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Abstract

Organic photovoltaic cells (OPVs) have been arising as one of the most appealing
alternatives to the photovoltaic cells based on inorganic semiconductors (mainly silicon) due
to their low-cost production, lightweight, mechanical flexibility and versatility for building
integration.

Boron-dipyrromethene (BODIPY) molecules are auspicious photosensitizer
materials for OPV. However, the research on BODIPY-based OPVs just started 10 years ago
and the number of published studies is relatively low.

This thesis comprises the synthesis, characterization and photovoltaic application of
several BODIPY molecules divided into four different series. The first series is composed
by simple meso-substituted BODIPY dyes whose molecular framework allows further
derivatizations. The result of the studies of the main structural, photophysical,
electrochemical properties as well as the photovoltaic results were used as standard data for
performance evaluation of the subsequent series.

The other three series are made of BODIPY's obtained upon functionalization of
selected molecules from the first series. The second and third series are mostly constituted
by new BODIPY structures with styryl or vinyl groups, synthesised through condensation
of aromatic aldehydes with some selected BODIPY structures from the first series, via
Knoevenagel condensation. These new molecules presented an expansion of the n-system
which led to absorption and emission at higher wavelengths.

The BODIPY molecules from the fourth series were obtained by changing the typical
BODIPY’s boron ligands (fluorine atoms) by several aryloxy or alkoxy groups.

Additionally, three BODIPY -porphyrin dyads were synthesised using both a reported
pathway and a pathway developed during the PhD project. The new pathway uses porphyrins
with carboxylic acid groups to synthesise the BODIPY structure directly attached to
porphyrin’s structure.

In addition to the standard structural characterisation (e.g. nuclear magnetic
resonance spectroscopy, mass spectrometry), the synthesised compounds were characterised
using a variety of techniques, namely, thermogravimetry, scanning calorimetry, absorption
spectroscopy, emission spectroscopy, cyclic voltammetry and computational studies. The
conjugation of all characterisation techniques allowed us to obtain a full understanding of
their main properties, calculate the HOMO and LUMO energies and evaluate the suitability
for application in OPVs.




Vi

All the synthesised compounds were considered suitable electron-donors (upon
combination with PCe1BM and PC7:BM as electron-acceptors) for organic photovoltaic
cells. Consequently, almost all BODIPY's were tested and the best performing BODIPY -
based OPVs were optimised in several aspects related to the engineering of the devices.

In general, OPVs based on the proposed dyes presented high open-circuit voltages
(Voc), and some systems reached power conversion efficiency (PCE) above 2 %. The best
result was achieved by a BODIPY with two vinylnaphthalene units, with a PCE of 2.8 %
and Voc of 1.00 V, which is a very promising PCE result for BODIPY -based OPV and a top
Voc value for this sort of systems.

Keywords: BODIPY; organic synthesis; optoelectronic properties; organic photovoltaic

cells;



Resumo

As células fotovoltaicas organicas (OPVs) tém surgido como uma das alternativas
mais apelativas as ceélulas fotovoltaicas baseadas em semicondutores inorganicos
(essencialmente silicio), devido ao baixo custo de producdo, leveza, flexibilidade dos
dispositivos e versatilidade na integracdo em edificios.

As moléculas de boro-dipirrometeno (BODIPY) sdo fotossensibilizadores muito
promissores para aplicacdo em OPVs. Contudo, a aplicacdo de BODIPYs em células
fotovoltaicas orgénicas comecou a ser investigada hd apenas 10 anos e o numero de
publicacOes é ainda relativamente baixo.

Esta tese de doutoramento abrange a sintese, caracterizacao e aplicacdo fotovoltaica
de varias moléculas de BODIPY divididas em quatro séries. A primeira série € composta
maioritariamente por BODIPYs meso-substituidos cuja estrutura permite funcionalizacGes
adicionais. Os resultados dos estudos das principais propriedades estruturais, fotofisicas,
eletroquimicas, bem como os resultados dos testes fotovoltaicos serviram como base
comparativa para a avaliagdo das moléculas subsequentes.

As restantes trés séries foram construidas a partir da funcionalizacdo de algumas
estruturas da primeira série. A segunda e terceira série sao constituidas maioritariamente por
novas estruturas com grupos estireno ou grupos vinilicos obtidos a partir da condensacéao de
aldeidos arométicos com alguns BODIPY's selecionados da primeira série, via condensacdo
de Knoevenagel. Estes novos compostos possuem uma maior conjugacdo de eletrées-n e,
por isso, uma absorcéo e emissao deslocadas para maiores comprimentos de onda.

As moléculas de BODIPY da quarta série foram obtidas através da substituicdo dos
ligandos tipicos (atomos de fltor) por véarios grupos ariloxi ou alcoxi.

Adicionalmente, foram também sintetizadas trés moléculas conjugadas de BODIPY -
porfirina, usando um método de sintese ja conhecido e um método alternativo desenvolvido
ao longo do projeto doutoral. O novo método de sintese usa porfirinas com grupos
carboxilicos para sintetizar BODIPY's diretamente ligados a estrutura das porfirinas.

Além das técnicas de caracterizacdo estrutural padréo (por exemplo, espectroscopia
de ressonancia magnética nuclear, espectrometria de massa), 0s compostos sintetizados
foram estudados através de técnicas como termogravimetria, calorimetria diferencial de
varredura, espectroscopia de absor¢do, espectroscopia de emissdo, voltametria ciclica e
estudos computacionais. A conjugacao de todas as técnicas de caracterizacdo permitiu obter
um conhecimento abrangente das propriedades dos BODIPYs, calcular as energias das
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orbitais HOMO e LUMO, e avaliar a adequabilidade dos compostos para aplicagdo em
OPVs.

Todas as moléculas sintetizadas foram consideradas doadoras de eletrdes adequadas
(em combinagdo com os aceitadores de eletrdes PCe1:BM e PC7:.BM) a aplicagdo em células
fotovoltaicas organicas. Consequentemente, a maioria dos BODIPY's sintetizados foram
testados e as melhores OPVs foram otimizadas em Varios aspetos relativos a construgdo dos
dispositivos.

Em geral, as OPVs baseadas nas moléculas propostas apresentaram altas tensdes de
circuito aberto (Voc), e alguns sistemas atingiram eficiéncia de converséo de energia (PCE)
acima de 2 %. O melhor resultado foi alcangado por um BODIPY com duas unidades de
vinilnaftaleno, com um PCE de 2.8 % e Voc de 1.00 V, o que € uma eficiéncia muito
promissora tendo em conta as OPVs baseadas em BODIPYs ja publicadas, e um valor de

Voc alto considerando qualquer tipo de célula fotovoltaica organica.

Palavras chave: BODIPY; sintese organica; propriedades optoelectronicas; células

fotovoltaicas organicas;
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1.1. Photovoltaic Cells

Energy is one of the biggest concerns of our society, as it has a vital role in the
socioeconomic progress of all nations. Over the past years, the global energy demand has
been continuously growing, and Asia is the best example to demonstrate how energy
consumption has changed (Figure 1.1). China has been the energy consumer leader since
2005, with 73 % of its energy produced from coal and 8% from oil.! This path has been
triggering environmental disorders and raising the hypothesis of enormous economic and
social problems due to the hike in inflation rates, in the future. The word energy production
has been growing but the most commonly used form of energy comes from fossil fuels like

oil, coal and natural gas.

Energy consumptionin 2018
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Figure 1.1. 2018’s energy consumption and energy consumption trend (in million tonnes of oil
equivalent (Mtoe)) over 1990-2017, adapted from Enerdata website.!
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The development of renewable sources has now become one of the biggest challenges
of today’s society. Sunlight, wind power, hydropower, geothermal, biomass, and tidal energy
are some of the most relevant renewable sources of energy. Among these renewable energy
sources, solar energy has received special attention over the recent decades, and its use has
been growing.?

Photovoltaic cells (also known as solar cells) harvest the light from the sun and
convert it into electricity via the photovoltaic effect. Photovoltaics have a huge potential to
support the world’s energy demand, with almost no damaging effects on the environment or
population. With photovoltaic devices, everyone can generate their own energy in their
homes and offices, making them energetically sustainable. Over the last 10 years,
photovoltaic cells have presented a huge growth, especially in China (Figure 1.2). These
developments have consequences not only in the massive market growth but also in the price
pressure. Photovoltaic system hardware prices have decreased by over 80 % during the last
twenty years, and the Levelized Cost of Electricity (LCoE) benchmark has decreased by over
75 %.3
B Rest of World
@ United States
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Figure 1.2. World photovoltaic (PV) cell/module production from 2005 to 2018, adapted from Jé&ger-
Waldau’s report.’

The production of a voltage or electric current in a material upon illumination is
known as the photovoltaic effect. The photovoltaic effect was discovered in 1839 by Edmund
Becquerel when he found that an electrode submerged in a conductive solution could
generate an electric current when exposed to light.> Later in 1873, W. Smith discovered
photoconductivity in selenium, giving rise to the photovoltaic technology.* In 1905, Einstein
established the foundation for a theoretical understanding of the photoelectric effect, for

which he received the Nobel prize in 1921.
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The photovoltaic effect takes place in semiconductors when light, with a certain
energy, induces the excitation of electrons from the valence band to the conduction band.®
The electrons in the conduction band are known as photogenerated electrons, and for every
photogenerated electron, there is a corresponding hole generated in the valence band. These
electrons and holes need to be extracted in order to create electricity.

Light is a set of energy packets, called photons, whose energy depends on their
frequency. The solar spectrum spreads over mainly three regions: ultraviolet, visible, and
infrared. Around 30-40 % of incident light energy is in the visible range, while over 50 % is
in the infrared range (Figure 1.3).>7 In the conventional photovoltaic systems (inorganic
semiconductors), the photons in the UV and visible range have enough energy to pump
electrons and effectively induce charge generation. On the other hand, infrared radiation is
not able to generate electricity using conventional PV technology since the energy of incident

photons is lower than the band gap of the semiconductors.
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Figure 1.3. Solar irradiance (red) and corresponding photon flux curve (blue) at AM1.5 (air mass
where the sun is about 41° above the horizon) as functions of light wavelength and material band gap,
adapted from Sharma, Gros and co-workers.’

The first solid solar cell was prepared by Charles Fritts in 1883, with around 1 % of
power conversion efficiency (PCE).2 He coated a thin film of gold over a selenium
semiconductor to create a junction. In 1953, Gerald Pearson, Daryl Chapin and Calvin Fuller
at Bell Laboratories developed the first silicon photovoltaic cell with the ability to generate
measurable electric current, with an efficiency of 4.5 %.° This discovery marks the beginning

of modern photovoltaics and the first generation of photovoltaic cells. The space industry in
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the 60s and particularly the Arab Oil Embargo during the 70s gave a great jumpstart to the
development of photovoltaic technology through massive investment in research and
financial support for photovoltaic panels, which led to the decrease of the photovoltaic energy
costs. However, the decrease of the oil prices at the end of 70s slowed down the investment.*
Since the beginning of the 90s, the photovoltaic technology investment returned, and it has
become one of the most important areas of energy research. Despite their improvement in
efficiency, robustness and usability, photovoltaic cells are not yet competitive towards fossil
fuels. However, the environmental concerns are waking up the society for the importance of

research and investment in this field.

1.1.1. Evolution of photovoltaic cells

Photovoltaic technology can be divided into three generations:

First generation: Photovoltaic cells based on silicon (monocrystalline or
polycrystalline) wafers with a surface of p-n junctions, which present efficiencies around 15-
25 %. Silicon-based photovoltaic cells are the most mature photovoltaic technology and
currently dominate the market. Despite their great efficiency and robustness, the high
production cost and the low versatility of the silicon panels are major drawbacks.

Second generation: Photovoltaic cells based on inorganic thin films. Amorphous
silicon, CIGS (copper, indium, gadolinium and selenium), CdTe (cadmium telluride) and
GaAs (gallium arsenide) are the most commonly used materials, where typical performance
is above 15%.%13 This sort of photovoltaic cells have the major advantage of using smaller
quantities of material, lower purity of materials and lower temperatures of processing. They
also allow the construction of lightweight and flexible devices, but the manufacture costs,
stability, the low abundance of some compounds and toxicity are some of the main
disadvantages of this type of photovoltaic cells. A GaAs multijunction solar cell, under
concentrated sunlight, achieved efficiencies around 46 %, which is a notable mark.4

Third generation: This generation comprises all organic materials that may or may
not be coupled with inorganic materials into solar cells. This generation of solar cells includes
multijunction solar cells and emerging PV technologies like dye-sensitised solar cells
(DSSCs), organic photovoltaic cells (OPVs), perovskites solar cells (PSCs), and quantum dot
solar cells (QDSCs).2>2° The third generation aims to reduce the cost associated with
photovoltaic cells with high efficiencies while maintaining the economic and environmental

advantages of thin-film deposition techniques. Despite the good efficiencies of perovskite
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cells (Figure 1.4), DSSCs and OPVs still are the most studied solar cells from the third
generation.

DSSCs are based on a light absorbing electron donor dye deposited under a working
electrode (generally TiO), a redox-mediator electrolyte (commonly 1713), and a counter
electrode mostly based on platinum (Pt). The organic dye is the component of DSSC that
harvest most of the incident light. Generally, phosphoric acid or carboxylic acid groups are
inserted in the periphery of the dye to allow a covalent linkage to the working electrode. This
avoids aggregation of the dye and enhancement of the electron injection.?

These thin solar cells, with low weight, can be manufactured at low temperatures on
non-expensive substrates, such as plastic or glass. The low cost of the materials and
manufacturing process make these cells economically attractive. In 2010, Professor Michael
Gréatzel was awarded the Millennium Technology Prize for making this technology an
affordable way to harvest solar energy on a large scale. The efficiency of DSSC is still far
from the inorganic analogues, having a maximum PCE around 14 %.2?

Organic photovoltaic cells (OPVs) are based on organic thin-films combining
electron-donors with electron-acceptors (typically fullerenes derivatives), often in bulk
heterojunctions, which will be described in more detail in the next section. The working
principle of OPVs is quite similar to the DSSC. However, in OPV the presence of a redox-
mediator electrolyte is not necessary, the dye does not need an anchor group, and light can
be absorbed by both components of the active layer.

Figure 1.4 presents the evolution that photovoltaics cells have been demonstrating
over the last decades, in terms of different types and efficiencies.
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Figure 1.4. Timeline of highest efficiencies of various solar cell technologies, from National Renewable Energy Laboratory.?
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1.1.2. Organic photovoltaic cells (OPVs)

Due to its rising popularity, OPVs have received strong scientific interest over the
last 20 years, (Figure 1.5). The maximum efficiency reported to an OPV system is 15 %

(laboratory cells),?* and fully printed cells are arriving on the market.
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Figure 1.5. Published articles concerning to “organic photovoltaics” or “organic solar cells”, since
1998; search made at Web of Knowledge.
The advantages of OPVs over the inorganic photovoltaic cells are:

¢ Significantly lower manufacturing costs;

e Continuous manufacturing process using printing protocols;

e Low weight and flexible photovoltaic devices;

o New market opportunities related to either portability or building integration;

e Low environmental impact of manufacturing;

e A large number of donor/acceptor structures that enable a vast field of

research;

e Ease of optimisation of the material’s properties;

Whereas the free charges of the inorganic photovoltaic cells are directly generated
when the semiconductor is irradiated, organic photovoltaic cells firstly generate excitons
(strongly bounded dipole charges), and then the exciton is dissociated in two free charges (e’
and h+).25’ 26

OPV architecture can be based on a single layer structure, where only one organic
semiconductor is presented, or based on a bilayer structure which has a donor species and
an acceptor species. The first OPV was created in 1978 by Amal Ghosh and Tom Feng.?"?®
It consisted of a single material (merocyanine) sandwiched between Ag and Al electrodes

and it obtained very low photovoltaic efficiency.
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The inorganic photovoltaic cells have a large dielectric constant (relative permittivity
around 10),%° which reduces the Coulomb interaction between the hole and the electron. On
the other hand, the organic semiconductors have a much smaller dielectric constant (relative
permittivity around 3)%° causing a strong Coulombic interaction between the hole and the
electron.®® The smaller dielectric constant results in a small-sized exciton with high binding
energy (Frenkel exciton), that prevents the exciton dissociation via thermal energy at
ambient temperature. Therefore, the single layer OPV has low efficiency in general. The
slow charge transport in organic semiconductors itself decreases the efficiency of the OPV,
yet it also increases the charge recombination chance in the device. It was later recognised
that the excitons are more efficiently dissociated at the interface between donor and acceptor,
which led to the beginning of the development of the bilayer OPVs.

The bilayer OPV is characterised by a well-structured biphasic active layer, where
an acceptor layer is inserted between the donor semiconducting and the cathode.® This
structure was introduced by Tang in 1986, with an efficiency of around 1 %.3! Among other
advantages over the single layer, the bilayer suppresses more effectively the charge
recombination. However, the reported efficiencies are still significantly lower than those of
inorganic cells. One reason for this is the intrinsically short exciton diffusion length in
organic semiconductors, which is typically around 10-20 nm. Therefore, there is a
competition between exciton dissociation at the donor:acceptor interface and recombination
(with no charge generation).

To overcome the low collection of free charges due to the small amounts of excitons
that reach the donor-acceptor interface, the bulk heterojunction organic photovoltaic cells
(BHJ-OPVs) were developed. BHJ-OPVs have an intermixed active layer and, for that
reason, they have a superior interface area between donor and acceptor.323* If the length
scale of the blend is comparable to the exciton diffusion length, most of the created excitons
in either material may reach the interface, where the excitons can dissociate efficiently.

The usual bulk heterojunction presents an irregular pattern of the donor or acceptor
domains, Figure 1.6 (A). Generally, it is set by mixing both species (electron-donor and
electron-acceptor) in a single solution for evaporation or spin-cast deposition. It was proven
that columnar architecture (Figure 1.6 (B)) with highly ordered donor and acceptor domains
ensure better charge transport and lead to improved performances,®>3 but that morphology

includes laborious and hard manufacturing procedures.
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Figure 1.6. The different OPV cell structures (single, bilayer and bulk heterojunction) and irregular
(A) and columnar (B) active layer of the bulk heterojunction.

Tandem solar cells are multilayer OPVs that involve two or more solar cells stacked
directly on top of each other with a transparent electrode in the middle. The tandem cells
give good perspectives regarding efficiency, but care must be taken with the deposition of
the stacked layers since the deposition of a top layer can damage the bottom layer. The
stability and the manufacturing limitations, particularly on a scale up perspective are the
major drawbacks of this kind of architecture.

A simple approach to offer a broader absorption profile is the use of a mixture of
chromophores that absorb in different wavelength regions. This method was applied in
inorganic thin-film solar cells over several decades, and attempts have been made to
implement it in OPVs. Similar to tandem solar cells, the use of a ternary active layer in OPVs
can offer improvements in the light harvesting over the entire visible and near-infrared (NIR)
spectrum. Compared to binary OPVs, the addition of a third component may increase the
short-circuit current through enhancement of light harvesting, and/or can increase the open-
circuit voltage through the enhancement of carrier mobility.

The ternary solar cell approach has been receiving a lot of attention, and several
works have presented the improvements that this system can bring,%** but the use of a
ternary system is not so simple and requires extra optimisation procedures. The careful
design of the cell’s architecture and choice of the materials is required, in order to offer a
suitable energy-level offset between the various components, to provide balanced electron
and hole mobility, and to get good light-harvesting efficiency.*° Furthermore, the addition

of a third component to a binary system is likely affected to the film morphology.
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1.1.3. Operational principles of organic photovoltaic cells

In OPVs, the process of energy production begins when an incident photon creates
an exciton in the photoactive material. In an ideal case, an electron is promoted from the
highest occupied molecular orbital (HOMO) level to the lowest unoccupied molecular
orbital (LUMO) level, forming the exciton.*® The exciton is a neutral quasiparticle
representing a bound singlet state of electron and hole, which propagates by diffusion and
must dissociate into the donor-acceptor interface in order to create two free charges (electron
and hole) before the recombination. The electron must then reach the electrode while the
hole must reach the other electrode. In order to achieve charge migration, an electrical field
is required, which is provided by the working functions of the electrodes.*? The selection of
the appropriate donor and acceptor material should be made very carefully since the LUMO
and HOMO energy levels of the donor must be higher than the corresponding frontier orbital
energy levels of the acceptor, forming a type Il heterojunction. Only in this situation, there
is a significant probability of charge separation.

To optimise the OPV performance, several structural and manufacturing methods
have been developed. The use of an electron transport layer and a hole transport layer
between the electrodes and the active layer is becoming a regular feature. Generally, the
OPV’s literature follows the anode/cathode definition used in OLEDs. Therefore, the
electrode that receives the electrons from the active layer is considered the cathode and the
electrode that collects the holes is considered the anode.

As presented in Figure 1.7, the operational principles in BHJ-OPV cells comprise the
following steps:

(1) the formation of photo-induced excitons in the donor and/or in the acceptor;

(2) intramolecular electron-hole recombination;

(3) the excitons diffusion and dissociation at the donor/acceptor interface;

(4) charge-transfer states generation and then dissociation into free charge carriers

(electrons and holes) with an ultrafast charge transfer process;

(5) transport of charge carriers through either donor or acceptor phase/domains;

(6) collection of the free charges by the corresponding electrodes;

(7) geminate recombination;

(8) non-geminate recombination;

11
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Figure 1.7. The operational principle of BHJ-OPV cells.

As shown in Figure 1.8, there are two different OPV device designs: the standard and
the inverted design. The standard OPV presents an anode (generally 1TO) coated with hole
transport layer (HTL). Despite the application of molybdenum trioxide (MoQ3) as a hole
transport  layer has  been very common,!®  PEDOT:PSS  ((poly(3,4-
ethylenedioxythiophene)poly(styrenesulfonate)) is the most used thanks to its advantages in
processability along with its mechanical and optical properties.'® On top of the HTL, the
photoactive blend layer is deposited and then it is followed by the electron transport layer
(ETL) and the cathode. Ca, Ba, Mg and alkali metal compounds such as cesium carbonate
(Cs2C03) and lithium fluoride (LiF) have been used to reduce the work function of the
electrode (usually Al or Ag) for more efficient electron extraction,33 43-4°

In the inverted design, the cathode is near the substrate and on top of the active layer
an HTL, like PEDOT:PSS, can be used. The device is completed with an air stable high work

function electrode material like silver or gold.*®

Standard Design Inverted Design

ETL

Cathode

Substract Substract

Figure 1.8. Different device architectures of bulk heterojunction OPV cells.
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In addition to the structural modification, several conditions may optimise the
microstructure and morphology of the active layer or the donor:aceptor interface. The active
layer morphology plays a key role in the exciton dissociation and free charges collection.
Aside from the individual characteristics of the organic species, the morphology is dependent
on the interactions between the donor and acceptor and between these and the solvent.*

The choice of the solvent, the solution concentration, temperature and deposition rate
are some of the factors that can affect the drying kinetics of the films and their morphological
characteristics. The solvents should easily dissolve the donor and acceptor materials and not
form complexes with them. Due to these restrictions, chloroform, tetrahydrofuran, o-
dichlorobenzene, chlorobenzene, and dichloromethane are the most widely applied
solvents.*’

The use of so-called solvent additives can modify the film morphology and
consequently the photovoltaic performance. The first report of solvent additives occurred in
2006 when Peet and co-workers incorporated 1-octanethiol and observed higher
photocurrents from PsHT:PCgs:BM blend films.*® Chloronaphthalene and 1,8-diiodooctane
are the most common solvent additives, and their usage in small amounts (0.5-5 %) has been
studied.**! Their effect has been attributed to their ability to preferentially dissolve one of
the components of the active layer, allowing this component to remain in solution for a
longer time during the film formation because of their higher boiling point (compared to the
solvent used to prepare the donor/acceptor components).*”5? This feature is claimed to lead
a higher degree of crystallinity, leading to a more efficient exciton dissociation at the donor-
acceptor interface. Nevertheless, the added complexity for device fabrication and concerns
about toxicity and device stability creates a disadvantage for large-scale manufacturing when
such additives are involved.

Thermal annealing is a post-processing heating process, that can strongly affect the
phase separation, the crystallinity and, therefore, the performance of the photovoltaic
cell. "5 The effect of thermal annealing has been studied in several systems, and its
influence depends on the solvent and thermal stability of the blend. Similar to thermal
annealing, solvent annealing (exposure of the active layer film to a solvent vapour) can also
change the phase separation and crystallinity of the film. The solvents should dissolve the
sample slightly but not to a large extent, otherwise, the morphology of the film can be

excessively modified.
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1.1.4. Performance characterisation of organic photovoltaic cells

When a photon is absorbed by the active layer, a bound state of an electron and a
hole (exciton) is formed. This bound state can be dissociated, generating free charges that
travel across the active layer to be collected by the electrodes. The collection of the
photogenerated charge carriers constitutes the photocurrent.

As presented in Figure 1.9, the PCE of solar cells is calculated according to equation
1.1 and 1.3, where Pmax is the maximum power of the tested cell and Pin is the power of the
total incident irradiance (from the sun or the testing lamp). The current density (J)-voltage
(V) data displays a maximum power point (Pmax), which corresponds to the maximum value
of JxV. The PCE is proportional to three main parameters (equation 1.3), the open-circuit
voltage (Voc), the short-circuit current density (Jsc), and the fill factor (FF).

Voc is defined as the voltage at which the current density is zero. This means that the
voltage applied to the diode annihilates the photovoltage. It has been demonstrated that the
value of Voc is proportional to the energy difference between the HOMO of the donor and
the LUMO of the acceptor. Therefore, a straight way to increase Voc is the lowering of the
HOMO energy of the donor and/or raising of the LUMO of the acceptor.

10

5 PCE = @ Equation 1.1
5
E, ’ Pmax = (VX Dmax Equation 1.2
'P:“ 5
) -
.g_’ PCE = Voc X Jsc X FF Equation 1.3
T Pin
=
3 Vx])
™ FF = — /max Equation 1.4
Voc XJsc
2 N ! T T T T
0.5 0.0 0.5 1.0 15

Voltage (V)
Figure 1.9. Representation of a hypothetical J-V curve, under illumination, and the most used
equations for photovoltaic metrics.
Upon analysis of several reports, Sharber and co-workers established equation 1.5
relating the two parameters.> However, the real Voc can also be affected by the morphology

of the active layer and by the electrochemical potential (work function) of the electrodes.>> 7

1
Voc = S (|EHOMOd0n0r| - |ELumo?aceptor|) - 0.3 Equation 1.5
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Jsc is the current density passing through devices under short-circuit conditions when
no external voltage is applied. This parameter is dependent on the number of absorbed
photons (which is itself dependent on the absorption spectrum of the active layer and its
thickness), the morphology and the loss mechanisms that reduce charge collection. The
morphology of the active layer has a big impact on the generation and collection of the
photogenerated charges. It is possible to enhance Jsc upon the increase of the layer thickness,
albeit a thicker layer raises the probability of charge recombination, in view of the low charge
mobility in organic materials. Therefore, it is important to achieve a compromise between
all of the factors that affect the active layer morphology.

Fill factor (FF) is defined as the ratio of the maximum power from the solar cell to
the product of Voc and Jsc (Equation 1.4). FF depends on a complex combination of various
parameters, such as exciton formation, diffusion, dissociation, charge carriers transport and
collection.3* The shape of the J-V curve shows how hardly or easily the free photogenerated
charges can be collected, and an ideal J-V curve is a rectangle, which indicates an FF of
100 %.%8 This parameter is also dependent on the electrical resistance (Rs and Rsh) of the
film.34

The series resistance (Rs) arises from the intrinsic resistance morphology and
thickness of the semiconductor layer and it negatively influences the FF, thereby should be
minimised.

The shunt resistance (Rsh) is correlated with the charge recombination and the leaks,
that are closely related to the amount and character of the impurities and defects within the
active layer.>® 0 High Rsh is representative of lower shunt current and thereby represents
low cell leakages. This parameter is directly associated with recombination in the interface
of the electrodes. The Rsh and Rs values can be extracted from the J-V curve, particularly
the Rsh is extracted from the slope at VV = 0 and the Rs from the slope at J = 0.

External quantum efficiency (EQE) is another important parameter in OPV
characterisation. EQE is the ratio of photogenerated electrons or holes collected at the
electrodes, to the number of incident photons at a certain wavelength. Equation 1.6 shows a
way to calculate EQE, where I(L) represents the current generated by the cell at wavelength

), and Pin is the incoming power at wavelength A.%

1240.1(0)

= Equation 1.6
A(nm).Pin(})
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As EQE is calculated for every wavelength, the result is a spectral distribution of the

percentage of photogenerated charges per incident photon at each wavelength.

1.1.5. Polymers vs small molecules in bulk heterojunction organic photovoltaic cells

Organic semiconductors can either be polymers or “small molecules”. In recent
times, many new polymers and small molecule-based materials have been designed and
developed for organic solar cells. Initially, polymer-based OPVs showed better performance,

but small molecules-based OPVs are catching up (Figure 1.10).

16
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Figure 1.10. Best PCEs of polymer and small molecules-based OPVs since 2006.62-65
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Polymers have been leading the OPV’s research mostly because of their low band
gap and solution processability. However, recent progress has shown that small molecules
can rival with polymers in OPV applications.®*

The main advantages of the small molecules over the polymers are:

e Well-defined chemical structure that eliminates the problems of structural
variability of polymers;

e Simple purification processes;

¢ Relationships between chemical structure, electronic properties, and performance
are more straightforward;

e Higher molecular extinction coefficients that allow thinner active layers, thus
minimising problems associated with charge transport and recombination;

Different approaches have been used to gain better control over the morphology of
the blends and improve their photovoltaic characteristics. Nevertheless, the discussion
between the pros and cons of polymers versus small molecules and which could show better

efficiencies and lifetimes is still under debate.
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1.2. Boron dipyrromethene (BODIPY): a versatile photoactive dye

Pyrrole is an electron-rich, five-membered, nitrogen-containing aromatic compound
that was identified by Runge in 1834 from coal tar and whose structure was correctly
formulated by Baeyer in 1870.5" %8 From the synthetic point of view, the feature that justifies
pyrroles receiving such high attention stems from the fact they represent readily accessible
and highly flexible building blocks for the construction of a variety of more complex
compounds, such as polymers or macrocycles.

Among all pyrrolic structures, dipyrromethenes and tetrapyrrolic compounds are the
most notorious. The dipyrromethene is a compound based on two pyrrole units bridged by a
methine and is generally obtained from the oxidation of dipyrromethane. Despite the regular
application of dipyrromethenes and dipyrromehanes as building blocks of tetrapyrrolic units,
their research has been increasing since the discovery of the 4,4-difluoro-4-bora-3a,4a-diaza-

s-indacene (commonly known as BODIPY).

1.2.1. Background, structure and synthetic routes

BODIPY is a boron dipyrromethene complex (Figure 1.11), first presented in 1968
by Treibs and Kreuzer.®® The research on BODIPY derivatives was strongly developed in
the 1990s when Boyer and co-workers realised that BODIPY dyes could be used as
fluorescent probes.”® ™ Since then, the research of BODIPY dyes has been consolidating

mostly due to their particular photophysical properties.

(A) (B) 8
1 7 \©
@N J <\ ® 2 6
—=N_© N N O N N N =
\B/ \B/ \B/
P’ \F P’ \F 3 F/4\F Sa

Figure 1.11. (A) Two equivalent resonance structures (generally BODIPY dyes are represented as
an uncharged structure); (B) BODIPY structure with the IJUPAC numbering system (1 to 8) and
alternative nomenclature (o, £ and meso).

The BODIPY structure consists of two pyrrole units bridged by a methine, with
coordination to a boron-difluoride centre. This family of compounds follows the numbering
rule in an analogy to the tricyclic s-indacene, but can also have the nomenclature used for
porphyrins.”® Thus, the 8-methine bridge could also be designated as meso-position, the

1,2,6,7-positions as p-pyrrolic positions and the 3,5-positions as a-pyrrolic positions.
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Several approaches have been reported for the synthesis of BODIPY molecules, and

the two most common routes are described in Scheme 1.1.

Pathway A
o 0 I I
o] a &
N ' i
7\ P G i WR L SR m
H NH =N  HN_ Y/ N\/B\/N
FF
Pathway B R R R
o
Z/ 5 + )LR o \ N - DDQ 72 i = BF,.OEt, /A //
N H NH  HN_ =N HN 4/ base =N g-N
H

/\
F F
Scheme 1.1. The most used BODIPY’s synthetic pathways.

Pathway A involves the condensation of pyrrole with an acylium equivalent (acid
chloride,”® " anhydride™). It is not necessary to isolate the acylpyrrole intermediate because
it reacts with the pyrrole under acidic conditions to form the dipyrromethene and then it is
complexed with boron trifluoride to afford the symmetric or asymmetric BODIPY. The
direct production of dipyrromethene is a great advantage of this pathway since it avoids the
oxidation step.

Aromatic aldehydes can be used instead of acyl chlorides when an aromatic group is
intended to be at meso-position (pathway B). This pathway involves the formation of a
dipyrromethane intermediate through condensation of pyrrole with the aromatic aldehyde in
the presence of an acid catalyst.”®"® The dipyrromethane intermediate is later oxidised to the
corresponding dipyrromethene, followed by complexation with borontrifluoride in the
presence of a base. Although this synthetic strategy involves more steps, it is the most
commonly used.

Complementary synthetic procedures have been reported, such as the use of
orthoesters as the electrophilic element of the condensation reaction,” or the synthesis of
asymmetrical BODIPY structures, from the acid-catalysed condensation of a carbonyl-
containing pyrrole and a different a-free pyrrole in a very similar way to that of acid chloride

condensation.8%- 8

1.2.2. Functionalization of the BODIPY core

One of the most attractive motivation to work with BODIPYs is their wide scope for

functionalization. The extensive number of possible functionalization methods allows a
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perfect fit between the structures and the desired characteristics. There are two ways to
obtain substituted BODIPY derivatives: pre-functionalization or post-functionalization
(Scheme 1.2).

Pre-Functionalization Post-Functionalization

-

R4

« i 7 Y T <« (/ \5
=N B N / N
/\

H

BOC

Scheme 1.2. Example of a BODIPY’s synthesis via pre-functionalization or post-functionalization
pathways. Conditions: i) R2-B(OH)2, Na,COs, cat, Pd(PPhs)s, 80°C; ii) R;-CHO, DDQ, BF;.0Et;,
rt;”® iii) R.-N2BF4, ferrocene, acetone, room temperature.

Pre-functionalization is based on a suitable functionalization of the pyrroles, which
are used as precursors of the desired BODIPY. On the other hand, the post-functionalization
is the method used when the desired BODIPY is obtained after the final boron complexation

and can result from a large variety of synthetic procedures (Figure 1.12).

SNAr, Pd-catalyzed cross-coupling

SnAr, Pd-catalyzed cross-coupling

v
y
J YV
------- SgAr, Pd-catalyzed
_—N ~ /N cross-coupling, C-H activation
B N~
F/ ‘\F "*~._  SNAr, Pd-catalyzed cross-coupling

' " Knoevenagel condensation, direct hydrogen
: substitution, C-H activation, radical arylation

Sy with oxygen and carbon nucleophiles

Figure 1.12. Overview of the different BODIPY post-functionalization methods at their preferential
site(s) of reaction; adapted from Dehaen et al.®

The pre- and post-functionalization of the BODIPY core are rather complementary
approaches. However, post-functionalization allows the introduction of a larger number of
functional groups and the preparation of sophisticated compounds with diversified molecular

structures.
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1.2.2.1. Functionalization at the meso-position

Generally, the meso-substituted group is defined via pre-functionalization of the
aldehyde, acyl chloride or dipyrryl intermediate. The diversity of aromatic aldehydes and
acyl chlorides allows the synthesis of a large variety of BODIPY molecules, but subsequent
derivatization of the substituted groups can introduce different characteristics to the
BODIPY. The substituted groups at the meso-position can introduce several new
characteristics such as metal ions detecting properties (1 and 2),2>%7 water-solubility (3),%
8 and selective redox or emission features (4, 5).90-%

The direct introduction of halogen atoms at the meso-position is a functionalization
that can lead to interesting structures through nucleophilic aromatic substitution (6) or

transition-metal-catalysed reactions.®*

)

ol o

/ OJ ° Om
¢ S

Figure 1.13. Chemical structures of various meso-substituted BODIPY derivatives from literature:
1%,2,573,894,%05% 6.9

The halogens at the meso-position have a negligible effect on the absorption and
emission maxima wavelength. However, their derivatives (e.g. 6) present shifted absorption
and emission spectra and larger Stokes shifts with respect to the meso-free BODIPY
analogous.®* Meso-halogenated BODIPY's can be prepared from dipyrrylketones, previously
synthesised from dipyrrylthiones (obtained from the condensation of pyrroles with

thiophosgene).%
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1.2.2.2. Functionalization at the 1,3,5,7-positions

The halogenation of the 3,5-positions makes the BODIPY even more versatile
towards post-functionalization (Scheme 1.3). Halogen atoms occupying those positions
allow electron-deficient BODIPYs to undergo nucleophilic substitution with amines,

alkoxides, phenoxides, thiolates, or enolates, (Figure 1.14 (7, 8, 9)).84 %. %7

— ; s i
\_NH HN_// — 2 3 N\ _NH N/ — = N=Ng N J —0 =N_g-N /
7\
ci cl ¢ FF  Nu

7\
F F Cl Nu

Scheme 1.3. 1) NCS/THF, —78°C, 2 h. ii) DDQ room temperature, 1h; toluene, EtsN/BF3-OEt,, 70°C,
2.5 h; iii) Nucleophile Nu-, CHsCN, reflux; adapted from Dehaen et al .#

Furthermore, BODIPY dyes with halogen atoms are useful compounds to synthesise
new carbon-substituted BODIPY molecules through palladium-catalysed C—C coupling
reactions (Figure 1.14 (10 and 11)).7" %8101

Figure 1.14. Chemical structures of various BODIPY's from post-functionalizations at 1, 3, 5 and 7-
position: 7,% 8,% 9 % 10,100 11,101 12,77 13,102 14,103

BODIPY dyes having methyl groups at the 1, 3, 5 and 7-position can be subjected to
chemical modifications on the methyl carbon atoms in order to extend the degree of =n-
electron conjugation and to induce a pronounced bathochromic shift on the absorption and
emission spectral maxima. The methyl groups at a-position (3,5-positions) can be easily
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deprotonated, and the resultant intermediate may react with an electron-rich aromatic
aldehyde, originating styryl groups, and consequently extending the n-electron conjugation
(12).77-104-106 The addition of halogen atoms at 2,6-positions increase even more the acidity
of the hydrogens from those methyl groups and allow the introduction of vinyl groups in the
1,7-positions as well (13).7"1%2 Additionally, the intermediate carbenium ion can be oxidised
in situ, leading to the corresponding 3-formyl derivative (14).107 108

1.2.2.3. Functionalization at the 2,6-positions

The 2,6-positions are the most nucleophilic positions of the BODIPY core.”’
Consequently, electrophilic substitution reactions such as halogenation,%®-*1! pitration, 2 113
sulfonation,*4115 and formilation'® 17 have been extensively studied and can cause a
bathochromic shift in the absorption, fluorescence quenching and intersystem crossing to the
triplet state.'18

The halogenation of these position creates opportunities for several modifications
through palladium-catalysed coupling reactions, including Suzuki,''® 20 Stille,% 121
Sonagashira,?® 122 and direct C-H arylation,? that allow the direct introduction of ethyne,
ethene, or aryl groups into BODIPY core. Scheme 1.4 presents three different ways to
synthesise the BODIPY 15, starting from the same BODIPY precursor.

