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I am a firm believer that without speculation there is no good and original observation.

Charles Darwin
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Abstract

In this thesis four palladium(II)-porphyrins and one palladium(II)-tetrabenzoporphyrin with
varying amphiphilic character were synthesised and thouroughly characterized and it was
attempted to prepare a covalently linked palladium(II)-porphyrin dimer.
Formation of J-aggregates with these Pd(II) complexes and with the corresponding metal-free
complexes was investigated in aqueous solutions in presence of different surfactants supporting
the aggregation. The two most amphiphilic palladium(II)-porphyrins and the palladium(II)-
tetrabenzoporphyrin formed ordered dye aggregates in water with a slipped J-type character.
The aggregates were characterized by resonant light scattering, absorption and fluorescence
spectroscopy.
The aggegates feature a split Soret band with a red- and a blue-shifted band. Compared to the
monomer, the luminescence quantum yields of the aggregates are reduced by at least one order
of magnitude. Whereas the metal-free aggregates possess room temperature fluorescence, the
palladium(II)-porphyrin aggregates showed phosphorescence only at 77 K.
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Kurzfassung

In dieser Arbeit wurden vier Palladium(II)-Porphyrine und ein Palladium(II)-Tetrabenzo-
porphyrin mit unterschiedlichem amphiphilen Charakter synthetisiert und gründlich charakteri-
siert und es wurde versucht, ein kovalent gekoppelts Palladium(II)-Porphyrin Dimer herzustellen.
Die Bildung von J-Aggregaten mit diesen Pd(II)-Komplexen und mit den entsprechenden metall-
freien Komplexen wurde in wässrigen Lösungen in Gegenwart verschiedener Tenside untersucht,
die die Aggregation unterstützen. Die beiden amphiphilsten Palladium(II)-Porphyrine und
das Palladium(II)-Tetrabenzoporphyrin bildeten geordnete Farbstoffaggregate in Wasser mit
einem J-Typ-Charakter. Die Aggregate wurden durch resonante Lichtstreuung, Absorption und
Fluoreszenzspektroskopie charakterisiert.
Die Aggegate weisen eine geteilte Soret-Bande mit einer rot- und einer blauverschobenen Bande
auf. Gegenüber dem Monomer sind die Lumineszenzquantenausbeuten der Aggregate um minde-
stens eine Größenordnung reduziert. Während die metallfreien Aggregate bei Raumtemperatur
fluoreszieren, zeigten die Palladium(II)-Porphyrin Aggregate erst bei 77 K Phosphoreszenz.
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1 Introduction

J-aggregates are known as highly ordered assembles of dye molecules. They posses properties
which strongly differ from those of their dye monomers. For example, they demonstrate very
narrow and bathochromically shifted absorption and emission spectra, very small or negligible
Stokes shifts, strongly increased molar absorption coefficients, shorter fluorescence lifetimes and
a high optical anisotropy.[1, 2]
This type of aggregates was independently discovered in the 1930s by Jelly [3, 4] and Scheiber [5]
on the dye 1,1′-diethyl-2,2′cyanine 1,1′-diethyl-2,2′-cyanine chloride (pseudoisocyanine). Since
their discovery, J-aggregate formations was also found at many other synthetic and natural
chromophores, like perylene bisimides [6, 7], fluorenes [8], BODIPY dyes [9], porphyrins [10–
12], chlorins [13] and phthalocyanines [14]. Due to their interesting photophysical properties,
J-aggregates can be used as spectral sensitizers of silver halide crystals in photographic films
and in the fields of biological sensing, photovoltaics and imaging.[1, 2]

Especially, J-aggregates based on porphyrins are very interesting. Porphyrins are known as one
of the most important pigments in nature (e.g. haemoglobin and chlorophyll )[15, 16] and their
synthetic representatives are frequently used for artificial applications (e.g. oxygen-sensing [17,
18], OLEDs [16], solar cells [19, 20]). Furthermore, porphyrins can be synthetically modified on
their meso-positions with various substituents and they easily form metal-complexes. Depending
on the substituents and complexed metal they show various photophysical properties, like
fluorescence and phosphorescence.

The aim of this work was the synthesis and characterisation of dimers and J-aggregates based
on phosphorescent palladium-metallated porphyrins and tetrabenzoporphyrins. J-aggregates
made of palladium(II)-porphyrins are particularly interesting since so far there are no literature
reports on phosphorescent J-aggregates.
Inspired by the work of Zhijian C. et al. on amphiphilic BODIPY J-aggregates, four palladium(II)-
porphyrins and one palladium(II)-tetrabenzoporphyrin with different amphiphilic character were
synthesised and their behaviour on aggregation was examined. Furthermore, the photophysical
properties of the monomeric dye and the aggregates were investigated.
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2 Theoretical Background

2.1 Luminescence

This chapter is based on references [21, 22].
Luminescence describes the emission of photons from electronically excited species. Such
luminescent compounds or “dyes” can be based on organic (e.g. aromatic hydrocarbons,
fluorescein), inorganic (e.g. lanthanide ions, CdS crystals) or organometallic compounds (e.g.
Ru(biPy)3). Depending on the mode of excitation various different types of luminescence are
known (e.g. photoluminescence, thermoluminescence, chemiluminescence), whereby for this
thesis only photoluminescence is important and will be further discussed.
The mode of excitation in photoluminescence is absorption of an photon, which rises an electron
from the ground state to an higher electronically excited state. Once in the excited state, it
can return to the ground state with emission of fluorescence, phosphorescence or by an other
de-excitation pathway. All this de-excitation mechanisms have very characteristic properties
which are discussed together with the absorption process on the next pages.

2.1.1 Absorption

Absorption is known as promotion of an electron from an orbital in the ground state to a higher
unoccupied orbital by a photon. Thereby, the orbital in the ground state can be a σ, π or a
non-bonding n orbital and the excited state either a σ∗ or a π∗ orbital. Due to the different
kinds of orbitals, five transitions between the orbitals are possible (π → π∗, n→ σ∗, n→ π∗,
σ → π∗ and σ → σ∗), whereby, mostly the least energetic transition between the Highest
Occupied Molecule Orbital (HOMO) and the Lowest Unoccupied Molecule Orbital (LUMO) is
observed. The energy which is needed to promote these transitions have generally the following
order:

n→ π∗ < π → π∗ < n→ σ∗ < σ → π∗ < σ → σ∗

For dyes usually the low energetic transitions n→ π∗ and π → π∗ are the most important ones.
Thereby, the energy of the π → π∗ transition decreases by increasing the extended π-electron

2



2.1 Luminescence

system. Due to the low energy gap, both transitions can be easily promoted by UV/Vis light
which makes UV/Vis spectroscopy suitable for the investigation of dyes. In contrast, the high
energetic transitions from σ orbitals as ground state need often far UV light which is rarely
used in spectroscopy.

The efficiency of light absorption at a certain wavelength λ is mathematically expressed by the
Lambert-Beer Law (Equation 2.1), where the absorbance A can be described either by the light
intensities before and after the sample (I0 and I) or by the molar decadic absorption coefficient
ε, the concentration c of the absorbing species and the absorbing path length l.

A(λ) = log
I0
λ

Iλ
= ε(λ)lc (2.1)

2.1.2 Franck-Condon Principle

According to the Born–Oppenheimer approximation, the movements of electrons are much
faster than those of nuclei. An electronic transition usually takes 10−15 s, whereas molecular
vibrations take place in a range between 10−10 to 10−12 s. Consequently, during an electronic
transition no movement of the nuclei is observed. Such a transition is called “vertical transition”.
Figure 2.1 illustrate that behaviour on a diatomic molecule.

Energy

reac�on coordinate

S0

S1

v0

v1

v2

v3

v0

v1

v2

v3

absorp�on

vibra�onal
relaxa�on

Figure 2.1: Franck-Condon principle illustrated on a diatomic molecule. Thereby, S0 is the
ground state, S1 is the first excited state and vn are the vibrational states.
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2 Theoretical Background

At room temperature, the diatomic molecule is on the lowest vibrational level v0 of the ground
state S0. By absorbing a photon, the molecule is excited by a vertical transition to a higher
electronically and vibrational level. After a while, relaxation occurs and the molecule falls to
the lowest vibrational level v0 of S1. Thereby, energy is released in form of heat. From that
state several de-excitation mechanisms are possible.

2.1.3 De-Excitation Mechanisms

As mentioned above, after absorption of a photon and following vibrational relaxation to
the lowest vibrational level of the excited state various de-excitation processes are possible.
These processes are internal conversion (IC), fluorescence, intersystem crossing (ISC), delayed
fluorescence and phosphorescence which are often visualized by a Perrin-Jablonski diagram. In
Figure 2.2 such diagram is depicted. Thereby, the abbreviations S0, S1, and S2 stand for the
singlet ground state, the first and the second excited singlet state, respectively, and T1 and T2

for the first and the second exited triplet state, respectively. Each of these electronic states,
vibrational states are associated. The de-excitation mechanisms can be divided in radiative and
non-radiative transitions. Radiative-transitions are depicted in Figure 2.2 by straight arrows
and non-radiative transitions by wavy arrows.

S2

T2

S1

T1

S0 S0

Energy

Absorp�on Fluorescence Phosphorescence

IC

IC ISC

ISC

VR

VRVR

VR

VR

VR

rISC

}vibra�onalstates

Figure 2.2: Perrin-Jablonski diagram with the electronic singlet (S0, S1, and S2) and triplet
states (T1 and T2). Non-radiative transitions internal conversion, (reverse) intersystem
crossing, and vibrational relaxation are abbreviated by IC, (r)ICS, and VR, respectively.
Radiative transitions are illustrated by coloured arrows (absorption: blue, fluorescence: green,
delayed fluorescence: orange and phosphorescence: red)
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2.1 Luminescence

Non-Radiative Transitions

Internal Conversion (IC)

A possible de-excitation pathway of an excited molecule is internal conversion. That isoenergetic
transition only takes place between two electronic states with the same multiplicity (e.g. S2 to
S1 and S1 to S0) and is generally followed by vibrational relaxation to the lowest vibrational
level of the ground or excited state. IC is more likely between electronic states with a small
energy gap. Therefore, it is more favoured from S2 to S1 than from S1 to S0. IC from S1 to S0

also competes with other processes, like fluorescence and intersystem crossing.

Intersystem Crossing (ISC)

In contrast to internal conversion, intersystem crossing (ISC) is a non-radiative transition
between two isoenergetic vibrational levels of two electronic states with different multiplicity.
For instance, an excited molecule in the lowest vibrational level of the first excited singlet state
S1 can move to the isoenergetic vibrational level of the triplet state Tn, followed by vibrational
relaxation to the lowest vibrational level of Tn. Ordinary, transitions between two states of
different multiplicity are forbidden. However, due to strong spin-orbit coupling ISC is possible
which is often observed in presence of heavy atoms (e.g. Br, Pd).
In addition to ISC, also the opposite way is possible which is called reverse intersystem crossing
(rISC). rISC is more likely if the electronic states S1 and T1 are energetically close together and
therefore at higher temperatures.

Radiative Transitions

Fluorescence

The transition from S1 to S0 by emission of a photon is called fluorescence. Apart from a few
exceptions, fluorescence is observed from the lowest vibrational level of the first excited singlet
state S1. Due to that, it is independent of the excitation wavelength. In general, the fluorescence
band resembles the absorption band (“mirrow image” rule), because of a similar distribution
of the vibrational levels of the ground and first excited state. According to Stokes Rule, the
fluorescence bands are shifted to longer wavelengths, because of energy loss in the excited state
by vibrational relaxation. Typically an overlap between absorption and fluorescence spectrum
is observed which is attributed to an absorption from a higher vibrational level of the ground
state. That behaviour can be explained by Boltzmann Law. At room temperature molecules
are usually on the lowest vibrational level. Nevertheless, a small fraction of molecules can also
occupy higher vibrational levels in the ground state which results in a red-shifted absorption
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and a blue-shifted fluorescence spectrum. At low temperatures, such shifts should disappear.
In addition to section 2.1.2, also the emission of a photon is a very fast process (10−15 s).
However, before emission or other de-excitation processes occur, the molecule stays for a certain
time in the lowest vibrational level of S1. This span is called “lifetime” and can take much
longer (10−10-10−7 s). By excitation of a molecule with short pulse of light, an exponential
decrease of the fluorescence intensity can be observed. That decay takes a characteristic time
which reflects the average lifetime of the molecule in the S1 state.

Phosphorescence

Emission of a photon from the first excited triplet state T1 to the ground state S0 is called
phosphorescence. Despite transitions between two electronic states with different multiplicity
are forbidden, they can be observed in presence of strong spin-orbit coupling. Nevertheless,
phosphorescence is a very slow process with a lifetime in the T1 state of 10−6 to 1 s. As a result
of the long lifetime and collisions between excited and solvent molecules, intersystem crossing,
followed by vibrational relaxation to S0 is favoured in solution and therefore phosphorescence is
seldom observed. However, at low temperature or/and in a rigid medium it can be observed. By
now, however, there are also many emitters reported that show strong phosphorescence at room
temperature in solution under anoxic conditions. In contrast to fluorescence, phosphorescence
spectra are widely shifted to longer wavelengths. The reason for that is the lower energy of T1

compared to S0 which is attributed to Hund’s Rules.

Delayed Fluorescence

Delayed fluorescence is a radiative transition from S1 to S0 which takes place after a rISC from
T1 to S1. It has the same spectral distribution as regular fluorescence, however, with a longer
lifetime. In general, it is observed, if the electronic states T1 and S0 are energetically close
together and the lifetime of T1 is long. Depending on the activation type, delayed fluorescence
can be divided in thermally activated delayed fluorescence and triplet–triplet annihilation.
As the name says, thermally activated delayed fluorescence is activated by temperature. If the
temperature is high enough, the molecule is excited to higher vibrational states of T1 and rISC
is favoured back to the S1 state.
Especially, in concentrated solutions (high molar concentration) and at high light intensities,
triplet–triplet annihilation can be observed. Thereby, many molecules are in the T1 state and
due to a collision between two excited molecules in T1 state an energy transfer from one molecule
to the other can provide. If the transferred energy is high enough, it enables an transition of
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2.1 Luminescence

one molecule to the S1 and the other to the S0 state, followed by de-excitation of the excited
molecule (S1) to the ground state (Equation 2.2).

T1 + T1 → S0 + S1 → S0 + S0 + hν (2.2)

2.1.4 Lifetime

As mentioned above, after absorption of a photon and a following vibrational relaxation, the
molecules stay in the excited S1 state for a certain time, before de-excitation to the ground
state S0 occurs. This time span is called lifetime τ of the excited singlet state. During this
lifetime, radiative and non-radiative processes (IC and ISC) can occur. Each of these processes
has a specific rate constant which can summed up to the non-radiative rate constant knr
(knr = kIC + kISC) and the radiative rate constant kr. Therefore, the rate of disappearance of
a excited molecule A with the concentration [A*] can be expressed by Equation 2.3.

−d[A∗]
dt

= (kr + knr)[A∗] (2.3)

Integration of Equation 2.3 leads to following equation, with the stating concentration of excited
states [A∗]0 and the concentration [A∗] at a certain time t.

[A∗] = [A∗]0 exp
(
− t
τ

)
(2.4)

Thereby, the lifetime τS of excited state S1 is expressed by

τ = 1
kr + knr

(2.5)

2.1.5 Quantum Yields

During the lifetime τ radiative and non-radiative processes with different rate constants are
competing with each other. The fraction in which a certain process occurs is called quantum
yield Φ. It is the ratio of the monitored rate constant (e.g. rate constant of fluorescence kFr or
phosphorescence kTr ) to the sum of all competing rate constants. In Equation 2.6, 2.7 and 2.8
the quantum yield for fluorescence ΦF , intersystem crossing ΦISC and phosphorescence ΦP are
depicted.

ΦF = kFr
kFr + knr

= kFr τ (2.6)
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ΦISC = kISC
kFr + knr

= kISCτ (2.7)

ΦP = kTr
kTr + knr

ΦISC (2.8)

The quantum yields can be influenced by variation of the rate constants. Because of that,
parameters like temperature, pH, polarity, viscosity, hydrogen bonding, presence of quenchers,
etc. have an impact on the quantum yields. For example, by increasing the temperature
non-radiative processes are more likely and the phosphorescence quantum yield is decreased.

2.1.6 Luminescence Quenching

All previously discussed de-excitation processes are intrinsic pathways of an excited molecule
A∗. During the lifetime of the excited state, A∗ can also interact by photophysical interactions
with other molecules or so called quenchers Q. Those interactions with quencher molecules can
influence the de-excitation processes, like fluorescence and phosphorescence emission, which
is called quenching. Some of these photophysical interactions being responsible for quenching
are collisions with either a heavy atom or a paramagnetic species, electron transfer, excimer or
exciplex formation, proton transfer and energy transfer.
In the next sections the two quenching processes static and dynamic quenching are discussed.

Static Quenching

Static quenching is observed either if a luminophore A in the ground state makes an non-
fluorescence complex with a quencher molecule Q (Figure 2.3 (a)) or if a excited luminophore
A∗ and Q are very close in space and they cannot change their positions relative to each other
during the lifetime of A∗ (Figure 2.3 (b)). The second type is called the sphere of effective
quenching or quenching sphere. Both, types of static quenching are preferred at high quencher
concentrations.
Due to the complex formation the amount of effective luminophore is decreased and therefore
also the emission intensity. However, the lifetime is unaffected.
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Q

A A Q

no emission

complex formation

luminophore in 
ground state S0

Q

A* Q

no emissionexcited luminophore

A Q

a) b)

sphere of effective 
quenching

Figure 2.3: Mechanisms of static quenching between a luminophore A and a quencher molecule
Q: (a) formation of a ground-state non-fluorescent complex and (b) sphere of effective
quenching.

Static quenching is described by Equation 2.9,

I0
I

= 1 + ka[Q] (2.9)

whereby, I and I0 are the emission intensities with and without the quencher, respectively, Ka

represents the association constant and [Q] the concentration of the quencher molecule.

Dynamic Quenching

Dynamic quenching is observed if an excited luminophore A∗ interacts with a quencher molecule
during the excited state lifetime. Thereby, a non-radiative energy transfer or an electron transfer
between A∗ and Q takes place and A∗ is de-excited to the ground state (Figure 2.4). Because
dynamic quenching is a diffusion controlled process, the observed quenching rate constant kq is
time-dependent. In contrast to the time-independent static quenching, hereby, a decrease in
emission intensity and lifetime is observed.

Q

A* A

Q*

no emission

energy transfer

excited luminophore

Figure 2.4: Mechanism of dynamic quenching between a luminophore A and a quencher
molecule Q.
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Dynamic quenching can be described by the Stern-Volmer relation (Equation 2.10),

I0
I

= 1 + kqτ0[Q] = 1 +KSV [Q] (2.10)

whereby, I and I0 are the emission intensities with and without the quencher, respectively, KSV

is the Stern-Volmer constant, [Q] the concentration of the quencher molecule and τ0 the excited
state lifetime without quencher.
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2.2 Porphyrins

2.2 Porphyrins

Porphyrins are 18 π aromatic square planar macrocycles consisting of four pyrroles which are
linked by four methine carbons. This macrocycle without substituents is also called porphine.
They have very characteristic photophysical properties (see below at Section 2.2.2) and are
known as one of the most important pigments in nature (e.g. chlorophyll, haemoglobin)[15,
16]. Due to the fact that they easily form metal complexes [23] - preferential with divalent
metal cations - and can be modified on their meso- and β-positions (Figure 2.5), porphyrins
are frequently used for man-made applications (e.g. oxygen-sensing [17, 18], solar cells [19, 20],
OLEDs [16], cancer imaging and therapeutic applications [24]).
During the last decades, several porphyrin synthesis strategies have been developed, whereby
the strategy depends on the substitution pattern and position. Some of these methods are
discussed for synthesising meso-substituted porphyrins.

HNN

NH N

meso

meso β
β

NN

N N

M

M= Zn2+, Pt2+, Pd2+, Mg2+,Fe2+, ...

metalloporphyrinporphine

Figure 2.5: Structure of meso- and β-unsubstituted porphine and metalloporphyrin.

