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voor Ines en Noah





“On the arid lands there will spring up industrial colonies without smoke and without smokestacks;
forests of glass tubes will extend over the plains and glass buildings will rise everywhere; inside of these
will take place the photochemical processes that hitherto have been the guarded secret of the plants,
but that will have been mastered by human industry which will know how to make them bear even more
abundant fruit than nature, for nature is not in a hurry and mankind is” - Giacomo Ciamician (1912)
[1].
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1 Introduction

The sun is the most important energy source for life on earth. Within one hour more solar energy reaches
our planet than the amount of energy that mankind consumes in one year. The quality of life on earth
depends strongly on accessible energy sources. However, we are running out of fossil fuels. In order to
meet our future energy needs it is therefore urgently necessary to develop devices that are able to collect
and store the energy of the sun in a usable form.

One of the most important biological processes is photosynthesis. The genesis of the photosynthetic
apparatus was an essential step forward in the evolution of life on earth. In the course of evolution bac-
teria and plants developed biological systems for the conversion of solar energy into chemical energy.
As a result, every year global photosynthesis converts solar energy into biomass corresponding to ap-
proximately 50 times the annual human energy consumption [2]. For this reason, during the last few
decades attempts have been made to mimic photosynthesis [3, 4, 5, 6, 7]. For the development of arti-
ficial photosynthetic systems it is essential to gain in-depth knowledge about the processes involved in
natural photosynthesis. A schematic representation of the processes involved in photosynthesis is shown
in figure 1.1.

Figure 1.1: Schematic representation of the processes involved in photosynthesis. The blue arrows indicate processes that take
place in both natural and artificial photosynthesis. The red and green arrows show processes that occur in artificial
and natural photosynthesis, respectively.

The primary events in natural photosynthesis such as light-harvesting, charge separation and water
splitting are highly efficient with almost unity quantum yields. However, due to the energy requirements
of various life processes the overall energy conversion efficiency of plants is very low, approximately 1%
[8]. The objective of artificial photosynthesis, however, is to maximize the total amount of energy that
can be converted into electrical or chemical energy. For this reason, the rational design of artificial sys-
tems that mimic natural photosynthesis may be a promising way to achieve an increase in conversion
efficiency [9].

In the present thesis, the primary events of photosynthesis presented in figure 1.1 are studied, i.e. light-
harvesting, excitation energy transfer and photo-induced electron transfer. For this purpose different
molecular arrays have been synthesized that can potentially serve in artificial photosynthetic systems.
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1 Introduction

Two different approaches have been employed to construct the molecular arrays, namely covalent and
supramolecular chemistry. The first part of the work consists of studies on covalently linked molecular
arrays, i.e. several triads and a pentad. Owing to their well-defined architectures, the covalently bound
heteromers possess intriguing characteristics including very fast energy and electron transfer. The fo-
cus of the second part of the current work is set on the self-assembly of supramolecular complexes that
consist of three different dyes. For the first time, it is shown that such supramolecular complexes can be
formed. Moreover, it is demonstrated that they exhibit light-harvesting and charge separation properties,
thereby mimicking the primary events of photosynthesis.

The thesis is subdivided into several chapters. The aim of the work is described in chapter 1 (section
1.1). In chapter 2, sections 2.1 and 2.2 introduce the concepts of natural and artificial photosynthesis,
respectively. An example of artificial photosynthesis, the dye sensitized solar cell, is presented in section
2.3. Chapter 3 outlines relevant principles of photo-induced transfer processes, namely photo-induced
electron transfer (section 3.1) and excitation energy transfer (section 3.2). Chapter 4 describes the exper-
imentally used materials: section 4.1 introduces general properties of the molecules studied and section
4.2 provides information about the experimental setups. The results of steady-state and time-resolved
measurements are structured in separate chapters according to the covalently bound and self-assembled
systems, chapters 5 and 6, respectively. Finally, the summary and the German summary are presented in
chapters 7 and 8, respectively.
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1.1 Aim of the work

1.1 Aim of the work

The aims of this work are development and photophysical investigations of novel self-assembled and
covalently linked multicomponent artificial photosynthetic systems. In order to gain a comprehensive
understanding of the photo-induced electron and energy transfer processes, thorough steady-state and
time-resolved spectroscopic measurements have been carried out. Furthermore, a comparative study
between the self-assembled and covalently-linked systems has been conducted.

The questions that arise may be divided into three groups, one pertaining to the covalently linked
systems and two pertaining to the self-assembly systems. The first set of questions is devoted to the
covalently linked systems:

• How do the constituent parts of the systems interact upon light excitation?

• Which kind of interaction is dominant under the used conditions?

• Which parameters can be tuned to optimize the system?

• What is the quantum efficiency of charge separation in the different systems?

• What is the lifetime of the charge-separated state?

The second group of issues addresses the formation of the supramolecular complexes:

• Is it possible to obtain controlled self-assembly between three different chromophores?

• What is the overall efficiency of the formation of a ternary supramolecular complex?

• Which strategies could be used to optimize the efficiency of complex formation?

After demonstrating the successful formation of supramolecular complexes, in a next step the photo-
physical parameters should be unravelled. Therefore, the third set of questions is related to the photo-
physical properties of the ternary supramolecular complexes:

• How does the complexation process influence the electronic properties of the constituent parts?

• Which function fulfils each individual molecular part within the supramolecular complex?

• Is it possible to control the photo-induced transfer processes in the self-assembled complexes?

• Is it possible to create synergistic effects with respect to light-harvesting and charge separation
between the two binary complexes by merging them into a ternary complex?

• What are the quantum efficiencies of energy and electron transfer?

• Do any sequential electron and energy transfer processes take place?
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2 Photosynthesis

2.1 Natural photosynthesis

At first, the primary events of natural photosynthesis occurring in photosystem II (PSII) of aerobic cy-
anobacteria are briefly described. The described mechanism bears resemblance to all photosynthetic
apparatuses found in other organisms. Before the energy of the sunlight can be used, photosynthetic
organisms need to gather the light energy. This is achieved by large light-harvesting complexes. In fact,
99% of the pigments employed in photosynthesis are responsible for the capture of light. One single
light-harvesting complex II (LHCII) consists of around 200 chlorophylls (Chl) and 50 carotenoids (Car).
The Chls exclusively collect photons and direct the absorbed energy to the so-called special pair at the
reaction centre (figure 2.1). The Cars also serve as light-harvesters, but their major function is to protect
the photosynthetic apparatus from damage, for the Cars can directly deexcite the triplet state of Chl.

Figure 2.1: Light-harvesting in LHCII: the excitation energy migrates from the antennae to the reaction centre via a potential
trajectory. Figure taken from [9].

In figure 2.2, the sequential electron transfer chain inside the reaction centre is shown. The special
pair PD1-PD2 serves as primary electron donor. When excited by light, either direct or indirect via energy
transfer, PD1 donates an electron to the primary electron acceptor pheophytin (Pheo). As a result, the
radical pair P•+D1-Pheo•−D1 is formed. The electron transfer from the excited P∗D1 to PheoD1 takes just a
few picoseconds, thereby ensuring a high quantum yield. Subsequently, the electron is transferred to
secondary and tertiary electron acceptors, i.e. quinones QA and QB. Each electron transfer step in the
reaction centre occurs rapidly enough to compete with loss of energy by other pathways, because it
possesses sufficient thermodynamic driving force, and the electronic coupling between initial and final
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2 Photosynthesis

states is relatively strong. Stepwise recombination is slow, because the first step is endergonic [10].
Hence, the multi-step charge transfer precludes electron-hole recombination, while a long lived charge-
separated state is generated. Eventually, QB is reduced to HQB. After absorption of a second photon,
again electron transfer proceeds to HQB, which is further reduced to H2QB. The latter is passed along
a transport chain to photosystem I (PSI) (not shown). PSI absorbs a photon that further reduces the
redox potential. In this way, sufficient energy is accumulated to drive the fixation of carbon dioxide.
At the oxidative site, the P•+D1 species oxidizes tyrosine (TyrZ). The oxidized TyrZ is in turn reduced by
a manganese cluster. The latter extracts electrons from water which results in the oxidation of water.
Detailed descriptions of the electron transfer processes involved in PSII are given in [11, 12, 13, 14].

Figure 2.2: Redox-active cofactors and electron transfer chain (blue arrows) of the PSII of the cyanobacterium Thermosyne-
chococcus elongatus. Figure modified from [12].

2.2 What is artificial photosynthesis?

“In the broadest sense, artificial photosynthesis means exploiting the physics and chemistry underlying
natural photosynthesis to harvest solar energy for technological purposes.” - Devens Gust (2012) [7].

In this sense, even photovoltaic solar cells based on inorganic semiconductors are artificial photosyn-
thetic devices. However, in the literature “artificial photosynthesis” usually refers to systems in which
the energy of light is converted into chemical or electric energy, thereby mimicking the primary steps of
natural photosynthesis. As in their natural counterparts, artificial photosynthetic systems gather sunlight
and separate charge. Unlike inorganic solar cells, the charge separation and light-harvesting functions
are separated.

The earliest artificial model systems developed in the late 1970’s and 1980’s were molecular dyads
that consisted of firstly a porphyrin and secondly a porphyrin, or a carotenoid or a quinone. The choice
of pigments was predicated on the natural prevalence of the aforementioned dyes [5]. The porphyrin-
porphyrin dyads were designed to mimic the reaction centre special pair. The porphyrin-carotenoid dyads
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2.3 Dye sensitized solar cell as example for artificial photosynthesis

were employed to fill the absorbance region where chlorophylls do not absorb and to elucidate the role
of the carotenoids in photo-protection from singlet oxygen damage [15, 16]. The porphyrin-quinone
systems were constructed for the mimicry of electron transfer [17]. Meanwhile, a substantial number
of conjugates have been studied extensively employing a large variety of dyes such as phthalocyanines,
subphthalocyanines, porphyrins, carotenoids, fullerenes, ruthenium polypyridine complexes, perylenes,
boron dipyrromethenes, and viologens [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28].

2.3 Dye sensitized solar cell as example for artificial photosynthesis

An example of an artificial photosynthetic device is the dye sensitized solar cell (DSC). The systems
described in this thesis were investigated for potential use in DSCs. Therefore, the aim of this section is
to give a brief overview of the working principle of the DSC. Extended overviews about the DSC can be
found in [29, 30, 31, 32, 33, 34, 35].

2.3.1 Working principle of the dye sensitized solar cell

The DSC consists essentially of five components, as can be seen from figure 2.3: a conducting glass, a
mesoporous TiO2 film, a dye, an electrolyte and a counter electrode (cathode).

Figure 2.3: Working principle of a DSC. Figure from [36].

A transparent conductive oxide, for example fluorine-doped tin dioxide (FTO) or tin-doped indium
oxide (ITO), is placed on top of the cell. Mesoscopic semiconductor nanoparticles are deposited on the
transparent glass. The most used material is TiO2 (anatase), while other wide-band-gap oxides such as
ZnO and Nb2O5 have also been investigated [32]. A monolayer of photosensitizer is attached to the
surface of semiconductor nanoparticles. Optical excitation of the sensitizer results in the injection of
an electron into the conduction band of the oxide within which the electron diffuses to the conducting
glass. That is, in the DSC the light-harvesting and charge generation from charge carrier transport are
separated; the former is done by absorbance of the dye whereas the latter is controlled by the TiO2 nan-
oparticles. The dye-covered nanoparticles are placed in contact with a redox electrolyte. The oxidized
dye is reduced by an electron from the electrolyte, which usually is an organic solvent containing redox
system such as the iodide/triiodide redox couple. The iodide is in turn regenerated by the reduction of
triiodide at the counter electrode (C.E.). The circuit is now complete if an external load connects the
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2 Photosynthesis

electrodes.

The first DSC was reported in the 1991 publication by O’Regan and Grätzel [37]. Herein, a ruthenium
bispyridyl complex was used as sensitizer. Naturally, a broader spectral absorbance of the chromophore
increases the efficiency of the DSC. The ideal sensitizer for a single-junction photovoltaic cell should
absorb all light below a threshold wavelength of around 920 nm to compete with single junction semi-
conductor solar cells [30]. The dye must be linked to the semiconductor surface to achieve unity charge
injection quantum yields Φin j. This is usually achieved by covalent linkage of the dye to anchoring
groups such as -COOH, -H2PO3, -SO3H. These groups are able to firmly graft the sensitizer to the semi-
conductor oxide surface. For a DSC device to be efficient, in addition to a rapid charge injection process,
the quantum efficiency Φin j should be high. The latter is defined by

Φin j =
kin j

kin j + k1
(2.1)

where kin j is the charge injection rate and k1 is the reciprocal lifetime of the first excited singlet state
of the photosensitizer. That is, the electron injection should be much faster than the lifetime of the dye’s
first excited state. The latter lies between 20-60 ns for common Ru-complexes used in DSCs. Indeed, for
many Ru-based systems charge injection occurs within femto- to picoseconds and it follows Φin j ≈ 1.
After the rapid electron injection into the anastase, the oxidized dye should be quickly reduced by the
electrolyte to regenerate the dye. In contrast to natural chlorophyll, which is continuously synthesized in
the leaf, the dye in the DSC must satisfy high stability requirements to maintain performance in practical
applications. It should have a redox turn-over number of at least 108 corresponding to a 20-year exposure
to natural light. The best photovoltaic performances in terms of conversion yield and long-term stability
have been achieved with polypyridyl complexes of ruthenium and osmium [29].

Probably the most pioneering idea of Grätzel was the use of a mesoporous film. Before the publication
of his eminent paper in Nature in 1991 [37], it was believed that only smooth semiconductor surfaces
could be employed in DSCs. The smooth surface is covered by one monolayer of dye. However, the
light-harvesting efficiency for a monolayer of chromophores, even for phthalocyanines and porphyrins
with very high extinction coefficients, is very poor due to the low optical density of solely one layer. For
this reason, far less than 1% of the incoming radiation is absorbed. Attempts to harvest more light by
using multilayers of dyes were not successful. Grätzel’s idea was to use dyes linked to fractal TiO2 with a
large roughness in order to increase the surface area. Each TiO2 nano-particle is coated with a monolayer
of sensitizer formed by self-assembly from a staining solution. Typically, the increase of surface area by
using TiO2 nano-particles is about a factor of 1000. This led to a striking photon-to-current efficiency of
7.1% [37].

Since the light-harvesting and charge carrier transport functions are separated, another point of concern
is that compact semiconductor films need to be n-doped to conduct electrons. As a consequence, there is
energy transfer quenching of the excited sensitizer by the electrons in the semiconductor. On the other
hand, when using an undoped mesoporous film, the light-induced electron injection from the adsorbed
dye into the film renders the TiO2 conductive [30]. In this way losses introduced by energy transfer
quenching will be limited. To remain insulating, the band-gap of the semiconductor should be high
with respect to the energy of the incoming light. The radiation of the sun at sea level starts at a lower
wavelength of around 300 nm. However, only 5% of the solar energy distribution lies between 300-
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2.3 Dye sensitized solar cell as example for artificial photosynthesis

400 nm. The band-gap of TiO2 is 3.2 eV corresponding to a photon of 378 nm wavelength and fulfils the
requirements.

Up to now, the highest efficiencies have been obtained by using TiO2. TiO2 possesses high stability in
contrast to ZnO which dissolves under both acidic and basic conditions. Furthermore, TiO2 is non-toxic
and it is widely used as white pigment in paint, toothpaste and even food (E171) [34]. Therefore, it is
expected that TiO2 will remain the material of choice.

2.3.2 Advantages and disadvantages of dye sensitized solar cells

The DSCs possess some inherent advantages over the conventional silicon photovoltaic cells. Since the
light-harvesting and charge separation functions are separated, both dye and mesoporous film can be
tuned rationally to achieve optimal performance. As a result, the DSCs operate even under diffusive con-
ditions such as cloudy skies and indirect sunlight. In contrast, in all other known photovoltaic devices
including Si-cells both operations are performed simultaneously. When the intensity of incoming light is
insufficient (diffusive light), the Si-cells suffer from an operation cut-out. This results from the fact that
charge carrier mobility is low at these conditions and the electron-hole recombination becomes a major
process. The demands on the purity of the semiconductor are high; solar grade Si should be 99.9999%
pure [38]. This results in relatively high production costs and long energy payback times. Additionally,
the DSC does not exhibit any inherent instability, in contrast to amorphous silicon. The latter undergoes
photo-degradation due to the Staebler-Wronski effect [39]. As a consequence of which, the efficiency of
an amorphous silicon solar sell drops during the first six months of operation. DSCs perform relatively
better at higher temperatures than other solar cell technologies. Moreover, various design options are
possible due to its flexibility, light weight and multi-colour options. Integration into different products
opens up new commercial opportunities [34].

The major disadvantage of the DSC is the use of a liquid electrolyte. The electrolyte solution contains
volatile organic compounds which are dangerous to human health. Despite the principally temperature
independent performance, at low temperatures the cell might freeze which can lead to malfunction or
cell-damage. At high temperatures, the liquid expands leading to problematic cell-sealing. First attempts
have been made to replace the liquid electrolyte by a solid p-type semiconductor that interpenetrates the
TiO2 structure [34].

The choice of the dye remains a problem, too. The main photophysical drawbacks of the aforemen-
tioned ruthenium and osmium complexes, are the lack of absorption in the red region of the UV/Vis spec-
trum and the relatively low molar extinction coefficients [33]. Both ruthenium and osmium are highly
toxic and carcinogenic. Moreover, ruthenium is exceedingly rare and is only the 74th most abundant
metal on earth [40]. Osmium is the least abundant stable element in the earth’s crust [41]. Therefore, the
search for new chromophores that can replace the ruthenium and osmium based dyes is indispensable.
The dyes investigated in this thesis could possibly meet the high demands.
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3 Theoretical framework of relevant photo-induced
transfer processes

This chapter introduces the theoretical framework of the transfer processes that are relevant for the ana-
lysis of the photophysical investigations carried out, namely photo-induced electron transfer (ET) and
excitation energy transfer (EET).

3.1 Photo-induced electron transfer

A photo-induced electron transfer process can be written as:

D+A hν−→ D∗+A kET−→ D++A−
kCR−→ D+A (3.1)

here D is the electron donor, A the electron acceptor, hν the excitation energy, kET the rate of electron
transfer and kCR the charge recombination rate.

In this scheme, it is assumed that donor and acceptor are in close proximity. In the systems under
investigation diffusion-controlled electron transfer reactions do not play a significant role. Besides ex-
citation of the donor, as in equation 3.1, electron transfer may also be possible for excitation of the
acceptor. The direction of the charge transfer depends on the redox-potential of the reacting agents.
The classical Marcus theory [42, 43] formulates the electron transfer as the transition from a reactant
(R) state to a product state (P). The product state corresponds to the aforementioned D++A−. In order
to describe the system a generalized reaction coordinate r is introduced, which includes the coordinates
of all atoms involved. The potential energy surfaces of the reactant and product states are estimated to
depend parabolically on the reaction coordinate. Moreover, the coordinates of the nuclei do not change
during the electron transfer. In classical terms, the transfer occurs at fixed positions and momenta of the
atoms and hence, the Franck-Condon principle is satisfied [43].

Figure 3.1 shows the potential energy surfaces of the reactant and product states in harmonic approx-
imation. Accordingly, the charge transfer takes place at the intersection point of the two parabolas and the
configuration at the intersection point is called the transition state. According to the analytical geometry
of intersecting parabolas the free enthalpy of the reaction can be written as:

∆G∗ =
(λ −∆G0)

2

4λ
(3.2)

With ∆G∗ the free activation enthalpy, ∆G0 the driving force and λ the reorganization enthalpy. The
latter represents the change of free enthalpy that is required to distort the reactant state to reach the
equilibrium of the product state without provoking electron transfer.
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3 Theoretical framework of relevant photo-induced transfer processes

Figure 3.1: Potential energy surfaces of the reactant and product states in harmonic approximation versus a single reaction
coordinate. ∆G0 denotes the driving force, λ the reorganization energy and ∆G∗ the free activation enthalpy.

The reorganization enthalpy λ is composed of inner reorganization λin and solvational λout compo-
nents:

λ = λin +λout (3.3)

The solvent-independent term λin arises from differences between the equilibrium configurations of
the nuclei of the donor and acceptor product and reactant states. The values of λin are comparably small
and vary between 0.1-0.3 eV [44, 45, 46].

The solvational component λout on the other hand consists of the reorganization enthalpy of the solvent
and is the result of differences in orientation of the solvent molecules in the vicinity of the reactant and
product. Using a spherical charge distribution of the transferred electron at the donor as well as the
acceptor, λout is expressed in terms of the two ionic radii rA and rD, the centre-to-centre distance R of the
reactants, the optical and static dielectric constants of the solvent, n2 and εS, and the charge transferred
from one reactant to the other [42]:

λout =
e2

4πε0

(
1

2rA
+

1
2rD
− 1

R

)(
1
n2 −

1
εS

)
(3.4)

The value λout varies from nearly zero for very non-polar solvents (for which n2 ≈ εS) to 1.0-1.5 eV
for polar solvents [46]. The solvation shell consists of more molecules than the charge-separated species
and accordingly, the reorganization enthalpy is larger. Therefore, λout is usually greater than λin.

The reaction rate in a double well potential is described classically according to an Arrhenius-type
equation [47]:

kET = κelνnuc exp
{
−∆G∗

kBT

}
(3.5)

12



3.1 Photo-induced electron transfer

and with the assumptions made:

kET = κelνnuc exp

{
−(λ −∆G0)

2

4λkBT

}
(3.6)

here κel is the electronic transmission coefficient, T the temperature, νnuc the transition frequency of
the nuclei (≈ 1013 s−1) and kB the Boltzmann constant. Classically, κel has unity value (adiabatic electron
transfer), i.e. at the intersection point of the two parabolas electron transfer occurs on any account.
Equation 3.6 is known as the classical Marcus equation.

In the case of non-adiabatic electron transfer κel = 1 is no longer given. For those systems a quantum
mechanical description is necessary. The transfer coupling between the donor and the acceptor will be
accounted for in lowest order of perturbation theory. In principle, the quantum mechanical description is
based on the Golden Rule rate formula [48]:

kET =
2π

h̄ ∑
N,M

f (EDM) |VDM,AN |2 δ (EDM−EAN) (3.7)

This formulation of the Golden Rule describes the coupling between the initial and final states. It
is assumed that the ensemble stays in thermal equilibrium with some environment at temperature T ;
the term f (EDM) is a quantum statistical thermal equilibrium distribution. If any dependence of the
transfer integral VDM,AN on the vibrational coordinates (Condon-like approximation) is neglected, then
the transfer integral consists of an electronic part VDA and the Franck-Condon integral 〈χDM|χAN〉 [48].
The graphical interpretation of VDM,AN is the splitting between the diabatic reactant and product states.
In case of small splitting (or perturbation), the transfer is called non-adiabatic electron transfer. Qual-
itatively the transfer process is described by tunnelling processes and the charge transfer probability is
determined by the vibrational overlap between reactant and product states. Using classical treatment of
the vibrational modes of the solvent and merging all high frequency modes of the reactant state to one
mode, time-dependent perturbation theory yields the following equation:

kET =
2π

h̄
|VDA|2√
4πkBT λ

exp

{
−(λ −∆G0)

2

4λkBT

}
(3.8)

Equation 3.8 is the so-called high-temperature limit of the semi-classical Marcus equation, it is equi-
valent to equation 3.6 and it links the non-adiabatic case to the adiabatic case [46, 48, 49]. The main
advantage of using the Marcus formula is the capacity to represent a complex system consisting of many
coordinates by a small number of macroscopic parameters, namely, the reorganization energy λ , the
transfer coupling VDA and the driving force ∆G0 [48].

A closer inspection of the quadratic dependence in equation 3.8 reveals that a distinction can be made
between four different cases with respect to the relation between ∆G0 and λ . This is illustrated in figure
3.2.

As can be seen from figure 3.2 A, there is no driving force. From geometric considerations it follows
that ∆G∗= λ/4. The situation depicted in figure 3.2 B is usually obtained in the experiment; it represents
a moderately exothermic reaction. If the parabola of the products is shifted towards lower free enthalpy,
the rate kET becomes maximal for ∆G0 = λ , which is depicted in case C. Finally, in case D ∆G0 is even
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3 Theoretical framework of relevant photo-induced transfer processes

Figure 3.2: Reactant and product states of four special cases for non-adiabatic electron transfer reactions. ∆G0 denotes the
driving force, λ the reorganization energy and ∆G∗ the free activation enthalpy.

greater than λ and the rate kET decreases with increasing ∆G0. This region is the so-called Marcus inver-
ted region and was originally predicted by R. Marcus in the mid 1950’s. However, this inverted region
could not be verified experimentally until 1984. In that year, Miller, Calcaterra and Closs provided the
experimental evidence of the existence of the inverted region [50, 51].

Up to now, it is assumed that there is sufficient overlap of the electronic wave functions. VDA is
critically dependent on the extent of overlap of the reactant and product electronic wave functions. An
approximation based on the tunnelling between two potential wells through a barrier of constant height
over a distance R yields an exponential decay of the wave function overlap [49, 52, 53, 54]:

|VDA(R)|2 = |VDA,0|2 exp(−β (R−R0)) (3.9)

The exponential coefficient β describes how well the electronic wave functions overlap and VDA,0 is
the coupling matrix for a donor-acceptor pair at van der Waals separation R0. From this equation, it
follows that electron donor and acceptor have to be in close proximity to facilitate electron transfer; the
transfer rate falls rapidly with increasing distance [51].

Equation 3.8 describes the ET reaction occurring from the donor to the acceptor. The rate for back
electron transfer kBET is obtained by using Boltzmann statistics and the principle of detailed balance
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3.1 Photo-induced electron transfer

[47, 48]:

kBET

kET
= exp

{
−∆G0

kBT

}
(3.10)

Note that back electron transfer does not mean charge recombination to the ground state, but a transi-
tion from the product to the reactant state.

In the experiment, kET can be obtained by fluorescence lifetime measurements:

kET =
1
τ
− 1

τ0
(3.11)

τ0 is the fluorescence lifetime of the electron donor (acceptor) in absence of the electron acceptor
(donor) and τ is the fluorescence lifetime of the electron donor (acceptor) taking into account the transfer
process. It is noted that this formula is valid if other fluorescence quenching processes such as excitation
energy transfer, do not take place.
∆G0 can be calculated from experimental data by means of the Rehm-Weller equation [55, 56, 57]:

∆GA/D
0 = e

(
Eox

1/2

(
D/D+

)
−Ered

1/2

(
A/A−

))
−EA/D

0,0 −
e2

4πε0εSR

− e2

8πε0

[
1
rD

+
1
rA

][
1

εre f
− 1

εS

] (3.12)

Here GA/D
0 is the free enthalpy of charge separation with selective excitation of the electron donor D

or electron acceptor A, Eox
1/2 is the half-wave oxidation potential of the electron donor and Ered

1/2 is the

half-wave reduction potential of the electron acceptor, EA/D
0,0 is the energy of the S1 ← S0 transition of

the acceptor A or donor D and R is the distance between the electron donor and acceptor. An additional
term accounts for the different dielectric constant εre f for the solvent used for the electrochemical studies
compared to that for the spectroscopic measurements. In this thesis, the solvent used for electrochemical
studies is DMF with a dielectric constant of 38.3. It also accounts for the effective radii of the cation rD

and the anion rA radicals. As usual, ε0 is the vacuum permittivity and e is the charge of the transferred
electron. It is noted that the third and the fourth term in equation 3.12 can be neglected for solvents with
high polarity. Table 1 (appendix) summarizes the dielectric constants εS of the solvents used.
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3 Theoretical framework of relevant photo-induced transfer processes

3.2 Excitation energy transfer

Excitation energy transfer can be described by the following scheme:

D+A hν−→ D∗+A kEET−→ D+A∗ (3.13)

The excitation energy donor is labelled D and the excitation energy acceptor A, the excitation energy
transfer rate is described by kEET . The donor is excited by a photon of sufficient energy, hν , and then,
the excitation energy is transferred to the acceptor which results in the excited acceptor and the donor in
its ground state. In this scheme, diffusion-controlled energy transfer is not taken into account, i.e. it is
assumed that donor and acceptor are already in close proximity.
Firstly, a distinction is drawn between trivial and non-trivial energy transfer, namely radiative and non-
radiative energy transfer. In the case of trivial energy transfer, the excited donor emits a photon, which is
absorbed by the acceptor. The donor and acceptor moieties do not interact with each other; the lifetime
of the first excited singlet state of the donor is not affected by the transfer process. The distance r and
the orientation of both molecules determine the probability p of this process p = p(r−2). Compared to
the energy transfer processes listed below, this decrease is slow; in diluted solutions it can become the
dominant energy transfer mechanism.

For the non-radiative case, a differentiation in coupling strength is made [48, 58]: strong, intermediate
and weak coupling. The first two cases are outlined briefly, whereas the case of weak coupling energy
transfer will be discussed in more detail for it is the key energy transfer process in this work.

The strong coupling is described by means of dipole-dipole interactions. In the following, a brief
summary of the formal treatment on molecular excitons by Michael Kasha is given [59]. It is assumed
that the interchromophoric overlap of electronic wave functions is small. Then, it is possible to apply
first order perturbation theory to compute the wave functions and energies of the donor-acceptor pair.
The donor and acceptor are denoted as D and A, respectively, and the Hamiltonian reads:

Ĥ = ĤA + ĤD +V̂DA (3.14)

The perturbation term V̂DA accounts for the Coulomb interaction between the nuclei and electrons of
acceptor A and donor D:

V̂DA =−∑
i, j

e2

RRRAi−rrrD j
−∑

i, j

e2

RRRDi− rrrA j
+∑

i, j

e2

rrrAi−rrrD j
+∑

i, j

e2

RRRAi−RRRD j
(3.15)

where RRRAi are the coordinates of the nuclei and rrrAi denote the coordinates of the electrons of the
acceptor A. The donor coordinates of the nuclei and electrons are represented by RRRDi and rrrDi, respectively.
The last term in equation 3.15 represents the repulsion of the nuclei and the third term in equation
3.15 takes into account the Coulomb repulsion of the electrons. The first two contributions describe
the attraction between acceptor nuclei and donor electrons and vice versa. The ground state (G) wave
function of the dimer is given by the product of the ground states of molecules D and A:

|ΨG〉= |ψA〉 |ψD〉 (3.16)

Using the Hamiltonian Ĥ, the energy EG can be obtained by solving the time-independent Schrödinger
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3.2 Excitation energy transfer

equation:

Ĥ |ΨG〉= EG |ΨG〉 (3.17)

and it follows

EG = EA +ED + 〈ΨAΨD|V̂DA |ΨAΨD〉 (3.18)

The last term represents the van der Waals interaction energy (energy lowering) between the ground
states of molecules A and D, and EA and ED are the ground state energies of the isolated molecules A
and D.