/N

s S S JUUN O
Br@)ﬁ?m s AW A B
/N\B/N / S /N\ /N / S

PN X=B(OH), (Suzuki coupling reaction)
F F X=BSn(CH;); (Stille reaction) F F

X= H (Direct arylation)
Scheme 1.4. Synthesis of a BODIPY by cross-coupling reaction (Suzuki and Stille) or by direct C-
H arylation; adapted from Yu et al.'?®

The palladium-catalysed coupling reaction, Stille (using an organostannanes species)
or Suzuki (using an organoboron species) are the most used reaction to link an aryl group to
BODIPY backbone. However, the palladium-catalysed direct C—H arylation is more
efficient than traditional synthesis.!??
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1.2.2.4. Functionalization at the boron atom

Boron functionalization is a convenient methodology for the introduction of
additional groups into BODIPY compounds. As shown in Scheme 1.5, the functionalization
at this position requires strong nucleophiles, such as Grignard reagents, organolithiums and
alkoxides, or can be accomplished in the presence of a Lewis acid (AlCls, GaClz or SnCly)

and milder nucleophiles.124128

Scheme 1.5. Different pathways of BODIPY modification at the boron centre.

The change of fluorine atoms by ethynyl, carbon, aryloxides or alkoxides derivatives
offers the opportunity to synthesize several new fluorophores. Likewise, the meso-
substituent groups, the attachment with aryloxides or alkoxides could not affect the intrinsic
photophysical properties but can lead an increased stability, solubility either in water or in

organic solvents and to the insertion of new functionalized groups.?®

1.2.3. General properties of BODIPYs

BODIPYs are generally characterized by their high molar extinction coefficients
(frequently above 50000 M*.cm™), high fluorescence quantum yield, low inter-system
crossing to triplet excited state and a long excited state lifetime. They are stable under
physiological conditions, display low toxicity, have high photo and thermal stability and are
chemically robust. They are also soluble in most organic solvents and are typically not

sensitive to the solvent polarity.
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The ability to design and prepare molecules with very distinctive structures is one of
the most important features of BODIPY compounds since it is possible to modulate or
improve their characteristics based on the final application. As an example, the introduction
of alkyl groups has only a minor effect on the absorption and emission features, as can be
seen in Figure (1.15 (16, 17, 18)), but decreases the BODIPY aggregate formation.

However, the fluorescence of the meso-phenyl compound 19 (Figure 1.15) is
appreciably lower than the substituted analogues 20 and 21. Such differences are attributed
to the effect of the alkyl substituents at 1,7-position, that sterically avoid free rotation of the
phenyl group which reduces the loss of energy from the excited states via non-radiative

molecular relaxation processes.

7 Y Y 72 i
/
=N.g-N =N.g-NZ
7\ 7\
F F F F
16 18
Amax(abs) = 499 nm (EtOH) Amax(@bs) = 505 nm (MeOH) Amax(@bs) = 507 nm (EtOH)
Aem(abs) = 535 nm (EtOH) Aem(abs) = 516 nm (MeOH) Aem(abs) = 520 nm (EtOH)
¢¢ = 0.93 (EtOH) ¢¢ = 0.80 (MeOH) ¢¢ = 0.81 (EtOH)
72ncdd =
/
= N - Bf N
A
F F
19 20
Amax(@bs) =501 nm (MeOH) Amax(@bs) = 498 nm (EtOH) Amax(@bs) = 524 nm (CHCl3)
Xem(abs) = 517 nm (MeOH) Aem(@bs) = 508 nm (EtOH) Ahem(@bs) = 537 nm (CHClj)
¢ = 0.06 (MeOH) o = 0.65 (EtOH) ¢ = 0.78 (CHCI3)

Amax(@bs) = 628 nm (CH;CN) Amax(@bs) = 620 nm (CH3CN)
Aem(abs) = 642 nm (CH3CN) hem(abs) =636 nm (CH3CN)
¢r = 0.84 (CH;CN) ¢¢ = 0.0004 (CH3CN)

Amax(@bs) = 634 nm (CH3;CN+H")
Aem(@bs) = 652 nm (CH;CN+H*)
¢ = 0.75 (CH3CN+H*)
Figure 1.15. Influence of the BODIPY’s core substitution on the spectroscopic properties, adapted
from Burgess et al.”™
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By post-functionalization we can turn the BODIPY lipophilic by adding sulfonate
groups,''* raise the inter-system crossing via heavy atom effect or red-shift the absorbance
and emission by attaching the secondary unit to enhance the m-electron delocalisation (22
and 23). The pH of the medium can also have a great impact on the photophysical properties
(specially on fluorescence) if some specific substituted groups (like the
dimethylaminophenyl substituted group on 23) are attached to the BODIPY.

1.2.4. Applications of BODIPY dyes

BODIPY dyes have been gaining more attention over the past 20 years, and they have
been seen as molecules of interest in many research areas. In recent years, the number of
published articles on BODIPY molecules has been increasing rapidly (Figure 1.16).
According to the Web of Science Citation, 5957 articles were published on the topic
“BODIPY” till the end of 2018.
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Figure 1.16. Number of publications found on the Web of Science on the topics “BODIPY” or
“boron dipyrromethene”.

Currently, there is a library with a few commercially available BODIPY dyes on
ThermoFisherScientific® and Merck® websites, and most of them are described as a
fluorescent label that can be bounded to proteins, peptides, oligonucleotides, lipids or
polystyrene microspheres.t2%: 130

Since the first reports, BODIPY's have been studied in a wide variety of applications,
such as fluorescent probes,*313* pH probes, 1% jon/molecule chelators, %14
photodynamic therapy drugs,'*>** OLED active compounds,**® energy transfer materials,*?
near-infrared emitters'#® 47 and active compounds for photovoltaic applications (Scheme
1.16). 148
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Scheme 1.16. Applications of BODIPY frameworks.12%-147

As a direct consequence of their excellent physical, chemical and biological
properties, BODIPYs are among the most promising candidates for the next generation of in
vivo fluorescent labels to target biological molecules such as amino acids, nucleotides, lipids
and proteins.*?°134 Recently, the study of near-infrared (NIR) emitters has been developed
due to their valuable ability for monitoring biological processes in living cells as a result of
deep tissue penetration capability of the NIR signal and the effective elimination of tissue
autofluorescence interference,142 146147

Several reports have been showing the high potential of BODIPY derivatives on the
detection of metal cations such as Ni%*, K*, Zn?*, Hg?* and Cu?*8% 135 13%-141 The work
published by Wu and co-workers demonstrates that with the binding of Hg?* the absorption
band of the BODIPY chelator is blue-shifted by 29 nm due to the inhibition of the
intramolecular charge transfer from the nitrogen to the BODIPY, resulting in a colour change
from blue to purple and in a significant fluorescence enhancement.®

Moreover, the halogenated BODIPYs can be used to generate singlet oxygen (10y).
The appropriate placing of halogens on the BODIPY core promotes spin-orbit coupling,
hence intersystem crossing rate, but not energy loss from excited states.**® Consequently, the
studies concerning the use of BODIPYSs in photodynamic therapy (PDT) are becoming more

consistent,142- 144

1.2.5. BODIPY molecules as photoactive compounds in photovoltaic cells

The research efforts on the application of BODIPY dyes in the photovoltaic area,

both in dye-sensitized solar cells (DSSCs) and organic solar cells, have seen continuous
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growth in the last decades. Such interest is due to their versatile structures and high
absorption coefficients in the visible and NIR region. A BODIPY molecules was first used
as a photosensitizer in DSSCs by Fukuzumi and co-workers in 2005, with such devices
showing power conversion efficiency (PCE) values of 0.16 %.° Since then, the efficiencies
of BODIPY-based DSSCs have evolved, and now the top PCE result is 6.05 %, reported by
Kaneko and co-workers in 2014, which is considered a good efficiency result when
compared to all the literature of DSSCs-based solar cells.

The research of BODIPY-based OPVs started in 2009, but as Figure 1.17 presents
they have still not been studied with consistency, which contrasts with the other pyrrolic
compounds. Although research on these compounds has increased over the last decade, it is
still irregular and low. Among the 58 articles found that correlate OPVs with BODIPYS, less
than a half shows a real photovoltaic application of BODIPY molecules as electron-donor
or electron-acceptor materials. BODIPYs have been showing their versatility as small
molecules or incorporated in polymers, and they are usually mixed with the fullerenes

derivatives (PCs1BM or PC7:BM), where they act as excited state electron-donors.

14

12 4

Published articles

Figure 1.17. Results of the search of published articles in Web of Science using the keywords
“BODIPY” or “boron dipyrromethene” with “OPV” or “organic photovoltaic cells.”

The first report on BODIPY -based OPVs was published in 2009 by Roncali and co-
workers.*>? They described the synthesis of BODIPYs having one or two styryl groups at
the a-position (Figure 1.18, (24)), with polyethylene groups to prevent aggregation in
solution, and got efficiencies of 1.17 % and 1.34 %, respectively. A few months later, the
authors combined both BODIPYs in a ternary blend (with PCs1BM) and improved the PCE
to 1.70 %,2 since complementary absorptions of the BODIPY dyes increased the EQE, the
Jsc and the Voc. In 2010, the same group synthesised a similar structure replacing the iodide
for a bithiophene group (Figure 1.18 (25)) and obtained OPVs with a PCE of 2.17 %.%* In
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the following year, the Ziessel’s group published a very similar BODIPY using the
bithiophene groups attached at 3,5-positions (Figure 1.18 (26)), and its efficiency presented

156 with a

a large improvement (PCE of 4.70 %).2 In the same year Lin and co-workers,
series of four BODIPY dyes (Figure 1.18 (27-30)), reached efficiencies between 1.51 % and

3.22 %.

PCE=1.34 %
(2009)

PCE=4.70 %
(2012)

25

PCE=2.17 %
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(2012) (2012)

@ ) FF
CeHiz
29
PCE=1.85 % PCE=2.56 %
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Figure 1.18. The best performing BODIPY small molecules used, as electron-donor species, in BHJ-
OPVs between 2009 and 2012,1°3-1%6

In 2014, Akkaya and co-workers developed a BODIPY with a diphenylamino moiety
linked through a styryl unit at meso-position (Figure 1.19 (31)), which allowed panchromatic
sensitization by including near-IR absorption. Despite the desirable absorption features, the
OPVs based on this dye obtained a maximum PCE of 1.50 %.%°7 In the same year, Thompson
and co-workers'®® used a lamellar architecture to obtain a power conversion efficiency up to
4.5 % with a short-circuit current (Jsc) of 8.7 mA/cm? and an open-circuit voltage (Voc) of
0.8V. Each material was deposited separately during the fabrication of the devices, but
spontaneous mixing of the acceptor fullerene Ceo and the BODIPY donor was inevitable.

The first BODIPY dimer used in an OPV (Figure 1.19 (32)) was also reported in
2014 by Yao and co-workers, with a PCE of 3.13 %.1% Its extended conjugation and flexible
structure promote good molecular packing, allowing for a very ordered arrangement once

mixed with the fullerene acceptor. In 2015 the same group used the diketopyrrolopyrrole as
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linkage moiety for the BODIPY dimer (Figure 1.19 (33)) which led to an increase of 70 %
in photocurrent and a PCE of 3.6 %.16°

PCE=3.13 %
(2014) s SeHra

CeHiz S

PCE=1.50 %
(2014) CeHi” S 33
PCE=3.60 %
(2015)

Figure 1.19. BODIPY structures reported by Akkaya and co-workers,'*” and the dimer structures
proposed by Yao and co-workers, %8 159

In 2015, the mark of 5 % was reached by Sharma and co-workers, with a meso-
ethynyl BODIPYs substituted with carbazole units (Figure 1.20 (34 and 35)).}%! The
molecular absorption profile led to high Jsc and due to their relatively low HOMO level
impressive Voc values (around 1 volt) were obtained. Thermal annealing and solvent
annealing had a positive impact on the photovoltaic response, improving the morphology of

the blends and promoting efficient charge separation and migration.

PCE=5.05 % PCE= 4.80 %
(2015) (2015)

Figure 1.20. Meso-ethenylcarbazole BODIPY tested by Sharma and co-workers. %

Since 2016, the research group of Zhao has been making an appreciable effort on
BODIPY-based OPVs development, by using several series of novel 2,6-disubstituted
BODIPY dyes.’6216* The first series of BODIPY molecules, published by this group,
achieved a maximum PCE of 2.15 % (Figure 1.21 (36)).1%2 Then, they achieved a maximum
PCE of 4.61 % with a series of B-alkynylated BODIPYs (Figure 1.21 (37 and 38)).1%3 In
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2018, the same authors went a step further reaching a 5.61 % PCE with a p-alkynylated
BODIPY with two benzodithiophene donor moieties (Figure 1.21 (39)).1%4

OCgHq7

36 37
PCE=2.15 % PCE=4.61 %
(2016) (2017)

PCE=3.30 % PCE=5.61 %
(2017) (2018)

Figure 1.21. BODIPY with the best PCE values from three reports from Zhao and co-workers, 62164

The year of 2017 brought two impressive works on BODIPY-based BHJ-OPV. Bulut
and co-workers achieved 5.8 % of efficiency using the Ziessel’s BODIPY scaffold with
triazatruxene moieties at the 2,6-positions (Figure 1.22 (40)),*%® and Singh and co-workers
established an impressive mark of 7.20 % with a new BODIPY compound with
dithiafulvalene “wings” (Figure 1.22 (41)).1%® The BODIPY core acted as an electron
acceptor moiety and the dithiafulvalene groups as electron-donating due to its electron-rich
character and appropriate redox characteristics.'®® The molecule showed a broad absorption
profile covering a wide range of the solar spectrum from 350 to 780 nm and extending up to
NIR region. In addition to this highest efficiency (reported so far for BODIPY small
molecules), this system exhibited a remarkable value of about 88.1 % of external quantum

efficiency at the most favourable wavelength.

PCE=5.8 % PCE=7.2 %
(2017) (2017)
Figure 1.22. BODIPY small molecules reported by Bulut and co-workers!® (40) and Singh and co-

workers (41).168
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In 2018, Tian-yi Li, Zaifei Ma and associates explored a new profile of BODIPY
dyes.'®” Instead of using the generic meso-aryl-substituted, they attached perfluorinated
methyl, ethyl and n-propyl groups at the meso-carbon in furan-fused BODIPY's (Figure 1.23
(42-44)). These BODIPY derivatives have a very planar structure and intense absorption in
the NIR region (peak maximum at around 800 nm) with high molar extinction coefficients.
The three compounds were used in OPV, by vacuum-deposition, showing PCE over 6.0 %

with EQE reaching a maximum of 70 % at 790 nm.

PCE= 6.4 %
(2018)

PCE=6.1 %

PCE=6.0 % (2018)

(2018)

Figure 1.23. Furan-fused BODIPYs applied in OPVs by Tian-yi Li, Zaifei Ma and co-workers.2¢

OPVs based on polymers with BODIPY moieties remain rare. In 2009, Dunuru and
co-workers, prepared two NIR-emissive polymeric BODIPY dyes, by palladium-catalysed
Sonogashira polymerisation of 2,6-diiodo-functionalized BODIPY monomers with 2,6-
diethynyl-functionalized BODIPY monomers.1® One year later, the authors applied the two
polymers in OPVs blended with PCs1BM.1®° The systems achieved PCEs of 1.3 % and 2.0 %,
with a cell architecture of ITO/PEDOT:PSS/polymer:PCs1BM/AI. Despite the low
efficiencies, which were justified based on the poor hole transport properties of the materials,
this study was very encouraging at that time since their performance was among the highest
for BODIPY systems.

In 2015, Chochos and co-workers reported on a polymer with meso-thiophene-
BODIPY and bis(thiophen-2-yl)ethene units.!’® When tested as a donor material in a BHJ
blend with PC7:BM, it led to OPVs with a very high FF (56%) but with PCE around 1%,
which were justified with the ultra-low band gap (1.15 eV).

Since then, other BODIPY-based polymers were applied in OPVs exhibiting low
performances,'’*1"3 but in 2018 Sharma and co-workers reported two notable works with
improved photovoltaic performances.!’ 7 In the first, a polymer based on BODIPY dyes
and thiophene units bridged by ethynyl linkers and enriched with some porphyrins units, via

random formation of styryl arms on the BODIPY core (Figure 1.24 (45)), was blended with
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PC71BM, leading to OPVs with 8.79 % of PCE.}"* The authors demonstrated that the
enrichment of porphyrins units does bring advantages by comparing the photovoltaic
characteristics of the polymer with and without porphyrins units. The zinc (II) porphyrin
units improved the light harvesting ability of the blend and increased the Jsc without
affecting the Voc. The styryl functionalization was advantageous to extend the charge-
separated state.

In that same year, the same research group went further, by presenting a system with
a donor BODIPY-based polymer (Figure 1.24 (46)) reaching a PCE of 9.29 %. The structure
of the polymer is very similar to (Figure 1.24 (45)) except for the porphyrin moiety), but
instead of using the PC71:BM or other typical fullerene derivative acceptor species, the
authors employed a low band gap non-fullerene acceptor compound, consisting of carbazole

and diketopyrrolopyrrole units linked with a tetracyanobutadiene acceptor n-linker.}”

46

PCE=8.79 % PCE=9.29 %
(2018) (2018)

Figure 1.24. BODIPY based-polymers reported by Sharma and co-workers.174 175

The authors related the outstanding PCE result with the tailoring of the BODIPY
polymer where the ethynyl bridges can facilitate the intra and intermolecular interactions
and the mobility of the charges, but also with the quite lower energy loss that this non-

fullerene blend showed as compared to a blend with PC71BM.1"

1.3. Thesis objectives and outline

Despite the growing interest that BODIPY derivatives have been receiving, when
this PhD work began only a few articles had been published relating the use of BODIPY
molecules (as small molecule, polymer or in a multichromophoric model) in OPVs, and the
biggest PCE value was 5.05 % (Figure 1.25). Since then, big steps were taken concerning

the photovoltaic performance, but the research effort is still low.
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Figure 1.25. Best PCE values from all published BODIPY small molecules (49 different structures)
tested as electron-donor species in OPVs. The data refers to BODIPY-based OPV that can have
different active layer’s architecture or distinct procedures (e.g. diverse electron-acceptor species,
temperatures or additives). The results reported in this thesis are not represented in this chart.

Generally, the BODIPY small molecules applied in OPVs, are obtained through
intricate reactions with several reaction steps, laborious purification processes and little
yields. In view of this assessment, we conclude that the BODIPY molecules should be
obtained from fast, easy and productive synthesis reactions, to preserve the economic and
ecological perspective of organic solar cells. The novelty of the BODIPY structures, the
understanding of their main characteristics and a thorough photovoltaic study were the main
goals of this thesis, aiming to obtain new and important structure-activity correlations in
order to support and contribute to the development of OPVs.

Hence, the second chapter of this PhD thesis reports a series of BODIPY dyes, which
are the basis of the entire work. New features about the synthesis and characterisation are
reported, and BODIPY's without pre- or post-functionalization were, for the first time, tested
in OPVs.

The third and fourth chapters report the enhancement of n-electron delocalisation,
resulting from the linkage of some donor moieties into the BODIPY core, by the
Knoevenagel reaction. The two series of BODIPY dyes present some new structures that
were fully characterised. This functionalization changes the main properties of BODIPY

dyes, giving a significant boost in the photovoltaic performance.
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The fifth chapter focuses on a new series of BODIPY functionalization at the boron
atom and how the different ligands can change the chemical properties and photovoltaic
response.

The sixth chapter follows the idea of using multichromophores in OPVs. This section
explored the conjugation of BODIPY with porphyrin. Thus, we presented a non-explored
synthetic path, three new structures and their OPV result tests, as donor species in a bulk
active layer (blended with PC7:BM).

This thesis describes the synthesis of more than thirty BODIPY derivatives. All are
fully characterised and the assessment of their potential as electron-donor (or electron-
acceptor) species was made. The majority of BODIPY derivatives were tested in OPVs with

a considerable variance of efficiencies, having some of them very appreciable results.
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In general, the BODIPY molecules applied in OPVs are functionalized at a- or /-
positions, and the most used methods to prepare such derivatives are either the Sonogashira
reaction or the Suzuki coupling.’* These reactions involve several synthetic steps that
increase the cost of the final product. On the other hand, “simple” BODIPY dyes (BODIPY
without any pre- or post-functionalization) were never reported as electron-donors, and their
photovoltaic performances have not been described yet. In this scope, we prepared a series
of BODIPYs based on the condensation reaction between a-free pyrrole and aryl aldehydes
in the presence of a catalytic amount of acid. All the final products were fully characterised
and tested as electron-donor materials in OPVs, and the performance results can be used as
a standard for more complex BODIPY structures.

2.1. Synthesis of meso-aryl BODIPY molecules

BODIPY molecules can be prepared by different methods, such as acid-catalysed
condensation of pyrroles with acid chlorides, condensation of pyrroles with anhydrides or
reaction between pyrrole-2-carbaldehyde and an unsubstituted pyrrole. However, the most
used method to attach an aryl substitute group at meso-position is the conventional three-
step method, that uses an acid catalysed condensation of aromatic aldehydes and pyrroles,
followed by the DDQ oxidation step and finished by the complexation with borontrifluoride

in the presence of a base (Scheme 2.1).%®

/‘H* H (H r R R @
di B e N S 8
/U\ — >\ RT NgeH —— JL“NH OH ————» \ Qon —H2»\ H N
H R H + NH o NH
/ / = N\J Dii B? O]Ftlzthyl amine m
N\B/ HN /A — NH )L‘NH

Scheme 2.1. General mechanism of the BODIPY synthesis.

The first step for BODIPY ’s synthesis is the condensation of one unit of the aldehyde
with two units of pyrrole, catalysed by an acid. This reaction is quite similar to the reaction
typically used for other pyrrolic compounds such as porphyrins, but in BODIPY’s case, the

ratio of aldehyde to pyrrole is one to two.
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The second step is the oxidation of the dipyrromethane to dipyrromethene, which
takes place with the presence of a strong oxidising agent, such as 2,3-dichloro-5,6-dicyano
quinone (DDQ).

The third step is the complexation of the dipyrromethene with BF3 in a two-step
progression that starts with donor-acceptor interactions between the electrons lone pair of
the pyrrolenine nitrogen atom with the vacant orbital of the boron atom of BFs. This stage
converts the planar geometry of BF3z molecule into a tetrahedral geometry. Then occurs a
hydrogen bond contact between the hydrogen atom of the NH group of the dipyrrin and the
adjacent fluorine atom from the BFs molecule and finally the elimination of HF to complete
the BODIPY core formation.’

2.1.1. Synthesis and structural characterisation of the first series of BODIPY molecules
(1S-BDP)

The first series of BODIPY molecules (1S-BDP) was planned to create a fully
substituted BODIPY molecules series, due to their general good stability and ease of
purification. The use of the pyrrole with alkyl groups at « and £ positions decrease the side
reactions occurrence and reduce the propensity of the final BODIPY dyes to aggregate. As
shown in Table 2.1, the first series of BODIPY dyes includes five different meso-aryl
BODIPY dyes (53-57) and one meso-free BODIPY (58). BODIPYs with electron-
withdrawing groups (carboxylic acid group, fluorine atoms, nitro group) at the para-position
of benzaldehyde were obtained in higher yields, which indicates that withdrawing groups
may enhance the activity of the aldehyde.

A considerable amount of the meso-unsubstituted BODIPY (58) was obtained along
with meso-aryl BODIPY molecules. This contamination is particularly clear in the synthesis
of 53 and 57, and it could have a direct influence on the lower yields of these compounds
due to the competition of pyrrole unit’s consumption. The appearance of BODIPY 58 will
be enlightened further, and its unintended preparation and isolation allow us to compare its
main properties and the photovoltaic performance with those of the several meso-substituted

molecules.
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Table 2.1. General procedure for the preparation of the first BODIPY series (53-58): i)CH.Cl, TFA;

i))DDQ; iii)diisopropylethylamine, BF3.O(C;Hs). and corresponding synthetic yields.

N

NH + Aldehyde
47 48-52

i); ii); iii)

Yield Yield of 58
Aldehyde BODIPY (%) (%)
@ 18 5
48 o
COOH
30 2
49 So
25 3
30 4
13 6
520

BODIPY molecules 53-58 are very soluble in organic solvents like dichloromethane,

chloroform, dimethylformamide, toluene, tetrahydrofuran, but their solubility in alcohols

(ethanol or methanol) is rather weak and none is soluble in water. With the exception of
BODIPY with nitrophenyl group (56), the solutions of the BODIPY dyes present high
fluorescence under UV light (Figure 2.1).

Figure 2.1. Chloroform solution of 1S-BDP (53-58) under daylight (left) and under UV light (365
nm, right) irradiance.
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All compounds were characterised by NMR and HRMS (details in Chapter 8), and
the purity of the compounds was assessed by high-performance liquid chromatography
(HPLC) coupled with a diode-array detector and a tandem mass spectrometer detector.

The HPLC analyses were performed on a C18 reversed phase column with an
isocratic mobile phase consisting of acetonitrile and water (8:2 v/v) at a flow rate of
0.8 ml/min. As shown in Figure 2.2, every HPLC chromatogram revealed only one peak,
which confirms the excellent separation of 58 from the other BODIPY dyes and the high
purity level of the samples. Due to the non-polar stationary phase (RP C18 column), the most
hydrophilic compound shows the lowest retention time, thereby the peak of BODIPY 54
showed up at the lowest retention time, while BODIPY 57, due to the higher hydrophobicity

of anthracene moiety, presents the highest retention time.

(7.7min)

(1.3min)

(6.2min) .

(5.3min)

(11.5min)

See

7 =

(4.6min)

T T
0.0 2.0 4.0 6.0 8.0 10.0 12.0 150
Retention Time [min]

Figure 2.2. HPLC chromatograms of the 1S-BDP obtained at 30 °C with acetonitrile : H,O (8:2) as
isocratic eluent with a volume of injection of 10 pL and a flow rate of 0.8 ml/min.
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All mass spectrometry analyses were made in positive mode. Besides the peak
corresponding to the molecular ion [M + H]", the molecular ion peak corresponding to the
loss of a fluorine atom was always obtainable. This peak was confirmed by the fragmentation
of molecular ion [M + H]* peak. The neutral loss of HF ([M+H-HF])" is a regular feature in
MS analyses of BODIPYs and can be very convenient to identify them in intricate
matrices.® °

The *H NMR spectra of the compounds from 1S-BDP can be analysed considering
two main regions of the spectrum: up to 3 ppm (a and g-position of BODIPY core) and at 6-
9 ppm (meso-position). The *H NMR spectrum of 58 (Figure 2.3) is ideal to understand the
chemical environment of the BODIPY’s core. The proton signals assigned to the methyl and
ethyl groups directly attached to the core (a-d) can be seen from 1.06 ppm to 2.75 ppm, and
the proton directly attached at meso-position (e) is much more deprotected (6.94 ppm) due

to the acceptor effect of the core.

7.26
—6.94
1.08
1.06
1.04

Ny
(b)

) @
© |

(@) i

L B JL I .
5 TE T e
7‘.4 ‘ 7‘.0 ‘ é.G ‘ 6r.‘2 3‘.2 ‘ 2‘.0 ‘ 1‘.6 ‘ 1‘.2 ‘ 6.8

2.8 2.4
Chemical Shift (ppm)

Figure 2.3. *H NMR (400 MHz) spectrum of 58, in CDCls.

BODIPYs 53-57 do not present the singlet at 6.94 ppm since they have aromatic
substitution groups at that position. The signals from the hydrogens of phenyl, p-
carboxyphenyl, p-nitrophenyl and anthracenyl groups (53, 54, 56 and 57 respectively)
display chemical shifts () between 7.4 and 8.6 ppm.

All six BODIPY compounds present very similar tH NMR spectra, particularly in
the region related to the protons of BODIPY’s core. In the spectra shown in Figure 2.4, the
signals assigned to -CHs group at the a-pyrrolic position (yellow) and -CHz from the ethyl
group at the B-pyrrolic position (green) are placed between 2 ppm and 2.7 ppm. The triplet

near 1 ppm is associated to -CHzs from the ethyl group at the S-pyrrolic position (red).
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The main differentiating factor between the spectra is the position of the signal
assigned to -CHs at S-pyrrolic position (blue). As the different aryl-substituted groups at
meso-position are in a perpendicular or quasi-perpendicular position with respect to the
BODIPY core, the protons from the methyl group at g-pyrrolic position could experience
shielding effects, induced by the magnetic field of the aromatic ring. This evidence is quite
clear in Figure 2.4, where the methyl group experience a strong protection in 57 (0.55 ppm),
less in 53 (1.26 ppm) and lesser in 58 (2.16 ppm).

26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 0.8 0.7 0.6 0.5
Chemical Shift (ppm)

Figure 2.4. Expansion of the *H NMR spectra (0.5-2.7 ppm) for compounds 53-58; star denotes trace
of solvent (water and n-hexane ).

Generally, *F NMR spectra of BODIPY compounds with two fluorine atoms as
ligands show a non-binomial quartet (1:1:1:1 quartet) due to the coupling of fluorine with
the quadrupolar B nucleus (nuclear spin is | = 3/2). This inherent characteristic is found in
all components of 1S-BDP, where the quartet is lying around -145 ppm with coupling
constants of 33-34 Hz. Figure 2.5 displays the F NMR spectrum of BODIPY 55, which
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presents three extra signals: a doublet of doublet at -139.2 ppm assigned to the fluorine atoms
at ortho-position, a triplet at -151.1 ppm assigned to the fluorine at para-position and a triplet

of doublets at -159.9 ppm assigned to the fluorine atoms at meta-position.

F v F F
F I~ F F F F
—N N /
B F F F F
R avaAAN J\/'\;\

Ao

-145.4 -145.9 -150.9
Chemical Shift (ppm)

Figure 2.5. **F NMR (376 MHz) spectrum of 55 in CDCls.
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Figure 2.6 displays the !B NMR spectrum of 55. All the molecules of the 1S-BDP
have very similar spectra. The spectra present a triplet at 0.5-1.0 ppm with a 33-34 Hz

coupling constant.

—0.95
—0.70
~0.44

10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)

Figure 2.6. B NMR spectrum of 55 in CDCls.

The coupling constant is related to the quartet found in the °F spectra and the
similarity of the spectra of all compounds from 1S-BDP indicates that the meso-substitution

groups have a minor effect on the electronic density at the boron centre.
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2.1.2. The meso-free BODIPY (58) appearance

In the synthesis of all meso-substituted BODIPYs, BODIPY 58 was isolated as a by-
product in yields ranging from 2 % to 6 %. This peculiarity was previously reported but not
explained.'® ! In fact, this BODIPY by-product can be easily masked by the main BODIPY.
Using HPLC, it is possible to identify and then isolate it either by column chromatography
or preparative thin layer chromatography.

To evaluate the hypothesis of the occurrence of 58 as the result of some degradation
of the main BODIPY, we made a study in which 1mg of each BODIPY molecules was
dissolved in 5 ml of dichloromethane in several conditions such as: room temperature, 50 °C,
under direct light, under acidic conditions (1 % HCI), under basic conditions (1 % NaOH
solution), oxidative conditions (1 eq of DDQ), or reductive conditions (1 eq of hydrazine).
All the experiments were continuously monitored for 24 hours and under no conditions was
detected the formation of 58 from the meso-substituted BODIPY molecules. This study
indicates that there is no correlation between the formation of 58 and the degradation of
meso-substituted BODIPY molecules.

Subsequently, we assessed the influence of the solvent. Table 2.2 shows some
reactions in various halogenated methane derivatives, with and without the trifluoroacetic

acid (TFA) and in the absence of aldehyde.

Table 2.2. Synthesis of BODIPY 58 using 5 ml of solvent, 1 mmol of 3-ethyl-2,4-dimethylpyrrole,
1 eq. of DDQ, 17 eq. of boron trifluoride etherate and 12 eq. diisopropylamine.

Solvent/reagent TFA yield
CH.Cl, yes 4%
CH.Cl, no 4%

CH:L no 8%
CH:Br; no 4%

It was possible to isolate 58 in the total absence of aldehyde, which shows that the
solvent is the source of the meso-carbon. In all these reactions, compound 58 was the only
BODIPY species isolated, and it was easily purified by column chromatography. We also
found that the use of TFA as catalyst is not required. Based on the data from Table 2.2, we
conclude that 58 is the product of the reaction of pyrrole with the electrophilic carbon of the

halogenated solvent.

o1
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To further support this hypothesis, we performed a BODIPY synthesis using 3-ethyl-
2,4-dimethylpyrrole with a,a-dichlorotoluene (59) or a,a-dibromotoluene (60), and in both
cases the BODIPY 53 was obtained, with 6 % and 4% yield, respectively (Scheme 2.2).

Br 60 Br w

Scheme 2.2. Synthesis of BODIPY 53 using o,a-dichlorotoluene or a,a-dibromotoluene, 3-ethyl-
2,4-dimethylpyrrole, 1 eq. of DDQ, 17 eq. of boron trifluoride etherate.

This result is consistent with previous studies, namely the reaction of pyrrole salts
with dihalogenates electrophiles reported by Pictet and Rilliet,!? the 2,2'-dipyrrolyl ketone
synthesis by reaction of pyrrole with thiophosgene reported by Lugtenburg and co-
workers,®® and the reaction of pyrrole with a dihalogenated alkane to synthesise corrole

derivatives by Gross and co-workers.**

2.1.3. BODIPY by-products 61 and 62

In the synthesis of 55, it was possible to identify two other BODIPY by-products (61
and 62) in addition to compound 58. By HPLC-MS analysis of the final reaction mixture,
two peaks with absorption profile of BODIPY were found but with different retention times
from those of 55 or 58 (Figure 2.7). The mass spectrometry analyses of these two peaks show
molecular ion [M + H]" peak at 471.1 m/z and 637.1 m/z.

k 471.1 617.1 WWL:530 nm

451.1

—=N, N /
F F \ 58 —
61
L N
min
T T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 T.00

Retentien Time [min]

Figure 2.7. HPLC chromatograms obtained at 30 °C with acetonitrile: H,O (9:1) as isocratic eluent
at a flow rate of 0.8 ml/min, and fractions of the ESI-MS spectra in positive mode.
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Excess of DDQ slightly increases the presence of these two by-products, which
allowed us to isolate both by column chromatography. The *H NMR and '°F NMR facilitated
the identification of both structures (61 and 62) and their molecular masses are in agreement
with the values obtained by HPLC-MS (Figure 2.7).

Figure 2.8 presents the *H NMR of 58, 61 and 62, which allows to conclude that the
three spectra are very similar. The singlet corresponding to the meso hydrogen (grey) appears
in the three BODIPY spectra confirming that the two identified structures are meso-free
substituted. The *H NMR spectrum of the structure 62 shows a new singlet signal at 4.3 ppm
(pink) corresponding to 4 protons and did not show the singlet related to methyl group at a-
pyrrolic (yellow), evidencing a di-substitution at the a-pyrrolic position. The spectrum of 61
shows all the signals presented on 58 and 62 spectra but with half of the intensity for the
singlet related to methyl group at a-pyrrolic and for the new singlet signal at 4.3 ppm, which

denotes a mono-functionalization.
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Figure 2.8. *H NMR (400 MHz) spectra of 58, 61 and 62 compounds, in CDCls.

The **F NMR spectra of 61 and 62 show the existence of fluorine atoms in addition
to the two coupled with the boron. The spectra of the compounds 61 and 62 show the same
signals as 55, but with some deviations. The integration of the signals confirms the presence
of one pentafluoro group on the 61 structure and two pentafluoro groups on 62.
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Figure 2.9. *F NMR spectra of 55, 61 and 62 structures, in CDCls.

The excess of DDQ facilitates the formation of both by-products and the conversion
of the methyl at the a-pyrrolic positions into a formyl group through DDQ activation was
already reported.’> %’ This reaction could be the starting point for a more intricate mechanism
that originates 61 and 62, but another option such as the cleavage of the carbon-carbon bond
at meso-position originating a pentafluorophenyl radical is also conceivable. Thus, further

studies are necessary to understand the cause and mechanism of formation of these two
BODIPY molecules.

2.1.4. X-ray diffraction studies

By slow evaporation from a dichloromethane/hexane solution, it was possible to
produce crystals of 55, 56, 57 and 58. Their molecular structures were determined by single-
crystal diffraction analysis, and the crystallographic data are listed in Table 2.3. Crystals of
55 and 58 exhibit a unit cell equal to that already reported by Rurack et al.*® and Beniston et
al.1*, but the crystal structure for compounds 56 and 57 are new.

BODIPY 57 has a triclinic unit cell (space group P-1) with two molecules per cell
(Figure 2.10). It packed efficiently without any solvent accessible voids, and without
significant intermolecular —n interactions. The molecules of 57 have a head-to-tail packing

arrangement, facilitated by halogen short contacts for both C-F and H-F interactions.
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Table 2.3. Crystal data details of 55-58 structures.

Crystal data 55 56 57 58

Chemical formula  C23 H22 B F7 N2 C23 H26 B F2 N3 02 C31 H31 B F2 N2 C17 H23 B F2 N2

Mr 470.24 425.28 480.39 304.19
Crystal system,

monoclinic, P21/c Triclinic, P-1 Triclinic, P-1 Triclinic, P-1
space group
Temperature (K) 273 273 273 273
8.7467(4), 11.6249(3), 11.2904(4), 8.5941(12),
a, b, c(A) 11.6672(1), 13.6843(4), 11.5999(4), 9.3460(15),
22.5737(7) 14.2855(3) 12.6196(4) 12.1216(16)
90.00(10), 83.8040(10), 82.7320(17), 100.577(12),
a,p,y(°) 95.630(4), 86.0120(10), 81.7817(15), 103.717(9),
90.00 81.1080(10) 62.8494(13) 113.991(12)
V (A3 2294.7(2) 2228.86(10) 1452.01(9) 820.0(2)
Z 4 2 2 2
Radiation type Mo Ko Mo Ka. Mo Ko Mo Ko
p (mm™) 0.119 0.092 0.072 0.087

Figure 2.10. Crystallographic unit cell of structure 57.

The crystallisation of BODIPY 56 afforded crystals with a structure different from
that reported previously by Diederich et al. (codename UNIFIG).*® As shown in Figure 2.11,
the new polymorph has two symmetry-independent molecules while in UNIFIG there are
three symmetry-independent molecules. In the new polymorph, both molecules have the
ethyl groups in a trans-conformation, while UNIFIG has two molecules with the ethyl
groups in a trans-conformation, and a third one with the ethyl groups in a cis-conformation.

The crystal structures of the four BODIPY dyes are very similar and comparable to
the other BODIPY crystal structures reported so far.2%-24 All the structures of 55-58 have a

head-to-tail packing arrangement. The shortest contact in all the structures occurs in 55, with
a distance of 2.8 A, related to an H-F interaction.
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UNIFI 56

Figure 2.11. Oak Ridge Thermal Ellipsoid Plot (ORTEP) drawing of the molecular structures of the
polymorphs UNIFIG™® and 56. Ellipsoids were drawn at 50% probability level; Hydrogen atoms
were omitted for clarity.

Details of the molecular configurations of the four BODIPY structures are shown in
Table 2.4 and Figure 2.12. All structures have very similar bond lengths and angles and
torsion angles within the BODIPY's core (planarity). The dihedral angle between the meso-
substituent group and of the central core is close to 90°. The bond length of the meso-aryl C-
C bond did not vary upon the increase of the electron withdrawing ability of the aryl
substituent. The BODIPY core is almost planar, the fluorine atoms are in a plane
perpendicular to it, and the boron atom has a slightly distorted tetrahedral coordination. The
two B-N bond lengths are typical from single B-N bonds,'® and both have similar distances,

which reveals the delocalisation of the positive charge.

Table 2.4. Conformation of the ethyl groups, length of the bond between the meso-carbon and the
substituent (C8-C10), the dihedral angle between the least-squares plane of the substituent and of the
central core (©core-meso), length of the bond between the boron and nitrogen atoms (B-N), boron
and fluor atoms (B-F), the angles of the boron bonding atoms ( N-B-N and F-B-F) and the torsion of
the BODIPY core (boron planarity).

