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Abstract

The aim of this thesis was to investigate the effect of cyclometalation on the photophysical
properties of luminescent dyes, whereby special focus was placed on porphyrin dyes. During
the experimental work, a novel Pd-porphyrin complex, which was cyclometalated on the por-
phyrin core, was synthesized. Compared to the non-cyclometalated analogous dye, the complex
showed a significant red-shift of absorption and emission spectra. Furthermore, as expected
the lifetime was decreased by a factor of 100 from 0.69 ms to 9.8 µs of the cyclometalated
porphyrin. Unfortunately, quantum yields were determined to be significantly lower in respect
to the non-cyclometalated dye. Besides cyclometalation on the porphyrin core, also peripheral
cyclometalation of porphyrins and of anthraquinone-based dyes was attempted.
Additionally, improvement of the reaction conditions for the platination of π-extended porphyrins
was aimed during this thesis. Two new Pt-precursors including (1,5-cyclooctadiene)dimethyl-
platinum(II) and bis[dimethyl(µ-dimethyl sulfide)platinum(II)] were synthesized. Both precur-
sors were found to be suitable for platination reactions, whereby especially the latter allowed
platination of benzoporphyrins under much milder reaction conditions than those known in
literature.
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Kurzfassung

Das Ziel dieser Arbeit war es, den Effekt der Cyclometallierung auf die photophysikalischen
Eigenschaften von lumineszierenden Farbstoffen zu untersuchen; hierbei wurde der Fokus im
Speziellen auf Porphyrin-Farbstoffe gelegt. Während der experimentellen Arbeit war es möglich,
einen neuen - direkt am Porphyrin Gerüst cyclometallierten - Pd-Porphyrin-Komplex zu synthe-
tisieren. Im Vergleich mit dem nicht cyclometallierten analogen Farbstoff zeigte sich, dass dieser
Komplex eine signifikante Rot-Verschiebung des Absorptions- und Emissionsspektrums aufwies.
Des Weiteren, verringerte sich die Lebenszeit der cyclometallierten Komponente wie erwartet
um einen Faktor 100 von 0.69 ms auf 9.8 µs. Die gemessenen Quantenausbeuten zeigten einen
deutlich niedrigeren Wert verglichen mit dem nicht cyclometallierten Komplex. Außerdem wurde
die periphere Cyclometallierung von Porphyrinen sowie Anthraquinon-basierten Farbstoffen
untersucht.
Ein weiteres Ziel dieser Master-Arbeit war es, die Reaktionsbedingungen für die Platinierung
von π-expandierten Porphyrinen (z. B. Benzoporphyrine) zu optimieren. Zwei unterschied-
liche Platin-Reagenzien, (1,5-Cyclooctadien)dimethylplatin(II) und bis[Dimethyl(µ-dimethyl
sulfid)platin(II)] wurden zu diesem Zweck synthetisiert. Beide Reagenzien erwiesen sich als gute
Alternative für die Durchführung von Platinierungsreaktionen; im Speziellen das letzte genannte
Reagenz machte die Platinierung von Benzoporphyrinen unter deutlich milderen Bedingungen
als bisher in der Literatur bekannten möglich.
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1 Introduction

During the last decades, optical sensors have gained more and more attention in analytical
chemistry, as they are inexpensive, minitaturizable and allow contact-less measurement[1–3].
Typically, measurements with optical sensors are based on absorption and luminescence. A large
variety of indicator dyes may be used that show a change of luminescence intensity depending
on the analyte concentration. Usually, these dyes are embedded in a polymer matrix; depending
on the type of indicator and matrix material, optical sensors can be used for a large variety of
applications [1].

One of the analytes of high interest is oxygen, due to the reason that optical oxygen sensors
find – amongst other fields – applications in medicine [4], chemical industry and environmental
sciences (e.g. marine research) [5]. Several years ago, the Clark electrode [6] was considered the
standard technique for measurement of oxygen concentrations, however in comparison to optical
sensors the electrode shows electrical interference and does not allow contact-less measurement
[7]. Optical oxygen sensors rely on quenching of luminescence of the respective indicator dye in
the presence of oxygen. Hereby, measurements can be based on intensity or lifetime, however
lifetime tends to be the prefered parameter, as it is not affected by external perturbations
[8]. Typical classes of indicator dyes for oxygen sensing include ruthenium complexes such as
[Ru(bpy)3] [9–11], metallo-porphyrins and polycyclic aromatic hydrocarbons [12, 13], whereby
latter are not commonly used anymore.

Metallo-porphyrins - especially platinum (II) and palladium (II) porphyrins - are highly inter-
esting for oxygen sensing applications, due to their chemical stability, high luminescence, large
Stoke’s shift and long lifetimes [7, 14]. Examples for this class of indicators are Pt(II) and Pd(II)
octaethylporphyrins (PtOEP, PdOEP) [15] or Pt(II) and Pd(II) tetrakis(pentafluorophenyl-
porphyrins) (PdTFPP, PtTFPP) [16, 17]. While OEP exhibit poor photostability, TFPP
are able to overcome this drawback, however both types of indicator dyes suffer from the
disadvantage of only absorbing light in the visible region. Due to this problem, measurements
of biological samples, which show autofluorescence or measurements in scattering media, such
as marine sediments, can hardly be performed using UV-VIS indicators [7]. Indicators that
are better suitable for applications in biological samples are dyes that emit in the NIR-region
(780 nm - 3 µm).
NIR-dyes tend to be especially useful for light-conversion applications such as OLEDs [18–20],
due to the reason that nearly half of the sun’s energy reaching the earth is NIR-radiation [21,
22]. However, also sensing of oxygen with NIR-indicators is of enormous value [7, 23, 24]. In
order to obtain porphyrin dyes that emit in the NIR region, a bathochromic shift of absorption
and emission bands is required, which can be achieved by different structural changes on the
porphyrin macrocycle.
For instance, Pt(II) and Pd(II) porphyrin ketones [25] and lactones [26] show emission in the
NIR-region, however their brightness is rather low. Another group are π-extended porphyrins,
such as Pd(II) and Pt(II) benzo- and naphtoporphyrins, which are widely used for oxygen
sensing. They can be obtained by extension of the porphyrin structure with various aromatic
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1 Introduction

moieties.
However, besides π-extension of porphyrins, adjustment of the spectral properties of these
dyes tends to be difficult, as simple structural modification only show limited influence. Never-
theless, close control over these properties would be highly favourable for a variety of applications.

Besides porphyrins, several cyclometalated Ir(III) [27–29] and Pt(II) [30, 31] complexes are
known in literature that can be used as indicators for optical sensing. These dyes typically
exhibit strong luminescence, high quantum yields and good photostability. However, they suffer
from the drawbacks of showing rather short decay times and low molar absorption coefficients
in the visible region, wherefore they are often unsuitable for certain applications [7].
In the course of this Master’s thesis, it was attempted to alter the spectral properties of
porphyrins by the method of cyclometalation. Combination of porphyrin dyes with the concept
of cyclometalation might lead to several advantageous properties such as tuneable emissive
lifetimes, high absorption coefficients and bathochromic shifts of absorption and emission. The
introduction of heavy atoms leads to strong spin-orbit coupling and therefore typically to
reduced lifetimes and higher quantum yields. During the experimental work of this thesis it
was tried to investigate the effect of cyclometalation on luminescent dyes such as porphyrins
and to establish a structure-property relationships.

2 Effect of Cyclometalation on the Photophysical Properties of Luminescent Dyes



2 Theoretical Part

Most of the content of this chapter is based on references [32–34]. Therefore, only additional
references will be displayed separately.

2.1 Principle of luminescence
Luminescence describes the process of the emission of photons (ultraviolet, visible or infrared)
from electronically excited species. Depending on the excitation mechanism, different types
of luminescence such as chemiluminescence, electroluminescence or photoluminescence exist.
Regarding the process of photoluminescence, absorption of a photon takes place, leading to an
electronic excited state, which can then undergo a de-excitation process by photon emission.
There are different types of luminescent compounds which are divided into three groups: organic
compounds (e.g. aromatic hydrocarbons, fluorescein, coumarins), inorganic compounds (e.g.
lanthanide ions such as Eu3+ or crystals such as ZnS) and organometallic compounds (e.g.
ruthenium complexes, complexes with fluorogenic chelating agents).
Two very important cases of luminescence are phosphorescence and fluorescence. These two
radiative processes can be distinguished regarding the excited state from which photons are
emitted, which is a singlet excited state for fluorescence and a triplet excited state for phos-
phorescence. Furthermore, many other de-excitation pathways can occur: internal conversion,
vibrational relaxation, intersystem crossing (which might be followed by the occurrence of
phosphorescence), conformational changes or intramolecular charge transfer. (figure 2.1) More-
over, it is possible that interactions between other molecules and the species in the excited
state take place, which can then compete with de-excitation; examples for this processes are
electron/proton/energy transfer, or exciplex and excimer formation.

Figure 2.1: Possible de-excitation processes for excited molecules
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2 Theoretical Part

2.2 Physical background of light absorption

In order to understand electronic transitions in molecules, one needs to take a closer look at
the respective orbitals. Typically, an electronic transition is the movement of an electron from
an orbital of a molecule that is located in the ground state to another unoccupied orbital.
Regarding absorption and fluorescence spectroscopy there are two types of orbitals, which
are of high importance: the Lowest Unoccupied Molecular Orbitals (LUMO) and the Highest
Occupied Molecular Orbitals (HOMO), whereby both refer to the ground state of the respective
molecule.
If one of the two electrons with opposite spin of a molecular orbital in the ground state is
promoted to an orbital of a higher energy, its spin remains unchanged, leading to a total spin
quantum number of zero and an excited singlet state. (S = Σsi, whereby si = +1

2 or −1
2)

Besides the singlet-singlet transition mentioned above, it is possible that the promoted electron
might change its spin, leading to two electrons with parallel spins. In this case, the total spin
quantum number equals to 1 and the multiplicity is 3 (M = 2S + 1), wherefore this state is
called a triplet state. In figure 2.2 the different spin orientations for an excited singlet or triplet
state are displayed.

ground  
state 

singlet excited  
state 

triplet excited  
state 

E 

Figure 2.2: Difference in spin orientation for excited singlet or triplet states

It can be observed that the triplet state, which indicates three states of equal energy, has a
lower energy compared to that of a singlet state. (Hund’s Rule)

2.2.1 Forbidden transitions

Two important selection rules apply for absorption transitions, which are called spin-forbidden
transitions and symmetry-forbidden transitions.
The first selection rule (spin-forbidden transitions) states that between states of different
multiplicities no transitions are allowed. (e.g. singlet-triplet transitions) However, as a matter
of fact there is still a weak interaction between wavefunctions of different multiplicities present,
which is a result of the so-called spin-orbit coupling. For example, the process of intersystem
crossing (from singlet excited state S1 to triplet state T1) is only occuring due to spin-orbit
coupling. Intersystem crossing can be enhanced by the introduction of heavy atoms, as the
intensity of the coupling depends on the fourth power of the atomic number.
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2.3 Jablonski-diagram

The second selection rule states that transitions may also be forbidden for symmetry reasons.
However, it is nevertheless possible to observe these types of transitions due to vibronic coupling,
meaning that the vibrations of the molecule lead to a departure from perfect symmetry.

2.2.2 Franck-Condon principle

According to the Franck-Condon principle, nuclei show an extensively higher mass than electrons,
leading to the circumstance that nuclei cannot respond as fast as the electronic transitions
take place. Therefore, electronic transitions occur most likely without a change in the nuclear
framework. The transition can be imagined to take place along a vertical line, wherefore the
expression vertical transition is commonly used, meaning that no change of nuclear geometry
occurred.
Typically, most molecules are located in the lowest vibrational level of the ground state at room
temperature, however besides the 0-0 electronic transitions also vibronic transitions can take
place, which are dependent on the relative horizontal positions of the potential energy curves
(figure 2.3).

0 

1 
2 

0 

1 

2 

0-0 transition 

excited state 

ground state 

E 

nuclear configuration 

0 

1 
2 

0 

1 

2 

0-2 transition 

excited state 

ground state 

E 

nuclear configuration 

Figure 2.3: Potential energy diagrams for different vertical transitions

2.3 Jablonski-diagram
All processes that might occur between the excitation and de-excitation of a molecule can be
visualized with help of the Jablonski-diagram. (figure 2.4 ) The most important processes
occurring are absorption, internal conversion, fluorescence, vibrational relaxations, intersystem
crossing, phosphorescence and delayed fluorescence. The ground state and the excited singlet
states are depicted by S0, S1 and S2, the triplet state is shown with the abbreviation T1. Each
of the electronic energy levels consists of various vibrational energy levels. The time required for
transitions lies within the range of 10−15 s; as mentioned above according to the Franck-Condon
principle, this time is too short to lead to a displacement of the nuclei. The most important
radiative and non-radiative processes that occur between the different electronic states will be
discussed in more detail in the following.
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Figure 2.4: Jablonski-diagram for radiative and non-radiative processes

2.3.1 Internal conversion

Typically, internal conversion takes place as a non-radiative transition between two electronic
states that have the same spin mulitplicity, e.g. from a higher excited singlet state to a lower
singlet state (S2 to S1). Vibrational relaxation to the 0 vibrational level can take place if the
excitation of a molecule reaches a higher energy level than the lowest vibrational level of the
respective electronic state. Internal conversion is not only possible for S2 to S1 transitions, but
also for a transition from the S1 electronic state to the ground level S0, however this process is
less likely due to the larger energy gap.

2.3.2 Fluorescence

If an excited molecule relaxates under emission of photons from the S1 to the S0 ground state
the process is called fluorescence. In comparison to an absorption spectrum, a fluorescence
spectrum is shifted to higher wavelengths, which is due to the energy loss caused by vibrational
relaxation. Often, an overlap can be observed between both spectra. This is resulting from
the circumstance that at room temperature some molecules are in a higher vibrational level
than 0 (ground state and excited state). The difference in wavelength between the maximum
of absorption and emission peak is called Stokes shift. Excited molecules do not immediately
return to the ground state, but stay in the S1 state for a specific amount of time, before emission
of a photon can occur; lifetime is a measure for this time span. Depending on the lifetime of a
molecule in the S1 state, the fluorescence intensity decay takes place exponentially.
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2.3.3 Intersystem Crossing

Another non-radiative transition besides the internal conversion is the intersystem crossing
(ISC) that takes place between electronic states with different multiplicities. For example, it is
possible that an excited molecule in the S1 state can move to a vibrational level of the triplet
state with the same energy. This is followed by vibrational relaxation to the 0 vibrational
level of the triplet state T1. In general, as already discussed in section 2.2.1, the transition
between states of a different multiplicity is not allowed, however it can still be observed due to
spin-orbit coupling. By introduction of heavy atoms into the molecule, intersystem crossing
can be drastically enhanced, due to the large atomic number of these atoms.

2.3.4 Phosphorescence

There are two possible de-excitation processes from the triplet state T1, the radiative transition,
which is called phosphorescence and the non-radiative transition, which is typically favoured over
the occurence of phosphorescence. As the transition from the T1 to the S0 state is forbidden, the
radiative process is very slow. Phosphorescence can be favourably observed at low temperatures.
The lifetime of a molecule in the triplet state is much longer than in the singlet state (fluo-
rescence), due to the forbidden transition to the ground state. Therefore, phosphorescence
might be observed up to minutes or longer. In comparison to a fluorescence spectrum, the
phosphorescence spectrum is shifted to higher wavelengths, which can be explained by an
energetically lower lying zero vibrational level of the T1 compared to the singlet state S1.

2.3.5 Delayed fluorescence

There are two different mechanisms that can lead to delayed fluorescence.

• Thermally activated delayed fluorescence: If the energy difference between the excited
singlet state S1 and the triplet state T1 is rather small and the lifetime of the triplet
state is sufficiently long, a process called reverse intersystem crossing can take place.
(transition from T1 to S1) As the molecule first rests in the triplet state before returning
to the singlet state via reverse ISC, the decay time is much longer compared to normal
fluorescence. The efficiency of this type of fluorescence can be enhanced by increasing the
temperature, wherefore it is called thermally activated delayed fluorescence.

• Triplet-triplet annihilation: The second possibility for the occurrence of delayed fluores-
cence is the triplet-triplet annihilation, which means that collisions between two molecules
in the triplet state lead to the return of one of the molecules to the S1 state and the other
one to the S0 level. This effect can mainly be observed in very concentrated solutions.
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2.4 Lifetime and quantum yields
Two very important parameters for the characterization of luminophores are the luminescent
lifetime (τ) and the quantum yield (Q). The quantum yield is a parameter for the brightness
(which is a product of the quantum yield Q and the molar absorption coefficient ε) and describes
the relation of emitted photons to the number of absorbed photons. Meanwhile, the lifetime
gives information about the amount of time a molecule remains in the excited state. Both
parameters can be expressed by the rate constants of radiative (Γ) and non-radiative (knr)
deactivation. (figure 2.5)

S1 

S1 

S0 

h νAbs 

vibrational 
relaxation 

h νF 

knr  Γ 

Figure 2.5: Simplified Jablonski-diagram showing the emissive rate of a fluorophore and the
rate of non-radiative decay

The quantum yield can be determined according to equation 2.1.

Q = Γ
Γ + knr

(2.1)

If the non-radiative decay is much smaller compared to the radiative decay, the quantum yield
reaches a value close to 1. However, regarding fluorescence emissions, the quantum yield always
reaches a value < 1, due to Stokes losses. One exception of this rule is the process of singlet
fission, where a singlet exciton is converted to a pair of triplet excitons. This step is followed
by a diffusion process and the formation of two free triplet excitons. Regarding singlet fission
processes, the quantum yield is able exceed 100 % [35].

The lifetime of a molecule is described by equation 2.2.