The excited state (E) dimer wave-functions may be written as

|ΨE〉= c1 |ψ∗A〉 |ψD〉+ c2 |ψA〉 |ψ∗D〉 (3.19)

where |ψ∗A〉 and |ψ∗D〉 represent excited state wave functions for a particular excited state and ci are
coefficients to be determined. By solving the Schrödinger equation, the wave functions and related
energies take the form ∣∣∣Ψ1,2

E

〉
=

1√
2
{|ψ∗A〉 |ψD〉± |ψA〉 |ψ∗D〉} (3.20)

E1,2
E = E∗D +EA + 〈ΨAΨ

∗
D|V̂DA |ΨAΨ

∗
D〉±〈ΨAΨ

∗
D|V̂DA |Ψ∗AΨD〉 (3.21)

The last term in equation 3.21 is the exciton splitting term, which will be called ε . In the point-dipole
point-dipole approximation, ε becomes

ε =

[
µµµAµµµD

r3 − 3(µµµDrrr)(µµµArrr)
r5

]
(3.22)

µµµA and µµµD are the transition dipole moments of molecule A and D, and rrr is the position vector of
dipole A referred to dipole D as origin. The third term in equation 3.21 is analogous to the corresponding
term in equation 3.18 and characterizes the energy lowering caused by the van der Waals interaction
between an excited molecule and a ground state molecule.

The exciton splitting in the strong-coupling case has consequences for the electronic absorption spectra
of the dimer. The UV/Vis absorption bands may be split and shifted to the blue or red, which depends on
the orientation between the dipoles according to equation 3.22.

The energy transfer time τEET between the donor and acceptor moieties is faster than the vibrational
relaxation time τvib into the ground state i.e. (kEET >1014 s−1). The excitation energy is localized neither
at the donor’s nor at the acceptor’s site and the exciton is able to move freely through the aggregate as a
quantum mechanical wave packet. The phase relations between excited state wave functions of different
molecules are fixed [48].

The regime of intermediate coupling describes the case that the energy transfer rate depends quad-
ratically on the Franck-Condon integral and the dipole-dipole interaction, accordingly τEET ≈ τvib. The
transfer rate lies between 1011 s−1 up to 1013 s−1. The excitation energy is localized at the energy donor’s
site and is transferred subsequently to the acceptor moiety. These are called localized excitons. For both
strong and intermediate coupling regimes, the energy transfer probability p is described by p = p(r−3)
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3 Theoretical framework of relevant photo-induced transfer processes

[60].

The weak coupling regime differs fundamentally from the excitonic interactions mentioned above. In
this case, the relaxation time τvib of the nuclei is faster than the energy transfer time τEET . The rate kEET

is smaller than 1011 s−1 The transfer proceeds via deexcitation of the donor and simultaneous excitation
of the acceptor. That means, the excitation energy hops from the energy donor’s to the acceptor’s site.
The theory of EET in the weak coupling regime was firstly described by Förster in the 1940’s [61, 62, 63].
In [48] an elegant derivation of the energy transfer rate kEET is given, which is briefly summarized below.

The transfer is described in first order of perturbation theory. The Golden Rule of quantum mechanics
is applied to obtain the general transfer rate:

kEET =
2π

h̄ ∑
µ,ν

∑
N,M

fDe fAg×|〈ΨDe,ΨAg |VDA|ΨAe,ΨDg〉|2

×δ (EDe +EAg−EAe−EDg)

(3.23)

Where fDe and fAg are distribution functions that describe the initial vibrational equilibria, e and g
represent excited and ground states, respectively. Each parameter in equation 3.23 depends on vibrational
coordinates and the summation takes into account all vibrational modes of the donor/acceptor in the
excited (µ,M) and ground state (ν ,N). The dipole-dipole interaction term VDA has already been discussed
in the previous section, cf. equation 3.15. We assume that the transfer integral VDA does not depend on the
vibrational coordinates (Condon approximation). Furthermore, the interaction matrix VDA consists of two
contributions, namely the Coulomb interaction and the exchange interaction. The latter is called Dexter
mechanism[64]. Energy transfer via the exchange mechanism is efficient if the electronic wave functions
show sufficient spatial overlap. In the following, distances greater than 10 Å will be considered, thereby
neglecting the exchange term. Using these assumptions, the following equation is obtained:

〈ΨDe,ΨAg |VDA|ΨAe,ΨDg〉=VDA 〈χDe|χDg〉〈χAg|χAe〉 (3.24)

As can be seen it strongly depends on the Franck-Condon overlap integrals 〈χDe|χDg〉 and 〈χAg|χAe〉.
The δ -function in equation 3.23 can be separated into two parts:

δ (EDe +EAg−EAe−EDg) = h̄
∫

dωδ (EDe +EAg− h̄ω)

×δ (h̄ω−EAe−EDg)
(3.25)

The first δ -function in the integrand accounts for the emission of the donor with energy h̄ω that
excites the acceptor. The definitions of the donor emission coefficient ID(ω) and the acceptor absorption
coefficient εA(ω) are

ID(ω) =
4h̄ω3

3c3 |µµµD|
2
∑
µ,ν

fDe |〈χDe|χDg〉|2 δ (EDe−EDg− h̄ω) (3.26)
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εA(ω) =
4π2ωnmol

3c
|µµµA|

2
∑
N,M

fAg |〈χAg|χAe〉|2 δ (EAg−EAe + h̄ω) (3.27)

Here nmol is the volume density of molecules in the sample volume. Combining the previous equations,
a quantitative treatment leads to the following expression [63]:

R6
0 =

9000ln(10)κ2Φ f l

128π5n4NA

∫ ID(ν̃)εA(ν̃)

ν̃4 dν̃ (3.28)

NA is Avogadro’s number, Φ f l is the fluorescence quantum yield of the donor in the absence of an
acceptor, n is the refractive index of the medium, ν̃ is the wavenumber in [cm−1], and εA(ν̃) is the
extinction coefficient of the acceptor at ν̃ in [mol−1 cm−1].

In equation 3.28, ID(ν̃) is the fluorescence intensity of the donor whose integral has unity value,

1 =
∫

ID(ν̃)dν̃ (3.29)

The term κ2 is a factor that accounts for the relative orientation in space of the transition dipole
moments of acceptor and donor and is given by:

κ
2 = (cosθT −3cosθD cosθA)

2 (3.30)

where θT is the angle between the emission transition dipole of the donor and the transition absorption
dipole of the acceptor, θD and θA are the angles between these dipoles and the vector joining the donor
and the acceptor (see figure 3.3). Depending on the relative orientation of the donor and acceptor, the
orientation factor can range from 0 to 4. However, the exact determination of κ2 is not trivial and is
beyond the scope of this thesis. Instead, the value of κ2 is assumed to be 2/3, which corresponds to
dynamic random averaging of free rotating donor and acceptor chromophores in solution [65].

Equation 3.28 describes the dependence of R0 on the optical properties of the donor and acceptor and
R0 is called the Förster distance [62]. The latter is defined by the distance at which EET is 50% efficient.
The rate of the energy transfer depends on R0 [63]:

kEET =
1
τ0

(
R0

R

)6

(3.31)

Where R is the distance between donor and acceptor, τ0 is the fluorescence lifetime of the donor
in absence of the acceptor and R0 is the Förster radius. The efficiency of this transfer EEET may be
calculated using

EEET = 1− τ

τ0
(3.32)

τ0 and τ are the fluorescence lifetimes of the donor in absence and in presence of an acceptor, respec-
tively.

The Förster rate can be determined from experimental data by measuring the emission spectrum of the
donor and the absorption spectrum of the acceptor. With regard to the condition of spectral overlap the
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3 Theoretical framework of relevant photo-induced transfer processes

Figure 3.3: Orientation factor κ2, figure adapted from [65].

energy transfer is often called fluorescence resonance energy transfer (FRET). This may appear similar
to the reabsorption of the sensitizer fluorescence by the acceptor. It is emphasized that the mechanism of
non-trivial EET is of completely different nature; the transfer takes place before the donor fluoresces.

For randomly distributed donors and acceptors, the fluorescence intensity of the donor is given by
[65]:

ID = I0,D exp
{
− t

τ0
−2

A
A0

√
t
τ0

}
(3.33)

where A is the acceptor concentration in [M] and the term A0 is called the critical concentration. The
latter represents the acceptor concentration that results in 76% energy transfer [65]. This expression is
valid for an orientation factor of κ2 = 2/3, that is, rapid rotational diffusion, but without translational
diffusion and homotransfer during the lifetime of the donor’s first excited state. If R0 is given in [Å], the
value of A0 is given by

A0 =
447
R3

0
(3.34)

This reveals an important feature between unlinked donors and acceptors, which is that the acceptor
concentration needs to be rather high to facilitate FRET. The high acceptor concentration results in high
optical densities and inner filter effects complicate the interpretation. On the other hand, FRET can
relatively easily be observed in molecular donor-acceptor dyads.
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4 Experimental

4.1 General properties of the molecular building blocks employed in the
artificial photosynthetic systems

The covalently bound and self-assembled systems are composed of different dyes. In this section, basic
photophysical properties of the molecular building blocks, which are phthalocyanines, subphthalocy-
anines, porphyrins and boron dipyrromethenes are discussed. The aforementioned chromophores are
attractive candidates to mimic the natural events of photosynthesis, since they are characterized by their
high absorbance in the UV/Vis spectral region, high fluorescence quantum yields, reasonably long first
excited singlet state lifetime and high chemical stability. Moreover, they are known for their compar-
atively easily tuneable electrochemical and photophysical properties, so that one can optimize them for
each desired system.

4.1.1 Porphyrins and phthalocyanines

Porphyrins (Pors) and phthalocyanines (Pcs) are both members of the tetrapyrrole dye class. The chem-
ical core of cyclic tetrapyrroles consists of four pyrrolic rings, which are covalently linked in macro-
cyclic form via methin-bridges. The basic structure of cyclic tetrapyrroles is called porphin, see figure
4.1. Additional benzene rings can be bound at the β -positions of the porphin core; as a result, tetra-
benzo-porphyrin is obtained. A formal substitution of the carbon atoms of the methin-bridges at the
meso-position by nitrogen atoms yields the tetra-aza-porphyrin. The unification of tetra-aza-porphyrin
and tetra-benzo-porphyrin yields tetra-aza-tetra-benzo-porphyrin, which is called phthalocyanine (Pc).
The first Pc was synthesized in 1907 by Braun and Tcherniac [66].

Cyclic tetrapyrroles play an important role in plants and animals due to their extended π-electron sys-
tems. Photosynthesis and respiration would be impossible without cyclic tetrapyrroles. However, natural
tetrapyrroles are not sufficiently photo-stable with respect to technical application, e.g. chlorophylls react
with mild chemical reagents. On the contrary, artificial tetrapyrroles, with Pcs as well-known represent-
atives, show similar optical properties as chlorophyll, but possess a much higher intrinsic chemical and
photophysical stability.

Pors exhibit a very rich chemistry due to feasible functionalization at either the β -pyrrolic- or meso-
positions. The chemistry of Pcs is limited by the lack of solubility and synthetic methods that would allow
selective functionalization of the unsubstituted macrocycle [36]. On the other hand, over 70 different
metals can be incorporated into the Pc-core (MePc). Furthermore, moieties can be linked at the periphery
of the Pc. Electronic and photophysical properties can be tuned rationally by modification of the Pc,
which is a condition for use in artificial photosynthesis [22].

The electronic structure of tetrapyrroles is explained well by the four orbital model, which was es-
tablished by Gouterman et al. at around 1960 [67, 68, 69, 70]. Most properties of Pors and Pcs can
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Figure 4.1: Structural resemblance of porphyrins and phthalocyanines.

be explained by the model reasonably, e.g. the relative transition energies are determined by the cen-
tral metal and the substituents. Both Pors and Pcs possess two-dimensional conjugated 18-π-electron
systems. The UV/Vis absorption bands are mainly π-π∗-transitions and they can be divided in B- and
Q-bands corresponding to upper and lower transitions and according to the nomenclature introduced in
[71]. By means of selection rules the allowed B-bands and the formally forbidden Q-bands of Pors are
explained. For Pors the HOMOs lie very close, they are practically degenerated. As a consequence of this
accidental degeneracy the B- and Q-transitions keep their allowed and accordingly forbidden character.
For Pcs the additional aza- and benzo-linkages provoke a perturbation of the orbital energies and cause
a larger energetic distance between these HOMOs. A direct consequence of this is that the previously
forbidden Q-transition gains significant intensity from the allowed B-transition. As a result the Q-band
dominates the UV/Vis absorption spectrum at around 700 nm. A detailed description of the symmetry of
molecular orbitals, the energetic positions and the origin of the π-π∗-transitions can be found in [72].

Pcs strongly absorb in the region 650-750 nm with extinction coefficients as large as 2×105 M−1 cm−1,
consequently they are deeply coloured blue/green. Additionally, they show B-band absorption at 300-
350 nm, however the B-transition has less intensity. On the contrary, Pors show intense B-band ab-
sorption at around 400-450 nm (the so-called Soret-band) with even larger extinction coefficients of
around 5×105 M−1 cm−1. Moreover, metal free Pors show four Q-bands with much lower extinction,
i.e. ε=104 M−1 cm−1, in the spectral 500-650 nm region. That means Pors and Pcs show complementary
absorption profiles and a combination of both dyes covers a broad spectrum that ranges from 300-700 nm
[73, 74, 75, 76, 77].
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In addition to their ability to collect light, both Pors and Pcs are attractive sensitizers for DSCs due
to their appropriate redox properties with respect to the conduction band of TiO2 and the redox poten-
tial of the iodine electrolyte [36]. Due to its broader available chemical modifications the number of
Pors that have been tested in Grätzel cells is significantly greater than that of Pcs, despite the lower
light-harvesting efficiency of Pors limiting the performance of Por-based DSCs. Recently, Grätzel et
al. reported a Por-sensitized solar cell with an efficiency exceeding the 12% benchmark [38]. This cell
is the actual efficiency record holder of DSCs. Due to the tendency of Pcs to aggregate, Pc-based DSCs
show relatively poor performance with an actual power conversion efficiency of up to 3.5% [78].

In the present work, the key feature of all systems is the use of a silicon (IV) phthalocyanine (SiPc).
The use of a silicon central atom has some intrinsic advantages. Firstly, a covalent linkage enables axial
substitution at both sides of the SiPc. The preparation and modification of SiPc by manipulation of
the axial substituents is relatively straightforward [79]. Secondly, an important characteristic of axially
substituted SiPcs is the lack of aggregation, which is a serious problem for most planar Pcs. As a
result, SiPcs exhibit much better solubility and possess improved photophysical properties with respect
to non-axially substituted Pcs. For this reason, SiPcs attracted increasing interest in the last few years
[15, 22, 73, 74, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89]. In the present work, SiPc serves as electron
acceptor in addition to its light-harvesting function. A feature of the SiPc•− radical anion is its absorption
bands at 580 and 620 nm [15, 75, 76, 77, 90, 91, 92]. Throughout the course of the present work, we will
often encounter the 580 nm absorption band.

4.1.2 Bodipys

A very promising class of chromophores are boron dipyrromethenes, in literature often abbreviated to
Bodipys. They constitute a dipyrromethene complexed with a disubstituted boron atom, typically a BF2.
The first Bodipy was discovered by Treibs and Kreuzer in 1968 [93]. However, its potential was not
realized until the late 1980’s. A large variety of different Bodipys has been synthesized and employed
since then. The core of a Bodipy is shown in figure 4.2. It should be noted that the IUPAC numbering
system of Bodipy dyes differs from that of dipyrrins, which may cause confusion. However, the α-, β -
and meso-labelling are the same for both systems.

Figure 4.2: The Bodipy core [94] with the IUPAC numbering system.

An important feature of Bodipy dyes is their moderate-large extinction coefficients in the order of 0.4-
1.0×105 M−1 cm−1; the UV/Vis absorption bands are sharp and tuneable in the 500-800 nm region. The
absorption- and emission spectra do not change significantly when dissolved in various solvents [94].
The absorption and emission properties of Bodipys can be tuned rationally by chemical modification of
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the Bodipy core [95]. In figure 4.3 the spectral tuning of Bodipy fluorescence is outlined.
Other characteristics of Bodipys are excellent thermal and photochemical stability, high fluorescence

quantum yields, good solubility in many organic solvents and chemical robustness. The fluorescence
quantum yields do not depend on the solvent and Bodipys show little or no tendency to aggregate [94,
95, 96, 97].

Figure 4.3: Fluorescence spectra of some selected Bodipys. Figure taken from [98].

The energy of the triplet state for a basic Bodipy lies around 1.6 eV, which is much lower than the
first excited singlet state of around 2.5 eV (unmodified Bodipys absorb at around 500 nm). This is
accompanied by a slow rate of intersystem crossing (ISC) S1 →T1 (approx. 106 s−1) and accordingly,
the quantum yield of ISC, ΦISC, is usually very small [99]. As a result, the singlet oxygen generation is
very low, too, thereby keeping photo-degeneration small. If desired, enhanced population of the triplet
state can be achieved through the inner heavy-atom effect, for example the covalent linkage of two iodine
atoms at positions two and six as reported in [96].

Bodipy-based molecular systems showing excitation energy transfer have been well-documented [24].
In contrast, electron transfer reactions which involve Bodipys have been studied only recently [100, 101].
In general, Bodipys possess ampholytic character, i.e. its redox potentials Eox and Ered are similar [96].
For this reason, they can be employed either as an electron donor or an electron acceptor. Despite their
attractive properties, up to now only a few examples are known from literature where Bodipys have been
investigated for their use in DSCs. The first use of Bodipys in DSCs was reported in 2005 by Hattori et
al. [102]. Herein it was shown that the radical anion Bodipy•− absorbs light of a wavelength of 580 nm,
whereas the radical cation Bodipy•+ shows absorption at 513 nm. This is confirmed by the results
presented in [103]. The latest application of Bodipy in DSCs can be found in [104], where a modest
overall efficiency of 2.46% was reported. In [105] Bodipys have been employed in bulk heterojunction
solar cells.

4.1.3 Subphthalocyanines

Subphthalocyanines, abbreviated to SubPcs, are the lowest homologues of phthalocyanines. The mo-
lecular structure is presented in figure 4.4. The discovery of SubPcs was made in 1972 by Meller and
Ossko [106] as they were trying to obtain boron Pc. Although many attempts have been made to change
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the boron atom up to now, only SubPcs with a central boron atom have been synthesized. SubPcs possess
some unusual electrical and optical properties. Their 14 π-electron core is cone-shaped as determined
by X-ray crystallography [107], see figure 4.5. The cone-shaped molecular structure of SubPcs prevents
them from aggregation.

Figure 4.4: Subphthalocyanine core.

Because SubPcs are constrained homologues of phthalocyanines, their Q- and B-Bands in the UV/Vis
absorption spectra are shifted to the blue. Typically, SubPcs absorb in the 550-650 nm region with
extinction coefficients in the order of ∼5×104 M−1 cm−1. Due to their rigid non-planar core SubPcs
show small Stokes-shifts and low reorganization energies [108].

Figure 4.5: Molecular structure of a SubPc obtained from X-ray diffraction studies. The non-planarity of SubPc can be clearly
seen. Figure taken from [109].

The energy gap between first excited singlet and triplet states of SubPcs (0.3-0.4 eV) is significantly
smaller than that of Pcs (0.5-0.7 eV). Therefore, non-radiative deactivation of the first excited singlet
state due to ISC is more efficient for SubPcs than for Pcs. The triplet and singlet oxygen quantum yields
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are quite large, with values around 0.60 and 0.55, respectively.
Complementary to high ISC quantum yields are modest fluorescence quantum yields. Typical fluo-

rescence quantum yields of 0.25 are about one-half the values observed for Pcs. The corresponding
fluorescence lifetimes are around τ f l=3 ns which is also about two times faster than the typical lifetime
of the first excited singlet state of metal-free Pcs (∼6 ns) [110]. SubPcs are shown to be very prom-
ising molecular building blocks for the construction of multicomponent photo-active arrays. Several
molecular hetero dyads consisting of a SubPc and another dye have been reported, e.g. SubPc-fullerene
[108], SubPc-(osmium(II) tris(2,2’-bipyridine)) [111], SubPc-Bodipy [112], SubPc-ferrocenyl [113] and
SubPc-Pc [114] which exhibit efficient excitation energy or electron transfer processes, either from the
SubPc to the anchoring moiety or vice versa. For studying electron transfer processes it is useful to
know the absorption of the charged species: the radical anion SubPc•− shows broad absorption with a
maximum at 490 nm [115] whereas the radical cation SubPc•+ absorbs light at 620 nm [116].

4.1.4 Cyclodextrins

Cyclodextrins (CDs) are rings made of D-glucopyranose (C6H10O5) units. Cyclodextrins were firstly
discovered by Villiers in 1891 [117]. The nomenclature of CDs is determined by the number of glucose
units: α-, β ,- and γ-CDs consist of six, seven and eight glucose units, respectively, see figure 4.6. For
steric reasons, rings that consist of less than six glucose moieties do not exist. On the other hand, δ -, ε-
up to µ-CDs have been described in literature, corresponding to rings with 9 up to 17 glucose units. The
larger CDs are not regular cylinder-shaped structures anymore: they are collapsed and their real cavity is
even smaller than that of γ-CD [118].

Figure 4.6: Structural formulae of α-, β - and γ-cyclodextrins.

In solution, CDs are able to form stable complexes with organic molecules and they are attractive
building blocks for the construction of supramolecular architectures [119]. The relatively hydrophilic
exterior and hydrophobic interior of the CD nano-cavities make them suitable hosts for hydrophobic
guests. The principal interactions involved in complexation are believed to be van der Waals and hydro-
phobic interactions. Hydrogen bonding and steric effects may also play minor roles [120]. Furthermore,
the size of the guest with respect to that of the cavity plays an important role in the stability of the system.
The minimum internal diameters of the three different CDs are summarized in table 4.1. Guests thicker
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than dmin are not able to penetrate the ring; however, they can sometimes form sandwich-like complexes
with CDs.

Table 4.1: Minimum internal diameters dmin of CDs [121].

Cyclodextrin dmindmindmin [Å]

α-CD 4.4

β -CD 5.8

γ-CD 7.4

The stoichiometry of the formed complex depends both on the CD and the guest molecule. Often 1:1
ratios are obtained but some studies have shown the formation of higher stoichiometries (1:2, 2:1 and
2:2) or even the formation of nanotubes where a large number of CD cavities is involved [122].

In aqueous solution a CD can serve as host for a tetrasulfonated tetraphenyl porphyrin (TPPS, see
figure 4.8). The complexation of β -CDs and TPPS has been well documented. The formation of 2:1
inclusion complexes between heptakis(2,6-di-O-methyl)-β -CD and TPPS was firstly reported by Manka
and Lawrence [123]. For TPPS, the tendency towards self-aggregation is known. As shown by Ribo et
al. native β - and γ-CDs can dissociate the aggregates of TPPS in aqueous medium [124].

A tri-methylated form of β -CD is called heptakis(2,3,6-tri-O-methyl)-β -CD (TMe-β -CD) and the
structural formula of TMe-β -CD is shown in figure 4.7.

Figure 4.7: Structural formula of heptakis(2,3,6-tri-O-methyl)β -cyclodextrin.

As reported by Kano et al. [125] TMe-β -CD provides more favourable conditions for self-assembly
with TPPS than β -CD. Kano et al. established a model that describes the self-assembly process between
porphyrins and TMe-β -CDs:

• The positively polarized rim and interior of the TMe-β -CD pull the anionic guest molecules inside
of the nano-cavity, thereby acting as a barrier for penetration of a cationic guest. Therefore, the
cavity of TMe-β -CD is favourable for loading anionic porphyrin guests. Cationic porphyrins show
much smaller association constants upon complexation with TMe-β -CD.
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• TMe-β -CD has a strong tendency to include the aryl groups of TPPS. Two TMe-β -CDs cover the
centre of the porphyrin, thereby providing a microscopically non-polar environment and hence, a
2:1 CD:TPPS association stoichiometry is obtained, see figure 4.8.

Figure 4.8: The 2:1 association stoichiometry between TPPS and TMe-β -CD.

In the following, for simplicity we will refer to TMe-β -CD as CD.
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4.2 Experimental setups

The experimental methods used for the photophysical investigations are well established in the photobi-
ophysics group and are presented in this section. The methods include steady-state UV/Vis absorption,
steady-state fluorescence, time-resolved fluorescence and transient absorption spectroscopy in the ps
time domain.

4.2.1 Steady-state absorption

UV/Vis absorption spectra were recorded using a commercial spectrophotometer Shimadzu UV-2501
PC. The combination of a deuterium and a halogen lamp enables the recording of UV/Vis spectra in a
range from 200-1100 nm. The spectral bandwidth is 2 nm and the error of the optical density is ±0.005,
provided that the OD is lower than 1.5. The wavelength measurement error lies within 0.5 nm. The
absorption spectra of the compounds were taken twice: before and after experiments to check photo-
bleaching or decomposition. It was observed that all compounds are stable under used excitation condi-
tions.

4.2.2 Steady-state fluorescence

Steady-state fluorescence experiments have been carried out using a combination of a cw-Xenon lamp
(XBO 150) and a monochromator (Lot-Oriel, bandwidth 10 nm) for excitation and a polychromator with
a cooled CCD matrix as detection unit (Lot-Oriel, Intaspec IV). The fluorescence quantum yields were
calculated according to the following equation [126, 127, 128]:

Φ
x
f l = Φ

re f
f l

ODre f (λex)

ODx(λex)

Ix

Ire f

n2
x

n2
re f

(4.1)

where Φx
f l , Φ

re f
f l , Ix, Ire f , ODx(λex) and ODre f (λex) are the fluorescence quantum yield, the integrated

fluorescence intensity, and the optical density at the excitation wavelength, λex, of a sample and a ref-
erence substance, respectively, nx and nre f are the refractive indices of the solvents used for the sample
and the reference compounds. For the determination of fluorescence quantum yields, the following dye
solutions have been used as references: rhodamine 6G in ethanol (Φ f l = 0.95 [129, 130]), rhodamine
110 in ethanol (Φ f l = 0.94 [131]), tetraphenylporphyrin in DMF (H2TPP, Φ f l = 0.11 [132]), BDP in
toluene (Φ f l = 0.55 [92]), MSBDP in toluene (Φ f l = 0.78 [92]) and SiPc in toluene (Φ f l = 0.60 [92]).
Repeated measurements showed that fluorescence quantum yields could be determined with an accuracy
of ± 5%, although with a minimum error of ± 0.005. Fluorescence excitation spectra were recorded by
scanning the excitation wavelength and monitoring the signal at a fixed wavelength region.

In order to minimize reabsorption, in all fluorescence experiments (including steady-state fluorescence,
excitation spectra, time-resolved fluorescence) the OD of the samples was held below a value of 0.1 at
the maximum of the absorption band of lowest energy.

4.2.3 Time-correlated single photon counting

Fluorescence lifetimes were measured by time-correlated single photon counting technique, commonly
abbreviated to TCSPC. The latter in combination with scanning of the detection wavelength was used
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to acquire decay associated fluorescence (DAF) spectra [133]. The experimental setup was previously
described in detail in [134] and is shown in figure 4.9. A frequency doubled, linearly polarized pulse
of a Nd:VO4 laser (Cougar, Time Bandwidth Products) with a wavelength of 532 nm, a pulse width of
12 ps, and a repetition rate of 60 MHz was employed. Utilizing the 532 nm laser to synchronously pump
a DCM dye laser (Model 599, Coherent), excitation wavelengths between 615-670 nm could be selected.
For excitation of the samples at 400 nm the frequency doubled pulses of a Ti:sapphire laser (Coherent
Mira 900, FWHM 160 fs, a repetition rate of 76 MHz) were used. In order to avoid the pile-up effect,
the light intensity was held low to ensure that at most one molecule is excited per 100 pulses [135].
Fluorescence was detected under the ‘magic’ angle [65] relative to excitation with a thermoelectrically
cooled micro channel plate (R3809-01, Hamamatsu). The instrument response function was 42 ps, as
measured at an excitation wavelength with Ludox. For DAF spectra, decay times and time shift were
linked through all measurements of one scan sampled every 2-4 nm.

Figure 4.9: TCSPC setup with Pr: sample, L1−5: lens, FR: Fresnel rhomb, MC: multi-channel plate, F: filter, P: polarizer, SHG:
second harmonic generator, Ti:Sa: titan-sapphire laser, Nd:VO4: green laser, PD: photodiode. Figure adapted from
[134].

30



4.2 Experimental setups

4.2.4 Transient absorption spectroscopy

A powerful tool to follow population dynamics of non-luminescent states is transient absorption spectro-
scopy in the picosecond time domain (ps-TAS). In this thesis, charge-separated states and triplet states
are of interest, both of them can be examined with ps-TAS.

Principle of transient absorption spectroscopy

Transient absorption spectroscopy is a typical pump-probe experiment. First, the sample is selectively
excited with monochromatic light of a short, intense laser pulse. Subsequently, the sample is probed with
a white light continuum at a well-defined delay time after excitation (see figure 4.10).

Figure 4.10: Principle of a pump-probe experiment: after a well-defined delay the transmission of the excited sample is meas-
ured. Figure adapted from [136].

The measurand of TAS is the change in OD of the sample as a function of the delay time between
pump- and probe pulse according to the following equation:

∆OD(λ , t) = OD∗ (λ , t)−OD(λ ) =− log
T ∗ (λ , t)

T (λ )
(4.2)

Here ∆OD is the change in optical density, OD∗ and T∗ the optical density and transmission of the
excited sample at delay time t, OD and T the optical density and transmission of the sample that resides
in the ground-state, respectively.

The interpretation of the ∆OD-spectra is much more delicate than the ground-state absorption spectra.
After excitation of the sample, the molecules will be in different excited states. However, some of the
molecules remain in the ground state, which results in a spectral overlap of the absorption bands of
the corresponding states. Competing deactivation channels complicate the interpretation of the ∆OD
signal. Even if the assumption is made that directly after excitation the molecules reside either in the first
excited singlet state or in the ground state, the ∆OD-signal is composed of the following three transients
(see figure 4.11): the reduced ground state absorption of the remaining molecules in the ground state, the
induced absorption of excited molecules and stimulated emission from the S1-state [136, 137].

