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Abstract

Excited state dynamics of organic materials were studied using time-resolved spectroscopic
techniques. The processes involved, such as charge separation (CS), charge recombination
(CR) and singlet fission (SF) play a key role in developing and improving organic electronics
such as light-harvesting devices. To study the impact of the relative orientation of organic
chromophores on singlet fission (SF), substituted pentacene (PEN) was used as linker in a
surface-anchored metal-organic framework (SURMOF). This allowed to arrange the PEN
molecules in a slip-stacked configuration. It was found, that the SF dynamics were altered
appreciably. The SF rate was slowed down by almost two orders of magnitude and the
triplet life time was increased by more than three orders of magnitude. Furthermore, CS
and CR dynamics were investigated in a porphyrin-based SURMOF, incorporating Cg in
the pores. The CS occurred via a direct pathway without the population of the porphyrin
triplet state. The CS was found to be very fast with a time constant of ~300fs and the CR
took place with time constants between 200 and 400 ps. CS and SF were further investigated
in bilayers of PEN with strong acceptors. In the ground state, formation of ion-pairs as
well as the formation of charge transfer complexes were observed. The SF dynamics in PEN
were only marginally slowed down to 158-222fs. Within a few dozens of picoseconds, CS at
the interface between PEN and the acceptor layer was identified by observation of a shift in
optical absorption due to the Stark effect. Lastly, second-order non-linear optical properties
of chiral cage compounds were investigated. Second-harmonic generation rotatory dispersion
experiments reveal a rotation over 20°. The explanation of the data obtained regarding the
interaction with circularly polarised light required magnetic dipole contributions.



Zusammenfassung

Die Dynamik angeregter Zustande organischer Materialien wurde mit zeitaufgelosten spek-
troskopischen Methoden untersucht. Die beteiligten Prozesse wie Ladungstrennung, Ladungs-
re kombination und Singulett-Spaltung (engl.: SF') spielen eine Schliisselrolle bei der Entwick-
lung und Verbesserung organischer Elektronik, z.B. von Solarzellen. Um die Auswirkungen
der relativen Ausrichtung organischer Chromophore auf den SF Prozess zu untersuchen,
wurde substituiertes Pentacen (PEN) als Linker in einem oberflaichenverankerten metal-
lorganischen Gertist (engl.: SURMOF) verwendet. Dies erméglichte die Anordnung der
Pentacenmolekiile in einer parallel, versetzten Orientierung. Es wurde festgestellt, dass
dies die SF-Dynamik mafigeblich beeinflusst. Die SF-Rate wurde um fast zwei Groflenord-
nungen verlangsamt, wéhrend die Triplett-Lebensdauer um mehr als drei Gréfenordnun-
gen zunahm. Weiterhin wurde die Dynamik der Ladungstrennung und der Rekombination
in einem Porphyrin-basierten SURMOF untersucht, wobei der Akzeptor Cgy in die Poren
eingeschlossen wurde. Die Ladungstrennung erfolgt iiber einen direkten Weg ohne Beteili-
gung des Porphyrin-Triplettzustands. Es wurde eine schnelle Ladungstrennung mit einer
Zeitkonstante von ~300fs gefunden. Die Ladungsrekombination findet mit Zeitkonstanten
zwischen 200 und 400 ps statt. Des Weiteren wurden Ladungstrennung und SF in Bilagen
aus PEN mit starken Akzeptoren untersucht. Im Grundzustand wurden sowohl die Bil-
dung von Ionenpaaren als auch von Ladungstransferkomplexen beobachtet. Die SF Zeitkon-
stante in PEN wurde nur geringfiigig auf 158-222 fs verlangsamt. Innerhalb einiger Dutzend
Pikosekunden wurde die Ladungstrennung an der Grenzflache zwischen PEN und der Akzep-
torschicht beobachtet, was durch eine Verschiebung der optischen Absorption aufgrund des
Stark-Effekts identifiziert werden konnte. Ferner wurden die nichtlinearen optischen Eigen-
schaften zweiter Ordnung chiraler Kafigverbindungen untersucht. Experimente zur rota-
torischen Dispersion zeigten eine Rotation von mehr als 20°. Die Erklarung der erhaltenen
Daten bzgl. der Interaktion mit zirkular polarisiertem Licht erforderte die Beteiligung von
magnetischen Dipolbeitragen.
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2 Introduction

The research in organic semiconductors (OSC) has made great advances in the last few
decades. Since the 21st century, organic electronic devices have found their way into our
daily lives. The first commercial use was by organic light-emitting diodes (OLED) in 2002
for a display panel [1] and the first working OLED was already produced in 1987 by Tang
and Slyke [2].

Today OSCs are used in OLEDs for displays, and solar cells and organic field effect
transistors (OFET) are on their best way to commercialisation. There is such a great interest
in OSC as they promise a variety of outstanding benefits, such as mechanical flexibility,
printable and low-cost electronics [3]. As the functionality of the materials can be adjusted
by chemical modification, they open up a huge space of applications. Moreover, many OSC
materials exhibit better bio-compatibility for utilisation in life, health and bio-sciences [4].

A field that is today more pressing than ever is the design of efficient light harvesting sys-
tems. Organic photovoltaics (OPV) have been improved immensely and single junction solar
cells surpass power conversion efficiencies of 20% [5]. In comparison to that the best perform-
ing silicon based solar cell has a conversion efficiency of 26.7% [6]. Of course, transferring
the results for OPVs away from laboratory conditions is still challenging. The large scaled
fabrication and lifetime of the devices need to be improved further. For the systems there
exists a theoretical maximum: the Shockley-Queisser limit [7]. It depends on the band-gap
and for silicon it amounts to ~ 33% [7]. The underlying argument for the existence of such
a limit is easily understood. Any photon with lower energy than the band-gap does not get
absorbed and photons with higher energy lead to thermal losses while the created excitons
relax to the conductance band edge.

An interesting mechanism that can improve the efficiency of OPV systems is called singlet
fission (SF). In this process, a high-energy singlet exciton is converted into two lower-energy
excitons. These states with lower energy are triplets that are spin coupled to have an overall
spin multiplicity of m = 1, i.e. the coupled state is still a singlet state. Thus this process is
spin allowed and can be very fast. For pentacene which is a model system to study SF and
also studied in this thesis, SF' can be on a time scale of 100fs. The benefit from that process
is, that it creates two excitons and hence potentially four charge carriers. Combining it in
an energetically suitable alignment with the semiconductor of a solar cell can reduce thermal
losses drastically, with a theoretical limit of 44% [8]. Although the fields of application for
organic and inorganic semiconductor materials coincide in many cases there are essential
differences in the basic working principles.

OSC materials can be divided into polymers and small-molecule OSCs. Both have in
common, that their conductivity results from delocalised electrons arising from bond conju-
gation in the chemical structure, which describes alternating single and double bonds between
carbon atoms [4]. Through hybridisation molecular orbitals (¢ and 7) form, and the system
of alternating bonds is called m-conjugated system.

Moreover, OSCs often exhibit less order than the crystalline inorganic semiconductors.
This is due to the type of interactions in the material. The intramolecular forces are strong,
as these are covalent bonds, but the relative order of the molecules is mostly determined
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by weak van der Waals interactions. This greatly impacts the optical and especially their
electronic properties. Inorganic semiconductors exhibit a conduction and valence band with
a clearly defined band gap. Organic semiconductors show discrete molecular energy levels
since the weak interactions do not allow for a wide electronic delocalisation. The difference
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) serves as an analogue to the band gap. Overcoming this energy barrier
creates electron-hole pairs called excitons. Regarding the case of OSCs, excitons have greater
binding energy due to a low dielectric constant and the electron and hole are located on the
same molecules. After exciton dissociation, as a first step to charge separation, the electron-
hole pair resides on neighbouring molecules, which is called a charge transfer (CT) exciton.
The separation of electron-hole pairs into free charge carriers is an intensively studied field,
especially due to its relevance for OPV performance. To study the underlying mechanisms,
time-resolved spectroscopic techniques such as transient absorption (TA) and second har-
monic generation (SHG) are employed. This allows for the observation of exciton dynamics
from the microsecond down to the femtosecond time scale.

The subject of this thesis is to investigate the exciton dynamics, charge separation and
SF' in small-molecule semiconducting materials. As pointed out, aside from the chemical
structure, the relative molecular arrangement has a striking impact on many properties. One
aspect covered, is molecules that are integrated in a well defined structure. This is achieved
with surface anchored metal-organic frameworks (SURMOF). These systems provide a grid-
like structure of metal atoms that are connected with functionalised organic linkers. With
this approach highly structured systems are produced and the impact of the geometry on the
excited state dynamics can be studied. This includes dynamics of charge separation as well
as SF dynamics that have been significantly altered in the SURMOF structure compared to
their native thin film structure. Specifically, SURMOFs using pentacene as the organic linker
were found to yield an exceptional prolonging of triplet exciton lifetime. The SF process is
slowed down in turn, but only marginally. A second system used a porphyrin based linker in
the SURMOF, while the pores could be packed with fullerene (Cgp). The charge separation
and recombination dynamics could be analysed. Another aspect of optimizing OSC materials
is doping. For inorganic semiconductors this is a well established process that is understood
theoretically and the experimental methods to dope conventional materials like silicon or
gallium arsenide are optimized to a high degree. In organic semiconductors introducing
electron donors and acceptors is not only used to alter the charge carrier concentration, but
it is essential for charge separation, as the excitons are stronger bound in OSCs. It is also
called molecular doping as the dopants are organic molecules. In some cases unexpectedly
high concentrations were needed for effective doping, which was explained by the generation
of charge transfer complexes (CTC). A CTC is a new molecular electronic state that arise
from hybridisation of molecular orbitals. CTCs do not increases the charge carrier density
directly, but the energy gap of the newly hybridised orbitals is smaller. The CTC can be
ionized more easily to yield charge carriers in the OSC [9]. Pentacene together with the
acceptor F4-TCNQ is a system believed to be at the border of creating ion-pairs or CTCs.
This system was revisited by studying blends of this donor/acceptor system [10]. Here,
this investigation was extended by examining the properties in bilayers of F4-TCNQ and a



stronger acceptor F6-TCNNQ with PEN. The fs-TA the SF dynamics could be characterised,
as well as the CS in the PEN/F4-TCNQ bilayers. The charges create a static electric field at
the interface that induce a shift if the optical absorption that is identified in the TA spectra.

A topic which certainly has not reached public attention (yet), are the non-linear proper-
ties of organic molecules. Due to their electronic structure, the optical properties often have
greater non-linear contributions than inorganic solids [11]. Possible applications include opti-
cal gates for computing, two-photon absorption for 3D-printing or optical limiting [11, 12, 13].
Laser systems producing beams with high intensity electric fields are necessary to go beyond
the linear regime and probe the materials. Here, the existing setup for SHG was extended to
investigate the non-linear response of chiral molecules. The SHG analogue to optical rotatory
dispersion (SHG-ORD) yielded a rotation of linear polarised light by an angle (24.154+0.15)°
and (—22.43 + 0.31)° for the different enantiomers, with respect to the fundamental beam.
By studying the interaction of chiral molecules with circular and elliptically polarised light,
it is possible the draw conclusions about the second-order susceptibilities of the material. It
could be demonstrated that magnetic-dipole interactions need to be assumed to fit the data.

Outline The fundamental principles to describe organic molecular systems are treated in
chapter 3. This is followed by the theoretical background to understand the experimental
techniques with a focus on transient absorption and second harmonic generation. The ex-
perimental setups are described and characterised in chapter 4. The results are discussed
starting with the description of SF dynamics in a pentacene based SURMOF in chapter
5. The systems is further investigated by theory including steady state as well as time de-
pendent calculations based on density functional theory (DFT). Chapter 6 starts with an
introduction to the broad field of porphyrin and fulleren based systems. Subsequently, TA
measurements are presented and the charge separation dynamics are discussed. Chapter
7 revisits the systems pentacene with dopants F4-TCNQ and F6-TCNNQ with a focus on
the bilayer structure to elucidate the formation of CT complexes or ion pair formation. In
Chapter 8 the extension to the laboratory setup for non-linear optics is presented with first
results on chiral cage compounds. Finally, chapter 9 gives a summary of the work presented
in this thesis.
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3 Theoretical Background

This chapter covers fundamentals of the electronic structure of organic molecules and solids.
Furthermore, processes in organic semiconductor materials, especially after optical excitation
are discussed in section 3.1.1. The process of singlet fission is the subject of a separate
paragraph. The theoretical basis for the experimental methods of transient absorption and
SHG are explained in section 3.3.1 and 3.3.2.

3.1 Organic semiconductors

Organic molecules are based on carbon. This usually includes compounds with the elements
hydrogen, oxygen, nitrogen, sulphur and halogens. Why some organic compounds have a
high electrical conductivity and how this can be specifically increased has once again become
the focus of scientific attention in recent decades and continues to be the subject of current
research. We want to recapitulate how molecular bonds can be described. The bond between
atoms in molecules can be described using the molecular orbital (MO) theory. MOs are
represented by linear combinations of suitable basis functions. A good choice can be, for
example, the unperturbed atomic orbitals (AO). This approach describes the LCAO theory
(Linear Combination of Atomic Orbitals) [14, 15].