2.2.1 Synthesis

Porphyrins, bearing one, two, three or four meso-substituents - usually phenyl or phenyl deriva-
tives - can be synthesised either by using substituted precursors for the porphyrin synthesis or
by introducing further substituents on an already existing porphyrin.[25]

Symmetric meso-tetrasubstituted porphyrins (A4-porphyrins) with phenyl derivative sub-
stituents can be synthesised via the so called Adler-Longo method [26] or by Lindsey-Rothemund
method [27, 28] (Figure 2.6). Both methods use pyrrole and benzaldehyde derivatives as reagents
and are straightforward.
The Adler-Longo method is a one step synthesis where both reagents are stirred in refluxing
propionic acid (141 ◦C) under air atmosphere.[26] Thereby, pyrrole and aldehydes are condensed
at acidic conditions to porphyrinogen which is immediately oxidised to the final porphyrin by
atmospheric oxygen. Unfortunately, this method has three main drawbacks which are the harsh
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reaction conditions, purification problems due to the high level of tar produced and the poor
reproducibility.[27]
The Lindsey-Rothemund method overcomes these drawbacks and can be used for synthesising
porphyrins with benzaldehydes bearing sensitive functional groups.[27] It is a two-step one-pot
synthesis which is carried out at room temperature and inert atmosphere. In a first step, pyrrole
and aldehyde are condensed in dry DCM at moderate dilution (10−2 M) with traces of an acid
catalyst (e.g. TFA, BF3OEt2) to the porphyrinogen. In a second step the porphyrinogen is
oxidised to the final porphyrin. Instead of oxygen, DDQ or p-chloranil are used here. This
method enables a much easier purification and additionally, higher yields at milder conditions.
In contrast to the A4-porphyrins the asymmetric meso-tetrasubstituted porphyrins, bearing
up to four distinct meso-substituents (e.g. ABCD-porphyrins) require much more synthetical
effort and the substituted precursor have to be synthesised over several steps.[29]

HN

N

NH

N
N
H

O
propionic acid
O2

141°C
HN

N
H

NH
H
N

meso-Tetraphenylporphyrin

2. Step: 
oxidizing agent

Adler-Longo Method

1. Step:
acid catalyst

Lindsey-Rothemund Method

N
H

O

meso-Tetraphenylporphyrinogen

r.t., inert atmosphere r.t., inert atmosphere

Figure 2.6: Synthesis of meso-tetraphenylporphyrin via Adler-Longo and Lindsey-Rothemund
method.

Porphyrins, bearing only two meso-substituents (i.e. trans-A2-, trans-AB-porphyrins) are
much easier to synthesize than ABCD-porphyrins. Figure 2.7 gives an overview of six different
synthetic routes for trans-AB-porphyrins which are divided in statistical and rational methods.
All of these methods are based on the Lindsey-Rothemund method but here either functionalized
or non-functionalized dipyrromethanes are used. Statistical methods (Routes 1 and 2) do not
require functionalized dipyrromethanes and therefore are realized with less additional synthetic
steps. However, the drawback of statistical methods is that they result in a mixture of
three porphyrins (trans-A2-,trans-B2- and trans-AB-porphyrins) that require chromatographic
purification.[25]
On the other hand, rational methods (Routes 3 to 6) require functionalized dipyrromethanes, but
they result only in trans-AB-porphyrins. Symmetric trans-A2-porphyrins can also be achieved
by these six routes. Nevertheless, the most effective approach is Route 1 where dipyrromethane
is condensed with corresponding benzaldehyde.[25]

The big advantage of symmetric trans-A2- and asymmetric trans-AB-porphyrins are the two free
meso-positions. These positions can be used for further introduction of new substituents. For
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2.2 Porphyrins

example, they can be substituted with phenyl lithium derivatives and/or brominated with NBS
which enables substitution by Pd-catalysed cross-coupling.[30–37] These post modifications are
also a possibility to achieve ABCD-porphyrins.[34]

HN

NNH

N

A

B

HN

HN

NH

NH

HN

HN

A-CHO

B-CHO

Route 1

Route 2

Route 3

Route 4-6

NH HN

A H

NH HN

B H

CH(OCH3)3CH(OCH3)3

NH

NH
OH

OH

A

B

NH HN

A H

NH HN

B H

R R

Statistical Methods Rational Methods

trans-AB-Porphyrin

Route 4: R=CHO
Route 5: R=CH2OH
Route 6: R=CH2N(Me)2

Figure 2.7: Synthesis of trans-AB-porphyrins via statistical and rational methods.[25]

Another type ofmeso-substituted porphyrins are A-porphyrins bearing only onemeso-substituent.
These are very rarely investigated and can be prepared by either condensation reactions in-
volving dipyrromethanes or by substitution reaction of unsubstituted porphyine.[38] Figure 2.8
shows a very suitable method of synthesising A-porphyrins. It is again a statistical approach
which results in A- and trans-A2-porphyrin. The big advantage is again the free meso-positions
for additional modifications.[34]

HN

NNH

N

A

HNN

NH

O

HN

O

A-CHO

Statistical Methode

Figure 2.8: Synthesis of A-porphyrins via statistical method.[25]

Metalloporphyrin complexes are obtained by treatment of the porphyrin with metal acetates,
oxides, hydroxides or other metal salts.[23] Thereby, the complexation is preferred at higher
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temperature and in a basic environment. Presents of strong acids lead to protonation of the
porphyrin nitrogen which inhibits the complexation.
The tendency if a metal ion will be complexed or not, usually depends on the metal properties
(e.g. ionic radius and oxidation state).[23]

2.2.2 Photophysical Properties

Absorption Spectra

The absorption spectra of porphyrins and metalloporphyrins can be divided in the Soret and
Q-band region (Figure 2.9), which are attributed to π → π∗ transitions.[39] The very intense
Soret band (ε = 105M−1cm−1) - or also known as B-band - appears in the blue part of the
UV/Vis spectrum between 380 - 500 nm and belongs to the S0 → S2 transition of the porphyrin.
Furthermore, the much less intense Q-bands (ε = 104M−1cm−1) at higher wavelengths between
500 - 750 nm result from the S0 → S1 transition.
It can be seen that the visible absorption spectrum changes from a two-banded metalloporphyrin
(D4h-type) to a four-banded free-base porphyrin (D2h-type) spectrum (Figure 2.9) which can
be explained by the “four-orbital” model of Gouterman.[40, 41].
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Figure 2.9: Absorption spectra of (a) porphyrin (b) Pd-porphyrin. The Q-band region is
amplified by the factor of ten.

This dramatic effect is attributed to the breaking of the D4h symmetry of the porphyrin ring
by the central proton axis. Thus, Q(0,0) splits into Qx(0,0) and Qy(0,0) and each band has a
vibronic overtone, Qx(1,0) and Qy(l,0),respectively (Figure 2.9 (a)).
The higher symmetrical metalloporphyrins have D4h symmetry and thus two equivalent dipole
transitions in the x and y directions. As a consequence of this only one B- and Q-transition
exists. Here, the two Q-bands in the absorption spectra are attributed to two vibrational peaks
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Q(0,0) and Q(1,0) (Figure 2.9 (b)).
Furthermore, depending on the relative intensities of the Q(0,0) and Q(1,0) bands of the metal
complex, a prediction about the complex stability can be done. For example, if the Q-band
Q(1,0) has at shorter wavelengths a higher intensity than the Q(0,0) band, the metal forms a
stable square-planar complex with the porphyrin and vice versa.[42]
The absorption spectra also depends on the substituents. For example, by increasing the number
of phenyl-substituents at the meso-positions all bands are shifted to longer wavelengths (Table
2.1). That shift is not as big as would have been expected, because the phenyl-residues are not
in the same plane as the porphin core and therefore the π-system only slightly interacts with
the porphyine π-system.[43] A much bigger influence on the electronic system is observed by
extending the π-system on the porphyine β-positions which leads to π-extended porphyrins.[44]
The propably most famous types of π-extanded porphyrins are tetrabenzoporphyrins (TBPs)
which are discussed later.

Table 2.1: Absorption spectra for meso-phenyl-substituted porphyrins in DCM.[38]
λ (nm)

Compount Soret band Q-bands
5-Phenylporphyrin 403 495, 526, 568, 622
5,15-Diphenylporphyrin 406 502, 536, 574, 630
5,10,15-Triphenylporphyrin 412 508, 543, 584, 638
5,10,15,20-Tetraphenylporphyrin 418 515, 549, 590, 645

Emission

The emission properties of metalloporphyrins strongly depend on the type of metal which is
coordinated and how their orbitals interact with the porphyrin π-system. Table 2.2 shows the flu-
orescence and phosphorescence quantum yield (Φ) and lifetime (τ) of meso-tetraphenylporphyrin
(TPP) and three different metal analogs (M = Mg, Zn, Pd).

Table 2.2: Fluorescence and phosphorescence properties of some metal meso-tetraphenyl-
porphyrins (TPP) in methylcyclohexane.

Compount Φf (%) τf (ns) Φp
a (%) τp

a (ms) Ref.

TPP 13 13.6 0.004 6 [45]
MgTPP 15 9.2 1.5 45 [46]
ZnTPP 4 2.7 1.20 26 [45]
PdTPP 0.02 0.02 17 2.8 [46]

a Were recorded at 77 K.
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Fluorescence and phosphorescence are observed at 77 K for all four porphyrins. However, TPP,
MgTPP and ZnTPP show primarily fluorescence and only a very weak phosphorescence at low
temperature. The ability of spin orbit coupling is increased with the atomic number of the
metal resulting in a stronger phosphorescence and a decreased fluorescence.[46]
In case of metalloporphyrins, the fluorescence spectra consist of two peaks Q(0,0) and Q(0,1)
mirror image to the absorption peaks Q(0,0) and Q(1,0) with a Sokes shift of a few nanometres.
The phosphorescence bands consists of a strong T(0,0) band and T(0,1) bands of variable
intensity with respect to T(0,0).

2.2.3 Tetrabenzoporphyrins

Tetrabenzoporphyrins (TBPs) are π-extended porphyrins and were first synthesised by Helberger
et al. in 1938 [47] and later in 1940-1950 by Linstead at al. [48, 49].
The synthetic strategies which lead to meso-substituted TBPs can be divided in the three
main groups - high-temperature template method, low-temperature assembling method by well
established Lindsey chemistry and introduction of substituents at the meso-positions of the
already formed porphyrin system.[50, 51]

NH N

HNN

Tetrabenzoporphyrin

R

R

R

R

Figure 2.10: Structure of meso-substituted tetrabenzoporphyrin.

The advantage of the high-temperature template method is that it usually starts with very cheap
reagents, like phthalimide and has less synthetic effort. Unfortunately, it is reported that during
the synthesis with phthalimides as starting reagents a couple of side products are produced
which are difficult to remove.[52, 53] Furthermore, due to the high temperature (340 - 360 ◦C)
this type of synthesis can be only used for tetrabenzoporphyrins bearing temperature stable
substituents.
By substituting the phthalimide starting reagents with dicyanobenzenes, the reaction tempera-
ture is lowered to 280 ◦C and also the purification step is improved due to impurities that are
not difficult to remove.[54] However, also this improved method has two drawbacks. First, it
requires again high temperatures and second, the number of dicyanobenzene derivatives which
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are available is limited.
In contrast to the high-temperature template methods, the low-temperature assembling method
by Lindsey chemistry [27, 28] works under much more convenient conditions and is therefore
suitable for sensitive substituents. In addition, also TBPs with various substitution-pattern can
be synthesised (Section 2.2.1). The approach is based on different types of pyrrole derivatives
which are condensed with the respective benzaldehyde to porphyrins.[55] Then, in a second step
the porphyrin is oxidised to the final TBP. Figure 2.11 shows four appropriate pyrroles, whereby
the 2H -isoindole (Route 1) cannot be used, because it is an unstable transient molecule.[55]
The other three pyrroles are stable enough for this approach and differ in the way how the
corresponding porphyrin is oxidized.
Tetrahydroisoindole (Route 2) is easily synthesised by Barton–Zard reaction [56–58] and a
following decarboxylation reaction.[52, 59] The condensation with a benzaldehyde derivative
gives a very stable porphyrin which has to be converted first to the metal porphyrin complex
(e.g. Zn, Ni, Cu, Pd) before it is oxidised with DDQ to TBP.[60]
Bicyclooctadiene-fused pyrrole (Route 3) and 4,7-dihydroisoindole (Route 4) are synthesised
similarly to tetrahydroisoindole and their porphyrins do not need to be converted in the metal
complex. The oxidation of bicyclooctadiene-fused porphyrins is performed by heating the solid
over 200 ◦C under vacuum, whereby the TBP is formed by retro-Diels-Alder reaction and the
4,7-dihydroisoindole based porphyrins are oxidized with DDQ in solution.[50, 51, 55, 61, 62]
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Figure 2.11: Synthesis of tetrabenzoporphyrin by Lindsey-method with different isoindol
reagents.[55]

The absorption spectra of TBPs show Soret and Q-bands as do porphyrins, but their Q-bands
are far more intense.[41] Due to the lager π-system, the absorption and emission spectra are
bathochromically shifted in contrast to porphyrins, which makes TPBs suitable for lots of
application, like in OLEDs [63], optical sensors [18], electronic devices [64] and medicine [65].
Figure 2.12 shows die free-base and the Pd-metallated 5,15-diphenyl-TBP and tetraphenyl-TBP,
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respectively. Interestingly, the less symmetric free-base 5,15-diphenyl-TBP (Figure 2.12 (a))
have both, a split Soret (Bx(0,0) and By(0,0)) and a split Q-band which is a result of strong
mixing of the B and Q states.[66] In contrast, this splitting is not seen in the Pd-metallated
TBPs (Figure 2.12 (c) and (d)) due to the higher symmetry.
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Figure 2.12: Absorption and emission spectra of different kinds of TBPs and PdTBPs.[66] (a)
5,15-diphenyl-TBP; (b) tetraphenyl-TBP; (c) Pd-5,15-diphenyl-TBP; (d) Pd-tetraphenyl-
TBP
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2.3 J-Aggregates

This chapter is based on the reviews [1, 2]. Other references will be cited independently.
J-aggregates are known as highly ordered clusters of dye molecules. They posses properties which
strongly differ from those of their non-aggregated monomers. For example, they demonstrate
very narrow and bathochromically shifted absorption and fluorescence spectra which have
very small or negligible Stokes shifts. Furthermore, they display a strongly increased molar
absorption coefficient, shorter fluorescence lifetimes and a high optical anisotropy. Since the
discovery in the 1930s by Scheibe and Jelly lots of research has been done on this type of
aggregates and such aggregation has been observed for several dye classes. The most famous
dye class is pseudoisocyanine (PIC), but J-aggregates are also known for perylene bisimides,
merocyanines, BODIPY dyes, fluorene, chlorins and porphyrins. Due to their interesting
photophysical properties, they can be used as spectral sensitizers of silver halide crystals in
photographic films, in the fields of photovoltaics, biological sensing, imaging and many more.
In contrast to J-aggregates, the dye monomer can assemble in quite different H-aggregates
which have a broad hypsochromically shifted absorption and bathochromically shifted emission
spectra.
On the next pages the structure of J- and H-aggregates and their properties are discussed in
more detail and after that, more information on the aggregation of porphyrins is given.

2.3.1 Structure of J- and H-Aggregates and Their Properties

J- and H-aggregates are formed by self-organisation, which proceeds by π − π interactions
between highly polarizable groups of atoms together with electrostatic interactions between
opposite charges. Furthermore, an amphiphilic character of the molecule also helps by self-
organisation. Both types of aggregate can be distinguished by their dye arrangement in the
aggregate. Thereby the angle θ between the individual molecules is very important (Figure
2.13).

monomer H-aggregate J-aggregate

H-aggregate

J-aggregate

θ = 90° θ = 0 - 54.7°

θ = 54.7 - 90°

θ = 0°

head-to-tailside-by-side shi�ed plates

θ

Figure 2.13: Possible orientations of molecules in J- and H-aggregates.[67]

J-aggregates are parallelly aligned and exhibit a shifted “head-to-tail” or “shifted plates”
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arrangement with an angle θ between 0 and 54.7°. In contrast, H-aggregates form “side-by-side”
or “shifted plates” arrangements with an angle θ between 54.7 and 90°.

Based on the excitation theory of Davydov, Michael Kasha developed a model of excitonic
coupled dimers that can describe basic properties of molecular aggregates. In his model the
two molecules have transition dipoles which are parallelly aligned along the long axis of the
aggregate. In Figure 2.14 such on exciton model is illustrated, whereby for simplicity the
ground states of the monomer as well as the dimers have the same energy. By excitation of the
dimer, the excited state is split in two excited energy levels because of electronic degeneracy. In
the dimer both transition dipoles can have either the same or the opposite orientation. If the
transition to the lower or the higher energy level is allowed, depends on the orientation of the
dipoles (i.e. same or opposite direction) and the angle θ between them. Basically, transitions to
energy levels with equally aligned dipole moments are allowed and those to opposite directions
are forbidden. Therefore, for H-dimers the transition to the higher and for J-dimers to the
lower excited state is allowed.

Figure 2.14: Exciton model for J- and H-dimers suggested by Kasha. The “normal” arrows
represent absorption and fluorescence, respectively, and the wavy arrows non-radiative de-
excitation processes. The arrows next to the excited states illustrate the orientation of the
molecule dipole moment.

That behaviour results in a blue-shift of the absorption spectra for H-dimers relative to the
monomer and in a red-shift for J-dimers. Additionally, the radiative emission from the lower
excited state of H-dimers is symmetry-forbidden while that of J-dimers is allowed. Due to the
coupled dipole moments, the emission in J-dimers should be enhanced.
The Kasha model fits often very well with experimental data for J- and H-aggregates, but there
are also exceptions. For example, J-aggregates can be poorly emissive, whereas H-aggregates
can have fluorescence emission with high quantum yield. This behaviour can be probably
explained by distortion of the arrangement and involvements of vibrational modes.
Figure 2.15 shows schematic absorption (blue) and emission (red) spectra from J- and H-
aggregates of a cyanine dye. It can be seen that J-aggregate has a very narrow red-shifted
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2.3 J-Aggregates

absorption and emission spectra with a negligible Stokes shift which can be explained by a
large decoupling of the 0 - 0 transitions from vibrational modes. However, the real reason is
still being discussed. The read-shift of the absorption spectra can go up to 100 nm and due to
the narrow band the molar absorption coefficient ε is strongly increased.

Figure 2.15: Schematic representation of the changes in absorption (blue) and fluorescence
(red) spectra on the formation of H- and J-aggregates from cyanine dye monomers.[1]

J-aggregates are also known for very short excitation lifetimes in the picoseconds range which
is also called “superradiance”. This fast decay is attributed to a strong increase in oscillator
strength resulting from the strong coupling between the dipole moments. Furthermore, they
demonstrate high optical anisotropy that results in polarized fluorescence emission.

2.3.2 Aggregates Based on Porphyrinic Molecules

Pigments based on porphyrinic molecules play an important role in natural light-harvesting
systems (LH) systems. Thereby, chlorophylls and bacteriochlorophylls are the predominant
representatives. These porphyrin analogues consists of a chlorin or a bacteriochlorin skeleton
which are fused with a five-membered ring with a keto function. Both, chlorophylls and
bacteriochlorophylls are complexed with a magnesium ion (Figure 2.16).

Master thesis by Andreas Russegger, BSc, September, 2019 21



2 Theoretical Background
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Figure 2.16: Structure of chlorin, bacteriochlorin, chlorophyll a and bacteriochlorophyll a.
The substituent R in the chlorophyll a and bacteriochlorophyll a is a phytyl group.

The light-harvesting complexs II (LH II) of purple bacteria Rhodopseudomonas (Rps.) acidophila
and other bacteria consist of bacteriochlorophyll a (BChl a) chromophores which are circularly
arranged. In this ring the BChl a are aligned in a shifted arrangement with enables J-type
coupling.

Inspired from this natural light-harvesting complexes, researchers tried to model such arrays
based on artificial chlorin dyes. For example, Würthner and co-workers synthesised Zn chlorins,
bearing alkyl-substituents which form J-aggregates in nonpolar solvents (Figure 2.17). Some of
this aggregates showed a large bathochromically shifted Qy-band (approximately 100 nm).

N

NN

N

Zn

O

OH

OO

C12H25O
OC12H25

Figure 2.17: J-aggregates based on a semisynthetic zinc chlorin. left) Sturcture of the zink
chlorin. right) Temperature-dependent UV/Vis spectra of the zinc chlorin in a 20:80 mixture
of di-n-butyl ether/n-heptane (3× 10−6 M). The arrows indicate the spectroscopic changes
upon increasing the temperature from 15 ◦C up to 95 ◦C (bold dashed line: monomer spectrum
at 95 ◦C).[2]

During the decades, it also has been attempted to synthesize J-aggregates based on porphyrins
and metalloporphyrins. In the early 1990s Kobuke and co-workers synthesised meso-imidazolyl-
substituted zinc porphyrins which can form arrays those resemblance dye arrays found in LH
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2.3 J-Aggregates

systems of purple bacteria.
Probably, the most intensively studied J-aggregating porphyrin is tetrakis(4-sulfonatophenyl)-
porphyrin (TPPS4). In acidic (pKa < 4.8) aqueous solution the pyrrole nitrogen of TPPS4 are
protonated, transforming it in its diacidic form (Figure 2.18) which forms J-aggregates.

HNN

NH N

SO3
-

-O3S SO3
-

SO3
-

HNNH+

NH +HN

SO3
-

-O3S SO3
-

SO3
-

pKa < 4.8

pKa > 4.8

TPPS4 (free-base form) TPPS4 (diacid form)

Figure 2.18: Structure of TPPS4 in the free-base and diacid form

The aggregation is mediated by ion pair formation of the cationic porphyrin centres and the
anionic sulfonate groups of the diacidic TPPS4. Thereby, it is assumed that the monomers
form planar shifted face-to-face J-type assemblies. At very low dye concentrations (< 10−5 M),
the diacidic TPPS4 is in non-aggregated form. However, it was found that increasing the
ionic strength by adding NaCl, KCl or NaClO4 results in aggregation also at this low dye
concentrations (Figure 2.19). It is assumed that the counteriouns form a “cloud” around the
aggregates, which reduce the electrostatic repulsion between the charged porphyrins.

