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Abstract

The aim of this master thesis lays in the synthesis of new m-extended BODIPY’s as J-aggregates
and the resulting properties characterization. J-aggregates belong to supra-molecular structures
with intriguing photophysical properties such as strongly bathochromically shifted absorption
and emission, very narrow spectral bands, "superquenching" capabilities. State-of-the-art
systems mostly rely on cyanine dyes, J-aggregates based on other dye classes being extremely
rare. In this work new fluorescent dyes with functionalities enabling efficient formation of J-
aggregates have been synthesized. Photophysical properties of the monomers and J-aggregates
have been investigated and their potential for sensing applications evaluated. The J-aggregates
showed a large bathochromic shift from red to NIR part of the spectrum and also featured sharp,
narrow peaks in absorption and fluorescence in contrast to the monomeric peak. Importantly,
the J-aggregates show moderate fluorescence with quantum yields up to 5 %, whereas the
monomeric form achieved yields up to 85 %. Formation of J-aggregates both in micellar

solutions and in polymers has been demonstrated.
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Kurzfassung

Das Ziel dieser Arbeit war die Synthese neuer m-erweiterter BODIPY Farbstoffe als J-Aggregate
und die Charakterisierung der daraus resultierenden Eigenschaften. J-Aggregate zdhlen zu
den ’supra-molekularen’ Strukturen, mit faszinierenden Eigenschaften, dazu zéhlen die starke
bathochrome Verschiebung der Absorption und Emission, sehr schmale Bandbreiten und die
Fahigkeit des ’Superquenchens’. Der aktuelle Stand bezieht sich hauptsichlich auf Cyanin-
Farbstoffe, andere Farbstoffklassen sind selten und bilden nur vereinzelt J-Aggregate. Wéhrend
dieser Arbeit wurden neue Farbstoffe mit verschiedenen funktionellen Gruppen synthetisiert,
diese erméglichen die effiziente J-Aggregat Formierung. Die photophysikalischen Eigenschaften
der Monomere und Aggregate wurden untersucht und ihr Potential zur Anwendung als Sensor
wurde ermittelt. Die J-Aggregate zeigten eine enorme bathochrome Verschiebung vom roten
Bereich des Lichtes in den nahen Infrarot-Bereich des Spektrums. Zusétzlich zeigten diese
steile und schmale Peaks in deren Absorptions- und Fluoreszenzspektren im Vergleich zur
monomerischen Form. Wichtig zu erwdhnen ist, dass J-Aggregate mafige Fluoreszenz zeigen
mit Quanten Ausbeuten von maximal 5 %, wohingegen BODIPY Monomere hohe Werte, bis zu
85 % erzielten. Die Bildung von J-Aggregaten wurde sowohl in Tensiden, als auch in Polymeren

gezeigt.
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1 Introduction

Nowadays novel sensing and imaging based on fluorescence in the near-infrared region is of
high interest. Advantage of NIR is the low interference of impurities and especially in field of
bio medicine, where tumor cells could be detected easily [1]. Another broad and interesting

field are solar cells, because a huge amount of sunlight is part of the light in the NIR region
[2].

In general are BODIPY derivatives one of the most important chromophore dye class, because
of their strong UV absorbance and the dyes emit fluorescence characterized by sharp peaks
yielding in high quantum yields (60-90 %). By tuning the BODIPY core a bathochromical
shift is easily accomplished [3]. By further forming J-aggregates, a even higher shift can
be obtained. During the last decades J-aggregates, first introduced in the 30s by Jelley [4]
and Scheibe [5], get more and more attention by supramolecular approaches and their wide
field of possible applications. The aggregated form, a ordered cluster of molecular dyes, has
unique properties, like a huge bathochromical shift with narrow width, a negligible Stokes shift
and "superquenching". Due to their strong light absorption, these aggregates have attracted
attention in the filed of photographic processes as spectral sensitization with silver halides [6]
and also are interesting for artificial light harvesting systems [7, 8].

Until now, mostly cyanine dyes are reported [9] to form the highly ordered structures, other
dye classes only show rarely dyes, which enable the capability to form J-aggregates. Porphyrins
[10, 11], chlorins [12], perylene bisimides [13] count as examples. Also with azaBODIPYs a

success was achieved, however does the formation take several weeks [14].

The latest achievement was by modifying the cyanine dye structure to gain an amphiphilic
character, the hydrophobic and hydrophilic parts should control the structural ordering after
self-assembling. Amphiphilic dyes can be used in various applications, like in light harvesting

systems or for dye sensitized solar cells [15].







2 Theoretical Background

2.1 Fundaments of Luminescence

The references in this chapter and the following subchapters are derived from [16-18]. Therefore,

only other references will be citied separately.

What is Luminescence? The principle is based on the emission of photons with energies in
the ultraviolet, visible or infrared region. An electron in the molecule is excited from the
ground state (Sp) to an electronically higher excited state (S,,) by an external source of energy.
During relaxation back into the ground state the electron loses energy in form of heat or

electromagnetic radiation, also called luminescence.

There are different types of luminescence: electroluminescence (excitation occurs in an electrical
field), chemoluminescence (after a chemical process), bioluminescence (e.g. fireflies) and the
most important one is photoluminescence. In case of photoluminescence, light is used as the
energy source. A distinction is drawn between fluorescence, a spin allowed relaxation of the

electron, delayed-fluorescence and phosphorescence, a spin forbidden process.

Other possibilities of the electron pathway are internal conversion (IC), intersystem crossing
(ISC) and intramolecular charge transfer. The mentioned categories will be further described

in section 2.1.3 and in figure 2.1.

hv

photochemical transformation fluorescence emmission
\ phosphorescence
excimer/exiplex formation < excited __—- intersystem crossing
energy transfer «——— molecule P delayed fluorescence

internal conversion
electron transfer / / \ conformational change

intramolecular charge transfer proton  transfer

Figure 2.1: Possible de-excitation processes after excitation of a molecule

The term dye or lumiphore is used, when a photon of the visible (VIS) range (380 — 740 nm)

is absorbed by the molecule.




2 Theoretical Background

2.1.1 Physical Background about the Absorption of Light

During the absorption of a photon the electron in the orbital of the molecule changes the

location of the ground state to an unoccupied orbital of a higher state.

Oribitals of m and o origin need to be distinguished. Whereas ¢ orbitals can be formed in
different ways, with two s atomic orbitals, one s and one p or from two p atomic orbitals in
a collinear axis. In contrast, the 7 orbital is only formed from two overlapping p orbitals.
Non-bonding (n) electrons occur in case of heteroatoms, like oxygen or nitrogen. This orbitals
obtain different energies (the * denotes the anti-bondig molecule), which are in following

order:
no-nrm<rTor<n—oo*<o—-snr"<oc—o*

In case of absorption and fluorescence spectroscopy the so-called Highest Occupied Molecular
Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) are of importance.

During a transition from one molecular orbital (MO) to another the spin of an excited electron
remains generally unchanged, leading to a total spin quantum number of zero (S = > s;, with
s; = —1—% or s; = —%) Therefore, the multiplicity (M = 2 S 4 1) of the ground state and
excited state equals 1. In this case, the excited state is called singlet state.

Although, a transition, which changes the spin-orientation, resulting in an state with two
unpaired electrons with parallel spin are spin forbidden, can occur due to the "spin-orbit
coupling". Here the total spin quantum number is 1 and the multiplicity is 3, therefore the
excited state is called triplet state. According to the Hund’s Rule three states of equal energy

can be observed with lower energy than that of a singlet state.

E{\
T

'

single triplet
ground state excited state  excited state

Figure 2.2: Differences in states (Hund’s rule) and spin orientation in the excited states
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Selection rules

For electron transitions two selection rules can be applied, they can be spin-forbidden and
symmetry-forbidden which lead to a decrease in their probability to occur.

In the first case, the spin-forbidden transition, transitions between states of different multiplic-
ities are not allowed, like in singlet-triplet transitions. However, a weak interaction between
wavefunctions of different multiplicities is present, which is a result of the spin-orbit coupling
(see 2.1.1 and in section 2.1.3 Intersystem crossing).

The second rule implies that a transition is forbidden because of the symmetry. Such transitions

can be observed due to vibronic coupling.

The efficiency of the absorption of the light at a certain wavelength can be determined with

the Lambert-Beer equation:

A:log(%):e-c-d (2.1)
A absorbance
Iy intensity of entering light in absorbing medium
1 intensity leaving the absorbing medium
€ molar absorption coefficient [l mol~! em™!]
c concentration of absorbing species [mol [71]

thickness of absorbing medium [cm]

The absorbance is defined as the decadic logarithm of the ratio of the light intensity before
(Ip) and after (I) the sample. The molar absorption coefficient € displays the ability of the
dye to absorb light. The law also includes the optical path length (which is in general 1 cm)
through the sample and the dye concentration.

Due to aggregation or the presence of other absorbing species the linear dependence of the law

can be disobeyed.

2.1.2 Franck-Condon Principle

Motions of electrons are faster than those of the nuclei, states the Born-Oppenheimer approxi-
mation. The excitation of an electron to an anti bonding molecular orbital happens within
10~1% 5. The fundamentals of the Franck-Condon principle declare that an electronic transition
occurs without changes in the location of the nuclei in the molecule or in the environment.
The resulting vertical transitions are shown in an energy diagram, in which the potential

energy curve is a function of the configuration. The width of an absorption band depends on
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Energy
N

excited state

v=1
\ ground state

configuration

Figure 2.3: Illustration of the possible transitions according to the Franck-Condon principle

homogeneity, due to a continuous set of vibrating sublevels, and inhomogeneous broadening,

due to fluctuations of the structure of the solvent shell.

2.1.3 The Perrin-Jablonski Diagram

After the absorbance of light and resulting excitation from the ground state in a higher
electronic state, the de-excitation under emission of energy can happen in various ways. This
can either have a radiative or non-radiative origin. The Perrin-Jablonski diagram, seen in
figure 2.4, is a common and easy way to show this possible transition processes. In the next

chapters the different ways of de-excitations are described in detail.

———  Internal Conversion

Intersystem
Telaxation Crossing

Y /—\
\—/ vibrational levels
rISC T
4
Y v
Y

1
excited

<+

T
T
Y VY YV

ground

Absorption Fluorescence

Figure 2.4: Perrin-Jablonski diagram showing the de-excitation possibilities




2.1 Fundaments of Luminescence

Non-radiative processes

Internal Conversion (IC)

A transition between two electronic states of the same spin multiplicity from a higher to a
lower vibrational level can be observed. Because of a larger energy gap between S and Sy, it
is less efficient than a conversion from S5 to S; and can compete with other processes, like

fluorescence and ISC to the triplet state and resulting phosphorescence.
Intersystem Crossing (ISC)

During this de-excitation process, the electron jumps from the S; state to the triplet state,
which has a different multiplicity. Processes like phosphorescence can follow. This pathway
is in general forbidden, unless the spin-orbit coupling is large enough. Spin-orbit coupling
is about the interaction of spins and the motion of orbital around the nucleus. Due to the
electromagnetic interference between the electric field, where the electron moves freely, and
the spin of the electron a shift in the energy levels is the consequence and ISC can be possible

[19]. The presence of heavy atoms and collision with solvent molecules favor the ISC.

Radiative processes

Fluorescence

Fluorescence is the relaxation and resulting emission from the S; to the ground state (Sp). The
fluorescence spectrum is bathochromical shifted compared to the absorption spectrum. The

reason can be found in an energy loss to the environment during the vibrational relaxation.
Delayed fluorescence

Instead of a direct de-excitation to the ground state, like it is the case for fluorescence, a
reversed ISC from the T} to the S1 can be observed and is followed by a relaxation to the ground
state. A transition is only possible, if the energy gap between those different states is small and
when the lifetime of the triplet state is long enough. Another difference is that the emission
has a longer decay time than conventional fluorescence. The delayed fluorescence emission is
temperature dependent, therefore with increasing temperature the efficiency increases. Another
possibility which leads to a delayed fluorescence is the triplet-triplet annihilation. After collision

of two molecules in the triplet state enough energy is generated to return to the singlet state.
Phosphorescence

Phosphorescence, the relaxation of a higher triplet state to the ground state, is observed

particularly at lower temperatures. In this case, the decay lifetime can be up to seconds or
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even minutes. The low energy levels, compared to that of the singlet state, lead to a shift to

higher wavelengths in the phosphorescence spectrum.

2.1.4 Characteristics of Fluorescence Emission
Lifetime

As already described, during the absorption of photons electrons are exhilarated to an excited
state. The relaxation back into the ground state is not observed immediately. This specific
period of time, that the species remains in the excited state is called lifetime 7. The radiative
and non-radiative processes, described in the Perrin-Jablonski diagram, follow a rate constant
k, which has a different denotation depending on the process (radiative processes k2 and
non-radiative k2 ). The rate of the vanishing excited molecules can be described with following

equation:

d[A¥]
dt

— (kS + k3,)[47) (2.2)

Integration of equation 2.2 leads to an expression, which describes the exponential decay of

the electron back to the ground state after pulse light excitation:

(A% = 4] eap (~ ) 2.3
[A¥] concentration of species A in the excited state [72]
[Af] concentration of excited molecules at time= 0
t time [s]
TS lifetime of the excited state Sy

Quantum yield

The quantum yield is defined as the part of excited molecules, that return back to the ground
state under emission of fluorescence photons. A ratio of emitted to absorbed photons is
given. The competitive de-excitation reactions lower the quantum yield. An increase of the

temperature has also a negative impact.

number of emitted photons kS g
= = r == k 2.4
oF number of absorbed photons kS + k5, r 7S (24)
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The quantum yield can be determined either with an absolute method via an integrating

sphere set-up or relative method by comparison to a standard with known QY.

Stokes Shift

The Stokes shift describes the difference between the peak maximum of the fluorescence and

the absorption spectrum.

2.1.5 Luminescence Quenching

In the previous chapters only de-excitation pathways without inter-molecular interactions were
described. Therefore another competitive process can occur, the so-called quenching. This
process includes the presence of a quencher molecule and a fast transfer from a donor to an
corresponding acceptor (e.g. electron, energy, proton transfer). Due to this interaction the
quantum yield decreases.

The environment of a molecule can be analyzed qualitatively and quantitatively (via a kinetic

model).

The two main types will be described in the following chapters, the static and dynamic

quenching.

Static Quenching

The quenching molecule and the fluorescent molecule in the ground state react to a complex,
which leads to the loss of luminescence. The fluorescence intensity is affected, however the
lifetime is unaffected. This effect is concentration dependent. An application of static quenching

is the determination of micellar aggregation numbers.

Dynamic Quenching

During dynamic quenching a quencher (Q) molecule collides with an excited lumiphore M*
and the energy is transferred from the donor (D), which is the excited molecule, to the acceptor
(A), the quencher. During this process the luminescence is erased. Both the lifetime and

fluorescence intensity are decreased. The process is diffusion controlled.




2 Theoretical Background

This quenching mechanism can be described with the Stern-Volmer equation and the corre-

sponding plot:

%:%:1+qu0[@]:1+st[@] (2.5)

whereas I denotes the fluorescence intensities with and without the quencher, ¢ the quantum

yields in both cases and Kgy the Stern-Volmer constant.

dynamic quenching static quenching

no emission no emission

Figure 2.5: Mechanism of static and dynamic quenching
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2.2 J-aggregates

2.2 J-aggregates

2.2.1 Introduction

J-aggregates were first discovered in the 1930s independently by Jelley [4, 20], where the name
derived from, and Scheibe [5, 21]. Nowadays many researches became interested in this topic,
especially in the field of dye chemistry and supramolecular chemistry. The nanomaterials
are formed by highly ordered clusters of the dye molecules. This aggregated molecules show
totally different spectral properties in comparison to the monomers and disordered assemblies
[9], which will be described in detail later. A variety of dyes, such as chlorins [8, 12, 22],
cyanines [9, 23], perylene bisimides [13, 24-26], phtalocyanines [27], porphyrins [10, 11, 28,
29], derivatives of naphthalenes and fluorenes [30] already have been investigated [31]. With
BODIPY [3, 32, 33] chromophores it is possible to generate J-aggregates, which absorb and
emit in the near-Infrared region (780-1400 nm).

Until now the morphology, size and number of aggregation units are still not fully understood
and discussed in many papers. With several analytical techniques the determined aggregation

numbers do not match the geometrical size of the aggregates.

2.2.2 Formation and optical properties

A lot of different assumptions were made about the allegation of J-aggregates, until Forster
[34] concluded, that the monomers are aligned parallel or slightly inclined. The formation
takes place due to m-7 dispersive interaction of highly polarizable groups and electrostatic
interactions between opposite charges, leading to a joining of their centers via a head-to-tail or

shifted plates arrangement of the aggregates.

Kasha [35] suggested an exciton model (illustrated in figure 2.6) for the different energy
levels during electronic transitions of molecular H- and J-type dimers. Because of electronic
devolution a splitting in energy levels can be seen in the Kasha-model. The transition to
higher or lower excitation levels can be allowed or forbidden, depending on the molecular axis
of the aggregate and the angle between the dipols.

In case of opposite directions of dipols the vector sum is zero resulting in a forbidden transition
to a lower level. Parallel alignment (also called sandwich structure) of dipols lead to transitions
in upper levels and a blue shift in absorption can be observed. Such non-fluorescent dyes are
called H-aggregates, named after the hypsochromic shift.

An allowed transition to the lower exited level would be the result if dipols are in line with the

molecular axis and lead to a red-shift of the absorption peak.
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Figure 2.6: Illustration of the Kasha model during electron transitions of H- and J- dimers

To gain stable H- and J-aggregates is often difficult in solution, they mostly exist only at high
dye concentrations. Furthermore in most cases the monomer form is present additionally to
the aggregated forms. During formation of J-aggregates dimers can be found as intermediates
[36], sometimes already light induces a shift to the aggregated form. Another possibility to
decrease the concentration of dimer and monomer resulting in an increase of J-form is by
adding salt [37]. The final structure of aggregates can be guided by several parameters, like
addition of salt, temperature [38, 39], pH-value [40], polarity and used solvent [40].