A schematic representation of these linear combinations of AOs and the resulting MOs is
shown in Fig.3.1 a) to ¢). A distinction is made between o-type MOs and 7-type orbitals.
From Fig.3.1 a) and b) one could conclude that & MOs are formed from s AOs and m MOs
from p AOs. However, the decisive factor is that o-type MOs have a rotational symmetry
with respect to the connecting axis of the molecules. In contrast, m-type MOs consist of a
combination of AOs that are perpendicular to this molecular axis or at least have a node
in a plane that contains the molecular axis. This means that the m-type MO also has an
electron density that is lateral to the axis. Most m-type MOs are based on p and d orbitals.
As shown in Fig.3.1 ¢), a o bond is also formed by a linear combination of hybridised AOs,
here e.g. from sp™, which in turn are a linear combination of the unperturbed AOs. For both
types of bonds, there is an antibonding orbital ¢* or 7* and a bonding orbital ¢ or 7. Under
simplifying assumptions, the energy of the orbitals can be estimated by:

Haa + Hab
- 1+£S 1)

Here, S = [ ¢:dpdV is the overlap integral of the AOs ¢, of atom a and b, Hy, = [ ¢2H o,
and Hy, = [ ¢=H¢y is the exchange integral [15].

It can be seen that the amount of decrease in the energy of the binding orbital is equal
to the gain in energy of the antibonding orbital if the overlap integral is small S << 1. As
p orbitals of two atoms tend to have a smaller overlap, it should also be apparent that the
energy splitting of ¢ MOs is greater than of m MOs, as illustrated in Fig.3.1. The arrows in
the figures indicate the spins of the electrons that occupy the orbitals. Occupation of binding
o or m MOs lead to a lower total energy compared to occupying the individual AOs. This
bond is therefore stabilising, meaning that molecule formation is favoured in principle.

Es,a
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Figure 3.1: Hybridisation to form bonding and antibonding a o-orbitals from atomic s-
orbitals, b m-orbitals from atomic p-orbitals and c o-orbitals from hybridised sp”-orbitals
[16].

In the next step, we want to see how the electronic structure of a solid consisting of organic
molecules can be described. Fig.3.2 illustrates the successive build-up of structure, starting
with one molecule. According to the frontier molecular orbital theory [17], the so-called
frontier orbitals are the most important to describe intermolecular interactions. These are
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). The lower energies (core level) belong to orbitals that can be represented by AOs,
since high inter atomic potentials do not allow the formation of MOs. Fig.3.2 b) and c) show
the formation of energy bands (HOMO/LUMO band) through intermolecular interaction. In
the case of strong interactions, the bands can increase in width (> 0.2eV) and, as in solid-
state physics, are referred to as valence (VB) and conduction bands (CB). The atoms form
covalent bonds within the molecules, but the weak intermolecular - mostly Van der Waals
interaction - is not sufficient to form broad bands. Furthermore, in organic materials, the
degree of crystallinity is often lowered by structural imperfections or mixing with amorphous
regions. Then, the electronic structure remains similar to that of the molecule and HOMO
and LUMO levels are of interest instead of VB and CB. For charge transport this means
that the band model can only be applied to a limited extent and other theories must be
used instead, such as the hopping mechanism [18, 19]. Here, the reorganisation energy is
an important parameter that describes the energy difference that the molecule experiences
during charge transfer. This energy difference is due to the conformational change of the
molecule [19, 20].

Before the charges are transported, they must be generated. In inorganic semiconductors
such as silicon, for example, a Wannier-Mott exciton is created by the incidence of light. An
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Figure 3.2: Electronic structure of a a single molecule and a solid with weak b and strong c
intermolecular interaction. VI: vacuum level, VB: valence band, CB: conduction band [3].

exciton describes a bound electron-hole pair. Excitons can be categorised depending on their
binding energy and localisation [4, 21, 22]:

1. Wannier-Mott exciton: The electron-hole pair is only weakly bound, since the elec-
trical permittivity e is high in inorganic semiconductors and the associated Coulomb
force I ~ 1/e between electron and hole is low (charge screening). Typically, the
binding energy is of the order of Eg ~ 0.01eV, so that the thermal energy at room
temperature Fy, ~ 0.025eV is sufficient to separate electron and hole. Wannier-Mott
excitons are more strongly delocalised (e-h distance 10nm for Ep = 4meV in germa-
nium), which means that the electron and hole are usually not on the same lattice
site.

2. Frenkel exciton: The electron-hole pair is strongly bound with Eg ~ 1eV or greater
and accordingly strongly localised. In molecular solids, the Frenkel excitons are often
localised on the same molecule. They can be easily identified with optical absorption
measurements, as they differ greatly in energy from the transition between VB and LB.

3. Chrage transfer (CT) exciton: CT excitons have a binding energy between Frenkel
and Wannier-Mott excitons. The electron-hole pair is located on neighbouring molecules.
They play a special role in organic electronics and often occur at interfaces between
organic semiconductors. They are often referred to as charge transfer states. CT states
are usually not observed in optical spectra as their absorption is weak and their energy
is close to the Sp— S, transition [23].

As previously mentioned, in inorganic semiconductors, the energy at room temperature is
sufficient to separate Wannier-Mott excitons and generate free electrons and holes, which can
then migrate to electrodes. This is not the case with the binding energies of Frenkel and CT
excitons and a further driving force is required to separate the charges. This is achieved with
a donor-acceptor structure, with suitable energy levels of the frontier orbitals, as shown in
Fig.3.3 a). Here, an electron is transferred from the LUMO of the donor (D) to the LUMO of
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the acceptor (A). The transfer is driven by the energy difference AE between D-LUMO and
A-LUMO as described in the Marcus theory [19, 20]. The dissociation at the D/A interface
appears to be analogous to the p-n transition in inorganic semiconductors, as shown in Fig.3.3
c¢). However, the D/A interface is usually mandatory to cause charge separation at all, which
occurs in inorganic semiconductors even without the p-n junction. However, the p-n junction
is important to avoid charge recombination. In both cases, therefore, only the boundary layer
is significantly involved in charge carrier generation. Moreover, it is important that electron
transfer takes place faster than competing processes.

a D/A interface b D/A interface c

Donor Donor ?__ CIC,
Acceptor ®

p-doped n-doped

Accenptor

Figure 3.3: Ilustration of a,b a donor/acceptor interface with different electron affinities
(Ega). p-n junction of a doped inorganic semiconductor. Ep: Fermi-level [21, 24]

3.1.1 Excited state dynamics

This section provides an overview of the processes that can occur after the absorption of
a photon in addition to charge carrier generation. This is usually illustrated in Jablonski
diagrams (after Aleksander Jabloriski) as shown in Fig.3.4. Here, the vertical solid lines
describe the absorption or emission of a photon. The Born-Oppenheimer (BO) approximation
is used to describe these processes theoretically. This involves the assumption that, due to
the large mass difference between atomic nuclei and electrons, their state functions can be
separated [15]. The BO approximation forms the basis for the Franck-Condon principle,
according to which the transition probability from the initial state (| to the final state |¢')
is calculated from

P o) = [wtndr. [wrvar, [ oo, )

The indices e, n, s show that the functions depend on electronic, atomic or spin coordinates
and p. is the sum of the electronic dipole contributions. From this, basic rules for radiative
transitions can be derived. Transitions that follow these rules are called dipole allowed. Other
selection rules apply to quadrupole transitions that can play a role at higher light intensities,
e.g. in SHG experiments [25].
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The first factor is the transition dipole moment and describes the transition of the elec-
tronic states. In addition to a spatial overlap of the functions 1. and ., they must have
different parity, since u. has negative parity, i.e. behaves like ., — —p. under the spatial
reflection 7 — —7. Otherwise the integral will vanish.

The second term describes the overlap of the vibrational states. Usually, molecules in the
electronic ground state are also in the lowest vibrational state, since the energy differences
between vibrational states are of the order of 100-400 meV, i.e. they are not excited by
the thermal energy at room temperature. Assuming that the atomic nuclei do not change
their coordinates during the radiative transition (BO approximation), transitions to higher
vibrational states 0 — n (e.g n = 1,2, 3) are usually more likely than 0 — 0.

The third term provides the spin selection rules under the dipole approximation. Accord-
ing to this, only transitions without changing the spin AS = 0 can take place. This means
that absorptions from the ground state lead almost exclusively to higher singlet states. Sim-
ilarly, fluorescence is the spin-allowed radiative transition back to the ground state from
higher singlet states. This occurs within approx. 107 to 107%. The fact that the spin
selection rule can be violated is observed by phosphorescence, which describes the radiative
transition from triplet states T; — Sy to the singlet ground state. Since this transition is
dipole forbidden, it happens on long time scales, typically 107 to 20s [22].

After absorption into higher excited states S, (n > 1), a radiationless transition to the
state S; usually follows within picoseconds. This entails transferring energy to vibrations,
which ultimately means heat is produced. This process is called internal conversion (IC).
The spin state is not affected in this process. A transition between the spin manifolds is
called intersystem crossing (ISC). ISC is based on the spin-orbit coupling, i.e. interaction of
the electron spin with the magnetic field generated by the current of the electron around the
nucleus. This increases with the nuclear charge number, consequently the ISC rate increases
with the atomic number. This can be observed well in porphyrins with and without a central
metal atom, for example. In the case of tetraphenylporphyrin, the ISC rate increases from
1/12ns to 1/2ns [26, 27].

In addition to intramolecular processes, interactions with other molecules are possible as
well. Triplet-triplet annihilation (TTA) should be mentioned here in particular. This process
can be described by the reaction mechanisms T; +T; — So + T, with subsequent IC to Ty
and Ty + Ty — Sg + S, with subsequent IC to S;. In both cases, this leads to a reduction
in the number of excitons in the Ty state. The TTA can be described by

) i) - ®)

where kr is the rate of mono-molecular decay and ~ describes the bi-molecular annihila-
tion process. This non-linear relationship makes it possible to draw conclusions about this
process in experiments with different excitation densities. In addition, the so-called delayed
fluorescence can be observed, which can be attributed to the fluorescence of the resulting sin-
glet after TTA. Similarly, singlet-singlet annihilation (SSA) involves the fusion of two singlet
excitons S;+S; — Sg + S,, which also leads to reduced fluorescence.
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Figure 3.4: Jablonski Diagram depicting possible electronic states and transitions between
them. VR: vibrational relaxation, IC: internal conversion, ISC: intersystem crossing [21].

Singlet Fission Since SF is an integral part in the systems investigated, a more in depth
view is presented here. An overview of the mechanism will be given and the principle ideas
for implementation in solar cell devices to enhance the efficiency will be discussed. As this is
however and extensive and active field of research, further literature is given for a compre-
hensive picture [28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39].

SF describes the process where a singlet exciton is converted into two lower-energy triplet
excitons. In contrast to ISC discussed before, this is not a spin forbidden transition, since
an excited pair of spin-correlated triplets is created that have an overall spin multiplicity
of m = 1. Therefore SF can be much faster than ISC. For the mechanism the following
criteria are crucial: (1) energy level matching at the single molecular level: Eg, > 2FEp and
Er, > 2Ep [40], which ensures that the splitting of a singlet excitation into two triplets
is thermodynamically feasible, while triplet-triplet annihilation (TTA) is not; (2) strong
electronic coupling [37] and (3) the spin-correlated triplet pair !(T;T;) should efficiently
separate into two independent triplets T}.

The energetic criterion is not strict in the sense that exothermic and endothermic SF exist
as well, where energy AF is given to or taken from the evironment. The energy differences
range between AE ~ 4+300meV. Exothermic SF is substantially faster because it does
not need to get thermally activated, however energy is lost that would contribute to the
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device efficieny. Prototypical examples for exothermic and endothermic SF are pentacene
and tetracene with SF rate constants of ~ 100fs (AE = —110meV) and ~ 145ps (AE =
+188 meV), respectively [41, 42, 43].

The most common and agreed on description for pentacene to date is as follows [32, 44, 45]:

(5051) s vy B vy -y 2 o (4)

Here, ™(TT) specifies triplets on adjacent chromophores both in an excited triplet state.
The four electrons involved in this picture spin-couple to have a multiplicity of m = 1,3 or 5.
The spin-coupled state must retain spin multiplicity m=1 initial to the generation of the
triplet pair to ensure conservation of angular momentum. (SyS;) indicates a singlet excitation
on one of the two chromophores, (T, ---T) describes a spin-coupled triplet pair that is
spatially separated and has lost electronic coherence, and 2T, are two uncoupled triplet
excitons. The rate of the first step — the triplet-pair generation — is extremely fast with 70-
100 fs in PEN thin films [41]. The second and third steps are more elusive and an unambiguous
assignment of kinetic rates is difficult. Some studies report the rate of the second step on
the ps-ns time scale for PEN derivatives [44, 46]. Spatially separated triplet excitons have
been reported to give a different photo-induced absorption (PIA) [44, 47]. In the end two
uncorrelated triplets are created. The overall lifetime of the triplets in PEN thin films is
more well-founded with a few nanoseconds [48].

The first step that creates the coupled triplet !(TT) is studied extensively both experimen-
tally and theoretically. The general assumption is, that there are three possible pathways as
shown in Fig.3.5. A charge transfer (CT) state can participate in a direct or indirect manner
and a direct transition can take place.

The direct mechanism is determined by the coupling of the '(TT) and the S;S, states,
which tends to be small [39]. Therefore, it is most often the case in competitive SF, that a CT
state is involved. If the energy is of the CT state is higher than that of S;Sg, the CT state can
interact as virtual state via the so-called super-exchange mechanism, which can accelerate
the reaction. If the energy is lower than S;Sy, CT states can act as real intermediates. This
would in include an electron transfer to form the CT state and a back electron transfer to
form 1(TT). In contrast, it is also possible that strongly stabilized CT states may interfere
as trap states and inhibit '(TT) formation [49].

There is emerging consensus on the mediated mechanism with a varying degree of CT
character [35, 49].

Recent publications indicate that prior to the emergence of free triplets, quintet states
°(TT) are populated [33, 50, 51, 52, 53] Lubert-Perquel et al.[51] proposed that a paral-
lel orientation of the chromophores favours the formation of quintets and ultimately free
decorrelated triplets. In addition, the displacement along the long molecular axis Az in
a slip-stacked configuration is also of crucial importance. Pensack et al.[54] reported that
without a displacement, i.e. Az = 0 the triplet quantum yield (TQY) is almost zero.