Figure 2.19: UV/Vis absorption spectra of TPPS4 at a constant concentration of 7.2× 10−6 M
in acidic aqueous solution. The arrows indicate, the changes upon addition of NaClO4 which
leads to the formation of J-aggregates.[2]
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2 Theoretical Background

The absorption spectrum of the formed J-aggregates shows two new absorption bands in respect
to the monomer. The very narrow band at 491 nm is attributed to the monomeric Soret band
and the broader band at 707 nm to the Q-band. Additionally, to the red-shifted absorption
bands these aggregates have a decreased quantum yield and lifetime (monomer: 27 %, 4 ns;
J-aggregate: 17 %, 3 ns) in presence of NaCl.
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3 Materials and Methods

3.1 Chemicals

Table 3.1: List of used chemicals
Chemical Supplier CAS-Number
1,3-Cyclohexadiene Fluorochem 592-57-4
1,8-Diazabicyclo[5.4.0]undeca-7-ene (DBU) Fluka 6674-22-2
1-Bromododecane Sigma-Aldrich 143-15-7
1-Nitro-1-cyclohexene Sigma-Aldrich 2562-37-0
2,3-Dichloro-5,6-dicyano-p-benzochinone (DDQ) Sigma-Aldrich 84-58-2
2,5,8,11-Tetraoxytridecane-13-ol Fluorochem 23783-42-8
2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxyborolane TCI 61676-62-8
3,4-Dihydroxybenzaldehyde TCI 139-85-5
4,16-Dibromo[2.2]paracyclophane Alfa Aesar 96392-77-7
4-Decyloxybenzaldehyde TCI 24083-16-7
4-Hydroxybenzaldehyde Sigma-Aldrich 123-08-0
Acetic acid Roth 64-19-7
Aluminium chloride Fluka 7446-70-0
Bis(pinacolato)diboron TCI 73183-34-3
Bis(trimethylsilyl)acetylene TCI 14630-40-1
Bromobenzene Acros organics 108-86-1
Dimethoxymethane TCI 109-87-5
Ethyl isocyanoacetate Fluorochem 2999-46-4
Ethylene glycol Roth 107-21-1
Indium(III) chloride Fluka 10025-82-8
Lithium Acros organics 7439-93-2
N-Bromosuccinimide TCI 128-08-5
Paraformaldehyde Roth 30525-89-4
Phenyl lithium unknown 591-51-5
Potassium acetate Merck 127-08-2
Potassium acetate Merck 127-08-2

continued
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3 Materials and Methods

Table 3.1 – continued
Chemical Supplier CAS-Number
Potassium carbonate Sigma-Aldrich 584-08-7
Potassium hydroxide Merck 1310-58-3
Potassium tert-butoxide Sigma-Aldrich 865-47-4
p-Toluenesulfonic acid monohydrate Sigma-Aldrich 6192-52-5
p-Toluenesulfonyl chloride TCI 98-59-9
Pd(amphos)Cl2 Acros organics 887919-35-9
Pd(dppf)Cl2 Sigma-Aldrich 72287-26-4
Pyridine Roth 110-86-1
Pyrrol ABCR 109-97-7
Pyrrole-2-carboxaldehyde Sigma-Aldrich 1003-29-8
Sodium fluoride unknown 7681-49-4
Sodium hydroxide VWR Chemicals 1310-73-2
Sodium propionate Sigma-Aldrich 137-40-6
Sodium sulfate Roth 7757-82-8
tert-Butyl isocyanoacetate Fluorochem 2769-72-4
tert-Butyllithium solution (1.7M in pentane) Sigma-Aldrich 594-19-4
Tetrabutylammonium chloride Sigma-Aldrich 1112-67-0
Trifluoracetic acid TCI 76-05-1
Trimethoxymethane TCI 149-73-5

3.2 Solvents

Table 3.2: List of used solvents
Solvent Supplier CAS-Number
Benzene Promochem 71-43-2
Chloroform VWR Chemicals 67-66-3
Cyclohexane VWR Chemicals 110-82-7
Dichloromethane VWR Chemicals 75-09-2
Diethyl ether VWR Chemicals 60-29-7
Dimethylsulfoxide TCI 67-68-5
Ethyl acetate VWR Chemicals 141-78-6
Methanol VWR Chemicals 67-56-1
N,N-Dimethylformamide Roth 68-12-2
Novec 7200 3M 163702-06-5
Tetrahydrofuran VWR Chemicals 109-99-9
Toluene VWR Chemicals 108-88-3
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3.3 Surfactants

3.3 Surfactants

Table 3.3: List of used surfactants
NMR-Solvent Supplier CAS-Number
Brij® 93 Sigma Aldrich 9004-98-2
Pluronic P123 Sigma Aldrich 9003-11-6
Sodium dodecyl sulfate (SDS) Fluka 151-21-3
Span 80 TCI 1338-43-8
Triton® X-100 Sigma Aldrich 9002-93-1
Tween 85 TCI 9005-70-3

3.4 NMR-Solvents

Table 3.4: List of NMR-solvents
NMR-Solvent Supplier CAS-Number
Acetonitrile D3 Eurisotop 2206-26-0
Chloroform D + 0.03 %TMS Eurisotop 865-49-6
DMSO D6 + 0.03 %TMS Eurisotop 2266-27-1

3.5 Chromatography

3.5.1 Thin Layer Chromatography (TLC)

For thin layer chromatography silica gel plates from Merck (silica gel 60 F254 aluminium sheets
20x20) were used. As detection methods UV–detection (at λ=254 and 366 nm) as well as
dinitrophenylhydrazin, vanillin/H2SO4 and CAM staining with subsequent developing by hot
air stream were used.

3.5.2 Flash Column Chromatography

For preparative flash column chromatography silica gel from Acros Organics (silica gel, for
chromatography 0.035 – 0.070 mm, 60Å, nitrogen flushed) was used. The amount of silica used,
depending on the specific separation problem, was in general the 100 fold of the amount of
crude product. Column diameter was chosen to give a filling level between 15 and 25 cm.
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3 Materials and Methods

3.6 Structural and Chemical Characterization

3.6.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

1H, COSY, 13C-APT and HSQC spectra were recorded on a AVANCE III instrument by
Bruker (300.36 MHz for 1H-NMR and 75.53 MHz for 13C-APT-NMR) which was coupled to an
autosampler. For data analysis MestReNova NMR-software (v11.0.4) by Mestrelab was used.
The residual signal of the deuterated solvent (e.g. CDCl3) was used as an internal standard
for the interpretation of the chemical shifts δ. 1H-NMR-data in chapter 4 are depicted in
following way: chemical shift δ in ppm (parts per million), multiplicity, coupling constant J in
Hz (herz) and the number of protons. For multiplicity, common abbreviations are used: singlet
(s), doublet (d), triplet (t), quartet (q), pentet (p), doublet of a doublet (dd), multiplet (m).

3.6.2 High Resolution Mass Spectrometry (HRMS)

High resolution mass spectra were recorded on a Micromass TofSpec 2E time-of-flight mass
spectrometer by Bruker. For external calibration a suitable mixture of polyethylen glycol
standards was used. This analysis was done by Prof. Dr. Saf’s group at the Institute for
Chemistry and Technology of Materials at Graz University of Technology. Data analysis was
performed by MassLynx™ MS-software (v4.1) from Waters.

3.6.3 Atmospheric Pressure Chemical Ionization Mass Spectrometer
(APCI-MS)

Mass spectra for reaction monitoring was performed on a expression CMS L compact mass
spectrometer by Advion. The spectrometer was equipped with an APCI ionisation source and
quadrupol mass analyser (range 10-2000 m/z).
Data analysis was performed with the Mass Express software by Advion.

3.7 Photophysical Characterization

3.7.1 Absorption Spectra

Absorption spectra were measured on a VARIAN CARY 50 conc UV-Vis spectrophotometer by
Varian and on a Agilent Cary 60 UV-VIS UV-Vis spectrophotometer by Agilent Technologies.
Measurements were performed either at fast or medium scan rate wit baseline correction using
the corresponding solvent as blank. For the measurements 10 mm precision cuvettes (type
100-OS and 104-OS) by Hellma Analytics were used.
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3.7 Photophysical Characterization

3.7.2 Emission and Excitation Spectra

Emission and excitation spectra were recorded on a FluoroLog®3 spectrofluorometer by Horiba
Scientific equipped with a R2658 photomultiplier by Hamamazu. For the measurements 10 mm
precision cuvettes (type 100-OS) and precision cuvettes with screw-caps (type 100-QS) by
Hellma Analytics were used. An OG590 filter (Schott) was used for recording emission spectra.
Data analysis was performed with the FluorEssence™ software by Horiba Scientific.

3.7.3 Temperature Dependency

The temperature for temperature dependency measurements was controlled by a Cary SPV-1X0
Single Cell Peltier Accessory peltier element from Varian in combination with a F12-ED
refrigerated/heating circulator by Julabo.

3.7.4 Resonance Light Scattering (RLS)

Resonance light scattering measurements were executed on a FluoroLog®3 spectrofluorometer
by Horiba Scientific equipped with a R2658 photomultiplier by Hamamazu in synchronous-scan
mode and right-angle geometry. Two polarization filters rotated 90° to each other were mounted
between light source/sample and sample/detector . All samples were diluted with water to get
an absorbance of approximately 0.1.

3.7.5 Lifetime Measurements

Lifetimes were measured using single photon counting recorded on FluoroLog®3 spectrofluo-
rometer from Horiba Scientific. The setup was equipped with a DeltaHub module controlling
the excitation source a SpectraLED-390 (λ = 392 nm) and a NanoLED-450 (λ = 453 nm) from
Horiba Scientific, respectively. Data analysis was performed on DAS-6 Analysis software from
Horiba Scientific. Thereby, data were fitted by a mono- or bi-exponential decay.

Before measuring the samples were diluted in toluene until the absorption spectrum showed an
absorption intensity approximately 0.2.
Solutions of Pd porphyrin dyes were degassed during measurements by bubbling nitrogen (6.0)
from Linde Gas through.
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3.7.6 Relative Quantum Yield

Relative quantum yields (Φrel) were determined using a solution of H2OEP in benzene as a
standard (Φ= 0.13[68]). Emission and absorption spectra of the synthesised dyes were measured
in toluene. All samples were diluted until an absorption intensity below 0.1 was achieved. The
solutions of the Pd porphyrin dyes were thoroughly deoxygenated by bubbling nitrogen (6.0)
from Linde Gas through. Depending on the absorption maximum of the dyes they were excited
at 396, 407 and 412nm in the FluoroLog®3 spectrofluorometer, respectively. An OG590 filter
(Schott) was used for recording emission spectra. Integration of emission spectra was performed
with the FluorEssence™ software by Horiba Scientific.

The relative quantum yields were calculated according to equation 3.1.[69]

ΦC = ΦR
EC
ER

BR
BC

n2
C

n2
R

(3.1)

Φ quantum yield
E integrated area of the respective emission
B absorption related term (1− 10abs)
n refractive index of the solvent
C, R indices for compound and reference

3.7.7 Measurements at 77 K

Measurements at 77K were performed in a cryostat from Horiba Scientific cooled with liquid
nitrogen.
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4 Experimental

4.1 Synthesis of Pd-5,15-Diarylporphyrins

4.1.1 3,4-Bis(dodecyloxy)benzaldehyde (1b)

O

OH

OH
Br

5
O

O

O

5

5

1b

anhyd. K2CO3

18h, 70°C, Ar
dry DMF

Figure 4.1: Synthesis of compound 1b

This synthesis was performed analogously to reference [70]. Anhydrous K2CO3 (2.77 g, 2.5 eq ,
20.04 mmol) was suspended in a stirred solution of 3,4-dihydroxybenzaldehyde (1.04 g, 1 eq ,
7.53 mmol) in dry DMF (30 mL) under argon atmosphere. 1-Bromododecane (3.8 mL, 2.1 eq ,
15.83 mmol) was added drop wise and the reaction mixture was stirred at 70 ◦C for 18 h. The
reaction progress was controlled via TLC (CH:EE, 10:1) and APCI-MS.
After full conversion the white solution was cooled to room temperature, thereby a white
precipitate was formed. The reaction mixture was poured into water (50 mL) and the product
was extracted with DCM. The organic layer was dried over anhydrous Na2SO4 before removing
the solvent under vacuum. The crude product was purified by silica gel column chromatography
(eluent: CH/5 % EE) to yield the product as a white powder 1b (2.95 g, 82.6 %).

1H-NMR (300 MHz, CDCl3): δ 9.83 (s, 1H), 7.41 (d, J = 9.1 Hz, 2H), 6.95 (d, J = 8.0 Hz, 1H),
4.06 (q, J = 7.1 Hz, 4H), 1.85 (h, J = 6.6 Hz, 4H), 1.47 (t, J = 7.6 Hz, 4H), 1.41 – 1.19 (m,
32H), 0.88 (t, J = 6.5 Hz, 6H). 13C-NMR (76 MHz, CDCl3): δ 191.13, 154.85, 149.61, 130.04,
126.71, 111.94, 111.18, 69.32, 69.29, 32.08, 29.85, 29.81, 29.78, 29.76, 29.54, 29.52, 29.24, 29.15,
26.15, 26.11, 22.85, 14.26.
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4.1.2 3,6,9,12-Tetraoxatridecyl-4-toluenesulfonate (2)
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Figure 4.2: Synthesis of compound 2

This synthesis was performed analogously to reference [71]. 2,5,8,11-Tetraoxytridecane-13-ol
(6 mL, 1 eq , 29.96 mmol) was dissolved in THF (15 mL) and cooled down to 0 ◦C with an ice
bath. NaOH (2.50 g, 2 eq , 62.51 mmol) dissolved in water (20 mL) was added and a solution
of p-toluenesulfonyl chloride (7.49 g, 1.3 eq , 39.29 mmol) dissolved in THF (15 mL) was added
drop wise over 30 min. Then the reaction mixture was allowed to warm up to room temperature.
TLC and APCI-MS showed full conversion after stirring the solution for 3.5 h.
The aqueous layer was discarded and the organic layer was collected, washed three times with
saturated brine and two times with a 0.1 M HCl solution and dried over anhydrous Na2SO4.
Removing the solvent under reduced pressure gave a slightly yellowish oil 2 (10.30 g, 94.0 %).

1H-NMR (300 MHz, CDCl3): δ 7.80 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.16 (t, J =
4.9 Hz, 2H), 3.73 – 3.66 (m, 2H), 3.63 (s, 6H), 3.58 (s, 4H), 3.54 (dd, J = 5.7, 3.3 Hz, 2H), 3.37
(s, 3H), 2.45 (s, 3H). 13C-NMR (76 MHz, CDCl3): δ 144.77, 133.07, 129.81, 127.98, 71.94, 70.75,
70.61, 70.53, 69.24, 68.69, 59.02, 21.64.

4.1.3 4-(3,6,9,12-Tetraoxatridec-1-yloxy)benzaldehyde (3a)

O
O

4
24h, 90°C 
dry DMF

2

O

OH
S

O

O O
O

4

3a

OK2CO3

Figure 4.3: Synthesis of compound 3a

This synthesis was performed analogously to reference [72]. Anhydrous K2CO3 (2.3 g, 2 eq ,
16.64 mmol) was suspended in a stirred solution of 4-hydroxybenzaldehyde (1.01 g, 1 eq ,
8.19 mmol) and 2 (3.26 g, 1.1 eq , 9.01 mmol) dissolved in dry DMF (15 mL). The reaction
mixture was heated up to 90 ◦C and stirred for 24 h. The reaction progress was controlled via
TLC (EE, dinitrophenylhydrazin as staining reagent) and APCI-MS.
After full conversion the reaction mixture was diluted with EE and the organic layer was washed
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4.1 Synthesis of Pd-5,15-Diarylporphyrins

with saturated bicarbonate solution, water and saturated brine. Finally the organic layer was
dried over anhydrous Na2SO4 and the solvent removed under reduced pressure to receive a
yellowish oil 3a (2.03 g, 79.2 %).

1H-NMR (300 MHz, CDCl3): δ 9.87 (s, 1H), 7.81 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 8.6 Hz, 2H),
4.20 (t, J = 4.8 Hz, 2H), 3.88 (t, J = 4.9 Hz, 2H), 3.79 – 3.58 (m, 10H), 3.53 (dd, J = 5.7, 3.4
Hz, 2H), 3.36 (s, 3H). 13C-NMR (76 MHz, CDCl3): δ 190.87, 163.97, 132.04, 130.18, 115.00,
72.06, 71.03, 70.75, 70.65, 69.59, 67.90, 59.14.

4.1.4 3,4-Bis(3,6,9,12-tetraoxatridec-1-yloxy)benzaldehyde (3b)
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Figure 4.4: Synthesis of compound 3b

This synthesis was performed analogously to 3a, however anhydrous K2CO3 (2.00 g, 4 eq ,
14.47 mmol), 3,4-dihydroxybenzaldehyde (510 mg, 1 eq , 3.69 mmol) and 2 (2.66 g, 2.2 eq ,
7.99 mmol) dissolved in dry DMF (15 mL) were used instead. The product was isolated
as a brown oil 3b (1.27 g, 66.3 %).

1H-NMR (300 MHz, CDCl3): δ 9.82 (s, 1H), 7.43 (d, J = 9.0 Hz, 2H), 6.99 (d, J = 8.3 Hz, 1H),
4.22 (dt, J = 9.7, 5.1 Hz, 4H), 3.88 (q, J = 4.9 Hz, 4H), 3.73 (dd, J = 6.3, 3.6 Hz, 4H), 3.64 (d,
J = 5.9 Hz, 16H), 3.53 (dd, J = 5.7, 3.4 Hz, 4H), 3.36 (s, 6H). 13C-NMR (76 MHz, CDCl3): δ
190.93, 154.49, 149.33, 130.41, 126.72, 112.74, 112.18, 77.16, 72.05, 71.08, 71.02, 70.79, 70.73,
70.64, 69.68, 69.55, 68.88, 68.80, 59.14.

4.1.5 2,2’-Dipyrromethane (4)

NH

HNNH

InCl3

3h, 55°C, Ar
(CH2O)n

4

Figure 4.5: Synthesis of compound 4

This synthesis was performed analogously to reference [73]. Paraformaldehyde (505 mg, 1 eq ,
16.82 mmol) was suspended in freshly distilled pyrrole (36 mL) and the reaction mixture was
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flushed with a stream of argon for 20 min. Then the suspension was heated up to 55 ◦C and
stirred for 10 min under argon atmosphere. Indium(III) chloride (366 mg, 0.1 eq , 1.65 mmol)
was added and the reaction mixture turned from a white suspension into a clear yellow solution.
After stirring the solution for 3 h at 55 ◦C, the heating source was removed, NaOH (2.05 g, 3 eq ,
51.25 mmol) was added and the mixture was stirred for a further hour at room temperature.
Then the remaining pyrrole was removed under vacuum (70 mbar, 60 ◦C) to get a white/brownish
solid. The solid was extracted with DCM, filtered through a silica frit and the remaining
yellowish filtrate was concentrated under vacuum. The crude product was further purified by
silica gel column chromatography (gradient from CH to CH+EE (10+2)) to yield the product
as a white powder 4 (1.15 g, 46.7 %).

1H-NMR (300 MHz, CDCl3): δ 7.66 (s, 2H), 6.59 (q, J = 2.3 Hz, 2H), 6.14 (q, J = 2.9 Hz, 2H),
6.02 (d, J = 3.4 Hz, 2H), 3.92 (s, 2H). 13C-NMR (76 MHz, CDCl3): δ 129.09, 117.33, 108.38,
106.45, 26.39.