This highly ordered configuration of J-aggregates acts as one unit with a strongly increased
dipole moment [31]. The excitons of electronic transitions is the cause for the unique properties.
Reason here for is the exciton motion along the molecular chain, the excitation is no longer
localized on one monomer, however delocalized over the whole chain length. Leading to very
narrow (10-20 nm in width) and almost symmetrical absorption bands. A huge bathochromic
shift of about 100 nm to the red can be observed. Their fluorescence spectra match the
absorption spectra and therefore show also a narrow width. The absorption and emission are
similar because no vibrational modes are active and thus no energy losses take place. Therefore
they show a really small or even negligible Stokes shift in fluorescence spectra.

In contrast, H-aggregates are formed side-by-side and can be easily identified in an absorption
spectra by the hypsochromic shift, meaning to shorter wavelengths. So an interpretation of
the aggregate type can be made while looking at the absorption spectrum, an general example

can be seen in figure 2.7.
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Figure 2.7: Schematic represantation of differences in absorption (blue) and fluorescence
(red) spectra after formation of H- and J-aggregates from cyanine dye monomers [9]

J-aggregates also show other features, like an increase in absorbance compared to their
monomers and the decrease of radiative lifetime on picoseconds time scale [41]. This effect is
also called ’superradiance’ [42, 43]. Here it is the matter of a collective emission phenomenon,
compilations of atoms or molecules have ultrafast radiative decays compared to the emission
of lone atoms, because the amplitudes in those acquisitions add up to form a large dipole.

Highly polarized emission is caused by high optical anisotropy [44, 45]. A clear statement about
the quantum yield of J-aggregates can not be made, they vary in a broad range. Nevertheless
is it possible to raise the fluorescence quantum yields by improving the structural order whilst

the formation occurs in surfactant micellar solutions.

An interesting point to determine the fluorescence abilities represents the exciton self-trapping
[46] in highly static disordered formations at lower temperatures. The self-trapping has

quenching as a consequence.

2.2.3 Prime example for J-aggregates: pseudoisocyanine dye (PIC)

PIC is a well investigated dye [47] in the field of J-aggregation, especially via absorption
and fluorescence spectroscopy, but also with different methods of imaging techniques and
single-molecule spectroscopy. An overview about different experiments on PIC examples can be
found in the review J-aggregates: From Serendipitous Discovery to Supramolecular Engineering
of Functional Dye Materials p. 3379-3384 from Wiirthner et al. [31] and would go beyond the

scope of this master thesis.
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Figure 2.8: Structure of one of the most studied dyes for J-aggregate formation, the pseu-
doisocyanine (PIC), X = Counter-anion, like Cl or I

It was possible for Scheibe and his coworkers to determine the chain length of PIC aggregates
by fluorescence quenching experiments due to the fact, that the energy is transferred in the
chain and large Stern-Volmer constants could be measured. This effect was also apparent with
other J-aggregates and is now known as ’superquenching’ [48, 49]. They also stated that the

increase of dye concentration has an increasing impact on the chain length.

With this particular dye Forster was able to predict the orientation of such aggregates, a
parallel arrangement to the aggregate direction [34], as already mentioned above.

Nevertheless Wiirthner et al. concluded that the size and structure of aggregates by PIC dyes
are a result of the conditions, such as temperature, concentration, pH value and ionic strength,
during experiment. For example in infinite dilute solutions H- and J-aggregates can be found

in equilibrium [31].

2.2.4 Other examples for J-aggregation and how they differ

Various other cyanine (gr. cyanos = blue) dyes, expect from PCI, are established for the
formation of J-aggregates. The general constitution consists of an aromatic heterocyclic donor
connecting to an acceptor by a polymethine chain. The number of vinylene units determine
the color of the dyes. Via modifications of the basic structure the bathochromic shift can be
more intensified. This alterations could be fulfilled with insertions of different substituents at
the quinoline ring, by expanding the m-extended systems, as well as by increasing the quantity
of methyl groups in the chain. Already with the addition of one unit a bathochromic shift
of about 100 nm can be achieved, therefore a shift to the NIR-region could be possible. The
chain extension unfortunately decreases the stability of the molecules. After altering the basic
building block cyanine can be neutral, cationic or anionic. The structure need to be rigid to
perform good aggregation, however it is not allowed to be too bulky, because if no planar
structure is possible no stacking of molecules is either [9]. That rule is valid for all classes to
be able to form J-aggregates.

The main reason for cyanine dyes to form J-aggregates in water is the hydrophobic effect,

non-polar molecules try to avoid the interaction with water molecules [50].
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Figure 2.9: Illustration of the influence of the quantitiy of vinylene units at cyanine dye

derivatives on absorption spectrum. The addition leads to a bathochromic shift of the
maxima [9]

To get an insight of the dependency of concentration the dye 5,5’,6,6’-tetrachloro-1,1’-diethyl-
3,3’-di(4-sulfobutyl)benzimidazolocarbocyanine (TDBC) was investigated via UV-Vis spec-
troscopy. This dye is very suitable compared to PIC, because no undesired dimers or H-
aggregates are formed. While the concentration of the dye gets increased, the ratio of

J-aggregate to monomer ascends [51].
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Figure 2.10: Structure of TDBC (2) and TDC (3), cyanine derivatives
Another cyanine dye that need to be mentioned is the 3,3’,9-triethyl-5,5’-dichlorothiacarbocyanine

(TDC). Particularly is the fact that three different temperature-depended J-aggregate types
can be seen in the spectra [31].
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2 Theoretical Background

The latest achievement in modifications of cyanine dyes was to synthesize amphiphilic struc-
tures, which was also the intention behind this master thesis, generate new fluorescent dyes on
basis of BODIPY structure with hydrophobic and hydrophilic chains. Amphiphilic dyes are
really promising, because of the broad range of applications [7, 15, 52].

The micellar morphology after self-assembly in aqueous solution can be controlled by the
chain lengths and kind of substituents of the polar and non-polar side groups. Structures like
vesicles, tubes or bundles of tubes can be build up by virtue of the hydrophobic effect. This
self-assembled amphiphilic dyes have the unique characteristics of J-aggregates and could play

an important role in synthesized light harvesting systems (LHS) (see 2.2.7).
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Figure 2.11: Structure of an amphiphilic dye based on TBC (4) with a hydrophobic chain
and hydrophilic one, where R=COO~ (COOH), SO3 (SO3Na)

Suitable examples for amphiphilic J-aggregates were synthesized by von Berlepsch and Déhne
[53], they are derivatives of the 5,5’,6,6’-tetrachloro-benzimidacarbocyanine (TBC) (4) in figure
2.11 due to the fact that even in low concentration the formation of J-aggregates can easily be
accomplished. The final aggregated form subordinate on the surrounding environment. To
investigate the morphology and structure of amphiphilic dyes von Berlepsch et al. first used the
cryogenic transmission electron microscopy (cryo-TEM) and achieved a huge breakthrough [53—
55]. The samples, preferentially biological probes, are cooled down to cryogenic temperature
(below -180°C) and after examination with an electron beam the resulting image can be detected
and analyzed. The image gives information about the structure, particle size, morphology etc
[56].

Chromophores with short non-polar substituents show similar behavior than classical J-
aggregates, meaning that only one red-shifted J-band can be seen due to a planar structure of
the aggregate. For other derivatives a tubular form with chirality was observable, in this case
more J-band peaks are visible in the absorption spectrum. However, the fluorescence emission

shows only the peak for the one with the lowest energy [7].

To summarize, cyanine dyes show many promising features and could be applied in a broad
range of fields. An example delivers the property to transport exciton over a long chain length
and ’superquenching’, therefore those are important as sensor materials. The color change
after formation to the aggregated state, deriving from the huge bathochromic shift, can also

be useful.
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2.2 J-aggregates

On the other hand, cyanine dyes show only moderate photostability and after a long storage

period the morphology can change.

To mention another dye class that is suitable to form J-aggregates with unique optical properties,
the perlyene bisimides. Actually no fluorescence is observable in solid state with that class,
however microcrystalline powders are accessible that demonstrates quantum yields up to 70%.
Perylene bisimides tend to form H-aggregates, nevertheless with different techniques a shift
to J-aggregates can be accomplished. Perylene dyes consist of an enlarges aromatic system
and the insertion of bulky substituents or hydrogen bondings can cause a large shift. Also
attainable by changing the solvent polarity, chain length, concentration or temperature [24,
25].

2.2.5 Red and NIR J-aggregates

Nowadays the shift to lower energies (to higher wavelengths) are of great interest, especially
in the field of biomedical applications [57], e.g. to detect tumor cells, but also in the field
of renewable energies [58], like solar cells. Why near-Infrared anyway? Interferences and
impurities absorb in the lower wavelength regions, therefore a high sensitivity of detection is
granted in the NIR-region (780 - 1400 nm).

One approach to generate such dyes, that are capable to absorb in the NIR-region, is to stabilize
cyanine dyes with polymethylene bridges via cyclization, because solely the introduction of
further vinylene-units would cause a destabilization of the dye. Other possibilities are either to
introduce branched heterocyclic systems or to attach donor substituents, like OC Hs, N(C Hs)a,
etcs., to create the bathochromic shift [59]. Oppositely, substituents on sulfur basis and NOo
block the formation of J-aggregates.

C10H21 C10H21 Cih
1123
C8H17 CBHI‘/ CiaHag
{ )~ SO
o
NH
HN(Et)3
CaH17 CaH17 C11H23_<
Ci1Hos
010H21 C10H21
u3s NBI PBI

Figure 2.12: Examples of J-aggregates absorbing and emitting in NIR-region

With this methods it was possible to synthesize J-aggregates absorbing and emitting in the red
and NIR-range. For example, by cyclization of a cyanine derivative (U3, see figure 2.12) with

a absorption maxima shift of 120 nm was synthesized, which is used as NIR-photodetector
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2 Theoretical Background

[60]. A absorption and emission spectrum of U3 compared with TDBC (=F1) can be found in
figure 2.13.

o F1 U3 -
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Figure 2.13: Comparison of the J-aggregates of dyes U3 and TDBC (2) [60]

Also the rylene class shows interesting examples of dyes (NBI and PBI [13]) with a huge
bathochromic shift after J-aggregate formation. With NBI an absorption maximum of over

900 nm was achieved [61]. The structures can be found in figure 2.12.
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Figure 2.14: Absorbance (solid lines) and fluorescence (dashed lines) oj J-aggregates in
n-hexane and monomer in CHCl3 of NBI [61]

Figure 2.14 shows the absorption (solid line) and emission spectra (dashed line) of the

monomeric form (green) and J-aggregate form (red) for NBIL
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2.2 J-aggregates

A summary of the spectral properties of the mentioned dyes as monomers and J-aggregates

can be found in table 2.1.

Table 2.1: Properties of NIR J-aggregates compared to their monomeric form

dye monomer J-aggregate
Aabs € Aem QY Aaps QY Stokes Shift
[nm] [I/molem] [nm] [%] [nm] (%] [nm]

U3 670 216 000 790 3

NBI 796 190 000 801 8 902 2 2

PBI 702 34 900 760 10 822 not emissive

Another impressive dye class that absorbs in this special range of wavelength are BODIPYs.

Details can be found in chapter 2.3.

2.2.6 Influence of additional surfactants

The addition of surfactants to solutions lead often to self-aggregation resulting in a different
structure compared to the separated forms.

This phenomena can also be found with dyes, which form J-aggregates. A mixture of TDBC
(2) and N,N-dimethyl-n-alkyl betain show a higher molecular order of the aggregates [62].

(&) | .
N7 coo ~ O Na*

~ S~ N B SO
5o
6 7 8
N,N-dimethyl-n-alkyl betain TTAB SDS

Figure 2.15: Structure of the surfactant N,N-dimethyl-n-alkyl betain, of trimethyl tetradecyl
ammonium bromide (TTAB) (7) and sodium dodecyl sulphate (SDS) (8)

A separate investigation shows that the addition of sodium dodecyl sulphate (SDS), an anionic
surfactant, to trimethyl tetradecyl ammonium bromide (TTAB) leads to the formation of
single tubules structure with larger diameters. After storage over a long period of time the
structure goes through a transition. Addition of cationic TTAB a vesicular structure is formed
only after three days [54, 55]. It is assumed, that a destroyed molecular order and an increase
of the membrane flexibility is caused by the opposite charge of the surfactant.

However two different substituents, which only vary in one carbon atom, were analyzed and
both show individual behavior. Concluding, no prediction of other dyes, different surfactants

or in other solvents can be made. Therefore further investigations are necessary.
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2 Theoretical Background

2.2.7 Field of applications

Due to the fact that various dye classes are able to form J-aggregates, a huge diversity of dyes
can be synthesized, which deliver a broad field of applications.

J-aggregates could be used as photoreducers [63], for biosensing [48, 64], chemical sensing,
artificial light harvesting systems [7, 65], photovoltaic systems [66—69], nonlinear optics [70]

and many more.

Over a long period of time cyanine dyes (preferentially PIC (1)) were used in silver halide
photography, which is mentioned in nearly every paper concerning J-aggregates [63, 71-73],
because it was the first huge breakthrough. These formed J-aggregates are able to reduce
metal cations and absorb a huge amount of light. Through photoinduced electron transfer from
the excited dye aggregate to the silver halide, a reduction to the atom level occurs, followed by
a crystallization on the dye surface.

The advantage of J-aggregates is the fast exciton transfer along the chain. Due to that fact,
J-aggregates have several epithets, like ’superquenching’ and ’supersensitizers’, which leads to

required abilities for sensing applications.

With light harvesting systems (LHS) it is possible to comprehend the processes taking place
in photosynthesis [74, 75]. To be sure that a high effectiveness is enabled the dye molecules
need to fulfill two properties. First, a self-assembly of the molecules to a highly ordered
structure, preferentially with a large surface area to absorb a huge amount of light. Secondly,
an instantaneous energy transfer to the desired position for following processes [76].

This principle is further used in photovoltaic systems, such as organic solar cells.

Several attempts have been made, for instance the synthesis of chlorophyll-like derivatives
[77]. However the difficulty was to synthesis dyes, which are able to satisfy the two conditions,
ordered packages after self arrangement and the exciton migration along huge distances.

A progress was achieved after J-aggregates were discovered. They show high efficiency as optical
antennas, because of their self-aggregation in aqueous solution and their unique resulting
ordered structure, which is the cause for excitons to move freely along the molecular chain.
Especially the latest achievement in dye modification need to be mentioned: amphiphilic
structures to form aggregates [7]. In contrast to the previous dyes already low concentrations

are sufficient to build up the typical formation.

Near Infrared absorbing dyes are suitable in the field of biological and medical imaging [78, 79].
This dyes inherit low energies that can go deeper into the sample and in this wavelength region
low impurities and background will be interfering. Therefore cancer cells could be identified
early. However until now researchers struggle with the fact that NIR J-aggregates have a low

stability and are of high costs.
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2.3 BODIPY

Figure 2.16: General structure of the BODIPY core

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes count as one of the most important
chromophore classes. The first BODIPY dyes were invented in the late 60s [80]. These dye class
absorb strongly UV-light and are able to emit fluorescence characterized by sharp peaks (520 -
600 nm) with excellent quantum yields. With simple modifications of the BODIPY core, like
insertion of bulky substituents to generate a rigid structure, via introducing electron donating
groups or by extending the m-system, a bathochromic shift is attainable. BODIPYs inherit the
abilities to be insensitive to pH and polarity resulting in a high stability. Chemosensors [81,
82], laser dyes [83, 84], labeling agents [85] and fluorescent switches [86] are a few application
possibilities to name.

Disadvantages in the field of biotechnology could be observed, because just a few are water

soluble and most emit less than 600 nm, whereas higher wavelengths would be desirable.

2.3.1 Syntheses route

To synthesize BODIPYs several approaches are possible, which are already well established
[83, 87].

First, via condensation of pyrroles with acyl chlorids leading to the unstable intermediate 12,

followed by a complexation step with boron trifluoride diethyl etherate.

R
/\ CI\ g Y base / = /
<N> + c=0 — » p
H R =N HN BF OFEt
HCl gOEL
10 11 12 13

Figure 2.17: Synthesis of the BODIPY core via a condensation reaction with acyl chlorid
(11)

The most common way, shown in figure 2.18, is the reaction of an aromatic aldehyde with a

pyrrole. A reduction step is required afterwards, for instance with p-chloranil, ensures milder
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conditions, or DDQ. Last step is the complexation in a basic environment. The whole reaction

is an one-pot synthesis, followed by an easy work-up. Unfortunately the yields are quite low.

R
[/ \g + oxidation base
N
H BF3:OEt,
NS
(6] LB
FF
14 15 16 17 18

Figure 2.18: The most common way to synthesize BODIPY

With different aldehydes a huge variation of meso-substituted BODIPYs can be synthesized,
meaning that BODIPYs can be modified to fulfill a special purpose.

The mentioned syntheses route only yields symmetrical products, to produce unsymmetrical
BODIPY dyes another approach is necessary. The first step is to generate the ketopyrrole
intermediate. After this reaction a condensation in the presence of a Lewis acid (e.g. POCI3)
of the other pyrrole is carried out [88, 89]. Another possibility is to simple execute that
reaction in an one-pot synthesis equal to the common way mentioned before, in contrast both
pyrrols react simultaneous with the aldehyde. This way is easier, however the isolation of the

unsymmetrical product from the side products is problematic.

2.3.2 Modification of the BODIPY core

To tune the properties it is only necessary to modify the BODIPY structure. Absorption
spectra show a sharp band with high molare absorption coefficients and high fluorescence
quantum yields (60-90 %). BODIPY dyes are photochemically stable, dissolve in most solvents
and possess the lifetime of about a few ns [90]. In general, no aggregation can be observed,
however the goal of this master thesis was to synthesize new BODIPY structures, which form

J-aggregates in defined conditions.

Introduction of substituents at the meso position has an effect on the quantum yield, but not
on the absorption or emission wavelength. Through increase of the rigidity and hindrance
of rotation it is possibly to attain higher quantum yields. An extension of the m-conjugated
system has also an impact on the spectrum shift, as well as electron-donating groups.

The 3- and 5-position can be easily substituted via nucleophilic reaction leading to a bathochromic
shift and a change in the quantum yield.