τ = 1
Γ + knr

(2.2)

The lifetime of an excited luminophore is thus described by the time a molecule stays in the
excited state (e.g. S1 for fluorescence or T1 for phosphorescence emission), before returning to
the ground state S0. Typically, phosphorescence lifetimes tend to be much longer (range from
microseconds to seconds) than fluorescence lifetimes (picoseconds to nanoseconds), which is due
to the spin-forbidden transition from the triplet state to the ground state for phosphorescence.
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2.4.1 Effect on temperature

Quantum yields and lifetimes of molecules can be strongly influenced by variation of temperature.
In general, increasing the temperature leads to lower fluorescence quantum yields and to shorter
lifetimes. This is related to the fact that some non-radiative processes (e.g. intramolecular
vibrations, collisions with solvent molecules) take place more efficiently at higher temperature.
As already mentioned before, phosphorescence shows a longer lifetime than fluorescence and is
even more easily deactivated by collisions with solvent molecules, wherefore it can be observed
best at low temperature or when molecules are embedded in a rigid matrix. Quantum yields
for phosphorescence can be increased up to a factor of 103 when cooling, while for fluorescent
molecules the factor is typically not higher than 10.
Besides the temperature also other factors such as polarity, pH or the presence of quenchers
might have an impact on the quantum yields and the lifetime.

2.5 Optical sensors in analytical chemistry
A sensor is per definition a device that detects the change of a specific physical parameter
and converts it into a more easily measurable second parameter, which then provides the
necessary information for the respective measurement [36]. Nowadays, especially optical
sensors play an important role as they allow contact-less measurement, are miniaturizable and
typically inexpensive [1–3]. These advantages have led to the preparation of various fiber-optic

Figure 2.6: Components of a typical chemical optical sensor

sensors which can be applied in multiple fields for the detection of physical parameters such
as temperature, pH-value, pressure or oxygen concentrations [1, 36]. In analytical chemistry,
measurements with optical sensors are typically based on absorption and luminescence, however
also chemical sensors based on other optical parameters have already been developed. (figure
2.6) Fiber optical based sensors often rely on specific indicator dyes that show a change of
luminescence in respect to the analyte concentration [1]. Dependent on the type of indicator
dye and the matrix of the sensors they can be used for a large variety of applications.

2.5.1 Sensing methodologies

Typically, sensing of oxygen relies on luminescence quenching of a suitable indicator dye. Hereby,
it is required that the indicator changes its spectral properties in presence of oxygen. Changes
of different parameters can be measured, such as luminescence intensity, emission spectrum
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or lifetime. The easiest way of oxygen detection is by measuring the change in luminescence
intensity, however this method suffers from a serious drawback. Often intensity-based mea-
surements are influenced by external parameters such as light source intensity or luminophore
concentration, wherefore the results of the measurement might be distorted. Thus, it is of high
interest to use measuring methods that are independent of such factors, for instance ratiometric
or lifetime-based measurements. In general, the best suitable method is chosen depending on
expenditure, application and availability of the indicator [7]. Regarding ratiometric methods,
the sensor usually consists of an oxygen-sensitive dye and a reference dye which are embedded
into a matrix. Requirements for this type of measurement are that the reference dye must
not be quenched in presence of oxygen, no overlap of the emission spectra of indicator and
reference dye should occur and no energy transfer between the two dyes should take place.
It is then possible to detect oxygen concentrations by measuring the intensities of indicator
and reference dye at two different emission wavelengths. For this purpose bandpass filters
or also tailor-made indicators can be used [7]. The latter show dual emission, meaning that
they exhibit oxygen-sensitive phosphorescence but oxygen-insensitive fluorescence, however the
synthesis of these dyes tends to be challenging and only few examples are known in literature
so far [7, 31, 37, 38]. Ratiometric oxygen sensors can be used for a variety of biological and
medicinal applications such as non-invasive oxygen detection in cancer cells [39].
As already mentioned above, besides ratiometric measurements, also lifetime-based (τ) mea-
surements are used for a large variety of applications. The lifetime of a luminophore can be
determined via two different methods, either in time domain or in frequency domain (figure 2.7).
Time domain means that the time-dependent intensity is monitored after excitation of a sample

Figure 2.7: Principles of Frequency-Domain and Lifetime-Domain Measurements

with a light pulse. Then, I(t) can be plotted versus t, whereby the exponential decay gives
information about the lifetime of the sample (exponential fit). An advantage of this method is
that the delay between the light pulse and the measurement eliminates background fluorescence
[7]. Regarding the frequency domain method, an intensity-modulated light source is used for
excitation of the sample. A time delay between the excitation and emission of the luminophore
takes place, which is measured as physical quantity called phase shift (φ) [7]. The phase shift

10 Effect of Cyclometalation on the Photophysical Properties of Luminescent Dyes



2.6 Optical oxygen sensing

can then be used to calculate the lifetime via the following equation:

τ = tanφ

2πf (2.3)

Here, f represents the modulation frequency of the light source. A very convenient approach
for oxygen detection in plant tissues is the two-frequency phase modulation. This method is
able to differ between the lifetime of autofluorescence of the tissue and the phosphorescence of
the indicator [40].
In general, pulse and phase techniques lead to the same information but show different advantages
and disadvantages [7].

2.6 Optical oxygen sensing

Today, oxygen counts to the analytes of highest interest [41], as optical oxygen sensors can
be used for biotechnological and medical applications [4], in chemical industry and also for
environmental analysis (e.g. marine research) [5].
Before the emergence of optical sensors, several other methods for oxygen detection were
available, including electrochemical (e.g. potentiometric), optical (luminescence, absorption)
and chemical (Winkler titration) analysation techniques. For a long period of time, the Clark
electrode [6] was considered an optimal method for oxygen detection, until optical sensors
conquered the world of chemical sensing, as they do not show electrical interference, are
inexpensive and allow contactless measurement [7].
The working principle of an optical oxygen sensor is based on quenching of the luminescence of
the respective indicator dye by oxygen. The general set-up comprises a luminescent dye that is
entrapped in a polymeric matrix on a solid support (e.g. optical fiber) [7]. Both, intensity-based
and lifetime-based measurements are possible, however often lifetime is the preferred parameter,
as these measurements are independent of external perturbations [8].

2.6.1 Important indicator dyes for oxygen sensing

Typical indicator dyes for optical sensing of oxygen include polycylic aromatic hydrocarbons
[12, 13] (today not used anymore), ruthenium complexes (e.g. [Ru(bpy)3] or [Ru(dpp)3]) [9–11]
and various metallo-porphyrin compounds.
These molecules have the advantage of showing a high solubility in various organic solvents and
in a wide range of polymers such as polymethylmethacrylate (PMMA) or silicone rubber. As
ruthenium complexes tend to show a limited sensitivity towards oxygen, current research focuses
on porphyrin complexes due to their chemical stability, high luminescence, longer lifetimes and
large Stokes’s shifts. Oxygen detection with porphyrins as indicator dyes works by quenching of
the photoexcited triplet state by oxygen and subsequent measurement of the phosphorescence
intensity change or lifetime [14]. More detailed information about the use of porphyrins for
optical sensing will be provided later on.

2.7 Quenching of Luminescence

Quenching of luminescence describes all processes that lead to a decrease in luminescence
intensity. Among these processes are molecular rearrangements, excited state reactions, energy
transfer, collisional quenching (dynamic quenching) and ground state complex formation (static
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quenching). The last two mechanisms, dynamic and static quenching, will be discussed in more
detail. Both processes require contact between a luminescent molecule M∗ and a quencher
molecule Q [42].

Figure 2.8: Mechanisms for dynamic and static quenching

2.7.1 Static quenching

Static quenching is a result of complex formation between a fluorescent molecule in the ground
stateM and a quencher Q (figure 2.8). As the resulting complexMQ does not show fluorescence
emission, the complex formation leads to reduction of the concentration of the fluorophore and
thus to a lower intensity [43]. Static quenching is described by the following formula:

I0
I

− 1 = Ka[Q] (2.4)

Hereby, Ka represents the association constant and [Q] the concentration of the quencher
molecule. Due to the reason that static quenching results from binding of the quencher to the
fluorophore an association constant is involved, which decreases with increasing temperature.
Regarding equation 2.4 it can be seen that the lifetime of the fluorophore stays unaffected by
the mechanism of static quenching [43].

2.7.2 Dynamic quenching

Dynamic quenching is a diffusion controlled process that describes collisions between a fluo-
rophore in the excited state M∗ and a quencher Q (figure 2.8). Hereby, an energy transfer from
the excited molecule to the quencher takes place and the fluorophore is relaxated radiationless
to the ground state. Therefore, another rate constant for non-radiative decay from the excited
state is the rate of quenching. This means that in comparison to static quenching, dynamic
quenching decreases both the fluorescence intensity and the lifetime [42]. Dynamic quenching
can be described by:

I0
I

− 1 = T0
T

− 1 = kqτ0[Q] = KSV [Q] (2.5)

Here, kq represents the bimolecular quenching constant and τ0 the lifetime of the fluorophore,
KSV is the Stern-Volmer constant. I0 and I represent the intensities of the luminescence in
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presence and absence of the analyte (e.g. O2) [14]. The bimolecular quenching constant is
dependent on the number of collisions between fluorophores and quenchers and also on the
efficiency of quenching [42]. As already stated above, dynamic quenching, in contrast to static
quenching, also influences the lifetime of the fluorophore, which is shown by equation 2.5.

Due to the reason that the lifetime of molecules in the triplet state is typically much longer than
in an excited singlet state, interactions with molecules such as oxygen have a higher probability
to occur. Porphyrins are very prone to react with oxygen in the excited triplet state, which is
due to the reason that the energy level of the triplet state is close to the lowest unoccupied
molecular orbital of oxygen. By this means, oxygen is converted into a singlet oxygen species
(1O2), which requires a transfer of energy from the porphyrin. Regarding cyclometalated
complexes, also a superoxide anion radical species (O−

2 ) may be formed. The decay of the
triplet state is then directly related to the concentration of oxygen, as these are first order
reactions [14].
In general it can be said that phosphorescent lifetime measurements are a suitable method for
the determination of oxygen concentration by optical sensors.

2.8 Optical pH-sensing
Besides oxygen, another important parameter in optical sensing is the pH. Determination of
pH-values is applied in a broad variety of scientific and technological fields, such as biotechnology,
chemistry or medicine [44, 45]. Generally, a pH-optode consists of a pH-sensitive dye and a
polymeric matrix [46]. A required property of an indicator dye is that it needs to show different
optical properties for its protonated and deprotonated structure [47]. Therefore, the absorption
or fluorescence emission of the dye correlates with the concentration of hydrogen ions [46].
The polymer host matrix of pH-optodes meets the requirement of being hydrophilic in order to
allow proton diffusion and needs to display a high chemical, mechanical and thermal stability.
Furthermore, before development of an optical pH-sensor, a suitable sensor sensitivity for the
respective application needs to be considered. For example, pH sensors for measurements in the
marine environment need to show a high sensitivity around pH 8.0; bioprocesses however, usually
require a high sensitivity around pH 6.0. Regarding biological applications, the pH indicator
dye should show optical properties in the red/infrared region, because at these wavelenghts
only a low background fluorescence (e.g. from solvents, substrates) is expected [48].

2.8.1 pH-Indicator dyes

There are two main principles of pH-sensing, which are the absorption- and fluorescence based
sensing. (figure 2.9) Absorption-based pH sensors work by a color change of the indicator
dye, depending on if the protonated or deprotonated form is present [48]. Typical examples of
absorption-based pH indicators include compounds such as phenolphthalein [49] or phenol red
[50].
Luminescence-based chemical pH-sensors tend to be of even higher interest than absorption
based sensors, due to their excellent sensitivity and selectivity [51]. Widely used fluorescent
pH indicators are fluorescein and its derivates [52, 53], coumarin-based indicators [54], 1-
hydroxypyrene-3,6,8-trisulfonic acid (HPTS) [55, 56] and seminaphthofluorescein (SNAFL) [57].
While fluorescein and SNAFL indicators show poor photostability, the opposite is the case for
HPTS, however its pH-response is strongly dependent on ionic strength [48]. Until now, most
indicator dyes mentioned only allow pH-sensing based on intensity, however sensing based on
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Figure 2.9: Mechanisms of absorption-based (1) and fluorescence-based (2) pH-sensing

luminescence decay times would be highly favoured. New attempts include the use of lanthanide
complexes [58, 59] (e. g. Eu(III)) and sensitive ruthenium metal-ligand complexes [60, 61] as
pH indicators for optical sensing. A problem which could not be solved entirely until now is the
oxygen cross-sensitivity of metal-ligand complexes for pH-sensing with oxygen, due to rather
long decay times.
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2.9 State-of-the-art of porphyrins in optical sensing

Porphyrins are macrocyclic compounds with single-double conjugated bonds and a planar struc-
ture that can contain a metal atom in the core center. (figure 2.10)
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Figure 2.10: Typical porphyrin lig-
and and porphyrin compound in-
cluding a metal atom in the core

Amongst others, they can be found in natural com-
pounds such as hemoglobin or chlorophyll [62].
Luminophores of high interest for oxygen sensing are
Pt(II) and Pd(II) porphyrins. They exhibit excellent
properties for optical sensing – especially oxygen sensing
[63–66]– such as large Stokes’ shifts, strong phosphores-
cence and high molar absorption coefficients. Further-
more, the phosphorescence lifetimes of these complexes
can be varied depending on the metal in the core cen-
ter. In general, palladium porphyrins show significantly
longer lifetimes than platinum porphyrins [67], which
is related to the fact that platinum is a heavier metal
and therefore facilitates spin-orbit coupling. However,
platinum complexes have the advantage of exhibiting
higher quantum yields than the palladium analogue [7].
In the following, a short overview will be given about
the most important different types of Pt(II) and Pd(II)
porphyrins.
The first class of porphyrins that is still commonly used for oxygen sensing are platinum and pal-
ladium octaethylporphyrins (PtOEP, PdOEP). They exhibit a strong phosphorescence at room
temperature, high quantum yields and also long lifetimes [15]. Typically, these complexes are
dispersed in different polymer matrices for optical oxygen sensing, such as poly(1-trimethylsilyl-
1-propyne) (TMSP) [68], polystyrene (PS) [69], fluorine containing poly(aryl ether ketones) [70]
and polyethylene glycol (PEG) combined with polystyrene (PS) or ethyl cellulose (EC) [71].
However, one drawback of the mentioned complexes is their limited photostability [7]. Another
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Figure 2.11: Structure of octaethylporphyrin (left) and tetrakis(pentafluorophenylporphyrin)
(right) containing a central metal atom (M = Pt(II), Pd(II))

class of Pt(II) and Pd(II) porphyrins for oxygen sensing – which show a significantly higher
photostability than octaethylporphyrins – are tetrakis(pentafluorophenylporphyrins) (TFPP).
The two porphyrin classes show different properties due to their functional groups (figure
2.11), which are perfluorophenyl (meso-position) and ethyl (β-position) for TFPP and OEP,
respectively. In comparison, ethyl groups have a smaller size and are less rigid, which affects
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the efficiency of collision with oxygen molecules. Furthermore, the fluorine functional groups
are electron-withdrawing and therefore decrease the electron density on the porphyrin ring,
leading to a reduced probability of undergoing an oxidation reaction with singlet oxygen [72].
PtTFPP is commonly used for applications requiring high light intensities, e.g. in microscopy
or in fiber-optic microsensors. PdTFPP however, stands out due to its long lifetime (at room
temperature 1 ms) and is frequently used to determine trace levels of oxygen [7]. The Pt(II)
and Pd(II) OEP and TFPP entail the disadvantage of only absorbing light in the UV-Vis
region. This can lead to problems, especially regarding biological samples, as a high level of
autofluorescence is present in the UV-Vis region, which is due to fluorescent compounds such
as FAD or NAD. Furthermore, UV-Vis indicators cannot easily be used in scattering media
(e.g. marine sediments) or in implantable sensors, as blood absorbs mostly in the visible region.
Therefore, indicators that emit in the NIR-region (780 nm - 3 µm) are of high interest, because
these sensors can be applied in scattering media or biological samples such as blood, tissues or
cells [7].

2.9.1 NIR-indicators

Metal complexes that are able to be excited in the red part of the spectrum and show emission in
the NIR-region have become more and more popular, due to their large variety of applications.
Typically, these dyes can be found in organic light emitting diodes (OLEDs) [18–20] and
in optical sensors, for example for oxygen detection [7, 23, 24]. Regarding light conversion
applications, NIR-excitable complexes are of special interest, as nearly half of the sun’s energy
that reaches the earth is NIR radiation [21, 22].
In order to obtain a bathochromic shift of the absorption and emission bands, different synthetic
approaches can be followed that include modifications of the porphyrin structure. The first
groups of NIR-indicators that were commonly used for oxygen sensing are platinum(II) and
palladium(II) porphyrin lactones [26] (figure 2.12) and porphyrin ketones [25] (figure 2.12).
Pt(II) complexes of porphyrin ketones, for instance, show strong phosphorescence at room
temperature, have a high photochemical stability and exhibit long wave spectral characteristics
[25]. However, although porphyrin lactone and ketone complexes show strong absorption bands
within a range of 580-600 nm, they suffer from moderate to low brightness and cannot be applied
for measurements in blood or subcutaneous tissue, as the transmittance of the excitation-light
is rather low [73].
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Figure 2.12: Structure of Pt(II) octaethylporphyrinketone (PtOEPK) (left) and Platinum(II)-
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)porpholactone) (PtTFPPL) (right)
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Benzo- and naphtoporphyrins

Another important group of NIR-indicators for oxygen sensing consists of π-extended porphyrins,
such as Pd(II) and Pt(II) benzo- and naphtoporphyrins (figure 2.13). These complexes are
obtained by extension of the porphyrin macrocycle with various aromatic moieties, which leads
to a bathochromic shift of the emission spectra (figure 2.14). Popular representative of this
type of NIR-indicators are platinum(II) and palladium(II) tetraphenyltetrabenzopoprhyrins
(PtTPTBP, PdTPTBP). These complexes exhibit excellent absorption coefficients with 200,000
M−1 cm−1 for the blue region and 130,000 M−1 cm−1 for the red region. Furthermore, they show
good emission quantum yields with values of 0.50 and 0.20, respectively [7]. Benzoporphyrins
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Figure 2.13: Structure of TBP (right) and TNP (left) ligands

that are substituted at their meso-positions show a non-planar structure and therefore exhibit
good solubility and no tendency for aggregation, which is an important factor considering
the use of polymer matrices (e.g. polystyrene [74]) for optical sensing [75]. If embedded in
polystyrene, platinum (II) meso-substituted benzoporphyrins can be ideally used as oxygen
sensors in a range from 0 to 100 % air saturation. Meanwhile, the analogous Pd (II) complexes
exhibit longer lifetimes of approximately 300 µs, wherefore they are more suitable for trace
oxygen sensing, since strong luminescence quenching takes place at high air saturation. One
possibility to make these palladium complexes suitable for oxygen detection at air saturation
would be entrapment of the dyes in a polymer matrix that shows low oxygen permeability [7].
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Figure 2.14: Emission spectra of various π-extended porphyrins
in toluene [76]

Furthermore, meso-substituted
porphyrins can be altered
by introduction of fluorine
atoms instead of hydro-
gen on the phenyl-rings
in meso-position. This
modification leads to PtTPTBPF
or PdTPTBPF complexes
showing enhanced quan-
tum yields and photosta-
bilities due to the electron-
withdrawing groups [73].
As already mentioned above
another group of π-extended
porphyrins are the so-
called naphtoporphyrins.
In comparison to benzopor-
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phyrins, these complexes contain an additional benzene ring at the β-pyrrole positions, which
leads to an increased bathochromic shift of absorption and emission bands of approximately
80 nm [7]. Although emission at higher wavelengths would be favoured, these dyes suffer of
decreasing quantum yields and low photostability [75, 77, 78], leading to problems regarding
the use in light conversion applications (e.g. OLEDs, photovoltaics). For example, the quantum
yields for PtTPTNP and PdTPTNP have shown to be 0.22 [79] and 0.079 [80] respectively,
while the quantum yields of the benzoporphyrin analogue complexes are 0.51 for PtTPTBP
and 0.21 for PdTPTBP [73].