4.1.6 5,15-Diarylporphyrins (5a–c)

HNNH
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N
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R2

R3

R4

5a-c

RT, dry DCM, Ar

1) TFA, 4-5h
2) DDQ, overnight

5a: R1=O(CH2O)4CH3, R3=O(CH2)9CH3, R2=R4=H
5b: R1=R2=O(CH2O)4CH3, R3=R4=O(CH2)11CH3

5c: R1=R2=R3=R4=O(CH2O)4CH3

Figure 4.6: Synthesis of compound 5a–c
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4.1 Synthesis of Pd-5,15-Diarylporphyrins

5-(4-Decyloxyphenyl)-15-(4-(3,6,9,12-tetraoxatridec-1-yloxy)phenyl)-21H,23H-
porphyrin (5a)

4-Decyloxybenzaldehyde 1a (327.5 mg, 1 eq , 1.05 mmol), 3a (270.7 mg, 1 eq , 1.03 mmol) and 4
(306 mg, 2 eq , 2.09 mmol) were dissolved in dry DCM (200 mL) under argon atmosphere and
the mixture was degassed with a stream of argon for 20 min. Trifluoracetic acid (7 drops) was
added drop wise and the solution was stirred at room temperature and shielded from light
(wrapped in aluminium foil). The reaction was monitored by UV-VIS spectroscopy. After 4.5 h
the absorption spectrum of the red, purple fluorescent solution did not change anymore and
DDQ (693.0 mg, 3 eq , 3.05 mmol) was added. Afterwards, the solution was stirred overnight,
thereby the colour turned to dark red and the solution started to show red fluorescence.
The solvent was removed under reduced pressure and the product was isolated and purified by
silica gel column chromatography (DCM/MeOH) to yield a purple powder 5a (220 mg, 25.5 %).
During the purification step, three fractions were collected: the first was 5,15-bis(4-decyloxyphenyl)-
21H,23H-porphyrin 24 (eluent: DCM), the second was the desired product (eluent: DCM+MeOH,
100+1) and the third was 5,15-bis(4-(3,6,9,12-tetraoxatridec-1-yloxy)phenyl)-21H,23H-porphyrin
(eluent: DCM+MeOH, 100+4).

1H-NMR (300 MHz, CDCl3): δ 10.30 (s, 2H), 9.39 (d, J = 4.7 Hz, 4H), 9.11 (dd, J = 6.7, 4.6 Hz,
4H), 8.17 (d, J = 8.1 Hz, 4H), 7.34 (dd, J = 8.4, 5.3 Hz, 4H), 4.44 (t, J = 4.8 Hz, 2H), 4.27 (t,
J = 6.5 Hz, 2H), 4.07 (t, J = 4.8 Hz, 2H), 3.89 (dd, J = 6.1, 3.7 Hz, 2H), 3.76 (dddt, J = 18.3,
15.3, 6.2, 3.4 Hz, 8H), 3.66 – 3.54 (m, 2H), 3.42 (s, 3H), 2.01 (p, J = 6.9 Hz, 2H), 1.64 (q, J =
6.7 Hz, 2H), 1.54 – 1.31 (m, 12H), 0.95 (t, J = 6.5 Hz, 3H), -3.06 (s, 2H). 13C-NMR (76 MHz,
CDCl3): δ 159.23, 158.88, 147.68, 147.63, 145.23, 136.01, 135.96, 134.09, 133.66, 131.64, 131.62,
131.19, 131.11, 119.14, 118.90, 113.37, 113.25, 105.28, 72.15, 71.15, 70.93, 70.89, 70.87, 70.75,
70.09, 68.54, 67.94, 59.22, 32.12, 29.85, 29.81, 29.70, 29.56, 26.41, 22.89, 14.32. MALDI TOF:
m/z: [M+] calc. for C51H60N4O6: 824.4513, found: 824.4526.

5-(3,4-Bis(dodecyloxy)phenyl)-15-(3,4-bis(3,6,9,12-tetraoxatridec-1-yloxy)phenyl)-
21H,23H-porphyrin (5b)

1b (269.5 mg, 1 eq , 519.7 µmol), 3b (254.6 mg, 1 eq , 536.6 µmol) and 4 (150.2 mg, 2 eq ,
1.03 mmol) were dissolved in dry DCM (100 mL) under argon atmosphere and the mixture
was degassed with a stream of argon for 20 min. Trifluoracetic acid (5 drops) was added drop
wise and the solution was stirred at room temperature and shielded from light (wrapped in
aluminium foil). The reaction was monitored by UV-VIS spectroscopy. After 5 h the absorption
spectrum of the red, purple fluorescent solution did not change anymore and DDQ (693.0 mg,
3 eq , 3.05 mmol) was added. Afterwards, the solution was stirred overnight, thereby the colour
turned to dark red and the solution started to fluoresce red.
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The solvent was removed under reduced pressure and the product was isolated and purified
by silica gel column chromatography (DCM/MeOH) to yield a purple powder 5b (163.6 mg,
24.7 %).
During the purification step, three fractions were collected: the first was 5,15-bis(3,4-bis(dodecyl-
oxy)phenyl)-21H,23H-porphyrin (eluent: DCM), the second was the desired product (eluent:
DCM+MeOH, 100+3) and the third was 5,15-bis(4-(3,6,9,12-tetraoxatridec-1-yloxy)phenyl)-
21H,23H-porphyrin 5c (eluent: DCM+MeOH, 100+8).

1H-NMR (300 MHz, CDCl3): δ 10.30 (s, 2H), 9.39 (d, J = 4.7 Hz, 4H), 9.14 (dd, J = 9.4, 4.6
Hz, 4H), 7.94 – 7.73 (m, 4H), 7.35 (d, J = 8.1 Hz, 1H), 7.30 (d, J = 8.2 Hz, 1H), 4.51 (t, J
= 5.0 Hz, 2H), 4.42 – 4.35 (m, 2H), 4.33 (s, 2H), 4.18 (t, J = 6.6 Hz, 2H), 4.11 (t, J = 5.2
Hz, 2H), 3.96 (t, J = 4.9 Hz, 2H), 3.92 (s, 2H), 3.76 (tdd, J = 16.4, 5.3, 2.7 Hz, 10H), 3.60
(ddd, J = 9.1, 6.0, 3.8 Hz, 4H), 3.50 (t, J = 4.9 Hz, 2H), 3.41 (s, 3H), 3.40 – 3.29 (m, 6H), 3.24
(s, 3H), 2.06 (p, J = 7.2 Hz, 2H), 1.93 (p, J = 6.8 Hz, 2H), 1.68 (p, J = 7.3 Hz, 2H), 1.61 –
1.19 (m, 36H), 0.89 (dt, J = 18.1, 6.7 Hz, 6H), -3.07 (s, 2H). 13C-NMR (76 MHz, CDCl3): δ
149.29, 149.08, 147.66, 147.63, 147.55, 147.50, 145.28, 134.83, 134.15, 131.67, 131.61, 131.24,
131.12, 128.53, 128.06, 121.93, 121.20, 119.29, 118.77, 113.19, 112.35, 105.33, 72.13, 71.86, 71.17,
71.02, 70.96, 70.86, 70.76, 70.73, 70.60, 70.53, 70.42, 70.14, 70.05, 69.70, 69.36, 69.32, 59.20,
59.01, 32.12, 32.05, 29.94, 29.91, 29.89, 29.83, 29.77, 29.72, 29.63, 29.59, 29.58, 29.48, 26.42,
26.25, 22.88, 22.81, 14.30, 14.24. MALDI TOF: m/z: [MH+] calc. for C74H107N4O12: 1243.7886,
found: 1243.7855.

5,15-Bis(3,4-bis(3,6,9,12-tetraoxatridec-1-yloxy)phenyl)-21H,23H-porphyrin (5c)

Porphyrin 5c was obtained as a side product of synthesis 5b. The product was isolated as a
purple solid 5c (66 mg, 9.6 %).

1H-NMR (300 MHz, CDCl3): δ 10.30 (s, 2H), 9.39 (d, J = 4.7 Hz, 4H), 9.12 (d, J = 4.7 Hz, 4H),
7.88 (d, J = 2.0 Hz, 2H), 7.80 (d, J = 7.9 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 4.50 (t, J = 5.0 Hz,
4H), 4.36 (t, J = 4.9 Hz, 4H), 4.10 (t, J = 5.0 Hz, 4H), 3.95 (t, J = 4.9 Hz, 4H), 3.91 (dd, J =
6.1, 3.5 Hz, 4H), 3.75 (dddd, J = 20.7, 13.0, 5.3, 2.8 Hz, 20H), 3.60 (ddd, J = 9.3, 5.9, 3.2 Hz,
8H), 3.51 (q, J = 4.7 Hz, 4H), 3.45 – 3.30 (m, 18H), 3.24 (d, J = 3.4 Hz, 6H). 13C-NMR (76 MHz,
CDCl3): δ 149.04, 147.49, 145.28, 134.77, 131.69, 131.14, 128.51, 121.81, 118.84, 113.10, 105.36,
72.10, 71.85, 71.12, 70.98, 70.92, 70.83, 70.81, 70.72, 70.69, 70.58, 70.50, 70.39, 70.10, 70.01,
69.29, 69.26, 59.17, 58.99. MALDI TOF: m/z: [MH+] calc. for C68H95N4O20: 1287.6539, found:
1287.6539.

36



4.1 Synthesis of Pd-5,15-Diarylporphyrins

4.1.7 Pd-5,15-Diarylporphyrins (6a–c)
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Figure 4.7: Synthesis of compound 6a–c

Pd-5-(4-Decyloxyphenyl)-15-(4-(3,6,9,12-tetraoxatridec-1-yloxy)phenyl)-21H,23H-
porphyrin (6a)

Porphyrin 6a (20.0 mg, 1 eq , 24.2 µmol) was dissolved in toluene (10 mL) in a three neck round
bottom flask with additional condenser under argon atmosphere. Sodium propionate (18 mg,
8 eq , 193.9 µmol) was added and the solution was headed to reflux. Then Pd(BN)2Cl2 (18.8 mg,
1.5 eq , 36.0 µmol) dissolved in toluene (5 mL) was added in three portions over 30 min and
the solution was stirred under reflux for 90 min. The reaction was monitored via UV-VIS
spectroscopy.
After full conversion, the solvent was evaporated under reduced pressure and the residue was
purified by silica gel column chromatography (eluent: DCM+MeOH, 100+1) to yield the
product as a red solid 6a (21.4 mg, 95.4 %).

1H-NMR (300 MHz, CDCl3): δ 10.18 (s, 2H), 9.22 (d, J = 4.8 Hz, 4H), 8.99 (dd, J = 7.5, 4.7
Hz, 4H), 8.05 (d, J = 8.1 Hz, 4H), 7.25 (q, J = 3.8 Hz, 4H), 4.37 (t, J = 4.9 Hz, 2H), 4.20 (t, J
= 6.5 Hz, 2H), 4.02 (t, J = 4.8 Hz, 2H), 3.73 (dddd, J = 16.1, 11.3, 5.3, 2.9 Hz, 10H), 3.58
(dd, J = 5.8, 3.5 Hz, 2H), 3.39 (s, 3H), 1.96 (p, J = 6.8 Hz, 2H), 1.62 (d, J = 7.4 Hz, 4H),
1.40 (dd, J = 30.8, 10.4 Hz, 13H), 0.93 (t, J = 6.5 Hz, 3H). 13C-NMR (76 MHz, CDCl3): δ
159.05, 158.69, 141.69, 141.63, 141.00, 135.28, 135.24, 134.10, 133.67, 131.49, 131.42, 130.83,
130.81, 120.57, 120.36, 112.99, 112.87, 106.94, 72.02, 71.00, 70.79, 70.75, 70.73, 70.61, 69.95,
68.38, 67.77, 59.09, 32.00, 29.72, 29.68, 29.57, 29.54, 29.43, 26.28, 22.77, 14.19. MALDI TOF:
m/z: [M+] calc. for C51H58N4O6Pd: 928.3409, found: 928.3416.
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Pd-5-(3,4-Bis(dodecyloxy)phenyl)-15-(3,4-bis(3,6,9,12-tetraoxatridec-1-yloxy)-
phenyl)-21H,23H-porphyrin (6b)

This synthesis was performed analogously to 6a, however porphyrin 6b (32.0 mg, 1 eq , 24.2 µmol)
dissolved in toluene (20 mL), sodium propionate (20.0 mg, 8.7 eq , 208.2 µmol) and Pd(BN)2Cl2
(13.0 mg, 1.3 eq , 33.9 µmol) dissolved in toluene (8 mL) were used instead. Purification was
carried out by silica gel column chromatography (eluent: DCM+MeOH, 100+3). The product
was isolated as a red solid 6b (21.0 mg, 60.7 %).

1H-NMR (300 MHz, CDCl3): δ 10.23 (s, 2H), 9.26 (d, J = 4.9 Hz, 4H), 9.06 (dd, J = 10.3, 4.8
Hz, 4H), 7.92 – 7.75 (m, 2H), 7.72 (t, J = 9.1 Hz, 2H), 7.28 (d, J = 14.3 Hz, 2H), 4.49 (t, J =
5.1 Hz, 2H), 4.31 (q, J = 5.4 Hz, 4H), 4.11 (dt, J = 9.8, 5.9 Hz, 4H), 3.92 (q, J = 4.6 Hz, 4H),
3.76 (dtd, J = 20.4, 10.1, 9.6, 5.1 Hz, 10H), 3.59 (dt, J = 6.6, 3.4 Hz, 4H), 3.51 – 3.45 (m, 2H),
3.40 (s, 3H), 3.39 – 3.27 (m, 6H), 3.23 (s, 3H), 2.05 (p, J = 7.0 Hz, 2H), 1.90 (p, J = 6.9 Hz,
2H), 1.67 (p, J = 7.2 Hz, 2H), 1.53 – 1.44 (m, 4H), 1.43 – 1.19 (m, 32H), 0.92 (t, J = 6.4 Hz,
3H), 0.85 (t, J = 6.6 Hz, 3H). 13C-NMR (76 MHz, CDCl3): δ 149.22, 149.02, 147.45, 147.34,
141.79, 141.66, 141.22, 141.19, 134.97, 134.29, 131.72, 131.58, 131.03, 130.98, 127.91, 127.42,
121.34, 120.88, 120.63, 120.42, 112.96, 112.16, 107.13, 72.13, 71.87, 71.16, 71.01, 70.96, 70.85,
70.73, 70.58, 70.52, 70.42, 70.13, 70.02, 69.72, 69.62, 69.30, 59.19, 59.01, 32.12, 32.04, 29.94,
29.91, 29.88, 29.82, 29.76, 29.61, 29.57, 29.48, 26.42, 26.23, 22.88, 22.80, 14.29, 14.23. MALDI
TOF: m/z: [M+] calc. for C74H104N4O12Pd: 1346.6710, found: 1346.6689.

Pd 5,15-bis(3,4-bis(3,6,9,12-Tetraoxatridec-1-yloxy)phenyl)-21H,23H-
porphyrin (6c)

This synthesis was performed analogously to 6a, however porphyrin 6c (18.0 mg, 1 eq , 13.5 µmol)
dissolved in toluene (10 mL), sodium propionate (19.2 mg, 15 eq , 197.8 µmol) and Pd(BN)2Cl2
(6.7 mg, 1.3 eq , 17.6 µmol) dissolved in toluene (5 mL) were used instead. Purification was
carried out by silica gel column chromatography (DCM+MeOH 100+5). The product was
isolated as a red solid 6b (12.7 mg, 65.4 %).

1H-NMR (300 MHz, CD3CN): δ 10.19 (s, 2H), 9.22 (dd, J = 4.9, 1.8 Hz, 4H), 8.94 (t, J = 4.4
Hz, 4H), 7.74 (dd, J = 6.2, 2.1 Hz, 2H), 7.60 – 7.48 (m, 2H), 7.20 (t, J = 8.6 Hz, 2H), 4.31 (q,
J = 5.4 Hz, 4H), 4.16 (q, J = 4.3 Hz, 4H), 3.99 – 3.89 (m, 4H), 3.77 – 3.42 (m, 40H), 3.35 –
3.13 (m, 24H), 3.08 (d, J = 1.6 Hz, 6H). 13C-NMR (76 MHz, CD3CN): δ 149.30, 147.50, 142.09,
141.74, 135.09, 132.11, 128.55, 121.35, 121.06, 112.91, 107.93, 72.46, 72.23, 71.07, 70.88, 70.83,
70.73, 70.65, 70.56, 70.48, 70.09, 69.95, 69.43, 69.35, 59.05, 58.87. MALDI TOF: m/z: [M+]
calc. for C68H92N4O20Pd: 1390.5363, found: 1390.5376.
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4.2 Synthesis of Pd-5,15-Diaryltetrabenzoporphyrin:
Pathway 1

4.2.1 Ethyl 4,5,6,7-tetrahydro-2H-isoindole-l-carboxylate (7)

NO2
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O
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7
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22h, RT, Ar
dry THF

Figure 4.8: Synthesis of compound 7

This synthesis was performed analogously to reference [74]. Dry THF (30 mL) was degassed
by three freeze-pump-thaw cycles in a 50 mL Schlenk tube. 1-Nitro-1-cyclohexene (598.9 mg,
1 eq , 4.71 mmol) and ethyl isocyanoacetate (530.5 mg, 1 eq , 4.69 mmol) were added and DBU
(754.8 mg, 1.05 eq , 4.96 mmol) was added drop wise to the brown solution. The mixture was
stirred overnight at room temperature. A white/brown precipitate was formed overnight. The
reaction was monitored by TLC (DCM) and APCI-MS.
After 22 h all reagents were converted and the solvent was evaporated under reduced pressure.
The crude brown product was purified by silica gel column chromatography (eluent: DCM) to
yield the product as a white powder 7 (637.0 mg, 70.0 %).

1H-NMR (300 MHz, CDCl3): δ 8.84 (s, 1H), 6.64 (d, J = 3.0 Hz, 1H), 4.30 (q, J = 7.2 Hz, 2H),
2.82 (t, J = 5.8 Hz, 2H), 2.55 (t, J = 5.6 Hz, 2H), 1.74 (tq, J = 12.4, 6.5, 5.0 Hz, 4H), 1.34 (t,
J = 7.1 Hz, 3H). 13C-NMR (76 MHz, CDCl3): δ 161.77, 128.26, 122.28, 118.73, 117.89, 77.16,
59.87, 23.56, 23.49, 23.29, 22.06, 14.72.

4.2.2 Bis(3-ethoxycarbonyl-4,5,6,7-tetrahydro-2H-isoindolyl)methane (8)
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Figure 4.9: Synthesis of compound 8
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This synthesis was performed analogously to reference [60]. 7 (407.0 mg, 2 eq , 2.11 mmol),
dimethoxymethane (80.9 mg, 1 eq , 1.06 mmol), p-toluenesulfonic acid monohydrate (40.0 mg,
0.2 eq , 232.3 µmol) were dissolved in AcOH (30 mL). The reaction mixture was stirred 24 h at
room temperature, thereby a white precipitate was formed.
After full conversion (detected by TLC (eluent: DCM) and APCI-MS) the mixture was poured
onto cold water (50 mL). The precipitate was collected by filtration, washed with water and
recrystallised from EtOH to give the product as a white powder 8 (349.0 mg, 83.0 %).

1H-NMR (300 MHz, CDCl3): δ 11.14 (s, 2H), 4.19 (q, J = 7.1 Hz, 4H), 3.69 (s, 2H), 2.75 –
2.57 (m, 4H), 2.39 – 2.24 (m, 4H), 1.71 – 1.50 (m, 8H), 1.25 (t, J = 7.1 Hz, 6H). 13C-NMR
(76 MHz, CDCl3): δ 160.83, 129.98, 127.54, 117.53, 115.24, 58.86, 23.02, 22.96, 22.86, 21.68,
20.79, 14.54.

4.2.3 Bis(4,5,6,7-tetrahydro-2H-isoindolyl)methane (9)
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9

8

Figure 4.10: Synthesis of compound 9

This synthesis was performed analogously to reference [60]. 8 (305.5 mg, 1 eq , 766.6 µmol) and
KOH (255.9 mg, 6 eq , 4.56 mmol) were suspended in ethylene glycol (20 mL) in a 50 mL Schlenk
tube. The suspension was thoroughly degassed by three freeze-pump-thaw cycles and heated
up to 195 ◦C. After 45 min APCI-MS showed full conversion.
The orange reaction mixture was cooled to room temperature by a water bath. Then DCM
(25 mL) was added and the organic layer was extracted two times with water (30 mL) and
one time by brine. The organic layer was dried with anhydrous Na2SO4 and the solvent
removed under reduced pressure to give the crude product as a brown oil 9. The very unstable
product was used immediately in the next step (synthesis of compound 10) without further
purification.
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4.2.4 5-(4-Decyloxyphenyl)-15-(4-(3,6,9,12-tetraoxatridec-1-yloxy))-
tetracyclohexenoporphyrin (10)
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Figure 4.11: Synthesis of compound 10

Dry DCM (60 mL) was degassed 30 min by a stream of argon. 1a (105.0 mg, 1 eq , 400.2 µmol),
3a (136.0 mg, 1 eq , 435.4 µmol) and 9 (207 mg, 2 eq , 813.8 mmol) dissolved in dry DCM (10 mL)
were added under argon atmosphere. Trifluoracetic acid (6 drops) was added drop wise and
the solution was stirred at room temperature and shielded from light (wrapped in aluminium
foil). The reaction was monitored by UV-VIS spectroscopy. After 5 h the absorption spectrum
did not change anymore and DDQ (272.0 mg, 3 eq , 1.20 mmol) was added. Afterwards, the
solution was stirred overnight.
The solvent was removed under reduced pressure and the product was isolated and purified
by silica gel column chromatography (DCM/MeOH) to yield a purple powder 10 (66.3 mg,
15.9 %).
During the purification step, three fractions were collected: the first was 5,15-bis(4-decyloxy-
phenyl)tetracyclohexenoporphyrin (eluent: DCM+MeOH, 100+1), the second was the desired
product (eluent: DCM+MeOH, 100+3) and the third was 5,15-bis(4-(3,6,9,12-tetraoxatridec-1-
yloxy)phenyl)tetracyclohexenoporphyrin (eluent: DCM+MeOH, 100+6).

