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Abstract

Organic dyes are everyday contributors in chemistry, physics and biology. BODIPY dyes
were used as model dye class in this thesis. They are well-known for their versatility,
which mainly originates from the tuneability of their photophysical properties upon
changes in their molecular structure. This thesis strives to deepen the knowledge of the
structure-to-photophysical properties relationship of those fluorophores. Furthermore, it
demonstrates how the intrinsic properties of the dye can be influenced by modifying the
molecular structure.

Structural homologues of the BODIPY and the aza-BODIPY class were synthesised. The
homologues differ only in the bridging atom. Moreover, they are decorated with electron
withdrawing and donating groups. The effects of those groups were analysed for each
class individually and additionally compared within the two classes. This revealed
different behaviours of the two dye classes that were previously unexplored.

To strategically decrease the singlet-triplet energy gap, a BODIPY-anthracene dyad,
which populates a charge separated state, and can then undergo charge recombination
into the triplet state, was oligomerised. Oligomerisation in a non-conjugated fashion
mimics a fixed J-aggregate thus facilitating strong exciton coupling. This lowers the
singlet state of the oligomers, without having a large effect on the triplet energy.
Therefore, the energy gap, which can be described as the energy loss of the system, can
be decreased.

Furthermore, a new dye material, a room temperature dye glass, was fabricated. BODIPY
derivatives equipped with different alkyl chains were synthesised and subsequently
mixed. Upon mixing the entropy of the system is increased, leading to a decrease in the
materials ability to crystallise and aggregate. The material now forms an amorphous solid
state, a glass, which inherits the monomeric optical properties of the dye components.

The results presented in this thesis highlight that by modifying the molecular structure of
a dye molecule, its intrinsic properties can be governed according to ones needs. This is
of great importance for the in vivo design of dyes as well as the fabrication of new
materials.

Keywords: BODIPYs, structure-to-optical properties relationship, entropy, amorphous
materials, exciton coupling



Sammanfattning pa Svenska

Organiska fargdmnen har en central roll inom kemi, fysik och biologi. BODIPY é&r en klass
fargdmnen som anvéndes som modell i denna avhandling. De &r vélkdnda for sin
mangsidighet, som huvudsakligen beror p& méjligheten att skraddarsy deras fotofysiska
egenskaper genom forandringar i deras molekyléra struktur. Denna avhandling stravar
efter att fordjupa kunskapen om férhallandet mellan struktur och fotofysiska egenskaper
hos dessa fluoroforer. Dessutom visas hur fargamnets egenskaper kan paverkas genom
att modifiera den molekyldra strukturen.

Strukturella homologer av BODIPY- och aza-BODIPY-klassen syntetiserades.
Homologerna skiljer sig &t endast i den overbryggande atomen, och de &r bada
dekorerade med elektrondragande och donerande grupper. Effekterna av dessa grupper
analyserades for varje klass individuellt och jamfordes dessutom inom de tva klasserna.
Detta resulterade i upptéckten av olika beteenden hos de tvé fargdmnesklasserna som
tidigare var outforskade.

For att strategiskt minska singlett-triplettenergigapet oligomeriserades en BODIPY-
antracendyad, som via ett laddningsseparerat tillstdind kan = genomga
laddningsrekombination till tripletttillstdndet. Oligomerisering pé& ett okonjugerat sétt
efterliknar ett fixerat J-aggregat underléttar sdledes stark exciton-excitonkoppling. Detta
sénker singletttillstandet for oligomererna, utan att ha ndgon stor effekt pé triplettenergin.
Dérfor kan energigapet, som kan beskrivas som systemets energiforlust, minskas.
Vidare tillverkades ett nytt fargmaterial, ett rumstempererat fargglas. BODIPY-derivat
utrustade med olika alkylkedjor syntetiserades och blandades. Vid blandning ¢kar
systemets entropi, vilket leder till en minskning av materialens foérmadga att kristallisera
och aggregera. Materialet bildar d& ett amorft fast tillstdnd, ett glas, som har de
monomera optiska egenskaperna hos fargdmneskomponenterna.

Resultaten som presenteras i denna avhandling visar att genom att modifiera
molekylstrukturen hos en fargdmnesmolekyl kan dess inneboende egenskaper styras
enligt behov. Detta &r av stor betydelse for in vivo design av fargdmnen samt tillverkning
av nya material.

Nyckelord: BODIPYs, relation mellan struktur och optiska egenskaper, entropi, amorfa
material, excitonkoppling
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Introduction

Dyes have been a fundamental part of our society for thousands of years. Mankind has
used colours to express themselves since its very beginning. The first dyes were taken
from nature. Minerals, plants, and animals surrounding us offer a large palette of colours.
Until now some cultures use those resources to paint their faces or dye their fabrics. The
first paintings date back around 30 000 — 40 000 years and can be found on the walls of
caves. Here black was mainly obtained from charcoal, which allows us to perform carbon
dating techniques to determine the age. Red, brown, and yellow pigments were accessed
using soil. The used earths contain impure forms of iron oxides (Fe,Os), and manganese
oxides. White pigments were obtained from chalk or bones, so calcium carbonate
(CaCQ:s) or calcium phosphate (Cas(PQO.),).! This colour palette was based on minerals
and offered a rather limited range. Nonetheless, in rare occasions dull green tones, from
mineral clay containing aluminium, iron, magnesium, and potassium, accompany the
earthy colours.

Around 2500 BC the ancient Egyptian culture contributed largely to the identification of
new sources of colours using pigments obtained from minerals, plants, and animals. Art
and therefore colours, especially blue, had a high significance in the ancient Egyptian
culture. New natural pigments based on copper containing minerals like malachite
(Cua(CO3)(OH),), which has deep green colours and azurite (Cus(COs)2(OH),) with a deep
blue colour, were added to the colour palette. Lapis lazuli, a gemstone known for its deep
blue colour, contains of a mixture of different minerals with variable amounts of sodium
or calcium ((Na,Ca)r.s(AlSiO1,)(S,SO4Cl)). It was highly valued as both a pigment source
and for jewellery. Aside from blue and green also yellow Orpiment, obtained from a
mineral containing toxic arsenic sulfide (As;Ss), and red Cinnabar, from an also toxic
mercury sulfide (HgS) containing mineral, were added to the available colours. Apart
from minerals, the Egyptians also pioneered the use of plants and animals as sources of
pigments. They extracted dye molecules and transformed them into pigments by
precipitating the dye onto particles of colourless binders like chalk. Here dyes from plants
were used, like Indigo, a blue dye, extracted from the leaves of /ndigofera plant family,
and Alizarin, a red-purple dye, extracted out of the roots of Rubia tinctorum (Madder).
Carmine red was obtained by crushing dried cochineal insects.’? Egyptians also
manufactured pigments to extend their resources. One of these pigments has the
chemical formula CaCuSi:O1 and is known as Egyptian blue. Most likely it was made by
heating sand (SiO.), some calcium source like lime (CaCQs), a copper containing mineral
like azurite to 800-900 °C under oxygen with a mixture of sodium sulphate (Na,SO4), soda
(NazCOs) and sodium chloride (NaCl)."

Inheriting this colour palette, now highly enriched in versatility, the Greeks and Romans
also added plenty of options. Ink from octopi for example afforded a brown pigment after
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purification.!!. Another pigment, Tyrian purple, obtained from Murex shellfish, became
one of the most expensive pigments for the next centuries.” In addition to natural
pigments also artificial pigments were added to the palette. Red (Pb;O.) and yellow (PbO)
lead, also referred to as Minimum and Massicot respectively, are examples of such
artificial pigments.! Over time the colour palette grew richer with plenty of contributions
by different cultures, that grew technically more advanced. However, since this thesis has
a focus on organic chemistry a jump over some centuries is in order.

In London of 1856, Perkin attempted to synthesise Quinine, used in the treatment of
malaria, from coal tar. His attempted synthesis resulted in a red powder, not Quinine.
Aniline, as a starting material, was supposed to shed light on the reaction. But the
oxidation of aniline with potassium dichromate was also unsuccessful and resulted in a
black solid. This solid upon extraction with alcohol resulted in a purple-coloured solution.
Perkin had discovered the aniline dye Mauveine, which he initially called Mauve.”! Only
much later in 2008, Mauve was shown to be a complex mixture of several derivatives.®
Perkin commercialised production of the dye, for staining clothes. This discovery of the
first synthetically obtained organic dye changed, not only Perkins’s life, but also the world
of colorants permanently. Shortly after Perkin’s development, and the industrial success
of Mauveine, the second synthetic aniline dye entered the market. In Lyon in 1859,
Verguin obtained Fuchsine, or Magenta, displaying a crimson red colour, by reacting
aniline with tin tetrachloride (SnCls), and commercialised the process.! The industrial
success of synthetic aniline dyes in England and France also had an impact on the
German chemical industry. Here, within only a couple of years companies like ‘Meister,
Lucius and Briining’ -later known as Hoechst- were founded. They manufactured dyes
like Magenta, and later also aldehyde green, a derivative of Magenta, found by Briining.”

The knowledge obtained from the development of synthetic routes towards aniline dyes
was used by chemists to develop new dyes or synthesise already known dyes. Greabe
and Lieberman worked on synthesising Alizarin, and published a synthetic protocol in
1869.1" The structure was later discovered by Caro and von Bayer. Graebe together with
Caro, who worked at the 1865 founded ‘Badische anilin und Sodafabrik’ (BASF),
improved the synthesis of Alizarin. Soon the synthetic dye replaced the natural dye almost
completely. Other natural dyes were replaced by synthetic dyes soon after. Von Bayer
discovered the chemical structure of Indigo in 1883 and postulated a synthetic route.®
However, the commercialisation of Indigo was first achieved by BASF and Hoechst in
1897. Indigo remains an important dye until today, as it is used to dye denim.

In their eagemess to find more aniline-based structures and improving the ways of
making dyes in general, chemists developed different dye classes, and along with them
new synthetic strategies. In 1858 for example, Griess discovered diazotisation. This laid
the groundwork for azo dyes. Soon after, the first azo dye Bismarck brown was developed
by Martius and Lightfood, and entered the market. Other azo dyes followed, like
Chrysoidine developed by Caro and Witt in 1875.2) Many azo dyes, covering the whole
spectrum, but mainly red, orange, and yellow, are still used today. In 1876, Caro who still
worked for BASF found another dye class, when trying to develop more aniline dyes. He
synthesised Methylene blue, a thiazine dye, which was used as a cotton stain. The
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structure was elucidated nine years later by Bernthsen, another chemist working on
aniline dyes, who synthesised phenothiazine.®

The development of new synthetic organic dyes was flourishing, and more and more dyes
entered the market. Although mainly developed for staining fabrics, dyes were soon
started to be utilised in different fields. In 1887, Methylene blue was found to selectively
stain malaria organisms in blood smears, and, in 1891, Gutman and Ehrlich used it as an
antimalarial agent.*!% After some modifications of the structure, at the company Bayer,
it became a widely used drug. Later in the 1940s, due to their earlier results, other thiazine
dyes, like phenothiazine, were used as lead structures in medicinal chemistry, which in
1950 led to the development of chlorpromazine.!!

In the 20™ century, dyes received an increased amount of attention in the scientific
community. Their properties were investigated more. The potential of interacting with
light was obvious but needed to be studied further. Egyptian blue, for example, was found
to have exceptionally high near-infrared (NIR) luminescence with an emission maximum
at 910 nm, emission quantum yields of about 10 %. and an excited state lifetime of
107 ps.'” Some dyes were found to have promising conducting properties. Indigoid dyes
like indigo and Tyrian purple showed good energy transfer properties in their solid state,
and their use in organic electronics was explored.®! Due to previous success with
Methylene blue and other thiazine dyes, further utilisation in medicine and biology was
investigated. With more knowledge about their properties, new avenues were opened for
dyes. By now synthetic organic dyes reach us in every part of our life. In areas like
colorants, organic electronics and medical treatment stretching to research in biology,
medicine, chemistry, and physics.

Undoubtedly, dye chemistry has experienced an astonishing growth of newly designed
structures and materials. Now the design of dye compounds, which are in their
photophysical properties specialised for a certain application, has become more
important. Newly developed avenues in organic chemistry allow for either, targeted,
sophisticated modifications of already existing, organic dye backbones, or entirely new
molecular structures. The applications for dyes are now various and universal. As a result
of this, the requirements any application has towards a dye, regarding both optical and
molecular properties, are highly divergent. Fundamental understanding of the
photophysical processes of a dye and the structure-to-optical properties relationship are
crucial for targeted molecular design, regarding the optical properties. To maximise the
applicability of a dye another aspect, the intrinsic physical properties, must be likewise
considered. New dye materials need to be developed, for dyes to live up to their full
potential.

Research aim

The research presented in this thesis grew out of a requirement. A dye material, with an
as high dye concentration as possible in solid state should be developed. The optical
properties of the material should simultaneously be of monomeric nature. Thus, not be
disturbed by aggregation or crystallisation of the dye molecules. In other words, a glass
like material of a dye was desired. For this a relatively new avenue of preparing glassy

3
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materials was approached, entropic mixing. A refined and generally applicable method
based on entropic mixing should be developed and utilised to form a room temperature
chromophore glass.

Boron dipyrromethene dyes, also referred to as BODIPY dyes, were used as a model
chromophore in this thesis. In project I and project III (leading to paper I and paper III),
BODIPY series were designed and synthesised, where the derivatives carry different alkyl
chains. In project I, it was realised that the molecular design was insufficient, and more
effort needed to be devoted towards it. The design of the BODIPY series synthesised for
project III, was targeting the weak points of the previous derivatives. Subsequently, two
or more of those derivatives were blended. The obtained blends were then investigated
in solid state, using optical microscopy and optical spectroscopy to evaluate the new dye
material. The material, if the desired optical properties were observed, was further
investigated regarding its ability to form a glass. Therefore, differential, and fast scanning
calorimetry were used to obtain information on the thermal behaviour of the new
material.

Working with BODIPY dyes, some fundamental interest regarding the structure-to-
optical properties relationship arose, especially towards a subclass of BODIPYs, the aza-
BODIPY dyes. The BODIPY class has a carbon as the bridging atom, whereas a nitrogen
atom in this position defines the aza-BODIPYs. To gather more insight on how the optical
properties of these two dye classes can be influenced, by attaching different electron
withdrawing/donating groups, two sets of dyes were designed and synthesised in
project II (leading to paper II). Each set contains different combinations of electron
withdrawing/donating groups. The only difference in between the two sets is the bridging
atom in between the pyrrolic units. Each set was evaluated spectroscopically to gather
insight on their structure-to-optical properties relationship, individually. Furthermore, the
two sets of dyes were compared to one another to shed light on the differences in
between the two dyes classes, which are structurally only different in one atom.

A major energy loss factor in organic photosensitisers is a large singlet-triplet energy gap.
To target this issue, molecular architecture was used methodically in project IV (leading
to paper IV). The singlet state energy should be decreased without changing the energy
of the triplet state, thus, lowering the singlet-triplet energy gap, via exciton coupling. A
BODIPY-anthracene dyad, which could efficiently populate the triplet state of the
BODIPY was selected as a model compound. Tethered oligomers of the dyad, mimicking
fixed J-aggregates with strong exciton coupling, were synthesised, and subsequently
spectroscopically evaluated.

Overall, the research discussed in this thesis seeks to deepen and utilise the knowledge
of the fundamental correlation of the molecular architecture to the intrinsic molecular
properties. Understanding this relationship, enables fabrication of tailor-made molecules
and new materials. Both of which can improve already established applications, as well
as open new avenues for organic dyes in the future.
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Background and Methods

Dyes have been used for centuries and they will most certainly be used as long as humans
walk the earth. The development of organic dyes and materials thereof is thriving and
often targets specific applications. To develop new organic dyes or dye materials it is of
fundamental importance to understand how dyes interact with light. The research
presented in this thesis focuses on organic dyes, their interactions with each other, and
with light. Within this chapter, the fundamental theoretical background, necessary to
follow the research conducted in this thesis, will be briefly discussed. The first section
starts with the nature of light and molecules. This is followed by the processes that occur
after a molecule has interacted with a photon. In the next section, the interactions
between molecules will be discussed. Here also the states of matter will be presented,
and transitions in between them. In the end of each section, the methods used primarily
in the conducted projects, whose results are presented in this thesis, will be introduced.

The nature of light

The term light is defined as an electromagnetic radiation which shows both properties of
a wave and a particle. In 1865, Maxwell described light as a propagating wave of
synchronised oscillating fields, one of which is magnetic and the other one electric.l'”)
These waves can be characterised by their frequency (v) of oscillation, its wavelength (A),
and its velocity (the speed of light ¢ = 2.998:10° ms™! in vacuum). These stand in the
relationship Av = c. The wavelength of the light is inversely proportional to its frequency.
To understand black-body radiation Planck constructed a complementary theory about
the nature of light. He quantised the energy of light, where each frequency provides a
specific amount of energy, a quantum.!*) Here lower frequencies would provide a smaller
amount of energy and higher frequencies a larger amount of energy. Inspired by Planck’s
theory, Einstein shortly after described light not as a continuous stream, but as a stream
of quantum packets of energy, in order to describe the photoelectric effect.!’® They were
later given the name photons. The energy (E) of a photon is described by Planck’s
constant (2 = 6.6261-10%* J s) and its frequency, according to Equation 1.

hc
E =hv —7 (1)

The fraction of light that can be detected by the human eye is called visible light (Vis). In
the electromagnetic spectrum, visible light is typically in the wavelength range of
400-700 nm. This translates to frequencies of 420-750 terahertz and is located between
the infrared (IR) region, which describes wavelengths of 700 nm and above, and the
ultraviolet (UV) region, wavelengths of 400 nm and below.
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The nature of molecules

Molecules are assemblies of atoms, connected by covalent bonds. Each atom comprises
of a dense positively charged nucleus in the centre which is surrounded by one or more
negatively charged electrons.