2.9.2 UV-VIS spectra of porphyrins

Usually, the absorption spectrum of porphyrin ligands without metal center shows an intense
Soret band at a wavelength of approximately 380 -500 nm and four Q-bands between 500 and
700 nm. Metalloporphyrins containing central atoms such as Pt(II) or Zn(II) however, exhibit
a Soret band and only two Q-bands due to their symmetrical structure [81].

Figure 2.15: Absorption spectrum of a porphyrin without metal ion [82]

Absorption spectra of porphyrins were first explained by Martin Gouterman in 1959 [83] by
the so-called "four-orbital" model [84, 85], which describes the two lowest unoccupied π* and
highest occupied π orbitals. This model states that the absorption bands of porphyrins are a
result of transitions between the two HOMOs and LUMOs, whereby the type of central atom
and substituents on the porphyrin ring lead to different energies of transitions. The Soret band
of a porphyrin complex is a result of a transition from the ground state to the second excited
singlet state (S0 to S2), while the Q bands originate from a transition from the ground state to
the first exited state (S0 to S1). Due to the reason that the transition to the first singlet state
is weaker, Q bands show a much lower absorption intensity compared to the Soret band [86].
The relative intensity of all Q bands depends on the substituents on the porphyrin ring; e.g. if
the intensities of the Q bands decrease in the order of IV > III > II > I, generally six or more
substituents without π-electrons (e.g. alkyl groups) are located at the β-positions. However, if
subsitutents with π-electrons are present at the β-positions, the Q band decrease in the order
of III > IV > II > I, which is called a rhodo-type spectrum. This name results from the fact
that the substituents with π-electrons cause a "reddening" effect, meaning that the spectrum is
shifted to longer wavelengths [86].
Therefore, as variations of the substituents on a porphyrin ring and also insertion of metal
atoms into the porphyrin ligand lead to changes in the absorption spectra, UV-VIS spectroscopy
represents an ideal technique for monitoring of these processes [86].
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2.10 Platination of metal-free porphyrins

2.10 Platination of metal-free porphyrins
As already mentioned above, platinum(II) and palladium(II) porphyrins have shown to be
excellent indicator dyes for optical sensors, because they show strong phosphorescence at
room temperature and large Stoke’s shifts [7]. Extending the porphyrin core with aromatic
moieties at the ß-pyrrole positions leads to compounds such as tetrabenzoporphyrins [87] or
tetranaphthaloporphyrins [75], which are of high interest due to a bathochromic shift of their
absorption and emission spectra and the possibility of emission in the NIR region [88]. However,
although π-extended platinum(II) and palladium(II) porphyrins are a luminophore class of high
interest – for example for medical or therapeutic applications [89] – especially the synthesis of
these compounds containing a platinum central atom remains a challenging task.
So far, the typical synthetic procedure (figure 2.16) for the preparation of π-extended Pt
(II) porphyrins consists of the addition of PtCl2 to the porphyrin ligand in benzonitrile
under reflux for several hours at a temperature of 190 - 200°C [75, 90–92]. It is assumed

NH N

HNN

Ar

Ar Ar

Ar

N N

NN

Ar

Ar Ar

Ar

PtCl2
PhCN, reflux, ~ 200° C

argon atmosphere

Pt

Figure 2.16: Typical platination procedure for π-extended porphyrins

that a reaction between the PtCl2 and the solvent PhCN takes place, leading to a Pt(II)-
benzonitrile complex, which is capable of improving the solubility of the platinum reagent.

1,2,4-trimethylbenzene

bp: 170° C

N

benzonitrile

bp: 190 °C

O

diphenylether

bp: 258°C

Figure 2.17: Typical high-boiling
point solvents for the platination of
porphyrins

However, large drawbacks of these reaction conditions
are long reaction times (up to 24 hours) and moderate
yields, due to no quantitative conversion of the por-
phyrin ligands [76].
An improvement of the typical platination process
of tetraphenyltetrabenzoporphyrins (TPTBP) was
achieved by Borisov et al. by using the non-coordinating
diphenylether (figure 2.17) instead of benzonitrile as a
solvent. It was assumed that a large excess of coordi-
nating benzonitrile could possibly disfavour the met-
allation process, wherefore diphenylether was thought
to be a promising alternative. Results showed that by
using diphenylether the platination process could be
performed in tens of minutes at 190 °C without decom-
position of the ligand. One drawback of this synthetic
attempt were the resulting purification processes, as it
is not possible to remove diphenylether under vacuum
[93]. Another synthetic route for the preparation of π-extended Pt(II) porphyrins, which is now
commonly used, includes the usage of the precursor Pt(C6H5CN)2Cl2 in 1,2,4-trimethylbenzene
as a solvent; depending on the exact structure of the porphyrin, yields for this procedure also
tend to be rather moderate [24, 89].
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Recently, another mild method for the synthesis of platinum(II) porphyrin complexes was
reported, which is shown in figure 2.18. Free-base porphyrins were treated with 1.5 equivalents
of [PtCl2(PhCN)2] in presence of the base sodium propionate in refluxing chlorobenzene. The

NH N

HNN

Ph

Ph Ph

Ph

N N

NN

Ph

Ph Ph

Ph

[PtCl2(PhCHN)2]

PhCl, reflux, ~ 130° C
Pt

NaOCOET

Figure 2.18: Recently reported platination reaction using sodium propionate as a base

reaction resulted in good yields of the respective Pt(II) complexes. It needs to be pointed out
that the work-up process of this method was easier compared to earlier reported synthesis, due
to the reason that chlorobenzene can be removed by rotary evaporation (bp: 131 °C) [94].
In conclusion, it is still a field of great interest to improve the platination reactions for π-extended
porphyrins, e.g. benzoporphyrins. Therefore, the synthesis of new Pt-precursors that might
enhance currently applied reaction conditions was also investigated during the experimental
work of this master’s thesis.
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2.11 Cyclometalated indicator dyes

2.11 Cyclometalated indicator dyes

Besides the mentioned ruthenium(II) polypyridyl complexes and the extensively discussed met-
alloprophyrins, another class of indicator dyes are cyclometalated Ir(III) and Pt(II) complexes.
These compounds are characterised by strong luminescence, high quantum yields, a large
Stokes’ shift and good photostability. However, cyclometalated complexes generally suffer from
the drawbacks of showing relatively short decay times (several microseconds) and low molar
absorption coefficients in the visible region, which makes them often unsuitable for applications
in optical sensing [7, 95].
Typical representatives of this group of indicators are phenylpyridine based [Ir(ppy)3] [27], cy-
clometalated iridium complexes with coumarins with the formula Ir(Cx)2(acac) (with X = N, O,
S-Me or S) [28, 29], platinum(II) complexes with thienylpyridine ligands Pt(thpy)2 [30] and plat-
inum(II) compounds coordinated with acetylacetonate CˆNPt(acac) [31].
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Figure 2.19: Examples of cyclometalated indi-
cator dyes such as [Ir(ppy)3] (A), acetylaceto-
nato based Pt (II) complex (B), thienylpyri-
dine based Pt(thpy)2 (C) and irdidium com-
plex with coumarin ligands Ir(Cx)2(acac)
(with X = N, O, S-Me or S) (D)

Upon the mentioned compounds cyclometa-
lated iridium(III) complexes with coumarins
are able to overcome the drawback of low
absorption in the visible region. Typi-
cally these indicators yield absorption co-
efficients up to 90,000 M−1 cm−1 and ex-
hibit strong phosphorescence. Another ad-
vantage of these compounds is the pos-
sibility of altering the spectral properties
by variation of the substituent of the
coumarin, whereby the spectrum shows
a bathochromic shift in the order of X
= S > O > N [7, 28]. Cyclomet-
alated iridium(III) coumarin complexes
have already been used for optical oxy-
gen sensing by embedding the dye in a
polystyrene film. One large drawback of
these indicators however is that they show
a poor photostability and are therefore
only suitable for short-term measurements
[28].

Another attempt was the use of dimeric irid-
ium coumarin complexes with the formula
(Cx)2Ir(µ-Cl)2Ir(Cx)2. It was shown that
these compounds exhibit lower emission quan-
tum yields in comparison to the monomeric
complexes; the absorption and emission bands
are shifted bathochromically regarding the
dimeric compounds [28].
As already mentioned above, besides irid-
ium(III) complexes also platinum(II) cyclometalated complexes have been investigated as
indicator dyes for optical sensing. The platinum compounds suffer from the same drawbacks of
showing low absorption coefficients in the visible part of the spectrum [7].
Some years ago, cyclometalated Pt(II) complexes were discovered that are able to exhibit dual
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fluorescence and phosphorescence emissions. They contain the general formula CˆNPt(acac),
whereby the photophysical properties are strongly related to the CˆN ligand [31, 96].

Besides mononuclear cyclometalated complexes, also bi- and trinuclear Pt and Ir complexes have
been reported (figure 2.20). These compounds experience a stronger heavy atom effect, and
therefore enhanced spin-orbit coupling. In general, multinuclear complexes exhibit significantly
redshifted absorption and emission spectra, which is a result of the stabilization of the LUMO
by presence of additional metal centers [97].
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O O
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Pt
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Pt

tBu
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Figure 2.20: Structures of a binuclear platinum(II) complex (left) and a hybrid trinuclear
complex with two Pt and one Ir center (right)

2.11.1 Tuning of photophysical properties of porphyrins by cyclometalation

As already mentioned above in section 2.9.1, a common strategy of alternating the photophysical
properties of porphyrins is the π-extension of the macrocycle, which however only shows limited
influence. Furthermore, different central atoms lead to strongly varying spectral properties;
nevertheless, it needs to be considered that only a small amount of atoms such as Ir (III), Pt (II),
and Pd (II) have shown to be suitable for optical sensing by showing bright phosphorescence [7].
It would be a topic of high interest to be able to tune the photophysical properties of porphyrins
in a controlled manner, in order to be able to use them for a larger variety of applications. For
example, currently life-time based pH sensing remains a difficult task due to the quenching of
phosphorescence by molecular oxygen. This problem could be avoided if the lifetimes of the
complexes were reduced drastically.
One possibility to alter the photophysical properties of luminescent dyes might be cyclometala-
tion of the respective compound.

Principle of cyclometalation - heavy atom effect

Cyclometalation is a possibility for the introduction of heavy atoms such as Pt (II) or Ir(III),
which enhance the process of spin-orbit coupling.
According to spin selection rules, the transition between states showing different multiplicity is
forbidden. Nevertheless, these transitions can often be observed in organic molecules which is
due to spin-orbit coupling. This phenomenon is a result of quantum mechanical mixing of states
showing different multiplicity, meaning that no pure states are present. Regarding the theoretical
background, spin-orbit coupling is a result of the interaction of spin magnetic moments of
electrons and the magnetic field that arises from motion of the nucleus [98]. Spin-orbit coupling
increases proportionally with higher atomic number, due to the reason that the magnitude
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2.11 Cyclometalated indicator dyes

of the magnetic field rises with the nuclear charge and therefore the atomic number. This
means that by introduction of heavy atoms the rates of spin-forbidden transitions (radiative
and non-radiative) can increase significantly, which is known as the so-called heavy-atom (H-A)
effect [99].
The heavy-atom effect was first noticed and described by McClure et al. in 1949 [100]. It was
observed that the introduction of heavy atoms could alter the phosphorescence lifetimes of
luminescent compounds, whereby a decrease in lifetime was measured with increasing atomic
number of the heavy atom. Later on it was discovered by Ermolaev at al. that besides the
decrease of lifetime of the triplet state an increase of the ratio of phosphorescence to fluorescence
quantum yields φP /φF occurs. The decrease in phosphorescent lifetime is a result of both the
increasing rate of phosphorescence and intersystem crossing for T1 to S0. However, the increase
in φP /φF is due to an enhanced rate of intersystem crossing for S1 to T1. Therefore, it was
concluded that heavy atoms have a significant impact on the rate of triplet decay and also on
the rate of population of the triplet state [99].

Effect of cyclometalation on porphyrin dyes

As already stated above controlling the photophysical properties of porphyrin dyes by cy-
clometalation would be highly favourable in order to generate a larger range of applications.
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Figure 2.21: Expected advantages for the cy-
clometalation of porphyrin dyes

As described in section 2.11 cyclometalated
complexes often suffer from the drawback of
poor molar absorption coefficients in the vis-
ible region. Porphyrin dyes show good mo-
lar absorption coefficients, however these in-
dicators often exhibit only moderate quan-
tum yields [7]. Therefore, one strategy of
achieving dyes showing high quantum yields
and good molar absorption coefficents could
be the method of cyclometalation. Further-
more, a change of spectral properties such as a
bathochromic shift of absorption and emission
would be expected. The expected properties
for cyclometalated porphyrin dyes are shown
in figure 2.21.
It is known that due to the heavy-atom effect
an increase of radiative deactivation Γ can
occur, leading to a shorter lifetime (τ = 1

Γ+knr
)

[99]. However, the impact of cyclometalation
on quantum yields, which is given by equation
Q = Γ

Γ+knr
, might be positive or negative, as

cyclometalation also affects the rate constant
of the non-radiative deactivation knr from the
triplet state.
To enable a cyclometalation process, suitable
structures of porphyrins need to be synthesized. This can be done, for instance, by introduction
of a pyridine at the meso position of the macrocycle or by introduction of 2-phenylpyridine
groups (figure 2.21). The aim of this master’s thesis was to establish a structure-property
relationship for newly synthesized cyclometalated porphyrin complexes.
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3 Chemicals and Methods

The chemicals and solvents that were used during the experimental work of this masters’s thesis
are listed in the tables below.

3.1 Chemicals

Table 3.1: List of used chemicals
Chemical Supplier CAS-Number
Platinum Ögussa 7440-06-4
Hydrochloric acid Merck 7647-01-0
Nitric acid Merck 7697-37-2
Hydrazine dihydrochloride SIGMA-ALDRICH 5341-61-7
Potassium chloride Merck 7447-40-7
Dimethylsulfide Alfa Aesar 75-18-3
Sodium sulfate Merck 7757-82-6
Methyl lithium Aldrich 917-54-4
Ammonium chloride Merck 12125-02-9
Decolorizing charcoal Kremer Pigmente 7782-42-5
Acetylacetone SIGMA-ALDRICH 123-54-6
Potassium hydroxide Merck 1310-58-3
1,5-Cyclooctadiene Aldrich 111-78-4
Tin chloride Merck 7772-99-8
Sodium Iodide Aldrich 7681-82-5
2-Bromopyridine Alfa Aesar 109-04-06
n-Butyl lithium Acros 109-72-8
Tributyltin chloride Alfa Aesar 1461-22-9
Propionic acid Roth 79-09-4
Pyrrole Aldrich 109-97-7
2-Pyridine carboxaldehyde XXXXXXX TCI XXXXXXXXXX 1121-60-4 XXX
Pentafluorobenzaldehyde ABCR 653-37-2

3.2 Solvents

Solvents were used as bought from the supplier, unless it is indicated in the experimental section
that a solvent was dried before the respective synthesis. In this case, solvents were dried for 24
hours over 4 Å molecular sieve.
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3.3 Chromatography

Table 3.2: List of used solvents
Solvent Supplier CAS-Number
Dichloromethane Fisher chemicals 75-09-2
Diethylether Fisher chemicals 60-29-7
DMSO Roth 67-68-5
Methanol Fisher chemicals 67-56-1
2-Propanol Fisher chemicals 67-63-0
Ethanol Fisher chemicals 64-17-5
Acetone Fisher chemicals 67-64-1
Toluene Fisher chemicals 108-88-3
1,2,4-Trimethylbenzene XXXXXXXXX Aldrich XXXXXXXX 95-63-6
THF Fisher chemicals 109-99-9
Ethyl acetate Fisher chemicals 141-78-6
Cyclohexane Fisher chemicals 110-82-7
n-Heptane Roth 142-82-5
3M Novec 7200 3M 163702-05-4

3.2.1 NMR solvents

Chloroform D: + 0.03 % TMS, 99.80 % D, supplier: Eurisotop
Methylene chloride D2: 99.90 % D, supplier: Eurisotop
Benzene D6: 99.50 % D, water content < 0.02 %, supplier: VWR

3.3 Chromatography

3.3.1 Thin layer chromatography (TLC)

Most reactions performed were monitored using thin layer chromatography. Hereby, TLC plates
from Merck (Silica gel 60 F254, 20 x 20 cm) were used. The solvent used for TLC was dependent
on the respective product. The spots on the TLC plate were detected using an UV lamp (λ =
254 nm or λ = 366 nm).

