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Abstract

Higher members of the acene molecule class, like the benchmark compound
pentacene, are known to undergo singlet fission (SF). This extraordinary
process is attractive regarding its ability of boosting quantum efficiencies
in photovoltaic cells and overcoming the Shockley-Queisser limit of single
junction devices. There is consensus that in pentacene SF proceeds on an
ultrafast timescale (<100 fs), but the details of the process are still subject
of debate. Within this work, pump-probe as well as pump-depletion-probe
techniques were used in combination with rate model simulations to disen-
tangle the initial steps of SF. In particular, the effect of nitrogen atoms,
which were incorporated into the pentacene backbone, on the photoinduced
dynamics of TIPS-pentacene was studied. These solution-processable aza-
derivatives, called Diaza-TTPS-pentacene and Tetraaza-TIPS-pentacene, are
great building blocks for the design of new architectures with optimized elec-
tronic properties and represent promising candidates for their use in photo-
voltaic devices. Measurements in the visible as well as in the near-infrared
spectral region were performed in order to get a complete picture of the triplet
manifold. This required the design and implementation of a new experimen-
tal setup. By applying global target analyses and numerical simulations, a
detailed kinetic model of the excited state dynamics of all investigated mate-
rials could be established. The experimental observations indicate a partici-
pation of the intermediate coupled triplet pair state 'TT, which has become
a hot topic regarding its role in mediating SF. The nitrogen substitution in
the heteroacenes not only accelerates the formation of the 'TT state com-
pared to TIPS-pentacene, but also the population of the final triplet state
T, via the 'TT state, implying higher quantum efficiencies. The absorption
of all relevant exited states were successfully assigned with regard to their

spectral occurence.



Kurzzusammenfassung

Die hoheren Acene, wie auch das Referenzsystem Pentacen, sind zu einem
Prozess befahigt, in welchem unter Einsatz von einem Photon zwei Triplett-
Spezies gebildet werden kénnen. Dieser aukerordentliche Prozess (engl.: sin-
glet fission (SF)) ist besonders attraktiv im Hinblick auf eine potenzielle
Effizienzsteigerung in photovoltaischen Zellen, insbesondere um die Shockley-
Queisser Grenze von Solarzellen zu iiberschreiten. FEs herrscht Einigkeit
dariiber, dass SF in Pentacen auf einer ultraschnellen Zeitskala ablauft (<100
fs), die Details des Prozesses sind jedoch Gegenstand aktueller Diskussion.
In dieser Arbeit werden sowohl Pump-Probe als auch Pump-Depletion-Probe
Techniken in Kombination mit Ratenmodell-Simulationen angewandt, um die
priméren Schritte des SF Mechanismus aufzukliren. Speziell wird der Ein-
fluss von Stickstoffatomen, die in das Pentacen-Riickgrat eingebaut wurden,
auf die photoinduzierten Dynamiken hin untersucht. Diese l6slichen Aza-
Derivate (Diaza-TIPS-pentacen and Tetraaza-TIPS-pentacen) bilden her-
vorragende Grundgeriiste fiir die Konstruktion neuer Materialien mit op-
timierten elektronischen Figenschaften und stellen vielversprechende Kandi-
daten hinsichtlich deren Einsatz in photovoltaischen Zellen dar. Ein neuer
Messplatz wurde entwickelt, um Messungen im sichtbaren, sowie im nah-
infraroten Spektralbereich durchfiihren und hierdurch Informationen iiber
die beteiligten Triplettiiberginge erhalten zu kénnen. Durch globale An-
passung und numerische Simulation der Messdaten konnte ein detailliertes
kinetisches Modell der Dynamiken des angeregten Zustands von allen unter-
suchten Materialien aufgestellt werden. Die experimentellen Beobachtungen
deuten auf eine Beteiligung des kontrovers diskutierten Zwischenzustands
TT bei der Tripletterzeugung durch SF hin. Die Stickstoffsubstitution in
den Heteroacenen beschleunigt nicht nur die Bildung des 'TT Zustandes
verglichen zu TIPS-Pentacen, sondern auch die Population des T, via 'TT,
was eine hohere Quantenausbeute impliziert. Die Absorption aller relevan-
ter angeregter Zustande konnten beziiglich ihrer spektralen Lage erfolgreich

zugeordnet werden.



Chapter 1
Introduction

The sun provides 7000 times more energy per day than we can use, in other
words the solar energy absorbed by Earth every hour can meet the energy
human civilization demands every year.[I] The challenge is now to harness

this diffusive resource.

Ze = 18 TWe

4] 50 100 150 200 250 300 350 w/m2

Figure 1.1: Solar irradiation that hits the Earth. Solar panels that
cover the black areas could provide the total energy demand of the human

civilization.[2]

In the map in Figure the solar irradiation that reaches the Earth is
presented and in particular the land area, which is required to supply the

world’s total energy consumption.[2] This is demostrated by the black cycles
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CHAPTER 1. INTRODUCTION

that need to be hit by the sunlight in order to power the whole world. In-
stalling solar cells with a conversion efficiency of only 8 % in these areas would
produce (on average of solar irradiance, including nights and cloud coverage)
18 TW electrical power.[I] The development of photovoltaic technologies to
achieve efficient devices is in the focus of research. State-of-the-art silicon
based solar cells exhibit efficiencies of more than 25 %.[3] The drawback of
the record-setting designs is their use of high-quality silicon crystals, which
is expensive. Organic photovoltaics, though, promise large scale and low cost
fabrication, i.e. expensive clean-room procedures are replaced by roll-to-roll
processing. If organic solar cell devices would possess efficiencies comparable
to other solar cell technologies, they could enable cheap, effective solutions
to the solar industry. Organic solar cells have been subject of dramatic
increases in performances and the power conversion efficiency has rapidly
improved from 2 to over 11 % in the last decade.|4, 5] However, still higher
efficiencies will be required for economic implementation on a large scale. In
order to further push organic photovoltaics to operate more efficiently, the
underlying physics on how the energy of light is converted into electricity
are essential. A better understanding of the photophysical processes that
govern the operation of organic photovoltaic devices paves the way for op-
timizing efficiencies. Above all, the vast pool of organic building blocks to
develop new materials with tailored properties for the efficient harvesting of
the solar spectrum in combination with favorable molecular properties opens
new perspectives. Synthesis of new organic compounds to develop materials
that show higher efficiencies by an increasing environmental stability is a key
to conquer the industrial market of electronic devices. Acenes, which are
linearly fused polycyclic aromatic hydrocarbons|6] have been used as hole
transporters in thin-film transistors, emitters in light-emitting diodes and
donor molecules in organic solar cells for the last years.[7-9] A major draw-
back of these acenes is, though, their low solubility in organic solvents in
combination with low resistance against air and humidity. In 2001 Winkler
et al. showed that the incorporation of nitrogen atoms in the acene backbone
is a promising approach to produce stable electron transporting materials.[10]

On the other hand, the introduction of bulky silyl side groups by Anthony
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leads to solution processable materials (Tri-iso-propylsilyl-pentacene, TIPS-
pentacene) with optimized intermolecular interactions.[II] A combination
of both approaches, i.e. the introduction of heteroatoms in the pentacene
backbone and bulky side groups was done by Bunz et al. in 2009.[12] This
symmetrical Tetraaza-TIPS-pentacene is the most popular respresentative of
the N-heteroacenes. It exhibits lowered frontier orbitals compared to TIPS-
pentacene, which results in a changed electronic structure and hence an al-
tered optical behavior.

Most notably, the higher members of the acene family are known to undergo
singlet fission, a process where two charges are formed by investing just one
photon.[I3] 14] This extraordinary process is of particular interest since it
has the potential to raise the quantum efficiency above 100 %.[15] As each
created exciton contributes one electron to the photocurrent of a photovoltaic
device, singlet fission is a key mechanism to improve the performance of
organic photovoltaics. A schematic representation of the underlying idea of

singlet fission is given in Figure[1.2

one photon

/

7 .. J ‘
/ two electrons, | ' 1—,///
L/ / l/i"//

Figure 1.2: In singlet fission one single photon is used to excite a molecule,
which interacts with another one creating two charges. Figure adapted from
“Applied Physics SuperUROP Projects” by Prof. M. Baldo, MIT.

Singlet fission proceeds on an ultrafast time scale and the physics behind
this process are still not well understood. In order to reveal the fate of
the acene’s excited states, the use of femtosecond time-resolved spectroscopy

becomes essential. In particular, transient absorption spectroscopy is a pow-



CHAPTER 1. INTRODUCTION

erful tool to follow the rapid and efficient conversion of a photoexcited singlet
into two triplet excitons. The evolution of the photo-induced dynamics can
be directly monitored, where rising and decaying signal contributions are as-
signed to transitions between specific states. A global target analysis helps
to further extract information from the two-dimensional data array by re-
ducing the spectrally superimposed signals to several components with their
according time constants. Measurements in the visible and near-infrared
spectral region provide complementary information on the triplet manifold
after photo-excitation. However, this technique is not able to completely ex-
plain all experimental obervations and more sophisticated methods, such as
pump-depletion-probe, are necessary to disentangle the excited state dynam-
ics of pentacene and its derivatives. The idea of this technique is to change
the population after excitation by intercepting the normal relaxation path-
way by an additional pulse. The changed population can in turn identify spe-
cific states of the energy flow network that are dependent on that additional
pulse. Combining this two techniques, i.e. transient absorption and pump-
depletion-probe spectroscopy with rate model simulations provides better
understanding on how the triplet manifold is populated via singlet fission
and furthermore reveal the origin of the observed excited state transitions.
Of major significance is the question, if the new air-stable N-heteroacenes are
able to perform singlet fission in a similar or even more efficient way com-
pared to the reference coumpound TIPS-pentacene. Information about their
relaxation networks allows for studying structure-function relationships, for
instance the interplay between the singlet fission process and chemical modi-
fications of TIPS-pentacene. This knowledge helps in a further step to modify
special transitions on a molecular level and thus optimize efficiencies by elim-
inating loss channels to exceed the triplet quantum yield. The potential to
enhance and direct the singlet fission mechanism in these new materials is of

vital importance in prospect of the design of organic electronic devices.



Outline of this work

In Chapter 2 the fundamental aspects and properties of organic materials
are presented. The basic characteristics of excitons, which play the major
role regarding the optical behavior are presented. All possible optical transi-
tions that occur in organic molecules are shown and singlet fission as the most
important process within this thesis is introduced. After having provided in-
formation on selected photovoltaic applications, the influence of heteroatoms
on the electronic properties of pentacene is discussed. Chapter 3 deals with
the experimental methods that were used and implemented within this work.
The newly developed transient absorption setup with probing wavelengths
between 350-1100 nm is presented and the principle of pump-depletion-probe
spectroscopy is elaborated. Additionally, experimental details and the un-
derlying nonlinear processes are described. The investigated samples and
how they were characterized is presented in Chapter 4. Together with their
steady state spectra, the crystal structures of the samples as well as the
thin-film preparation techniques are shown. In Chapter 5 the experimen-
tal results are represented and thoroughly discussed. The interpretation of
the experimental observations is supported by simulations and at the end a
kinetic model of the excited state dynamics of all investigated compounds
is established. Chapter 6 concludes the gained insights into the relaxation

network and gives an outlook on future experiments.
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Chapter 2
Background

This chapter introduces the fundamental characteristics of organic materials
in comparison with inorganic semiconductors. The background of conju-
gated systems is described and the nature of excitons as the most important
quantity elaborated. After discussing the nature of singlet and triplet states,
all optical transitions and the underlying photophysical processes (radiative
and non-radiative) of conjugated molecules are presented. Singlet fission as
the key process in boosting quantum efficiencies is introduced and several
theoretical perspectives are discussed. Applications of singlet fission based
organic photovoltaics and working principles of novel solar cell architectures
are presented as a major motivation for the investigation of new materials.
Finally, the effect of heteratoms on the molecular properties of acenes is

presented.

2.1 Organic Electronics

The potential advantage of solution processed organic semiconductors, such
as high operating speed, low-cost, easy fabrication and large area flexible
circuit, has been receiving a substantial and strongly increasing amount of
attention and motivated many studies in this field.[16] 17] Applications re-
lated to organic electronics include three major fields, namely organic light
emitting diodes (OLEDs), organic field effect transistors (OFETs) and or-
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CHAPTER 2. BACKGROUND

ganic photovoltaic cells (OPVs). The term ’organic’ involves molecules that
consist of a carbon network. They can be divided into two classes: small
molecules (e.g. acenes) and macro molecules or polymers. In order to ex-
hibit semiconducting properties they need to form 7-bonds. When two car-
bon atoms are bond via hybridized orbitals, two different types of bonds
exist, depending on their alignment with respect to the bonding direction.
o bonds are symmetrical with regard to the axis between the two nuclei
and the electron density is therefore concentrated in the intervening space
between the carbon atom centers. These bondings determine the structure
of the molecule, however, the electrons are strongly bound and do generally
not participate in optical processes. m bonds are constructed from electrons
in unhybridized orbitals that are oriented perpendicular to the the axis be-
tween the carbon nuclei and the electrons are delocalized. These w-bonds
are responsible for the conjugation of a molecule and thus for the strong in-
teraction with electromagnetic radiation in the visible spectral region. The
two types of bonds differ significantly by means of their strength. Since the
spatial overlap of orbitals with o-bonding is larger than for the m type, the
latter is a lot weaker and the consequently the electronic levels are higher in
energy compared to the former one.

By adding more spo-hybridized carbon atoms to the bonding network, the
m-orbitals delocalize further and form orbitals that can have significant spa-
tial extent. The resulting molecular orbitals (formed by the carbon atomic
orbitals) are referred to as bonding and antibonding, also known as highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), respectively as shown in Figure[2.1] The energy difference between
these states is called optical gap and determines the lowest optical transition.
Even though an electron is promoted from the bonding to an anti-bonding
state via absorption of a photon, the destabilizing effect is not sufficient
to overcome the total bonding energy of the remaining ¢ and 7 bonds of
the carbon-network. These considerations address the conditions within one
molecule, when carbon atoms fuse together forming a conjugated system.
Moving on to the case where several molecules interact with each other as in

a molecular assembly, different forces have to be taken into account. Here,

10



2.1. ORGANIC ELECTRONICS

the molecular bonding occurs via weak intermolecular van-der-Waals bonds,
resulting in electronic properties that are largely determined by the molecules
themselves. The role of the weak forces is only to hold the organic molecules
together within the solid. This is in contrast to crystalline inorganic semi-
conductors where strong covalent /ionic interatomic bondings throughout the
material lead to an occupied valence band separated by an empty conduction
band. In that sense, an analogy between the valence band and the HOMO
and the conduction band and LUMO is possible, however, the band widths
of the formed HOMO and LUMO levels are rather low.

LUMO
Ea y Conduction band
anti- bondlng c————cC

_ T* orbital /‘ .\

Tt-bond
! 1t bonding
/ * orbital c-Skond ~

HOMO ’ /. ‘\

Figure 2.1: Adjacent overlapping p, orbitals form into bonding (occupied)

Valence band

and anti-bonding (empty) 7m-states. In the solid state, the resulting HOMO
and LUMO orbitals take the form of bands (left), analogous to the valence and
conduction band of inorganic semiconductors (right), however, their band-

widths are significantly smaller.

The larger width of the energy bands in inorganic semiconductors has also
an impact on the charge transport within the material. Here, transport takes
place in a band and the charges are free in form of electrons and holes. The
mobility of charge in organic materials is defined by a hopping mechanism
of positive and negative polarons. Above all, organic semicondutors form
bound electron hole pairs (Frenkel type excitons), which exhibit large binding
energies and play the major role in relation to their optical behavior. In their
inorganic counterparts excitons (Wannier-Mott type) possess small binding

energies and are rarely observed at room temperature.
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CHAPTER 2. BACKGROUND

2.2 Excitons

In a simplified picture, absorption of a photon at the optical band gap causes
an electron to occupy the LUMO, while leaving behind a hole in the HOMO.
Due to their opposite charges, the electron and hole experience appreciable
coulombic attraction. The energy of the Coulomb coupling binds the charges
to each other in space, resulting in an electrically-neutral bound state, called
exciton.[I8] Creation of an exciton involves a reorganization of intermolec-
ular distances and partial polarization of the electronic configuration of the
surrounding. In other words, the change of electron density leads to nuclear
geometry shifts resulting in a reorganization energy that stabilizes the exci-
ton with respect to ground state molecules. This energy varies in molecules
with a different permittivity. For example, inorganic materials have higher
permittivities and thus lower exciton stabilization energies, accompanied by
stronger lattice interactions and more delocalized and mobile excitons. These
Wannier-Mott excitons, which are found in densely packed media, are largely
indistinguishable from free charges at room temperature. The atoms mask
some of the electron-hole attraction and the excitons have a larger spatial
extent as illustrated in Figure 2.2

<}v\> ::k:;x:ié:n+ %):Vannier-Mottexciton
G
/e
et e
Fd 4

Figure 2.2: Spatial discrimination of a Frenkel exciton (left), which is local-

ized on one molecule and a Wannier-Mott (right) exciton that is more spread
out within the solid state network (adapted from Ref.[19]).
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2.2. EXCITONS

In organic materials, in contrast, the intermolecular interactions are much
weaker and the exciton is localized at a single conjugated segment. This lo-
calization is due to the relatively low dielectric constant of organic molecules
resulting in a strong electrostatic attraction between the opposite charges.
The limiting case, where the hole and the electron residing on the same
molecule is referred to as Frenkel exciton. The regime where the hole and
the electron are localized several molecules away from each other, is termed a
charge transfer exciton. However, when it comes to the solid state and both
inter- and intramolecular coupling are relevant, these different regimes over-
lap. Hence, an unambiguous differentiation between a charge transfer state, a
Frenkel exciton delocalized over a few molecules and a bound Wannier-Mott

exciton is challenging.

2.2.1 Spin States

The spin plays an important role in determining the properties of excitons
according to their optical activity. The overall spin of an exciton can be
determined by the correlative arrangement of the electron spins in the re-
spective orbitals. According to the Pauli exclusion principle, two electrons
that occupy the same orbital must be paired, i.e. have opposite spins. Since
spin angular momentum is a vectorial quantity and quantized, only two mea-
surable orientations of the the spin are allowed with respect to the magnetic
field. When an electron is promoted from the HOMO to the LUMO by ab-
sorption of a photon, it can either exhibit the same (parallel) or the opposite
(paired) spin as the vacant electron, since they are occupying different or-
bitals now. Moreover, the spins can precess either in-phase (spins point in
the same direction) or out-of-phase (spins point to opposite directions). This
leads to four possible spin vector representations to describe a two particle
system (see Figure . The corresponding spin quantum number S can be
either 0 or 1. If S equals 0 there is just one possibility for the magnetic quan-
tum number M (Ms=0). Thus, the S=0 state has a total angular momentum
of zero and is called singlet state. For S=1 there exist three states with a

total angular momentum of one and M, = (—1,0,1), which are collectively
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CHAPTER 2. BACKGROUND

termed triplet state.

ZA

&Xﬁ

S=0, M=0 s1|v|--1 S=1, M=0 S=1, M= 1)
Singlet Y
Triplet

Figure 2.3: Vector based diagram of singlet (left) and triplet (right) spin
configurations. The electron spins precess around a local magnetic field they
experience in z-direction. The out-of-phase configuration results in a singlet
state, while the spin vectors have to precess in-phase to yield a triplet state.
(Figure according to Ref.[20]).