Electrons and Atoms: Just like light, electrons have properties of both waves and
particles. The sum of the kinetic and potential energy of a particle can be described
quantum-mechanically by the Schrodinger equation. It describes the states or in other
words the behaviour of an electron in an atom as wave functions. These wave functions
-squared- are probability distributions, called atomic orbitals (AOs) and describe the
region of space an electron can be found in around the nucleus. The probability
distributions occupy a three-dimensional space and require therefore three coordinates
to be described. These coordinates are called quantum numbers. The principal quantum
number (n) describes the energy, so the size of the orbital. Where n is a natural number.
Orbitals having the same principal quantum number are referred to as being one shell,
whereas those shells are referred to by letters. n = 1 is called K, then, L, M, N, and so on
follow successively. The angular quantum number (1) describes the shape of the orbital
and can take values of 0 <1 < (n-1). The value of 1 describes the number of nodal planes
through the origin. Orbitals with 1 = 0 are therefore spherical, having zero nodal planes,
they are known as s-orbitals. p-Orbitals have | = 1, and have therefore one nodal plane,
d-orbitals have two nodal planes (I = 2), and so on. Orbitals with the same n yet a different
1 value are referred to as one subshell. Within one subshell, all orbitals have the same
energy. The third quantum number is the magnetic quantum number (mi) and describes
the orientation of an orbital in space. Its value is dependent on 1 as follows, -l <m; < 1.
s-Orbitals are spherically symmetric and therefore have m; = 0. Nonetheless the other
orbitals have specific angular orientations, or directions, in space. For p-orbitals m; can
take the values -1, 0 and 1. Translated into cartesian coordinates the p-orbital then has
three orientations: px, py and p,.l'

Each orbital can hold a maximum of two electrons. Therefore, to describe one electron
in an atom its intrinsic angular momentum, its spin, needs to be considered. The spin is
described by two quantum numbers s and m,. The spin quantum number s has a fixed
value of s = ' for an electron. This value denotes the magnitude of the spin angular
momentum and is therefore never negative. The spin magnetic quantum number ms, on
the other hand, describes the orientation of the spin angular momentum of the electron.
An electron spin is thus assigned either ms = -1/, or ms = +!/,, often referred to as ‘up/1’
and ‘down/ |’ spin. Every electron in the atom has, therefore, a unique set of four quantum
numbers. The first three quantum numbers n, 1 and m; specify the atomic orbital in
question, and the fourth, ms, the orientation of the electron spin.%

In atoms with more than one electron, the energy of electronic repulsion has to be
considered. This makes an exact solution of the Schrédinger equation difficult. Instead,
approximate solutions are used to determine the energy of multielectron systems
considering both, functions describing each single electron independently, as well as
inter-electronic repulsion. To get the ground electronic configuration of an atom the
electrons are filled into the orbitals from low to higher energies according to the Aufbau
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principle. Before occupying any orbital with two electrons following the Pauli principle,
all orbitals of the same subshell have to be filled with single electrons first as far as
possible, having the same spin, according to Hund’s rule.%

In multi-electron systems, the total spin angular momentum (S') of the system has to be
considered. §is a non-negative integer or half-integer, obtained by coupling the individual
spin  angular momenta  according to the  Glebsch-Gordan  series
(8 =si+sz, s1+s2-1, .., | 81-82| )1 Thus, for two electrons S =1, 0, depending on their
relative orientation. To consider here is that, according to the Pauli principle, an electron
pair (two electrons in the same orbital) must have paired spins. Electrons with paired
spins have a net spin of zero, because the antiparallel spin magnetic angular momenta of
the two electrons cancel each other out. This is the case for the inner, fully occupied
shells. Therefore, these do not need to be considered in the total spin angular momentum.
The total angular momentum of two parallel spins, however, fulfils the condition §=1
which can be achieved by a number of possible orientations. The number of possible
orientations is called the spin multiplicity (M = 2§ + 1). If the electronic state of an atom
has S = 0 it is referred to as singlet state and an electronic state of S = 1 is referred to as
triplet state.l*")

For orbitals filled with only one electron another effect is observed. Here, the spin angular
momentum and the magnetic angular momentum of the orbital can mix. This magnetic
interaction is called spin-orbit coupling and causes the electronic configuration to split
into different energy levels. The strength, and thus, the effect the coupling has on the
energy levels, depends on the relative orientation of the angular momenta, and on the
nuclear charge. Therefore, heavier atoms show a stronger spin-orbit coupling. This is
known as the heavy-atom effect.!'®

Molecules: To describe electronic configurations of molecules, molecular orbitals (MOs)
are used, just like AOs for atoms. They are determined by a linear combination of atomic
orbitals, to describe the electron distribution over the whole molecule. The electrons
occupying the inner atomic orbitals are assumed to be unperturbed. Whereas the outer
electrons, called the valence electrons, of all bonded atoms are contributing to the MOs.
Electrons are filled in the MOs according to the Aufbau principle, the Pauli principle and
following Hund'’s rule to get the ground electronic configuration of the molecule. Due to
the Pauli principle most (organic) molecules are in a singlet ground state -Whereas O,
which is the most famous exception, has a triplet ground state.- The MOs of particular
interest considering a molecules reactivity, or their interaction with light, are the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), the so-called frontier orbitals."? As molecules are assemblies of atoms the
quantum mechanical description gets even more difficult. Now, the energies of both
electrons and nuclei have to be considered. Due to the huge mass difference of those two
the Born-Oppenheimer approximation is used. It states, that nuclear and electronic
motions can be separated.'® Here the nuclei are treated as fixed in space - so fixed in
one conformation - while the electrons move rapidly around them. This is then repeated
for different conformations of the nuclei, to get an idea about the energy of the molecule
in respect to different geometries. The result of such calculations is a potential energy
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curve of the electronic state. Within every electronic state there are several vibrational
levels. These vibrational levels are wavefunctions, describing the movement of the
nucleus, caused by vibrations of the nucleus around its equilibrium position.

Interaction of light and molecules

Light in its nature is both an oscillating electric and magnetic field and can interact with
the negatively charged electron clouds surrounding the nuclei. The nuclei and thus the
electrons can take different configurations, and the rearrangement from one to another
induces a transition dipole moment. An electric wave of light, or one photon, interacts
with the electron cloud of the molecule through columbic forces, causing an oscillation
between the ground and final electronic configuration. An oscillating electric field is hence
induced in the molecule. The probability of a transition to occur is higher the larger the
transition dipole moment is, thus the larger the interaction between the two electric fields
is. The orientation of the transition dipole moment is also crucial for an electronic
transition to occur. It has to align with the incident oscillating field of the photon. A photon
can also only be absorbed by a molecule if the energy of the incoming photon is equal to
the energy difference in between the final and initial state of the electron. This satisfies
the Bohr frequency condition (AE = Av). Upon absorption of one photon, one electron is
elevated to an orbital with a higher energy. In molecules this is often associated with a
transition of an electron from the HOMO to the LUMO. The energy difference in between
the two orbitals is referred to as the HOMO-LUMO gap. The electronic state of a
molecule having one electron in the LUMO, leaving an electron-hole in the HOMO can
also be referred to as exciton. However, the frontier orbital energy diagram shown in
Figure 1 does not take the rest of the electrons into account and is therefore less precise
than a diagram visualising energy as states. The energy states diagram, like the typically
used Perrin-Jablonski diagram shown in Figure 2, takes the total energy of the molecule
into account, including the electron-electron interactions. Therefore, they are more often
used when discussing photophysics. Here, upon an absorption event the molecule goes
from the lowest energetic state, the ground state (So/To) to a higher energetic state, the
excited state (Sn/Th).

LUMO — 4 —-Lumo

HOMO-LUMO gap hv =AE ISC
(AE)

Homo M- - - Homo
singlet excited excited
ground singlet triplet

state state state

Figure 1. Absorption and intersystem crossing represented in the frontier orbital energy diagram.

For light to induce a transition not only the energy must be conserved but also the angular
momentum, the spin. This means that only transitions in between the same spin states,
singlet to singlet (So—Sn/ Si—So) or triplet to triplet (To—T, / To—To), are ‘spin allowed'.
Transitions between singlet and triplet states would require a momentum change of the
electron spin. These transitions are hence ‘spin forbidden’[""!
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Photoinduced processes

Absorption: As previously mentioned, most molecules are in a singlet ground state and
thus, the photoinduced processes introduced here, and shown in Figure 2 in a Perrin-
Jablonski-diagram, will assume S, as the ground state. Nonetheless, the processes can
happen in the same fashion from a triplet ground state To. A transition from Sy to S, usually
happens from the lowest vibrational level of the ground state to any vibrational level of
an excited state. It depends on the overlap of the wavefunctions describing the nuclei
movement (thus vibrational levels) on the initial and final electronic states. The larger the
overlap the higher is the probability of a transition, resulting in a higher intensity
absorption band. This is often referred to as the Franck-Condon principle."¥ The
combined intensity of all absorption bands depends on the transition dipole moment.

< =
-
i VR
i y IC =
S> =
VR
IC 1SC
= S1 ———————IsC—
S S T s o
W 1 B
—t Abs Fluo Phos —
e VR
So

Figure 2. A typical Perrin-Jablonski diagram illustrating possible radiative (solid lines) and non-radiative
(dotted lines) processes. Electronic levels are shown in thick black lines (So, Si, S, and T;) and vibrational
levels are shown with thin black lines. Radiative processes are depicted with solid, coloured lines, blue for
absorption (Abs), green for fluorescence (Fluo) and red for phosphorescence (Phos). Non-radiative
processes are depicted with dotted lines and labelled accordingly, vibrational relaxation (VR), internal
conversion (IC) and intersystem crossing (ISC).

Non-radiative processes: From the different vibrational levels from the first excited state
or higher excited states -electronic level n>1- the molecule relaxes rapidly into its lowest
vibrational level of S;, which is a relatively long-lived state. This happens via vibrational
relaxation (VR), which is relaxation within the same electronic level, or via internal
conversion (IC), which describes a change of state within the same multiplicity. IC is
usually followed by vibrational relaxation and is therefore seen as an irreversible process,
although IC itself is formally an adiabatic process. After reaching the lowest vibrational
level of S; the molecule can continue a non-radiative decay either via IC followed by VR
back to the ground state or via intersystem crossing (ISC) into an isoenergetic vibrational
level of the triplet excited state. This process (see Figure 1) is spin forbidden due to the
change in multiplicity, and thus usually slower than competing processes. However, the
rate of ISC can be increased using different approaches. One way to enhance ISC is by
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spin-orbit coupling. Here, the change in the spin angular momentum is compensated by
the change in orbital angular momentum. Practically, this can for example be achieved
by using the heavy-atom effect, thus adding e.g., iodine, to the molecular structure.
Another effect of spin-orbit coupling is that a change in orbital type can also increase the
rate of ISC, according to the El-Sayed rules.?” Several donor-acceptor dyads have also
shown to enhance ISC via charge-transfer/separation followed by charge recombination.
This will be further discussed in a later section of this thesis. Once the molecule has
undergone ISC, it relaxes to the lowest vibrational level of the triplet state T via VR. From
T: the molecule can now continue with a non-radiative decay via another 1SC followed
by VR back to the singlet ground state.

Radiative processes: Instead of non-radiative decay, molecules in both the S; and the T;
state can undergo a radiative decay. This process is called fluorescence in case of the
molecule being in the singlet state and phosphorescence for a molecule in the triplet state.
Most molecules obey Kasha’s rule, stating that emission/radiative decay happens from
the lowest excited state level in each multiplicity.*!! This rule derives from the energy gap
law, which predicts the IC rate between two electronic levels to be inversely proportional
to their energy difference.?? This in combination with the Franck-Condon principle leads
to the emission envelope commonly being a mirror image of the absorption envelope,
where the difference in absorption and emission maxima is called the Stokes-shift.!"®

Different transitions occur at different timescales, or in other words they have different
rate constants (ky), where x describes the transition in question. Transitions that occur
within the same state multiplicity are usually happening on a faster timescale, whereas
transitions between different multiplicities are commonly slower. Absorption happens in
a matter of femtoseconds (10° s). IC and VR are the next fastest transitions given that
they are happening within the same multiplicity, and that they are usually covering
smaller energy gaps, yet the rate constant is depending on the energy gap. For typical
energy gaps between S; and S; they occur in the picosecond range (102 s). ISC, as this
transition involves a spin flip, is slower than the other non-radiative decays about 10% s,
however it can approach the picosecond range if the ISC efficiency is increased by e.g.,
spin-orbit coupling. The two described radiative decays, fluorescence and
phosphorescence, are considerably slower than the non-radiative processes, when
considering going in between the multiplicities. Fluorescence, a transition within the same
multiplicity, happens normally in a few nanoseconds (10 s). Whereas phosphorescence
is slower, due to the required spin flip during the transition, and can happen over a few
microseconds to seconds (105-10° s).l'")

To anticipate the efficiency of a transition within the molecule, the quantum yield of the
process (®y) is determined. It is the ratio of the number of transition events per number
of absorbed photons, and is determined for a specific wavelength. The quantum yields of
fluorescence (Pr) is described by the ratio of emitted photons per absorbed photons. This
value can also be expressed using rate constants. Fluorescence is a process following
first-order kinetics, and its quantum yield can hence be described by the radiative rate
(kr) divided by the sum of all deactivating processes, kr and all non-radiative rates (kng).
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For the S; state this rate can be referred to as rate of fluorescence (kr) and relates to ®r
as shown in Equation 2.

_ Nemittedphotons _ kp (2)

F= =
Nabsorbed photons Kg+KNR

The average time a molecule spends in the excited state is described by the excited state
lifetime (t). The lifetime is determined for specific states and therefore depends on the
transitions that depopulate that state. For example, the lifetime of the S; state can be
expressed by the fluorescence lifetime (tr). It is inversely proportional to the sum of the
rates for all deactivation processes from this state. Tr can therefore be expressed
according to Equation 3.

_ 1
- kg+knr

Tf

(3)

The radiative rate and the non-radiative rate can therefore be expressed as the ratio of
fluorescence quantum yield and the fluorescence lifetime as in Equation 4a and 4b.

o]
kg = T_: (4a)
1-Op

TF

kNR = (4b)

Photoinduced electron transfer: Photoinduced processes do not only involve transitions
in between the energy levels of a single molecule. Energy-transfer processes or electron-
transfer processes can also happen in between two molecules, or two different molecular
units of supermolecules e.g., dyads. Energy transfer can occur through either electron
exchange interactions which require orbital overlap, or via dipole-dipole interactions that
originate from an oscillating electric field in space. Electron transfer can only occur via
electron exchange interactions and thus requires orbital overlap.!*¥!

Electron-transfer reactions are fundamental chemical reactions where an electron is
transferred from a donor (D) to an acceptor (A). The donor is thus oxidised while the
acceptor is reduced, as seen in Equation 5.

D+A->Dt+A” (5)

This process can happen in the ground state as well as in the exited state. According to
Equations 6a and 6b, in a photoinduced electron transfer process (PeT), an electron from
the excited state (D*/A*) is transferred to form the two separated, charged radical
species D™ and A".[") The PeT process can also be called charge transfer (CT) and results
is a new energetic state called charge transfer state (CTS). The process is also often
referred to as charge separation where the final state is called the charge separated state
(CSS).

D*+A-> D" +A™ (6a)
D+A*> DV + A~ (6b)

The driving force for electron transfer is the overall change in the Gibbs free energy (AG).
Considering the ground state electron-transfer (eT) in the gas phase AGe can be
calculated using the ionisation potential (IP) of the ground state of D (IPp), and the
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electron affinity (EA) of the ground state of A (EAx), according to Equation 7. Where (IPp)
and (EA.) can also be represented by the electrochemical potentials for oxidation E| (°D+ /D)

and reduction E(OA /a-)> respectively.
AGer = 1Py - EAp = Eye ) = E(ajany (7)

Considering PeT, i.e., electron-transfer from a molecule in its excited state, the change in
Gibbs free energy (AGper) now also depends on the electronic excitation energy of the
excited species (Eex). The excitation energy is available to do work and can assist in
moving electrons within an electron-transfer process. The final species obtained in this
process are separate species of opposite charges. Thus, a gain in coulombic energy as a
result of bringing two opposite charges closer together, has to be considered as well. This
gain in energy depends on several factors and is represented by the Coulombic term.
These variables are the approach distance of the two charged species (r), which can be
approximated by the sum of the radii of the two ions, and the dielectric constant of the
solvent (€) since, depending on the polarity of the solvent, the charged species can be
shielded, and thus stabilised more or less. Including the excitation energy and the
Coulombic term into the equation for the change in free energy for excited state electron
transfer we get Equation 8.

e?

(8)
Where N, is Avogadro’s number (NVa = 6.022-:10% mol), e is the charge of the electron
(e=1.60-10" C), and & is the permittivity of vacuum (g = 8.85:10"'2 C>* N'' m™). The
increased driving force for electron transfer, as a result of the excitation energy, clarifies
why the excited state species oxidises and reduces more readily than the ground state
species.['?!

AGper = E(OD+/D) - E(OA/A-) —Eexe =Ny

4ATegEr

Regenerating the initial excited states from this CSS, after VR already occurred, is an
endergonic process. The back electron transfer process would therefore result in the
ground states of D and A" However, it has been observed that in D-A type molecules
the CSS can recombine to form the locally excited triplet state of either the Donor or the
Acceptor. This has been attributed to two different mechanisms, depending on the
distance between the two units. For the so called radical pair ISC (RP-ISC) a long linker
unit between D and A is required.®® Opposite to this, for compact D-A type molecules
another process the so called spin-orbit charge transfer ISC (SOCT-ISC) has been
observed.?*2¥ In this kind of molecules, the donor and acceptor are directly linked
together leading to a rapid PeT, and therefore a rapid CSS formation. The geometry of
the donor and acceptor must be orthogonal. Due to this geometry, the change in spin-
angular momentum is accompanied by a change in orbital-angular momentum, in an
event of ISC. This results in a conservation of the total angular momentum of the
system.?®) SOCT-ISC is further addressed in a later section, using a directly linked
BODIPY-anthracene molecule.

Excimer and Exciplex formation: Excited state molecules can form exited state
complexes, upon collision with a ground state molecule. This collision can happen in
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between two different molecular species or the same molecular species, according to
Equation 9a and 9b respectively.

B* + C = (BC)* (9a)
B* + B = (BB)* (9b)

In the case of the two colliding molecules being different, the excited state species is
called an exciplex. When two identical molecules form such a complex it is referred to
as an excimer. These complexes are stabilised by CT interactions between the two
molecules. Since they are formed in the excited state, after absorption, no change is
observed in the absorption spectrum, but in the emission spectrum. Signature of this
phenomenon is a concentration-dependent, vibrationally unstructured, and red shifted
emission, which is no longer a mirror image of the monomeric absorption. Excimer and
exciplex formation can be probed using time resolved emission. It shows first mainly
monomeric emission. After a short while excimer/exciplex emission arises and increases
over time, while the monomeric emission decreases.!'”

Experimental analysis of photoinduced processes in molecules
Steady state measurements

Steady state absorption: Absorption of light by a molecule is studied by an ultraviolet-
visible (UV-Vis) spectrophotometer. Most common UV-Vis spectrophotometers rely on
the dual beam design shown in Figure 3a. One beam, the reference beam, is lead through
air, the solution used to dissolve the sample, or the substrate the sample is deposited on,
and then to the detector. The second beam is lead through the sample before it gets to the
detector as well. The sample can be a solution of the molecule in a solvent (Figure 3b) or
a solid sample. In Figure 3¢ a solid sample is demonstrated as a thin film on a substrate,
as this is the solid samples used in projects I and III. By comparing the intensities of the
reference beam (Iy) and the beam that has passed through the sample (I) the
transmittance (T) of the sample is detected according to Equation 10.
T=-— (10)
Io

This detected transmittance is then expressed in the form of absorbance (A), according
to Equation 11.

A=log (%) (11)

The absorbance of a molecule gives information about the molecules ability to absorb
light. This is quantified by the molar absorptivity (). € can be determined, when the
concentration of the sample (c) and the pathlength of the sample (1) -for liquid samples- is
known. Their relationship is expressed by the Beer-Lambert-Bouguer law, shown in
Equation 12.

AQ) = e(W)cl (12)

For solid samples the ability of the material to absorb light is often referred to as
absorptivity. This value expresses the absorbance per thickness unit of the material.
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Figure 3. a: Schematic representation of a dual beam UV-Vis spectrophotometer. b: An imaginary liquid
sample in a cuvette which absorbs light. c: An imaginary thin film of a sample, deposited on a glass plate,
which absorbs light.

How the molecule absorbs light over a certain spectral range can be determined by
varying the wavelength of the incident light beam. The transmittance is then detected for
several points within the range of interest. To be able to cover a large spectral range, a
UV-Vis spectrophotometer is equipped with different lamps. A deuterium arc lamp to
cover the UV spectral range (190nm-320nm) and a tungsten filament lamp for the Vis
and infrared range (320nm-2500nm). From the light source the light enters the
monochromator, where it is dispersed in its constitutional waves by a diffraction grating.
The wavelength is chosen by rotation of the diffraction grating, and then focusing the light
of wanted wavelength on the exit slit. By scanning through a range of wavelengths the
typical absorption spectrum is obtained.

Steady state emission: To get information about the emission properties of a molecule a
spectrofluorometer is used. A typical setup of a spectrofluorometer is shown in Figure 4.
Here light, typically originating from a Xenon lamp is sent through a monochromator to
choose a specific excitation wavelength for the molecule. After the sample is excited, the
emission is detected after a second monochromator unit, placed in an 90° angle to the
excitation unit. This emission monochromator unit scans over the set wavelength range.
The following detector is detecting the incoming photons, depending on their wavelength.
The result of this measurement is an emission spectrum.