Compared to the unexcited ensemble, the reduced population of the ground state induces bleaching
of the ground state absorption, which is expressed by a negative ∆OD signal. The stimulated emission
provokes a spectrally dependent amplification of the probe pulse and thus gives a negative signal to the
∆OD spectrum. The absorption of the molecules that reside in excited states causes a positive ∆OD
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Figure 4.11: Three transients in a two-level system. Figure adapted from [136].

signal due to transitions to higher excited states. Using the Beer-Lambert law, the OD∗ consists of the
following contributions [136, 137] (cf. figure 4.11):

OD∗ (λ , t) =
l

10

{
∞

∑
i=1

N0 (t)σS0(→)Si (λ )+
∞

∑
i=2

N1 (t)σS1(→)Si (λ )−N1 (t)σS1(→)S0 (λ )

}
(4.3)

With Ni concentration of the molecules in state i, σ (in cm2) absorption cross section of the corre-
sponding transition. With equation 4.2, it follows for ∆OD(λ , t):

∆OD(λ , t) =
l

ln10
N1 (t)

{
∞

∑
i=2

σS1(→)Si (λ )−
∞

∑
i=1

σS0(→)Si (λ )−σS1(→)S0 (λ )

}
(4.4)

The spectrally dependent cross sections are merged to cross sections of the separate transients:

∆OD(λ , t) =
l

ln10
N1 (t)(σia (λ )−σse (λ )−σga (λ )) (4.5)

With σia absorption cross section of the excited state, σse luminescence cross section of the transient
amplification, σga absorption cross section of the ground state. In general, more states have to be taken
into consideration, for instance a triplet state or a charge-separated state. Hence, equation 4.4 is expanded
to:

∆OD(λ , t) =
l

ln10

∞

∑
j=1

N j (t)

{
∞

∑
i= j+1

σS j(→)Si (λ )−
∞

∑
i=1

σS0(→)Si (λ )−σS j(→)S0 (λ )

}
(4.6)

The N j can represent both singlet and triplet states in due consideration that there will be no stimulated
emission from the T1- or charge-separated states.

The data obtained with ps-TAS are analysed by means of the compensation method [136, 137]. In this
way, lifetimes of excited states and intersystem crossing quantum yields ΦISC can be determined.
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Experimental setup

The experimental ps-TAS setup is shown in figure 4.12 and has been previously described in [136].

Figure 4.12: ps-TAS setup with L: lens, F: filter, O: fibre optic, CCD: CCD-matrix. Figure taken from [138].

The pump pulse is generated in an optical parametrical generator (OPG/OPA, Ekspla PG 401/SH),
which in turn is pumped by the third harmonic of a Nd3+:YAG laser (PL 2143A, Ekspla, 355 nm) with
a pulse width of 25 ps. The OPG/OPA system generates light which is tuneable in the 200-2300 nm
spectral range. The pump pulse is focussed by a cylindrical lens to obtain a 5 mm × 2 mm excited area
on a 5 mm quartz cell which contains the sample. A white probe pulse is generated in a H2O/D2O-
mixture by the fundamental wave of the Nd3+:YAG laser (1064 nm). In order to minimize heating and
the formation of bubbles, the mixture is circulated through the cell. The generated continuum possesses a
large fraction of infrared light from the fundamental wave; moreover the light is divergent due to the non-
linear optical processes involved. Therefore, the light is focussed with lens L2, hereafter the infrared part
is removed by an edge filter F . The continuum fluctuates strongly from pulse to pulse, for this reason, it
is split to get a reference spectrum. Before passing through the sample, the white light is polarized at the
magic angle [65] with respect to the pump beam in order to minimize time-dependent anisotropy effects.
Both the beam transmitted through the sample and the reference beam are focussed into optical fibres
and are recorded simultaneously at different traces on a CCD-matrix (LOT-Oriel, Intaspec IV).

The time domain of interest lies in the order of magnitude of the first excited singlet states, which are a
few ns. The delay time between pump and probe pulse should be adjustable on a ps-time scale. In order
to achieve such short delay times, a mechanical delay line is used that adjusts the optical path length
of the probe pulse. The mechanical delay line enables measurements of ∆OD signals up to 15 ns after
excitation. The accuracy of the mechanical delay line corresponds to 5 ps.

To maximize the signal-to-noise-ratio a large OD is necessary. On the other hand, reabsorption and
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aggregation should be minimized. Therefore, the OD of all samples was set to 1.0 in the absorption
band of lowest energy. Moreover, a filter was used to adjust the intensity of the pump beam in order to
keep the change of population below 30%. Otherwise, measurements at the magic angle cannot avoid
time-dependent anisotropy effects [139].
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bound systems

The construction of functional structures from molecular building blocks has drawn a lot of attention
during the last decades. Due to their well-defined structures and robustness, covalently bound molecular
systems provide a powerful tool to study energy and electron transfer processes in artificial photosyn-
thesis. As outlined in chapter 4.1, phthalocyanines (Pcs) and boron dipyrromethenes (Bodipys) are good
candidates to mimic the primary events of photosynthesis due to their high extinction coefficients, high
fluorescence quantum yields and high chemical stability. Moreover, Bodipys and Pcs are known for their
comparatively easily tuneable electronic properties making them adaptable for any given system. For
this reason, a substantial number of conjugates of these chromophores have been studied extensively in
combination with other dyes as porphyrins, ferrocenes, carotenes, fullerenes, ruthenium polypyridine
complexes, perylenes, and viologens. This led to a large variety of covalently bound photosynthetic
model compounds [15, 22, 73, 74, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 102, 104, 140, 141, 142,
143, 144, 145, 146].

Figure 5.1: Structural formulae of BDP (blue), MSBDP (green) and SiPc (red).

However, despite the favourable characteristics of both chromophores a combination of Pcs and Bo-
dipys still remains rare. Only a few conjugates have been reported in literature [92, 147, 148]. For this
reason, in the present work a combination of two different Bodipys and a central SiPc as building blocks
has been employed to construct several triads and a pentad. The compounds were synthesized in the
group of Prof. Dr. Dennis K.P. Ng (Chinese University of Hong Kong).

The monomeric compounds are shown in figure 5.1. The Bodipys BDP and MSBDP were prepared
according to the procedures in [112, 149] and they were axially linked to the commercially available
SiPc dichloride to construct the SiPc(BDP)2 and SiPc(MSBDP)2 triads [148], which are shown in figure
5.2. The photophysical characterization of the SiPc(BDP)2 and SiPc(MSBDP)2 triads was outlined in
detail in [92, 148, 150]. Herein, it was shown that ET and EET processes occur from the photo-excited
Bodipy moieties to the SiPc-part of the triads. Both triads were studied in toluene and DMF and it was
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Figure 5.2: Structural formulae of the reference triads SiPc(BDP)2 and SiPc(MSBDP)2. For clarity, the monomeric moieties
are coloured blue (BDP), green (MSBDP) and red (SiPc).

shown that the polarity of the solvent exerts great influence on the electron and energy transfer processes
involved. Both triads feature strong UV/Vis absorbance along a large part of the sunlight spectrum.
However, as can be seen from figure 4 (appendix) the absorption profiles of both triads exhibit spectral
gaps, either in the region 520-600 nm (SiPc(BDP)2) or in the region 400-520 nm (SiPc(MSBDP)2). As
BDP, MSBDP and SiPc absorb at complementary spectral regions, these chromophores were combined
to compose a triad BDP-SiPc-MSBDP and a pentad SiPc(BDP-MSBDP)2 for optimal light-harvesting.
Both dyes exhibit de facto continuous UV/Vis absorbance that spans from 300 to 700 nm. The triad will
be presented in the next section (chapter 5.1), whereas the pentad is described in detail in section 5.2.
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5.1 The BDP-SiPc-MSBDP triad

The BDP and MSBDP moieties were linked on each side of the SiPc unit to construct the BDP-SiPc-
MSBDP triad, the structural formula of which is shown in figure 5.3. For the photophysical investi-
gations, the SiPc(BDP)2 and SiPc(MSBDP)2 triads serve as references. In the reference triads the ET
and EET processes proceed from the Bodipys to the SiPc moiety. For BDP-SiPc-MSBDP, it is therefore
expected that the peripheral Bodipys lead the excitation energy to the SiPc core. Arrived here, electron
transfer from a Bodipy to SiPc may occur.

The polarity of the solvent strongly affects the probability of ET between the constituent parts [92,
148]. Therefore, thorough spectroscopic investigations in as many as five different solvents with differ-
ent polarity for the triad as well as its reference triads SiPc(BDP)2 and SiPc(MSBDP)2 and the monomers
BDP, MSBDP and SiPc were carried out. All triads as well as the monomeric compounds were dissolved
in toluene, xylene, chloroform, tetrahydrofuran (THF) and N,N-dimethylformamide (DMF).

Figure 5.3: Structural formula of the BDP-SiPc-MSBDP triad. For clarity, the monomeric moieties are coloured blue (BDP),
green (MSBDP) and red (SiPc).
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5.1.1 Steady-state characterization of the triad

The UV/Vis absorption spectra of BDP-SiPc-MSBDP and its monomeric reference compounds dissolved
in toluene are shown in figure 5.4a.

(a) (b)

Figure 5.4: UV/Vis absorption spectra of the BDP-SiPc-MSBDP triad and its monomeric references SiPc, BDP and MSBDP
dissolved in toluene (a) and the corresponding spectra of the triad dissolved in toluene, xylene, chloroform, THF
and DMF (b).

In toluene the monomers BDP, MSBDP and SiPc show strong absorbance at 503 nm, 572.5 nm and
683 nm, respectively. As can be seen from figure 5.4a, the absorption spectrum of BDP-SiPc-MSBDP
is a superposition of the absorption bands of monomeric BDP, MSBDP and SiPc. Small spectral shifts
(within 50-80 cm−1) of the absorption maxima of the triad compared to the positions of monomeric
compounds were observed. Due to the comparably small spectral shifts and due to the unchanged shapes
of the absorption bands compared to its monomeric reference compounds, the moieties within the triad
are considered as electronically decoupled in their ground states. The absorption spectra of the triad
BDP-SiPc-MSBDP dissolved in xylene, chloroform, THF and DMF are similar to the absorption spectra
of those dissolved in toluene and are shown in figure 5.4. The corresponding absorption maxima are
listed in table 5.1. The UV/Vis absorption spectra of the SiPc(BDP)2 and SiPc(MSBDP)2 triads are
shown in figure 4 (appendix).
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Table 5.1: Absorption and fluorescence maxima of highest intensity of the triad BDP-SiPc-MSBDP and its references dissolved
in toluene, xylene, chloroform, THF and DMF.

Compound Solvent λabsλabsλabs [nm]
λ f lλ f lλ f l [nm]

λexλexλex=470 nm λexλexλex=532 nm λexλexλex=615 nm

BDP

toluene 503 512 - -

xylene 503 512 - -

chloroform 502 510 - -

THF 500 508 - -

DMF 500 510 - -

MSBDP

toluene 572.5 - 583 -

xylene 572.5 - 583 -

chloroform 570.5 - 581 -

THF 567 - 577 -

DMF 567 - 580 -

SiPc

toluene 683 - - 689

xylene 683 - - 689

chloroform 683 - - 687

THF 681 - - 686

DMF 683 - - 689

SiPc(BDP)2

toluene 502a N.d. a
- 687c

682.5c 687c

xylene 502a N.da
- 687c

682.5c 687c

chloroform 501a N.d. a
- 687c

683c 687c

THF 500a 509a
- 685c

681c 685c

DMF 500a 510a
- 689c

683c 689c

Continued on next page
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Table 5.1: Absorption and fluorescence maxima of highest intensity of the triad BDP-SiPc-MSBDP and its references dissolved
in toluene, xylene, chloroform, THF and DMF.

Compound Solvent λabsλabsλabs [nm]
λ f lλ f lλ f l [nm]

λexλexλex=470 nm λexλexλex=532 nm λexλexλex=615 nm

SiPc(MSBDP)2

toluene 570b
- 588b

686c
683c 686c

xylene 570b
- 590b

687c
683c 687c

chloroform 568b
- 584b

686c
683c 686c

THF 566b
- 583b

686c
681c 686c

DMF 567b
- 580b

689c
683c 689c

Triad

toluene
502a 512a 586b

687c570b 588b 687c

681.5c 687c

xylene
502a 513a 587b

687c570b 589b 687c

681.5c 687c

chloroform
501.5a 509a 582b

687c569b N.db 687c

682.5c 687c

THF
500a 509a 579b

684c567b N.db 686c

680.5c 684c

DMF
500a 509a 582b

688c569b 582b 688c

684c 689c

a BDP-part
b MSBDP-part
c SiPc-part

The absorption bands of the BDP, MSBDP and SiPc moieties of the BDP-SiPc-MSBDP triad are spec-
trally well separated (see figure 5.4a). For this reason, it was possible to record steady-state fluorescence
spectra of BDP-SiPc-MSBDP upon photo-selective excitation of its parts. The fluorescence spectra of
the triad dissolved in toluene are shown in figure 5.5. By way of example the emission spectra of the
reference triads dissolved in non-polar xylene and polar THF are shown in figure 5 (appendix).

In toluene the emission maxima of the monomeric reference compounds BDP, MSBDP and SiPc are
located at 512 nm, 583 nm and 689 nm, respectively. As can be seen from figure 5.5 and table 5.1,
for all excitation wavelengths only minor changes occur with respect to the shape and position of the
fluorescence bands of BDP-SiPc-MSBDP compared to that of BDP, MSBDP and SiPc. Moreover, the
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shape and position of the fluorescence bands of BDP-SiPc-MSBDP do not differ significantly when
the triad is dissolved in other solvents. The calculated fluorescence quantum yields of all compounds
dissolved in toluene, xylene, chloroform, THF and DMF are summarized in table 5.2.

Table 5.2: Fluorescence quantum yields of the triad and its references dissolved in different solvents.

Compound Solvent
Φ f lΦ f lΦ f l

BDP-part MSBDP-part SiPc-part
excitation excitation excitation

BDP

toluene 0.55 - -

xylene 0.59 - -

chloroform 0.54 - -

THF 0.50 - -

DMF 0.32 - -

MSBDP

toluene - 0.78 -

xylene - 0.83 -

chloroform - 0.77 -

THF - 0.79 -

DMF - 0.48 -

SiPc

toluene - - 0.60

xylene - - 0.64

chloroform - - 0.58

THF - - 0.58

DMF - - 0.47

SiPc(BDP)2

toluene
<0.001a

- 0.60c
0.35c

xylene
<0.001a

- 0.58c
0.29c

chloroform
<0.001a

- 0.52c
0.27c

THF
0.002a

- 0.053c
0.021c

DMF
0.005a

- 0.016c
0.006c

Continued on next page
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Table 5.2: Fluorescence quantum yields of the triad and its references dissolved in different solvents.

Compound Solvent
Φ f lΦ f lΦ f l

BDP-part MSBDP-part SiPc-part
excitation excitation excitation

SiPc(MSBDP)2

toluene -
0.003b

0.003c
0.002c

xylene -
0.036b

0.034c
0.018c

chloroform -
0.020b

0.006c
0.003c

THF -
0.016b

0.002c
0.002c

DMF -
0.004b

0.012c
0.003c

BDP-SiPc-MSBDP

toluene
<0.001a 0.004b

0.023c<0.001b 0.017c

0.013c

xylene
<0.001a 0.003b

0.035c<0.001b 0.012c

0.018c

chloroform
<0.001a 0.003b

0.020c<0.001b 0.007c

0.010c

THF
0.002a 0.004b

0.009c<0.001b 0.001c

0.004c

DMF
<0.001a 0.002b

0.006c<0.001b 0.001c

0.002c

a BDP-part emission
b MSBDP-part emission
c SiPc-part emission

Upon excitation of the SiPc moiety, for the reference compound SiPc(MSBDP)2 small fluorescence
quantum yields in the order of ∼0.01 are obtained, independent of the solvent used. Reference triad
SiPc(BDP)2 shows different behaviour: it exhibits a high fluorescence quantum yield of around 0.60
when dissolved in non-polar toluene, xylene and chloroform. This quantum yield is similar to that
of monomeric SiPc. A dramatic decrease in fluorescence intensity is observed when SiPc(BDP)2 is
dissolved in polar solvents such as THF and DMF: Φ f l(THF)=0.053 and Φ f l(DMF)=0.016. For the
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(a) SiPc-part excitation (b) MSBDP-part excitation

(c) BDP-part excitation

Figure 5.5: Steady-state fluorescence spectra of BDP-SiPc-MSBDP dissolved in toluene upon excitation of its parts. In the
insets normalized spectra are shown for comparison.

BDP-SiPc-MSBDP triad regardless of which solvent was used, the quantum yield of SiPc-part emission
is strongly reduced and its value amounts to ∼0.02.

Upon selective excitation of the MSBDP-part of SiPc(MSBDP)2, fluorescence of SiPc-part is observed
showing that energy transfer from the photo-excited MSBDP∗ to the SiPc moiety in its ground state takes
place. The fluorescence quantum yields of both MSBDP- and SiPc-part emission are strongly reduced
compared to the values of the references MSBDP and SiPc. Independent of the solvent, Φ f l(MSBDP-
part) is approximately 0.02, whereas Φ f l(SiPc-part) does depend on the polarity of the solvent and its
value varies from 0.036 (xylene) down to 0.001 (DMF). BDP-SiPc-MSBDP shows the same qualitative
behaviour as SiPc(MSBDP)2, i.e. strong quenching of the MSBDP-part fluorescence and weak emission
of SiPc. The MSBDP-part fluorescence quantum yield is approx. 0.003, while Φ f l(SiPc) is 0.017 in
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toluene and its value decreases to 0.001 in DMF.
Following excitation of the BDP moiety, the BDP-part fluorescence of the SiPc(BDP)2 triad is strongly

quenched, its fluorescence quantum yields do not exceed 0.005. At the same time, SiPc-part emission
is observed, indicating that EET takes place from the initially excited BDP to SiPc. The intensity of the
SiPc-part fluorescence of SiPc(BDP)2 depends on the polarity of the solvent and remains comparably
high with Φ f l ∼0.30 for non-polar solvents (toluene, xylene and chloroform). In polar solvents (THF
and DMF) the fluorescence intensity decreases dramatically with Φ f l=0.021 in THF and Φ f l=0.006 in
DMF. It is noted that in non-polar solvents the SiPc-part fluorescence intensity is weaker when SiPc
moiety is excited indirectly via energy transfer from the BDP-part (Φ f l=0.30) than when excited direct-
ly (Φ f l ∼0.60). Apparently, there is an additional way of BDP’s first excited singlet state depopula-
tion. After BDP-part excitation of the triad BDP-SiPc-MSBDP, practically no BDP-part fluorescence
is observed, Φ f l(BDP-part)<0.001. Moreover, excitation of the BDP-part results in fluorescence of
both MSBDP- and SiPc-part. Besides EET from BDP to SiPc, this suggests that energy is transferred
to MSBDP as well. The fluorescence quantum yields of MSBDP and SiPc emission are small with
Φ f l(MSBDP-part)<0.001 in all solvents and Φ f l(SiPc-part)∼0.01 for non-polar solvents and Φ f l(SiPc-
part)∼0.003 for polar solvents.

From the results presented above combined with the findings presented in [92, 148, 150], the following
preliminary conclusions can be drawn:

• Appearance of SiPc fluorescence with selective excitation of BDP- (or MSBDP-) part of the triad is
an indicator of EET from the photo-excited energy donor BDP (or MSBDP) to the energy acceptor
SiPc in its ground state. In addition, the fluorescence of MSBDP after excitation of BDP indicates
that energy is transferred from BDP to MSBDP, too.

• The SiPc-part fluorescence of the triad is strongly quenched compared to monomeric SiPc. This
means that an additional process competes with fluorescence. Based on the results in [92, 148,
150], it is postulated that charge transfer is responsible for the efficient fluorescence quenching of
BDP-SiPc-MSBDP.

• The fluorescence quantum yield of SiPc-emission is lower when SiPc is excited indirectly (via
EET) compared to direct excitation. Besides EET, a charge transfer plays a role in the depopulation
of the first excited singlet state of the Bodipy-part of the triad.
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5.1.2 Excited-state dynamics of the triad

As a complement to the steady-state assays, time-resolved fluorescence and absorption experiments have
been carried out to shed more light onto the electron and energy transfer processes.

Time-resolved fluorescence

In toluene the fluorescence of BDP, MSBDP and SiPc decays mono-exponentially, with lifetimes of
3.08, 3.44 and 5.26 ns, respectively (see table 5.3). Variation of the solvent exerts minor influence on the
fluorescence lifetimes of monomeric MSBDP and SiPc. For BDP, the first excited singlet state decays
approximately two times faster in DMF (τ f l= 1.69ns) than in other solvents (τ f l∼3 ns).

The fluorescence lifetimes of the triads were examined using three different excitation wavelengths
- 400, 532 and 620 nm, corresponding to selective excitation of the BDP-, MSBDP- and SiPc-part,
respectively. It turned out that the fluorescence lifetimes of the BDP and MSBDP parts of the triads lie
below the 10 ps detection limit of the setup. Therefore, the analysis of the time-resolved fluorescence of
the three triads is carried out only for SiPc-part emission. The discussion starts with the analysis of the
time-resolved fluorescence of the SiPc(BDP)2 and SiPc(MSBDP)2 triads.

Table 5.3: Fluorescence lifetimes of BDP-SiPc-MSBDP and its references dissolved in toluene, xylene, chloroform, THF and
DMF.

Compound Solvent
τ f l ±0.02τ f l ±0.02τ f l ±0.02 [ns], A [%]

BDP-part MSBDP-part SiPc-part
excitation excitation excitation

BDP

toluene 3.08 - -

xylene 3.30 - -

chloroform 3.34 - -

THF 3.05 - -

DMF 1.69 - -

MSBDP

toluene - 3.44 -

xylene - 3.45 -

chloroform - 3.70 -

THF - 3.63 -

DMF - 3.55 -
Continued on next page
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Table 5.3: Fluorescence lifetimes of BDP-SiPc-MSBDP and its references dissolved in toluene, xylene, chloroform, THF and
DMF.

Compound Solvent
τ f l ±0.02τ f l ±0.02τ f l ±0.02 [ns], A [%]

BDP-part MSBDP-part SiPc-part
excitation excitation excitation

SiPc

toluene - - 5.09

xylene - - 5.08

chloroform - - 5.48

THF - - 5.47

DMF - - 5.35

SiPc(BDP)2

toluene 5.20 - 5.20

xylene 5.22 - 5.24

chloroform 5.54 - 5.59

THF 0.668 - 0.668

DMF 0.296 - 0.323

SiPc(MSBDP)2

toluene -
0.017, 88 0.018, 87
2.86, 12 2.78, 13

xylene -
0.026, 78 0.025, 84
3.23, 22 3.17, 16

chloroform - 0.043 0.038

THF - 0.021 0.017

DMF - 0.025 0.029

BDP-SiPc-MSBDP

toluene
0.032, 90 0.021, 90 0.021, 88
2.36, 10 2.78, 10 2.88, 12

xylene
0.037, 91 0.026, 88 0.026, 87

2.74, 9 3.02, 12 3.53, 13

chloroform 0.044 0.038 0.035

THF 0.027 0.023 0.023

DMF 0.032 0.028 0.027

Remark: for the triads τ f l corresponds to SiPc-part fluorescence. Fluorescence lifetimes with amplitudes <2% are con-
sidered as impurities and are not taken into account.

Upon both BDP- and SiPc-part excitation the SiPc-part fluorescence decay of the triad SiPc(BDP)2
occurs mono-exponentially. In solvents with comparably low dielectric constants (toluene, xylene and
chloroform), the fluorescence lifetimes of the SiPc moiety of SiPc(BDP)2 are similar to that of mono-
meric SiPc, τ f l ∼5 ns. In contrast, when SiPc(BDP)2 is dissolved in polar solvents such as THF and
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DMF, the fluorescence decays faster with τ f l=0.68 ns and τ f l=0.30 ns, respectively. This correlates
well with the relatively high SiPc-part fluorescence quantum yields in non-polar solvents of around 0.60
and on the other hand the low fluorescence quantum yields in polar THF and DMF of Φ f l=0.053 and
Φ f l=0.016. As outlined below (page 55), the fluorescence quenching is due to electron transfer from
BDP to SiPc.

Irrespective of the initially excited moiety of SiPc(MSBDP)2, the fluorescence decay of the SiPc-part
occurs mono-exponentially in chloroform, THF and DMF with fast decay times of 40 ps, 20 ps and
30 ps, respectively. Efficient electron transfer from MSBDP to SiPc is responsible for the reduction of
the SiPc-part lifetime from 5 ns down to 20 ps.

In toluene and xylene the emission decay of SiPc(MSBDP)2 shows a more complicated behaviour.
In figure 5.6 the DAF spectra of the SiPc-part fluorescence of SiPc(MSBDP)2 in toluene are shown
following SiPc- and MSBDP-part excitation.

(a) SiPc-part excitation (b) MSBDP-part excitation

Figure 5.6: DAF spectra of SiPc(MSBDP)2 dissolved in toluene upon excitation of its parts.

The SiPc-part fluorescence decay of SiPc(MSBDP)2 has been properly fit with a bi-exponential func-
tion. Besides a fast decay time of around 20 ps that was also revealed in other solvents, an additional
lifetime of around 3 ns emerges (red curve in figure 5.6) whose relative amplitude is approximately 0.15.
The shape and position of this DAF spectrum is identical to that of the fast fluorescence component and
stems from the SiPc moiety.

As found for the reference triads, the SiPc-part fluorescence of BDP-SiPc-MSBDP turns out to be
independent of the initially excited moiety. The fate of the excited SiPc-part of BDP-SiPc-MSBDP bears
resemblance to the emission decay of SiPc(MSBDP)2. In chloroform, THF and DMF fast deactivation
of the SiPc first excited singlet state is expressed by a decay time of around 20-40 ps. On the contrary, in
toluene and xylene a bi-exponential function was required to fit the experimental data. The corresponding
DAF spectra of BDP-SiPc-MSBDP dissolved in toluene are shown in figure 5.7. Besides the fast decay
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time of around 25 ps, a comparably long lifetime of around 3 ns appears with relative amplitude of
approximately 0.10. The shape and position of the DAF spectra resemble the steady-state emission
spectra of SiPc.

(a) SiPc-part excitation (b) MSBDP-part excitation

(c) BDP-part excitation

Figure 5.7: DAF spectra of the BDP-SiPc-MSBDP triad dissolved in toluene upon excitation of its parts.
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Transient absorption

To gather additional evidence of non-fluorescent intermediates such as charge-separated states, transi-
ent absorption spectra were recorded. As expected, the recovery of the ground state population of the
monomeric BDP, MSBDP and SiPc occurs mono-exponentially with characteristic times that are con-
sistent with their corresponding fluorescence lifetimes. As expected, the triplet formation of the Bodipy
monomers is negligible, whereas for SiPc the intersystem crossing quantum yield ΦISC was found to be
0.32 in toluene and 0.34 in DMF.

The transient absorption spectra and the SiPc ground state bleaching signal of the triad SiPc(BDP)2
dissolved in THF and chloroform upon excitation of the SiPc moiety are shown in figure 5.8.

(a) chloroform (b) SiPc ground state recovery

(c) THF (d) SiPc ground state recovery

Figure 5.8: ∆OD spectra of SiPc(BDP)2 dissolved in chloroform (a) and THF (c) upon excitation of SiPc at different delay
times and SiPc ground state bleaching signals in chloroform (b) and THF (d).

Upon excitation of SiPc(BDP)2 at 615 nm, the TA spectra show strong bleaching signals around
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680 nm which is due to SiPc ground state depletion. In polar THF, a negative transient absorption
signal at around 500 nm is observed, which originates from BDP ground state bleaching apparent from
its position and shape. In addition, a transient signature appears at around 580 nm which is readily as-
signed to the absorption of the radical anion SiPc•−. In DMF a transient feature at 518 nm is observed,
which could be assigned to the absorption of the BDP•+ radical cation. In chloroform neither induced
absorption nor BDP ground state bleaching were observed in the TA spectra. The SiPc recovery times in
toluene and chloroform are similar to the fluorescence lifetimes of around 5.5 ns.

Following BDP-part excitation at 480 nm, bleaching signals of both SiPc and BDP ground states were
observed regardless of which solvent was used. The recovery time of the BDP-part ground state absorp-
tion was found to be much longer than the fluorescence lifetime (τ f l<10 ps) and could be identified with
the lifetime of the charge-separated state. The kinetic parameters are summarized in table 5.4 and they
vary from 4.5 ns in toluene, 4.4 ns in chloroform, 140 ps in THF to 40 ps in DMF. In THF the decay
of the SiPc ground state bleaching obeys bi-exponential kinetics with decay times of 140 ps and 700 ps.
The amplitude of the latter is twice as large as the amplitude of the former. The decay times could be
separated into a fluorescence part (700 ps) and a charge recombination part (140 ps), since the SiPc-part
fluorescence decays with 700 ps in THF. In non-polar chloroform and toluene the quantum yields of
triplet state formation of both 0.32 are comparable with that of monomeric SiPc, whereas in polar THF
and DMF the values of ΦT are 0.05 and 0 respectively, see table 5.4.

In figure 5.9 the TA spectra and SiPc ground state recovery of SiPc(MSBDP)2 dissolved in chloroform
and THF are shown.

For all excitation wavelengths and in all solvents it was found that the TA spectra of the SiPc(MSBDP)2
triad exhibit two striking bleach features, namely strong SiPc ground state depletion with a minimum at
680 nm and MSBDP ground state bleaching at around 570 nm. In between these two bands positive
transient absorption predominates the spectra. The effects underline the formation of a charge-separated
state MSBDP•+-SiPc•− as was reported in [92, 151]. The recovery of the SiPc and MSBDP ground
state depletion occurs mono-exponentially. The former process is strongly solvent-dependent and the
calculated recovery time differs from the corresponding SiPc-part fluorescence lifetime. It can therefore
be associated with the lifetime of the charge-separated state. The repopulation of the SiPc ground state
occurs with lifetimes of 1.7 ns, 1.5 ns, 0.40 ns, 90 ps and 30 ps in toluene, xylene, chloroform, THF
and DMF, respectively. In toluene, xylene and chloroform remaining SiPc ground state depletion is seen
even at 15 ns. This can be ascribed to population of the first excited triplet state 3SiPc∗. In toluene and
xylene the quantum yields of triplet state population were found to be 0.32 and they are the same as for
monomeric SiPc; in chloroform its value of 0.075 is somewhat reduced. In polar THF and DMF, the
formation of the triplet state is negligible. The values of ΦT are summarized in table 5.4.
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(a) chloroform (b) SiPc ground state recovery

(c) THF (d) SiPc ground state recovery

Figure 5.9: ∆OD spectra of SiPc(MSBDP)2 dissolved in chloroform (a) and THF (c) upon excitation of SiPc at different delay
times and SiPc ground state bleaching signals in chloroform (b) and THF (d).

The TA spectra of the BDP-SiPc-MSBDP triad exhibit similar features as those of the reference triad
SiPc(MSBDP)2. The spectral features and kinetics of the TA spectra are independent of the excitation
wavelength. In figure 5.10 TA spectra of BDP-SiPc-MSBDP dissolved in toluene and THF upon selective
excitation of the MSBDP moiety are shown at different delay times. The recovery of the SiPc ground
state population in toluene and THF is also shown in figure 5.10. By way of example the transient
absorption spectra of the triad dissolved in xylene and chloroform upon excitation of the BDP- and SiPc-
part, are presented in figure 6 (appendix) and are similar to those at excitation of MSBDP. The recovery
times of the SiPc ground state are listed in table 5.4.
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(a) toluene (b) SiPc ground state recovery

(c) THF (d) SiPc ground state recovery

Figure 5.10: ∆OD spectra of BDP-SiPc-MSBDP dissolved in toluene (a) and THF (c) upon excitation of MSBDP at different
delay times and SiPc ground state bleaching signals in toluene (b) and THF (d).