Entries 55 56 57 58
Conformation trans trans; trans trans cis
C8-C10 (A) 1.514(3) 1.486(3); 1.482(3) 1.495(2)
Ocore-meso (°) 89.60 87.87(6); 89.89(7) 89.88

N1-B (A); N2-B (A)

1.544(5); 1.556(4)

1.539(3); 1534(3)
1.542(3); 1.525(3)

1.534(3);1.537(3)

1.560(3);1.559(3)

B-F1 (A); B-F2 (A)

1.397(5); 1.408(5)

1.388(3); 1.378(3)
1.377(3); 1.384(3)

1.3889(2); 1.384(2)

1.398(3);1.402(2)

N-B-N (°) 108.11 107.3(2) 107.3 (1) 107.12
F-B-F (°) 108.85 109.0(2) 109.1 (2) 109.10
Boron planarity (°) 178.41 (3) 178.7 (2) 177.4 (2) 179.93
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Figure 2.12. Single-crystal X-ray structure of the 55 (A), 56 (B), 57 (C) and 58 (D) of a top-view
(left) and side-view (right); Ellipsoids were drawn at 50 % probability level; Hydrogen atoms were
omitted for clarity; The atoms numeration attributed to 55 is uniform for all structures.
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2.2. Characterisation of the first series of BODIPY molecules (1S-BDP)

The structures of the 1S-BDP are already published in different works,1% 1118, 19,24
but some of their individual characteristics are not available as well as their comparative
studies. In view of our interest in their application as photoactive materials in photovoltaic
cells, we studied their thermal, photophysical and electrochemical properties. Density
Functional Theory (DFT) studies were also carried out to complement the photophysical and

electrochemical properties.

2.2.1. Thermal characterisation

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
provide valuable information about the thermal behaviour and thermostability of the
BODIPYs.

Thermogravimetric analysis monitors the weight losses of the sample upon the
increase of the temperature, evidencing the presence of solvent residues, impurities or
material degradation. Only the compounds 54 and 57 present 5 % of mass loss by
decomposition bellow 240 °C (162 °C and 189 °C, respectively).
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Figure 2.13. (A) TGA traces of the BODIPY dyes recorded at a heating rate of 20 °C/min ); (B) DSC
curve of 53 recorded at a heating and cooling rate of 20 °C/min.

In DSC the energy required at each temperature to maintain the sample temperature
equal to that of a reference is recorded. Any transition involving the absorption or release of
energy (endothermic or exothermic processes) when occurring will require a compensation
to maintain its temperature equal to that of the reference.

The DSC measurements show a sharp endothermic peak for all BODIPYSs, associated
with the melting. The melting temperature (Tm), determined as the onset of the peak, was
confirmed by a conventional melting-temperature measurement. Only for 53 (Figure 2.13

(B)) and 58, a crystallisation peak was observed in the cooling cycle.
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Table 2.5. Decomposition and melting temperatures of the BODIPY compounds obtained by TGA
and DSC, respectively.

BODIPY  Ta*(°C)  Tm(°C)

53 284 176
54 162 271
55 256 190
56 302 186
57 189 315
58 243 179

*Temperature at which 5% decomposition occurs

The results obtained from the thermal analysis confirm that all BODIPY's exhibit
high thermal stability and high melting temperatures, as observed for similar structures
previously published,® 2 these being important characteristics for OPV applications.

2.2.2. Photophysical characterisation

BODIPY dyes are widely known for having a strong absorption in visible, high
extinction coefficients, sharp absorption and emission bands and low Stokes shift (SS). The
absorption and emission studies of 1S-BDP have confirmed such characteristics as shown
in Figure 2.14. The optical data obtained from experiments with three different solvents
(chloroform, hexane and acetonitrile) are presented in Table 2.6.

10/A ‘ :gi

—55
— 56

57
— 58

e
©
1

g
o
1

Normalised absorption
Normalised emission

o o
[ IS
L 1

0.0 T T T T T T T T .0 == T T T
300 350 400 450 500 550 600 650 700 750 800 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

Figure 2.14. Normalized absorption (A) and emission (B) spectra of the BODIPY series in
chloroform solution.

The absorption spectra of the BODIPY series cover a broad range of the visible
spectrum. The absorption and emission studies revealed sharp absorption and emission
spectra with high molar extinction coefficient, general high quantum yields of fluorescence

and narrow absorption and emission bandwidths.
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Table 2.6. Photophysical properties of the 1S-BDP.

)\‘abs € )“absﬁlm (I)F SS Egopt (EV)

Dyes Solvent (m)  cm M) (nm)? &7 o) (%) (cm?) (onset)®

Chloroform 525 6.8x104 538 98 460 2.28
Hexane 524 8.8x104 548 535 79 388 2.28
Acetonitrile 520 1.0x10° 533 92 468 2.29
Chloroform 530 5.4x104 543 76 452 2.25
Hexane 526 6.4x104 539 539 73 459 2.26
Acetonitrile 523 6.9x104 537 71 498 2.26
Chloroform 544 5.9x104 558 98 461 2.19
Hexane 543 1.0x10° 551 555 90 398 2.19
Acetonitrile 539 7.9x10* 554 88 502 2.21
Chloroform 530 6.2x104 539 06 315 2.25
Hexane 530 8.6x10* 542 549 28 645 2.25
Acetonitrile 526 7.8x104 535; 650 04 284 2.27
Chloroform 532 7.8x10* 543 80 209 2.26
Hexane 528 9.6x10* 545 538 77 175 2.27
Acetonitrile 527 5.9x104 537 67 284 2.27
Chloroform 533 6.2x104 539 84 381 2.27
7 =
//N\B,N / Hexane 531 7.6x10* 548 536 79 352 2.27
"sg' Acetonitrile 526 6.4x10°% 534 78 254 229

2absorbance of the films prepared from chloroform solution.

PE, = estimated from the absorption spectra of dyes in solution, Eg (eV)= 1240/ Agnset (NM).

The six absorption spectra are characterised by a strong SO-S1 (n-7*) transition (525-
544 nm) with a higher energy shoulder at about 30 nm from the main peak and a weaker
broad band (340-420nm) arising from the SO-S2 (m-m*) transition. The S0-S2 (m-m*)
transition of 57 presents the general profile of the anthracene molecule, proving that the
meso-substituted groups impact on this transition. All BODIPY dyes show high extinction
coefficients in the different solvents (ranging from 5.4 x10* to 1.0 x10° cm™M-1), which
confirms their excellent light-harvesting ability.
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The presence of an aromatic group at the meso-position has a weak effect on the main
absorption characteristics.'> 1"+ % This is due to the negligible electronic interaction between
the meso-aromatic ring and the BODIPY core since the two moieties are almost
perpendicular to each other. However, the absorption of 55 presents a small red-shift, which
can be explained by the inductive effect of the strong electron-withdrawing character of the
meso-CeFs group.

BODIPY’s fluorescence is very sensitive to the rotation of the substituents
(particularly at the meso-position)) and electron transfer.> 2> The rotation of meso-position
substituted groups can be controlled by substitution at positions 1 and 7 with alkyl groups.
This substitution blocks or hinders the movement of the aryl-substituted group, decreasing
the non-radiative processes. Apart from 56, the different BODIPY dyes present very high
fluorescence quantum yields, and there is no notable solvent effect on either the absorption
or the steady-state emission spectra, which excludes the possibility of any highly polarised
excited state.

The emission of 56 is significantly affected by solvent polarity. In non-polar hexane,
it shows fluorescence emission at 549 nm. In chloroform, the fluorescence quantum yield
becomes very weak (at 539 nm), and in a more polar solvent (acetonitrile) the fluorescence
is residual, and a new band at 650 nm appears (Figure 2.15).
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Figure 2.15. Emission spectra of 56 in chloroform, hexane and acetonitrile.

When electron transfer occurs within a molecule, it competes with the radiative
deactivation and reduces the emission quantum yield. The electron transfer may involve an
intramolecular transfer of electrons between two moieties of the fluorescent molecule upon

excitation or involves intermolecular processes. Photoinduced electron transfer (PeT) can

61



62

Chapter 2. Meso-substituted BODIPY molecules

occur by either a reductive or an oxidative process. Reductive PeT occurs when the
substituent attached to the BODIPY core transfers electrons to the BODIPY core in the
excited state. In contrast, if the substituent is receiving electrons from the BODIPY core, an
oxidative PeT occurs. Due to the acceptor character of the nitrophenyl group, an oxidative
PeT occurs in 56.

The small Stokes shift (SS) suggests that the equilibrium nuclear configuration of
the compounds experience little change between the ground (S0) and the first excited state
(S1).

As Figure 2.16 shows for compound 53, the excitation spectra of the BODIPY match

with the absorption spectra.
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Figure 2.16. Absorption and excitation spectra of 53 in chloroform solution and its film absorption
spectrum.

The absorption spectra of the molecular thin films show a bathochromic shift of the
absorption maximum accompanied by a broadening of the peaks, due to the interactions

between adjacent molecules, possibly involving w-orbitals.

2.2.3. Electrochemical characterisation

The electrochemical properties of a compound provide valuable information about
the energy of HOMO and LUMO levels and also about the reversibility of the redox
processes. Cyclic voltammetry (CV) measurements require the use of three electrodes
(working, reference and auxiliary electrode), which are dipped into a solution having a salt
(support electrolyte). The active species is either dissolved in the electrolyte (as used here)
or deposited over the working electrode, as a film. During the measurement, the compound

is oxidized or reduced on the surface of the working electrode, which generates an electron



Chapter 2. Meso-substituted BODIPY molecules

current between the working and the auxiliary electrodes. The recording of that current as a
function of the potential applied between the working and the reference electrodes
constitutes the cyclic voltammogram. In this technique, the electrodes are static, and the
peaks obtained are diffusion controlled.

BODIPY dyes, in view of their attractive properties, have been widely characterized
by cyclic voltammetry measurements. In several cases, the CVs show a one-electron
oxidation at half wave potential (E1.) around 1.0 V vs. SCE and a one-electron reduction at
around -1.4 V vs. SCE, but, depending on the substitution of BODIPY, these typical values
can vary by more than 500 mV.27-2°

The electrochemical features of BODIPY derivatives are largely dependent on the
level of substitution of BODIPY core.%-%2 The reduction potential is deeply affected by the
meso substituent, where electron acceptors bring the reduction potential to more positive
values.®® DFT studies showed that the anionic charge of the reduced dye is localised at the
meso-position.?® The substitution at meso-position stabilises the radical anion, which
improves the reversibility of the reduction process.®® Additionally, absence of substitution
in the 1-, 3-, 5- and 7-positions also conducts to irreversible reduction, because of the high
reactivity of the electrogenerated radical ions.

Non-substitution at the 2-, 3-, 5-, or 6-positions destabilises the radical cation
produced upon oxidation.?® BODIPY radical cations unsubstituted at these positions are
vulnerable to nucleophilic attack and capable of dimerisation.3* Thus, the substitution of
BODIPY core positions with alkyl groups can significantly influence the electrochemical
properties. The redox process becomes more reversible with the addition of alkyl
substituents, leading to the observation of clean looking cyclic voltammograms.?’

In this work, cyclic voltammetry measurements were carried out using
tetrabutylammonium tetrafluoroborate (TBATFB (0.1 M)) as supporting electrolyte in
dichloroethane solution with a one-compartment three electrode system consisting of a
glassy carbon electrode (GCE) as working electrode, a platinum wire as counter electrode
and Ag/AgCl as reference electrode. The ferrocene/ferrocenium (Fc/Fc™) couple (ImM) was
used as internal reference, and it was assumed that the redox potential of Fc/Fc* has an
absolute energy of -4.80 eV to vacuum.® 3 The CVs were recorded in deaerated solutions,
at a scan speed of 50 mV/s, under nitrogen atmosphere. As can be observed in Figure 2.17,
the addition of ferrocene into the solution does not interfere with the redox potentials of the
BODIPY dyes, and its oxidation processes appear in all CVs at half-wave potential of 0.58
V-0.62 V.
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Figure 2.17. Cyclic voltammograms of 56 with and without ferrocene.

Figure 2.18 shows the cyclic voltammograms of 53, 55 and 58, and the corresponding
electrochemical parameters of all BODIPY dyes are summarized in Table 2.7. All BODIPY
molecules present very similar cyclic voltammograms, with two oxidations processes (Eox'
and Eox®) and one reduction process (Erqa'). We consider that these redox processes take place
in the BODIPY core, an assumption that is supported by the similarity between the
electrochemical behaviour of 58 and that of the other compounds (Figure 2.18).

-1I.6 -1I.2 -0I.8 -0I.4 0:0 0:4
E/V vs. Ag/AgCI

Figure 2.18. Cyclic voltammograms of 53, 55 and 58.

E/V vs. Ag/AgCI

With the exception of the reduction of 54 and 58, all BODIPY dyes show reversible
redox processes with peak current ratios (ipa/ipc OF ipc/ipa) approximately to unity, which
indicates the stability of the radical ions. The reduction of 58 has a peak current ratio above
1.5, and irreversible reduction wave, which reveal lower stability, attributed due to the lack
of substitution on meso-position. Table 2.7 shows the half-wave (Eox', Eox” and Ered') and the

onset potentials.
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Table 2.7. Electrochemical properties of the 1S-BDP.

Eredl EOXl 2 elec elec elec t t
V) (V)
-1.15 1.17
143  -5.28 -3.12 216  2.28 -3.00
(-1.07) (1.09)
-1.18 1.24
143 533 -3.18 215 225 -3.08
(-1.03) (1.12)
-0.97 1.35
153  -5.44 -3.36 2.08 2.19 -3.25
(-0.87) (1.22)
NO,
-1.25 1.15
ade 1.38  -5.23 -3.08 215 2.25 -2.98
2N N (-1.14) (1.02)
F/\
56
-1.13 1.25
142  -5.34 -3.17 217  2.26 -3.08
(-1.04) (1.13)
a8e -1.13 1.22
2NN 139  -5.26 -3.05 221 227 -2.99
¢ N (-1.02) (1.08)

EHomo®!® = [-(Eonseto)<l - EFC/FC+) —4.8]eV.
ELumo ©'ec = [-(Eonsetredl - EFC/FC+) —4.8]eV.
ELumo®" = [Enomo + E¢°P] eV.

Table 2.7 and Figure 2.18 show a clear shift to higher potentials of the redox
processes of BODIPY 55. If compared with 53 (Figure 2.18 (B)), structure 55 (Ereqa= -0.97
and Eox= 1.35) is easier to reduce than 53 (Erea=-1.21 and Eox = 1.22) by 240 mV and it is
harder to oxidise by 130 mV. These deviations are caused by the electron withdrawing effect,
bought by the pentafluorophenyl group, that increases the ability to stabilise a radical anion
and reduces the ability to stabilise a positive charge. The shift to negative potentials makes

the compound 56 the easiest compound to oxidize among all 1S-BDP. This feature is
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attributed to the different distribution of the electron density and to the intramolecular charge
transfer already mentioned in the photophysical discussion.

Brédas and co-workers demonstrated a linear correlation between the ionisation
potential (energy required to tear the least bound electron) and the oxidation potential, and
the electronic affinity (energy released when an electron is added) with the reduction
potential.®” Thus, after Eonset®™ being referred to the vacuum level it corresponds to ionisation
potential (IP) and Eonset™ to the electron affinity (EA) of the molecule.®® It can also be
considerate that IP corresponds to the absolute energy of the HOMO (Exomo=-1P) and EA
corresponds to the absolute energy of the LUMO (ELumo=-EA).

The data depicted in Table 2.7 show that the differences between the energy gaps
obtained from cyclic voltammetry (Eg®) and those calculated from the absorption spectra
(Eg°?Y) are minimal. Some previous studies explained the differences between Eg®'*®and Eg°™
based on their fundamental operational principles,® “° since electrochemical experiment
results are related to addition or extraction of single charges while UV-Vis
spectrophotometry analysis refers to the formation of an excited state where the electron and
the hole remain bounded to each other. Thus, electrochemical band gap would be expected
to be higher (by the exciton binding energy) than the optical band gap.

In addition to the calculation of HOMO and LUMO energies, there is a method where
LUMO energies can be calculated from -IP (Enomo) by adding the optical gap energy. This
method is widely used in the BODIPY-OPVs reports.? 414 From the molecular point of
view, it could be argued that EA refers to the LUMO energy of the negatively charged
species, which could be different from the LUMO energy of the neutral species. However,
polarisation effects of the neighbour molecules in the solid state may contribute to stabilise
that negative charge. Therefore, there is no agreement on the proper way to obtain LUMO
energy levels. Table 2.7 presents the LUMO energies calculated by both methods (ELumo®'
and ELumo®™) and the difference between them is not significative.

Scheme 2.3 presents the HOMO-LUMO energy levels of all BODIPY compounds
of 1S-BDP and the electron-acceptor molecule used in the photovoltaic studies (PCs1BM).
The HOMO and LUMO energies lie above the corresponding levels of PCe1:BM. Therefore,
the six BODIPY's are suitable candidates to be used as electron-donors (concerning PCe1BM)
in BHJ photovoltaic cells, thereby forming a type Il heterojunction.
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Scheme 2.3. Frontier orbital energies of all synthesised BODIPY's and PCs:BM ([6,6]-phenyl-C61-
butric acid methyl ester).*’

2.2.4. Computational studies

To better understand the change of photophysical and electrochemical properties
among the various BODIPYs, the energies of the frontier orbitals were calculated by Density
Functional Theory (DFT) in vacuum after optimisation of the ground-state geometries
(conformations). The optimised ground-state geometries and electronic distribution in
HOMO and LUMO levels are shown in Table 2.8. All calculations were carried out using
the B3LYP method and a 6-31 G* basis set using the SPARTAN v.10 software package
(Spartan, Wave Function Inc. USA).

The vacuum optimised geometry results corroborate the results obtained by x-ray
diffraction studies in single crystals. The BODIPY core is almost planar, the two fluorine
atoms are in a plane that is perpendicular to the BODIPY core, the boron atom has tetrahedral
coordination, and the meso-substituted groups are nearly perpendicular to the plane of the
BODIPY core.
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The n-electrons in the HOMOs are delocalised over the entire BODIPY with higher
density at S-pyrrolic positions. In none of the compounds, we find significant electron
density on the meso substituent group.

The LUMO orbitals are also delocalised within the BODIPY backbone, but with
higher electron density at the meso carbon (with the exception of 56). Neither HOMO and
LUMO show significant delocalisation between the core and the meso substituents, as
expected for their nearly perpendicular orientation.

In the case of 56, the LUMO is entirely localised in the nitrophenyl substituent. The
absence of spatial overlap between HOMO and LUMO of 56, indicates that the HOMO —
LUMO transition has a charge transfer character, which is in line with the fluorescence
results discussed above.

The HOMO energies obtained from cyclic voltammetry are very similar to the
calculated ones. However, a somewhat higher deviation is found for LUMO energies. The
dissimilarity between the experimental LUMO energy and the calculated can be justified by
the lack of solvent stabilisation effects. Nevertheless, the experimental and calculated data
follows the same trend, in what concerns HOMO, LUMO and energy-gap, despite the fact

that theoretical calculations considered that the molecules were in vacuum.
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Table 2.8. Optimised structures, electron distribution in HOMO and LUMO and their energies
(in eV) of the BODIPY series, obtained by DFT calculations in vacuum.

BODIPY Optimized Geometry HOMO LUMO

53
54
55
: -5.42 -2.62
56
-491 -2..65
57

58
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2.3. BODIPY-based organic photovoltaic cells

As mentioned above, organic photovoltaics rely on a combination of an electron-
donor (D) and an electron-acceptor (A) materials with an offset of the HOMO and LUMO
levels that favours excited state electron (or hole) transfer, being the energy gain high enough
to overcome the exciton binding energy. Even though the free charges generation from
excitons at the D/A interface are quite complex and still a matter of debate, this remains a
key requirement. As shown in Scheme 2.3 all the compounds from 1S-BDP can be combined
with PCs1:BM when aiming to form such heterojunction. The combination of materials can
be made either on bi-layer structure or in a blend, forming a bulk heterojunction (BHJ). Due
to the much larger D/A interfacial area, the BHJ structure is the one that leads to the best
performing OPVs.%8 49 Following the photophysical and electrochemical results, we assessed
the photovoltaic performance of the 1S-BDP compounds in BHJ cells, using PCs1BM as

electron-acceptor.

2.3.1. Organic photovoltaic cells preparation

BHJ photovoltaic cells are multilayer devices as shown in Figure 2.19. Our work
focus was mainly on the active layer, where the BODIPY's were mixed with fullerenes and
spin-coated over the hole extraction layer (PEDOT-PSS). The efficiency of the photovoltaic
cell is strongly dependent on the donor/acceptor (D/A) ratio in the photoactive layer, its

thickness and the solvent used to prepare the D/A mixture.

Active Layer
R4

"+ X7 1=
-N NI
'BQ

F

F

Electron-donor

Figure 2.19. OPV structure used to assess the behaviour of the 1S-BDP compounds.
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PCes1BM is a soluble derivative of the buckminsterfullerene Ceo and one of the most
commonly used electron-acceptors. It has good solubility in common solvents, contributing
to a good quality of the photoactive film. It combines strong electron-accepting character,
low-lying LUMO level, quick and efficient charge transfer, and high electron mobility,
making it an appealing material for photovoltaic applications.® >

The first films of 1S-BDP: PCs1:BM were produced from 20 mg of solids per 1 ml of
chloroform solution, with a weight ratio of 1:1 and deposited by spin-coating at 1200 rpm
on a glass substrate. Compound 54 showed low solubility in chloroform and the blend films
prepared under the mentioned conditions were non uniform (see Figure 2.20), leading to
devices with irregular current-voltage (J-V) response. For this reason, 54 was not included
in the photovoltaic studies.

Figure 2.20. Image of the 54:PCs:BM blend, obtained with the video camera of the profilometer.

A first assessment of the efficiency of exciton dissociation by a D/A blend film is the
measurement of its fluorescence intensity and comparison with that of the neat compound
(BODIPY), in view of the negligible fluorescence of neat fullerenes. Efficient exciton
dissociation should translate into an extensive BODIPY fluorescence quenching. Figure 2.21
reveals a complete quenching of the BODIPY 58 emission upon blending with PCes.BM,
which is consistent with an efficient excited state electron transfer from BODIPY to

fullerene, signalling good perspectives for application in OPVs.
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Figure 2.21. Emission spectra of the films of neat 58 and 58:PCs:BM blend (excitation at 545 nm).
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In OPVs, the top and bottom of the device are defined by two selective electrodes
that extract the free charges (electrons and holes). We used a transparent indium tin oxide
(ITO) as back/bottom electrode (deposited on glass) and LiF/Al or Ca/Al as top electrode.

PEDOT:PSS (Figure 2.22) was used in all experiments as a hole extraction layer
material. It is a conductive polymer, available as an aqueous dispersion. High-quality
PEDOT:PSS films can be readily prepared by conventional solution processing techniques,
such as spin coating and printing. PEDOT:PSS films have high transparency, high
mechanical flexibility, and good thermal stability.>? 53 Additionally, the PEDOT:PSS layer
reduces the surface roughness of the ITO electrode as well as facilitates the hole

injection/extraction, due to its high work function (ca. 5.1 eV).%*

Figure 2.22. Chemical structure of PEDOT: PSS, a blend of PEDOT with PSSH (which acts as a
dopant and allows some “solubility” of the blended material in water).

The OPV manufacture followed several steps:

(1) Active layer solution preparation: the BODIPY compound and PCs1BM were
weighed and mixed in the selected solvent and left stirring for up to 16 hours at 50°C.

(2) Substrate patterning: the sequence of steps involved is shown in Scheme 2.4: (a)
coverage of ITO sidebands with tape; (b) coating the uncovered ITO region, with glaze; (c)
removal of the tape; (d) etching (with HCI solution); (e) clearance of the glaze with acetone.

- 12em

(a)

tape

ITO ITO

(e)
—

Glass
Glass

ITO Glaze

Scheme 2.4. Substrate patterning steps.
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(3) Substrate cleaning: The patterned glass substrates were systematically cleaned in
an ultrasonic bath with non-ionic detergent, distilled water, acetone, and isopropanol for 15
minutes each. Then, they were dried under nitrogen and treated with Oz plasma.

(4) PEDOT:PSS layer: deposition by spin coating (1800 rpm, 60 seconds), and then
dried on a hot plate at 125 °C for 10 minutes, resulting in a film thickness of 40 nm.

(5) Active layer: the solution of the BODIPY:PCs1BM blend was spin-coated (1300
rpm, 60 seconds) on the PEDOT:PSS layer, Figure 2.23.

%b
T T

Figure 2.23. Spin coating process and spin coater.

(6) Top electrodes: to obtain electrodes with very low work function, Ca (20 nm) or
LiF (1.5 nm) were first deposited followed by a layer of Al (60-100nm). These films were
thermally deposited on the top of active layer film, under a base pressure of 10 mbar,
defining a device area of 0.24 cm?, using a chamber inside the glove box Figure 2.24 (A).

(7) Electric contacts: electrical contacts to both electrodes were made upon placement
of the photovoltaic cell inside the measuring cell, using a spring load contact and using silver
paste on top of ITO and Al to improve the quality of the contact and provide higher
robustness (Figure 2.21 (B)). The measuring cell is close inside the glove box and taken
outside to the test setup, thereby maintain the photovoltaic cell under nitrogen atmosphere
(Figure 2.21 (C)).

B C
Figure 2.24. Glove box and “sublimation chamber” (A), final photovoltaic cell (B), support
measuring cell (C).
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The photovoltaic characterisation was done with the help of a set of components
(Figure 2.25) including a solar simulator (Oriel Sol3A, class AAA), a calibrated silicon cell,
and a computer-controlled source meter (Keithley 2400 Source-Meter unit). The OPVs were
characterised under room temperature, and a simulated irradiance, generated by a solar
simulator consisting of a xenon lamp and an appropriate AM1.5G filter, between 82
mW.cm2 and 100 mW.cm2 at air mass (AM) 1.5G condition. The light intensity was
accurately measured with a calibrated silicon solar cell after each study. External quantum
efficiency (EQE) spectra were obtained under short-circuit conditions, using a homemade
system with a halogen lamp as light source coupled to a monochromator. Its intensity at each
wavelength was determined using a calibrated photodiode. Like in the I-V measurements,
the EQE spectra were measured under inert atmosphere conditions and the short-circuit

current was measured with a Keithley 2400 Source-Meter unit.

Figure 2.25. Setup for solar-cell measurements and schematic illustrations of each component (solar
simulator, sample cell, computer-controlled source meter unit).

2.3.2. Photovoltaic studies of the first series of BODIPY molecules (1S-BDP)

Due to the minor solubility of compound 54 and the difficulty to obtain a uniform
film of its blend with PCe1BM, we did not assess the performance of OPVs based on this
compound. Bulk heterojunction OPVs were manufactured with a typical multilayer
structure: ITO/PEDOT:PSS/active layer/LiF or Ca/Al for the remaining compounds of the
1S-BDP (Figure 2.6) At least eight cells of each different blend were tested, and the average

results reflect the contribution of at least six of such photovoltaic cells.

Figure 2.26. BODIPY dyes from 1S-BDP tested in BHJ-OPVs.



Chapter 2. Meso-substituted BODIPY molecules

Aiming the best power conversion efficiency (PCE), various preparation conditions
of the active layer film were tested. The optimisation procedures (Table 2.9) were carried
out using 58, and dichlorobenzene as solvent, and the varied parameters: donor/acceptor
weight ratio, active layer solution solids concentration and the top electrode (Ca/Al or
LiF/Al).

Table 2.9. Photovoltaic parameters (short-circuit current, Js, open-circuit voltage, Vo, fill factor,

FF, and power conversion efficiency, PCE) of the optimised 58:PCs:BM-based OPV under AM 1.5
G illumination at 88 mW/cm?. The blend film was prepared from a dichlorobenzene solution.

58:PC§lBM '?;;Z,e . Maximum Average*
ratio Concentration  hjckness electorr(;de Js¢ Voe e PCE Jsc Voc - PCE
(m/m) (nm) (mA/em’) (V) ()| (ma/em?) (V) (%)
1:1 40 mg/ml 116 LiF/Al 0.38 044 0.27 0.05 0.33 0.40 0.27 0.04
1:2 40 mg/ml 112 LiF/Al 0.99 041 0.26 0.12 0.83 0.38 0.25 0.09
1:3 40 mg/ml 72 LiF/Al 2.27 0.67 0.27 0.47 1.90 0.62 0.28 0.37
1:4 40 mg/ml 69 LiF/Al 0.94 0.39 0.26 0.11 0.93 0.31 0.26 0.08
1:3 30 mg/ml 67 LiF/Al 0.97 045 0.26 0.13 0.75 0.39 0.26 0.09
1:3 25 mg/ml 60 LiF/Al 0.64 0.31 0.27 0.06 0.56 0.26 0.24 0.04
1:3 40 mg/ml 80 Ca/Al 1.43 0.64 0.28 0.32 1.40 0.64 0.28 0.31

* Average values calculated from at least 6 devices.

The best OPVs based on compound 58 were prepared from a 58:PCs:BM blend with
a weight ratio of 1:3, dissolved in dichlorobenzene at 40 mg/ml, deposited by spin-coating
at 1300 rpm, and LiF/Al as top electrode.

Figure 2.27 compares de J-V characteristics of the 58:PC¢1BM OPVs at different
donor: acceptor ratios, evidencing the best performance of the cell with 1:3 ratio. It is well
known that the donor:acceptor ratio has a strong impact on the bulk heterojunction OPVs
performance. The ratio affects the phase separation (namely the size and distribution of the
donor and acceptor domains) which, affects not only the efficiency of exciton dissociation
but also the charge transport.

As shown in Table 2.9, while keeping the total solids concentration, the change of
D:A ratio changes also the film thickness, which might also affect the OPVs performance.
Thicker layers increase the photons absorption probability and consequently exciton
formation, but, due to the low charge mobility in these organic systems, it also increases the
probability of charge recombination. Thus, an equilibrium situation must be found for every

system. The optimisation process showed that 70 nm is the most favourable thickness.
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Figure 2.27. Current density-voltage characteristics of 58:PC¢BM-based OPVs at different donor-
acceptor ratios, under AM 1.5G illumination at 88 mW.cm™,

The top electrode should have a low work function to allow an efficient electron
extraction and not to influence the open-circuit voltage. While Al alone, with a work function
of ca. 4.28 eV is a poor electron extraction electrode, its combination with a low work
function metal like Ca or an interlayer of LiF (with a thickness around 1nm) decrease the
work function, improving electron extraction ability, improve selectivity and help to prevent
Al atoms from diffusing into the active layer.>® During the optimisations, the OPVs with LiF
produced more current than those with Ca, which resulted in better PCE (0.47 % against
0.32 % of maximum PCE, Table 2.9).

The other four BODIPY molecules (53, 55, 56 and 57) were tested using the
preparation conditions optimised for compound 58. The results of the photovoltaic
measurements are shown in Table 2.10, and the best J-V curves recorded for each BODIPY

compound are shown in Figure 2.28.
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—e—55
—o— 56
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Figure. 2.28. Current density-voltage characteristics of BODIPY:PC¢ BM-based OPVs, under AM
1.5G illumination at 88 mW.cm™.
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As mentioned above, the best thickness of the active layer should be around 70 nm.
However, under the optimal conditions (solution concentration of 40 mg/ml) the active layer
of the 55-based OPV has 110 nm of thickness (Table 2.10) . When the thickness was reduced
to 77 nm (using 35 mg/ml), the PCE remained at 0.01 %.

The OPV with the best performance was based on the BODIPY without substitution
at meso-position (58), and the poorest performing compounds (55 and 56) are those with
electron-withdrawing groups at the meso-position. These results indicate that the nature of
the group at the meso-position affects the photovoltaic performance, though the explanation
is not clear as many factors are involved (such as phase separation details upon blending
with PCe1BM and hole transporting ability).

Table 2.10. Photovoltaic parameters of the optimised BODIPY:PCs:BM-based OPV cells, under
AM 1.5 G illumination at 88 mW/cm?. Solutions were prepared in dichlorobenzene, with a total
concentration of 40 mg/ml and with a BODIPY:PCs:BM weight ratio of 1:3.

Active Maximum Average*
Dye layer J Vv R R J Vv
y thickness s¢ , .O¢ FF SH s PCE sc , oc EE PCE
(nm) (mAem’) (V) (Q.cm?) (Q.cm?) (%) (mA/em?) (V) (%)
63 1.93 054 0.26 340 230 0.31 1.67 0.51 0.25 0.24
110 0.09 0.42 0.26 2870 1330 0.01 0.09 0.39 0.22 0.01
70 0.49 0.53 0.30 930 740 0.09 0.51 0.51 0.27 0.08
63 1.55 0.62 0.27 480 250 0.30 1.46 0.56 0.27 0.26
@
’”:B:“ 7 72 2.27 0.67 0.27 350 180 0.47 1.90 0.62 0.28 0.37
F58F

* Average values calculated from at least 6 devices.
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The OPVs based on the 1S-BDP presented high Voc values which some are similar
to the Voc of the best BODIPY -based solar cells.*® Jsc and FF are the main limiting factors
in these photovoltaic systems. The proposed BODIPY dyes show highed absorption
coefficients and absorbance in a favourable range of the spectrum. Therefore, the high Rs
related to a sub-optimal active layer morphology and/or poor charge transport could be the
reason for the less optimum parameters.

All the former OPVs were fabricated from blends solutions prepared in
dichlorobenzene with a concentration of 40 mg of solids per ml. In spite of good film
formation, the high concentration of the active blend solution is a limitation since a
considerable amount of materials is consumed per film, in view of the significant waste of
solution that occurs during spin coating. We found that using chloroform instead of
dichlorobenzene we could obtain films ca. 80 nm in thickness with 15mg/ml concentration,
with the previously optimised donor-acceptor ratio. The performance results of the OPVs
prepared from chloroform solution are presented in Table 2.11.

Table 2.11. Photovoltaic performance parameters of the 1S-BDP OPV cells under illumination at 88
mW/cm?, with ratio of 1:3 BODIPY to PCs1BM from a solution of chloroform at 15 mg/ml.

Active Maximum Average
D layer 3 3
ye thickness sC VOC F RSH Rs PCE sC VOC PCE
(nm)  {(mAem’) (V) (Q.cm?) (Q.cm?) (%)} (mA/em’) (V) (%)
80 0.93 0.73 0.27 810 454 0.22 0.85 0.62 0.27 0.17
77 0.13 0.37 0.27 2956 2321 0.02 0.11 0.37 0.27 0.01
85 0.46 0.30 0.26 624 483 0.04 0.39 0.26 0.26 0.03
81 0.91 0.73 0.26 804 669 0.20 0.68 0.69 0.26 0.15
78 1.18 0.58 0.26 482 349 0.21 1.00 0.53 0.26 0.16

* Average values calculated from at least 6 devices.
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The change to chloroform did not bring better efficiencies to the BODIPY -based
OPV in the majority of the tests. It improved the Voc of 53 and 57-based OPVs, but, with
the exception of 55, Jsc decreased when compared with the OPVs prepared from
dichlorobenzene. These differences can be explained by changes in the morphology of the
blend since the morphology of a system is strongly dependent on thermodynamic and kinetic
aspects of the thin film formation during the spin-casting and drying processes.>” 8

The external quantum efficiency (EQE) is calculated from the number of electrons
collected under short-circuit conditions, divided by the number of incident photons. As this
parameter is calculated for every wavelength, the result is a spectral distribution plot, which
indicates the percentage of radiation at each wavelength that can be successfully converted
into electrical charges collected at the electrodes. The external quantum efficiency (EQE)
was calculated for 53:PCe1BM, 57: PCs1:BM and 58: PCs:BM OPVs fabricated from

dichlorobenzene solution, and it is shown in Figure 2.29 (A).
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Figure 2.29. EQE curves of the optimized 53:PCs:BM, 57:PCs:BM and 58:PCs:BM-based OPV cells
(A) and overlap of 58:PCs:BM absorption film with 58:PCes:BM EQE (B).

The EQE profiles are similar to the corresponding absorption spectra of the blends
(Figure 2.29 B), with a broad response in the 375-600 nm range. This response is mainly due
to the BODIPY absorption profile, but some contribution of PCs1BM at 300-400 nm is also
detected. The stronger response of the 58-based OPV is consistent with a higher short-circuit

current.

2.3.3. Surface morphology of the active layer
Atomic Force Microscopy (AFM) is a technique that relies on the interaction between

a very sharp tip and the surface of a sample. Upon scanning of the sharp probe on a surface,

the topographic images of the surfaces (height images) at a nanometre scale can be obtained.
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When the measurement is carried without contact, a phase image can be acquired, which
reflects the phase difference between the voltage pulse that imposes a vibration of the tip
and the deflections of the tip due to the interactions with the surface. The phase image is
sensitive to both the topography and the viscoelastic properties of the surface material, that
can be used to identify regions of different materials of a blend.

It was mentioned above, the OPVs performance is highly sensitive to the morphology
of the blend. Although AFM can only give information about the surface, this can provide
indications about the details of the phase separation and, therefore, be related to the
photoelectronic response. However, it should be kept in mind that the surface topography
may not represent the bulk morphology, and therefore it is difficult to correlate the efficiency
with the AFM results.

The films’ surface of 53:PCeBM, 55:PCs1BM, 56:PCs1BM, 57:PCs:BM and
58:PCe1BM, were characterized by AFM. Figure 2.30 presents the topography and phase
images of the films. All films exhibit very similar surface topography without noticeable

phase domains or aggregates.

o5 % 2 N B RO RO
Figure 2.30. AFM topography (top) and phase (bottom) images
55:PC61BM, 56:PCs1BM, 57:PCs1BM and 58:PCs:BM.

(2um vs 2um) of 53:PC¢BM,

The blends exhibited very flat surfaces (root mean squared (RMS) inferior to
0.40nm). Usually, low roughness and small phase domains are indicators of good miscibility
between the donor and the acceptor and are associated with good photovoltaic efficiencies.
These results suggest that there is good miscibility between the BODIPY dyes and the
PCe1BM, with a good donor:acceptor interpenetrating network within the blend films. This
morphology facilitates the exciton dissociation (by virtue of a large donor/acceptor interface)
but tends to limit the charge transport, as it does not allow the formation of percolation paths

for the generated charges to reach the electrodes.
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2.3.4. Photovoltaic performance evaluation of BODIPY 55 as electron-acceptor

Fullerene derivatives are by far the most used electron-acceptor materials in OPVs.
However, the search for non-fullerene acceptors has gained significant attention in recent
years, mainly driven by the possibility of cheaper and better light-harvesting new acceptor
molecules. Perylene and diketopyrrolopyrrole compounds are examples of new electron-
acceptor that have been gaining interest in the photovoltaic field.>%%

The use of BODIPYs as electron-acceptors in BHJ photovoltaic cells could be an
interesting possibility due to their general deep LUMO energy levels. However, only two
works relating the use of BODIPY dyes as electron-acceptor units in OPVs were found.*364

Compound 55 shows absorption properties and frontier orbital energy levels that
prompted us to study its capability to act as electron-acceptor. Table 2.12 presents the
preliminary results of the study showing the photovoltaic response of 58:55 and P3HT:55
blends and the photovoltaic measurements of the individual compounds (single layer). Poly-
3-hexylthiophene-2,5-diyl (P3HT) is a well-established electron-donor compound with
HOMO and LUMO energies at 5 eV and 3 eV, respectively.®>%°

The results depicted in Table 2.12 demonstrate that the 58:55 and P3HT:55 OPVs
produce low current and consequently small efficiencies. Despite the weak efficiency results,
the 58:55 (1:1 ratio) and the P3HT:58 blends seem to bring a little improvement, mainly due
to the enhancement of Voc, if compared with the single layer devices.

Table 2.12. Photovoltaic parameters for blends using 55 as electron acceptor and single layer, under
AM 1.5 G illumination at 88 mW/cm?, from a solution of chloroform at 15 mg/ml.

. Average
Active layer
Blend Ratio (w/w) thickness Jec Voe PCE
(nm) 2 FF 0
(mA/cm°) V) (%)
58:55 11 101 0.002 0.52 0.27  0.0003
58:55 1:2 85 0.0002 0.24 0.25 0.00002
58:55 2:1 109 0.001 0.17 0.24  0.00005
P3HT:55 1:1 135 0.07 0.61 0.22 0.01
58 - 140 0.001 0.35 0.22  0.00009
55 - 91 0.001 0.27 0.22 0.00007
P3HT - 108 0.05 0.41 0.26 0.006

* Average values calculated from at least 6 devices.