The fluor-atom on the boron-center can be exchanged. The substitution with alcohol takes
place after reaction with aluminium- or boron trichloride, they are known as B-OR compounds
[91, 92].
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Figure 2.19: Reaction scheme of the substitution of fluorine with an alcohol

Hence there are so many different modifications that can be done at the BODIPY core, many

possible derivatives can be synthesized with different properties. For instance, introduction of

different phenols in the meso position results in pH sensitive dyes. The featuring substituents

can have a negative or a positive effect on quantum yield, spectrum shift, stability, etc.
Therefore with required features a shift to the NIR-region is feasible [79], the broad field of

applications of NIR dyes was already mentioned.

A lot of possible modifications and there effects can be found in [3].

23



3 Materials and Methods

The used chemicals and solvents during this master thesis were described in the tables below.

3.1 List of used solvents

Table 3.1: List of Solvents

Solvent abbr. Supplier CAS-Number
Acetone Fisher chemicals 67-64-1
Chloroform CHCl; Roth 67-66-3
Cyclohexane CH Fisher chemicals 110-82-7
Dichlormethane DCM Fisher chemicals 75-09-2
Dimethylformamide DMF Roth 68-12-2
Dimethylsulfoxide DMSO Roth 67-68-5
Ethyl acetate EA Fisher chemicals 141-78-6
H20 destilled

n-Heptane Roth 142-82-5
n-Hexane Promochem 110-54-3
Novec 7200 3M 163702-05-4
Novec 7500 3M 297730-93-9
Tetrahydrofuran THF Fisher chemicals 109-99-9
Toluene Fisher chemicals 108-88-3

3.2 NMR Solvents

Chloroform D: + 0.03 % TMS, 99.80 % D, Eurisotop

Methylene chloride D2: 99.90 % D, Eurisotop
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3.8 List of used Chemicals

3.3 List of used Chemicals

Table 3.2: List of used chemicals

Chemical abbr. Supplier CAS-Number
1,3-Cyclohexadiene Fluorochem 592-57-4
1,8-Diazabicyclo[5.4.0]undec-7-ene DBU Fluka 6674-22-2
2,3-Dichloro-5,6-dicyanobenzoquione DDQ Sigma-Aldrich 84-58-2
2,4-Dimethylpyrrole Sigma-Aldrich 625-82-1
2,5,8,11-Tetraoxatrideca-13-ol Fluorochem 23783-42-8
3-Phenyl-2H-azirene Matthias

4-(Decyloxy )benzaldehyde TCI 24083-16-7
4-Hydroxybenzaldehyde Sigma-Aldrich 123-08-0
4-Perfluorononyloxybenzaldehyde Matthias
4-Phenyl-2-(4-propylphenyl)-1H-pyrrole Berni
6-Chloro-3-phenyl-1,4-dihydroindeno pyrrole Matthias

Aluminiumchloride AlClg Fluka 7446-70-0
Bis(trimethylsilyl)acetylene TCI 14630-40-1
Borontrichloride BCl3 Sigma-Aldrich 10294-34-5
Boron trifluoride diethyl etherate BF30Ety Sigma-Aldrich 109-63-7
Cl-rigid m-perfluoro BODIPY Matthias

Ethyl isocyanoacetate Sigma-Aldrich 2999-46-4
Glacial acetic acid Roth 64-19-7
Hydrochloric acid 1M HCI Sigma-Aldrich 7647-01-0
Indium chloride InClg Andi 12672-70-7
Indocyanine green TCI 3599-32-4
Lithium diisopropylamide LDA Sigma-Aldrich 4111-54-0
Lithiumaluminium hydrid LiAlH4 Inorganic Chemistry 16853-85-3
N,N-Diisopropylethylamine DIPEA TCI 7087-68-5
n-Decanol TCI 112-30-1
p-Chloranil ICTM 118-75-2
Piperidine Sigma-Aldrich 110-89-4
Potassium carbonate KoCO3  Sigma-Aldrich 584-08-7
Potassium tert-butoxide Sigma-Aldrich 865-47-4
p-Toluenesulfonic acid Sigma-Aldrich 6192-52-5
p-Toluenesulfonylchloride TCI 98-59-9
Sodium chloride sat. NaCl VWR chemicals 7647-14-5
Sodium hydride NaH TCI 7646-69-7
Sodium hydrocarbonate sat. NasCO3 VWR chemicals 144-55-8

Continued on next page
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8 Materials and Methods

Table 3.2 — continued from previous page

Chemical abbr. Supplier CAS-Number
Sodium hydroxide NaOH  VWR chemicals 1310-73-2
Sodium sulfate NaSO,; Roth 7757-82-6
Tetrabutylammonium chloride Sigma-Aldrich 1112-67-0
Triethylamine TEA Roth 121-44-8
Trifluoroacetic acid TFA TCI 76-05-1
3.3.1 List of Surfactants
Table 3.3: List of Surfactants

Surfactant abbr. Supplier CAS-Number

Polyethylene glycol oleyl ether Brij 93 Aldrich  9004-98-2

Polyoxyethylene Sorbitan Trioleate Tween TCI 9005-70-3

Sodium dodecyl sulfate SDS Merck 151-21-3

Ethylene oxide propylene oxide copolymer Pluronics Aldrich  9003-11-6

Polyethylene glycol tert-octylphenyl ether Triton X-100 Aldrich  9002-93-1

Sorbitan Monooleate Span 80 TCI 1338-43-8
3.3.2 List of Polymers

Table 3.4: List of Polymers

Polymer Supplier CAS-Number

Cellulose acetate average M.W. 100,000 ACROS organics 9004-35-7

Hydrogel D4 ABCR 556-67-2

PolyHEMA average M.W. 300,000 Sigma-Aldrich 25249-16-5

Polystyrene (PS) average M.W. 260,000 Scientific Polymer Cat 9003-53-6

Silicone preparation:
Poly(dimethylsiloxane)vinyldimethylsiloxy

terminated ABCR

Methylhydrosiloxane-dimethylsiloxane-

copolymer, 25-35 % ABCR

1,3,5,7-Tetravinyl-1,3,5,7-tetramethylcyclo-

tetrasiloxane, 97 % (retarder) ABCR

Platinum (0)-1,3-divinyl-1,1,3,3-tetramethyl-

disiloxane complex solution Sigma-Aldrich

68083-19-2

68037-59-2

2554-05-5

66478-92-2
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3.4 Chromatography

3.4 Chromatography

3.4.1 Thin Layer Chromatography (TLC)

Thin layer chromatography was used to monitor the reaction progress in defined time intervals.
Probes were detected by UV light on TLC silica plates from Merck (silica gel 60 Fasy).

3.4.2 Flash Column Chromatography

Further purification can be accomplished via flash column chromatography. The used silica
gel derived from Roth (0.035 — 0.070 mm, 60 A). Approximately the 100-fold (calculated by
amount of crude product) of silica was used. The needed solvents can be estimated by polarity

and R-value.

3.5 Photophysical Measurements

3.5.1 Absorption

Absorption spectra were recorded by an UV-VIS spectrophotometer, the Varian Cary 50 conc,
using Cary WinUV software. A fast or medium scan mode with baseline correction (using
solvent as blank sample) was adjusted. The samples were placed in 100-OS cuvettes from

Hellma Analytics with a path length of 1 cm.

Molar Absorption Coefficient

To determine the molar absorption coefficient (€), the synthesized dyes were dissolved in THF
resulting in a concentration of 2 107° M and a corresponding spectrum was recorded. Via
the Lambert-Beer law (eq. 2.1) the molar absorption coefficient can be calculated. In case of

J-aggregates, the spectrum was recorded in water to get e.

Temperature Dependency Measurements

Temperature dependent measurements were carried out via an UV-VIS spectrophotometer.
To generate the desired temperature water circulated and was either cooled down or heated
up via Julabo F 25. The exact temperature was measured with a single cell peltier accessory
from Varian. The measurement took place in a 1 mm cuvette, which was sealed and provided

from Hellma Analytics.
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8 Materials and Methods

Flow Cell Measurements

A flow cell was equipped with a blank foil and a coated foil, for baseline correction blank foils
on both sides was measured. Nitrogen or humid atmosphere was passed through and the signal
was recorded over an hour. To generate a humid atmosphere sat. KCl solution was filled in a

"Uberglucker" and placed before the flow cell.

3.5.2 Emission and Excitation

The emission and excitation spectra were measured on a Fluorolog®3 spectrofluorometer
from Horiba Scientific which was equipped with a R2658 photomultiplier by Hamamazu.

Fluorescence cuvettes from Hellma (type 100-QS, 10 mm) with screw-caps were used.

3.5.3 Lifetime

Via TCSPC (time-correlated single photon counting) fluorescence lifetime was determined. A
Fluorolog®3 Spectrofluorometer equipped with a NanoLED light source N-635L controlled by a
DeltaHub module and a NL-C2 Pulsed Diode Controller from Horiba Scientific was used. Data
analysis was carried out with a DAS6 decay analysis software from Horiba Scientific. The data
were fitted with an exponential fit to get a linear slope. To record the prompt fluorescence
signal a scattering suspension of Poly(1-vinylpyrrolidone-co-styrene) from Aldrich in water

was used.

3.5.4 Quantum Yield
Relative QY

Quantum yields were measured relatively to a fluorescent dye with a known fluorescence
quantum yield (standard), which is in the wavelength range of the measured species. In case
of the prepared J-aggregates, indocyanine green (¢ = 0,132 in ethanol [93]) was used. On
the other hand, the dye tert-butyl-BODIPY from Tanja Rappitsch, Institute of Analytical
Chemistry and Food Chemistry TU Graz, with a quantum yield of 0,94 in THF was used for
the synthesized BODIPY derivatives.

The relative quantum yield was calculated via following equation:

Ec Brn?

bc=0R 5 5 (3.1)

ER Ben,
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3.6 Structural Characterization

E integrated area
B absorption related term (1-10%%%)
n refractive index of solvent

The indices C and R represents the investigated compound and reference, respectively.

Absolute QY

For the absolute method an integrating sphere set-up, the Quanta-¢ by Horiba Scientific, was
used, which allows detection of all absorbed photons and emitted photons of the sample. The
sample, a foil coated with J-aggregate, was placed in that set-up. Four measurements need to
be recorded in total. First, the sample was excited at a certain wavelength and the emission
spectrum was recorded. Afterwards a transmission filter (20%) was put in between and an
excition spectrum is recorded. The same measurements need to be carried out with a blank

foil. The program was able to calculate the resulting QY.

3.6 Structural Characterization

3.6.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

'H-NMR and '3C-NMR spectra were measured on a 300 MHz Bruker AVANCE III instrument,
which was equipped with an autosampler. An internal standard (CDCls or CD2Cly) was used
to interpret the chemical shifts § (ppm). For analysis the software MestReNova NMR was

utilized.

3.6.2 High Resolution Mass Spectrometry (HR-MS)

Structural analyses of the synthesized dyes were performed with a Micromass TofSpec 2E
MALDI/TOF (Time-of-Flight) mass spectrometer by Bruker. These measurements were carried
out by Ing. Karin Bartl from the Institute of Chemistry and Technology of Materials, Graz
Technical University. External calibration was done with a mixture of poly(ethyleneglycol)s
(PEG). The received data were evaluated with MassLynx software V4.1 by Waters.
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4 Experimental

In this chapter, the experimental procedures for the synthesis that were carried out successfully
during this master thesis will be described. Synthesis that failed or did not yield the desired
product will be discussed in the following chapter (see chapter 5) and the corresponding
experimental procedures can be found in the appendix (see chapter 10) of this thesis, as well
as all recorded NMR and MS spectra.

4.1 Synthesis of symmetrical BODIPY derivatives

All synthesis concerning BODIPY need to be performed in dark surrounding, because pyrrole
is not stable while exposed to light. Therefore this synthesis were carried out with aluminum

foil wrapped around the glass ware.

4.1.1 Cl-rigid m-decyloxy BODIPY (21)

+ 1. 1-2 drops TFA, DCM, overnight
2.1eqDDQ, 2h

.\ NH o
O 3. 10 eq DIPEA, 15 min
Cl

\Q 4. 15 eq BF5OEty, 2h
o

20 21

Figure 4.1: Synthesis of Cl-rigid m-decyloxy BODIPY (21)
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4.1 Synthestis of symmetrical BODIPY derivatives

After evacuating and flushing with Argon (Ar) three times, 300 mg (1.13 mmol, 2 eq) 6-
chloro-3-phenyl-1,4-dihydroindenol[1,2]pyrrole (20), prepared by Matthias Schwar, were dis-
solved in dry DCM (20 ml), resulting in a green-yellow colored solution. The aldehyde,
4-(decylocy)benzaldehyde (592.68 pmol, 164 pL, 1.05 eq), was added to the solution. After
adding two drops of Trifluoro acedic acid (TFA) the color changed to red. The mixture was
stirred over night.

The reaction progress was controlled via TLC. After full conversion 2,3-dichlor-5,6-dicyano-1,4-
benzochinon DDQ (128 mg, 564.46 umol, 1 eq) was added. After 2h a color change to green
could be observed. Adding N,N-Diisopropylethylamine DIPEA (983 L, 5.64 mmol, 10 eq)
results in a violet color change. After 15 min boron trifluoride diethyl etherate BF3OEty (1.04
mL, 8.47 mmol, 15 eq) was added dropwise and stirred for 2h.

The blue-colored fraction was extracted with HoO. Some of the impurities were separated
by passing the solution through silica gel and NasSOy4. The solvent was removed by rotary

evaporation.

The crude product was purified by flash column chromatography (silica-gel, CH : toluene, 3 :
1) yielding in blue-green crystals.

Yield: 104.7 mg (22,6 %), blue-green crystals

'H NMR (300 MHz, Methylene Chloride-dy) § 8.31 (d, J = 8.5 Hz, 2H), 7.54 — 7.45 (m, 4H),
6.97 — 6.87 (m, 6H), 6.84 — 6.68 (m, 6H), 5.96 (d, J = 8.0 Hz, 2H), 3.67 (t, J = 6.5 Hz, 2H),
3.57 (s, 4H), 1.64 (t, J = 6.9 Hz, 2H), 1.37 - 1.30 (m, 14H), 0.88 (s, 3H).

13C NMR (76 MHz, CD»Cly) § 136.22, 130.16, 129.94, 129.09, 129.09, 128.15, 114.21, 113.88,
32.49, 31.72, 30.55, 30.27, 29.91, 20.86, 26.51, 23.24, 14.46, 14.46.

MALDI-TOF: m/z calc. for C5;HysBCIoFaN2O is 820.2979, found: 820.5513
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4 Ezxperimental

4.1.2 1,3,7,9-Tetramethyl m-decyloxy BODIPY (22)

1. dry DCM, drops TFA, overnight

H
N
) + 2.1eqDDQ, 2h
>

3. 10 eq DIPEA, 15 min
~ 4. 15 eq BF30Et,, 4h

Figure 4.2: Synthesis of tetramethyl m-decyloxy BODIPY (22)

500 mg 2,4-dimethylpyrrole (5.26 mmol, 541 pL, 2 eq) were dissolved in dry DCM under inert
atmosphere in a Schlenk tube. Afterwards 4-(decyloxy)benzaldehyde (2.76 mmol, 762 pL, 1.05
eq) was added. To generate an acidic environment two drops of TFA were added and stirred
over night. On the next day, DDQ (596.5 mg, 2.63 mmol, 1 eq), DIPEA (26.28 mmol, 4.58
ml, 10 eq) and BF3 diethyl etherate (39.41 mmol, 4.86 ml, 15 eq) were added dropwise. The
reaction progress after every step was controlled via TLC and UV-VIS spectrum. The reaction
was shut down by extraction with water and sat. NaHCOg, for better phase separation. The
work-up took longer, because the phase boundary was difficult to determine. After drying the
organic phase over NasSO,4 and removing the solvent by rotary evaporation, the crude product
was purified by flash column chromatography with the solvents cyclohexane and toluene (yellow

fractions).

Yield: 254.4 mg (20.2 %), orange metallic crystals

'H NMR (300 MHz, Methylene Chloride-ds) § 7.24-7.11 (m, 2H), 7.08-6.95 (m, 2H), 6.01 (s,
2H), 4.00 (t, J = 6.6 Hz, 2H), 2.50 (s, 6H), 1.80 (p, J = 6.7 Hz, 2H), 1.45 (s, 6H), 1.41-1.05
(m, 14H), 0.95-0.83 (m, 3H).

130 NMR (76 MHz, CD5Cly) § 160.46, 155.66, 143.99, 132.39, 129.77, 127.17, 121.56, 115.67,
68.79, 54.00, 32.50, 30.16, 30.01, 29.91, 29.84, 26.62, 23.28, 14.90, 14.46.

MALDI-TOF: m/z calc. for CogHz9BF3N2O is 80.3129, found: 480.3309
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4.1 Synthestis of symmetrical BODIPY derivatives

4.1.3 2,5,8,11-tetraoxatridecan-13-yl-4-methylbenzensulfonate: Tos TEG

(23)
al
0=5=0 o
THF, 0°C
o e N O N ¢ NaOH /O\AO/\/O\/\O/\/O,,S ~
o
| Z
CHs

23

Figure 4.3: Synthesis of Tos TEG (23)

5.00 g 2,5,8,11-tetraoxatridecan-13-ol (24 mmol, 4.8 mL) were dissolved in 10 mL dry THF in
a Schlenk tube and cooled down to 0°C. 10 mL of an aqueous sodium hydroxide solution (1.92
g, 48 mmol, 2 eq) were added dropwise. In a second Schlenk tube p-Toluensulfonyl chloride
(5.94 g, 31.21 mmol, 1.30 eq) was dissolved in the same amount of dry THF. The solution was
added dropwise to the first at 0°C, slowly heated up to room temperature and stirred for 2h.
The work-up was accomplished by an extraction with water/ethyl acetate (3x). The or-
ganic phase was further extracted with a HCl-solution (2x), dried over NasSOy, filtered and

evaporated.
Yield: 8.49 g (97.6 %), colorless oil

TH NMR (300 MHz, Methylene Chloride-dy) 8 7.77 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.0 Hz,
2H), 4.20 — 4.02 (m, 2H), 3.63 (dd, J = 5.7, 3.7 Hz, 2H), 3.61 — 3.34 (m, 12H), 3.31 (s, 3H),
2.43 (s, 3H).