If we just take the Coulomb interactions between the two spin-half elec-
trons that form the exciton into account, the four distinct spin states should
be degenerate in energy. However, if we include the electron exchange energy,
which is a consequence of the Pauli exclusion principle, the triplet state is
stabilized in energy with respect to the singlet state. This can be explained
by assuming that quantum mechanics requires that electrons of the same spin
avoid approaching one another, but electrons of opposite spin have the ten-
dency to stick to one another.[21] Accordingly, the electron-electron repulsion
is reduced in the case of parallel spins and the energy gap between a singlet
and a triplet state of the same electronic configuration is purely the result
of electron exchange. As the dielectric constant is low in conjugated organic
materials, we have to consider these interactions, which scale with the spatial
overlap of the HOMO and LUMO electronic wavefunctions.[I3] The result is
a triplet state, which is about 0.7 eV below the singlet state in most conju-
gated polymers and can get even lower in energy for polyacenes.[22] This is

important regarding the triplet generation in these materials. In particular,
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2.3. OPTICAL TRANSITIONS

the fact that for pentacene the singlet state is more than twice as high as
the triplet state in energy has a substantial consequence on the singlet fission
energetics, which will be discussed in section [2.4.1]

2.3 Optical Transitions

ST n

Fluorescence W

Homo{— l[ | “\LSC —T— LUMO

Absorption - {* HOMO
Phosphorescence
LUMO —
S, -
HOMO‘T—l_ singlet triplet
(paired electrons) (unpaired electrons)

Figure 2.4: The Jablonski diagram illustrates schematically all possible
optical transitions of a single conjugated molecule. IC=Internal Conversion
(radiationless S,, — S transition), ISC=Intersystem Crossing (radiation-less
Sp — T'). The corresponding spin states of the transitions are shown on the

left and right side, respectively.

All possible optical transitions that occur in an organic molecule are pre-
sented in Figure 2.4] within a so called Jablonski diagram. These transitions
are divided into radiative and non-radiative ones. The optical absorption pro-
motes the molecule into an excited state. According to the Franck-Condon
principle, this transition from the ground to the excited state must occur
vertically. This principle provides a selection rule for the relative probability
of vibronic transitions. It states that the most probable electronic transition
will occur between those states exhibiting a similar nuclear configuration
and vibrational momentum. Their vibrational wave functions have to over-

lap constructively, where the squared of the vibrational overlap integral is
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CHAPTER 2. BACKGROUND

called Franck-Condon factor. The larger this factor, the larger is the over-
lap of the wave functions and the more probable is the transition. Figure
[2.5] shows a schematic representation of the Franck-Condon principle for a
radiative transition from an initial ground (Sp) to a final electronic excited
state (Sy).

c
2 c
g
S @
o 4 €
(1] (]
£ E
(o] o
c c
0 T T d T T T v - 0
400 500 600 700 800

wavelength / nm

Figure 2.5: Absorption (black curve) and emission (red curve) spectra of
TIPS-pentacene in toluene solution. The bands of the spectra correspond
to the transitions shown in the potential curves of the respective So and S;
states. The electronic transitions are strongly coupled to a high vibrational
mode resulting in a vibrational progression. The corresponding transitions
are labeled by the vibrational indices. After relaxation to the lowest vibra-
tional state v=0 in S;, fluorescence is observed. The bands can again be
related to the transitions of the respective vibrational levels in Sg. The ener-
getic separation between the 0-0 peaks of absorption and emission bands is

called Stokes-shift and related to the reorganization energy.
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2.3. OPTICAL TRANSITIONS

Since rigid aromatic hydrocarbons, such as pentacene, show only a very
small vertical displacement of the potential energy curves, the v=0 — v=0
transition is most pronounced for both absorption and emission. This situa-
tion corresponds to an electronic orbital jump for which the overall bonding
is similar for both states (Sp and S;) and accordingly their equilibrium ge-
ometries. There are several ways to redistribute the created excess energy in

the excited state, which are summarized in Figure [2.6

A S
HOMO-T— S, = <
e 8 -5 —— LUMO
75 g%
[ 58 LP
@3 E5 47 HOMO
< © -
LUMO 41— . ) Te
St = t Intersyst ! =i p
ntersystem g
HOMO% . ® Crossing 5 _:‘_ - LUMo
] £ * g N
5 2 ¢ g —T— HOMO
:ll|
i == Ik
3
LUMO —— A 8
[ 2 o

HOMO-H— So : So

Figure 2.6: Detailed diagram of relevant energy levels including the as-
sociated vibrational sublevels in a single conjugated molecule. Absorption
to higher states within one spin manifold is called excited state absorption
(green arrows). These transitions are most relevant for time-resolved spec-
troscopy (transient absorption) since they provide insight into the underlying

dynamics of a molecule.

The basic ideas for radiative and radiationless transitions are the same,
namely a small change in the initial and final nuclear structure, which means
that the wavefunctions of these states need to have significant overlap and
energy conservation during the transition. Excitation of higher energy states
generally results in deactivation to the lowest vibrationally excited state
(internal conversion (IC)). IC is defined as the intrinsic radiationless de-
cay of excited electronic states within a spin manifold.[23] As conjugated

organic molecules possess closely-spaced electronically and vibrationally ex-
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CHAPTER 2. BACKGROUND

cited states, IC proceeds rapidly from any higher-lying state down to the
vibrationally-relaxed lower-lying electronic excited state. The overall IC pro-
cess is divided into two steps. In the first step, a horizontal (adiabatic), tran-
sition from the initially excited electronic state to a vibrationally-excited level
of the final electronic state takes place (not shown in Figure [2.6). The subse-
quent relaxation to the lowest-lying vibrational level occurs along the poten-
tial energy curve of high-energy modes by simultaneous emission of multiple
phonons.[20, 24] The rate of IC back to the ground state is much slower and
fluorescence occurs from the lowest-lying singlet state (Kasha’s rule). Ac-
cordingly, phosphorescence is also observed from the thermally equilibrated
T, state, which represents the crucial process in OLEDs.[22] However, con-
servation of angular momentum implies that radiative decay of the triplet
exciton to the singlet ground state is quantum mechanically forbidden. The
appearance of phosphorescence requires a mixing of the singlet and triplet
states, which can be realized by spin-orbit coupling. This coupling maintains
a balance between the change in the angular momentum due to the orien-
tation of the spin by a change in the orbital angular momentum. However,
this interaction scales with the atomic number by the power of four (Z*) and
is thus mostly observed in molecules that contain heavy atoms. As a conse-
quence of the spin-forbidden relaxation back to the ground state 77 — Sy,
the lifetime of triplet excitons exceed the singlet one by orders of magnitude
(fs-ns for singlets and ns-s for triplets). The radiationless transition between
excited states of different spin is called intersystem crossing (ISC). Due to
the small atomic numbers and large differences in reorganization energies
(singlet vs. triplet) present in organic materials, the ISC rate is typically
in the order of tens of ns.[20] Besides ISC, the spin of an exciton can also
change by a process called singlet fission, which will be subject of the next

section because of its particular importance.
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2.4 Singlet Fission

In singlet fission (SF) one photon-generated singlet exciton shares its energy
with a neighboring molecule in its ground state creating two triplet excitons

residing on each chromophore in an overall spin allowed process (see Figure

7). 13, 14]

) ) ) I .
" E> ) I )
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molecule 1 molecule 2 molecule 1 molecule 2

Figure 2.7: Schematic demonstration of the singlet fission process between
two chromophores. One molecule is initially excited and a singlet exciton is
created. It reacts with a neighbor molecule, which is in its ground state. The
energy of the excitation is shared between them and one triplet exciton is

formed on each molecule.

A general description of singlet fission that provides insight into the mech-
anism is presented in Equation where S is the singlet excition state, Sy
the ground state, !T'T the singlet-coupled correlated triplet pair and 7} the
relaxed triplet exciton. The initial Sy+S; state is converted into 7T and
conservation of angular momentum requires that this pair of local triplet
states is coherently coupled into a state of pure singlet character. This first
spin-conserving step occurs extremely rapid and is mediated by electrostatic
interactions. It represents the internal conversion aspect of SF. The forma-
tion of two individual triplet states includes decoherence and relaxation of the
ITT state as well as diffusive processes. As these proceed relatively slow, the

second step of the two artificially separated steps represents the intersystem
crossing aspects of SF (see Figure [2.8).

S(] + 5= lTT =1T1+1T (21)
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S, A I

,

N —

Figure 2.8: Low-lying electronic states that are involved in the singlet fission
process. After photo-excitation of the S; state singlet fission occurs initially
forming a coupled triplet pair (}*TT), which eventually dissociates to form
free triplet excitons in the T state.

There is an optimal range for interchromophoric coupling if free triplet
excitons are the desired outcome. On the one hand, coupling has to be strong
enough to permit rapid SF in order to out-compete events such as fluorescence
and on the other hand, a coupling that is too strong keeps 17T as a terminal
bound state and the triplets cannot separate to diffuse apart. The relative
strength of the direct electronic couplings between the first excited singlet
state, intermolecular charge-transfer states and the coupled triplet pair state
determine the overall SF mechanism.[25-30] There exist several approaches to
describe the SF mechanism based on different kinetic models (see Figure[2.9)).
In the "direct’ model 17T is formed by electrostatic couplings and the singlet-
to-triplet conversion is accomplished through an avoided crossing or a conical
intersection. Within a theoretical study, the reaction path of SF was followed
by an ab initio quantum mechanical description of 'T'T, which is termed as
dark multiexciton state (D).[31}, 32] The initially bright delocalized S; state
is localized onto a pair of monomers (excimer like state). Non-adiabatic
coupling mediated by intermolecular motion between the optically allowed S}
state and D facilitates SF. The population transfer occurs through a narrowly
avoided crossing in the limit of near degeneracies between the two adiabatic
states where the Born-Oppenheimer approximation is no longer valid. Their

studies show that a charge transfer intermediate does not contribute to SF
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because it lies too high in energy.[25, 32]. Alternatively, the 'mediated’ model
suggests that the initially excited singlet state couples to charge-transfer
configurations that in turn have a strong coupling to *T'T and enable SF.[26),
27 In the limiting case, termed as 'coherent’ model, a superposition of S; and
ITT is created and the states are linked by electronic coherence.[33] Here,

the intermediate state *T'T is referred to as multiexciton state (ME).

+ N ¥
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Figure 2.9: Spin states of the molecules connected to the SF process. One
molecule is in its excited state (ES) while the neighbor is in its ground state
(GS). They share energy and create two T; states either via a ’direct’ or via

a 'mediated’ mechanism.

The existence of such a process where a singlet exciton is converted into
a triplet pair was first mentioned in a study of crystalline anthracene to ex-
plain the origin of delayed fluorescence at high temperatures.[34] Delayed
fluorescence appears in an opposite exciton fusion process of two triplet ex-
citons re-forming the singlet exciton, which undergoes radiative relaxation
to the ground state. Singh et al. found out that the triplet generation
was achieved when the energy of the exciting photon was equal to twice
that of the triplet exciton and concluded that this mechanism must be rapid
in order to compete with IC. The fusion of two triplets can only occur if
SE' is endoergic, which means that the energy of the relaxed singlet state
(S1) is less than twice of the triplet (T4) energy and an activation energy is
necessary. Thus, in anthracene SF occurs from unrelaxed high-lying vibra-
tional states in S; only, what makes the process relatively inefficient.[34] In

tetracene F(27)) ~ FE(S;) and SF is the dominant relaxation mechanism,
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while triplet fusion that results in delayed fluorescence is also present. 35, [36]
Pentacene is the first homologue in the acene family where SF is exoergic
(E(2T1) < E(S1)) and proceeds very rapidly making triplet fusion back to

the singlet state energetically impossible.

2.4.1 Singlet Fission in Pentacene

In the last decade there was a controversy over the fate of the excited state dy-
namics of polycrystalline pentacene in experimental as well as in theoretical
respect. Marcinak et al. stated that the ultrafast component of 70 fs is related
to the formation of a doubly excited dimer state rather than a triplet species.
They propose that this excimer is stabilized by changes of the local crystal
structure and that SF occurs on the picosecond timescale as secondary, ther-
mally activated process with a total yield of only 2 %.[37, B8] Thorsmglle
et al. claim that triplet formation is suppressed and singlet excitons are
quenched by charge transfer to electron traps instead.[39] Theoretical ap-
proaches, such as QM /MM simulations, in turn predict that the photoexcited
singlet relaxes to a non-emissive intermolecular doubly-excited-state.[40] A
dark doubly-excited state that is lower in energy compared to the optically-
bright S; state was suggested even for the pentacene monomer.[25] However,
this is inconsistent with the experimental observation of fluorescence in pen-
tacene dissolved in cyclohexane.[41] On the other hand, SF was predicted to
proceed ultrafast and as major relaxation channel in pentacene.[33] [42] 43|
These studies were confirmed by experiments on pentacene /Cgp-bilayers that
convincingly demonstrated the generation of multiple charge carriers by ob-
taining quantum efficiencies above 100 %.[9 43, [44] However, there is an
ongoing debate, whether charge transfer states are involved in the ultrafast
dynamics of pentacene or not.[38, [40] [45] Zeng et al. applied multireference
calculations on a pentacene dimer to investigate low-lying adiabats in the
process of SF. They claim that there is weak direct interaction between the
multi- and single-exciton states and that they are indirectly coupled through

a charge transfer state. Thus, the involvement of charge transfer states in-
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duces effective mixing between them and need to be considered in the general
model of SF.[45] An excimer-like state (EX) was recently found to be involved
in the SF dynamics of the model system perfluoropentacene. This EX state
evolves after 17T formation as an intermediate rather than a competitive
state.[46] Lately, Musser et al. showed that SF proceeds via a conical inter-
section in agreement with former calculations.|30} [31] Their results can be
explained by the 'direct’ model, however, charge-transfer contributions to the
S; and 'T'T, respectively may also play a role resulting in a superexchange-
type 'mediated’ model. This survey of experimental as well as theoretical
studies emphasizes the controversy in this field and that the fate of SF is
not well understood so far. Gaining new insight into the fundamental pro-
cess, based on more sophisticated experiments and theoretical approaches,
is essential. Moreover, these results motivate to more intensively study the
incorporation of pentacene-based materials into organic solar cells in order

to raise quantum efficiencies.

2.5 Influence of Nitrogen Atoms

Pentacene is an attractive starting compound to develop new chromophores
with promising photo-physicochemical qualities. Due to its high charge car-
rier mobility, pentacene is also the benchmark p-type semiconductor in or-
ganic field effect transistors.[47-H49] Besides, it exhibits long diffusion lengths,
which is favorable for its application in photovoltaic devices.[d, 9] One ma-
jor drawback of pentacene itself is its poor oxidative stability against light
and oxygen leading to linked dimers or oxidized species. This tendency can
be attenuated by derivatization at the positions 6 and 13 of pentacene, which
can in turn change the overall structure and accordingly its electronic prop-
erties. Specific modifications like the addition of bulky side groups such
as triisopropylsilylethynyl (TIPS) strongly improved the solubility of pen-
tacene, thus simplifying its purification and processing.[11, 50] Above all,
this functionalization prevents pentacene’s oxidation and w-stacking between

neighboring molecules becomes relevant, resulting in strong intermolecular
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“face-to-face” interactions. The possibility to adjust the electronic behavior
required for a particular device by tuning the electronic structure, stability,
solubility and molecular packing is of particular interest for applications in
organic electronics. For instance, the intermolecular structure has proven
to be of critical importance for the performance of an organic material in
an electronic device.[51} 52] Favorable intermolecular orientations within the
two-dimensional m-stacked array leads to high hole mobilities in the solid
state due to enhanced orbital overlap.[53| Further, the substitution of carbon
by heteroatoms in the acene core represents an attractive approach to change
the overall chemical and physical properties of a material. More precisely, the
incorporation of nitrogen atoms into the pentacene backbone results in an en-
ergetically stabilized acene with lower lying frontier orbitals.[12, [54] 55] The
nitrogen atoms reduce the electron density within the ring structure what
makes them to electron poor systems. Since large overlap of frontier orbitals
to neighbor molecules in the solid is mandatory to achieve high charge car-
rier mobilities, their m-stacked structure is beneficial. Such heteroacenes are
electron transporters (or ambipolar), that work well in thin-film transistors
with high charge mobilities using simple solution processing.|[56-59]

Within this thesis, two different aza-derivatives of TTPS-pentacene are stud-
ied. In Diaza-TIPS-pentacene (Diaza) one pyrazine unit is inserted into the
backbone of TIPS-pentacene, whereas Tetraaza-TIPS-pentacene (Tetraaza)
exhibits two pyrazine units symmetrically incorporated. The chemical struc-
tures are shown in the following Figure whereas the influence of the
nitrogen atoms on the energetic levels of the frontier orbitals is illustrated in
Figure 2.11] In principle, both the HOMO and the LUMO are lower in en-
ergy when carbon is substituted by nitrogen, whereas the LUMO is even more
stabilized resulting in a smaller band gap for the heteroacenes. Interesting
to note is the further stabilization of Diaza, which has an even smaller gap
compared to TIPS-pentancene and Tetraaza. This is related to the broken
symmetry, which will be discussed in section
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Figure 2.10: Chemical structures of TIPS-pentacene (left), Diaza (center)
and Tetraaza (right).
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Figure 2.11: Energy levels of the frontier orbitals of TIPS-pentacene,

Tetraaza and Diaza.

Due to their lower lying LUMO, they are also promising regarding their
application as acceptors in OPVs. A key challenge is to find substitutes for
fullerene-based acceptors with suitable LUMO energies, because fullerenes
are the main source of instability in life time test of solar cells and very
costly.[60] From this point of view it would be highly valuable to use an
acceptor material that is also capable of performing SF. In that way, solar
cells could be designed that use a donor that transfers the excited electrons to
the acceptor, which itself provides additional charges via the SF process. In
order to develop this idea, the fundamental excited state dynamics of these

new air-stable azaacenes need to be studied first.
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2.6 Photovoltaic Applications

Organic photovoltaics, although it is still in its start-up stage, receives a
strongly increasing amount of attention. Organic solar cells show a lower
efficiency compared to their silicon-based counterparts, however, they offer

numerous advantages, such as[61], 62]:

e low weight and flexibility
e semitransparency
e large area production

e low cost fabrication - low temperature manufacturing in a continuous

process using state-of-the-art printing tools
e wearable OPVs - printed on clothes, umbrellas, windows,...

e short energy payback times and low environmental impact during op-

erations

There are several research and development activities and a lot of progress
has been made in increasing the power conversion efficiency in order to get
closer to the Shockley-Queisser limit of 34% for single junction solar cells.[G3]
The most widely studied OPV contains the conjugated polymer P3HT (poly-
3-hexyl thiophene) as donor and a fullerene derivative PCBM (phenyl-Cg;-
butyric acid methyl ester) as acceptor molecule. They form a bulk hetero-
junction, where the two components interpenetrate each other in a way that
the regions of each material are separated only by several nanometers. Conse-
quently, an exciton will never be far away from the interface and the diffusion
length can be short. This, however, puts many constraints on how to man-
age the morphology of the interpenetrating network in terms of solvents and
donor-acceptor weight ratio. [64]

The limit of 15 % efficiency should be reachable by optimizing energetic
levels, optical and electrical properties of the absorber layers and the de-

vice arrangement. New designs to overcome that barrier would require an
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Figure 2.12: Scheme of a OPV multilayer device made of a bulk hetero-
junction (active layer that contains the organic donor and acceptor mate-
rials). ITO= conductive indium tin oxide, PEDOT=transport layer, alu-
minum=metal electrode. (Thanks to Nanochemistry.it for providing the pic-

ture.)

elimination of the most dominant loss channel, namely non-radiative recom-
bination of charges. Another approach to boost quantum efficiencies is to
use materials that are capable of doing SF. As motivated before, SF is a
type of multiple exciton generation mechanism promising for photovoltaic
applications. Pentacene as donor combined with Cgy as acceptor was stud-
ied within a bilayer, in order to confirm enhanced quantum efficiencies and
efficient charge separation at the junction.[9, 43| It was shown that triplets
are present from the beginning on (<200 fs) created via SF while charge gen-
eration occurs primarily 2-10 ns after photo excitation. The triplet excitons
diffuse slowly to the heterojunction where they can dissociate. A great advan-
tage of SF as a carrier multiplication technique is the formation of long-lived
triplet excitons, which are the dominant relaxation channel for the photogen-
erated singlet. Since two triplets do not have enough energy to recombine,
triplet-triplet annihilation is energetically suppressed. Therefore, issues like
limited exciton lifetimes and (triplet) exction-exciton annihilation as found
in inorganic nanocrystals are irrelevant. Recently, external quantum efficien-
cies above 100 % could be achieved in a pentacene-based OPV cell using a

fullerene acceptor and a P3HT exciton confinement layer.[I5] The idea is to
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combine SF with a conventional material that fills the spectrum above the
ITT state, in order to minimize triplet exciton losses. The exciton blocking
P3HT layer was placed between pentacene and the anode. Due to the wide
energy gap and suited triplet energy, P3HT can confine triplet excitons and
additionally, its high lying HOMO helps to extract holes from pentacene.
In practice, singlet excitons generated in P3HT are transferred to pentacene
and then split into triplets. The loss pathway of the generated singlet exci-
tons is the direct dissociation into charge instead of SF. In a further work,
the generation and diffusion of excitons in this SF sensitized pentacene based
solar cell was modeled.|65] Tabachnyk et al. showed that the lower bound
for the SF quantum efficiency is 180+15%. The diffusion length of pen-
tacene was calculated to be around 40 nm and the absorption-to-injection
(from pentacene to P3HT) efficiency about 30+10%. An alternative route
to create SF-sensitized solar cells, is an organic/inorganic hybrid OPV de-
vice architecture. In this way, pentacene absorbs high-energy photons while
simultaneously low-energy photons are harvested. This can be realized ei-
ther by lead sulfide[66] or lead selenide[67] nanocrystals, which both absorb
infrared photons. Within their studies, it has been demonstrated that the
triplet excitons can be dissociated at the organic-inorganic interface with
quantum efficiencies greater than 50 %. Yang et al. showed very recently
the incorporation of the solution-processable material TIPS-pentacene into a
OPYV cell (architecture is shown in Figure 2.13). TIPS-pentacene absorbs in
the visible range and the photo-generated charges (via SF) are transferred to
the colloidal nanocrystals, which capture the low energy photons. In other
words, they are ideal electron acceptors for low energy TIPS-pentacene triplet
excitons.[68] The electrons are transported through the titan oxide (TiO,)
layer and extracted from conductive indium tin oxide (ITO), while holes are
withdrawn through the gold top contact (see Figure [2.13).
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Figure 2.13: Device architecture of a nanocrystal/TIPS-pentacene photo-

voltaic device according to Yang et al.[68].