1H-NMR (300 MHz, CDCl3): δ 10.00 (s, 2H), 7.84 (t, J = 7.6 Hz, 4H), 7.18 (t, J = 7.9 Hz, 4H),
4.34 (d, J = 3.8 Hz, 2H), 4.22 (t, J = 6.6 Hz, 2H), 4.18 – 4.08 (m, 8H), 4.05 (t, J = 4.8 Hz,
2H), 3.92 – 3.85 (m, 2H), 3.83 – 3.69 (m, 8H), 3.63 – 3.57 (m, 2H), 3.41 (s, 3H), 2.90 – 2.73 (m,
8H), 2.39 – 2.25 (m, 8H), 2.13 – 1.93 (m, 10H), 1.62 (q, J = 7.4, 6.9 Hz, 2H), 1.50 – 1.32 (m,
12H), 0.94 (t, J = 6.5 Hz, 3H), -2.47 (s, 2H). 13C-NMR (76 MHz, CDCl3): δ 159.42, 159.06,
145.27, 145.21, 141.66, 140.38, 140.36, 139.29, 139.22, 134.39, 134.04, 133.65, 117.48, 117.30,
113.65, 95.89, 72.16, 71.17, 70.90, 70.86, 70.76, 70.20, 68.51, 67.75, 59.23, 32.13, 29.85, 29.82,
29.78, 29.69, 29.56, 26.50, 26.47, 26.40, 24.83, 24.24, 23.34, 22.90, 14.32.
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4.2.5 Pd-5-(4-decyloxyphenyl)-15-(4-(3,6,9,12-tetraoxatridec-1-yloxy)-
phenyl)tetracyclohexenoporphyrin (11)
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Figure 4.12: Synthesis of compound 11

Porphyrin 10 (56.3 mg, 1 eq , 54.1 µmol) was dissolved in toluene (30 mL) in a three neck round
bottom flask with additional condenser under argon atmosphere. Sodium propionate (18 mg,
8 eq , 193.9 µmol) was added and the solution was headed to reflux. Then Pd(BN)2Cl2 (26.8 mg,
1.3 eq , 70.3 µmol) dissolved in toluene (7 mL) was added in three portions over 30 min and
the solution was stirred under reflux for 120 min. The reaction was monitored via UV-VIS
spectroscopy.
After full conversion, the solvent was evaporated under reduced pressure and the residue was
purified by silica gel column chromatography (DCM+MeOH 100+1) to yield the product as a
red solid 11 (45.2 mg, 73.0 %).

1H-NMR (300 MHz, CDCl3): δ 9.86 (s, 2H), 7.82 (d, J = 8.1 Hz, 4H), 7.19 (d, J = 8.1 Hz, 4H),
4.40 (t, 2H), 4.24 (t, J = 6.7 Hz, 2H), 4.15 – 3.97 (m, 10H), 3.88 (dd, J = 6.1, 3.4 Hz, 2H), 3.76
(dddd, J = 16.9, 14.7, 5.3, 2.9 Hz, 8H), 3.59 (t, J = 5.8, 3.5 Hz, 2H), 3.41 (s, 3H), 2.85 – 2.62
(m, 8H), 2.38 – 2.16 (m, 8H), 2.10 – 1.92 (m, 10H), 1.71 – 1.59 (m, 2H), 1.49 – 1.29 (m, 12H),
0.92 (t, J = 6.2 Hz, 3H).
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4.3 Synthesis of Pd-5,15-Diaryltetrabenzoporphyrin: Pathway 2

4.2.6 Pd-5-(4-decyloxyphenyl)-15-(4-(3,6,9,12-tetraoxatridec-1-yloxy)-
phenyl)tetrabenzoporphyrin (12)
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Figure 4.13: Synthesis of compound 12

Pd-porphyrin 11 (31.0 mg, 1 eq , 27.1 µmol) was dissolved in CHCl3 (5 mL) under argon atmo-
sphere and the solution was flushed 2 min with argon. Then DDQ (61.8 mg, 10 eq , 272.3 µmol)
were added. The reaction mixture was heated to 62 ◦C and stirred for 2 h. The solution turned
from red to green. Water was added and the organic layer was washed with water and brine.
The CHCl3 layer was dried over anhydrous Na2SO4 and the solvent removed under reduced
pressure. The green residue was purified by silica gel column chromatography (DCM/MeOH),
but no product could be isolated.

4.3 Synthesis of Pd-5,15-Diaryltetrabenzoporphyrin:
Pathway 2

4.3.1 2-(Trimethylsilyl)ethynyl p-tolyl sulfone (13)

TsSiSiSi

13

S
Cl

O O
AlCl3

0°C to RT, Ar
DCM

Figure 4.14: Synthesis of compound 13

This synthesis was performed analogously to reference [44]. In a two-neck round-bottom flask
(100 mL) aluminium chloride (4.88 g, 1.22 eq , 36.6 mmol) was dissolved in dry DCM (40 mL)
under argon atmosphere and p-toluenesulfonyl chloride (6.86 g, 1.2 eq , 36.0 mmol) was added.
The slightly yellow solution was stirred for 30 min at room temperature. In a second two-
neck round-bottom flask (100 mL) armed with an addition funnel bis(trimethylsilyl)acetylene
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(5.12 g, 1 eq , 30.1 mmol) was dissolved in dry DCM (40 mL) under argon atmosphere and the
solution was cooled to 0 ◦C. The aluminium chloride/p-toluenesulfonyl chloride mixture was
transferred via a syringe in the addition funnel and was dropped over a period of 40 min to the
bis(trimethylsilyl)acetylene solution. Afterwards, the dark reaction mixture was warmed to RT
and stirred overnight under argon atmosphere. The reaction progress was followed by TLC
(eluent: CH+EE, 8+1; product 13 Rf = 0, 52 and deprotected product 14 Rf = 0, 23) and
APCI-MS.
After 22 h the reaction was finished and the reaction mixture was poured in ice water (50 mL).
The organic layer was collected and the aqueous layer was extracted three times with DCM
(50 mL). Then the organic layers were combined, dried with anhydrous Na2SO4 and the solvent
removed under reduced pressure. Recrystallisation from CH yielded the product as a grey
powder 13 (5.60 g, 73.8 %).

1H-NMR (300 MHz, CDCl3): δ 7.88 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 2.46 (s, 3H),
0.21 (s, 9H). 13C-NMR (76 MHz, CDCl3): δ 145.54, 138.62, 130.08, 127.71, 101.51, 98.52, 21.88,
-1.03.

4.3.2 Ethynyl p-tolyl sulfone (14)

TsSi

13

TsH

14

NaF

90min, 0°C, Ar
MeOH/H2O

Figure 4.15: Synthesis of compound 14

This synthesis was performed analogously to reference [44]. In a two-neck round-bottom flask
(100 mL) armed with an addition funnel 13 (4.00 g, 1 eq , 15.9 mmol) was dissolved in MeOH
(35 mL) and cooled to 0 ◦C. Then a solution of sodium fluoride (1.04 g, 1.5 eq , 24.8 mmol)
dissolved in water (30 mL) was added drop wise over a period of 15 min. After stirring the
solution for 90 min at 0 ◦C, TLC (eluent: CH+EE, 8+1) showed full conversion.
The reaction mixture was warmed to RT, water (20 mL) was added and the mixture was
extracted three times with EE (50 mL). The organic layers were combined, washed (two times
with water (50 mL), one time with saturated NaHCO3 (50 mL) and one time with brine (50 mL))
and dried with anhydrous Na2SO4. The solvent was removed under reduced pressure and the
product was isolated as a white powder 14 (2.80 g, 98.0 %).

1H-NMR (300 MHz, CDCl3): δ 7.90 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 3.45 (s, 1H),
2.47 (s, 3H). 13C-NMR (76 MHz, CDCl3): δ 146.14, 138.01, 130.23, 127.87, 81.18, 21.91.
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4.3 Synthesis of Pd-5,15-Diaryltetrabenzoporphyrin: Pathway 2

4.3.3 2-Tosylbicyclo[2.2.2]octa-2,5-diene (15)

Ts
Ts

14
15

H
45h, 85°C, Ar

Toluene

Figure 4.16: Synthesis of compound 15

This synthesis was performed analogously to reference [62]. In a two-neck round-bottom flask
(100 mL) 15 (1.50 g, 1 eq , 8.3 mmol) and 1,3-cyclohexadiene (1.2 mL, 1.5 eq , 12.7 mmol) were
dissolved in dry toluene (40 mL) and headed to 70 ◦C.
After 70 h the yellowish reaction mixture was cooled to room temperature and the solvent
was removed under reduced pressure. The crude product was purified by silica gel column
chromatography (DCM) to yield a white powder 15 (1.59 g, 73.4 %).

1H-NMR (300 MHz, CDCl3): δ 7.71 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 7.27 – 7.20
(m, 1H), 6.23 (tt, J = 7.5, 3.8 Hz, 2H), 3.85 (ddq, J = 8.9, 4.6, 2.4 Hz, 2H), 2.42 (s, 3H), 1.43
– 1.13 (m, 4H). 13C-NMR (76 MHz, CDCl3): δ 146.86, 144.32, 144.09, 137.08, 133.70, 133.59,
129.88, 127.91, 38.33, 37.27, 25.30, 24.48, 21.73.

4.3.4 Ethyl 4,7-dihydro-4,7-ethano-2H-isoindole-1-carboxylate (16)

Ts

CN
O

O

NH

O
O

15
16

KOtBu

0°C to RT, Ar
dry THF

Figure 4.17: Synthesis of compound 16

This synthesis was performed analogously to reference [62]. In a two-neck round-bottom flask
(100 mL) Potassium tert-butoxide (500.0 mg, 2 eq , 4.46 mmol) was dissolved in dry THF (40 mL)
and the solution was cooled to 0 ◦C by an ice bath. Ethyl isocyanoacetate (505.0 mg, 2 eq ,
4.46 mmol) was added drop wise and after 30 min a solution of 15 (578.2 mg, 1 eq , 2.22 mmol)
dissolved in dry THF (10 mL) was added. The reaction mixture was slowly warmed to room
temperature in the ice bath and the solution was stirred over night.
After 22 h TLC (eluent: DCM/MeOH, 100/1; staining reagent: Vanillin/H2SO4) (product 16
turns red)) and APCI-MS showed full conversion. Water was added and the reaction mixture
was extracted with DCM. The organic layers were combined, dried over anhydrous Na2SO4 and

Master thesis by Andreas Russegger, BSc, September, 2019 45



4 Experimental

the solvent was removed under reduced pressure. The crude product was purified by silica gel
column chromatography (DCM) to yield a white powder 16 (271.3 mg, 56.3 %).

1H-NMR (300 MHz, CDCl3): δ 8.42 (s, 1H), 6.57 (d, J = 2.6 Hz, 1H), 6.50 (t, J = 3.8 Hz, 2H),
4.33 (dt, J = 14.3, 7.5 Hz, 3H), 3.87 (s, 1H), 1.53 (dtdd, J = 31.6, 13.1, 6.2, 3.4 Hz, 4H), 1.37 (t,
J = 7.1 Hz, 3H). 13C-NMR (76 MHz, CDCl3): δ 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.

4.3.5 Bis(3-ethoxycarbonyl-4,7-dihydro-4,7-ethano-2H-isoindol-1-
yl)methane (17)

NH

O
O NH

O
O

NH

O
O

O O

16
17

24h, RT 
AcOH

p-TsOH

Figure 4.18: Synthesis of compound 17

This synthesis was performed analogously to reference [61]. 16 (292.7 mg, 2 eq , 1.35 mmol),
dimethoxymethane (51.2 mg, 1 eq , 672.8 µmol), p-toluenesulfonic acid monohydrate (20.1 mg,
0.2 eq , 116.7 µmol) were dissolved in AcOH (10 mL). The reaction mixture was stirred 24 h at
room temperature.
After full conversion (detected by TLC (DCM) and APCI-MS) the mixture was poured onto
cold water (100 mL), thereby a white precipitate was formed. The precipitate was collected by
filtration, washed with water and was purified by silica gel column chromatography (gradient:
DCM to DCM+MeOH, 100+2) to give the product as a white powder 17 (259.7 mg, 86.3 %).

1H-NMR (300 MHz, CDCl3): δ 9.23 (s, 1H), 9.17 (s, 1H), 6.48 (q, J = 5.0, 3.6 Hz, 4H), 4.30
(dtt, J = 14.2, 7.3, 3.5 Hz, 6H), 4.04 – 3.81 (m, 2H), 3.75 (s, 1H), 3.68 (s, 1H), 1.61 – 1.36
(m, 8H), 1.32 (td, J = 7.2, 2.9 Hz, 6H). 13C-NMR (76 MHz, CDCl3): δ 162.30, 137.72, 136.14,
135.52, 128.54, 128.46, 124.52, 124.40, 112.79, 112.74, 77.16, 60.09, 34.04, 32.56, 32.50, 27.11,
27.08, 26.40, 23.37, 23.29, 14.61.

46



4.3 Synthesis of Pd-5,15-Diaryltetrabenzoporphyrin: Pathway 2

4.3.6 Bis(4,7-dihydro-4,7-ethano-2H-isoindol-1-yl)methane (18)

HN

O
O

NH

O
O

HNNH

KOH

2h, 170°C, Ar
ethylene glycol

18

17

Figure 4.19: Synthesis of compound 18

This synthesis was performed analogously to reference [61]. 17 (104.6 mg, 1 eq , 234.2 µmol)
and KOH (75.8 mg, 6 eq , 1.35 mmol) were suspended in ethylene glycol (11 mL) in a 25 mL
Schlenk tube. The suspension was thoroughly degassed by three freeze-pump-thaw cycles and
heated up to 175 ◦C. After 1.5 h APCI-MS showed full conversion.
The black reaction mixture was cooled to room temperature by a water bath. Then DCM
was added and the organic layer was extracted two times with water and one time by brine.
The organic layer was dried with anhydrous Na2SO4 and the solvent removed under reduced
pressure to give the crude product as a black oil 18. The very unstable product was used
immediately in the next step (synthesis of compound 19) without further purification.

4.3.7 5-(3,4-Bis(dodecyloxy)phenyl)-15-(3,4-bis(3,6,9,12-tetraoxatridec-1-
yloxy))tetrabicycloporphyrin (19)

NH

NH

18

O

O

O

O

O

O

1b

3b

19

RT, dry DCM, Ar

1) TFA, overnight
2) DDQ, 1h

N
H

N
H
N

N

O
O

5

5

4

4

O

O

O
O

4

4

O

O

5

5

Figure 4.20: Synthesis of compound 19

1b (34.8 mg, 1 eq , 67.1 µmol), 3b (31.7 mg, 1 eq , 66.8 µmol) and 18 (40 mg, 2 eq ,
132.3 µmol) were dissolved in dry DCM (40 mL) under argon atmosphere and the mixture
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was degassed with a stream of argon for 20 min. Trifluoracetic acid (4 drops) was added drop
wise and the solution was stirred overnight at room temperature and shielded from light
(wrapped in aluminium foil). The reaction was monitored by UV-VIS spectroscopy. After 19 h
DDQ (45.3 mg, 3 eq , 199.6 µmol) was added. Afterwards, the solution was stirred for 1 h.
The mixture was filtered through a pad of silica gel and the solvent was removed under re-
duced pressure. The product was isolated and purified by silica gel column chromatography
(DCM/MeOH) to yield a purple powder 19 (12.7 mg, 12.0 %). During the purification step, two
fractions were collected: the first was 5,15-bis(3,4-bis(dodecyloxy)phenyl)tetrabicycloporphyrin
(eluent: DCM+MeOH, 50+1), the second was the desired product (eluent: DCM+MeOH,
100+2).

MALDI TOF: m/z: [MH+] calc. for C98H131N4O12: 1555.9763, found: 1555.9713.

4.3.8 5-(3,4-Bis(dodecyloxy)phenyl)-15-(3,4-bis(3,6,9,12-tetraoxatridec-1-
yloxy)phenyl)tetrabenzoporphyrin (20)
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Figure 4.21: Synthesis of compound 20

19 (12.7 mg, 7.94 µmol) was heated to 200 ◦C in a glass vial for 1 h under vacuum, thereby the
colour changed from purple to dark green. The product was isolated as a green solid 20 (quant.)
and was used in the next step (synthesis of 21) without further purification.

MALDI TOF: m/z: [M+] calc. for C90H114N4O12: 1442.8434, found: 1442.7067.
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4.3 Synthesis of Pd-5,15-Diaryltetrabenzoporphyrin: Pathway 2

4.3.9 Pd-5-(3,4-bis(dodecyloxy)phenyl)-15-(3,4-bis(3,6,9,12-tetraoxatridec-1-
yloxy)phenyl)tetrabenzoporphyrin (21)
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Figure 4.22: Synthesis of compound 21

In a three-neck round-bottom flask aimed with a condenser, tetrabenzoporphyrin 20 (11.8 mg,
1 eq , 7.9 µmol) was dissolved in toluene (10 mL) under argon atmosphere. Sodium propionate
(8 mg, 10 eq , 83.3 µmol) was added and the solution was headed to reflux. Then Pd(BN)2Cl2
(4.1 mg, 1.3 eq , 10.7 µmol) dissolved in toluene (5 mL) was added in three portions over 30 min
and the solution was stirred under reflux for 2 h. The reaction was monitored via UV-VIS
spectroscopy.
After full conversion, the solvent was evaporated under reduced pressure and the residue was
purified by silica gel column chromatography (DCM+MeOH 100+2) to yield the product as a
green solid 21 (7.0 mg, 55.4 %).

1H-NMR (300 MHz, CDCl3): δ 10.52 (d, J = 64.8 Hz, 2H), 9.26 (d, J = 27.8 Hz, 4H), 7.94 (s,
4H), 7.66 (t, J = 7.0 Hz, 4H), 7.38 (td, J = 24.8, 23.5, 14.2 Hz, 10H), 4.62 (q, J = 5.5 Hz, 2H),
4.44 (q, J = 7.1 Hz, 2H), 4.22 (t, J = 4.8 Hz, 2H), 4.13 – 3.21 (m, 34H), 3.15 (d, J = 10.4
Hz, 3H), 2.25 – 2.08 (m, 2H), 1.89 – 1.70 (m, 4H), 1.61 – 1.07 (m, 38H), 0.99 – 0.89 (m, 3H),
0.82 (dt, J = 7.2, 3.4 Hz, 3H). MALDI TOF: m/z: [M+] calc. for C90H112N4O12Pd: 1546.7339,
found: 1546.7280.
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4.4 Synthesis of Pd-5-Arylporphyrins

4.4.1 5-(4-(3,6,9,12-Tetraoxatridec-1-yloxy)phenyl)-21H,23H-porphyrin (22)

NH

NH

4
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O
1) TFA, overnight
2) DDQ, 1h

RT,dry DCM, Ar H
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Figure 4.23: Synthesis of compound 22

In a three-neck round-bottom flask dry DCM (500 mL) was deoxygenated by argon counterflow
for about 30 min. Then 4 (201.1 mg, 1 eq , 1.38 mmol), pyrrole-2-carboxaldehyde (263.4 mg,
2 eq , 2.77 mmol) and 3a (433.7 mg, 1 eq , 1.39 mmol) were dissolved and trifluoracetic acid
((30 µL, 0.02 eq , 392 µmol)) was added under argon atmosphere. The reaction mixture was
stirred over night at room temperature and shielded from light (wrapped in aluminium foil).
During the first 4 h the clear solution turned from slightly yellow to dark red. The reaction
progress was monitored via UV/Vis-spectroscopy. After 24 h DDQ (466.8 mg, 1.5 eq , 2.06 mmol)
was added and the solution was stirred for another hour.
The solvent was removed under reduced pressure and the crude product was purified by silica
gel column chromatography (DCM/MeOH) to yield a purple powder 22 (30.9 mg, 3.8 %).
During the purification step, two fractions were collected: the first fraction was the desired
product (eluent: DCM+MeOH, 100+2) and the second was 5,15-bis(4-(3,6,9,12-tetraoxatridec-
1-yloxy)phenyl)-21H,23H-porphyrin (eluent: DCM+MeOH, 100+3).