If instead the excitation monochromator is scanning over a certain spectral range, and
the emission monochromator unit is fixed, the result of the measurement is called an
excitation spectrum. This spectrum shows, which light is used to populate the excited
state from which the emission is originating. The excitation spectrum for an ideal
system -where Kasha’s rule applies- should overlap with the absorption spectrum after
normalising both of them.
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Figure 4. Schematic representation of a spectrofluorometer.

Using different accessories for the spectrofluorometer different information about the
molecule’s emission behaviour can be obtained. Using a cryostat or peltier element the
temperature dependence of emission can be determined. An integrating sphere can be
used to determine the quantum yield of fluorescence, by the absolute method. This is
especially valuable to investigate the quantum yields of a solid sample. However, if both
the absorption and the emission are known, ®r can be obtained using the relative method
instead. Another requirement for this method to be feasible is, that a low absorbing
sample is used in a 90° configuration. Using the relative method, a reference compound,
with known ®r and absorption and emission in a similar range as the unknown compound
is required. First the absorption of the compounds is measured, and the intensity of the
absorption at the excitation wavelength is noted. Afterwards the emission of the
compounds is measured using identical instrument settings. The area of the emission
envelope is then integrated and the ®r can be determined according to Equation 13.

_ ngArestIref
CDFS - .2 Fref
nrefAsFrefIs re

(13)

Where (s) denotes the sample with unknown ®r and (ref) the reference compound. 7 is
the refractive index of the solvent, A the absorbance at the excitation wavelength, F the
integrated emission intensity and I the excitation intensity. The latter should be identical
for the sample and the reference, if identical instrument settings were employed, and the
intensity of the excitation light source is identical.

Time resolved measurements

Time resolved emission: To measure an average population timespan of an emissive
excited state before it decays, a technique called time-correlated single photon counting
(TCSPC) can be used. TCSPC is a digital counting technique. The sample is excited using
a short-pulsed laser diode, where the wavelength of the laser-light needs to overlap with
the excitation spectrum of the sample. At the time of excitation, the laser pulse, a timer
starts. The first emitted photon hitting the detector stops the timer. This is repeated
several times. The multiple timespans recorded are then plotted in a histogram, where
the x-axis shows the recorded timespan from excitation to emission and the y-axis shows
the number of photons detected. The obtained data can subsequently be fitted to
obtain tr. For the fit to be more accurate the instrument response function (IRF) is
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measured using the same method and settings. To obtain the IRF a highly scattering
sample is used. The IRF is then deconvoluted from the measured histogram. A lifetime
measurement including the IRF and an according fit is shown in Figure 5.
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Figure 5. Lifetime measurement (grey) of sP-BDP (project III). Emission was recorded at 558 nm using a
510 nm laser diode for excitation. The IRF of the 510 nm laser diode is shown in black, and the fit in red.
The fit gave a lifetime of tr = 1.52 ns.

Transient absorption: Some excited states decay non-radiatively and can therefore not
be measured using TCSPC. To get information about the behaviour of non-radiative
excited states, transient absorption spectroscopy can be used. Here the absorption of the
excited state is followed over time. In this thesis, transient absorption at relatively long
timescales using laser flash photolysis was performed. A schematic representation of the
setup of the transient absorption spectrometer used is shown in Figure 6a.
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Figure 6. a: Simplified schematic representation of the transient absorption setup used in the scope of this
thesis. b: Schematic pump-probe sequence used, with representative time delay. c: Transient absorption
spectrum of the Ph-Antra-BDP monomer (project [V), as exemplary transient absorption scan with different
time delays.

It consists of a continuous probe light which in this case is white light. Perpendicular to
that is the pump beam. The pump unit generates a laser pulse of a specific wavelength,
and the last part is the detector. The probe light shines through the sample and hits the
detector, which records a spectrum. Within the measurement, the pump unit pulses a
laser pulse to excite the sample, and after a certain time delay the probe light is detected
again, as shown schematically in Figure 6b. The probe light, which is constantly shining
is hence detected without/before the pulse and with/after the pulse. The difference in
between those two scenarios of the detected probe light is the signal obtained, which is
given as AO.D., shown in Figure 6c. The signal obtained can be positive representing
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absorption from an excited state. A negative signal is corresponding to either
depopulation of the ground state, called the ground state bleach, or stimulated emission
from the sample. Depending on the detector used one wavelength can be observed over
time or a wavelength range.

Interactions between molecules

How an organic molecule interacts with light is usually described on a single molecule,
for the sake of simplicity. However, molecules are not available as isolated systems.
Dilute solutions are the most common systems used to observe dye molecules, and how
they interact with light. In this situation we can sometimes already observe that, for
example the nature of the solvent influences some of the processes that occur after a
molecule absorbs a photon. More concentrated systems also present altered properties
compared to less concentrated systems. These observations are the result of interactions
in between molecules, which are referred to as intermolecular interactions.

Intermolecular interactions: As opposed to the covalent, intramolecular interactions in
between the atoms of a single molecule, intermolecular interactions are non-covalent.
These interactions occur either in between different molecules or in between parts of the
molecule. Intermolecular interactions determine the structural features as well as the
physical properties, like the state/phase, of a large molecule or several molecules. Their
basis are attractive or repulsive forces in between different molecules or parts of the
molecule. Here we must distinguish between different kinds of molecules, ions, and
neutral molecules. If the distribution of electrons within a neutral molecule is asymmetric
an electric dipole-moment is induced. This dipole-moment can be either permanent,
where two atoms of different electronegativities are bonded together, or temporary,
where the dipole moment is induced when the molecule is affected by an external electric
field. These temporary dipoles, also referred to as induced dipoles, can be induced by
either ions or molecules with a permanent dipole moment in close proximity.

Interactions between different molecules are featured in several different facets and are
usually categorised into ion-ion, ion-dipole, ion-induced dipole, dipole-dipole, dipole-
induced dipole, and induced dipole-induced dipole interactions. Ion-ion interactions are
the strongest intermolecular interactions. The resulting ionic bonds are formed by
attractive forces in between differently charged ions. [onic-dipole interactions as well as
ionic-induced dipole interactions can be observed when a charged molecule interacts
with an uncharged molecule. An example for this would be a solvent forming an ordered
shell around a charged molecule.

In general interactions which do not include an ionic partner can be collected under the
term van-der-Waals interactions.® Presumably the most know dipole-dipole interaction
is the hydrogen bond. This is usually a bond connecting a hydrogen atom which is
covalently bound to a more electronegative atom, the hydrogen bond donor, and an
electronegative atom, commonly bearing a lone pair, the hydrogen bond acceptor.?"

Interactions between induced dipole moments are also known as London dispersion
forces. They are the weakest interactions between two molecules, yet they are
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omnipresent. Nonetheless, one interaction should be highlighted here. Molecules having
a T-system, an aromatic ring, exhibit a specific charge separation over the aromatic
system. Looking at benzene, for example the six C-H bond dipoles give rise to a molecular
quadrupole, where the sites above and below the benzene ring are negatively charged
and the plane in the middle is positively charged, as shown in Figure 7a. Interactions
between T-systems, the so called m-Tt-interaction, can occur in different geometries
(Figure 7b). The T-shape or edge-to-phase geometry would be the preferred geometry
although not accessible in larger aromatic systems. Thus, larger aromatic systems interact
in the so-called slip stacked or displaced fashion !

a b
H 5+ @
H H ‘ gl
5 — %+ > @
H H edge-to-face slip stacked
H or or

T-shaped displaced

Figure 7. a: Schematic representation of the charge distribution in a Tt-system, taking benzene as example.
b: The different geometries of T-T-interactions.

Matter: Bulk matter consists of a large number of molecules, atoms or ions. It can be
present in three physical states or phases, solid, liquid, and gas. The gas state represents
a state where molecules are spatially separated, and only interact with each other to a
significant extent upon collision. The states liquid and solid, however, are described as
condensed states of matter, where the molecules interact more with each other.
According to the nature of a molecule, hence the strength and kind of intermolecular
interactions, it presents itself in one of the three states at room temperature.

From the initial state at room temperature, when energy in form of heat, pressure, or both
is added or removed, matter will undergo a transition into another phase. At a given
pressure, this phase transition, which in other words is the spontaneous change from one
phase into another phase, occurs at a characteristic temperature, referred to as transition
temperature. Upon heating, a liquid will undergo a phase transition into the gas phase
(vaporisation) at the boiling temperature (Ty), and a solid will undergo a transition into
the liquid phase at the melting temperature (Tr). The reverse processes condensation
(gas—liquid) and freezing (liquid—solid) for the same compound upon cooling happen at
the same temperatures.

Phase transitions are processes, which can be explained by a change in the internal
energy of the state upon a change in external conditions, like pressure and temperature.
Where, at the transition temperature between two states itself, the free energy of the two
states is equal. Enthalpy (H) represents the internal energy (U) of a system plus the
product of pressure (p) and volume (V). Looking at systems with a constant pressure, the
change in enthalpy is equal to the energy added to, or removed from the system, in the
form of heat. Upon a phase transition, the enthalpy of the system increases or decreases,
while the total energy is conserved in a closed system. Thus. the change in enthalpy is
constant whatever direction the phase transition regards. For a phase transition to
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happen spontaneously and directed, another factor must be taken into account, i.e. the
entropy (S) of the system. Entropy can be described as the degree of disorder or
randomness in a system. Considering a system with constant pressure, the change of
entropy is either positive or negative for a system upon a phase transition. The sign of the
value is dependent on the direction of the phase transition. If the system gains a more
ordered structure after the transition, the entropy of the system decreases. Upon heating
of the system, the entropy increases. The entropy is zero for all perfectly crystalline
substances at T=0 K.['®

Phase transitions can be expressed using the Gibbs free energy of a system (G=H-TS).
Upon a phase transition all the three descriptive values of G change. Using the
exclamation of dH=dU+pdV+Vdp and considering a closed system, not undergoing
expansion, where we can use dU=TdS-pdV, we obtain Equation 14.

dG = TdS — pdV + pdV + Vdp — TdS — SAT = Vdp — SdT (14)

Now considering constant pressure and having stated that S>0 for all substances, apart
from perfect crystalline substances at T=0 K, this results in a decrease of Gibbs energy
upon increasing temperature. Where the decrease in G is more significant in systems with
higher entropy. In other words, G is most sensitive to temperature in the gas state and
least in the solid state.®)

The molecules studied in the scope of this thesis belong to the class of organic dye
molecules. A common structural feature of this molecule class is an extended aromatic
system. As a result, this molecule class is found in a solid state at room temperature,
which is the state that will be discussed more in this thesis. The solid state can be
distinguished into two main categories, crystalline solids and non-crystalline solids, also
referred to as amorphous. The differentiation between these two categories lies within
the arrangement of the constituents. In a crystalline solid the constituents are arranged in
a regular three-dimensional crystal lattice, having both long-range and short-range order.
As opposed to this, the constituents can aggregate with no long-range order. The solid is
then called shapeless and therefore amorphous. A typical example for an amorphous
solid is a glass. A solid showing features of both crystallinity and amorphousness is
referred to as semicrystalline.

The process of forming a crystalline solid is called crystallisation. The first step in this
process is the nucleation of the crystal followed by crystal growth. Nucleation describes
the formation of a crystal nucleus in the liquid state of the compound. To form such a
nucleus an energy barrier has to be overcome since the free energy of the liquid state is
greater than the free energy of the final state.”® Once the nucleus has reached a critical
size by enough molecules conglomerating, so the nucleus is stable, the growth of the
crystal begins. Here, molecules will, upon collision with the crystal nucleus either attach
to it or not. This depends on the conformation of the molecule at the time of impact.
Crystallisation is hence dependent on three major factors.®” The free energy, which
determines the probability of a crystal nucleus to form, or in other words the probability
of the molecules not returning into the liquid phase. A kinetic part, the diffusion rate,
which describes the mobility of the molecules in the liquid state, in other words it
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describes the probability of the molecule to reach the nucleus. The third term is the
conformational entropy of the molecules. It determines if the molecules can be fitted to
the nucleus, which requires the molecules to be in the correct conformation at the point
of impact. Here molecules having fewer possible conformations when in the liquid state
are more likely to partake in the crystal growth. As opposed to that, molecules displaying
a rich variety of possible conformations, due to their molecular structure, should have a
lower rate of crystallisation.*”!

Crystalline materials of pure compounds commonly exhibit a very narrow melting
temperature range, in other words a very precise Trm. The reason for this is the highly
ordered crystal lattice, which is formed in the crystallisation process. The bonds are all
equal and break at the same time upon heating. In heterogeneous samples which are
usually less crystalline than pure compounds the melting temperature range is wider, due
to different bond energies in the crystal lattice. A liquid composed of different molecules
can upon cooling either form a structured crystal or aggregate randomly to form an
amorphous solid. Those two processes happen at different temperatures. The
crystallisation temperature is the same as T, and the glass transition temperature (Tj)
refers to the temperature upon which motion freezes and a sample forms a glass. The
conversion of a material into an amorphous solid state is called vitrification. Vitrification
is usually achieved by first heating the sample until it reaches its liquid form and
subsequently cooling the sample rapidly below its T, so the sample solidifies into a glass.

Experimental analysis of the thermal behaviour of molecules

Differential Scanning Calorimetry: To obtain information on the thermal transitions of
solid materials differential scanning calorimetry (DSC) can be used. In DSC the energy
that is transferred to or from a sample when it is undergoing a physical or chemical
change is measured. To obtain this, the sample and a reference, which has a well-known
heat capacity, are measured at the same time. They are both placed together in a
chamber, so that they are kept at nearly the same temperature, throughout the
measurement, while the temperature is increased linearly over time. The difference in
amount of heat required by the sample and the reference for increasing their temperature
is measured. When the sample undergoes a specific phase transition, such as glass
transition, melting or crystallisation, the amount of heat required to maintain the same
temperature as the reference will vary. This shows as either a change in baseline, a
positive peak, or a negative peak in the obtained thermogram. Such a thermogram is
schematically shown in Figure 8. From such a thermogram, a claim can be made about
the nanostructure of the solid. It can be judged if the solid is amorphous or semicrystalline.
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Figure 8. Schematic representation of a DSC scan showing glass transition, crystallisation, and melting. Exo
refers to exotherm and endo to endotherm.

Fast scanning calorimetry: A method similar to DSC is fast scanning calorimetry (FSC).
The principle of the measurement is the same, but here instead of the sample and
reference being in a chamber, both probes are on a microchip. The chip already contains
a reference sensor, and the sample is applied onto a second sensor on the same chip by
either drop casting the dissolved sample or adding the solid. This instrument performs
the same type of measurement but at much faster heating or cooling rates. In the
measurements performed in project III the cooling speeds were varied from —0.1 to
—1000 K s*. The resulting curves, one example of which is shown in Figure 9, were
analysed to give the kinetic fragility values (m) of the measured compounds. The kinetic
fragility describes how the viscosity of a material increases upon cooling and is used to
classify glass-forming materials into fragile and strong glass-formers.?'-

Blend sP+sBu from project I I -g/Ks™

Heat flow (arb.u.)

0 50 100 150 200 250
Temperature (°C)

Figure 9. FSC thermogram of a blended film in project III showing a glass transition curve recorded with
different cooling rates from -0.1 Ks to -1000 Ks™.

Sample preparation of organic dye films

Spin coating: A simple process to prepare even and thin films on a substrate is spin
coating. Prior to spin coating, the sample is dissolved in a solvent. The resulting solution
is dropped onto the substrate. The substrate is subsequently rotated with an accelerating
speed until the desired rotational speed is reached. During the rotation the sample is first
spread out over the substrate due to centrifugal forces, while most of the solution is lost.
After the sample has spread out, the film, which gets more viscose due to the loss of
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solvent, gets thinner. The remaining solvent evaporates in the air flow and the result is a
uniform solid thin film of the sample. The quality and thickness of the film can be
controlled by changing the concentration of the sample, used solvent and rotating speed.

Drop casting: To prepare thicker films on a substrate one method that can be used is
drop casting. Here a solution of the sample in a low boiling solvent, like dichloromethane,
is prepared. The sample solution is dropped on the substrate and then the solvent is left
to evaporate on its own. This process can be repeated several times to obtain a film with
the desired thickness. The films obtained via drop casting are usually not entirely smooth
due to uneven evaporation of the solvent over the surface of the film.
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BODIPY dyes

Nowadays commercially available dyes reach over the UV-Vis to the near infrared (NIR)
region and the number is growing steadily. Yet, the quest to find new fluorophores having
an improved photostability or properties more specialised in a certain direction is
ongoing. Among them the chromophore class of the boron-dipyrrins or boron-
dipyrromethenes (BODIPYs), also referred to as “porphyrin’s little sister”, is held in high
regards in various fields.*!

This chapter will discuss the BODIPY dye class in various aspects. Firstly, the general
structure and a short history is provided, followed by general synthetic strategies and
functionalisation methods. Here the content will mainly focus on synthetic strategies used
in projects [-IV which contribute to this thesis. In the consecutive section, the
photophysical properties of the BODIPY dye class will be described. Additionally, a
general overview on the influence of structural changes onto those properties will be
highlighted. The findings of project II and project IV will be discussed in this section.

Structure and History

BODIPY, the core structure of which is shown in Figure 10a, consist of a
dipyrromethene/dipyrrin framework complexed with a disubstituted boron, commonly
difluoro-substituted. The dipyrromethene is built up from two pyrrole units fused together
via an interpyrrolic methine (=CH-) bridge. The boron complexation hinders the
cis/trans-isomerisation of the dipyrromethene and therefore increases the rigidity of the
tricyclic compound class. This overall structure provides a planar molecule with a
conjugated Ti-system, with T-electron delocalisation along the C-N-backbone.**! Since
the species involving the boron and nitrogen is of zwitterionic nature, BODIPYs have a
net-neutral charge, with seven possible delocalised resonance structures, four of which
are shown in Figure 10b.

BODIPY dyes were first reported in 1968 by Treibs and Kreuzer.*"! They discovered the
BF,-complex, consisting of two pyrrole units fused together by a carbon bridging atom,
and described it as a stable and heavily fluorescing class of molecules, that could find
application as laser dyes. In the 1980s, a water soluble BODIPY derivative was reported
which created awareness of further potential of these compounds as fluorescent probes
in medical and biological research®® Since then, the research interest in this
chromophore class has grown, resulting in several thousand publications. The secret of
their success lies within the chemical, photochemical and thermal stability of the boron-
dipyrrin core. Additional to this stability, the molecule also exhibits strong and sharp
absorption and emission with high molar absorptivity coefficients and fluorescence
quantum yields close to unity.®-4?) Nevertheless, likely the most intriguing feature of this
dye class is the outstanding chemical versatility of the boron-dipyrrin core, which allows
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for selective functionalisation of every position of the chromophore core, either pre- or
post-assembly.B* 4421 Additional to the ‘ease’ of structural modification, already small
structural changes enable tuning of the photophysical properties. Consequently, BODIPY
derivatives are widely used and find application in for example biological imaging,***"!
photodynamicl®*! and photothermall® therapy, sensing,*> 5% organic electronics,®**
organic photovoltaics®*% and photocatalysis,”™ just to name a few.
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Figure 10. a: From left to right, core structure of pyrrole, dipyrromethane, dipyrromethene, and the BODIPY
(IUPAC: 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) with the appropriate [UPAC numbering. The 3,5-
positions of BODIPY are commonly specified as a-, whereas the 1,7- and 2,6-positions are referred to as
the B-positions. The 8-position is often called the meso-position. Common boron dipyrrins, as shown here,
have two fluorine atoms bound to the boron atom (4-position) . b: There are seven possible delocalised
resonance structures of the BODIPY core, four of which are presented here, whereas the formal negative
charge always remains on the boron.