Independent on the used excitation wavelength, two sets of transient absorption minima (at 570 and
680 nm, respectively) that resemble the ground state absorption of MSBDP and SiPc moieties were
observed. In between these negative features the ∆OD spectra exhibit pronounced induced absorption.
The SiPc ground state population recovers mono-exponentially with 1.7 ns, 1.7 ns, 0.34 ns, 100 ps and
30 ps in toluene, xylene, chloroform, THF and DMF, respectively. These recovery times differ greatly
from the fluorescence lifetimes of around 20-40 ps. Obviously, the energy is accumulated in the charge-
separated state. It is noted that the spectra lack any trace of BDP-part transients. It seems that the BDP
moiety is not involved in the formation of the charge-separated state.

A bleach at 680 nm belonging to the SiPc-part ground state depletion is observed in toluene, xylene and
chloroform for all excitation wavelengths and even at delay times in the order of 15 ns. In these non-polar
solvents, a transition from the charge-separated state to the first excited triplet state CS→T1 takes place.
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The corresponding quantum yields are listed in table 5.4. In toluene and xylene the quantum yield of
triplet state formation was found to be 0.37 and 0.38 and the values are somewhat greater than ΦT =0.32
of monomeric SiPc. In chloroform the value of ΦT is reduced to 0.07. The triplet state formation
quantum yields vanish in polar THF (0.01) and DMF (0).

Table 5.4: Charge-separated state lifetime, τCR, and quantum yield of triplet state
population, ΦT , of the triads dissolved in toluene, xylene, chloroform,
THF and DMF.

Compound Solvent τCRτCRτCR [ns] ΦT ±ΦT ±ΦT ± 0.03

SiPc(BDP)2

toluene 4.5 ± 0.2 0.32

chloroform 4.7 ± 0.2 0.32

THF 0.14 ± 0.01 0.05

DMF 0.040 ± 0.01 0

SiPc(MSBDP)2

toluene 1.7 ± 0.1 0.32

xylene 1.5 ± 0.1 0.32

chloroform 0.41 ± 0.03 0.075

THF 0.090 ± 0.01 0.02

DMF 0.030 ± 0.01 0

BDP-SiPc-MSBDP

toluene 1.7 ± 0.1 0.37

xylene 1.7 ± 0.1 0.38

chloroform 0.34 ± 0.03 0.07

THF 0.10 ± 0.01 0.01

DMF 0.030 ± 0.01 0
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5.1.3 Discussion of the triad’s photo-induced processes

The absorption and fluorescence spectra of BDP-SiPc-MSBDP are well described by a superposition
of the individual components in both polar and non-polar solvents. The shapes of all spectra are only
slightly altered. Moreover, the spectral shifts are comparably small. For this reason, it is assumed that the
molecular parts BDP, MSBDP and SiPc of the triad are electronically decoupled in their ground states
as well as in their first excited states. It follows that the molecular parts can be described independent of
each other. Due to the edge-to-face linkage the polarity of the solvent has only minor influence on the
molecular geometry of the triad. Thus, it is expected that a good comparison can be drawn between the
dyes dissolved in different solvents.

In line with the results presented by Menting in [151], two different interactions between the Bodipys
and the SiPc are taken into account, namely EET and ET. Firstly, EET is discussed.

Excitation energy transfer

In steady-state fluorescence experiments SiPc-part fluorescence following excitation of the BDP- or
MSBDP-part is observed. In addition, also MSBDP-part fluorescence occurs after excitation of the BDP
moiety. Hence, EET is expected to be responsible for the observed behaviour. The separation between
BDP/MSBDP and SiPc is approximately 6 Å, the distance between BDP and MSBDP moieties in BDP-
SiPc-MSBDP was estimated to be 15 Å [150]. The separation of 6 Å is relatively short; however, the
covalent edge-to-face linkage prevents close contact between the molecules within the triad, allowing
them to orient almost in an orthogonal manner. It follows that the probability of an exchange energy
transfer is likely to be small. Moreover, a broad spectral overlap between the emission of the Bodipys
and the absorption of SiPc exists, which is required for the FRET mechanism. Thus, FRET is assumed
to be the dominant EET process in further considerations.

In order to estimate the efficiency of FRET, the Förster radii R0, the rate of FRET kFRET and the
FRET efficiency EFRET have been calculated using equations 3.28, 3.31 and 3.32, respectively, and are
summarized in table 5.5. Since absorption and fluorescence spectra do not change significantly upon
variation of the solvent, the Förster radii are independent on the solvent. The Förster radii are much
greater than the centre-to-centre distance between the chromophores. Hence, EET occurs efficiently for
all donor-acceptor combinations listed in table 5.5.

Table 5.5: Förster radii R0, FRET rates kFRET and FRET efficiencies EFRET that are relevant for the triad BDP-SiPc-MSBDP.

Donor-acceptor R0R0R0 [Å] kFRETkFRETkFRET ×××1011 [s−1−1−1] EFRETEFRETEFRET

BDP-MSBDP 52 5.7 0.999

BDP-SiPc 33 9.1 0.999

MSBDP-SiPc 65 47 0.999

At this point it should be mentioned that for the derivation of equation 3.31, only dipole-dipole in-
teraction is taken into account [48, 63]. Hence, the calculation of R0 with equation 3.31 is valid only
when the distance R between the moieties is much greater than the dimension of the chromophores. Ob-
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viously, this condition is not fulfilled: the radii of the π-systems of BDP, MSBDP and SiPc are 3 Å,
3 Å and 4.6 Å, respectively, and the distance between BDP/MSBDP and SiPc was estimated to be 6 Å.
Moreover, at small values of R the rates kFRET are sensitive to small deviations of R. The rates kFRET

in table 5.5 are therefore rough estimations and yet they underline that energy transfer will proceed with
high probability.

Charge transfer

As shown above, an induced absorption band at 580 nm appears in the TA spectra of the triads in pico-
second TAS experiments. This band can be assigned to the absorption of the SiPc•− anion. Furthermore,
it was reported in [92, 148, 150] that for both reference triads SiPc(BDP)2 and SiPc(MSBDP)2 photo-
induced charge transfer plays a dominant role in the depopulation of excited states. For both reference
triads, the electron is transferred from the Bodipy moieties to SiPc. In order to prove the possibility of
photo-induced charge transfer for BDP-SiPc-MSBDP, the free enthalpy of charge separation was calcu-
lated for all solvents using the Rehm-Weller approach. For the triads the following parameters were used:
R(BDP-SiPc)=6 Å, R(MSBDP-SiPc)=6 Å, r(BDP)=3 Å, r(MSBDP)=4 Å, r(SiPc)=4.6 Å. The redox po-
tentials are taken from table 2 (appendix) and the energies of the first excited states were calculated from
the absorption maxima (table 5.1). The calculated values of ∆G0 are listed in table 5.6.

Table 5.6: Driving force ∆G0 for different electron donor-acceptor combinations calculated with equation 3.12. E0,0 denotes
the first excited singlet state energy of the initially excited moiety (Bodipy or SiPc).

Solvent

∆G0 ± 0.05 [eV] ∆G0 ± 0.05 [eV]

BDP•+-SiPc•− MSBDP•+-SiPc•−

ED
0,0(BDP) EA

0,0(SiPc) ED
0,0(MSBDP) EA

0,0(SiPc)

Toluene -0.28 0.36 -0.40 -0.05

Xylene -0.28 0.36 -0.40 -0.05

Chloroform -0.61 0.03 -0.60 -0.25

THF -0.73 -0.09 -0.67 -0.32

DMF -0.89 -0.25 -0.77 -0.42

The blue-coloured values in table 5.6 indicate that charge transfer is thermodynamically favourable,
whereas the red ones indicate that charge transfer is not a feasible process.

According to table 5.6, electron transfer from the initially excited BDP to SiPc is a feasible process in
the SiPc(BDP)2 triad, regardless of which solvent is used. In the TA spectra this is expressed by the tran-
sient signature of the SiPc•− radical anion at 580 nm, as well as the SiPc and BDP ground state depletion.
ET and EET processes from the BDP-part to the SiPc moiety compete with each other resulting in van-
ishing BDP-part fluorescence quantum yields. Therefore, the quantum efficiency of charge separation
ΦCS can be calculated using ΦCS = 1−Φ f l/Φ0

f l , where Φ f l and Φ0
f l are the fluorescence quantum yields

of the SiPc-part with and without charge separation. For non-polar solvents the charge separation occurs
with moderate efficiency: ΦCS(toluene)=0.42, ΦCS(xylene)=0.50 and ΦCS(chloroform)=0.48, whereas
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5 Photo-induced processes in the covalently bound systems

for more polar THF and DMF, charge transfer proceeds more efficiently and the values of ΦCS are cal-
culated to 0.96 and 0.99, respectively.

On the other hand, upon excitation of SiPc charge transfer takes place solely for εS>5.2, as can be
derived by means of equation 3.12. As a result, in xylene, toluene and chloroform electron transfer is not
feasible, ΦCS=0, whereas in THF with εS=7.5 and in DMF with εS=38.3 electron transfer is switched on
with quantum yields of ΦCS(THF)=0.91 and ΦCS(DMF)=0.97. The sudden drop of fluorescence intensi-
ties in polar solvents is a direct consequence of enabling the charge transfer. The decrease in SiPc-part
fluorescence is accompanied by the decrease of fluorescence decay times of 5 ns in non-polar solvents to
0.7 ns in THF and 0.3 ns in DMF. The lifetime of the charge-separated state was estimated to be 4.5 ns
(toluene), 4.8 ns (chloroform), 140 ps (THF) and 40 ps (DMF).

With regard to SiPc(MSBDP)2, solving the Rehm-Weller equation yields negative values of ∆G0 for all
solvents, independent of the initially excited moieties (table 5.6). Following excitation of the SiPc-part,
very efficient hole transfer from SiPc to MSBDP leads to the strong quenching of the SiPc-part fluores-
cence accompanied by the fast emission kinetics of the SiPc moiety. The SiPc transient with a sharp
minimum at 680 nm and the concomitant MSBDP bleach feature at 570 nm underline the successful
formation of the MSBDP•+-SiPc•−-MSBDP charge-separated state. Upon excitation of the MSBDP-
part EET from the initially excited MSBDP-part to the SiPc moiety in its ground state competes with
ET from MSBDP to SiPc. EET results in the population of the first excited singlet state of SiPc, sub-
sequently hole transfer occurs from SiPc to MSBDP. As a result, in both cases (SiPc- or MSBDP-part
excitation) the charge-separated state is generated. The efficiency of charge separation is more or less
solvent independent with a value of ΦCS=0.99. In TA experiments, the recovery of the SiPc ground state
is associated with charge recombination. The lifetime of the charge-separated states is determined to
1.7 ns (toluene), 1.5 ns (xylene), 400 ps (chloroform), 90 ps (THF) and 30 ps (DMF).

For the BDP-SiPc-MSBDP triad, principally both charge separated species BDP•+-SiPc•−-MSBDP
and BDP-SiPc•−-MSBDP•+ could be formed according to the values of ∆G0 in table 5.6. The driving
force is, however, greater for the generation of BDP-SiPc•−-MSBDP•+. The quantum yield of the for-
mation of the latter is therefore expected to be larger, unless the ET reaction takes place in the Marcus
inverted region. In this case, the generation of BDP•+-SiPc•−-MSBDP is more favourable.

Despite the negative values of the driving force ∆G0 for the formation of BDP•+-SiPc•−-MSBDP,
the transient absorption spectra do not reveal any BDP-part ground state depletion. In contrast, for
SiPc(BDP)2 BDP-part bleaching signals are clearly distinguishable due to the generation of BDP•+-
SiPc•−-BDP. That means that if the charge-separated state BDP•+-SiPc•−-MSBDP was generated, BDP-
bleaching signals around 500 nm would be discernible in the TA spectra. Thus, BDP does not play a role
in charge separation.

On the other hand, it was observed in the TA spectra that both MSBDP and SiPc ground states are
depleted, independent of the initially excited moiety and solvent used. Bleaching of both ground states
can be readily associated with the appearance of the charge-separated state BDP-SiPc•−-MSBDP•+. The
fluorescence of the SiPc-part of BDP-SiPc-MSBDP is strongly quenched and the fluorescence lifetime
is short, irrespective of the solvent used. The charge separation takes place efficiently with nearly unity
quantum yields; the efficiency of charge separation was calculated to be 0.96 in toluene up to 0.99 in
DMF. The lifetime of the charge-separated state BDP-SiPc•−-MSBDP•+ was determined to be 1.7 ns
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(toluene and xylene), 0.34 ns (chloroform) 0.10 ns (THF) and 30 ps (DMF). It is worth noting that these
values are very similar to the lifetimes of the charge-separated state of the SiPc(MSBDP)2 triad dissolved
in the corresponding solvents.

Delayed fluorescence

From table 5.6 it is remarkable that the energetic difference between the charge-separated state SiPc•−-
MSBDP•+ and the excited state SiPc∗ is only 0.05 eV in toluene and xylene. At this point, it is worth
noting that the thermal energy at ambient room temperature is 0.025 eV. In addition, in toluene and
xylene a comparably long decay time of around 3 ns was resolved in the DAF spectra of SiPc(MSBDP)2
and BDP-SiPc-MSBDP. The 3 ns-lifetime could be assigned to thermally activated delayed fluorescence
from the charge-separated state. The depicted process is shown in a simplified Jablonski-diagram in
figure 5.11.

Figure 5.11: Delayed fluorescence in SiPc(MSBDP)2 and BDP-SiPc-MSBDP dissolved in xylene and toluene. Note that two
hole transfer channels kHT exist for SiPc(MSBDP)2, as two identical MSBDPs can act as a donor.

Delayed fluorescence from the charge-separated state is only possible for a small energy gap between
the charge-separated state and the first excited state of SiPc. This is expressed by a small driving force
∆G0. Equation 3.10 describes the back electron transfer from the charge-separated state to the first
excited singlet state of a chromophore. For hole transfer, the same equation can be applied if the indices
ET and BET are changed to HT and BHT, and accordingly

kBHT

kHT
= exp

{
−∆G0

kBT

}
(5.1)

The maximum value of ∆G0 can be estimated for which back-hole transfer becomes thermodynam-
ically favourable. The maximum value ∆G0 at which delayed fluorescence is feasible, is arbitrarily set
to 4×0.025 eV=0.10 eV. Since the driving force is a function of the dielectric constant of the solvent,
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∆G0=∆G0(εS), the dielectric constant εS of the solvent can be tuned in order to control delayed fluo-
rescence. With equation 5.1 it follows that the threshold for delayed fluorescence lies at εS=2.8, below
this value delayed fluorescence is thermodynamically favourable. In toluene and xylene the dielectric
constant has a value of εS=2.4 and ∆G0 is 0.05 eV. Due to the small gap between first excited sing-
let state and charge-separated state, the charge-separated state SiPc•−-MSBDP•+ is activated thermally
back to the first excited singlet state 1SiPc∗. The energy will fluctuate between these two states, un-
til the system either fluoresces or returns to the ground state via charge recombination. This matches
with the bi-exponential fluorescence decay of BDP-SiPc-MSBDP and SiPc(MSBDP)2 when dissolved
in toluene and xylene. Furthermore, it explains the somewhat higher SiPc-part fluorescence quantum
yields of SiPc(MSBDP)2 and BDP-SiPc-MSBDP dissolved in xylene and toluene. On the other hand,
the energetic gap between the SiPc-singlet state and the charge-separated state is 0.25 eV in chloroform
(εS=4.8), which is too large to overcome thermally. Thus, delayed fluorescence is inhibited in chloroform
and solvents with higher polarities such as THF and DMF. This correlates well with the experimental
findings.

The kinetic equations for the three-level system in figure 5.11 can be solved explicitly as shown in
[75, 150, 152, 153]. Given the normalized fluorescence intensity I(t) by

I(t) = a1 exp{−k1t}+(1−a1)exp{−k2t} (5.2)

The amplitudes a1, 1− a1 and rates ki in this equation are obtained experimentally from the DAF
spectra. Furthermore, one can express the experimentally determined rates ki by the following set of
equations:

k1 =
(X +Y )

2
+

1
2

√
(X−Y )2 +4kHT kBHT

k2 =
(X +Y )

2
− 1

2

√
(X−Y )2 +4kHT kBHT

a1 =
X− k2

k1− k2

X = k f l + kHT

Y = kCR + kBHT

(5.3)

in these equations kHT is the rate of the hole transfer, kBHT the rate of the back hole transfer, kCR

the rate of charge recombination, 1/k f l the fluorescence lifetime of SiPc in absence of MSBDP. The
calculated rates kHT and kBHT are summarized in table 5.7.

The hole-transfer-to-back-hole-transfer ratio kHT :kBHT can be calculated with the values in table 5.7.
This yields 1:7.3 and 1:7.5 for BDP-SiPc-MSBDP and SiPc(MSBDP)2, respectively. On the other hand,
using Boltzmann statistics (equation 5.1) with a driving force ∆G0=0.05 eV, a ratio of 1:7.4 is obtained.
The latter is in accord with the values obtained in the experiment.
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Table 5.7: Rates of the three-level system in figure 5.11 for BDP-SiPc-MSBDP and SiPc(MSBDP)2 dissolved in xylene.

Rate
kkk ×××111000888 [s−1]

SiPc(MSBDP)2 BDP-SiPc-MSBDP

kHT 510 330

kBHT 68 45

kCR 6.7 5.9

k f l,SiPc 2.0 2.0

k1 590 390

k2 3.6 3.1

5.1.4 Population of the triplet state

In non-polar solvents pronounced SiPc ground state depletion of the three triads can be observed at
15 ns delay after excitation, which is addressed to the population of the first excited triplet state 3SiPc∗.
For phthalocyanines it is well-known that ISC S1→T1 occurs with quite high probability. In contrast,
a feature of common Bodipys is the negligible probability of the T1 state population via ISC. This is
illustrated by the vanishing ground state bleaching signals of both BDP and MSBDP moieties after some
ns. The triplet state energy of SiPc is about 1.26 eV [85, 86, 87, 88]. The energy of the charge-separated
state depends on the polarity of the solvent and the electron donor-acceptor pair and varies from 2.18 eV
(BDP•+-SiPc•−, toluene) to 1.39 eV (SiPc•−-MSBDP•+, DMF), cf. table 5.6. A transition from the
charge-separated state to the triplet state 3SiPc∗ is therefore energetically feasible for all combinations of
solvents and molecules. However, the rapid charge recombination in polar solvents precludes an efficient
transition from the charge-separated state to the T1 state, which typically occurs on a time scale of a few
nanoseconds [86]. Therefore, the values of the quantum yield of first excited triplet state population are
negligibly small for all triads dissolved in THF and DMF, whereas in toluene and xylene the ΦT quantum
yields are in the same order of magnitude of ΦISC=0.32 of monomeric SiPc. In chloroform the situation is
slightly different. The fluorescence lifetime and the lifetime of the charge-separated state of SiPc(BDP)2
are in the order of 5 ns, which explains the comparably high ISC quantum yield of 0.32. It is emphasized
that the population of the first excited triplet state occurs via two pathways: ISC from the first excited
singlet state of the SiPc moiety and from the CS state. On the other hand, for BDP-SiPc-MSBDP and
SiPc(MSBDP)2 charge recombination takes place within 400 ps, thereby decreasing ΦT . In fact, one can
carry out some estimations in order to calculate the quantum yield of first excited triplet state formation:

ΦT (chloroform) = ΦT (toluene)
τCR(chloroform)

τCR(toluene)
(5.4)

For the BDP-SiPc-MSBDP and SiPc(MSBDP)2 triads dissolved in chloroform the calculated quantum
yields are 0.076 and 0.077 which correlate well with the experimentally determined values of 0.070 and
0.075.
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5.1.5 Conclusions

The BDP-SiPc-MSBDP triad turned out to be an excellent light-harvester with broad UV/Vis absorption
ranging from 300 to 700 nm. The photophysical properties of BDP-SiPc-MSBDP are strongly affected
by two different types of interactions between the Bodipy and Pc moieties; namely EET and ET. After
excitation of any part of the triad, the energy is funnelled to the SiPc core. Arrived here, electron transfer
from MSBDP to SiPc occurs with almost unity quantum yield. The charge-separated state is stabilized in
non-polar toluene and xylene, its lifetime is 1.7 ns in both solvents. The lifetime of the CS state decreases
as the polarity of the solvent increases and its value amounts to 400 ps in chloroform, 100 ps in THF and
30 ps in DMF. The energy gap between charge-separated state and first excited singlet state of the SiPc
moiety is very small in toluene and xylene facilitating the back hole transfer process. The latter results in
the appearance of thermally activated delayed fluorescence. In polar solvents the charge-separated state
undergoes deactivation directly to the ground state, whereas in non-polar solvents charge recombination
leads to the population of the SiPc first excited triplet state. The photophysical processes involved are
summarized in a Jablonski-diagram, figure 5.12. As was shown, the characteristic transfer processes of
SiPc(MSBDP)2 and SiPc(BDP)2, namely ET and EET, have been merged into one molecule. BDP-SiPc-
MSBDP is superior to the aforementioned triads and the conjugate is therefore a potential candidate for
use in artificial photosynthetic systems.
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(a) Toluene, xylene, chloroform

(b) THF, DMF

Figure 5.12: Jablonski diagram of BDP-SiPc-MSBDP dissolved in toluene, xylene, chloroform (a) and THF, DMF (b). Note
that the rate kBHT is negligible in chloroform.
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5.2 The SiPc(BDP-MSBDP)2 pentad

The SiPc(MSBDP)2 triad was extended by two BDP units to compose a pentad. The molecular structure
of the resulting conjugate is shown in figure 5.13. In the following, it will be denoted either as pentad
or as SiPc(BDP-MSBDP)2. The pentad has been designed to take advantage of the characteristics of
its constituent parts. With respect to the triads presented in the previous section, it is expected that the
pentad has much higher extinction in the regions where BDP and MSBDP absorb owing to the doubled
BDP and MSBDP moieties.

Figure 5.13: Structural formula of the pentad SiPc(BDP-MSBDP)2.

As was illustrated for the Bodipy-SiPc triads, the absorbed energy is funnelled from the peripheral
Bodipys to the central SiPc reaction centre. Arrived here, electron transfer now occurs from the Bo-
dipy to the SiPc core. Obviously, for the pentad it is expected that the absorbed energy is directed to
the SiPc-core, too. Here a charge-separated state could be generated, possibly via multi-step electron
transfer from MSBDP to SiPc and subsequently from BDP to MSBDP, thereby mimicking the sequen-
tial charge transfer processes that occur in natural photosynthesis. The increase in distance between the
charge-separated species should result in slower rates of charge recombination. A similar decrease in
charge recombination has been reported by Martín-Gomis et al. for a SiPc-based pentad [87]. Due to
the improved light-harvesting function and longer charge-separated state the pentad is expected to be
superior to the triads discussed above. Interestingly, as will be shown, this is not the case.
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Before studying the pentad, it is necessary to unravel the photophysical behaviour of its constituent
parts. The pentad consists of a SiPc that is linked at both axial positions to a BDP-MSBDP dyad. The
latter is composed of two Bodipy units, see figure 5.14. It is noted that the Bodipys in figure 5.14 differ
slightly from BDP and MSBDP presented above (cf. figure 5.1), nevertheless, in the following they will
also be denoted as BDP and MSBDP.

Figure 5.14: Structural formulae of BDP, MSBDP and the dyad BDP-MSBDP

In the next section, a detailed analysis of the photophysical parameters of the BDP-MSBDP dyad
is presented. Subsequently, the photophysical behaviour of the pentad is outlined. As is shown, the
presence of SiPc in the SiPc(BDP-MSBDP)2 pentad dramatically alters the photophysical behaviour of
the BDP-MSBDP dyad.
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5.2.1 Photophysical parameters of the BDP-MSBDP dyad as constituent part of the
pentad

The photophysical experiments have been carried out in four solvents with different polarity: toluene,
chloroform, dichloromethane (DCM) and acetonitrile.

Steady-state characterization of the BDP-MSBDP dyad

In figure 5.15 the UV/Vis spectra of the dyad as well as the reference compounds dissolved in acetonitrile
are shown. The corresponding spectra in toluene are shown in figure 7a (appendix).

Figure 5.15: UV/Vis spectra of BDP, MSBDP and the BDP-MSBDP dyad dissolved in acetonitrile.

The absorption spectrum of the dyad is essentially the superposition of the absorption bands of the
corresponding monomeric components and has three pronounced peaks: one with a maximum at 570 nm
that belongs to MSBDP, another one at 500 nm that belongs to BDP, and the third band, located in the
blue spectral region at around 350 nm, is a superposition of the S2 and S3 absorption bands of BDP and
MSBDP [154]. The absorption maxima of highest intensity of the dyad as well as the reference com-
pounds BDP and MSBDP in different solvents are given in table 5.8. Due to the small spectral shifts of
the absorption bands of the dyad compared with those of the corresponding reference compounds, the
BDP- and MSBDP-part of the dyad in the ground state are considered electronically decoupled.

Due to the fact that the absorption bands of the BDP- and MSBDP-part of the dyad are well separated,
both the steady-state fluorescence spectra upon selective excitation of the BDP and MSBDP moieties
were recorded, see figure 5.16. The calculated fluorescence quantum yields are summarized in table 5.9.

Upon excitation at 532 nm, where only the MSBDP moiety absorbs light, the fluorescence of the dyad
shows a similar structure to that of the reference MSBDP (figure 5.16). The fluorescence intensity of the
dyad decreases as the dielectric constant of the solvent increases: in toluene the fluorescence of the dyad
is slightly quenched with Φ f l=0.70, in DCM the value of Φ f l is reduced to 0.35, whereas in acetonitrile
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Table 5.8: Absorption and fluorescence maxima of highest intensity of BDP, MSBDP
and the dyad in different solvents.

Compound Solvent λλλ aaabbbsss [nm]
λλλ fff lll [nm]

BDP-part MSBDP-part
excitation excitation

BDP

toluene 503.5 512 -

chloroform 503 511 -

DCM 501 510 -

acetonitrile 497 505 -

MSBDP

toluene 571.5 - 581

chloroform 571 - 585

DCM 566.5 - 578

acetonitrile 564.5 - 580

Dyad

toluene
506a 520a

588b
578b 588b

chloroform
506a 520a

594b
578b 594b

DCM
505a 514a

586b
573.5b 586b

acetonitrile
500a 506a

587b
570b 585b

a BDP-part
b MSBDP-part

the fluorescence quantum yield is only 0.023. These fluorescence quantum yields are lower than the
fluorescence quantum yields of the reference MSBDP, whose values are in the order of 0.80. This means
that an additional deactivation process depletes the first excited singlet state of the MSBDP moiety.

Upon excitation of the dyad at 470 nm, which corresponds to BDP-part absorption, the fluorescence
of the BDP-part of the dyad is strongly reduced compared to the reference compound independent of
the solvent. At the same time, a peak of MSBDP-part fluorescence with a maximum at 588 nm appears.
The latter effect is an indicator of excitation energy transfer EET from the initially excited energy donor
(BDP) to the energy acceptor (MSBDP) in its ground state. The fluorescence quantum yield of BDP
emission does not exceed 0.007 (see table 5.8). In polar acetonitrile, the fluorescence quantum yield of
MSBDP emission following BDP-part excitation amounts to 0.019, which is significantly lower than the
corresponding value of the reference MSBDP, Φ f l(MSBDP)=0.74. In contrast, in non-polar toluene a
strong peak of the MSBDP-part fluorescence with a fluorescence quantum yield of 0.66 was detected.
The intensity of MSBDP-part emission in DCM lies in between with a quantum yield of 0.22. It should
be mentioned that the quantum yield of MSBDP-part fluorescence following BDP-part excitation is
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(a) BDP-excitation (b) MSBDP-excitation

(c) BDP-excitation (d) MSBDP-excitation

Figure 5.16: Steady-state fluorescence spectra of the dyad dissolved in acetonitrile (a,b) and toluene (c,d). The normalized
spectra are shown in the insets.

lower compared to that measured upon direct excitation of the MSBDP moiety and this effect is solvent
independent.

In figure 7b (appendix) the fluorescence excitation (registration at 588 nm) and the absorption spectra
of the BDP-MSBDP dyad dissolved in toluene are shown. The excitation spectrum of the MSBDP-part
fluorescence matches the absorption spectrum of the dyad well. The band of the excitation spectrum
around 500 nm has an intensity of 94% compared to the BDP-absorption band, which underlines the ef-
ficient energy transfer from BDP to MSBDP. Similar results were obtained for BDP-MSBDP dissolved
in acetonitrile.

From the steady-state experiments it is inferred that efficient EET is the dominant process for the
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Table 5.9: Fluorescence quantum yields of BDP, MSBDP and the dyad
in different solvents.

Compound Solvent
ΦΦΦ fff lll

BDP-part MSBDP-part
excitation excitation

BDP

toluene 0.57 -

chloroform 0.58 -

DCM 0.49 -

acetonitrile 0.46 -

MSBDP

toluene - 0.78

chloroform - 0.85

DCM - 0.88

acetonitrile - 0.74

dyad

toluene
0.007a

0.70b
0.66b

chloroform
0.004a

0.78b
0.63b

DCM
0.002a

0.35b
0.22b

acetonitrile
<0.001a

0.023b
0.019b

a BDP-part emission
b MSBDP-part emission

deactivation of the BDP S1-state. A solvent dependent quenching of the MSBDP-part fluorescence
implies that charge transfer is involved in the deactivation of the MSBDP first excited singlet state, too.
Time-resolved measurements have been performed in order to, first, corroborate this assumption and,
second, to reveal the nature of this charge separation.
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Excited-state dynamics of the BDP-MSBDP dyad

The fluorescence decay of the reference compounds BDP and MSBDP was found to be mono-exponential
with lifetimes of around 3.2 ns and 3.7 ns, respectively (see table 5.10). The fluorescence decay of the
dyad was measured upon selective excitation of the BDP and MSBDP moieties. The DAF spectra of the
dyad dissolved in toluene and acetonitrile upon BDP-part excitation are shown in figure 5.17, while the
DAF spectra upon MSBDP-part excitation can be found in figure 7b (appendix).

Table 5.10: Fluorescence lifetimes of BDP, MSBDP and the BDP-
MSBDP dyad in different solvents.