81



82

Chapter 2. Meso-substituted BODIPY molecules

The weak photovoltaic response is possibly due to an inefficient exciton dissociation.
BODIPY 55 has lower HOMO and LUMO energies (-5.44 eV and -3.25 eV) than 58 (-5.26
eV and -3.99 eV) and P3HT (-5.00 eV and -3.00 eV), but the difference between them is
probably not large enough to overcome the exciton binding energy. This difference should
be at least 0.3 eV,” but, in both cases, the differences between the LUMOs is less than
0.3 eV, which could be one of the main reasons for such low efficiencies.

2.4. Conclusions for Chapter 2

This chapter reports the synthesis and characterization of a series of simple meso-
substituted BODIPY molecules (first series), as well as two new crystal structures. The
proposed first series of BODIPY molecules has an accessible synthesis and characteristics
that par with those BODIPY dyes having more complex structures, which makes them very
interesting materials for OPV production. Despite being a series with structures already
published, the comparison of some characteristics has not been done, some by-products have
never been presented or explained and the application in OPVs has not been reported for this
sort of BODIPY's (without post functionalization). Additionally, it was demonstrated that the
synthesis of the unexpected meso-free-BODIPY (58) results from the reaction of the pyrrole
with the solvent (dichloromethane). We also showed that the use of dihalogeneted reagents
like a,a-dichlorotoluene or a,a-dibromotoluene lead to the formation of 53, which is a new
alternative to the synthesis of BODIPY derivatives.

The best photovoltaic performance was obtained with compound 58 (BODIPY
without meso-groups), pointing to the fact that the substitution at this position can negatively
influence the photovoltaic cells efficiency. Among the meso-substituted BODIPY
molecules, 53 (phenyl group at the meso-position) and 57 (anthracenyl group at meso-
position) have a similar photovoltaic response and they are around 3 times better than 56
(para-nitrophenyl group at meso-position) and 27 times better than 55 (pentafluorophenyl
group at the meso-position). This variation indicates that having strong electron withdrawing
groups can cause a large drop in OPV performance, especially in the photogenerated current.
In general, the Voc of the tested BODIPY -based OPV cells are comparable to the values of
some of the best OPV cells, and the AFM studies of the active layer blend indicate good
miscibility between our tested BODIPY dyes and PCe1BM, with the blend films showing

very flat surfaces.
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There are several approaches to adjust the characteristics of BODIPY molecules,
including electrophilic substitutions at the 2,6-positions,® nucleophilic substitution at the
3,5-positions,*®  palladium-mediated cross couplings with halogenated BODIPY
derivatives,” attachment of styryl groups at the 1,7,3,5-positions via electrophilic methyl
groups,'%13 nucleophilic substitution of fluorine at the boron centre,***” and fusion of
aromatic rings in the pyrrole units.182

Knoevenagel condensation is a simpler, and less time consuming than the majority
of functionalization methods. It has been considered one of the best strategies for obtaining
BODIPYs with absorption and emission at higher wavelengths. This reaction leads to the
formation of styryl or vinyl groups through the methyl groups at 2,6-positions, due to their
moderate acidity. Moreover, the reaction can also occur at 1,7-positions if withdrawing
groups are attached at 2,6-positions.?

Typically, the most used path to describe the Knoevenagel condensation is based on
Hann-Lapworth mechanism.?2* It includes the deprotonation of the reactive methyl
compound by an amine and subsequent formation of a stabilised carbanion. Then an attack
of the carbanion to the electropositive carbon atom of the aldehyde forms the new C-C bond.
The resulting alkoxide group is protonated, and the resultanting B-hydroxy compound
(Figure 3.1 (63)) undergoes dehydration to afford the unsaturated product. The identification
of the B-hydroxy intermediate could prove the occurrence of this mechanism.

However, Thelakkatin and co-workers when studied a Knoevenagel reaction with
BODIPY scaffolds did not find any evidence of such -hydroxy intermediate.?® Rather, the
aminal derivative (64) was isolated, which ruled out the Hann-Lapworth mechanism.

Figure 3.1. Hypothetical intermediate molecule from Hann-Lapworth mechanism (f-hydroxy
intermediate (63)) and isolated aminal molecule (64) supporting the organocatalytic mechanism of
the Knoevenagel reaction.

Scheme 3.1 shows an alternative pathway (organocatalytic mechanism) where the
aminal intermediate (64) is formed. This mechanism has been studied to understand the
condensation between malonic acid derivatives and aromatic aldehydes in the presence of

secondary amines.?>?’



Chapter 3. BODIPY molecules with styryl groups

Scheme 3.1. Proposed mec(tl:;)nism for the Knoevenagel condensation of a BODIPY dye with
benzaldehyde catalysed by piperidine, adapted from Thelakkatin and co-workers.?

In the first step of the organocatalytic mechanism, the piperidine acts as a nucleophile
to react with the electropositive carbonyl carbon of the aromatic aldehyde forming the
hemiaminal (I). The hemiaminal can receive an additional piperidine to form the aminal (I1)
or can lose a molecule of H2O and originate the iminium ion intermediate (I11). The same
iminium intermediate can also be formed through piperidine molecule elimination from
aminal (I1) intermediate under acidic conditions. Then, the methyl groups of the BODIPY
compound can react with the aminal (1) or with iminium ion (111) leading to the formation
of the p-amino intermediate (IV). In the last step, there is an elimination of the piperidine
molecule and formation of the mono-styryl product (V). Moreover, it is reported that the
deamination of f-amino compound (1V) is the rate-limiting step, which can be accelerated
in the presence of H", explaining the importance of the acid (glacial acetic acid or p-
toluenesulfonic acid) in the reaction.?> %’

BODIPY compounds prepared by Knoevenagel condensation (distyryl-BODIPY
molecules) were the first BODIPY molecules used in OPVs.?® However, the most used
methods to prepare BODIPY derivative for OPVs are either the Sonogashira reaction or the
Suzuki coupling.?-%2

In Chapter 2, it was demonstrated that simple BODIPY dyes (1S-BDP) fulfil the
main photophysical and electrochemical requirements to be applied as electron-donor
molecules in OPVs. Despite their PCE values below 0.5 %, respectable open-circuit voltages
were obtained. In this context, we proposed to functionalize some of the BODIPY molecules
tested in the previous chapter, by exploring the distyryl-BODIPY derivatives, to achieve new

molecular structures with improved photovoltaic efficiencies.
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3.1. Synthesis and structural characterisation of the second series of BODIPY
molecules (2S-BDP)

BODIPY dyes of the second series (2S-BDP) were synthesised via Knoevenagel
condensation of BODIPY's 53, 55, 57 and 58 with benzaldehyde. Compounds 53, 57 and 58
were selected based on the preliminary OPV studies presented in Chapter 2. Despite the very
low PCE values, we functionalized 55 because of its differentiated characteristics such as
strong electron withdrawing meso-group and lower HOMO and LUMO energy levels.

Scheme 3.2 shows the synthesised products and the corresponding yields. The
synthesis protocol of the 2S-BDP BODIPY's was based on the work published by Yang and

co-workers.3

monostyryl BODIPY  distyryl BODIPY  distyryl BODIPY
— (others)

R
Piperidine
s + TeoH
=N, N/ >
Bl \o
PO 48

48h

58

Scheme 3.2. Synthesis of the 25-BDP and the yield of the products.

The reaction between benzaldehyde and BODIPY was carried out in a solution of
toluene, using piperidine, p-toluenesulfonic acid (as catalyst) and molecular sieves to keep
the reaction mixture dehydrated. The reaction time for the functionalization of 53, 57 and 58
was 48h at 120 °C. In order to maximise the formation of the desired distyryl products, we
used 10 equivalents of benzaldehyde. Yet, some monostyryl product was still isolated in

some cases.
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The reaction time for BODIPY 55 did not exceed 2 hours until all the BODIPY had
been consumed. This is due to the strong electron-withdrawing character of the pentafluoro
fraction, which facilitates the deprotonation of the methyl groups at the a-position.3* There
was no evidence of the mono-substituted derivative of 55. However, a by-product (68) was
formed since the pentafluorophenyl group is prone to undergo a highly regioselective
nucleophilic aromatic substitution reaction in the presence of proper nucleophiles such as
thiols, amines or alcohols.® This reaction can be controlled by its duration and by the amount
of piperidine. The appearance of compound 68 is one of the main topics of the next chapter.
Therefore, it is not included in the 2S-BDP series and its properties will not be discussed in
this chapter.

The reactions with 53 and 58 led to similar results in terms of final di/mono-
substitution ratios and yields. In the reaction of 57, only the disubstituted BODIPY was
isolated (70), but by HPLC, as shown in Figure 3.2, it was possible to identify traces of a
possible mono-styryl BODIPY (69) since its maximum absorption wavelength is between
those obtained with 57 and 70.
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Figure 3.2. HPLC-DAD chromatogram with the corresponding peaks of BODIPY 69 and 70,
obtained at 30 °C with acetonitrile: H,O (9:1) as eluent and a flow rate of 0.8 ml/min.

All the prepared BODIPY derivatives exhibit good solubility in common organic
solvents such as dichloromethane, chloroform, dichlorobenzene, THF, and toluene. In some
cases, the purification through column chromatography or preparative thin-layer
chromatography revealed some difficulty to separate the mono from the di-functionalized
compound, and the separation of 67 from 68 has always deserved special attention. Thus,
HPLC analysis (Figure 3.3) is of great importance to confirm the purity level of the

compounds.
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Figure 3.3 shows the chromatograms of all isolated BODIPY's from the second series
and confirms their purity. Because a C18 reverse phase column (hydrophobic stationary phase)
was used, the increase of aromatic units in the structure, through the attachment of phenyl
rings, caused the peak to appear at higher retention times. BODIPY 70 is the one that presents

the peak at higher retention time, which was nonetheless expected due to its anthracene

moiety.
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Figure 3.3. HPLC chromatograms obtained at 30 °C with acetonitrile: H,O (9:1) as isocratic eluent
with a volume of injection of 10 pL and a flow rate of 0.8 ml/min, in a C18 RP column.

From analysis of Figure 3.4, it is possible to conclude that the NMR signals assigned
to the hydrogens of BODIPY core did not change significantly upon functionalization. The

same figure shows the disappearance of the singlet attributed to the methyl group from 3,5-

position and the new signals from the new phenyl fractions. All the compounds from the
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second series show the same spectroscopic feature but the new signals are more
distinguishable in the 67 or 72 spectra because their structure does not have groups at meso-
position with hydrogen atoms to mask the signals from both the new phenyl moieties and

the vinylic hydrogens.
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Figure 3.4. *H NMR (400 MHz) spectra of 70 and 72, in CDCls.

Based on 'H-NMR spectra we can conclude that the vinyl hydrogens between the
BODIPY core and the donor group are in a trans conformation since the values for the vicinal
33 couplings are on the range of 16-17 Hz for all compounds.

Figure 3.5 shows an example of how the ®F NMR and !B NMR spectra evolved
from 1S-BDP (compound 58) to 2S-BDP (compounds 71 and 72). If compared with the first
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series, the quartet signal assigned to the fluorine atoms coupled to boron presents a small
shift when BODIPY has one styryl group and a larger shift to positive chemical shifts when
two styryl groups are present. On the other hand, the 1'B NMR spectra of the new compounds

are essentially equal to the spectrum of the 1S-BDP.
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Figure 3.5. B NMR (128 MHz) and **F NMR (376 MHz) spectra of 58, 71 and 72, in CDCls,

Additionally, all BODIPY dyes from the second series were analysed by HRMS
(details in Chapter 8), which confirmed the structure through the peak of the molecular ion

[M+H]" and by the presence of the typical fragment resulting from the loss of HF.

3.2. Characterisation of the second series of BODIPY molecules (2S-BDP)

The attachment of distyryl groups to BODIPY backbone induces deep changes on
the main characteristics of the dyes. These changes can be noticed even before any
characterisation technique by visual inspection since there is a variation in the colours of the
solutions and a decrease in their fluorescence. As shown in Figure 3.6, the chloroform
solution of compound 58 has a yellow colour, and when one (71) or two styryl moieties (72)
are attached, it changes to pink or blue, respectively. This change in colour is uniform across

all BODIPY's from the second series.
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e

Figure 3.6. Images of 58 (A), 71 (B) and 72 (C) in chloroform under daylight and under 365 nm UV
light illumination.

To assess the modification of properties introduced by the styryl groups and the
suitability of the new compounds for OPV applications (upon blending with fullerenes)

photophysical, electrochemical and DFT studies were done for all 2S-BDP components.

3.2.1. Photophysical characterisation

The colour variation (yellow to blue) corresponds to a significant red-shift of the
absorption spectrum, showing the effect of the stepwise expansion of the n-system due to
the attachment of the mono and distyryl moieties. Figure 3.7 shows the normalised
absorption spectra of 58, 71 and 72 in chloroform solutions. The mono-substituted BODIPY
compound has a red-shift of about 50 nm in both absorption and fluorescence spectra, while

the di-substituted BODIPY molecules present a red-shift of ca.110 nm.
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Figure 3.7. Normalised absorption of 58 (orange), 71 (pink) and 72 (blue), in chloroform solution.

Figure 3.8 shows the absorption spectra of all BODIPY derivatives from the second
series. Absorption and emission spectra of all compounds were recorded in chloroform
solution, and the photophysical data of all series are listed in Table 3.1.

Despite the shift of the maximum absorption and the maximum emission, the general

characteristics of the BODIPY molecules (presented in Chapter 2) are kept in this second
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series. The absorption spectra exhibit a minor broadening of the absorption bands but the
intense visible SO—S1 absorption, the similarity (mirror image) between absorption and

emission bands and the small Stokes shifts remained.
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Figure 3.8. (A) Absorption spectra; (B) emission spectra (excitation at A™max ): (C) excitation
spectra; (D) spin-cast films absorption spectra of the 25-BDP, in chloroform.

The absorption band at shorter wavelengths (300-450 nm) is assigned to a m-*
transition within the new phenyl fragments. The occurrence of this new absorption bands
masks the weaker absorption band attributed to the SO—S2 (mn-n*) transition of BODIPY
core. The absorption bands at lower energy (500-775 nm) are attributed to the SO—S1 (n-
7*) transition. Additionally, the excitation spectra of the BODIPY molecules match the
absorption spectra and all these dyes show high molar absorption coefficients in chloroform
solution, ranging from 5.3 to 7.4x10* M*cm™, which confirms their exceptional light
harvesting ability. The film absorption spectra show a clear bathochromic shift of the
absorption maximum with a considerable broadening of the peaks. The red-shift and
broadening relative to solution spectra result from intermolecular interactions, possibly
involving the = orbitals of adjacent molecules. The excitation of the compounds from 2S-
BDP at their respective three absorption bands maximum at room temperature led to the

same emission spectrum.
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Table 3.1. Photophysical properties of the 2S-BDP, measured in chloroform solution.

abs abs_. em EgOpt
BODIPY . max Lo Tm T e g}F AL (eV)
(nm) (cm.M")  (nm) (nm) (%) (cm™) (onset)”
577 5.4x10% 596 588 60 325 2.08
636 6.0x10* 658 652 44 386 1.89
661 6.4x10* 694 678 59 380 1.80
642 6.4x10% 662 658 73 378 1.86
585 5.3x10* 600 592 77 202 2.06
647 7.4x10% 669 659 50 281 1.85

2 Absorbance of the films prepared from chloroform solution.

bEstimated from the absorption spectra onset of dyes in solution, Eg (V)= 1240/ Aonset (NM).

When compared with the emission of 1S-BDP, the emission spectra of the 2S-BDP
show a bathochromic shift within the same order of the absorption, keeping the Stokes Shifts
small. At room temperature, the quantum yield decreases with the addition of styryl moieties,
but their chloroform solutions still have a considerable fluorescence. Rigid BODIPY
scaffolds result in higher quantum yields. Thereby, the introduction of flexible moieties will
increase the non-radiative decay and consequently decrease the fluorescence quantum yield.
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3.2.2. Electrochemical characterisation

Cyclic voltammetry studies were carried out under the conditions described in
Chapter 2. Figure 3.9 shows the evolution of the cyclic voltammograms upon addition of
phenyl moieties to BODIPYs 53 or 58. All electrochemical data from the 2S-BDP is
summarised in Table 3.2.

The BODIPYs of the second series show two oxidation processes (Eox! and Eox%) and
a single reduction process (Erd'), as observed for their corresponding non-functionalized
compounds. However, the attachment of phenyl moieties to the BODIPY core facilitates
both processes, as shown by the gradual and significant decrease of the potential. As
discussed in the previous chapter, the redox processes are assigned to the BODIPY core.
Therefore, the changes on the redox properties are consistent with an improved electronic

delocalisation brought by the addition of the styryl moieties.

Ered1

Ered1

* 1
Fo/lFe™ B

1
Ered

Fc/Fc’ onl

46 12 08 04 00 04 08 12 16 1.6 12 -0.8 04 00 04 08 12 16
E/V vs Ag/AgCl E/V vs Ag/AgCl

Figure 3.9. Cyclic voltammograms of 53, 65, 66, 58, 71 and 72 in dichloroethane, containing 1 mM
ferrocene/ferrocenium (Fc/Fc*) as internal standard, recorded at 50 mV/s.

As described for 1S-BDP (second chapter), the HOMO and LUMO energies are
calculated from the onset potentials obtained from the cyclic voltammograms of the
BODIPY dyes as reported by Ziessel and co-workers.®® The optical band gap (E.°),
obtained from the absorption onset, combined with the HOMO (obtained from Eonse™")

allows the calculation of the E umo.
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Table 3.2. Electrochemical properties of the 2S-BDP.

Dyes  Ered' (V) Eod(V) Eo2(V) Eome™ (V) E“(':\“j‘)’l (Eegvp; 'igfl“)”f
65 071 095 129 0.93 5.14 2,08 3.06
66 068 094 129 0.87 5.08 1.89 3.19
67 062 108 139 0.91 5.12 1.80 3.32
70 071 084 127 0.80 4.98 1.86 312
71 072 098 126 0.92 5.11 2,06 3.05
72 071 087 125 0.81 5.00 1.85 3.5

aEomo = [-(Eonset®™? - EFSFe*) — 4.8] eV ; P ELumo = [EHomo + E¢P] eV.

Scheme 3.3 shows the HOMO and LUMO energies of some dyes of 1S-BDP and of
all components of 2S-BDP. The relation between the shift of the HOMO and LUMO energy
between the two series and the level of functionalization with styryl groups is evident. The
increase of the reduction potential and the decrease of the oxidation potential upon
functionalization was expected since for 3,5-substituents, the enlargement of the n-system
increases the HOMO energy and decreases the LUMO energy.®” This variation translates
into a reduction of the energy gap. Nevertheless, the energy levels are both above the energy
levels of PC¢:BM and PC71BM (the selected acceptor molecules).® This means that even
with the decrease of LUMO energies, the BODIPY -fullerene combination forms a type 1l

heterojunction.

r 3
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Scheme 3.3. Frontier orbital energies of some dyes of 1S-BDP (red), all 2S-BDP (blue) and the
fullerenes derivatives PCs:BM and PC71BM (green).
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3.2.3. Computational studies

To obtain some insight on the electronic structure of this series of BODIPYSs, the
geometries and energies of the frontier orbitals were calculated by Density Functional
Theory (DFT) in vacuum. All the geometry of the BODIPY compounds were optimized
using the same method, and Table 3.3 displays the optimised ground-state geometries and
electronic distribution of the HOMO and LUMO.

The main features of the first series of BODIPY molecules, such as the near
orthogonal orientation of the meso-substitute group in relation to the plane of the core, the
tetrahedral geometry of the boron centre and the orthogonality of the plane defined by the
BF2 moiety with respect to the BODIPY core plane are retained.

DFT calculations support the conclusion, based on the absorption and cyclic
voltammetry experiments, that the conjugation of the system is extended upon
functionalization with the styryl moieties. The calculated frontier molecular orbital profiles
and energies show that the HOMO of the BODIPY dyes are delocalized over the pyrrole
units of BODIPY core and the styryl groups, while the LUMO is mainly located on the
BODIPY core, with a strong density at the meso-position.

Despite the higher difference between the experimental and calculated HOMO
energies, when compared with the first series, they are nonetheless similar. The BODIPY 71
has the lowest deviation with a difference of 0.17 eV, and the highest deviation is attributed
to 66 with a difference of 0.29 eV. As observed in the first series of BODIPYs, the
experimental and calculated LUMO energies have larger deviation (between 0.41 and
0.64 eV) which could be explained by the solvent effect on the excited state that was not

considered in these computational studies.
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Table 3.3. Optimised ground-state geometries, electron distribution in HOMO and LUMO and their
energies (in eV) for the second series of BODIPYSs, obtained by DFT calculations in vacuum.

BODIPY  Optimised Geometry HOMO LUMO

65
4.97 2.43
66 {
479 2.58
67 { i
-5.31 -2.91
70
71
72

-4.78 -2.60
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3.3. Photovoltaic studies of the second series of BODIPY molecules (2S-BDP)

All BODIPYs from the second series (Figure 3.10) were tested in BHJ-OPV with the
structure and preparation procedures used in Chapter 2. However, chloroform was chosen as
solvent since it allows similar layer thicknesses and efficiencies as dichlorobenzene but with

much more diluted solutions (15mg/ml vs 40mg/ml).

Figure 3.10. BODIPY dyes from 2S-BDP tested in BHJ-OPVs.

The optimisation of the OPV conditions was carried out for 70:PCs1BM and the
conditions that gave the best performance were replicated for the remaining BODIPYS.
Table 3.4 shows the photovoltaic parameters obtained during the optimisation study. The
best performing 70:PCs1BM blend was prepared in a weight ratio of 1:3, deposited by spin-
coating at 1200-1300 rpm from a chloroform solution at 15mg/ml, and with a Ca/Al top
electrode. These optimised conditions are comparable to the best conditions obtained for the
first series of BODIPY compounds, in chloroform, with the only difference on the top
electrode (LiF/Al was then found the best electrode).

Table 3.4. Average photovoltaic performance parameters for 70:PCsBM-based OPVs, obtained
under illumination at 90 mwW/cm?, during the optimisation studies. Active layer films were prepared
from 15mg/ml chloroform solutions. Values calculated from at least 5 devices.

Active layer J

Concentration Ratio (D:A) thickness Top

sC VOC

FF  PCE (%)

(mg/ml) () electrode (m A/cmz) V)
20 1:2 119 LiF/Al 0.80 0.56 0.26 0.13
20 1:3 114 LiF/Al 0.96 0.66 0.24 0.17
20 1:4 111 LiF/Al 0.69 0.40 0.24 0.07
15 1:3 94 LiF/Al 141 0.62 0.25 0.24
13 1:3 82 LiF/Al 1.13 0.65 0.26 0.21
15 1:3 102 Ca/Al 1.66 0.65 0.25 0.30
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The photovoltaic performance parameters of the BODIPYs from first and second
series, blended with PCe1BM, under similar conditions are summarised in Table 3.5. The
introduction of the styryl groups in BODIPY 55 led to a great improvement in the
photovoltaic response since its PCE increases from 0.02 % to 0.27 %. Despite this impressive
improvement, the other BODIPY dyes from the second series did not show such
improvement. In the case of 66, 71 and 72 compounds the efficiency presented a significant
drop, where not only the current density decreased but also the Voc. This may indicate non

ideal morphology of the active layer and poor charge transport.

Table 3.5. Photovoltaic performance parameters of the BODIPY:PCs:BM-based OPVs, AM 1.5 G
illumination at 84 mW/cm?. The donor:acceptor ratio is 1:3 by weight and the solution was prepared
in chloroform at 15mg/ml.

Layer Maximum Average**
Dye  thickness | 3. v Ry Rs PCE Je Voo PCE

(M Ao () @end) @end) 0 | maem) () (0
53* 80 093 073 027 810 454  0.22 085  0.62 0.27 0.17
65 114 167 059 024 340 253  0.28 162 051 024 0.23
66 100 028 029 024 1195 542  0.02 022 027 0.26 0.02
55* 77 013 037 027 2956 2321  0.02 011 037 0.27 0.01
67 99 140 067 024 402 370 027 123 064 024 022
57* 81 091 073 026 804 669  0.20 068  0.69 0.26 0.14
70 102 174 063 025 38 323  0.33 156  0.64 025 0.30
58* 78 118 058 026 482 349 021 100 053 026 0.16
71 97 059 046 022 606 749  0.07 054  0.44 0.22 0.06
72 82 038 031 029 941 444  0.04 035 028 0.28 0.03

*Data already presented in Table 2.10. It is shown here for comparison purposes.
**Values calculated from at least 5 devices.

The best PCE values were obtained for 65, 67 and 70, but they are still lower than
the average efficiency values of BODIPY-based OPVs already published. The increase in

efficiency of 65 and 70-based OPVs is attributed to the enhancement of Jsc. All molecules
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from the second series presented FF values below those found in the OPVs prepared with
the BODIPY's of the first series, which is an indication of increased photoelectric losses.
PCe1BM is commonly used electron-acceptor material in OPVs, but the low
absorption in the visible range is a handicap.*® Hence, a possibility to improve the PCE of
the photovoltaic cells is the introduction of a bigger fullerene such [6,6]-phenyl-C7i-butyric
acid methyl ester (PC7:BM) which shows stronger absorption and, in general, enhanced
solubility.*® As shown in Figure 3.11, the blend of BODIPY 66 with PC71BM presents an

enlarged absorption profile, due to the complementary absorption of the two compounds.
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Figure 3.11. Absorption profile of 66 BODIPY film and the blend films of 66: PC7;:BM and
66:PC71BM.

The photovoltaic performance of the distyryl-functionalized molecules 66, 67, 70 and
72, blended with PC7:BM, was therefore evaluated. The photovoltaic cells were fabricated
using the conditions of the OPVs based on the BODIPY:PCs:BM blends.

The change of fullerene had a positive effect on the photovoltaic performance
parameters of 67 and 70 as is attested in Figure 3.12 and Table 3.6. However, the effect on
the OPVs based on 66 and 72 BODIPY's was not significant (Table 3.6).
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Figure 3.12. Current density-voltage characteristics of OPVs based on the 67: PCs1BM, 67: PC1BM,
70: PCs1BM and 70:PC71BM blends.
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Table 3.6. Photovoltaic performance parameters of the BODIPY:PC7:BM-based OPV cells, obtained
under AM 1.5 G illumination at 81 mW/cm?. The blends solutions were prepared in chloroform at
15mg/ml, with a donor:acceptor weight ratio of 1:3.

Layer Maximum Average
Dye thickness Jsc Voe F Ry R, PCE NI Voe FE PCE
(M) imAcm?) (V) (Q.em?) (Qeem?) (%) | (mA/em) (V) (%)
98 034 036 026 1167 777 0.04 0.32 0.37 0.26 0.04
89 427 096 031 345 131 157 3.97 0.94 0.30 1.38
111 344 067 025 194 163  0.71 314 0.66 0.25 0.66
112 018 028 0.29 1608 778  0.02 0.17 0.28 0.28 0.02

* Average values calculated from at least 4 devices.

The OPV based on the 70:PC7:BM blend preserved the Voc value of the device based
on PCes1BM, but the near duplication of the Jsc made this system much more efficient. When
blended with PC71:BM, the 67-based OPVs experienced a massive improvement. The
resulting photovoltaic cells delivered more than twice the current density of the PCs1BM
analogous system and the PCE value was improved by more than five times. The Voc of
0.96 V is very near to the highest Voc ever obtained for BODIPY-based OPVs (1.08 V) %,
and it is on par with the state-of-the-art electron-donors. The high Voc is a sign of good
conjugation of the frontier orbital energies offsets from the donor and acceptor materials and
good morphology of the blend. With such high Voc, the main limitation remains on FF and
its current density, which could be caused by poor charge carriers transport.*> > Even so,
1.57 % of efficiency is higher than that of several BODIPY -based OPVs already published
and indicates that this kind of compounds with styryl groups at a-position have potential to

exhibit good photovoltaic results.
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3.3.1. Surface morphology of the active layer

The blend morphology is of great importance in OPV field since it is essential to
understand the nature of some loss, such as exciton dissociation, transport of charges or free
charges collection.** % To gain insights about the possible contributions that differentiate
and affect the studied BODIPY-based OPVs, the surface morphology of 65, 66, 67, 70, 71
and 72 blended with PCe1BM and PC7:BM were scrutinised by AFM, Figure 3.13.
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Figure 3.13. AFM height and phase images (2pum vs 2um) of 65, 66, 67, 70, 71 and 72 blended with
PCslBM and PC71BM.

As can be observed in Figure 3.16, most of the blend films exhibited very smooth
and uniform surfaces with root mean squared (RMS) roughness below 1 nm. The blends

with PC7:BM showed a small increase of roughness if compared with films of the PCs1BM



Chapter 3. BODIPY molecules with styryl groups

blends. Apart from 66:PC71BM, which presented some grains on the surface, all the films
were very flat and do not exhibit aggregates. With the phase separated domain size
decreased, the interfacial contact between the donor and acceptor increases, which facilitates
exciton dissociation. However, small domains have a detrimental effect on the charge-
collection efficiency. Thus, some works suggest an ideal domain size of 10-20 nm,* for
copolymers, since both larger or smaller domain phase sizes may limit charge transfer and/or

separation.

3.4. Conclusions for Chapter 3

In this chapter, the attachment of styryl groups at the 3,5-positions of the BODIPY
was explored. The second series of BODIPY molecules (2S-BDP) includes some new
BODIPY structures with absorption at high wavelengths due to the extension of the electron-
n system. The synthesised compounds present good stability and solubility. After all
photophysical and electrochemical characterisation, it was proved that they could perform
as excited state electron-donors in heterojunction BODIPY :fullerene systems.

The photovoltaic tests revealed a remarkable performance improvement for some
BODIPYs of the 2S-BDP. In the blend with PCs1:BM, the PCE of BODIPY 70 experienced
a small improvement if compared with its predecessors ( 0.20 % to 0.33 %). However, when
blended with PC71BM, its PCE more than doubled (0.71 %).

The improvements of the OPVs based on BODIPY 67 are quite impressive. In blends
with PCs1:BM, BODIPY 67 showed an evolution of almost 14 times in its PCE (from 0.02
% to 0.28 %) with the distyryl addition, and when blended with PC71BM it achieved a
maximum efficiency of 1.74 % which is an outstanding enhancement. Additionally, the 67:
PC71.BM-based OPV presented very high Voc values (0.96 V) which are in line with the best
published so far, since BHJ-OPV with Voc values above 1 V have rarely been described.
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In the previous chapter, it was demonstrated that the attachment of styryl groups
through the 3,5-methyls from BODIPY’s a-position is a simple functionalization that deeply
changes the main optical and electronic properties of the BODIPY molecules. From the
synthetic point of view, the BODIPY compound with the pentafluoro moiety at meso-
position (55) is by far the most reactive BODIPY compound to produce the distyryl
derivatives (67 and 68). When compound 67 was tested in OPVs, it revealed an outstanding
increase in the photovoltaic performance, if compared with its predecessor (55), and
achieved the highest PCEs of the 2S-BDP. Therefore, this chapter is focused on a series of
new BODIPY structures (third series) based on meso-substituted fluorinated BODIPY
molecules with different donor aromatic moieties at a-pyrrolic positions and with or without

piperidine motifs at the para-position of the group at meso position.

4.1. Synthesis of the third series of BODIPY molecules (3S-BDP)

Highly fluorinated BODIPY dyes might combine some advantageous features, such
as high stability, prominent spectroscopic properties, and increased electron-accepting
character.! The electron-withdrawing effect of the pentafluorophenyl moiety promotes a
decrease of HOMO and LUMO energies, which could increase the open-circuit voltage
(Voc) when used as electron-donor material or even provide an electron-acceptor character
to the molecule.

The third series of BODIPY molecules (3S-BDP) was planned to include the already
reported BODIPY structures with styryl moieties (67 and 68), and new structures with vinyl
groups (naphthalenyl and anthracenyl). These groups were inserted by Knoevenagel
condensation reaction, catalysed by piperidine and p-toluenesulfonic acid (Scheme 4.1). As
explained in Chapter 3, the strong electron-withdrawing character imposed by the meso-
pentafluorophenyl fraction speeds up the reaction and makes it much more effective.
However, the pentafluorophenyl group could easily undergo a nucleophilic aromatic
substitution reaction in the presence of a nucleophile like piperidine, resulting in piperidine
substituted by-products at the para-position of the pentafluorophenyl moiety.

The Knoevenagel condensation often uses twenty equivalents of piperidine and
several hours of reaction time (sometimes days), but due to the strong tendency of 55 to
suffer nucleophilic substitution at the para position of pentafluorophenyl moiety, the amount
of piperidine and the reaction time require optimisation.
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Piperideine
TsOH

Scheme 4.1. The synthesis of the third series of BODIPY dyes (3S-BDP).

To study the selectivity of the synthesis, the amount of 55, benzaldehyde (10 eq), p-
TsOH.H20 (0.01 eq), the volume of toluene (15 ml) and temperature of the reaction (120 °C)
were kept, while the time of reaction and the amount of piperidine were varied and carefully
controlled. The vyields of the obtained products were -calculated after careful
chromatographic purification by preparative thin-layer chromatography.

As shown in Table 4.1, to reduce the amount of BODIPY by-product (68), the
reaction time has to be short and with low quantity of piperidine. Nevertheless, even with
the optimisation of the reaction time and the control of the amount of piperidine, it was
impossible to prevent the para-nucleophilic substitution. Moreover, when 20 equivalents of

piperidine and longer reaction times were used (24 hours), only 68 was found and isolated.
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Therefore, for the condensation reaction with the other two aldehydes (2-naphthaldehyde
and 9-anthracenecarboxaldehyde), we used 2 hours of reflux with 5 equivalents of piperidine
to synthesise 74 and 76, while to synthesise 75 and 77, we used 24 hours of reflux and 20

equivalents of piperidine.

Table 4.1. Optimisation of the reaction conditions to synthesise the BODIPYs 67 and 68.

Piperidine BODIPY 67 BODIPY 68

Time () cqlivalents  Yield (%)% Yield (%)*
2h 20 21 13
4h 20 19 18
6h 20 19 25
241 20 0 34
1lh 5 17 traces
2h 5 31 2
4h 5 30 8

*All the yields were calculated based on the mass of isolated BODIPY molecules.

We anticipated that the piperidine at meso-group should not influence the
optoelectronic properties of the compounds. However, the OPVs performance is highly
dependent on the morphological features of the blends, and, for that reason, compounds 68,
75 and 77 were also tested in BHJ-OPVs.

4.1.1. Synthesis of a carbazole-functionalized BODIPY (78)

Carbazole is a heterocyclic organic molecule with interesting properties such as ease
of functionalization, strong electron-donating character, stability, low redox potential, and
hole transporting properties.>® Such properties make it attractive as photoelectrical material,
and its linkage to BODIPY dyes has been published with some regularity.®** The use of
carbazole-BODIPY dyes in OPVs was first reported by Shrama and co-workers in 2015,
with a meso-ethynyl BODIPY molecule substituted with a carbazole unit. High efficiencies
(5 %) and the highest Voc value reported for BODIPY-based OPVs to date (1.09 V) were
obtained.*® However, it is the only work relating the use of materials combining these two
chromophores in OPVs.

Such considerations led us to prepare a carbazole-conjugated BODIPY compound
(78, Figure 4.1), where two carbazolyl units are attached at positions 3 and 5 of BODIPY
through Knoevenagel condensation of BODIPY 55 with N-ethylcarbazole.
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Figure 4.1. Structure of BODIPY 78.

BODIPY 78 was synthesised with 72% vyield, following the same protocol we used
for the preparation of BODIPY's 67, 74 or 76, and it completes the third series of BODIPY
dyes (3S-BDP). To the best of our knowledge, among the 3S-BDP series of compounds,

only the structure of 67 has already been reported.®

4.2. Structural characterisation of the third series of BODIPY molecules (3S-BDP)

HPLC-DAD was used to check the effectiveness of the purification steps. To shorten
the run times and to acquire well-defining peaks, the HPLC chromatograms were obtained
at 30 °C with acetonitrile: water (98:2) as isocratic eluent in a C18 reverse phase column.
Figure 4.2 displays the effect of both substitutions (styryl and piperidine) in the retention
time of all structures of 3S-BDP.

2.7 min el BODIPY  Retention time

£ 67 3.3 min

55
_ 68 4.3 min

3.3 min
74 4.2 min
75 5.2 min
4.3 min 76 6.5 min
77 10.1 min
T 78 4.8 min
0 2.0 4.0 6.0 8.0 100 120 15.0

Retention time [min]

Figure 4.2. HPLC chromatograms of 55, 67 and 68 and table with the 3S-BDP retention times.
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With the exception of 78 that was obtained as a dark green powder, the compounds
from the third series were obtained as deep blue solids, and they all exhibit good solubility
in organic solvents such as dichloromethane, chloroform, dichlorobenzene, THF or toluene.

The structures of the BODIPY dyes from 3S-BDP were confirmed by NMR (*H, *°F,
118 and 13C) and by HRMS, that are described in detail in the experimental section (Chapter
8). As depicted in Figure 4.3, there are not many differences between the *H NMR spectra
of a non-piperidine-substituted BODIPY (67) and a piperidine-substituted BODIPY (68).
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Figure 4.3. *H NMR (400 MHz) spectra of 67 and 68, in CDCls.

As described before, the signals from the styryl groups are found at higher chemical
shifts (7.30-8.50 ppm), and the difference between the piperidine substituted or non-
piperidine-substituted dyes is minimal when these signals are compared. The chemical shift
and multiplicity of the proton signals from the core are constant for both structures as well.
Despite the similarities, the piperidine-substituted BODIPY molecules present three extra
broad signals corresponding to the piperidine protons. The signal at 3.30 ppm is assigned to
the -CH> protons next to the nitrogen atom. The other two signals appear at 1.65-1.75 ppm

and correspond to the other six hydrogens of piperidine.
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Apart from the appearance of the signals allocated to the piperidine group, the *H-
NMR differences between the BODIPY molecules from the third series exist at the aromatic
region of the spectrum. Figure 4.4 shows the fraction of the 'H NMR spectra where the
phenyl, naphthyl and anthracenyl signals appear. The coupling constants for the olefinic
hydrogens is around 17 Hz, as in the 2S-BDP compounds, which reveal a trans

stereochemistry.

o In N m TNOOTNO v
BODIPY 67 SR NN NN
I \ NYONT (e)\(a)
(d) © (o) (o) D
© @ (O~F©
Sl gL
3 5
BODIPY 74 o “
TN '
J\(]M
—~
BODIPY 76 o

0 (i) (v) (iii)()

-

— — - .
= S S < =
e} o < o [ee]

8.45 8.30 8.15 8.00 7.85 7.55 7.40 7.25 7.10

7.70
Chemical Shift (ppm)

Figure 4.4. *H NMR (400MHz) spectra of 67, 74 and 76, in CDCls.

The *H NMR spectrum of BODIPY 78 (Figure 4.5) is somewhat more complex. After
COSY NMR analysis it was possible to assign all the signals and confirm that the triplet at
1.46 ppm is representative of -CHz (b) from carbazole ethyl group and the triplet at 1.29 ppm
is attributed to -CHs from BODIPY core (a). The quartet signal related to the -CH> from
carbazole is well defined at 4.39 ppm (e) and the doublets assigned to olefinic hydrogens (i
and k) although a slightly overlapped by the carbazole proton signals confirm the trans

stereochemistry with coupling constants around 17 Hz.
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Figure 4.5. *H NMR (400MHz) spectrum (A) and COSY NMR spectrum (B) of 78, in CDCls.

The *F NMR (Figure 4.6) was a valuable tool to inquire about the piperidine
substitution and purity of the compounds. Apart from the para-fluorine missing signal (red
circle) in the spectra of 68, 75 and 78, the 1°F NMR spectra of the 35-BDP are very similar.
With the attachment of distyryl motifs, the quartet signal corresponding to the fluorine atoms
coupled to boron (green circle) moves to more positive chemical shifts (-145.75 to -138.98).

All the compounds from 4S-BDP present that signal at around -138 ppm.
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Figure 4.6. *°F NMR (376 MHz) spectra of 55, 67 and 72, in CDCls.