Synthesis of BODIPY dyes

Before elaborating on the photophysical properties of the ‘chameleon’ BODIPY, as it was
previously entitled in the literature, due to the property-tunability of the scaffold,”® the
synthesis of BODIPYs has to be addressed. The unsubstituted BODIPY core was first
reported in 2009.5% Synthesis of the unsubstituted core has proven to be rather difficult
using previously established methods, due to the low stability of the unsubstituted
dipyrromethene precursor, which decomposes at temperatures around -40 °C and
above. The focus in BODIPY synthesis has even before that been the modification and
functionalisation of the dye. However, crediting the art of synthesising a wide range of
functionalised BODIPYs one must take an excursion into pyrrole chemistry. Pyrrole
chemistry is a field that could most certainly fill one or more likely several books.[6!% The
chemistry performed on these five membered heterocyclic moieties is decidedly highly
versatile, which also explains the wide range of BODIPYs and why those are esteemed
representatives of fluorophores. Although, since getting into the depth of pyrrole
chemistry is undeniably beyond the scope of this work, this excursion will be limited to
the chemistry utilised in the projects that built this thesis. Firstly, the different
condensation reactions of pyrroles which lead to the dipyrromethane, or the
dipyrromethene, and complexation to the BODIPY will be discussed. The pyrroles used
in the scope of this work were alkylated in either a- or B-positions, therefore, it will be
described how those alkylated pyrroles can be obtained in different ways. Lastly, the well-
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known palladium-mediated Suzuki-Miyaura coupling reaction will be described, which
was used to obtain arylated pyrroles.

From pyrrole to BODIPY: The first reported synthesis of BODIPYs, via acetylation of
2,4-dimethylpyrrole in boiling acetic anhydride in the presence of BF3-OEt; by Treibs and
Kreuzer, would nowadays be considered to use rather harsh conditions. In the last years
the methods to synthesise and modify BODIPYs have been extensively explored.3 4.
8 Synthesis of functionalised BODIPYs can be achieved via condensation of pre-
functionalised pyrroles, to the corresponding dipyrromethene unit. This is followed by an
in situ boron complexation to the BODIPY, using triethylamine (NEt;) and boron
trifluoride diethyl etherate (BFsOEt;). Condensation of the pyrrole units, to either
symmetric or asymmetric products, can be achieved in multiple fashions, a few of which
are depicted in Figure 11. A one pot approach to yield symmetric BODIPYS, similar to
the original route from Treibs and Kreuzer, is an acid-catalysed condensation between
pyrrole and an acid chloride, or anhydride, yielding the dipyrromethene (Figure 11a).5"-6%
A similar, and widely used approach is the acid-catalysed condensation of pyrrole with
an aldehyde, typically aromatic aldehydes. This leads to the formation of the usually more
stable precursor of the dipyrromethene, the dipyrromethane shown in Figure 11b. Due to
the higher stability of the dipyrromethane the molecule can be isolated and further
functionalised."™ After the desired functionalisation of the dipyrromethane, treatment
with an oxidant like 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ), provides the
dipyrromethene. Dipyrromethenes and therefore BODIPYs, carrying different aryl
substituents in the meso-position, can be obtained using different arylated acid chlorides
or aldehydes.
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Figure 11. Representation of four different, commonly used syntheses paths a, b, c and d towards symmetric
and unsymmetric BODIPYs using pre-functionalised pyrroles.

Alternatively, derivatives with a free meso-position can be generated by a
self-condensation of pyrrole-2-carbaldehyde in the presence of phosphoryl chloride
(POClI;) that has been developed in 2008 by Burgess’s group (Figure 11c)."Y! The same
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approach was utilised to synthesise asymmetric BODIPYs using two different pyrrole
moieties (Figure 11d).'2 In the synthesis of symmetric dipyrromethenes the use of POCl;
in this synthetic approach seems to be crucial to the suggested reaction mechanism
shown in Figure 12. The use of other acid catalysts or Lewis-acids did not yield the
symmetric product. Yet, in project II it was realised that the use of catalytic amounts of
acetic acid with formylated pyrroles, followed by the addition of a second pyrrole, leads
to the formation of the asymmetric product.”™ The use of those different condensation
pathways leads to a great variety of BODIPY dyes, due to the wide range of pyrroles that
can be used. In all the above-mentioned reactions, the highest yields are achieved using
pyrroles with only one free a-position. Otherwise, the condensation can occur on both
a-positions leading to the formation of a porphyrin instead of the desired product.’®®
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Figure 12. Proposed mechanism for the self-condensation of pyrrole-2-carbaldehyde in the presence of
phosphoryl chloride, developed by Burgess’s group."!

The 5-membered electron-rich heterocyclic pyrroles are quite resistant to nucleophilic
addition or substitution, yet the range of electrophilic reactions is relatively large. If not
equipped with an electron withdrawing substituent, naked pyrrole, C-, or N-
monoalkylated, and also C,C-dialkylated pyrrole is easily polymerised especially by
strong acids. Here, the reactivity decreases in the order mentioned. This undesirable
feature makes many electrophilic reagents unusable.®® Another comment has to be made
on the reactivity of pyrroles. In electrophilic reactions the position which is preferred for
substitution is the C2/C5 or a-position. Accessing the C3/C4 or B-position of the naked
pyrrole by means of electrophilic reactions has proven to be challenging to realise. One
strategy to selectively substitute the B-position is by attaching either an electron
withdrawing or bulky substituent to the nitrogen centre of the pyrrole, or a meta-directing
electron withdrawing group to the a-position.!”>7]

Vielsmeier-Haack reaction: To synthesise pyrrole-2-carbaldehyde, which can be utilised
for condensation to either symmetric or asymmetric BODIPY dyes, the Vilsmeier-Haack
reaction can be performed. This formylation of electron rich aromatic and heterocyclic
compounds with dimethylformamide (DMF) and POCl; is a widely used reaction, and the
key steps are represented in Figure 13.® DMF and POCI; react to form an &V, N-dimethyl
chlormethyleneiminium cation in situ. This, so called Vilsmeier(-Haack) reagent, then acts
as the electrophilic species and is attacked by the pyrrole to form an iminium ion
intermediate. This intermediate is subsequently hydrolysed in an aqueous workup to yield
the pyrrole-2-carbaldehyde.
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Figure 13. General mechanism of the Vilsmeier-Haack acylation reaction of pyrrole with the in situ
produced Vilsmeier-Haack reagent.

Synthesis of alkylated pyrroles: Furthermore, as shown in Scheme 1, instead of DMF,
different /V,/V-dialkyl amides can be used in a similar fashion in an acylation reaction to
produce pyrryl-2-ketones. The carbonyl can then be reduced using common reducing
agents like lithium aluminium hydride (LiAlH4) or sodium borohydride (NaBH,) This
produces the corresponding a-alkylated pyrrole.®#2 In project I, this strategy was used
to synthesise 2-ethyl-pyrrole and 2-butyl-pyrrole. These pyrroles were subsequently
subjected to a second Vielsmeier-Haack reaction, using DMF, to form the 2-alkyl-5-
formyl-pyrroles. The formylated pyrroles were then used in a self-condensation as
developed by Burgess, using POCls, followed by addition of first NEt; and then BF3-OEt,.
This resulted in the 3,5-alkylated BODIPYS Et-BODIPY and nBu-BODIPY, shown in

Scheme 1.18%
||b F .

R =CH; Et-BODIPY 11 %
R = C3H; nBu-BODIPY 10 %2

Scheme 1. Synthesis of a-alkylated BODIPYs carrying linear alkyl chains. Reaction conditions: I) 1. POCls,
(CH;),NCOR, DCE 2. NaOAc, H,O II,) LiAlH,, THF IIy) NaBH,, IPA III) 1. POCls, DMF, DCE 2. NaOAc,
H,O 1IV) 1. POCl3, DCM 2. EtsN, BF5-OEt,. * the yields are given for step IV.

A different way to obtain alkylated pyrroles is via alkylation of
pyrrylmagnesiumbromide.®#4 This reaction yields a- and B-alkylated pyrroles, where the
former is the major product. Unlike the Vielsmeier-Haack type reaction, this approach
also gives access to pyrroles carrying branched alkyl chains in the a-position.

Alkylation of pyrrylmagnesiumbromide was used in project I to obtain pyrroles carrying
branched alkyl chains in the a-position. Treatment with the designated alkyl bromide, in
this case tert-butyl, sec-butyl and isopropyl-bromide, afforded a mixture of a- and B-
substituted alkyl pyrroles. Sufficient separation of the two formed regioisomers was
unsuccessful via distillation or column chromatography. Thus, the mixture was subjected
to the next step, a Vielsmeier-Haack formylation. The obtained mixture of 2- and 3-alkyl-
S-formylpyrroles could then be separated using column chromatography. The prepared
2-alkyl-5-formylpyrroles were afterwards subjected to the self-condensation and then
complexation (Scheme 2). The condensation and complexation yielded tBu-BODIPY,
sBu-BODIPY and IP-BODIPY in 15, 49 and 44 %. If the yields of these steps are
compared to the yields of the 3,5-alkyl BODIPYs carrying linear alkyl chains, Et-BODIPY
and nBu-BODIPY 11 % and 10 %, a considerable increase can be seen, by having the
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bulkier, branched isopropyl and sec-butyl substituents. However, the yield then drops
again with the even bulkier tert-butyl substituents.® This indicates that the introduced
steric bulk in the a-position either prevents side reactions or increases the stability of the
dipyrromethene-intermediate. However, from the proposed mechanism of this reaction,
shown in Figure 12, it is not obvious why steric bulk should affect the rate of the reaction.
The addition of too bulky substituents though seems to create a steric hindrance, most
probably in the complexation step, leading to a lower reaction yield.

R=)\JJ’J IP-BODIPY 44 %?
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Scheme 2. Synthesis of the BODIPY derivatives, having different branched alkyl chain substituents in the
3,5-positions. Reaction conditions: I) 1. Mgl, Et,O 2. BrR, Et,O 3. NH.Cl,q II) 1. POCl;, DMF, DCE
2. NaOAc, H,O IIT) 1. POCl;, DCM 2. Et;N, BF3-OEt,. @ the yields are given for step IIL

Another strategy of obtaining a pyrrole with the desired substitution pattern is to
synthesise the pyrrole itself. The Van Leusen reaction for example can be used to prepare
3,4-disubstituted-pyrroles. This reaction can also be used to prepare 3,4-diaryl-pyrroles,
using electron deficient vinyl arenes, or 2,5-unsubstituted-3-nitropyrroles when using
unsaturated nitro compounds as Michael acceptors.®>#¢ In the reaction, tosylmethyl
isocyanide (TosMIC), or more accurately the anion of TosMIC adds to a Michael
acceptor, here an unsaturated ketone or ester. This step is followed by ring closure onto
the isocyanide carbon. After the elimination of the tosylate anion the 3,4-disubstituted
pyrrole is formed (Figure 14).
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Figure 14. General mechanism of the Van Leusen reaction of TosMIC with an unsaturated ester to form
3,4-disubstituted pyrrole.

In a decarboxylation reaction using KOH and heat the ester substituent can be eliminated
yielding the B-susbstituted pyrrole. In project II this synthetic route was developed to
synthesise B-sec-butyl-pyrrole [ It was utilised again in project III to install different alkyl
chains, giving products 1-4 in Scheme 3, using different unsaturated esters.’”? These can
be synthesised via a Wittig-reaction using triethyl phosphonoacetate and different
alkylaldehydes (step [ in Scheme 3). The B-isobutyl-pyrrole 3 shows a lower overall yield
than the other prepared pyrroles 1, 2, and 4. This is mainly due to a significantly lower
yield in the Van Leusen reaction (step 1l in Scheme 3) of 57 % compared to >90 % for
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the three other compounds. The only difference here is the branching position of the alkyl
chain, which only in the case of the isobutyl is not directly next to the double bond in the
Michael acceptor used for the Van Leusen reaction. This indicates that having the
branching position on the vicinal carbon to the double bond either stabilised the
intermediate or facilitates the attack of the TosMic-anion.

Ay R
o o H I 0 n R o i Z/j\
+ e E— —_—
Eto’g o™ RKO R/\AO/\ I\ N
H

N
H

I 2R R A

Overall yield: 83 % 92 % 74 % 87 %
1 2 3 4

1-4

Scheme 3. Synthesis towards B-alkylated pyrroles. Reaction conditions: I) 1. NaH, THF, r.t, 14h II)
TosMIC, NaH, THF, r.t. o.n. ITI) KOH, (CH,OH),, reflux, 5 h.

Suzuki-Miyaura cross coupling reaction: To obtain arylated pyrroles the palladium
mediated Suzuki-Miyaura cross coupling can be used for the C-C bond formation
between the pyrrole boronic acid, or ester, and an aryl halide. These reactions require an
aqueous base and the active species Pd(0), which can be either added directly into the
reaction, or formed in situ by reduction of Pd(II) usually partnered with a stabilising ligand
that also facilitates the reaction® Pyrrole boronic acid is known to undergo
protodeboronation under basic conditions as well as elevated temperatures.®**! To
circumvent this undesired side reaction the choice of catalyst is crucial. The reaction is
reported to give rather poor yields or to not occur using conventional catalytic systems.
Buchwald et al. developed precatalysts, XPhosPdG2 as an example, that can be used for
this matter (Figure 15).°4 This precatalyst permits a rapid generation of the active species
XPhosPd(0) at room temperature. Here, a mild base deprotonates the precatalyst which
successively undergoes a reductive elimination to form XPhosPd(0). Using this catalyst
allows the successful coupling reaction of these unstable boronic acids to occur under
mild conditions. The protodeboronation of the pyrrole boronic acid can then be avoided
almost completely. This strategy leads to excellent yields for the cross coupling reaction
between different alkylated pyrrole boronic acids and arylhalides with both electron
withdrawing and electron donating groups as shown in Scheme 4, performed at room
temperature.”™ The Suzuki coupling with the same reaction conditions was used in both
project II, using different arylbromides, and in project III, using differently alkylated
pyrrole-boronic acids. The reactions were run for 4 h at room temperature with aqueous
0.5 M KsPOy as a base, and a catalyst loading of 2 mol %, and led to yields between
72-93 %.
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Precatalyst: Q Q X: Halogen
XPhosPdG2
_Pd-NH, XPhos: O
ClI” Xphos

PCy2

i-Pr. i-Pr
OH7| O
rapid reaction
i-Pr
N

H

Ar-X
XPhos-Pd(0)

Reductive Oxidative Addition

Elimination
Ar
s

pyrrole-Ar
XPhos-Pd(Il)
\
/Ar %
XPhos-Pd(lIl)
pyrrole

Pyrrole-B(OH),
x| Transmetallation Competing Sidereaction:
H,O Protodeboronation

HO-B(OH),
Pyrrole-H

Figure 15. General mechanism of the Suzuki-Miyaura cross coupling reaction between an aryl halide and
pyrrole boronic acid using XPhosPdG2 as precatalyst. The competing side reaction, protodeboronation,
can be avoided almost completely using the precatalyst XPhosPdG2.%4

The synthesised pyrroles shown in Scheme 4 were subsequently used for preparation of
BODIPYs used in projects II and III. The conditions for this are shown in Scheme 5.

R" Br _ R’
\ N~
(8o, * \<> — Pee
'BOC R
R
Project ll: R' = secButyl Project lll: R = -CN
R=-OMe, 72% 5 )5/ \)V Y /\)Y
-NMe,, 82 % 6 R'= , ) ,
-CN, 84%7 93 % 84 % 91 %2 83 %
-H 89 %8 9 10 11 12

Scheme 4. Suzuki coupling between the alkylated pyrrole and different para substituted ortho-bromotoluene
derivatives. Reaction conditions: I) XPhosPdG2, 0.5 M K;PO,, THF, r.t, 4 h.

In project II symmetric and asymmetric BODIPY derivatives carrying both electron-
withdrawing (EWG) and electron-donating (EDG) groups were synthesised by using
combinations of the Boc-deprotected versions of pyrroles 5, 6, 7, and 8.*! To obtain the
symmetrical BODIPYs CN-CN-BDP and H-H-BDP pyrroles 7 and 8 were subjected to a
Vielsmeier-Haack formylation. The obtained a-formylated pyrroles were then used in a
self-condensation to the dipyrromethene using POCls. This was followed by the
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complexation to the BODIPY. Here the electron withdrawing effect of the cyano-group
leads to a lower yield of 13 % for CN-CN-BDP as compared to H-H-BDP, which gave
38 % using the same conditions. The asymmetric BODIPYs H-NMe-BDP, OMe-NMe,-
BDP and CN-NMe;-BDP were obtained by first subjecting one of the pyrrole partners to
a Vielsmeier-Haack formylation. The formylated pyrroles were then mixed with their
non-formylated partners and subjected to an acid catalysed condensation reaction using
acetic acid (AcOH). The yields for the obtained BODIPY derivatives vary between 4 and
21 %. A trend towards the electronic character of the reacting pyrroles, according to the
para-substituent, can be observed here as well. The non-formylated pyrrole in all the
reactions used here was pyrrole 6, which possesses the strongly electron donating N, V-
dimethylamino (NMe;) group. The reaction partners with the EDG and the EWG give the
lowest and the highest yield respectively, whereas the yields of the reaction partner with
neither lie in between. The condensation reaction towards asymmetric dipyrromethenes
thus seems more efficient if one partner has an EDG and the other an EWG. It is also of
importance which partner has which group. Condensation between the formylated
version of pyrrole 6, and pyrrole 7 was also attempted but didn't lead to the desired
product. This leads to the conclusion, that the condensation reaction is not successful if
the electron donating properties of the formylated reaction partner are too strong.
Project Il
R-R'-BDP
R=R'=H:38 %°
R=R'=CN: 13 %?
R=R'=OMe : 5 %°
R=H; R'= NMe, : 8 %P
R= OMe; R'= NMe; : 4 %"
R= CN; R'= NMe, : 21 %P

iP-BDP 73 %

Boc sBu-BDP 83 %,

iBu-BDP 69 %

sP-BDP 46 %

Scheme 5. a: Synthesis of the BODIPY derivatives from the respective Boc-protected pyrroles, used in
project II. The names of the compounds are R-R-BDP according to R and R’. Reaction conditions: I)
1. NaOMe (25w% in MeOH), THF 2. POCls;, DMF, DCE 3. NaOAc, H;0; II,) R=R’: 1. POCls, DCM 2. Et;N,
BF3-OEt;, DCM. IIy) R#R’: 1. Deprotected pyrrole with R’, AcOH, DCM,; 2. EtsN, BF5-OEt,, DCM. ¢ overall
yields for I and II,; ® overall yields for I and IIy; © compound was obtained as a side product during the
synthesis of OMe-NMe,-BODIPY. b: Synthesis of the BODIPY derivatives of project IlI, carrying different
alkyl chains in the 1,7-positions, from the according pyrroles. Reaction conditions: III) NaOMe 25w% in
MeOH, THF, r.t, 2 h IV) 1. Benzaldehyde, TFA ., DCM, r.t. on. 2. DDQ, DCM, r.t. 1 h 3. Et;N, BFs-OEt,,
rt.on.

To obtain different alkylated BODIPY derivatives that were used in project III, different
alkylated boronic acids, made from pyrroles 1-4, were used in the Suzuki coupling.®” The
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coupling yielded pyrroles 9, 10, 11, and 12 in high yields of 83 — 93 %. The deprotected
pyrroles were subjected to an acid catalysed condensation reaction using benzaldehyde
as the condensation partner, followed by DDQ as an oxidant. Complexation of the
obtained dipyrromethene derivatives to the BODIPY was again carried out using NEt;
and BF3OEt,. This yielded the symmetrical BODIPYs iP-BDP, sBu-BDP, iBu-BDP and
sP-BDP with a phenyl group in the meso-position in yields of 46-83 %.