Compound Solvent
τττ fff lll ±±± 0.02 [ns]

BDP-part MBDSP-part
excitation excitation

BDP

toluene 3.11 -

chloroform 3.45 -

DCM 3.32 -

acetonitrile 3.03 -

MSBDP

toluene - 3.46

chloroform - 3.75

DCM - 3.72

acetonitrile - 3.91

Dyad

toluene
<0.010a

3.89b
3.86b

chloroform
<0.010a

3.76b
3.76b

DCM
<0.010a

2.33b
2.42b

acetonitrile
<0.010a

0.092b
0.088b

a BDP-emission
b MSBDP-emission

Upon excitation of the dyad at 400 nm (BDP-part excitation) in both toluene and acetonitrile only
one DAF spectrum was resolved that resembled the steady-state fluorescence spectrum of monomeric
MSBDP. No trace of BDP-part fluorescence was resolved; apparently, the quenching of the first excited
singlet state of the BDP moiety is so effective that it was not possible to detect a reliable signal within
the time resolution of the experimental setup.

In toluene the decay time of the DAF spectrum was estimated to be 3.76 ± 0.02 ns, which is similar
to the lifetime of the reference MSBDP. In acetonitrile a decay time of 88 ± 10 ps is observed, which
clearly indicates that an additional efficient pathway exists for the deactivation of the first excited singlet
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(a) Toluene (b) Acetonitrile

Figure 5.17: DAF spectra of the dyad dissolved in toluene and acetonitrile upon excitation of BDP at 400 nm.

state of the MSBDP moiety. The fast decay time correlates with the small fluorescence quantum yield
found for the dyad dissolved in polar environment. In DCM the lifetime of the MSBDP moiety of 2.42 ns
is also reduced compared to that of the reference MSBDP (3.72 ns). This is accompanied by the lower
MSBDP-part fluorescence quantum yield. However, the decrease in fluorescence lifetime and quantum
yield is not that strong as observed in acetonitrile.

Similar results have been obtained upon direct excitation of the MSBDP-part at 532 nm, see table 5.10.

In order to obtain information about the nature of the assumed charge-separated state, the transient
absorption spectra of all compounds have been recorded. The decay of the ground state bleaching of
all the reference compounds was found to be mono-exponential with characteristic times similar to their
fluorescence decay times. The intersystem crossing S1→T1 quantum yields were estimated to be zero in
all solvents for both BDP and MSBDP.

The transient absorption spectra of the dyad dissolved in acetonitrile and in toluene upon excitation of
MSBDP are shown in figure 5.18.

In both solvents ground state bleaching of the MSBDP-part and broad induced absorption around
870 nm are seen. The latter is also observed for the monomeric MSBDP and can be ascribed to Sn

induced absorption of the MSBDP moiety. Furthermore, a negative ∆OD signal with a minimum at
508 nm was observed, indicating depletion of the ground state absorption of the BDP moiety. At this
point it is emphasized that EET from MSBDP to BDP is energetically unfavourable. In addition, a
new induced absorption band at around 518 nm appears. Control experiments verified that none of the
reference compounds BDP and MSBDP exhibits these features alone.
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(a) Toluene (b) Acetonitrile

Figure 5.18: Transient absorption spectra of BDP-MSBDP dyad dissolved in toluene (a) and in acetonitrile (b) at different
delay times after MSBDP-part excitation.

The TA spectra of the dyad upon BDP-part excitation are shown in figure 5.19. The same features
as described above for the dyad upon MSBDP-part excitation have been observed: transient bleaching
signals at 500 nm and 570 nm that belong to BDP and MSBDP parts and induced absorption bands at
518 nm and 870 nm.

(a) Toluene (b) Acetonitrile

Figure 5.19: Transient absorption spectra of BDP-MSBDP dyad dissolved in toluene (a) and in acetonitrile (b) upon excitation
of the BDP moiety at different delay times.

The characteristic ground state recovery times of the BDP and MSBDP moieties are summarized in
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Table 5.11: Ground state recovery times τrec of the BDP and MSBDP moieties of the BDP-MSBDP dyad dissolved in toluene
and acetonitrile.

Solvent, moiety τττrrreeeccc [ns]

toluene, BDP 3.8 ± 0.2

toluene, MSBDP 3.8 ± 0.2

acetonitrile, BDP 0.11 ± 0.02

acetonitrile, MSBDP 0.11 ± 0.02

table 5.11. In acetonitrile the decay time of the ground state bleaching of the BDP moiety was found to
be 110 ± 20 ps independent of the excitation wavelength. This time is much longer than the BDP-part
fluorescence lifetime, which is faster than 10 ps (time resolution of the TCSPC setup). The recovery of
the MSBDP-part ground state occurs with the same characteristic time of 110 ± 20 ps. It is worth to
mention that the fluorescence lifetime of the MSBDP-part is somewhat shorter (∼90 ps).

In toluene the MSBDP-part ground state bleaching signal decays with a lifetime of 3.7 ± 0.2 ns after
either BDP- or MSBDP-part excitation. This correlates well with the measured fluorescence lifetime of
3.76 ns. The recovery of the ground state population of the BDP moiety takes place with roughly the
same lifetime: 4.0± 0.2 ns after direct excitation of the BDP moiety and 3.8± 0.2 ns after MSBDP-part
excitation.

Discussion of the dyad’s photo-induced processes

For clarity the discussion is focussed on the dyad dissolved in toluene and acetonitrile. The absorption
and fluorescence spectra of the dyad are well described by a superposition of the spectra of the reference
compounds in polar acetonitrile as well as in non-polar toluene as can be seen from figures 5.15 and 5.16.
These observations indicate that despite close proximity in the dyad, there is no strong coupling between
electronic systems of the BDP and MSBDP moieties neither in the ground state nor in the first excited
state. To explain the results obtained, two different types of interaction between the BDP and MSBDP
moieties were taken into consideration, namely EET and ET.

As can be seen from the excitation spectrum of the BDP-MSBDP dyad and by comparison of the fluor-
escence quantum yields, EET is mainly responsible for efficient depopulation of the BDP S1-state. As
a result, the decay time of the BDP-part fluorescence and the fluorescence rise time of the MSBDP-part
were faster than the time resolution of the TCSPC setup, i.e. kEET >1011 s−1. Comparing the fluorescence
quantum yield of the MSBDP moiety upon direct excitation with that upon BDP-part excitation, the ef-
ficiency of EET was calculated to be around 0.83 in acetonitrile and 0.94 in toluene. One would expect
the EET to occur with a quantum yield of unity, as the rate is much greater than the fluorescence lifetime
of the monomeric reference BDP, the rate of the latter being k f l=3.3×108 s−1. Due to the fact that the
value of ΦEET is less than one, an additional process that is responsible for the deactivation of the BDP
S1 state is expected to be involved.

In the transient absorption spectra, bleaching of the BDP ground state absorption after MSBDP-part
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excitation indicates that energy is stored in an intermediate state. This state can be identified as a charge-
separated state. In order to prove the possibility of ET, the free energy of charge separation was calculated
using the Rehm-Weller approach, equation 3.12. It is noted that the calculated values are based on the
electrochemical properties of BDP-OH and MSBDP-OH, see table 2. This approximation is valid when
the redox data are similar. Indeed, in [102] a Bodipy similar in structure to BDP was reported which has
basically the same redox properties as BDP. R, rBDP and rMSBDP are 6 Å, 3 Å and 4 Å, respectively [92].
The values of ∆G0 are summarized in table 5.12.

Table 5.12: Driving force ∆G0 for possible electron transfer reactions.

Transition
∆∆∆GGG000 ±±± 0.05 [eV], ∆∆∆GGG000 ±±± 0.05 [eV],

toluene acetonitrile
BDP∗-MSBDP→BDP•−-MSBDP•+ 0.28 -0.44
BDP-MSBDP∗→BDP•−-MSBDP•+ 0.58 -0.14
MSBDP∗-BDP→MSBDP•−-BDP•+ 0.59 -0.13
MSBDP-BDP∗→MSBDP•−-BDP•+ 0.29 -0.43

As can be seen from table 5.12 only positive ∆G0 values were calculated when the dyad is dissolved in
toluene (this means that ET is not a thermodynamically favourable process), whereas for acetonitrile the
values of ∆G0 are negative. However, picosecond pump-probe experiments have clearly shown that ET
occurs for the dyad dissolved in toluene. At this point it should be mentioned that for non-polar solvents,
the influence of the radii of ions and the centre-to-centre distance of the electron donor and acceptor
on the calculated value of ∆G0 increases dramatically due to the small values of the dielectric constant.
Since determination of R, rD and rA is quite error-prone, the values determined by equation 3.12 are
just a very rough estimation. In acetonitrile negative values of ∆G0 have been calculated for both the
generation of BDP•−-MSBDP•+ and BDP•+-MSBDP•− charge-separated states which can be ascribed
to the ampholytic character of Bodipys and the similar redox properties of BDP and MSBDP [100].
Hence, from table 5.12 it is not clear, whether BDP•−-MSBDP•+ or BDP•+-MSBDP•− is generated.
Nevertheless, it was possible to reveal the nature of the charge-separated state by comparing transient
absorption spectra with those found in literature. At this point, it is necessary to emphasize that both
after BDP- and MSBDP-part excitation transient absorption at 518 nm was observed. In chapter 5.1
we became acquainted with Bodipy-SiPc triads, where two similar BDP or MSBDP molecules were
covalently linked to the central silicon atom of a Pc moiety (SiPc). It was shown for both systems that
after photo-excitation efficient charge separation occurs and in both triads the Bodipy moieties play the
role of an electron donor and the SiPc moiety is reduced to SiPc•−.

It is worthwhile comparing the TA spectra of SiPc(BDP)2 and SiPc(MSBDP)2 with that of the BDP-
MSBDP dyad. From figure 5.20, it can be seen that besides BDP-MSBDP, SiPc(BDP)2 exhibits an
induced absorption band at around 518 nm, too, whereas triad SiPc(MSBDP)2 lacks this transient signa-
ture. The BDP moiety of the SiPc(BDP)2 triad was oxidized after photo-excitation. This suggests that
the BDP moiety of the BDP-MSBDP dyad is the electron donor, since SiPc(BDP)2 and BDP-MSBDP
have a transient absorption band at approx. 518 nm in common. This is corroborated by the absorption
band at 513 nm of an electrochemically oxidized solution of a similar Bodipy with a trimethoxybenzene
linked at the meso-position as reported by Hattori, Fukuzumi et al. [102].

The charge transfer probability ΦCS can be calculated by comparing the fluorescence quantum yields
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Figure 5.20: Transient absorption spectra of SiPc(BDP)2, SiPc(MSBDP)2 and BDP-MSBDP directly after excitation. Both
triads are dissolved in DMF, the dyad is dissolved in acetonitrile.

of the monomeric MSBDP, Φ0
f l , and the MSBDP-part of the dyad, Φ f l , with ΦCS = 1−Φ f l/Φ0

f l . The
calculated quantum yield following BDP- and MSBDP-part excitation are listed in table 5.13.

Table 5.13: Quantum yields of charge separation of the dyad following selective excitation of BDP or MSBDP in different
solvents.

Solvent
ΦΦΦCCCSSS

BDP-part MBDSP-part
excitation excitation

toluene 0.15 0.10

chloroform 0.26 0.08

DCM 0.75 0.60

acetonitrile 0.98 0.97

Following MSBDP-part excitation in toluene hole transfer occurs from MSBDP to BDP and the cal-
culated charge separation quantum yield is ΦCS=0.10. Due to the rather low probability, the fluorescence
behaviour is affected to a lesser extent. The calculated HT rate kHT =3.0×107 s−1 is small compared to
the fluorescence rate k f l=2.7×108 s−1.

Excitation of the BDP moiety results in a higher quantum yield, ΦCS=0.15. Apparently, a direct
electron transfer channel BDP∗-MSBDP→BDP•+-MSBDP•− exists next to the aforementioned energy
transfer from the photo-excited BDP to MSBDP in its ground state. It was found by means of ps-TAS
that independent of the excitation wavelength, the ground state recovery of the BDP moiety occurs with
the lifetime of the S1-state of the MSBDP-part. An explanation could be given, taking into account that
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the charge recombination kCR is fast compared to the MSBDP fluorescence lifetime. Hence, the kinetics
of the BDP bleach follow the lifetime of the MSBDP excited state.

Increase of the polarity of the solvent leads to an increase of the charge separation probability. In
DCM the corresponding quantum yield amounts to 0.60 (MSBDP-part excitation) and 0.75 (BDP-part
excitation). In polar acetonitrile the formation of the charge-separated state is more favourable with
quantum yields of almost unity, i.e. 0.97 and 0.98 for MSBDP- and BDP-part excitation, respectively.
The hole transfer rate is calculated to be kHT =1.1×1010 s−1, which is 360 times faster than kHT in toluene.

Conclusions

The UV/Vis absorption of the dyad covers a spectral region that ranges from 300 to 600 nm with high
extinction. After absorption of light the energy is directed to the MSBDP moiety, subsequently the
charge-separated BDP•+-MSBDP•− state is generated. By comparing transient absorption spectra of
reference triads SiPc(BDP)2 and SiPc(MSBDP)2 with those of the dyad, it was possible to reveal the
nature of the charge-separated state. It was found that BDP acts as electron donor and MSBDP as
electron acceptor. The probability of this charge transfer depends on the polarity of the solvent and the
excitation wavelength. Upon BDP-part excitation the CS quantum yield values of 0.15, 0.26, 0.75 and
0.98 were calculated for solution in toluene, chloroform, DCM and acetonitrile, respectively, whereas
the corresponding values of 0.10, 0.08, 0.60 and 0.97 were measured upon MSBDP-part excitation. In
all solvents EET is the main transfer process that funnels the energy absorbed by the BDP-part to the
MSBDP moiety. For this reason, the dyad can be used to effect an initial charge separation and as an
energy antenna in the SiPc(BDP-MSBDP)2 pentad. It can be potentially employed in other artificial
photosynthetic systems, too. The electron and energy transfer processes that take place in the dyad are
shown in figure 5.21; the energy levels of the dyad and transitions between them are presented in figure
5.22.
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Figure 5.21: Transfer processes involved in the BDP-MSBDP dyad.

Figure 5.22: Scheme of energy levels ans transitions between them for the BDP-MSBDP dyad.
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5.2.2 Steady-state characterization of the pentad

For the photophysical investigations, the pentad was dissolved in different solvents. However, the
pentad’s solubility was poor in dimethyl sulfoxide (DMSO), DMF, acetonitrile, THF, acetone, pyridine,
ethanol, toluene, xylene and DCM. The only solvent that turned out to be suitable for all measurements
was chloroform. For this reason, the pentad was dissolved in chloroform in all experiments performed.

Figure 5.23 shows the UV/Vis absorption spectra of the pentad and its monomeric references dissolved
in chloroform.

Figure 5.23: UV/Vis absorption spectra of the pentad and its monomeric references BDP, MSBDP and SiPc dissolved in chlo-
roform.

The UV/Vis absorption spectrum of the pentad is well described by a superposition of the monomeric
compounds BDP, MSBDP and SiPc. The absorption maxima of the BDP and MSBDP moieties of the
pentad undergo bathochromic shifts of 120 cm−1 and 420 cm−1, respectively. The absorption maximum
of the SiPc moiety undergoes a hypsochromic shift of 22 cm−1. The spectral positions of the correspond-
ing absorption maxima of highest intensity are summarized in table 5.14. Due to the comparably small
spectral shifts and due to the fact that the shapes of the absorption bands of the pentad are essentially the
same as the monomeric references, one can consider the excited states of the molecular parts as electron-
ically decoupled.

Since the absorption bands of BDP, MSBDP and SiPc are well-separated spectrally, steady-state fluo-
rescence spectra of the pentad were recorded upon photo-selective excitation of its parts. The corres-
ponding fluorescence spectra of the pentad and its references are shown in figure 5.24; and the emission
peaks of highest intensity are summarized in table 5.14.

After selective excitation of the SiPc moiety of SiPc(BDP-MSBDP)2 at 615 nm, strong quenching
of fluorescence is observed compared to monomeric SiPc. In the normalized fluorescence spectrum
(see inset in figure 5.24a) the fluorescence of the SiPc moiety of the pentad is 240 cm−1 shifted hypso-
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Table 5.14: UV/Vis absorption maxima and fluorescence maxima of the pentad and its references
dissolved in chloroform.

Compound λλλ aaabbbsss [nm]
λλλ fff lll [nm]

BDP-part MSBDP-part SiPc-part
excitation excitation excitation

BDP 503 511 - -

MSBDP 571 - 585 -

SiPc 683 - - 687

Dyad
506a 520a

594b -
578b 594b

SiPc(BDP)2
501a N.d.a

- 687c
683c 687c

SiPc(MSBDP)2
568b

-
584b

686c
683c 686c

BDP-SiPc-MSBDP
501.5a 509a 582b

687c569b N.d.b 687c

682.5c 687c

Pentad
506a 519a 594b

688c,d585b 594b 688c,d

682c 688c,d

a BDP-part
b MSBDP-part
c SiPc-part
d from DAF spectra (vide infra)

chromically compared to the reference compound SiPc. In addition, the fluorescence maximum lies at
676 nm, which is even at smaller wavelength than the absorption maximum of 682 nm. This is probably
caused by a small SiPc impurity. Beside the 676 nm peak of the impurity, DAF spectra reveal a clear
fluorescence maximum at 688 nm (vide infra), which is associated with the SiPc-part fluorescence of
the pentad. The fluorescence quantum yields could be corrected accordingly and the impurity corrected
fluorescence quantum yield was calculated to be smaller than 0.001.

Excitation of the MSBDP-part of the pentad results in strong quenching of MSBDP fluorescence
(figure 5.24b). Furthermore, weak SiPc-part fluorescence is observed, which is indicative of EET from
the photo-excited MSBDP to the SiPc in its ground state. The MSBDP-part fluorescence quantum yield
is 0.006, while the SiPc-part fluorescence quantum yield is even smaller with a value <0.001.

Excitation of the BDP moiety results in strong quenching of the BDP-part emission and appearance
of weak fluorescence of MSBDP and SiPc moieties (figure 5.24c). Apparently, energy is transferred
from the photo-excited BDP to MSBDP and SiPc in their ground states. The position and shape of the
fluorescence of BDP and MSBDP parts resemble the fluorescence of the dyad BDP-MSBDP. However,
regardless of which molecular part is initially excited, the fluorescence quantum yield of each molecular
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(a) SiPc-part excitation (b) MSBDP-part excitation

(c) BDP-part excitation

Figure 5.24: Steady-state fluorescence spectra of the pentad and its references dissolved in chloroform upon excitation of its
parts. In the insets normalized spectra are shown for comparison.

part does not exceed 0.007 and is in most cases even smaller than 0.001, see table 5.15. Obviously,
conjugation of the dyad to SiPc results in strong quenching of fluorescence irrespective of which moiety
is excited.
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Table 5.15: Fluorescence quantum yields of the pentad and its references dis-
solved in chloroform.

Compound
ΦΦΦ fff lll

BDP-part MSBDP-part SiPc-part
excitation excitation excitation

BDP 0.58 - -

MSBDP - 0.85 -

SiPc - - 0.58

Dyad
0.004a

0.78b -
0.63b

SiPc(BDP)2
<0.001a

- 0.52c
0.27c

SiPc(MSBDP)2 -
0.020b

0.006c
0.003c

BDP-SiPc-MSBDP
<0.001a 0.003b

0.020c<0.001b 0.007c

0.010c

Pentad
<0.001a 0.006b

<0.001c0.004b <0.001c

<0.001c

a BDP-emission
b MSBDP-emission
c SiPc-emission

Combining the results obtained in the Triads and Dyad sections with the results of the pentad from
steady-state experiments it is assumed that:

• Efficient EET occurs from the peripheral Bodipys to the central SiPc core.

• The pentad exhibits almost vanishing fluorescence properties when dissolved in chloroform. This
is indicative of a high yield of charge separation, as was found for SiPc(MSBDP)2 and BDP-SiPc-
MSBDP.

Up to now, the nature of this charge-separated state is unclear. Based on experience gained in the
previous chapters, it is assumed that SiPc is reduced and a Bodipy is oxidized. In order to clarify the
situation, time-resolved measurements have been performed. Particularly with regard to pentad’s low
fluorescence quantum yields (<0.001), the emission decay times are expected to be extremely fast. The
transient absorption experiments will elucidate the identity of the charge-separated species.
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5.2.3 Excited-state dynamics of the pentad

Time-resolved fluorescence

The DAF spectra of the pentad dissolved in chloroform upon selective excitation of the SiPc-, MSBDP-
and BDP-part are shown in figure 5.25. The resulting fluorescence lifetimes are summarized in table
5.16. For comparison the decay times of the references are listed in table 5.16, too.

Table 5.16: Fluorescence lifetimes of the pentad and its reference compounds
dissolved in chloroform.

Compound
τττ fff lll±±±000...000222000 [ns]

BDP-part MSBDP-part SiPc-part
excitation excitation excitation

BDP 3.45 - -

MSBDP - 3.75 -

SiPc - - 5.48

dyad
-a

3.89a -
3.86b

SiPc(BDP)2
-a

- 5.59c
5.54c

SiPc(MSBDP)2 -
-b

0.038c
0.043c

BDP-SiPc-MSBDP
-a -b

0.035c-b 0.038c

0.044c

pentad
-a 0.010b,d

0.011c,d0.010b,d 0.010c,d

0.010c,d

a BDP-emission
b MSBDP-emission
c SiPc-emission
d at detection limit

Upon SiPc-part excitation of the pentad at 622 nm, two lifetimes are unravelled (figure 5.25a). The
slow one has a lifetime of 4.46 ns, its amplitude is rather small and its maximum lies at 676 nm. The
absorption maximum of the SiPc moiety of the pentad lies at 682 nm (see above). In addition, the lifetime
of around 5 ns is typically for pristine SiPc. For this reason, this component could be assigned to a small
SiPc impurity. Due to its relatively long fluorescence lifetime and high fluorescence quantum yield,
the impurity dominates the steady-state fluorescence spectrum (cf. figure 5.24a). The fast component
decays with 11 ps, its amplitude is much greater than the slow component and its maximum lies at
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688 nm. It is likely that the fluorescence is even faster, because it basically follows the excitation pulse.
Furthermore, a small, narrow peak at 766 nm is seen in the 11 ps DAF spectrum. The same peak is
revealed for a cuvette filled with pristine chloroform, i.e. without dye. As further outlined below, the
signal could be identified with Raman scattering. Upon excitation at 622 nm the 3019 cm−1 vibration
mode of chloroform corresponds to a Raman signal at 766 nm [155].

(a) SiPc-part excitation (b) MSBDP-part excitation

(c) BDP-part excitation

Figure 5.25: DAF spectra of the pentad dissolved in chloroform upon excitation of its parts. The blue curves are signals
obtained from cuvettes filled with pristine chloroform and represent Raman scattering signals.

Selective excitation of the MSBDP moiety at 532 nm results in a fast fluorescence lifetime of 10 ps
and a slow decay time of 3.8 ns (figure 5.25b). The maximum of the latter is at 594 nm. According to its
lifetime, peak position and shape, this component is assigned to a small impurity of BDP-MSBDP dyad
(cf. table 5.14). The fast DAF spectrum exhibits three distinct maxima at 595, 688 and 634 nm. The
peak at 595 nm corresponds to the fluorescence maximum of the MSBDP-part and the peak at 688 nm
belongs to SiPc-part emission. The latter indicates that EET from MSBDP to SiPc takes place. A striking
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feature in the 10 ps spectrum is the very narrow peak at 634 nm (FWHM=3 nm) that does not appear
in steady-state fluorescence experiments. For verification, a cuvette filled with pristine chloroform was
measured. The same peak with identical intensity and some other minor peaks which also appear in the
DAF spectrum of the pentad were observed. Since these peaks were also resolved in pure chloroform,
they are associated with Raman scattering. The intense peak at 634 nm is assigned to the 3019 cm−1

vibrational mode of chloroform and the small peak at 569 nm arises from the 1214 cm−1 mode [155].
Because scattering is instantaneous, this scattering follows the excitation pulse. Moreover, since the
detection limit of the setup is around 10 ps, all processes faster than 10 ps are merged to one decay
component of 10 ps. Apparently, the emission of SiPc and MSBDP units is of around 10 ps or even
faster. For this reason, both the fluorescence of SiPc and MSBDP as well as the Raman scattering signal
follows the excitation pulse.

Excitation at 400 nm (BDP-part excitation) results in a bi-exponential fluorescence decay: a fast decay
time of 10 ps and a slow one of 3.89 ns were resolved (figure 5.25c). For the fast component, the maxima
at 688 and 594 nm can be assigned to SiPc- and MSBDP-part fluorescence. Both are indicative of EET
from the photo-excited BDP to the corresponding moieties. As discussed at MSBDP-part excitation,
the TCSPC setup reaches its detection limit and the fluorescence components of SiPc and MSBDP are
merged together into one spectrum with a lifetime that corresponds to the instrument response function.
The 3.89 ns DAF spectrum can therefore be addressed to small amounts of BDP-MSBDP, according to
its lifetime and peak-position. It is noted that the Raman scattering signal of the 3019 cm−1 vibrational
mode of chloroform would peak at 455 nm, which is outside the measured range.
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Transient absorption

Due to the very effective quenching of fluorescence observed in steady-state as well as time-resolved
fluorescence experiments, it stands to reason that the absorbed energy is stored in charge-separated states.
In order to investigate this charge separation and the ground state recovery of BDP-, MSBDP- and SiPc-
part of the pentad, transient absorption spectra of the pentad have been recorded. In figure 5.26 the
transient absorption spectra of the pentad are shown directly after selective excitation of its parts.

Figure 5.26: Transient absorption spectra of the pentad dissolved in chloroform directly after selective excitation of its parts
BDP, MSBDP and SiPc.

As can be seen from figure 5.26, independent of the excitation wavelength used, negative ∆OD signals
at around 500 nm, 570 nm and 680 nm appear. Owing to their shapes and spectral positions, the transients
originate from BDP, MSBDP and SiPc parts, respectively. Interestingly, all three ground states are
depleted, regardless of which moiety was initially excited. Here it is emphasized that EET from the
initially excited SiPc∗ to the BDP- or MSBDP-part in the ground state is energetically unfavourable. The
spectra exhibit transient absorption at 520 nm and 620 nm. Moreover, in each ∆OD spectrum a transient
signature at 750 nm is observed. Control experiments verified that none of the reference compounds
including the dyad BDP-MSBDP and the Bodipy-SiPc triads features this band.

In figure 5.27, transient absorption spectra of the pentad are shown at different delay times. The time
evolution of the SiPc ground state recovery is shown in figure 5.27d. Irrespective of the initially excited
moiety, the SiPc ground state recovers mono-exponentially with a characteristic time of 25 ps, which is
the detection limit of the setup. The kinetics of the MSBDP and BDP bleach recoveries resembles that
of SiPc. After 150 ps, all ground states are recovered, which implies that any transition to a triplet state
is negligible. The TA spectra reveal isobestic points at 691, 595 and 511 nm, which are characteristic of
a transition between two states [156].
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(a) SiPc-part excitation (b) MSBDP-part excitation

(c) BDP-part excitation (d) Ground state recovery of SiPc

Figure 5.27: Transient absorption spectra of the pentad dissolved in chloroform upon excitation of its parts at different delay
times. In figure (d) the SiPc-part ground state recovery is shown.

5.2.4 Discussion of the pentad’s photo-induced processes

The UV/Vis absorption and fluorescence spectra of the pentad are well described by a superposition of
its monomeric references. That means that despite the short separation between Bodipy and SiPc parts,
the Bodipy and SiPc moieties couple neither in the ground, nor in the first excited state. This is a con-
sequence of the nature of the edge-to-face linkage, which prevents the chromophores from stacking. As
described above, after photo-excitation of the Bodipy-SiPc triads and the BDP-MSBDP dyad, EET and
ET play a dominant role in the deactivation of the first excited states. Hence, it is expected that both
processes are involved in the pentad, too.
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The molecular structure of the pentad is reminiscent of the triads. At the triad section it was pointed
out that FRET is the dominant energy transfer process. It is therefore assumed that FRET is the dominant
EET mechanism for the pentad, too. The spectral overlap between the donor’s emission and acceptor’s
absorption is large. The calculated Förster radii of the various donor-acceptor combinations are similar
to those of the triad: R0(MSBDP→SiPc)=54 Å, R0(BDP→MSBDP)=51 Å and R0(BDP→SiPc)=33 Å.
The separation distances between the single moieties are much smaller, supporting that EET takes place
efficiently and rapidly. This is accompanied by the very fast fluorescence lifetimes and the strongly
reduced fluorescence quantum yields of the donors and the absence of fluorescence rise times of the ac-
ceptors. As was shown above for the BDP-SiPc-MSBDP triad EET from BDP to MSBDP occurs. It is
therefore reasonable to assume that EET in the pentad from BDP to SiPc may occur either via hopping
from BDP to MSBDP to SiPc, BDP∗-MSBDP-SiPc→ BDP-MSBDP∗-SiPc→ BDP-MSBDP-SiPc∗, or
directly from BDP to SiPc according to BDP∗-MSBDP-SiPc→ BDP-MSBDP-SiPc∗. The energy trans-
fer processes from BDP to MSBDP, from BDP to SiPc and from MSBDP to SiPc are estimated to occur
with rates greater than 1.0×1011 s−1 (time resolution of the TCSPC setup).

It was shown above that in the BDP-MSBDP dyad an electron is transferred from BDP to MSBDP,
regardless of which constituent part of the dyad is initially excited. The probability of this charge transfer
rises when the dielectric constant of the solvent increases. For non-polar chloroform the probability of
ET is rather small resulting in relatively high fluorescence quantum yields. For the SiPc(MSBDP)2 triad
ET occurs from MSBDP to SiPc with a high yield even in non-polar chloroform. Both facts suggest that
this charge transfer occurs in the pentad, too.

Since the photophysical behaviour of SiPc(BDP)2, SiPc(MSBDP)2 and BDP-MSBDP is elucidated
very well, it is worthwhile comparing the TA spectra of these compounds to the TA spectrum of the
pentad. In figure 5.28 the TA spectra of the pentad, SiPc(BDP)2 and SiPc(MSBDP)2 are shown.

Figure 5.28: TA spectra of the pentad and triads directly after excitation.

The TA spectrum of the pentad exhibits the same features as those of the triads: transient absorption
at 520 nm and 620 nm that can be addressed to the BDP•+ radical cation and the SiPc•− radical anion,
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respectively, and bleach signals of BDP, MSBDP and SiPc moieties. In figure 5.29a, the sum of the
TA spectra of SiPc(BDP)2 and SiPc(MSBDP)2 is compared with the TA spectrum of the pentad. The
SiPc-bleach of the sum of the triads is much more pronounced. When the TA spectra of SiPc(BDP)2 and
SiPc(MSBDP)2 are added, two SiPc•− anions are represented. Obviously, in the pentad only one SiPc•−

anion is generated. To account for the mismatch of the SiPc-bleach, in figure 5.29 the TA spectrum of
SiPc•− ranging from 550-710 nm was subtracted from the sum of the triads’ TA spectra. Figure 5.29b
shows a substantial overlap of TA spectra of the pentad and the triads. The red spectrum in figure 5.29b
represents the transient absorption of BDP•+, MSBDP•+ and SiPc•− moieties. This means that indeed,
the ground states of BDP, MSBDP and SiPc moieties are depleted at the same time. This is corroborated
by the recovery time of 25 ps found in TA experiments, with which the moieties synchronously repop-
ulate their ground states. However, due to conservation of charge the generation of both BDP•+ and
MSBDP•+ radical cations and only one SiPc•− anion is not possible at the same time. For this reason, it
is assumed that the positive hole is delocalized over the π-electron systems of BDP and MSBDP.