The B NMR spectra (Figure 4.7) of 35-BDP reveals very slight deviations to higher
chemical shifts with the increase of bulkiness of the donor units and shows no differences

between the non-piperidine-substituted and the piperidine-substituted structures.
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Figure 4.7. 1'B NMR (128 MHz) spectra of 3S-BDP, in CDCls.
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4.2. Characterisation of the third series of BODIPY molecules (3S-BDP)

To gain better insight into the thermo-behaviour and thermostability of the BODIPY
derivatives from the third series, DSC and TG analysis were made. The photophysical and
electrochemical studies were once again extremely important to understand the main
properties of the dyes and assess the suitability of the molecules to be applied in OPVs. DFT
studies helped to better understand the experimental data.

4.2.1. Thermal characterisation

The decomposition temperatures obtained from TGA curves (Figure 4.8) of 67, 68,
74,75, 76, 77 and 78, observed at 5 % weight loss are at 285 °C, 306 °C, 333 °C, 289 °C,
303 °C, 300 °C and 335 °C, respectively.
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Figure 4.8. TGA curves of 3S-BDP at a heating rate of 20 °C/min under nitrogen atmosphere.

In the DSC analyses (Figure 4.9), the samples were heated from 25 to 350 °C and
then cooled to 25 °C, with a rate of 10 °C/min under nitrogen flow. The thermograms of 67,
68, 74, 75, 76, 77 and 78 revealed endothermic peaks at 259 °C, 272 °C, 300 °C, 332 °C,
280 °C, 268 °C and 309 °C, respectively, which correspond to their melting temperatures.
These values were similar to those obtained by a melting point meter. In two cases (68 and
75) the BODIPY s substituted with piperidine showed higher melting temperatures than their
analogues without piperidine, but the differences are not significant. No glass transitions
during the heating or exothermic peaks during the cooling process were observed.

The results obtained by TG and DSC confirm that all BODIPY molecules from 3S-
BDP exhibit high thermal stability, with high melting temperatures, which is very important
concerning their application in photovoltaic cells.
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Figure 4.9. Thermograms of 3S-BDP.

4.2.2. Photophysical characterisation

As it was expected, there is not an effective influence of the piperidine moiety on the
spectra of the dyes (Figure 4.10). The absorption and emission spectra of the 3S-BDP are
shown in Figures 4.10, 4.11 and 4.12, and the optical data corresponding to the experiments
with three different solvents (chloroform, hexane and acetonitrile) are summarised in Table
4.2. For comparison reasons, the spectra and optical data of BODIPY 55 (BODIPY from the

first series, with the pentafluorophenyl group at meso-position) are also presented.
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Figure 4.10. Normalised absorption spectra of the compounds 67, 68, 74, 75, 76 and 77, in CHCls.
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As Figure 4.11 evidences, the absorption spectra of the 3S-BDP exhibit a higher
broadening of the absorption bands and a significant red-shift, if compared with the
absorption spectrum of 55. This feature arose from the effect of the stepwise expansion of
the m-system, and it is particularly pronounced in the spectrum of 78, that holds a maximum

absorption wavelength at 718 nm, in chloroform solution.
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Figure 4.11. The absorption spectrum regarding the molar absorption coefficient (¢) of 55, 67, 74,
76 and 78, in CHCls.

The first band of the absorption spectrum, at around 300-450 nm, is assigned to a
localised n-n* transition from the electron-donor fragments, such as phenyl, naphthalenyl,
anthracenyl and N-ethyl-carbazolyl. The contribution of anthracenyl fraction (best visualised
in Figure 4.10) or N-ethyl-carbazolyl is particularly obvious, and they improve the light
harvesting ability of the dye. The occurrence of these new absorption bands masks the
weaker absorption band attributed to the S0-S2 (n-n*) transition of the BODIPY core. The
absorption bands at lower energy (at around 500-775 nm) is attributed to an SO-S1 (-7*)

transition.
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Figure 4.12. Normalised absorption (chloroform solution and spin-cast film) and emission
(chloroform solution) of BODIPY's 74 and 78.
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bs abs_. em
32 € 3.2%%film by ¢ SS Eg*(eV)
Dyes Solvent 4 -

y mm)  em'MY  (m)  (m) (%) (cm?) (onset)
P Chloroform 544 5.9x104 558 98 493 2.19
g, Hexane 543 1.0x10° 551 555 90 398 2.19
's5 Acetonitrile 539 7.9x10* 554 88 502 221

Chloroform 661 6.4x104 678 59 308 1.80
Hexane 663 7.0x10* 694 679 47 333 180
Acetonitrile 652 7.3x104 670 54 412 1.82
Chloroform 657 7.4x104 670 51 295 1.80
Hexane 649 8.1x104 700 665 54 371 1.82
Acetonitrile 650 6.9x10* 668 48 415 1.81
Chloroform 681 1.0x10° 697 39 337 1.73
Hexane 675 9.6x10* 725 688 36 413 1.74
Acetonitrile 673 7.8x104 694 32 449 1.74
Chloroform 676 7.4x104 694 40 383 1.75
Hexane 669 7.6x104 299 684 44 328 1.77
Acetonitrile 678 7.5x104 688 47 214 1.75
Chloroform 648 2.1x104 690 3 940 1.65
678
Hexane 655 2.6x10* 688 3 732 1.63
Chloroform 651 3.9x104 685 7 762 1.65
680
Hexane 645 3.6x104 677 5 733 1.68
Chloroform 718 6.4x10* 752 20 630 1.62
760
Acetonitrile 714 6.7x10* 763 18 899 1.62
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The 3S-BDP dyes show high molar absorption coefficients (€), ranging from 2.1x10*
to 1.0x10° MZcm™, which confirms their excellent light harvesting ability. The film
absorption spectra have a bathochromic shift of the absorption maximum and a broadening
of the peaks, which are likely the result of interactions between the molecules, which may
contribute to a planarization of the system. The small Stokes shifts indicate a reduced
geometry reorganisation between S1 and SO. Excitation of each of these compounds at their
respective three absorption bands at room temperature resulted in the same emission
spectrum, and the different solvents do not produce a significant effect on the compound’s
spectra.

When compared with 55 or the majority of the BODIPY's from the 1S-BDP, this
series presents lower fluorescence intensity, that is likely related to the loss of structure
rigidity, originating new non-radiative pathways from the BODIPY n-n* excited state to the
ground state, and/or due to charge transfer between the donor moieties and the BODIPY
core. The lower emission quantum yield, molar extinction coefficient (€) and the lack of
structure of the band attributed to the SO-S1 transition of the structures 75 and 76 (678 nm
and 680 nm, respectively) could be explained by a torsional motion around an equilibrium

configuration.*

4.2.3. Electrochemical characterisation
Figure 4.13 shows the cyclic voltammograms of the compounds of the 3S-BDP and

the corresponding electrochemical parameters are summarised in Table 4.3. The cyclic
voltammograms of the compounds exhibit a quasi-reversible profile, and the first oxidation
potential (onset oxidation potential) was used to estimate the HOMO energy in the same way

as it was done in the former chapters.
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Figure 4.13. Cyclic voltammograms of the 3S-BDP in dichloroethane solution in the presence of 1
mM ferrocene/ferrocenium as internal standard, recorded at a scan speed of 50 mV/s.
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Table 4.3. Electrochemical properties of the 3S-BDP.

Dyes Ered1 onl E0x2 on3 EonsetoXl Eromo Eg(’pt ELumo
(V) (V) V) (V) (V) (ev)* (eV) (eV)°
aQw 097 135 153 - 121 -5.44 219 -3.25
F55F
-0.62 108 1.39 - 0.91 -5.12 1.80 -3.32
064 104 136 - 0.88 -5.10 1.80 -3.30
059 103 138 - 0.89 -5.08 1.73 -3.35
-056 101 135 - 0.89 -5.08 1.75 -3.33
054 102 123 150 0.87 -5.06 1.65 -3.41
-059 1.01 128 146 0.88 -5.07 1.65 -3.42
-0.73 080 103 1.39 0.74 -4.97 1.62 -3.35

aEnomo = [-(Eonsetox1 - EFC/FC+) —4.8]eV.

b ELumo= [EHomo + Eg®P] eV .
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As exposed in Figure 4.13 and Table 4.3, there is not a clear variance between the
BODIPY dyes with the pentafluoro group and those with piperidine substitution on this
group. The movement of the reduction peak to higher potentials and the oxidation peaks to
lower potentials reveals a facilitated reduction and oxidation of the compounds from the
third series in relation with their reference compound 55.

Compounds 76, 77 and 78 exhibit an additional oxidation peak that should be
attributed to anthracene or carbazole electrochemical oxidation.’®> Comparing the redox
potentials of the derivative compounds, it was observed that the different moieties (phenyl,
naphthalenyl, anthracenyl) did not have a pronounced effect on the redox potentials.
Compound 78 showed the redox processes at smaller potentials due to the stronger electron-
donor character of the carbazole moieties.

The HOMO and LUMO energies obtained from the electrochemical and
photophysical data are both above the HOMO and LUMO energies of both PCs:BM and
PC71BM as represented in Scheme 4.2.
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Scheme 4.2. Frontier orbital energy levels of the 3S-BDP, PCs:BM and PC-1BM.

The constant increase of the HOMO energy and the decrease of the LUMO is a strong
indication that the increase of aromaticity from phenyl to anthracenyl affects the electronic

properties of the compounds. As discussed for 2S-BDP, the enlargement of the n-system

126



Chapter 4. Meso-pentafluorophenyl BODIPY molecules with different vinyl groups

increases the HOMO energy and decreases the LUMO energy, but the electron-donating
character could increases both.® Thus, the carbazolyl motif induces to the resulting BODIPY
(78) the higher HOMO energy level but not the lower LUMO energy level, and a band gap
of 1.62 eV.

4.2.4. Computational studies

DFT studies (Table 4.4) confirmed that the 3S-BDP has the same main features as
those of 2S-BDP (Chapter 3). There is not a notorious change on the ground state geometry,
and the HOMO orbital is delocalised through the styryl donor groups and BODIPY’s core
while the LUMO is mainly located at the core. HOMO and LUMO orbitals show different
spatial distribution of the electron density, pointing to some degree of intramolecular charge
transfer. However, there is some spatial overlap between the two, which means that
intramolecular charge transfer between the vinyl units and the BODIPY core (acting as
acceptor) is not expected to be significant. The photophysical studies show higher Stokes
Shifts for BODIPY dyes with anthracene or carbazole units, which could be motivated by
more effective intramolecular charge transfer.

The HOMO energies obtained from the electrochemical studies are well reproduced
from the computational calculations, but a larger deviation is found for the LUMO energy.

This behaviour was already found for the dyes of the first and second series.
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Table 4.4. Optimised ground-state structures, electron distribution in HOMO and LUMO and their
energies (in eV) of the third BODIPY series, obtained by DFT calculations in vacuum.

BODIPY  Optimized Geometry HOMO LUMO

-5.31 -2.91

74
-4.92 -2.89
. I
76
-4.85 -2.90
78

-4.67 -2.59
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4.3. Photovoltaic studies of the third series of BODIPY molecules (3S-BDP)

BHJ-OPVs with the usual structure (ITO/PEDOT:PSS/active layer/ Ca/ Al) were
fabricated and characterised. Thermal annealing is a post-processing heating process that
can strongly affect the performance of the photovoltaic cells.'? ¥-1° Therefore, the thermal
annealing was an extra parameter that we studied during the active layer blend optimisation
in this series (Table 4.5).

Table 4.5. Photovoltaic performance parameters of the 67:PCs1:BM-based organic photovoltaic cells
during the optimisation studies. Results were obtained under 84 mwW/cm? illumination.

Thermal  Active layer J

O Sty A ot Ve e RS
20 1:2 - 118 0.80 0.56 0.25 0.13
20 1:3 - 111 0.89 0.76 0.23 0.19
20 1:4 - 115 0.69 0.40 0.24 0.08
15 1:3 - 99 1.23 0.64 0.24 0.22
13 1:3 - 82 1.13 0.62 0.24 0.20
15 1:3 60 95 1.71 0.57 0.24 0.28
15 1:3 100 97 1.65 0.61 0.24 0.29
15 1:3 125 98 1.60 0.61 0.23 0.27

“Average values calculated from at least 4 devices.

The blend optimisation process, carried out for the 67:PCs1BM blend, showed that
the best OPV was obtained with blend with a weight ratio of 1:3, deposited by spin-coating
at 1200-1300 rpm from a chloroform solution at 15mg/ml, and thermally annealed at 100 °C
for 10 min. These optimum conditions are similar to those established for the 25-BDP series,
which is justified by the structural similarity. Even though, thermal annealing induced a
small increment of Jsc. As the BODIPY dyes are stable at this temperature, thermal

annealing of 100 °C for 10 min was set up for all blend’s preparation (Figure 4.14).

Figure 4.14. BODIPY dyes from the third series tested in BHJ-OPVs.
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Figure 4.15 shows the differences in the absorption spectrum of 74 in solution, spin-
cast film at room temperature, spin-cast films of neat 74 and the 74:PCs:BM blend after
thermal annealing. As mentioned above, the film spectrum is broader and red-shifted when
compared with solution, but when the film is thermally treated its spectrum becomes even
more broad and red-shifted. This effect was also observed in the blend spectrum.
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Figure 4.15. Absorption spectra of 74 obtained from solution, as deposited neat film, and annealed
films of neat 74 and its blend with PCs:BM.

T T

Figure 4.16 shows the current density-voltage (J-V) characteristics of the best OPV
cells, and the photovoltaic performance parameters are summarised in Table 4.6. Under the
optimised conditions, the best PCE values were obtained with 78 (1.83 %) followed by 74
(1.05 %) and 75 (0.79 %). All the other BODIPY dyes presented much lower values of PCE
but the components of 3S-BDP exhibited a remarkable evolution with respect to the PCE
value of 55 (0.02 %). The correlation between efficiencies and the piperidine substitution is
not clear since BODIPYs 68 and 77 were better than their non-piperidine analogous, but 75

presented lower PCE than 74.
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Figure 4.16. Current density-voltage characteristics of 3S-BDP:PC¢BM based OPV cell.
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Table 4.6. Photovoltaic performance parameters of the 3S-BDP:PCesiBM-based OPV cells,
associated with a D:A weight ratio 1:3 and thermal annealing of 100 °C. Films were prepared from
a chloroform solution at 15mg/ml.

Active Maximum Average*

layer Pin
Dye thickness (mW/em?) Js¢ Ve - Rqy Rs PCE Jsc Ve e PCE

(nm) (mA/cm?) (V) (Q.em?)(Q.em?) (%) | (mA/cm?) (V) (%)
67 97 84 176 0.68 024 367 250 0.34 1.65 0.61 0.24 0.29
68 109 84 1.82 0.68 0.27 427 197  0.40 1.72 0.63 0.28 0.36
74 96 90 3.86 0.84 029 276 114 1.05 4.00 0.78 0.28 0.97
75 100 88 324 076 028 263 210 0.79 3.30 0.73 0.28 0.77
76 114 88 1.40 0.69 0.24 443 401 0.26 1.37 0.67 0.24 0.25
77 119 90 1.65 0.84 024 490 508 0.37 1.58 0.83 0.24 0.35
78 72 100 7.10 0.78 0.33 181 40 1.83 6.62 0.77 0.34 1.73

“Average values calculated from at least 6 devices.

The performance results shown in Table 4.6 and in Figure 4.16 were obtained with
the incident light power varying between 84 and 100 mW/cm?. It has been reported that the
performance parameters vary with illumination power.?° In particular, for powers well above
1 sun (100 mW/cm?) there is a decrease in PCE. In the analysis that follows, we assume that
the OPVs performance does not vary significantly between 84 and 100 m\W/cm?.

Whatever the dye from this series, the corresponding OPVs present high Voc values,
with the 0.84 V achieved by OPVs based on 74 and 77 worthing a special note. The

conjugation of the higher Voc with the maximum Jsc of 3.86 mA/em’ and FF of 0.29 allowed
the 74-based OPV to overcome the efficiency barrier of 1 %. The higher efficiency of the
cells based on BODIPY 78 is mostly due to its superior Jsc (almost twice of the second best)
and FF. Since BODIPY 78 has a light harvesting ability similar to the other BODIPY
compounds, the higher Jsc and FF of 78-based OPVs is likely related to an improved hole
transport, attributed to the presence of the carbazole motifs. 24 2

The PCE increased from the phenyl to naphthalenyl substituent groups but then drops
when the substituent size and m system extension increased (anthracenyl substitution

groups). The better photovoltaic efficiency of 74 and 78 can be due to the highest absorption
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coefficient, extended absorption to higher wavelengths, and the higher hole transporting
properties brought by the presence of carbazole.

The BODIPY dyes with anthracenyl fractions are the worst performing dyes of the
series. The anthracenyl is more aromatic than naphthalenyl but, its size may influence the
details of the blend film morphology. Although the anthracenyl-based dyes of 76 and 77
show a broader absorption bands, their molar absorption coefficients are lower.

As displayed in Figure 4.17, the EQE profiles follow those of the blend films
absorption spectra. A broad response in the 300-800 nm spectral region is observed for
BODIPY:PCs:BM systems, that is mainly due to the BODIPY absorption profile. However,
some contribution of PCe1BM at 300-400 nm is also present. The larger and stronger

response of the 78-based OPV is consistent with a higher short-circuit current.
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Figure 4.17. EQE spectra of the optimised 67:PCs:BM, 74:PCs1BM, 76:PCs:BM and 78:PCs1BM-
based OPV cells.

In Chapter 3, we reported that compound 67 blended with PC7:BM produced much
better results than the blend with PCs1:BM. Therefore, the blends of compounds 67, 74, 76
and 78 with PC7:.BM were also tested (under the same preparation conditions used for the
blends with PCe1BM). The OPVs results are shown in Figure 4.18 and Table 4.7.

The blend of 67:PC71BM was the one that presented the most significant
improvement, but 74:PC7.BM and 78:PC71.BM showed the best PCE results and a positive
increment on their photovoltaic parameters as well. On the other hand, 76:PC71:.BM gave
similar results to those of the 76:PCs1BM blend.

The efficiencies of the cells are largely dependent on the relative amounts of the
donor and acceptor materials used in the active layer. Trying to obtain a better efficiency,
we further investigated the photovoltaic parameters of the same blends with donor:acceptor
ratios of 1:2 and 1:1 (Table 4.7).



Figure 4.18. Current density-voltage characteristics of 67:PC71BM, 74:PC1BM 76:PC71BM and
78:PC71BM-based OPV cells, with a D/A ratio of 1:3, thermally annealed at 100 °C.

Table 4.7. Photovoltaic performance parameters of OPVs based on BODIPYs 67, 74, 76 and 78
blended with PC7:BM. Several donor:acceptor ratios were used, and the active layers were thermally

15

-
(3] o

Current density (mA/cm?)
o
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0.2

0.4

0.6

Voltage (V)

0.8

1.0

1.2 1.4

annealed at 100 °C.
Active Maximum Average*
D layer Power
Y€ thickness (MW/cm?) Jse Voc Rs Rs  PCE Jsc Voc = PCE
(hm) (mA/cm?) (V) (Q.em?) (Qem?) (%) | (mAem) (V) (%)
67 89 81 4.58 1.00 0.31 313 126 1.74 4.46 094 0.30 1.55
o 74 81 85 5.88 0.93 0.29 199 71 187 5.64 093 0.29 1.79
2
§ 76 122 93 141 0.76 0.26 559 443  0.30 1.39 0.74 0.26 0.29
78 83 100 8.18 076 0.31 143 45 1.93 7.57 0.76 0.31 1.78
67 96 100 4.02 0.80 0.30 268 67 0.96 3.85 0.80 0.29 0.89
o~ 74 87 84 7.52 1.00 0.31 192 71 279 7.04 096 0.32 257
2
§ 76 130 84 1.33 0.80 0.23 511 645 0.29 1.16 0.80 0.24 0.27
78 120 100 8.76 0.76 0.36 165 25 239 7.56 0.76 0.36 2.08
67 120 81 2.85 0.81 030 393 205 0.86 2.28 091 0.30 0.77
— 74 127 88 5.03 0.78 0.30 228 112 1.34 4.10 0.78 0.30 1.09
2
5 76 137 93 1.58 0.83 0.24 490 508 0.34 1.34 0.75 0.24 0.26
78 130 100 4.68 0.77 0.29 186 92 1.05 4.39 0.78 0.28 0.96

"Average values calculated from at least 6 devices.
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All cells exhibit high Voc values, with those based on 67:PC7:.BM and 74:PC7:BM
exhibiting Voc in line with the best published so far. The systems with 74 and 78 achieved
efficiencies above 1 % in all the scenarios (Figure 4.19 and Table 4.7), and for the ratio of
1:2 (BODIPY:PC7:BM) they presented 2.79 % and 2.39 % of maximum efficiencies, which
are considered very reasonable PCE results for BODIPY-based OPVs. In most cases, the
OPVs did not suffer significant changes on Voc and FF upon variation of the active layer

D:A composition ratio, but the discrepancies between their Jsc were considerable.

20
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—a—74:PC, BM (1:2)
151 —e— 74:PC,,BM
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Figure 4.19. Current density-voltage characteristics of 74:PC-1BM and 78:PC;1BM-based OPV cells
having three different donor:acceptor ratios; thermally annealed at 100 °C.

In addition to the thermal annealing and the general active layer optimisation
procedures already described, the use of solvent annealing and solvent additives (1,8-
diiodooctane and chloronaphthalene) were also tested. The solvent annealing did not result
in an improvement of the photovoltaic response, and the use of additives led to worse PCE
results. The additives contributed to the formation of thinner active layers and probably they
could have a positive effect if used with a different solvent.

The EQE profiles (Figure 4.20) follow the absorption profile of the blend and
demonstrate the superior performance of the blends with PC71:BM over those with PCs1BM.
A broad response in the visible region of the spectrum is observed for both systems, but the
higher EQE of the PC7:BM-based cell is attributed to the larger PC71:BM absorption in the
visible region of the spectrum and to the higher Jsc. Additionally, the different
donor:acceptor ratios (Figure 4.19 (C)) bring a significant variation in the absorption

intensities of the several bands of the blend.
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Figure 4.20. Absorption spectra (A and C) and EQE curves (B and D) of the optimised 74:PC¢BM,
74:PC71BM and 78:PC7:BM systems.

The 78:PC7:BM (1:2) OPV also showed an EQE spectrum with extensive coverage
and intensities between 30 % and 45 % in almost all visible region of the spectrum.
Unfortunately, it was not possible to record all the EQE profile of the 78:PC7:.BM OPV
because the SO-S1 transition lies at wavelengths above 800 nm, which is the limit of the

equipment we used to carry out the EQE measurements.

4.3.1. Surface morphology of the active layer

The films of the best performing dyes of the 3S-BDP series presented in Table 4.6
(blended with PCs:BM (1:3)) and the films of the BODIPY dyes tested with PC7:BM with a
ratio of 1:2 were characterised by AFM. As shown in Figure 4.21, the films presented flat
surfaces like the blends described in previous chapters. In addition to the low roughness, no
significant phase separation was found, evidencing good miscibility between the BODIPY's
and the fullerenes.

The blends of 77 and 78 with fullerenes present some dispersed aggregates in a non-
uniform pattern which were more persistent when blended with PC71:BM. The aggregates

formation could be due to the higher aromaticity of these BODIPY dyes (with anthracene
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units) and it is one of the possible reasons for the lower efficiency of the OPVs based on
these molecules.
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Figure 4.21. AFM height images (top) and phase images (bottom) (2um vs 2um) of the 3S-BDP
blended with PC¢:BM or PC71BM.



Chapter 4. Meso-pentafluorophenyl BODIPY molecules with different vinyl groups

4.4. Conclusions for Chapter 4

In this chapter, we described the synthesis of a series of BODIPY dyes (3S-BDP),
combining an electron-acceptor moiety (pentafluorophenyl) at the meso-position and four
different electron-donor vinyl moieties linked to the backbone. The extremely fast reaction
time, compared with the same kind of synthesis for other BODIPY molecules, and the photo-
electrochemical properties of these BODIPY's, made them excellent candidates to be applied
as electron-donor materials in BHJ photovoltaic cells.

The 3S-BDP dyes reveal excellent thermal stability, strong spectral coverage, deep
HOMO levels and good miscibility with PCe1BM and PC7:BM. With the increase of
aromaticity of vinyl groups, a shifting of absorbance to higher wavelengths is observed, and
the band gap was decreased to 1.62 eV (compound 78).

The BODIPYs with piperidine substitution (68, 75 and 77) showed the same
characteristics as their pentafluorophenyl analogous (67, 74 and 76), without a noticeable
influence of the piperidine presence on the overall photovoltaic characteristics.

All BODIPY dyes could work as electron-donor materials in a BODIPY:PCs1BM
blend. With the exception of compound 78, with a maximum PCE of 1.83 %, they presented
efficiencies around 1 % or below. The higher efficiency of this BODIPY is the result of a
higher short-circuit current that the carbazole motif brings to the system. Although less
efficient, the other OPVs based on BODIPY:PCs1BM presented high Voc (between 0.68 V
and 0.84 V).

The dyes showed a large increase in their photovoltaic parameters when blended with
PC71.BM. The 2.39 % and 2.79 % of PCE achieved for 78:PC7:BM and 74:PC71:BM blends,
respectively, are very encouraging results. The Voc of 1.00 V obtained for the cells with 67
and 74 is only 80 mV below the best Voc published so far in BODIPY based-OPVs and are

amongst the best reported.
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Among the different possibilities of functionalization of the BODIPY structures, the
functionalization at the boron centre is one of the less investigated. The substitution of one
or both fluorine atoms could allow the expansion of the chromophore by the inclusion of
other moieties, functional groups, and modify its properties.’®

In 1999, Burgess and co-workers reported the first oxygen substitution at the boron
centre by intramolecular cyclization of 3,5-ortho-hydroxyphenyl groups.” Since then, this
type of BODIPY molecules underwent a significant development.®1° Presently, BODIPY
dyes having alkoxy or aryloxy substituents at boron centre (O-BODIPY) are typically
obtained after activation of the BODIPY precursor with a Lewis acid (AICl; or BCl3).1110
Apart from a few exceptional cases, the O-BODIPYs present similar photophysical
properties to their unfunctionalized fluorinated analogues.

This chapter explores a series of O-BODIPY dyes (fourth series (4S-BDP)) initially
based on two molecules from 1S-BDP (Chapter 2). This kind of functionalization was
planned considering the quickness and proficiency of the synthetic method, general stability
of O-BODIPY derivatives,'? and the high probability to keep the excellent properties of the

BODIPY structures described in the previous chapter.

5.1. Synthesis and structural characterisation of the fourth series of BODIPY molecules
(4S-BDP)

Using BODIPY 53 and 55 as starting compounds, a series of O-BODIPY dyes (4S-
BDP) were prepared through a straightforward method for boron functionalization.** This
method consists in the reaction of BODIPY with AICIs, followed by the addition of the
selected alcohol (Scheme 5.1). Although the BODIPY intermediate has not been isolated,
the importance of AICIs and its interaction with the fluorine atoms of the BODIPY were
proved by NMR studies by Mély and co-workers.!!

AICI,
DCM, reflux

Al
ci” | el
cl

Scheme 5.1. The proposed mechanism for the formation of O-BODIPY dyes, using AlCl;z as catalyst,
according to Mély and co-workers.!
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Scheme 5.2 shows the synthesis and respective yields of the 4S-BDP. Most of the
BODIPYs (84-88) were prepared from the starting BODIPY 55. However, two O-BODIPY
derivatives (89 and 90) were also synthesised, through the reaction of 53 with phenol (79)
or catechol (80).

AlCl Alc =N N7/

CH,Cl,, reflux (81) OH CH,Cl,, reflux B

(79)

HO OH

(80)

N\ /N / \B,
N\
DN AN
Sy &
F F F F
)

87 (19 % 90 (61 %)

88 (54 %)

Scheme 5.2. General synthesis of 4S-BDP and respective yields.

The preparation of BODIPYs 84-88 is justified by the positive influence on the
photovoltaic response of the functionalizations of 55 (verified in Chapter 3 and Chapter 4),
which demonstrated the potential of this framework upon well tailored structural
modifications. BODIPY 89 and 90 were prepared from one of the most efficient BODIPY

molecules of the first series (Chapter 2). The reaction took 20 minutes and was carried out
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using two equivalents of AICIzand ten equivalents of the desired alcohol, leading to yields
between 19 % and 87 %. In the synthesis of 86, methanol was used as reagent and solvent.
Although compound 89 and 90 were already reported,*>° to the best of our
knowledge compounds 84-88 have not been published yet. The final 4S-BDP products were
isolated by silica gel column chromatography (dichloromethane or dichloromethane-THF
(9:1) for 86 and 88) and the purification efficiency was evaluated by HPLC (Figure 5.1).
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Figure 5.1. HPLC chromatograms obtained at 30 °C with acetonitrile: H.O (8:2) as isocratic eluent
with a volume of injection of 10 pL and a flow rate of 0.8 ml/min.

All the chromatograms reveal a single peak that proves the efficient isolation of each
4S-BDP compound. These peaks have higher or lower retention times according to the

higher or lower hydrophilicity, thereby the BODIPY with alcohol groups has the lower
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retention time and the highly fluorinated BODIPY (87) presents the peak at higher retention
time.

Before the selection of THF as co-eluent in the column chromatography for
purification of BODIPY 88, we used methanol. However, in this case, a small amount of 86
(methoxide ligand) and 91 (Figure 5.2) were isolated along with 88. This occurrence
highlights the fact that methanol has replaced the resorcinol moiety, probably catalysed for
some aluminium chloride that was still present in the sample matrix before the

chromatography.

Figure 5.2. Structure of BODIPY 91.

In 2013, Raymo and co-workers reported that the catecholate ligand of BODIPY 90
can be substituted by a pair of methoxide ligands in a solution of methanol with the aid of a
photoacid generator.'® Therefore, it was investigated the extent of modification of the 4S-
BDP structures when a methanol solution is used.

Three different solutions of BODIPY 84 and 85, at 1x10° M, were prepared. The
first solution was prepared using methanol with 1 equivalent of formic acid, the second
solution was prepared only with methanol, and the third solution was prepared using
acetonitrile with 1 equivalent of formic acid. After 2 minutes of stirring, it was possible to
see that the methanol acidic solution was suffering changes since the initially non-
fluorescence pink solution (for BODIPY 85) was becoming fluorescent and yellow. Since
the solution of BODIPY 84 is yellow the control for this BODIPY was only possible by
TLC.

After 10 minutes all the solutions were controlled by HPLC, and both BODIPY's
presented exactly the same features. In the methanol or in the acidic acetonitrile solution,
none of the two dyes suffered any change. On the other hand, the HPLC chromatograms of
the BODIPYs in methanol with formic acid confirmed a 100 % conversion of those
BODIPYs into 86 (Scheme 5.3). The HPLC analyses were repeated after 24 hours and they
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presented equal outcome. Later, the same study was carried out for BODIPY 55 and under
no circumstances, it was converted into BODIPY 86.

/
(o] o]
S0
Scheme 5.3. Exchange of boron-ligand through treatment with methanol under acidic conditions.

Figure 5.3 shows the *H NMR spectrum of the meso-pentafluorophenyl BODIPY
derivatives from 3S-BDP with the identification of all signals (solid line to BODIPY’s core
and dashed line to O-B substitution groups). The spectra of the meso-phenyl derivatives (89
and 90) are very similar to their pentafluoro analogous (84 and 85) and are presented in the
experimental section (Chapter 8) along with the high-resolution mass spectra of the
components of this series.

While the majority of the structures does not present a meaningful variation of the
core’s signals, if compared with their predecessor (55). BODIPY 85 shows a considerable
change in the chemical shift of the singlet assigned to the methyl groups at a-position (blue
solid line). This shift is associated with the orientation of the catecholate moiety that induces
a shielding effect, increasing the protection of the hydrogen atoms.

The other main differences in *H NMR spectrum are related to the O-B substituent
groups. The meta, para and ortho protons from the phenoxy group of BODIPY 84 are
respectively assigned to the triplets (7.07 ppm and 6.76 ppm) and doublet signal (6.66 ppm).
The catecholate protons (85) are represented by a singlet at 6.8 ppm. The protons from the
methoxy groups (86 and 91) are also represented by a singlet (2.9 ppm).BODIPY 87 does

not show any extra signal, which makes its spectrum a replicate of that of BODIPY 55.
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Figure 5.3. *H NMR spectra (400 MHz) of 84-88, 91, in CDCls.

BODIPYs 88 and 91 have a divergent chemical environment around the resorcinol
derivative moieties. As shown in Figure 5.4, the *H NMR spectrum of 88 shows the -OH
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signal (b) at 4.53 ppm, while for 91 the signal for the same group is lying at 7.83 ppm.
Another substantial difference between both spectra are related to the signal of protons (a),
(d) and (e). For 88 the signal assigned to (a) is at 6.15 ppm and the doublet of doublets
slightly overlapped, at 6.25, are associated to (c) and (e). BODIPY 91 presents the signal of
(a) at higher chemical shifts (7.37), the doublet of doublets (c) and () much more separated
and the signal of (e) at lower chemical shifts.

~

BODIPY 88 553 R%RYKEISTY g 3
(NP [ il g /7 \ i
©) (a) e 9
D
t HO (d) 4 OH (F])
& EREY P
BODIPY 91 8 83 z
D T R eggLe gy )B’\
(d) Hco' 0
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o | © © © ®)
(b) J& (@) °
97 73 es e ‘ 54 49 44

Chemical Sﬁlfgt (ppm)
Figure 5.4. Expansion of the 'H NMR spectra (400 MHz) of 88 and 91, in CDCls.

In Chapter 2, it was demonstrated, by X-ray diffraction and DFT studies, that the
fluorine atoms at boron centre are perpendicular to BODIPY core. Since BODIPY core acts
as a macrocyclic aromatic ring, the hydrogens that are in phase with it could receive some
shielding due to the anisotropic field generated by the circulating m-electrons from the
BODIPY core. In this light, the resorcinol derivative moieties of both compounds should
have different axial orientation, where the (a) and (b) of 88 are more shielded than the same
protons of 91.

Figure 5.5 shows the °F NMR spectra of all molecules from 4S-BDP with fluorine
atoms (84-88 and 91) and their precursor (55). With the exchange of boron ligands, there is
one less signal to be detected in °F NMR. Apart from the absent B-F signal, the dyes from
4S-BDP have °F NMR spectra similar to that of 55. However, the spectrum of 87 has an
extra doublet (-157.46 ppm), triplet (-164.95 ppm) and a triplet of the triplet (-167.74 ppm)
assigned to the ortho, meta and para positions of the pentafluorophenoxy group,
respectively. Due to the asymmetry of BODIPY 91, the ortho and meta signals are both

represented by two signals each, but they are almost completely overlapped.
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As expected, the 'B NMR (Figure 5.6) shows that the substitution of both fluorine

atoms by the aryloxy groups leads to the conversion of the typical triplet into a singlet.
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Figure 5.6. B NMR spectra (128 MHz) of 4S-BDP, obtained in CDCls.

Through the analysis of Figure 5.6, it is possible to conclude that most of the
compounds present similar spectra with a small deviation of the peaks. Only the BODIPY

dyes with a catecholate group present a large shift (around 6 ppm), which denotes a different

electronic distribution in the BODIPY core.
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5.1.1. X-ray diffraction studies

Suitable crystals for X-ray diffraction analysis were obtained for compound 85 and
91 by slow evaporation from a dichloromethane/hexane solution. The crystallographic unit

cell and crystallographic data of these two new structures are depicted in Figure 5.7.

BODIPY 85 _ Crystal data 85 91

Chemical formula C29 H26 B F5 N2 02 C30 H30 B F5 N2 O3

M. 540.20 572.37
Crystal system, o o
monoclinic, P2,/c Triclinic, P-1
space group
Temperature (K) 273 273
21.6270(18), 11.646(5),
a, b, c(A) 9.8417(9), 12.064(5),
22.2385(10) 12.416(5)
90.00(10), 111.890(13),
a By 100.055(2), 93.694(14),
90.00 114.239(13)
V (A% 2564.91 1426.35(10)
z 4 2
Radiation type Mo Ka Mo Ka

Figure 5.7. Crystallographic unit cell and details of structure 85 and 91.

BODIPY 85 crystallises in a monoclinic crystal system (space group P21c) with a
unit cell composed of four molecules, while BODIPY 91 crystallises in a triclinic crystal
system (space group P17) with unit cell composed of two molecules.

As shown in Figure 5.8, BODIPY 85 shows a more efficient packing than 91 since
the catecholate does not expand to the axial space of the BODIPY core with the same
amplitude than resorcinol derivative group do in 91. The axial space occupied by these
groups supports the premise that B-O BODIPY derivatives are not so prone to aggregation
phenomena as B—F or B—-C BODIPY compounds.*?

The packing of BODIPY 85 is dominated by short contacts. In Figure 5.8, it is
possible to see the existence of interaction between the oxygen atom from catecholate and
hydrogens from B-pyrrolic ethyl group (-CHs) with a bond distance of 2.83 A and between
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a fluorine atom from pentafluoro moiety and a hydrogen from B-pyrrolic ethyl group (-CH>),
with a distance of 2.49 A. Additionally, a weak intermolecular interaction should exist
between the oxygen atom from catecholate and hydrogens from another catecholate

(3.44 A).

BODIPY 85

BODIPY 91

Figure 5.8. Crystal packing and main intermolecular interactions of BODIPY 85 and 91.

The crystal packing arrangement of 91 is dependent on hydrogen bonds, formed
between the hydroxide groups with O—H:--O distances of 1.91 A. Other short contacts, such
as the interaction of the oxygen from methoxy group with a hydrogen from the resorcinol
moiety (2.52 A) and the fluorine atoms with hydrogens from a-pyrrolic methyl group or
from methoxy group (2.74 A and 3.03 A, respectively), can be identified as well in
Figure 5.8.

From the data presented in Table 5.1, it is possible to verify the structural

characteristics of 85 and 91, such as the angle between the meso-group and the core and the
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planarity of the structure. The geometry of the boron centre did not change with the
modification of boron-ligands. Thus, the pentafluorophenyl group is almost perpendicular
to the nearly planar BODIPY’s core, the boron atom takes a somewhat distorted tetrahedral

coordination and the B-N bond distances are similar.

Table 5.1 Conformation of the ethyl groups, selected bond lengths and angles of the crystal’s
structures of 85 and 91.

Conformation trans cis
Ocore-meso (°) 88.30 85.64
N1-B (A); N2-B (A) 1.536(5); 1.543(5) 1.561(3); 1.555(3)
B1-01 (A); B1-02 (A) 1.473(5); 1.489(5) 1.440(3); 1.440(3)
N1-B1-N2 (°) 107.64 105.37
01-B1-02 (°) 104.39 104.99
Boron planarity (°) 179.32 174.44

The X-ray diffraction of BODIPY 55, reveals a trans conformation between the ethyl
groups at the B-pyrrolic position. In the opposite way, the structure of 91 presents cis
conformation of the ethyl groups and trans conformation between the ethyl groups and the

resorcinol derivative.

5.2. Characterisation of the fourth series of BODIPY molecules (4S-BDP)

The entire series was characterised in terms of thermal behaviour, absorption and
emission features and the electrochemical properties. Furthermore, we calculate the HOMO
and LUMO energies upon the combination of absorption and electrochemical data and

conclude about the changes that the alkoxy or aryloxy ligands have brought to the BODIPYs.
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5.2.1. Thermal characterisation

Following the thermogravimetry analysis and the measurements of the melting
temperatures (Figure 5.9), it can be concluded that this series of BODIPY dyes have in
general higher melting points and better thermal stability than the generality of the
compounds of the first series (1S-BDP).

100 BODIPY Ta* (°C) Tm (°C)
%01 84 272 211
80
70 85 299 245
g 60 . 86 228 195
B s 3 87 262 217
é 40 ] —— 86
] 87 88 207 238
304 88
0] — g 89 293 196
0] 7% 90 286 242
0 5'0 ' 160 ' 150 ' 260 ' 25')0 ' 360 ' 3é0 ' 460 ' 4&'-,0 ' 560 ' 5;-)0 ' 600 *Temperature at which 5% decomposition occurs

Temperature (°C)

Figure 5.9. TGA traces of the BODIPY dyes recorded at a heating rate of 20 °C/min and a table with
their melting temperatures and temperature at which 5 % of degradation occurs.