Post-functionalisation: Once the core is assembled, BODIPYs are also highly susceptible
to post-functionalisation. The different positions of the BODIPY core can be modified
selectively. Another benefit except the site selective modification is that the synthesis of
unstable pyrrole precursors can be avoided. Reactions reported for this purpose are
numerous and expanding steadily. However, this section will only give a brief overview
over the possibilities of post-functionalisation on the BODIPY core since it was not
heavily applied in this work. Derivatisations on the BODIPY core can be categorised into
reactions at the pyrrolic ring carbons (positions 1,2,3,5,6,7), the meso-carbon (position 8)
and the boron atom (position 4).141-42%! Figure 16 shows an overview of the most common
reaction types used for site-selective functionalisation of BODIPY dyes.*? The resonance
structures of the BODIPY core shown in Figure 10b, predict the reactivity of the different
positions. The meso-position as well as the 1,3,5,7-positions have a higher positive charge
as compared to the 2,6-positions. Therefore the 2,6-positions are more susceptible to
electrophilic aromatic substitution reactions (SegAr), whereas the 1,3,5,7- and meso-
position will undergo nucleophilic aromatic substitution reactions (SxAr) instead. The 2,6-
position have also been found susceptible for oxidative C-C coupling reactions using
either anhydrous iron trichloride (FeCls)®™® or the hypervalent iodine reagent
phenyliodine(I11)-bis(trifluoroacetate) (PIFA),®" allowing the synthesis of oligomers by
direct B-tethering of BODIPY units. Selective modifications on the 1,3,5,7-positions and
the meso-position can also be done by the Knoevenagel condensation. In the recent years,
transition metal catalysed coupling reactions as well as numerous C-H activation
reactions have been developed to selectively functionalise all the pyrrolic carbon
positions as well as the meso-position of the BODIPY % %I Replacement of the fluoride
atoms on the borons is a less developed field, yet it can be achieved most efficiently by
hard nucleophiles due to the boron atom being a hard Lewis acid.** %

SyAr, metal catalyzed coupling, SnAr, metal catalyzed coupling,
Knoevenagel condensation, direct Knoevenagel condensation,
hydrogen substitution ﬂ radical alkylation

1B 8/m\eso 718
2B \\ N\\ 6/p¢———

"B T
3la FaF o

SgAr, metal catalyzed
coupling, C-H activation

. | SNAr, metal catalyzed coupling,
Sy with carbon, mtroglen Knoevenagel condensation,
and oxygen nucleophiles direct hydrogen substitution, C-H
activation, radical functionalization

Figure 16. Overview of synthetic methods of post-functionalisation of BODIPY in different positions. The
modifications possible on the pyrrolic carbons are only shown on the 5,6,7-positions but are equally valid
for the 1,2,3-position and often disubstitution on both rings is possible.
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-Tethering of the previously reported Ph-Antra-BDP!'°? was achieved in project IV using
both PIFA, and anhydrous FeCls, to synthesise several small oligomers of the compound
(Scheme 6). When using PIFA the Dimer of the compound could be obtained in 8 % yield
and purified using three sequential purification steps, first and second were column
chromatography on silica followed by preparative thin layer chromatography, as a third
one. With anhydrous FeCl; the Dimer, two atropisomers of the Trimer and one isomer
of the Tetramer were obtained, in 17 %, 2 %, 1% and <1 % yield respectively. The
compounds were separated using first column chromatography, where first a yellow
shining fraction (unreacted Ph-Antra-BDP), then an orange shining fraction (Dimer) and
finally a red shining fraction (mixture of higher oligomers) were collected. The fraction
containing the Dimer was purified further using column chromatography. The red shining
fraction was subjected to size exclusion chromatography. The obtained fractions were
combined according to their absorption bands. A last preparative thin layer
chromatography of the combined fractions yielded two different atropisomers of the
Trimer and one isomer of the Tetramer. The structure and size of the oligomers could be
verified by mass spectrometry and nuclear magnetic resonance (NMR) spectroscopy. In
the 'H-NMR spectra, the number of CHs peaks indicates the size of the oligomer. The
two isolated atropisomers of the Trimer show different patterns regarding the separation
of those peaks. The isolated Tetramer shows only one kind of peak pattern, indicating
that only one isomer was isolated. However, the different atropisomers of the Trimer
could not be further distinguished using NMR techniques, due to the too large distance of
the anthracene units.

n=2 Trimer
n=3 Tetramer

Ph-Antra-BDP

Scheme 6. Synthesis of the meso-10-phenylanthracene-BODIPY dimer (n = 1) and trimer (n = 2) and
tetramer (n = 3) via two different routes. Reaction conditions: I,) PIFA, BF3-OEt,, DCM, -78°C - r.t, 1 h.
Ip) anhydrous FeCls;, DCM, r.t., 25 min.

Modification of the BODIPY core: Not just the periphery of the BODIPYs can be
modified but also the core structure of the molecule. Next to the replacement of the
fluorine atoms on the boron, another method for functionalisation of BODIPYs, used
increasingly in the last years, is to change the bridging atom of the dipyrrin core. The
bridging carbon atom between the pyrroles can be replaced with a nitrogen atom. This
dye class with a N bridge is referred to as aza-BODIPYs (Figure 17a). The precursors of
which, the tetra-aryl-aza-dipyrromethenes, shown in Figure 17b, were discovered in
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1943.1101021 Although they were discovered before the BODIPY class, they have not
received a lot of attention at first. Just in the last couple of years this subclass of the
BODIPYs has attracted an increasing amount of interest.l'1%] This aza-dipyrromethene
can then be subjected to boron complexation using the same conditions as for the
BODIPYs to give the aza-BODIPY [10!-102 1061

b Ar Ar

/ /N o

/N =N HN-/

F 4 F Ar Ar Ar
tetra-aryl-

aza-BODIPY aza-dipyrromethene

Figure 17. a: The generic tetra-arylated aza-BODIPY structure. b: The framework of the tetra-aryl-aza-
dipyrromethene precursor.

Rogers and Davies, who reported these aza-dipyrromethenes first in 1943 presented the
synthesis in two different ways shown in Figure 18. The first way (Figure 18a) was the
transformation of a 2,4-diarylpyrrole into the 5-nitroso compound thereof, using nitrous
acid (HNO,). This compound then readily undergoes a condensation reaction with a
second 2,4-diarylpyrrole to form the aza-dipyrromethene. The second way (Figure 18b)
was the reaction of formamide or another ammonia source with two equivalents of a
compound of the type diaryl-y-nitro ketones or diaryl-y-cyano ketones.['%?

Ar'
a e
X NH
NO Ar r
@ NH%gJ %¢§
b

(0]
Ammoma
N HXN source g“@
c O

Figure 18. a and b: The synthetic pathways towards tetra-aryl-aza-dipyrromethines presented by Rogers
and Davies.!'%

Until now, both pathways reported by Rogers and Davies are the basis for the commonly
used methods to prepare aza-diyprromethenes. O’Shea’s group developed the most
popular routes for synthesising both symmetric and asymmetric aza-BODIPYs, based on
those (Figure 19a).!°1% To get symmetric aza-BODIPYs, diaryl-y-nitro ketones can be
synthesised in high yields via a Michael addition of nitromethane to o,B-unsaturated
ketones in presence of diethylamine (Et.NH) as a base. Subsequent treatment with
ammonium acetate in either ethanol or butanol under reflux, forms the symmetric aza-
dipyrromethene. The aza-dipyrromethene precipitates from the used solvent and can
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later easily be purified by either filtration or chromatographic methods. The aza-BODIPY
can then be synthesised by addition of BFsOEt; in presence of a base like NEts.'" To
synthesise asymmetric aza-BODIPYs the same group introduced a strategy shortly
after.'%! Here, a nitrosopyrrole, prepared by the reaction of pyrrole with sodium nitrite
(NaNO) under acidic conditions at room temperature, reacts with another pyrrole in a
condensation reaction in the presence of acetic anhydride and acetic acid. Aza-BODIPYs
carrying up to four different aryl-substituents can be synthesised this way. The pyrroles
can either be obtained using traditional pyrrole synthesis or by treatment of the previously
used diaryl-y-nitro ketones with NH,OAc in acetic acid at 100 °C.

Carreira’s group proposed around the same time that pyrroles treated with NaNO,,
AcOH and Ac;O form the corresponding aza-dipyrromethene (Figure 19b).1%11% This
method can be used to synthesise both symmetric and asymmetric aza-BODIPYs. When
adding 1 equivalent of NaNO; to a pyrrole and then adding a second pyrrole the
asymmetric aza-dipyrromethene is formed. Adding 0.5 equivalents of NaNO; to a pyrrole
the symmetric aza-dipyrromethene is formed.[”

a Ar Ar
o) O,N NO
MeNO, Et,NH o NH,OACc = NaNO, =
R MeOH AcOH \_NH EtOH/HCI" \_NH
Ar Ar Ar Ar'
Ar' Ar'
NH,O0Ac
EtOH or Ac,0, AcOH | ‘
nBuOH
BF3 OEt, base
/N HN 9, /N N )
For Ar

b Ar'
Ar \ NH Ar)
= N oA BF3 OEt,, base
\NH  "NaNO, AcOH, Ac0 /N HN w /N g N »

Ar' F FooArM™

Figure 19. a: Synthetic strategies presented by O’Shea’s group towards the symmetric and asymmetric
aza-BODIPYs. b: Route developed by Carreira’s group towards aza-BODIPYs.

Using the pathway depicted in Figure 19b, just as for BODIPYs, pyrrole chemistry can be
utilised to synthesise differently substituted or fused pyrroles. These can subsequently be
treated with NaNO,, AcOH and Ac;O to form the corresponding aza-dipyrromethene ['%*
110 These developed reactions allow access to a wide range of aza-BODIPYs, [111-118]
However, these compounds have not yet been made without aryl rings. Synthesising
either aza-dipyrromethene with aryl rings in the 3,5-position, where the 1,7-positions
remain unsubstituted, or hexa-alkylated derivatives was so far unsuccessful. The aryl rings
in the 1,7-positions though could be replaced by methyl substituents or other alkyl chains
like the sec-butyl installed in the Aza-R-R’ set shown in Scheme 7.7 116!
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Aza-R-R’
N R=R': H: <5 %?
Boc R=R':CN : 6 %%
R=H; R'= NMe;, : 16 %"
R= OMe; R'= NMe, : 9 %"
R R R= CN; R'= NMe, : 25 %"

Scheme 7. Synthesis of aza-BODIPY derivatives used in project II. The compounds are named Aza-R-R’
according to their substituents. Reaction conditions: I.) R=R’: 1. NaOMe (25w% in MeOH), THF 2. NaNO,,
AcOH, Ac,0 3. EtzN, BF3OEt,, DCM. Iy) R#R": 1. NaOMe (25w% in MeOH), THF 2. NaNO,, AcOH
3. Deprotected pyrrole with R’, Ac,O; I11) Et;N, BF3-OEt,, DCM. @ overall yields for I,; ® overall yields for I,
The Aza-R-R’ set was synthesised in project II, next to the set of BODIPYs described
earlier in this section.[”® This set of aza-BODIPYs is carrying the same substitution pattern
as the BODIPY set and was likewise synthesised using the deprotected versions of
pyrroles 5-8 (Scheme 4). Following the synthetic strategy developed by Carreira, one
pyrrole partner was subjected to nitrosylation with NaNO; under acidic conditions. The
resulting nitrosopyrrole then undergoes an acid catalysed condensation, with another
pyrrole, to form the symmetric or asymmetric aza-dipyrromethene. These were isolated
and without further purification directly used for the complexation reaction. In this
reaction as for the BODIPYs the aza-dipyrromethene is treated with first NEt; and then
BFs-OEt; to yield the corresponding aza-BODIPYs. To obtain the symmetrical aza-
BODIPY derivatives Aza-H-H and Aza-CN-CN, 0.5 equivalents of NaNO, were added to
1 equivalent of the deprotected pyrrole. The symmetrical derivatives were obtained in
very low yields of <5 % and 6 %. Given the prior mentioned difficulties of synthesising
these compounds carrying no phenyl rings in the 1,7-positions, the lower yields compared
to the symmetric BODIPY derivatives were not surprising. The asymmetric compounds
Aza-H-NMe;, Aza-OMe-NMe,, and Aza-CN-NMe; were obtained by treating the
deprotected first pyrrole partner with an equimolar amount of NaNO; to form the aza-
dipyrromethene. Here, similar as for the BODIPY derivatives, the nitroso-pyrrole was
made from compounds 5, 7, and 8 and then subjected to the condensation reaction with
deprotected pyrrole 6. The complexation to the BODIPY was done in an identical fashion
as for the symmetric aza-BODIPYs. The asymmetric derivatives were obtained in 16 %,
9% and 25 % yield. The same trend regarding the electron donating/withdrawing
character of the para-substituents that was observed for the BODIPY derivatives, was
seen for the aza-BODIPYs but more pronounced.

The here described synthetic variety of the BODIPY dye class is only a small fraction of
what has been done in this field. Yet [ hope that this section conveys sufficiently what
possibilities this scaffold holds for a synthetic chemist. The next section will hopefully
spark the interest of the photo-physicist/chemist in this dye class as well.
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Photophysical properties of the BODIPY dye class

It was already mentioned that BODIPY dyes have outstanding photophysical properties
that make this dye class suitable for various fields. To successfully design dye molecules
for specific applications, one must understand the structure-to-photophysical properties
relationship of the dye in question. This section will give a general overview over the
effect structural changes have on the photophysical properties of the BODIPY dye.
Within this general overview the findings of projects II and IV will be presented more
detailed.

The unsubstituted BODIPY core: The BODIPY molecule without substitution shows a
sharp absorption band with a maximum at 504 nm, and a high molar absorptivity
coefficient (€ma: 76 000 M-'cm). The corresponding emission band is observed around
515 nm in cyclohexane."" The absorption varies only to a minor extent in different
solvents. Only a slight blueshift of the A.,s in more polar solvents is observed. Contrary to
this, the emission band shows considerable variations in different solvents. The Acr, varies
between 515 nm to 535 nm in different solvents, leading to an increase in the Stokes shift.
However, in the tested solvents there was no clear trend observed regarding solvent
polarity. High fluorescence quantum yields are observed in nonpolar and polar solvents.
They increase with an increase in polarity. The molecule even shows moderate solubility
in water with Aus of 498 nm, Aem of 516 nm and ®r of 90 %.

Modification at the boron: This field was underrated a long time before its value on the
tunability of the BODIPY dye class was recognised. As already mentioned, the close to
unity fluorescence quantum yield of the BODIPY dye are a result of the BF, complexation
introducing rigidity into the molecular structure. The complexation successfully blocks
the rotation and isomerisation of the flexible methine-bridge, which is the main
non-radiative decay pathway in these dyes.!’#2% The fluorines, however, seem to have
little effect on the absorbance and fluorescence properties. Upon substitution of the
fluorine atoms with alcohols forming alkoxides almost no change in absorption and
emission or ®r was seen. Yet, an increase in the water solubility was observed for several
of the reported compounds, as compared to the BF, derivative.®® Substitution of the
fluorines with alkyl chains leads to a decrease in ®@r which correlates with the size of the
alkyl substituent. The more steric bulk the alkyl substituent introduces at the boron, the
lower the observed fluorescence quantum yield.'!]

A far more interesting phenomenon was observed by substitution of the fluorine atoms
with aryl and alkyne groups.*® Substituents on the boron atom are not in the same plane
as the BODIPY core. As a result of this, they are not in conjugation. The resulting
compounds thus have the distinct features of both the BODIPY unit and of the boron-
substituent in their absorption envelope. The emission envelope however shows only
emission characteristic for the BODIPY. Even upon excitation of the boron substituent
the emission envelope does not show an additional band, characteristic for the
substituent, only the emission of the BODIPY is detected. This indicates a near
quantitative energy transfer from the boron substituent to the BODIPY .24 Previously
reported BODIPY derivatives having pyrenel'*! or anthracene!'?¥ substituents at the
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boron as shown in Figure 20 can hence act as energy transfer cassettes.['”) Another effect
of this fast energy transfer is an increase in the Stokes shift, since excitation at the
wavelength of the pyrene or anthracene substituent leads to emission of the BODIPY
unit. Due to the increased Stokes shift these compounds are suitable for applications like
flow cytometry® or fluorescence microscopy,?? where larger Stokes shifts are desirable.

Figure 20. Examples of BODIPY having alkyne substituents on the boron. Pyrene-BODIPY (left) and
anthracene-BODIPY (right) can act as energy transfer cassettes.['**124

Modification at the meso-position: The meso-position is described as very sensitive to
substitution effects. Substitution at the meso-position with heteroatoms like oxygen and
nitrogen, leads to a blue shift of both absorption and emission and an increase in the
Stokes shift. Calculations of the HOMO and LUMO energies revealed that the energy of
the HOMO remains mostly unchanged while the energy of the LUMO increases, resulting
in an increase of the gap in between the two orbitals. This can be explained by the
electron-donating nature of the group which, if attached in the meso-position of the
BODIPY, leads to destabilisation of the LUMO, due to a high electron density at this
position. The stronger the electron-donating character of the substituent the larger the
hypsochromic shift. Thus, the amino substituents show a larger hypsochromic shift than
alkyloxy-/aryloxy-substituents.!!" 28] As opposed to the electron-donating substituents,
the meso-cyano BODIPYs are exhibiting a bathochromic shift in the absorption and
emission bands.l'?”) This can be explained by the HOMO-LUMO gap as well. In this case
the net stabilisation of the LUMO by the cyano group decreases the gap between the two
states, thus, causing a red shift.?® 121 Substitutions in the meso-position seem to have a
special effect on the BODIPY, because cyano groups directly attached symmetrically in
positions 2 and 6 show almost no effect on the transition energies. Nevertheless, an ester
group in 2,6-position in combination with a meso-cyano-group reduces the red shift of the
compound.t

Alkyl groups or a phenyl group in the meso-position do not show a large effect on either
absorption or emission bands, but the meso-phenyl group presents itself with a drop in the
fluorescence quantum yields. This drop is attributed to the free rotation of the phenyl
group, which causes a loss of energy from the excited states via molecular motion.
Already small 1,7-substituents, like methyl groups, restore the fluorescence quantum
yields by means of blocking the free rotation of the meso-phenyl substituent.*” More bulky
alkyl substituents in the 1,7-positions although, as those attached in project 111, cause the
quantum yields to drop, most likely due to effects on the non-radiative decay pathways
to different extents.®”
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Depending on the oxidation potential relative to that of the BODIPY core excited state,
meso-substituents can act as either electron donors or acceptors in a photoinduced
electron transfer.®¥ As shown in Figure 21, this PeT can be either oxidative or reductive,
depending on the alignment of the oxidation potentials with respect to the BODIPY core.
In the reductive PeT electrons are transferred from the meso-substituent to the BODIPY
core, and vice versa for the oxidative PeT. In the event of any PeT process the
fluorescence of the BODIPY is quenched. This control over the fluorescence properties
of the BODIPY class is achieved by using BODIPY electron-donor-acceptor dyads.
Several sensors have been developed where the principle of turning the fluorescence on
and off was used.['513% This can be done for example by the means of a chemical reaction
between the probe and the analyte, which changes the chemical structure of the
substituent unit. Before the probe reacts with the analyte PeT is active, from the
substituent to the core, and the probe is non-emissive. After reacting with the analyte, the
structure, and with that the oxidation potential of the substituent is changed which
prohibits PeT. The probe then becomes fluorescent.!*”

——LumMo + 4_ _oxidative PeT

'FI F S
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Figure 21. Representation of electron-donor-acceptor BODIPY dyads. a: a fluorescent dyad without any
PeT-process happening. b: a BODIPY dyad undergoing reductive PeT. c: a BODIPY dyad undergoing
oxidative PeT

The sensitivity of such systems to the solvent polarity can also be used for sensing.!'3!
Many substituents, for example pyrene, perylene or anthracene in the meso-position have
been found to show a strong sensitivity towards solvent polarity ' 132135 [n the later
presented example (Ph-Antra-BDP, Figure 22a) an electron donor unit is connected to
the BODIPY, as an electron acceptor unit, in the meso-position. These dyads show a
bright fluorescence. But for some of them, depending on the small structural changes,
upon change in polarity of the solvent the fluorescence quantum yields drop drastically.
Further investigation of such systems showed that the PeT from the donor to the acceptor
unit forms a highly dipolar excited state, the CTS/CSS.** This CSS is stabilised or
destabilised by the solvent, depending on its polarity. The energy of the CSS is therefore
dependent on the solvent polarity.