1H-NMR (300 MHz, CDCl3): δ 10.27 (s, 2H), 10.17 (s, 1H), 9.41 (dt, J = 9.7, 4.7 Hz, 6H), 9.12
(d, J = 4.6 Hz, 2H), 8.15 (d, J = 8.5 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 4.40 (t, J = 4.9 Hz,
2H), 4.04 (t, J = 4.8 Hz, 2H), 3.90 – 3.69 (m, 10H), 3.64 – 3.58 (m, 2H), 3.43 (s, 3H), -3.64
(s, 2H). 13C-NMR (76 MHz, CDCl3): δ 158.86, 146.60, 145.53, 135.88, 134.36, 131.79, 131.45,
131.28, 131.11, 119.50, 113.19, 104.68, 103.43, 72.12, 71.10, 70.89, 70.85, 70.83, 70.71, 70.03,
67.88, 59.19. MALDI TOF: m/z: [M+] calc. for C35H36N4O5: 592.2686, found: 592.2679.
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4.4 Synthesis of Pd-5-Arylporphyrins

4.4.2 Pd-5-(4-(3,6,9,12-tetraoxatridec-1-yloxy)phenyl)-21H,23H-
porphyrin (23)
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Figure 4.24: Synthesis of compound 23

In a three-neck round-bottom flask aimed with a condenser, 23 (21 mg, 1 eq , 35.4 µmol) was
dissolved in toluene (10 mL) under argon atmosphere. Sodium propionate (22 mg, 6.5 eq ,
229.0 µmol) was added and the solution was headed to reflux. Then Pd(BN)2Cl2 (18.6 mg,
1.4 eq , 48.5 µmol) dissolved in toluene (5 mL) was added in three portions over 30 min and the
solution was stirred under reflux for 2 h. The reaction was monitored via UV-VIS spectroscopy.
After full conversion, the solvent was evaporated under reduced pressure and the residue was
purified by silica gel column chromatography (DCM+MeOH 100+2) to yield the product as a
red solid 23 (15.7 mg, 60.7 %).

1H-NMR (300 MHz, CDCl3): δ 9.93 (s, 2H), 9.75 (s, 1H), 9.14 (d, J = 4.7 Hz, 2H), 9.10 – 8.99
(m, 4H), 8.94 (d, J = 4.7 Hz, 2H), 8.05 (d, J = 8.3 Hz, 2H), 7.29 (d, 2H), 4.36 (t, J = 4.8
Hz, 2H), 4.02 (d, J = 4.1 Hz, 2H), 3.89 – 3.68 (m, 10H), 3.63 – 3.56 (m, 2H), 3.41 (s, 3H).
13C-NMR (76 MHz, CDCl3): δ 158.78, 141.08, 140.72, 140.43, 135.36, 134.33, 131.27, 130.98,
130.96, 130.72, 120.64, 113.05, 106.13, 105.01, 72.14, 71.10, 70.90, 70.86, 70.84, 70.72, 70.05,
67.87, 59.21. MALDI TOF: m/z: [M+] calc. for C35H34N4O5Pd: 696.1577, found: 696.1552.

Master thesis by Andreas Russegger, BSc, September, 2019 51



4 Experimental

4.5 Attempted Synthesis of a Covalently Linked Pd-Porphyrin
Dimer

4.5.1 5,15-Bis(4-decyloxyphenyl)-21H,23H-porphyrin (24)
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Figure 4.25: Synthesis of compound 24

1a (219 mg, 1 eq , 1.50 mmol) and 4 (370 mg, 1 eq , 1.41 mmol) were dissolved in dry DCM
200 mL under argon atmosphere and the mixture was degassed with a stream of argon for
20 min. Trifluoracetic acid (6 drops) was added drop wise and the solution was stirred at
room temperature and shielded from light (wrapped in aluminium foil). The reaction was
monitored by UV-VIS spectroscopy. After 4 h the absorption spectrum of the red, purple
fluorescent solution did not change anymore and DDQ (463.0 mg, 1.5 eq , 2.04 mmol) was added.
Afterwards, the solution was stirred overnight, thereby the colour turned to dark red and the
solution started to fluoresced red.
The solvent was removed under reduced pressure and the product was isolated and purified
by silica gel column chromatography (CH to CH+EE, 100+10) to yield a purple powder 24
(159 mg, 27.5 %).

1H-NMR (300 MHz, CDCl3): δ 10.30 (s, 2H), 9.39 (d, J = 4.7 Hz, 4H), 9.12 (d, J = 4.6 Hz,
4H), 8.18 (d, J = 8.3 Hz, 4H), 7.34 (d, J = 8.2 Hz, 4H), 4.29 (t, J = 6.6 Hz, 4H), 2.09 – 1.94
(m, 4H), 1.71 – 1.59 (m, 4H), 1.49 – 1.30 (m, 24H), 0.92 (t, J = 7.0 Hz, 6H), -3.07 (s, 2H).
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4.5 Attempted Synthesis of a Covalently Linked Pd-Porphyrin Dimer

4.5.2 5,15-Bis(4-decyloxyphenyl)-10-phenyl-21H,23H-porphyrin (25)
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Figure 4.26: Synthesis of compound 25

In a Schlenk tube (10 mL) 24 (20.1 mg, 1 eq , 25.8 µmol) was dissolved in dry THF (5 mL) under
argon atmosphere and the solution was degassed by argon counterflow over 15 min. Phenyl
lithium (800 µL of a 0.24 M solution in diethyl ether, 7.4 eq , 192.0 µmol) was added via a
syringe. The non-fluorescing mixture was stirred for 1 h at room temperature, then a solution
of THF/H2O (3 mL, 4/1 (v/v)) was added. Thereby the dark yellow reaction mixture turned
to dark green. DDQ (23.0 mg, 4 eq , 101.3 µmol) was added and the solution turned back to a
red colour and started to fluoresce again.
The solvent was removed under reduced pressure and the crude product was purified by silica
gel column chromatography (eluent: DCM) and recrystallisation from CHCl3/MeOH to yield
the product as a purple powder 25 (11.0 mg, 50.1 %).

1H-NMR (300 MHz, CDCl3): δ 10.19 (s, 1H), 9.32 (d, J = 4.7 Hz, 2H), 9.06 (d, J = 4.6 Hz,
2H), 8.95 (d, J = 4.7 Hz, 2H), 8.88 (d, J = 4.9 Hz, 2H), 8.23 (d, J = 6.9 Hz, 2H), 8.14 (d, J
= 8.2 Hz, 4H), 7.76 (q, J = 6.7, 6.0 Hz, 3H), 7.30 (d, J = 8.4 Hz, 4H), 4.25 (t, J = 6.5 Hz,
4H), 2.00 (p, J = 7.1 Hz, 4H), 1.64 (p, J = 7.3 Hz, 4H), 1.54 – 1.32 (m, 24H), 0.95 (t, J = 6.4
Hz, 6H), -2.94 (s, 2H). 13C-NMR (76 MHz, CDCl3): δ 159.19, 142.86, 135.87, 134.64, 134.07,
131.49, 131.27, 130.85, 127.80, 126.67, 120.54, 119.64, 113.06, 104.80, 77.16, 68.51, 32.13, 29.85,
29.81, 29.71, 29.68, 29.56, 26.41, 22.90, 14.32.
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4.5.3 5-Bromo-10,20-bis(4-decyloxyphenyl)-15-phenyl-21H,23H-
porphyrin (26)
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Figure 4.27: Synthesis of compound 26

In a two-neck round-bottom flask (25 mL) 25 (11 mg, 1 eq , 12.9 µmol) was dissolved in dry
CHCl3 (4 mL) and pyridine (14 µL, 13 eq , 173.5 µmol) was added. The reaction mixture was
cooled to 0 ◦C and NBS (3.44 mg, 1.5 eq , 19.3 µmol) dissolved in dry CHCl3 (3 mL) was added.
The reaction progress was observed by UV/Vis-spectroscopy.
After 20 min the reaction was terminated and acetone (1 mL) was added. The mixture was
washed two times with water and one time with brine, then the organic layer was dried over
anhydrous Na2SO4 and the solvent was removed under reduced pressure. The crude product
was purified by recrystallisation from CHCl3/MeOH to yield the product as a purple powder
26 (quant.).

1H-NMR (300 MHz, CDCl3): δ 9.66 (d, J = 4.9 Hz, 2H), 8.94 (d, J = 4.8 Hz, 2H), 8.89 – 8.73
(m, 4H), 8.19 (d, J = 6.7 Hz, 2H), 8.07 (d, J = 8.2 Hz, 4H), 7.83 – 7.67 (m, 3H), 7.26 (d, J =
20.9 Hz, 4H), 4.23 (t, J = 6.5 Hz, 4H), 1.98 (p, J = 6.9 Hz, 4H), 1.63 (p, J = 7.3 Hz, 4H), 1.50
– 1.27 (m, 24H), 0.94 (d, J = 3.7 Hz, 6H), -2.71 (s, 2H). 13C-NMR (76 MHz, CDCl3): δ 159.27,
142.13, 135.75, 134.58, 134.05, 127.94, 126.87, 120.98, 120.83, 112.96, 102.90, 68.51, 32.12, 29.84,
29.81, 29.70, 29.66, 29.56, 26.40, 22.89, 14.32.
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4.5 Attempted Synthesis of a Covalently Linked Pd-Porphyrin Dimer

4.5.4 Pd-5-bromo-10,20-bis(4-decyloxyphenyl)-15-phenyl-21H,23H-
porphyrin (27)
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Figure 4.28: Synthesis of compound 27

Porphyrin 26 (12.0 mg, 1 eq , 12.9 µmol) was dissolved in toluene (10 mL) in a three neck round
bottom flask with additional condenser under argon atmosphere. Sodium propionate (18 mg,
14.5 eq , 187.4 µmol) was added and the solution was headed to reflux. Then Pd(BN)2Cl2
(9.0 mg, 1.8 eq , 23.5 µmol) dissolved in toluene (5 mL) was added in three portions over 30 min
and the solution was stirred under reflux for 2 h. The reaction was monitored via UV-VIS
spectroscopy.
After full conversion, the solvent was evaporated under reduced pressure and the residue was
purified by silica gel column chromatography (CH+EE, 100+1) to yield the product as a red
solid 27 (11.2 mg, 83.9 %).

1H-NMR (300 MHz, CDCl3): δ 9.60 (d, J = 5.1 Hz, 2H), 8.88 (d, J = 5.2 Hz, 2H), 8.83 – 8.69
(m, 4H), 8.12 (d, J = 6.9 Hz, 2H), 7.99 (d, J = 8.2 Hz, 4H), 7.74 (t, J = 7.5 Hz, 3H), 7.22 (d, J
= 8.0 Hz, 4H), 4.19 (t, J = 6.5 Hz, 4H), 1.96 (p, J = 6.5 Hz, 4H), 1.61 (t, J = 7.8 Hz, 4H), 1.48
– 1.32 (m, 24H), 0.93 (t, J = 6.3 Hz, 6H). 13C-NMR (76 MHz, CDCl3): δ 159.25, 142.67, 142.37,
142.05, 141.72, 141.51, 135.27, 134.14, 133.63, 132.39, 132.02, 131.54, 131.34, 127.98, 126.90,
122.35, 112.95, 105.04, 68.49, 32.12, 29.85, 29.81, 29.70, 29.65, 29.56, 26.40, 22.90, 14.32.
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4 Experimental

4.5.5 4,16-Bis(4,4,5,5-tetramethyl-1,3,2-dioxborolan)-[2.2]-
paracylcophane (28)
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Figure 4.29: Synthesis of compound 28

This synthesis was performed analogously to reference [75]. In a Schlenk tube (25 mL) dry THF
(5 mL) was cooled to −78 ◦C by an EtOH/N2 bath and tert-butyllithium (800 µL of a 1.7 M
solution in pentane, 5 eq , 1.36 mmol) was added and stirred for 10 min. To the yellow solution a
mixture of 4,16-dibromo[2.2]paracyclophane (104 mg, 1 eq , 284.08 µmol) dissolved in dry THF
(5 mL) was added via a syringe, thereby the solution turned slightly yellow. The reaction
mixture was stirred for 1 h at −78 ◦C, then a solution of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxyborolane (164.2 mg, 3 eq , 882.31 µmol) in dry THF (2 mL) was added. The mixture was
slowly warmed to −20 ◦C in the cooling bath and then the bath was removed. APCI-MS showed
full conversion of the 4,16-dibromo[2.2]paracyclophane.
Water (5 mL) was added to quench the remaining tert-butyllithium and the solution was
extracted two times with EE (20 mL). The organic layers were combined, dried over anhydrous
Na2SO4 and the solvent was removed under reduced pressure. The crude product was purified
by silica gel column chromatography (gradient: CH to CH+EE, 100+5) and recrystallisation
from hexane to yield the product as a white powder 28 (18.0 mg, 13.8 %).

1H-NMR (300 MHz, CDCl3): δ 7.06 (s, 2H), 6.47 (dd, J = 7.7 Hz, 4H), 3.92 (ddd, J = 12.4, 9.6,
3.0 Hz, 2H), 3.05 (dddd, J = 34.6, 16.4, 13.2, 9.2 Hz, 6H), 1.39 (d, J = 2.6 Hz, 24H). 13C-NMR
(76 MHz, CDCl3): δ 147.49, 140.18, 138.82, 135.60, 133.45, 83.28, 35.50, 35.39, 25.23, 24.97

4.5.6 Dimer (29)

In a Schlenk tube (10 mL) 27 (4.00 mg, 2 eq , 4.30 µmol) and 28 (0.99 mg, 1 eq , 2.15 µmol)
were dissolved in toluene (2 mL) under argon atmosphere. PdCl2(Amphos)2 (mg, 0.2 eq , µmol)
dissolved in toluene (1 mL) and a aqueous solution of Na2CO3 (4.00 mg of a 0.5 M solution,
2 eq , 4.30 µmol) were added and the reaction mixture was degassed by argon counterflow for
15 min. The red solution was headed to 100 ◦C and stirred for five days. However, even after 5
days, no product was observed.

56



4.6 Formation of Dye Aggregates
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Figure 4.30: Synthesis of compound 29

4.6 Formation of Dye Aggregates

Stock solutions of each dye (approximately 0.33 g/L) in THF and surfactant stock solutions
(20 g/L and 10 g/L) in THF (except for SDS - stock solution in water) were prepared. In a
typical procedure a defined amount of surfactant stock solutions was transferred in a glass vial
and the solvent was evaporated by a stream of nitrogen. 80µL dye stock, 120µL THF and a
stirring bar were added. Then 2 mL water were quickly added under heavy stirring. Finally,
the residual THF was removed by heavy stirring and by blowing it of with a stream of nitrogen
for about 10 min.
The concentration of dye molecules in the final aggregate solution is given in table 4.1.

Table 4.1: Concentration of dye molecules in the final aqueous aggregate solution
Dye Concentration

mg/L µmol/L
MTMDP 13.5 16.3
PdMTMDP 13.9 14.9
DTDDP 13.5 10.8
PdDTDDP 13.9 10.3
PdTTP 14.7 10.5
PdMTP 14.8 21.3
PdDTDDTBP 15.7 10.2
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5 Results and Discussion

J-aggregates were discovered in the 1930s by Jelly [3, 4] and Scheiber [5]. This type of
aggregates was observed for the first time on the dye 1,1′-diethyl-2,2′cyanine 1,1′-diethyl-2,2′-
cyanine chloride (pseudoisocyanine).
In recent decades J-aggregate formation could also be observed for many other synthetic
and natural chromophores, like perylene bisimides [6, 7], fluorenes [8] and BODIPY dyes
[9]. Aggregates from porphyrinoid molecules, such as porphyrins [10–12], chlorins [13] and
phthalocyanines [14] have been obtained, as well. However, for J-aggregates based on porphyrins
only free-base porphyrins [10–12] (e.g. TPPS4) and some metallated porphyrins [76–78] have
been investigated so far.
The aim of this work was the investigation of dimers and J-aggregates based on phosphorescent
palladium-metallated porphyrins. It should also be found out, whether phosphorescence can be
observed and how it restrains. The first part of this work discusses the synthesis of such dimers
and J-aggregates and the second part is dedicated to their characterisation.
For better readability, the porphyrin names are abbreviated in both parts. MTMDP is compound
5a, DTDDP is 5b, PdMTMDP is 6a, PdDTDDP is 6b, PdTTP is 6c, PdMTP is 23 and
PdDTDDTBP is 21.

5.1 Synthetic Considerations

In order to allow self-organization of dye molecules, the monomers require two important
structural properties. On the one hand the monomers need a polarizable chromophore as the
functional part and on the other hand substituents, which are responsible for self-organization
and solubility.[79]
Inspired by the work of Zhijian C. et al. on amphiphilic aza-BODIPY dye J-aggregates [9], a
similar surfactant-like design for the Pd-porphyrins was chosen (Figure 5.1).
The first synthesised Pd-porphyrin dye PdMTMDP consists of a palladium-metallated porphin
core as chromophore and two substituents - a hydrophilic 4-TEGoxyphenyl and a hydrophobic
4-decyloxyphenyl group - which are substituted face-to-face in meso position at the porphin
core. Both, the amphiphilic character and the π − π interaction between the porphyrin centre
should enable the formation of aggregates in water.
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5.1 Synthetic Considerations
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Figure 5.1: Surfactant-like PdMTMDP 6a

To study the impact of amphiphily on aggregation, three further Pd-porphyrins (PdDTDDP,
PdTTP and PdMTP) with different amphiphilic character were synthesised. Moreover, the
Pd-tetrabenzoporphyrin PdDTDDTBP was synthesised to investigate the impact of a lager
π-system on aggregation. All structures are depicted in Figure 5.2 and their synthesis is
discussed in next section.
During this work it was also tried to synthesise a covalently linked Pd-porphyrin dimer.
Unfortunately, no dimer could be synthesised during this work which is discussed later.

NN

N N

R1

N

N N

N

R3

R3

R1

R1

Pd

PdDTDDP 6b PdDTDDTBP 21

Pd

PdMTP 23

N

N N

N

R1

R1

R3

R3

Pd

O
5

O O
4

N

N N

N

R1

R1

R1

R1

Pd

PdTTP 6c

N

N N

N

R2

R1

Pd

PdMTMDP 6a

O
4

R1= R2= R3=

Figure 5.2: Synthesised Pd-porphyrins

This chapter also describes the approach of aggregate formation. Thereby, aggregation of the
five synthesised Pd-porphyrins (PdMTP, PdMTMDP, PdDTDDP, PdTTP and PdDTDDTBP)
and two metal-free porphyrins (MTMDP and DTDDP) was further investigated.
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5 Results and Discussion

5.1.1 Dye and Dimer Synthesis

Synthesis of Benzaldehydes with Hydrophilic and Hydrophobic Substituents

For the following porphyrin and dimer synthesis two hydrophilic TEGoxybenzaldehydes and
two hydrophobic alkyloxybenzaldehydes were needed.

The commercially available 4-decyloxybenzaldehyde 1a was bought from TCI and 3,4-didodecyl-
oxybenzaldehyde 1b was synthesised according to literature [70] by nucleophilic substitution of
3,4-dihydroxybenzaldehyde with 1-bromodecane in good yield (Figure 5.3 (a)).
In a similar way, both, 4-TEGoxybenzaldehyde 3a and 3,4-bis(TEGoxy)benzaldehyde 3b were
synthesised in two steps. In a first reaction TEG-4-toluenesulfonate 2 was synthesised by
nucleophilic substitution of 2,5,8,11-tetraoxytridecane-13-ol with p-toluenesulfonyl chloride
in excellent yields.[71] In a second step 2 was coupled with 4-hydroxybenzaldehyde and 3,4-
dihydroxybenzaldehyde, respectively (Figure 5.3 (b)).[72]
All benzaldehydes could be obtained without any problems and in good yields.
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Figure 5.3: Overview of benzaldehyde synthesis: (a) Synthesis of 3,4-didodecyloxy-
benzaldehyde 1b. (b) Synthesis of two different TEGoxybenzaldehyds 3a and 3b

Synthesis of 5,15-AB-Type Pd-Porphyrins

As described in chapter 2.2 there are six common synthesis strategies for 5,15-AB-type por-
phyrins. In this work the statistical version of the “classical” acid-catalysed condensation of
2,2’-dipyrromethane 4 with two different benzaldehydes (1a and 3a or 1b and 3b) was used.
This synthesis gives three different products - the A2, AB and B2-porphyrin. Due to the large
difference in the hydrophilic character between the porphyrins, an easy separation by silica gel
column chromatography was possible.
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5.1 Synthetic Considerations

The whole synthesis procedure of 5,15-AB-type Pd-porphyrins is shown in Figure 5.4.
In a first step 2,2’-dipyrromethane 4 was synthesised according to literature [73]. Thereby,
formaldehyde was generated by decomposition of paraformaldehyde in hot pyrrole (pyr-
role:paraformaldehyde ratio, 25:1). Assisted by the weak Lewis acid InCl3, the pyrrole was
condensed with the formaldehyde. This synthesis was straightforward and gave the desired
product in moderate yields.
In a next step 4 was condensed with two different benzaldehydes (1a and 3a or 1b and 3b) in a
similar way to literature [80–82]. As acid-catalyst TFA was used. After oxidation of the formed
porphyrinogen with DDQ, three different porphyrins could be isolated by silica gel column
chromatography. For example, in the case of used benzaldehydes 1b and 3b, the porphyrins
5,15-bis(3,4-bis(dodecyloxy)phenyl)-21H,23H-porphyrin, 5-(3,4-bis(dodecyloxy)phenyl)-15-(3,4-
bis(3,6,9,12-tetraoxatridec-1-yloxy)phenyl)-21H,23H-porphyrin 5b and 5,15-bis(4-(3,6,9,12-
tetraoxatridec-1-yloxy)phenyl)-21H,23H-porphyrin 5c could be isolated.
In a last step the porphyrins were metallated by refluxing them with (C6H5CN)2PdCl2 and
sodium propionate in toluene for a few hours to give the desired Pd-porphyrins in good yields.
This method is already known with PdCl2/sodium acetate [83] or with Pd(OAc)2/sodium
acetate [84], but it also worked very well with (C6H5CN)2PdCl2/sodium propionate.
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Figure 5.4: Overview of Pd-porphyrin synthesis

Synthesis of 5,15-AB-Type Pd Tetrabenzoporphyrins

For the synthesis of 5,15-AB-type Pd-tetrabenzoporphyrins, two different approaches have been
tried.