As pointed out in the introduction to this thesis, SF is particular interesting since it
promises to increase the efficiency of photovoltaic devices up to 44% which surpasses the
Shockley-Queisser limit [7, 8]. The efficiency of a solar cell could thus be enhanced if the
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Figure 3.5: Illustration of CT mediated and direct SF. CT: Charge transfer [31].

triplet energy level of the SF material is comparable to the semiconductor band gap, provided
that the energy can be transferred. Harnessing this process, high-energy photons can be
utilized whose energy would otherwise be lost in dissipative processes. The basic idea how to
use the SF material in solar cells is as follows [35]: Assuming the SF material had the same
band gap F, as the ordinary semiconductor, the charges and hence the generated current
would be twice as much, but at the same time the potential is lowered by half. With that
the provided power P = UI would maximally be the same as in the ordinary semiconductor.
If however, the band gap is approximately twice as big and therefore the triplet state energy
is aligned with the CB of the semiconductor, any photon with higher energies than £, (of
the SF material) can get absorbed an produce two triplet excitons. These excitons would
then need to be transferred to the ordinary semiconductor of the solar cell. Thus high-energy
photons can be used, which would otherwise dissipate heat. For commercialisability it is
therefore beneficial to design SF materials with twice the band gap of typical semiconductors
used for photovoltaic applications as silicon (1.1eV), cadmium telluride (1.5eV) or copper
indium gallium (di)selenide (1 — 1.7¢V) [35]

Fast SF is in general desired, since it needs to out compete other decay mechanisms.
Therefore, ideal time-scales are on the picosecond to femtosecond time scale. In addition
to a fast SF and high TQY, a long lifetime of the generated triplets and a high diffusion
coefficient is of great importance, since it increases the probability of harvesting the charge
carriers.
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Figure 3.6: a Front and side view of the structure of SURMOF's build from subunits and
organic linkers. The surface functionalisation is not shown. b Molecular structure of the
paddle-wheel subunit. Grey: carbon, red: oxygen, blue: zinc

3.2 Metal-Organic Frameworks

As metal-organic frameworks (MOFSs) are investigated in two projects of the thesis, a brief
general overview will be given here. The specific samples are then described in more detail
in the corresponding section.

MOFs form nano porous crystalline structures as shown in Fig.3.6 a). Here, metal or
metal-oxo clusters form the vertices, which are connected to each other by linkers. The
linkers are organic molecules that have been functionalised with coupling groups, such as
carboxylic acid groups. These form a coordinative bond with the metal atoms, see Fig.3.6
b). There are different structures of metal clusters at the nodes. The tetragonal paddle wheel
unit as shown is relevant to this thesis. The metal atoms used are often Cu or Zn, but there
is almost no limit to the choice of organic molecules, so that an enormous number of systems
have already been fabricated. In 2017, 70,000 structures had already been characterised
[55] and the possibilities are almost unlimited. The areas of application are therefore also
wide-ranging: gas storage, gas separation [56, 57, 58|, catalysis, data storage, electronic
conductivity, drug delivery [59] and optical applications [60].

The surface mounted metal-organic frame works (SURMOF) investigated in the thesis are
deposited on a functionalised surface. This surface can be functionalised e.g. by deposition
of self-assembled monolayers (SAM), which serve as nucleation seed for the following layers
of the MOF [61]. The SURMOFs have several advantages. They form a thin film and not a
powder, so they are better suited for the investigation of optical properties as they scatter
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less. Furthermore, the connection to the surface is suitable for attaching electrical contacts
and thus investigating electrical properties such as conductivity [62].

3.3 Ultrafast time-resolved spectroscopy

The theoretical foundation for lasers was established by Albert Einstein in 1916, who de-
scribed stimulated emission. Another 44 years had to pass before the first laser was realised.
However, the precursor of today’s transient absorption was actually developed as early as
1950 [63]. A flash tube provides a short light pulse, which ultimately made it possible to
achieve a temporal resolution of around 50 us. Around 1965, the first mode-locked lasers were
developed, which made it possible to generate laser pulses from a continuous beam. Today,
the shortest pulses are in the range of 40-50 attoseconds [64].

Time-resolved measurement can be realised by taking snapshots at specific points in time.
In the light of time-resolved spectroscopy, these snapshots are realised using ultrashort laser
pulses. In concrete terms, this means that a laser pulse interacts with the sample and is then
detected. This laser pulse is called probe. Another laser pulse, called pump, is used to excite
the sample. With that a pump-probe experiment is designed. The time offset between pump
and probe indicates the time after excitation of the sample.

How good the temporal resolution of the experiment is, depends largely on the width of
the laser pulses used. But how do you determine the length of the pulse? In principle, this
is easy, as we have just discussed: Once again, short snapshots are needed to scan the laser
pulse. However, the pulses to be measured are the shortest time intervals accessible to us.
The solution is to use the pulse itself to measure it. This method is called autocorrelation.
The principle will be briefly explained here, as the pulse width was determined daily before
the TR-SHG measurement, as the pulse width can vary during manual adjustment of the
various optical devices.

Fig.3.7 a) shows a schematic of an autocorrelator. The incoming beam is split into
two beams at a beam splitter, one of which is guided via a delay stage. Both beams then
meet in a non-linear crystal. When the two beams are superimposed, photons of twice the
frequency are produced by SHG. In the non-collinear arrangement shown, the frequency-
doubled beam can be detected in isolation; the measurement is therefore background-free.
A typical measurement signal is shown in Fig.3.7 b). Mathematically this represents the
convolution of the two pulses. This poses a problem for the exact determination of the pulse
width, as not all information is obtained during the measurement in order to reconstruct
the original pulse. For example, the asymmetrical pulse in 3.7 ¢) results in a symmetrical
autocorrelation again. However, in our experimental setup, we can approximately assume a
Gaussian pulse In this case, the pulse width At results from

_ FWHM
=—

with the full width half at half maximum (FWHM) of the auto-correlated signal.

At (5)
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Figure 3.7: a Schematic setup of a non-collinear autocorrelator. The incoming beam is a
pulsed laser beam. In the non-linear crystal the blue beam is created by SHG. b Exemplary
gaussian pulse and its autocorrelation. ¢ An asymmetric pulse represented by a skewed
gaussian. Note that the autocorrelation is symmetric again.

3.3.1 Transient absorption

TA is a pump-probe experiment as described above. The probe beam is a white light super-
continuum, which means that the spectral width is extremely broad, typically a few hundred
nanometres. The detected signal is the difference in absorbance of the sample after excitation
and the sample in the ground state:

I
AA=—log— (6)
Io
Here I is the detected probe intensity at a specific delay time between pump and probe.
Iy is the intensity without exciting the sample. This is a simplified equation, since in the
actual setup reference signals are included to account for fluctuations of the incoming beam
intensity.
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The principle processes that contribute to the acquired signal are illustrated in Fig.3.8 a).
For these processes it can be assumed that the probe beam does not influence the population
of the excited states, since it is much weaker than the pump beam.

1. After excitation usually 2-20% [65] are excited. This means that the absorption from
the ground state reduces accordingly, as long as the chromophore is in the excited state.
Therefore, the Ground State Bleach (GSB) gives rise to a negative contribution in the
difference absorption spectrum, as the transmission is increased. The GSB can easily
be identified by comparison to the steady-state absorption [21].

2. A second negative contribution arises from Stimulated Emission (SE). The excited
states can be depopulated by interaction with the photons of the probe beam. In
contrast to spontaneous emission, SE is coherent to the photon of the probe beam.
Specifically, it travels always in the same direction, and hence will be detected as well.
These additional photons give rise to a negative signal. They can be identified by
comparison to photoluminescence spectra and they are located in the red, i.e. at lower
energies as the GSB [21].

3. If the sample is in an excited state, further transitions can occur from there. This
usually involves the excitation of the S; state to energetically higher states. It is
therefore called excited state absorption (ESA) or photo-induced absorption (PIA).
But in principle, any new state can cause additional absorption. FExamples of this
are triplet states, charge transfer states or isomerised states. This is sometimes listed
separately as product absorption [65]. In both cases, a positive signal is obtained, as
photons of the probe pulse are absorbed in this process.

a b E [eV]
25 24 23 22 21 20 1.9 1.8
Excited State
Ground State  Stimulated Absorption (ESA)
Bleach (GSB) Emission (SE) -
probg\prf !
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Figure 3.8: a Basic processes that contribute to changes in absorption in TA measurements.
Empty and filled circles represent unoccupied and occupied states, respectively. b Exemplary
TA spectra split up by their contributions to the total signal. GSB: ground state bleach, SE:
stimulated emission, ESA: excited state absorption.
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3.3.2 Nonlinear optics

Second harmonic generation (SHG) is a non-linear optical process. Such processes are not
very common in everyday life as they only occur at very high electric field strengths. The
most frequent contact with it is probably when using green laser pointers, in which the
frequency of an Nd:YAG laser is doubled. Shortly after the invention of the laser, Franken
et al.[66] published the first results on SHG in 1961, which could only be realised with an
intense, focused laser beam. The description below is based on the books and publications
by Boyd, Sutherland, Kértner and Miicke [67, 68, 69] as well as previous dissertations in this
group [70, 71, 72]. The following relationship applies in linear optics:

P(t) = cox W E(t) (7)

Here P(t) describes the macroscopic polarisation caused by the electric field E(t). € is the
Vacuum permittivity and xy(!) is the first-order electric susceptibility. Equation (7) describes
the response of a material to an electric field with non-resonant excitation. It is assumed
that the electrons of charge ¢ move away from the atomic nucleus by the distance [ due to
the electric field, creating a dipole. The macroscopic polarisation is then the average over an
ensemble of microscopic dipoles |p] = ¢l = a|E |, with the atomic polarisability . Here, the
restoring force is described by a harmonic potential. For large deflections, however, this no
longer applies and Eq.(7) must be extended:

P(t) = [XVE®) +XPE@)? + xPE®)® + - (8)

The second- and third-order non-linear susceptibilities are x® and x®. Then we de-
note PA(t) = egxP E(t)? as the second-order non-linear polarisation and correspondingly
PO (t) = egx® E(t)? as the third-order non-linear polarisation. With the image of the deflec-
tion of electrons in the atomic potential, one can imagine that the correction terms become
relevant at the latest at a field strength that corresponds to the atomic field strength. This
allows us to make an initial estimate on the values of y® and xy©®. Due to the relationship
between the electrical susceptibility x(! and the refractive index n

n? = (1+x), (9)
we know that for materials with n ~ 1 — 3, x(!) is of the order of 1. With a field strength
E,; = ﬁ at a distance of the Bohr radius ag ~ 0.5 Awe would now expect that

0
(1)
Y@~ — 19410 2m V! (10)
Eat
and
(3) X(l) —24_ 2y7—2

at
In fact, these values are of the right order of magnitude. With the second-order non-linear
polarisation term P®)(t) we can describe some non-linear optical phenomena. If the electric
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field strengths E; (t) and Eg(t) of two laser beams with frequencies wy », which we represent
as plane waves, are superimposed, we can use

E(t) = Ei(t)e ™ + Ey(t)e ™2 + c.c. (12)
to calculate the second-order non-linear polarisation:

P® /ey = (Efe ™" + Eje ™' + c.c.) (SHG)
+2 (ElEge_i(““J“‘”)t + c.c.) (SFG)
+2 (E{Eye ) 4 cc.)  (DFG)
+2 (E} + E3) (OR)

The complex conjugate is denoted by c.c.. Each of the four lines can be assigned to a
specific effect. In all processes, the energy must of course be conserved and the so-called
phase matching condition must be fulfilled. The latter can ultimately be traced back to
the conservation of momentum. The conditions are usually not fulfilled simultaneously for
the various effects. The first term includes components with the doubled frequency of both
electric fields. This ultimately leads to the observation of radiation with frequencies w; and
wy. Therefore, this term describes second harmonic generation (SHG), which we will discuss
in more detail below. The next term involves the addition of the frequencies and describes
sum frequency generation (SFG). This process is often used to obtain tunable radiation in the
UV range, generated by SFG of two lasers in the visible range, one of which must be tunable
within a certain range. The third term describes difference frequency generation (DFG)
and is, among other applications, used in optical parametric amplifiers (OPA) together with
SHG, to obtain laser light with adjustable output frequencies. The DFG not only produces
radiation with the frequency of the difference w3 = w; — ws (w2 < ws, as otherwise energy
would be destroyed). But also radiation of the frequency ws is generated, which serves as
input and is thus amplified, which explains the name of the OPA. The last term describes
the optical rectification (OR), where a constant electric field is created.

(13)

Second Harmonic Generation Optically non-linear second-order processes are only pos-
sible with non-inversion-symmetric materials. For an inversion-symmetric material, the
second-order polarization

P® = ¢ yPE? (14)

must transform under inversion E — —E in the same way due to symmetry:

—P? = ¢(x?(-E)? (15)

That implies —P® = P® and hence P® = 0, which can only be fulfilled by x? = 0.
Therefore, SHG is in particular a surface-sensitive process, since inversion symmetry is always
broken at the surface. Moreover, this means that a material with a symmetric bulk does not
provide a background contribution. Assuming this, the detected SHG signal in the dipole
approximation can be described by Eq.(16).
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ISHg(2w) X |P(2)(2w)|2
x [XPE(w)E(w)[?
oc (IXP? + @ Ax® + XAy + [AYPP) IP(w)
~ To(2w) + Aly(2w) + Alina(2w, Ax®),

(16)

Here, it is assumed that the excitation causes a change Ax® in the susceptibility, which
is, however, small compared to x(?). This means that the quadratic term |Ax®|? can be
neglected and the observed intensity is linear with the change Ax®. In principle, electric
quadrupole transitions and magnetic dipole transitions can also contribute to the signal.
However, these are usually weaker than electric dipole transitions. In the next section,
however, we will see that these transitions must be taken into account in certain cases [73].