(a) (b)

Figure 5.29: TA spectra of the pentad and the sum of TA spectra of SiPc(BDP)2 and SiPc(MSBDP)2 (a). To compensate for
double SiPc absorption, the SiPc•− anion spectrum ranging from 550-710 nm is subtracted from the sum of TA
spectra of SiPc(BDP)2 and SiPc(MSBDP)2 (b) (see text for explanation).

The lifetime of the charge-separated state is very short compared to that of the SiPc(MSBDP)2 triad.
This can be explained by comparing the molecular structures of the molecules, cf. figures 5.2 and 5.13.
On closer examination, the MSBDP moieties of the pentad and SiPc(MSBDP)2 were linked differently
to SiPc. The phenol group of MSBDP is not part of the π-system of MSBDP. In contrast, the styryl group
extends the π-system of MSBDP, thereby shifting the UV/Vis absorption of MSBDP to the red, compared
to BDP. For SiPc(MSBDP)2 the phenol group links MSBDP to SiPc and it prevents close contact of the
π-electron systems of MSBDP and SiPc. On the contrary, for SiPc(BDP-MSBDP)2, the styryl moiety of
MSBDP is covalently bound to SiPc. The distance between the π-electron systems of MSBDP and SiPc
is much shorter than for SiPc(MSBDP)2. This enhances the charge separation rate: for SiPc(MSBDP)2
the hole transfer rate kHT amounts to 2.3×1010 s−1, whereas for the pentad kHT ≥ 1.0×1011 s−1. On the
other hand, the shorter distance increases the charge recombination rate. The latter is much faster for the

86



5.2 The SiPc(BDP-MSBDP)2 pentad

pentad, <25 ps compared to 410 ps for SiPc(MSBDP)2 dissolved in chloroform. At this point it is noted
that the transfer processes in the pentad could be more delicate and a full characterization of the pentad
should be done by carrying out fluorescence and TAS experiments with femtosecond time resolution.

5.2.5 Conclusions

The pentad exhibits excellent UV/Vis absorption that spans from 300-700 nm. The SiPc(BDP-MSBDP)2
pentad covers the same spectral region as the BDP-SiPc-MSBDP triad, but its UV/Vis absorption is
much more pronounced due to the doubled BDP and MSBDP moieties. The absorbed light energy is
directed from the peripheral BDP and MSBDP moieties to the SiPc centre. After excitation of any of its
constituent parts, the (BDP-MSBDP)•+-SiPc•−-MSBDP-BDP charge-separated state is generated with
unity quantum yield. The transfer processes are depicted in figure 5.30. Unfortunately, despite excellent
absorption and unity charge separation quantum yields, charge recombination occurs too fast for practical
purposes with a decay time that is shorter than 25 ps.

Figure 5.30: Jablonski diagram of the pentad SiPc(BDP-MSBDP)2. A, B and C denote BDP, MSBDP and SiPc moieties,
respectively.

The pentad was originally designed to improve the characteristics of the aforementioned triads, i.e.
light-harvesting function and lifetime of charge-separated state. As shown above, the latter is too short
for use in artificial photosynthesis. The pentad’s deviant behaviour could be addressed to the nature of the
covalent linkage between BDP-MSBDP and SiPc. Therefore, it is proposed that different types of linkers
between BDP-MSBDP and SiPc should be tested to obtain a longer lifetime of the charge-separated state.
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5 Photo-induced processes in the covalently bound systems

This trial and error method may yield nice results. On the other hand, it illustrates the restriction that
is imposed on covalently linked systems, i.e. time-consuming syntheses. In addition, covalent syntheses
become inefficient and costly as size and complexity of the systems grow. Naturally, it would be very
convenient if the moieties could be exchanged with other subunits without having to resynthesize the
system. This problem can be overcome if another approach is chosen, namely the self-assembly strategy.
The latter is presented in the next chapter.
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systems

Owing to its facile assembling procedure and resemblance to nature, supramolecular chemistry repre-
sents a powerful means to build complex molecular systems from small building blocks. Based on this
idea, various self-assembly approaches have been investigated for use in artificial photosynthesis such as
metal coordination, hydrogen bonding and π-π stacking [157, 158, 159, 160, 161, 162, 163, 164, 165,
166, 167, 168, 169, 170]. In the present thesis, the self-assembly process between CD and TPPS in
aqueous solution by means of hydrophobic interactions is employed to construct architectures consisting
of multiple chromophores (cf. section 4.1.4).

The structural formulae of the molecular building blocks used for the construction of the self-assem-
bled systems are shown in figure 6.1.

Figure 6.1: Structural formulae of SiPc1, SiPc2, SiPc3, SubPc and TPPS.

The compounds SiPc1, SiPc2, SiPc3 and SubPc were synthesized in the group of Prof. Dr. Dennis
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6 Photo-induced processes in the self-assembled systems

K. P. Ng (Chinese University of Hong Kong) by typical substitution reactions of silicon(IV) phthal-
ocyanine dichloride and boron(III) subphthalocyanine chloride with the corresponding hydroxy CDs
according to procedures described in [171, 172, 173].

The photophysical properties of a self-assembled complex consisting of a CD-conjugated SubPc and
a tetrasulfonated tetraphenyl porphyrin (TPPS) have been reported by Xu, Ermilov et al. [171]. Herein
it was found that SubPc forms stable inclusion complexes with TPPS in aqueous solution. The chro-
mophores associate in a 2:1 manner (SubPc-TPPS-SubPc) and the complex exhibits energy and electron
transfer properties from the photo-excited SubPc moiety to the TPPS core.

On the other hand, Ermilov, Menting et al. reported host-guest complexes formed by TPPS and CD-
conjugated SiPcs [77]. The SiPcs and TPPS moieties undergo complexation spontaneously in aqueous
solution with high association constants and the molecules arrange in 1:1 pairs to TPPS-SiPc complexes.
Depending on the spacer between CD and SiPc, electron and energy transfer processes take place in the
supramolecular complexes.

The idea was to combine the aforementioned systems in order to generate synergistic effects. Firstly,
especially an array of SubPc, Por and Pc shows great promise for the construction of artificial photo-
synthetic systems since they feature complementary absorption profiles: Pors show intense absorbance
at around 410 nm, whereas SubPcs and Pcs exhibit strong absorbance at around 570 and 680 nm, re-
spectively. For this reason, it is expected that a combination of these dyes will cover a broad spectrum
of the UV and visible sun light, thereby maximizing the light-harvesting efficiency. Secondly, by using
a three-component system it is assumed that a temporal stabilization of the charge-separated state can be
achieved by two sequential rapid, short-range electron transfers.

Recently, Menting, Ermilov et al. have shown the formation of a host-guest-host supramolecular com-
plex between SubPc, TPPS and SiPc [151]. It was shown that the three components form a complex spon-
taneously and very efficiently in aqueous solution. Furthermore, the complex exhibits light-harvesting
properties: the light energy absorbed by the complex is funnelled to the SiPc moiety. As an extension
of this work, in the present thesis detailed photophysical studies of this complex and a series of ana-
logues in which the CD moieties are linked to the SiPc centre by different spacers are discussed. After
light absorption two main transfer processes are involved, namely excitation energy transfer and photo-
induced charge transfer. The spacer between CD and SiPc exerts great influence on the photophysical
properties of the formed complexes. By altering this linker, it is possible to control the intramolecular
photo-induced processes.

The synthesis of the combination of the aforementioned SubPc-TPPS and TPPS-SiPc systems is
straightforward. To obtain the supramolecular complexes, the molecules were mixed in aqueous solution
in a 1:1:1 equimolar ratio if not stated otherwise. In the following, the equimolar 1:1:1 mixtures con-
sisting of SubPc, TPPS and SiPc chromophores are abbreviated to 1, 2 and 3, according to the SiPcs in
figure 6.1.
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6.1 Steady-state characterization of the self-assembled systems

6.1 Steady-state characterization of the self-assembled systems

6.1.1 UV/Vis absorption

The UV/Vis absorption spectra of 1-3 as well as the free references SubPc, TPPS and SiPcs in aqueous
medium are shown in figure 6.2. The spectral positions of the corresponding absorption maxima of
highest intensity are summarized in table 6.1.

(a) Complex 1 (b) Complex 2

(c) Complex 3

Figure 6.2: UV/Vis absorption spectra of SiPcs, SubPc, TPPS and their equimolar mixtures 1, 2 and 3 in water. The concen-
tration of the molecules was fixed at 2 µM for all the chromophores.

For mixture 1, the Q-band of the SiPc moiety is split into two bands with maxima at 676.5 and
690.0 nm. Apparently, the two π-systems of TPPS and SiPc1 interact in the ground state as reported
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6 Photo-induced processes in the self-assembled systems

in [77]. The ground-state interactions in the 2 and 3 mixtures are less pronounced, probably due to the
larger separation between the SiPc core and the TPPS chromophore as a result of the enlarged spacer. The
UV/Vis absorption spectra of mixtures 2 and 3 are similar. Spectral shifts to the red (within 230 cm−1)
and intensity losses of the absorption maxima in the mixture compared to their positions for monomeric
compounds are observed for the Q-bands of the SiPc moiety. The spectral maximum of the SubPc-part
remains unchanged, however, its intensity is slightly reduced. The maximum of the Por’s Soret band at
413 nm undergoes a bathochromic shift of 150 cm−1 to 415.5 nm (table 6.1). All above mentioned ef-
fects indicate the formation of a self-assembled complex between SiPc and TPPS moieties [77, 125, 173].

Table 6.1: Fluorescence quantum yields and emission and absorption maxima of SiPcs, TPPS, SubPc
as well as the supramolecular complexes 1, 2 and 3.

Compound λλλ aaabbbsss [nm] λλλ fff lll [nm]
ΦΦΦ fff lll

SubPc-part TPPS-part SiPc-part
excitation excitation excitation

SubPc 566 575 0.10 - -

TPPS 413 643, 704 - 0.09 -

SiPc1 679 686 - - 0.39

SiPc2 677 682 - - 0.40

SiPc3 676 680 - - 0.49

1

566a 575a 0.006a 0.030b 0.025c

415.5b 645b 0.014b 0.014c

676.5c 694c,d 0.006c

690c

2
566a 575a 0.011a 0.029b 0.32c

415.5b 645b 0.020b 0.16c

683.5c 691c 0.027c

3
566a 575a 0.020a 0.027b 0.21c

415.5b 645b 0.013b 0.10c

682c 689c 0.010c

a SubPc-part
b TPPS-part
c SiPc-part
d from DAF spectra (vide infra)

In order to obtain more information about the formed complexes, concentration-dependent investiga-
tions were carried out by UV/Vis absorption spectroscopy. The absorption spectra of SubPc+SiPc (both
at a concentration of 2 µM) mixtures at different concentrations of TPPS are shown in figure 6.3.
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6.1 Steady-state characterization of the self-assembled systems

(a) Complex 1 (b) Complex 2

(c) Complex 3

Figure 6.3: UV/Vis absorption spectra of the SubPc+SiPc mixtures (both at 2 µM) at different concentrations of TPPS. The
concentration of TPPS was varied between 0 and 4 µM. The inset shows the change of optical density for the
SiPc-part Q-bands at around 680.0 nm with rising concentration of TPPS.
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6 Photo-induced processes in the self-assembled systems

As shown in figure 6.3, the Q-band of the SiPc moiety of 1 is gradually split into two bands upon
addition of TPPS with an isobestic point at 685.5 nm. The Q-bands of SiPc2 and SiPc3 in the mixtures
2 and 3 shift to the red with increasing TPPS concentration, but no band splitting occurs. Furthermore,
the intensity of these bands is lower compared to the corresponding free SiPc chromophores due to weak
electronic coupling to the TPPS unit in the self-assembled complex. The above discussed spectral and
intensity changes of the absorption spectra of the SiPc moieties come to a stop at an equimolar mixture
of the three components. In addition, when adding an excess of TPPS to the mixture, i.e. more than
one equivalent relative to the concentrations of SiPc and SubPc, the Soret band of free TPPS at 413 nm
reappears. From these results the formation of a 1:1 complex between TPPS and SiPc compounds is af-
firmed. However, since the absorption of the SubPc-part shows neither intensity nor spectral shifts upon
addition of TPPS, the formation of a SubPc-TPPS-SiPc complex is not evident from UV/VIS absorption
results. Therefore, further investigations were carried out using the fluorescence technique.

6.1.2 Steady-state fluorescence

Since the absorption bands of SubPc, TPPS and SiPc chromophores are spectrally well-separated, the
fluorescence properties of the mixtures could be determined upon selective excitation of each moiety.
Figure 6.4 shows the steady-state fluorescence spectra of the 1:1:1 equimolar mixtures upon selective
excitation of their parts. Regardless of which moiety is selectively excited, it is seen that the fluorescence
of the SiPc-part of the complexes depends strongly on the linker between SiPc and CD.

The fluorescence quantum yields and emission wavelengths of highest intensity of the supramolecular
complexes and their free components are also summarized in table 6.1.

Upon selective excitation of 2 at 615 nm (SiPc-part excitation) fluorescence of the Pc moiety is ob-
served with an emission maximum at 691 nm which is 190 cm−1 shifted bathochromically compared
to the reference SiPc2. The fluorescence intensity of the supramolecular complex 2 is slightly reduced,
compared to the fluorescence of free SiPc2: the fluorescence quantum yield of 2 is 0.32, while for
free SiPc2 the corresponding value is 0.40. For the complex 3 the fluorescence quenching is somewhat
stronger. The fluorescence quantum yield of 3 was measured to be 0.21, whereas it is 0.49 for the ref-
erence SiPc3. The fluorescence intensity of the SiPc-part of 1 decreases dramatically in the presence of
TPPS and SubPc. The emission quantum yield of 1 is solely 0.025 compared to 0.39 of free SiPc1.

Upon selective excitation of TPPS at 400 nm, for all complexes strong decrease of TPPS fluorescence
and at the same time appearance of SiPc-part fluorescence are observed. This suggests that an EET
occurs from the initially photo-excited TPPS to the SiPc moiety of the supramolecular complexes. The
fluorescence quantum yield of TPPS was measured to be 0.030, 0.029 and 0.027 for the complexes 1, 2
and 3, respectively. The emission of the Por-part of the supramolecular complexes becomes more struc-
tured compared to the fluorescence spectrum of the reference TPPS, furthermore, a small bathochromic
shift of 50 cm−1 is seen. The observations indicate that TPPS is entrapped in the CD nano-cavity [171].
The fluorescence quantum yield of the SiPc-part emission depends on the spacer between the CD unit
and the SiPc core. Its value was determined to be 0.014, 0.16 and 0.10 for 1, 2 and 3, respectively (cf.
table 6.1).

Upon selective excitation of the SubPc moiety at 532 nm complex fluorescence spectra are obtained
(figure 6.4). The intensity of the SubPc-part fluorescence decreases substantially in the presence of TPPS
and SiPc, its fluorescence quantum yield value is reduced from 0.10 (for free SubPc in aqueous solution)
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6.1 Steady-state characterization of the self-assembled systems

(a) SiPc-part excitation at 615 nm (b) TPPS-part excitation at 400 nm

(c) SubPc-part excitation at 532 nm

Figure 6.4: Steady-state fluorescence spectra of the supramolecular complexes 1-3 and the reference compounds upon selective
excitation of the SiPc- (a), TPPS- (b) and SubPc- (c) parts. The concentration of all components was fixed at 1 µM

to 0.020 (3) and down to 0.006 (1), see table 6.1. At the same time, fluorescence of the TPPS- and SiPc-
part is observed. The results clearly show that EET takes place from the photo-excited SubPc to TPPS
and SiPc moieties. The emission of the SiPc moiety upon excitation of SubPc is a strong evidence of the
formation of a ternary host-guest-host complex. It should be mentioned that the fluorescence quantum
yield of the SiPc-part of the supramolecular complexes is smaller compared to the values measured upon
excitation of TPPS or SiPc moieties: for complexes 1, 2 and 3 the SiPc-part fluorescence quantum yields
amount to 0.006, 0.027 and 0.010, respectively. The same effect is observed for the TPPS fluorescence
following SubPc-part excitation.

At this point it should be mentioned that besides SubPc, TPPS has slight absorption at 532 nm, too. It
follows that the observed SiPc fluorescence may also be due to EET from the directly excited TPPS to
SiPc in their binary complex without SubPc being involved [77]. To clarify the situation, a control meas-
urement was carried out for equimolar mixtures of TPPS and SiPc. As shown in figure 6.5, fluorescence
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6 Photo-induced processes in the self-assembled systems

of both TPPS and SiPc is significantly stronger for the mixtures containing all the three components com-
pared with that for the mixtures containing only TPPS and SiPc. The results provide additional support
for the formation of the ternary supramolecular complexes.

(a) Complex 1 (b) Complex 2

(c) Complex 3

Figure 6.5: Fluorescence of 1 (a), 2 (b) and 3 (c) complexes upon excitation at 532 nm. The ternary complexes SubPc-TPPS-
SiPc are shown in black, the binary complexes TPPS-SiPc in red. The concentration of the molecules was 1 µM.
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6.1.3 Association constants

To support the formation of the supramolecular complexes, fluorescence titration experiments have been
performed. From these experiments association constants can be determined (see page 99).

In figure 6.6 the change of the SiPc-part fluorescence of SubPc+SiPc mixtures is shown upon titration
with TPPS following excitation of the SiPc-part. The concentration of SubPc and SiPc is fixed at 1 µM
while the concentration of TPPS is varied from 0 µM to 2 µM.

(a) Complex 1 (b) Complex 3

Figure 6.6: Change of the fluorescence spectrum of a mixture of SubPc and SiPc1 (a) and SiPc3 (b) (both at 1 µM) upon
addition of TPPS (up to 2 µM) in water. The SiPc-part was selectively excited at 615 nm. Insets: fluorescence
intensity versus concentration of TPPS.

Notice that the fluorescence maximum at 686 nm of the SubPc-SiPc1 mixture decreases dramatically
with rising TPPS concentration. The efficient quenching of SiPc1-part emission is clearly due to the
short separation between the SiPc fluorophore and the entrapped TPPS quencher. The fluorescence max-
imum of SiPc3 is shifted bathochromically and its intensity drops as the concentration of TPPS increases.
Similar results are obtained for complex 2 (see figure 8, appendix). When an equimolar (or higher) con-
centration of TPPS is added, the spectral position as well as the intensity of the fluorescence spectrum of
the SiPc moiety of the supramolecular complexes remain constant. It is worth noting that the SiPc-part
fluorescence intensities of complexes 2 and 3 remain quite high compared to that of 1.

The change of fluorescence spectra of SubPc+SiPc2 and SubPc+SiPc3 mixtures upon addition of
TPPS and upon selective excitation of TPPS at 400 nm is shown in figure 6.7. The corresponding spectra
of 1 are shown in figure 9a (appendix).

The fluorescence intensity of the SiPc-part reaches its maximum at an equimolar concentration of
SubPc, TPPS and SiPc. Interestingly, upon addition of an excess of TPPS, the fluorescence intensity
gradually decreases. For the supramolecular complex 1 the same behaviour is observed.
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(a) Complex 2 (b) Complex 3

Figure 6.7: Change of the fluorescence spectrum of a mixture of SubPc and SiPc2 (a) and SiPc3 (b) (both at 1 µM) upon
addition of TPPS (up to 2 µM) in water. The TPPS-part was selectively excited at 400 nm. Insets: fluorescence
intensity versus concentration of TPPS.

Figure 6.8 shows the changes in fluorescence spectra of 1:1 mixtures of SubPc+SiPc2 and SubPc+
SiPc3 at different concentrations of TPPS and upon excitation of the SubPc-part at 532 nm. The corre-
sponding spectra of the SubPc+SiPc1 mixture are shown in figure 9b (appendix).

(a) Complex 2 (b) Complex 3

Figure 6.8: Change of the fluorescence spectrum of a mixture of SubPc and SiPc2 (a) and SiPc3 (b) (both at 1 µM) upon
titration of TPPS (from 0 µM up to 2 µM) in water. The SubPc-part was selectively excited at 532 nm. Insets:
fluorescence intensity versus concentration of TPPS.

The SubPc-part fluorescence band at 575 nm decreases gradually with rising TPPS concentration,
while concomitantly the intensity of the SiPc fluorescence increases. The fluorescence of SiPc reaches
a plateau at the same concentration of TPPS and the fluorescence intensity of SubPc decreases until ap-
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proximately one equivalent of TPPS is added. Since the concentrations of these chromophores (1-2 µM)
were too low to facilitate EET between free chromophores in solution (vide infra), the results support the
formation of a ternary host-guest-host complex for the three components, by which EET occurred from
the initially excited SubPc to SiPc via TPPS.

Since several association equilibria are involved in ternary supramolecular complex formation, it is
very difficult to carry out exact calculation of the association constants. However, some approximations
could be done in order to demonstrate that the formation of a ternary complex is likely to occur. The
fluorescence spectra of SubPc+SiPc mixtures upon titration with TPPS were analysed to determine the
association constants K by using the Benesi-Hildebrand equation [174, 175, 176]:

I0

I0− I
=

1
AK

1
[x]

+
1
A

(6.1)

where [x] stands for TPPS concentration, I0 and I represent the fluorescence intensities of SubPc or
SiPcs without and upon addition of TPPS, respectively, and A is a constant related to the difference
in the emission quantum yield of the complexed and the uncomplexed moieties. The concentration of
TPPS was kept low with respect to the concentrations of SubPc and SiPcs. When I0

I0−I vs. 1
[x] was

plotted, straight lines were obtained from which the different association constants K could be determined
(e.g. for complex 2 see figure 10, appendix). The values of K are listed in table 6.2.

Table 6.2: Association constants K of the constituent parts of the complexes.

Complex
KKK [M−−−111] ±±±10%

SubPc-TPPS TPPS-SiPc SubPc-SiPc

1 1.1×107 1.7×107 N.d.

2 1.5×106 1.8×105 7.3×105

3 7.6×106 8.5×106 8.1×106

For complexes 2 and 3 the following procedure was established. Upon excitation of the SubPc moiety,
the fluorescence of the SubPc-part was monitored along with the addition of TPPS, from which the asso-
ciation constants that represent the complexation of SubPc with TPPS were calculated and the obtained
values lie in the order of 106 M−1. The association constants of SiPc with TPPS were determined by
selective excitation of the TPPS moiety and monitoring the SiPc-part fluorescence. The values were in
the order of 107 M−1 (for complex 2 it is slightly lower with 1.8×105 M−1). The association constant
of SubPc with SiPc was measured following excitation of SubPc and monitoring the SiPc fluorescence.
The latter process is only possible in presence of TPPS and describes the formation of a ternary SubPc-
TPPS-SiPc complex. The high values of approx. 106 M−1 show that this formation is very likely to
occur.

For complex 1 due to the strong quenching of the SiPc-part fluorescence the association constant of
SiPc with TPPS was obtained by excitation of SiPc and monitoring the SiPc fluorescence at different
concentrations of TPPS. Its value is determined to 1.7×107 M−1. The SubPc-TPPS association constant
of 1.1×107 M−1 was determined as described above for complexes 2 and 3. Since the SiPc fluorescence
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is strongly quenched upon titration with TPPS, as expected very little rise of the SiPc-part fluorescence
was observed following excitation of SubPc. Therefore, the stability constant of the association of SubPc
and SiPc was not determined. However, since the association constants SubPc-SiPc for complexes 2 and
3 are large, it is expected that SubPc-SiPc1 features a high association probability, too.

For all association combinations SubPc-TPPS, TPPS-SiPc and SubPc-SiPc high values of K were
found, indicating that complexes consisting of all the three molecules are formed in the mixture. The
results may support the formation of a 1:1:1 SubPc-TPPS-SiPc complex. However, the results do not
preclude the formation of other higher/lower aggregates.
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6.1.4 Sequence of mixing the monomers

As mentioned in section 4.1.4, Kano et al. found that TPPS and CD form a very stable 1:2 inclusion
complex in aqueous solution [125]. This 1:2 complexation of TPPS and CD has consequences for the
formation of the SubPc-TPPS-SiPc complex. The SubPc moiety possesses one CD moiety, as a result,
two SubPcs may undergo complexation with one TPPS molecule (see figure 6.9) [171].

Figure 6.9: Schematic presentation of the 2:1 inclusion complex of SubPc (pink) and TPPS (green).

When TPPS is titrated to an aqueous solution containing SubPc, the compounds arrange in SubPc-
TPPS-SubPc trimers. When more TPPS is added, the excess amount of TPPS is not able to undergo
complexation with SubPc anymore, since the free, uncomplexed SubPc moieties have been consumed.
When SiPc is added subsequently, the leftover, uncomplexed TPPS assembles to SiPc. Hence, the
self-assembly of both SubPc-TPPS-SubPc and TPPS-SiPc complexes is successful, whereas the SubPc-
TPPS-SiPc complex is not formed. Thus, the formation of ternary complexes consisting of SubPc, TPPS
and SiPc is less likely when SubPc and TPPS are mixed together first. In the following, this mixing
sequence is denoted as sequence A. Another option is to mix TPPS and SiPc first which is abbreviated
to mixing sequence B. The SiPc compounds consist of two CD nano-cavities. Therefore, SiPc and TPPS
arrange in 1:1 pairs [77]. At higher concentrations of TPPS and SiPc it is likely that head-to-tail poly-
meric structures like in figure 6.10 are formed since SiPc has two CD-association sites for TPPS. When
SubPc is added hereafter, the TPPS-SiPc polymer prevents SubPc from forming inclusion complexes
with TPPS.

Figure 6.10: Head-to-tail polymeric structure of TPPS (green) and SiPc (blue).

The third way is to mix SubPc and SiPc first, subsequently, TPPS is added (sequence C). Since the
association constants of SubPc-TPPS are somewhat greater than the association constants of TPPS-SiPc
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(see table 6.2), the SubPc-TPPS association will proceed with a higher probability. After formation of
SubPc-TPPS complexes, the uncomplexed tail of TPPS is encapsulated by the CD of SiPc, resulting in
SubPc-TPPS-SiPc ternary complexes (figure 6.11). Sequence C is therefore expected to yield the highest
amount of ternary SubPc-TPPS-SiPc complexes.

Figure 6.11: Supramolecular ternary complex of SubPc (pink), TPPS (green) and SiPc (blue).

For clarity, the different mixing sequences are summarized in table 6.3.

Table 6.3: Three different mixing sequences A, B and C.

Mixing sequence Compounds mixed Compound added
together first subsequently

A SubPc, TPPS SiPc

B TPPS, SiPc SubPc

C SubPc, SiPc TPPS

Based on the aforementioned arguments, it is expected that the mixing sequence plays a role in com-
plex formation. In order to investigate the effect of different mixing sequences, UV/Vis absorption
and steady-state fluorescence experiments have been carried out. In figure 6.12 the UV/Vis spectra of
equimolar SubPc+TPPS+SiPc mixtures are shown, for which the mixing sequence is varied.

It is seen that the UV/Vis absorption spectrum of the mixture prepared with sequence A appears to
deviate from those prepared with sequences B and C. The splitting of the SiPc1 Q-band depends on the
mixing sequence. For sequence A, the Q-band of the SiPc1 moiety is broadened, but the band is not
split. On the contrary for sequences B and C, two distinct peaks at 677 and 690 nm appear. The intensity
of the SiPc2 Q-band is smaller for sequences B and C, compared to sequence A. Apparently for both
complexes, the interactions between TPPS and SiPc moieties are weaker for mixing sequence A.

The observed behaviour can readily be explained by the predictions presented above. For complex 1
a perturbation of the π-electron system of SiPc1 results in a splitting of the SiPc Q-band. The SubPc-
TPPS-SubPc trimer hinders SiPc from binding to TPPS, thus the degree of complexed SiPc will be
less and some amount of free SiPc remains in solution. Therefore, the SiPc Q-band of sequence A
is a superposition of the Q-bands of free and complexed SiPc. Due to the relatively high amount of
uncomplexed SiPc, mixing sequence A can be neglected for further discussion.
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(a) Mixture 1 (b) Mixture 2

Figure 6.12: UV/Vis absorption spectra of 1 (a) and 2 (b) mixtures at different mixing sequences of SiPc, SubPc and TPPS.
The concentration of the molecules was 2 µM. Insets: SiPc-part Q-band absorption around 680 nm. Sequences
A, B and C are depicted by the green, red and black graphs, respectively.

In UV/Vis absorption spectra the self-assembly between TPPS and SiPc moieties is visible due to the
interactions between TPPS and SiPc that cause changes in absorbance. The SubPc-part of the UV/Vis
absorption spectra is not affected upon complexation with TPPS. For this reason, the mixing sequence
does not affect the UV/Vis absorption spectrum of SubPc.

Since the fluorescence quenching of SubPc is dependent on the complexation with TPPS, fluorescence
experiments have been carried out to investigate the influence on the mixing sequence. Figure 6.13
shows the steady-state fluorescence spectra of the different mixing sequences upon excitation of SubPc
at 532 nm.

As can be seen from figure 6.13, the fluorescence intensity of the SubPc moiety depends on the mixing
sequence. For all mixtures, fluorescence quenching of SubPc is most effective for sequence C, followed
by sequences B and A. Interestingly, the fluorescence behaviour of the TPPS and SiPc parts does not
change significantly. Energy and electron transfer processes are responsible for the quenching of the
first excited singlet state of the SubPc moiety [171]. These transfer processes can only take place when
SubPc is in close proximity to TPPS and SiPc. From this it is concluded that the yield of formation of
SubPc-TPPS-SiPc ternary complexes is the largest for mixing sequence C. In this way, TPPS is able to
link SubPc and SiPc most effectively. It correlates well with the above-made considerations. All samples
in this thesis have been prepared using this protocol.
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(a) Mixture 2 (b) Mixture 3

Figure 6.13: Fluorescence spectra of 2 (a) and 3 (b) mixtures at different mixing sequences of SiPc, SubPc and TPPS upon
selective excitation of SubPc at 532 nm. Sequences A, B and C are depicted by the green, red and black graphs,
respectively. The concentration of the molecules was 1 µM.