The field of designing new, more efficient OPV architectures is continu-
ously growing. Besides improving the arrangement of the solar cell itself, it
is of particular importance to elaborate electronic properties on the molec-
ular level. There exist a variety of new materials showing higher resistance
against air and humidity by promising high-performances within the device.
Studying structure-function relationships in these materials paves the way

for novel OPV designs.
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Chapter 3
Experimental Methods

This chapter addresses the experimental techniques that were implemented
within this thesis. In particular, the details of the newly designed transient
absorption setup are described and principles of pump-probe as well as pump-
depletion-probe spectroscopy presented. The essential aspects of nonlinear
optics and underlying physics, which are crucial in the field of ultrafast spec-
troscopy are touched on and further elaborated in the appendix. In the end,

the important and challenging steps of data processing are elucidated.

3.1 Transient Absorption Experiment

The advent of Femtochemistry in the 1990s has opened up new perspectives
in the field of optical spectroscopy.[69] The possibility to monitor molecular
dynamics on an ultrafast time scale provides essential information on the
photochemical properties of a system. In particular, intra- and intermolecular
vibrational energy redistribution and relaxation processes of excited states

are directly accessible.
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Figure 3.1: The arrow demonstrates the relevant time ranges of fundamen-

tal biological and chemical processes.

Femtosecond absorption spectroscopy probes the dynamics of a system in
response to a so called pump pulse, allowing the observation of the population
evolution in the excited state (see Figure . Regarding charge generation
processes in organic molecules, as in pentacene, it is of vital importance to
understand the underlying dynamics in order to exploit their full potential.
Above all, revealing the rapid process of SF requires more sophisticated tech-
niques that allow for the investigation of the photo-induced dynamics directly

after photo excitation with high temporal resolution.
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Figure 3.2: Energy level diagram representing the excited states dynam-
ics of a conjugated system. Pump-probe-spectroscopy provides information
about how the states are populated and can reveal relaxation processes and

their corresponding kinetics.
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The principle of pump-probe spectroscopy is shown in Figure (3.3

Femtosecond
laser system

freq. conversion freq. conversion
probe pump

delay stage | ’

b

I detection
sample

Figure 3.3: Principle of pump-probe-spectroscopy. Every second pump

llg >

pulse is blocked by a chopper wheel. A broad white light continuum acts as a
weak probe field, which travels through the sample and reaches the detector

either unchanged or changed dependent on the pump interaction.

A fraction of molecules is promoted into the first allowed excited state by
the pump pulse. This pump pulse is created by means of a noncollinear opti-
cal parametric amplifier (nc-OPA).[70-73] The underlying nonlinear process
allows for the generation of broad excitation pulses in the whole visible range
from 480 nm to 680 nm at adequate intensities (further explanation is given
in the appendix). After a set time delay, a weak probe pulse with low inten-
sity in order to avoid multiphoton processes is sent through the sample. A
synchronized mechanical chopper blocks every second pump pulse and thus,
alternately the sample is being excited or not. This leads to two scenarios;
either the chopper is on (absorption spectrum of the sample in the ground
state reaches the detector) or off (absorption spectrum of the excited sample

reaches the detector). According to Lambert Beer’s law:

I
Azlog(f")zc-e-d (3.1)

out

the difference absorption spectrum can be calculated as follows:
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pump of f

AA = log (%) =Ac-e-d (3.2)

probe

By scanning the delay stage, i.e. setting different time delays between the
pump and the probe beam, a AA profile as a function of time 7 and wave-
length A can be obtained (AA(7, \)). The transient data contain information
on the excited state dynamics, such as charge transfer or energy transfer reac-
tions, conformational changes, as well as spin flip reactions and many more.
The beauty of transient absorption is that also inaccessible states like sym-
metry forbidden states, dark states or states of different multiplicity can be
revealed. This can be realized due to the fact that after photoexcitation
the population is evolving to lower energy states of different character and
symmetry, what is catched by the probe pulse. In the case of pentacene, for
example, a triplet state is populated, which cannot be photo-excited directly.
In the following, the contributing signals to AA that occur after population

has been transferred to the excited state are explained.

Sh Sh

-.-._81-.'._'—81'.‘._

I
E—

-.-.-.-.-.—So'.'.'.'.'.-—so'“'.'“

ESA SE

Figure 3.4: Different contributions to the transient absorption signal: ex-
cited state absorption (ESA), ground state bleach (GSB) and stimulated

emission (SE).

The first contribution represented in Figure [3.4]is the ground state bleach
(GSB). As a consequence of the pump beam, the number of molecules in
the ground state has decreased. Hence, the absorption from the ground

state to the excited state is less than in the non-excited sample. This leads
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to a negative signal in the AA spectrum in the region of the ground state
absorption of the molecule (see Figure from 560-700 nm).
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Figure 3.5: Transient absorption spectra of nile blue at 1 ps delay time.
The negative signal is assigned to the GSB (560-700 nm) overlapped with the
SE signal (>700nm). The positive contribution corresponds to the ESA.

Another negative signal is called stimulated emission (SE), which occurs
upon excitation when the probe pulse passes through the excited volume.
This will only happen when this transition is optically allowed and typically
it shows a spectral profile that follows the fluorescence spectrum (see Fig-
ure =700 nm). In general, a probe photon induces emission of another
photon from the excited state back to the ground state, which leads to a
negative signal since more light reaches the detector. A positive AA signal
results from the excited chromophore, which is promoted to higher excited
states. Absorption of the probe pulse at wavelengths where these optically
allowed transitions occur is called excited state absorption (ESA, see Figure
450-560 nm). The intensity of the probe pulse is so weak that the excited
state population is not affected. Taking cuts at specific wavelengths of the
GSB and ESA signal the temporal evolution of the signals can be followed
(see Figure . By fitting these transients with exponential functions the
resulting time constants give information about the overall kinetics of the

system.
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Figure 3.6: Evolution of the GSB and ESA signals in nile blue within the
first 2 ps. The sharp decrease of the signal after temporal overlap between
pump and probe (delay time zero) represents the de-population of the ground

state, whereas the immediate rise identifies the ESA.

3.1.1 Experimental Realization

The ultrafast time-resolved absorption measurements were performed using a
regeneratively amplified Ti:Sa laser generating 100 fs pulses with a repetition
rate of 1 kHz at 800 nm central wavelength. As the pump-probe technique
requires at least two beams in order to realize time-resolved measurements,
the fundamental laser output is split into two parts. 99% of the intensity
is guided to a nc-OPA in order to create the pump pulse at the required
excitation wavelength. Thereafter, the excitation beam travels through a
prism compressor in order to compensate for chirp effects and reduce the
pulse length (further information is given in the appendix). The other 1%
of the intensity is used to generate white light serving as probe beam. The
white light continuum is done by focusing the 800 nm beam either in a 2
mm Sapphire crystal (450-750 nm) or in a 3 mm yttrium aluminium garnet
crystal (830-1030 nm). The former is collimated using a achromatic lense

as it corrects for chromatic as well as spherical aberration. In the latter, a
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CaF; lense is used, due to its high transmission in the near-infrared (NIR)

region combined with a low chromatic aberration.
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Figure 3.7: Experimental setup of the newly designed transient absorption
experiment. 99% of the fundamental laser intensity is used to create the
pump beam in the nc-OPA. Before it is sent to the delay stage, the nc-
OPA output travels through a prism compressor. After passing the chopper
wheel the excitation beam is focused onto the sample. The other 1% of the
intensity is used to generate white light either in a Sa or a YAG substrate.
The collimated white light is also focused onto the sample and afterwards

sent to the detector.
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There is also the possibility to probe in the UV range (< 450 nm) gen-
erated in a CaF; substrate that is mounted in a rotating holder. This is
necessary due to the low damage treshold of this material. By rotating the
CaF; substrate at a moderate frequency the focused laser hits every time
another position of the material. The generated white light continuum has
an intrinsic group velocity dispersion (GVD, see appendix). After travel-
ing through optically dense materials, this dispersion readily increases. It
is necessary to consider this effect in the data analysis. In principle, the
dispersion can be described by a polynomial function, which was applied to
the raw dataset. This dispersion correction is necessary in a sense that all
wavelengths share the same time zero. To get rid of the 800 nm beam before
the sample and the detector, a 800 nm edge filter in the visible and a long
pass filter in the NIR was used, respectively. The desired probe light can be
chosen by flipping two mirrors and aligning the beam into the appropriate
detector. Both beams, the pump and the probe are focused with a 30 cm and
25 c¢m focusing lense, respectively, onto the sample leading to spot diameters
of approximately 200 um. The energy of the excitation beam was between
60 and 120 nJ per pulse what corresponds to 6x10'4-1.2x 10" photons/cm?.
The polarization of the pump beam is parallel with respect to the probe beam
when measuring thin-films and set at the magic angle (54.7°) when measur-
ing in solution to eliminate anisotropy.[74] The pump beam is blocked after
the sample with an iris and the signal beam is focused on a silicon (visible)
or InGaAs (NIR) photodiode array multichannel detector (256 pixels with a
resolution of 1.32 nm per pixel). Every second pump beam is blocked with a
synchronized chopper wheel in order to get difference spectra, i.e. with and
without excitation, according to equation [3.2] The absorbance change is cal-
culated at a set time delay. This is realized by delaying the pump beam with
respect to the probe beam. In other words, the pump beam travels through
a high-precision motorized computer-controlled translation stage while the
probe beam is kept constant. All samples were measured under normal air

conditions.
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In order to generate white light in the UV spectral region (below 400 nm), a
CaF; substrate is used. Since this material has a very low damage threshold,
it needs to be rotated to minimize crystal damage. A motor-driven stage was
designed and constructed, together with the mechanical workshop, to realize
this demand (see Figure [3.8)).

Figure 3.8: Schematic representation of the constructed rotating holder for
CaF; to generate white light in the ultraviolet inspired by the group of Prof.
Riedle[75].

The implementation of this holder to drive a CaF;, substrate is shown in
Figure|3.9] The collimation of the white light after generation is done with a
spherical mirror. The angle between incoming white light and the outgoing
beam after the spherical mirror has to be as small as possible. In order
to realize this, a D-shaped mirror is used before the beam is guided to the

experiment.

fs-laser
800nm

experiment D-shaped mirror

=

spherical mirror

—_—

A=350-750nm

Figure 3.9: Experimental setup of the white light generation in the ultra-

violet.
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3.1.2 Experimental Response Time

The temporal resolution of the transient absorption experiment depends on
the pulse duration of the pump beam (in combination with a spectrally broad
probe beam) and the accuracy of the delay stage. However, a short pulse
duration At implies a large spectral bandwidth Avr according to the time-
bandwidth product. A 10 fs pulse, for example at 600 nm corresponds to a
bandwidth of 100 nm full width at half maximum (FWHM), which means a
high temporal resolution at the expense of spectral selectivity. Therefore, a
compromise between a selective excitation and high temporal resolution has
to be made. The use of chirped pulses (frequencies possess different velocities
when travelling through a material) in the transient absorption experiment
leads to non-resonant contributions to the signal. Accordingly, light inter-
actions of the pump and probe beams in a substrate, for example, do not
represent population dynamics of electronic states, but rather cross-phase
modulation (XPM) effects known as coherent artefact (see appendix). XPM
becomes higher with increasing chirp of the probe pulse, which is the case
for a supercontinuum as used in ultrafast absorption measurements. Accord-
ingly, at temporal overlap between the pump and probe pulse (delay time
zero) a huge coherent spike appears. This undesired contribution highly com-
plicates data interpretation and analysis of the initial dynamics. A simple
subtraction is commonly not possible, since the amplitude of the coherent
artefact changes from the sample to the pure substrate or solvent. Never-
theless, the interaction of pump and probe beam in a pure substrate can be
utilized to calculate the experimental response time. By fitting the coherent

artifact using the following equation[76, [77):

CS=A <t€72($)2> — (t — Tyoa) 6_2@ (3.3)

where T}, ;—group velocity dispersion, A—amplitude of the coherent arte-
fact and 7=shape factor of the Gaussian envelope, the FWHM and therefore
the time resolution of the experiment can be determined by the following
relation: Trwpy = §gg9- In Figure the charateristic coherent artefact
at 500 nm is shown where 7=34 fs, T,4=51 fs. The FWHM of the coherent

40
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spike is 38 fs representing the experimental response time.

Coherence spike at 500 nm with fit

84
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Figure 3.10: Fit of the coherent artefact at 500 nm giving a time resolution
of 38 fs.

3.2 Pump-Depletion-Probe Experiment

Femtosecond pump-depletion-probe experiments are highly useful techniques
to control the evolution of excited species. [T8H8T] The idea of this method is to
set a specific marker within the kinetic network on a preselected state which
intercepts the normal relaxation dynamics. Experimentally this is realized by
introducing a second, depletion or dump pulse which modifies the population
after the initial excitation. The changed population pathway can in turn
identify specific states of the energy flow network that are dependent on the
additional pulse. This information is important for revealing new relaxation
pathways and thus to gain more insight into underlying dynamics. Related
to the excited state dynamics of TIPS-pentacene, this technique can provide
a deeper insight into relaxation pathways and thus the formation of triplet
states (see Figure . Experiments in different spectral regions can reveal
the origin of excited state transitions and furthermore the interplay between
them. A better understanding on how the triplet manifold is populated via

SE helps, in a further step, to modify special transitions on a molecular level.
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In that way, namely by avoiding or activating transitions, the SF process can

be optimized.

Ener
A aqy Sn\ . PN
A=
T,
"
S, probe

Lo

Reaction coordinate

Figure 3.11: Schematic representation of the pump-depletion-probe exper-
iments in a energy level diagram. After the excitation pulse (orange arrows)
a second depletion pulse (green arrows) is applied, which is resonant with the
triplet transition. The distrurbed relaxation pathway is finally recorded by
the probe pulse (black arrows).

3.2.1 Experimental Realization

For the pump-depletion probe technique the fundamental laser is again di-
vided into two parts. As for the conventional pump-probe setup 1% of the
intensity was used to generate white light. The remaining 99% are further
spitted into a pump and a depletion beam (see Figure . Both pulses
are created in nc-OPAs and compressed to pulse durations of < 20 fs us-
ing prism compressors. All three beams are focused onto the sample under
normal air conditions. The signal beam is directed to a silicon (visible) or
InGaAs (NIR) photodiode array multichannel detector as in the pump-probe
setup. The pulse sequence is shown together with the beam geometry of the

pump-depletion-probe experiment in Figure [3.13]
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delay

femtosecond nc-OPA - pump
laser system 600nm, <20 fs / \ &
delay i
nc-OPA - depl.
530nm, <20 fs
sample
white light
E generation - \
probe detection
Sa (450-750nm) \ \ NIR (InGaAs)

YAG (850-1050nm)

detection
VIS (Si)

Figure 3.12: Simplified scheme of the pump-depletion-probe setup.

a) ¢ Tprobe » b) Pump
i /\" Probe
Pump Probe t
Sample

Figure 3.13: a) Pulse sequence of the pump-depletion-probe technique and

b) geometry of the three beams in the experiment.

After the pump pulse has promoted population into the excited state, the
depletion pulse is applied with a variable delay T. The pump-probe delay
is defined as 7,.ope. Due to the fact that the depletion pulse is also partly
resonant with the Sy — S; transition in the case of TIPS-pentacene and its
derivatives, we could find temporal overlap using the depletion as excitation
pulse. The time between the pump and depletion pulse was set indirectly
after defining the temporal overlap first between the pump and the probe
and second between the depletion and the probe pulses. The spatial overlap

between all three beams was optimized by maximizing the depletion effect
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at fixed T=1 ps and fixed 7,0pe=2 ps. The pump beam centered at 600
nm shows a pulse duration of 14 fs and the depletion pulse around 530 nm
has a pulse duration of 18 fs. Both beams were attenuated to pulse energies
of 40 nJ with a focal spot diameter of approximately 200 pum (ca. 4x10
photons/cm?) in order to minimize exciton-charge and exciton-exciton anni-
hilation reactions. The temporal resolution of the experiments was calculated
to be 40 fs in the visible and 100 fs in the NIR. The principle of the pump-
depletion-experiment, such as signal generation, time ordering of the beams
and origin of the observed singal evolution, is demonstrated by means of a
laser dye. Nile blue is perfectly suited, since it absorbs at 600 nm and shows
an ESA at 530 nm (transient absorption data of nile blue are shown in the
previous section).[82H84] There are different ways to generate signals, depen-
dent on the experimental settings. By chopping the pump beam, only the
effect of the depletion pulse on the pump pulse is recorded. If the time be-
tween the pump and depletion pulse (T) is fixed, the probe beam is scanned
(1) and three possible cases arise, which are presented in Figure , where
T=1 ps. Before delay time zero, the probe arrives first and therefore no
signal is recorded (see Figure I). The temporal overlap between pump
and probe creates the coherent spike. When the probe beam is between the
pump and the depletion pulse the usual transient absorption signal is de-
tected where the depletion pulse has no effect on the dynamics (see Figure
IT). At the time point when the probe and depletion pulses overlap in
time, the signal gets depleted (sharp signal decay). Afterwards, the signal
recovery is monitored, here the probe pulse arrives after the depletion pulse
and tracks the depletion action (see Figure I1T).
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Figure 3.14: Pump-depletion-probe data of nile blue in ethanol for two
wavelengths (ESA and GSB). The pump pulse is chopped and the probe
pulse is delayed. The time delay between the pump and depletion pulse is
T=1 ps.

If the pump and probe pulses are fixed and the depletion pulse is scanned,
a so called action trace can be recorded. In this way, the depletion effect
can be monitored in time and the point of its maximum impact determined.
This is demonstrated in Figure where 7,0 is fixed at 1 ps. When
the depletion pulse arrives after the probe pulse it has no effect and the
signal corresponds to the conventional pump-probe signal at a delay time of
1 ps (see Figure I[). When the depletion pulse overlaps with the probe
pulse a sharp increase of the ESA and GSB signals is observed. After the
temporal overlap the depletion pulse is scanned between the pump and probe
pulses (see Figure IT). The deletion effect is most pronounced around

1 ps, where the pump and depletion pulse overlap in time (step in signal
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at T=1 ps). The remaining signal (see Figure I1I) should be again
the conventional pump probe signal because the depletion pulse arrives first.
However, this is only valid if the depletion pulse does not contribute to the
signal at all. In the case of nile blue the depletion pulse is also resonant
with the inital Sy — S; transition. Hence, the depletion pulse itself acts as
an excitation pulse and its contribution is reflected in an increase of ESA

and GSB signal after the depletion action (see Figure in the recovery of
transient signal).