Depending on its energy, the CSS can facilitate efficient ISC. Computational studies
indicate that ISC is possible here because of the reduced energy-gap between the singlet

39



A Tale of Chaos and Colour

and triplet energy of the charge transfer state.l'*? The separated charges can recombine
and form the local triplet-excited state of either donor or acceptor via spin-orbit charge
transfer intersystem crossing, given the right geometry of the structure.!*¥ If the donor
and acceptor units are orthogonal to each other, the potential energy surfaces of the !CSS
and °CSS states are closer together, making ISC possible.*® More importantly, the
orthogonal geometry of the donor and acceptor unit compensates for the change in
electron spin angular momentum by the change in molecular orbital angular
momentum.'% Substituents that can rotate freely, or if there is a spacer unit in between
the donor and acceptor show an only negligible amount of ISC. This is a result of the
geometry of donor and acceptor being less likely to be orthogonal.!5?

a b c
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Ph-Antra-BDP

Figure 22. a: Structure of Ph-Antra-BDP, with the according Se-S; transition dipole moments of the BODIPY
and the anthracene moieties in blue. b: Normalised emission of Ph-Antra-BDP in toluene, DCM and ACN
solution. c: Simplified illustration of the photophysical processes in Ph-Antra-BDP.!1%"

The BODIPY-phenyl-anthracene dyad (Ph-Antra-BDP), used in project IV, is shown in
Figure 22a.'% 132 The dyad shows the absorption and emission features of both the
BODIPY (Amaxabs = 509 nm in toluene) and the corresponding electron donor unit, here
the phenyl-anthracene (Amaxas =375 nm in toluene). Upon excitation at either the
BODIPY or the anthracene unit, the only spontaneous emission observed is that of the
BODIPY unit with a maximum at 516 nm. The compound shows a fluorescence quantum
yield of 80 % in toluene. By increasing the polarity of the solvent to DCM, the absorption
is unchanged. However, a second, broader peak, attributed to the CSS emission, is visible
in the emission envelope shown in Figure 22b, with a peak maximum at 622 nm. This is
also accompanied with a drop in @ from 80 % in toluene to 5 % in DCM. The same
behaviour is observed in acetonitrile. The only difference being that the CS band is now
shifted and has its maximum at 660 nm, and ®r drop to 2 %. This phenomenon of a
solvent polarity depending, visible CS band has been observed for other, and also this
BODIPY dyes previously.'* The energies of the CS bands for Ph-Antra-BDP were
calculated using electrochemically determined redox potentials of the acceptor unit and
the donor unit in DCM. Just as in other reports of BODIPY dyads of this kind, it was
determined that the population of the CSS is followed by charge recombination to the
triplet state localised on the BODIPY ! %6 The energetics of the process is illustrated in
a simplified way in Figure 22¢. The triplet state quantum yields were determined to 90 %
and 92 % in DCM and ACN respectively. Due to the efficient ISC event this dyad can be
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used as a sensitiser, for example in triplet-triplet annihilation upconversion (TTA-UC).['%"
The common way of introducing ISC into BODIPY dyes is via the heavy atom effect.
Therefore, these dyads being able to undergo ISC without heavy atoms is a phenomenon
that will inspire a great deal of research in fields, where applications depend on the
formation of triplet states like for TTA-UC, photochemistry or photodynamic therapy.

Modification at the a/B-pyrrolic carbons: Much research has been devoted towards
functionalising the pyrrolic positions of the BODIPY dye. Alkylation of the BODPIY core
is relatively common. The first reported BODIPYs by Treibs and Kreuzer were alkylated
derivatives. Upon symmetrical alkylation in the a- and B-positions the influence on the
photophysical properties is only minor. 3,5-Alkylation with several different alkyl chains,
branched or linear alike, as performed in project I (Figure 23), has only a minor effect on
the absorption and emission properties and the fluorescence quantum yields remain close
to unity, although, a small drop is seen when using linear chains instead of branched alkyl
chains.®™ In project III (iP-BDP, sBu-BDP, iBu-BDP and sP-BDP) it was observed that
different alkylation in the 1,7-positions only leads to minor changes in absorption and
emission properties, when compared to one another. However, the quantum yields differ,
but this was discussed earlier, in regards to the additional meso-substituent.®” It was
furthermore reported that with an increase in the number of alkyl substituents, the
absorption and emission becomes more red-shifted.*” Unsymmetrical alkylation of the
pyrrolic positions does not show a major change in transition energies either. Having alkyl
substituents in the 2,6-positions, however, showed a drop in fluorescence quantum yields,
which was attributed to electronic effects.'*"]

Et-BODIPY nBu-BODIPY

O :0.93 O :1.00 O :1.00

Figure 23. Different symmetric 3,5-alkylated BODIPY derivatives (used in project 1) with their
photophysical properties in DCM solution.

Extension of the aromatic system of the core and thereby an increase in the
Tt-conjugation, results in a decrease of the HOMO-LUMO gap and thus a bathochromic
shift of the absorption and emission properties. This extension can be achieved by either
adding conjugated aromatic substituents or fusing benzene rings directly to the pyrrolic
units.” The addition of conjugated aromatic systems can be done in the 1,3,5,7-positions
resulting in mono- to tetra-substituted systems. The decrease in the HOMO-LUMO gap
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is largest for the change from the non-substituted to the mono-substituted compound,
and gets progressively smaller towards the tetra-substituted compound. Therefore, the
ensuing red shift in the absorption and emission bands gradually gets smaller with the
number of substituents. Following the energy gap law, which states that the rate of non-
radiative decay increases exponentially with a lower transition energy, the fluorescence
quantum yields are decreasing the more red-shifted the compound gets.*

Halogenation of the pyrrolic positions also introduces a bathochromic shift to the
absorption and emission of the BODIPY.'*® Yet, the effect of halogenation on the
fluorescence quantum yield is more interesting. An increase in the size of the halogen
atom leads to a decrease in the fluorescence quantum yield. At the same time, due to an
enhanced heavy atom effect the singlet-to-triplet ISC rate increases, leading to an
increase in triplet state formation.['*-1% Due to this property halogenated BODIPYs can
be used as triplet photosensitisers. ! 1411

Electron donating groups (push) and electron withdrawing groups (pull) are both known
to have an immense effect on the optical properties of BODIPYs. Either of them as a
substituent in the pyrrolic 1-3 or 5-7 positions results in bathochromic shifts in absorption
and emission. The explanation for this is that the electron donor unit increases both the
HOMO and LUMO energies whilst having a larger effect on the HOMO energy. Vice
versa the electron withdrawing fragment lowers the HOMO and LUMO energies having
a larger effect on the LUMO energy. Therefore, both an electron donating as well as an
electron donating group lower the HOMO-LUMO gap. How large this effect is depends
on factors like strength of the EDG/EWG, distance to the core, as well as substitution
position and pattern. Here, a special focus should be put on the push-pull principle. This
principle describes attachment of an EDG on one end and an EWG on the other end of
the same Tt-system. Push-pull or donor-tt-acceptor (D-1-A) systems are well known to
decrease the HOMO-LUMO gap.!"*¥ This strategy is regularly applied to chromophores
to induce a bathochromic shift, or in other words, to push absorption and emission
towards the NIR-part of the spectrum."*3 The most frequently used electron donating
groups for this purpose are functional groups such as alkoxy (typically methoxy/-OMe)
or N,N-dialkylamino (mostly N, N-dimethylamino/-NMe;). Also, auxiliary electron
donors, such as electron rich heteroaromates (typically five membered rings like
thiophene) or organometallic compounds like ferrocene have been used. Commonly used
electron withdrawing groups are carbonyl-, nitro(NO,) or cyano(-CN) groups as well as
combinations thereof"” Another factor in these systems is their conjugation. A
conjugated system acts as a Tt-linker unit promoting intramolecular charge transfer which
highly contributes to the resulting decrease of the HOMO-LUMO gap.['*!

The push-pull principle naturally has been applied to BODIPYs previously.*6-18) Phenyl
groups have been attached with an alkyne-bridge to the 2 and 6 positions of the BODIPY,
carrying an EDG group on one side and an EWG group on the other side, both in the
para-position of the phenyl ring. This causes, as predicted, a significant red shift as
compared to alkylated or unsubstituted BODIPY dyes.'6] A similar system was
examined, this time carrying electron donating, ethylene bridged para-alkoxy phenyl
substituents in either the 3 or 5 position or in both positions. The So-S; transition of the
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BODIPY is red-shifted in all these systems as well. However, the red shift was least
significant in the case of the electron donating styryl group being only on the side of the
EWG as show in Figure 24 to the right. This concludes that the intramolecular charge
transfer character is greater in the system that shows a larger distance between the EWG
and the electron donating styryl group. Several more push-pull BODIPY systems have

been investigated previously but will not be discussed further in the scope of this thesis.!"*"
148]

. P o . VP o
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Figure 24. Graphical illustration of the push-pull BODIPY described above. The arrow indicates an increase
in the red shift with regards to the substituents in the 3 and 5 position of the BODIPY.

In project II a series of BODIPY derivatives was prepared, carrying different EDG and
EWG as para-substituents on a phenyl ring, attached in positions 3 and 5.*) The ortho-
methyl group of the phenyl substituent prevents the structure from planarising and
therefore minimises an extension of the T-conjugation in the ground state. The absorption
properties are therefore not affected to a large extent as can be seen in the negligible shift
from Amax abs(SBu-BODIPY) = 512 nm t0 Amax ans(FHH-H-BDP) = 517 nm, and a broadening of
the absorption envelope. The shift could also be attributed to the spectra being recorded
in different solvents and can therefore be disregarded. However, the emission is shifted
from Amaxem(sBu-BODIPY) = 517 nm t0 Amaxem(H-H-BDP) = 563 nm increasing the Stokes
shift of the compound immensely. Moreover, BODIPY derivatives were decorated with
EDG and EWG, resulting in either symmetrical or asymmetrical systems that can be
differentiated in pull-pull, push-push, push-pull and no substituents. The results of the
photophysical evaluation are summarised in Table 1 and Figure 25. Adding only EWGs
(pull-pull) as in CN-CN-BDP, shows almost indistinguishable optical properties as
compared to H-H-BDP. OMe-OMe-BDP, having weak EDG (push-push), shows a red
shift in both absorption maximum (Amaxas= 527 nm) and emission maximum
(Amaxem = 591 nm) as well as a broadening of the absorption envelope. Adding the
stronger electron donating N, N-dimethylamino substituent leads to a red shift of about
20-40 nm depending on the other substituent. H-NMe,-BDP has the smallest effect
followed by OMe-NMe,-BDP. The push-pull system CN-NMe,-BDP shows, as expected,
the largest effect on both absorption and emission (Amacabs = 569 NM/Amaxem = 674 NM).
When looking at the absorption envelope, however, all the BODIPY derivatives show the
same onset of absorption on the high energy side. Thus, the red shift in absorption
maximum can only be attributed to a broadening of the peak. This effect cannot be seen
in the same way for the emission envelope. The emission of the compounds shows
broadening as well but is very similar to each other, unlike the absorption envelope. The
substitution pattern hence has a strong effect on the emission maximum and the
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absorption envelope following the same trend. The quantum yields drop with the red shift
of absorption and emission, according to the energy gap law.

a — H-H-BDP
CN-CN-BDP
— OMe-OMe-BDP
— H-NMe,-BDP
— OMe-NMe,-BDP
CN-NMe,-BDP
b R R --- sBu-BODIPY
—12f : , ]
; 10¢ .:I: ,"I'. s~
E ol : g £
5 4 /) ,-' EE
400 500 600 700 500 600 700 800

Wavelength [nm] Wavelength [nm]

Figure 25. a: Structural representation of R-R-BDP. b: Absorption and emission spectra of the BODIPY
derivatives from project II.

Table 1. Photo physical characterisation of synthesised BODIPY derivatives R-R’-BDP according to the
substituents. All experiments were done in toluene solution at 22 °C (refractive index for ®; determination:

1.497).

, Amaxabs  Amaxem  Stokes shift T £
R-R-BDP [nm] [nm] (cm™) ® [ns] [M'em]
H-H BDP 517 563 1580 1.0° 4.53 90 000

CN-CN BDP 517 566 1675 1.0 4.49 70 000
OMe-OMe BDP 527 591 2055 0.94° 4.69 86 000
H-NMe, BDP 530-553 653 3136 0.46° 4.00 29 000
OMe-NMe; BDP 546 652 2978 0.58 4.59 37 000
CN-NMe, BDP 569 674 2738 0.12° 1.59 34 000

2 Fluorescein in 0.1 M NaOH (®; = 0.91) was used as a reference compound for @; determination.**%)
(Excitation at 491 nm, Refractive index: 1.33)": Cresyl violet in MeOH at 22 °C (®; = 0.54) was used as
a reference compound for @; determination.'*” (Excitation at 560 nm, Refractive index: 1.33)

From BODIPY to aza-BODIPY: The replacement of the bridging atom in between the
pyrrolic units from a carbon to a nitrogen leads to the class of BODIPYs known as aza-
BODIPYs. This small structural change usually leads to a remarkable bathochromic shift
of about 80 nm, leading to some compounds absorbing in the red or NIR region. Another
general observation is that these compounds typically have lower fluorescence quantum
yields as compared to BODIPYs. Nevertheless, where BODIPYs need to rely on the
heavy atom effect or other means, aza-BODIPYs show a higher potential of undergoing
singlet-to-triplet intersystem crossing.!'*"!

The origin of the red shifted transition seen for the aza-BODIPYs has been previously
investigated using a structurally similar, yet different BODIPY.*® The electronegative
aza-N-bridge lowers the energy of the LUMO without having a big effect on the energy
of the HOMO. The resulting smaller HOMO-LUMO gap is responsible for the red shift.
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Due to the difference in the structure, the effect of the aza-N-bridge, however, might have
been slightly exaggerated. In project II we confirmed the previous experimental findings
comparing BODIPY (H-H-BDP) and aza-BODIPY (Aza-H-H) structural homologues.
However, the observed red shift of 65 nm is slightly smaller than the 100 nm red shift,
previously reported.

As for the BODIPYs, the push-pull strategy also finds a lot of application for aza-
BODIPYs. Here, there are several studies evaluating the effect of push-pull systems from
the 1,7-position to the 3,5-positions. EDG or EWG groups are attached in the para-
position of the phenyl rings in those position. The symmetrical combinations of aza-
BODIPYs have been prepared previously, with varying EDG groups in the 3,5-position(®!
as well as varying EWG-groups in the 1,7-positions!"", both while the other group is fixed.
The EDG and EWG showing the strongest effect is the /V,/V-dimethylamino group and
the cyano group respectively. The combination of both the CN-NMe; derivative shows
Amaxabs = 857 N and Amaxem = 967 nm in chloroform. The fluorescence quantum yield is
too low to determine. This was attributed to the NMe,-group assisting an intramolecular
photo-induced electron transfer reaction that results in a rapid non-radiative, thermal
decay.®® 52 Due to the potential for ISC and the significant bathochromic shift that brings
absorption and emission maxima in the NIR regime the prepared push-pull aza-BODIPYs
show great potential for bio applications like bioimaging or photothermal therapy %!

The aza-BODIPY derivatives synthesised in project II carry different EDG and EWG in
the para-position of non-conjugated ortho-methyl-phenyl rings attached in the positions
3 and 5. Here, just as for the BODIPY derivatives, different systems were synthesised,
pull-pull, push-push, push-pull and no substituents (Figure 26, Table 2). Aza-H-H having
no pronounced electron withdrawing or donating effect, already shows a red shift of about
65 nm for the absorption maximum and roughly 105 nm for the emission maximum as
compared to sBu-BODIPY (Amaxabs = 512 nm and Amaxem = 517 nm in DCM). Adding
strong EWGs in both positions 3 and 5 (Aza-CN-CN) shows no distinct change in the
absorption and emission features, except a small red shift of 5 nm of the emission
maximum. Contrary to this the combination of a strong electron donator like a
NMe;-group in combination with either no substituent (Aza-H-NMe,) or a weaker EDG
(Aza-OMe-NMe;) leads to a large red shift of another 85 nm to Amaxavs = 663 nm in both
cases. The emission is affected slightly differently for those two compounds. The emission
envelope of Aza-H-NMe; is slightly broader with a slightly less shifted peak maximum, as
compared to the push-push system Aza-OMe-NMe;. The push-pull system
Aza-CN-NMe,, as already seen for both BODIPYs (CN-NMe»-BDP) and aza-BODIPYs,
showed the largest substituent effect pushing the absorption and emission maxima to
671 nm and 750 nm respectively. The emission quantum yields of the compounds are
18 % and 19 % for Aza-H-H and Aza-CN-CN respectively and drop to <5 % for the three
other derivatives. This result follows the expectations of the energy gap law and previous
reports, describing lower quantum yields in aza-BODIPYs as compared to BODIPYs.
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Figure 26. a: structural representation of Aza-R-R’. b: Absorption and emission spectra of the aza-BODIPY
dyes from project II.

Table 2. Photo physical characterisation of aza-BODIPY derivatives Aza-R-R’ according to the substituents.
Experiments were done in toluene solution at 22 °C (refractive index for ®; determination: 1.497).

, Amaxabs  Amaxem Stokes shift T €
AzaR-R nm]  [nm] (cm) ® g [Mremd
Aza HH 578 623 1250 018" 133 52000
AzaCN-CN 577 628 1407 019° 123 68000
AzaH-NMe, 663 730 1384 001° <n° 52000
AzaOMe-NMe, 663 736 1496 004  <n° 33000
AzaCN-NMe, 671 750 1570 <001° <n° 48000

% Cresyl violet in MeOH at 22 °C (¥; = 0.54) was used as a reference compound for &
determination.!"*! (Excitation at 560 nm, Refractive index: 1.33)" Oxazine 1 in EtOH (®; = 0.11) was
used as a reference compound for @ determination.!"*J(Excitation at 646 nm, Refractive index: 1.36)
¢ n describes the lowest detectable lifetime of the instrument

Comparison of BODIPY and aza-BODIPY: Both dye classes, the BODIPYs as well
as the aza-BODIPYs are well researched areas. The effects of different substituents and
the influence of EDG and EWG have been investigated extensively on each of these
groups. In project II not only the effects of different electronic substituents on each of the
classes were investigated, but the classes were also compared. The sets of molecules are
structural homologues with only one difference, the bridging atom. The effects of the
different EWG and EDG combinations were already described for each class in previous
sections. In summary, the effects on the red shift of absorption and emission follow a
similar trend regarding the substitution pattern. However, the effects seen on the different
classes are interestingly highly different. The absorption of the BODIPY derivatives
shows a distinct broadening, having the same onset on the high energy side, while the
emission envelope shifts in its entirety. This results in a smaller red shift of the absorption
maximum. The aza-BODIPYs contrarily show a larger shift in absorption and emission,
whilst both features shift in their entirety. This leads to a growing Stokes-shift in the set of
BODIPYs whereas the Stokes-shift of the aza-BODIPYs stays the same throughout the
whole set (Figure 27a).
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Figure 27. a: Stokes shift of BODIPY derivatives (blue squares) and aza-BODIPY derivatives (red dots)
plotted against the maximum absorption of the corresponding compound. b: Temperature dependent
quantum yield measurements of Aza-H-H (red), H-NMe,-BDP (dark blue) and CN-NMe,-BDP (light blue).