SHG from chiral molecules Chiral molecules are intrinsically not inversion symmetric.
Therefore we can expect SHG from materials with chiral molecules. Particularly, SHG cir-
cular dichroism (SHG-CD) and rotation of linear polarized light, termed optical rotatory
dispersion (SHG-ORD) can be observed. Before discussing these phenomena, a recapitula-
tion of linear optical processes for chiral molecules is given. A thorough description can be
found in the Refs.[25, 74, 75, 76] for example.

Chiral molecules are known to display optical activity. This describes the rotation of
linearly polarized light by an angle ®;. The enantiomers show opposite behaviour meaning
that, if the right handed molecule rotates by ®, then the left handed rotates by —®j,.

This can be understood by that fact that the enantiomers have different indices of re-
fraction n; and n, for left and right handed circular polarized light. If we consider a wave of
linearly polarized light, we can treat it as a superposition of left and right circular polarized
light:

E = FE, ((1)) ei(EF—wt) (17)

— EO (1) ei(E?—wt) + EO ( 1) ei(EF—wt) (18)

Here, the first term in the second line describes right circularly polarized light. The factor
¢ in the y-component shows that the y-component is 90° ahead of the x-component. Similarly,
the second term describes left circularly polarized light. When the wave passes through the
medium, the phases that depend on the thickness d of the material and the refractive index
n,; change according to

»d

wr:krd—wt:wn —wt (19)
c
d

Y = kid — wt = w2 ot (20)

C
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So the phase difference At = @(nl —n,) (with ¢ = f)), resulting in a rotation of the
linearly polarized light by the angle

_ Ay _md
2 A

The origin of the difference between the refractive indices n; and n, is non-trivial and can
not be explained within the electric dipole approximation [77]. For a deeper understanding
a derivation in the framework of electromagnetic theory is given in Ref.[78].

Some non-linear chiroptical processes can in contrast be explained with electric dipole
transitions only [79]. In other cases magnetic transition were needed to explain the observed
data [73]. An illustration of the experimental scheme is shown in Fig.3.9 a) and c¢). A film
of chiral molecules is deposited on a substrate. The substrate is assumed to behave linear.
The direction of p- and s-polarisation are determined by the plane that is spanned by the
incident and reflected beam.

The SHG analogue to linear optical rotation is SHG-ORD. Here, a linearly p-polarized
beam is incident on the surface. The analyser behind the sample is rotated and any detected
s-polarized light of the second harmonic is a sign of chiral molecules on the surface [74].

When rotating a quarter wave plate (QWP) in front of the sample, the non-linear inter-
action of elliptically polarised light with chiral molecules needs to be considered. For the
following description the surface is taken to be isotropic, so that a rotational symmetry C',
can be assumed.

In the case where electric and magnetic dipole transitions have to be taken into account,
the non-linear polarisation of second order is given by:

o0 (g —n,) (21)

PP (2w) =3 [N B (W) Er(w) + X5 By (w) Bu(w)] (22)
7k

Additionally, a non-linear magnetization is generated by:
MP(2w) = Y X (@) E(w) (23)
jk

The upper indices e and m indicate that the respective subscripts refers to a component
of an electric or magnetic transition moment [73]. The contribution of the magnetic dipole
moments is in general only a few percent of the response of electric dipole effects [80].

Now, we start from the fundamental p-polarized light, that traverses the QWP that is
rotated by an angle ¢. By transformation to the rotated system of the QWP, adding the
phase shift induced by the plate and back transformation, the resulting electric field can be
described with:

E(w) = Asin(¢) cos(¢)(1 — i)é, + A(sin?(¢) + i cos®(¢))é,, (24)

Now the resulting electric field E(2w) needs to be calculated. From Eq.(22) we see that
terms of the form E? and E;F; (i # j) will appear, if we calculate the electric field from the
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Figure 3.9: a Incident fundamental and reflected SHG beam and assignment of the direction
of p- and s-polarisation. b Rotation of incident p-polarised light by an angle of ®;. ¢
Schematic of the experiment including only the most important optical components.

magnetic induction by B (Zu) = Exé‘(w)

the E-field on the Cartesian components z, y and z - will lead to the bilinear combinations:

. Then pure geometric considerations - i.e. projecting

Ep(w) = cos®(0)F(¢), Ey(w)=G(¢), Ei(w)=sin’(0)F (), (25)
E,(w)E,(w) =cos(0)H(¢), E,(w)E.(w)=-sin(f)cos(d)F (), (26)
Ey(w)E.(w) = sin(0)H(¢) (27)

where the functions F', G and H only depend on the angle of rotation of the QWP and
are given by:

F(¢) = A? (sin®(¢) + i6032(¢))2 (28)
G(6) = Asin?(8)cos?(8)(1 - )? (29)
H(¢) = A’sin(¢)cos() (sin®(¢) + icos®(¢)) (1 — 1) (30)

(31)

Finally the SHG signal can be expressed as
|E(2w; 9)I” = fF(9) + 9G(¢) + hH (9)[*, (32)
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where f,g and h are complex valued fit parameters. These fit parameters are determined
by the non-linear susceptibilities of the material. Hence, from determining f,g and h, conclu-
sions on the tensor elements of x(? can be drawn. The exact form of the parameters is given
in the chapter 8.1.3 and literature [73]. From the obtained model parameters, the angle of
rotation in SHG-ORD experiments could in principle also be derived. For more details see

Ref.[25].
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4 Experimental setup

This section describes the experimental setups used in the framework of the thesis. Transient
absorption (TA) is described in the following section and the setup for Second harmonic
generation (SHG) in section 4.2.

4.1 Transient absorption

The transient absorption measurements were carried out with commercially available setups
for fs-TA and ps-TA (HELIOS and EOS, Ultrafast Systems). The setup is shown in Fig.4.1
The output of a Ti:sapphire amplifier (Coherent Astrella) at 800 nm and a repetition rate
of 4kHz was used in a commercial optical parametric amplifier (TOPAS Prime, Light Con-
version) to create the excitation pulse. The excitation or pump beam is directed into the
HELIOS system, where it passes a chopper. This chopper is set to a frequency 2 kHz to block
every second pulse, such that the desired comparison of spectra with and without excitation
can be measured. Subsequently, it passes an achromatic half-wave plate to adjust the polari-
sation and is then focused on the sample. The relative polarisation between pump and probe
beam were set either to have polarisations parallel, perpendicular or with an angle of 54.7°.
This corresponds to the magic angle and is typically chosen to avoid effects of anisotropy in
solution.

The spectra of the excitation pulses that were used to excite the samples investigated in
this work are presented in Fig.4.2 a). The autocorrelation of the excitation pulse centred at
605 nm was about 94.5 4+ 0.2fs corresponding to a pulse width of ~ 67 fs assuming a gaussian
pulse shape, measured with a commercial autocorrelator (pulseCheck, APE).

To generate the probe beam, the output of a Ti:sapphire amplifier at 800 nm enters the
HELIOS system and passes through a delay stage of up to 8ns, which was controlled by
a motorised delay stage. Thereafter, a half-wave plate is used to set the polarisation of
the beam. In the next step the a broad spectrum covering several hundred nanometres
(supercontinuum) is created. The creation is based on a non-linear effect called self-phase
modulation. For a detailed description see [81] for example. For fs-TA the setup can be
adjusted to give a supercontinuum (or white light spectrum) in several spectral regions. The
normalised spectra a depicted in Fig.4.2 ¢). To achieve a white light probe spectrum in
the range from 320nm to 650 nm the Ti:sapphire output was focused into a CaFy crystal.
Similarly, focusing on a sapphire crystal yielded a spectrum of 440 nm to 800 nm and the
NIR white light spectrum enables measurements from 820 nm to 1500 nm. The beams have
a diameter at the position of the sample of ~ 100 pm (probe) and ~ 300 pm (pump).

To observe longer time-dynamics up to 200 ps an electronically operated delay was em-
ployed. In this case, an external laser system (Leukos) generates a white light spectrum from
350 nm-900 nm, compare Fig.4.2 c¢). The cross-correlation for this setup is about 350 ps.

The sample holder is placed on a micrometer stage to drive the sample along the z-axis
(beam direction) into the focus of the probe beam. It can also be displaced in the x- and
y-direction by motorised stages. They can be controlled by the software, to randomly select
positions on the sample while measuring. This will minimize beam damage and allows for
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Figure 4.1: Tllustration of the setup used for TA measurements. The output of the Astrella
laser (red) is a pulsed laser beam centred at 800 nm. This is used as probe after whitelight
generation and as input for the OPA to generate the pump beam (green). The pump beam
is blocked by the chopper every second pulse.

averaging in case of an inhomogeneous sample.

4.1.1 Data processing:

As a result of the self-phase modulation, the probe beam is chirped, with short wavelengths
in the front of the pulse. Furthermore, the dispersion of the optics used in the setup add
to the chirp. This is reflected in ultra short measurements that are spectrally resolved.
An exemplary data set is shown in Fig.4.3 a). This map encodes the difference absorption
AA in the color, the ordinate represents the delay time between pump and probe and the
abscissa the wavelength. The red line named chirp fit, captures the position of ¢y, i.e. the
delay time at which pump and probe coincide temporally. It can be seen that ¢y varies with
the wavelength, shifting over almost one picosecond. For both visualisation and analysis
the data are corrected such that ¢y is the same for all wavelengths. The analysis software
Glotaran [82] fits a polynomial of n-th order. For visualisation the polynomial is adapted,
such that the signal onset at every wavelength lies within £50 fs of a set ¢y, compare Fig.4.3
b). Furthermore, the data is corrected for the background signal by subtracting the average
of 15-30 data points before the earliest to. By comparing Fig.4.3 a) and b) it can be seen
that the negative (blue) signal at ~ 528 nm disappears with the background correction. This
signal is based on scattered pump beam light. In this case the pump beam wavelength was
set to 264 nm. In the process of generating the pump beam, use of SHG is made. Hence, the
signal at 528 nm stems from the fundamental beam of that SHG process. In most cases the
scattered light saturates the detector and the background correction does not work in the
spectral range of the pump beam. In that case the data will be omitted for analysis.
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Figure 4.2: a Spectra of the pump beams. b Autocorrelation function of the pump beam at a
wavelength of 605 nm. ¢ Supercontinuum white light spectra used for probing the absorption.
The spectra cover the ultra violet (UV, purple), visible (VIS, green) and near infra-red (NIR,

red) spectral regions. The grey spectrum (ps TA) is used in experiments for probing long
time delays in the micro second range.
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Figure 4.3: a Difference absorption AA before correcting for the chirp of the white light
supercontinuum and without background correction. The red curve is described by a third-
order polynomial. b Corrected data. The red horizontal lines mark the times £50 fs.

4.1.2 Data analysis

The analysis is executed with the free software Glotaran [82]. The basic concepts are covered
here, but for a comprehensive description see Refs.[83, 84, 85, 86]. The following description
closely follows the review by Stokkum et al.[85]. To model the absorption, it is assumed, that
the spectroscopic properties of the sample are a superposition of the spectroscopic properties
of the individual n components. This is described with the following equation:

bt N) = 3 alan) (33)
=1

The concentration ¢; of the component [ depends on time ¢ and the extinction coefficient
€, depends on the wavelength A\. The number of components n does not only count the
number of different molecules, but more generally species that are spectrally or dynamically
distinct, or both. Equation (33) assumes separability of time and wavelength dependence.
This is however a simplification, as has been discussed above, time zero t, depends on the

wavelength and with that also ¢;(¢; o).
To account for this, the concentration profile is convolved with the instrument response
function (IRF). In case of pump-probe experiments the IRF is given by the convolution
(denoted by *) of pump and probe pulses and can be modelled by a Gaussian function ().

Cl(t; kl, to, UIRF) = exXp (—klt) * Z(t), with (34)

()= —— B (35)
i(t) = ———exp | —

\V2ToIRF P OIRF

The resolution of the system is limited by the width o;zr , which lies between 50 to 100 fs
for the TA setup, depending on the pump and probe beams used. The
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Without further knowledge of the dynamics, a singular value decomposition (SVD) gives
first indications on the number of components involved, as well as their spectral and time
dependant shape. For that, we rewrite Eq.(33) in matrix notation ¥ = CET + 3. Here, C
contains the concentration profiles as columns, E contains the spectra as columns (T denotes
the transpose) and ¥ is a matrix representing the noise.

The SVD yields

U =USw?’ (36)

with orthogonal matrices U and W, whose columns are left and right singular vectors.
The matrix S allows to extract the singular values s; from the diagonal elements. If there
was no noise, this would exactly return as many singular values as the number of components
n. Otherwise, both singular vectors and values will be perturbed and additional non-zero
singular values s; (i > n) and vectors will be obtained. Then the numbers of components
can be estimated from the singular values that are distinctly different from zero and from
the number of singular vectors that are different from white noise.

Global analysis, as carried out by Glotaran, is restricted to first order kinetics and the
solution will in general be a sum of exponential decays. With an estimate from SVD on the
number of components, the first attempt is to extract the so called decay associated difference
spectra (DADS). For that, the underlying model is a sum of independent exponential decays
as described by Eq.(33). This will also be called parallel model/scheme or model/scheme
with parallel decays. An unbranched unidirectional model (1 — 2 — -+ — n) describes the
evolution of the spectra and the resulting ¢;(\) will be called evolution associated difference
spectra (EADS). This might describe a system such as the dynamics So—S;— Sy for exam-
ple. The results of the sequential and parallel scheme will only differ in the fitted spectra,
whereas the decay constants k; will be the same. In many cases, however, a detailed kinetic
model involves branching and possibly back reactions. In this case the retrieved spectra and
concentration profiles can describe the actual properties of the components involved. The

obtained spectra from this co-called target analysis are termed species associated difference
spectra (SADS).
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4.2 Second harmonic generation

The next pages describe the experimental setup used for time-resolved SHG as well as po-
larisation resolved SHG experiments. Furthermore, the key parameters characterising the
experiment are given. The setup is described in more detail in other works [70, 71, 72]. As
the thesis was written, parts the setup were replaced by new devices. The seed laser was
replaced by the Vitara Modelocked Ti:Sapphire Laser (Coherent) and the Verdi V18 Laser
(Coherent) providing the continuous-wave (cw) Laser light was renewed. As this was not
used in the thesis, the previous system is described.