30 ESA
III
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Figure 3.15: Pump-depletion-probe data of nile blue in ethanol for two
wavelengths (ESA and GSB). Pump pulse is chopped and depletion pulse is
delayed. The time delay between the pump and probe pulse is Tprope=1 Ps.
The measured action trace determines the effect of the deletion pulse on the
dynamics in time.
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The amount of the depletion contribution to the conventional pump-probe
signal can be determined by recording a signal, where the depletion pulse is
chopped and delayed. This scenario is demonstrated in Figure [3.16f When
the depletion arrives before the pump pulse the recorded signal arises from

the depletion pulse only.
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Figure 3.16: Pump-depletion-probe data of nile blue in ethanol, where the
depletion pulse is chopped and delayed. The amount of population that is
created by the depletion pulse itself can be determined when the depletion

pulse arrives first, which is shown in the square.
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The total amount of population which is affected by the depletion pulse
can be obtained by taking the difference between the signal with and with-
out depletion action. This is schematically shown at 7,.,,.=2 ps (see Figure
. It is important to note, that a direct determination is only possible in
solution if the sample volume is exchanged between two subsequent pump-
depletion-probe experiments. In this case, several data sets can be taken
right after one another and a direct comparison is easily possible. Since mea-
surements performed on thin-films only take one sample position for a whole
dataset, photo bleaching effects has to be taken into account. The overall
dynamics are not changed during one measurement, hence, the amount of
the depletion effect can be determined indirectly by normalizing the data

before the depletion pulse is applied.
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Figure 3.17: Spectrally resolved amount of depletion effect at 7,,00e=2 ps.
The difference of the transient absorption signal is shown with and without

presence of the depletion pulse at T=1 ps.
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3.3 Data Processing

The obtained experimental data contain substantial dynamical information,
which needs to be thoroughly analyzed. First, time constants have to be
extracted from the transient data, before a kinetic model can be developed.
This model explains the overall dynaimcs and is essential for a global fitting
procedure. The global target analysis in turn can give a detailed picture
on the underlying photochemical processes, i.e. the assignment of spectral
features to specific species, both time and wavelength dependent.

In order to extract initial information on the kinetics transients need to be
fitted by an appropriate multiexponential function. The obtained rise and
decay times can help to describe the underlying dynamics. By gaining a
better understanding of the experimental observations, a first interpretation
of the data can be made. Fitting of selected transients was carried out using
an evolutionary algorithm.[85] [86] The applied function contains rising and

decaying contributions as shown in the following equation.

s—afael ) L) <e<>>] x (1 - eMise)) (3.4)

with: A=amplitude, a=scaling factor, t=time, Tgecqy1 2—decay times,

Trise—Tise time, Ty, ,—group velocity dispersion.

The approach of fitting selected single transients helps, in a first step, to
get a rough estimate of the observed kinetics. However, there is a general
problem when it comes to signals that are spectrally not well separated. Re-
garding TIPS-pentacene, the singlet and triplet bands are superimposed what
makes fitting of single transients challenging. Hence, the assignment of these
species to specific wavelengths and extracting independent time constants in

a further step is problematic.

49



CHAPTER 3. EXPERIMENTAL METHODS

1,0 -
3 0,84 decay
= . * rise
E— 0,6 decay+rise
m -
g 0,4 1 OOO o.
c ] 9
° O
024 .
q1e
0,0 e
1 v 1 M ! M 1 ' 1 '
0!0 052 0,4 0,6 0,8
time / ps

Figure 3.18: Result of superimposed transient absorption signals; triplet
rise (black dots), singlet decay (transparent dots) and their sum (red curve).

A signal that contains a certain amount of decaying character overlaid by
a rising component represents a combination of both. Figure [3.18| shows
the case where 50 % singlet decay is overlaid with a triplet rise. Fitting of
this single transient leads to a shorter time constant and thus to an apparent
faster triplet formation, which is actually not the case. This fact makes fitting
of single wavelengths very difficult and more sophisticated methods have to
be applied to gain information about the intrinsic kinetics of a system. The

idea of a global fitting procedure is presented in the following.

3.3.1 Global Target Analysis

In order to manage the overwhelming amount of data obtained by time re-
solved transient absorption measurements, a global target analysis (GTA)
was carried out.[87H89] "Global” in that sense means a simultaneous analysis
of all measurements (the whole dataset) while target is referred to the appli-
cability of a particular target model. A time-resolved spectrum is a collection

of measurements in two dimensions; the first spectral parameter is wavelength
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(A) and the second variable to monitor the spectral changes is time (t). The
interpretation of transient absorption data poses a big challenge due to largely
superimposed signals. This means that at any wavelength a mixture of sev-
eral signals from different contributions is present. This emphasizes the need
for compensating the data to a relatively small number of components and
spectra, which is done within a global analysis. It is based on a deconvolu-
tion of the measured data array AA(\, ¢) into time-independent spectra and
wavelength-independent kinetics. The goal is to convert raw kinetic data into
intrinsic properties of the involved components. The derivation of a complete
kinetic model and thus extraction of intrinsic rather than apparent time con-
stants as well as pure intermediate spectra, is desirable. In a first step, the
number of transient states, which give rise to the observed kinetics are de-
fined. This is based on a priori assumptions on the mechanism of the involved
intermediates. AA(\,t) at each measured wavelength can be expanded into a
sum of time-dependent (wavelength-independent) functions f(j,t) and their
amplitudes B(j\) (wavelength-dependent) > {B(j,\)f(j,t)}, where j is the
final state of a transition. The time-dependent factors are mostly exponen-

tials resulting in the following global fitting expression:

AAN 1) =Y B j)e 70 (3.5)

The second step is to find a phenomenological description of experimentally
measured data by approximating the apparent kinetics with time constants
and amplitudes. The final step is to extract the intrinsic rate constants of the
pure states with according amplitudes. Within this work, a sequential model
1 — 2 — 3 — ..., in which the arrows indicate successive monoexponential
decays of increasing time constants, was applied to describe the obtained
transient data of TTPS-pentacene and its derivatives. Following this target
model, the evolution of the excited states can be visualized. In this way, it is
possible to disentangle the contributions and extract spectrum signatures of

pure excited state intermediates, so called species associated spectra (SAS).
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Chapter 4

Sample Characterization

4.1 Sample Preparation

The investigated heteroacenes (chemical structures see in were synthe-
sized by Dr. Jens Engelhart from the group of Prof. Bunz of the OCI,
Organisch-Chemisches Institut. The synthesis has been recently developed
and is described in detail in Engelhart et al.[90] and Miao et al.[12], respec-
tively. Both compounds were purified through recrystallization from hexane
and ethanol. TIPS-pentacene was obtained from Sigma-Aldrich and used
as received without further purification. The concentration of the molecules
in toluene was approximately 1 mmol/L depending on the slightly different
extinction coefficients (e=10000 L/mol- cm for TIPS-pentacene and e=8000
L/mol- ¢m for Diaza and Tetraaza, respectively). Thin films of ca. 100
nm thickness were prepared on either pure or polyimide coated 1737F glass
substrates (PGO, Iserlohn, Germany) via spin coating performed by Dipl.
Chem. Fabian Paulus from the group of Prof. Bunz. An approximately 30
nm thick Polyimide interlayer (diluted PI-2525, Hitachi Chemical DuPont
MicroSystems GmbH, Neu-Isenburg, Germany) was used to achieve a good
wettability of the organic solution and to provide a homogenous film forma-
tion and crystallization. After cross linking the polyimide film at 300 °C
for 3 hours, all substrates were rinsed in acetone and isopropyl-alcohol in

an ultrasonic bath for 5 minutes and dried with compressed air. The small
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molecules were dissolved in anhydrous toluene (20 mg/ml, 10 mg/ml for
Tetraaza-TIPS-pentacene) and filtered through 0.45 PTFE filters prior to
spin-coating. Films were spin cast at 1500 rpm, followed by annealing (dry-

ing) at 40 °C for 30 minutes under nitrogen atmosphere (Oy and HyO <
1 ppm).

4.2 UV-VIS and Fluorescence Spectroscopy

Steady state optical VIS absorption spectra were recorded with a commercial
UV-VIS spectrometer (Shimadzu 1800). Stationary fluorescence spectra as
well as time-resolved spectra with 1 ns temporal resolution were measured
with a commercial time-resolved fluorescence spectrometer (Fluorocube NL,
Horiba, equipped with a NanoLED-375L). The lifetime of the fluorescence
was determined for each molecule after excitation at 376 nm.

In Figure ) the steady state UV-VIS absorption spectra of TIPS-pentacene,
Diaza and Tetraaza in toluene solution are shown. The HOMO-LUMO tran-
sition is accompanied by a vibrational progression for all molecules. The
distance between the absorption peaks is 50-57 nm for all molecules and cor-
responds to a vibrational progression of approximately 1400 cm ™, assigned
to a vinyl stretching mode. This mode is also observed in Fourier-transform
infrared measurements of TIPS-pentacene (see Figure [4.1)).

0.2

THF

arb. units

3000 2500 2000 1500 1000
wavenumbers / cm™

Figure 4.1: FTIR spectrum of TIPS-pentacene showing a peak at 1460

cm ™! corresponding to the vinyl stretching mode.
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Figure 4.2: Steady state absorption of a) TIPS-pentacene (black curve),
Diaza (red curve) and Tetraaza (blue curve) in toluene solution and b) as thin-
films. The spectra of TIPS-pentacene [51],[91] and the two aza-derivatives [54]

are in good agreement with literature.

The nitrogen substitution causes a red shift of the HOMO-LUMO tran-
sition compared to TIPS-pentacene (53 nm for Diaza, 40 nm for Tetraaza).
The free electron pairs are localized on the nitrogen atoms and do not con-
tribute to the system, resulting in an electron deficient system. The nitrogen
atoms lower the frontier orbitals, however, the HOMO experiences less stabi-
lization than the LUMO in comparison to the unsubstituted TIPS-pentacene.
This causes a red shift in the visible spectra as a consequence of a changed
electronic structure. Remarkable is the larger red shift of Diaza compared to
Tetraaza. This is related to the disjoint charge distribution over the molecule
due to the broken symmetry of Diaza. The induced dipole leads to an unequal
charge distribution over the molecule, i.e. different parts of the molecular or-
bitals are occupied.[54] 92, O3] Another interesting observation is the different
absorption contribution around 450 nm for the molecules, which exceeds the
Sop — S transition of Diaza and Tetraaza in intensity and is almost absent
in TIPS-pentacene. These finding suggests that different states are involved,

which are stabilized or destabilized in solution of particular polarity.
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In the solid phase, the molecules are in close vicinity and interact with
each other building a two-dimensional 7-stacked structure (see Figure [4.4)).
Figure [4.2b) presents the according absorption spectra of the molecules on
spin-coated thin-films. The lowest electronic transition is shifted to higher
wavelengths in all molecules, due to enhanced Coulomb interaction of the
molecule with its surrounding and exchange interactions between transla-
tionally equivalent molecules.[94] Additionally, the bands become broader
and the intensity of the individual bands changes in the solid compared to
solution. These band shifts and broadening are a result of vibronic coupling,
which has a major impact on the Davydov splitting, and the coupling to
intermolecular charge-transfer excitons.[95] The enhanced intermolecular in-
teraction has also a consequence on the symmetric vinyl stretching mode,
which is distorted going from the isolated molecule to a molecular assembly.
For TTIPS-pentacene the contribution in the UV at 447 nm gained much in-
tensity and is also slightly red shifted compared to the signal in toluene. The
red shift of the HOMO-LUMO transition between solution and thin-film is
with 43 nm most pronounced for TIPS-pentacene. A splitting of this lowest
energy transition is observable and two peaks appear. For Diaza the red shift
in the solid state compared to solution is 36 nm, whereas Tetraaza shows only
a shift of 12 nm. The band intensities increase with lower wavelengths and
the splitting does not become apparent for both Diaza and Tetraaza. In
Figure [4.3p) the steady state fluorescence spectra of TIPS-pentacene, Diaza
and Tetraaza in toluene solution are illustrated. The expected shift to higher
wavelengths, as a consequence of the changed charge distribution over the
molecules in the order TIPS-pentacene, Tetraaza, Diaza, is conserved in the
fluorescence measurements. The fluorescence bands of TIPS-pentacene and
Diaza exhibit a shoulder shifted to the red, however, the underlying vibration
of this progression has a lower frequency compared to the vibration observed
in the absorption spectra. The Stokes shift in TIPS-pentacene is 13 nm and
gets with 22 nm larger in Tetraaza. For Diaza the shoulder lies out of the
observed spectral range and the Stokes shift is with 35 nm most pronounced.
Fluorescence transients of all compounds are determined with the time cor-

related single photon counting method in toluene solution. TIPS-pentacene
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shows the longest lifetime of 12 ns. The fluorescence decay of Tetraaza has a
time constant of 7.5 ns and the shortest fluorescence lifetime of 5 ns is found
for Diaza (see Figure [£.3b)). In the solid state, fluorescence is not observ-
able due to the ultrafast exoergic singlet fission process that out-competes

all slower transitions.
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Figure 4.3: a) Steady state fluorescence spectrum and b) time-resolved
fluorescene of TIPS-pn (black curve), Diaza (red curve) and Tetraaza (blue
curve) in toluene solution. The steady state spectrum of TIPS-pentacene is

in accordance to literature.[96]

Table 4.1: Summary of the solution-to-solid shift, Stokes shift and fluores-

cence life time of TIPS-pentacene and its aza-derivatives for comparison.

H solution-to-solid shift | Stokes shift | fluorescence life time H

TIPS-pentacene 43 nm 13 nm 12 ns
Diaza 36 nm 35 nm 5 ns
Tetraaza 12 nm 22 nm 7.5 ns
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4.3 Crystallinity of Pentacene-Derivatives

In the following, the crystal structures of all investigated pentacene-derivatives
are presented (see Figures . Knowledge of their crystal pack-
ing is important regarding the intermolecular interactions of the molecules
and thus their singlet fission performance. As the distance between the m-
systems determine the intermolecular coupling, SF may alter in compounds
with different crystal packing architectures. A comparison to the solid-state
structure of TIPS-pentacene with the unsubsituted pentacene reveals strik-
ing differences. TIPS-pentacene does not adopt the herringbone pattern, but
rather stacks in a two-dimensional columnar array with significant overlap of
the pentacene rings in adjacent molecules.[7] Due to this arrangement, the
interplanar spacing of the aromatic rings is significantly smaller in TTPS-
pentacene.[7, [07] While the herringbone packing motif represents a simple
combination of edge-to-face and face-to-face interactions, TIPS-pentacene

favors a face-to-face orientation and crystalizes in a m-stacked array.|[50]

Figure 4.4: Crystal structure of TIPS-pentacene.[11]

In the case of Diaza, the unsymmetrical substitution leads to an alter-
nating arrangement of the m-systems resulting in a closer packing compared
to TIPS-pentacene. The smaller distance of the w-systems and hence the
stronger intermolecular coupling is manifested in the more J-aggregate type

static absorption spectrum of Diaza.[94] 95] Tetraaza in comparison has the
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smallest cell unit and the shortest 7 distance, suggesting that it exhibits the

closet packing.[57]

Figure 4.6: Crystal structure of Tetraaza.[57]

Polarized microscope images were taken on a Nikon LV100-50i-pol under
crossed polarizers indicating polycrystalline films in cooperation with Dipl.
Chem. Fabian Paulus.[98] It is clearly visible that the thin-films show large
polycrystalline domains (see Figure [4.7). The morphology of the films seems
to be different comparing TIPS-pentacene and its aza-derivatives. The do-
main sizes are remarkably larger in the azaacenes resulting from a differ-
ent crystallization growth. However, all films show a constant homogeneity

within the excitation volume (200 pm).

29



CHAPTER 4. SAMPLE CHARACTERIZATION

Figure 4.7: Polycrystalline Films of TIPS-pentacene (left), Diaza (center)

and Tetraaza (right) on polyimide coated glass substrates.

In order to get quantitative information about the film crystallinity, X-
ray diffraction measurements were carried out. The XRD pattern of TIPS-
pentacene, Diaza and Tetraaza are shown in Figure 1.8 and show clear diffrac-
tion peaks. The Bragg reflections of TIPS-pentacene are in good agreement
with previous studies.[99, 100]

001 TIPS 001 Diaza 001 Tetraaza
003
S
s 003
%‘ 002 003
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Figure 4.8: X-ray diffraction peaks of TIPS-pentacene (left) Diaza (center)
and Tetraaza (left). The measurements were done by Dr. Andreas Leinewe-
ber at the Max-Plack-Institute in Stuttgart.

The height of the thin-films was determined by means of atomic force mi-
croscopy (atomic force microscope, Dimension” 3100, Digital Instruments).
By removing a fraction of the thin-film, a substrate/film interface was cre-
ated. The material was wiped off with solvent leading to an accumulation
of material, which can be seen in Figure [£.9] Following the AFM trace from
glass to film there is peak at the border (from approximately 25 pm-40 pm),
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which represents exactly this accumulation.

glass

L~

) 0 A 25.'0 A SOIUA
0 pm 80 um um

Figure 4.9: a) AFM image of the TIPS-pentacene/glass interface, b) AFM
trace shows the boundary of glass and film in order to determine the height of

the film. The cursor positions indicate the area that is averaged to determine
the height of the film.

The cantilever scans over the created boundary and the integration of the
different areas (glass and film) gives the according height. AFM images
of TIPS-pentacene in comparison to the two aza-derivaties are shown in
Figure[f.10] For TIPS-pentacene the surface looks homogeneous and smooth,
whereas for Diaza the domains are larger and the surface is rough. In the
AFM image of Tetraaza there is a large domain observable (upper left), as a

consequence of the spherulite growth.
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Figure 4.10: AFM image of TIPS-pentacene (left) Diaza (center) and
Tetraaza (left).
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Chapter 5

Ultrafast Dynamics of TIPS-

Pentacene and 1ts Aza-Derivatives

The overall goal in designing new organic based photovoltaics is to reduce
loss channels on the one hand and raise quantum efficiencies on the other.
One possibility to realize this desire is to use materials that undergo SF.
This profitable process, where two triplet states are generated by investing
one photon to excite a singlet molecule, is described in detail in section [2.4.1]
In the following, the ultrafast photo-induced dynamics of TIPS-pentacene
are described, elaboratively discussed and compared to those of its aza-
derivatives. The objective of these time-resolved experiments is to unravel
the ultrafast triplet formation in these materials in order to gain insight into
their structure-function relationships. First, the outcome of the transient ab-
sorption measurements is presented. Taken the outcome of the global target
analyses for TIPS-pentacene and the azaacenes together, a first summary of
the excited state dynamics is given and open questions are raised. Subse-
quently, the results of the pump-depletion-probe experiment combined with a
kinetic rate model simulation, as a complementary study, are shown, which is
the core of this thesis. Finally, the experimental observations are successfully
described in a qualitative and quantitative way. A kinetic model of the ex-
cited state dynamics of TIPS-pentacene and accordingly of the heteroacenes

is established, which summarizes all the obtained information.
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CHAPTER 5. ULTRAFAST DYNAMICS OF TIPS-
PENTACENE AND ITS AZA-DERIVATIVES

5.1 Transient Absorption in Solution

First, the transient absorption measurements in toluene solution are shown.
Since the ability of the compounds to undergo SF is in the focus of this work,

the experiments in thin-films are discussed in more detail afterwards.