In summary, the results obtained with steady-state UV/Vis and fluorescence experiments clearly show
that a ternary complex between SubPc, TPPS and SiPc is formed. This is based on the following obser-
vations:

1. The fluorescence of SiPc in presence of SubPc and TPPS upon selective excitation of SubPc is
indicative of EET from the initially excited SubPc to SiPc in its ground state. It provides evidence
of the formation of a ternary SubPc-TPPS-SiPc supramolecular assembly, since the concentrations
used (1 µM) are too small to facilitate EET between uncomplexed chromophores.

2. The large association constants demonstrate the spontaneous formation of SubPc-TPPS-SiPc com-
plexes in aqueous solution.

3. The fact that the mixing sequence plays a role provides additional evidence of the formation of
ternary complexes.
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6.2 Excited-state dynamics of the self-assembled systems

To gain more insight into the transfer processes involved and the fate of the excited states after absorption
of light, time-resolved experiments have been performed. The time-resolved experiments also corrob-
orate the formation of host-guest-host supramolecular complexes. The efficiency of ternary complex
formation can be determined by combining the results of steady-state and time-resolved experiments and
will be estimated below (page 119).

6.2.1 Time-resolved fluorescence

The fluorescence decay of the supramolecular complexes as well as the corresponding reference com-
pounds was measured upon selective excitation at the SubPc-, Por- or Pc-part using decay associated
fluorescence (DAF) spectroscopy and TCSPC. The fluorescence lifetimes of the separate monomeric
compounds were all found to be mono-exponential in aqueous solution. The fluorescence lifetimes of
SubPc, TPPS and SiPcs were determined to be 2.05 ns, 9.9 ns and ∼5 ns, respectively, and are summa-
rized in table 6.4.

Table 6.4: Fluorescence lifetimes of the supramolecular complexes and the reference compounds.

Compound
τττ fff lll ±±± 0.02 [ns]

SubPc-part TPPS-part SiPc-part

SubPc 2.05 - -

TPPS - 9.9 -

SiPc1 - - 5.16

SiPc2 - - 5.35

SiPc3 - - 5.58

1 0.029 0.014 0.043
2.04 13.2 4.8

2 0.046 0.021 4.2
2.05 12.7

3 0.033 0.023 0.15
2.06 12.8 3.8

The DAF spectra of 2 upon selective excitation of SiPc, TPPS and SubPc are shown in figure 6.14.

Excitation of 2 at 620 nm (SiPc-part excitation) results in a mono-exponential fluorescence decay of
4.5 ns. This lifetime is somewhat reduced compared to the lifetime of reference SiPc2 of 5.35 ns. The
spectral position as well as the shape of the DAF spectrum are similar to the corresponding steady-state
fluorescence spectrum.
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(a) SiPc-part excitation (b) TPPS-part excitation

(c) SubPc-part excitation

Figure 6.14: DAF spectra of 2 upon excitation of SiPc at 620 nm (a), TPPS at 400 nm (b) and SuPc at 532 nm (c). The
concentration of each component in the complex was 1 µM.

Following TPPS-part excitation of the same complex at 400 nm three lifetimes of 21 ps, 4.2 ns and
12.7 ns are obtained. The fast component has positive amplitude at TPPS emission, but becomes negative
in the spectral region of SiPc-part fluorescence. This negative amplitude means a rise in fluorescence and
therefore, it can be assigned to EET from the initially excited TPPS to the SiPc2 moiety in its ground
state. The 4.2 ns and 12.7 ns lifetimes belong to the fluorescence of the SiPc-part and a small amount of
free TPPS, respectively.

The analysis of the time-resolved fluorescence of complex 2 upon selective excitation of SubPc at
532 nm turned out to be delicate. The fluorescence kinetics of 2 are best described by a penta-exponential
decay with decay times of 21 ps, 46 ps, 2.1 ns, 4.2 ns and 12 ns, see figure 6.14c. The latter two decay
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components belong to the fluorescence of the SiPc-part and small amounts of free TPPS, respectively.
The fluorescence decay of the SubPc-part has two components: a slow one (2.1 ns) that is similar to the
fluorescence of free SubPc, and a fast decay of 46 ps. The latter has negative amplitude in the spectral
regions of TPPS and SiPc emission and this fact supports the occurrence of EET in the supramolecular
complex from the initially photo-excited SubPc to TPPS as well as SiPc moieties in the ground state.
Furthermore, similar to the case of Por-part excitation, a fast decay component of 21 ps with positive
amplitude in the region of TPPS fluorescence and negative amplitude at SiPc-part emission was resolved.
This decay time could be associated to EET from the Por- to the Pc-part of the complex.

The DAF spectra of complexes 1 and 3 upon excitation of SiPc and TPPS are shown in figure 6.15.

(a) SiPc-part excitation of 1 (b) TPPS-part excitation of 1

(c) SiPc-part excitation of 3 (d) TPPS-part excitation of 3

Figure 6.15: DAF spectra of the 1 (a,b) and 3 (c,d) complexes upon excitation of SiPc (a,c) and TPPS (b,d). The concentration
of the components was 1 µM.
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The time-resolved emission properties of the 1 and 3 complexes are more complicated than that of 2.
For both complexes the fluorescence of the SiPc-part decays bi-exponentially upon direct excitation of
the SiPc moiety. For 1 a fast decay time of 53 ps and a slow decay time of 4.8 ns are observed. The
emission decay of 3 occurs with 4.2 ns and 0.25 ns lifetimes. Note that the 3.8 ns decay time of 3 is
somewhat reduced, compared with the fluorescence lifetime of 5.58 ns of free SiPc3. For 3 both the fast
and slow components have a common maximum at 689 nm. Note that the fluorescence maximum of
reference SiPc3 is at 680 nm. On the contrary, the fast component of 1 has its maximum at 694 nm, the
slow one at 686 nm. At this point it is noted that the emission maximum of free SiPc1 lies at 686 nm,
too (cf. table 6.1). For this reason, the long-lived component of 1 can be attributed to small amounts of
uncomplexed SiPc1.

Selective excitation of TPPS at 400 nm results for both 1 and 3 in a tetra-exponential fluorescence de-
cay. The following decay times were obtained for complex 1: 14 ps, 43 ps, 4.8 ns and 13.2 ns. The latter
decay time of 13.2 ns can be assigned to small amounts of free TPPS. The 14 ps component has strongly
negative amplitude in the region of SiPc-emission and can therefore be attributed to energy transfer from
TPPS to SiPc1. The shape of the remaining 43 ps and 4.8 ns components is typical for phthalocyanine
emission spectra. Complex 3 behaved similarly showing a fast TPPS decay time with negative amplitude
in the spectral region of SiPc-part emission, a slow 12.8 ns component that can be ascribed to free TPPS
and two different SiPc lifetimes of 0.15 ns and 3.8 ns. Both lifetimes are shorter than the fluorescence
decay time of 5.58 ns of reference SiPc3.

As shown above, an additional decay component that is addressed to the fluorescence of SiPc was re-
solved for the complexes 1 and 3 upon excitation of the Pc- or Por-part compared to the DAF spectra of
complex 2. It is expected that DAF of 1 and 3 upon excitation of the SubPc-part should have at least six
components, thus making analysis very complicate. The calculated lifetimes as well as the amplitudes
of the corresponding decay components could be error-prone. For this reason, the fluorescence decay of
1 and 3 was measured at fixed registration wavelength of 575 nm, where the emission spectrum of the
SubPc moiety has its maximum. It is noted that contributions of SiPc as well as TPPS to the fluorescence
signal at this detection wavelength are negligible. The decay of the SubPc-part fluorescence was fitted as
a double exponential function and a fast decay time of 29 ps (1) and 33 ps (3) and a slow one of 2.05 ns
(similar for both complexes) were resolved. The latter component has small amplitude and it could be
assigned to a marginal amount of free SubPc in aqueous solution.
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6.2.2 Transient absorption

The final part of the investigations focusses on TA measurements to confirm the aforementioned forma-
tion of ternary complexes and to investigate possible charge-separated states and triplet states.

As expected, the repopulation of the ground state of the monomeric references occurred mono-ex-
ponentially with recovery times that were consistent with their fluorescence lifetimes. The intersystem
crossing quantum yields ΦISC of the free SiPc compounds were estimated to be 0.40, 0.38 and 0.40 for
SiPc1, SiPc2 and SiPc3, respectively.

The recovery times of the SiPc bleaching signals, as well as the intersystem crossing quantum yields
are summarized in table 6.5.

Table 6.5: SiPc ground state recovery times τrec and intersystem crossing quantum yields ΦISC of the SiPc-part.

Compound τττrrreeeccc [ns] ΦΦΦIIISSSCCC ±±± 0.03

SiPc1 5.2 ± 0.2 0.40

SiPc2 5.4 ± 0.2 0.38

SiPc3 5.5 ± 0.2 0.40

1 1.7 ± 0.1 0.06
0.100 ± 0.010

2 4.2 ± 0.3 0.27

3 3.8 ± 0.3 0.10
0.120 ± 0.010

The TA spectra of the supramolecular complex 1 following excitation of its parts are shown in figure
6.16.

Upon excitation of 1 at 615 nm, a strong bleaching signal at 692 nm which originates from the SiPc-
part of the supramolecular complex, apparent from its spectral position and shape, is observed. The
bleach reaches its minimum directly after excitation at 50 ps delay. As time progresses, the signal
decreases and its minimum is shifted hypsochromically to 680 nm. The recovery of the SiPc ground
state population obeys bi-exponential kinetics with 100 ± 10 ps and 1.7 ± 0.1 ns as time constants and
both components have equal amplitudes. It is noted that these recovery times differ from the fluorescence
lifetime of 43 ps as obtained with the TCSPC experiment. The spectra exhibit a transient feature, the
maximum of which is located at 580 nm. This transient signature is not discernible for the reference
SiPc1. The same characteristics were observed upon TPPS-part excitation at 420 nm. Following TPPS
excitation the bleach at 692 nm minimizes at 80 ps delay, thus confirming the EET process from the
initially excited TPPS to SiPc in its ground state. In addition, weak TPPS-part bleaching is observed at
515 nm.
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(a) SiPc-part excitation (b) TPPS-part excitation

(c) SubPc-part excitation (d) Ground state recovery of SiPc

Figure 6.16: TA spectra of complex 1 upon excitation of its parts at different delay times. The kinetics of the SiPc bleach is
shown in (d). The concentration of each moiety was 10 µM.

Upon excitation of 1 at 550 nm (SubPc-part excitation), the TA spectra exhibit two distinct ∆OD
features at 570 nm and at 690 nm. The former resembles SubPc-part absorption and the latter could be
assigned to ground state bleaching of SiPc. The build-up of the ∆OD signal at 690 nm has the same rate as
the decay of the SubPc ground state bleaching at 570 nm of 40 ± 10 ps, indicating that the quenching of
SubPc leads to the subsequent depletion of the SiPc ground state population. This supports the sequential
energy transfer processes from the photo-excited SubPc to SiPc in its ground state, obviously involving
TPPS as mediator. The bleaching at 515 nm and transient absorption in the region 450-500 nm are typical
∆OD signals of TPPS.

Independent on the excitation wavelength ground state bleaching of the SiPc-part is still discernible at
15 ns delay after excitation, which is ascribed to the formation of the triplet state 3SiPc∗. The quantum
yield of triplet state formation is rather small and its value is determined to be 0.06.
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6.2 Excited-state dynamics of the self-assembled systems

In figure 6.17, the TA spectra of complex 2 are shown.

(a) SiPc-part excitation (b) TPPS-part excitation

(c) SubPc-part excitation (d) Ground state recovery of SiPc

Figure 6.17: TA spectra of 2 upon excitation of its parts at different delay times. The kinetics of the SiPc bleach is shown in
(d). The concentration of each moiety was 10 µM.

Following SiPc-part excitation at 615 nm, strong bleaching is observed at 685 nm, which is addressed
to the depletion of the SiPc-part ground state population. Except for small bathochromic shifts, the
picosecond TA spectra of the supramolecular complex 2 are reminiscent of those of reference SiPc2.

Upon excitation of the Por-part at 420 nm a strong negative ∆OD signal at 685 nm that belongs to SiPc-
part bleaching underlines the effective EET process from TPPS to SiPc. The TA spectra after excitation
of TPPS are similar to the TA spectra following excitation of SiPc.

The TA spectra of 2 upon excitation of SubPc at 550 nm are shown in figure 6.17c. Two distinct
∆OD minima at 570 nm and 686 nm predominate the TA spectra. The former belongs to ground state
bleaching of SubPc and the latter to ground state bleaching of SiPc. In addition, TPPS ground state
bleaching at 515 nm and transient absorption at 450 nm are observed. The ∆OD signal of the SubPc-part
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decreases with a time constant of 40± 10 ps, while at the same time the SiPc ∆OD signal increases. This
means that the SubPc ground state is recovered and the SiPc ground state is depleted during the same
time interval. Due to the fast deactivation of TPPS, the SiPc ground state depletion follows the recovery
of the SubPc ground state.

When shedding light onto the excited state dynamics of complex 2, it was found that the SiPc-part
bleaching signal decays mono-exponentially with a characteristic time of 4.2 ± 0.3 ns. This decay is
independent of the excitation wavelength; moreover, it is similar to the lifetime of the first excited singlet
state of the SiPc moiety determined by time-resolved fluorescence experiments (cf. table 6.4).

Upon selective excitation of SiPc the ∆OD signal around 686 nm has its minimum directly after ex-
citation at 60 ps, while upon TPPS-part excitation its minimum is reached at 80 ps. This 20 ps delay
underlines the EET from TPPS to SiPc. The ∆OD signal of the SiPc-part at SubPc-part excitation min-
imizes at a delay time of 100 ps. From this, it follows that sequential hopping EET occurs from the
photo-excited SubPc to TPPS and from TPPS to SiPc in its ground state. For complex 2 the value of
ΦISC was obtained as 0.27.
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The TA spectra of complex 3 are presented in figure 6.18.

(a) SiPc-part excitation (b) TPPS-part excitation

(c) SubPc-part excitation (d) Ground state recovery of SiPc

Figure 6.18: TA spectra of 3 upon excitation of its parts at different delay times. The kinetics of the SiPc bleach is shown in
(d). The concentration of each moiety was 10 µM.

For complex 3 similar spectral features were observed as for complex 1. Following SiPc-, TPPS- and
SubPc-part excitation the TA spectra of 3 show induced absorption at 580 nm and strong bleaching in the
region where SiPc absorbs. The recovery of the SiPc ground state population occurred bi-exponentially
with characteristic times of 120 ± 10 ps and 3.8 ± 0.2 ns, irrespective of the initially excited moiety.
The amplitudes of these decay times were found to be equal to each other. It is noted that the 3.8 ns
component is similar to the lifetime of the first excited singlet state of the SiPc-part obtained with the
TCSPC experiment (table 6.4). Upon excitation of the SubPc unit at 550 nm the simultaneous decrease
and increase of SubPc- and SiPc-part ground state depletion signals is observed as it occurs for complexes
1 and 2. The decay of the SubPc ground state depletion was measured to be 40 ± 10 ps.

At 15 ns delay time still SiPc-part bleaching is observed and the ISC quantum yield of the SiPc moiety
was found to be 0.10.
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6.3 Discussion of the photophysical properties of the self-assembled
systems

6.3.1 Excitation energy transfer

In previous work it was found that in a 2:1 SubPc-TPPS supramolecular complex efficient energy transfer
follows excitation of the SubPc moiety [171]. Moreover, it has been shown that EET has high probability
in 1:1 SiPc-TPPS host-guest complexes [77]. For this reason, it is reasonable to assume that EET plays
an important role in the depopulation of the first excited singlet states of SubPc and TPPS moieties in the
SubPc-TPPS-SiPc ternary complexes, too. This was firstly demonstrated for complex 2 in a recent study
[151] and is outlined below in more detail for complexes 1, 2 and 3.

The assumption is supported by the appearance of TPPS and SiPc fluorescence after excitation of the
SubPc moiety, - it is clear that energy is transferred from SubPc to TPPS and SiPc. Two mechanisms of
EET that could be relevant under the described experimental conditions exist: FRET or Dexter exchange
energy transfer. For the Dexter energy transfer mechanism an essential condition is the effective overlap
of the relevant molecular orbitals of donor and acceptor molecules. The probability of an effective energy
transfer falls rapidly with increasing distance between the participating molecules. In complexes 1, 2 and
3 the CD nano-cavities prevent the molecules from stacking and therefore, the probability of close contact
is nearly zero. For this reason, FRET is assumed to be the dominant EET mechanism.

The efficiency of FRET can be described by its Förster radius R0 and the Förster radii of different
donor-acceptor combinations are summarized in table 6.6. The spectral overlap between the donor’s
emission and the acceptor’s absorption for the different donor-acceptor combinations is shown in figure
11 (appendix).

Table 6.6: Förster radii R0 of different donor-acceptor combinations.

Donor-Acceptor RRR000 [Å]

SubPc-TPPS 34

SubPc-SiPc1 19

SubPc-SiPc2 20

SubPc-SiPc3 19

TPPS-SiPc1 52

TPPS-SiPc2 52

TPPS-SiPc3 51

With equation 3.34 and the calculated values of R0, the critical acceptor concentration can be calcu-
lated below which the efficiency of EET between two free, randomly distributed molecules in solution
drops dramatically [65]. For the different energy donor-acceptor combinations A0 varies from 3.2 mM
(TPPS-SiPc) and 11 mM (SubPc-TPPS) to 65 mM (SubPc-SiPc). The concentrations used in fluores-
cence experiments did not exceed 2 µM, in TAS experiments the concentration of the chromophores
was not higher than 10 µM. Hence, one can exclude the probability of EET between free molecules in
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solution. It follows that the molecules have to be in close proximity. The EET from SubPc to SiPc is
therefore strong evidence of the formation of a ternary supramolecular assembly. The sequential hopping
transfer is nicely seen in the pump-probe experiments.

From table 6.1 it can be seen that the fluorescence quantum yield of the SiPc-part of the complexes
depends on the initially excited moiety. E.g. for complex 2 the SiPc-part fluorescence quantum yields
amount to 0.32, 0.16 and 0.027 following selective excitation of SiPc, TPPS and SubPc, respectively.
Obviously, the sequential energy transfer processes do not proceed with unity quantum yields. As was
reported in [171], EET from the photo-excited SubPc to TPPS occurs with a probability of 0.38. The
EET process from the photo-excited TPPS to SiPc has a probability of around 0.5 [77], i.e. it is assumed
that several relaxation pathways are introduced (electron transfer, enhanced internal conversion etc.) in
the energy transfer pathway from SubPc to TPPS and subsequently to SiPc in the ternary supramolecular
complexes. As a result, the fluorescence quantum yield of the SiPc-part following SubPc-part excitation
is lower than in the case of direct excitation of the SiPc moiety. By comparing the experimental data
obtained in the previous studies one can carry out estimations to calculate the efficiency of EET from
SubPc to SiPc. The fluorescence quantum yield of SiPc in the host-guest-host complex at SubPc-part
excitation ΦPc

f l (SubPc) can be expressed as

Φ
Pc
f l (SubPc) = ΦEET (SubPc→ Por)ΦEET (Por→ Pc)ΦPc

f l (Pc)Ψ (6.2)

Here ΦEET (SubPc→ Por) and ΦEET (Por→ Pc) are the energy transfer probabilities from SubPc to
TPPS and from TPPS to SiPc, respectively, ΦPc

f l (Pc) is the fluorescence quantum yield of the SiPc-part
of the complex upon excitation of SiPc and Ψ the probability of ternary complex formation. The latter
has a value of 0.81 and 0.71 for complex 2 and 3, respectively. The calculation of the probability Ψ is
described below (see section 6.3.3). For the complexes 2 and 3 the calculated SiPc-part fluorescence
quantum yields following SubPc-part excitation amount to 0.049 and 0.027, respectively. These values
are somewhat higher than the fluorescence quantum yields of 0.027 and 0.010 obtained in the experiment.
However, the calculated values lie in the same order of magnitude as the measured ones. It is expected
that the EET efficiency can be increased by rational tuning of the system, e.g. by using dyes with higher
fluorescence quantum yields.

6.3.2 Charge transfer

It was shown in [171] that electron transfer takes place in the 2:1 SubPc-TPPS supramolecular complex
from the photo-excited SubPc-part to the TPPS moiety. This charge transfer is an uphill process when
TPPS is initially excited and therefore, feasible only upon excitation of SubPc. On the other hand, in
the TPPS-SiPc supramolecular dimer an electron is transferred from TPPS to SiPc, regardless of which
moiety was initially excited [77]. The charge transfer probability is strongly dependent on the linker
between Pc and CD moieties and it was shown that ET can only take place for the TPPS-SiPc1 and
TPPS-SiPc3 complexes. Hence, it is postulated that the aforementioned electron transfer processes occur
in the ternary complexes, too. Moreover, it stands to reason to assume that in the ternary complexes an
electron is transferred from SubPc to SiPc.

To reveal whether photo-induced electron transfer is an exergonic process, the change in free enthalpy
was calculated using the Rehm-Weller approach (equation 3.12). The redox potentials are taken from
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table 3 (appendix), the energy of the first excited state can be calculated from the absorption and fluores-
cence maxima in table 6.1. The radii of the formed cations and anions were estimated from molecular
modelling simulation [77, 171] and are 4.0 Å, 4.3 Å and 4.6 Å, for SubPc, TPPS and SiPc, respectively.
The calculated values of ∆G0 are summarized in table 6.7.

Table 6.7: Driving force ∆G0 for different electron donor-acceptor pairs calculated with equation 3.12. E0,0 denotes the energy
of the first excited singlet state of the initially excited moiety (SubPc, TPPS or SiPc).

Cation-anion pair
∆∆∆GGG000 ±±± 000...000555 [eV]

EEE000,,,000(SubPc) EEE000,,,000(TPPS) EEE000,,,000(SiPc)

SubPc•+-TPPS•− -0.20 0.03

TPPS•+-SiPc1•− -0.34 -0.22

TPPS•+-SiPc2•− -0.40 -0.28

TPPS•+-SiPc3•− -0.42 -0.30

SubPc•+-SiPc1•− -0.64 -0.29

SubPc•+-SiPc2•− -0.70 -0.35

SubPc•+-SiPc3•− -0.72 -0.37

From table 6.7 it follows that in addition to the aforementioned ET reactions from SubPc to TPPS and
from TPPS to SiPc, ET from SubPc to SiPc is thermodynamically favourable. Before going into details
of the electron transfer from SubPc to SiPc, first the ET processes from SubPc to TPPS and from TPPS
to SiPc are described.

Electron transfer from SubPc to TPPS

The ET from SubPc to TPPS readily explains the relatively small fluorescence quantum yields of the
SiPc-part upon excitation of SubPc (see section 6.3.1). The electron transfer has a probability of 0.62,
but it is feasible only upon excitation of the SubPc moiety. This fact is supported by the value of ∆G0,
cf. table 6.7, that is calculated to be negative for SubPc-part excitation (-0.20 eV), while for TPPS-
part excitation its value is positive (0.03 eV). Estimation of the lifetime of the charge-separated species
SubPc•+-TPPS•−-SiPc was difficult, since the lifetime of the first excited singlet state as found in time-
resolved fluorescence experiments (∼35 ps) is very similar to the characteristic recovery time of the
SubPc ground state population of 40 ps as revealed in ps-TAS experiments. The SubPc•+ radical cation
absorbs light at 620 nm [116]. Therefore, it would be possible to monitor the transient signature at 620 nm
to obtain the lifetime of the charge-separated state. However, the transient absorption of SubPc•+ shows
overlap with the ∆OD signals of the other species formed e.g. TPPS∗, SiPc∗ and SiPc•− which absorb at
620 nm, too. Therefore, an upper bound of the charge recombination was estimated to be 40 ps.

Electron transfer from TPPS to SiPc

According to the negative values of ∆G0 presented in table 6.7, electron transfer from TPPS to SiPc is a
downhill process irrespective of the initially excited moiety (SiPc or TPPS) and SiPc used (SiPc1, SiPc2
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or SiPc3). In the DAF spectra of complexes 1 and 3 fast SiPc-part fluorescence decay times have been
resolved that do not occur for the corresponding free references. Moreover, in the ∆OD spectra of 1 and
3 complexes a transient absorption band is observed at 580 nm. This band is not seen in the transient
absorption spectra of the monomeric references and therefore, the transient signature can be assigned to
the SiPc•− anion which absorbs light at the corresponding wavelength [15, 75, 76, 77, 90, 91, 92].

In accordance with the previously published data [77, 173], electron transfer from TPPS to SiPc is a
feasible process for complex 1. Due to the short linker between SiPc and CD, electron transfer takes
place with high probability. The 43 ps DAF component of SiPc1 emission can be attributed to charge
transfer from the photo-excited SiPc1 to TPPS, i.e. SubPc-TPPS-SiPc1∗→SubPc-TPPS•+-SiPc1•−. In
ps-TAS experiments the repopulation of the SiPc-part ground state occurs bi-exponentially with lifetimes
of 100 ps and 1.7 ns, whereas the fluorescence lifetime of 43 ps obtained with DAF was not observed.
The former decay time is similar to the 70 ps lifetime of the charge-separated state TPPS•+-SiPc•− that
is generated in the TPPS-SiPc1 supramolecular dimer [77]. The 100 ps component can therefore be
attributed to charge recombination of SubPc-TPPS•+-SiPc•− to the ground state. It is noted that the
nature of the second decay component is more complicate and will be outlined below, see page 117.

Although thermodynamically favourable, electron transfer from TPPS to SiPc does not occur for 2.
It is well-known that the rate of electron transfer falls rapidly with increasing distance between electron
donor and acceptor moieties [49, 51, 53, 54]. Apparently, the distance between Pc and Por moieties
is too large due to the large spacer between SiPc and CD. Electron transfer cannot compete with other
deactivation processes of the first excited singlet state of the SiPc moiety such as fluorescence. For this
reason, the SiPc-part of 2 shows a relatively high fluorescence quantum yield and a fluorescence lifetime,
that is typical for SiPcs.

Complex 3 exhibits charge transfer from TPPS to SiPc after photo-excitation in spite of the very long
tetraethylene glycol linker between SiPc and CD. This may appear contradictory. However, due to its
flexible nature and the strong dipole-dipole interaction between the oxyethylene units, it is likely that
two stable conformations exist in aqueous solution [77]. The extended conformer is characterized by the
slow decay of SiPc3 fluorescence (τ f l=3.8 ns) and high fluorescence quantum yield. On the other hand,
in the folded conformer the entrapped TPPS is able to come into close proximity to SiPc3 facilitating
charge transfer. This results in fast depopulation of the first excited singlet state of SiPc and is expressed
by the fluorescence lifetime of 150 ps. The lifetime of the charge-separated state was estimated to be
120 ps as found by ps-TAS experiments. The amplitudes of the SiPc ground state recovery times can be
associated to the relative abundances of the folded and extended conformers, 0.5 each.

Electron transfer from SubPc to SiPc

As obtained from ps-TAS experiments, the SiPc-part ground state of complex 1 repopulates bi-exponen-
tially with characteristic times of 100 ps and 1.7 ns (amplitudes of both components are 0.5). The ground
state recovery of the SiPc-part of complex 3 occurs bi-exponentially with amplitudes of 0.5 for each
component, too. However, the SiPc-part fluorescence is clearly observed for 3, whereas for 1 the SiPc-
part fluorescence is strongly quenched. Furthermore, the 1.7 ns component is observed neither in time-
resolved fluorescence experiments nor for the ground state recovery of the TPPS-SiPc1 binary complex
[77]. It is therefore assumed that the charge-separated state SubPc•+-TPPS-SiPc•− is generated. This is
supported by the driving force ∆G0 (table 6.7), furthermore the energy of this state lies below the energies
of the other charge-separated states SubPc•+-TPPS•−-SiPc and SubPc-TPPS•+-SiPc•−, see figure 6.19.
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6 Photo-induced processes in the self-assembled systems

As a result, a sequential electron transfer from TPPS to SiPc and subsequently from SubPc to TPPS is
thermodynamically favourable.

The 1.7 ns decay time is associated with the charge recombination to the ground state SubPc•+-
TPPS-SiPc•−→SubPc-TPPS-SiPc. The difference in charge recombination rates of SubPc-TPPS•+-
SiPc•−→SubPc-TPPS-SiPc (100 ps) and SubPc•+-TPPS•−-SiPc→SubPc-TPPS-SiPc (<40 ps) can be
attributed to the increased distance between the charge-separated species. The separation between the
radical cation and the radical anion is expected to be larger in SubPc•+-TPPS-SiPc•− compared to that
of SubPc-TPPS•+-SiPc•− and SubPc•+-TPPS•−-SiPc. Therefore, charge recombination occurs with a
slower rate for the former. The electron and energy transfer processes that occur in complex 1 are sum-
marized in figure 6.19.

Figure 6.19: Main energy and electron transfer processes in the self-assembled ternary SubPc-TPPS-SiPc1 complex. For
clarity, A, B and C denote SubPc, TPPS and SiPc, respectively.

It is clear that SubPc•+-TPPS-SiPc•− can only be generated if electron transfer from TPPS to SiPc
is feasible. Therefore, for complex 2 this transfer is not likely to occur due to the increased separation
between electron donor and acceptor. For the folded conformer of complex 3 it is assumed that this
charge transfer also takes place. However, its probability is expected to be small.

For complex 1 even at 15 ns delay after excitation ground state depletion of the SiPc moiety is observed
in the TA spectra (see figure 6.16). The energy of the first excited triplet state of SiPc is 1.26 eV [85,
86, 87, 88], which is less than 1.53 eV (energy of SubPc•+-TPPS-SiPc•−, cf. figure 6.19). For this
reason, it is reasonable to assume that the SiPc-part triplet state is generated. The relatively slow charge
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6.3 Discussion of the photophysical properties of the self-assembled systems

recombination of 1.7 ns renders the charge recombination to the triplet state 3SiPc∗ possible, which
usually occurs within some nanoseconds [86].

6.3.3 Determination of the self-assembly efficiency

The fluorescence lifetime of the SiPc-part of 2 is slightly reduced compared to the decay time of mono-
meric SiPc2. It is caused by weak interactions between TPPS and SiPc2 in the self-assembled complex.
As a matter of fact, one can carry out estimations as follows:

Φ
x
f l(complex) = Φ

x
f l(free)

τx
f l(complex)

τx
f l(free)

(6.3)

where Φx
f l(complex) is the calculated fluorescence quantum yield of the complexed moiety x, and

Φx
f l(free) is the fluorescence quantum yield of free x, τx

f l(complex) and τx
f l(free) are fluorescence life-

times of moiety x in the supramolecular complex and free in aqueous solution, respectively. With the
values from tables 6.1 and 6.4, τx

f l(complex)=4.2 ns, τx
f l(free)=5.35 ns and Φx

f l(free)=0.40, the fluores-
cence quantum yield of complexed SiPc2 is estimated to be 0.31. This is in good agreement with the
measured value of 0.32 obtained by steady-state fluorescence spectroscopy. A similar reduction was
found for the intersystem crossing quantum yield: ΦISC=0.38 for free SiPc2, ΦISC=0.27 for 2. This in-
dicates enhanced probability of radiationless transitions from the excited singlet state to the ground state
S1 → S0, since both fluorescence and intersystem crossing are affected roughly in the same way. The
same behaviour is observed for 3: the ISC quantum yield and the fluorescence quantum yield of 3 are
0.10 and 0.21, respectively, compared to ΦISC=0.40 and Φ f l=0.49 for reference SiPc3. This means that
charge recombination SubPc-TPPS•+-SiPc3•−→ SubPc-TPPS-SiPc3 occurs without touching a triplet
state, since Φ f l and ΦISC are quenched similarly.