The fluorescence quantum yield within the sets follows the expected behaviour.
Nonetheless, when comparing the quantum yields of H-NMe,-BDP and Aza-H-H, which
have similar transition energies, an interesting difference is noticeable. ®r of Aza-H-H
(®r =19 %) is much smaller than the one of H-NMe,-BDP (®r = 46 %). Aza-H-H
showed an increased non-radiative rate which could be a result of either IC or ISC. The
rate of IC is sensitive to temperature and can therefore be lowered or even removed by
decreasing the temperature, and ®r should increase up to 100 %, when lowering the
temperature. Whereas the rate of ISC is less sensitive to temperature. The temperature
dependence of the fluorescence quantum yields was measured to get more insight on the
excited state decay pathway(s) (Figure 27b). Where Aza-H-H showed an increase of ®r
to a plateau of around 50 %, when decreasing the temperature to 180-200 K, ®r of both
H-NMe;-BDP and CN-NMe;-BDP decreased when decreasing the temperature. For
Aza-H-H this indicates that the low fluorescence quantum yields do not only originate
from a single non-radiative pathway. However, the BODIPY derivatives H-NMe-BDP
and CN-NMe,-BDP have considerably different excited-state relaxation pathways.

Dimerisation and oligomerisation: The previous sections describe how structural
changes to the BODIPY dye, by the means of substitution or exchange of core atoms,
can influence the photophysical properties. This section will describe some of the findings
that have resulted from dimerising and oligomerising the BODIPY monomer.
Oligomerisation of the BODIPY dye can be achieved by either direct linkage to each
other or by using linkers in between the monomeric units. Of the BODIPY dyes of the
latter nature only those, linked together by an a-a-ethylene linkage will be mentioned
here. This linkage can be repeated several times, leading also to higher oligomers like
hexamers or octamers.['®*1*IThe result is BODIPY oligomers with very narrow and red-
shifted absorption and emission bands, very high molar absorption coefficients and
fluorescence quantum yields close to unity. These compounds were found to have an
intramolecular arrangement leading to a head-to-tail orientation of the transition dipole
moments of the single units. This results in a J-type excitonic-coupling.

Direct coupling of BODIPY units has been shown in different fashions. Coupling of
BODIPYs in the meso-position has been done to either obtain the meso-meso-linked or
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meso-B-linked dimer.!*¥ The monomers used here have methyl substituents in the 1,3,5,7-
position, leading to a dihedral angle of almost 90° in between the BODIPY units. Due to
the orthogonality of the dimers, the mixing of the T-systems of the single units can be
averted, leading to two virtually isolated chromophores, which are equally likely to be
excited. Both the prepared meso-meso-dimers and the meso-f-dimer show similar
transition energy to the monomer. The goal of the orthogonal design of the here prepared
dimers was to facilitate ISC in these molecules. The targeted triplet state formation was
observed in the prepared derivatives, with the highest efficiency of 51 % for the meso-f3-
dimer.

Direct a-a-coupling has been shown by Broring et al. leading to BODIPY dimers.[**®!
These dimers a large dihedral angle ( > 90°) in between the monomeric units. The
absorption observed for the a-a-dimer shows two major bands with maxima at at 490
and 559 nm. In comparison, the monomer has one absorption band with a maximum at
529 nm. This is indicative for an excitonic splitting, which was explained by the spatial
relationship, as well as the orientation of the transition dipole moments of the monomeric
units. The emission shows one about 80 nm red-shifted emission band, which results in a
largely increased Stokes shift. The observed features were indicative for either an
excimeric character in the excited state or a large geometric displacement in the excited
state.

B-Tethering of unsubstituted BODIPY units, to obtain dimers and trimers with a
continuous T-conjugation has been reported by Shinokubo et al.**” The dimer and trimer
show bathochromic shifts of around 100 nm and 170 nm respectively with a maximum
emission of the trimer at 731 nm. The bathochromic shift is accompanied by a decrease
in both fluorescence quantum yields and molar absorptivity. Ziessel et al. and Bard et al.
reported two different methods of preparing B-tethered BODIPY dimers and trimers
carrying methyl substituents in the 1,3,5,7-positions.®**” The resulting compounds show
no effective m-conjugation, due to a large dihedral angle in between the BODIPY units.
Absorption and emission of these compounds still show a bathochromic shift. This
indicates some communication in between the BODIPY units. Yet, the dimer and trimer
show an increased molar absorptivity coefficient and the decrease in fluorescence
quantum yield is less significant.

In project IV a series of B-tethered BODIPY oligomers, based on Ph-Antra-BDP (Figure
22) was synthesised. The Dimer, two conformers of the Trimer and Tetramer were
obtained. Since the two conformers of the Trimer show indistinguishable photophysical
properties, their properties will be summarised in the discussion as the Trimer. The
BODIPY oligomers are non-conjugated, due to methyl substituents in the 1,3,5,7-
positions. The absorption and emission spectra of the BODIPY series obtained in
project IV are shown in Figure 28. A similar absorption and emission behaviour is
observed as compared to previous non-conjugated [-tethered BODIPYs %697
Ph-Antra-BDP shows absorption and emission at 506 nm and 516 nm, respectively. The
Dimer, Trimer and Tetramer absorption is shifted to 542 nm, 569 nm, and 582 nm,
respectively. Emission is shifted to 584 nm, 607 nm, and 617 nm, respectively. The molar
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absorptivity coefficients increase with the number of BODIPY units in the oligomer. They
follow the trend of an enhanced transition dipole moment.
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Figure 28. Absorbance (in DCM) and emission (in toluene) of the BODIPY-anthracene dyad oligomer series
synthesised in project IV. The emission is recorded upon excitation at 490 nm (Ph-Antra-BDP), 540 nm
(Dimer), 570 nm (Trimer) and 585 nm (Tetramer).

This behaviour indicates that the staggered oligomeric units show a highly different
communication pathway as conjugated BODIPYs. The transition dipole moments of the
BODIPY units are aligned in a head-to-tail fashion in the oligomeric molecules. This is a
phenomenon seen in J-aggregates leading to a lowering of the S; energy. This is seen as
a red shift of the absorption and emission.l'*® The observed behaviour of the oligomer
absorbance and emission corroborates the hypothesis of excitonic-coupling being the
main interaction pathway. Ph-Antra-BDP has been described to efficiently populate the
locally excited triplet state of the BODIPY through SOCT-ISC. Exciton-coupling has a
large effect on the singlet energy. However, the triplet energy as well as the energy of the
CSS, observed in Ph-Antra-BDP, should be less affected. This is because their transition
dipole moments are small, giving a negligible exciton coupling. Therefore, the S;-T;
energy gap can be lowered significantly.

To gain information on the energy of the CSS, the electrochemical behaviour of
Ph-Antra-BDP and the Dimer were analysed. Ph-Antra-BDP shows clear one-electron
reduction and oxidation waves, that correlate very well with previously reported
values.'® The Dimer shows two one-electron reduction waves. Where the value of the
first waves is highly similar to that of Ph-Antra-BDP. The reduction waves are related to
the BODIPY units. Due to coupling of two units together a second reduction wave is
expected. This behaviour was also observed previously in non-conjugated BODIPYs. The
first BODIPY reduction occurs at an almost identical potential as the single BODIPY unit.
Electrochemical behaviour of the second unit, however, is influenced by the first one
leading to a slightly shifted reduction potential.® On the oxidation side only one clear
one-electron wave can be seen for the Dimer. In Ph-Antra-BDP the oxidation is attributed
to the anthracene unit of the dyad. The anthracene units in the Dimer have a too large
distance to each other to efficiently interact. Therefore, only one peak is expected on the
oxidation side. The oxidation potential shows a small shift of 80 meV. Nevertheless, the
shift in the energy of the CSS is less significant as the shift in the S; energy, when going
from Ph-Antra-BDP to Dimer.

The population of the T, state in Ph-Antra-BDP is, apart from transient absorption
measurements, also indicated by a drop in @ in more polar solvents, like DCM and ACN
as compared to toluene. Dimer, Trimer and Tetramer show a less significant drop in ®=
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in DCM. However, the fluorescence is significantly quenched in ACN, indicating an
efficient SOCT-ISC mechanism. Transient absorption shows both stimulated emission
bands for all oligomers in both ACN and DCM. However, the oligomers give a much
smaller signal as compared to Ph-Antra-BDP. The lifetime of the observed ground state
bleach was determined to be >100 s for all oligomers. Also, in aerated solvent no signals
could be observed. This indicates that the oligomers still populate the triplet state. Thus,
the principle of exciton coupling can form an important design strategy for low energy
absorbing sensitisers in the future.

The in this section described photophysical properties of the BODIPY dye class, as well
as their tuneability upon structural changes paint a colourful picture of a highly versatile
fluorophore.
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Towards a dye glass

The photophysical properties of the BODIPY dye class, as well as most other dye classes,
are primarily investigated in dilute solutions. To gather insight in the photophysical
processes happening within the system, that is the common and appropriate approach.
Higher concentrations disturb the photophysical processes happening upon interaction
of the molecule with light. However, many applications require dyes to be used in solid
state. Dyes tend to form highly aggregated or crystalline solid states, due to their extended
aromatic core structures. Attractive T-TU interactions favour aggregation and
crystallisation of dye molecules upon solidification. The monomeric optical properties,
exhibited by the single molecule in dilute solution, can be heavily distorted or even
disappear in the solid state. Aggregation is well known to cause broadening of the
absorption and emission envelope, quenching of fluorescence, and scattering of light to a
large degree. These phenomena, displayed in films of dyes, even if they show sharp
absorption and emission bands, with unity fluorescence quantum yields in a dilute
solution, render a lot of dyes inappropriate for solid state applications. To be able to utilise
the monomeric properties of dyes in the solid state, like thin films, new methods as well
as new dye materials need to be developed. In this chapter, a strategy to make a new dye
material, a room temperature dye glass, is described. Within that, the results of project 1
and project III are discussed.

The importance of film structure and morphology

Many characteristic properties of a thin film are directly influenced by its structure and
its morphology. The film structure influences conductivity, porosity, and optical
reflectivity of the film, and therefore directly relates to the performance of the film.[!5%-16%
The solid-state structure and morphology therefore play an important role in the
development of new materials and methodologies.!'"! Controlling the aggregation and
crystallisation behaviour of the molecule can be done in several ways. An important
factor to consider is the processing method used to prepare the film. Different processing
methods and conditions govern the structure and morphology of a film. Finding the
optimal processing conditions is therefore crucial for the final properties of the film.[5?
Unrelated to the processing method, the structure of the film is equally dependent on the
structure of the film components.

Established strategies

Alkyl chain engineering: One strategy that should be highlighted here is often referred to
as alkyl chain or side chain engineering/tuning, which is a common strategy for softening
of optically active materials or polymeric materials.!'*® Alkyl chains are attached either
to the Tt-core of the molecule or in the periphery of the m-core. The working principle of
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this technique is the modification and manipulation of intermolecular interactions. Many
molecules used in the fields of optics, optoelectronics or organic electronics have
extended m-conjugated structures. As a result of these structures, the intermolecular
interaction most seen in these systems are -1 interactions. This can lead to low
solubilities and a mixture of crystalline and randomly aggregated domains in the solid
state. Attaching alkyl chains to the molecule can now increase their solubility, prevent or
control aggregation in films, and govern crystallisation in bulk. This is possible due to the
balance between attractive and repulsive interactions in between the molecules. This
principle mainly targets the T-Tt interactions, originating from the extended m-core, and
the van der Waals interactions, exhibited by the alkyl chain substituents. Those factors
highly contribute to the physical state of materials at room temperature. Often linear alkyl
chains of varying length have been used in this field."®” Branched alkyl chains have
nonetheless, shown a more prominent effect in creating disorder in a system.!'"®™ This can
subsequently lead to a more amorphous solid state. Here both the flexibility and the
bulkiness of the branched alkyl chains have an impact on successful manipulation of the
Ti-Tt interactions.® Not only the type of alkyl chains, linear or branched, or their length
play an important role in this strategy, also the placement within the molecule or
polymeric chain is of importance.!67-17

This strategy has been highly successful in the fields of functional molecular liquids!'6>-16¢]
and organic electronics.'®*164 1711 [n the case of the T-core being a chromophore the alkyl
chains can exhibit a small effect on the photophysical properties often through
positioning, which can for example lead to blocking of a rotational bond. Given an
appropriate length, the alkyl chains can enclose the T-core. This results in unperturbed
photophysical properties, when going from solution to the solid state. However, another
effect observed in alkyl chain engineering is phase separation. This can lead to the
formation of nano particles or monolayers.!'’>!7! Therefore this strategy can be seen as
problematic if the smoothness and continuity of a film is targeted. Furthermore, alkyl
chains can often be a considerably larger portion of the molecule, making this strategy
mainly applicable in fields independent of concentration.

Multi component mixtures / Entropic mixing: Controlling the morphology of solids is also
often done by the means of entropic mixing, resulting in multicomponent mixtures of
solid materials. Mixing causes an increase in entropy of the liquid state.'”" This changes
the rate of both crystal nucleation and growth. Thus, the thermodynamic and kinetic
driving force for crystallisation is reduced.

The driving force of crystallisation in a mixed system can be described by the change in
Gibbs free energy of the mixed state (AGmix). This change depends on both, the enthalpy
of the mixed state (AHmi), and the entropy of the mixed state (ASmi), which is influenced
by the temperature. Their relationship is described in Equation 15.5%

AGixy = AHyix — TASpix (15)

All these factors must be considered in order to control the driving force of crystallisation.
The change in enthalpy in highly influenced by the interactions between the single
components. An ideal system would have AH.ix=0. However, intermolecular
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interactions, like hydrogen bonding or 1t-Tt interactions are attractive forces, and therefore
result in AHmix < 0. This results in a lower free energy of the mixed state, and thus a higher
rate of crystallisation. However, intermolecular interactions too repulsive in nature can
cause AHmix > TASmi. This would result in a separation of the single components and
mixing would not occur. Therefore, the intermolecular interactions in between the single
components must be balanced very well. The choice of the components themselves plays
thus a big role in multicomponent mixtures.®” The number of components has to be
likewise considered. The influence on the change in entropy upon mixing has already
been stated. However, it has been shown that the kinetic factors of mixing can be
influenced by the number of components.®® The latter statement is however still not
explained sufficiently. More research thus needs to be devoted to the relation between
the number of components and the kinetic factors of mixing, specifically.

The strategy of entropic mixing is applied in, for example, organic solar cells, which have
been shown to improve upon mixing of different components.!”" [n many
multicomponent mixtures different compounds are blended together, which can also
affect their optical properties. Blends containing two or more different optically active
molecules, will exhibit the combined absorption and emission properties of all
components of the blend. This limits application of these blends to applications where
monomeric absorption or emission properties are not required. One way to circumvent
this effect is to mix an optically active compound with optically inactive additives.
Compounds used here are usually polymers with no optical activity, or sugars.!""-"8
However, this leads to a reduction of the amount of optically active component in the
blend. This limits this strategy, just like alkyl chain engineering, to concentration
independent applications.

The importance of molecular design

Using the principle of entropic mixing, the crystallisation behaviour of the system could
be influenced to such extent that the material forms an amorphous glass instead of a
crystalline solid state. Upon mixing of the different derivatives, the entropy is increased
resulting in a reduced rate of crystallisation. Practically, this can be observed by a lower
melting point which, upon the right number of derivatives should become lower than the
glass transition point. This has been shown before, however the T, of the blended material
was below zero degree resulting in a liquid at room temperature.'” The same principle
being applied to a system with a T, above room temperature consequently leads to the
formation of a glassy material at room temperature. This is here combined with the
principle of balancing the attractive -1t interactions of the BODIPY core by attaching
alkyl chains, exhibiting repulsive van der Waals interactions, inspired by alkyl chain
engineering.

The sets of molecules used in project I and project III were both designed to have highly
similar molecular structures.® " The point of that being, that upon mixing the system will
resemble an ideal system, where the AHmx can be considered close to zero. The
consequence of this is that the change of Gibbs free energy in the system depends now
on the change of entropy upon mixing. To avoid too large repulsive interactions, the alkyl
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chains attached to the core were kept relatively short. Linear alkyl chains as well as
branched alkyl chains were used in project I, to see how the different alkyl chains
influence the packing behaviour, which is practically correlated to T, and Te.

An equally important reason for designing molecules having highly similar structures,
relates to the optical properties of the material. The optical properties of BODIPY dyes,
as well as other dyes, are highly dependent on the molecular structure, as previously
described. The molecules, used for blending, must therefore exhibit indistinguishable
absorption and emission features in the solution state, to qualify for blending. Only then
a material can be obtained, which exhibits monomeric optical properties, while having an
extreme dye concentration.

In project I different short alkyl chains were attached directly to the 3,5-positions of the
BODIPY core. To obtain an extreme dye concentration in the final material, the
molecules were kept as small as possible. The molecules used here, Et-BODIPY, nBu-
BODIPY, IP-BODIPY, sBu-BODIPY and Bu-BODIPY are shown in Figure 23 (page 41).
The optical properties in solution are indistinguishable (black lines in Figure 29), making
the five derivatives optimal candidates for entropic mixing.
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Figure 29. Absorption (solid line) and emission (dotted line) spectra of all five BODIPY derivatives used in
project 1, where the molecular structure is shown in the corner of the according plot. The black lines show
the spectra of the dye in solution and the grey lines those in thin films, of which the emission is filled.

To study the optical properties of the derivatives in solid state, thin films of the single
dyes were spin coated onto a glass substrate. The thin films were then analysed using
polarised optical microscopy as well as optical spectroscopy. The films of all five
derivatives show a significant degree of aggregation. Both branched and linear alkyl
chains showed large, aggregated, or crystalline domains in polarised spectroscopy.
Mentionable here is that the largest aggregated domains were observed for nBu-BODIPY,
and the aggregated domains of IP-BODIPY present themselves in a rod like structure.
Optical spectroscopy of the films, spectra of which are presented in Figure 29, gave
further, affirmative information. Unlike the sharp transition bands seen in solution, the
films show broad absorption bands and scattering of light to a large degree, implying an
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inhomogeneous environment. The emission bands of all five derivatives are broad and
both the sBu-BODIPY and the IP-BODIPY films show even two distinct emission bands.
The two emission bands, and the shift thereof indicate the formation of at least two
different aggregated species.

To analyse if entropic mixing can disrupt the efficient packing behaviour of the single
derivatives, the compounds were blended. The blends were subsequently spin coated on
glass substrates, in the same manner as the single derivatives, and analysed using the
same methods. Binary blends of the BODIPY derivatives carrying branched alkyl chains
— IP-BODIPY, sBu-BODIPY and fBu-BODIPY — show no signs of large, aggregated
domains anymore. However, the other blended films do. Blends involving linear alkyl
chains show large rod like aggregate structures. The spectra of four of the prepared films,
obtained from optical spectroscopy, are shown in Figure 30.
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Figure 30. Absorption (black solid line) and emission (grey filled area) spectra of four representative
blends.