5.1.1 Ultrafast Dynamics of TIPS-Pentacene

Figure [5.1| shows the absorbance changes of TIPS-pentacene at several times
after photoexcitation at 600 nm. The excited state absorption (ESA) signal
ranges from 430 nm up to 600 nm and can be assigned to the singlet S; — 5,
transition. The ground state bleach (GSB) peaks at 645 nm and exhibits al-
most twice the intensity compared to the ESA signal, indicating a larger
extinction coefficient for this transition. Around 710 nm the SE is visible,
which reflects the fluorescence band. The ESA signal does not decay signifi-
cantly in 1 ns underlined by the fluorescence decay of 12 ns (see section ,
in other words the ground state is repopulated with a time constant of 12 ns.
The triplet ESA (T; — T,,) is not visible in solution, since the intersystem

crossing rate is negligible.

20
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wavelength / nm

Figure 5.1: Transient absorption data of TIPS-pentacene in toluene solution
at several time delays after excitation at 600 nm. The measurements are in

good agreement with former experiments.[91]
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Figure 5.2: Transient absorption data of TIPS-pentacene in toluene solution
at several time delays after excitation at 650 nm. The measurements are in

good agreement with former experiments[101].

In Figure the transient absorption data of TIPS-pentacene after ex-
citation at 650 nm are presented. The overall spectral distribution looks
almost the same compared to the data excited at 600 nm . However,
the signal intensity of the ESA and the GSB bands are in the same order
(ca. 5 mOD), which was not the case when excited at 600 nm (15 mOD for
ESA and 30 mOD for GSB). Being resonant with the TIPS-pentacene’s ab-
sorption maximum in toluene, the ESA and GSB contributions are of equal
intensity. Excitation at lower wavelengths (higher energies) leads to a sig-
nificant increase of the GSB signal with regard to the ESA band. In Figure
transients at specific wavelengths of the ESA and the GSB are shown.
Measurements with parallel polarization of the pump with respect to the
probe beam clearly demonstrate the effect of rotational diffusion. The ab-
sorbance changes are due to rotational relaxation of the oriented fraction of
chromophores. This is a consequence of the excitation beam, which is linearly
polarized. By using a probe pulse that is 54.7°(magic angle) relative to the
pump beam, the intrinsic rotational diffusion of the molecules will average
all anisotropic interactions to zero. Hence, the magic angle can eliminate

the absorbance changes due to rotational diffusion.[I02] At very early delay
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times (in the first picoseconds) the ESA contributions exhibit low-frequency
oscillations (see Figure [5.4)).
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Figure 5.3: Transients of TIPS-pentacene in toluene solution with parallel
and magic angle configuration at specific wavelengths. The time cuts at 460
nm, 517 nm and 574 nm belongs to the ESA, whereas the GSB is represented
by the transient at 647 nm.
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Figure 5.4: Zoom into the first 1.5 ps after excitation of TIPS-pentacene
at specific wavelengths illustrating the fast oscillations of the signal.
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5.1. TRANSIENT ABSORPTION IN SOLUTION

Most pronounced are the oscillations obtained for the GSB signal for par-
allel as well as for magic angle polarization. Therefore, exemplary the first
1.5 ps of the GSB signal together with its Fourier transform is illustrated in
Figure[5.5] The corresponding vibrational mode (for all the contributions) is
260 cm~! and its origin will be discussed together with the azaacenes in the

end of this section.
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Figure 5.5: The first 1.5 ps of the TIPS-pentacene GSB signal shows a pro-

nounced oscillation (left) and its Fourier transform (right) gives a vibrational

mode of 260 cm~!.

5.1.2 Ultrafast Dynamics of Diaza-TIPS-pentacene

In Figure transient absorption spectra of Diaza dissolved in toluene are
illustrated at different time delays. A broad and very intense ESA signal
from 450 nm to 600 nm covers the spectrum. Only a small GSB signal is
detected, which is superimposed by the SE around 700 nm. In the first 100 ps
a small blue shift of the ESA maximum is observed, which can be attributed

to vibrational relaxation in the excited state.
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Figure 5.6: Transient absorption data of Diaza in toluene solution at several

time delays after excitation at 620 nm.
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Figure 5.7: Transients at 560 nm=ESA (left) and 700 nm=SE/GSB (right)

of Diaza in toluene solution with parallel and magic angle polarization.

As for TIPS-pentacene, the absorbance changes at perpendicular polariza-
tion of the pump relative to the probe beam are a consequence of rotational
diffusion (see Figure . The low-frequency oscillations at very early delay
times found for TIPS-pentacene are also present in the ESA and GSB sig-
nal of Diaza, but less pronounced (see Figure (left)). The corresponding

frequency mode is same as observed for TIPS-pentacene (260 cm™1).
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Figure 5.8: The first 1.5 ps of the Diaza GSB and ESA signals show a fast
oscillation (left) and their corresponding mode (via FFT) is 260 cm ! (right).

5.1.3 Ultrafast Dynamics of Tetraaza-TIPS-pentacene

Figure presents the transient absorption spectra of Tetraaza in toluene.
The broad ESA signal is red shifted compared to TIPS-pentacene and Diaza
and lies between 500 and 625 nm. The SE band, which is also obscured by
the GSB is weak and peaks at 690 nm. The ESA signal experiences a slight
blue shift in the first 10 ps, again attributed to vibrational relaxation within

the excited state.
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Figure 5.9: Transient absorption data of Tetraaza in toluene solution at
several time delays after excitation at 600 nm.
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At 1 ns a decay is visible and the band gets spectral narrower, however,

the ground state shows an insignificant recovery, which is illustrated in the
transients in Figure In the ESA and GSB signals of Tetraaza the low-

frequency mode is 270 cm™! (see Figure [5.12)) and most distinctive compared
to TIPS-pentacene and Diaza, respectively.
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Figure 5.10: Transients at 570 nm=ESA (left) and 688 nm=GSB (right) of

Tetraaza in toluene solution with parallel and magic angle polarization.
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Figure 5.11: First 1.5 ps of the ESA and GSB signals of Tetraaza in toluene
solution. Here the oscillations are most pronounced.
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Figure 5.12: Fourier transformation of the GSB signal of Tetraaza gives a

vibrational mode of 270 cm™!.

Since there was no vibrational mode observed in Fourier-transform infrared
measurements at the frequency range of 260-270 cm ™! (see Figure|5.13)), it has

to be Raman active.

Diaza

Tetraaza

100 200 300 400 500 600 700
wavenumbers [cm'1]

Figure 5.13: FTIR spectrum of Diaza (red) and Tetraaza (blue) in the low-

frequency range. There is no mode observable at 270 cm™!.

The negative
features arise from the analysis of each measurement since difference spectra

(pure polymer vs. polymer with material) were taken.
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In a recent study on TIPS-pentacene also a strong oscillatory feature at 265

! was identified by means of 2D electronic photon-echo spectroscopy. [103]

cm
Della Valle et al. stated that all modes above 200 cm™! belong to intramolec-
ular vibrations rather than to a phonon lattice ones.|104] In picene, a vibra-
tion of 260 cm™! was assigned to an aromatic breathing mode.[105] In the
pentacene radical cation spectrum a totally symmetric normal mode around
260 cm ™! was assigned to stem from the excitation from the ground to the
excited state.|[106]

Striking is the different behavior of TIPS-pentacene in solution after photo
excitation compared to the aza-pentacenes. Although the steady state spec-
tra of all compounds look very similar (see section , the transient ab-
sorption data of the heteroacenes show significant deviations compared with
TIPS-pentacene. While in TIPS-pentacene the GSB has the highest inten-
sity, Diaza and Tetraaza show almost no bleaching signal and the huge sin-
glet ESA is the most pronounced feature instead. This leads to the as-
sumption that TIPS-pentacene exhibits a larger extinction coefficient for the
So — 57 transition compared to Diaza and Tetraaza, where the S; — S,
transition dominates the spectrum. This different behavior after photo ex-
citation demonstrates that the changed electronic structure (substitution of
carbon by electron poor nitrogen atoms) influences the excited state dynam-
ics and hence the relaxation network. In order to understand this dramatic
change in the photo-induced dynamics of the azaacenes, sophisticated quan-
tum chemical calculations of their excited states would be valuable. The size
and multireference character of these systems makes the calculations very
costly and challenging|25], however, knowledge about the corresponding en-
ergy levels are necessary for the interpretation of the experimental data. The
overall excited state dynamics of TIPS-pentacene and its aza-derivatives in

solution are summarized in the following scheme (/5.14]).
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Figure 5.14: Kinetic model of the excited state dynamics of TIPS-pentacene
and its aza-derivatives in solution. The vibrational relaxation takes place
within 100 ps for Diaza and and within 10 ps for Tetraaza, for TIPS-
pentacene there was no vibrational relaxation observed (for both excitation

wavelengths).
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5.2 Transient Absorption in Thin-Films

5.2.1 Ultrafast Dynamics of TIPS-Pentacene
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Figure 5.15: Transient absorption spectra at several probe delay times in
the visible and NIR spectral region of TIPS-pentacene.

The transient absorption signal of TIPS-pentacene presented in Figure[5.15
is in accordance with former experiments on the excited state dynamics.|28]
97], 101, 107, 108] They have been described by a decay of the singlet state
with a concomitant rise of the triplet species confirming SE' as the underlying
process. The difference signal in the visible is comprised of a large ESA
contribution and only small GSB features can be observed. This indicates a
higher extinction coefficient for the S; — S, transition compared with the
ground state absorption and the GSB is overlaid by the ESA band. Around
700 nm the fast decaying SE is visible, but also superimposed by the GSB
signal. The shoulder of the ESA signal around 490 nm decreases within the
first 50 fs and the main absorption band (530 nm) rises thereafter. The
former is assigned to the S; — S, transition and the latter to the triplet
ESA Ty — T, respectively. The decay of the singlet species can be followed

at higher energies around 460 nm, where it is more separated from the triplet

74



5.2. TRANSIENT ABSORPTION IN THIN-FILMS

band. Fitting single transients at 460 nm (singlet) and 530 nm (triplet) gives
a decay and rise time of 155420 fs (see Figure . The NIR spectral region
shows a broad structureless ESA contribution, which continuously grows in
the first 500 fs.

530nm

A absorption / mOD

o 1 2 3 4 5
time / ps

Figure 5.16: Transients at 460 nm (singlet) and 530 nm (triplet) with
corresponding fits (monoexponential decay with a time constant of 155 fs
and biexponential rise with two time constants of 155 fs and 1 ps). Please
note that the dynamics were fitted after the coherent artefact contribution,
which results from the overlapping pump and probe beam around delay time

zZero.

5.2.2 Ultrafast Dynamics of Diaza-TIPS-pentacene

The transient absorption data of Diaza are similar but red shifted (see Figure
. The main absorption band is located at 570 nm and the shoulder at
shorter wavelengths is not as pronounced as in TIPS-pentacene. The singlet
contribution becomes apparent around 490 nm and decays within the first
30 fs. As for TIPS-pentacene, the main absorption band rises afterwards,

proving SF to proceed very rapidly in Diaza.
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Figure 5.17: Transient absorption spectra at several probe delay times in

the visible and NIR spectral region of Diaza.
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Figure 5.18: Transients at 490 nm (singlet) and 570 nm (triplet) with
corresponding fits (monoexponential decay with a time constant of 85 fs and
biexponential rise with two time constants of 85 fs and 1 ps). Please note
that the dynamics were fitted after the coherent artefact contribution which

results from the overlapping pump and probe beam around delay time zero.
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In Figure [5.18 a monoexponential fit of the singlet state at 475 nm gives a
time constant of 85+20 fs. Accordingly, the rise of the triplet around 570 nm
shows a time constant of 85+10 fs and a second component of 14+0.2 ps. Due
to the red-shift of the transient signal, a GSB contribution is visible around
460 nm. The relative amplitude between the signal in the visible and NIR
spectral region is interesting to note: Diaza features a stronger absorption
band in the NIR relative to the band in the visible than TIPS-pentacene.

5.2.3 Ultrafast Dynamics of Tetraaza-TIPS-pentacene

The transient absorption data of Tetraaza, where four carbon atoms are
substituted by nitrogen will be discussed in the following. The chemical
modification leads to a molecule where the symmetry is conserved, but the
electronic properties are different when compared to TIPS-pentacene. This

becomes obvious in its excited state dynamics as illustrated in Figure [5.19

J L

20fs 1
6 11— 30fs
4——40fs
4 i 60fs

A absorption / mOD

500 600 700 900 1000
wavelength / nm

Figure 5.19: Transient absorption spectra at several probe delay times in

the visible and NIR spectral region of Tetraaza.
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Here the first detected difference signal is visible at wavelengths around 620
nm and not at higher energies (<500 nm) as observed for TIPS-pentacene and
Diaza. This species decays with a time constant of 100120 fs and is assigned
to a singlet state with a concomitant rise of the triplet species, which builds
up with a biexponential function of 95410 fs and 1+0.2 ps (see Figure .
As for Diaza, a GSB contribution at short wavelengths around 470 nm is
detected. Tetraaza exhibits a strong absorption band in the NIR relative to
the band in the visible, which might indicate higher quantum efficiencies in
this material. The higher noise level around the excitation (600 nm) is due to
interference effects occurring between pump pulse scattering with the probe

beam.
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Figure 5.20: Transients at 560 nm (triplet) and 615 nm (singlet) with
corresponding fits (monoexponential decay with a time constant of 100 fs
and biexponential rise with two time constants of 95 fs and 1 ps). Please
note that the dynamics were fitted after the coherent artefact contribution,
which results from the overlapping pump and probe beam around delay time

zZero.
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5.2.4 Global Target Analysis

As described before in section [3.3.1]a global target analysis is indispensable to
disentangle the spectrally overlapping transient absorption signal and extract
the intrinsic dynamics of the investigated systems. Therefore a global fitting
routine is carried out to elucidate the relaxation pathways probed in the
visible and in the NIR spectral range. A selection of tested models is given
in Figure [5.21] the sequential model with three species, a branched model
with three species and a mixed model (branched and sequential) with four

species.

v

sequential branched mixed

Figure 5.21: Tested kinetic models to describe the ultrafast dynamics of

TIPS-pentacene and its aza-derivatives via a global target analysis.

It has been observed that the sequential model describes the data in the
most accurate way.[107] Using a branched model, where an initial component
can relax into two different channels leads to higher fitting errors. Above all,
one arm of the branching exhibits an infinite time constant, i.e. it is unac-
tivated. Hence, a sequential model is independently formed, confirming this
as the underlying kinetic model to fit the transient absorption data, which is
in line with previous studies on other acenes.|36], 101} 109, 110]

Since all of the pentacene-derivatives show similar excited state dynamics
with spectrally shifted bands, a sequential model was used for all three com-
pounds (TIPS-pentacence, Diaza, Tetraaza). The species associated spectra
(SAS) gained for TIPS-pentacene in the visible are presented in Figure [5.22]
The first species displays a broad spectrum with a contribution in the blue
wing of the detection range (450-480 nm), which decays with a time constant
of 150 fs. The blue wing is absent in the other SAS and attributed to a species
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with singlet character. The second SAS decays with a time constant of 1 ps
and the last species is required to fit the offset, since the time range of the
fit was only 5 ps and the triplet state does not decay within that time. The
GTA of the NIR data set leads to the same picture, however, astonishingly
the first species decays faster compared to the visible spectral region with a

time constant of 120 fs.
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Figure 5.22: Species-associated spectra obtained from a global target anal-
ysis using a sequential model for TIPS-pentacene in the visible (left) and in
the NIR (right) spectral range.
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Figure 5.23: Species-associated spectra obtained from a global target anal-
ysis using a sequential model for Diaza in the visible (left) and in the NIR

(right) spectral range.
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Target analysis for Diaza shows similar results but reveals much shorter
initial dynamics as can be seen in Figure[5.23] The singlet species in the blue
wing of the spectrum decays with a time constant of 75 fs in the visible. In
the NIR, the singlet contribution decays with 55 fs and is more pronounced
at higher wavelengths. Hence, the SF dynamics are accelerated by a factor
of two in this unsymmetrically substituted heteroacene compared to TIPS-

pentacene.

As mentioned above, the transient absorption signal of Tetraaza differs
from the other two compounds with regard to the spectral position of the
singlet state. This observation is supported by the global fit as shown in
Figure [5.24] The first species exhibits a contribution around 620 nm and
a negligible feature at shorter wavelengths. Thus, the shoulder at 520 nm
observed in the transient absorption signal is not correlated to a contribution
of singlet character and the triplet state is more separated when compared
to TIPS-pentacene and Diaza. This finding emphasizes the great impact of
a small change in the pentacene backbone and the potential of this molecule
class to tune their optical properties by chemical modifications. The overall
kinetics are similar and the time constant for the triplet formation lies in
between the ones found for TIPS-pentacene and Diaza with 100 fs in the
visible and 55 fs in the NIR.
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Figure 5.24: Species-associated spectra obtained from a global analysis
using a sequential model for Tetraaza in the visible (left) and in the NIR
(right) spectral range.
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5.2.5 TIPS-pentacene:Diaza-TIPS-pentacene Mixtures

In order to change the morphology of the thin-films and thereby the SE' dy-
namics, mixtures of TIPS-pentacene and Diaza with different concentration
ratios were prepared. Since Diaza has lowered energy states, the idea was
to first excite both compounds followed by a charge transfer from TIPS-
pentacene to Diaza. In that way it may be possible to generate directly
triplets via SF in Diaza in the first step and an additional channel populates
the triplet manifold after charge transfer from TTPS-pentacene to Diaza. The
challenge is though to find the optimal concentration ratio between the com-
pounds in order to get the right composition and morphology to enhance the

triplet yield. Polarized microscope images illustrate the different morphology

of the films with varying concentrations of TIPS-pentacene and Diaza.

Figure 5.25: Polarized microscope images of thin-films of TIPS and Diaza
mixtures with different TIPS:Diaza ratios starting from 4:1 (left) over 2:1
and 1:1 to 1:2 and 1:4 on the right hand side. With an increasing Diaza

concentration the domain size is getting larger as indicated by the arrow.

Following the pictures in Figure from the left to the right, one can no-
tice the growing domain size with an increasing Diaza concentration. Starting
with a TIPS:Diaza ratio of 4:1 on the left, the domain size is small and only
isolated spots of larger domains are visible. The amount of larger domains

increases at a ratio of 2:1. At a ratio of 1:1 there is already an excess of large
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domains observable, indicating Diaza as the abundant species, but always
with small domains of TIPS-pentacene in between. Higher concentrations of
Diaza result in an even larger domain size, which is visible on the image on
the right side of Figure The according steady state UV-VIS absorption
spectra of the mixtures are shown in Figure By increasing the Diaza
concentration, a redshift is observable as one would expect. Simultaneously,
the band structure becomes more J-aggregate-type as shown previously for
the pure Diaza thin-film. Already at a ratio of 1:1 (yellow line in Figure
the spectral features are dominated by Diaza. The contribution of the band
in the UV spectral region is growing, which is also in accordance with the

pure spectrum of Diaza when compared with TIPS-pentacene.

TIPS:Diaza = 14
1:2

14 1:1
2:1
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Figure 5.26: Steady state UV-vis absorption spectra of mixtures with dif-
ferent TIPS:Diaza ratios togehter with the pure spectra of TIPS (grey dashed
line) and Diaza (grey dotted line).

Both the polarized microscope images as well as the static absorption spec-
tra show, that the theoretical TIPS:Diaza ratio of 1:1 is not reflected in the
experimental observations. In other words, the real concentration of the
mixture on the thin-film differs from the composition used during the spin-
coating procedure. This may be related to a different crystallization of the

two compounds. If one material crystallizes first, which means that the sol-
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vent, evaporates faster, this compound will affect the overall morphology of
the thin-film. The static spectra thus are comprised of both compounds,
which is reflected in a superposition of both absorption bands. Both mate-
rials crystallize in their preferred orientation and no intermediate, such as a
new crystallization pattern is observed. The different surface roughness of
the thin-films can be illustrated in AFM images, which present TIPS:Diaza
ratios of 1:4 and 4:1. There might be an inter layer between the materials,

represented by the smeared domains around the black areas shown in the
AFM image in Figure on the right (TTPS:Diaza ratio of 1:4).

Figure 5.27: AFM images of TIPS:Diaza mixed thin films with ratios of
4:1 (left) and 1:4 (right).