3.3.2 Flash column chromatography

Some products were purified and separated from side-products by flash column chromatography.
Silica gel purchased from Roth (0.04-0.063 mm, 60 Å) was utilized. As a general rule for the
amount of required silica gel, approximately the 100-fold amount of the product was needed. The
solvents used for column chromatography strongly depend on the respective product. Typically,
an Rf -value between 0.2 and 0.4 was aimed to achieve. During the process of purification via
column chromatography often the polarity of the eluent mixture was increased slowly. The
exact solvent mixtures for each product are described in the experimental section of this thesis.
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3.4 Photophysical measurements

3.4.1 Absorption spectra

Absorption spectra were recorded using a Varian Cary 50 conc UV-VIS spectrophotometer.
The used cuvettes were precision cells of special optical glass by Hellma Analytics (type 100-OS,
10 mm). All spectra were recorded in scan mode "fast" and the baseline was corrected depending
on the respective solvent (blank sample).

3.4.2 Emission and excitation spectra

The emission and excitation spectra were measured on a Fluorolog®3 spectrofluorometer from
Horiba Scientific which was equipped with a R2658 photomultiplier by Hamamazu. Regarding
the cuvettes, fluorescence cuvettes from Hellma (type 100-QS, 10 mm) with screw-caps were
utilized.

3.4.3 Lifetime measurements

Phosphorescence decay times were measured with a Fluorolog®3 spectrofluorometer from
Horiba Scientific. Excitation was achieved with two different SpectraLEDs (λ = 395 nm or λ =
450 nm), whereby additionally filters were used (OG570 or RG665). The dyes were diluted in
toluene until the absorption spectrum showed an absorption intensity below 0.1. Afterwards,
the solution was degassed for 10 minutes with argon and the excitation/emission spectra were
recorded using a DAS-6 Analysis software.

3.4.4 Relative quantum yields

The relative quantum yields were determined by using references with known quantum yields
for each dye. The dyes were diluted until an absorption intensity below 0.1 was achieved.
Then, emission spectra were recorded on the Fluorolog®3 spectrofluorometer. Afterwards, the
emission spectra were integrated with the Origin-Software and the relative quantum yields were
calculated according to equation 3.1 [101].

ΦC = ΦR
EC

ER

BR

BC

n2
C

n2
R

(3.1)

Hereby, Φ represents the quantum yield, E is the integrated area of the respective emission
spectrum, B represents the absorption related term (1 - 10−A) and n is the refractive index of
the solvent. The subscripts C and R indicate the investigated compound and the reference dye,
respectively.

3.5 Structural characterization

3.5.1 Nuclear magnetic resonance spectroscopy (NMR)
1H-NMR spectra were measured on a Bruker AVANCE III instrument (300.36 MHz) which was
equipped with an autosampler. As a reference for the measured chemical shifts δ (ppm), the
signal of the respective deuterated solvent (e.g. C6D6) was used. The software MestReNova
NMR was utilized for analysis of the recorded spectra. The chemical shifts δ (in ppm), the
mulitplicity (e.g. singlet (s), doublet (d)), the coupling constant J and the number of protons
are displayed for each measured compound.
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3.5 Structural characterization

3.5.2 High resolution mass spectrometry (MALDI-TOF)

Structural measurements via mass spectrometry were carried out with a Micromass TofSpec 2E
on a MALDI-TOF/TOF from Bruker Ultraflex Extreme. This type of analysis was performed by
Prof. Saf’s group at the Institute for Chemistry and Technology of Materials at Graz University
of Technology. External calibration was achieved by usage of a mixture of poly(ethylenglycol)
standards. Analysis of the received data was performed with MassLynxT MV4.1 software from
Waters.
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4 Experimental

In the following, the experimental procedures for the synthesis that were carried out successfully
during the course of this master’s thesis will be described. Synthesis that did not yield the desired
product will be discussed in chapter ’results and discussion’ and the respective experimental
procedure will be shown in the appendix of this thesis.

4.1 Synthesis of Pt-precursors for platination and
cyclometalation reactions

4.1.1 Potassium tetrachloroplatinate (II) K2PtCl4

The synthesis of K2PtCl6 and the subsequently prepared K2PtCl4 were performed analogously
to reference [102].

Potassium hexachloroplatinate

Pt

aqua regis  

conc. HCl, water

110°C
H2[PtCl6]*6H2OO

H2[PtCl6]*6H2O
      sat. KCl solution

K2PtCl6

Figure 4.1: Synthesis of K2PtCl6 from pure platinum metal

Platinum metal (3.00 g, 15.4 mmol) was dissolved in aqua regia in a beaker in an oil bath
at 70 °C. The temperature was increased to 110°C and the evaporated volume was filled up
with HCl (3 x 15 ml). Then, after further evaporation, the volume was filled up with distilled
water (3 x 20 ml). After a final volume reduction to 3 ml, approximately 5 ml of saturated
KCl solution were added, which resulted in a strong yellow colour of the suspension. In the
next step, the mixture was centrifuged and washed with saturated KCl solution four times
(4000 rpm, 2 min). Then, another washing step, using ice-cold distilled water (2 x 10 ml) was
performed and the mixture was centrifuged again (4000 rpm, 2 min), in order to eliminate
remaining traces of KCl. Afterwards, the residue was dried in the vacuum drying cabinet at
65 °C for 48 hours, yielding a bright yellow solid (K2PtCl6).

Yield: 7.26 g (97 %)
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4.1 Synthesis of Pt-precursors for platination and cyclometalation reactions

Potassium tetrachloroplatinate (II)

2 K2PtCl6 + N2H4 * 2 HCl 2 K2PtCl4  + N2  +  6 HClXXX

45 - 55°C

2-3 hours

dist. water

Figure 4.2: Preparation of K2PtCl6 from potassium hexachloroplatinate using hydrazine
dihydrochloride

K2PtCl6 (6.00 g, 12.3 mmol, 1 equ.) was suspended in distilled water (55 ml) in a beaker at
45 °C. Hydrazine dihydrochloride (0.68 g, 12.9 mmol, 1.05 eq.) was dissolved in distilled water
(5 ml) and added dropwise to the suspension. After addition of hydrazine, the temperature was
increased to 55 °C. The solution was stirred for approximately two more hours, until a red clear
solution with traces of elemental platinum was obtained. The mixture was filtered, in order to
remove traces of platinum; the filtrate was evaporated to a final volume of about 10 ml. The
solution was then allowed to slowly evaporate in the heating cabinet, leading to red, crystalline
K2PtCl4.

Yield: 4.12 g (81 %)

4.1.2 Synthesis of Bis[Dimethyl(µ-Dimethyl Sulfide)Platinum(II)] (2)

Both, compound 1 and compound 2 were synthesized according to reference [103].

Cis/trans-Dichlorobis(Dimethyl Sulfide)Platinum(II) (1)

K2[PtCl4] + 2 SMe2 cis/trans-[PtCl2(SMe2)2] + 2 KClXX

(1)

Figure 4.3: Synthesis of compound 1

To a 100 ml three-necked-round bottom flask with rubber septum, N2 inlet and gas outlet,
was added a solution of the earlier synthesized K2PtCl4 (1.00 g, 2.41 mmol, 1 eq.) in distilled
water (15 ml). Dimethylsulfide (1.3 ml, 17.6 mmol, 7.3 eq.) was added slowly to the stirred
solution, which resulted in a yellow/orange precipitate. Then, the mixture was heated using a
heating mantle for 30 minutes, until a bright yellow precipitate appeared. In the next step, the
mixture was allowed to cool to room temperature and was extracted with dichloromethane (2 x
50 ml). The organic phases were combined, dried over anhydrous Na2SO4 and the solvent was
evaporated by rotary evaporation. The product was obtained as a yellow solid and was not
further purified for following synthesis.

Yield: 0.76 g (86 %)

The NMR spectrum is shown in the appendix as figure 10.1. Analysis data are in accor-
dance with literature.
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1H NMR (300 MHz, Chloroform-d): δ = 2.53 – 2.40 (m, 12H, S-Me with 195Platinum satellites),
2.66 – 2.49 (m, 12H, S-Me with 195Platinum satellites); cis- and trans isomers

Bis[Dimethyl(µ-Dimethyl Sulfide)Platinum(II)] (2)

2 cis/trans-[PtCl2(SMe2)2]     +     4 MeLi Pt

Me

Me

Me2
S

S
Me2

Pt

Me

Me

+   4 LiCl    +    2 SMe2 XX

Ar-atm.

0 °C

diethylether

(2)(1)

Figure 4.4: Synthesis of compound 2

A 100 ml Schlenk flask under argon atmosphere was charged with finely powdered and
vacuum-dried compound 1 (0.71 g, 2.00 mmol, 1 eq.). The complex was then suspended in 30
ml of dry diethylether and the mixture was cooled in an ice-bath for approximately 40 min.
Over a period of 10 minutes, a 1.5 M solution of methyl lithium in diethylether (2.7 ml, 4.07
mmol, 2 eq.) was added dropwise. The mixture was stirred for 20 minutes while being cooled
in an ice-bath; then cooled saturated NH4Cl-solution (1 ml) and cooled distilled water (20 ml)
were added, which led to a light brown colour of the suspension. In the next step, the mixture
was extracted with ice-cold diethylether (2 x 40 ml). The organic phases were combined, cooled
to 0 °C and dried over Na2SO4. A small amount of decolorizing charcoal (0.3 g) was added
and the mixture was filtered. The solvent was evaporated under reduced pressure without
using a hot water bath, due to temperature instability of the compound, leading to a slightly
yellow solid. The product (compound 2) was stored in a Schlenk flask in the freezer under
Ar-atmosphere.

Yield: 0.22 g (25 %)

The NMR spectrum is shown in the appendix as figure 10.2. Analysis data are in accor-
dance with literature.
1H NMR (300 MHz, CDCl3): δ = 2.85 - 2.67 (m, 12H, S-Me2 ligand), 0.59 (s, 12H, Pt-Me with
195Pt satellite signals)

30 Effect of Cyclometalation on the Photophysical Properties of Luminescent Dyes



4.1 Synthesis of Pt-precursors for platination and cyclometalation reactions

4.1.3 Synthesis of [Pt(acac)Cl(DMSO)] (4)

Compound 4 was synthesized according to the literature procedure of reference [104].

[PtCl3(DMSO)] (3)

dist. water, RT, 24 h
+

S

O

Pt

Cl

DMSO

Cl

Cl

K2PtCl4

(3)

K +    KClXX

Figure 4.5: Synthesis of compound 3

K2PtCl4 (0.20 g, 0.48 mmol, 1 eq.) was dissolved in distilled water (3 ml) in a vial at room
temperature. DMSO (34.5 µl, 0.48 mmol, 1 eq.) was added and the mixture was stirred for
24 hours at room temperature. The mixture was filtered and the filtrate was evaporated to
dryness, yielding a pale yellow solid. The product (compound 3) was not further purified and
directly used for further synthesis.

Yield: 0.22 g (> 100 %, unpurified)

[Pt(acac)Cl(DMSO)] (4)

Pt

Cl

DMSO

Cl

Cl

+

O O

dist. water, methanol

RT, 24 h

+     KOH
O O

Pt

Cl DMSO

(3) (4)

+     KClXX

Figure 4.6: Synthesis of compound 4

Compound 3 (0.20 g, 0.49 mmol, 1 eq.) was dissolved in distilled water (10 ml) at room
temperature. A solution of acetylacetone (97 mg, 0.97 mmol, 2 eq.) and KOH (27 mg, 0.49
mmol, 1 eq.) in methanol (5 ml) was added dropwise. After 20 minutes of stirring, a yellow
precipitate started to form and the solution was kept stirring for 24 hours. The product was
isolated by filtration and dried under vacuum.

Yield: 0.10 g (52 %)
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4.1.4 [Synthesis of PtMe2(COD)] (7)

Compound 7 and its previous stages (compound 5 and 6) were synthesized analogously to
reference [105].

PtCl2(COD) (5)

K2PtCl4 + SnCl2 * 2 H2O

1,5-cyclooctadiene

water, 2-propanol

rt

PtCl2(COD)X

(5)

Figure 4.7: Synthesis of compound 5

K2PtCl4 (0.51 g, 1.22 mmol, 1 eq.) was dissolved in distilled water (8 ml) in a one-neck round
bottom flask. 2-Propanole (5.5 ml), 1,5-cyclooctadiene (1 ml, 8.13 mmol, 6.7 eq.) and tin
chloride (9.1 mg, 0.041 mmol, 0.03 eq.) were added and the solution was stirred over night.
After 48 hours the mixture was filtered and washed with distilled water (10 ml) and ethanol (3
ml) and the solid product was allowed to dry at air.

Yield: 0.35 g (77 %)

PtI2(COD) (6)

PtCl2(COD) + NaI

acetone, 

rt, 10 minutes PtI2(COD)XX2

(5) (6)

Figure 4.8: Synthesis of compound 6

Compound 5 (0.35 g, 0.94 mmol, 1 eq.) was suspended in acetone (25 ml) under continuous stir-
ring. NaI (0.295 g, 1.97 mmol, 2 eq.) was added and the solution was stirred for approximately
10 minutes. The solvent was evaporated under reduced pressure by rotary evaporation. The
residue was washed with distilled water (3 x 5 ml), yielding a bright yellow solid (compound 6),
which was air-dried for several hours.

Yield: (0.40 g, 77 %)
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4.1 Synthesis of Pt-precursors for platination and cyclometalation reactions

PtMe2(COD) (7)

+ Me-Li

diethylether, dry

2 hours, 0°C

Ar-atm.
[PtMe2(COD)]XX[PtI2(COD)] 2

(6) (7)

Figure 4.9: Synthesis of compound 7

PtI2(COD) (0.40 g, 0.72 mmol, 1 eq.) was dissolved in dry diethylether (8 ml) in an ice-bath
and stirred continuously. A 1.2 M methyl lithium solution (1.65 ml, 1.98 mmol, 2.75 eq.) was
added slowly and the mixture was stirred for two hours at 0 °C. The solution was hydrolysed
by addition of saturated aqueous NH4Cl solution (20 ml). Then, the mixture was extracted
with ice-cold diethylether and the organic fractions were combined and dried over anhydrous
sodium sulfate. A spatula tip of decolourising charcoal was added and the mixture was filtered.
The solvent was removed by rotary evaporation, yielding a light brown solid.

Yield: (0.10 g, 44 %)

The NMR spectrum is shown in the appendix as figure 10.3. Analysis data are in accor-
dance with literature.
1H NMR (300 MHz, C6D6): δ = 4.68 – 4.46 (m, 4H, COD, CH), 1.90 – 1.58 (m, 8H, COD,
CH2), 1.26 (s, 6H, Pt-Me with 195Pt satellite signals)
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4.2 Platination reactions with synthesized Pt-precursors

4.2.1 Synthesis of PtTPTBP (8) using compound 2 as a precursor

Pt

Me

Me

Me2

S

S
Me2

Pt

Me

Me

+ HN

N

NH

N

toluene

80-90°C, 2h

Ar-atm.
N

N

N

N

Pt

(2) (8)

Figure 4.10: Synthesis of compound 8

H2TPTBP (3.0 mg, 3.56 µmol, 1 eq.) was dissolved in toluene (2 ml) in a Schlenk flask under
argon atmosphere. A gas bubbler was used in order to allow the methane formed during this
procedure to escape from the reaction vessel. The solution was heated up to 80 °C in an oil
bath and the platinum precursor (compound 2) (6.3 mg, 11.0 µmol, 3 eq.) was added. After
increasing the reaction temperature to 90 °C and stirring for two hours, full conversion of
the porphyrin ligand to the Pt complex (compound 8) could be observed in the UV-VIS spectrum.

UV-VIS spectra of educt and product are shown in chapter ’results and discussion’ as figure 5.3
λmax (nm) educt in DCM: 463
λmax (nm) product in DCM: 430

4.2.2 Attempted synthesis of PtTFPP (9) using compound 2 as a precursor
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Figure 4.11: Synthesis of compound 9

H2TFPP (3.0 mg, 3.1 µmol, 1 eq.) was dissolved in toluene (2 ml) in a Schlenk flask under argon
atmosphere. The solution was heated up to 90 °C and the Pt-precursor (compound 2) (4.4 mg,
7.7 µmol, 2.5 eq) was added. A conversion of the educt to the Pt-complex could be observed
after approximately 10 minutes. The percentage of converted ligand to the desired Pt-complex
increased constantly by addition of more equivalents of the Pt-precursor. An amount of 4.5 eq.
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4.2 Platination reactions with synthesized Pt-precursors

of the precursor led to a conversion of approximately 50 %; further progress would be expected
by addition of more equivalents of compound 2.

UV-VIS spectra of educt and product are shown in chapter ’results and discussion’ as figure 5.5.
λmax (nm) educt in DCM: 411
λmax (nm) product in DCM: 392

4.2.3 Synthesis of PtTPTBP (8) using compound 7 as a precursor

NH N

HNN

+

Pt

H3C CH3

1,2,4-trimethylbenzene

130° C - 166 °C

3 hours N N

NN
Pt

(7) (8)

Figure 4.12: Synthesis of compound 8 using PtMe2COD (7) as a precursor

H2TPTBP (3.1 mg, 3.8 µmol, 1 eq.) was dissolved in 1,2,4-trimethylbenzene (5 ml) in a Schlenk
flask under argon atmosphere. PtMe2COD (compound 7) (1.9 mg, 5.7 µmol, 1.5 eq) was added
as a platination reagent. The solution was stirred and heated up to 166 °C for three hours. Full
conversion of the educt to the desired product could be observed in the UV-VIS spectrum.

UV-VIS spectra of educt and product are shown in chapter ’results and discussion’ as figure 5.4.
λmax (nm) educt in DCM: 463
λmax (nm) product in DCM: 430
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4.3 Synthesis of suitable structures for cyclometalation
reactions

Different structures of porphyrins that allow peripheral cyclometalation or cyclometalation on
the porphyrin core were synthesized. The respective procedures are described in the following
section.