4.2.1 Laser Setup

In Fig.4.4 the whole setup is displayed, which can roughly be divided into three parts. First,
the generation beams and their subsequent preparation, to serve as pump and probe beam.
Second, the measurement chamber, where the beams coincide on the sample and lastly, the
detection and data acquisition.
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Labview against Coherent L amplirier
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Figure 4.4: Schematic of the setup. On the right the beams are prepared. The box on
the lower left contains the measurement chamber together with the light detection setup.
Adapted from [70].

Beam preparation: Cw-Laser light is generated by frequency-doubled Nd:YVO4 laser
(Coherent Verdi V18) at a wavelength of 532 nm and a power of 18 W. The beam is split up
(12W/6 W) and directed to a regenerative amplifier RegA (Coherent RegA9050, 300 kHz,
800 nm) and passive mode-locked Ti:sapphire oscillator (Coherent Mira 900 B) that serves as
seed for the RegA. The output has a repetition rate of 76 MHz, an output power of roughly
400 mW and the pulses have a width of 60-80fs. The beam is split (50%/50%) and guided
to a spectrometer and to the stretcher. The stretcher extends the width of the pulse to a few
tens of picoseconds, to prevent beam-induced damage inside the regenerative amplifier from
too high laser peak powers. The regenerative amplifier is pumped by 12 W cw-light and uses
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a Ti:sapphire crystal as gain medium. The output of the regenerative amplifier (1.5 — 2W
passes through a compressor using a grating pair to yield pulses of width 60-80 fs again.

Subsequently, the beam is split again. One part will serve as probe beam and is directed
through a pair of dispersive prisms (Thorlabs AFS-FS) for pulse compression and then passes
a piezo-driven delay stage (Physcical Instruments M-505.4DG). The delay stage has a maxi-
mal range corresponding to 667 ps, with a resolution well below the cross-correlation of the
pump-probe system. The other part of the beam is steered to an optical parametric ampli-
fier (Coherent OPA 9850). Through generation of a white light supercontiuum and DFG,
an output of 1050 to 1350 nm is generated and subsequently frequency-doubled by passing
through a §-barium borate (BBO) crystal. With that the pump beam is tunable from 540
to 660 nm. For pulse compression, it passes a pair of dispersive prisms (Thorlabs AFS-FS).
An auxiliary beam path creates the second harmonic of the pump beam and to optimise the
compression, the power of the second harmonic is maximised.

Before entering the sample chamber, a combination of half-wave plate (HWP) (Thorlabs,
AHWP10M-980), polarizer (Thorlabs GTH10M) and another HWP, allows to adjust both the
power and the polarisation of the probe beam. The power of the pump beam, is reduced by

moving the BBO crystal (behind the OPA) out of focus and an achromatic HWP (Thorlabs,
AHWP10M-600) is used to set the polarisation.

Sample chamber: The sample chamber and all optics and devices thereafter are enclosed
in a housing to prevent stray light from entering while taking a measurement. The sample
itself is placed in a chamber to establish an inert gas atmosphere (nitrogen). The beams can
enter through optically polished, 3 mm thick CaF, windows. Both beams get focused on the

sample by biconvex lenses (N-BK7, LB1391-A and B) with a focal length of 400 mm. The
beam profiles are shown in Fig.C.1.
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Figure 4.5: SFG cross correlation of pump and probe beam.

To separate the SHG beam that was generated in the sample from the fundamental a
dichroic mirror (Thorlabs DMLP505) is used. The fundamental is detected by a photodiode
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(Thorlabs SM1PD1A), while the SHG beam is directed through a set of filters (FGS900,
FGB25 and FGB37) to remove light of wavelength > 400nm.

Data acquisition: To detect the SHG or SFG signal, the beam passes a monochromator
and is detected by a photomultiplier (PMT). A discriminator is used to reduce the background
noise and a counting units (Hamamatsu C9744) converts the electrical signal to a digital
signal. The converted signal is captured by a PCI data acquisition card (National Instruments
NI 6624) and processed by a personal computer.

4.2.2 Characterisation

On a daily basis the TR-SHG experiments require to measure the cross-correlation of pump
and probe bean, which is depicted in Fig.4.5. The data is obtained by observing the SFG
signal of the pump and probe beam on GaAs. The FWHM of the cross-correlation depends on
the beam preparation and the wavelength of the pump beam, therefore it can vary. Typical
values are between 50 and 90 fs.

An exemplary spectrum of the pump beam at 565nm generated by the OPA is shown
in Fig.4.6 a). The corresponding SFG signal of pump and probe and the SHG signal of the
probe (800 nm) are shown in Fig.4.6 b) and are obtained be sweeping the monochromator.
The profiles can be well-modelled by two Gaussian functions.
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Figure 4.6: a Spectrum of the pump beam centred around 565 nm. b Sum frequency signal
of pump and probe beam and SH of the probe beam on GaAs.

4.2.3 Data analysis

For the description of TR-SHG data, first order kinetics are assumed. The model function is
obtained from the solution of the coupled equations (37), describing a sequential decay with
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N; being the amount of species ¢ and k; its corresponding decay rate.

!

N, (t) = —k1Ni(¢)
Ny(t) = —koNo(t) + ki Ny (t) (37)

In the case of three components with initial values Ny(t = 0) = N3(t = 0) = 0 and assuming
ks = 0 (which can be assumed, if the decay of N3 is not observed within the available time
scale), the solution is given by:

N(t) = Ni(t) + Na(t) + N5(t) (38)
k k k
— NOp—hat 4 po__ P —kit _ o—katy L NO(] _ 2kt L kot
Le Mt 4 1k2_k1(6 e ") + Ny ( k2_k1€ +k:2—k:16 ) (39)
The actual applied model A — B — C' reads
N(#t) = deht 4 BB _(emit _ ooty p o= 22wy Bty ()
ky — ky ko — kq ko — kq

Here, the additional parameters A, B and C are introduced because they also include the
non-linear optical contrast of the species. For example, if the initially excited state did not
result in a significant change Ay, only the first term would vanish, by finding A = 0. In case
of only two species the model A — B reads:

N(t) = Ae™™ 4+ B(1 — e™*) (41)

Similarly to the procedure of the fs-TA, the final model function needs to be convolved
with the IRF, which is described by a Gaussian function and the FWHM obtained from the
cross-correlation.

4.2.4 Chiral SHG

SHG-ORD are collected by setting an analyser angle and then sweeping the monochromator
in front of the photo multiplier tube (PMT). With a fundamental light beam at 800 nm an
intensity profile around 400 nm is recorded and fitted with a Gaussian function. The fitted
amplitude is taken as a data point for the specified angle of the analyser. The measurements
can be complicated by the degradation of the samples. To account for that, the SHG intensity
is monitored over several minutes at the same spot on the sample without rotating the
analyser. If appreciable degradation is observed the measurement procedure is adapted as
follows: Only three angles were measured on the same spot of the sample for 30 seconds each.
The fitted linear decay over time is used to correct the data points. In case of inhomogeneous
samples, such that the SHG intensity varies with the location on the sample, the data are
normalised to a reference. Therefore, along with each batch of three angles, a measurement
at ¢ = 0 is recorded to serve as normalisation, i.e. I(¢)nom, = I(qui)o).

The measurement procedure for experiments with a rotating QWP is the same, except
for rotating the QWP and setting the analyser angle to either detect p- or s-polarised light.




5 Emnhancing singlet fission lifetimes through molecular
engineering

This chapter is presented as manuscript. The contributions to this work are as follows:
Philipp Ludwig synthesized the pentacene dicarboxylic acid. Zhiyun Xu fabricated the SUR-
MOFs. Christian Huck fabricated the neat pentacene thin films. Transient absorption spec-
troscopy was carried out by Martin Richter and Pavel V. Kolesnichenko. Martin Richter
carried out the data analysis. Simulations were carried out by Muhammed Jeneesh Kariy-
ottukuniyil. The paper was written by Martin Richter and Muhammed Jeneesh Kariyot-
tukuniyil (theoretical modelling) with contributions from Pavel V. Kolesnichenko, Wolfgang
Wenzel and Petra Tegeder.

The main part of the manuscript is unchanged, however the supplementary info (except
for TR-SHG measurements) is shown in Appendix A and the references are included in the
list of references at the end of the thesis.

31



Enhancing singlet fission lifetimes through
molecular engineering

Martin Richter!, Muhammed Jeneesh Kariyottukuniyil?, Zhiyun Xu?,
Philipp Ludwig?, Pavel V. Kolesnichenko!, Christian Huck', Uwe Bunz?,
Christof Woll3, Wolfgang Wenzel? and Petra Tegeder!

1Physikalisch-0hemisches Institut, Ruprecht-Karls-Universitdt Heidelberyg,
Im Neuenheimer Feld 253 , 69120 Heidelberg, Germany
2 Institute of Nanotechnology, Karlsruher Institut fir Technologie,
Hermann-von-Helmholtz-Platz 1, 76131 Karlsruhe, Germany
3 Institut fur Funktionelle Grenzflachen, Karlsruher Institut fir Technologie,
Hermann-von-Helmholtz-Platz 1, 76131 Karlsruhe, Germany
4Organisch— Chemisches Institut, Ruprecht-Karls-Universitiat Heidelberg,
Im Neuenheimer Feld 271, 69120 Heidelberg, Germany

Abstract

Singlet fission (SF) is a process where a singlet exciton is converted into two triplet

excitons, significantly enhancing charge generation in organic solar cells. It has been
shown that the rate of SF and the lifetime of the generated triplets strongly depend
on the molecular arrangement. In thin films of small molecules the SF efficiency is
determined by the crystal structure.
Using a molecular engineering approach, we here exploit the design space accessible in
metal-organic frameworks to enhance SF lifetimes. A cofacial orientation of pentacene
molecules is achieved by embedding organic linkers which contain a pentacene unit in
a surface-anchored metal-organic framework. Transient absorption spectroscopy and a
quantum mechanical analysis have been used to analyze the ultrafast exciton dynam-
ics as well as long-lived states after photoexcitation. The observed absorption spectra
indicate that after the initial excitation, a singlet excited state generates a correlated
triplet pair within a few picoseconds that retains singlet character. Subsequent dy-
namics show the formation of a long-lived species (40ns) with triplet character. This
exceeds by far the observed lifetime of triplets generated in pentacene thin films and
may enhance triplet harvesting capabilities in photovoltaic cells.
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5.1 Introduction

The interest in the use of solar energy has increased significantly in the last decade. Ex-
ploitation of singlet fission (SF) promises to increase the efficiency of photovoltaic junctions
up to 44%, which surpasses the Shockley-Queisser limit [7, 8]. In SF materials, a singlet
exciton is converted into two lower-energy triplet excitons (Eg,~ 2Er,). The efficiency of a
solar cell could thus be enhanced if the triplet energy level of the SF material is comparable
to the semiconductor band gap, provided that the energy can be transferred. Harnessing
this process, high-energy photons can be utilized whose energy would otherwise be lost in
dissipative processes. In addition to a fast SF and high triplet quantum yield (TQY), a long
lifetime of the generated triplets is of great importance, since it increases the probability of
harvesting the charge carriers.

Charge transfer (CT) states occur in a direct or indirect manner and especially the mul-
tiexcitonic state ™(TT) plays a key role in the SF process [33, 50, 51, 52, 53]. Here, ™(TT)
specifies triplets on adjacent chromophores both in an excited triplet state. The four electrons
involved in this picture spin-couple to have a multiplicity of m = 1,3 or 5. The spin-coupled
state must retain spin multiplicity m=1 initial to the generation of the triplet pair to en-
sure conservation of angular momentum. Many studies report the following model for SF
(32, 44, 45]:

(S0S1) D, YT, Ty) N YTy ---T) 9, 2T, (42)

where (SpS;) indicates a singlet excitation on one of the two chromophores, (T ---T) de-
scribes a spin-coupled triplet pair that is spatially separated and has lost electronic coherence,
and 2T, are two uncoupled triplet excitons. The rate of the first step — the triplet-pair gener-
ation — is extremely fast with 70-100 fs in PEN thin films [41]. The second and third steps are
more elusive and an unambiguous assignment of kinetic rates is difficult. Some studies report
the rate of the second step on the ps-ns time scale for PEN derivatives [44, 46]. Spatially
separated triplet excitons have been reported to give a different photo-induced absorption
(PIA) [44, 47]. In the end two uncorrelated triplets are created. The overall lifetime of the
triplets in PEN thin films is more well-founded with a few nanoseconds [48]. For the above
mechanism the following criteria are crucial: (1) energy level matching at the single molecular
level: Eg, > 2Fr, and Ep, > 2E7, [40], which ensures that the splitting of a singlet excita-
tion into two triplets is thermodynamically feasible, while triplet-triplet annihilation (TTA)
is not; (2) strong electronic coupling between molecular aggregates i.e, S;— '(T;T;)[37] and
(3) efficient excitation dynamics, including that the correlated triplet pair '(T;T;) evolves
into two independent triplets Ty that can physically separate from each other. These criteria
are referred to as (1) energetic, (2) coupling, and (3) separation criterion, respectively.