In the case of meso-pentafluorophenyl derivatives, the change of fluorine ligands to
methoxy (compound 55 to compound 86) does not significantly change the melting
temperature (190 °C vs 195 °C) but achieves 5 % of decomposition at lower temperatures
(256 °C vs 228 °C). With the use of aryloxy ligands, the BODIPY compounds melt at higher
temperatures and, except for 88, they need a higher temperature to degrade. This behaviour
was also observed for the meso-phenyl derivatives (89 and 90).

5.2.2. Photophysical characterisation

The photophysical properties of the 4S-BDP were determined in chloroform solution
and they are summarised in Table 5.2. The absorption spectra (Figure 5.10) show that all
compounds exhibit the two absorption bands characteristic of the BODIPY, which are the
S0—S2 located around 390 nm, and the SO—S1 transition at around 545 nm for
pentafluorophenyl derivatives or 525 nm for phenyl derivatives. Therefore, the exchange of

ligands has a negligible influence on the absorption spectra of the BODIPY dyes.
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Figure 5.10. Normalised absorption spectra of 4S-BDP, in chloroform.

Compounds 85 and 90 are the only molecules that do not exhibit fluorescence in
solution. Some works have already reported that the replacement of the two fluorine ligands
with a catecholate suppresses fluorescence completely.*3* This fluorescence quenching is
observed for 85 and 90, and results from the electron transfer from the catecholate to
BODIPY backbone, upon photoexcitation.*3

Figure 5.11 shows the DFT the electronic density of both HOMO and LUMO of 85.
The HOMO orbital of 85 is lying at catechol and boron centre, instead of being delocalized
over the BODIPY core as it happens with its predecessor (53). However, the LUMO orbitals
have the electrons delocalised within the BODIPY core just like the generality of 1S-BDP.
This n-electrons delocalization extension over the different fraction of the molecules and the

quenching of fluorescence indicates a photoinduced electron transfer (PET).

HOMO

Figure 5.11. HOMO and LUMO of BODIPY 85.
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Table 5.2. Photophysical data of the 4S-BDP, measured in chloroform solution.

abs . em opt

BODIPY 3™ S Mmoo %) o5 Eg

Aom et a (nm) (nm) ¢ emy ey

525 6.8x10* 548 538 98 460 228
t

o 544 5.9x10° 551 558 98 461 219
/5;;

545 6.1x10* 553 559 81 460 220

550 8.1x10° 562 . . i 2.17

544 4.0x10° 554 560 100 525 221

547 4.6x10° 555 560 96 424 218

545 5.9x10* 554 559 68 460 219

P 528 6.1x10* 549 539 93 387 227
Ke

X 532 7.4x10* 552 : : : 2.25
O
90

543 6.5x10* 553 558 72 495 219
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5.2.3. Electrochemical characterisation

Considering the cyclic voltammograms (Figure 5.12) and the data summarised in
Table 5.3, it is possible to observe that the substitution of fluorine atoms of the boron centre

affects the redox potentials of the BODIPY molecules.

8

1/ pA
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Figure 5.12. Cyclic voltammograms of 63, 89 and 90 (A); 84 and 85 (B); 88 and 87 (C); 88 and 91
(D), in dichloroethane, containing 1 mM ferrocene/ferrocenium (Fc/Fc*) as internal standard,
recorded at 50 mV/s.

It was already reported, for an O-BODIPY derivative with a catecholate ligand, a
shift (390 mV) of the oxidation process to lower potential.® However, the cyclic
voltammograms of the 4S-BDP demonstrate that this behaviour is not specific for
catecholate ligands since the voltammograms of 4S-BDP compounds show large shifts in
the oxidation potential (300 mV - 540 mV) when compared with the voltammograms of 53
or 55. This feature is clear in Figure 5.12 (A) where the voltammograms of 53, 89 and 90
are in the same plot, but through Table 5.3 it is possible to compare all the compounds. The
deviations on the reduction process are much smaller or negligible.

These large differences in oxidation indicate that this new series has significant
differences in the HOMO orbitals. As previously published for other O-BODIPY
structures,'>*> or demonstrated for 85 in Figure 5.11, the O-BODIPY molecules have the
HOMO located primarily on the aryloxy ligand group, whereas BODIPY molecules from
1S-BDP have the HOMO located on the BODIPY core.
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Table 5.3. Electrochemical properties of the 4S-BDP.

Dyes Ereda' (V)  Eol(V) Eol(V) Eonset®™ (V) Enomo (€V)2  E¢®'(eV)  Evrumo (eV)°
53 -1.15 1.17 143 1.09 -5.28 2.28 -3.00
55 -0.97 1.35 1.53 121 -5.44 2.19 -3.25
84 -0.93 0.81 1.36 0.75 -4.94 2.20 -2.74
85 -0.85 0.81 1.40 0.72 -4.91 217 -2.74
86 -1.10 0.85 1.23 0.79 -4.97 221 -2.76
87 -0.91 0.83 1.23 0.79 -4.97 2.18 -2.79
88 -0.87 0.82 1.32 0.74 -4.92 2.19 -2.73
89 -1.20 0.83 1.15 0.74 -4.92 2.27 -2.65
90 -1.12 0.88 1.16 0.78 -4.96 2.25 -2.71
91 -0.99 0.95 1.27 0.86 -5.04 2.19 -2.83

2 Enomo= [-(Eonset®™* - EFYFet) — 4.8] eV ; ® ELumo = [Eromo + E¢°P] eV.

Among the dyes from 4S-BDP,

there are small

deviations between the

pentafluorophenyl derivatives or between 89 and 90. However it should be noted the lower

shifts observed for 91, and the reduction process of 86 at lower potentials which suggest that

this structure is not so prone to stabilize a negative charge.
As Table 5.3 and Scheme 5.4 show, all the calculated HOMO and LUMO orbital
energies lie above the corresponding levels of PC¢1BM (-3.70 eV and -6.10 eV) allowing the

potential formation of type Il heterojunction.

»

LUMO
-3.25

=2.19

Orbital energy / eV
Egﬁp

.44
HOMO

274 274
(= [
~ —
o o
Il ]
g =
@Bﬂ mw
201 491

LUMO
-2.76

=2.21

Egﬁp

-4.97
HOMO

-4.9
HOMO

LUMO
-2.73

=2.19

EE“P

-4.92
HOMO

4

-5.04
HOMO

LUMO
-2.65

=2.27

EE“P

-4.92
HOMO

LUMO
-2.71

E,,, =225

25.96
HOMO

F
F
//
N,
/ /\

3 F
- F
-\ //

Y. N/

/\ / /\

r

F F‘ £

FF P

O

Scheme 5.4. HOMO and LUMO energies of BODIPY 55 and the 4S-BDP.
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5.3. Photovoltaic studies of the fourth series of BODIPY molecules (4S-BDP)

BODIPYs 84, 85, 87, 89 and 90 were blended with PCe1BM and tested in a bulk
heterojunction OPVs. These were prepared as described in Chapter 2 for the OPVs based on
53 and 55. Thus, the the OPV was
ITO/PEDOT:PSS/active layer/LiF/Al, and the BODIPY:PCe1BM blends, on a weight ratio
of 1:3, were spin-coated (1200-1300 rpm) from a chloroform solution.

compounds structure of based on:

As shown in Table 5.4, the overall efficiency of the OPVs based on the structures
from the 4S-BDP does not exceed those obtained by 53 and 55.

Table 5.4. Photovoltaic performance parameters of the BODIPY:PCs:BM-based OPV cells, with the
active layer prepared with a BODIPY:PC¢BM weight ratio of 1:3 from a solution of chloroform at
15mg/ml, under AM 1.5G illumination at 84 mW/cm?.

Active Maximum Average*
layer 3
DYe  thickness | Jsc Voo R Rs PCE sc Voc __ PCE
2
(nm)  [(mAfem®) (V) (Q.cm?) (Q.em?) (%) | (mAem) (V) (%)
’,n;(/ 80 0.93 0.73 0.27 810 454 0.22 0.85 0.62 0.27 0.17
o
a9, 77 0.13 0.37 0.27 2956 2321 0.02 0.11 0.37 0.27 0.01
o
125 0.02 0.30 0.22 9429 20080 0.002 0.02 0.26 0.23 0.001
118 0.06 0.75 0.28 13567 6684 0.02 0.06 0.66 0.31 0.01
127 0.08 0.46 0.27 10452 6799 0.01 0.05 0.40 0.29 0.007
'}(Z/ 114 0.08 022 0.36 4689 1087 0.01 0.07 0.21 0.35 0.006
v
89
’:;s(:/ 120 0.38 091 0.28 2542 1311 0.12 0.37 0.89 0.27 0.11
o
90

"Average values calculated from at least 5 devices.
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The exchange of ligands had a negative impact on the short-circuit current (Jsc) of
the cell and, consequently, caused a decrease in PCE. The variation of HOMO and LUMO
energies could be an important factor for that, as well as the higher thicknesses of the active
layers that may lead to higher electronic loss by charge recombination.

Noteworthy, OPVs based on the structures with catecholate revealed an impressive
progression on their Voc, if compared with their precursors. The OPVs based on 85 showed
a raise from 0.37 volts to 0.75 volts and 90-based OPVs a raise from 0.73 V to 0.91 V
(Figure 5.13).

Current density (mA.cm'z)

T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 5.13. Current density-voltage characteristics of BODIPY:PC¢sBM-based OPVs, under AM
1.5G illumination at 84 mW.cm2,

Since the energy levels of the molecular compounds with catecholate are roughly
equivalent to those of other BODIPY's from 4S-BDP, the improvement of the Voc could be
related to a better organization of the blend and better intermolecular contacts between the
photoactive species within the layers.

5.4 Functionalization of BODIPY 74

Prompted by the results obtained for the former O-BODIPYs, BODIPY 74 (presented
in Chapter 4) was functionalized with a phenol and with a catechol, in order to check if the
characteristic of the former BODIPY's would be reproduced in more complex structures and

to evaluate the possibility of improvement of Voc and PCE (1.00 V and 2.79 %).

5.4.1. Synthesis and structural characterisation of BODIPY's 92 and 93

BODIPYs 92 and 93 were synthesised by refluxing a dichloromethane solution of 74
with two equivalents of AICIls, and ten equivalents of phenol or catechol (Scheme 5.5).
Yields of 59 % and 53 %, respectively, were obtained, and these new structures were

confirmed by NMR and HRMS (all details in the experimental section (Chapter 8)).
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Scheme 5.5. Synthesis of BODIPY 92 and 93.

Upon analysis of the NMR spectra of BODIPY 92 and BODIPY 93 (Figure 5.14 and
5.15), it is possible to notice that some variations between themselves and between them and
their precursor (74) are found.
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Figure 5.14. *H NMR spectra (400 MHz) of 74, 84 and 92, in CDCls.
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Compound 92 has a *H NMR spectrum nearly identical to the sum of the spectra of
74 and 84. The phenoxy ligands, that are bulkier than the fluorine atoms, induce shifts on
the doublets assigned to the vicinal protons ((d) and (g)). On the other hand, the phenoxy or
anthracenyl protons do not display any noteworthy variation.

The 'H NMR of 93 presents some deviations from the spectrum of 92. The
assignment of the proton signals was made after an analysis of the COSY spectrum that is

also represented in Figure 5.15.
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Figure 5.15. *H NMR and COSY spectrum (400 MHz) of 93, in CDCls.
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Due to the orientation of catecholate, the vicinal protons ((c) and (e)) are more
protected and, because of the vinyl groups, the protons of catecholate are now represented
by two distinguished signals ((b) and (d)). The orientation of catecholate groups also

increases the protection of the proton (a).

7 >> —1.37
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Figure 5.16. 1B NMR spectrum (128 MHz) of 93, in CDCls.

The B NMR spectra (Figure 5.16) of 92 and 93 are exactly equal and the only signal
is represented by a singlet (as observed for BODIPY 84) at the same chemical shifts of the

triplet signal obtained from 74.

5.4.2. Photophysical and electrochemical characterisation of BODIPY's 92 and 93

As featured by the simple O-B BODIPY dyes (85 and 90), the fluorescence is
strongly quenched when catecholate is used as ligand and the insertion of alcohol derivatives
does not have any influence on the optical band gap. Therefore, the absorption characteristics
(Figure 5.17) of BODIPY 74 are retained in these two new BODIPY molecules, but only

compound 92 presents fluorescence.
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Figure 5.17. Normalised absorption and emission spectra of 92 and 93 (the insets show some
photophysical parameters).
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The cyclic voltammograms of BODIPY's 92 and 93 are shown in Figure 5.18, and
the electrochemical characteristics along with the experimental HOMO and LUMO energies
of 74, 92 and 93 are summarised in Table 5.5.

VpA

-8 T T T T T T T T T -8 T T T T T
16 12 -08 -04 00 04 08 12 16 16 12 -08 -04 00 04 08 12 16

EINV vs Ag/AgCI EINV vs Ag/AgCI

Figure 5.18. Cyclic voltammograms of 1 mM 92 and 93 in 0.1 M TBATFB in dichloroethane, using
internal standard 1 mM Fc/Fc*, recorded at scan rate of 50 mV/s.

The cyclic voltammograms of BODIPY's 92 and 93 are similar to the voltammogram
of BODIPY 74 (Chapter 4). Contrary to the others O-BODIPY dyes (84-91) there is not a
significant difference between the oxidation potentials obtained for these two molecules (92
and 93) and their precursor (74), which is explained by the electronic delocalisation effect
introduced by the vinylnaphthalene groups. As a consequence of their similar optical

absorption and electrochemical properties, the HOMO and LUMO energies are very close.

Table 5.5. Electrochemical properties of BODIPY's 74, 92 and 93.

BOD I PY Eredl (V) onl (V) Eonset0X1 (V) EHOMO (ev) Egopt (eV) ELUMO (eV)

74 -0.59 1.03 0.89 -5.08 1.73 -3.35
92 -0.69 0.93 0.84 -5.03 1.73 -3.30
93 -0.58 0.95 0.88 -5.07 1.73 -3.34

2 Epomo = [-(Eonset™ - EFF*) — 4.8] eV ; P ELumo= [Enomo + E¢°P1] eV.
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5.4.3. Photovoltaic studies of BODIPYs 92 and 93

As described in the first part of this chapter, the use of phenoxy or catecholate groups
as boron-ligands has a contradictory effect on photovoltaic parameters. The phenoxy groups
promoted a significant decrease of all photovoltaic performance parameters, but the
BODIPY with catecholate (both 85 and 90) led to OPVs with very high Voc values. In light
with these findings, BODIPY's 92 and 93 were planned to evaluate if this feature also occurs
in systems with BODIPY's functionalized in the 3,5-positions and to check if it is possible to
achieve even better results than those of the 74-based OPV (PCE of 2.79 %). Thus, the OPVs
based on 92 and 93 were prepared in the same way as the best system of 74.

The photovoltaic parameters of the photovoltaic cells fabricated with 92 and 93 are
presented in Table 5.6 and the best J-V characteristics of each system are shown in
Figure 5.19. From these data, it is possible to conclude that the Voc and the efficiency of the
OPVs based on these two new structures are far behind those obtained for 74:PC7:.BM OPVs.
In view of the former results with phenoxy groups, the poorest results achieved by 92 are

consistent with the expectations.
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Figure 5.19. Current density-voltage characteristics of OPVs based on 67: PCesBM, 67:
PC71:BM, 70: PCs:.BM and 70:PC7:BM, recorder under AM 1.5G illumination at 84 mW/cm?.

Despite the anticipated decrease of the Jsc, the drop of more than 0.2 V in Voc and
the lowering of FF of 93-based OPV did not follow the tendency of the other BODIPY's with
catecholate ligands. Since there is not a substantial difference in the molecular orbitals
energy levels that justify the observed decrease of Voc, and both systems used the same
architecture of cell (equal work function electrode and interfacial layers), the reason for such
an impact should be attributed to other Voc influencing factors, such as recombination
process, or details of the donor-acceptor interface.

163



Chapter 5. BODIPY molecules functionalized at the boron centre

Table 5.6. Photovoltaic performance parameters of the OPV cells, containing a ratio of 1:2 BODIPY
to PC7:BM acceptor photoactive layer prepared from a solution of chloroform at 15mg/ml, under
AM 1.5G illumination at 84 mW/cm?,

. Maximum Average*
Active layer
Dye thickness Jsc Voc FF PCE Jsc Voc FE PCE
(nm) (mAiem?) (V) (%) | (marcm?) (V) (%)
87 7.52 1.00 031 279 7.04 096 0.32 2.57
114 2.87 0.64 0.27 059 2.46 0.62 0.27 0.49
108 3.55 0.79 0.27 0.90 3.21 0.79 0.27 0.82

* Average values calculated from at least 6 devices.

When analysed by AFM (Figure 5.20), the films of 92:PC7:BM and 93:PC7;:BM
exhibited homogeneous surfaces with low surface roughness (0.58 nm and 0.76 nm,
respectively), which is the general profile of the BODIPY :fullerene blends presented in this
thesis. Although this analysis only gives information regarding the surface of the film, the

lack of aggregates or grains gives a solid sign of good intermixing layer.

92:PCiBM  ,,..  93:PCiBM
v_ . - —— N
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Figure 5.20. AFM height and phase images (2um vs 2um) of the 92:PC7:BM and 93:PC7:BM films.
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5.5. Conclusions for Chapter 5

In this chapter, we described the synthesis and characterization of several new
BODIPY molecules with different aryloxy groups bonded to boron (4S-BDP), and two new
crystal structures were also reported.

The ligand change did not cause a disturbance on the absorption features. However,
the structures with catecholate ligand showed a fluorescence quenching, attributed to a
photoinduced electron transfer from the catecholate to BODIPY’s core.

In general, OPVs based on the compounds from 4S-BDP showed poor photovoltaic
efficiencies. Despite the low Jsc and PCE, the OPVs based on BODIPY structures with
catecholate groups (85 and 90) achieved high Voc. Their Voc increased by 0.38 V and 0.17
V, respectively, if compared with their precursors (53 and 55), reaching values of 0.75 V
and 0.91 V.

Driven by the results obtained for BODIPY structures with catecholate groups,
functionalizations of compound 74 (BODIPY-based OPV with the best Voc and PCE) with
phenol and catechol were done, and two more structures were produced (92 and 93). These
two new structures kept the optoelectrical characteristics of their precursor (74). They were
blended with PC7:.BM and tested exactly like 74. However, both BODIPY's led to worst OPV
performance results in all photovoltaic parameters. As obtained for the other O-BODIPYS,
the aryloxy ligands induced a large decrease of Jsc, but, in this case, the BODIPY with

catecholate revealed a lower Voc as well.
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Tetrapyrrolic heterocycles have been the most studied pyrrolic compounds, with
thousands of published reports in many fields, and, amongst all the pyrrole-based
compounds, porphyrins are the most prominent.!® The porphyrin’s core offers large
versatility for selective chemical derivatisation. Their stability, solubility, photophysical and
electrochemical properties can be readily tuned depending on the peripheral substituents.
Moreover, the extended m-conjugated systems of porphyrin molecules allow effective
pathways to the transport of electrons.’

Chlorophyll (reduced porphyrin complexed with Mg?*) is a key element in the light-
harvesting process of natural photosystems.®® This biological process, ensures the critical
roles of porphyrin in the conversion of light into energy and have inspired artificial light-
harvesting systems like OPVs. Even though porphyrins exhibit many advantages for
photovoltaic purposes, the reduced absorption in the high photon flux wavelengths (500 nm
—900 nm) is a limitation. In this way, the conjugation of porphyrins with BODIPY molecules
IS a very appealing combination. Among all the singular advantages, the porphyrins and
BODIPY molecules have complementary light absorbing profiles. Therefore, conjugation of
both molecules can increase the absorption over a broader range of visible light and improve
their global light-harvesting efficiencies.

Probably due to the fact that BODIPYSs’ research has become more intense since the
90s, studies related to the conjugation of porphyrin (or metalloporphyrin) with BODIPY
have started only twenty years ago. In 2003, Hecht et al.!% linked one, two and four
fluorescent BODIPY dyes with metal-free porphyrins by resorcin-4-arene linkers. Since
then, various porphyrin-BODIPY conjugates have been reported to be used in different
applications, such as photodynamic therapy,? light sources,** molecular electronics!** and
artificial photosynthetic systems (antenna systems).®

The study of the kinetic and thermodynamic aspects of energy transfer in BODIPY -
porphyrin systems (dimer, trimer, tetramer, pentamer or even more complex models) has
been attracting much attention. Both revision articles of Ravikanth et al.** and Coutsolelos
et al.’® make a righteous description of several ways to conjugate porphyrins with BODIPY
compounds. Figure 6.1 shows some examples of BODIPY -porphyrin arrays presented in the
literature (94,17 95,8 96,1° 97 0),

The antenna reaction system consists of an energy-transfer cascade, that involves two
or more fluorescent units directly attached by a spacer-group. In a dichromophoric system,
one component acts as an energy donor and the other as energy acceptor. The energy-donor

absorbs light and then transfers energy to the acceptor, which subsequently emits at a longer
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wavelength. The effectiveness of the energy-transfer process is dependent on the spectral
overlap of the emission of the donor to the absorbance of the acceptor, the distance between
components, the relative orientation of donor and acceptor, and the occurrence of other de-

excitation modes such as nonradiative processes.?

Figure 6.1. Chemical structures of some BODIPY -porphyrin dyes from literature: 94,7 95,8 96,19
97.%0

Among the BODIPY -porphyrin derivatives, BODIPY is generally the donor and the
porphyrin the acceptor unit. This feature was proved by both steady-state and time-resolved
emission studies, which demonstrated the occurrence of efficient singlet-singlet energy
transfer from BODIPY to porphyrins, or metalloporphyrin, in a scale of tens of
picoseconds. > 17: 20,22

Despite the studies of several antenna systems and some works concerning their
application in DSSCs, ™ 8 the use of BODIPY -porphyrin arrays in OPVs is limited. In 2015,
Sharma, Coutsolelos and co-workers,?® developed a BODIPY -porphyrin trimer (98), where
the single units were covalently attached via cyanuric chloride bridge. The trimer was tested
in OPVs, upon blending with PC7:BM, which exhibited respectable power conversion
efficiencies, for a pyrrole-based OPV. Initially, the OPV system showed a power conversion
efficiency of 3.48 % with short-circuit of 8.04 mA/cm?, open-circuit voltage of 0.94 V and
fill factor of 0.46. Then the PCE result was improved up to 5.29 % with the addition of 4 %

of pyridine to the active layer blend.
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Figure 6.2. Structures of some BODIPY -porphyrin dyes (98 2% and 99 ?4) tested in OPVs.

In the same year, Tompson and co-workers used a pentamer based on platinum
tetrabenzoporphyrin bonded to the meso-position of four BODIPYs (99) in OPV studies.?*
The dye was tested in a lamellar biphasic active layer, with fullerene Cgo as acceptor species,
and its photovoltaic response (1.42 % of PCE) overcame that of the devices based on either
neat platinum porphyrin or neat BODIPY analogues.

6.1. Synthesis and structural characterisation of the BODIPY-porphyrin dyads

We aimed to synthesise BODIPY -porphyrin derivatives that could maximise the light
absorption ability of the two chromophores and evaluate how the intramolecular energy
transfer can influence the photovoltaic response. Therefore, three different BODIPY-
porphyrin dyads (BDP-P1, BDP-P2 and BDP-P3) were prepared and characterised.

6.1.1. Preparation of BDP-P1 (103)

The synthesis of BDP-P1 involved the coupling of a BODIPY, having an amino
group at the meso-phenyl group (100), and a porphyrin carrying a carboxylic acid group
(101), that was converted into acyl chloride (102) before the linkage. This multi-step
procedure (Scheme 6.1) was inspired by the synthesis of the BODIPY -porphyrin compound

presented by D’Souza and co-workers.!’
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BODIPY path Porphyrin path

BODIPY-Porphyrin path
(BDP-P1)

Scheme 6.1. General steps for the preparation of BDP-P1.

6.1.1.1. Synthesis and characterisation of BODIPY 100

BODIPY 100 was obtained through reduction of 56 (Scheme 6.2), using the
procedure reported by Zhang and co-workers.?®> Despite the existence of other methods for
the reduction of aromatic nitro derivatives to anilines, this approach proved to be quite
efficient and smooth. The reduction reaction using tin chloride was also tested but being
carried out under strongly acidic conditions severally decreases the final yield.

Scheme 6.2. Synthesis of BODIPY 100.

The progress of the synthesis was controlled by TLC. After 6 hours, the reaction
stops evolving, resulting in a yield of 50 %. As proposed by Rozas and co-workers,? the
first step of the reaction involves the formation of a nitroso intermediate (104) and the release

of diazene and water. Then a second hydrazine molecule reacts with the nitroso derivative
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to yield the BODIPY 100. This premise agrees with the control that was being done and with
the characterisation of the isolated products.

Compound 100 was characterised by NMR (Figure 6.3), and its purity was checked
by HPLC-MS. The nitroso intermediate (104) was also characterised via *H NMR, °F NMR
and confirmed by HRMS (found peak at 410.2210 m/z vs theoretical peak at 410.2215 m/z).
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Figure 6.3. *H NMR spectra (400MHz) of 56, 104 and 100 in CDCls.

The main differences between 56, 104 and 100 *H NMR spectra are in the ortho and
meta protons of the meso-substituted groups. Through the reduction of the nitro group to
nitroso and then to amine, the acceptor character of the group is decreasing, and
consequently, a movement to lower chemical shifts is observed.

The °F NMR spectra of the three BODIPY dyes is the same, with a signal (quartet)
at the same chemical shift (145.7 ppm) with the same coupling constant (32.71 Hz).

The HPLC-MS (Figure 6.4) analysis confirmed that 100 was well isolated since only
one peak at 3.6 min was obtained. The mass spectrum of the peak shows two intense signals
corresponding to the molecular ion [M + H]" at 396.3 m/z, and the ion resulting from the
neutral loss of HF ([M + H — HF])" at 376.3 m/z.
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Figure 6.4. HPLC chromatogram obtained at 30 °C with acetonitrile: H,O (8:2) as isocratic eluent
with a volume of injection of 10 uL and a flow rate of 0.8 ml/min, in a C18 RP column and a segment
of the mass spectrum showing the [M + H]" and [M + H — HF]* ion peaks.

The absorption and emission spectra of 100 resemble that of 56, as shown in Figure
6.5. Nevertheless, with the reduction (56 to 100), the absorption bands undergo a slight blue-
shift (Table 6.1) and the Stokes shift increases. From Figure 6.5 (B) and Table 6.1, it is
possible to notice that the main dissimilarity between the two dyes lies in the emission
spectra since the NH group induces a significant increase in the fluorescence quantum yield,
Figure 6.5 (B).
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Figure 6.5. (A) Normalised absorption and emission spectra of 100 in chloroform solution; (B)
comparison of emission spectra of 56 and 100 in chloroform.

BODIPY 100 reveals an emission dependence on the polarity of the solvents. When
measured in a chloroform solution, strong fluorescence is observed, but in acetonitrile, the
fluorescence is quenched. This feature is related to a reductive photoinduced electron

transfer process, previously reported for similar p-aminophenyl BODIPY derivatives.?® 2°
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Table 6.1. Photophysical properties of 56 and 100.

Dye Solvent 2 £ A dr 55 Eg°® (eV)
(nm) (cm M) (nm) (cm™)
acetonitrile 526 7.8x10* 534; 650 0.4% 285 2.27
chloroform 530 6.2x10* 539 0.6% 315 2.25
acetonitrile 519 7.9 x10* 536 53% 611 2.29
chloroform 527 5.3x10* 541 85% 491 2.26

6.1.1.2. Synthesis and characterisation of compound 101

Compound 101 was prepared through the condensation of pyrrole with benzaldehyde
and 4-carboxybenzaldehyde in the presence of propionic acid and acetic anhydride. Despite
the possibility of synthesis of the meso-dicarboxyphenyl and meso-tricarboxyphenyl
porphyrins, only the porphyrins 101, 105 (usually known as TPP) and 106 (usually known
as TCPP) were isolated (Figure 6.6).

Figure 6.6. Structures of compound 101, 105 (TPP) and 106 (TCPP).

The *H NMR spectrum of 101 (Figure 6.7) shows the NH proton signals at negative
chemical shifts (-2.78 ppm), which is characteristic for porphyrin molecules, due to the
electric current around the macrocycles that makes the inner -NH hydrogens strongly
protected. Regarding the g-pyrrolic and meso-phenyl hydrogens, the spectrum shows a
multiplet corresponding to the six meta-hydrogens and three para-hydrogens (red circle).
Between 7.60 and 8.80 ppm, the following signals are three doublets corresponding to the
ortho and meta-hydrogens from the 4-carboxyphenyl group respectively, and the six ortho-
hydrogens from the phenyl groups. The signal of the eight S-pyrrolic hydrogens is divided
into two signals between 8.75 ppm and 9.00 ppm.
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Figure 6.7. *H NMR spectrum (400 MHz) of 101 in CDClI; and the enlargement of the 7-9 ppm

region.

6.1.1.3. Synthesis and structural characterisation of BDP-P1 (103)

As shown in Scheme 6.3, BDP-P1 was produced in a two steps reaction, where
firstly, to increase the reactivity of porphyrin component, compound 101 was converted into
102 (conversion of the carboxylic acid into acyl chloride) by treatment with thionyl chloride,
in THF solution, at 75°C in the presence of pyridine. After 1 hour all 101 had reacted and
the solvent was evaporated. Then, the resulting dark green compound was redissolved in dry
dichloromethane, and pyridine and 100 were added. The reaction mixture was allowed to
stir at room temperature for 18 hours. The reaction of the acyl chloride porphyrin with the
amino group of the BODIPY originated the BDP-P1 (103) with 18 % of yield. BDP-P1 was
characterised by HPLC-MS, HRMS, *H NMR, °F NMR, which are all described in the

experimental section (Chapter 8).

SOCI,, pyridine
toluene, 75 °C

BDP-P1
(103)

Scheme 6.3. Synthesis of BDP-P1 (103).
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After the chromatographic purification, the isolated BDP-P1 was analysed by HPLC-
MS. As shown in Figure 6.8, the chromatogram of the sample presents a prominent peak at
13.5 min. The spectral data obtained by the diode-array detector shows the Soret band (the
most characteristic band of porphyrins), at 413.5 nm, and the main band of BODIPY, at
518.7 nm. Using mass spectrometry, it was possible to detect a peak showing the expected

mass of the molecular ion [M + H]*, at 1036.5 m/z.
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Figure 6.8. (A) HPLC chromatogram of BDP-P1, obtained at 30 °C with acetonitrile: H.0 (9:1) as
isocratic eluent with a volume of injection of 10 pL and a flow rate of 0.8 ml/min, in a C18 RP
column; (B) Diode-array spectrum of the peak at 13.5 min; (C) Mass spectrum of the peak at
13.5 min.
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All signals from the *H NMR spectrum of BDP-P1 are presented and identified in
Figure 6.8. Apart from the ortho and meta-hydrogens of BODIPY fraction ((f) and (h)) which
moved to higher chemical shifts, the spectrum of BDP-P1 presents tiny differences from the
spectra of the individual moieties (100 and 101) presented in the Figures 6.3 and 6.7.

The °F NMR spectrum (experimental section (Chapter 8)) presents the usual quartet

signal at -145.74 ppm referring to BODIPY’s boron-fluorine coupling.
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Figure 6.9. *H NMR (400 MHz) spectrum of BDP-P1 in CDCls, expansions (A and B).

6.1.2. Synthesis and structural characterisation of BDP-P2 (107) and BDP-P3 (109)

In general, BODIPY-porphyrin derivatives result from the connection of BODIPY
dye(s) with porphyrin(s) moieties, individually prepared. However, there are a few examples
of BODIPY-porphyrin conjugates using one of the compounds as starting material 2> 1> 30 31

The use of a fragment of BODIPY or porphyrin to synthesise the other chromophore
reduces the number of reaction steps. Moreover, the resulting dyads may have the BODIPY
and porphyrin counterparts closer, and the electronic conjugation improved.®® 3! To the best
of our knowledge, all the published works that report this approach are based on the same
principle: preparation of a structure with a formyl group, and then the condensation with

pyrroles.
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As shown in Scheme 6.4, we developed a different method to prepare two new
structures: a dimer (BDP-P2) and a pentamer (BDP-P3). In this new approach, the formed
p-acyl-phenyl-porphyrin (102 or 108) reacts with the a-free pyrrole originating a
dipyrromethene, which is complexed by boron trifluoride diethyl etherate, originating the
dyads. After completion of the synthesis of both compounds, the reaction mixture was
neutralised with carbonate solution and deionised water, to avoid the porphyrin dication

contamination.

Scheme 6.4. Synthesis of BDP-P2 (A) and BDP-P3 (B).

Through HPLC-DAD-MS (Figure 6.10), it was possible to identify a single peak
assigned to BODIPY-porphyrin dimer (BDP-P2). The detected absorption profile is
representative of this kind of dimers (main bands of both chromophores), and a mass of a
molecular ion consistent with the mass of the positively charged structure [M + H]" was
detected in mass spectrometry. Later, the HRMS (shown in the experimental chapter
(Chapter 8)) confirmed the peak of the molecular ion [M + H]" of BDP-P2 at 917.4306 m/z,
which is in agreement with the calculated mass (917.4314 m/z).

Porphyrins usually present low distortions in their macrocycle, which contributes to
the appearance of the -NH hydrogen’s NMR signals at negative chemical shifts. However,
some tetrapyrrolic compounds present a significant shift (to less negative chemical shifts) in

the -NH signal due to a high structural asymmetry and distortion.334
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Figure 6.10. (A) HPLC chromatogram of BDP-P2 obtained at 30 °C with acetonitrile asc eluent with
a volume of injection of 10 pL and a flow rate of 0.8 ml/min, in a C18 RP column; (B) Spectrum
obtained by Diode-array peak; (C) Mass spectrum related to the HPLC peak.

The absorption spectrum of BDP-P2 obtained by HPLC-DAD shows a broadening
of the Soret band (430 nm), that could arise from a distortion in the porphyrin core, a
hypothesis that is supported by the non-appearance of the -NH signal at negative chemical
shifts in the *H NMR spectrum (Figure 6.11).
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Figure 6.11. 'H NMR (400 MHz) with the identification of the BODIPY proton signals region (A)
and phenyl and porphyrin proton signals region (B); **F NMR (376 MHZ) spectra of BDP-P2.
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Despite the low definition of the spectrum, it was possible to identify the peaks
assigned to BODIPY’s hydrogens (A) and the signals associated with the hydrogens from
the S-pyrrolic position of porphyrin and meso-phenyl groups (B). The °F NMR spectrum
only shows the quartet signal at -145.79 ppm, as observed for other BODIPY dyes from 1S-
BDP.

The BDP-P3 synthesis proceeded as expected and none of any possible dimer, trimer
or tetramer compounds, resulting from the incomplete reaction, were found. The HPLC
chromatogram of BDP-P3 (Figure 6.12), reveals a broad peak at higher retention times
(17.9 min), but it was not possible to detect the exact mass of the protonated molecular ion
(1839.95 m/z). Nevertheless, the *H NMR and '°F NMR spectra, presented in Figure 6.13

and 6.14, provide solid evidence of BDP-P3’s structure.

;630 nm

T T T T T T T T T T T T T T T T T T
0.0 5.0 10.0 15.0 20.0
Retention Time [min]

Figure 6.12. HPLC chromatogram of BDP-P3, obtained at 30 °C with acetonitrile as eluent, and a
flow rate of 0.8 cm®min, in a C18 RP column.

- —-2.67
~-2.70

—8.93

l .
\

841
839
1.15
1.13
1.11

S

-2.5 -2.7
~__ Chemical Shift (ppm/
=4+
n < o (a2} ~—
- < < «
(o] (=] o~ o o~
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 1.0 2.0 3.0
Chemical Shift (ppm)
(e)
n < n T 8 &
= ] o~ <+ @ < <
==} (=] (=] o — o~ o~
94 9.2 90 88 86 84 82 80 78 76 74 2.5 2.0
Chemical Shift (ppm) Chemical Shift (ppm)

Figure 6.13. *H NMR (400 MHz) spectrum of BDP-P3 in CDClsand corresponding expansions.
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In the *H NMR spectrum, the signals of -NH protons, s-pyrrolic and phenyl protons
confirm the structure of BDP-P3. The spectrum reveals a change in the -NH protons signal
similar to some bacteriochlorins presented in the literature.®®3 This change of profile
indicates lower flatness of the tetrapyrrolic ring compared with ordinary porphyrins. The /-
pyrrolic protons (h) are represented as a singlet at 8.93 ppm, and the protons of the phenyl
moieties (g and f) are both characterised as doublets at 7.76 ppm and 8.39 ppm. The signals
associated with BODIPY fraction are in line with the BODIPY 58 (structure without meso-
substituted group) which is an indication of lower magnetic protection of the phenyl ring,

probably related to a less perpendicular orientation to BODIPY’s core.
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Figure 6.14. **F NMR (376 MHZ) spectra of BDP-P3, in CDCls.

The °F NMR spectrum shows the signal assigned to the fluorine atoms coupled to
boron at 145 ppm, which is at the same chemical shifts as observed for the BDP-P2 and the
BODIPY molecules from 1S-BDP.

6.2. Photophysical characterisation of BDP-P1, BDP-P2 and BDP-P3

The absorption spectra of 53, 101, BDP-P1 (103), BDP-P2 (107) and BDP-P3 (109)
are presented in Figure 6.15 and their photophysical data are summarised in Table 6.2.

The absorption spectrum of 101 exhibits an intense band at 420 nm (Soret band), and
four less intense bands (Q bands) in the 500-650 nm spectral region. The Soret band is due
to the eighteen m-electron delocalisation through the tetrapyrrolic macrocyclic. The Q bands
result from symmetry forbidden electronic transitions (S0—S1) and are designated by IV,
i, 1, 1.6

The absorption spectra of BDP-P1, BDP-P2 and BDP-P3 are nearly identical to the
sum of the individual absorptions of porphyrin and BODIPY, indicating the existence of a
low ground state coupling between the chromophores. The complementarity of absorption
bands provides an opportunity to make a multichromophoric compound with a broad
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absorption profile. Spectral data shown in Table 6.2 reveal that the Amax and € values of the
BODIPY -porphyrin dyads are within the same range of the individual moieties.
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Figure 6.15. Normalised absorption spectra of BODIPY's 53, 101, BDP-P1, BDP-P2 and BDP-P3,
recorded in toluene solution.

Comparing the main bands of the dyads it is found that the ratio between the Soret
and the BODIPY band (at 525 nm) is similar for BDP-P1 and BDP-P2 (0.27 and 0.24
respectively) and much lower for BDP-P3 (0.52), which is expectable since the first two
dyes have an equal number of BODIPY and porphyrin units and BDP-P3 has four times
more BODIPY units. The BDP-P2 absorption spectrum shows a little broadening and shift
of the Soret band, which can be explained by the distortion of the structure.

While 101 and 106 present two emission bands, BODIPY 53 has an intense
fluorescence embodied by a band at 539 nm. The three BODIPY -porphyrin dyes have the
same emission spectra profile (Figure 6.16 (A-C)). When the excitation was made at the
Soret wavelength, only the emission bands of porphyrin appeared. On the other hand, when
the excitation was made at 525 nm, within the BODIPY absorption band, the emission bands
of both chromophores showed up. The emission band of BODIPY (around 540 nm)
displayed a strong quenching, and the other two bands presented an enhancement, indicating

that energy transfer from BODIPY to porphyrin moieties takes place.
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Since the multichromophores did not reveal any new absorbance band or a major
difference with respect to the sum of BODIPY or porphyrin individual absorption spectra,
we conclude that there is no conjugation between donor and acceptor units. However, the
quenching of BODIPY’s fluorescence combined with the substantial overlap between the
emission of BODIPY and the absorption of porphyrin (Q bands) suggests an intramolecular
excited state energy transfer from BODIPY to the porphyrin.
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Figure 6.16. Normalised emission spectra of BDP-P1 (A), BDP-P2 (B) and BDP-P3 (C) ( excitation
wavelength at 420 nm and 525nm); Absorption and excitation spectra (emission wavelength at 537
nm or 625 nm) of BDP-P2 (D).