4.3.1 Porphyrins for peripheral cyclometalation

Synthesis of 2-(tributylstannyl)pyridine (10)

This synthesis was performed analogously to reference [106]. A solution of 2-bromopyridine

N Br

1) BuLi/dry THF

2) Bu3SnCl

-78°C to RT

N Sn(Bu)3

(10)

Figure 4.13: Synthesis of compound 10

(1.3 ml, 12.5 mmol, 1 eq.) in dry THF (5 ml) in a Schlenk flask under argon atmosphere was
stirred and cooled down to -78 °C in a mixture of ethanol and liquid N2. n-Buli (5.4 ml, 2.34
M in hexane, 12.5 mmol, 1 eq.) was added dropwise and the mixture was stirred for 1 hour.
Tributyltin chloride (3.4 ml, 12.6 mmol, 1 eq.) was added quickly at -78 °C, then the solution
was allowed to stir for 3 more hours followed by 35 minutes of stirring at room temperature.
The reaction mixture was quenched using saturated aqueous NH4Cl solution (10 ml). After
extraction with ethyl acetate (3 x 25 ml) the combined organic layers were washed with brine
(2 x 25 ml) and water (2 x 20 ml) and dried over anhydrous Na2SO4. Then, the solvent was
evaporated under reduced pressure yielding a dark brown liquid. The product was not further
purified for following synthesis.

Yield: 3.2 g (72 %)

The NMR spectrum is shown in the appendix as figure 10.4.
1H NMR (300 MHz, CDCl3): δ = 8.73 (d, J= 4.2Hz, 1H, pyridine), 7.48 (dt, J=8.0 Hz, 1H,
pyridine), 7.40 (d, J=7.4Hz, 1H, pyridine), 7.11 (t, 1H, pyridine), 1.56 (t, 6H, butyl, CH2), 1.37
- 1.27 (m, J=14.7,7.3Hz, 6H, butyl CH2), 1.16 - 1.07 (m, 6H, butyl CH2), 0.88 (t, J=9.0,5.5Hz,
9H, butyl CH3)
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4.3 Synthesis of suitable structures for cyclometalation reactions

Synthesis of compound 12
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Figure 4.14: Synthesis of compound 12

The reaction was conducted according to reference [107]. A 25 ml Schlenk flask under
argon atmosphere was charged with dry toluene (7 ml), the Pt-porphyrin (11) (45.0 mg,
39.4 µmol, 1 eq.), the catalyst Pd(PPh3)4 (11.7 mg, 10.1 µmol, 0.25 eq) and the tin-reagent
2-(tributylstannyl)pyridine (10) (37.3 mg, 97.7 µmol, 2.5 eq.). The reaction mixture was heated
up to 100 °C and stirred for 96 hours. The reaction progress was monitored via TLC, which
still showed traces of educt after stirring for 96 hours. Nevertheless, the reaction mixture was
filtered over aluminium-oxide and washed with ethyl acetate (2 x 20 ml). The product was
purified via column chromatography (silica, CH+EE 6+1) to yield the monosubstituted (12 b)
and disubstituted (12 a) product.

Yield (monosubstituted, 12 b): 26.6 mg (59 %)
Yield (disubstituted, 12 a): 5.3 mg (12 %)

Rf value (monosubstituted) (CH+EE 3+1): 0.65
Rf value (disubstituted) (CH+EE 3+1): 0.49

The NMR spectra are shown in the appendix as figure 10.5 and 10.6.
monosubstituted (12 b): 1H NMR (300 MHz, CDCl3): δ = 8.95 (d, J=5.4Hz, 1H, pyridine),
8.84 (d, J=5.1Hz, 4H, porphyrin, beta-H), 8.73 (d, J=5.0 Hz, 4H, porphyrin, beta-H), 8.41 (d,
J=8.3Hz, 2H, arom. CH), 8.28 (d, J=8.4Hz, 2H, arom. CH), 8.09 - 8.00 (m, 3H, pyridine),
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7.98 - 7.87 (m, J=8.2Hz, 4H, arom. CH)

disubstituted (12 a): 1H NMR (300 MHz, CDCl3): δ = 8.95 (d, J=5.1Hz, 4H, porphyrin,
beta-H), 8.87 (d, J=4.5Hz, 2H, pyridine), 8.73 (d, J=5.1 Hz, 4H, porphyrin, beta-H), 8.40 (d,
J=8.0Hz, 4H, arom. CH), 8.29 (d, J=8.1Hz, 4H, arom. CH), 8.05 (d, J=7.8Hz, 2H, pyridine),
7.93 (t, J=7.6Hz, 2H, pyridine), 7.82 (t, 2H, pyridine)

4.3.2 Synthesis of porphyrins suitable for cyclometalation at the porphyrin
core

Synthesis of porphyrin ligand (compound 13)

O

OH

NH

N

O

+ + HN

N

NH

N

N

130°C

+

O

F

F

F

F

F
F F

F

F

F

F
F

F F

F

F F

F

F

F

(13)

Figure 4.15: Synthesis of compound 13

In a one-neck round-bottom-flask, propionic acid (270 ml, 3.61 mol) was heated up to 130 °C.
Pyrrole (5 ml, 72 mmol, 5.9 eq.), 2-pyridincarboxaldehyde (1.2 ml, 12.2 mmol, 1 eq.) and
pentafluorobenzaldehyde (7.51 ml, 60.8 mmol, 5 eq.) were added to the hot acid and the
dark brown mixture was stirred for 30 minutes. An UV-VIS spectrum was measured that
showed that the desired porphyrin ligand (13) had formed. Furthermore, the reaction progress
was monitored via TLC (Tol+DCM 5+4), which indicated full conversion to the ligand. The
propionic acid was evaporated on the rotary evaporator and the product mixture was purified via
column chromatography (silica, Tol+DCM 5+4). The product fractions obtained from column
chromatography were dried and dissolved in a minimum amount of DCM. Cyclohexane (10 ml)
and 3M Novec 7200 (3 ml) were added. DCM was allowed to evaporate over night and the pre-
cipitated dye was filtered through cotton and washed with cyclohexane (5 ml), in order to yield
a pure dark violet ligand. Unfortunately, it was not possible to achieve quantitative precipita-
tion of the dye, wherefore also one fraction of the product showing slight impurities was obtained.

Yield (without impurities): 389 mg (4 %)
Yield (fraction containing slight impurities): 81 mg (1 %)

Rf value (product) (Tol+DCM 5+4): 0.31

The NMR spectrum is shown in the appendix as figure 10.7.
1H NMR (300 MHz, CDCl3): δ = 9.17 (d, J = 4.6 Hz, 1H, pyridine), 9.02 – 8.82 (m, 8H,
porphyrin, beta-H), 8.27 (d, J = 7.7 Hz, 1H, pyridine), 8.16 (t, J = 7.6 Hz, 1H, pyridine), 7.78
(t, 1H, pyridine), -2.88 (s, 2H, N-H)
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Synthesis of Pd-porphyrin compound 14
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Figure 4.16: Synthesis of compound 14

The porphyrin ligand (compound 13) (160 mg, 0.18 mmol) was dissolved in toluene (30 ml)
in a Schlenk flask under argon atmosphere. Pd(BN)2Cl2 (104 mg, 0.27 mmol, 1.5 eq.) was
added and the solution was stirred at 105 °C for 3 hours. An UV-VIS spectrum showed full
conversion to the desired Pd-complex (14). The solvent was evaporated under reduced pressure
and the residue was cleaned via column chromatography (silica, Tol+DCM 5+4). TLCs and
1HNMRs confirmed that despite the purification step still benzonitrile was coordinated to the
dye. Therefore, small portions of the dye were washed and centrifuged with 5 ml of ethanol,
500 µl of pyridine and 5 ml of distilled water. Afterwards, each fraction was washed three times
with distilled water in order to remove traces of pyridine. Then, another column chromatography
(silica, Tol+DCM 5+4) was performed, which yielded the pure Pd-porphyrin-complex (14) as a
pink solid.

Yield: 43 mg (24 %)

Rf value (product) (Tol+DCM 5+4): 0.15

The NMR spectrum is shown in the appendix as figure 10.8.
1H NMR (300 MHz, CDCl3): δ = 9.13 (d, J = 4.1 Hz, 1H, pyridine), 8.94 – 8.79 (m, 8H,
porphyrin, beta position), 8.25 (d, J = 7.6 Hz, 1H, pyridine), 8.15 (t, J = 7.6 Hz, 1H, pyridine),
7.77 (t, 1H, pyridine)
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4.3.3 Synthesis of other dyes besides porphyrins suitable for
cyclometalation (16)
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+
N Sn
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+
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N

O

O

N

N

Br

Figure 4.17: Synthesis of compound 16

2,6-Bis((4-bromophenyl)(p-tolyl)amino)anthracene-9,10-dione (compound 15) (30 mg, 40.8 µmol,
1 eq.) was dissolved in dry toluene (12 ml) in a 25 ml Schlenk flask under argon atmosphere.
The catalyst Pd(PPh3)4 (13.1 mg, 11.3 µmol, 0.25 eq.), and tin compound (10) (18.1 mg,
52.1 µmol, 1.2 eq.) were added and the solution was heated up to 100 °C and stirred for 24
hours. A TLC (CH+EE 3+1) was performed to investigate the reaction progress. It was shown
that not all educt was converted, nevertheless the reaction work-up was proceeded. The reaction
mixture was filtered over aluminium-oxide and washed with ethyl acetate (2 x 20 ml). After
evaporation of the solvent under reduced pressure, the crude product was purified via column
chromatography (silica, CH+EE 6+1). After solvent evaporation, the monosubstituted (16 a)
and the disubstituted product (16 b) were obtained as red solids.

Yield (monosubstituted, 16 a): 12.3 mg (41 %)
Yield (disubstituted, 16 b): 5.8 mg (20 %)

Rf value (monosubstituted) (CH+EE 3+1): 0.58
Rf value (disubstituted) (CH+EE 3+1): 0.26

The NMR spectra are shown in the appendix as figure 10.9 and 10.10.
monosubstituted (16 a): 1H NMR (300 MHz, CDCl3): δ = 8.73 – 8.65 (m, 1H, pyridine), 8.03
(d, J = 12.3 Hz, 2H, Anq), 7.96 (d, J = 10.3 Hz, 2H, pyridine), 7.83 – 7.78 (m, 1H, pyridine),
7.78 – 7.68 (m, 4H, Ph), 7.50 – 7.42 (m, 2H, Ph), 7.24 – 7.17 (m, 6H, Ph+Anq), 7.16 – 7.01 (m,
J = 16.2, 7.6 Hz, 8H, Ph), 2.37 (d, J = 2.7 Hz, 6H, CH3)
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disubstituted (16 b): 1H NMR (300 MHz, CDCl3): δ = 8.72 – 8.65 (m, J = 4.9 Hz, 2H,
pyridine), 8.04 (d, J = 8.6 Hz, 2H, Anq.), 7.96 (d, J = 8.5 Hz, 4H, pyridine), 7.82 (d, J = 2.2
Hz, 2H, pyridine), 7.78 – 7.68 (m, J = 17.6, 7.4 Hz, 4H, Ph), 7.25 – 7.19 (m, 8H, Ph+Anq),
7.18 – 7.01 (m, 8H, Ph), 2.38 (s, 6H,CH3)

4.4 Synthesis of cyclometalated complexes

4.4.1 Attempted synthesis of cyclometalated compound 17
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Figure 4.18: Synthesis of compound 17

The Pd-porphyrin complex (14) (4 mg, 4.0 µmol, 1 eq.) was dissolved in 1,2,4-trimethylbenzene
(3 ml) in a Schlenk flask under argon-atmosphere. Pt(BN)2Cl2 (19.1 mg, 40.4 µmol, 10 eq.) was
added and the solution was heated up to 120 °C in an oil bath and stirred for 60 minutes. After
1 hour an UV-VIS spectrum was measured that showed the formation of a new product. The
reaction mixture was cooled down to room temperature and acetylacetone (10 µl, 97.9 µmol)
and triethylamine (10 µl, 72.0 µmol) were added. After 20 minutes of stirring, a slight shift of
the product peak was observed in the UV-VIS spectrum. The solvent was removed on the rotary
evaporator and the residue was purified via column chromatography (siliga, DCM+THF 10+1).
However, TLCs showed that even after purification via column chromatography a complex
mixture of various products was present, that could not be separated. It was assumed that no
acetylacetonate-ligand was attached to the platinum atom. Preliminary lifetime measurements
of the mixed product fractions showed a drastically reduced lifetime of the dye of 11 µs.

λmax (nm) educt in DCM: 412
λmax (nm) product in DCM without addition of acetylacetone: 434
λmax (nm) product in DCM after addition of acetylacetone: 429
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4.4.2 Synthesis of cyclometalated compound 18
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Figure 4.19: Synthesis of compound 18

The Pd-porphyrin complex (14) (25 mg, 25.2 µmol, 1 eq.) was dissolved in 1,2,4-trimethylbenzene
(15 ml) in a Schlenk flask under Ar-atmosphere. The Pt-precursor (compound 4) (18.5 mg,
45.4 µmol, 1.8 eq.) was added and the mixture was stirred at 160 °C for 2 hours in an oil
bath. UV-VIS spectra showed full conversion of the educt. The reaction mixture was distilled
under reduced pressure at 50 °C; the residue was purified via column chromatography (silica,
CH+EE 3+1). The different fractions were collected and a TLC was performed (CH+EE 3+1)
in order to identify the desired product fractions. These fractions were evaporated to dryness
and washed with 3M Novec 7200 (5 ml) and heptane (5 ml). The residue was dried in the
vacuum drying cabinet, yielding a dark green-brownish solid.

Yield: 3.3 mg (10 %)

Rf value (product) (CH+EE 3+1): 0.33

The NMR spectrum is shown in the appendix as figure 10.11.
1H NMR (300 MHz, CD2Cl2): δ = 9.78 (d, J = 5.8 Hz, 1H, pyridine), 9.28 (d, J = 5.0 Hz, 1H,
pyridine), 8.90 – 8.65 (m, 7H, porphyrin, beta-H), 7.99 (t, J = 7.3 Hz, 1H, pyridine), 7.58 –
7.41 (m, J = 13.6, 7.6 Hz, 1H, pyridine), 5.66 (s, 1H, acac, CH), 2.17 (s, 3H, acac, CH3), 2.05
(s, 3H, acac, CH3)

MALDI TOF: m/z: [M+] calc.: 1282.99, found: 1282.97
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4.5 Characterization of the cyclometalated complex (18)

4.5 Characterization of the cyclometalated complex (18)
In order to characterize the photophysical properties of the synthesized cyclometalated complex
(18), excitation/emission spectra, relative quantum yields and the phosphorescence lifetime
were measured.

4.5.1 Excitation and emission spectra

Excitation spectra were measured of the Pd-porphyrin educt (compound 14) and of the
cyclometalated product (compound 18) on the Fluorolog®3 spectrofluorometer. Due to the
reason that the relative quantum yields of the dye had to be determined, emission spectra were
not only measured of educt and product compound, but also of a reference for each dye. The
same measurement parameters were used for the investigated dye and the respective reference.
Each dye was dissolved in toluene until an absorption intensity below 0.1 was obtained. The
solution was degassed for 10 minutes before the respective measurements.

Measurement parameter:

Pd-porphyrin-complex (educt) (compound 14) and reference PtOEP:
Emission spectrum: excitation: 395 nm, 3 nm slit width, emission start: 570 nm, emission end:
900 nm, increment: 1.00, filter OG570

Excitation spectrum: emission: 652 nm, 3 slit band width, excitation start: 350 nm, excitation
end: 650 nm, increment: 1.00, filter OG570

Absorption Pd-porphyrin-educt (14): 0.092
Absorption PtOEP refernce: 0.097

Cyclometalated Pd-porphyrin (product) (compound 18) and reference PtTPTBP:
Emission spectrum: excitation: 430 nm, 7 nm slit width, integration time: 0.25, emission start:
700 nm, emission end: 1000 nm, increment: 0.40, slit width: 7 nm, filter RG665

Excitation spectrum: emission: 765 nm, 12 nm slit width, integration time: 0.25, excitation
start: 350 nm, excitation end: 700 nm, increment: 0.40, 6.0 nm slit width, filter RG665

Absorption cyclometalated Pd-porphyrin-product (14): 0.087
Absorption PtTPTBP reference: 0.069

4.5.2 Lifetime measurements

Lifetime measurements for the Pd-porphyrin educt and the cyclometalated compound were also
performed on the Fluorolog®3 spectrofluorometer. Decay times were evaluated with a Data
Station Software. A biexponential fit was used for the decay times of the educt and product.

Measurement parameter:

Pd-porphyrin educt (compound 14): 392 nm LED, PMT 1350 V, Emission mono 670 nm
Cyclometalated Pd-porphyrin product (compound 18): 456 nm LED, PMT 1450 V, Emission
mono 778 nm
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5 Results and Discussion

All synthetic and characterization experiments that were carried out within the scope of this
Master’s thesis will be discussed in the following section.

5.1 Synthetic considerations

The aims of this thesis were, on the one hand, the synthesis of new Pt-precursors that might
improve the currently applied reaction conditions for platination reactions for π-extended
porphyrins. On the other hand, the effect of cyclometalation on the photophysical properties
of luminescent dyes had to be investigated, whereby the main focus was placed on porphyrin
dyes. In literature, various cyclometalated Ir- and Pt-complexes are known, which typically
exhibit a large Stokes shift and high quantum yields but a poor molar absorption coefficient
in the VIS region [7]. Combination of the method of cyclometalation with porphyrin dyes
might lead to favourable properties such as high quantum yields and tuneable emissive lifetimes.
Therefore, it was attempted to establish a structure-property relationship for newly synthesized
cyclometalated porphyrin complexes within the experimental work of this thesis.