4.1.4 4-((2,5,8,11-tetraoxatridecan-13-yl)oxy)benzaldehyde: TEG
Benzaldehyde (24)

O\
K,CO 0 A0
Q\s’o\/\o/\/o\/\o/\/o\ 2C03 QO%oN ~ ™0 ~
+ A\
o) 90°C,DMF ~ Ox
OH
23 24

Figure 4.4: Synthesis of TEG Benzaldehyde (24)

4-Hydroxybenzaldehyde (1.00 g, 8.19 mmol, 1 eq), Tos TEG (23) (3.26 g, 9 mmol, 1.10 eq)
and KoCO3 (2.26 g, 16.38 mmol, 2 eq) were loaded in a Schlenk flask under Ar. To the reaction
20 mL dry DMF were added and stirred at 90°C over night.

The suspension was slowly cooled down to RT. Afterwards the reaction was extracted with

water and ethyl acetate. The organic phase was washed intensively with water and a small

33



4 Ezxperimental

amount of NaCl for better phase separation. This layer was dried over NagSQy, filtered and

the solvent was removed. No further purification was necessary.
Yield: 1.34 g (52.2 %)

IH NMR (300 MHz, Methylene Chloride-d;) & 9.86 (s, 1H), 7.82 (d, J = 8.6 Hz, 2H), 7.08 —
6.98 (m, 2H), 4.20 (t, J = 4.7 Hz, 2H), 3.85 (t, J = 4.8 Hz, 2H), 3.68 (dd, J = 6.3, 3.2 Hz,
2H), 3.63 — 3.41 (m, 10H), 3.32 (s, 3H).

4.1.5 Cl-rigid m-TEG BODIPY (25)

O\
O\L
(0]
\ 1. 1-2 drops TFA, DCM, overnight
fe) 2.1eqDDQ, 2h
+ \LO 3.10 eq DIPEA, 15 min
4. 15 eq BF30Et,, >2h
S
(¢]
20 24 25

Figure 4.5: Synthesis of Cl-rigid m-TEG BODIPY (25)

250 mg (940.77 mmol, 2 eq) pyrrole (20) and 154 mg (493.9 mmol, 1.05 eq) TEG benzaldehyde
were dissolved in 20 mL dry DCM in an inert Schlenk flask. After a drop of TFA the color
changed from yellow to red and the mixture stirred over night.

After adding DDQ (106.78 mg, 470.38 pmol, 1 eq) the oxidation took 2h. The complexation
with DIPEA (4.70 mmol, 820 uL, 10 eq) and BF30Ety (7.06 mmol, 895 uL, 15 eq) took 2.5 h.
The mixture was poured in HoO and extracted three times. After drying and removal of the
solvent, the crude product (745.6 mg) was purified via column chromatography (silica-gel, CH
:EA, 1: 2).

Yield: 110 mg (26.8 %), blue metallic crystals

'H NMR (300 MHz, Methylene Chloride-ds) & 8.40 — 8.22 (m, 2H), 7.56 — 7.45 (m, 4H), 6.94
(q, J = 6.0 Hz, 6H), 6.79 (dt, J = 14.0, 5.0 Hz, 6H), 6.00 (d, J = 8.6 Hz, 2H), 3.87 — 3.77 (m,
2H), 3.75 — 3.69 (m, 2H), 3.67 (s, 4H), 3.64 — 3.51 (m, 12H), 3.35 (s, 3H).

13C NMR (76 MHz, CD>Cly) § 159.82, 153.09, 135.85, 135.36, 133.98, 131.88, 129.42, 128.75,
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4.1 Synthestis of symmetrical BODIPY derivatives

127.99, 126.72, 125.49, 124.26, 113.67, 72.51, 71.34, 71.20, 71.13, 71.00, 70.05, 68.02, 54.00,
30.25.

MALDI-TOF: m/z calc. for C50Hy3BCloFaN2O5 is 870.2519, found: 870.4746

4.1.6 4-propylphenyl m-TEG BODIPY (27)

/
02
§
= (@]
L 2
o 1. dry DCM, TFA, overnight
§ = 2.1eqDDQ, 2h
NH + g
o 3. 10 eq DIPEA, 30 min
Q 4. 15 eq BF;0Ety, 2h
=0
26 24 27

Figure 4.6: Synthesis of 4-propylphenyl m-TEG BODIPY (27)

4-phenyl-2-(4-propylphenyl)-1H-pyrrole (26), was synthesized by Bernhard Miiller, during his
work at the Institute of Analytical Chemistry and Food Chemistry at the TU Graz. In an
evacuated and with Ar flooded Schlenk flask 500 mg of the pyrrole (1.91 mmol, 2 eq) were
dissolved in dry DCM. The previously prepared TEG benzaldehyde (313.2 mg, 1 mmol, 1.05
eq) and TFA were added. The mixture was stirred over night. After adding 220 mg DDQ
(956.51 pmol, 1 eq) the color changed to blue. The complexation with boron trifluoride diethyl
etherate (1.77 mL, 14.35 mmol, 15 eq) in a basic environment (DIPEA, 1.67 mL, 9.57 mmol,
10 eq) took 2.5 h.

After extraction with water, the organic layer was dried with NasSO,4 and the solvent was

removed. The crude BODIPY was purified via flash column chromatography.
Yield: 134.4 mg (16.3 %), pink-green solid

'H NMR (300 MHz, Methylene Chloride-ds) & 7.77 (d, J = 7.9 Hz, 4H), 7.28 (d, J = 7.9 Hz,
4H), 6.94 (p, J = 6.1 Hz, 6H), 6.80 (h, J = 6.1, 5.5 Hz, 6H), 6.56 (s, 2H), 6.02 (d, J = 8.3 Hz,
9H), 3.82 (dd, J = 5.9, 3.6 Hz, 2H), 3.76-3.45 (m, 14H), 3.35 (s, 3H), 2.73-2.57 (m, 4H), 2.05
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(s, 6H), 1.68 (s, 4H)

solvent residues detected (DCM)

13C NMR (76 MHz, CD2Cly) 6 160.04, 157.20, 148.35, 145.16, 136.49, 135.74, 134.23, 130.74,
129.99, 129.94, 129.43, 128.78, 127.82, 126.66, 125.58, 123.77, 113.67, 72.52, 71.35, 71.13, 70.03,
68.02, 59.22, 38.52, 32.74, 30.27, 27.02, 24.99, 23.77, 14.34.

MALDI-TOF: m/z calc. for C54H57BF3N2O5 is 862.4338, found: 862.4902

4.1.7 3,4-dihydro-6-TEG-naphthalen-1(2H)-one (28)

o
+ /O\/\O/\/O\/\O/\/O\é(’) K2CO3 @ o O g O
0o ©\ DMF, 90°C
0

23 28

OH

Figure 4.7: Synthesis of TEG-3,4-dihydronaphthalen (28)

6-Hydroxy-1-tetralone (1.50 g, 9.25 mmol), compound 23 (3.70 g, 10.17 mmol, 1.10 eq) and
potassium carbonate (2.59 g, 18.50 mmol, 2 eq) were handed in a Schlenk flask, where inert
atmosphere was guaranteed. To dilute the compounds dry DMF (25 mL) was added. The
solution had a red-brown color. The suspension was heated up to 90°C and stirred over night.
After TLC control the reaction was cooled down to RT. The solution was extracted with water
and ethyl acetate. The organic phase was washed with water (adding a small amount of sat.
NaCl), dried and exempt from solvent. No further purification was necessary, the product can

be used directly for the next step.
Yield: 2.49 g (76,5 %), brown oil

'H NMR (300 MHz, Methylene Chloride-dy) § 7.93 (d, J = 8.7 Hz, 1H), 6.87 — 6.63 (m, 2H),
417 (dd, J = 5.7, 3.6 Hz, 2H), 3.89 — 3.77 (m, 2H), 3.71 — 3.44 (m, 12H), 3.33 (d, J = 2.5 Haz,
3H), 2.96 — 2.79 (m, 2H), 2.56 (dd, J = 7.3, 5.6 Hz, 2H), 2.09 (p, J = 6.3 Hz, 2H).
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4.1 Synthestis of symmetrical BODIPY derivatives

4.1.8 7-TEG-3-phenyl-pyrrole (29)

. THF, -70°C
o . + )\N/L' - 4 |
1 2 )\ N
O\ " )

O 0" O g O
01

o

N

SN

28 29

Figure 4.8: Synthesis of 7-TEG-3-phenyl-pyrrole (29) with azirine and LDA

After providing an inert system, compound 28 was dissolved in 15 mL dry THF. The reaction
was cooled down to -70°C and 717 pL lithium diisopropylamide (1.43 mmol, 2.00 M, 1.01 eq)
were added. After 15 min 1.07 mL 3-phenyl-2H-azirene (184.67 mmol, 1.20 eq) were pipetted
to the solution. 30 min later the reaction was heated up to RT and stirred for another 40 min.
The reaction was shut down with 10 mL H>O. A neutralization was achieved with 1 M HCI.
The product was extracted with DCM and water, followed by a drying step and removal of
the solvent.

The reaction was controlled via TLC, the pyrrole was detected with vanilin/sulforic acid (spot
turns pink). The crude product was purified with flash column chromatography (CH : EA, 1 :

2). The product need to be stored in a freezer to avoid decomposition.

Yield: 190.8 mg (29.8 %), orange-brown oil
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4.1.9 TEG-m-perfluoro BODIPY (31)

1. dry DCM, RT, TFA, overnight

2.1eqDDQ
.
o
S 3. 10eq DIPEA
5 0 4. 15 eq BF5OEt,
O
A
S oi
) )
80 29 30 N
/

~0
/o\/

Figure 4.9: Synthesis of TEG rigid m-perfluoro BODIPY (31)

103 mg 4-(Tridecafluoronyl)oxy benzaldehyde (174.39 pmol, 1.05 eq), provided by Matthias
Schwar, and compound 29 (150 mg, 332.18 umol, 2 eq) were dissolved in 15 mL dry DCM.
The reaction stirred over night. To oxidize the system DDQ (37.7 mg, 166.09 pumol, 1 eq) was
added.

To complex the compound DIPEA (289 uL, 1.66 mmol, 10 eq) and BF30Ety (316 L, 2.49
mmol, 15 eq) were added dropwise. No product could be identified.

The solution was extracted with water, dried and solvent was removed via rotary evaporation.
A product was tried to isolate with flash column chromatography (silica-gel, CH : DCM, 1 : 2 +
1 % MeOH). Different fractions could be collected, however no product could be determined.
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4.1 Synthestis of symmetrical BODIPY derivatives

4.1.10 p-Tolyl ethynyl sulfone (33)

0 cr 3 DCM 0 | INHC ?
%—CI + AR+ i —_— %—CEC—Si— I ﬁ-C:CH
) crcl ¢ 0°C-> RT 4 \ 0

32 33

Figure 4.10: Synthesis of p-Tolyl ethynyl sulfone (33)

p-Toluenesulfonyl (15 g, 78.68 mmol) was added to powdered AICl3 (10.5 g, 78.68 mmol) in
a round flask in 60 mL DCM. The resulting yellow solution was maintained at RT for 30
min. This mixture was transferred in a dropping funnel and slowly added (over 30 min) to an
ice-cold solution of bis(trimethylsilyl)acetylene (16.05 mL, 70.81 mmol, 0.90 eq) in the same
amount DCM. The color changed from colorless to dark red. The reaction stirred for 24 hours
at room temperature.

Afterwards the solution was poured on a mixture of crushed ice (60 g) and 1 N HCI (60 mL).
The organic phase was separated and extracted several times with water and then dried over
NasSO4. After removal of the solvent under reduced pressure a brown solid participate.

The product was purified in smaller portions with flash column chromatography. The product
was eluted with CH : EA (8 4+ 1). Intermediate 32 could also be isolated and was again
converted to the product by repeating the last step (adding HCI).

Yield: 7.82 g (55 %), white-slightly brown crystalline solid

IH NMR (300 MHz, Chloroform-d): 6 7.90 (d, J = 8.2 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 3.45
(s, 1H), 2.47 (s, 3H).
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4.1.11 2-Tosylbicyclo[2,2,2]octa-2,5-diene (34)

o (@]
i toluene, 85°C g
OS—CECH + > I
I 17h, N, o)

O

33 34

Figure 4.11: Synthesis of 2-Tosylbicyclo[2,2,2]octa-2,5-diene (34)

A solution of 1,3-cyclohexadiene (1.23 mL, 12.90 mmol) and compound 34 in dry toluene (40
mL) was heated to 85°C for 17 hours under Ny atmosphere. The solvent was removed via
rotary evaporation and a yellow oil was obtained. No further purification step was necessary,

the product was directly used for the next step.
Yield: 1.94 g (89.5 %), yellow oil

IH NMR (300 MHz, Chloroform-d): & 7.93 — 7.83 (m, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.27 (d, J
= 7.7 Hz, 2H), 6.23 (tt, J = 7.6, 3.9 Hz, 2H), 3.93 — 3.80 (m, 2H), 2.41 (s, 3H), 1.35 (dtd, J =
14.1, 7.9, 7.1, 4.0 Hz, 2H), 1.29 - 1.11 (m, 2H).

4.1.12 Ethyl-4,7-dihydro-4,7-ethano-2H-isoindole-1-carboxylate (35)

Mechanism according to the Barton-Zard reaction.

o

K+
o} o) o dry THF, RT
g SIS LT, o™
/ i o™ 23h, N, ANyen
\-NH
34 35

Figure 4.12: Synthesis of BCOD fused pyrrole (35)

Compound 34 (1.10 g, 4.23 mmol) and ethyl isocyanate (1.31 mL, 11.83 mmol, 2.80 eq)
were dissolved in dry THF (22 mL) at 0°C under inert atmosphere. To the stirring solution
potassium tert-butoxide (2.6g, 21.13 mmol, 1 M) and dry THF were added. The mixture was
stirred for 23 hours at room temperature.

The reaction progress was controlled via TLC and MS. After product formation, the solution
was poured into 1 M HCI and extracted with chloroform. The organic layer was washed with

sat. NaHCOs3, water and brine. Afterwards dried over NasSO4 and the solvent was removed.
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4.1 Synthestis of symmetrical BODIPY derivatives

Followed by the purification step via flash column chromatography (silica-gel, CH : DCM 1 +
4) and recrystallization from CHCl3/hexane.

Yield: 518 mg (56 %),

IH NMR (300 MHz, Chloroform-d): & 8.48 (s, 1H), 6.57 (d, J = 2.6 Hz, 1H), 6.50 (q, J = 4.5,
4.1 Hz, 2H), 4.44-4.35 (m, 1H), 4.30 (t, J = 7.2 Hz, 2H), 3.93-3.81 (m, 1H), 1.54 (s, 2H), 1.47
(ddd, J = 13.0, 6.3, 4.1 Hz, 2H), 1.36 (d, J = 7.2 Hz, 3H).

13C NMR (76 MHz, CDCl3) § 161.81, 136.64, 136.32, 135.54, 131.57, 114.30, 112.92, 77.16,
59.99, 33.78, 33.41, 27.24, 26.56, 14.70.

This reaction was carried out with potassium tert-butoxide. The same procedure was tried

with DBU instead, but no product was formed (details can be found in the appendix).

4.1.13 2-Methyl-4,7-dihydro-4,7-ethano-2H-isoindole (36)

0
S~
o
A v LA, dry THF reflux. 2h (T
X _NH ry THF, reflux, N NH
35 36

Figure 4.13: Reduction of Ethyl-4,7-dihydro-4,7-ethano-2H-isoindole-1-carboxylate

LiAlH,4 (380 mg, 10.36 mmol, 5eq) was added in small portions over half an hour to a stirring
solution of compound 35 (415 mg, 2.07 mmol, 1 eq) in dry THF (48 mL) under argon. The
reaction was refluxed for 2h and then controlled by MS. The mixture was slowly cooled down to
room temperature and to neutralize the excess of LiAlH,, water (24 mL) was added dropwise.
The residue was filtered and washed with EtOAc (3x). The organic phase was separated and
washed with water (5x) and brine, dried over sodium sulfate and concentrated at reduced

pressure. No further purification step was necessary.

'H NMR (300 MHz, Chloroform-d) § 7.19 (s, 1H), 6.49 (td, J = 7.7, 6.1 3.7 Hz, 2H), 6.32 (d,
J = 2.2 Hz, 1H), 3.84-3.61 (m, 2H), 2.21 (s, 3H), 1.62-1.49 (m, 4H).
MS (APCI): m/z: 159 [M]T, 131 [M-CoHy]™
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4.1.14 Different attempts to synthesize 14-(4-decylocy)phenyl-7-7-difluoro-
5,9-dimethyl-1,7,10,13-tetrahydra-4H-diethano[1,3,2]diazaborino
diisoindole (37)

1.method

( 4. 15 eq BF;0Et,, 3h

36 37

J 1. dry DCM, RT, overnight
L%/ o o 2.1eqDDQ, 1h
A == + + —@*S*OH + NZcl - >
\NH @j 0 /+\j 3.10 eq DIPEA, 15 min
e
o

Figure 4.14: Method 1 to synthesis compound 37

In a Schlenk flask, under inert atmosphere, 5.00 mg 2-methyl-4,7-dihydro-4,7-ethano-2H-
isoindole (31.40 pumol, 2 eq) were dissolved in dry DCM (0.5 mL). 4-(Decylocy)benzaldehyde (4.5
uL, 16.49 pmol, 1.05 eq), tertbutylammonium chloride (190 pg, 0.04 eq) and p-toluenesulfonic
acid (340 pg, 1.57 pmol, 0.10 eq) were added and stirred over night.

The reaction was controlled via MS (APCI): m/z: 560 [M], 577 [M+Cl|

DDQ (4 mg, 15.71 umol, 1 eq) was added and stirred for 1 hour. After addition of DIPEA (27.5
uli, 157.09 pmol, 10 eq) a red-green color was observable. The complexation with BF3OEt,
(29 pL, 235.63 pmol, 15 eq) took 3 hours and lead to a burgundy-violet solution. The mixture
was extracted with water (3x), sat. NaHCO3 (2x), sat. NaCl and again with water. The

organic phase was dried and removed with reduced pressure.

A purification with flash column chromatography was carried out, however the product could

not be isolated.