Combining the results obtained with steady-state and time-resolved fluorescence, one can estimate the
degree of self-assembly. The measured fluorescence quantum yield is a superposition of the fluorescence
quantum yields of free SiPc and complexed SiPc:

Φ
x
f l(measured) = q ·Φx

f l(complex)+(1−q)Φx
f l(free) (6.4)

where q is the ratio of complexation, x is the complexed moiety, Φx
f l(measured) is the measured

fluorescence quantum yield and Φx
f l(free) is the fluorescence quantum yield of the uncomplexed moiety

x. By using these equations with the corresponding values of the SiPc moieties, for 1 and 2 very high
degrees of self-assembly have been found, 0.94 and 0.89 respectively. This means that 94% of all SiPc1
molecules and 89% of all SiPc2 molecules are incorporated in a supramolecular complex with TPPS.
Hence, self-assembly is very efficient.

For 3 the estimation of ΦSiPc3
f l (complex) is more complicated. Two conformers exist, whose time-

resolved emission properties differ from each other. The lifetimes amount to 0.15 ns and 3.8 ns for the
folded and extended conformers, respectively. Using equation 6.3, with ΦSiPc3

f l (free)=0.49, τSiPc3
f l (free)=

5.58 ns, and τSiPc3
f l (complex)=3.8 ns, one obtains a fluorescence quantum yield ΦSiPc3

f l (complex)=0.33.
However, this does not take into account the electron transfer that is responsible for the reduced fluo-
rescence lifetime of 0.15 ns. Assuming on the other hand that only electron transfer occurs, then the
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6 Photo-induced processes in the self-assembled systems

fluorescence quantum yield calculated with equation 6.3 turns out to be ΦSiPc3
f l (complex)=0.013. The

measured fluorescence quantum yield is 0.21. Apparently, both processes compete with each other. For
this reason, equation 6.3 is extended to

Φ
x
f l(complex) = Φ

x
f l(free)

{
r · τ1

τx
f l(free)

+(1− r)
τ2

τx
f l(free)

}
(6.5)

where τ1 is the fluorescence lifetime of the folded conformer, 0.15 ns, τ2 is the fluorescence lifetime
of the extended conformer, 3.8 ns, r is the percentage of molecules that are folded (and hence, generate
the charge-separated state). The latter can be taken from the results obtained with ps-TAS experiments,
r=0.5. This yields an overall complexation probability of 0.88 and correlates with the high degrees of
complexation for complexes 1 and 2.

The same calculations can be done for the other incorporated moiety SubPc. It follows that the SubPc-
TPPS complexation is very efficient, too. The degrees of complexation of SubPc-TPPS vary from 0.81
(3), 0.91 (2) up to 0.95 (1). Since equimolar 1:1:1 mixtures were used for all measurements, the proba-
bilities of the formation of ternary complexes can be calculated by multiplication of the SubPc-TPPS and
TPPS-SiPc complexation probabilities. The resulting probabilities Ψ were determined to be 0.89, 0.81,
and 0.71 for 1, 2 and 3, respectively. The large values suggest that the formation of ternary complexes
proceeds with high probability.
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6.4 Conclusions

In summary, for the first time the formation of ternary supramolecular complexes consisting of a silicon
phthalocyanine, a porphyrin and a subphthalocyanine was shown. The components in the formed com-
plexes are held in water through host-guest interactions. Moreover, the formation of these host-guest-host
complexes is very efficient with complexation probabilities as high as 0.7-0.9. This complexation effi-
ciency could be further optimized by choosing an appropriate sequence of mixing the monomers. The
photophysical properties of the formed complexes are strongly dependent on the spacer between silicon
phthalocyanine and CD.

Figure 6.20: Scheme of energy levels of the supramolecular complex 1 and transitions between them. For clarity, A, B and C
denote SubPc, TPPS and SiPc, respectively. The triplet levels of TPPS and SubPc are not shown.

All complexes turned out to be efficient light-harvesters. The complexes cover a broad spectrum in the
UV/Vis that spans from 300 up to 700 nm with high extinction. Moreover, the excitation energy absorbed
by the complex is funnelled to the SiPc core, irrespective of which constituent part was initially excited.
Thereby TPPS acts as an energy transfer bridge enabling the transfer process from the photo-excited
SubPc to SiPc in its ground state. Several electron transfer processes take place upon excitation of the
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6 Photo-induced processes in the self-assembled systems

complexes. Following excitation of the SubPc unit in all complexes an electron transfer occurs from
SubPc to TPPS. In addition, electron transfer from TPPS to SiPc may take place depending on the linker
between CD and SiPc. Despite the fact that electron transfer is thermodynamically favourable for all
SiPcs used, this electron transfer occurs only in 1 and 3. For complex 1, the short distance between TPPS
and SiPc1 facilitates electron transfer from TPPS to SiPc1. Moreover, after an additional charge transfer
step the SubPc•+-TPPS-SiPc•− state is generated. In contrast, complex 2 lacks photo-induced electron
transfer from TPPS to SiPc because of the large distance between electron donor and acceptor moieties.
For complex 3 two stable conformers exist, a folded and an extended one with relative abundances of
0.5 each. As a result, electron transfer from TPPS to SiPc is a feasible process for the folded conformer,
whereas in the extended conformer the energy dissipates via the regular deactivation channels of the
SiPc unit. The lifetimes of the SubPc-TPPS•+-SiPc•− charge-separated states were determined to be
100 and 120 ps for 1 and 3, respectively. Due to the increased distance between donor and acceptor
moieties, the charge recombination of SubPc•+-TPPS-SiPc•− to the ground state in complex 1 occurs
with a time constant of 1.7 ns. The photo-induced processes of complexes 1, 2 and 3 are summarized in
Jablonski-diagrams, see figures 6.20, 6.21a and 6.21b, respectively.
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(a) complex 2

(b) complex 3

Figure 6.21: Scheme of energy levels of the supramolecular complexes 2 (a) and 3 (b) and transitions between them. For
clarity, A, B and C denote SubPc, TPPS and SiPc, respectively. The triplet levels of TPPS and SubPc are not
shown.
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7 Summary

The main objective of the present thesis was to conduct investigations of photo-induced energy and
electron transfer processes in model compounds that are considered potentially appropriate for use in ar-
tificial photosynthesis. Two approaches have been used to construct the artificial photosynthetic systems,
namely covalent and supramolecular approach. In both systems similar optically active molecules have
been employed, particularly silicon-based phthalocyanines. A comparative study between the covalently-
linked and self-assembled systems had been conducted. For these purposes, thorough spectroscopic
measurements in the UV/Vis range had been performed on these conjugates. A combination of steady-
state and time-resolved experiments allowed an identification and quantification of the photo-induced
electron and energy transfer processes.

7.1 Covalently bound systems

The advantages of the covalently linked systems are the well-defined structures and robustness of the
compounds. The covalently bound arrays exhibit accurate control of both the location and orientation of
the chromophores. As a result, the energy and charge transfer processes occurred fast with high quantum
yields. However, time-consuming syntheses that are necessary to optimize the conjugates illustrate the
restriction that is imposed on covalently linked systems. Covalent syntheses become inefficient and
costly as size and complexity of the systems increase.

The studied covalent arrays consisted of a BDP-SiPc-MSBDP triad as well as two reference triads
SiPc(BDP)2 and SiPc(MSBDP)2. The photophysical behaviour of the triad was unravelled by comparing
the triad with its references triads. It was shown that the triad combines the advantages of both reference
triads and that the triad’s photophysical properties supersede those of its references.

The triad covers a wide region of the UV/Vis spectrum from 300 to 700 nm with high extinction. After
excitation of any part of the triad, the energy is transferred to the central SiPc moiety. Subsequently, the
charge-separated state BDP-SiPc•−-MSBDP•+ is generated with nearly unity quantum yield, irrespective
of the solvent used. The lifetime of the charge-separated state reaches its maximum of 1.7 ns in toluene
and xylene. The electron and energy transfer processes involved in the triad are shown in figure 7.1.

The BDP-SiPc-MSBDP triad exhibits the best performance of all studied covalent systems with respect
to light-harvesting and charge separation. It is a promising candidate for use in artificial photosynthesis
and it should be investigated for application in dye sensitized solar cells.
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Figure 7.1: Transfer processes involved in the BDP-SiPc-MSBDP triad.

Based on these results a SiPc(BDP-MSBDP)2 pentad was designed to take advantage of the proper-
ties of the Bodipy-SiPc triads. Owing to the doubled BDP and MSBDP moieties the pentad’s UV/Vis
absorption was expected to have much higher extinction than that of the BDP-SiPc-MSBDP triad. Fur-
thermore, a sequential electron transfer from MSBDP to SiPc and from BDP to MSBDP was expected
to take place. The increased distance between electron donor and acceptor moieties should slow down
the charge recombination to the ground state.

Indeed, the light-harvesting function of the pentad outperforms that of the triads. After excitation of
any part of the pentad, the absorbed energy is funnelled from the peripheral BDP and MSBDP moieties
to the SiPc core. This process is followed by rapid charge transfer and the charge-separated state (BDP-
MSBDP)•+-SiPc•−-MSBDP-BDP is generated with unity quantum yield. Due to the close proximity of
the moieties, charge recombination to the ground state occurs with a lifetime that is faster than 25 ps.
Unfortunately, this lifetime is much shorter than that of the reference SiPc(MSBDP)2. No evidence was
found for a sequential electron transfer that decelerates the charge recombination to the ground state.
The pentad’s photo-induced processes are summarized in figure 7.2.
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Figure 7.2: Electron and energy processes in the pentad.

In future work, the fast processes of the pentad should be investigated performing fluorescence and
transient absorption experiments with femtosecond time resolution. It is noted that the pentad in its
present form is not feasible for use in artificial photosynthesis. A modification of the pentad’s structure
is required in order to optimize the system with respect to the lifetime of the charge-separated state.
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7.2 Self-assembled systems

Due to its easy synthesis and its resemblance to nature supramolecular chemistry provides a facile means
to assemble complex molecular systems from small building blocks. The use of molecular recognition
offers the great promise for the assembly of sophisticated architectures which would not be accessible
by the covalent strategy. Moreover, once the molecular building blocks have been synthesized, they can
be combined or exchanged to compose new systems without having to resynthesize the whole system.

The self-assembly process is governed by the hydrophobic interactions between a cyclodextrin (CD)
and a tetrasulfonated tetraphenyl porphyrin (TPPS) in aqueous solution. The supramolecular architec-
tures consist of a CD conjugated subphthalocyanine (SubPc), a TPPS and a silicon(IV) phthalocyanine
(SiPc). The latter was covalently linked to two CDs via three different spacers. Depending on the length
of the spacer between SiPc and CD the complexes are called 1, 2 and 3.

The preparation of the samples was straightforward. To obtain the supramolecular complexes the
components were dissolved in aqueous solution and mixed subsequently. For the first time, it was shown
that a supramolecular ternary complex consisting of SiPc, TPPS and SubPc can be formed. Not only did
we demonstrate the successful self-assembly of a ternary complex, but we also showed that the formation
of this ternary complex is very efficient, with probabilities in the order of 0.7-0.9.

Figure 7.3: Sequential energy and electron transfer processes in the self-assembled ternary SubPc-TPPS-SiPc1 complex.

The formed ternary complexes capture a large part of the sunlight that includes wavelengths in the
range of 300-700 nm. After excitation of the SubPc-part of the complexes, the energy is transferred to
the SiPc-part. TPPS acts as an excitational bridge, enabling the transfer process from the photo-excited
SubPc to SiPc. In addition, upon excitation of SubPc all complexes exhibit electron transfer from SubPc
to TPPS. Moreover, when the SiPc or TPPS moieties are excited, an electron transfer from TPPS to
SiPc may occur. In spite of the fact that charge transfer is thermodynamically favourable for all SiPcs
employed, for steric reasons, electron transfer from TPPS to SiPc takes place in complexes 1 and 3
only. Moreover, in complex 1 a sequential electron transfer takes place resulting in the SubPc•+-TPPS-
SiPc•− charge-separated species. It was found that complex 3 can exist in two stable conformations,
with relative abundances of 0.5 each. The folded conformer is able to generate the charge-separated
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state SubPc-TPPS•+-SiPc•− effectively. The lifetimes of the charge-separated species SubPc-TPPS•+-
SiPc•− of complexes 1 and 3, as determined by means of pump-probe experiments, are 100 and 120 ps,
respectively. Owing to the increased separation between donor and acceptor moieties, for complex 1 the
lifetime of SubPc•+-TPPS-SiPc•− is prolonged and its value was determined to be 1.7 ns. The sequential
photo-induced energy and electron transfer processes of complex 1 are summarized in figure 7.3.

Due to the facile synthetic route and the long charge recombination time of 1.7 ns in aqueous solution,
complex 1 should be investigated for use in dye sensitized solar cells. However, the energy transfer effi-
ciency from SubPc to TPPS and SiPc should be further optimized.

Two self-assembled binary complexes, SubPc-TPPS-SubPc and TPPS-SiPc, were integrated into a
new ternary supramolecular complex, namely SubPc-TPPS-SiPc, thereby creating synergistic effects
with respect to light-harvesting and charge separation. For optimization of the system, the SiPcs could
be effortlessly exchanged. Although the ternary complex SubPc-TPPS-SiPc was built upon hydrophobic
interactions, its accuracy of controlling the location of the dyes can compete with that of the covalent
approach owing to the very strong association ability of both SubPc(CD) and SiPc(CD)2 to TPPS. It is
therefore expected that supramolecular chemistry will play an important role in realizing artificial pho-
tosynthesis.

In future work, a construction kit for artificial photosynthesis based on CD-linked dyes and TPPS
is conceivable. Recently, in the group of Prof. Dr. Ng a novel azaBodipy has been synthesized that is
covalently linked to two CDs. Preliminary results show that azaBodipy(CD)2 forms a stable complex
with TPPS and ZnTPPS in aqueous solution. First own spectroscopic results have been obtained which
reveal both energy and electron processes in the azaBodipy-TPPS self-assembled complexes [177]. The
aforementioned CD equipped dyes could be exchanged with each other. In addition, TPPS may also be
substituted by another chromophore. It should be also possible to use several supramolecular strategies
within one system.

7.3 Concluding remarks

The development of artificial photosynthetic model systems containing both a light-harvesting entity and
a reaction centre remains a challenging task in the field of synthetic chemistry as well as photophysics.
The present thesis makes a contribution to the development of such systems and it provides a stimulus
for further research.
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8 Zusammenfassung

Der Gegenstand der vorliegenden Arbeit ist die Untersuchung von photoinduzierten Energie- und Elek-
tronentransferprozessen in Modellsystemen, die als potentiell geeignet für eine Nutzung in der artifizi-
ellen Photosynthese angesehen werden. Entsprechend den beiden wesentlichen Zugängen zur Architek-
tur artifizieller Photosynthese-Systeme wurden vergleichend kovalente und sich selbst organisierende
Systeme untersucht. In beiden Zugängen wurden als optisch aktive Moleküle ähnliche chemische Kom-
ponenten eingesetzt, insbesondere Phthalocyanine mit einem Silizium-Zentralatom. Durch eine Kom-
bination von stationären und zeitaufgelösten optisch-spektroskopischen Methoden konnten die lichtin-
duzierten Elektronen- und Energietransferprozesse identifiziert und quantifiziert werden.

8.1 Kovalent gebundene Systeme

Die Vorteile von kovalent gebundenen Systemen sind die wohl definierten Strukturen und die Robustheit
der Verbindungen. Mittels kovalenter Synthese ist eine präzise Kontrolle der Orientierung und Lage
der Chromophore möglich. Dies resultiert in sehr schnellen Energie- und Ladungstransferprozessen
mit entsprechend hohen Quantenausbeuten. Allerdings sind zeitaufwendige Synthesen notwendig, um
die Verbindungen zu optimieren. Dies verdeutlicht die Einschränkungen, denen kovalent gebundene
Moleküle unterliegen. Kovalente Synthesen werden mit wachsender Größe und Komplexität der Ver-
bindungen ineffizient und arbeitsaufwendig.

Als kovalent gebundene Systeme wurden in der vorliegenden Arbeit eine BDP-SiPc-MSBDP Triade
sowie die Referenztriaden SiPc(BDP)2 und SiPc(MSBDP)2 vollständig photophysikalisch charakteri-
siert. Es wurde gezeigt, dass die Triade die vorteilhaften Charakteristika der beiden Referenztriaden
kombiniert und dass ihre photophysikalischen Eigenschaften die der Referenzen übertreffen.

Die Triade deckt ein breites Spektrum von 300 bis 700 nm mit hoher Extinktion ab. Nach Anregung
von BDP oder MSBDP wird die absorbierte Energie zum zentralen SiPc Molekül transferiert. Hier-
nach wird der ladungsgetrennte Zustand BDP-SiPc•−-MSBDP•+ mit einer Quantenausbeute von nahezu
eins, unabhängig vom verwendeten Lösungsmittel, generiert. Die Lebensdauer des ladungsgetrennten
Zustandes erreicht mit 1,7 ns in Toluol und Xylol ihr Maximum. Die photoinduzierten Energie- und
Ladungstransfer-Prozesse der Triade sind in Abbildung 8.1 zusammengefasst.

Die BDP-SiPc-MSBDP Triade weist in Bezug auf Lichtsammeleffizienz und Ladungstrennung die
besten Eigenschaften der untersuchten kovalent gebundenen Systeme auf. Die Triade ist ein vielver-
sprechender Kandidat für den Einsatz in artifizieller Photosynthese und sollte auf ihre Funktionsfähigkeit
in Grätzelzellen untersucht werden.
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Figure 8.1: Energie- und Ladungstransfer-Prozesse in der Triade.

Basierend auf diesen Ergebnissen wurde eine SiPc(BDP-MSBDP)2 Pentade konzipiert, um die vorteil-
haften Eigenschaften der Bodipy-SiPc Triaden zu kombinieren. Wegen der doppelten Anzahl von BDP
und MSBDP Einheiten wurde eine weitere Erhöhung der Extinktion gegenüber der BDP-SiPc-MSBDP
Triade erwartet. Des Weiteren wäre ein sequenzieller Elektronentransfer von MSBDP zu SiPc und von
BDP zu MSBDP möglich. Der vergrößerte Abstand zwischen Elektrondonor und -akzeptor sollte die
Ladungsrekombination in den Grundzustand verzögern.

Tatsächlich übersteigt die Lichtsammeleffizienz der Pentade die der untersuchten Triaden. Nach Anre-
gung eines Teils der Pentade wird die absorbierte Energie von den peripheren BDP und MSBDP Gruppen
zum SiPc Kern geleitet. Diesem Prozess folgt ein schneller Ladungstransfer und der ladungsgetrennte
Zustand (BDP-MSBDP)•+-SiPc•−-MSBDP-BDP wird mit fast hundertprozentiger Wahrscheinlichkeit
generiert. Aufgrund des geringen Abstandes der Chromophore erfolgt die Ladungsrekombination zum
Grundzustand mit einer Zeitkonstante kleiner als 25 ps. Leider ist diese Lebensdauer viel kürzer als die
der Referenz SiPc(MSBDP)2. Ein Hinweis auf einen sequenziellen Elektronentransfer, der die Ladungs-
rekombination verlangsamt, wurde nicht gefunden. Die photoinduzierten Energie- und Ladungstransfer-
Prozesse der Pentade sind in Abbildung 8.2 zusammengefasst.
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Figure 8.2: Energie- und Ladungstransfer-Prozesse in der Pentade.

In künftigen Arbeiten sollten die schnellen Prozesse der Pentade mittels Fluoreszenz und transienter
Absorption mit Auflösung im Femtosekundenbereich untersucht werden. Es wird an dieser Stelle darauf
hingewiesen, dass die Pentade in ihrer derzeitigen Form unbrauchbar für den Einsatz in künstlicher
Photosynthese ist. Eine Modifikation ihrer Struktur ist notwendig, um das System in Bezug auf die
Lebensdauer des ladungsseparierten Zustandes zu optimieren.
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8.2 Selbst-assemblierte Systeme

Die supramolekulare Chemie zeichnet sich durch einfache Synthesen aus. Durch die Nutzung von
Mechanismen der Selbstorganisation können Systeme erhalten werden, die den komplexen Strukturen
in der Natur ähneln. Damit ist sie ein wirksames Mittel, um komplexe molekulare Systeme aus kleinen
Bausteinen aufzubauen. Durch die Verwendung von molekularer Erkennung können ausgeklügelte
molekulare Netzwerke hergestellt werden, die nicht mittels kovalenter Synthese zugänglich sind. Außer-
dem können die molekularen Einheiten kombiniert und ausgetauscht werden um neuartige Systeme zu
konstruieren. So muss bei der Modifizierung der Eigenschaften nicht das gesamte System neu syntheti-
siert werden.

Die Selbstorganisation wurde durch die hydrophoben Wechselwirkungen zwischen einem Cyclodex-
trin (CD) und einem Porphyrin (TPPS) in wässriger Lösung vermittelt. Die supramolekularen Kom-
plexe bestanden aus einem CD-konjugierten Subphthalocyanin (SubPc), dem TPPS und aus einem Si-
lizium(IV)-Phthalocyanin (SiPc). Letzteres wurde an zwei CDs kovalent gebunden. Es wurden drei
verschiedene SiPcs untersucht, die sich durch eine unterschiedliche Kettenlänge zwischen dem SiPc und
dem CD auszeichnen.

Figure 8.3: Sequenzielle Energie- und Ladungstransfer-Prozesse im supramolekularen Komplex SubPc-TPPS-SiPc1.

Erstmals wurde in dieser Arbeit gezeigt, dass sich in wässriger Lösung ein supramolekularer Komplex
bestehend aus den drei genannten Farbstoffen bilden kann. Es konnte nicht nur die erfolgreiche Herstel-
lung, sondern auch die effiziente Komplexbildung mit Wahrscheinlichkeiten in der Größenordnung 70
bis 90% demonstriert werden.

Die gebildeten Komplexe absorbieren einen großen Teil des Sonnenlichtspektrums im Bereich 300-
700 nm. Nach Anregung des SubPc-Teils wird die Energie zum SiPc-Teil transferiert. TPPS spielt
die Rolle einer energetischen Brücke und ermöglicht den Transfer vom anfänglich angeregten SubPc
zu SiPc. Außerdem findet nach selektiver Anregung von SubPc ein Elektronentransfer von SubPc zu
TPPS statt. Wenn SiPc oder TPPS angeregt werden, kann ein Elektron von TPPS zu SiPc transferiert
werden. Der photoinduzierte Ladungstransfer ist für alle verwendeten SiPcs thermodynamisch möglich,
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findet jedoch aus sterischen Gründen nur in den Komplexen 1 mit der kürzesten und 3 mit der läng-
sten Kette statt. Darüber hinaus findet in Komplex 1 ein sequenzieller Elektronentransfer statt, der zur
Entstehung des ladungsseparierten Zustandes SubPc•+-TPPS-SiPc•− führt. Komplex 3 liegt in zwei sta-
bilen Konformationen mit einer relativen Häufigkeit von jeweils 0,5 vor. Im gefalteten Konformer wird
über photoinduzierten Ladungstransfer der Zustand SubPc-TPPS•+-SiPc•− generiert. Die Lebensdauer
der ladungsgetrennten Zustände SubPc-TPPS•+-SiPc•− der Komplexe 1 und 3 wurde mittels transienter
Absorptionsmessungen im Pikosekundenbereich zu 100 beziehungsweise 120 ps bestimmt. Dank des
größeren Abstandes zwischen Donor und Akzeptor ist der ladungsgetrennte Zustand SubPc•+-TPPS-
SiPc•− langlebiger und die Ladungsrekombination erfolgt mit einer Zeitkonstante von 1,7 ns. Aufgrund
der relativ einfachen Synthese und der langen Ladungsrekombinationszeit von 1,7 ns in einem polaren
Medium sollte Komplex 1 für den Einsatz in Grätzelzellen untersucht werden. Allerdings sollte die E-
nergietransfereffizienz von SubPc zu TPPS und SiPc weiter gesteigert werden.

Somit wurden zwei selbst-assemblierte Systeme, SubPc-TPPS-SubPc und TPPS-SiPc, in ein neues
System integriert, nämlich SubPc-TPPS-SiPc. Hierdurch wurde in Bezug auf Lichtsammeleffizienz und
Ladungstrennung Synergie geschaffen. Außerdem konnten verschiedene SiPcs für die Optimierung des
Systems mühelos ausgetauscht werden. Der Komplex SubPc-TPPS-SiPc assembliert durch Vermittlung
hydrophober Wechselwirkungen. Dennoch liegt eine kontrollierte Anordnung der Chromophore vor und
kann aufgrund der sehr hohen Stabilitätskonstanten von SubPc(CD) und SiPc(CD)2 mit TPPS als ver-
gleichbar mit den kovalent gebundenen Systemen angesehen werden. Diese Ergebnisse illustrieren die
bereits vielfach geäußerte Erwartung, dass der supramolekulare Ansatz in Zukunft eine wichtige Rolle
in der künstlichen Photosynthese spielen wird.

Künftig könnte ein Baukasten für artifizielle Photosynthesesysteme, der auf verschiedenen CD-ge-
bundenen Farbstoffen basiert, realisiert werden. Unlängst wurde in der Gruppe von Prof. Dr. Ng ein
neuartiges azaBodipy synthetisiert, das kovalent an zwei CD-Gruppen gebunden ist. Vorläufige Ergeb-
nisse zeigen, dass das azaBodipy(CD)2 in wässriger Lösung mit TPPS und ZnTPPS einen stabilen Kom-
plex bildet. Erste eigene orientierende spektroskopische Untersuchungen an diesen Komplexen haben
gezeigt, dass sowohl lichtinduzierter Energie- wie auch Elektronentransfer stattfinden. Die oben genann-
ten Farbstoffe können untereinander ausgetauscht werden und auch das TPPS kann durch ein anderes
Chromophor ersetzt werden. Ebenso sind verschiedene supramolekulare Strategien, die innerhalb eines
Systems miteinander kombiniert werden könnten, denkbar.

8.3 Schlussbemerkung

Die Entwicklung von artifiziellen Photosynthese-Systemen, die eine Lichtsammeleinheit und ein Reak-
tionszentrum besitzen, stellt eine Herausforderung für die Forschung auf dem Gebiet der synthetischen
Chemie sowie der Photophysik dar. Die gegenwärtig vorliegende Arbeit leistet einen Beitrag zur Ent-
wicklung solcher Systeme und bietet Ansätze für die weitere Forschung.
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Table 1: Dielectric constants εS of the solvents used at ambient temperature.

Solvent εεεSSS

toluene 2.4
xylene 2.4

chloroform 4.8
THF 7.5
DCM 8.9

acetonitrile 36.6
DMF 38.3
water 80.1

Table 2: Electrochemical properties of BDP, MSBDP and SiPc as taken from [92, 148]. All values presented are given in [V].
The SiPc(BDP)2, SiPc(MSBDP)2 and BDP-SiPc-MSBDP triads as well as the BDP-MSBDP dyad and SiPc(BDP-
MSBDP)2 pentad had limited solubility in DMF, therefore, their electrochemical data have not been determined.

Compound EEE pppccc EEE111///222 (red 1)

BDP 1.05 -1.21

MSBDP 0.88 -1.05

SiPc 1.06 -0.57

Table 3: Electrochemical data of SubPc, TPPS, SiPc1, SiPc2 and SiPc3 as taken from [77, 171]. All values are given in [V].

Compound EEE pppccc EEE111///222(red 1) EEE111///222 (red 2)

SubPc 0.86 -1.09

TPPS 0.93 -1.15 -1.57

SiPc1 0.97 -0.71 -1.31

SiPc2 1.05 -0.65 -1.21

SiPc3 0.96 -0.63 -1.19
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(a) SiPc(BDP)2

(b) SiPc(MSBDP)2

Figure 4: UV/Vis absorption spectra of the triads SiPc(BDP)2 (a) and SiPc(MSBDP)2 (b) dissolved in toluene, xylene, chloro-
form, THF and DMF.
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(a) SiPc(BDP)2, λexc=470 nm (b) SiPc(BDP)2, λexc=615 nm

(c) SiPc(MSBDP)2, λexc=532 nm (d) SiPc(MSBDP)2, λexc=615 nm

Figure 5: Steady-state fluorescence spectra of SiPc(BDP)2, SiPc(MSBDP)2 and their references dissolved in xylene and THF
following excitation of their parts.
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(a) Xylene, BDP-part excitation (b) Chloroform, SiPc-part excitation

Figure 6: ∆OD spectra of BDP-SiPc-MSBDP dissolved in xylene upon excitation of BDP (a) and dissolved in chloroform upon
excitation SiPc (b) at different delay times.

(a) UV/Vis spectra (b) Fluorescence excitation spectrum

Figure 7: UV/Vis absorption (a) and fluorescence excitation spectra (b) of the BDP-MSBDP dyad dissolved in toluene.
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Figure 8: Change in fluorescence spectrum of a mixture of SubPc and SiPc2 (both at 1 µM) upon addition of TPPS (up to
2 µM) in water. The SiPc-part was selectively excited at 615 nm. Insets: fluorescence intensity versus concentration
of TPPS.

(a) TPPS-part excitation (b) SubPc-part excitation

Figure 9: Change in fluorescence spectrum of a mixture of SubPc and SiPc1 (both at 1 µM) upon addition of TPPS (up to
2 µM) in water. The TPPS- and SubPc-part were selectively excited at 400 and 532 nm, respectively. Inset in (a):
fluorescence intensity versus concentration of TPPS.
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(a) SiPc2 fluorescence upon excitation of TPPS (b) SubPc fluorescence upon excitation of SubPc

(c) SiPc2 fluorescence upon excitation of SubPc

Figure 10: Plot of I0/(I0-I) vs. 1/[TPPS]. The concentrations of both SubPc and SiPc2 were 5 µM, subsequently, the mixture
was titrated with TPPS. The slope of the linear regression determines the reciprocal value of the association constant
K.
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(a) SubPc fluorescence and SiPc absorption (b) TPPS fluorescence and SiPc absorption

(c) SubPc fluorescence and TPPS absorption

Figure 11: Spectral overlap between donor fluorescence and acceptor absorption for different donor-acceptor combinations
within the supramolecular complexes.
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