Approach 1 An overview is given in Figure 5.5. For the first approach commercially available
1-nitro-1-cyclohexene and ethyl isocyanoacetate were used as starting reagents. Both chemicals
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5 Results and Discussion

formed isoindole 7 in good yield in a Barton–Zard reaction[56–58] with the week base DBU. In a
following step 7 was condensed with dimethoxymethane in acetic acid, according to literature[74,
85], to obtain the desired dipyrromethane 8 also in good yield.
Dipyrromethane 8 was decarboxylated with KOH in ethylene glycol at 195 ◦C. This reaction
required lots of attention and absolutely oxygen-free conditions.[85] Already traces of oxygen
led to the destruction of the product.
After 45 min 8 was completely decarboxylated to dipyrromethan 9 and after a short workup 9
was condensed with the benzaldehydes (1a and 3a) and oxidized with DDQ to tetracychlohex-
aneporphyrin 10 in the same way like the 5,15-AB porphyrins.
Tetracychlohexaneporphyrins TCHP (Ar4TCHP as well as Ar2TCHP) are very unreactive
compounds and cannot further be oxidized with DDQ to the desired tetrabenzoporphyrins.[60]
However, metallated tetracychlohexaneporphyrins (Ar4TCHP) can be oxidized. Therefore,
10 was metallated to PdTCHP 11 by the same procedure described above at 5,15-AB porphyrins.
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Figure 5.5: Overview of Pd tetrabenzoporphyrin synthesis (approach 1)
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5.1 Synthetic Considerations

In the last step it was tried to aromatize PdAr2TCHP 11 to PdAr2TBP 12 with DDQ in
refluxing CHCl3 like in literature [18, 59, 86]. Unfortunately, the oxidation step failed. MALDI
MS analysis showed only a mixture of undefined byproducts. Filatov et al. also described
in their work that aromatization of MAr2TCHPs with DDQ is not possible in contrast to
MAr4TCHP and results in chlorinated MAr2TCHPs and higher oligomers.[60]

Approach 2 All synthetic steps are depicted in Figure 5.7. The first two steps were conducted
according to literature [44]. In the first step commercially available bis(trimethylsilyl)acetylene
was converted with p-toluenesulfonyl chloride and AlCl3 in a Friedel-Crafts like reaction to 13.
In the next step 13 was deprotected with NaF to get compound 14. Both steps had excellent
yields.
Subsequently, compound 14 was reacted with 1,3-cyclohexadiene in a Diels-Alder reaction.[62]
This reaction was done at 70 and 85 ◦C, respectively. At 85 ◦C the reaction was complete
after 24 h, but APCI-MS analysis showed big amount of a byproduct. The byproduct could
be identified as 1-methyl-4-(phenylsulfonyl)benzene (Figure 5.6). The same reaction carried
out at 70 ◦C took three days, but resulted in less byproduct. It is possible that the optimal
temperature for this reaction resulting in less byproduct and higher reaction speed is between
70 and 85 ◦C, but this has not been tried so far.
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Figure 5.6: Structures of compound 15 and byproduct of 15

In step four 15 and ethyl isocyanoacetate was converted in a Barton–Zard reaction according to
literature [62] to isoindol 16. In contrast to approach 1, the stronger base KOtBu was necessary.
The next three steps were identical to approach 1. Isoindol 16 was condensed to 17, 17 was
decarboxylated with KOH to dipyrromethane 18 in ethylene glycol at 170 ◦C. Dipyrromethane
18 was condensed with the benzaldehydes (1b and 3b) to obtain the metal-free tetrabicyclo-
porphrin DTDDTBCP 19.
DTDDTBCP 19 could be easily aromatized to tetrabenzoporphyrin H2DTDDTBP 20 by
heating the solid compound to 200 ◦C under vacuum.[50, 51, 61, 62] In a last step the final
PdAr2TBP 21 could be received again by metallation of 20 with (C6H5CN)PdCl2 and sodium
propionate in refluxing toluene.
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Figure 5.7: Overview of Pd tetrabenzoporphyrin synthesis (approach 2)

Synthesis of A-Type Pd-Porphyrin

The synthesis was done in two steps, starting with dipyrromethane 4. An overview of the steps
is given in Figure 5.8.
MTP 22 was synthesised similar to literature.[38] Therefore, dipyrromethane 4, pyrrole-
2-carboxaldehyde and benzaldehyde 3a were condensed with TFA as acid-catalyst. This
reaction resulted in disubstituted 5,15-bis(TEGoxyphenyl)porphyrin as main product and
5-TEGoxyphenylporphyrin 22 as side product. After isolating 22 by silica gel column chro-
matography, it was metallated with (C6H5CN)PdCl2 to obtain the desired PdMTP 23.
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64



5.1 Synthetic Considerations

Attempted Synthesis of a Covalently Linked Pd-Porphyrin Dimer

An overview of the synthesis is given in Figure 5.9. In a first step porphyrin 24 was synthesised
by condensation of dipyrromethane 4 with benzaldehyde 1b. It could also be isolated as side
product by synthesising porphyrin 5a.
Bromation of 24 would have lead to a mixture of mono and disubstituded porphyrins, which
can not be separated by silica gel column chromatography.[37] Consequently, 5a was converted
into 25 with PhLi. 25 has only one free meso-position which was bromated with NBS in a
next step to yield bromated porphyrin 26. Then 26 was metallated to Pd-porphyrin 27 like
the other porphyrins.
In parallel, 4,16-dibromo[2.2]paracyclophane was borylated with 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxyborolane according to literature [75]. In a last step it was tried to link two Pd-
porphyrins 27 with the borylated paracyclophane 28 via Suzuki coupling. Unfortunately, this
reaction failed, maybe due to sterically hindrance. During the reaction time of 5 days only a
second, more hydrophobic, spot could be detected via TLC. This spot may have belonged to
the mono substituted linker, but it was not further investigated.
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5 Results and Discussion

5.1.2 Formation of Dye-Surfactant Aggregates

Next it was tried to convert the synthesised dyes to aggregates. The idea was to form
dye-surfactant aggregates, which should be more stable in water than only the dye alone.
Additionally, in case of some dye classes (cyanine dyes), dye-surfactant aggregates have a
higher structural order, resulting in better photophysical properties (e.g. enhanced quantum
yields).[87] Due to these benefits, this work was focused on dye-surfactant aggregates.

Dependency on Surfactant Concentration

In a first measurement series the dye aggregation dependency on surfactant concentration
was investigated. Therefore, aqueous solutions of PdMTMDP (1.49× 10−5 M) with surfactant
concentrations of 0, 5, 50, 500, and 5000 mg/L Pluronic P123 were prepared. Afterwards,
absorption spectra were directly measured between 350 and 1000 nm.
The absorption spectra between 350 and 650 nm are shown in Figure 5.10. None of the spectra
show the red-shifted narrow band characteristic for J-aggregates. Nevertheless, for solutions
with a low surfactant concentration a larger red-shift of the Soret and Q-bands is observed
which can be interpreted as a dye-dye interaction.

Figure 5.10: Absorption spectra of PdMTMDP (1.49× 10−5 M) with different Pluronic P123
concentrations in water. The dashed line represent the monomeric absorption spectrum of
PdMTMDP in THF.

The largest red-shift (16 nm) can be recognized for the solution without any surfactant. By
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5.1 Synthetic Considerations

increasing the amount of surfactant, the spectra are shifted to shorter wavelengths and get closer
to the monomeric absorption spectrum of PdMTMDP. At a concentration of 5 g/L Pluronic
P123 dye-surfactant and monomer spectrum are nearly identical.
This effect could be also observed by the solution colour. Solutions with a low Pluronic P123
concentration had a yellow and those with a high concentration a reddish colour.
It can be said that a high surfactant concentration leads to dye monomers and dye-dye
interactions are preferred at low surfactant concentrations. Due to that all further measurements
were carried out with a concentration of 50 mg/L of the respective surfactant.

Dependency on Used Surfactant

In a second series of measurements the dependency between surfactant type and aggregation was
studied. Therefore, a series of seven dye-surfactant solutions for all Pd-porphyrins (PdMTMDP,
PdDTDDP, PdTTP, PdMTP and PdDTDDTBP) and two metal-free porphyrins (MTMDP and
DTDDP) was produced - six with different surfactants and one without any surfactant. The
surfactant concentration was 50 mg/L and the dye concentrations were between 1.02× 10−5

and 2.13× 10−5 M. As surfactants, five neutral (Brij 93 (BR), Span 80 (SP), Pluronic P123
(PLU), Triton X100 (TRI) and Tween 85 (TW)) and one negatively charged surfactant (SDS)
were used (Figure 5.11).

O
O

H
n

Triton X-100

C18H35
O

OH
n

Brij 93

O
OH

OHOH
OR2

O

Span 80

OO

O
O

O

O
R1

O

HO

O

R1

O
O

R1

O

Tween 85

H
O

O
O

OH

a b c

Pluronic P123

O
S

ONa

O
O

SDS

5

R1=

R2=

Figure 5.11: Structures of the used surfactants

Absorption spectra of all solutions were recorded between 350 and 1000 nm directly after their
preparation. All spectra are shown in Figure 5.13 and 5.14. By doing this measurement series
some interesting observations could be done. First, DTDDP, PdDTDDP and PdTTP show
a split Soret band - except for PdTTP-TW, -TRI and -PLU. This splitting is attributed to
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5 Results and Discussion

a strong exciton coupling between the transition dipoles, Bx and By, and a fixed orientation
of neighbouring porphyrins (Figure 5.12). Thereby, the coupling between the Bx transition
dipoles leads to a red shifted J-type absorption band and the By transition dipoles to a blue
shifted H-type band in contrast to the monomer. The observed absorption spectrum is the sum
of the absorption bands.[88] This effect is already known in literature.[88–92]
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Figure 5.12: left) Schematic exciton model for Soret band of Pd-porphyrin J-aggregates.
The arrows indicate the transition dipoles along x-axis (Bx-band, red) and y-axis (By-band,
blue).[90] right) Absorption spectra of PdDTDDP-Span 80 aggregates (solid line) with split
Soret band (Bx and By) and monomeric PdDTDDP (dashed line) in THF.

Second, the absorption spectra of the PdDTDDTBP has a doubly split Soret band, which
indicates two types of aggregates with different orientations between their monomers. In
literature such splittings have not been described.
Third, aggregation is favoured by increasing the amphiphilic character of the dyes. PdMTP
with one TEG-group shows only a broadening of the Soret band which indicates an unfixed
orientation of the assembly.[88] The more amphiphilic MTMDP and PdMTMDP have a red
shifted and DTDDP, PdDTDDP and PdTTP have a split Soret band. By increasing the
π-system of the porphyrin core, π-extended PdDTDDTBP shows a larger red-shift and a second
splitting of the Soret band in comparison to PdDTDDP.
For all dye-surfactant solutions a bathochromic shift of their Q-bands can be observed.

Consequently, dye assemblies with a H- and J-type character could be formed by DTDDP, PdDT-
DDP, PdTTP and PdDTDDTBP, but they do not show the “classical” strongly bathochromically
shifted and narrow absorption bands. That behaviour can be explained by only slightly shifted
porphyrins in the J-aggregate structure.
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5.1 Synthetic Considerations

(a) MTMDP (c = 1.63× 10−5 M) (b) PdMTMDP (c = 1.49× 10−5 M)

(c) DTDDP (c = 1.08× 10−5 M) (d) PdDTDDP (c = 1.03× 10−5 M)

(e) PdMTP (c = 2.13× 10−5 M) (f) PdTTP (c = 1.05× 10−5 M)

Figure 5.13: Absorption spectra of dye aggregate solutions with different types of surfactants
(c = 50 mg/L) in water. The dashed lines represent the absorption spectrum of the monomeric
species in THF.
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5 Results and Discussion

Figure 5.14: Absorption spectra of PdDTDDTBP (c = 1.57× 10−5 M) aggregate solutions
with different types of surfactants (c = 50 mg/L) in water. The dashed line represents the
the absorption spectrum of the monomeric species in THF.

Stability of Dye-Surfactant Solutions

Directly after preparation, all dye-surfactant solutions, except for PdMTP and DTDDP-BR, are
clear and had no precipitation. PdMTP alone is not soluble in water and directly precipitates.
Second, DTDDP forms a turbid solution with Brij 93.
The stability of the solutions was further observed and after one week many solutions formed
precipitates. Table 5.1 shows which solutions are stable over time.

Table 5.1: Stability of the dye-surfactant solutions. Xmeans “stable” and ×means “formed a
precipitate after one week”

Surfactant
without PLU BR TRI SP TW SDS

PdMTP × × × × × × X
MTMDP × × X × X × X
PdMTMDP X X X X X X X
DTDDP × × × X X X X
PdDTDDP X X X X X X X
PdTTP × × × × X X X
PdDTDDTBP × × X × X X X
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5.2 Monomer and Aggregate Characterisation

5.2 Monomer and Aggregate Characterisation

In this chapter the characterisation of the dyes (MTMDP, DTDDP, PdMTMDP, PdDTDDP,
PdTTP, PdMTP and PdDTDDTBP) and the dye-surfactant solutions is discussed. For each dye
only one dye-surfactant solution was characterised. These solutions are MTMDP-SP, DTDDP-
SP, PdMTMDP-SP, PdDTDDP-SP, PdTTP-SDS, PdMTP-SDS and PdDTDDTBP-BR.

5.2.1 Dye Characterisation

Photophysical Properties

All measurements were carried out in THF. The photophysical properties for the metal-free
porphyrins MTMDP and DTDDP are given in Table 5.2 and their absorption/emission spectra
in Figure 5.15. Both porphyrins have similar properties and correlates very well with literature
data for 5,15-diphenylporphyrin [93] and other metal-free porphyrins [94, 95]. It can be said
that additional two oxy-substituents on the phenyl-rings of DTDDP have no influence on the
photophysical properties, compared to MTMDP.

Table 5.2: Spectral properties of two metal-free porphyrins in THF at room temperature.
Dye λmax abs (nm) λmax em (nm) Q.Y.rel

a (%) τf (ns) τf (77 K) (ns)

MTMDP 409, 503, 540, 579, 634 639, 700 8.2 9.6 11.9
DTDDP 410, 505, 539, 579, 634 639, 703 8.2 9.8 12.7

a The relative quantum yields were obtained using H2OEP in benzene (Φ= 13 % [68]) as a reference.

(a) MTMDP (λex = 409 nm) (b) DTDDP (λex = 410 nm)

Figure 5.15: Normalised absorption and emission spectra of metal-free porphyrins in THF at
room temperature.
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5 Results and Discussion

Excitation and emission spectra were also measured at 77 K, which are illustrated in Figure
5.16. At 77 K their lifetimes are slightly increased and the emission spectra are sharper than at
room temperature. Furthermore, the emission bands are slightly shifted to shorter wavelengths,
whereas the excitation spectra are shifted to longer wavelengths.

(a) MTMDP (b) DTDDP

Figure 5.16: Normalised excitation and emission spectra of metal-free porphyrins in THF at
77 K and room temperature.

Spectral properties of the Pd-porphyrins are shown in Table 5.3. Their absorption and emission
spectra are depicted in Figure 5.17. The emission spectra, quantum yields and lifetimes were
recorded under anoxic conditions.
PdMTMDP, PdDTDDP and PdTTP have similar absorption and emission spectra which are
typical for Pd 5,15-diphenylporphyrins.[96, 97] Also their quantum yields are nearly identical.
However, their lifetimes τp at room temperature are three times lower then PdMTP and 2.5 times
lower then PdDTDDP. Additionally, they are also lower than other 5,15-diphenylporphyrins
derivates in literature.[97] It seems that the lifetimes decrease by increasing the numbers of
oxy-phenyl meso-substituents and oxy-groups on the phenyl rings. At 77 K their lifetimes are
much longer and show a similar behaviour to compounds in literature.[97]

Table 5.3: Spectral properties of the synthesised Pd-porphyrins in THF at room temperature.
Emission, quantum yield and lifetime were measured under anoxic conditions by bubbling
argon and nitrogen through, respectively.

Dye λmax abs (nm) λmax em (nm) Q.Y.rel
a (%) τp (µs) τp (77 K) (ms)

PdMTP 397, 507, 539 657, 726 (sh) 10.8 492 -
PdMTMDP 406, 514, 544 678, 734 (sh) 12.0 184 1.35
PdDTDDP 408, 514, 545 677, 739 (sh) 12.8 148 1.40
PdTTP 407, 514, 545 676, 731 (sh) 11.5 140 1.42
PdDTDDTBP 419, 614 793 10.7 408 0.67

a The relative quantum yields were obtained using H2OEP in benzene (Φ= 13 % [68]) as a reference.
sh: shoulder
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(a) PdMTP (λex = 397 nm) (b) PdMTMDP (λex = 406 nm)

(c) PdDTDDP (λex = 408 nm) (d) PdTTP (λex = 407 nm)

(e) PdDTDDTBP (λex = 419 nm)

Figure 5.17: Normalised absorption and emission spectra of Pd-porphyrin monomers in THF.
Before recording the emission spectra, the solutions were degassed 15 min by a stream a
argon.
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5 Results and Discussion

PdMTP has a hypsochromically shifted absorption and emission spectrum, due to the absence
of one phenyl substituent in contrast to the other Pd-porphyrins. Furthermore, the quantum
yield is reduced and the lifetime is increased.
Due to the larger π-system of the porphyrin core, PdDTDDTBP has a bathochromically shifted
absorption and emission spectrum in contrast to the other Pd-porphyrins. The photophysical
properties match very well with values in literature for Pd-5,15-diphenyltetrabenzoporphyrin
(PdDPTBP).[60] The only deviation to literature is a shorter lifetime (490µs for PdDPTBP
at room temperature) and a lower quantum yield (19 % for PdDPTBP). However, in 2016
Vinogradov and co-workers wrote that the phosphorescence quantum yields of metalloporphyrins
can vary by as much as three to four times for the same compound, even when measurements
are reported to have been performed under nearly identical conditions.[98]
Excitation and emission spectra measured at 77 K are shown in Figure 5.18. Like the metal-free
porphyrins, all Pd-porphyrins show a similar behaviour of their excitation and emission spectra
at 77 K.

(a) PdMTMDP (b) PdDTDDP

(c) PdTTP (d) PdDTDDTBP

Figure 5.18: Normalised excitation and emission spectra of Pd-porphyrins in THF at 77 K
and room temperature.
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For all Pd-porphyrins emission spectra were measured under anoxic and air-saturated conditions.
Thereby, some impurities in PdMTMDP and PdDTDDTBP could be found.
Figure 5.19 (a) shows that some amount of free-base porphyrin MTMDP is present which is
manifested by fluorescence at air saturated conditions (λmax = 639 nm) and is also visible in
the excitation spectra. Also MALDI-MS analysis confirmed that impurity (Appendix 10.3,
Figure 10.30).
In PdDTDDTBP two remaining impurities could be found (Figure 5.19 (a)). One of them is
the metal-free tetrabenzoporphyrin DTDDTBP. It shows strong fluorescence at 668 nm and
the characteristic split Soret band in the excitation spectrum.[60] The other impurity could
not be identified. The phosphorescent compound is responsible for the shoulder at 776 nm and
has a similar excitation spectrum to PdDTDDTBP. Both impurities cannot be seen in the
MALDI-MS spectrum (Appendix 10.3, Figure 10.38).

