.
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Figure A. 72. 'TH NMR (DMSO-dk, 400 MHz) spectrum of compound 3.37a.
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Figure A. 73. HRMS-ESI spectrum of compound 3.37a.
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Figure A. 77. HRMS-ESI spectrum of compound 3.37c.
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Figure A. 84. HRMS-ESI spectrum of compound 4.5a
n
< ONOTT T —
o oNWLT AN n
=} QRO M a
~ ONNNNN (a2}
\ e
JO
" S\!
SN s J
|/
S -
b
/
[SERN
;
l » JLA |G PO
a ATH ™ o
R —mnno °!
o — NN o
; ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0
f1 (ppm)

Figure A. 85."H NMR (CDCls, 400 MHz) spectrum of compound 4.5b.
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Figure A. 86. HRMS-ESI spectrum of compound 4.5b.
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Figure A. 87. "H NMR (CDCl3, 400 MHz) spectrum of compound 4.6a.
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Figure A. 90. HRMS-ESI spectrum of compound 4.6b.
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Figure A. 91. "H NMR (CDCls, 400 MHz) spectrum of compound 4.15
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Figure A. 93. TH NMR (CDCl3, 400 MHz) spectrum of compound 4.21a.
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Figure A. 94. 13C NMR (CDCl;, 101 MHz) spectrum of compound 4.21a.
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Figure A. 98. HRMS-ESI spectrum of compound 4.21b.
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Figure A. 99. "H NMR (CDCl3, 400 MHz) spectrum of compound 4.21c.
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Figure A. 101. HRMS-ESI spectrum of compound 4.21c.
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Figure A. 106. HRMS-ESI spectrum of compound 4.22b.
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Figure A. 107.7H NMR (DMSO-d, 400 MHz) spectrum of compound 4.22c.
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Figure A. 108. 3C NMR (DMSO-dk, 101 MHz) spectrum of compound 4.22c.
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Figure A. 109. HRMS-ESI spectrum of compound 4.22c.
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Figure A. 110. "H NMR (DMSO- gk, 400 MHz) spectrum of compound 4.22d.
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Figure A. 111. 3C NMR (DMSO-dk, 126 MHz) spectrum of compound 4.22d
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Figure A. 112. HRMS-ESI spectrum of compound 4.22d.
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Figure A. 113. "H NMR (DMSO-dk, 400 MHz) spectrum of compound 4.23a.
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Figure A. 114. HRMS-ESI spectrum of compound 4.23a.
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Figure A. 115."H NMR (DMSO-dk, 400 MHz) spectrum of compound 4.22a.
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Figure A. 116. HRMS-ESI spectrum of compound 4.22a.
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Figure A. 117."H NMR (DMSO-dk, 400 MHz) spectrum of compound 4.23b.
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Figure A. 118. HRMS-ESI spectrum of compound 4.23b.
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Figure A. 119. "H NMR (DMSO- gk, 400 MHz) spectrum of compound 4.23c¢
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Figure A. 120. '3C NMR (DMSO-dk, 126 MHz) spectrum of compound 4.23c.
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Figure A. 121. HRMS-ESI spectrum of compound 4.23c.
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Figure A. 122. "H NMR (DMSO-dk, 500 MHz) spectrum of compound 4.23d
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Figure A. 123. 13C NMR (DMSO-dk, 126 MHz) spectrum of compound 4.23d.
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Figure A. 124. HRMS-ESI spectrum of compound 4.23d.

288




289






9ssd V.LTVYIN SINOINA0Y Y3149V
404 SYIZILISNIS AIHONVHE-0O¥ILIH ANY -ONOW MIAN