Firstly, dyes containing a structure suitable for cyclometalation reactions were synthesized.
Therefore, 2-phenylpyridine ligands or pyridines at the meso-position of the macro-cycle of
porphyrins were successfully introduced. A palladium-porphyrin complex containing a pyridine
in meso-position (compound 14), a platinum porphyrin complex with a 2-phenylpyridine ligand
in meso-position for peripheral cyclometalation (compound 12) and an anthraquinone-based-dye
bearing a 2-phenylpyridine group (compound 16) were synthesized. Regarding the compounds
containing 2-phenylpyridine-ligands, mono- and disubstituted dyes were isolated.
Secondly, platinum precursor that showed to be promising for either platination or cyclometala-
tion reactions were synthesized. Various platination reactions for π-extended porphyrins were
conducted. Reaction conditions could be improved compared to literature procedures for the
platination of benzoporphyrins [91–93].
Regarding the synthesis of cyclometalated complexes, various difficulties were encountered.
After addition of Pt-precursors to a solution of dyes suitable for cyclometalation, often a complex
mixture of products was obtained that could not be separated via column chromatography or
other purification methods. A challenging task was the attachment of the desired acetylacetone
ligand to the introduced heavy atom (Pt). After various unsuccessful attempts, finally, one
cyclometalated porphyrin dye (compound 18) could be isolated. This synthesis could be per-
formed successfully due to the usage of a newly synthesized platinum precursor (compound 4).
This precursor contained a chlorine, a DMSO and an acetylacetone ligand, wherefore additional
attachment of acetylacetone after introduction of the heavy atom was not required. After
several purification steps, it was possible to yield the pure cyclometalated dye, which structure
was confirmed by 1H-NMR (figure 10.11) and MS-spectroscopy (figure 10.12).
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5.1.1 Synthesis of new platinum-precursors for platination reactions

Typically, platination of π-extended porphyrins requires very harsh reaction conditions. Often,
PtCl2 or Pt(BN)2Cl2 are used as Pt-precursors, which require temperatures up to 200 °C,
in order to achieve successful insertion of the Pt central atom [75, 90, 91]. However, such
drastic reaction conditions bear the risk of decomposition of the porphyrin ligand, leading to
rather moderate yields and long reaction times. Therefore, the synthesis of new precursors
was performed, which were promising to improve the currently applied reaction conditions for
the synthesis of Pt-porphyrins. The idea hereby was, to isolate precursors with ligands that
can easily be removed and at the same time do not produce acidic species, such as chlorine
containing complexes.
Two different precursors were synthesized according to literature procedure [102, 103, 105]
(figure 5.1).
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Figure 5.1: Synthesis of compound 2 following pathway A and of compound 7 following
pathway B

Due to the reason that potassium tetrachloroplatinate(II) was the starting material for both
platinum precursors, this compound was synthesized beforehand. The preparation of K2PtCl4
followed a literature procedure [102]; pure platinum was dissolved at high temperature in aqua
regia, leading to potassium hexachloroplatinate after addition of saturated KCl solution. The
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final step was a reduction by hydrazine to the desired product. Although K2PCl4 is readily
available from commercial sources, this synthesis was a much cheaper alternative, leading to
pure potassium tetrachloroplatinate(II) crystals in a high yield (81 %).
The first platinum-precursor (compound 2) was obtained after a 2-step synthesis (A). The first
step of this reaction pathway, including the addition of dimethylsulfide to K2PtCl4 while heating,
was performed without any problems. Cis/trans-dichlorobis(dimethyl sulfide)platinum(II)
(compound 1), was isolated as a yellow solid in a high yield (86 %). The next step of the synthesis,
leading to the desired compound 2, turned out to be challenging due to the temperature and
air-instability of the methyl-lithium reagent and the dimeric product. Therefore, the reaction
had to be carried out in dried diethylether under argon atmosphere at 0 °C. Furthermore, solvent
evaporation on the rotary evaporator had to be performed without using the hot water bath,
due to the risk of decomposition of the product. Although handled carefully, the product was
obtained with a rather moderate yield of 25 %; it was stored in a Schlenk under Ar-atmosphere
in the freezer.
The second platinum-precursor (7) was isolated after conducting a three-step synthesis (B).
The first two steps of this synthesis yielding compound 5 and compound 6 were carried out
without facing any difficulties. Compound 5 was received by addition of 1,5-cyclooctadiene
and tin chloride to a solution of K2PtCl4 as a light brown precipitate, which could be isolated
by filtration with a yield of 77 %. Compound 6 was then synthesized by addition of NaI in
acetone after 10 minutes as a bright yellow solid; again a yield of 77 % could be achieved. The
third step of the synthesis, leading to the desired precursor [PtMe2(COD)], had to be carried
out with the exclusion of any traces of moisture or oxygen. Therefore, dry diethylether and a
Schlenk flask under Ar-atmosphere cooled to 0 °C were required for this synthesis. The product
(7) could be obtained after addition of methyl lithium and extraction with cold diethylether as
a light brown solid with a yield of 44 %. It was assumed that due to the presence of methyl
groups which could be easily eliminated by formation of methane, this precursor would be
highly suitable for platination reactions.

46 Effect of Cyclometalation on the Photophysical Properties of Luminescent Dyes



5.1 Synthetic considerations

5.1.2 Improvement of the reaction conditions for platination reactions of
benzoporphyrins

The performance of the two newly synthesized precursors (described in section 5.1.1) for the
platination of benzoporphyrins was investigated.
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Figure 5.2: Optimized platination reactions using new Pt-precursors (2) and (7)

As already mentioned above, typically platination reactions of π-extended porphyrins require
the use of high boiling point solvents such as benzonitrile or diphenylether and temperatures up
to 200 °C [93]. It was tried to use less harsh reaction conditions by usage of different precursors.
At first, the porphyrin ligand H2TPTBP was reacted with the previously synthesized bis[dimethyl-
(µ-dimethyl sulfide)platinum(II)] (2) (pathwayA). Toluene was used as a solvent and the reaction
was heated to 80 °C. Even after 10 minutes, a first progress of the reaction could be observed
in the UV-VIS spectrum and the temperature was increased to 90 °C. After a reaction time of
two hours, quantitative conversion of the educt to the Pt-complex PtTPTBP was shown (figure
5.3). Using the same dilution of the educt and the reaction mixture showed that full conversion
could be achieved and no dye was decomposed. In conclusion, bis[dimethyl(µ-dimethyl sul-
fide)platinum(II)] (2) seems to be a highly preferable alternative to currently used precursors
such as Pt(BN)2Cl2, as usage of toluene and low temperatures such as 90 °C lead to the huge
advantage that no decomposition of the porphyrin dye takes place.
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Figure 5.3: UV-VIS spectra of the conversion of H2TPTBP to PtTPTBP by compound 2

The next platination attempt included the conversion of H2TPTBP with the precursor (7)
Pt(CH3)2(COD) (pathway B). It was assumed that this precursor could lead to fast platination
by elimination of methane from the reagent, wherefore an opened reaction system using a
bubbler was required. For this reaction, the higher boiling point solvent 1,2,4-trimethylbenzene
(bp: 169 °C) was utilized. At first, the reaction mixture consisting of the solvent, the porphyrin
ligand and the precursor was heated up to 130 °C, however no progress could be observed.
After increasing the temperature to 166 °C, leading to refluxing of 1,2,4-trimethylbenzene, full
conversion to PtTPTBP (9) was shown in the UV-VIS spectrum (figure 5.4).

Figure 5.4: UV-VIS spectra of the conversion of H2TPTBP to PtTPTBP by compound 7
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Same dilution of the educt and product mixture, which were measured in DCM via UV-
VIS-spectroscopy, showed that the intensity of the Soret-band of the Pt-complex was slightly
lower than of the porphyrin ligand. Therefore, it can be assumed that some decomposition
of the porphyrin dye took place, however the amount of decomposition is still significantly
lower than for commonly used precursors such as Pt(BN)2Cl2. Compared to pathway A,
using bis[dimethyl(µ-dimethyl sulfide)platinum(II)] (2) as the reagent, more drastic reaction
conditions were required for pathway B. While the dimeric precursor (2) required toluene as a
solvent, 90 °C and 2 hours of reaction time, PtMe2(COD) only led to full conversion using the
higher boiling point solvent 1,2,4-trimethylbenzene, 166 °C and 3 hours of reaction time. All
in all, both compounds lead to efficient platination of benzoporphyrins at moderate reaction
conditions, however the dimeric Pt-precursor (2) appears to be the preferred compound in order
to achieve quantitative conversion without decomposition of the dye. On the other hand it
needs to be pointed out that compound 7 is more stable and allows easier handling and storage
compared to the dimeric compound 2.
Due to the reason that compound 2 only required very mild conditions for the platination of
H2TPTBP, it was tested again with another fluorinated porphyrin ligand H2TFPP (pathway
C). It could be observed in the UV-VIS spectrum that conversion took place in toluene at
only 90 °C (figure 5.5). Addition of 2.5 equivalents led to formation of the Pt-complex after 10
minutes; increasing the equivalents of the precursor to 4.5 equivalents resulted in a conversion
rate of more than 50 %. It was expected that addition of further equivalents would result in
full conversion of the porphyrin ligand, however due to a limited synthesized amount of the
Pt-precursor no more equivalents were added.

Figure 5.5: UV-VIS spectra of the conversion of H2TFPP to PtTFPP by compound 2 after
addition of several equivalents of the precursor

In general, it can be said that it was possible to enhance the reaction conditions for the
platination of benzoporphyrins. Two suitable compounds were synthesized, whereby especially
bis[dimethyl(µ-dimethyl sulfide)platinum(II)] (2) required significantly milder conditions than
precursors presented in literature so far. For example, a typical platination procedure for
porphyrins includes the PtCl2 precursor and PhCN as a solvent at reflux at approximately
200 °C [75, 90, 92]. Using compound 2 it was possible to perform this reaction in toluene
at only 90 °C. Easy removal of the solvent and no decomposition of the dyes are exceptional
advantages of these newly discovered reaction conditions.
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5.1.3 Dyes with structures suitable for cyclometalation
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Figure 5.6: Pathway for the synthesis of porphyrin structures suitable for peripheral cyclomet-
alation

In the first attempt, Pt-porphyrins with the cyclometalating (CˆN) ligand 2-phenylpyridine
were synthesized. The organo-tin compound 2-(tributylstannyl)pyridine (10) was prepared
according to literature procedure. Tributyltin chloride was the starting material and n-Buli was
added as a reagent. The product was obtained as a brown liquid in a high yield and 1H-NMR
data were in accordance with literature.
In the next step, a palladium-catalysed Stille-coupling involving the organotin compound (10)
and the electrophilic bromine atoms at the Pt-porphyrin complex (11) was performed. After a
reaction time of 96 hours the mixture showed still traces of educt on the TLC, however as no
more progress was observed, the reaction mixture was worked-up. After purification via column
chromatography the expected mono- (12 b) and disubstituted (12 a) products were isolated.
Although 2.5 equivalents of the 2-(tributylstannyl)pyridine compound (10) were added, the
mono- and disubstituted products were obtained in a ratio of 5:1, respectively.
A 1H-NMR of the two products was performed, which tended to be difficult to analyse.
Although not every peak could be assigned with certainty, it was still confirmed that the mono-
and disubstituted products of the Pt-complex had formed. The 2-phenylpridine ligands on
the porphyrin dye (figure 5.6) were thought to be suitable structures for further peripheral
cyclometalation experiments.
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Available positions for cyclometalation
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Figure 5.7: Pathway for the synthesis of complexes suitable for cyclometalation at the por-
phyrin core

Besides peripheral cyclometalation of porphyrin dyes, also cyclometalation at the porphyrin
core was a reaction attempt of high interest for this thesis (figure 5.7). The porphyrin ligand
(compound 13) was synthesized by condensation of pyrrole, 2-pyridinecarboxaldehyde and
pentafluorobenzaldehyde dissolved in propionic acid under air at 130 °C. In order to achieve
the substitution of the porphyrin ligand by pyridine at only one of the four meso-positions,
various preliminary experiments were conducted. It was shown that a ratio of 5:1 of the
pentafluorobenzaldehyde to the 2-pyridinecarboxaldehyde yielded the highest amount of the
desired product compared to other side-products. The reaction was monitored via UV-VIS
spectroscopy that showed the formation of the porphyrin compound. Via TLC the formation of
different products containing one, two, three or four pyridine substituents was observed, whereby
the desired product containing only one pyridine-substituent was shown to be the main product.
The dye was separated from the reaction mixture and purified via column chromatography;
afterwards the porphyrin ligand was precipitated from a mixture of cyclohexane and DCM,
leading to a violett clean solid product. Precipitation showed to be a challenging task due to
very high solubility of the product in various solvents. Dissolution of the dye in a mixture of
CH, DCM and 3M Novec 7200 finally led to precipitation after evaporation of the DCM. The
structure of the isolated ligand (13) was confirmed via 1H-NMR-spectroscopy.
In the next step, the analogous Pd-complex (14) had to be synthesized by addition of Pd(BN)2Cl2
in toluene under reflux. Full conversion of the educt to the respective Pd-complex was confirmed
by UV-VIS spectroscopy after 3 hours. The product was cleaned by column chromatography
and appeared to be clean without any side products; however 1H-NMR spectroscopy showed
that benzonitrile was still coordinated, most likely via Pd of the precursor to the pyridine
substituent of the product.
Removal of benzonitrile turned out to be a challenging task. The product was washed and
centrifuged with pyridine, ethanol and distilled water; subsequently several washing steps with
pure distilled water had to be performed in order to remove traces of pyridine. Then, another
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column chromatography was performed. Finally, 1H-NMR confirmed successful removal of ben-
zonitrile and a pure Pd-porphyrin-complex (14). However, due to the challenging purification
steps a rather low yield of 24 % was obtained.
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Figure 5.8: Pathway for the synthesis of anthraquinone-based dyes suitable for cyclometalation
reactions

Besides porphyrins, also the effect of cyclometalation on anthraquinone-based-dyes had
to be investigated, wherefore suitable structures containing 2-phenylpyridine-groups were
synthesized. Compound (10) was prepared without any problems according to literature as
described above on page 50. The organotin-compound was then coupled with the bromine-
atoms of the anthraquinone dye via Stille-reaction. After 24 hours traces of educt could
still be detected via TLC, nevertheless the reaction work-up was proceeded. The mono- and
disubstituted compound were obtained after purification via column chromatography. Due to
the fact that only 1.2 equivalents of the organotin compound were used, a higher amount of
the monosubstituted product was isolated. The ratio of synthesized mono- to disubstituted
product was 2:1, respectively. Both structures could be confirmed via 1H-NMR-spectroscopy,
although again a certain assignment of each peak was not possible.
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5.1.4 Cyclometalation reactions

The concept of cyclometalation was tried out for different substrates and using different
precursors. While at first known precursors such as K2PtCl4 or Pt(BN2)Cl2 were used, the
efficiency of self-synthesized precursors for cyclometalation reactions was studied later on. In
the following section the various attempts and the successful cyclometalation synthesis that
were carried out within the scope of this thesis will be discussed.

Cyclometalation attempts using K2PtCl4
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Figure 5.9: Attempted cyclometalation reactions using K2PtCl4 as a precursor

K2PtCl4 is a common reagent in literature for the preparation of cyclometalated complexes
[108–111]. Therefore, the suitability of this precursor for substrates such as porphyrins and
anthraquinone-based dyes was investigated, whereby reaction conditions were varied for different
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substrates. The detailed experimental procedures for these reaction attempts can be found in
the appendix of this thesis.

Regarding pathway A, it was attempted to achieve peripheral cyclometalation of the por-
phyrin at the 2-phenylpyridine ligands by reaction with K2PtCl4. According to literature,
the cyclometalated product should precipitate during the reaction [110]. The Pt-porphyrin
complex (12 a) was dissolved in 2-ethoxyethanol/water in a ratio of 3:1, K2PtCl4 was added
and the solution was heated up to 80 °C and stirred for 12 hours. After this reaction time
a black precipitate had formed that could not be dissolved. It was assumed that no product
but elemental platinum had formed. The precipitate was filtered and the filtrate was heated
up again to 100 °C after addition of acetylacetone and sodium carbonate. This step was
performed in order to receive an acetylacetone-ligand on the potentially introduced Pt-atom (19
a). However, the UV-VIS spectrum of the reaction mixture did not show any shifts compared
to the spectrum of the educt. Therefore, it was assumed, regarding the cyclometalation reaction
of the di-pyridyl-substituted dye that probably an insoluble polymeric compound had formed.

The next cyclometalation attempt included the use of K2PtCl4 under acidic conditions (pathway
B) and the use of the mono-substituted dye instead of the di-substituted compound. The
Pt-porphyrin (12 a) was dissolved in acetic acid, K2PtCl4 was added and the mixture was
heated to 110 °C for 67 hours. This time a red-brown precipitate could be observed which was
filtered off and was reacted with acetylacetone and sodium carbonate. However, the UV-VIS
spectrum showed no reaction progress compared to the spectrum of the educt. Also, the
performed TLC did not show the formation of a new cyclometalated product. Although the
cyclometalation of complexes in acetic acid was reported to be successful in literature [112],
these conditions seem to be not suitable for the peripheral cyclometalation of porphyrins.

Furthermore, cyclometalation of anthraquinone-based dyes using K2PtCl4 was attempted
(pathway C). The same method, using ethoxyethanol/water (3:1) as a solvent, as in pathway A
was used. This time however, no precipitate was formed. UV-VIS spectra showed no reaction
progress; centrifugation in order to obtain a precipitate was not successful.

The last reaction attempt using K2PtCl4 as a precursor inlcuded cyclometalation at the
porphyrin core (pathway D). DMF and toluene were used as the solvent mixture, and sodium
acetate was added additionally. After stirring at 100 °C for 24 hours the UV-VIS spectrum
still did not show a shift to longer wavelengths, that would indicate the formation of the
cyclometalated product.

All in all it was shown that K2PtCl4 was not a suitable precursor for the cyclometalation of
porphyrins or anthraquinone-based dyes. Also, alteration of the reaction conditions such as
acidic conditions or different solvents did not lead to any sign of conversion in the measured
UV-VIS-spectra. It was expected that a successful cyclometalated complex would have led to
a significant bathochromic shift of the absorption spectrum. Therefore, these attempts were
regarded as not successful and it was decided to test different precursors for their suitability for
cyclometalation.