In the following, transient absorption data on these mixtures of Diaza and
TIPS-Pentacene are presented. In Figure the data with the highest
concentration differences are shown, where the TIPS:Diaza ratio is 4:1 and
1:4, respectively. On the left side of Figure the spectrum is dominated
by the TIPS-pentacene dynamics, however, there is a shoulder observable
at higher wavelengths stemming from Diaza. On the right hand side, the
spectrum is solely comprised of the Diaza dynamics and no features of TIPS-
pentacene are present. The AmOD values for the TIPS-pentacene dominated
thin-film are slightly higher compared to the film where Diaza is the abundant

species.
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Figure 5.28: Transient absorption data of TIPS:Diaza mixtures with a ratio
of 4:1 (left) and 1:4 (right).

At a ratio of 1:1 the ESA is very broad and shows a superposition of the
dynamics with a split absorption maximum. Interesting to note is the case
where the TIPS:Diaza ratio is 1:2 and the overall dynamics are dominated by
Diaza. Here the intensity of the transient signal exceeds the ones from all the
other compositions by a more than 20%, as represented in the corresponding

AmOD values by using the same excitation energy.
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Figure 5.29: Transient absorption data of a TIPS:Diaza mixture with a
ratio of 1:1.
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Figure 5.30: Transient absorption data of TIPS:Diaza mixtures with a ratio
of 2:1 (left) and 1:2 (right).

Since the signal maximum can be correlated to the generated triplet ex-
citons, this finding suggests a higher quantum yield for a Diaza: TIPS ratio
of 1:2 assuming same oscillator strengths for the corresponding transitions.
Basically, the sample preparation procedure is very reliable regarding the
homogeneity of the thin-films, however, small irregularities in the film struc-
ture can lead to an altered dynamics. Therefore, more studies have to be
carried out to reproduce and confirm the presented observations. Moreover,
the influence of experimental parameters, such as excitation wavelength and
pump energy on the dynamics needs to be understood in more detail. One
possible next step would be to build a solar cell with these two materials
and see if an increased triplet yield leads also to a larger amount of charge

carriers.

5.2.6 Energy Dependence and Annihilation

An important matter to be aware of is thermal heating and annihilation. |37
38, 42, 111-114] Both processes are a result of too high laser intensities dur-
ing an experiment. Therefore a moderate photon flux has to be maintained
that leads to a satisfactory signal-to-noise ratio on the one hand and to linear
absorption behavior on the other. Figure [5.31| shows the transient absorp-

tion signal evolution of TIPS-pentacene for the first 100 ps when excited
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with increasing pulse energies. Following the transients it can be seen that
an increased excitation pulse energy leads to a decay behavior instead of a
growing signal as observed for low intensities (20 nJ per pulse). This dra-
matic change in the signal evolution is illustrated in Figure 5.32] where two

transients of 20 and 200 nJ per pulse are compared.
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Figure 5.31: Transient absorption signal evolution of TIPS-pentacene at

530 nm for a time delay up to 100 ps using increasing excitation energies.
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Figure 5.32: Transient absorption signal of TIPS-pentancene at 530 nm
with 20 nJ (black curve) and 200 nJ (red curve) excitation energies for a
time delay up to 5 ps (left) and up to 100 ps (right).
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The decay instead of a triplet rise is a consequence of exciton-exciton or
exciton-charge annihilation as explained in the following (see Figure|5.33)).[37,
38, T12-114]

S, —0— —
s, —@0— —O0— =) l’ ) —@— —
So l' _— 0 —_— 00—

molecule 1 molecule 2

Figure 5.33: Schematic representation of the exciton-exciton annihilation
process. Two excited molecules interact with each other creating a higher ex-
cited molecule, which subsequently relaxes back to the S; state and a molecule

in the ground state.

In case of high excitation intensities it may happen that two nearby molecules
are excited. Now one excitation is transferred onto an already excited molecule
creating a higher excited state S,, followed by rapid internal conversion back
to the first excited state, whereas the other molecule relaxes to the ground
state. The result of the process is that one excitation gets lost - it is annihi-
lated.
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Figure 5.34: Transient absorption signal evolution at 465 nm of Diaza for
100 ps using several excitation energies.
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This faster recovery to the ground state can be observed for Diaza (because
the excited state dynamics are red shifted), where a GSB signal is detected
around 460 nm. Figure [5.34] shows the faster GSB recovery after photoexci-
tation with higher pulse energies. This is a consequence of annihilation, since
one of the two excited molecules relaxes back to the ground state. The decay
was fitted by means of a biexponential fit and the gained time constants are
plotted against the excitation pulse energy as presented in Figure It
is demonstrated that the excitation energies have to be kept below 40 nJ
per pulse in order to prevent annihilation effects. This observation proofs
that the presented dynamics and obtained time constants are not affected by

exciton-exciton annihilation effects.
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Figure 5.35: Plot of the first (left) and second (right) time constant gained

from a biexponential fitting against the increasing excitation energies.

5.2.7 Discussion

The investigation of the ultrafast dynamics of TIPS-pentacene and its aza-
derivatives reveals that the carbon to nitrogen substitution results in an ac-
celeration of the overall kinetics. In toluene solution, the fluorescence decays
with a time constant of 12 ns for TIPS-pentacene, 7.5 ns for Tetraaza and 5
ns for Diaza. The redshift of the corresponding bands in the absorption and
fluorescence spectra increases in the same order. The changed electronic net-
work as a consequence of the different charge distribution over the molecules

effectively influences the excited state dynamics, which becomes obvious in
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the different transient absorption signal for TTPS-pentacene in solution. A
similar steady state absorption does not necessarily lead to similar excited
state dynamics, i.e. results in dramatic changes of the relaxation network.
The addition of sp? nitrogen atoms into the backbone of TIPS-pentacene
also leads to faster kinetics in the solid state, where SF is sped up. As the
efficiency potentially increases with faster dynamics, Tetraaza and especially
Diaza undergo SF in a more efficient way compared with TIPS-pentacene
itself. Stronger intermolecular coupling as a consequence of a smaller 7 — 7
distance in Diaza compared to TIPS-pentacene may explain the accelera-
tion of SF as it was recently stated in a similar study on nitrogen-containing
TIPS-pentacenes.[108] A possible indication of a higher triplet quantum yield
in Diaza and Tetraaza is the stronger (77 — T3) signal in the NIR relative to
that in the visible spectral region when compared to TIPS-pentacene, assum-
ing a similar extinction coefficient. Considering the energies of the HOMO
and LUMO, which are more stabilized in the heteroacenes, we would expect
similar effects on the triplet state. In particular if the T, state exhibits a
stronger shift, SF should be more exoergic.

A closer look at the results of the GTA reveals fundamental aspects of the
triplet formation in this molecule class. First, the assumption that the NIR
absorption range is free of a singlet contribution as claimed for pentacene[42]
and TIPS-pentacene|28], is not in accordance with our experimental obser-
vations for TIPS-pentacene and its aza-derivatives. There is a very fast
decaying contribution in the NIR spectral region with time constants of 120
fs for TIPS-pentacene and 55 fs for Diaza and Tetraaza. This species cannot
have triplet origin because it is populated directly with the laser interaction.
As for the singlet contribution in the visible spectral region, it is strongly
overlapped with the triplet signal. This finding explains why fitting of the
kinetics is very challenging and hence, pinpointing accurately the triplet state
at one specific wavelength. Second, the formation of triplet species in the
visible and in the NIR takes place with different time constants suggesting
that two different ultrafast channels are involved. For all three investigated
compounds a shorter time constant for the first species is observed in the

NIR spectral region compared to the visible. This raises important ques-
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tions regarding the triplet population and relaxation dynamics. If the two
transitions in the visible and NIR spectral region would have different ori-
gins, i.e. separated initial states, they would not probe the same triplet
state T;. Different initial states could in turn lead to a changed triplet for-
mation in the two spectral ranges. Furthermore, there is no evidence that
the population of each transition ends up in the same final excited state.
However, if only one triplet state is probed in the two spectral ranges, the
triplet transitions should exhibit the same time constants. A possibility to
clarify whether the two transitions have the same origin or not, is to perform
pump-depletion-probe experiments in this two spectral ranges as shown in
the following section [5.3]

A further approach to enhance the quantum efficiency is the creation of
a mixture of two materials that show different HOMO and LUMO ener-
gies. There SF can first take place directly and then after a charge transfer
from the energetically higher lying compound to a lower lying one. Different
thin-films with varying concentrations of TIPS-pentacene and Diaza are in-
vestigated by transient absorption measurements. Since Diaza has lowered
energy states, the idea was to first excite both compounds followed by a
charge transfer from TIPS-pentacene to Diaza. In films with a TIPS:Diaza
ratio of 1:2 an increased difference signal of more than 20% is observed, which
also exceeds the intensity of a TIPS:Diaza film with a 4:1 composition. This
is promising with regard to their application as donor and acceptor mate-
rials within a solar cell. By using an acceptor that also undergoes SF like
the donor material, higher triplet yields could be achieved and thus more
charge carriers be generated. However, the studies on mixtures are a first
attempt to achieve higher triplet yields and the results need to be confirmed
in further investigations. Particular importance has to be paid on the thin-
film homogeneity and more experiments have to be carried out to reproduce
the observations. This approach of mixing different materials is promising
and underlines the potential of aza-derivatives to optimize efficiencies com-
pared with TIPS-pentacene. Additionally, the high resistance against air is

a benefit of these new materials for organic electronics applications.
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5.3 Pump-Depletion-Probe

In order to gain more insight into the triplet population and relaxation dy-
namics, femtosecond pump-depletion-probe experiments in the visible as well
as in the NIR spectral range were performed.[I15] By combining information
obtained from the experiment with simulations, a better understanding on
how the triplet manifold is populated via the SEF mechanism is obtained.
Unveiling the origin of the different triplet rise times in the visible and NIR
spectral region observed in TIPS-pentacene and its aza-derivatives is the core
of this thesis. By studying these new materials, which show similar SF dy-
namics but spectrally shifted transitions, complementary information on the
excited state dynamics is provided. More precisely, due to the spectrally
separated singlet contribution in these two systems the triplet formation can
be studied independently at the wavelengths chosen for the pump-depletion-

probe experiment.

5.3.1 Pump-Depletion-Probe on TIPS-Pentacene

First, the experimental results on TIPS-pentacene are presented. The pump
beam centered at 600 nm showed a pulse duration of 14 fs. The experimental
setup and details are shown in section [5.3] The depletion pulse around 530
nm with a pulse duration of 18 fs has a bandwidth that nicely matches
the triplet ESA of TIPS-pentacene as shown in Figure The temporal
resolution of the experiments was calculated to be 40 fs in the visible and ca.
100 fs in the NIR (by fitting the curves of the correlated coherent artifacts
as shown in chapter . As the pump beam is chopped just an effect on the
dynamics induced by the pump pulse is observed and the dynamics generated

by the depletion pulse (Sy — S;) are not monitored.
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Figure 5.36: UV-vis spectrum of a spin-coated TIPS-pentacene thin-film
(black line) together with the excitation spectrum (red), the depletion spec-
trum (green) and the transient absorption spectrum at a pump-probe delay

of 1 ps (grey shaded area).

The pump-depletion experiments probed in the visible as well as in the
NIR spectral region are shown in Figure The rising dynamics of the
triplet species in the visible spectral region are described first. Transients
illustrate the evolution of the ESA signals at 530 nm, which are disturbed by
the depletion pulse at a selected time T. A loss of signal can be clearly seen
when the depletion pulse comes at least 100 fs after the pump pulse (when
T=100 fs, 200 fs and 1 ps). The resulting dip feature is sharp and more
pronounced at larger T values. The signal recovers after the perturbation,
but not all the population comes back when compared to the signal intensity
before the depletion pulse arrives. In spite of an experimental response time
of approximately 40 fs, the typical dip feature caused by the interaction with
the depletion pulse cannot be resolved for T—50 fs (see Figure left).
The experimental data probed in the NIR look different as shown in Figure
[5.37] (right). A loss of signal after depleting the triplet ESA in the visible is
clearly observable only for T=1 ps. However, the dip feature is less sharp
and builds up with time. No recovery of the signal is measured after the
depletion action but a decay behavior can be observed instead, or in other

respect, a small rise of the depletion effect. At T=200 fs a depletion effect
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can still be detected but the dip feature is much less pronounced and the
signal does not recover again. For T values of 100 and 50 fs no dip feature is

observed, within the given temporal resolution of approximately 100 fs.
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Figure 5.37: Results of the pump-depletion-probe experiments probed in
the visible (left) and in the NIR spectral region (right). The probing wave-
length of the depicted transients is 530 nm in the visible and an averaged
wavelength range from 850 to 860 nm in the NIR. The data sets were ver-
tically shifted in order to clearly illustrate the depletion effect of the single
transients. The arrows indicate the arrival time of the depletion pulse.

The experimental results in the visible spectral range are explained as
follows. Considering a time constant of 150 fs for the triplet rise (obtained
from the global fit), at 7,,..e—1 ps all the population is already transferred
to the triplet state.[I07] As the depletion pulse is applied to the triplet ESA,
the depletion effect increases with time and is most pronounced at T=1 ps.
However, a depletion effect is visible in the transient data at early time delays
(Tprobe=50-200 fs) when the triplet state has not fully developed. Thus, the
observation of a dip feature when the depletion pulse interacts 100 and 200 fs

after the pump pulse indicates that also the singlet state (So — S; transition)
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is affected by the depletion pulse centered at 530 nm. This finding is related
to the broad spectral overlap of the singlet and triplet ESAs in the visible
spectral region. Since the depletion pulse is also resonant with the ground
state spectrum of TIPS-pentacene it re-excites the S; state and decreases
the effect of the triplet ESA depletion. The re-excitation of the S; state is
demonstrated in Figure [5.38 where transients at 475 nm are presented. It
shows that the singlet contribution, which has a higher amplitude in this

spectral range immediately grows after the depletion pulse is applied.
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Figure 5.38: Pump-depletion-probe raw data (dashed lines) of TIPS-
pentacene probed at 475 nm. The arrows indicate the arrival of the depletion
pulse which demonstrates the re-excitation of the S; state.

The signal growth (or decay of the depletion effect) after the depletion
action in the visible can be explained by this re-excitation, which later re-
populates the triplet manifold. The triplet band is shifted to higher wave-
lengths and located around 530 nm. By looking at the signal before and
after the depletion action it can be estimated from the transient probed at
530 nm that approximately one half of the population comes back. The time
constants of the recovery are in the same range for all measured transients
as shown in Figure This means that the triplet signal recovers inden-
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pendently from the arrival time of the depletion pulse. However, the time
constants are slightly shorter compared to the triplet rise time obtained from
the conventional pump-probe experiments (155 fs, see section . This is a
consequence of several effects that are overlapping, i.e. relaxation from higher
excited states back to the T3 state, direct population of T3 after exciting the
So — 51 transition with the depletion pulse and delayed population after the

S,, state has decayed and relaxes into Tj.
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Figure 5.39: Pump-depletion-probe raw data (dashed lines) probed at 530
nm with a corresponding fit (solid line) after arrival of the depletion pulse.
a) T=50 fs, b) T=100 fs, ¢) T=200 fs, d) T=1 ps

The fact that we do not see a dip feature at T=>50 is related to the overlap-
ping coherence spike, resulting from the interaction between the pump and
the probe pulse. In principle, there is a depletion effect from the beginning on
when compared to a transient where no depletion pulse is applied as shown in
Figure .40l However, it is challenging to quantify the interaction. A direct

comparison of the signal amplitude of the individual data sets is not possi-
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ble since they were taken on different sample spots. This is necessary due
to sample degradation which occurs after long time radiation. During the
pump-depletion-probe experiment the energy interacts twice with the sample
(pump and depletion) leading to a higher photon flux on the sample. The

amount of signal that is depleted can therefore not be determined directly.
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Figure 5.40: Comparison of transient data without (grey) and with deple-
tion pulse at 50 fs (black) and 1ps (green). The arrows indicate the time of
the depletion interaction.

In Figure [5.37 it is distinguishable that the triplet ESA probed in the
NIR is influenced by the depletion pulse applied in the visible. The different
evolution of the signal after applying the depletion pulse at T=1 ps, though,
is particularly puzzling (see Figure . If the transition in the NIR and in
the visible would occur from the same state, the depletion pulse should have
the same effect on the dynamics, i.e. lead to a sharp dip feature and a signal
recovery after the depletion action. In order to observe a signal evolution
after the depletion action as experimentally found for the NIR ESA, i.e. a
further decay of the signal, a population gain in the excited or a population
loss in the initial state is required. In relation to the excited state dynamics of
TIPS-pentacene more population in the excited state (T3) or less population
in the T, state is required to get the inverted recovery signal. This would

either require a decay of the triplet state Ty, what is highly unlikely (and not
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observed in the visible data) or a population transfer to the Ty state. A rate
model simulation is performed to clarify if the slow increase of the depletion
effect (NIR) can be generated by a population gain in the excited state that
is probed (T2) in contrast to the sharp dip feature seen in the visible. The
interpretation of the data is only possible, if all the mentioned contributions
to the signal are considered and quantified. In other words, the simulation
of the depletion signal to extract information from the experimental results

becomes essential.
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Figure 5.41: Comparison of the depletion effect (depletion at 530 nm, 1
ps after excitation) probed in the visible (530 nm, black curve) and in the
near-infrared (850-860 nm, red curve) spectral region for TIPS-pentacene.

Data was normalized at 7prope=2 PS.

5.3.2 Rate Model Simulation

The pump-depletion-probe experiments contain a huge amount of informa-
tion and several contributions account for the observed signal. The interpre-
tation of the data is only possible, if all these contributions to the signal are
considered and quantified. The input for the rate model simulation consists
of the population of the singlet ground (Sy) and excited state (S;), the pop-
ulation of the triplet states (Tho, 11, T2, T3) and their connected decay rates

according to the respective rate model. In principle, the population of each
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state is calculated dependent on the decay rate for every delay time 7,,5p.. At
a set time T, the depletion effect is applied. The amount of population that
gets depleted can be obtained from the amount of the depletion effect in the
experimental data. Furthermore, a certain amount of singlet re-population
due to the Sy — S; excitation by the depletion pulse itself is considered.
Since the depletion at 530 nm is resonant with the 77 — T3 transition, the
excitation of T3 is also included. The simulated depletion effect is then again
added to the population at time T. This leads to a "new" population in-
cluding the rise and decay dynamics, the depletion effect on the singlet and
triplet states with a certain amount of singlet re-excitation and T3 excitation.
To simulate the signal at a specific wavelength, the relative amplitudes of the
singlet and triplet contributions have to be considered. For example, at 530
nm the amount of the triplet ESA contribution relative to the singlet ESA
contribution is about 80 %. In order to take the coherence spike into account,
Equation was included in the simulation. Additionally, we convolute our
simulated signal with a Gaussian to take our experimental resolution into ac-
count. The results of the pump-depletion-probe experiment were simulated
with the following kinetic model (see Figure [5.42).
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Figure 5.42: Rate model used in the simulation of the pump-depletion-
probe signal of TIPS-pentacene in the visible and NIR. The rates of transi-

tions were used as observed in the experiment.
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Figure 5.43: Simulation of the pump-depletion-probe signal of TIPS-
pentacene. The dashed black line shows the transient dynamics without
depletion effect. The red curve demonstrates the dynamics after applying a
depletion pulse at 1 ps. a) Dynamics in the visible, b) in the NIR spectral
range. The energy diagrams present the underlying processes that cause the
signal. c¢) Zoom into the signal in the NIR of Figure 5.43b), the blue curve
takes the experimental response time into account. here, the sharp dip fea-
ture cannot resolved. d) Simulated signal, when the depletion pulse arrives
100 fs after the pump pulse with an experimental time resolution of 35 fs. By
taking this experimental response time into account, a clear dip feature can

be observed when the depletion pulse arrives 100 fs after the pump beam.