2. method

The addition of ethanol should enhance the product yield [94]. Also to test the more suitable
oxidation reagent, either DDQ or p-chloranil, synthesis with both were performed and the one
with DDQ can be found in the appendix.
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4.1 Synthestis of symmetrical BODIPY derivatives

1. DCM : EtOH (14:1), 1 drop TFA
2.1 eq p-chloranil, 1h

4 == + o R EE—
N\ NH 3. 10 eq DIPEA, 15 min
7 N\ 4. 15 eq BF30Ety, 1h
o=
36 37

Figure 4.15: Synthesis of compound (37) with method 2

Compound 35 (50.00 mg, 314.01 pmol, 2 eq) was dissolved in dry DCM (16 mL) and small
amount of dry ethanol (1.14 mL), 14 : 1, in a Schlenk tube under inert atmosphere. 4-
(Decyloxy)benzaldehyde (45.00 pL, 164.85 pmol, 1.05eq) and a drop TFA were added. The
mixture was stirred over night at room temperature.

After oxidation with p-chloranil (38.60 mg, 157.0 pmol, 1 eq), ethanol was removed under
reduced pressure, because the alcohol interferes with the complexation step. The solid was
again dissolved in dry DCM and DIPEA (274 pL, 1.57 mmol, 10 eq) was added to guarantee a
basic surrounding. BF3 diethyl etherate (291 plL, 2.36 mmol, 15 eq) was added dropwise to
the solution for the complexation. The mixture was extracted with water, prepurified with a

small column (silica, DCM) and the solvent was removed.

The reaction progress was monitored with TLC (CH : EA, 4 + 1).

The crude product was purified with flash column chromatography (silica-gel, CH + 1 %
EA). However no clean product could be isolated and the product containing impurities was

therefore used in the next step as soon as possible.

Yield: 37.2 mg (39 %), violet product
Adding ethanol results in a higher yield than with the conventional method. However the

product was difficult to isolate and instable. The purification steps lead to product losses.

'H NMR (300 MHz, Methylene Chloride-dy) § 7.36 — 7.30 (m, 2H), 7.04 (dt, J = 9.5, 3.6 Hz,
2H), 6.41 (t, J = 6.9 Hz, 2H), 6.11 (q, J = 6.3 Hz, 2H), 4.07 (q, J = 6.2 Hz, 2H), 3.87 - 3.81
(m, 2H), 2.87 — 2.78 (m, 2H), 2.47 (s, 6H), 2.09 — 1.95 (m, 4H), 1.89 — 1.82 (m, 2H), 1.71 —
1.64 (m, 4H), 1.35 (s, 14H), 0.81 (s, 3H).
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4.1.15 retro Diels-Alder

in vacuo, 220 °C
—>
30 min

37 38

Figure 4.16: retro Diels-Alder reaction

The product from previous step, compound 37 (34 mg), was heated in a Biichi contained in

vacuo. Prior to this the container was filled with nitrogen.

The product was purified via flash column chromatography (silica, CH : DCM, 7 + 1), the
column was wrapped with aluminum foil to exclude light. A structure with presumably
one aromatized ring was isolated as side product. The fractions were recorded via UV-VIS

spectroscopy, the product showed a peak at 604 nm and side product at 557 nm.
Compound 38 is not stable while exposed to light and has therefore be stored in darkness.

'H NMR (300 MHz, Methylene Chloride-dy) & 7.70 (dd, J = 18.4, 8.5 Hz, 2H), 7.57 — 7.28 (m,
4H), 7.31 — 6.86 (m, 6H), 4.30 (dt, J = 13.8, 6.7 Hz, 2H), 2.92 (d, J = 3.2 Hz, 3H), 1.88 (h, J
= 6.5 Hz, 2H), 1.81 — 1.62 (m, 3H), 1.33 (s, 14H), 0.88 (s, 3H).

MALDI-TOF: m/z calc. for C35H3gBFoN2O is 522.3130, found: 522.3608
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4.2 Synthesis of asymmetrical BODIPY derivatives

4.2 Synthesis of asymmetrical BODIPY derivatives

4.2.1 9-chloro-13-(4-(decyloxy)phenyl)-5,5-difluoro-1,3-dimethyl-12-phenyl-
5,11-dihydro-514,614-indeno|[2’,1":4,5]pyrrolo[2,1-f|pyrrolo[1,2-
c|[1,3,2]diazaborinine (39) via different
attempts

method 1

1. dry DCM, drops TFA, overnight
2.1eqDDQ, 2.5h

Y

+ symmetrical products
3. 15 eq DIPEA, 15 min (21, 22)

4.20 eq BF30Et, 2 h

20 39

Figure 4.17: Synthesis of asymmetric compound (39) with two different pyrroles (method 1)

Under inert atmosphere, compound 20 (400 mg, 1.51 mmol, 1 eq), 2,4-dimethylpyrrole (110 pL,
1.51 mmol, 1 eq) and 4-(decyloxy)benzaldehyde (440 pL, 1.58 mmol, 1.05 eq) were dissolved
in dry DCM (20 mL). Two drops of TFA were added and the solution was stirred overnight
during light exclusion.

The compound was oxidized with DDQ (350 mg, 1.51 mmol, 1 eq) over 2.5 hours. Adding
DIPEA (3.93 mL, 22.58 mmol, 15 eq) and BF3OEty (3.81 mL, 30.10 mmol, 20 eq) results in a
violet solution. The mixture was extracted with water + sat. NaCl and sat. NaHCOs3, dried

over NasSO4 and the organic solvent was removed under reduced pressure.

The reaction progress was controlled by TLC (CH + EA, 4 + 1) and UV/VIS-spectroscopy.

The product was attempted to be purified via flash column chromatography (CH : n-heptane,
7 4+ 1 + 3 % ethylacetate), however the asymmetrical and symmetrical products could not be

separated.
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4.2.2 method 2

1. overnight
2.1eqDDQ,2h

3.10 eq DIPEA, 15 min
4.15 eq BF30Et,, 2h

H 15 min
InClz + | +
M O dyDcM, RT &E?
) Sy oH
\
NH

O

40 20 39

Figure 4.18: Synthesis of compound 39 via the intermediate (4-(decyloxy)phenyl)(3,5-
dimethyl-1H-pyrrol-2-yl)methanol

115 pL (1.58 mmol, 1 eq) 2,4-dimethylpyrrole and 457 L (1.66 mmol, 1.05 eq) 4-(decyloxy)benzaldehyde
were submitted in a Schlenk flask under inert atmosphere. 0.10 eq InCls (34.87 mg, 157.65
pmol) and dry DCM (20 mL) were added. After maximum 15 minutes compound 20 (419 mg,
1.13 mmol, 1 eq) must be added, otherwise product 41 is synthesized. A color change to dark
red was observed. The reaction was stirred overnight.

The compound was complexed, first by oxidation with DDQ (358 mg, 1.58 mmol, 1 eq),
followed by adding DIPEA (2.75 mL, 15.77 mmol, 10 eq) and boron trifluoride diethyl etherate
(3.00 ml, 23.65 mmol, 15 eq) to the mixture. The reaction progress was detected by TLC (CH
+ EA, 4 4+ 1). A violet color after the last step was noticed. To neutralize the excess of InCls
sodium hydroxide (190 mg) was added.

A extraction with water + sat. NaCl, NaHCO3 and again water followed. The organic layer was
dried and removed under reduced pressure. The product was tried to purify via flash column
chromatography (CH : toluene, 2 : 1 + 0.5 % DCM). The isolation of a pure asymmetrical

product was not possible.

46



4.2 Synthesis of asymmetrical BODIPY derivatives

4.2.3 p-(4-((2,5,8,11-tetraoxatridecan-13-yl)oxy)styryl)-(4-
(decyloxy)phenyl)-difluoro-trimethyl-5H-dipyrrolo diazaborinine
(42)

o toluene, piperidine, glacial acetic acid
-

reflux, 26h

22 24

Figure 4.19: Condensation of dimethyl m-decyloxy BODIPY (22) with TEG benzaldehyde
(24)

Compounds 22 (40 mg, 83.26 umol, 1 eq) and 24 (29.91 mg, 95.74 pmol, 1.15 eq) were refluxed
for 26 hours in a mixture of toluene (5 mL), piperidine (111 xL) and glacial acetic acid (92 uL)
together with a small amount of molecular sieve to trap water. After cooling down to room

temperature, the product was purified with flash column chromatography (CH : EA, 2 4+ 1).
Yield: 5 mg (8 %), violet

'H NMR (300 MHz, Methylene Chloride-dy) 6 7.53 (t, J = 6.2 Hz, 2H), 7.49 — 7.37 (m, 1H),
7.28 (d, J = 11.4 Hz, 1H), 7.18 (d, J = 3.0 Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.94 (d, J = 8.5
Hz, 2H), 6.62 (s, 1H), 6.04 (s, 1H), 4.15 (q, J = 4.7 Hz, 2H), 4.01 (t, J = 6.6 Hz, 2H), 3.83 (q,
J =70, 5.9 Hz, 2H), 3.75 - 3.41 (m, 14H), 3.33 (s, 3H), 2.54 (s, 3H), 2.02 (d, J = 14.4 Hz,
6H), 1.52 (d, J = 7.5 Hz, 14H), 0.83 (s, 3H).
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4.3 Synthesis of amphiphilic BODIPYs

4.3.1 Cl-rigid m-decyloxy B-TEG BODIPY (43)

1.BClg, 1.5h
2 o~
OH
o)
OH
HOI

21

Figure 4.20: Synthesis of an amphiphilic BODIPY, the Cl-rigid m-decyloxy B-TEG BODIPY
(43)

15 mg (18.26 pmol) Cl-rigid m-decyloxy BODIPY (21) were dissolved in dry DCM (8 mL)
under inert atmosphere. BCls solution in heptane (18.26 uL, 18.26 umol, 1 M) was added and
stirred for 1.5 hours. The reaction progress was detected by TLC and UV /VIS-spectroscopy,
where a shift of 14 nm was recorded.

To attach the hydrophilic part, 2,5,8,11-tetraoxatridecan-13-ol (71.7 uL, 365.1 pmol, 20 eq)
was added and stirred for another hour. The mixture was thoroughly washed with water, dried

(NaSO4) and the solvent was removed via rotatory evaporation.
Yield: 17.5 mg (94.9 %), blue-green powder

'H NMR (300 MHz, Methylene Chloride-d?) § 8.74 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 12.3 Hz,
4H), 6.97 — 6.92 (m, 6H), 6.85 — 6.73 (m, 6H), 5.97 (d, J = 8.3 Hz, 2H), 3.67 (t, J = 6.4 Hz,
2H), 3.56 (s, 4H), 1.65 (s, 3H), 1.34 — 1.29 (m, 16H), 1.25 (d, J = 8.0 Hz, 16H), 0.89 (s, 3H).
13C NMR (76 MHz, CD2Cly) § 160.18, 158.92, 153.29, 140.26, 139.52, 135.94, 134.82, 133.76,
131.65, 129.22, 127.86, 126.63, 126.26, 123.01, 113.41, 68.20, 54.53, 54.17, 53.45, 53.09, 32.33,
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4.8 Synthesis of amphiphilic BODIPYs

30.09, 26.35, 23.10, 14.29, 1.16.
MALDI-TOF m/z: theoretical [M-H] is 1007.4150, measured [M-H]: 1007.3290

4.3.2 Cl-rigid m-TEG B-decyloxy BODIPY (44)

1.BCl3, 1h

2. \/\/

25 44

Figure 4.21: Synthesis of Cl-rigid m-TEG B-decyloxy BODIPY (44)

To a solution of Cl-rigid m-TEG BODIPY (25) (25 mg, 28.68 umol) in dry DCM (15 mL) BCls
(29 pL, 28.68 pmol, 1 M) was added and stirred in an inert atmosphere for an hour. A color
change from turquoise to green was observed, which was also detected by a bathochromical
shift of 15 nm. 20 eq 1-decanol (110 pL, 573.65 pmol) were added. The reaction was stopped
after 2.5 hours by extraction of the product in organic phase and extensively washed with

water. The solvent was dried and removed under reduced pressure.
Yield: 28.2 mg (97 %), dark green powder

'H NMR (300 MHz, Methylene Chloride-dp) & 8.72 (dd, J = 10.7, 8.1 Hz, 2H), 7.55 — 7.42 (m,
4H), 6.95 (dq, J = 9.4, 4.8, 3.9 Hz, 6H), 6.85 - 6.74 (m, 6H), 6.01 (d, J = 8.3 Hz, 2H), 3.99
3.76 (m, 3H), 3.74 — 3.43 (m, 14H), 3.35 (s, 2H), 1.70 — 1.42 (m, 2H), 1.40 — 1.13 (m, 16H),
0.97 (s, 3H), 0.87 (q, J = 6.6 Hz, 4H).

13C NMR (76 MHz, CD»Cly) § 153.51, 140.50, 136.17, 134.98, 134.04, 131.81, 120.43, 129.21,
128.41, 128.09, 126.89, 126.46, 113.72, 71.25, 70.10, 68.05, 54.00, 43.76, 32.50, 30.27, 30.14,
29.92, 23.27, 14.46, 1.35.
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4.3.3 Cl-rigid m-perfluoro B-TEG BODIPY (46)

1.BClz, 1h

2.

fONOfO
HO

45

~

Figure 4.22: Synthesis of Cl-rigid m-perfluoro B-TEG BODIPY (46)

Compound 45 was synthesized by Matthias Schwar. After an inert atmosphere in a Schlenk
flask was guaranteed, the BODIPY dye (25 mg, 24 pmol) was dissolved in dry DCM (15 mL)
and BCl3 (24 pL, 24 pmol, 1 M) was added. The solution stirred for an hour. The alcohol,
2,5,8,11-tetraoxatridecan-13-ol (94.5 muL, 480 pmol, 20 eq), was added. The exchange of
substituents took 1.5 hours. To stop the reaction, extraction with water was profoundly carried

out. The organic phase was dried and removed.
Yield: 21.9 mg (74.2 %), dark green powder

'H NMR (300 MHz, Methylene Chloride-dp) 6 8.36 — 8.24 (m, 2H), 7.62 — 7.39 (m, 4H), 7.04 —
6.86 (m, 6H), 6.83 — 6.70 (m, 6H), 5.97 (dd, J = 8.9, 2.4 Hz, 2H), 3.76 (t, J = 5.9 Hz, 2H),
3.56 (s, 4H), 2.27 (tt, J = 19.1, 7.7 Hz, 2H), 1.99 (dq, J = 12.0, 6.1 Hz, 2H).

Compound 45 : MALDI-TOF: m/z calc. for C50H39BClaF15N20 is 1040.1596, found:
1048.1130

'H NMR of compound 46 showed same spectrum as compound 45, probably due to the
fact that it was not stable during the analysis. TLC, UV-VIS spectroscopy and MS analysis
confirmed the product formation.

Compound 46: MALDI-TOF: m/z calc. for C5oH4sBCloF14NoOg [M-H]T is 1227.2769, found:
1227.2571
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4.8 Synthesis of amphiphilic BODIPYs

4.3.4 Tetramethyl m-decyloxy B-TEG BODIPY (47)

1.BClg, 1 h

Y

/
o0
00
HO

22

Figure 4.23: Coupling reaction of 1,3,7,9-tetramethyl m-decyloxy BODIPY (22) with 2,5,8,11-
tetraoxatidecanol

The previously synthesized BODIPY derivative (25 mg, 52 umol), 22, was dissolved in dry
DCM (25 mL). BCl3 (52 uL, 52 pmol, 1M) was added to the solution and stirred for an hour.
A shift of 5 nm in the absorption spectrum was detected.

2,5,8,11-tetraoxatridecan-13-ol (204.5 uL, 1.04 pmol, 20 eq) was added and the reaction mixture
stirred for 2 hours. The work-up was performed by extraction of impurities with water (10 x),

drying over NasSOy4 and removal of the solvent by rotary evaporation.

Yield: 10 mg, orange-green powder

'H NMR (300 MHz, Methylene Chloride-dy) § 7.19 — 7.13 (m, 2H), 7.02 — 6.97 (m, 2H), 5.97
(d, J = 9.4 Hz, 2H), 3.99 (d, J = 7.0 Hz, 4H), 3.57 (dd, J = 12.7, 6.8 Hz, 6H), 3.44 (s, 2H),
2.50 (t, J = 9.9 Hz, 6H), 1.80 (s, 6H), 1.56 — 1.38 (m, 16H), 1.31 (d, J = 15.6 Hz, 28H), 0.88
(s, 3H).
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4.4 Preparation of J-aggregates

To analyze the J-aggregate formation of the synthesized and characterized products, a stock

solution of the respective dyes in 3 mL acetone were prepared.

4.4.1 J-aggregate formation in various surfactants
Preparation of the stock solutions of surfactants

200 mg of surfactant (Pluronics, SDS, Brij 93, Tween 85, Triton X-100 and Span 80) were
dissolved in 5 mL acetone, except in case of Span 80 and SDS additionally 2 mL HsO were
added.

Determination of the ideal dye concentration and amount of surfactant

By varying the amount of the surfactant Pluronic from 0 - 10 mg with a defined concentration
of dye (21075 M) the ideal amount of surfactant can be determined via UV /Vis-spectroscopy.
Same principle goes for the concentration determination. The concentration varies with defined

amount of surfactant (0.1 mg).

J-aggregate formation in presence of different surfactants

An defined amount of stock solution, to achieve a concentration of 2 % 107> M, was transferred
in a 3 mL vial. 0.1 mg surfactant, acetone and finally 2.5 ml water were added. The acetone
was removed by blowing nitrogen through the solution and a spectrum was recorded to detect
the aggregation. The test was also accomplished without the addition of a surfactant.

To get an insight of the influence of dye aggregation in the presence of other dyes, a mixture

of two dyes with and without surfactant were also carried out.

4.4.2 J-aggregate formation in various polymers
Preparation of stock solutions and foils

The polymer was weighed in a 20 mL vial in THF to yield a 10 wt% solution. Hydrogel D4,
Polystyrene and cellulose acetate were prepared this way, except in case of PolyHEMA the
polymer was dissolved in THF and water (9 + 1). A defined amount of dye stock solution of
compounds 25, 43, 44, 45 and 46 was added to 150 mg polymer to yield a 1 wt% solution.

After removal of acetone, the "cocktails" were knife bladed on a Mylar foil (wet film thickness
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4.4 Preparation of J-aggregates

0.5 mil (12.5 pm)). The coated foils were characterized both in a dry state and swollen in
water via UV /Vis-spectroscopy and via Fluorolog.