The excitation spectra of BDP-P2, shown in Figure 6.16 (D), gives another proof that
there are no ground state interactions between the different units of the molecular array and
there is an energy transfer from the BODIPY component to porphyrin fraction. When the
excitation was recorded at BODIPY emission wavelength only the BODIPY spectrum was
obtained, but when the excitation recorded at the lower energy emission (650 nm or 719 nm),

a spectrum equivalent to the absorption spectra was found.
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Table 6.2. Absorption and emission properties of 101, 105, 53, BDP-P1, BDP-P2 and BDP-P3,
measured in toluene solutions.

5 Absorption bands Amax (nm) (€ [M1.cm™]) Emission
e
y Soret BODIPY v " I I band (nm)
417 515 549 588 650 _
101 (3.2x109) - (B.2x10%  (L6x10%  (LIx10%  (9.7x10% 047717
* 418 i 513 548 592 649 ,
106 (2.7x109) @7x10  (10x10%)  (96x10%)  (94x10%) OO TS
525
53 - - - - - 538
(6.8x10%)

BDP-P1 420 526 592 645 539; 650;
(103) (3.1x10%) (6.1x10%) (1.2x10%) (1.1x10% 719;
BDP-P2 428 527 569 617 537: 625;
(107) (9.6x10% (2.9x10% (1.1x10%  (1.2x10% 678

BDP-P3 420 525 ) i 591 649 540;
(109) (2.4x10°) (1.1x10°) (2.1x10% (1.0x10% 651;720

*Measured in THF solution.

6.3. Electrochemical characterisation of BDP-P1, BDP-P2 and BDP-P3

The cyclic voltammograms of TPP (105) and of the BODIPYs 53, BDP-P1, BDP-
P2 and BDP-P3 are shown in Figure 6.17, and the corresponding redox potential data are
summarised in Table 6.3. TPP was chosen instead of porphyrin 101 or 106 due to its good
solubility in the majority of organic solvents, which is an essential requirement for the further

photovoltaic application.

10 05 0.0 0.5 10 15 2.0
EIV vs Ag/AgICI

Figure 6.17. Cyclic voltammograms of TPP, 53, BDP-P1, BDP-P2 and BDP-P3 in dichloroethane
solution, in the presence of 1 mM ferrocene/ferrocenium (Fc/Fc*) as internal standard, recorded at
50 mV/s in deoxygenated solution (N2).
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Table 6.3. Electrochemical properties of TPP, 53, BDP-P1, BDP-P2 and BDP-P3.

5 Reduction (V) Oxidation (V) oo Evomo
€
Y/ E! E2 E3 E4 E! E2 E3 (eV)a (eV)b
(onset) (onset)
-0.68 0.93
(-0.83) -1.06 - - (0.89) 119 144 508 -3.36
AR 115 ] Y o _
o (-1.07) (Log) 143 5.28 3.12
53
0.75 0.95
(-0.63) -1.08 -1.23 141 (0.86) 118 1.39 -5.05 -3.56
-0.69 0.93
(o5 LO7 L8 - ey 115 139 502 365
-0.62 0.95
(049) 103 118 - gug 122 142 508 870

8EHomo = [-(Eonseto)<l - EFC/FC+) - 4.8] eV;
PEromo = [-(Eonsetredl - EFC/FC+) —4.8]eV.

The cyclic voltammograms show that there is no significant difference between the
three BODIPY -porphyrin structures, and the redox potential values are close to the

corresponding potentials of the reference compounds (TPP and 53).

For the three BODIPY -porphyrin molecules, three oxidation processes are detected.
On the reduction side, four processes are observed for BDP-P1, and three processes are
detected for BDP-P2 and BDP-P3. Though the comparison of the BODIPY -porphyrin
voltammograms with the individual porphyrin and BODIPY voltammograms, it is possible

to attribute the first and second reduction processes to the reduction of porphyrin and the

third reduction process to the reduction of BODIPY fraction.
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6.4. Photovoltaic studies of BDP-P1 and BDP-P2

BDP-P1 and BDP-P2 were tested as electron-donor molecules in BHJ-OPVs,
blended with PC7:BM. The cell architecture was the same as that used in former chapters
(ITO/PEDOT:PSS/BODIPY -porphyrin:PC7:BM/Ca/Al) and the active layer blend was
prepared from a solution of chloroform at 15mg/ml solids concentration. Besides the
photovoltaic studies of BDP-P1 and BDP-P2, TPP and a system with TPP and 53 were
tested as well. Table 6.4 compiles all the photovoltaic parameters resulting from these

preliminary tests, and the best I-V curves are represented in Figure 6.18.

Table 6.4. Photovoltaic performance parameters of OPV cells from a solution of chloroform at
15mg/ml, under AM 1.5G illumination at 84 mW/cm2.

Ratio Active layer Maximum
Dye thickness
(Dye/PCrBM) 1y Jsc (mAem’) Voo (V) FF - PCE (%)
1:1 132 0.14 053 024  0.02
1:3 80 0.93 073 027 022
F53F
2:1 85 0.56 050 025 007
1:1 89 0.64 072 024 0111
1:2 105 0.51 071 025  0.09
1:1 112 0.08 032 027  0.007
1:2 146 0.10 028 028  0.009
1:3 152 0.09 021 025  0.005
TPP +53 1:1 101 0.10 050 025  0.013

The most favourable weight ratios for BDP-P1:PC7:BM and BDP-P2:PC7:BM were
found to be 1:1 and 1:2, respectively. None of the BODIPY -porphyrin systems showed better
photovoltaic results than the OPVs based on the reference BODIPY (53:PC71BM). The
devices based on TPP, BDP-P2 and the ternary system showed poor PCE values. This is the
result of lower current values and a considerable drop in Voc. On the other hand, BDP-P1-
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based OPVs presented 10 times better efficiency than its analogous, since Jsc was not so
unfavourable and the Voc values were in line with those obtained for the BODIPY -based

OPVs explored in the previous chapters.
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Figure 6.18. Current density-voltage characteristics of the best case of each OPV system presented
in Table 6.4.

The weak photovoltaic results achieved for TPP shows that the inclusion of this
porphyrin moiety may have a detrimental effect on the overall efficiency of the dyads-based
OPV systems. Notwithstanding, the BDP-P1-based OPV showed results somewhat similar
to those achieved in Chapter 2 with simple BODIPY dyes, and better than some of the styryl
functionalized BODIPY's tested in chapter 3.

Figure 6.19 shows the absorption spectra of the active layers and the external
quantum efficiencies (EQE) of the best OPVs based on TPP:PC71.BM (1:1), BDP-
P1:PC7:BM (1:1), BDP-P2: PC71BM (1:2) and 53:TPP:PC7:.BM (1:1). The absorption
spectra of the films are very similar to the solution absorption spectra (Figure 6.15). Due to
the low current density, the EQE response is not high, but the profile is similar to the
corresponding absorption spectra of the films. The EQE results for BDP-P1: PC7:BM are
consistent with its larger Jsc.
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Figure 6.19. (A) Absorption spectra (films) of the best cases presented in Table 4.4; (B) EQE
spectrum of the best cases presented in Table 6.4.
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6.4.1. Surface morphology of the active layers

The blends of BDP-P1:PC7:BM (1:1) and BDP-P2: PC7:BM (1:2) were analysed by
AFM and, as observed for other BODIPY -based OPV blends, the images of the surfaces rule
out the possibility of unfavourable morphology. The measurements indicate smooth surfaces

and no significant phase domains.

BDP-P1:PC;;,BM (1:1) BDP-P2:PC;;,BM (1:2)
RMS: 0.32 nm RMS: 0.77 nm
1.55 ne

heightimages

phase images

Figure 6.20. AFM height images (top) and phase images (bottom) (2um vs 2um) of the BDP-
P1:PC71BM (1:1) and BDP-P2: PC71BM (1:2) blends.

6.5. Conclusions for Chapter 6

In this chapter, it was explored the synthesis and photovoltaic application of three
structures based on BODIPY-porphyrin dyads. BDP-P2 and BDP-P3 were synthesised
through a pathway that has not been reported so far for this sort of dyads.

Photophysical studies showed that there is no conjugation between both
chromophore moieties. However, from the quenching of the fluorescence and excitation
spectra, it is possible to conclude that there is energy transfer from BODIPY to the porphyrin
moiety.

OPVs based on BDP-P2 revealed poor efficiency, but the photovoltaic response of
BDP-P1 is comparable to those obtained for dyes of the 1S-BDP series. Only preliminary
studies were carried out, and these show that dyads are different from the BODIPY structures
tested in the remaining of this thesis. Thus, we believe that PCE could still be improved, by
optimisation of the active layer blend, in terms of morphology and charge transport upon
addition of additives or changing the contact layers. The tests with TPP prove that this
porphyrin is a poor performing active compound to be applied as electron-donor material
since its OPVs achieved some of the worst results in this thesis. Considering that, BDP-P1

reveals some potential and should be object of more research in the future.
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This PhD thesis reports the synthesis of a library of BODIPY structures with suitable
characteristics to be applied in organic photovoltaic cells. Four different sets of BODIPY
molecules and three BODIPY -porphyrin dyads were synthesised. Most of the compounds
show very good solubility, high thermal stability, favourable photophysical properties,
proper HOMO and LUMO energies, which made these dyes very suitable to be applied in
OPVs. Throughout the PhD work, 26 different BODIPY molecules were blended with
PCes1BM or PC7:BM and tested as electron-donor in BHJ-OPVs.

The first series (1S-BDP) is composed of simple meso-aryl substituted BODIPY
molecules that are originated from the a-free-pyrrole condensation with aromatic aldehydes.
The stability, photophysical and redox characteristics make these dyes very appealing to be
applied as electron-donor materials. Additionally, two new crystal structures were obtained
by X-ray diffraction. We demonstrated that the appearance of the meso-free BODIPY by-
product in the synthesis of meso-substituted BODIPY molecules results from the reaction of
the a-free-pyrrole with the halogenated solvent. We also showed that dihalogeneted reagents
like a,a-dichlorotoluene or a,a-dibromotoluene can be used to synthesise the meso-phenyl-
substituted BODIPY (53), which is a new non-acidic alternative to the synthesis of BODIPY
derivatives.

Encouraged by the suitable characteristics and photovoltaic performance of 1S-BDP
dyes, some of those BODIPY dyes were functionalized via Knoevenagel condensation
originating a series of styryl BODIPY molecules (2S-BDP). This second series includes
some new structures with interesting photophysical and redox properties due to the
enhancement of the m-electron delocalisation. The OPVs based in some of these structures
revealed a remarkable improvement in their efficiencies regarding the 1S-BDP.

Taking the BODIPY from 2S-BDP with the best photovoltaic response, as reference,
we built the third series of BODIPY molecules (3S-BDP) exploring its backbone (meso-
pentafluorophenyl BODIPY) with several vinyl groups (phenyl, naphthalenyl, anthracenyl
and N-ethyl-carbazolyl). 3S-BDP dyes showed excellent thermal stability, strong spectral
coverage, deep HOMO energy levels and good miscibility with PCe1:BM and PC7:BM. With
the increase of aromaticity of styryl groups, the shifting of absorbance to higher wavelengths
was attained, and the band gap was reduced (to 1.62 eV). The insertion of two N-ethyl-3-
vinylcarbazole units improved significantly the short-circuit current leading to efficiencies
around 2.4 %. The BODIPY with two vinylnaphthalene units achieved a maximum PCE of
2.79 % when blended with PC7:BM, and its Voc value (1.00 V) is amongst the best ever
reported in OPVs.
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The fourth series (4S-BDP) is composed of several BODIPY dyes with various
aryloxy groups bonded to boron. In addition to several new molecules, two new crystal
structures are also reported. The functionalization at the boron centre does not change the
absorption feature of the molecule but causes some changes on the redox potentials. The
molecules with catecholate ligands showed an improvement in Voc when blended with
PCes1BM.

Additionally, we explored BODIPY-porphyrin dyad systems. A new route of
synthesis was developed, and three new structures were obtained. The photophysical
characterisation confirmed energy transfer from BODIPY to porphyrin moiety but further
optimisations must be done to reach a definitive conclusion about the photovoltaic potential
of this system.

This thesis reports some structures that overcame the barrier of 1 % PCE and most
OPVs had high Voc values which attest the suitability of the dyes for BHJ-OPVs. AFM
measurements showed very smooth surfaces and no aggregate formation, indicating a good
intermixing of the two active layer materials (BODIPY and fullerene).

In the near future, it will be important to study the charge transport characteristics
and the OPVs stability in order to better understand the full potential of the BODIPY small
molecules. The results here reported are very encouraging and demonstrate that BODIPY
dyes can be good photovoltaic materials if carefully planned and tailored. Further chemical
derivatization leading to the incorporation of high hole conduction donor units, and device
optimisation upon addition of additives or changing the contact layers can lead to higher Jsc
and FF, and consequently better photovoltaic efficiencies.

In summary, this thesis brings pertinent conclusions about the structure, properties
and photovoltaic application of the BODIPY class. The diversity and versatility of the
presented compounds, as well as the vast photovoltaic screening, will undoubtedly be

relevant for future photovoltaic works.
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8.1. Reagents and Solvents

Reagents and solvents were obtained from Sigma-Aldrich, VWR, Acros Organics or
Fluka and used without further purification. Solvents for synthesis were distilled and dried
through standard literature methods. Only solvents with 99.5 % or above of purity grade
were used in the photovoltaic studies. Analytical thin layer chromatography (TLC) was
performed on Merck silica gel plates with F-254 indicator. Visualization was accomplished
by a twin wavelength ultraviolet lamp (254 and 365 nm). Silica gel column chromatography
was carried out using silica gel (230-400 mesh) from Fluka or Acros Organics. Preparative
thin layer chromatography was performed using 20 x 20 cm glass plates and silica gel 60G

from Fluka.

8.2 Instrumentation

8.2.1. Nuclear magnetic resonance spectroscopy

'H, BC, "B and °F NMR spectra were acquired in a Bruker AVANCE 11l NMR
(running at 400 MHz for proton, 100 MHz for carbon, 128 MHz for boron, and 376 MHz
for fluorine) with CDCls as solvent. The solvent protons were used as internal standards. The
coupling constants were calculated using the chemical shifts with three decimal places.

8.2.2. High performance liquid chromatography

High-performance liquid chromatography (HPLC) analyses were performed using a
Dionex Ultimate 3000 system equipped with an auto-injector and an Hichrom 5 C18 column
(15 cm x 5 mm x 4.6 mm). The experiments were performed at 30 °C using an ultimate 3000

diode array detector.

8.2.3. Mass spectrometry

Mass spectra were obtained from an ion trap MS: Amazon SL, Bruker Daltonics
spectrometer coupled to the HPLC, using electronic spray ionization (ESI).

The high-resolution ESI positive mode mass spectra were obtained on a QqTOF
Impact IITM mass spectrometer (Bruker Daltonics) operating in the high-resolution mode.
Samples were analysed by flow injection analysis (FIA) using an isocratic gradient 30 A:70
B of 0.1% formic acid in water (A) and 0.1% of formic acid in acetonitrile (B), at a flow rate
of 10 uLmin™ over 15 min. The TOF analyser was calibrated in the m/z range 100-1500

using an internal calibration standard (Tune-mix solution) which was supplied by Agilent.
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The full scan mass spectra were acquired over a mass range of 100-1350 m/z at a rate of
1 Hz.

8.2.4. X-ray crystallography
The single-crystal X-ray acquisition experiments were done by Professor Manuela

Ramos from Center for Physics of the University of Coimbra. Single-crystal X-ray
diffraction studies were carried out on a Bruker APEX Il diffractometer using the MoKa
radiation. Data reduction was performed with SMART and SAINT software.! Lorenz and
polarization corrections were applied. A multi-scan absorption correction was applied using
SADABS.? The structure was solved by direct methods using SHELXS-97 program and
refined on F2s by full-matrix least-squares with SHELXL-97 program.®> Anisotropic
displacement parameters for non-hydrogen atoms were applied. The hydrogen atoms were
placed at calculated positions and refined with isotropic parameters as riding atoms.

8.2.5. Absorption spectroscopy

Electronic absorption spectra were recorded on an Ocean Optics USB4000-UV-VIS
spectrophotometer, Jasco V-530 double-beam UV/Vis spectrometer, or in a Cecil 7200
spectrophotometer using 1 cm path length quartz cells. Thin films were prepared by spin-
coating of solutions of the compounds in chloroform solution (15 mg/ml) onto quartz
substrates at 1300 rpm for 45 seconds.

The optical band gap (Eg°) was calculated by Equation 8.1, where the Aonset iS
obtained from the energy onset of the absorption at lower energies as represented in

Figure 8.1.

0.8 4
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04 4 Egopt — Equation 8.1
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Figure 8.1. Estimation of the Aonset through the absorption spectrum, adapted from Warner and co-
workers.*
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8.2.6. Emission spectroscopy

Steady-state fluorescence studies were carried out using a Horiba-Jobin-Yvon SPEX
Fluorolog 3-22 spectrometer. Fluorescence spectra were made by using optically dilute
solutions.

Fluorescence quantum yields were calculated by a comparative method (Equation
8.2) using rhodamine 6G (¢r (470 — 555 nm) = 0.88 in ethanol) and cresyl violet ¢r ((510 —
655 nm) = 0.51 in ethanol) as reference.’

2
bsample _ Areaggmple xAbSreferencex N“sample

Equation 8.2

- 2
breference  €lreference  AbSsample  "“reference

8.2.7. Thermal gravimetric analysis (TGA)

Thermogravimetric analyses (TGA) were conducted under a dry nitrogen gas flow at

a heating rate of 20 °C min on a Parkin-Elmer STA 6000 instrument.

8.2.8. Differential scanning calorimetry (DSC)

Differential scanning calorimetry analyses were conducted on Netzsch DSC 200F3
instrument. The samples were hermetically sealed in aluminium pans, and an empty pan was

used as reference.

8.2.9. Cyclic voltammetry

Cyclic voltammetric (CV) measurements were carried out with a computer controlled
Ivium Compact Stat, in a one-compartment three electrode system consisting of a glassy
carbon electrode (GCE) (geometric area 0.00785 cm?) working electrode, a platinum wire
as counter electrode and an Ag/AgCl (3 M KCI) as reference electrode at a scan rate of
50 mV/s. The supporting electrolyte was tetrabutylammonium tetrafluoroborate (TBATFB,
0.1 M) in anhydrous dichloroethane (CH2Cl). CV experiments were carried out using 1 mM
concentrations of each BODIPY studied.

8.2.10. DFT calculations

The computational studies were performed by Professor Luis Alcacer from Instituto

de Telecomunicagfes. The HOMO/LUMO calculations were performed with the basis set
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split valence, increased with polarization function type (d) 6-31G*, using the SPARTAN
v.10 software package (Spartan, Wave Function Inc. USA).

8.2.11. AFM measurements

AFM studies were performed on a Nano Observer from Concept Scientific
Instruments (LesUlis, France), operating in noncontact mode, with cantilevers having a
resonance frequency between 200 and 400 kHz and silicon probes with tip radius smaller
than 10 nm.

8.3. Photovoltaic device preparation and I-V measurements

The photovoltaic devices were prepared on glass substrates coated with 100 nm thick
indium-tin oxide (ITO), cleaned under ultrasounds with distilled water and a non-ionic
detergent (Derquim Im 02 neutral phosphate free) followed by washing with distilled water,
acetone and isopropyl alcohol. The ITO surface was then treated with UV-oxygen plasma
for 3 min prior to depositing, by spin coating, a 40 nm layer of poly (3,4-
ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS), which was then dried on
a hot plate at 125 °C for 10 min. The solutions of the blends were spin-coated (1300 rpm,
60 s) on top of the PEDOT:PSS in air. Following the spin coating of the active blends, LiF
(0.6 nm) or Ca (20 nm) with Al (80 nm) were thermally evaporated on top, under a base
pressure of 10 mbar, defining a device area of 0.24 cm?. The current-voltage curves of the
photovoltaic cells were measured under inert atmosphere (N2) using a Keithley 2400 Source-
Meter unit. The curves under illumination were measured with a solar simulator with
simulated AM1.5G illumination at 82-100 mW/cm? (Oriel Sol 3A, 69920, Newport). At least
8 devices of each series were prepared. The light intensity of the solar simulator was verified
using a calibrated solar cell. External quantum efficiency (EQE) spectra were obtained under
short-circuit conditions, using a homemade system with a halogen lamp as light source
coupled to a monochromator. Its intensity at each wavelength was determined using a
calibrated photodiode. The short-circuit current was measured with a Keithley 2400 Source-
Meter.
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8.4. Synthetic procedures and supplementary information
8.4.1. Chapter 2
8.4.1.1. General procedures for the synthesis of the first series of the 1S-BDP

3-Ethyl-2,5-dimethyl-pyrrole (0.75 ml, 5.5 mmol) and 2.75 mmol of the
corresponding aldehyde (benzaldehyde, 4-formylbenzoic acid, pentafluorobenzaldehyde, 4-
nitrobenzaldehyde and 9-anthracenecarboxyaldehyde for 53, 54, 55, 56, 57 respectively)
were added to dried, freshly distilled dichloromethane (50 mL) and the solution was stirred
for 10 min under nitrogen atmosphere. Then, a catalytic amount of trifluoroacetic acid was
added and the mixture was stirred overnight, at room temperature. After that, 2,3-dichloro-
5,6-dicyanobenzoquinone (1 eq.) was added to the reaction mixture, and was stirred 2 hours,
under N2 atmosphere, at room temperature. Then N,N-diisopropylethylamine (12 eg.) and
BF3.Et2O (17 eq.) were added to the reaction mixture, and it was left under an inert
atmosphere, for 6 hours. After that, the reaction mixture was washed successively with water
(30 mL) and brine (30 mL). The layers were separated, and the organic layer was dried with
anhydrous sodium sulfate and concentrated under reduced pressure.

BODIPY 58, was found as a by-product of the 53-57 syntheses. However, 58 can
also be synthesized using the same protocol but with halogenated reagent like iodomethane
instead of the aldehyde, as is described in Table 2.2 (Chapter 2). Compounds 61 and 62 were
also found as by-products on the reaction synthesis of 55.

The compounds were isolated by column chromatography on silica gel using
CH2Cl:hexane (1:1). Preparative thin layer chromatography was necessary to separate 58
from 53 or 57.

8-(phenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(53)

IH NMR (400 MHz, CDCls) & (ppm): 7.49 — 7.45 (m; 3H); 7.30 — 7.26 (m; 2H);
2.53 (s, 6H), 2.30 (q, J = 7.6 Hz, 4H), 1.26 (s, 6H), 0.98 (t, J = 7.6 Hz, 6H); 3C NMR (100
MHz, CDCls): 153.68; 140.20; 138.42; 135.81 ; 132.77; 130.79; 129.01; 128.73; 128.28;
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17.08; 14.62; 12.50; 11.62; !B NMR (128 MHz, CDCIls3) & (ppm): 0.86 (t, J = 33.28 Hz);
19F NMR (376 MHz, CDCls) & (ppm): -145.80 (q, J = 33.46 Hz, 2F);. HRMS m/z [M+H]*
calculated for C23H2sBF2N2": 381.2308; Found: 381.2312

18471.020.esp
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Figure 8.2. 13C NMR spectrum of 53 (100 MHz, CDCls).
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Figure 8.3. 1B NMR spectrum of 53 (128 MHz, CDCls).
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Figure 8.4. *F NMR spectrum of 53 (376 MHz, CDCls).
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Figure 8.5. High resolution mass spectrum (positive mode) of 53.
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8-(4-Formylphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (54)

54

IH NMR (400 MHz, CDCls) & (ppm): 8.25 (d; J = 8.4 Hz, 2H); 7.45 (d; J = 8.4 Hz,
2H); 2.54 (s, 6H), 2.37 (q, J = 7.6 Hz, 2F) , 1.27 (s, 6H), 0.99 (t, J = 7.6 Hz, 6H); 13C NMR
(100 MHz, DCON(CD3)2 & (ppm): 167.24; 154.17; 139.99; 138.55; 133.32; 132.05;
130.62; 129.24; 16.81; 14.34; 12.18; 11.49; 11B NMR (128 MHz, CDCls) & (ppm): 0.83 (t,
J = 33.66Hz); 1°F NMR (376 MHz, CDCls) & (ppm): -146.30 (q, J = 32.71Hz 2F); HRMS
m/z [M+H]* calculated for C2sH2sBF2N202*: 425.2206; Found: 425.2205;

—167.24
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Figure 8.6. 3C NMR spectrum of 54 (100 MHz, DCON(CD3)2).
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Figure 8.7. B NMR spectrum of 54 (128 MHz, CDCls).
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Figure 8.8. *°F NMR spectrum of 54 (376 MHz, CDCls).
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Figure 8.9. High resolution mass spectrum (positive mode) of 54.

8-(pentafluorophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (55)

IH NMR (400 MHz, CDCls) 6 (ppm): 2.54 (s, 6H), 2.33 (q, J = 7.6 Hz, 4H), 1.51
(s, 6H), 1.02 (t, J = 7.6 Hz, 6H); 3C NMR (100 MHz, CDCls) & (ppm): 156.15; 144.2 (d,
J =250.52 Hz); 141.94 (d, J = 262 Hz); 138.19 (d, J = 257.86 Hz); 136.58 ; 133.91; 130.36;
121.16; 110.32 (td, J = 19.44, 4.03 Hz); 17.09; 14.54; 12.74 (t, J = 2.57 Hz); 10.85; !B NMR
(128 MHz, CDCls) & (ppm): 0.70 (t, J = 32.13 Hz); 1°F NMR (376 MHz, CDCls) 6 (ppm):
-139.23 (dd, J = 21.81, 6.39 Hz, 2F), -145.74 (q, J = 32.71 Hz, 2F), -151.11 (t, J = 20.61 Hz,
1F), -159.89 (td, J = 21.06, 6.77 Hz, 2F); HRMS m/z [M+H]* calculated for
C23sH22BF7N2*: 471.1842; Found: 471.1842.
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Figure 8.10. 3C NMR spectrum of 55 (100 MHz, CDCls).
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Figure 8.11. High resolution mass spectrum (positive mode) of 55.

8-(4-nitrophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (56)

'H NMR (400 MHz, CDClIz) & (ppm): 8.37 (d, J = 8.8 Hz, 2H); 7.53 (d, J = 8.8 Hz,
2H); 2.54 (s, 6H), 2.30 (q, J = 7.6 Hz, 4H), 1.26 (s, 6H), 0.98 (t, J = 7.6 Hz, 6H); *°C NMR
(100 MHz, CDCls) & (ppm): 155.00; 148.24 ; 142.90; 137.68; 136.81; 133.52; 129.93;
124.97;17.08; 14.57; 12.62; 12.01; 1B NMR (128 MHz, CDCls) 6 (ppm): 0.74 (t, J = 32.51
Hz); 1°F NMR (376 MHz, CDCl3 & (ppm): -145.76 (q, J = 32.71 Hz, 2F); HRMS m/z
[M+H]* calculated for C2sH27BF2N3O2*: 426.2159; Found: 426.2162.
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Figure 8.12. 3C NMR spectrum of 56 (100 MHz, CDCls).
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Figure 8.13. !B NMR spectrum of 56 (128 MHz, CDCls).
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Figure 8.14. **F NMR spectrum of 56 (376 MHz, CDCls).
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Figure 8.15. High resolution mass spectrum (positive mode) of 56.
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8-(anthracenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (57)

IH NMR (400 MHz, CDCls)  (ppm): 8.56 (s, 1H); 8.03 (d, J = 8.4 Hz, 2H); ); 7.93
(d, J = 8.8 Hz, 2H); 7.45 (m, 4H): 6.94 (s; 1H); 2.60 (s, 6H), 2.18(q, J = 8 Hz, 4H), 0.89 (t,
J =8 Hz, 6H) 0.55 (s, 6H); 1*C NMR (100 MHz, CDCl3) & (ppm): 154.02; 138.14;132.70;
131.35; 129.94; 129.27; 129.05; 128.29; 128.03; 126.77; 125.71; 125.51; 17.02; 14.58;
12.66; 10.54; 1B NMR (128 MHz, CDCls) & (ppm): 1.09 (t, J = 33.39 Hz); 1°F NMR (376
MHz, CDCls) & (ppm): -145.57 (g, J = 33.09 Hz, 2F); HRMS m/z [M+H]" calculated for
Csa1H32BF2N2*: 481.2621; Found: 481.2624.
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Figure 8.16. 3C NMR spectrum of 57 (100 MHz, CDCls).
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Figure 8.17. **F NMR spectrum of 57 (376 MHz, CDCls).
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Figure 8.18. 1'B NMR spectrum of 57 (128 MHz, CDCls).
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Figure 8.19. High resolution mass spectrum (positive mode) of 57.

8-H-1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (58)

'H NMR (400 MHz, CDCls) 8 (ppm): 6.94 (s; 1H); 2.49 (s, 6H), 2.37(q, J = 7.6 Hz,
4H), 2.16(s, 6H), 1.06 (t, J = 7.6 Hz, 6H); 13C NMR (100 MHz, CDClIz) & (ppm): 153.63;
135.62 ; 131.40; 130.60; 117.55; 16.26; 13.56; 11.51 (t, J = 2.20 Hz); 8.35; !B NMR (128
MHz, CDCIs) & (ppm): 0.74 (t, J = 33.54 Hz); **F NMR (376 MHz, CDCls) & (ppm): -
146.31 (q, J = 33.84 Hz, 2F); HRMS m/z [M+H]"* calculated for C17H24BF2N2*: 305.1995;

Found: 305.2000.
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Figure 8.20. *3C NMR spectrum of 58 (100 MHz, CDCls).
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Figure 8.21. High resolution mass spectrum (positive mode) of 58.

8-H-3-(pentafluorobenzyl)-1,5,7-trimethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (60)

IH NMR (400 MHz, CDCls) & (ppm): 7.00 (s; 1H); 4.33 (s, 2H), 2.57 (9, J = 7.6
Hz, 2H), 2.49 (s, 3H), 2.38 (q, J = 7.6 Hz, 2H), 2.18 (s, 3H), 1.79 (s, 3H), 1.14 (t, J = 7.6 Hz,
3H); 1.05 (t, J = 7.6 Hz, 3H); 1°F NMR (376 MHz, CDCls) & (ppm): -141.54 (d, J = 20.4
Hz 2F) 144.56 (q, J = 33.84 Hz, 2F) 157.06 (t, J = 21.06 Hz, 1F), -163.62 (td, J = 21.81, 7.14
Hz, 2F); ESI-MS m/z [M+H]"* calculated for Cz2sH23BF7N2*: 471.2; Found: 471.1 and
451.1 (-HF).

8-H-3,5-(di(pentafluorobenzyl))-1,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (61)

IH NMR (400 MHz, CDCls) & (ppm): 7.06 (s; 1H); 4.29 (s, 4H), 2.59 (q, J = 7.6
Hz, 4H), 1.83 (s, 6H), 1.15 (t, J = 7.6 Hz, 6H); °F NMR (376 MHz, CDCls) & (ppm): -
141.38 (m, 4F), 143.27 (q, J = 33.84 Hz, 2F), 156.81 (t, J = 21.06 Hz, 2F), -163.00 (td, J =
21.43, 7.52 Hz, 2F); ESI-MS m/z [M+H]* calculated for C29H21BF12N2*: 637.2; Found:
637.1 and 617.1 (-HF).
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8.4.2. Chapter 3
8.4.2.1. General procedures for the synthesis of BODIPY 65 and 66

BODIPY 53 (250 mg; 0.66 mmol), and 0.70 ml of benzaldehyde (6.9 mmol) were
dissolved in 20 ml of toluene and refluxed in a mixture with 16 mg of p-TsOH.H.O
(0.01mmol), 1 mL of piperidine (10 mmol) and 0.50 g of 4A molecular sieves for 40 hours.
Then the mixture was washed with water for several times, the organic phase was
evaporated, and purified by column chromatography on silica gel eluting with DCM-hexane
(1:1). BODIPY 65 (3%) was obtained as magenta solid and BODIPY 66 (11%) was obtained

as blue solid.

8-phenyl-1,7,3-trimethyl-5-[(phenyl)styryl]-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (65).

'H NMR (400 MHz, CDCls) & (ppm): 7.73 (d, J = 16.80 Hz, 1H), 7.59 (d, J = 7.20
Hz, 2H), 7.58-7.43 (m, 3H), 7.37 (t, J = 7.6 Hz, 2H), 7.32 — 7.26 (m, 3H), 7.19 (d, J = 16.80
Hz, 1H), 2.66-2.56 (m,5H), 2.31 (g, J = 7.6 Hz, 2H), 1.35-1.25 (m, 6H), 1.15 (t, J = 7.6 Hz,
3H), 0.99 (t, J = 7.6 Hz, 3H); °F NMR (376 MHz, CDCls)  (ppm): -142.37 (q, J = 33.46
Hz, 2F); HRMS m/z [M+H]" calculated for C3gH32BF2N>": 469.2627; Found: 469.2624.
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Figure 8.22. *H NMR spectrum of 65 (400 MHz, CDCls).
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Figure 8.23. **F NMR spectrum of 65 (376 MHz, CDCls).

Intens. +MS, 1.5min #86
x105

3] 341.3051

2] ‘ 4692624

282.2795
19 \ | ‘
849.5536
g . ‘.{JL.‘L l L . lli . . ' '739{3063 . N . 959.5021
100 200 300 400 500 600 700 800 900 m/z

Figure 8.24. High resolution mass spectrum (positive mode) of 65.

8-phenyl-1,7-dimethyl-3,5-di-[(phenyl)styryl]-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-

diaza-s-indacene (66)

IH NMR (400 MHz, CDCls) & (ppm): 7.80 (d, J = 16.80 Hz, 2H), 7.64 (d, J = 7.20
Hz, 4H), 7.57-7.47 (m, 6H), 7.41 (t, J = 7.2 Hz, 2H), 7.38— 7.22 (m, 5H), 2.62 (g, J = 7.6 Hz,
4H), 1.34 (s, 6H), 1.17 (t, J = 7.6 Hz, 6H); 1°F NMR (376 MHz, CDCls) é (ppm): -138.98
(q,J=33.84 Hz, 2F); HRMS m/z [M+H]"* calculated for C3s7H3sBF2N2*: 557.2934; Found:

557.2945.
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Figure 8.25. *H NMR spectrum of 66 (400 MHz, CDCls).
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Figure 8.26. **F NMR spectrum of 66 (376 MHz, CDCls).
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Figure 8.27. High resolution mass spectrum (positive mode) of 66.

8.4.2.2. General procedures for the synthesis of BODIPY 70

BODIPY 57 (150 mg; 0.30 mmol), and 0.30 ml of benzaldehyde (3.0 mmol) were
dissolved into 15 ml of toluene and refluxed with 12 mg of p-TsOH.H20 (0.008mmol), 0.5
mL of piperidine (51 mmol) and 0.50 g of 4A molecular sieves for 40 hours. Then the
mixture was washed with water for several times, the organic phase was evaporated and
purified by column chromatography on silica gel eluting with DCM-hexane (1:1). BODIPY

70 (9%) was obtained as blue solid.
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8-anthracenyl-1,7-dimethyl-3,5-di-[(phenyl)styryl]-2,6-diethyl-4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene (70)

1H NMR (400 MHz, CDCls) & (ppm): 8.61 (s,1H), 8.06 (d, J = 8.40 Hz, 2H), 7.96
(d, J = 8.8 Hz, 2H), 7.88 (d, J = 16.8 Hz, 2H), 7.66 (d, J = 7.2 Hz, 4H), 7.72-7.37 (m, 8H),
7.37-7.26 (m, 4H), 2.50 (q, J = 7.6 Hz, 4H), 1.07 (t, J = 7.6 Hz, 6H), 0.61 (s, 6H); 1°F NMR
(376 MHz, CDCI3) é (ppm): -138.89 (q, J = 33.46 Hz, 2F); HRMS m/z [M+H]"* calculated
for CssH40BF2N2*: 657.3253; Found: 657.3255.
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Figure 8.28. 1°F NMR spectrum of 70 (376 MHz, CDCls).
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Figure 8.29. *H NMR spectrum of 70 (400 MHz, CDCls).
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Figure 8.30. High resolution mass spectrum (positive mode) of 70.

8.4.2.3. General procedures for the synthesis of BODIPY 71 and 72

BODIPY 58 (150 mg; 0.50mmol), and 0.50 ml of benzaldehyde (5.0 mmol) were
dissolved into 15 ml of toluene and refluxed with 13 mg of p-TsOH.H20 (0.009mmol), 0.5
mL of piperidine (51 mmol) and 0.50 g of 4A molecular sieves for 40 hours. Then the
mixture was washed with water for several times, the organic phase was evaporated, and
purified by column chromatography on silica gel eluting with DCM-hexane (1:1). BODIPY
71 (4%) was obtained as magenta solid and BODIPY 72 (14%) was obtained as blue solid.

1,7,3-trimethyl-5-[(phenyl)styryl]-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (71)

'H NMR (400 MHz, CDCls3) & (ppm): 7.63 (d, J = 16.80 Hz, 1H), 7.53 (d,J = 7.6
Hz, 2H), 7.40-7.32 (m, 4H), 6.97 (s, 1H), 2.69 (q, J = 7.6 Hz, 2H), 2.55 (s, 3H), 2.40 (q, J =
7.6 Hz, 2H), 2.21-2.18 (m, 6H), 1.08(t, J = 7.6 Hz, 6H); 1B NMR (128 MHz, CDCls) &
(ppm): 0.89 (t, J = 33.82 Hz); 1°F NMR (376 MHz, CDCls) & (ppm): -142.92 (g, J = 34.21
Hz, 2F); HRMS m/z [M+H]* calculated for CasH2sBF2N2*: 393.2308; Found: 393.2314.
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Figure 8.31. *H NMR spectrum of 71 (400 MHz, CDCls).
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Figure 8.32. F NMR spectrum of 71 (376 MHz, CDCls).
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Figure 8.33. High resolution mass spectrum (positive mode) of 71.

1,7-dimethyl-3,5-di-[(phenyl)styryl]-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (72)
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IH NMR (400 MHz, CDCls)  (ppm): 7.70 (d, J = 16.80 Hz, 2H), 7.62 (d, J = 7.6
Hz, 4H), 7.40 (t, J = 7.6 Hz, 4H), 7.35-7.28 (m, 4H), 6.98 (s, 1H) 2.71 (q, J = 7.6 Hz, 4H),
2.23 (s, 6H), 1.25 (m, 6H); !B NMR (128 MHz, CDCI3) & (ppm): 0.89 (t, J = 33.3 Hz); °C
NMR (100 MHz, CDCls) & (ppm): 151.15, 137.51, 136.16, 134.96, 133.06, 128.75, 127.39,
119.95, 116.82, 29.82, 18.75, 13.97, 9.23; 1B NMR (128 MHz, CDClIs) § (ppm): 1.09 (t, J
= 33.28 Hz); 1°F NMR (376 MHz, CDCls) & (ppm): -139.52 (q, J = 33.84 Hz, 2F). HRMS
m/z [M+H]* calculated for CasH2sBF2N2*: 481.2621; Found: 481.2605.
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Figure 8.34. 13C NMR spectrum of 72 (100 MHz, CDCls).
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Figure 8.35. High resolution mass spectrum (positive mode) of 72.