Figure describes the outcome of the rate model simulation, where
the rise of the signal corresponds to the population of the triplet state. At
T=1 ps the depletion pulse is applied. The resulting sharp dip feature seen
in the experimental data (see Figure left) is well reproduced in the
simulation. The signal recovery afterwards can be explained by the triplet

re-population resulting from the singlet re-excitation as mentioned before. In
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correspondence with our experimental settings, the temporal resolution of the
simulated NIR data is lower what becomes apparent in the broad coherence
spike (see Figure [5.43p). This leads to a temporal broadening of the dip
feature in accordance with the experimental observations. As mentioned
before, the signal decay after the depletion action instead of a recovery (as
found for the visible data) can only occur if the final state of a transition gains
population via an additional transfer to the T, state. If a population transfer
from the T3 to the T, state is included in the rate model simulations, the
experimental observations can perfectly be reproduced. This implies, that an
additional ultrafast T3 — T3 transition (ca. 90 fs) is required, which seems
feasible since the T state lies energetically higher than the T state.[116] The
fact that the NIR ESA is affected by the depletion pulse indicates that both
transitions (visible and NIR) have their origin in the same initial state T;.
At a first glance one would expect that the same sharp dip feature should
be observed also in the NIR. A zoom of the simulation of this depletion
action is presented in Figure [5.43c which explains the different shape. The
experimental response time in the NIR (blue curve in Figure [5.43¢) is much
longer so that the depletion effect cannot be resolved. The limited temporal
resolution also explains the absence of a dip feature at very early delay times.
In order to observe a small dip at a depletion time of T=100 fs, a temporal
resolution of about 35 fs is required as shown in the simulation (see Figure
5.43d). By taking the experimental results and the rate model simulation
together, it can be stated that the triplet transitions in the visible and NIR
probe the same T state. However, in all pump-depletion-probe experiments
on TIPS-pentacene the depletion pulse did not only affect the triplet manifold
but also the S; state was influenced. An independent depletion action on the
T, state is not feasible in TIPS-pentacene since a depletion pulse around 530

nm is always also resonant with the S; — S, transition.

5.3.3 Pump-Depletion-Probe on Tetraaza-TIPS-pentacene

In Tetraaza, the S; — S, excitation is well separated and an investigation

of the effect of a depletion pulse on the triplet state only is possible because
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it does not exhibit a singlet contribution in the region where the depletion
pulse is applied (530 nm). As discussed before, Tetraaza behaves similar to
TIPS-pentacene, however, the singlet species has negligible amplitude at 530
nm where the depletion spectrum is located. Thus, the depletion pulse does
not affect the singlet state (S; — S,). This can be nicely seen in Figure
.44 Here, the first and second species associated spectra obtained by the
global target analysis of the transient absorption data of Tetraaza are shown
together with the excitation and depletion spectrum. The first species is
assigned to a state of singlet character and decays with a time constant of
100 fs towards the triplet manifold. It is not overlapping with the depletion
pulse spectrum, whereas the second spectra is correlated with the triplet

species and affected by the depletion pulse.
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Figure 5.44: UV-vis spectrum of spin-coated Tetraaza thin film (black line)
together with the excitation spectrum (red line) and the depletion spectrum
(green line). The gray areas represent the first (light grey, singlet character)
and the the second (dark gray, triplet character) species associated spectra

obtained from the global target analysis of the transient absorption data.

The results of the pump-depletion-probe experiments probed in the visible
spectral region are shown in Figure (left). At early time delays when
the system is still in the excited singlet state, the depletion has no effect
on the dynamics as can be seen for short T values (T=50 and 100 fs). The
dip feature is first observable at T=200 fs when the triplet state has already
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developed. A strong depletion effect on the triplet state is visible at T=1 ps.
However, compared to the same measurements on TIPS-pentacene, the dip
feature is less sharp and only a small amount of population returns to the
T, state. The signal evolution looks similar to the depletion effect observed
for TIPS-pentacene in the NIR (compare Figure [5.37] (right) with [5.45).

15- l A(probe)=860nm
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A(probe)=555-565nm T=200fs, 500fs,
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0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
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Figure 5.45: Results of the pump-depletion-probe experiments of Tetraaza,
pumped at 600 nm, depleted at 530 nm and probed in the visible spectral
region (averaged wavelength range from 555 to 565 nm). The arrows indicate

the arrival time of the depletion pulse.

In comparison to TIPS-pentacene, though, the triplet T} — T5 transition is
red shifted (around 560 nm) and higher lying vibrational states are addressed
by the depletion pulse at 530 nm. The excitation of population, blue shifted
with regard to the lowest transition, allows for a detailed discussion of the
depletion effect. In Figure [5.46] selected wavelengths are depicted in order to
compare the effect of the depletion pulse at 530 nm on the dynamics at differ-
ent positions in the spectrum. If wavelengths are probed where the depletion

pulse acts, intramolecular vibrational energy redistribution (IVR) back to
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the lowest vibrational state in T3 can be monitored directly. Population loss
in the Ty, state (vibrationally excited T3 state) reduces the depletion effect
when exactly this state is probed. In other respect, population gain of the
lowest vibrational T state results in a further decay of the signal on the time
scale of IVR. Signal recovery resulting from a re-population of the T3 state
as a consequence of re-exciting S; is also not observable when probing higher

vibrational levels in T.

A absorption / mOD
N

] 1 depletion@530nm, T=

00 05 10 15 20
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Figure 5.46: Pump-depletion-probe data of Tetraaza after applying the
depletion pulse at 530 nm, 1 ps after the pump pulse at selected probing
wavelengths (530-570 nm).

At higher wavelengths, in this case the maximum of the T} — T3 absorp-
tion (560 nm), a clear dip feature can be seen, which is slightly delayed. This
is related to the fact that lower vibrational levels in T3 are probed than orig-
inally excited by the depletion pulse. The depletion effect increases while the
probed state gains population. As confirmed by our rate model simulation,
we can resemble a further decay after the depletion action if a T3, — T3
transition is included (simulation with corresponding model and explanation
of all contributions is shown in Figure [5.47).
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Figure 5.47: Zoom into the simulation of the pump-depletion-probe signal
of Tetraaza-TIPS-pentacene. The dashed black line shows the transient dy-
namics without depletion effect. The red curve demonstrates the dynamics
after applying a depletion pulse at 1 ps and the blue curve takes the exper-
imental response time of ca. 40 fs into account (see also Figure 5.43). The
energy diagrams present the underlying processes that cause the signal.

(I) represents the population transfer to T; followed by the transition to Ts.
This signal corresponds to the conventional TA signal.

(IT) shows the effect of the depletion pulse. The prompt signal decay results
from a depletion of T;.

(IIT) illustrates the IVR process in T3. The depletion effect decreases because
the probed state has less population. This signal recovery is also increased
due to the fact that the depletion pulse re-excites the S; state followed by a
population of T3 (see above (I)).

Also a signal recovery is observed, however, this re-population of T3 does
not possess the same time constant as the initial triplet rise (compare signal
evolution before and after the depletion action in Figure |5.46|). Both, the
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re-population and IVR transfers population into the lowest vibrational Tj
state. Therefore, the signal recovery is reduced since it is compensated by
IVR. At intermediate wavelengths (540-550 nm) we observe a behavior that
lies in between, where the depletion effect is superimposed by IVR. This leads
to a signal evolution which shows a combination of both depending on the
amount of each contribution as presented for the transients at 550 nm and
560 nm.

Having shown the data of Tetraaza probed in the visible, the pump-depletion
experiment probed in the NIR is discussed in the following. In Figure [5.45
(right) transients are presented when the depletion pulse is applied at T—=200
fs, 500 fs and 1 ps after the pump interaction. In principle, the same expla-
nation as given for TIPS-pentacene holds for Tetraaza (ultrafast T3 — Ty
population transfer, see subsection 5.3.1) The effect of the elongated de-
cay after the depletion action, though is even more dramatic in Tetraaza
compared to TIPS-Pentacene in the NIR. This is intuitive, since T, first
decays into the relaxed T3 state via IVR before the T, — T3 transition can

take place.

5.3.4 Pump-Depletion-Probe on Diaza-TIPS-pentacene

Pump-depletion-probe-experiments carried out for Diaza can be interpreted
similar to TIPS-pentacene, since it exhibits a singlet transition that is af-
fected by the depletion pulse at 530 nm. This is illustrated in Figure [5.48
where the first (singlet character) and second (triplet character) species asso-
ciated spectra are shown together with the excitation and depletion spectra.
It is obvious that both species are affected by the depletion pulse at 530 nm.
In the pump-depletion-probe data (see Figure a dip feature is therefore
already observable at T=100 fs. This dip feature seems to be delayed, since
the depletion pulse is resonant with higher vibrational levels. The result of
this T3pe; population is discussed in detail for Tetraaza (see above). Due to
the restricted experimental response, a depletion effect at T=100 fs could

not be detected in the NIR spectral region.
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Figure 5.48: UV-vis spectrum of spin-coated Diaza thin-film (black line)

together with the excitation spectrum (red line) and the depletion spectrum

(green line). The grey areas represent the first (light grey, singlet charac-

ter) and the second (dark grey, triplet character) species associated spectra

obtained from the global target analysis of the transient absorption data.
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Figure 5.49: Pump-depletion-probe data of Diaza-TIPS-pentacene probed
in the visible at a wavelength range between 560-570 nm (left) and in the
NIR at a wavelength range of 855-865 nm (right). The arrows indicate the
arrival of the depletion pulse.
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5.3.5 Assignment of Rise Times

The experimental results and the outcome of the rate model simulation
clearly show that one single triplet state T; is populated from the singlet
manifold via SF in all investigated compounds. The observation of two dif-
ferent rise times for the formation of the triplet band in the visible and in
the NIR give access to decipher the entangled dynamics at the initial stages
of SF. There is a general consensus that the formation of free independent
triplets occurs via an intermediate coupled triplet state (}TT, see section
2.4.1).[13, 14, 28, 29, 32 45| 117, 118] Conservation of angular momentum
requires that this pair of local triplet states is coherently coupled into a
state of pure singlet character. This correlated triplet exciton pair is termed
as multiexciton (ME) state intermediate[33], 103}, [118] or optically dark (D)
multiexciton[32], which couples non adiabatically to the bright S; state. As
its lifetime is believed to be extremely short, it has been very challenging un-
til now to detect this species by means of conventional transient absorption
measurements due to temporal and spectral overlap of several contributions
at early time delays, e.g. coherent effects, singlet and triplet absorption
bands. By taking 'TT into account and implementing it into the rate model
via a consecutive reaction (S; — 'TT — T}) the assignment of the different
experimental triplet rise times in the NIR and visible can now be perfectly
justified (see Figures [5.505.52). While the S; and T states absorb in the
visible as well as in the NIR (see SAS spectra in Figures , the ITT
state just absorbs in the NIR. This leads to overlapping contributions which
results in slightly different experimental rise times in the visible and NIR.
According to this observation the simulation leads to a time constant of 50 fs
for the rise of the coupled triplet pair state !'TT as shown in Figure m The
subsequent formation of the T, state occurs in 135 fs in the case of TIPS-
pentacene. In the visible a superposition of the two time constants adds up
to 155410 fs. In the NIR spectral range, however, the situation is different.
In this spectral region also the 'TT species absorbs and the measured signal

exhibits a shorter rise time constant of 120 fs.
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Figure 5.50: Evolution of species in a consecutive reaction with t;=>50 fs
and to=135 fs reflecting the dynamics of TIPS-pentacene. If the detection
pulse probes both states (NIR), a sum of the !TT and the T, state (with
equal weighting) can be seen, resulting in a rise time of 120 fs. If the detection
is specific only to T; (visible), the rise time comes to 155 fs. The fitting is
done with a single exponential growth for both curves.
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Figure 5.51: Evolution of species in a consecutive reaction with t;=25 fs
and t,=70 fs reflecting the dynamics of Diaza. If the detection pulse probes
both states (NIR), a sum of the 'TT and the T; state (with equal weighting)
can be seen, resulting in a rise time of 60 fs. If the detection is specific only
to Ty (visible), the rise time comes to 80 fs. The fitting is done with a single
exponential growth for both curves.
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In the case of TIPS-pentacene the 'T'T and T, states are equally weighted,
which means that both contributions exhibit the same amplitude. This is
also the case for Diaza, but the faster dynamics lead to a 'T'T formation of
25 fs and a T rise of 70 fs (see Figure . Thus, it is accelerated by a
factor of two compared to TIPS-pentacene confirming the results of the TA
experiments. Here, the rise times add up to 80 fs in the visible and 60 fs in
the NIR. In Tetraaza the 'TT species builds up with a time constant of 35
fs and has a higher amplitude relative to the T; state contribution, which
rises with 90 fs (see Figure [5.52). The observed different rise times in the
two spectral ranges (visible=100 fs and NIR=60 fs) are perfectly reproduced
by taking a weight of 75 % 'TT and 25 % T;.

14 TT+T, =
t('TT+T,)=60fs t(T,)=100fs

2
S s Ky K,
8 | =TT —> T,
© f k,=1/35fs

l‘ k,=1/90fs

0{ %
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Figure 5.52: Evolution of species in a consecutive reaction with t;=35 fs and
t2=90 fs reflecting the dynamics of Tetraaza. If the detection pulse probes
both states (NIR), a sum of the 1TT and the T; state (with a weighting of
75%:25%) can be seen, resulting in a rise time of 60 fs. If the detection is
specific only to T (visible), the rise time comes to 100 fs. The fitting is done
with a single exponential growth for both curves.

5.3.6 Pump-Depletion-Probe at 800 nm

In order to gain further insight into the dynamics of the triplet states, pump-
depletion-probe experiments with depletion pulses at 800 nm were performed.

The overall setup directly follows the one described above with excitation
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pulses at 600 nm (40 nJ) and white light in the visible and NIR spectral re-
gion acting as probe pulses. To guarantee that all the experimental settings
are correct, the ESA signal at 800 nm was monitored before the pump-
depletion-probe measurements. Interestingly, there was no depletion effect
on the 77 — T3 transition in the visible, neither at short nor at long delay
times. Also no effect was observed when the NIR (>840 nm) spectral region
was probed (with both parallel and perpendicular polarization of the pump
beam with regard to the probe beam) within our given time resolution. This
finding suggests that a singlet state is addressed at 800 nm, which may be
the above mentioned coupled triplet pair state !TT with singlet character.
The broad structureless absorption band hypothesizes the interplay between
several transitions between states with different multiplicity in the NIR spec-
tral region. The depletion effect on that short-lived 'TT state could not be
detected, predominatly due to the restricted experimental response and sec-
ondly due to the superposition of the T, state at wavelengths between 850
and 950 nm. Therefore, it is not possible to see ''T'T directly in transient ab-
sorption using probe pulses above 840 nm and experimental response times
greater than 20 fs. Very recently, Musser et al. observed that vibrational
coherence in the initially excited S; is transferred to the triplet state via
strong coupling between nuclear and electronic degrees of freedom.[30] De-
spite of their conclusion that SF is mediated by the formation of the intrin-
sically intermolecular 'TT state, there is little known about the engergetic
levels of this state. Due to its spectral proximity to the first excited singlet
state, vibronic coupling between them should be directly observable using
multidimensional techniques such as 2D electronic spectroscopy|103] 119] or
pump-degenerate four wave mixing[120]. It is important to note that this
intermediate state does not influence the dynamics of the depletion effect
at 1 ps. Hence, the simulation of the depletion effect shown before is not

affected by this new finding.
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5.3.7 Summary and Discussion

Combining the information gained from the pump-depletion-probe experi-
ments with simulations, a detailed picture on the relaxation dynamics after
photo excitation of TIPS-pentacene and the two aza-derivatives is provided.
In Figure the derived kinetic model of the excited state dynamics of
TIPS-pentacene is shown representatively. Despite of shorter dynamics ob-

served for the aza-derivatives, all investigated compounds follow the same

reaction scheme.
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Figure 5.53: Detailed kinetic model for the excited state dynamics of TIPS-

pentacene derived from pump-depletion-probe experiments and simulations.

Table 5.1: Time constants of relaxation dynamics of TIPS-pentacene and

its aza-derivatives.

Sy =TT | 'TT = Tinet | Tinet — T1 | T1 — So

TIPS-pentacene | = 50 fs ~ 135 fs ~ 1 ps > 1 ns
Diaza ~ 25 fs ~ 70 fs ~ 1ps > 1 ns
Tetraaza ~ 35 fs ~ 90 fs ~ 1ps > 1 ns
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Excitation into the first excited state is followed by an ultrafast transition
to the coupled triplet pair state !TT. This state absorbs in the NIR only
(around 800 nm) but cannot be detected directly due to its extremely short
lifetime. It decays to the triplet exciton state with a time constant of 135+10
fs in the case of TIPS-pentacene. For comparison the time constants of the
aza-derivatives are shown in Table [5.1] In the visible spectral region the
Ty — T3 ESA (togehter with the S; — S, ESA) is observed, which rises with
a time constant resulting from a sum of 50 and 135 fs for TIPS-pentacene.
The superposition of the T'T and T} ESA bands in the NIR leads to an ap-
parent faster triplet rise compared to the visible. The lifetime of T} exceeds
the observation time of the experiment (1 ns). Furthermore, an additional
ultrafast transition of ca. 90 fs from the 75 to the T5 state explains the pump-
depletion signal probed in the NIR spectral region. For the aza-derivatives
not only the formation of the 17T state is accelerated but also the build up
of the T, state. When probing at wavelengths close to the energy of the
depletion pulse, which is resonant with higher lying vibrational states, IVR
processes in the 73 state can be monitored directly. This is demonstrated
for the aza-pentacenes where the depletion pulse adresses higher vibrational
levels in T3. Its depopulation can be follwed by probing the same level. This
additional information is of great relevance regarding the study of loss chan-
nels within these materials, since the excess energy is dissipated as heat. By
designing materials whose energy levels are close to the ones of the excited
donor molecule (as it is the case for the aza-pentacenes compared to TIPS-
pentacene), this could reduce the energy losses. In that way the energy is
transferred to the acceptor molecule before it can relax back to the lowest
vibrational energy level. There are calculations of the singlet and triplet
excited states of several nitrogen-containing compounds available using den-
sity functional theory and time-dependent density functional theory with the
B3LYP functional at 6-31* level.[I2I] This method is, however, less accurate
and multiexcitations are not taken into account. More detailed and accurate
calculations of the contributing excited states would be highly beneficial for

the understanding of the singlet fission process.
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It is now possible to frame these new findings into the existing picture of
the excited state dynamics of TIPS-pentacene. In Figure the contribu-
tions of all relevant excited state transitions of TIPS-pentacene are shown
with regard to their spectral occurrence. Former studies on TIPS-pentacene
thin-films concordantly showed that the triplet ESA (77 — T3) is highly su-
perimposed by the singlet ESA in the visible sprectral region, which is in
accordance with the results obtained in this thesis.[28, Q1 10T} T08] Accord-
ing to calculations performed by Pabst et al. there exists another triplet
excited state transition (7} — T») with a very low transition moment and
oscillator strength. This is manifested in the weak absorption band in the
NIR that was also observed here.[116]

absorption
TT-1TT,
T1—>T3
T1—>T2
$,—8§,
450 nm 550 nm 800 nm 1000 nm A

Figure 5.54: A rough estimation of the spectral contributions of the singlet
and triplet transitions that are involved in the singlet fission process observed

for TIPS-pentacene.