Recent publications indicate that prior to the emergence of free triplets, quintet states
°(TT) are populated [50, 51]. Lubert-Perquel et al.[51] proposed that a parallel orientation of
the chromophores favours the formation of quintets and ultimately free decorrelated triplets.
In addition, the displacement along the long molecular axis Ax in a slip-stacked configuration
is also of crucial importance. Pensack et al.[54] reported that without a displacement, i.e.
Ax = 0 the TQY almost disappears.

Here, we investigate PEN embedded in a surface-anchored metal-organic framework
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(SURMOF), which we denote by ZnPn. The PEN linker forms a coordination bond with the
Zn?* dimer nodes, creating a parallel orientation with Az # 0. The difference in geometry
compared to the PEN thin film has an enormous impact on both the observed dynamics and
electronic properties. The geometry provides one-dimensional channels for charge transport,
which may also favour the separation of triplet pairs. In addition, anchoring at the surface
produces a high crystalline order and also facilitates attaching electrical contacts for device
applications in comparison to a MOF powder [87]. Regarding the SF properties, the sample
exhibits extraordinarily long triplet lifetimes compared to other bulk materials with PEN
as SF' chromophore, which is beneficial for light harvesting devices. At the same time, the
slowdown in triplet exciton generation is less drastic. Additionally, the prominent triplet-pair
absorption of the PEN thin film in the near-infrared (NIR) spectral region is almost absent
in the ZnPn.

5.2 Results

5.2.1 Steady state characterization

The UV /vis absorption spectra of ZnPn compared to a PEN thin film on a glass substrate are
shown in Fig. 5.1b). The Sp— S; transition in the PEN thin film, shows Davydov splitting
with absorption maxima at 670 and 632nm [88, 89, 90]. Furthermore, peaks at 585, 545
and 500 nm are observed, which probably stem from a vibronic progression or CT transitions
[88, 91]. In contrast to the thin film, the ZnPn sample does not show a Davydov splitting, a
vibronic progression with maxima at 525, 565 and 610 nm is observed. As in the PEN thin
film there are two molecules in a unit cell, but in ZnPn they are separated by the Zn-oxo-
metal node. Apparently, there is no significant coupling across the node to lift the degeneracy
of energy levels. However, there is a substantial coupling between the PEN linkers in [001]
direction expected, since a hypsochromic shift of 50 meV compared to linkers in solution was
found [87]. For the theoretical models we can confirm the energetic requirements Eg, > 2Ep,
and Eg, > 2E7, for SF. For the pentacene molecule TD-DFT calculations using B3LYP /def2-
TZVP- with D3 Correction yield Eg, = 1.81eV, E1, = 0.69eV and Ep, = 1.92eV. For the
pentacene linker in the MOF Eg, = 1.85eV, Ep, = 0.62eV Ep, = 1.93eV.

5.2.2 Excited state dynamics

Before presenting and discussing the ZnPn results we will revisit the characteristic features
of the thin film structure whose fs-TA spectra are shown in Fig. 5.2a). The ground state
bleach (GSB) is located at 670nm and the bleach at 584 nm likely stems from a vibronic
sideband [93, 94]. The broad positive signal ranging from 750 to 1050 nm is associated with
the T;— T, transition [41, 93, 95, 96]. It is surmised that it is enhanced in the solid state
compared to PEN in solution [93]. The T;—Tj transition can be observed at 540 nm and
becomes stronger when the angle of incidence of the probe beam is not perpendicular to the
substrate surface (see also Fig. SA.2) [95, 97]. This is because the transition dipole moment
is aligned along the long axis of the molecule, which itself arranges upright on the substrate,
i.e. long molecular axis and surface normal are almost parallel. This PIA is delayed and
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Figure 5.1: a) Schematic of the ZnPn SURMOF structure. Blue lines indicate the PEN
linkers. Adaptation from Ref.87. b) Absorption spectra of PEN thin film (black) and ZnPn
(red) on quartz substrates. ¢) Dimer pair geometries considered in the computational part of
this work. The MOF-A, B and C models were constructed by placing the pentacene linkers
in a coplanar geometry at a distance of 3.58 A and then stacking both linkers with respect to
the xy plane ( see Table 2). d) The pentacene dimers PEN-A, B and C were obtained from
the experimental crystal structures of PEN [92].

has a rise time of approximately 1ps [97]. Interestingly, in addition to the known T;— T3
and T1— T, transitions, we also observe a PIA centred at 340nm. To our knowledge, this
PIA has not been detected with TA before. We propse that it is related to a triplet-triplet
transition (see SI for detailed information).

We will now turn to the discussion of the ZnPn sample. Fig. 5.2¢) shows transient
absorption spectra of ZnPn with an excitation wavelength of 605 nm for selected pump-probe
delays and Fig. 5.2b) compares the dynamics of the PEN thin film and ZnPn. At first sight, it
is obvious that the TA data do not resemble those of the thin film, but these spectral features
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Figure 5.2: a) fs-TA spectra of PEN thin film excited at 620nm. The visible spectrum
was probed at 50° angle of incidence (424 pJcm™2) and the NIR spectrum at 0° angle of
incidence (495 pJcm™2). b) Kinetics with normalized signal comparing characteristic wave-
lengths corresponding to PIAs of singlets or triplets and the GSB in ZnPn and the PEN
thin film. Note that especially the PIA of triplets at 525 nm for ZnPn is overlaid with the
PIA of singlets. ¢) fs-TA spectra of ZnPn excited at 605 nm (424 pJ cm™2). d) ZnPn excited
at 355 nm (141 pJ em™2.) The inset highlights the region where triplet-induced absorption is
anticipated.

are fairly well-known for PEN in solution, especially for linked dimers which have been studied
extensively [30, 98, 99, 100, 101, 102]. Most prominently a transformation of the initially
formed PIA peaking at 460 nm to a state with maximum absorption at 525nm is apparent.
We attribute the PIA centred around 460 nm to the S;— S, transition and the PIA at 525 nm
to T1— T3 in accordance with literature [100, 101, 102, 103, 104]. Furthermore, a broad PIA
can be observed in the NIR region, with a main absorption at 1360 nm corresponding to the
S1— So transition, based on our calculations and literature [101]. The nearly identical decay
of the PIAs at 460 nm and 1360 nm (Fig. SA.6) also confirms that these spectra originate from
the same states. This is also verified by global analysis (GA). The PIA between 700-1000 nm
is the most prominent sign of triplet excitons in the PEN thin film and an according signal
can not be identified in ZnPn for an excitation wavelength of 605 nm. In the range from 900
to 1100 nm a weak absorption can be seen for ZnPn. Still, it shows the same dynamics as for
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1360 nm and in comparison to our calculations, it is likely that it corresponds to excitations
to higher singlet states (S3456; compare Table SA.15). Calculations in a PEN dimer in face-
to-face orientation predict a weak triplet PIA in this spectral region and enhanced intensity
with increasing intermolecular coupling [53]. For higher excitation energies (355nm) we
observe a weak PIA that outlasts the singlet PIA. Our measured values for fs-TA can be
well modelled with three sequential exponential decays. The obtained Evolution Associated
Difference Spectra (EADS) are shown in Fig. 5.3.
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Figure 5.3: a) EADS of ZnPn excited at 605nm with 141 nJem™2. The data are fit with
three sequential exponential decays. The transient spectra are assigned to the singlet excited
state (S;Sp) (purple), the intermediate state '(TT) (green) and the triplet excited state
m(TT) (red). b) Time traces of fs-TA data of ZnPn excited at 605 nm with 141 pJem™2 at
selected wavelengths. Data at 460 nm and 525nm are associated with singlet and triplet PTA,
respectively. Note that the time is plotted semi-logarithmic with a linear scale between —1 ps
and 1ps. c¢) us-TA spectra of ZnPn excited at 605 nm with a pump fluence of 3540 1J cm ™2
at selected time frames d) ps-TA kintetics of ZnPn excited at 605nm for different pump
fluences probed at 525 nm, associated with triplet PIA. The dotted line is a fit with three
parallel decays from GA.

We attribute the first EADS, which appears immediately after excitation to the singlet
excited state (S¢S;) due to its main absorption at 460 nm. It decays with a time constant of
approximately 4.9 ps into a state showing characteristics of both singlet and triplet excited
state absorption. Therefore we are inclined to assign the second EADS to the !(T,;T;)
intermediate state. The decay at 460 nm and concomitant rise of the triplet signature at
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525nm can be clearly seen in Fig. 5.3. It was proposed before that !(T;T;) exhibits spectral
features of both species [28, 35]. With that we argue the rate for triplet-pair generation
to be on the order of a few picoseconds (4.9ps) in ZnPn, whereas in the PEN thin film
triplet-pairs are created within 70-100fs. The comparative slowdown in this rate is most
likely explained by a weaker electronic coupling in ZnPn which in turn results from a higher
CT state energy, as computed in our theoretical study. Ritesh et al.[87] have shown that the
SURMOF structure allows for frustrated rotations, and hence fluctuating electronic coupling
is possible. From the analysis we conclude that the *(T;T;) state decays with a time constant
of ~119ps. For a selection of PEN derivatives the decay of the '(T;T;) state has been
observed to be ~ 1ps, which again demonstratesthe slower dynamics in ZnPn [44]. The
third EADS exhibits a vibronic structure peaking at 525nm and 490nm. We assign this
spectrum tentatively to the (T, T;) state. As outlined above, from the parallel alignment of
the chromophores the generation of the quintet pair state might be promoted [51].

The maximum delay of the fs-TA setup is 7.8 ns, therefore the third time constant is given
as >8ns and ps-TA measurements were conducted to probe the long lived excitations. Fig.
5.3¢) shows the ps-TA of ZnPn at an excitation wavelength of 605 nm. The spectra show the
known signature for triplets and essentially no change in shape — apart from amplitude — can
be seen over the whole time range.

Most remarkable is the long lifetime of the triplets, which is four orders of magnitude
larger than the lifetime in the PEN thin film 10ns [48]. In the semi-logarithmic plot, it
is easy to see that at least three time constants are involved in the dynamics. In fact,
the data can be fitted well with a model of three parallel exponential decays. The time
constants obtained from GA are 73 =20ns, 74 =350ns, and 75 = 40ps. As the numbering
suggests, we assign the slowest time constant from the fs-TA data with the fastest of the
ps-TA measurements. We chose to use a parallel decay instead of sequential decays, due to
the following argument: Assuming that the different triplet states can not be distinguished
spectrally, no change should be detected until the free triplets decay to the ground state. In
this case, a monoexponential decay would be expected after the emergence of the triplets.
The observation of further time constants together with the decrease of the PIA at this stage,
points to loss channels between the transformation of different triplets states. In particular,
in the process with time constant 73 =20ns, many triplets are lost. Compared to 1ns, only
about 45% are still present after 100 ns.

Triplet-triplet annihilation: We could observe a fluence dependence, which becomes
especially clear in Fig. SA.8 with normalized signal intensities. There, only the triplet
population decreases with higher fluence whereas the singlet signal intensities are unaffected.
This lets us conclude that we do not observe singlet-singlet annihilation but instead triplet-
triplet annihilation (TTA). Faster decays with increasing fluence are detected also in PEN
thin films and crystals, which is attributed to TTA, and therefore is an indicator of free
triplets [93]. We expect free triplets, since in a highly ordered bulk structure — like this
SURMOF considered here — delocalization and entropy are driving factors for separation
(30, 105].

Dynamics including higher excited states: To test for a dependence on the excitation
wavelength, we excited the sample with 355 nm. Fig. 5.2d) shows the TA spectra for selected
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delays. The broad PIA extending from the NIR to the visible range is enhanced. In addition,
the ratio of the maxima at 525nm and 460 nm is larger than that for an excitation with
605nm. Since the singlet and triplet PIAs overlap considerably it is better to compare the
ratio Ry/g of the maxima of the EADS from GA, which are listed in table 1. From the
larger ratios we conclude, that the TQY is increased by approximately 21% compared to an
excitation with 605 nm. Furthermore, a decrease in Ry/g with increasing fluence is apparent,
which is consistent with the fluence dependence due to TTA discussed earlier. The broad
PIA in the NIR region decays simultaneously with the PIA at 1360 nm, except for two peaks
at 950nm and 855nm, which outlast it; see inset of Fig. 5.2d). We attribute these peaks
to the T;—T, transition that has been missing in the spectra when exciting with light at a
wavelength of 605 nm.

However, there is no concomitant rise in signal strength following the triplet feature in
the visible range. It has to be noted that also the PEN cation absorbs in this spectral range
[106]. To compare the dynamics, kinetics with normalised intensity are shown in Fig. SA.9.
There are only slight deviations, e.g. at 460nm, which we attribute to the difference in
TQY together with the normalisation of the data. As the time evolution remains essentially
the same, it suggests either that the initially excited state does not need to relax before
undergoing SF, as Wilson et al.[41] have argued as well for the PEN thin film or that a
relaxation to S; is ultrafast.

Aoz = 605 nm Aoz = 355 nm

Fluence Rrs | Fluence Rr/s
] cm~?] 1] cm™?]
141 1.41 14 1.71
283 1.44 | 42 1.75
566 1.36 | 57 1.71
1061 1.30 | 89 1.71
1415 1.25 141 1.68
4244 1.12

Table 1: Ratio Ryr/s of maxima of EADS associated with triplets and singlets obtained from
global analysis for different excitation energies and pump fluences.

5.2.3 Modelling Results

To better understand the influence of the partially unresolved structure on the electrooptical
properties we have undertaken a comprehensive quantum mechanical analysis of the exciton
dynamics in singlet fission for both pentacene, which serves as a reference system, and models
of potential dimer configurations in the metal-organic framework. In the following sections,
we explain how the molecular models influence the rate of singlet fission and the lifetime of
triplets.