Most of the blended films still show broad absorption and emission bands. However, the
sBu-IP blend shows a considerably narrower linewidth of the main absorption peak as
compared to the pristine films, as well as less scattering. The absorption maximum is red-
shifted about 20 nm as compared to the solution value of 512 nm, nonetheless, shows
almost monomeric character. The blend shows a sharp emission band with very small
Stokes shift, resembling the monomeric emission observed in solution. A second, broader
emission band at a lower energy is observed as well, resembling the one in the pristine
films. Other blends containing sBu-BODIPY follow a similar trend in emission, yet the
distribution of the two bands varies. The varying distribution of the emission bands could
indicate different degrees of aggregation in the films. The fluorescence of the sBu-IP blend
(film) is 15 %, which compares to earlier reports of BODIPYs doped 15 w/w% in
polymers.'® Compared to the pristine films of sBu-BODIPY and IP-BODIPY, with
fluorescence of 8 and 2 % respectively, the blended film outperforms the single
component films.
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Exited state lifetimes of the two distinct emission bands were performed to get a better
understanding of the system. Where the low-energy transition has a substantially longer
excited state lifetime. In the sBu-fBu blend, the average lifetime of the higher energy
emission band is 1.0 ns, and the low energy emission band shows an average lifetime of
3.3 ns. Further analysis reveals a build-up of the low energy emission with the same time
constant as the high energy emission decay. This indicates that the low energy emission
acts as a relaxation route of the high energy monomeric excited state. The absence of an
absorption band corresponding to the low energy emission can indicate two things. Either
the concentration of the aggregated species is low, or its transition dipole moment is
small. Absorbance of the low energy transition is also absent in excitation spectra. A
relative long lifetime of the low energy transition could indicate excimer formation,
however, the relatively narrow bandwidth of the second emission band rather supports
the hypothesis of J-aggregates being formed. J-aggregated dimers have previously been
observed in BODIPY-polymer mixtures, which further backs this hypothesis.'®? Other
blended films, however, show broader absorption features, indicating different types of
aggregates in various blends.

Blending of two or more BODIPY derivatives of this design resulted in a considerable
improvement of the thin film properties. Not only did some films exhibit almost
monomeric absorption features and increased fluorescence but also the aggregation
behaviour could be notably influenced. This can be ascribed to the higher entropy in the
system upon mixing and results in lower scattering of the film and absence of large,
aggregated domains. For this purpose, branched alkyl chains performed considerably
better than linear ones, where the sec-butyl-chain was the best. Most likely this is a result
of the sec-butyl chain forming stereoisomers, resulting in a racemic mixture of the
compounds. A racemic mixture of a compound by itself resembles a multicomponent
mixture, which is simply, a system containing of more than one compound. The sBu-IP
blend was also placed in an optical cavity, where it reached the strong coupling regime,
to demonstrate the importance of dye films with sharp absorption bands, low scattering,
and extreme dye concentration.

The blended material however proved to be rather resilient to handle for further analysis,
like DSC. The stability of the by spin coating prepared films was rather poor. The film
would sublimate over time, indicating an insufficient molecular weight of the components.
The aggregation also caused reproducibility issues. While the absorption could be
reproduced, the ratio of the emission bands varied depending on the film. To succeed in
converting a material into an amorphous solid, the dye molecule design required
extensive improvement.

Some of the compounds used in project II were studied using DSC and FSC, to see if a
glass transition above room temperature could be seen. The examined aza-BODIPYs,
however, showed no T, and suffered degradation near their melting points. They were
therefore rendered inappropriate for a further study of entropic mixing. The H-H-BDP
and CN-CN-BDP showed no degradation around their Tr. FSC was attempted to get a
T, of the materials, however, H-H-BDP could not be measured successfully. The chip
used in the measurement showed only a circle of the compound around the sensor, but
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no compound remained on the sensor itself. The CN-CN-BDP was measured successfully
and showed a glass transition above room temperature. Due to the low yields obtained
in the synthesis of these compounds the molecular structure and with that the synthesis
was refined.

In project III the design of the molecule was addressed more strategically, as the
molecular structure itself has a large influence on the crystallisation behaviour. The
molecules utilised here are based on the design of CN-CN-BDP. The compounds iP-BDP,
iBu-BDP, sBu-BDP, and sP-BDP are shown in Figure 31. Compared to the compounds
used in project I, these molecules are larger. The molecular weight of the molecules must
be still small enough, so the dye concentration does not decrease too much, yet has to
be sufficiently large, to be useable in thermal analysis. The para-cyanophenyl substituents
in positions 3 and 5 of the BODIPY core, kept from the design of CN-CN-BDP, are adding
molecular weight. Planarisation of the rings would lead to a larger conjugated T-system.
This would have a large impact on the optical properties but, more importantly, would
contribute to T-TU interactions, to a large extent. However, distortion in molecular
structure, such as rotation about a single bond increases the disorder of the system.
Therefore, to block the rotation partially but with that effectively avoid planarisation of
the phenyl rings, a methyl group was attached in the ortho-position of the ring. The phenyl
substituent in the meso-position of the BODIPY core adds more molecular weight, and
additionally drastically improves the yields of the BODIPY condensation reaction. To
prevent planarisation of this phenyl substituent, alkyl chains were attached in the 1,7-
positions of the BODIPY. By attaching different alkyl chains the four derivatives were
obtained. The different alkyl chains chosen were all branched due to them giving better
results in previous studies. Also, two alkyl chains were chosen, sec-butyl and sec-pentyl,
which result in racemic mixtures and therefore already resemble a multicomponent
mixture. The compounds were first analysed independently to assess the molecular
design.

Adds molecular weight and
synthetic convenience

Blocks rotation and iP-BDP )\f

creates derivatives
iBu-BDP Y\;‘

sBu-BDP

Blocks rotation ¢ Stereogenic center

produces racemic

sP-BDP /\)\;/ mixture

Adds molecular weight
Figure 31. Molecular design of the molecules used in project I1I.
The optical properties of the molecules in solution are described in the previous chapter.
With the alkyl chains being the only structural difference, the molecules in solution exhibit

highly similar absorption and emission features and are therefore ideal for entropic
mixing. To analyse the solid-state properties, thin films of the single derivatives were spin
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coated onto glass substrates and analysed using polarised optical microscopy and optical
spectroscopy. The films show no sign of aggregated or crystallised domains and are
homogeneous. In Figure 32 absorption and emission properties of the derivatives in
solution and in a thin film are presented. Almost identical optical properties were
observed for the pristine thin films of the dyes as compared to the dilute solutions. Except
for the iP-BDP, which shows a shoulder in the emission spectrum, which is not present in
the solution spectrum, and could indicate a small degree of aggregation in the film.
Otherwise, only a small red shift of the absorption (7-8 nm) and emission (10-14 nm) as
compared to the dyes in toluene solution was observed. However, this shift can be
attributed to the drastic and rapid change in environment. The absorption envelope of
the films is also slightly broadened, which could be a result of the rapid solvent removal
in the spin coating process, trapping the molecules in a fixed conformation. The glassy
state of the thin films could be a result of either the processing method or the films being
very thin (~ 10 nm).

g -
3 iBu-BDP | £
= o
~ c
8 ‘\ =
= 8
2 . ®
e} i - L
<< 400 500 600 700 400 500 600 700

—~ Wavelength [nm] Wavelength [nm]

€ -
5 ", sBu-BDP a sP-BDP | €
c Ty [/ \‘ 9 o
=~ W \ c
3 o 2 =
& \ \ _%
< : ‘ 2
2 S
e} i - L
<< 400 500 600 700 400 500 600 700

Wavelength [nm] Wavelength [nm]

Figure 32. Absorption (solid line) and emission (dotted line) spectra of the BODIPY derivatives used in
project III, where the name is shown in the corner of the according plot. The black lines show the spectra
of the dye in solution and the grey lines those in thin films, of which the emission is filled.

To observe how the compounds behave in neither of these situations, the derivatives
were drop casted onto a glass substrate resulting in thicker films (3 — 4 pym). The slow
solvent evaporation here should give a more realistic picture of the crystallisation and
aggregation behaviour of the dyes. The drop casted films were subsequently investigated
using polarised optical microscopy and the iP-BDP drop casted film was also subjected
to grazing-incidence wide-angle x-ray scattering (GIWAXS) analysis. The micrographs of
the drop casted films of iP-BDP and iBu-BDP show aggregated or crystalline domains
and a high degree of cracking. GIWAXS analysis of the iP-BDP film verified multi-
crystallinity. The drop casted films of sBu-BDP and sP-BDP on the other hand, show no
distinct features of aggregation or crystallinity, and are more homogeneous. This however
does not prove the absence of aggregation or crystallinity. It could also be a result of very
small, ordered domains that are not detectable by the human eye.
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To get a better understanding of the compound’s crystallisation behaviour, DSC and FSC
were performed. iP-BDP was not appropriate for this analysis. Thermogravimetric
analysis showed a weight loss of the material in very close proximity to Tm. In other
words, a loss of material can’t be avoided during melting of the material and therefore
the results would not be reliable. The other three compounds, however, were suitable for
DSC and FSC. The DSC thermograms are shown in Figure 34a. For sBu-BDP and
iBu-BDP relatively high T peaks were observed with maxima at 266 °C and 279 °C,
respectively. Melting peaks were also observed in the second heating cycles which leads
to the conclusion that the compounds solidify with a certain degree of order after the first
melting. The sP-BDP, however, showed first, a considerably lower Ty, in the first heating
cycle with a maximum of 132 °C. Additionally a Ty in the second heating cycle around
110 °C was observed, and lastly no melting peak in the second heating cycle. Considering
the two latter observations, the assumption can be made that the compound does not
crystallise or aggregate after the first melting but instead solidifies into an amorphous
solid state. FSC was attempted to gather further insight and information about the kinetic
fragility of the compounds. However, several processes were observed in the same
cooling process, including glass transition and crystallisation, preventing a reliable
analysis of the recorded data.

Having a compound that solidifies into an amorphous state already shows the benefits of
the molecular design. Nonetheless, to see if the material would form a glass state at room
temperature, with a measurable kinetic fragility and even improved properties, blends of
the different derivatives were fashioned. Blending further increases the entropy of the
system and should therefore lower the crystallisation rate even more. As no thermal
analysis of iP-BDP was possible the compound was excluded from blending. The other
three compounds were used to prepare binary blends, made of two compounds
— sP+sBu, sP+iBu, and sBu+iBu -, and one ternary blend containing all three compounds
- sP+sBu+iBu -. The sBu+iBu was excluded from further studies, since a first recording
of a DSC-thermogram showed several processes happening during the heating, making
analysis of the material unreliable. The three other blends were found appropriate for
further studies and were first made into thin films by spin coating and analysed using
optical spectroscopy. The absorption and emission of the thin films, shown in Figure 33
is of monomeric nature. Polarised optical microscopy featured no aggregation or
crystallisation features, only showed the homogeneity of the films.

sP+sBu | | / sP+sBu+iBu|

Emission (norm.)

Absorbance (norm.)

400 500 600 700 400 500 600 700 200 500 600 700
Wavelength [nm] Wavelength [nm] Wavelength [nm]

Figure 33. Absorption (black solid line) and emission (grey filled area) spectra of the two binary blends,
sP+iBu and sP+sBu, and the ternary blend, sP+sBu+iBu.
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The monomeric absorption and emission as well as the homogeneous features could be
a result of the thinness of the films or the processing method, as for the single component
thin films. Thus, thicker, drop casted films of the blended materials were fabricated.
Polarised optical microscopy still shows no distinct features of aggregation or
crystallisation for either of the blended materials. The ternary blend was further
investigated using GIWAXS, where the absence of crystallinity peaks was observed. DSC
and FSC analysis were performed subsequently to obtain more information. DSC of all
three studied, blended materials showed no Tn, in either of the two heating curves. A clear
Tg around 110 °C was instead observed for all three blends in both heating thermograms,
which are shown in Figure 34b. This indicates that the blended materials are in an
amorphous solid state. More importantly no melting is required for the materials to reach
this amorphous state, opposite of the results of the sP-BDP. FSC analysis of the three
materials showed clean heating curves that were analysed to receive the kinetic fragility
of the compounds. The kinetic fragility gives a lower value for the ternary blend as for the
binary, sP+sBu and sP+iBu, with 85, compared to 120 and 128, respectively. This
indicates that the ternary blend shows a higher glass forming ability then the binary
blends.

Q
(on

[sP-BDP

S = 2" heating = |sP*sBuiBu 2" heating

. 100 110 }l- :

g —/ 2 \/\.\

& [iBu-BDP S

= 2 |sP+iBu

3 A S

= |sBu-BDP \ =

© — o sP+sBu

L |sP-BDP T
1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 s 1 s
50 100 150 200 250 50 100 150 200 250

Temperature (°C) Temperature (°C)

Figure 34. a: DSC thermograms of the single BODIPY derivatives iBu-BDP, sBu-BDP, sP-BDP. b: DSC
thermograms of the binary blends, sP+sBu and sP+iBu, and the ternary blend sP+sBu+iBu.

The optical stability of a thin film of the ternary blend was also observed over a period of
two weeks, and compared to the iP-BDP thin film. The absorption envelope of the ternary
blend shows no change, where the absorption of iP-BDP undergoes a rapid significant
broadening of the absorption peak. Emission scans of the iP-BDP revealed the
emergence of a distinct second emission band at 620 nm. The ternary blend shows
development of a small shoulder around 620 nm after several days. This indicates that
aggregation occurs over time in the thin films. It, however, occurs more accelerated in
the iP-BDP film as compared to the ternary blend, where after two weeks only very weak
features indicating aggregation were visible.

The design of the BODIPY molecules used in this study has proven to show higher
abilities to form a dye glass at room temperature than the ones used in project I. The
blended materials and even the single dye derivatives contain the monomeric absorption
and emission features, displayed in dilute solution, in a thin film, apart from a minor red

60



Clara Schéfer

shift. The thin film of the ternary blend even showed a decent optical stability over the
course of several days. Even using drop casting as an alternate processing method, the
blended material showed no sign of aggregation and crystallisation in either polarised
optical microscopy or thermal analysis. The drop casted film of the ternary blend also
showed no crystallinity peaks using GIWAXS, as opposed to the equally processed
IP-BDP film. The kinetic fragility of the blended materials shows that the ternary blend
has a higher ability to form a glass than the binary blends. However, the most outstanding
result is that the blended material forms a dye glass at room temperature without the
necessity of previous melting, and regardless of the processing method This yet again
highlights the importance of strategic molecular design.

It has been shown that a material’s ability to crystallise and aggregate is lowered by
entropic mixing. Liquid dye materials and now also a dye glass at room temperature can
be prepared using this strategy.®* 1" By changing the component ratios of a blend the
crystallisation and aggregation properties of the material could be further controlled.
Furthermore, the kinetic fragility has been seen to decrease with the number of
components in a blend.®*®1 However, this relationship is not yet theoretically explained.
Further investigations into this relationship would increase the understanding of entropic
mixing. With that, new prospects in the development of dye materials could evolve.
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Concluding remarks

The objective of the research presented here was to increase the fundamental knowledge
of the correlation of molecular design and intrinsic molecular properties of organic dyes.
A better understanding of this relationship could enable fabrication of tailor-made dyes
and new dye materials. The research presented here was performed using members of
the BODIPY dye class. Structural design was used to both investigate a system as well as
manipulate a system methodically.

Although, the BODIPY and aza-BODIPY class are two well researched dye classes, their
structure to optical properties relationship is still not fully understood. The influence of
the molecular design on the optical properties was investigated in project II. Therefore,
two sets of molecules were designed, one BODIPYs, the other one aza-BODIPYs. By
using combinatoric chemistry four pyrroles carrying different EWG and EDG were used
to synthesise in total eleven different compounds (five aza-BODIPYs and six BODIPYs).
The different combinations of EWG and EDG create compounds of the push-push, pull-
pull, push-pull categories. The molecules are symmetrical and asymmetrical, with regards
to the long axis of the BODIPY. A substitution dependent red shift was observed for both
sets of molecules. However, the absorption shift observed for the aza-BODIPYs differs
noticeably from the one of the BODIPYs. Also, an increase in the Stokes shift was
observed for the BODIPYs but not for the aza-BODIPYs. Additionally, a temperature-
activated excited state deactivation pathway was observed for aza-BODIPYs. The
BODIPY dyes having relatively similar transition energies however do not show the same
deactivation pathway. These findings provide further insight in the photophysics of the
BODIPY dyes depending on their structures.

Decreasing the energy gap in between the S; state and the T state can minimise the
energy loss while still promoting ISC. In project IV the BODIPY-anthracene-dyad Ph-
Antra-BDP was strategically oligomerised, in a non-conjugated fashion, by -tethering of
the monomer. The dimer, trimer, and tetramer of the Ph-Antra-BDP were obtained and
isolated successfully. Photophysical evaluation of the system showed that the Se-S:
transition energy is indeed lowered. This is observed by a red shift of the BODIPY
absorption and emission bands. This phenomenon is caused by exciton-coupling and
hence, the effect of the coupling is large for the singlet energy. However, the effect on the
energy of the CSS, and the triplet energy is negligible in comparison. The oligomers all
populate the triplet state. Nevertheless, experimental determination of the triplet energy
would be highly beneficial to get a full picture of the prepared system.

Structural changes do not only affect the optical properties of a compound, but also the
physical properties. This can be utilised, not only to design application-oriented dyes, but
also to manufacture a new dye material, such as a room temperature dye glass. In
project] and project III a strategy to obtain said new material was developed and
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improved. To realise this, the principles of alkyl chain engineering and entropic mixing
were combined. By attaching small alkyl chains to the core structure of the molecule a
balance of the T-Tt interactions and van der Waals forces is targeted. This can lower the
aggregation and crystallisation potential of the dye molecule. Blending of two or more
derivatives of a dye molecule, that exhibit the same photophysical properties, increases
the entropy of the system. The derivatives used in project I have, as only modification,
short alkyl chains attached in positions 1 and 7 of the BODIPY core. The compounds
show indistinguishable, sharp absorption and emission bands in dilute solution. In a thin
pristine film of the dyes the absorption and emission envelopes are highly distorted, due
to aggregation or crystallisation in the film. Upon mixing of two or more dyes together
and fabrication of thin films of the blended material however, some blends especially the
sP-IP blend shows almost monomeric absorption properties. All blended films still show
signs of aggregation, most likely of the J-type in the film, leading to a second emission
band.

The design of the dyes for project III was improved accordingly. The BODIPYs have a
higher molecular weight and an overall bulkier structure. Different alkyl chains were
attached in positions 3 and 5 of the BODIPY core to, again, give access to different
derivatives. As the smaller dyes the bigger ones, again only differentiating in their
alkylation, show highly similar absorption and emission properties in dilute solution. In
thin pristine films the absorption and emission features remain of monomeric nature. Thin
films also show no sign of aggregation, most likely caused by the processing method.
Nonetheless, thicker films and the bulk material, reveal that the pristine material
aggregates or crystallises. The sP-BDP however shows a glass transition after initial
melting of the material. Thermal analysis shows, that the blended materials form a glass
even without previous melting. Thin blended films show monomeric absorption and
emission features, and thicker films and the bulk material show no sign of aggregation of
crystallisation anymore. The fragility of the ternary blend is lower than of the binary
blends, indicating a better glass forming ability. The structural architecture of the dyes
evolved from project I to project III. This led to the successful preparation of a new dye
material. This emphasises the importance of strategic molecular design and how it can
be used in the future, to prepare new materials. Additionally, the developed strategy relies
on fundamental thermodynamic principles. It could therefore be utilised to produce a
room temperature glass of other molecular scaffolds, than BODIPYs, given the right Ts.
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