In case for compounds 43, 45 and 46 also "cocktails" of 5 w% dye in 6 % D4 were prepared.
A different procedure was followed with the silicone rubber. For the stock solution, 1 g of the
vinyl-terminated PDMS, 40 pL Hydride-PDMS (co-polymer) were dissolved in 2 mL DCM. The
dyes 25, 43, 45 and 46 (approximately 0.7 mL of the stock solution) were transferred in a vial
and acetone was removed. 200 mg silicon polymer stock solution, 2 L. methylvinylcyclosiloxane
(retarder) and 2 pL Pt-cat were added (see table 3.4). Within 10 minutes the "cocktail” need
to be knife bladed with a 3 mil knife.
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5 Results and Discussion

The aim of this thesis was to synthesize new BODIPY dyes, which are able to form the highly
ordered structures of J-aggregates. In the last decades researchers were able to synthesize dyes
of different classes, like perylene bisimides, porphyrins and cyanines, which were able to form
J-aggregates. The formation was also observed with azaBODIPYs, however this took several
weeks [14]. This type of aggregation is very interesting, because of their unique properties, like
a huge bathochromic shift with a small band width.

In the first part of this chapter the synthesis of various synthesized BODIPY dyes will be
discussed, as well as the difficulties and possible improvements. Followed by a section of the
synthesis of amphiphilic BODIPY derivatives and formation of J-aggregates.

Finally, the characterization of the synthesized BODIPYs and of the J-aggregates formed with

surfactants and in various polymers will be analyzed.

5.1 Synthetic Considerations

5.1.1 Synthesis of BODIPY dyes

The synthetic route to generate BODIPYs is already well established [81, 85]. It can be either
accomplished via condensation of pyrroles with acyl chlorides, followed by a complexation
step to get the BODIPY core (see figure 2.17) or by reaction of an aromatic aldehyde with a
pyrrole in an acidic environment, which is followed by an oxidation. After complexation in a
basic surrounding the reaction leads to the BODIPY core, see figure 2.18, which is the most

common way and was also utilized during this thesis.

As already mentioned, the second approach was used to synthesize the BODIPY dyes 21,22
and 25, for the last one the benzaldehyde was not commercially available, therefore previous
reaction steps are necessary, which are described in Synthesis of TEG-benzaldehyde.

An overview of the reaction steps for BODIPY synthesis is illustrated in figure 5.1.

54



5.1 Synthetic Considerations

Ry
DIPEA

BF3.0Et,

DIPEA

el
BF3.0Et,

22: Ry = -O(CH,)oCHs
21: Ry = -O(CH,)9CH3
25: R, = -(OCH,CH,),0CH3
45: R, = -O(CH2)3(CF2)sCF3

Figure 5.1: Overview of the reactions steps to synthesize symmetrical BODIPY derivatives,
with different pyrroles and aldehydes, the 4-(hydroxy)benzaldehyde and TEG benzaldehyde,
which was synthesized beforehand

The synthesis took two days and has to be conducted under inert atmosphere and exclusion of
light, because the pyrrole is sensitive and will degrade. The first attempts during this thesis
did not work out, due to the fact, that the boron trifluoride diethyl etherate was older and
therefore the complexation was not successful. However after a new one arrived, the reaction

worked out in moderate yields, like those in literature [3].

According to Jameson and Dzyuba [95] the overall reaction time for BODIPY synthesis can be

reduced to only 5 minutes.

An attempt to increase the yield of this synthesis was by adding ethanol to the standard
procedure [94], which went really well. After oxidation the alcohol need to be removed,
otherwise the complexation step is hindered. However the dye was not stable and after
purification a lot of product was lost, the overall reaction and all necessary steps will be
discussed in the following section. Another improvement can be achieved by using p-chloranil
as oxidation reagent instead of DDQ. Chloranil has the advantages of being cheaper and less

side products are formed.
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5 Results and Discussion

BODIPY dye with extended m-System

The whole reaction pathway, described in this section, can be found in 5.2.

The first two reaction steps were executed like in literature [96]. Bis(trimethylsilyl)acetylene
was converted with p-toluenesulonyl and AlCl3 to to the intermediate which was converted to
32 after pouring the solution in 1N HCI p-tolyl ethynyl sulfone was gained.

A Diels-Alder reaction of 33 with 1,3-cyclohexadiene followed in toluene at 85°C, no further
purification was necessary. The Diels-Alder adduct was treated with ethyl isocyanoactetae in
presence of KOtBu yielding the pyrrole via the Barton-Zard mechanism. This two steps were
performed according to literature [97]. Ethyl-4,7-dihydro-4,7-ethano-2H-isoindole-1-caboxylate
was further reduced with excess of LiAlH, to 36 [98]. The reaction was controlled via MS, the
theoretical peak should be at 159.1 and at 159 a peak was detected.

Ts
\ / TsCl, AICl3 \ 1N HCl X ; — NC\)I\O/\ o/\
—Si—=—si— —Si———Ts —» =T — > — = A
/ \ 4 toluene N\ NH THE N\ _NH
35

32 33 34
55% 90%

56%

CioH21 LiAIH,
O
[e)

1.TBAC, p-TsOH

2.DDQ, 3. DIPEA, 4. BF;0Et,

(e}
37 1. EtOH, H* S
2. p-chloranil
3. DIPEA

4. BF;0Et, o)

220°C, in vaccum

38 37

Figure 5.2:  Overview of  14-(4-(decyloxy)phenyl)-7,7-difluoro-5,9-dimethyl-7H-
[1,3,2]diazaborinino[4,3-a:6,1-a’|diisoindole synthesis

To synthesize the BODIPY structure two different methods were accomplished. The one
typical to the standard procedure, with two little differences: first, a small amount of ethanol
was added (14 + 1) and second, instead of DDQ p-chloranil was used for the oxidation step.
It turned out, that this were the better reaction conditions for BODIPY synthesis. However,

the product was difficult to isolate, after certain time the product decompose, therefore the
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5.1 Synthetic Considerations

purification was impossible.
The other method, was in presence of tertbutylammonium chloride and p-toluenesulfonic acid,

where no product could get isolated.

The last step was a retro Diels-Alder reaction to extend the m system of the BODIPY, which
was easily achieved by heating the pink solid up to 200°C under vacuum. As side product, the
compound with only one aromatic ring could also be observed (557 nm). Unfortunately, this
dye (604 nm) is hardly suitable for further modification, since it is highly photolabile, even

substitution on the boron center would not enhance the stability.

Synthesis of TEG-benzaldehyde

Via nucleophile substitution of 2,5,8,11-tetraoxatridecan-13-ol with p-toluenesulfonyl chloride
it was possible to synthesize tosyl TEG (23) in excellent yields (~ 98 %). No further
purification step was necessary. In a second step the synthesized compound was coupled with

4-hydroxybenzaldehyde at 90°C over night resulting in the desired product.

o\
cl
0=5=0
o THF (.S? o o OH B oot
+  HO —_— - E——
4 NaOH o) 4 K,COs, DMF NN

CHs 23 24

98% 52%

Figure 5.3: Overview of TEG-benzaldehyde synthesis

Synthesis of TEG-m-perflouro BODIPY

The aim during this synthesis was to generate a pyrrole with a hydrophilic substituent to get an
amphiphilic BODIPY ground structure. First, the previously synthesized tosyl TEG reacted
with 6-hydroxy-1-tetralone via nucleophilic substitution to 3,4-dihydro-6-TEG-naphthalen-
1(2H)-one in good yields. Next, the pyrrole was synthesized by activation with lithium
diisopropylamide and coupling with 3-phenyl-2H-azirene, which is toxic and need to be handled
carefully. The purification step need to be carried out quickly, because the crude pyrrole is not

stable. The product has to be stored in a freezer.

During the last step of the BODIPY synthesis, 29 reacted with 4-(tridecafluoronyl)oxy
benzaldehyde. The system was oxidized with DDQ and and complexation of the resulted dye

was attempted. However, no product was isolated.
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5 Results and Discussion

Reason could be the older batch of BF3OEty. The reaction was not repeated, due to the fact

that the used pyrrole was already consumed.

0. N
9 o K,CO3 O{\AO% N 2 )\
+ ﬁ—O A EEEE— 4
[¢] DMF
OH (¢]
23 28
98% 7%
DDQ
NaOH, THF DIPEA, BF3OEt,

Cl

Figure 5.4: Attempted synthesis of TEG-m-perfluoro BODIPY

5.1.2 Attempted Synthesis of Asymmetrical BODIPY

To synthesize asymmetrical BODIPYs the second method worked out better, the procedures
can be found in the experimental part of this thesis (see 4.2.1) and the synthetic route of
the second method is also shown in figure 5.5. Here the 2,4-dimethylpyrrole reacted with the
aldehyde in presence of indium chloride to form the alcohol intermediate. The time window to
only synthesis the intermediate and not the tetramethyl BODIPY derivative is really small and
need to be detected fast. The difficult part was to isolate the asymmetric compound, because
the symmetrical ones elute at the same time. By forming stable ketons [99], the synthesize
of the asymmetrical derivative would be improved and the possibility to form symmetric
BODIPYs should be decreased drastically.
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0-C1oH21

O.CIOH21 O 1. overnight
H InCly [ 21ea0pQzh
[ p— + — : (
)/\)_ dry DCM, RT S o O. NH  3.10 eq DIPEA, 15 min
cl

o 15 min 4. 15 eq BF30Ety, 2h

40 20

Figure 5.5: Attempted synthesis of an asymmetrical BODIPY

5.1.3 Substitution of Fluorine with Alcohols

The aim of this task was to introduce alcohols at the boron center by formation of B-O bonds
to synthesize amphiphilic BODIPY derivatives. Amphiphilic BODIPYs have the advantage of
self-aggregation, because of their hydrophilic and hydrophobic parts. The synthesis route is
already reported in various papers [91, 92, 100] and the synthetic route during this work is

illustrated in figure 5.6.

1. BClg

Y

2. R,OH

43: R]_ = -O(CHz)gCHg, Rz = -(OCH2CH2)4OCH3
44 Rl = -(OCH20H2)4OCH3, Rz = 'O(CHz)chg
46: Rl = -O(CHz)g(CF2)5CF3, R2 = -(OCH2CH2)4OCH3

1. BCly

Y

2. R,OH

47: Ry = -O(CHz)gCHg, Ry = -(OCH2CH2)4OCH3

Figure 5.6: Coupling of the previously synthesized dyes at the boron center with alcohols

The first attempts were carried out by converting the alcohol with sodium hydride to the
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5 Results and Discussion

corresponding alcoholate, while the dye reacted with boron trichloride for 20 min in DCM.
After chlorination the alcohalte was added, however the expected bathochromic shift of the UV
spectra was not observed. After TLC control several spots were detected and an assignment
was difficult to make. After purification no product was isolated, which was due to the fact
that the chlorine reacts with the silica. It was assumed that the 1 M BClI3 solution is too
aggressive and mostly ligand is formed. Another observation was that BCl3 is not stable over a
long storage time in DCM and therefore does not play the important role during the reaction.
A test with different reaction condition was conducted to gain insight of the optimal conditions.
After adding alcohol the second halogenated substituent on the boron center was tried to
convert again to fluorine by adding tetra butyl ammonium fluoride, to prevent the problem
during purification. The reactions were accomplished at 0°C, room temperature and at 60°C.
Also the influence of adding triethyl amine was tested. However, no improvement could
be achieved. The most promising approach was found to be to increase the reaction time

(activation step) and then to directly add the alcohol and not the alcoholate.

1. 1 eq BCl3 20 min

2. 20 eq alcohol at 60°C

1.1 eq BCl3 20 min

2. 20 eq alcohol at 0°C

1.1 eq BCl3 30 min
C 2. TBAF
3. 20 eq alcohol at RT

3. 20 eq alcohol at 0°C

1.1eqBCl31lh
D 2. TBAF
CloH"’l\o 3. 20 eq alcohol at RT C10H21\o
1. 1 eq BCl3 20 min
E 2. TBAF

1. 1 eq BCl3 20 min
F 2. TBAF
3. 20 eq alcohol at 60°C

1.1 eq BCl3 20 min

2. 40 eq alcohol at 0°C

1. 1 eq BCl3 20 min
H 2. TEA
3. 20 eq alcohol at RT

1.1 eq BCl3 20 min
2. TEA
3. 20 eq alcohol at RT
4. TBAF

working system
1eqBCl31h, RT
20 eq alcohol

Figure 5.7: Optimization of the reaction conditions for synthesis of amphiphilic BODIPYs
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To conclude, the reaction was carried out by by substitution of fluorine by chlorine atom
with BCl3 (stored in heptane) for one hour and afterwards adding the alcohol. The product
can not be further purified via column chromatography since it was found to decompose on
silica-gel presumably loosing the alkoxy chain. Therefore, to remove the impurities the organic
layer need to be carefully washed with water to get rid mainly of the excess of the alcohol
as well as the excess of boron trichloride. With this method the desired products could be
synthesized, which was verified by NMR measurement (see appendix). In case of the dyes with
rigid structures (43, 44 and 46) one fluorine was substituted. Dye 47 showed two substituents,

because the structure is not that sterically hindered.
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5 Results and Discussion

5.2 Dye Characterization

For photophysical characterization of the synthesized dyes absorption and emission spectra
were recorded, with these methods the molar absorption coefficients, fluorescence lifetimes
and relative quantum yields were determined. All measurements were performed in solution
(THF).

An overview of the results can be found in table 5.1.

Table 5.1: Overview photophysical properties of the synthesized dyes (Monomer)

compound Aabs € Aem QY lifetime

[nm] [1/mol cm)] [nm] (%] [ns]
21 631 107900 8,8
22 501 62400 45
25 628 160800 639 68 9,7
27 568 36700 4,2
38 604 62800 4,6
43 644 59100 650 42 7,4
44 640 45150 646 26 6,4
45 631 153000 639 65 8,6
46 645 133600 650 85 9,6
47 501 12941 5,0

5.2.1 Absorption and Emission Spectra

A bathochromic shift of the absorption maxima, which can be seen in figure 5.8, was achieved
by synthesis of amphiphilic compounds. By introduction of a hydrophilic chain at the boron
center in case of m-TEG BODIPY (25) or hydrophilic with the other two BODIPYs a shift of

around 10 nm was obtained.

As already known, BODIPYs emit fluorescence characteristically by sharp peaks. The typical
emission maxima lay between 520-600 nm [3], with the synthesized dyes a maximum of 650
nm was achieved. The Stokes shift of this dyes are really small (5-11 nm).

In case of compound 44, Cl-rigid m-TEG B-decyloxy BODIPY, the spectrum shows a broader
peak.
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Figure 5.8: Absorption (solid) and Emission (dashed) spectra of the synthesized dyes in their

monomeric form (in THF)
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5 Results and Discussion

5.2.2 Quantum Yield

Quantum yields measured in THF vary in a broad range. The range goes from lowest results
with 26 % to the highest with 85 %. As reference tert-butyl BODIPY from Tanja Rappitsch
with a known QY of 94 % was used.

As already known from literature [3, 90], BODIPY dyes inherit excellent quantum yields (60-90
%), which can also be seen with the synthesized dyes during this thesis, see table 5.1. By
introduction of a substituent on the boron center a decrease in quantum yield can be observed,
except for compound 46, where the amphiphilic structure yields in a higher QY. Dye 44 shows
the lowest QY value, probably due to tendency of the dye to form H-aggregates already in

solution (see figure 5.8c).

5.2.3 Fluorescence Lifetime

The fluorescence lifetimes of the monomeric forms are quite high and range from 4.2 - 9.7 ns,
which is in the range of literature known BODIPYs (1-10 ns)[90]. Amphiphilic derivatives
show shorter lifetimes than their corresponding compound with only the substituent in meso
position, except of the perfluoro derivative, here the addition of the hydrophilic chain enhance
the lifetime, which also matches the results deriving from the QY measurements. The dyes

with rigid structure show higher values.
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5.8 Formation of J-aggregates

5.3 Formation of J-aggregates

In this chapter the synthesized dyes were tried to form the desired aggregates with surfactants
and in polymers resulting in the unique properties, described in the theoretical part of this

master thesis.

5.3.1 Aggregates with Surfactants

De Rossi et al [62] claimed, that J-aggregate inherit a higher molecular order by adding
surfactants. Therefore experiments with and without various surfactants were carried out and

compared.

1,0 4

—— monomer
—— J-aggregate

0,84

0,6

Abs

0,4

fo Aot

0,24

0.0 — 7T - T T 1 r T T T " T T
450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

(a) (b)

Figure 5.9: (a) Absorption spectrum of compound 44, representing the monomer in THF
(black) and after J-aggregation in water in the presence of Pluoronic (red)
(b) Structure of Pluoronic

Figure 5.9a shows compound 44 before (in THF) and after J-aggregate formation (in water)
in presence of surfactant (Pluoronic). The spectrum shows the characteristic absorption band
at about 780 nm (red line) after forming the J-aggregate. Whereas the monomer shows an
absorption maximum at around 640 nm (black line). A bathochromic shift of almost 140 nm

(!) was achieved after the highly ordered structure is formed.
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5 Results and Discussion

Determination of the Surfactant Concentration

First, a suitable amount of surfactant need to be determined. Therefore, to an aqueous
solution (2.5 mL) of compound 44, with a dye concentration of 2 x 1075 M, different amounts
of Pluronic were added (0, 20, 32, 40, 48, 80 and 400 mg/L). By adding 4000 mg/L surfactant
no aggregation can be observed. The test was also carried out with SDS instead, however only
with 20, 40 and 60 mg/L of surfactant.