(a) (b)

Figure 5.19: (a) Remaining impurities of PdMTMDP. Emission spectrum (λex = 406 nm)
of the contaminated PdMTMDP under deoxygenated condition (black dashed line) and
under air-saturated conditions (dashed red line). Solid black line: excitation spectrum of
PdMTMDP - measured under deoxygenated conditions. Solid red line: excitation spectrum
of MTMDP - measured under air atmosphere. (b) Remaining impurities of PdDTDDTBP.
Dashed black line: emission spectrum (λex = 419 nm) of the contaminated PdDTDDTBP at
deoxygenated conditions. Solid black line: excitation spectrum of PdDTDDTBP. Solid red
line: excitation spectrum of a unidentified by-product. Solid orange line: excitation spectrum
of DTDDTBP.
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5.2.2 Characterisation of Dye-Surfactant Aggregates

Resonance Light Scattering (RLS)

Up to this point, only the absorption spectrum gave an indication of formed J-aggregates.
To confirm that, RLS measurements were performed. RLS is a very sensitive and selective
technique for investigating solutions of aggregates and is only observed for extended aggregates
of chromophores.[99–101] This technique is performed in synchronous-scan mode and right-
angle geometry of the spectrofluorometer. When light from a excitation source passes through
a solution of chromophore aggregates, the light is scattered and detected at the excitation
wavelength. This effect is greatest near the absorption maximum and is enhanced when the
chromophores are strongly electronically coupled in the aggregate.[101] Therefore, RLS spectra
look very similar to absorption spectra.
By doing RLS measurements at the palladium and metal-free porphyrin-surfactant solutions two
additional polarisation filters - rotated 90° to each other - were used to reduce the background
scattering of the solvent. All measured solutions show an increase in scattering in contrast to
water (Figure 5.20). Thereby, DTDDP-SP, PdDTDDP-SP, PdTTP-SDS and PdDTDDTBP-BR
have a very large increase in scattering, which indicates aggregates with strongly electronically
coupled porphyrins.

(a) (b)

Figure 5.20: RLS profiles of water, five palladium and two metal-free porphyrin aggregate
solutions. Before measuring, all samples were diluted with water to get an absorbance of
approximately 0.1.

Comparing absorption and RLS spectra of these porphyrin-surfactant solutions (Figure 5.21), it
can be shown that the enhanced scattering only belongs to the strongly coupled red-shifted Bx
band. This behaviour can be explained by the fact that only the Bx transition dipoles along the
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5.2 Monomer and Aggregate Characterisation

aggregate axes (J-type arrangement) have a large oscillator strength and therefore an enhanced
scattering.

(a) DTDDP-SP (b) PdDTDDP-SP

(c) PdTTP-SDS (d) PdDTDDTBP-BR

Figure 5.21: RLS and absorption spectra of four solutions of aggregate.

The following statements can be made by the RLS measurements:

• All synthesised Pd-porphyrins and both metal-free porphyrins make kinds of aggregates
in water.

• Porphyrin-surfactant solutions with less amphiphilic porphyrins (PdMTP-SDS, MTMDP-
SP and PdMTMDP-SP) show lower tendency to form ordered aggregates and have a
week electronic coupling between the porphyrins.

• Porphyrin-surfactant solutions with highly amphiphilic porphyrins (DTDDP-SP, PdDTDDP-
SP, PdTTP-SDS) and with a extended π-system (PdDTDDTBP-BR) prefer aggregate
formation with a strong electronic coupling. Thereby, only the Bx band of the aggregates
show an enhanced scattering.
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5 Results and Discussion

Temperature Dependent Equilibria in the Aggregates

Temperature dependence was measured for aggregate solutions DTDDP-SP, PdDTDDP-SP,
PdTTP-SDS and PdDTDDTBP-BR. The spectra are shown in Figure 5.22. By heating the
aggregate solutions, DTDDP-SP and PdDTDDTBP-BR show a huge change in there absorption
spectra, whereas PdDTDDP-SP and PdTTP-SDS have only small changes. The shift in
absorption spectra for DTDDP-SP and PdDTDDTBP-BR can be attributed to a decrease on
aggregates and an increase in the concentration of the monomer molecules.
The aggregates of PdDTDDP-SP and PdTTP-SDS are much more stable at higher temperature
and therefore no monomer formation is observed.

(a) DTDDP-SP (b) PdDTDDP-SP

(c) PdTTP-SDS (d) PdDTDDTB-BR

Figure 5.22: Temperature dependence of four aggregate solutions. The dashed line represents
the absorption spectra of the dye monomer in THF.
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Photophysical Properties

Photophysical properties of the metal-free porphyrin aggregate solutions are listed in Table 5.4.
MTMDP-SP shows very similar spectral properties to the monomer in THF (Figure 5.23) and
the lifetime has a bi-exponential decay with a longer and a shorter component. It appears
that the longer component belongs to the monomer or low-ordered assemblies (monomer:
9.6 ns at RT and 11.9 ns at 77 K) and the shorter one to higher ordered aggregates. This
assumption is affirmed by Villari et al.. They also reported a strongly decreased lifetime in
porphyrin aggregates due to the strong electronic coupling between the chromophores.[92]
Furthermore, the quantum yield shows a ten times lower value which is also reported for some
porphyrin dimers (free-base and Zn-complexes), whereby the fluorescence intensity decreases
by lowering the interplanar distance between two porphyrins.[88] This effect is attributed to
a strong π-system overlap in face-to-face (H-type) dimers which produces non-fluorescence
decay processes. However, due to the very similar spectra and the long lifetime compo-
nent it is confirmed that MTMDP-SP only makes faint-fluorescent low-ordered assemblies.

Table 5.4: Photophysical properties of the metal-free porphyrin aggregates in water.
Dye λmax abs (nm) λmax emb (nm) Q.Y.rel

a (%) τf (ns)c τf
b, c (77 K) (ns)

MTMDP-SP 411, 506, 542, 582, 634 639, 702 0,3 10.3/2.9 9.8/1.7
DTDDP-SP 393, 437, 515, 545, 583, 637 640, 704 0,9 9.9/3.3 7.2/1.8

a The relative quantum yields were obtained using H2OEP in benzene (Φ= 13 % [68]) as a reference.
b Measured at 77 K.
c Bi-exponential signal with a longer and a shorter component. Lifetimes were measured at 633 nm.

(a) (b)

Figure 5.23: Absorption (at RT) emission and excitation (at 77 K) spectra of MTMDP-SP
solutions: (a) Absorption and emission spectra. (b) Excitation spectra measured at two
different emission wavelengths.
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5 Results and Discussion

The spectral properties of DTDDP-SP differs more from its monomer, compared to MTMDP-SP.
In addition to an absorption spectrum with a split Soret band, it also has an emission spectrum
with an enhanced emission band at 704 nm (Figure 5.24 (a)). The excitation spectra in Figure
5.24 (b), obtained by collecting emissions at 641 and 704 nm, indicate that both, monomers
(or low orientated assemblies) and aggregates contribute to the emission. It seems that the
monomers are present in much lower concentration than the aggregates, because of the higher
quantum yield of the monomer (ten times) leading to a higher relative contribution in the
excitation spectrum.

(a) (b)

(c) (d)

Figure 5.24: Absorption, emission and excitation spectra of DTDDP-SP aggregates: (a)
Emission spectra measured at two different wavelengths at room temperature. (b) Excitation
spectra collected at two different emission wavelengths at room temperature. (c) Emission
spectra measured at two different wavelengths at 77 K. (d) Excitation spectra measured on
two different emission wavelengths at 77 K.

Like MTMDP-SP, also DTDDP-SP has a bi-exponential decay with two components. Again,
the longer component can be attributed to the monomer and the shorter one to the aggregates.
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Furthermore, the quantum yield is ten times lower in comparison to the monomer, but higher
than that of MTMDP-SP. This is indicative for more aggregates with a shifted orientation.
The emission spectrum of DTDDP-SP generally looks different at 77 K. Also, some splitting
in the first band at 644 nm can be seen (Figure 5.24 (c)). It may be that the smaller peak
actually belongs to the monomer and the absolute position is different since the environment of
the dye is different for monomer and aggregates. Furthermore, at 77 K both emission bands are
attributed to the aggregate excitation spectrum (Figure 5.24 (d)). In summary, it can be said
that DTDDP-SP prefers formation of J-aggregates in water.

In Table 5.5 the photophysical properties of the Pd-porphyrin-surfactant solutions are listed.
The emission of dye-surfactant solutions under deoxygenated conditions is very weak at room
temperature. Accordingly, the quantum yields are below 0.1 %. Since the strong decrease in
the phosphorescence intensity may be due to a highly efficient quenching by molecular oxygen,
the emission spectra were also acquired at 77K.

Table 5.5: Photophysical properties of Pd-porphyrin-surfactant solutions in water.
Dye λmax abs (nm) λmax emb (nm) Q.Y.rel

a (%) τp
b,c (77 K) (ms)

PdMTMDP-SP 411, 520, 554 679, 745 <0,1 -
PdDTDDP-SP 393, 431, 523, 555 727 <0,1 1.4/0.86
PdTTP-SDS 396, 436, 523, 555 669, 740 <0,1 1.7/0.87d

PdDTDDTBP-BR 407, 431, 459, 633 - <0,1 -

a The relative quantum yields were obtained using H2OEP in benzene (Φ= 13 % [68]) as a reference.
b Measured at 77 K.
c Bi-exponential signal with a longer and a shorter component.
d Lifetimes were measured at 733 nm.

(a) (b)

Figure 5.25: Emission and excitation spectra of PdMTMDP-SP solutions at 77 K: (a) Com-
parison of emission and excitation spectra between dye-surfactant solution and monomer
(THF). (b) Comparison of excitation spectra, measured at two different emission wavelengths.

Master thesis by Andreas Russegger, BSc, September, 2019 81
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The emission spectrum of the PdMTMDP-SP solution is very similar to the monomer emission
at 77 K (Figure 5.25 (a)). In the excitation spectrum a small shoulder at 440 nm is observed
by collecting the emission at 750 nm, which may belong to aggregates (Figure 5.25 (b)).
Unfortunately, the aggregate emission is also overlapped by the monomer emission. In other
words, since the emission is so weak compared to that of the monomer, even traces of the
monomer strongly contribute to the emission and excitation spectra and a further investigation
cannot be done. Considering all photophysical data and the results from RLS measurements, it
can be said that also PdMTMDP-SP forms only a few J-aggregates in water.

The PdDTDDP-SP solution also shows only weak emission at room temperature (Figure 5.26
(a)).

(a) (b)

(c) (d)

Figure 5.26: Absorption, emission and excitation spectra of PdDTDDP-SP aggregates: (a)
Emission spectra measured at two different wavelengths at room temperature. (b) Excitation
spectra measured on four different emission wavelengths at room temperature. (c) Emission
spectra measured on two different emission wavelengths at 77 K. (d) Emission and excitation
spectra from the aggregate at 77 K.
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The bands at 605, 640 and 700 nm belong to impurities, which are also found in the monomer
emission spectrum. A fourth band is observed at 770 nm, that belongs to the aggregates.
However, excitation spectra, collected at 605, 640, 700 and 770 nm, all have the same shape -
also the bands form impurities (Figure 5.26 (b)). This behaviour can maybe be explained by
an energy transfer from the impurities to the aggregate, which leads to the identical excitation
spectra.
By decreasing the temperature to 77 K another remarkable effect is observed. The emission
increases and a phosphorescent band at 725 nm appears which is 55 nm bathochromically shifted
in contrast to the monomer emission maximum (Figure 5.26 (c)). A possible explanation
for this behaviour can be very efficient quenching or “super-quenching” at room temperature
which is known for J-aggregates.[1] Thereby, traces of oxygen are enough to quench the whole
emission. At 77 K the oxygen diffusion is hindered in the frozen solution and the emission can
be observed.
Further aspects which speak for J-aggregates is the bi-exponential decay of the lifetime with
a longer and a shorter component and again the excitation spectrum with the characteristic
split Soret band at 77 K (Figure 5.26 (d)). Here, again the longer component is identical to
the monomer (1.4 ms) and the shorter one can be attributed to the aggregates.
Consequently, by considering all results, it was found that PdDTDDP-SP forms J-aggregates
and shows a weak phosphorescence at 725 nm.

A similar behaviour also could be seen for PdTTP-SDS. Depending on the excitation wavelength,
two different emission spectra are observed at 77 K (Figure 5.27 (a)). Excitation at 395 nm
gives an emission spectrum which is similar to the monomer, but has an enhanced emission
at 728 nm in contrast to that. By exciting PdTTP-SDS at 435 nm, the emission at 728 nm
becomes stronger and the band at 675 nm decreases.

(a) (b)

Figure 5.27: Absorption, emission and excitation spectra of PdTTP-SDS aggregates at 77 K:
(a) Emission spectra measured at two different wavelengths. (b) Excitation spectra, measured
at two different emission wavelengths.
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Recording the excitation spectra, by collecting the emission at 675 and 728 nm, results in two
spectra which are very similar to the monomer spectrum. Interesting is the excitation spectrum
at λem = 728 nm (Figure 5.27 (b)) which has an increased absorbance between 425 and 460 nm.
It appears that this belongs to the aggregates. Lifetime measurements show that the band
at 665 nm has a similar lifetime to the monomer (PdTTP-SDS: 1.6 ms and PdTTP: 1.4 ms
at 77 K) and the band at 728 nm has a bi-exponential decay with a monomer and aggregate
component.

In contrast to PdDTDDP-SP and PdTTP-SDS, PdDTDDTBP-BR does not show phosphores-
cence above 700 nm at 77 K and room temperature (Figure 5.28 (a) and (c)).

(a) (b)

(c) (d)

Figure 5.28: Absorption, emission and excitation spectra of PdDTDDTBP-BR solutions:
(a) Emission spectra measured at three different wavelengths at room temperature. (b)
Excitation spectra measured on two different emission wavelengths at room temperature.
(c) Comparison between the emission of dye-surfactant solutions and monomer at 77 K. (d)
Excitation spectra, measured on three different emission wavelengths at 77 K.
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Only the fluorescence at 674 nm from the free-base tetrabenzoporphyrin impurity is visible
(Figure 5.28 (a) and (c)). Again, recording the excitation spectra by collecting the emission at
630 and 674 nm (emission bands of impurities) gives the aggregate excitation spectra (Figure 5.28
(c) and (d)) which is attributed to an energy transfer from the impurities to the aggregates. The
weak emission at 782 nm belongs to PdDTDDTBP monomer (Figure 5.28 (d); blue excitation
spectrum).
Consequently, PdDTDDTBP-BR makes aggregates, but they have no radiative emission.
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6 Conclusion

In this thesis four new palladium(II)-porphyrins and a π-extended palladium(II)-tetrabenzo-
porphyrin with a varying amphiphilic character were synthesised by Lindsey-method and it was
attempted to form J-aggregates in water with them. Thereby, the aggregation was supported
by different types of surfactants.
Two palladium(II)-porphyrins 6c and 6b as well as its corresponding metal-free analogue
5b formed highly ordered dye-surfactant assemblies in a J-type arrangement. The structure
of Pd-porphyrin 6c features two 3,4-bis(TEGoxy)phenyl groups and that of 6b and 5b one
3,4-bis(dodecyloxy)phenyl and one 3,4-bis(TEGoxy)phenyl group substituted on the 5,15-meso-
position of the porphine core.
The absorption spectra of these aggregates feature a split Soret band with a red- and a blue-
shifted band due to the strongly electronically coupled transition moments. Because of the
strong coupling the red-shifted transition shows an enhanced scattering in RLS measurements.
Furthermore, the aggregates posses shorter lifetimes than their monomers. While the metal-free
porphyrin shows fluorescence at room temperature, the palladium(II)-porphyrins have only an
extremely weak emission, but phosphorescence is observed at 77 K. This effect can be attributed
to “superquenching” by traces of oxygen. Both, the strong quenching and the shorter lifetimes
are already known for other types of J-aggregates.
The π-extended palladium(II)-tetrabenzoporphyrin 21 also forms ordered aggregates which
have a doubly split Soret band. This effect can be attributed two different types of aggregates.
In contrast to the non-π-extended palladium(II)-porphyrins, the tetrabenzoporphyrin shows no
emission, also at 77 K.
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10 Appendix

10.1 Abbreviations

Table 10.1: List of abbreviations
Abbreviations Explanation
AcOH Acetic acid
Ar Argon
CAS Chemical Abstracts Service
CH Cyclohexane
DCM Dichloromethane
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
EE Ethyl acetate
eq. Equivalent
HRMS High Resolution Mass Spectrometry
KOtBu Potassium tert-butoxide
MALDI Matrix-assisted laser disorption/ionization
MeOH Methanol
NBS N-Bromosuccinimide
Pd(dppf)Cl2 [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II)
PdCl2(Amphos)2 Bis[di-tert-butyl(4-dimethylaminophenyl)phosphine]dichloropalladium(II)
RLS Resonant Light Scattering
RT Room temperature
TFA Trifluoroacetic acid
THF Tetrahydrofuran
TLC Thin layer chromatography
TOF Time-of-Flight
Tol Toluene
UV Ultraviolet
Vis Visible
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10 Appendix

10.2 NMR Data
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Figure 10.1: 1H-NMR and 13C-APT-NMR spectra of compound 1b
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Figure 10.2: 1H-NMR and 13C-APT-NMR spectra of compound 2
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Figure 10.3: 1H-NMR and 13C-APT-NMR spectra of compound 3a
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Figure 10.4: 1H-NMR and 13C-APT-NMR spectra of compound 3b
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10.2 NMR Data
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Figure 10.6: 1H-NMR and 13C-APT-NMR spectra of compound 5a
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Figure 10.7: 1H-NMR and 13C-APT-NMR spectra of compound 5b
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10.2 NMR Data
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Figure 10.8: 1H-NMR and 13C-APT-NMR spectra of compound 5c

Master thesis by Andreas Russegger, BSc, September, 2019 109



10 Appendix
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Figure 10.9: 1H-NMR and 13C-APT-NMR spectra of compound 6a
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10.2 NMR Data
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Figure 10.10: 1H-NMR and 13C-APT-NMR spectra of compound 6b
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10.2 NMR Data

Compound 7
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Figure 10.14: 1H-NMR and 13C-APT-NMR spectra of compound 10
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Figure 10.15: 1H-NMR spectra of compound 11
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10.2 NMR Data

Compound 13
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Figure 10.16: 1H-NMR and 13C-APT-NMR spectra of compound 13
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10 Appendix

Compound 14
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Figure 10.17: 1H-NMR and 13C-APT-NMR spectra of compound 14
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10.2 NMR Data

Compound 15
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Figure 10.18: 1H-NMR and 13C-APT-NMR spectra of compound 15
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Figure 10.19: 1H-NMR and 13C-APT-NMR spectra of compound 16
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10.2 NMR Data
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Figure 10.20: 1H-NMR and 13C-APT-NMR spectra of compound 17
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Figure 10.21: 1H-NMR spectra of compound 30
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10.2 NMR Data

Compound 22
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Figure 10.22: 1H-NMR and 13C-APT-NMR spectra of compound 22
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Figure 10.23: 1H-NMR and 13C-APT-NMR spectra of compound 23
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Figure 10.24: 1H-NMR spectra of compound 24
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Figure 10.25: 1H-NMR and 13C-APT-NMR spectra of compound 25
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Figure 10.26: 1H-NMR and 13C-APT-NMR spectra of compound 26
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Figure 10.27: 1H-NMR and 13C-APT-NMR spectra of compound 27
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10.2 NMR Data

Compound 28
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Figure 10.28: 1H-NMR and 13C-APT-NMR spectra of compound 28
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10 Appendix

10.3 MS Data

Compound 5a

Figure 10.29: MALDI-TOF spectrum of MTMDP 5a in a ditranol matrix, left: corresponding
isotope pattern, right: full mass spectrum

Compound 6a

Figure 10.30: MALDI-TOF spectrum of PdMTMDP 6a in a ditranol matrix, left: corre-
sponding isotope pattern, right: full mass spectrum
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10.3 MS Data

Compound 5b

Figure 10.31: MALDI-TOF spectrum of DTDDP 5b in a ditranol matrix, left: corresponding
isotope pattern, right: full mass spectrum

Compound 6b

Figure 10.32: MALDI-TOF spectrum of PdDTDDP 6b in a ditranol matrix, left: correspond-
ing isotope pattern, right: full mass spectrum
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10 Appendix

Compound 5c

Figure 10.33: MALDI-TOF spectrum of TTP 5c in a ditranol matrix, left: corresponding
isotope pattern, right: full mass spectrum

Compound 6c

Figure 10.34: MALDI-TOF spectrum of PdTTP 6c in a ditranol matrix, left: corresponding
isotope pattern, right: full mass spectrum
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10.3 MS Data

Compound 19

Figure 10.35: MALDI-TOF spectrum of DTDDTBCP 19 in a DCTB matrix, left: corre-
sponding isotope pattern, right: full mass spectrum
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10 Appendix

Figure 10.36: MALDI-TOF spectrum of DTDDTBCP 19 in a DCTB matrix, experimental
and theoretical isotope pattern of 19 and 19 with partly aromatized rings.
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10.3 MS Data

Compound 20

Figure 10.37: MALDI-TOF spectrum of DTDDTBP 20 in a alpha matrix, left: corresponding
isotope pattern, right: full mass spectrum

Compound 21

Figure 10.38: MALDI-TOF spectrum of PdDTDDTBP 21a in a ditranol matrix, left: corre-
sponding isotope pattern, right: full mass spectrum
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10 Appendix

Compound 22

Figure 10.39: MALDI-TOF spectrum of MTP 22 in a ditranol matrix, left: corresponding
isotope pattern, right: full mass spectrum

Compound 23

Figure 10.40: MALDI-TOF spectrum of PdMTP 23 in a ditranol matrix, left: corresponding
isotope pattern, right: full mass spectrum
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