Contrary to investigations on polycrystalline, unsubstituted pentacene [42]
43] and TIPS-pentacene films [28], a singlet ESA contribution was observed
over the whole detection range (450-1100 nm). Although a comparison be-
tween experiments done in solution is nontrivial, measurements on a high
concentrated TIPS-pentacene solution show also a superposition of singlet
and triplet contributions in the NIR spectral region.[91] Besides showing
that the NIR cannot be investigated independently from a singlet contri-

bution, also the coupled triplet pair state 'TT was assigned to absorb in
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that spectral region. The triplet rise times obtained for TTPS-pentacene are
varying from 80 fs[30] over 110 £s[28] to 1 ps[101] in the literature. The differ-
ent observations on the SF kinetics can be explained by an altered thin-film
morphology or different conditions during the time-resolved experiments. On
the one hand, a different thin-film fabrication critically influences the crys-
tal growth of a material (spin coating procedure, solvent, substrates) and
on the other hand, experimental conditions (encapsulated samples, photon
flux, excitation and probing wavelengths) might result in changed excited
state dynamics. Within this thesis, a time constant of 155 fs was obtained
for TTPS-pentacene, which is in the range of the observations by Yost et al.
(the slightly shorter time constant of 110 fs might be related to the fact that
fitting was done only until 700 fs even though the signal rise was not com-
pleted). In their study several materials were investigated in order to predict
SF performances within a device.[28] The proposed model is based on dif-
ferent intermolecular interactions, depending on the crystal structure, which
were correlated to the coupling between the S; and 'TT state. They claim
that there is a transition from non-adiabatic to adiabatic energy transfer
when the coupling gets stronger. However, their limited model underesti-
mates charge transfer contributions, which in turn rules out the coherent
model of SF. Thus, a theoretical description of SF is demanding, most of all
due to the multireference character of TIPS-pentacene.|25] Despite of charge
transfer contributions, vibronic coupling has also to be considered as shown
by Musser et al.. They observed that the potential surfaces of S; and 'TT
are linked through a conical intersection.[30] Accordingly, in 2D electronic
spectroscopy it was found that SF dynamics are based on strong couplings
between molecular nuclear and electronic motions[I03], which makes a theo-

retical description of this process expensive.
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Chapter 6
Conclusions and Outlook

Within this thesis more light is shed on the relaxation network of TTPS-
pentacene and a detailed kinetic model of the initial excited state dynamics
is established. Moreover, the influence of nitrogen atoms on the singlet fission
process is investigated by means of transient absorption measurements, global
target analyses, pump-depletion-probe experiments and rate model simula-
tions. This complementary study on TTIPS-pentacene, Diaza and Tetraaza
reveals that the formation of a single triplet state occurs via the intermediate
coupled triplet pair state 'TT for all three compounds. The nitrogen substi-
tution not only accelerates the formation of this intermediate state with sin-
glet character, but also the creation of the triplet state T; via the 'TT state.
ITT builds up within 25 fs for Diaza and within 35 fs for Tetraaza, which is
faster than the time constant obtained for TIPS-pentacene (50 fs). Hence,
the addition of sp? nitrogen atoms into the backbone of TIPS-pentacene re-
sults in an acceleration of the singlet fission process up to a factor of two. As
the efficiency potentially increases with faster dynamics, the heteroacenes un-
dergo SF more efficiently than TIPS-pentacene itself. A possible indication of
a higher triplet quantum yield in the aza-derivatives is the stronger 77 — 15
signal in the NIR relative to that in the visible spectral region when compared
to TIPS-pentacene (under the assumption that they exhibit an absorption
coefficient similar to TIPS-pentacene). These results underline the potential

of aza-derivatives to optimize efficiencies by eliminating loss channels and
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thus exceed the triplet quantum yield compared to TIPS-pentacene. The
experimental observations furthermore show that 'TT absorbs in the NIR
only, while the singlet and triplet absorb in the visible and NIR spectral re-
gion. The finding that a singlet species absorbs also in the NIR, which was
ruled out before, leads to a detailed picture of the excited state dynamics. It
is shown that the superposition of the 'TT and T; ESA bands in the NIR
leads to an apparent faster triplet rise compared to the visible, where only
the T7 — T3 ESA is observed. Further knowledge about the interplay be-
tween excited states can help in a future step to modify special transitions on
a molecular level. In that way, namely by avoiding or activating transitions,
the SE' process can be optimized. The potential to enhance and direct the
SE' mechanism by intercepting the normal relaxation dynamics is attractive
regarding the design of new materials and their application in organic photo-
voltaic devices. Additionally the high resistance of azaacenes against air is a

potential benefit of these new materials for organic electronics applications.

RS s S &

decreasing band gap
shorter fluorescence lifetime
acceleration of singlet fission

Figure 6.1: Representation of the investigated molecules and their optical
properties. By changing the electronic structure of the molecules, the dy-
namics are changed. The dependence of the energy gap between the HOMO
and LUMO, the fluorescence lifetime in solution and the 'TT as well as the
triplet rise time via singlet fission in the solid state on the molecular structure

is illustrated by the arrow.
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It has to be mentioned though, that the investigation of organic materi-
als in the condensed phase poses a big challenge since the performance of a
specific compound is highly dependent on the thin-film fabrication procedure
itself. In particular, the morphology is influenced by the thin-film processing
and even the same starting material can possess different optical proper-
ties dependent on its fabrication. For instance, transient absorption mea-
surements on thin-films spin-coated on different substrates lead to slightly
changed dynamics. This was discovered by measurements of the pentacene
derivatives on pure glass substrates and on polyimide-coated glass substrates,
respectively. This approximately 30 nm thick polyimide interlayer was in-
troduced to achieve good wettability of the organic solution and to provide
a homogenous film formation and crystallization. The consequence of this
change in the thin-film fabrication procedure leads to faster kinetics, hence
the SF process speeds up from 200 fs to 155 fs for TIPS-pentacene and from
100 fs to 75 fs in Diaza (triplet absorption in the visible spectral region).
It is therefore not surprising that the triplet rise times for TIPS-pentacene,
fabricated in different ways reported in literature, are varying. However, the
presented observations on TIPS-pentacene and its derivatives within this the-
sis are based on experiments that were performed under the same conditions,
i.e. thin-film fabrication (same solvent and spin-coating parameters) and ex-
perimental settings (wavelength, excitation energy, setup geometry). Hence,
the given kinetics of the different derivatives can be directly compared with
each other. The obtained dynamics of each material could be reproduced in
multiple measurements and were not influenced (within the given error) by
small possible deviations in the morphology from one procedure to another
(even if all parameters and settings are the same, there might occur small
deviations). Particular attention has to be paid on the excitation energy
of the pump beam within the transient absorption experiment. High pump
pulse intensities lead to annihilation processes that superimpose the differ-
ence absorption signal. The result of a high photon flux is manifold, since
additional features occur and the overall signal evolution can change. Thus,

data that are comprised of these annihilation effects are not reliable.
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The successful realization of the experiments on thin-films of TIPS-penta-
cene and two aza-derivatives poses new ideas for future studies in the field
of organic electronics that will be discussed in the following. On the one
hand, more sophisticated experimental methods are required in order to gain
more insight into the initial steps of SF. The extremely short-lived coupled
triplet pair state 'T'T, that is built up directly after photo-excitation needs
to be monitored and studied in more detail, since this state is the precursor
of the generated triplets. Deeper knowledge about its electronic properties,
vibrational couplings and energetic levels would benefit the understanding of
the SF process. Although first multidimensional studies of this state are in
progress[103], quantum chemical calculations on the energetic levels of this
state are still missing for TIPS-pentacene as well as for the aza-derivatives.
Moreover, accurate calculations on the singlet and triplet levels of these com-
pounds are not available until now. The key requirements to resolve the ' TT
state within transient absorption measurements depend on the experimental
conditions. On the one hand, a higher time resolution has to be maintained
by using transform-limited ultrashort excitation and probing pulses. This
could be achieved by taking nc-OPA pulses as pump and probe beams that
do not exhibit any kind of chirp and thus suppress the coherent artefact.
However, the experimental realization of this requirement is very demand-
ing. On the other hand, the film quality has to be improved in order to
reduce scattering during the measurements, especially when being close to
the temporal overlap between pump and probe. One possible idea would be
to measure the sample in reflection instead of transmission and make use of
encapsulated samples that are not exposed to air during the measurement.
Another important issue is related to the global fitting procedure of the tran-
sient absorption data. If a broad white light continuum is used as the probe
pulse, a large contribution of the coherent artefact is observed. Until now,
the global fitting algorithm does not take the coherent artefact into account
and therefore the dynamics around time zero are not included into the fitting
procedure. Since this is the region of interest (due to the ultrafast SE' mech-
anism) a global analysis that is also able to fit this coherent contribution

would be a great improvement.
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The development of new materials with tailored properties plays the key role
in the field of organic electronics. Studying structure-function relationships is
crucial for the design of the novel architectures that could lead to enhanced
efficiencies. Hence, the investigation of photophysical and photochemical
qualities is of particular importance in order to make any predictions regard-
ing the optical behavior. Having this feedback, it is now possible to tune the
electronic properties of a material to achieve a desired performance. As Diaza
shows an accelerated SF', it would be interesting to study if more electronega-
tive substituents speed up the excited state dynamics even more. In Diaza the
charge is unsymmetrically distributed over the molecule and new substituents
would increase the existing dipole character of the molecule. An acceleration
of SF dynamics was also observed for substituted phenazinothiadiazoles[122]
when compared with the pure tetracene framework. The aromatic core of
this molecules is composed of four rings, however, the tetracene structure
is modified to a high extend. There is one pyrazine unit incorporated into
the acene backbone and one terminal benzene ring is substituted by a five-
membered ring called thiadiazole. Additionally, two TIPS side-groups and
four electronegative substituents (fluorine or chlorine, see Figure left)
are attached. Here, the SF process is about two orders of magnitude faster
than in tetracene single crystals (300 fs versus 20-50 ps[36], B39]), which is
very promising since the thermal activation barrier can be overcome. (In-
terestingly, TTPS-tetracene thin-films produced via spin-coating are amor-
phous and degrade on air within one day.) Accordingly, the investigation of
novel phenazinothiadiazoles, such as hetero-tetracenothiadiazoles (four-ring
system with an additional thiadiazole ring, see Figure right) in terms of
their excited state dynamics is auspicious. Pentacene is the first homologue
of the acene class where SF' is exothermic and ultrafast. Consequently, the
higher acenes should undergo SF even faster with respect to their electronic
levels. However, in crystalline hexacene this large exothermicity leads to a
slower SF performance as a result of multiphonon relaxation in the excited
state.[24] Tuning its electronic levels by chemical modification in order to re-
duce the effect of multiphonon relaxation could provide deeper insights into

the relaxation pathways of acenes.
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Figure 6.2: Chemical structures of new materials (phenazinothiadiazole

(left) and tetracenothiadiazole (right)) interesting to study regarding their
SF performances.

By using the zone-casting technique, it is now possible to fabricate films
with a specific orientation of the molecules.[123] This new approach allows for
the investigation of polarization dependencies (anisotropy) of aligned films
within the transient absorption measurement. Additionally, new solvents can
be tested in order to change the morphology of the thin-films via the spin-
coating procedure. On the other hand, better solubility of the materials could
lead to increased film thicknesses that show higher ground state absorption
resulting in higher transient absorption signals. Particularly with regard to
the recently measured starphene, a higher concentration of molecules would
be valuable.

Besides studying the excited state dynamics of one material itself it is also
important to consider the interaction within a molecular assembly, i.e. a het-
erojunction between donor and acceptor. One possibility would be to mix two
different acenes in order to create such a heterojunction and study the charge
generation process. In particular, experiments that are able to determine the
created charge carriers directly would be highly valuable. This means that
the usual optical detection has to be extended and also the generated elec-
trons need to be monitored. This is of great relevance when studying not only
the materials themselves but also donor-acceptor systems within a specific

device, which is the essential next step. By applying an electrical field and
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measuring the current between two electrodes, the amount of generated exci-
tons can be directly determined.|[124] This gives important information about
charge dissociation and diffusion dynamics, which critically determines the
performance of material within a device. Additionally, optical pump-push
photocurrent probe experiments would provide deeper insight into the disso-

ciation dynamics of the free charges as a complementary study.[125]

The investigation of the excited state dynamics of organic materials on
thin-films is a challenging field and will be subject of interesting scientific
discussions in the next years. In particular, the process of multiexciton gen-
eration via ultrafast SF is going to play a key role in complex spectroscopic
experiments and theoretical approaches in the future. The investigation of
TIPS-pentacene and two aza-derivatives by means of transient absorption
as well as pump-depletion-probe experiments in combination with simula-
tions revealed important insights into the initial photo-induced dynamics in
this molecule class. The knowledge about the structure-function relation-
ships obtained within this work paves the way for new studies and especially

innovative applications in the field of organic electronics.
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Appendix

Nonlinear Optics

In the follwing the basic concepts of nonlinear optics are presented and for
further details please refer to literature.[21], 126-129]

Since broadband femtosecond light sources are not tunable over the whole
visible spectral region, specific optical processes are required in order to gen-
erate wavelengths that are essential for exciting selected absorption bands of
conjugated systems. These nonlinear effects can be described by the non-
linear polarization. At high field strengths such as provided by lasers the
dielectric polarization, which describes the charge displacements within a
media, does not respond linearly to the electric field. Therefore higher order
terms of the dielectric polarization have to be considered, which gives rise to

new frequencies. The nonlinear polarization is defined as:
P=¢ ZX(")E” = |XVE + xPE* + YO E* + . (6.1)

where €, is the electric field constant, E the electrical field of the wave and
™ are the n'* order susceptibilities.
In the following, nonlinear optical phenomena, which are fundamental for
the realization of time resolved experiments, are described in more detail.
To begin with, in all nonlinear processes conservation of energy has to be

fulfilled, according to:

Z Win = Z Wout (62)
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Likewise also the spatial dependence of the incoming and created waves
have to be considered. The momentum of a photon is given by its wave vector
k. The nonlinear process is most efficient if there is constructive interference
between the waves (waves have to be in phase while propagating through the

media). The resulting phase matching condition is given by:

Ak = kow— Y kin=0 (6.3)
Second Harmonic Generation (SHG)

VS == oo
W,
2w,

Wy

GS

Figure A1l: Schematic representation of the second order nonlinear effect
SHG. GS=ground state, VS=virtual state

In SHG, a pump wave of the frequency w generates a signal with twice the
frequency 2w as it propagates through a nonlinear medium. Since all even-
order susceptibilities cancel out in centrosymmetric media, SHG as a second
order nonlinear effect can only occur in materials without inversion symme-
try. The phase matching condition represents conservation of momentum
for the SHG process, when the two photons travel at the same velocity.
Since all materials are dispersive, the waves actually travel with different
velocities corresponding to different refractive indices n(w). In other words,
Ak = 2k; — ko is the wave-vector mismatch for the SHG process. A way to
circumvent this phase matching problem is the use of birefringent nonlinear
crystals, in this case beta-Barium-borate (BBO), which can compensate for
dispersion. In an uniaxial crystal like BBO the values of the refractive indices

depend differently on the directions of the waves relative to the optical axis.
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By choosing the right angle between the optical axis and propagation of the

wave, phase-matching can be achieved, what is illustrated in Figure A2.

r
optical axis _,
k

No{w)

Ne(2w)

Figure A2: Phase-matching in SHG in a birefringent crystal. Due to dis-
persion, the in- and outgoing waves exhibit different indices of refraction. At
the angle 6, the dispersion is exactly compensated and the phase-machting
condition is fullfilled.

In type I SHG, as used within this work, the pump wave has ordinary polar-
ization with respect to the crystal, while the outgoing wave at the frequency
of the second harmonic exhibits extraordinary polarization. The circle in
Figure A2 represents the cross section of the refractive-index sphere ng(w)
for an ordinary wave at the pump frequency w and accordingly, ng is inde-
pendent of the direction of propagation of the wave. The ellipse is the cross
section of the refractive-index ellipsoid n.(2w) for an extraordinary wave at
the frequency of the second harmonic 2w, which is dependent on the direction
of propagation of the wave. Phase-matching is achieved when ng(w)=n.(2w),
corresponding to an angle € with respect to the optical axis of the crystal.
By tuning the crystal orientation relative to the incoming beam, the optimal
efficiency of SHG can be achieved. The SHG intensity grows as a function of
the length L of the nonlinear medium, as long as it remains much less than

the pump intensity. The entire pump energy can be transferred to the SHG
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and as the pump field becomes depleted, the SHG field is saturated. Due to
fact that the waves travel with different velocities through the crystal (walk-
off between pump and SHG), group velocity mismatch becomes apparent
when the length of the crystals exceeds this walk-off, which is dependent on
the pulse width of the pump field. When L is a lot larger than the walk-off,
the SHG pulse width scales linearly with the the length of the crystal and

becomes independent of the pump pulse width.
Noncollinear Optical Parametric Amplifier (nc-OPA)

VS == ===

W,

GS

Figure A3: Schematic representation of the optical parametric amplifica-
tion. GS=ground state, VS=virtual state

The OPA process allows for the amplification of a seed beam by overlapping it
with a strong pump field within a nonlinear crystal in order to create specific
wavelengths at adequate intensities. In a general picture (see Figure A3),
a pump pulse excites the crystal into a virtual level and the instantaneous
decay back to the ground state results in two beams of lower frequencies
with the requirement w; = wy + w3. A weak input field referred to as signal
field wy becomes amplified by a nonlinear interaction with a powerful pump
field wy. Additionally, an idler wave ws with complementary wavelength is
created, according to conservation of energy. In OPA, the signal and idler
photons usually travel collinearly through a nonlinear optical crystal and
phase-matching is required for the process to work well. Since the refractive
indices of signal and idler are different, the phase-matching condition cannot

be achieved by the crystal angle only. Noncollinear OPAs (nc-OPAs) have
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been developed to have an additional degree of freedom and phase-matching
is also determined by the angle between the two beams.[T0-73] Optimal am-
plification is achieved when Ak is close to zero and group velocity mismatch
is minimal. This process allows for ultrashort pulses to be amplified at high
intensities and is of particular significance as it offers the possibility to gen-
erate intense coherent radiation in the infrared range. Signal and idler can
cover a wide wavelength range and thus they find application as pump and

probe beams in time-resolved techniques.

idler
seed /

i

BBO

signal

pump

Figure A4: Schematic representation of the nc-OPA process using a BBO
crystal. The pump beam has a specific angle with respect to the seed beam,
which is a white light continuum. The direction of the signal beam is de-
termined by the seed-pulse. If the signal beam is generated in the visible
spectral range using a 400 nm pump pulse, the respective idler beam is in
the infrared region in order to fulfill energy conservation.

As shown in Figure A4, the pump field is superimposed by a seed field in
the BBO crystal and thus, the seed gets amplified. Within this work, a white
light continuum is used as seed field in order to generate broadband pulses.
After passing the BBO crystal of the nc-OPA| the created beam is lengthened
and possesses a positive (red precedes blue wavelengths) chirp, that is mostly
linear due to the white light. Linear chirp can be compensated by means of
a prism compressor, reducing the pulse length to its original. This is based
on the fact that angular dispersion introduces negative chirp, hence it can
compensate for positive chirp. The beam travels in total four times through
the material, to eliminate all other spatio-temporal distortions (see Figure
A5). Within this work, a two-prism compressor was used with a mirror, which

sends the beam exactly the same way back in order to simplify the alignment.
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The chirp of a special wavelength can be compensated by moving the prism
into or out of the beam, i.e. introducing more or less glass. Additionally, the
distance between the two prisms can be changed. Higher order chirp cannot
be compensated by a prism compressor and more sophisticated methods are

required involving, for example spatial light modulators.

N

—
| 1

Figure A5: Principle of a prism compressor to compensate positive chirp.
In total, the beam has to travel four times through the prisms to compensate
all distortions. Please note that within this study, a two prism-compressor in

combination with a mirror is used.

Cross-Phase Modulation (XPM)

XPM is a third-order nonlinear process and a result of an optical interac-
tion of at least two physically distinguishable light pulses with, for example
different frequencies. This effect is based on the fact that one pulse (probe
pulse) experiences a phase modulation due to the change in the refractive
index n of a material induced by an intensive second pulse (pump pulse).
The cross-action of the pump with w; on a probe pulse with wy leads to a
nonlinear phase shift of the latter. This phase shift causes a frequency shift
of the probe pulse. The leading edge shifts to lower frequencies while the
trailing edge shifts to higher frequencies as a function of the change in pump
intensity. This effect is similar to self-phase modulation, where the change
of the refractive index is induced by the beam itself as a result of the optical
Kerr effect (as the pump beam in XPM). The generated frequencies broaden
the spectrum leading to higher spectral bandwidths, which is the key con-

dition for the generation of a supercontinuum. In experiments dispersion
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effects appear, which means that not all of the wavelengths have the same
velocity while traveling through a medium. In glass substrates, for example,
the lower frequencies have a higher velocity than the counterparts of higher
energy referred to as positive chirp. The front of the pulse moves faster than
the back and accordingly the spectrum is broadened in time. XPM becomes
higher with increasing chirp of the probe pulse, which is manifested in the

large coherent spike in the transient absorption data.
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