The corresponding absorption spectra were recorded. As shown in figure 5.10a, already without
adding a surfactant the dye forms J-aggregates. With 40 mg/L the best dye - surfactant
proportion was determined. The same result showed the test with SDS (see figure 5.10c¢)

------ monomer
—O0mg/L

20 mg/L
——32mg/L
——40 mg/L
———48 mg/L
——80 mg/L
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-
(%2

Absorption ratio J-aggregate/Monomer

05 I I
| . . | -
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Wavelength (nm) surfactant concenration [mg/L]

(a) Determination of the optimal surfactant concen-(b) Plot of the absorption ratio (ratio of J-aggregate

tration with Pluoronic in water with compound at 770 nm to monomer at 640 nm) vs. the surfac-
44 (c = 2% 107°M), the dashed line represents tant concentration [mg/L]

the monomeric form in THF

3
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(c) Ideal amount of surfactant (SDS) verification (d) Plot of the absorption ratio (ratio of J-aggregate
with compound 44 in water, with defined dye at 770 nm to monomer at 640 nm) vs. the SDS
conc (2% 1075M). concentration [mg/L]

Figure 5.10: Determination of the optimal surfactant concentration with Pluoronic and SDS
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5.8 Formation of J-aggregates

Determination of the Dye Concentration

Now that we know, that with adding 40 mg/L surfactant the best results are achieved,
the question of the optimal dye concentration need to be answered. It was found that the
concentration, which was used during the previously tests, achieved the best results, as it can

be seen in figure 5.11a. During this measurements Brij 93 was used as surfactant.

%
4
0

T T T T 1
500 600 700 800 900 1*10E-4 1*10E-5 2%10E-5 4*10E-5
Wavelength (nm) dye concentration [mol/L]

Normalized Abs
(770 nm/640 nm)
= ] w
- [5,] N [5,] w v

o
&}

Absorption ratio J-aggregate/Monomer

0,0

(a) Absorption spectrum with different concentra-(b) Plot of the absorption ratio (ratio of J-aggregate
tions of compound 44 with Brij 93 as surfactant at 770 nm to monomer at 640 nm) vs. the dye
concentration [mol/L]

Lower and higher concentrations lead to broader peaks. Even though the conc. at 4 x 1075 M
has a larger red shift, nevertheless the peak is broader, which can be seen at full width at
half maximum (FWHM). The selected concentration, 2 * 107°M, yield in a value of 21.6 nm
and 4 % 107°M shows a FWHM of 31.9 nm. In case of 1 x 107> M the monomeric portion is
higher.
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5 Results and Discussion

Influence of Surfactant Nature on J-aggregates Formation

During this measurements the dependency of surfactants was determined. In total, six different
surfactants were tested, the used surfactants are shown in table 3.3 and the structures in figure

5.12. The structure of Pluoronic can be found in figure 5.9b.

(@] Na O,}/\ ]H
0 PV N\ ~ S
ClgHgs{ \/-}\nOH O—#—O \{/\{/Q/ "
(0]
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a o/\/lb \ﬂ/\/\CCQ
(0] HO O, 6
o o 0 Z
[

O 71/\/\\/7\;3

oon J no” %,
Tween 85 Span 80

Figure 5.12: Structure of the used surfactants: Brij 93, SDS, Triton X-100, Tween 85 and
Span 80

Brij 93, SDS and Tween 85 showed the best results and were used for the following tests. Brij 93
and Tween 85 are non-ionic surfactants, whereas SDS is an anionic one. As already investigated,
40 mg/L of surfactant and a dye concentration of 2 x 107> M showed the best results and were
prepared in an aqueous solution. Eleven different dyes were analyzed, compounds 21, 25, 43,
44, 45 and 46 formed J-aggregates with and without surfactants and a huge bathochromic
shift can be observed. After preparation, absorption spectra of each compound were recorded

and show the dependency of used surfactants.
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5.8 Formation of J-aggregates

Color change upon the formation of J-aggregates is exemplified in Fig. 5.10 for dye 25. As
can be seen, the color intensity after formation of J-aggregates fades, due to the bathochromic

shift and disappearance of the monomer absorption.

Figure 5.13: Dye 25 before (in THF) and after J-aggregation (in water) with different
surfactants: 1. monomer, 2. without surfactant, 3. Brij 93, 4. SDS and 5. Tween 85 (from
left to right). Uncolored solutions indicate disappearance of the monomer absorption and
strong absorption in NIR part of the spectrum.

Already without adding surfactants J-aggregates are formed, however after addition the
aggregates show a higher structural order.

Dye 25 shows self-aggregation even without a hydrophobic counter part. The hydrophobic
BODIPY core is already enough for the hydrophilic TEG-part to organize a highly ordered
structure and is almost entirely converted to the aggregated form. Tween 85 was the only
exception. In case of the perfluoro derivatives broader peaks can be observed, in contrast to
the typical sharp peaks, seen with the other compounds. As well as with compound 25, the
amphiphilic dye 46 only forms the aggregated conformation.

J-aggregates are predominantly formed. In some cases, formation of H-aggregates (characterized
by broadening of the absorption band and hypsochromic shift) is also observed, depending on

the used surfactant (see figure 5.14).
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Figure 5.14: Absorption spectra of dye aggregates (c= 2 * 107> M) with different surfactants
(40 mg/L) in water, the black lines represent the monomeric forms in THF with the same

dye concentration.
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Figure 5.15: Absorption spectra of remaining dyes, which did not lead to formation of
J-aggregates with different surfactants. The monomers are represented as a black line.
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J-aggregates are formed with similar absorption spectra, independent on whether the hydropho-
bic chain is in meso-position and the hydrophilic in B-O-position or other way round.
J-aggregation only occurs when the structure has a hydrophilic or very hydrophobic perfluo-
roalkyl chain in meso-position, without any B-O substituent.

For dye 21, decyloxy in meso-position and without a hydrophilic group at boron center (see
figure 5.15 a), no J-aggregation can be observed. However by introduction of TEG at the
center, the tendency to form J-aggregates gets improved. The same trend is valid for the
perfluoro derivative. Without TEG there are also some H-aggregates formed, however with -
there is only J-aggregation.

In case of perfluoro derivatives the absorption bands are broader, e.g. compound 46 with Brij
93 shows a FWHM of 46.4 nm, however the absorption intensity is much higher than the one
of the other dyes.

All dyes shown in figure 5.15 do not form J-aggregates due to their structure.

Concluding, the BODIPY structure need to be m-extended at the right position and rigid to
form J-aggregate, therefore the following tests and characterizations were carried out with the
five BODIPY derivatives shown in 5.14.

Table 5.2: Overview of attempts to form J-aggregates with different surfactants
(+++: forms almost exclusively; ++: forms in moderate amount ; + some dye in this form
can be found; no sign - none of this form can be found)

H-aggregates M/D J-aggregates

without + /+
21 Brij 93 + /+
SDS + /+
Tween 85 + /+
o-CroHz1 without J+++
29 Brij 93 /+++
SDS [+++
T Tween 85 R
without T+t
o5 Brij 93 + 4
SDS +++
: : Tween 85 + +
o S without 4+
o7 %E% Brij 93 4+
Y SDS ot
! ' Tween 85 RIS

Continued on next page
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5.8 Formation of J-aggregates

Table 5.2 — continued from previous page

H-aggregates M/D J-aggregates
without + [+
38 Brij 93 + /++
SDS + [+
Tween 85 + /++
without + /+
42 Brij 93 + [4++
SDS + /++
Tween 85 + [+
without + +
Brij 93 + ++
43
SDS + ++
Tween 85 + ++
without + + +
Brij 93 + + ++
44
SDS + + ++
Tween 85 + + ++
without + + +
Brij 93 + ++
45
SDS + ++
Tween 85 + ++
without + ++
Brij 93 +++
46
SDS +++
Tween 85 +++
without +++
Brij 93 +++
47
SDS +++
Tween 85 +++

M = monomer

D = dimer
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To see the influence of mixed dye aggregates, compound 43 and 44 (1 : 1) were put together
and the resulting absorption spectra were recorded (see figure 5.16). After mixing the two
compounds the absorption peaks covers the peaks of the individual compounds. In case of all

surfactants almost only the aggregated form is present.
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Figure 5.16: Absorption spectra of 1 : 1 mixture of compounds 43 and 44
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5.8 Formation of J-aggregates

Resonance Light Scattering

To confirm the formation of J-aggregates, a light scattering measurement was performed
with dye 25 in presence of Brij 93 in water. This method is very selective and sensitive
towards investigation of solutions of aggregates and is only observed for extended aggregates
of chromophores. In addition, the shape and size can be determined [101]. This method
is performed in synchronous-scan mode and 90° geometry of the spectrofluorometer. Light
from an excitation source passes through a solution and the scattered light is detected at the
excitation wavelength. This effect can be seen near or at the absorption maxima and increases
in case of strong electronic coupling of chromophores in aggregates resulting in a spectra, which

resemble this of the absorption spectra (see 5.17).
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Figure 5.17: Absorption and light scattering spectra of dye 25 with Brij 93
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5 Results and Discussion

Temperature Dependency of Aggregates with Surfactants

As it can be seen in figure 5.18, with increasing temperature the J-aggregate decreases and
more monomer is formed. Such temperature dependence is typical, at higher temperature the
equilibrium shifts and more monomer is formed. The situation is more complex since there are

also H-aggregates present.
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Figure 5.18: Temperature dependency detected via recording of absorption spectra.
(a) shows compound 25 with surfactant Brij 93, (b) compound 43 with Brij 93
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5.8 Formation of J-aggregates

5.3.2 Formation of J-aggregates in Polymers

The task was to generate aggregates in polymers and find out, if a higher structural order
can be achieved, because it would be very interesting for practical applications to obtain
J-aggregates in polymers, not only in solutions. The dyes, which already formed J-aggregates
with surfactants were investigated. 1 w% dye was incorporated in different polymers (see
table 3.4). After foil preparation the absorption spectra were recorded. It was found that

polystyrene is not a suitable matrix for formation of J-aggregates for any of the dyes.
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Figure 5.19: Absorption spectra of dyes 25 and 44 with different polymers show no formation
of J-aggregates

In case of BODIPY derivatives with TEG in meso position there was no aggregation formation

in any polymers observable, neither with the amphiphilic derivative 44.

Figure 5.20 shows that in silicone rubber and Hydrogel D4 a characteristic peak in NIR is

clearly visible. but still some monomer and H-aggregate peaks are present.
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5.8 Formation of J-aggregates
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5.8 Formation of J-aggregates

Only the perfluoro derivatives, dye 45 and 46, show J-aggregation in polyHEMA and cellulose

acetate. Reason could be the hydrophobic perfluoro chain.

Even though silicone showed good results with compound 43 and 46, the foils did not dry
entirely and were difficult to handle. The resulting peaks are broader than the classical sharp
peaks of J-aggregates. Dye 46 showed the formation of other species in minor concentration

(peak at around 690 nm), which are probably dimers.

Table 5.3: Overview of attempts to form J-aggregates with different polymers
(++4+: forms almost exclusively; ++: forms in moderate amount ; 4+ some dye in this form
can be found; no sign - none of this form can be found)

Polymer H-aggregates Monomer J-aggregates
terey D4 ot
25 3;%7 PolyHEMA T
/(\L/ TSl cellulose acetate +++
D4 + ++
PolyHEMA ++ +
43 cellulose acetate 4+
silicone rubber +
PS e
D4 + 4+
44 PolyHEMA 44+
cellulose acetate +++
D4 (+) + +oF
PolyHEMA + 44
45 cellulose acetate (+) + 4+
silicone rubber + +
PS +++
D4 +++
PolyHEMA + 44
46 cellulose acetate + 4+
silicone rubber + 4
PS +++
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5 Results and Discussion

Temperature Dependency of J-aggregates with Polymers

2 w% dye 43 was incorporated in D4, which swells in water. The measurement was carried
out in dry and wet conditions. In case of dry state there is much more monomer than in
water. After this measurement, it can be stated, that foils in water show higher aggregate
formation than without water (see figure 5.23), therefore measurement of the dynamic response

to humidity changes was carried out in a flow-through cell (see the following section).
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measured in dry state and in water, respectively. (c) shows the comparison at 25°C in dry
state and in water
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5.8 Formation of J-aggregates

Dynamic response to humidity changes

The aim of this measurement was to identify the dependency of moisture on the aggregated
and monomeric forms. Therefore, a foil with 2 w% dye 43 in 10 % Hydrogel D4 was prepared
and the changing absorption intensity at 780 nm was detected over time in inert and with

humid atmosphere, generated by a sat. KCl-solution (85 % humidity).
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Figure 5.24: Dynamic response with alterning inert and 85 % humid atmosphere. Detected
absoption plotted against time.

As it can be seen in figure 5.24, while nitrogen runs through the set-up a decrease of the
absorption intensity can be observed. By passing through humid atmosphere the intensity
increases. Monomer will show the exactly opposite trend. As a result, those dyes can be used
as moisture sensors, however with a really slow response time. After around 150 min a sharp

increase and again slowly decrease can be seen, because the set-up failed shortly.
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5 Results and Discussion

5.4 Photophysical Properties of the J-aggregates

The aim of this thesis was to generate J-aggregates with different surfactants, as well with

polymers. In this chapter the prepared aggregates were characterized according to their

photophysical properties.

5.4.1 Absorption and Emission Spectra

In this section only the spectra with surfactants, which achieved the highest shift, for the

individual dye are shown, the remaining spectra can be found in the appendix (see 10.2).
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5.4 Photophysical Properties of the J-aggregates

During this measurement the emission spectra were recorded in front face orientation, because
spectra with higher resolution were obtained. The excitation took place at 730 nm, except
for compound 25, where 715 nm was adjusted. However, in the next chapter, for better
comparison to reference values, the typical 90° setting was adjusted. The sample were excited
at 740 nm and 725 nm, respectively.

The recording of emission spectra was difficult, because the device and light source are not
suitable in the NIR region. To obtain an useful spectrum the slits had to be small and a few
cycles need to be recorded. Since the Stokes shift is very small and the bands narrow, it is
not easy to select the excitation wavelength where the absorption is still reasonable but no

artifacts from scattered light are detected.

Compounds with a perfluoro chain (dye 45 and 46) show a higher order of aggregation in
apolar surfactants. Whereas m-TEG BODIPY (25) compared to the amphiphilic derivative

(44) show an opposite trend. Therefore a real prognosis can not be made.

T
=)
=]

D
LN
=]

——- - -inD4

08- ——— —inD4
——~ — insilicone rubber

0.8 0,8

S
©

0,6 4 0,6 0,6

0,44 04 0,44

Lo.2 02 / :
O

0,0 T T T T T T T T 0,0 0,0 +— T T T T T T T T
680 700 720 740 760 780 800 820 840 680 700 720 740 760 780 800 820 840

S [
S (]
Normalized Emission

Normalized Absorption

Normalized Emission
Normalized Absorption

0,2+

=)
)

o
=}

Wavelength (nm) Wavelength (nm)
(a) m-decyloxy B-TEG (43) (b) m-perfluoro (45)

0,84

T
o
©

——— - inD4
——— — insilicone rubber
0,6 0.6

0,4 04

Normalized Absorption
Normalized Emission

0,24

T
o
)

0,0 T T T T T T T T
680 700 720 740 760 780 800 820 840

0,0

Wavelength (nm)
(c) m-perfluoro B-TEG (46)

Figure 5.26: Absorption (solid) and Emission (dashed line) spectra of m-decyloxy B-TEG,
m-perfluoro and m-perfluoro B-TEG in Hydrogel D4 or silicone

85



5 Results and Discussion

All spectra confirm that after forming J-aggregates very small Stokes shift can be seen.

Table 5.4 and 5.5 give an overview of the results.

Table 5.4: Overview photophysical properties of J-aggregates with surfactants

compound surfactant Aabs [nmM] Aem [DmM] QY. [%]
without 752 752 0,37
o5 Brij 93 757 756 13
SDS 754 753 1,5
without 761 771 1,6
43 Brij 93 771 773 4.8
SDS 759 768 3.4
Tween 85 770 774 4,0
Brij 93 770 773 1,1
44 SDS 773 778 0,69
Tween 85 77 778 0,95
without 781 797 1,2
45 Brij 93 778 787 2,0
SDS 782 798 1,7
Tween 85 780 791 1,9
without 770 773 3,5
46 Brij 93 767 7 4,7
SDS 776 784 2,8
Tween 85 767 776 3,9
43 + 44 Brij 93 769 772 5,4

Table 5.5: Overview photophysical properties of J-aggregates with polymers

compound polymer Aabs [nmM)] Aem [nmM)] QY s [%]
43 Hydrogel D4 779 781 1,9
Silicone 780 788 2,1
45 Hydrogel D4 796 805
Cellulose Acetate 780 783
Hydrogel D4 781 785
46 PolyHEMA 778 779
Cellulose Acetate 780 783
Silicone 780 788 0,59
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5.4 Photophysical Properties of the J-aggregates

5.4.2 Quantum Yields

The relative QY were determined without and with different surfactants in water and calculated
via eq. 3.1, described in section 3.5.4.

As reference indocyanine green with a quantum yield of 13,2 % in ethanol [93] was used.

The calculated relative QY vary in a broad range and strongly depend on the nature of the

dye and surfactant. All results can be found in table 5.4.

The non-ionic surfactant Brij 93 shows the highest quantum yields with all dyes, whereas the
yields in water are really low, the only exception is compound 46.

In general, dyes with hydrophobic substituents in meso position tend to have higher yields.
Compared to the monomeric form, where the QY are in the range between 26-85 %, after
aggregation the fluorescence decreases in most cases by about 10 fold. However the measured
QY for those dyes are relatively high compared to dyes known from literature, which absorb
and emit in the NIR region of the spectrum. As already mentioned in the theoretical part of
this thesis, NBI, which also forms J-aggregates, only achieved a quantum yield of 2 % [61].

Some other dyes are not even emissive [13].

A huge disadvantage during this measurements was the limitation of the light source and the
PMT detector at high wavelengths. Another reason for the low quantum yields can be the
inner filter effects (e.g. reabsorption of the emitted light), which can have an huge influence
on the quantum yields. The refractive index for the investigated compound is also not entirely

correct, because the one of water was adopted, however also the surfactant has an impact.

For the absolute QY, three samples were measured. 2 w% dye 43 in Hydrogel D4 in water,
dye 43 in silicone, as well as compound 46 in silicone. The yields were quite low (see table
5.5). Dye 43 in silicone, with 2.1 % achieved the highest value.

5.4.3 Fluorescence Lifetime

The fluorescence lifetimes of J-aggregates are dramatically shortened. They are in the ps range
and can not be fitted easily. The device and light are not suitable in this range, therefore the

results can not be trusted entirely.
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6 Conclusion and Outlook

Within the scope of this work eleven new BODIPY dyes were synthesized, five of them were
able to form J-aggregates. Structures without a m-extended system do not show formation of
J-aggregates. Concluding that the structure need to be rigid and m-extended to be able for the
formation. The amphiphilic character enhance the probability and result in a bathochromic
shift of the spectrum.