Choice of slip-stacked model: A minimal morphology model comprising at least
two chromophores is necessary to study the SF process. Since the geometric configuration

39



of the MOF dimer pairs remains experimentally unavailable, we have therefore created a
series of possible configurations based on the known constraints from the MOF structure and
subsequently subjected to quantum chemical calculations. The dimers in these models are
placed in a slip-stack configuration and denoted as MOF-A, MOF-B and MOF-C. The 7-7
distance d. is kept constant at 3.58 A for all dimers and the displacement Ay in the direction
of the short molecular axis is initially set to Ay=0 and the geometry optimization resulted in
small displacements of Ay ~ 1.1.-1.2 A for all dimer models. The main parameter to monitor
the changes in photophysical properties is the “slip” Ax along the long molecular axis. This
was varied from 1.81 A for MOF-A to 6.87A for MOF-B and finally 9.48 A for MOF-C.
For MOF-A this results in almost face-to-face 7 stacked dimers. The strong interaction
between the chromophores in this configuration, promotes efficient electronic coupling and
charge transfer processes, facilitating rapid excitation dynamics and triplet generation. MOF-
B shows face-to-face as well as edge-to-face interaction. In contrast, MOF-C exhibits the
maximal stacking displacement, resulting in the least -7 interaction. Instead, edge-to-
face interaction and interaction via short C---H contacts become more prominent. In the
subsequent analysis, we also analyse the three known relative dimer orientations for the
PEN thin film for comparison. The three dimer orientations in PEN exhibit different 7-7
distances and orientations resulting from variations in the relative orientation of pentacene
molecules in the herringbone crystal lattice. As shown in Fig.5.1d), PEN-B forms a slip-
stacked herringbone with a 7-7 interaction, while the PEN-C and PEN-A dimers feature a
herringbone arrangement with a CH-7 interaction (see also Table 2).

Dimer pair Long axis (Ax) short axis (Ay) 7 — 7 (Az)

PEN-A 1.81 2.73 7.58
PEN-B 1.72 6.72 2.98
PEN-C 1.78 3.21 5.75
MOEF-A 1.81 1.21 3.58
MOF-B 6.87 1.05 3.58
MOF-C 9.48 1.18 3.58

Table 2: Relative shift along x, y and z axes (A) in for dimer pairs of PEN as obtained from
the crystal structure and MOF dimer models.

Characteristics of Charge Transfer Excitations: In accordance with the methodol-
ogy described by Berkelbach et al (Eq.43) for the superexchange mechanism, it is helpful to
analyse the charge transfer characteristics (CT) in a donor-acceptor (D-A) dimer, because
CT intermediates are likely to influence the SF process. To explore the significant impact
of charge transfer characteristics in D-A dimers the transition dipole and spatial overlap
are computed for up to six excited states of a molecule as represented schematically in Fig.
SA.14. In PEN a high transition dipole moment and low spatial overlap are associated with
S1 (2.3 D) and S6 (14.7 D) while for the MOF models, we find 2.01 D for S; which means,
the corresponding states can develop favourable CT excitations upon geometrical shift. Fi-
nally, we illustrate the CT character with respect to the frontier molecular orbital (FMO)
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energies of both systems in Fig.5.4, aiming to understand the CT mechanism from an or-
bital perspective. Visual representations of FMO character and charge density plots help in
comprehending the distribution of charge density during excitations, thereby offering insight
into the CT process.
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Figure 5.4: Spectra and charge density plots illustrating the CT character of electronic
states in the D-A dimers within the frontier molecular orbitals a) computed PEN-spectral
data compared to the experimental absorption peak positions, highlighting the most reliable
values of vertical excitation energies. Molecular orbitals (MOs) and electron densities (ED)
are depicted, with blue representing the hole and green representing the electron obtained
by DFT/def2-TZVP. b) Spectral data for the MOF models.

Within the PEN framework, SF will occur in D-A dimers comprising a donor core, serving
as the primary photon absorption site with a dominant CT contribution in its S; state, which
transfers part of the charge density to the acceptor featuring a low-lying triplet state [107].
The electronic states corresponding to charge transfer to the triplet manifold are determined
to be at 1.79 eV for S; (exp; 1.60 eV) [108], predominantly resulting from a HOMO—LUMO
transition in the leading configuration, identified as a bright state 7 - 7*, while other states
exhibiting local-excitation characteristics, appear to be dark (see spectral data cf. Table
SA.15). In the MOF models the state ordering remains comparable, suggesting suitable
charge transfer (CT) with the lowest-lying state (S;) dominated by an H—L transition. The
state of interest falls within an energy window of 1.83 eV, with the transition exhibiting
a higher oscillator strength associated with a bright = - 7* transition in the MOF. The
large dihedral angle between the MOF core and the substituent in the molecule slightly
increases Eg,, with the excitation energy (EV) distribution centred at 1.83 eV, whereas
the chromophore interactions in the crystalline PEN models slightly reduce Eg, = 1.79 eV.
As a result, the low-lying excited states in the MOF will be primarily characterized by
charge transfer within the acceptor (donor) core, thereby favouring CT. The remaining states
predominantly exhibit a dark LE character (cf. Table SA.15).

Effective-electronic coupling and rate of singlet fission: The effective electronic
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couplings between the SgS;/S;Sg and the 'TT states are crucial for determining the rate.
Table 3, presents effective coupling energies J.¢ for SF based on calculated coupling matrix
parameters (cf. Table SA.16). The calculations for the PEN models exhibit the largest cou-
pling of 16.80 meV for the PEN-C model. This modulation in coupling may partly result
from stacking changes imposed by the crystal structures. Notably, among the three deriva-
tives, the calculated coupling constants are in reasonable agreement with those calculated by
Chao et al.[109].

In the MOF models, the largest effective coupling associated with the least displacement
along the long axis Ax (MOF-A) (Ax = 1.81, Ay = 1.21) is ~ 21.53 meV where the cou-
pling involving the CT states also exhibits high values (Table 3). However, a longitudinal
displacement along the x-axis leads to a significant decrease in couplings, nearly vanishing at
around ~ 3 meV for model MOF-C. For example, the electronic coupling decreases by about
-17 meV when comparing the MOF-A to the MOF-B configuration (Fig. 5.1).

Es,[eV] EcrleV] Er,[eV] Jeg[meV]
PEN-A 1.79 2.03 0.77 5.49
PEN-B 1.79 2.09 0.77 0.72
PEN-C 1.79 2.08 0.77 16.80
MOF-A 1.83 2.03 0.58 21.53
MOEF-B 1.83 2.12 0.58 3.2
MOF-C 1.83 2.80 0.58 2.2

Table 3: The effective electronic coupling between FE and ME of PEN and MOF dimer
models. Experimental values for the pentacene thin film are Eg, = 1.83 eV and Et, = 0.86
eV [110]. From UV /vis measurements of ZnPn we extract Es, = 2.03 eV.

We note that the superexchange coupling may interfere destructively, potentially leading
to complete cancellation through the leading configurations. It is worth noting that Ecqr is
significantly sensitive to the packing configuration of the monomer in a dimer (Table 3).

Rate of singlet fission from Marcus theory: To evaluate the feasibility of employing
these dimers in organic photovoltaics (OPVs), we have calculated an estimate of the rate
of formation Kgr of the multi-excitonic state using Eq.44. The reorganization energy and
Gibbs free energy of charge transfer play a significant role in the Marcus approach. As
expected, AG values are negative, indicating that the initial states are higher in energy than
the final states. Considering that the reorganization energy of PEN is estimated to be in the
range of 108-136 meV and in the MOF it is 116-201 meV, the reorganization energies vary
between 30 and 80 meV for PEN and MOF models, respectively, for different configurations
(cf. Figure SA.15). As a result, Kgr varies by two orders of magnitude among various dimer
configurations.

Our findings suggest that a variation in the stacking geometry of the two molecules in
the dimer can indeed have a substantial impact on the kinetics of the SF process, confirming
the expected influence of the intermolecular geometry [111, 112]. It is worth noting that
the variations in Kgp follow the trend determined by the one-electron coupling parameter
Jeff, as shown in Table 3. In this context, PEN-C exhibits a high SF rate of approximately
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Figure 5.5: The singlet fission rates for PEN and MOF models as calculated by the Marcus
rate equation.

~147 fs and possesses the largest coupling energies (~16 meV). Conversely, the other two
molecules exhibit negligible effective coupling values of 0.72 meV and 5.47 meV, accompanied
by significantly longer time constants of about ~ 7-50ps. The observed trend of SF rates
(PEN-C > PEN-A > PEN-B) correlates closely with the trend identified for the effective
coupling (Table 3). It is important to note that PEN-C and PEN-B possess very similar values
of the m — 7 distance (Table 2), yet they differ by nearly a factor of 10 in SF conversion rate.
The highly favourable geometry for ultrafast SF, as exhibited by PEN-C can be rationalized
by the computational results, specifically highlighting the electronic coupling between the
S1Sp and (TT) state. Hence, PEN-C is considered the geometry for further analysis.

Considering the MOF models, we find that MOF-A shows the highest SF conversion, while
MOF-B exhibits the lowest, thereby resulting in SF rates of 0.348 ps or 31.05 ps respectively.
MOF-C shows a SF rate of 5.68 ps, a value consistent with experimental findings (exp: 3.2-
5.8 ps). The SF rate constant decreases in the order: MOF-A (Jog = 21.53 meV) > MOF-C
(Jeg = 2.2 meV)>MOF-B (Jog = 3.2 meV). Here, the trend of rates does not follow the
effective coupling, but the reorganisation energy can explain the change in order. While
MOF-B and C have similar effective couplings J.;r, MOF-B exhibits a higher reorganisation
energy (A =201meV) than MOF-C (A = 132meV), slowing down the rate in MOF-B. In
summary we find that the dimer geometry of MOF-C results in the closest match between
the calculated coupling strength and the experimental SF rate constant.

Excited state dynamics: After reaching the S; state during dynamics, three kinetically
competitive excited-state deactivation pathways from S; to the ground state may unfold: ra-
diative and non-radiative deactivation pathways [113]. These reaction channels were explored
through nonadiabatic excited-state dynamics simulation of materials, as their significance for
SF has been well established. The kinetics of the rate constants (Ksp and K, ) for the refer-
ence compound PEN and MOF are depicted in Fig. 5.6, which also incorporates available
experimental data.

The multi-excitonic generation reaction (Kgr) unfolds several orders of magnitude faster
than the competing fluorescence process (K,), highlighting that the initial spectral features
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arise from SyS;, whereas the later time features are attributed to '(TT) and (T;+T;) in
both materials. The decorrelated (T;+T;) state is mediated by spin mixing with a quintet
correlated triplet pair >(TT). The energy of the lowest singlet excited state Eg,g,, was deter-
mined as Eg g, = 1.79 and 1.83 eV for PEN and MOF respectively. Intermolecular coupling
between the chromophores decreases Eg g, by approximately ~ 200 meV compared to that
of respective monomers. The S; energy changes depend on the relative orientation in both
materials, as differences in the crystal structures influence dipole-dipole interactions and or-
bital overlap between the chromophores, ultimately altering the electronic structure in the
solid state [114]. The multi-excitonic energies Err, for both materials were estimated as Epr
= 1.54 ¢V and 1.16 eV for PEN and MOF respectively. Therefore, the corresponding energy
gap of |Epg-Err| is determined as AGgr = 0.25 eV and 0.67 eV for PEN and MOF respec-
tively. Even slight changes in the S;-T4 energy gap can result in significant changes in the SF
dynamics. The observed CT energies reveal that the CT state energy of MOF-C is approxi-
mately 0.80 eV higher than that of PEN. As the energy of the virtual CT state decreases, the
SF rate is expected to increase, but only until the C'T state energy is nearly isoenergetic to or
falls below that of the S1; and !(TT) states. The time constant obtained from ESD analysis
shows that PEN has comparable SF efficiency with a time constant of 147 fs, consistent with
experimental results indicating the formation of triplets in a few femtoseconds (exp.:80-110
fs). The MOF model features a slower triplet formation with a maximum of 31 ps for MOF-B
and 5.68 ps for MOF-C which agrees best with the experimental values (exp: 3.2-5.8 ps).
The excited state energies of both materials are depicted in Fig. 5.6.

5.3 Discussion

From the findings of the TA experiments and our calculation, we motivate the kinetic model
for pentacene in the metal organic framework in Fig. 5.6b). For comparison the results for
PEN are displayed in Fig. 5.6a). They agree well with previously published experimental and
theoretical studies. We therefore believe that we can determine the relative orientation of the
linkers in the MOF by comparing the calculated rates with experimental data. In the MOF
we observe the generation of the triplet pair state '(T;T;) within a few picoseconds (4.9 ps)
which is also the case for the model MOF-C (5.68 ps). This transition is promoted by the
significantly polar CT character of the excited state through the superexchange mechanism.
This slowdown in the rate compared to PEN (70-100fs) can be rationalised by the higher
CT state energy in the MOF model. The triplet signature peaking at 525 nm is formed from
the intermediate state ™(T;T;) with approx. 119ps. We assign this spectrum to the state
™(TT) with the assumption that m=5 due to the slipped stacked geometry, which promotes
the pathway via quintets to free triplets [51]. Before the separation of the triplets, it is
assumed that a spin-correlated but electronically decorrelated state with spatial separation
of the excitons exists [44]. Therefore, we assign the second to last step to the state 5(T---T).
As explained in the section on ps-TA, relaxation pathways to the ground state are probably
responsible for the observed time constants of 73 =20ns and 74, =352 ns. Finally, the triplet
signature can be observed to decay to the ground state with a lifetime of 40ps. Together
with the observed TTA at high fluences we assume that free triplets are generated.
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Figure 5.6: Photo-dynamic relaxation pathway illustrating the rates of radiative and non-
radiative decay of a) PEN and b) ZnPn obtained from experimental (green) and theoretical
simulations of the MOF-C dimer (black); internal lifetimes are computed as 7, = 1/k,.
Experimental values with a star are taken from the literature [41, 48, 110, 115].