54 Effect of Cyclometalation on the Photophysical Properties of Luminescent Dyes



5.1 Synthetic considerations

Cyclometalation attempts using PtBN2Cl2
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Figure 5.10: Attempted cyclometalation reactions using Pt(BN)2Cl2 as a precursor

Another precursor, which was promising to be suitable for cyclometalation is Pt(BN)2Cl2.
For all three different reactions shown above (figure 5.10) the high boiling point solvent 1,2,4-
trimethylbenzene, acetylacetone and Na2CO3 or triethylamine were utilized. Regarding pathway
A, again peripheral cyclometalation of a Pt-porphyrin (12 b) was attempted. After addition of
the Pt(BN)2Cl2 precursor, the solution was heated to 140 °C for two hours, however no shift
could be observed in the UV-VIS spectrum. Addition of acetylacetone and sodium carbonate
neither led to a conversion of the educt to the desired cyclometalated compound.
The next attempt was cyclometalation at the porphyrin core (14) using the same precursor
and reaction conditions, whereby this time triethylamine was used for attachment of the acetyl
acetone ligand instead of sodium carbonate (pathway B). After addition of the precursor and
stirring for 3 hours at 130 °C the reaction mixture turned from a pink to a green brownish
colour and a strong shift of the absorption to higher wavelengths (435 nm) compared to the
educt (408 nm) was observed. Acetylactone and triethylamine were added; after stirring for
several more hours at room temperature a TLC of the reaction mixture showed that a complex
mixture of many products had formed. It was tried to separate the different products by column
chromatography, however all fractions showed very similar absorption spectra and still several
spots on the TLC plates. Therefore, it was not possible to achieve separation of the reaction
mixture by column chromatography. It was assumed that a cyclometalation reaction took place;
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however it might be possible that the acetylacetone ligand was not attached to the introduced
Pt-atom, but other ligands such as chlorine atoms or no ligands at all.
The last cyclometalation attempt with Pt(BN)2Cl2 as a precursor included the use of the
porphyrin ligand (13) without a central metal atom (pathway C). It was tried to achieve both
insertion of the central Pt-atom and cyclometalation at the porphyrin core at the same time.
A shift of the educt spectrum could be observed after stirring at 140 °C and two new peaks
were observed. While both peaks were present at a reaction temperature of 110 °C (426 nm
and 446 nm), only the peak at 426 nm was left when increasing the temperature to 140 °C.
The TLC again showed a mixture of several products; purification via column chromatography
was attempted, however the UV-VIS spectrum of all fractions showed both peaks that were
observed during the reaction. Therefore, it was shown that it was not possible to separate these
formed compounds by column chromatography. Furthermore, the spots on the TLC did not
show any phosphorescence which would be highly expected for a Pt-cyclometalated complex.
All in all, it was assumed that the reaction was not carried out successfully.

In general it can be said that cyclometalation at the porphyrin core using Pt(BN)2Cl2 can
take place; however complex product mixtures are a result of this precursor, which can not
be separated via column chromatography. A problem might be to achieve attachment of
the acetylacetone ligand to the introduced Pt-atom; presence of chlorine atoms instead of
acetylacetone would explain poor movement of the different product on silica gel. Further
precursors, which might lead to more selective product formation were therefore investigated.
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Cyclometalation attempts using newly synthesized Pt-precursors
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Figure 5.11: Attempted cyclometalation reactions using newly synthesized Pt-precursors (2)
and (7)

The synthesized Pt-precursors (2) and (7) that were excellently suitable for platination of π-
extended porphyrins were investigated regarding their suitability for cyclometalation reactions.
At first, it was tried to achieve cyclometalation of the porphyrin ligand (13) by using the
dimeric Pt-precursor bis[dimethyl(µ-dimethyl sulfide)platinum(II)] (pathway A). The porphyrin
ligand was dissolved in toluene and after addition of the precursor, the mixture was heated to
80 °C. After several hours of stirring another peak beside the educt peak could be observed in
the UV-VIS spectrum. However, this peak was shifted to lower wavelengths, which indicated
that a platinum central atom was inserted into the porphyrin ligand, but no cyclometalation of
the compound took place. Purification via column chromatography confirmed that only the
non-cyclometalated Pt-complex had formed.
Due to the reason that reaction of the porphyrin ligand with the dimeric compound only led
to insertion of the Pt-central atom, the same reaction was repeated using a Pd-complex (14)
instead of the ligand (pathway B). Unfortunately, stirring at 80 °C for several hours did not
lead to any conversion of the educt as was shown in the UV-VIS spectrum. Also addition of
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more equivalents of the precursor did not lead to further reaction progress.
Furthemore, cyclometalation of a BODIPY dye (24) was attempted using the dimeric pre-
cursor (2) (pathway C). The dye and the Pt-precursor were heated to 65°C in THF under
Ar-atmosphere. After 5 hours, absorption spectra showed a peak at higher wavelengths, however
the educt peak was still strongly present. Acetylacetone and sodium carbonate were added; the
mixture was stirred for 1 hour at room temperature. Then, it was attempted to seperate the
reaction mixture via column chromatography. However, it was shown on TLCs that a large
variety of different compounds had formed and it was not possible to seperate this complex
mixture of products via column chromatography.
Finally, the newly synthesized PtMe2(COD) (7) precursor was tested regarding its suitability
for cyclometalation reactions (pathway D). It was assumed that the methyl groups might
stay attached to the introduced Pt-atom upon cyclometalation. The palladium porphyrin was
dissolved in trimethylbenzene and PtMe2(COD) was added. The mixture was heated to reflux
of 1,2,4-trimethylbenzene, however the UV-VIS spectrum showed no conversion of the educt
even at 166 °C.
All in all it can be said that compounds 2 and 7 seem to be excellent alternatives for the
platination of benzoporphyrins, however they are not suitable for the formation of cyclometa-
lated porphyrins. The UV-VIS spectra showed no conversion using these two Pt-precursors.
Also regarding the cyclometalation attempt of the BODIPY dye, only a complex mixture of
compounds was obtained, which could not be separated via column chromatography. Again, it
was tried to find new alternative precursors which might lead to selective cyclometalation of
porphyrins.
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Cyclometalation with precursor containing an acac-ligand
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Figure 5.12: Cyclometalation reaction at the porphyrin core with a newly synthesized precursor
(4)

Due to the reason that attachment of the acetylacetone ligand to the introduced Pt-atom
seemed to be a challenging task, it was thought that it might be possible to prevent this problem
by using a precursor which already contains an acetylacetone ligand. At the same time the
other groups of the precursor had to be attached rather weakly, in order achieve release of
those groups but keeping the acetylacetone group attached upon cyclometalation. Therefore, a
Pt-precursor containing a chlorine, a DMSO and an acetylacetone ligand (4) was synthesized
(figure 5.12).
The synthesis of compound 4 was a straightforward 2-step reaction. In the first step K2PtCl4
was reacted with DMSO in distilled water and stirred for 24 hours at room temperature. A
yellow colour of the solution appeared, and after solvent evaporation the product (3) was
received as a yellow solid. Despite stated in the literature procedure [104] the product (3)
was insoluble in acetone, wherefore it was not further purified and directly used for the next
reaction step. It was then reacted with acetylacetone and KOH in distilled water, leading to
formation of the final precursor as a pale yellow solid (4).
The suitability of this new precursor for cyclometalation at the porphyrin core was inves-
tigated. The Pd-porphyrin dye (14) and the Pt-precursor (4) were therefore reacted in
1,2,4-trimethylbenzene at 160 °C. After 60 minutes full conversion of the educt was visible in
the UV-VIS spectrum. A TLC showed a much less complex product mixture compared to
using Pt(BN)2Cl2 as a precursor. A column chromatography with CH+EE 3+1 was performed
and two different fractions which showed a different absorption spectrum were obtained. After
washing with cyclohexane both fractions were analyzed via MS-spectroscopy.
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Figure 5.13: MS-spectrum of fraction 1 showing the desired cyclometalated complex beside
other side-products

The MS-spectrum of the first fraction (figure 5.13) showed that the desired cyclometalated
complex (18) (m/z : [M+] calc.: 1282.99, found: 1283.07) was definitely present in this isolated
fraction. However, it can be seen that despite the purification steps still some impurities are
present in this spectrum.

The second fraction however, did not show the desired cyclometalated product at all; in-
stead this fraction contained side products such as the cyclometalated product without acac or
with chlorine atoms instead of the acac.
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Figure 5.14: MS-spectrum of fraction 2 showing side-products but not the desired cyclometa-
lated compound

Looking at figure 5.14 it can be seen that one component of this fraction was the protonated
non-cyclometalated Pd-complex with an m/z ratio of 989.9 (MH+ -acac - Pt). Furthermore,
the protonated cyclometalated compound without acetylacetone (MH+ - acac) and without
acac but with chlorine atoms (MH+ - acac + Cl) was shown in the spectrum.

After all it can be said that this Pt-precursor (4) made it possible to achieve cyclometalation
to the desired compound. However, the obtained yields were very low and the MS-spectrum still
showed impurities and the formation of various side-products containing no acetylacetone-ligand.
Therefore, it was attempted to optimize the reaction conditions for this synthesis by variation of
the used solvents and temperature, in order to obtain higher yields of the desired cyclometalated
complex (18).
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Attempted optimization of reaction conditions for cyclometalation of compound
14

The detailed experimental procedures for these attempted optimization reactions can be found
in the appendix of this thesis.
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Figure 5.15: Attempted optimization of reaction conditions for cyclometalation at the por-
phyrin core

In order to try to optimize the conversion of the Pd-porphyrin complex (14) with the Pt-
precursor (4) to the cyclometalated compound (18), different solvent mixtures were tested. For
the standard procedure (described in the previous section), that yielded the desired compound
in low yields, 1,2,4 trimethylbenzene and a temperature of 160 °C were used. The optimization
attempt included the use of NMP, DMF, DMSO, benzonitrile, 1,2,4-trimethylbenzene with
addition of tributylamine and a mixture of DMF/toluene with addition of NaOAc. The progress
of these reactions was determined simultaneously by UV-VIS spectroscopy.
If the reaction was carried out in DMF at 148°C, in DMSO at 185 °C or in NMP at 195 °C,
no conversion of the educt could be observed in the spectrum. Regarding the use of ben-
zonitrile and a temperature of 185 °C, full conversion could be obtained after three hours.
The UV-VIS spectrum looked similar to the UV-VIS-spectrum of the standard procedure in
1,2,4-trimethylbenzene. In order to estimate the amount of desired product that had formed,
a TLC of the reaction mixture in BN was performed, whereby the already successfully cy-
clometalated compound (18) was used as a reference. It was shown that only very little of the
desired compound containing an acac-ligand had formed, which was probably due to the higher
temperature of 185 °C in benzonitrile compared to the 160 °C in trimethylbenzene. Therefore,
also benzonitrile was not regarded a suitable alternative to 1,2,4-trimethylbenzene.
Another optimization attempt included the use of DMF/toluene in a ratio of 1:1 under addition
of NaOAc at 100 °C. It was stated in literature [109, 111] that these reaction conditions are
suitable for the cyclometalation of porphyrin dyes. However, it was shown that under these
conditions no conversion of the Pd-porphyrin (14) could be achieved. Therefore, it was assumed
that these mild conditions are not suitable for the formation of this specific cyclometalated
porphyrin complex (18).
The last optimization procedure was the use of 1,2,4-trimethylbenzene in combination with an
additional base tributylamine. Tributylamine was used analogously to triethylamine due to
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its higher boiling point of 214 °C. After heating the reaction mixture to 160 °C, formation of
elemental Pt was observed. It was assumed that the Pt-precursor was decomposed under these
basic conditions. Therefore, the use of tributylamine was also not regarded as suitable for this
specific cyclometalation reaction, although it is stated in literature that Et3N is a suitable base
for the synthesis of various cyclometalated complexes.

In summary, no optimization of the previously used reaction conditions (1,2,4-trimethylbenzene,
160 °C) could be found. Several solvents and temperatures were tested for their suitability
for the synthesis of compound 18, however mostly no conversion of the educt was observed.
Benzonitrile was the only solvent also leading to full conversion according to the UV-VIS
spectrum, however TLCs showed that only a very small amount of the cyclometalated complex
bearing the acetylacetone ligand was formed. Therefore, it was decided to stick to the original
reaction conditions and try to achieve a clean product by scale-up of this cyclometalation
reaction.

Scale-up of the synthesis leading to pure compound 18
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Figure 5.16: Scale-up of the cyclometalation reaction leading to a pure compound 18

The synthesis of compound 18 was repeated using 25 mg of the educt (14), in order to be
able to achieve a reasonable amount of a pure product after several purification steps. The
procedure was carried out the same way as the previous synthesis by dissolving the Pd-complex
in trimethylbenzene, adding the Pt-precursor and stirring for 2 hours at 160 °C. Then, a column
chromatography was performed, where the desired product could be isolated in one fraction.
Another fraction consisted of the cyclometalated product without acetylacetone, which was
concluded by TLC. It was tried to convert these fractions into the product with acac ligand by
dissolving them in THF and treating them with acetylacetone and triethylamine. However, this
attempt was not successful and the performed TLCs showed no different spots before and after
the treatment.
Therefore, only the fraction of the desired product which was received after column chro-
matography was further purified by washing steps with CH, heptane and 3M Novec 7200. A
1H NMR (figure 10.11) of the product was performed, which confirmed the formation of the
cyclometalated Pd-complex (18). Also MS-spectroscopy (figure 10.12) showed that the isolated
fraction contained the pure desired product. Even though it was possible to isolate the pure
product it was unfortunately only achieved in a very low yield of 10 %. The main problem of
this synthesis was the successful attachment of the acetylacetone ligand to the Pt-atom. In
spite of the fact that the acac was already attached to the used Pt-precursor (4), many side
products containing chlorine atoms instead of acac or no ligand at all were obtained.
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Further attempted cyclometalation reactions using compound 4 as a precursor

The detailed experimental procedure of these two reactions is shown in the appendix.
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Figure 5.17: Testing the suitability of precursor (4) for cyclometalation of various substrates

As it was possible to obtain the cyclometalated compound 18 using the newly synthesized
precursor (4), the suitability of this precursor for other substrates was tested.
First, it was tried to achieve peripheral cyclometalation of the Pt-porphyrin compound 12
b (pathway A). The porphyrin educt and the precursor were reacted in trimethylbenzene at
160 °C for 2 hours. UV-VIS spectra showed no shift of the absorption, however TLCs confirmed
that new products had formed. Many spots were visible on the TLC plate that could not be
separated properly in various solvent mixtures. It was not possible to obtain pure fractions via
column chromatography (CH+EE 3+1). It was assumed that a cyclometalation reaction had
taken place, whereby peripheral cylometalation of the porphyrin seems to not affect the shift of
the absorption spectrum. Unfortunately, it was not possible to isolate the product from the
complex mixture, wherefore no further characterization was possible.
The other attempt included the cyclometalation of an anthraquinone-based dye (16 a) via
compound 4 (pathway B). The same reaction conditions as for pathway A were used. Again,
no change in the absorption spectrum was observed, but the performed TLCs indicated the
formation of new compounds. A column chromatography was performed, however the obtained
fractions still showed several spots on the TLC and showed very bad movement on the silica-gel.
Therefore, also regarding pathway B it was not possible to isolate the desired cyclometalated
compound from the reaction mixture.
Unfortunately, it was shown that compound 4 did not lead to selective cyclometalation of the
Pt-porphyrin complex (12 b) or the anthraquinone-based dye (16 a). Several side-products
were obtained that could not be separated via column chromatography. Optimization of the
reaction conditions such as solvents or temperature might be required in order to obtain the
desired cyclometalated complexes.
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5.1.5 Characterization of the cyclometalated Pd-porphyrin-dye (18)

In order to determine the photophysical properties of the cyclometalated dye, excitation and
emission spectra as well as the lifetime and quantum yield were determined. The aim was to
compare the properties of the non-cyclometalated educt to the cyclometalated compound.

Figure 5.18: Excitation and emission spectra (λexc = 395 nm, λem. = 652 nm) of the Pd-
porphyrin-dye (14) (red); and excitation and emission spectra (λexc = 430 nm, λem. =
765 nm) of the cyclometalated analogous porphyrin (18) (green) in toluene under anoxic
conditions

In figure 5.18 the excitation and emission spectra of the Pd-porphyrin complex (14) (red)
and the cyclometalated analogous complex (18) (green) are shown. It can be observed, that
the emission and excitation of the cyclometalated compound is strongly shifted to higher
wavelengths. This observation can be explained by planarization of the porphyrin system
by the meso-positioned phenyl ring, leading to an extended π-conjugation. Compared to
the Pd-porphyrin educt, the Soret band is slightly shifted by 20 nm (412/432 nm), whereas
the Q-band is strongly red-shifted from 553 nm to 621 nm. The emission maximum of the
cyclometalated dye is shifted bathochromically by 105 nm (675/780 nm).
In figure 5.19 the absorption and excitation spectrum of the cyclometalated compound is shown.
It can be seen that both spectra are as expected virtually identical.
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Figure 5.19: Excitation (λexc = 430 nm, λem. = 765 nm) and absorption spectrum of the
cyclometalated dye (18) in toluene under anoxic conditions

Unfortunately, it was not possible to determine a molar absorption coefficient of the dye due
to the small amount available of the pure compound 18. For further dye characterization the
relative quantum yields and the lifetimes of compound 14 and 18 were determined. In order to
obtain the relative quantum yields, the emission spectrum of a reference was measured for each
dye. Hereby, PtOEP was used as a reference for the Pd-porphyrin educt and PtTBTBP was
used as a reference for the synthesized cyclometalated complex. Furthermore, the lifetime τ of
the two compounds was determined via single-photon counting.