8.4.3. Chapter 4
8.4.3.1. General procedures for the synthesis of BODIPY 67, 74, 76, 78

BODIPY 55 (250 mg; 0.54 mmol), 12.5 mg of p-TsOH.H.O, 10 equivalents of the
respective  aldehyde (benzaldehyde for 67, 2-naphthaldehyde for 74, 9-
anthracenecarboxaldehyde for 76 and N-ethylcarbazole-3-carboxaldehyde for 78) and 0.50
g of 4A molecular sieves were added to a 50 mL round-bottom flask with 20 ml of degassed
and dried toluene. Then 0.25 mL of piperidine were added and the mixture was refluxed for

2 hours. Then, the mixture was washed with water for several times, the organic solvent was
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removed under vacuum, and the obtained solid was purified by column chromatography on
silica gel eluting with dichloromethane-hexane (v/v 1:1) and preparative TLC using
dichloromethane-hexane (v/v 4:6). 67 (31 % vyield), 74 (36 % yield), 76 (19 % yield) were
obtained as dark-blue solid and 78 (72% yield) as dark-green solid.

8-(pentafluorophenyl)-1,7-dimethyl-3,5-di-[(phenyl)styryl]-2,6-diethyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene (67)

IH NMR (400 MHz, CDCls) & (ppm): 7.78 (d, J = 16.8 Hz, 2H), 7.64 (d, J = 7.6 Hz, 4H),
7.42 (t,J = 7.6 Hz, 4H), 7.36 — 7.26 (m, 4H), 2.66 (q, J = 7.6 Hz, 4H), 1.58 (s, 6H) 1.21 (t, J
= 7.6 Hz, 6H); C NMR (100 MHz, CDCIs3) & (ppm): 152.07; 137.34; 137.08; 134,97;
132.83; 129.05; 128.84; 127.92; 127.57; 119.73; 29.61; 18.41; 14.06; 10.71; 1B NMR (128
MHz, CDCl3) & (ppm): 1.14 (t, J = 33.28 Hz); 1°F NMR (376 MHz, CDCls) & (ppm): -
138.71 (dd, J = 7.52, 22.56 Hz 2F), -138.98 (q, J = 33.84 Hz, 2F), -150.79 (t, J = 22.56 Hz,
1F),-159.71 (td, J = 7.52, 22.56 Hz 2F); HRMS m/z [M+H]" calculated for C37H3BF7N2*:
647.2463; Found: 647.2469.
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Figure 8.36. *C NMR spectrum of 67 (100 MHz, CDCls).
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Figure 8.37. High resolution mass spectrum (positive mode) of 67.

8-(pentafluorophenyl)-1,7-dimethyl-3,5-di-[(naphthalen-2-yl)vinyl]-2,6-diethyl-4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (74)

IH NMR (400 MHz, CDClIs) & (ppm): 8.00 — 7.80 (m, 12 H), 7.56 — 7.46 (m, 6H),
2.72 (q, J = 7.6 Hz, 4H), 1.60 (s, 6H) 1.27 (t, J = 7.6 Hz, 6H); 13C NMR (CDCIs) & (ppm):
152.05; 137.47; 137;06; 135.15; 134.72; 133.80; 133.02; 128.60(d; 4.03Hz);
128.38(d;4.03Hz); 127.83; 126.66; 126.53; 123.78; 119.99; 29.71; 18.51; 14.12; 10.74; 'B
NMR (128 MHz, CDCls) 6 (ppm): 1.16 (t, J = 33.28 Hz); 1°F NMR (376 MHz, CDCls) &
(ppm): -138.36 — -139.31 (m, 4F), 150.76 (t, J = 22.56 Hz, 1F), 159.69 (td, 22.56 Hz, 2F);
HRMS m/z [M+H]* calculated for CssH3sBF7N2*: 747.2776 ; Found: 747.2763.
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Figure 8.38. 13C NMR spectrum of 74 (100 MHz, CDCls).
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Figure 8.39. F NMR spectrum of 74 (376 MHz, CDCls).
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Figure 8.40. High resolution mass spectrum (positive mode) of 74.

8-(pentafluorophenyl)-1,7-dimethyl-3,5-di-[(anthracen-9-yl)vinyl]-2,6-diethyl-4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (76)

!H NMR (400 MHz, CDCIs) & (ppm): 8.43 (d, J = 8.80 Hz, 4H), 8.38 (s, 2H), 8.28
(d, J = 17.2 Hz, 2H), 7.96 (d, J = 8.00 Hz, 4H), 7.56 (d, J = 17.2 Hz, 2H), 7.43 — 7.32 (m,
8H), 2.83 (g, J = 7.6 Hz, 4H), 1.68 (s, 6H), 1.33 (t, J = 7.6 Hz, 6H); 13C NMR (CDClz)
(ppm): 152.00, 137.31, 135.31, 134.60, 132.97, 132.08, 131.44, 129.70, 128.69, 127.76,
126.22, 125.69, 125.25, 120.04, 29.71, 18.60, 14.61, 10.89; 'B NMR (128 MHz, CDCls)
(ppm): 1.27 (t, J = 33.28 Hz); *F NMR (376 MHz, CDCI3) & (ppm): -138.42 (¢, J = 33.84
Hz, 2F), -138.68 (dd, J = 7.52, 22.56 Hz 2F), -150.54 (t, J = 22.56 Hz, 1F), -159.50 (td, J =
7.52, 22.56 Hz 2F); HRMS m/z [M+H]* calculated for CssH3sBF7N2*: 847.3089; Found:
847.3102.
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Figure 8.41. **C NMR spectrum of 76 (100 MHz, CDCls).
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Figure 8.42. **F NMR spectrum of 76 (376 MHz, CDCls).
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Figure 8.43. High resolution mass spectrum (positive mode) of 76.

219



Chapter 8. Experimental procedures and supplementary information

8-(pentafluorophenyl)-1,7-dimethyl-3,5-di-[(9-ethyl-carbazol-3-yl)vinyl]-2,6-diethyl-
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (78)

IH NMR (400 MHz, CDCls) & (ppm): 8.31 (s, 2H), 8.19 (d, J = 7.6 Hz, 2H), 7.96-
7.80 (m, 4H), 7.57 (d, J = 16.40 Hz, 2H), 7.50 (t, J = 7.20 Hz, 2H), 7.43 (d, J = 7.20 Hz, 4H),
7.30 — 7.20 (m, 2H), 4.39 (q, J = 7.2 Hz, 4H), 2.74 (q, J = 7.6 Hz, 4H), 1.6 (s, 6H), 1.46 (t,
J=7.2 Hz, 6H), 1.29 (t, J = 7.6 Hz, 6H); 3C NMR (CDCls) & (ppm): 152.09, 140.66,
138.46, 136.29, 134,65, 132.67, 132.67, 128.61, 125.99, 125.38, 123.48, 123.08, 120.73 (d,
25 Hz), 119.43, 117.18, 108.85 (d, 14 Hz), 37.75, 29.72, 18.60, 14.04 (d, 32 Hz), 10.70; !B
NMR (128 MHz, CDCls) & (ppm): 1.38 (t, J = 33.28 Hz); 1°F NMR (376 MHz, CDCls) &
(ppm): -138.67 (dd, J = 7.52, 22.56 Hz 2F), -139.26 (q, J = 33.84 Hz, 2F), -151.35 (t, J =
22.56 Hz, 1F), -160.08 (td, J = 7.52, 22.56 Hz 2F); HRMS m/z [M+H]* calculated for
Cs3sHssBF7N4*: 881.3620; Found: 881.3610.
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Figure 8.44. *C NMR spectrum of 78 (100 MHz, CDCls).

220



Chapter 8. Experimental procedures and supplementary information

38
38
38
38
39
39
39
39
151.29
151.35
151.40

R e e B e Be I IR IR — o
................

-138 -140 -142 -144 -146

|
|
|

2.0
121

-148 -150 -152 -154 -156 -158 -160
Chemical Shift (ppm)

Figure 8.45. **F NMR spectrum of 78 (376 MHz, CDCls).
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Figure 8.46. High resolution mass spectrum (positive mode) of 78.

8.4.3.2. General procedures for the synthesis of BODIPY 68, 75, 77

BODIPY 55 (100 mg; 0.22 mmol), 5 mg of p-TsOH.H20, 10 equivalents of the
respective  aldehyde (benzaldehyde for 68, 2-naphthaldehyde for 75, O-
anthracenecarboxaldehyde for 77) and 0.50 g of 4A molecular sieves were added to a 50 mL
round-bottom flask with 10 ml of degassed and dried toluene. Then 1 mL of piperidine was
added and the mixture was refluxed. After 24 hours, the mixture was washed with water for
several times, the organic phase solvent was removed under vacuum, and the obtained solid
was purified by column chromatography on silica gel eluting with DCM-hexane (v/v 1:1).
68 (34 % yield), 74 (24 % yield), 76 (14 % yield) were obtained as dark-blue solids.
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8-((2,3,5,6-tetrafluoro-4-(piperidin-1-yl)phenyl)-1,7-dimethyl-3,5-di-[(phenyl)styryl]-
2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (68)

!H NMR (400 MHz, CDCls) & (ppm): 7.78 (d, J = 16.8 Hz, 2H), 7.65 (d, J = 8 Hz,
4H), 7.41 (t, J = 8 Hz, 4H), 7.37 — 7.26 (m, 4H), 3.38 — 3.28 (m, 4H), 2.66 (g, J = 7.6 Hz,
4H), 1.79-1.63 (m, 6H), 1.62 (s, 6H) 1.21 (t, J = 7.6 Hz, 6H); 1*C NMR (100 MHz, CDCls)
0 (ppm): 151.43, 137.69, 137.24, 136.74, 134.48, 133.34, 128.84, 127.50, 119.94, 52.45,
29.71, 26.46, 24.03, 18.42, 14.08, 10.67; 1B NMR (128 MHz, CDCls) 6 (ppm): 1.14 (t, J
= 33.28 Hz); **F NMR (376 MHz, CDCls) & (ppm): -138.86 (q, J = 33.84 Hz, 2F), -142.10
(dd, J = 7.52, 22.56 Hz 2F), -150.18 (dd, J = 7.52, 22.56 Hz 2F); Anal Calculated for
Ca2H40BFeN3: C,70.89; H, 5.67; N, 5.91; Found: C,70.89; H, 6.89; N, 5.81.

)

A

—

n

i
I

—52.45
71
45
03
42
08
67

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

Figure 8.47. 3C NMR spectrum of 68 (100 MHz, CDCls).
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8-((2,3,5,6-tetrafluoro-4-(piperidin-1-yl)phenyl)-1,7-dimethyl-3,5-di-[(naphthalen-2-
yl)vinyl]-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (75)

IH NMR (400 MHz, CDCl3) & (ppm): 7.98 — 7.82 (m, 12H), 7.55 — 7.43 (m, 6H),
3.37-7.27 (m, 4H), 2.71 (g, J = 7.6 Hz, 4H), 1.80 — 1.70 (m, 4H), 1.70 — 1.66 (m, 2H), 1.64
(s, 6H) 1.30 — 1.24 (m, 6H); *C NMR (CDCl3) & (ppm): 151.48, 137.69, 136.87, 134.87,
133.72, 133.62, 128.55, 128.36, 127.80, 126.52, 123.85, 120.21, 52.51, 29.71, 26.47, 24.04,
18.52, 14.14, 10.70. 1B NMR (128 MHz, CDCl3) & (ppm): 1.16 (t, J = 33.28 Hz); 1°F NMR
(376 MHz, CDCls) & (ppm): -138.97 (q, J = 33.84 Hz, 2F), -142.10 (dd, J = 7.52, 22.56 Hz
2F), -150.16 (dd, J = 7.52, 22.56 Hz 2F) Anal Calculated for CsoH44BFsNs: C,73.98; H,
5.46; N, 5.18; Found: C,73.87; H, 5.62; N, 4.98.
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Figure 8.48. *H NMR spectrum of 75 (400MHz, CDCls).
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Figure 8.49. 3C NMR spectrum of 75 (100 MHz, CDCls).
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Figure 8.50. **F NMR spectrum of 75 (376 MHz, CDCls).

8-((2,3,5,6-tetrafluoro-4-(piperidin-1-yl)phenyl)-1,7-dimethyl-3,5-di-[(anthracen-9-
yl)vinyl]-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (76)

IH NMR (400 MHz, CDCl3) & (ppm): 8.43 (d, J = 8.40 Hz, 4H), 8.38 (s, 2H), 8.28
(d, J = 17.20 Hz, 2H), 7.96 (d, J = 8.00 Hz, 4H), 7.56 (d, J = 17.20 Hz, 2H), 7.45 — 7.30 (m,
8H), 3.45 — 3.30 (m, H), 2.83 (q, J = 7.6 Hz, 4H), 1.84 — 1.62 (m, H), 1.33 (t, J =7.6 Hz, 6H);
13C NMR (CDCl3) & (ppm): 151.43, 137.95, 134.81,133.96, 133.48, 132.28, 131.45,
129.70, 128.64, 127.91, 127.55, 126.04, 125.80, 125.22, 52.49, 29.71, 26.48, 24.05, 18.60,
14.63, 10.84. 1B NMR (128 MHz, CDCls) & (ppm): 1.27 (t, J = 33.28 Hz); °F NMR (376
MHz, CDCls) & (ppm): -138.45 (q, J = 33.84 Hz, 2F), -142.11 (dd, J = 7.52, 22.56 Hz 2F),
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-150.04 (dd, J = 7.52, 22.56 Hz 2F) Anal Calculated for CssHasBFsN3: C,76.40; H, 5.31;
N, 4.61; Found: C,76.32; H, 5.62; N, 4.42.
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Figure 8.51. *H NMR spectrum of 77 (400 MHz, CDCls).
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Figure 8.52. 13C NMR spectrum of 77 (100 MHz, CDCls).
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Figure 8.53. F NMR spectrum of 77 (376 MHz, CDCls).
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8.4.5. Chapter 5

8.4.4.1. General procedures for the synthesis of 4S-BDP (84-90)
Into a solution of 53 or 55 in dry dichloromethane was added 5 equivalents of

aluminium trichloride, and the mixture was refluxed for 10 min under a nitrogen atmosphere.
Then, 5 equivalents of the respective alcohol reagent (phenol for 84 and 89, catechol for 85
and 90, methanol for 86, pentafluorophenol for 87 and resorcinol for 88) was added to the
purple solution, and the resulting mixture was stirred for 20 min. After that, the reaction
mixture was washed successively with water (30 mL) and brine (30 mL). The layers were
separated, the organic layer was dried with anhydrous sodium sulfate and concentrated under
reduced pressure. The crude product was purified by silica gel column chromatography using

a mixture of dichloromethane and hexane (1 : 1) as eluent.

8-(pentafluorophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-diphenoxy-4-bora-3a,4a-
diaza-s-indacene (84)

'H NMR (400 MHz, CDCI3) & (ppm): (t, J = 7.2 Hz, 4H), 6.76 (t, J = 7.2 Hz, 2H),
6.65 (d, J = 8.8 Hz, 4H), 2.52 (s, 6H), 2.18(q, J = 7.6 Hz, 4H), 1.53 (s, 6H), 0.86 (t, J = 7.6
Hz, 6H); 1*C NMR (100 MHz, CDCls) & (ppm): 157.01, 156.48, 136.34, 134.50, 130.97,
129.10, 119.50, 118.40, 17.08, 14.47, 13.05, 11.02; 1B NMR (128 MHz, CDCls) & (ppm):
0.82 (s); 1°F NMR (376 MHz, CDCls) & (ppm): -140.08 (dd, J = 22.56, 7.52 Hz, 2F), -151.02
(t, J =21.06 Hz, 1F), -159.79 (td, J = 21.06, 7.52 Hz, 2F); HRMS m/z [M+H]* calculated
for CssH33BFsN202*: 619.2550; Found: 619.2550.
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Figure 8.54. 3C NMR spectrum of 84 (100 MHz, CDCls).
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Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
619.2550 1 C35H33BF5N202 619.2550 0.0 n.a. n.a. na. 19.0 even ok
641.2398 1 C35H32BF5N2NaO2 641.2369 -3.6 11.8 1 10000 19.0 even ok

Figure 8.55. High resolution mass spectrum (positive mode) of 84.

8-(pentafluorophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-benzo(dioxoborole)-4-bora-
3a,4a-diaza-s-indacene (85)

'H NMR (400 MHz, CDCI3) & (ppm): 6.79 (s, 4H), 2.27 (q, J = 7.6 Hz, 4H), 2.05
(s, 6H), 1.51 (s, 6H), 0.96 (t, J = 7.6 Hz, 6H); 3C NMR (100 MHz, CDClz) &
(ppm):157.92,151.69, 137.30, 134.57, 131.05, 121.12, 119.54, 108.85, 17.10, 14.53, 12.93,
10.98; 1B NMR (128 MHz, CDCls) & (ppm): 7.09 (s); °F NMR (376 MHz, CDCls) &
(ppm): -139.16 (dd, J = 22.18, 7.14 Hz, 2F), -151.09(t, J = 21.06 Hz, 1F), -159.84 (td, J =
21.06, 7.14 Hz, 2F); HRMS m/z [M+H]* calculated for C29H27BFsN202*: 541.2080;
Found: 541.2081.
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Figure 8.56. 13C NMR spectrum of 85 (100 MHz, CDCls).
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Figure 8.57. High resolution mass spectrum (positive mode) of 85.

8-(pentafluorophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-dimethoxy-4-bora-3a,4a-
diaza-s-indacene (86)

/7 \
H;co”  TOCH,

86

IH NMR (400 MHz, CDCI3) & (ppm): 2.91 (s, 6H), 2.53 (s, 6H), 2.32 (9, J = 7.6

Hz, 4H), 1.51 (s, 6H), 1.02 (t, J = 7.6 Hz, 6H); 3C NMR (100 MHz, CDCls) &

(ppm):156.24, 150.24, 145.38, 142.92, 140.60, 136.94, 134.55, 133.56, 131.77, 130.46,

120.82, 49.10, 17.18, 14.52, 12.24, 10.90; 'B NMR (128 MHz, CDCls) & (ppm): 2.65 (br);

18F NMR (376 MHz, CDCls) 8 (ppm): -140.10 (dd, J = 22.94, 7.52 Hz, 2F), -151.82 (t, J =

20.68 Hz, 1F), -160.36 (td, J = 21.06, 7.52 Hz, 2F); HRMS m/z [M+H]* calculated for
C2sH20BFsN202": 495.2237; Found: 495.2262.
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Figure 8.58. 3C NMR spectrum of 86 (100 MHz, CDCls).
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4952262 1 C25H29BF5N202 495.2237 -4.2 471 1 10000 11.0 even ok
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Figure 8.59. High resolution mass spectrum (positive mode) of 86.

8-(pentafluorophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-bis(pentafluorophenoxy)-4-
bora-3a,4a-diaza-s-indacene (87)

IH NMR (400 MHz, CDCI3) & (ppm): 2.49 (s, 6H), 2.29 (q, J = 7.6 Hz, 4H), 1.49
(s, 6H), 0.97 (t, J = 7.6 Hz, 6H); 1'B NMR (128 MHz, CDCls) & (ppm): 1.33 (s); 1°F NMR
(376 MHz, CDCls) & (ppm): -140.52 (dd, J = 22.56, 7.52 Hz, 2F), -150.67 (t, J = 20.68 Hz,
1F), -157.46 (d, J = 22.18 Hz, 4F) -159.52 (td, J = 21.06, 8.27 Hz, 2F), -164.95 (t, J = 20.68
Hz, 4F), -167.74 (it, J = 22.56, 3.76 Hz, 2F).

8-(pentafluorophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-bis(3-hydroxyphenoxy)-4-
bora-3a,4a-diaza-s-indacene (88).

IH NMR (400 MHz, CDCI3) 6 (ppm): 6.91(t, J = 8 Hz, 2H), 6.26 (dd, J = 8, 4 Hz,
4H), 6.15 (t, J = 4 Hz, 2H), 4.53 (br, 2H), 2.50 (s, 6H), 2.21 (g, = 7.6 Hz, 4H), 1.53 (s, 6H),
0.88 (t, J = 7.6 Hz, 6H); 3C NMR (100 MHz, CDCl3) & (ppm):157.61, 157.20, 157.01,
156.39, 136.52, 134.68, 130.89, 130.32, 129.81, 120.86, 110.95, 107.80, 106.81, 105.69,
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17.11, 14.48, 13.04, 11.01; !B NMR (128 MHz, CDCls) & (ppm): 0.73 (s); 1°F NMR (376
MHz, CDCls) & (ppm): -140.54 (dd, J = 22.56, 7.14 Hz, 2F), -150.60 (t, J = 20.68 Hz, 1F),
-159.26 (td, J = 21.06, 7.52 Hz, 2F).
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Figure 8.60. *C NMR spectrum of 88 (100 MHz, CDCls).

8-(phenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-diphenoxy-4-bora-3a,4a-diaza-s-
indacene (89)

72
~N. N

A
< ha)
89
IH NMR (400 MHz, CDCI3) & (ppm): 7.60-7.45 (m, 3H), 7.33-7.10 (m, 2H), 7.10
(t, J = 7.2 Hz, 4H), 6.80 (t, J = 7.2 Hz, 2H), 6.65 (d, J = 7.6 Hz, 4H), 2.54 (s, 6H), 2.20 (g, J
= 7.6 Hz, 4H), 1.29 (s, 6H), 0.87 (t, J = 7.6 Hz, 6H): 13C NMR (100 MHz, CDCls) & (ppm):
156.88, 154.48,138.13, 136.06, 133.28, 131.38, 128.95, 128.37, 119.35, 118.79, 17.16,

14.58, 12.80, 11.77; 1B NMR (128 MHz, CDCls) & (ppm): 0.91 (s); HRMS m/z [M+H]*
calculated for CssH3sBN202": 529.3021; Found: 529.3020.
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Figure 8.61. *H NMR spectrum of 89 (400 MHz, CDCls).
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Figure 8.62. 3C NMR spectrum of 89 (100 MHz, CDCls).
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Figure 8.63. 1B NMR spectrum of 89 (128 MHz, CDCls).

Intens. +MS, 1.6min #92|
x10°]

61 435.2601

4_

] 359.2288

5]

1 567.2579  gegas36

100 200 300 400 500 600 700 800 000 miz

Meas. m/z # lon Formula m/z err [ppm] mSigma #mSigma Score rdb e Conf N-Rule
529.3020 1 (C35H38BN202 529.3021 1.3 n.a. 1 100.00 19.0 even ok
551.2839 1 (C35H37BN2Na0O2 551.2840 14 6.1 1 100.00 19.0 even ok

Figure 8.64. High resolution mass spectrum (positive mode) of 89.

8-(phenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-benzo(dioxoborole)-4-bora-3a,4a-diaza-s-
indacene (90)
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IH NMR (400 MHz, CDCI3) & (ppm): 7.55-7.40 (m, 3H), 7.30-7.16 (m, 2H), 6.78
(s, 4H), 2.23 (q, J = 7.6 Hz, 4H), 2.04 (s, 6H), 1.27 (s, 6H), 0.92 (t, J = 7.6 Hz, 6H); 13C
NMR (100 MHz, CDCI3) & (ppm):155.45, 151.92, 139.98, 139.18, 136.03, 133.41, 131.65,
129.06, 128.74, 128.34, 119.39, 108.75, 17.08, 14.61, 12.70, 11.81; 'B NMR (128 MHz,
CDClIs) 6 (ppm): 7.13 (s); HRMS m/z [M+H]* calculated for C29H32BN202": 451.2551;
Found: 451.2553.
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Figure 8.65. *H NMR spectrum of 90 (400 MHz, CDCls)
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Figure 8.66. 3C NMR spectrum of 90 (100 MHz, CDCls).
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Figure 8.67. B NMR spectrum of 90 (128 MHz, CDCls).
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Intens. { +MS, 1.6min #91
x108
0.8 451,2553
0.6
0.4
0.2 359.3157
489.2115
3 B e l.; M ‘5‘80.}40?9 IIIIIIIIIIIIIII 939.4581 |
100 200 300 400 500 600 700 800 900 m/z
Meas. m/z # lon Formula m/z err [ppm] mSigma #mSigma Score rdb e Conf N-Rule
451.2553 1 (C29H32BN202 451.2551 0.7 55 1 100.00 16.0 even ok
4732372 1 C29H31BN2NaO2 473.2371 0.7 6.9 1 10000 16.0 even ok

Figure 8.68. High resolution mass spectrum (positive mode) of 90.

8-(pentafluorophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-(3-hydroxyphenoxy)-4-
methoxy-4-bora-3a,4a-diaza-s-indacene (91)

'H NMR (400 MHz, CDCI3) & (ppm): 7.28 (br, 1H), 7.37 (s, 1H), 6.83 (t, J = 8 Hz,
1H), 6.31 (dd, J = 6.4, 1.6 Hz, 1H), 5.91 (dd, J =6.4, 1.6 Hz, 1H), 2.97 (s, 3H), 2.48 (s, 6H),
2.26 (q,J = 7.6 Hz, 4H), 1.55 (s, 6H), 0.95 (t, J = 7.6 Hz, 6H); !B NMR (128 MHz, CDCl5)
8 (ppm): 1.52 (br); **F NMR (376 MHz, CDCIs) & (ppm): -140.00 (dd, J = 24.06, 7.52 Hz,
1F), -140.16 (dd, J = 24.06, 7.52 Hz, 1F), -151.19 (t, J = 20.68 Hz, 1F), -159.74 (td, J =
21.81, 8.27 Hz, 1F), -159.99 (td, J = 21.81, 8.65 Hz, 1F).

8-(pentafluorophenyl)-1,7-dimethyl-3,5-di-[(naphthalen-2-yl)vinyl]-2,6-diethyl-4,4-
diphenoxy -4-bora-3a,4a-diaza-s-indacene (92)

IH NMR (400 MHz, CDCl3) & (ppm): 8.33 (d, J = 16.8 Hz, 2H), 8.02 — 7.80 (m, 10
H), 7.58 — 7.44 (m, 4H), 7.28 (d, J = 16 Hz, 2H), 6.63 (t, J = 7.2 Hz, 4H), 6.71 (t, J = 7.2 Hz,
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2H), 6.63 (d, J = 9.2 Hz, 4H), 2.61 (g, J = 7.6 Hz, 4H), 1.58 (s, 6H) 1.14 (t, J = 7.6 Hz, 6H);
13C NMR (CDCls) & (ppm):156.56, 152.47, 136.62, 136.45, 135.22 (d, 17 Hz), 133.65 (d,
10 Hz), 128.98, 127.82, 126.45 (d, 7 Hz), 122.33, 119.62, 119.15, 18.52, 14.13, 10.84; 'B
NMR (128 MHz, CDClzs) & (ppm): 1.37 (s, J = 33.28 Hz); 1%F NMR (376 MHz, CDCls) 6
(ppm): -139.36 (dd, J = 22.94, 7.52 Hz, 2F), -150.94(t, J = 21.06 Hz, 1F), -159.81 (td, J =
22.6, 7.52 Hz, 2F); HRMS m/z [M+H]* calculated for Cs7H4sBFsN202*: 895.3489;
Found: 895.3496.
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Figure 8.69. *3C NMR spectrum of 92 (100 MHz, CDCls)
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Figure 8.70. °F NMR spectrum of 92 (376 MHz, CDCls).
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Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
895.3496 1 C57H45BF5N202 895.3489 0.2 391.0 1 100.00 350 even ok
917.3347 1 C57H44BF5N2NaO2  917.3308 -3.2 72.8 1 100.00 350 even ok

Figure 8.71. High resolution mass spectrum (positive mode) of 92.
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8-(pentafluorophenyl)-1,7-dimethyl-3,5-di-[(naphthalen-2-yl)vinyl]-2,6-diethyl-4-
benzo(dioxoborole)-4-bora-3a,4a-diaza-s-indacene (93).

'H NMR (400 MHz, CDClz) & (ppm): 7.84 — 7.72 (m, 4 H), 7.58 (d, J = 8.4 Hz,
2H), 7.49 - 7.42 (m, 4 H), 7.39 (s, 2H), 7.18 (d, J = 16.4 Hz, 2H), 7.12 — 7.00 (m, 4H), 6.96
— 6.89 (m, 2H), 6.62 (dd, J = 8.8, 1.6 Hz, 2H), 2.65 (g, J = 7.6 Hz, 4H), 1.55 (s, 6H) 1.25-
1.18 (m, 6H); 3C NMR (CDCls3) & (ppm):156.67, 152.40, 136.74, 136.39, 135.21 (d, 16
Hz), 133.78 (d, 10 Hz), 133.41, 128.92, 128.45 (t, 10 Hz), 126.46 (d,8 Hz), 123.93,
121.33,119.16, 18.52, 14.13, 10.84; 1B NMR (128 MHz, CDCIl3) & (ppm): 1.37 (s, J =
33.28 Hz); F NMR (376 MHz, CDCI3) & (ppm): -138.62 (dd, J = 22.94, 7.52 Hz, 2F), -
150.77 (t, J = 21.06 Hz, 1F), -159.66 (td, J = 21.06, 7.52 Hz, 2F). HRMS m/z [M+H]*
calculated for CsiH3sBFsN202*: 817.3019; Found: 817.3030.
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Figure 8.72. 13C NMR spectrum of 93 (100 MHz, CDCls).
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Figure 8.73. F NMR spectrum of 93 (376 MHz, CDCls).

235



236

Chapter 8. Experimental procedures and supplementary information
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Figure 8.74. High resolution mass spectrum (positive mode) of 93.

8.4.5. Chapter 6
8.4.5.1. General procedures for the synthesis of BODIPY 100 and 104

Into a solution of BODIPY 56 (250 mg (0.59 mmol)) THF (20 ml), were added 20
equivalents of hydrazine and 50 mg of 10 % Pd/C and left stirring at reflux temperature.
After 1 hour of reaction, the amount of 104 is much more relevant than 100 ( 55 % vs 6 %
respectively), however after 6 hours the yield of 100 was around 50 %, and the yield of 104
was around 2%. When the reaction is stopped (after 1 or 6 hours), the aqueous mixture is
washed with water and extracted with dichloromethane, and then evaporated. The
compounds were isolated by preparative thin layer chromatography using dichloromethane

as eluent.

8-(4-aminophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (100)

NH,

7/ \F
100

'H NMR (400 MHz, CDClIs) & (ppm): 7.01 (d, J = 8.4 Hz, 2H); 6.78 (d, J = 8.4 Hz,
2H); 2.53 (s, 6H), 2.30 (g, J = 7.6 Hz, 4H), 1.40 (s, 6H), 0.98 (t, J = 7.6 Hz, 6H); °F NMR
(376 MHz, CDCl3 6 (ppm): -145.80 (q, J = 32.71 Hz, 2F); MS m/z [M+H]* calculated for
C23H20BF2N3*: 396.23; Found: 396.3 and 376.3 ([M+H -HF]™);
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Figure 8.75. *F NMR spectrum of 100 (376 MHz, CDCls).

8-(4-nitrosophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene (104)

NO

Zh>el
104

IH NMR (400 MHz, CDCls) & (ppm): 7.16 (d, J = 8.4 Hz, 2H); 7.10 (d, J = 8.4 Hz,

2H); 2.52 (s, 6H), 2.30 (q, J = 7.6 Hz, 4H), 1.35 (s, 6H), 0.98 (t, J = 7.6 Hz, 6H); 1°F NMR

(376 MHz, CDCls & (ppm): -145.79 (q, J = 32.71 Hz, 2F); HRMS m/z [M+H]"* calculated

for C2sH27BF2N3O*: 410.2210; Found: 410.2210.
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Figure 8.76. *°F NMR spectrum of 104 (376 MHz, CDCls).
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Figure 8.77. High resolution ESI positive mode mass spectrum of 104.

8.4.5.2. General procedures for the synthesis of porphyrin 101, 104 and 105

To 80 ml of propionic acid and 20 ml of anhydride acetic was added 1.5 ml of
benzaldehyde and 2.3 g of 4-carboxybenzaldehyde. The mixture was heated to 120 ° C, and
then 2 ml of pyrrole was added dropwise. After 2 hours, the reaction mixture was poured in
water and left at air overnight. Then, the precipitate was filtrated, refluxed in water around
30 min. After that, the residue was filtered and washed with water again. Finally, the solid
residue was dissolved with dichloromethane and purified by silica gel column
chromatography (dichloromethane as eluent). After the chromatographic process, 101 was
isolated with (8 % of yields), but it was also possible to isolate 104 (1 %) and 105 (2%).

Compounds 104 and 105 were also synthesized by the same method but using only
one aldehyde reagent (benzaldehyde (for 104) or 4-carboxybenzaldehyde (for 105)). These

two compounds can easily precipitate/crystalize.
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5-(4-carboxyphenyl)-10,15,20-(triphenyl)porphyrin (101)

'H NMR (400 MHz, CDClIs) 8 (ppm): 8.29 —8.75 (m, 8H), 8.29 (d, J = 8.4 Hz, 2H),
8.21(d,J=7.6 Hz, 6H), 8.15 (d, J =8.0 Hz, 2H), 7.85—-7.71 (m, 9H), -2.78 (br, 2H); HRMS
m/z [M+H]* calculated for CasH30N4O2*: 659.2442; Found: 659.2453.

Intens. +M3, 1.0min #59
0
™ 659,2453
1.5
1.0
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Figure 8.78. High resolution mass spectrum (positive mode) of 101.

5,10,15,20-(tetraphenyl)porphyrin (105)

IH NMR (400 MHz, CDCls) 8 (ppm): 8.86 (s, 8H), 8.31 —8.15 (m, 8H), 7.89 — 7.68
(m, 12H), -2.75 (s, 2H).
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Figure 8.79. *H NMR spectrum of 105 (400 MHz, CDCls).

5,10,15,20-tetra(4-carboxyphenyl)porphyrin (106)

0*“on
106

IH NMR (400 MHz, CDCl3) & (ppm): 9.16 (s, 8H), 8.76 — 8.58 (m, 16H), -2.58 (s,
2H).
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Figure 8.80. *H NMR spectrum of 106 (400 MHz, CDCls).
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8.4.5.3. General procedures for the synthesis of BDP-P1 (103)

Porphyrin 101 (150 mg, 0.23 mmol) was taken in dry toluene (20 mL), with THF as
co-solvent (5ml), then thionyl chloride (0.34 mL, 4.6 mmol) and pyridine (0.34 mL) were
added and the reaction mixture was heated to 110 °C under inert atmosphere for 3 hours.
After cooling, the solvent was evaporated and the resulting compound was dissolved in dry
toluene (50 mL), followed by the addition of 0.4 ml of pyridine and 30 mg of 100 (0.08
mmol). The reaction was allowed to stir at room temperature for 18 h. Then the reaction
mixture was washed with water, brine, and the organic layer evaporated. The crude
compound was purified by preparative thin layer chromatography with

dichloromethane:hexane (8:2) and 103 was obtained as red solid with 18 % of yield.

5,10,15-phenyl-20-(4-((1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene)-8-phenyl-4-carbamoyl)phenyl)-porphyrin (BDP-P1 (103))

'H NMR (400 MHz, CDCIs) & (ppm): 8.96 — 8.76 (m, 8H), 8.39 (d, J = 8 Hz, 2H),
8.30 (d, J = 8.0 Hz, 2H); 8.25 -8.19 (m, 6H), 7.97 (d, J = 8.4 Hz, 2H), 7.85 - 7.68 (m, 9H),
7.38 (d, J = 8.4 Hz, 2H); 2.57 (s, 6H), 2.34 (g, J = 7.6 Hz, 4H), 1.44 (s, 6H), 1.02 (t, J = 7.6
Hz, 6H); 13C NMR (CDClIz) & (ppm): 165.96, 153.86, 146.32, 142.03, 139.36, 138.82,
138.41, 134.96, 134.55, 130.83, 129.44, 127.75, 126.62, 1125.57, 120.29, 117.92, 29.67,
17.01, 14.51, 12.48, 11.93; 'B NMR (128 MHz, CDCls3) & (ppm): 0.86 (t, J = 33.41 Hz);
19F NMR (376 MHz, CDCls & (ppm): -145.74 (q, J = 33.84 Hz, 2F) MS m/z [M+H]*
calculated for CesHs7BF2N7O*: 1036.4685; Found: 1036.5; HRMS m/z [M] calculated
for CesHssBF2N7O™: 1034.4529; Found: 1034.4546.
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Figure 8.81. 3C NMR spectrum of 103 (100 MHz, CDCls).
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Figure 8.82. B NMR spectrum of 103 (128 MHz, CDCls).
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Figure 8.83. F NMR spectrum of 103 (376 MHz, CDCls).
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Figure 8.84. High resolution mass spectrum (negative mode) of 103



Chapter 8. Experimental procedures and supplementary information

8.4.5.4. General procedures for the synthesis of BDP-P2 (107)

Porphyrin 101 (150 mg, 0.23 mmol) was taken in dry toluene (20 mL), with THF as
co-solvent (5ml), then thionyl chloride (0.34 mL, 4.6 mmol) and pyridine (0.34 mL) were
added and the reaction mixture was heated to 110 °C under inert atmosphere for 3 hours.
After cooling, the solvent was evaporated, and the resulting compound was dissolved in dry
dichloromethane (100 mL). Then, 10 equivalents of 3-ethyl-2,5-dimethyl-pyrrole and a
catalytic amount of TFA were added and the reaction was kept under nitrogen atmosphere
for 16 hours. After that, 0.5 ml of N,N-diisopropylethylamine and 0.5 ml of BF3.Et2O were
added to the reaction mixture, and the reaction was stirred under inert atmosphere, for 6
hours. Then, the reaction mixture was washed successively with water (30 mL) and brine
(30 mL). The layers were separated, the organic layer was dried with anhydrous sodium
sulfate and concentrated under reduced pressurw. The crude was purified by column
chromatography on silica gel with dichloromethane:hexane (60:40) as eluent. The compound

was obtained with 6 % of yield.

5,10,15-phenyl-20-(4-((1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene)-8-phenyl)-porphyrin (BDP-P2 (107))

107

IH NMR (400 MHz, CDCls) & (ppm): 9.12 — 9.00 (m, 4H), 8.75 — 8.55 (m, 4H),
8.48 — 8.21 (m, 8H), 7.92 — 7.70 (m, 11H), 2.73 — 2.57 (m, 6H), 2.41 (q, J = 7.6 Hz, 4H),
1.99 - 1.91 (m, 6H), 1.15 - 1.05 (m, 6H); *°F NMR (376 MHz, CDCls & (ppm): -145.79 (q,
J = 33.84 Hz, 2F) MS m/z [M+H]* calculated for CesiHs2NsBF2*: 917.4309; Found:
917.4306.
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Figure 8.85. High resolution mass spectrum (positive mode) spectrum of 107.

8.4.5.5. General procedures for the synthesis of BDP-P3 (109)

Porphyrin 106 (200 mg, 0.25 mmol) was taken in dry toluene (20 mL), with THF as
co-solvent (5ml), then thionyl chloride (1.5 mL, 20 mmol) and pyridine (1.5 mL) were added
and the reaction mixture was heated to 110 °C under inert atmosphere for 3 hours. After
cooling, the solvent was evaporated, and the resulting compound was dissolved in dry
dichloromethane (100 mL). Then, 40 equivalents of 3-ethyl-2,5-dimethyl-pyrrole and a
catalytic amount of TFA were added and the reaction was stirring under nitrogen atmosphere
for 16 hours. After that, 2 ml of N,N-diisopropylethylamine and 2 ml of BF3.Et,O were
added to the reaction mixture, and it was stirred under inert atmosphere, for 6 hours. Then,
the reaction mixture was washed successively with water (30 mL) and brine (30 mL). The
layers were separated, and the organic layer was dried with anhydrous sodium sulfate. Then,
it was concentrated under reduced pressure and the crude was purified by column
chromatography on silica gel with dichloromethane:hexane (60:40) as eluent. The compound

was obtained with 1 % of yield.
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5,10,15,20-(4-((1,3,5,7-tetramethyl-2,6-diethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene)-8-phenyl)-porphyrin (BDP-P3 (109))

IH NMR (400 MHz, CDCl3) & (ppm): 8.93 (s, 8H), 8.39 (d, J = 8 Hz, 8H), 8.39 (d,
J =8 Hz, 8H), 2.65 (s, 24 H), 2.34 (q, J = 7.6 Hz, 16H), 1.89 (s, 24H), 1.31 (t, J = 7.6 Hz,
6H); 1°F NMR (376 MHz, CDCls & (ppm): -145.65 (m, 2F).
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