The five dyes form J-aggregates in aqueous solution in presence and sometimes in absence
of surfactants, in certain cases even in polymers. Characteristic strong bathochromic shift is
observed. Absorption spectra are shifted to the NIR region with maxima at approximately 770
nm after formation of J-aggregates with surfactants as well as in polymers (monomer at about
640 nm). So it is an easy way to synthesize dyes which can absorb and emit in the NIR region.
Absorption and emission in this region of the light is preferential for many applications due to
reduced background noise, less influence of impurities, deeper tissue penetration (in medical
applications) and less scattering of excitation and emission light. The resulting Stokes shifts
are negligible small.

The measured quantum yields of the monomers were found to be from moderate to high.
After coupling the alcohol to the boron center, the yields get lower, except for the perfluoro
derivative, where an opposite trend can be observed. This can be seen for the lifetime as well
for the quantum yield. After forming the highly ordered structures, the J-aggregates, the
measured quantum yields and the lifetimes are drastically declined, however are moderately
high in some cases, considering the long wavelength of emission and that some of those known
from literature are not even emissive or achieved really low QYs.

In general the light scattering spectrum resembles the absorption spectrum, which was also

seen during this thesis.

Typical J-aggregate behavior was detected during this thesis, like temperature dependency
and strong light scattering. While increasing the temperature the aggregated form is not
that stable anymore and more monomer is formed. Dyes incorporated in a hydrogel show
humidity-dependent monomer/J-aggregate equilibrium (higher humidity - more aggregate),

which can be potentially utilized for humidity sensing but is slow in response.
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The potentially promising asymmetrical BODIPYs, which may be able to terminate the J-
aggregation, could not be synthesized during this work and should be further investigated.
The separation from the symmetrical byproducts was not possible, this could be improved
by synthesizing the stable ketone intermediate and further converting to the asymmetrical
product. Probably both fluorine atoms will be substituted by alcohol, because the structure

provides more space than the rigid structure of the synthesized products during this work.

During this thesis a new dye class was investigated, amphiphilic BODIPY dyes, resulting in
the first extensive study of J-aggregate formation with BODIPYs.
Concluding, J-aggregates formed with BODIPY dyes show a high potential, as well as for

sensing applications, particularly considering the NIR, fluorescence.
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10 Appendix

10.1 Supporting Information

In this chapter, the experimental procedures that were not carried successfully will be discussed

in detail.

10.1.1 Attempts to couple alcohol at the boron center
Attempt 1

In a Schlenk flask 2,5,8,11-tetraoxatridecan-13-ol (11.98 pL, 60-98 pmol, 10 eq) were dissolved
in dry DCM under inert atmosphere. NaH (1.17 mg, 8 eq) was added and the reaction was
stirred for 30 min at room temperature. In a second Schlenk flask compound 43 (5.00 mg,
6.09 pmol) was dissolved in DCM and 1 M BCl3 in heptane (7.30 uL, 7.30 pmol, 1.2 eq) was
added and stirred for 20 min. The color changed from blue to green. Afterwards the alcoholate
was added to the second reaction mixture and stirred over night. The reaction progress was
controlled via TLC and UV-VIS spectroscopy, the results indicate a decomposition to it’s
ligand.

Attempt 2

The procedure was performed analogues to Attempt 1, except that the conversion to the
alcoholate was carried out in toluene instead of DCM and during the chlorination step only
1.2 eq were added.

In a Schlenk flask 2,5,8,11-tetraoxatridecan-13-ol (11.98 pL, 60-98 pmol, 10 eq) were dissolved
in dry toluene under inert atmosphere. NaH (1.17 mg, 8 eq) was added and the reaction was
stirred for 30 min at room temperature. In a second Schlenk flask compound 43 (5.00 mg, 6.09
pumol) was dissolved in DCM and 1 M BCl; in heptane (30.4 pL, 3.4 pmol, 5 eq) was added
and stirred for 20 min. The color changed from blue to green. Afterwards the alcoholate was
added to the second reaction mixture and stirred over night. The solution was extracted with
water and dried over Na2SQOy. After filtration, the solvents were removed. No product was

isolated.
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Attempt 3

5 mg (6.09 pmol) compound 43 were dissolved in dry DCM and 1 eq BCl3 was added. The
solution stirred 20 min and a shift of absorption maxima (15 nm) was detected. 2,5,8,11-
tetraoxatridecan-13-ol (12 pL, 10 eq) was added and stirred for 1.5 hours. After reaction
control, again 10 eq alcohol were added. On the next day the organic phase was washed with
water, dried and removed. The product was tried to purify via flash column chromatography,

however the dye reacts with the silica.

10.1.2 Synthesis of Ethyl-4,7-dihydro-2H-4,7-ethanoisoindole-1-carboxylate
(35)

480 mg (1.84 mmol) 2-Tosylbicyclo[2,2,2]octa-2,5-diene (34) were dissolved in dry THF (10
mL), ethyl isocyanoactete (364 L, 3.32 mmol, 1.80 eq) and DBU (290 uL, 1.94 mmol, 1.05
eq) were added. The reaction solution was stirred for 24 hours at room temperature. The

reaction was controlled via TLC, no product was formed.

10.1.3 Synthesis 14-(4-decylocy)phenyl-7-7-difluoro-5,9-dimethyl-1,7,10,13-
tetrahydra-4H-diethano[1,3,2]diazaborino diisoindole
(37)

The reaction was carried out analogues to the second method described in 4.1.14.
Compound 35 (50.00 mg, 314.01 pmol, 2 eq) was dissolved in dry DCM (16 mL) and small
amount of dry ethanol (1.14 mL), 14 : 1, in a Schlenk tube under inert atmosphere. 4-
(Decyloxy)benzaldehyde (45.00 pL, 164.85 pmol, 1.05eq) and a drop TFA were added. The
mixture was stirred over night at room temperature.

After oxidation with DDQ (38.60 mg, 157.0 pmol, 1 eq), which forms more side products
compared to p-chloranil, DIPEA (274 L, 1.57 mmol, 10 eq) was added to guarantee a basic
surrounding. BF3 diethyl etherate (291 uL, 2.36 mmol, 15 eq) was added dropwise to the
solution for the complexation. This did not work out, because the alcohol interferes with the
complexation step. The right amount of base was added until the solution started to fluoresces.
Afterwards the complexation with BF3OFEts was successful. The mixture was extracted with

water, prepurified with a small column (silica, DCM) and the solvent was removed.

The reaction progress was monitored with TLC (CH : EA, 4 + 1).
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10.2 Remaining Absorption and Emission Spectra
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Figure 10.1: Absorption (solid line) and Emission (dashed line) spectra of dyes in water in

presence of different surfactants
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10.3 NMR Spectra
10.3.1 Compound 21
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10.3.4 Compound 24
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10.3.5 Compound 25
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10.3.6 Compound 27
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10.3.7 Compound 28
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1H NMR spectrum (300 MHz, Methylene Chloride) of compound (28)

Figure 10.14
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10.3.8 Compound 33
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Figure 10.15: 1H NMR spectrum (300 MHz, Chloroform) of p-Tolyl ethynyl sulfone (33)
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1H NMR spectrum (300 MHz, Chloroform) of compound 34

Figure 10.16
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Figure 10.17: 1H NMR spectrum (300 MHZ, Chloroform) of BCOD fused pyrrole (35)
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Figure 10.18: COSY spectrum (300 MHz, Chloroform) of BCOD fused pyrrole (35)
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APT spectrum (76 MHz, Chloroform) of BCOD fused pyrrole (35)

Figure 10.19
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1H NMR spectrum (300 MHz, Chloroform) of compound 36

Figure 10.20
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1H NMR spectrum (300 MHz, Methylene Chloride) of compound 37

Figure 10.21
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Figure 10.22

reaction (38)
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1H NMR spectrum (300 MHz, Methylene Chloride) of compound 42

Figure 10.23
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Figure 10.24
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Figure 10.25: APT spectrum (76 MHz, Methylene Chloride) of compound (43)
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Figure 10.26
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Figure 10.27
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Figure 10.28: 1H NMR spectrum (300 MHz, Methylene Chloride) of Cl-rigid m-perfluoro

BODIPY (45)
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Figure 10.30: whole MALDI-TOF spectrum of compound 21 in dithranol matrix with the
corresponding isotope pattern
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MALDI-TOF spectrum of compound 21 in dithranol matrix with the corre-

sponding isotope pattern

Figure 10.31
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10.4.2 Compound 22
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Figure 10.32: MALDI-TOF spectrum of compound 22 in alpha matrix with the corresponding
isotope pattern
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MALDI-TOF spectrum of compound 22 in alpha matrix with the corresponding

isotope pattern

Figure 10.33
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10.4.3 Compound 25
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Figure 10.34: MALDI-TOF of of compound 25 in dithranol matrix
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10.4 MS Data

10.4.4 Compound 27
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Figure 10.37: Experimental MALDI-TOF of compound 27 in dithranol matrix
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Figure 10.39: Experimental MALDI-TOF of compound 27 in alpha matrix with corresponding
isotope pattern
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10.4 MS Data

10.4.5 Compound 38
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Figure 10.41: MALDI-TOF of compound 38 in alpha matrix with corresponding isotope

pattern
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MALDI-TOF of compound 38 in alpha matrix with corresponding isotope

pattern

Figure 10.42
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10.4.6 Compound 43
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10.4 MS Data

10.4.7 Compound 44
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Figure 10.45: MALDI-TOF of 44 in dithranol matrix with corresponding isotope pattern
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10.4.8 Compound 45
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Figure 10.46: MALDI-TOF of m-perfluoro BODIPY (45) in dithranol matrix with corre-
sponding isotope pattern
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MALDI-TOF of m-perfluoro BODIPY (45) in dithranol matrix with corre-

sponding isotope pattern

Figure 10.47
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MALDI-TOF of m-perfluoro BODIPY (45) in alpha matrix with corresponding

isotope pattern

Figure 10.48
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MALDI-TOF of m-perfluoro BODIPY (45) in alpha matrix with corresponding

isotope pattern

Figure 10.49
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10.4.9 Compound 46
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MALDI-TOF of m-perfluoro B-TEG BODIPY (46) in dithranol matrix with

corresponding isotope pattern

Figure 10.50
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10.4.10 Compound 47
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Figure 10.52: MALDI-TOF of compound 47 in alpha matrix with corresponding isotope
pattern

158



10.4 MS Data

Loo
sang

, 076 0z 06 088 0% o s 008 08L OL o GEL 00 0% we e 0Z0 002
zw . " i o Lt . e - _ X . i i o "
o T T N 2z T Al L2855, d o J L e "
cerie B6IT 016 BBSE Z8%opn0 o0 __ 8801 659 IVEEE 000L 008 oo voos 1l 2906 Gepgze ,mm m.mwmn L __ R rreiee
s E " e
Lor0 %8 LE 0 e 0369000 ErELELY
53T eIy
oL L 34 — —
a74oL (00Ex1"05) WS { 00'01'66) 95 HH 'D0'0L '€USI)UD (Z80'1) 69 EudIETEE s TULBLILP
L IR L L Lt I T TR TN IR . TP T T T VUV T FOU TOPT SN U TVO TR TOVT VN
]
Levgest
8005158
HETH
(Al [eanai0ayL

09555l
e 1905958
+07 401

Zieesh
s600°76h|
2119409
L[0T0%EHE) — ] 1ed1y yL

T L = o
+0130L OZNEEHEZO (00'} BYd|ETEE oS TUUBWLD!

Loor
sang

MALDI-TOF of compound 47 in alpha matrix with corresponding isotope

pattern showing mostly defragmentation

Figure 10.53

159



	Abstract
	Contents
	1 Introduction
	2 Theoretical Background
	2.1 Fundaments of Luminescence
	2.1.1 Physical Background about the Absorption of Light
	2.1.2 Franck-Condon Principle
	2.1.3 The Perrin-Jablonski Diagram
	2.1.4 Characteristics of Fluorescence Emission
	2.1.5 Luminescence Quenching

	2.2 J-aggregates
	2.2.1 Introduction
	2.2.2 Formation and optical properties
	2.2.3 Prime example for J-aggregates: pseudoisocyanine dye (PIC)
	2.2.4 Other examples for J-aggregation and how they differ
	2.2.5 Red and NIR J-aggregates
	2.2.6 Influence of additional surfactants
	2.2.7 Field of applications

	2.3 BODIPY
	2.3.1 Syntheses route
	2.3.2 Modification of the BODIPY core


	3 Materials and Methods
	3.1 List of used solvents
	3.2 NMR Solvents
	3.3 List of used Chemicals
	3.3.1 List of Surfactants
	3.3.2 List of Polymers

	3.4 Chromatography
	3.4.1 Thin Layer Chromatography (TLC)
	3.4.2 Flash Column Chromatography

	3.5 Photophysical Measurements
	3.5.1 Absorption
	3.5.2 Emission and Excitation
	3.5.3 Lifetime
	3.5.4 Quantum Yield

	3.6 Structural Characterization
	3.6.1 Nuclear Magnetic Resonance Spectroscopy (NMR)
	3.6.2 High Resolution Mass Spectrometry (HR-MS)


	4 Experimental
	4.1 Synthesis of symmetrical BODIPY derivatives
	4.1.1 Cl-rigid m-decyloxy BODIPY (21)
	4.1.2 1,3,7,9-Tetramethyl m-decyloxy BODIPY (22)
	4.1.3 2,5,8,11-tetraoxatridecan-13-yl-4-methylbenzensulfonate: Tos TEG (23)
	4.1.4 4-((2,5,8,11-tetraoxatridecan-13-yl)oxy)benzaldehyde: TEG Benzaldehyde (24)
	4.1.5 Cl-rigid m-TEG BODIPY (25)
	4.1.6 4-propylphenyl m-TEG BODIPY (27)
	4.1.7 3,4-dihydro-6-TEG-naphthalen-1(2H)-one (28)
	4.1.8 7-TEG-3-phenyl-pyrrole (29)
	4.1.9 TEG-m-perfluoro BODIPY (31)
	4.1.10 p-Tolyl ethynyl sulfone (33)
	4.1.11 2-Tosylbicyclo[2,2,2]octa-2,5-diene (34)
	4.1.12 Ethyl-4,7-dihydro-4,7-ethano-2H-isoindole-1-carboxylate (35)
	4.1.13 2-Methyl-4,7-dihydro-4,7-ethano-2H-isoindole (36)
	4.1.14 Different attempts to synthesize 14-(4-decylocy)phenyl-7-7-difluoro-5,9-dimethyl-1,7,10,13-tetrahydra-4H-diethano[1,3,2]diazaborino diisoindole (37)
	4.1.15 retro Diels-Alder

	4.2 Synthesis of asymmetrical BODIPY derivatives
	4.2.1 9-chloro-13-(4-(decyloxy)phenyl)-5,5-difluoro-1,3-dimethyl-12-phenyl-5,11-dihydro-5l4,6l4-indeno[2',1':4,5]pyrrolo[2,1-f]pyrrolo[1,2-c][1,3,2]diazaborinine (39) via different attempts
	4.2.2 method 2
	4.2.3 p-(4-((2,5,8,11-tetraoxatridecan-13-yl)oxy)styryl)-(4-(decyloxy)phenyl)-difluoro-trimethyl-5H-dipyrrolo diazaborinine (42)

	4.3 Synthesis of amphiphilic BODIPYs
	4.3.1 Cl-rigid m-decyloxy B-TEG BODIPY (43)
	4.3.2 Cl-rigid m-TEG B-decyloxy BODIPY (44)
	4.3.3 Cl-rigid m-perfluoro B-TEG BODIPY (46)
	4.3.4 Tetramethyl m-decyloxy B-TEG BODIPY (47)

	4.4 Preparation of J-aggregates
	4.4.1 J-aggregate formation in various surfactants
	4.4.2 J-aggregate formation in various polymers


	5 Results and Discussion
	5.1 Synthetic Considerations
	5.1.1 Synthesis of BODIPY dyes
	5.1.2 Attempted Synthesis of Asymmetrical BODIPY
	5.1.3 Substitution of Fluorine with Alcohols

	5.2 Dye Characterization
	5.2.1 Absorption and Emission Spectra
	5.2.2 Quantum Yield
	5.2.3 Fluorescence Lifetime

	5.3 Formation of J-aggregates
	5.3.1 Aggregates with Surfactants
	5.3.2 Formation of J-aggregates in Polymers

	5.4 Photophysical Properties of the J-aggregates
	5.4.1 Absorption and Emission Spectra
	5.4.2 Quantum Yields
	5.4.3 Fluorescence Lifetime


	6 Conclusion and Outlook
	7 References
	8 List of Figures
	9 List of Tables
	10 Appendix
	10.1 Supporting Information
	10.1.1 Attempts to couple alcohol at the boron center
	10.1.2 Synthesis of Ethyl-4,7-dihydro-2H-4,7-ethanoisoindole-1-carboxylate (35)
	10.1.3 Synthesis 14-(4-decylocy)phenyl-7-7-difluoro-5,9-dimethyl-1,7,10,13-tetrahydra-4H-diethano[1,3,2]diazaborino diisoindole (37)

	10.2 Remaining Absorption and Emission Spectra
	10.3 NMR Spectra
	10.3.1 Compound 21
	10.3.2 Compound 22
	10.3.3 Compound 23
	10.3.4 Compound 24
	10.3.5 Compound 25
	10.3.6 Compound 27
	10.3.7 Compound 28
	10.3.8 Compound 33
	10.3.9 Compound 34
	10.3.10 Compound 35
	10.3.11 Compound 36
	10.3.12 Compound 37
	10.3.13 Compound 38
	10.3.14 Compound 42
	10.3.15 Compound 43
	10.3.16 Compound 44
	10.3.17 Compound 45
	10.3.18 Compound 47

	10.4 MS Data
	10.4.1 Compound 21
	10.4.2 Compound 22
	10.4.3 Compound 25
	10.4.4 Compound 27
	10.4.5 Compound 38
	10.4.6 Compound 43
	10.4.7 Compound 44
	10.4.8 Compound 45
	10.4.9 Compound 46
	10.4.10 Compound 47