Table 5.1: Relative quantum yields of compound 14, the cyclometalated compound 18 and of
the respective reference dyes and determined lifetimes

Data Compound 14 PtOEP Compound 18 PtTPTBP
QY [%] 21 41 0.5 21
τ [s] 6.85E-04 9.83E-06

In table 5.1 it is shown that the relative quantum yield of the Pd-porphyrin educt achieves
a value of 21 %, while the cyclometalated analogue only shows a quantum yield of 0.5 %.
Unfortunately, the effect of cyclometalation leads to a drastic decrease in QY regarding com-
pound 18. The porphyrin dye PtTPTBP (table 5.1) shows similar spectral properties as the
cyclometalated dye, however its quantum yield is significantly higher with 21 % compared to
the 0.5 % of compound 18. Looking at the measured lifetimes it can be observed that the
lifetime of the cyclometalated complex decreased by a factor of 100 to a value of 9.8 µs. This
tendency was expected due to the introduction of the heavy atom and the resulting increased
spin-orbit coupling.
In conclusion, it can be said that the effect of cyclometalation leads to drastically altered pho-
tophysical properties of the porphyrin dye. Absorption and emission were shifted siginificantly
to higher wavelengths, generating a new red-light excitable NIR emitting phosphorescent dye.
The lifetime of the cyclometalated complex was reduced by a factor of 100; unfortunately also
the quantum yield was very low with 0.5 %.
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One aim of this thesis was the improvement of the reaction conditions for the platination of
π-extended porphyrins. This task was completed by synthesis of two new Pt-precursors, namely
PtMe2(COD) (compound 7) and bis[dimethyl(µ-dimethyl sulfide)platinum(II)] (compound 2).
Both precursors allowed quantitative conversion of H2TPTBP to the Pt-complex, whereby the
dimeric precursor (2) already led to full conversion in toluene at only 90 °C. Typically very
high boiling point solvents and harsh conditions are required for the platination of π-extended
porphyrins; however when using the newly synthesized Pt-precursors, platination is possible at
milder conditions. Easy removal of the utilized solvent and no decomposition of the dyes are
therefore excellent advantages of these newly discovered reaction conditions.
Another aim of this thesis was the synthesis of cyclometalated porphyrin compounds. The effect
of the cyclometalation on the photophysical properties of these dyes should then be investigated.
Therefore, dyes with structures suitable for cyclometalation were synthesized. Pt-porphyrins
bearing 2-phenylpyridine groups for peripheral cyclometalation (12), a Pd-porphyrin with a
pyridine introduced at the meso-position for cyclometalation at the porphyrin core (14) and
anthraquinone-based dyes containing 2-phenylpyridine ligands (16) were successfully isolated.
Cyclometalation of these compound was investigated via different synthetic routes. The first
attempt included use of the precursors K2PtCl4 and Pt(BN)2Cl2, which are commonly known
to be suitable for cyclometalation reactions. No conversion of the educt compounds could be
observed using K2PtCl4 as a precursor; however when adding Pt(BN)2Cl2 to the complexes
suitable for cyclometalation, a reaction progress could be observed regarding the Pd-porphyrin
dye suitable for cyclometalation at the porphyrin core (14). It was shown that the reaction
resulted in a complex mixture of various products (shown on TLC) that could not be separated
via column chromatography. One possible problem was the attachment of an acetylacetone
ligand to the introduced Pt-atom. Therefore, a new precursor (4) which already contained an
acac ligand was synthesized. By addition of this precursor to the Pd-porphyrin complex it
was possible to obtain a porphyrin that was cyclometalated at the porphyrin core (18). The
reaction that was carried out in 1,2,4-trimethylbenzene at 160 °C led to low yields of 10 %,
wherefore it was attempted to optimize the reaction conditions by variation of solvents and
temperature. Unfortunately, no other suitable reaction conditions were found for this specific
synthesis.
The cyclometalated porphyrin complex (18) was characterized regarding its photophysical
properties. It was observed that absorption and emission spectra compared to the non-
cyclometalated educt were shifted siginificantly to higher wavelengths, which is due to the
planarization of the porphyrin system by the meso-positioned phenyl ring, leading to an
extended π-conjugation. In relation to the Pd-porphyrin educt, the Soret band was slightly
shifted by 20 nm (412/432 nm), whereas the Q-band was strongly red-shifted from 553 to 621
nm. The emission maximum of the cyclometalated dye was shifted bathochromically by 105
nm (675/780 nm). The lifetime of the cyclometalated complex was reduced as expected, due to
introduction of heavy atoms by a factor of 100 to a value of 9.8 µs; unfortunately quantum
yield were very low with 0.5 %, while the non-cyclometalated Pd-porphyrin complex showed
quantum yields of 21 %.
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For future research the synthesis of other cyclometalated porphyrin complexes will be attempted.
Thereby, synthesis of porphyrins with different central atoms such as Zn, Pt or Ir will be an
interesting task. Other central atoms might lead to higher quantum yields than those that were
obtained by the cyclometalated Pd-complex. After synthesis of a larger variety of cyclometalated
complexes it will be possible to establish a detailed structure-property relationship for the effect
of cyclometalation on porphyrin dyes. .
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10 Appendix

10.1 NMR-spectra of synthesized compounds

10.1.1 Cis/trans-dichlorobis(dimethyl sulfide)platinum(II) (compound (1))
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Figure 10.1: 1H-NMR spectrum of cis/trans-dichlorobis(dimethyl sulfide)platinum(II)
(compound 1)
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10.1.2 Bis[dimethyl(µ-dimethyl sulfide)platinum(II)] (compound 2)
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Figure 10.2: 1H-NMR spectrum of bis[dimethyl(µ-dimethyl sulfide)platinum(II)] (compound
2)

82 Effect of Cyclometalation on the Photophysical Properties of Luminescent Dyes



10.1 NMR-spectra of synthesized compounds

10.1.3 [PtMe2(COD)] (compound (7))
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10.1.4 2-(Tributylstannyl)pyridine (compound (10))
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10.1 NMR-spectra of synthesized compounds

10.1.5 Disubstituted compound 12 (compound (12a))
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Figure 10.5: 1H-NMR spectrum of (compound 12a)
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10.1.6 Monosubstituted compound 12 (compound (12b))
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Figure 10.6: 1H-NMR spectrum of (compound 12b)
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10.1 NMR-spectra of synthesized compounds

10.1.7 Porphyrin ligand (compound (13))
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10.1.8 Pd-porphyrin-complex (compound (14))
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Figure 10.8: 1H-NMR spectrum of (compound 14)
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10.1.9 Monosubstituted compound (16 a)
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10.1.10 Disubstituted compound (16 b)
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10.1.11 Cyclometalated complex (compound 18)
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10.2 MS-Data

10.2.1 Cyclometalated complex (compound 18)
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10.3 Supporting information for synthetic considerations
In this section all experimental procedures that were not carried out successfully will be
described in detail.

10.3.1 Cyclometalation attempts using K2PtCl4
Pathway A leading to compound 19 a

This synthesis was performed analogously to reference [110].
The disubstituted Pt-complex (compound 12 a) (1 mg, 0.87 µmol, 1 eq.) was dissolved in a
Schlenk flask in ethoxyethanol/water (3:1) (3 ml) under argon-atmosphere. K2PtCl4 (0.9 mg,
2.1 µmol, 2.5 eq.) was dissolved in the same solvent mixture (0.5 ml) and added to the reaction
vessel. The solution was heated to 80 °C and stirred for 12 hours. A black insoluble precipitate
was formed which was filtered off. Acetylacetone (0.3 mg, 2.9 µmol, 3.3 eq.) and Na2CO3 (0.9
mg, 8.5 µmol, 10 eq.) were added to the filtrate and the solution was heated again to 100 °C
for 24 hours. However, the peaks in the UV-VIS spectrum of the reaction mixture did not shift
compared to the educt mixture, wherefore it was assumed that no reaction took place.

Pathway B leading to compound 19 b

This reaction was carried out according to literature procedure [112].
The Pt-porphyrin dye (12 b) (2 mg, 1.75 µmol, 1 eq.) was dissolved in 3 ml of acetic acid
in a Schlenk flask under Ar-atmosphere. K2PtCl4 (1.1 mg, 2.63 µmol, 1.5 eq.) was dissolved
in 50 µl of distilled water and added to the mixture. The solution was heated to 110 °C and
stirred for 67 hours. A red-brownish precipitate formed which was filtered off and washed with
acetic acid (3 ml) and ethanol (3 ml). The precipitate (~0.5 mg) was dissolved in acetone (4
ml) in a Schlenk flask under Ar-atmosphere. Approximately 3 eq. of acetyl acetone (0.2 mg)
and 10 eq. of sodium carbonate (1 mg) were added and the solution was refluxed at 50 °C
for 24 hours. The UV-VIS spectrum that was measured afterwards did not show any different
shifts compared to the educt spectrum. Nonetheless, the solvent was evaporated by rotary
evaporation and the residue was treated with DCM and filtered. The solvent of the filtrate
was removed again and a TLC of the porphyrin educt and the dry residue of the filtrate was
performed. The TLC showed that no new cyclometalated product had formed.

Pathway C leading to compound 20 a

This synthesis was also performed analogously to reference [110].
The anthraquinone-based dye (16 a) (0.5 mg, 0.69 µmol, 1 eq.) was dissolved in a Schlenk
flask in ethoxyethanol/water (3:1) (3 ml) under Ar-atmosphere. K2PtCl4 (1 mg, 1.7 µmol, 2.5
eq.) was added and the solution was heated to 80 °C and stirred for 2 hours. After addition
of distilled water (20 ml) no precipitated was obtained. Also centrifugation did not lead to
isolation of a precipitate; the UV-VIS spectrum did not show any reaction progress.

Pathway D leading to compound 21

The Pd-porphyrin-complex (14) (1 mg, 1.0 µmol, 1 eq.) was dissolved in a Schlenk flask in
DMF/toluene (1:1) (3 ml). K2PtCl4 (0.6 mg, 1.5 µmol, 1.5 eq.) and NaOAC (0.8 mg, 7.3 µmol,
7 eq.) were added and the solution was heated to 100 °C and stirred for 24 hours. UV-VIS
spectra did not show formation of the cyclometalated compound (21).
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10.3.2 Cyclometalation attempts using Pt(BN)2Cl2
Pathway A leading to compound 19 b

The mono-substituted Pt-porphyrin (12 b) (1.5 mg, 1.3 µmol, 1 eq.) was dissolved in 1,2,4-
trimethylbenzene (4 ml) in a Schlenk flask under Ar-atmosphere. Pt(BN)2Cl2 (6.2 mg, 13.1
µmol, 10 eq.) was added to the reaction vessel and the mixture was heated to 140 °C and
stirred for 60 hours. Measured UV-VIS spectra showed no different shifts compared to the educt
spectrum. Nevertheless, acetylacetone (0.39 mg, 3.9 µmol, 3 eq) and sodium carbonate (1.4 mg,
13 µmol, 10 eq.) were added and the solution was stirred at 135 °C overnight. Unfortunately, still
no change of the absorption spectrum occurred, wherefore the reaction mixture was discarded.

Pathway B leading to compound 18

The Pd porphyrin complex (20 mg, 20.2 µmol, 1 eq.) was dissolved in 1,2,4-trimethylbenzene
(12 ml) in a Schlenk flask under Ar-atmosphere. The solution was heated to 120 °C and stirred
until the dye was fully dissolved. Then, Pt(BN)2Cl2 (95 mg, 0.20 mmol, 10 eq.) was added
and the solution was stirred for three hours, while a green colour appeared. After three hours
acetylacetone (25 µl) and triethylamine (25 µl) were added. A strong shift of the absorption
spectrum of the reaction mixture compared to the educt could be observed. A TLC of the
reaction mixture showed the formation of a complex product mixture. Nevertheless, separation
via column chromatography (silica gel, DCM, then DCM + THF, then THF + methanol)
was attempted. Several different fractions were obtained, however these fractions still showed
several spots on the TLC plate and could not be further purified. A 1H NMR was performed,
but could not be interpreted due to severe impurities.

Pathway C leading to compound 22

The porphyrin ligand (5 mg, 5.7 µmol, 1 eq.) was dissolved in 1,2,4-trimethylbenzene (8 ml) in a
Schlenk flask under Ar-atmosphere. Pt(BN)2Cl2 (27.3 mg, 57 µmol, 10 eq.) was added and the
solution was heated to 110 °C and stirred in an oil bath. After an hour an absorption spectrum
was measured that showed two peaks (426 nm, 446 nm); after increasing the temperature to 140
°C just the peak at 426 was shown in the spectrum. Acetylacetone (10 µmol) and triethylamine
(10 µmol) were added at room temperature and the solution was stirred for several minutes.
The TLC showed that the reaction solution consisted of a mixture of many products. It was
tried to purify the reaction mixture by column chromatography (silica, DCM, then DCM +
THF), however all obtained fractions showed both peaks in the UV-VIS spectrum, wherefore it
was assumed that these peaks could not be separated and no product was obtained.

10.3.3 Cyclometalation attempts using newly synthesized Pt-precursors

Pathway A leading to compound 22

The porphyrin ligand (13) (5 mg, 5.7 µmol, 1 eq.) was dissolved in toluene (3 ml) in a Schlenk
flask under Ar-atmosphere. The dimeric Pt-precursor (3.2 mg, 5.7 µmol, 1 eq.) was added
and the mixture was stirred for 4 hours at 90 °C. A shift to lower wavelengths was observed
in the UV-VIS spectrum, wherefore 3 more equivalents of the precursor were added, as it was
assumed that only insertion of the Pt-central atom took place. Also acetyl acetone (10 µl)
and triethylamine (10 µl) were added to the reaction mixture and stirring was continued for 2
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more hours. A column chromatography (silica, DCM) of the reaction mixture was performed,
whereby only the non-cyclometalated Pt-complex could be isolated.

Pathway B leading to compound 18

The Pd-porphyrin complex (14) (3 mg, 3.0 µmol, 1 eq.) was dissolved in toluene (3 ml) in a
Schlenk flask under Ar-atmosphere. The dimeric Pt-precursor (2) was added and the solution
heated to 80 °C. Absorption spectra were measured after 2 hours, however no conversion of
the educt was visible. Even after addition of 3 more equivalents of the precursor no reaction
progress could be obtained.

Pathway C leading to compound 25

The BODIPY dye (24) (3.0 mg, 8.84 µmol, 1 eq.) was dissolved in THF (3 ml) in a Schlenk flask
under Ar-atmosphere. The dimeric Pt precursor (2) (5.1 mg, 8.84 µmol, 1 eq.) was added and
the solution was heated to 65 °C and stirred for 5 hours. A shift to higher wavelenghts could be
observed in the absorption spectrum, however the educt peak was still present. Addition of more
equivalents of the precursor did not lead to further reaction progress. Therefore, acetylacetone
(10 µl) and 1 mg of Na2CO3 were added. The mixture was then stirred for another hour at room
temperature. Afterwards, purification via column chromatography was attempted. However
TLCs (silica, DCM+THF) showed that a complex mixture of many products had formed that
could not be separated.

Pathway D leading to compound 23

The Pd-porphyrin dye (14) (1 mg, 1.0 µmol, 1 eq.) was dissolved in 1,2,4-trimethylbenzene
(3 ml) in a Schlenk flask under Ar-atmosphere. PtMe2(COD) (2) (0.5 mg, 1.5 µmol, 1.5 eq.)
was added and the mixture was heated to 166 °C. No conversion could be seen in the UV-VIS
spectrum, wherefore it was assumed that no cyclometalation took place.

10.3.4 Attempted optimization of reaction conditions for the
cyclometalation of compound 14

All optimization reactions followed the same general procedure. The Pd-complex (14) (1 mg,
1.0 µmol, 1 eq.) was dissolved in 1 ml of the respective solvent in a subvelco vial equipped with
septum and stirring bar. The vial was flooded with argon for approximately 5 minutes. Then
the Pt-precursor (4) (1.2 mg, 3.0 µmol, 3 eq.) was dissolved in 0.3 ml of the respective solvent
and added to the reaction mixture, which was again flooded with argon for 3 minutes. Then,
the vials were heated in a heating block and absorption spectra of the different solutions were
measured after several hours. The reaction time and temperature for each solvent is shown in
the list below.
DMF: 148 °C, 2 hours
DMSO: 185 °C, 3 hours
Benzonitrile: 185 °C, 3 hours
NMP: 195 °C, 1 hour
DMF/toluene: 100 °C, 6 hours [109, 111]
1,2,4-trimethylbenzene (tributylamine): 160 °C, 1 hour
Only regarding the reaction performed in BN, conversion of the educt could be observed in the
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spectrum. However, TLCs showed that the amount of formed product was lower than when
using the standard procedure in 1,2,4-trimethylbenzene.

10.3.5 Further attempted cyclometalation reactions using compound 4 as a
precursor

Pathway A leading to compound 19 b

The Pt-porphyrin (12 b) (4.5 mg, 3.9 µmol, 1 eq.) was dissolved in 1,2,4-trimethylbenzene
(3 ml) in a Schlenk flask under Ar-atmosphere. The Pt-precursor (4) (2.9 mg, 7.1 µmol, 1.8
eq.) was added and the solution was stirred for 2 hours at 160 °C. No shift of the absorption
spectrum could be observed, however the TLC (CH+EE 4+1) showed the formation of new
compounds. It was attempted to seperate this mixture by column chromatography (silica,
CH+EE 4+1), however due to bad movement on the silica gel only mixed fractions could be
obtained.

Pathway B leading to compound 20 a

The anthraquinone-based dye (16 a) (5 mg, 6.9 µmol, 1 eq.) was dissolved in 1,2,4-trimethylbenzne
(3 ml) in a Schlenk flask under Ar-atmosphere. The Pt-precursor (4) (5.1 mg, 12.4 µmol, 1.8
eq.) was added and the solution was stirred for 2 hours at 160 °C. No shift of the absorption
spectrum could be observed, however the TLC (CH+EE 3+1) showed the formation of new
compounds. It was attempted to seperate this mixture by column chromatography (silica,
CH+EE 3+1), however due to bad movement on the silica gel only mixed fractions could be
obtained.
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10.4 Abbreviations

Table 10.1: List of abbreviations
Abbreviation Name
UV Ultraviolet
NIR Near-infrared
OLED Organic light-emitting diode
ISC Instersystem crossing
IC Internal conversion
LUMO Lowest unoccupied molecular orbital
HOMO Highest occupied molecular orbital
CAS Chemical Abstracts Service
Rf -value Retention factor
TLC Thin layer chromatography
KCl Potassium chloride
Acac Acetylacetone
Pd(PPh3)4 Tetrakis(triphenylphosphine)palladium(0)
N2 Nitrogen
Ar Argon
KOH Potassium hydroxide
COD Cyclooctadiene
Et3N Triethylamine
NH4Cl Ammonium chloride
NaOAc Sodium acetate
Na2CO3 Sodium carbonate
DCM Dichloromethane
THF Tetrahydrofuran
EE Ethyl acetate
CH Cyclohexane
Tol Toluene
DMF Dimethylformamid
BN Benzonitrile
NMP N-Methyl-2-pyrrolidon
DMSO Dimethylsulfoxide
CDCl3 Deuterated chloroform
CD2Cl2 Deuterated dichloromethane
C6D6 Deuterated benzene
n-Buli n-Butyllithium
MeLi Methyllithium
QY Quantum yield
MS Mass Spectrometry
MALDI Matrix Assisted Laser Desorption Ionization
TOF Time of Flight
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