In summary, we have used a molecular engineering approach, exploiting the conforma-
tional freedom of MOF's to arrange pentacene moieties differently than in the PEN crystal.
We characterized the ultrafast optical properties by experiment and theory. Clear evidence
is found for triplet exciton generation. The change in geometric arrangement compared to
the thin film structure has two major impacts: It slows down the triplet-pair generation by
roughly two orders of magnitude, but at the same time the triplet lifetime is extended by
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almost four orders, which is an extremely promising improvement regarding the feasibility of
SF materials. The ability to achieve such novel molecular arrangements inaccessible in pure
organic crystals significantly enhances the SF energetics. We find that manipulation of the
m-m stacking distance is pivotal for optimizing intermolecular coupling in SF' and will inform
the design of next-generation MOF-based materials.
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5.4 Methods

5.4.1 Sample fabrication

The SURMOF (ZnPn) structure with Zn as metal nodes and the PEN linker as phenyl-
carboxylate substituted pentacene at 6- and 13-positions were prepared by a spin-coating
layer-by-layer method on quartz substrates, which is described elsewhere in more detail [87].
The film thickness was controlled by the number of spin-coating cycles, which amounts to
85nm for 75 cycles in our case. For comparison neat PEN thin films were fabricated by ther-
mal evaporation at a base pressure of 6.2 - 10~ ?mbar and a growth rate of 6 Amin~!. Both
samples were sealed under nitrogen atmosphere with a second glass to minimise possible
effects due to photo-degradation.

5.4.2 UV /vis and TA spectroscopy

For steady-state UV /vis spectroscopy a UV-2600i Shimadzu spectrometer was used. Tran-
sient absorption measurements were carried out with commercially available setups for short
and long timescales (HELIOS and EOS, Ultrafast Systems). The output of a Ti:sapphire
amplifier (Coherent Astrella) at 800 nm and a repetition rate of 4 kHz was used in a commer-
cial optical parametric amplifier (TOPAS Prime, Light Conversion) to create the excitation
pulse. The autocorrelation of the excitation pulse centred at 605 nm was about 47 fs assum-
ing a gaussian pulse shape, measured with a commercial autocorrelator (pulseCheck, APE).
For fs-TA a supercontinuum with a spectral range of 320 nm-800 nm was created by focusing
the Ti:sapphire output into a CaF, crystal. By focusing on a sapphire crystal instead, a
supercontinuum was created ranging from 820 nm to 1500nm. The delay of up to 8 ns was
controlled by a motorised delay stage. To observe longer time-dynamics up to 200 ps an
electronically operated delay was employed. In this case, an external laser system (Leukos)
generates a white light spectrum from 350 nm-900 nm. The cross-correlation for this setup
was about 350 ps.

The samples were excited with energies of 50 nJ up to 3000 n.J corresponding to 4244 11.J cm ™2,
and the polarisation of the pump beam was set parallel to the probe beam polarisation. Pump
and probe beam were focused with parabolic mirrors and were estimated to be 300 pm and
200 um at the sample position, respectively. Changes in absorbance AA we measured, there-
fore PIA appears as positive values and stimulated emission (SE) and ground state bleaching
(GSB) as negative. The open source software Glotaran was used for global analysis of the

TA data [82].

5.4.3 Computational Methods

To elucidate the mechanism of SF we employed a methodology based on density functional
theory (DFT). Specifically, the equilibrium structures of singlet ground (S0) and the first
triplet (T1) state of the systems were computed using Density functional theory (DFT)
using the B3LYP hybrid exchange-correlation functional [116, 117, 118, 119]. Singlet (S)
— Triplet (T) adiabatic energy differences and T-T couplings were computed using ground
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state DFT (unrestricted wave functions were employed for triplets), which is referred to
as ADFT. To analyse the structural minima harmonic vibrational frequencies were com-
puted using the Aoforce program implemented in Turbomole 7.4.1 program. To assess the
energetic criterion for singlet fission, vertical excitations and excited state geometry opti-
mizations were computed using time-depended density functional theory (TD-DFT) [120].
Throughout, the valence triple zeta basis set with polarization functions (d,p) (TZVP) was
chosen [121]. Dispersion interactions were incorporated using Grimme’s empirical dispersion
correction (D3-Correction) [122]. All optimizations were conducted without any symmetry
constraints, the point group symmetry was identified as Doy, for Pentacene (PEN), and C; for
the Pentacene-MOF models (MOF) with Dy and C; symmetries determined to be the min-
imum energy structures for PEN and MOF respectively. All DFT/B3LYP and TD-B3LYP
calculations were performed using Turbomole 7.4.1 program [123]. The electronic couplings
for SF were calculated using the methodology described by Berkelbach et al[124] for the
super-exchange mechanism,

_ 2(VerViw — VuuaVar)
Ecr — Err + Ecr — Eg,

Jepy = (SISSIVITITY) = (S183|Ha| TV TY) (43)
In this expression, the first term of the right-hand side accounts for the contribution of the
direct channel to the overall SF coupling while the second term accounts for the charge-
transfer mediated superexchange coupling mechanism. The first term will be ignored in the
subsequent analysis since the direct two-electron coupling (S} S3|Hy|TiT}) is assumed to be
small compared to the four one-electron couplings, Vi [125, 126]. Vg is the Fock matrix
element between the LUMO in the donor and the HOMO in the acceptor, and the other
matrix elements are defined similarly. Ect and Epr are the energy of the charge transfer
states and of TT [~ 2E (T1)], respectively. The rate constant for the transformation of the
locally excited (LE) state into the multiexcitonic *(TT) state can be calculated as,

2 1 _(AGiggp)?
kop = | Jgl? e PufFBT 44
5w = 7| en A\ kg T (44)

Here, A is the reorganization energy, and AGjs is the Gibbs free energy difference between
the initial and final states i.e, AG;y = Eg,5, — Epp. Finally, the rate of intersystem crossing
Kige and fluorescence K, were benchmarked using the excited state dynamic module (ESD)
implemented by Orca 5.0.4 program package [120]. The reliability of our calculations was
verified by comparing them with the available experimental values of PEN demonstrating
excellent agreement between the experimental and computed values (cf. Table SA.13).
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5.4.4 TR-SHG on the pentacene SURMOF

For the TR-SHG experiments, a regenerative amplifier was used (RegA Coherent, 300kHz,
800 nm) which is seeded by a mode-locked Ti:sapphire. The resulting beam has a bandwidth
of about 25nm and a pulse length of about 56 fs. The beam is then split in two to prepare
the pump and probe beams. The probe beam is passed through a piezo-driven stage to
set a delay of up to 200ps. To prepare the pump beam, an optical parametric amplifier
(OPA) is used. Here, a central wavelength of 615nm with a FWHM of 24nm was used.
Both beams are compressed by optical prism compressors and focused on the sample. The
temporal and spatial overlap is adjusted on a GaAs sample. A cross-correlation of 68 fs was
found, which corresponds to a pulse width of 48 fs assuming gaussian shaped pulses. Both
beams are linearly polarized and the directions are controlled with half-wave plates. They
are either set to p or s implying that the polarization is parallel or perpendicular to the
plane of incidence, respectively. After reflection on the sample at an angle of incidence of
45° with respect to the surface normal, the second harmonic light is collimated, selected by a
monochromator and detected with a photo multiplier tube. The fluences of pump and probe
beam were 300 1J cm~2 and 3000 j1J cm 2, respectively. Each data set shows an average of at
least 50 measurements on at least five different spots of the sample. The measurements were
performed under inert gas atmosphere (N3) at room temperature. The data were normalized
to 1 before the excitation and then fitted with the following model:

f)=(A-Be™+B (45)

To better describe the data, the function was additionally convolved with a Gaussian function
having the width of the measured cross-correlation.

Results of SHG measurements: To increase the efficiency of solar cells through SF, the
triplets must be harvested. This means that they have to diffuse from the SF material to
the semiconductor of the solar cell to create an electron-hole pair. Therefore, the interface
between the SF layer and the semiconductor plays a crucial role and we additionally inves-
tigated the ZnPn sample with TR-SHG, to observe what happens outside the bulk volume.
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Figure 5.7: TR-SHG data of ZnPn on sapphire
with an excitation centred at 615 nm.

The results are shown in Fig. 5.7, which shows the SHG intensity after excitation with a
pulse centred around 615nm. The different configurations of polarisation are indicated by p
or s, where the first letter belongs to the probe, and the second to the pump beam. Within
the range of the stage, the signal remains constant after the first rise, so only the first 2.2 ps
are shown. It can be noticed that an s-polarised probe beam only gives minimal signal inten-
sity, telling us that the breaking of inversion symmetry is best observed perpendicular to the
surface normal. Hence, we conclude that the signal is generated at interfaces between sample
and substrate, rather than at grain boundaries. Using the fit model from Eq.45 we obtain the
parameters 7,, = 201 £26 fs, A,, = 0.003 £ 0.012, B,, = 0.1354 +0.0018 and 7, = 195+ 34
fs, A,s = —0.0098 £0.0097, B,s = 0.07224+0.0016. The data with an s-polarised probe beam
were not fitted. We surmise to observe SF here as well, as this is the major process to be
expected in this pentacene derivative.

How come we are observing such a fast SF here? From discussions with professor Woll it is
suspected that the SURMOF structure is not fully developed within the first few nanometers.
There the arrangement of the organic linkers is not constrained as in the MOF structure.
Then a higher SF rate is conceivable due to a geometry favouring triplet-pair generation,
although the benzoic acid side chains likely cause steric hindrance. A faster singlet fission at
the interfaces might be detrimental to triplet harvesting. As pointed out by Korovina et. al
and mentioned earlier, a fast triplet-pair generation often comes along with a short lifetime
[30]. Therefore, the final yield might decrease due to lifetime reduction of the triplets at the
interface.
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6 Charge separation in a porphyrin-based metal-organic
framework incorporating fullerene

In this chapter, TA spectroscopy is used to investigate the excited state dynamics of a
SURMOF loaded with fullerene (Cgp). The organic linkers are porphyrin-based, which exhibit
high absorption cross sections in the visible spectral region and are good electron donors. In
the previous publication by Liu et al.[62], the unloaded SURMOF's showed a low conductivity,
which increased by loading with Cgy. More interestingly, in this system the conductivity can
be increased by two orders of magnitude by exciting the Soret band of porphyrin(~ 435 nm)
with light. This is explained by a fast charge separation between the porphyrin linker and
Ceo and subsequent hole or electron conduction along the porphyrins or fullerenes in the [001]
direction. The charge transfer dynamics between ZnTPP (5,15-bis-(3,4,5-trimethoxyphenyl)-
10,20-bis-(4-carboxyphenyl) porphyrinato zinc(II)) and Cgg is the subject of this section. In
the following the SURMOF samples are called Zn(TPP) and Cg@Zn(TPP). ZnTPP refers
to the linker used in the SURMOF or in general zinc tetraphenylporphyrin.

The chapter starts with an introduction to the photophysical properties of fullerenes and
porphyrins and their interaction, in particular the charge transfer between the molecules.
Then the sample preparation, structure and properties previously described by Liu. et al
[62] are briefly reviewed in section 6.2. This is followed by the presentation of the TA
experiments and their discussion. First, the excitation of the Soret band (6.3.1) and the
Q-band (6.3.2) of Zn(TPP) and finally an excitation of Cgy are described (6.3.3). The effects
of the different excitation energies are compared in section 6.3.4 and the time constants
obtained are discussed in section 6.4.

6.1 Introduction

Porphyrins have been intensively investigated because of their promising photophysical and
electronic properties. Potential applications are in the fields of photovoltaics, photoconduc-
tivity and catalysis [62, 127, 128, 129]. The naturally occurring chlorophylls, which have
porphyrin as their backbone, are considered to be the role model for the conversion of solar
energy. They occur in many variations that optimise the use of solar energy. In general,
porphyrins are excellent light absorbers. The so-called Soret or B band in the visible spec-
tral range has an extraordinarily high extinction coefficient. The Soret band (~ 435nm) is
assigned to the Sp-Sy transition and the Sy-S; transition, named Q band (~ 500 — 700 nm), is
very weak. However, the transitions do not occur from the HOMO to LUMO, LUMO+1, etc.
Instead the Soret band corresponds to the HOMO-1 to LUMO (and LUMO+1) transition
and the Q band to the HOMO to LUMO (and LUMO+1) transition. The energy scheme
of the orbitals is shown in Fig.6.1, which is based on the four-orbital model of M. Gouter-
man [130, 131]. According to this model, there are four frontier molecular orbitals and, in
principle, two B bands (Bg,By) and two Q bands (Qx,Qy). The indices x and y denote the
direction of the transition dipole moment in relative to a molecular coordinate system. As a
complex compound with a central metal atom, the porphyin backbone is symmetrical, which
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is why the transitions are degenerate in both directions. Without a central metal atom,
these free base porphyrins show a splitting of the bands. The Q-band often exhibits vibronic
contributions as well.

a LUMO+1 b
LUMO LUMO+1
. c, c, LUMO
C,
y| X y
X X _b_
Y Y HOMO
b1 bz b1
HOMO HOMO-1
HOMO-1
[ d

Figure 6.1: a Scheme of the energy levels of the four frontier orbitals involved in the photo-
physics of porphine based chromophores. On the right, the degeneracy of the states is lifted.
b Illustration of the molecular orbitals on the metallated porphine. ¢ Spherical harmonic
energy levels with 60 electrons distributed by Hund’s rule. L is the angular momentum quan-
tum number. d Energy levels after invoking the icosahedral symmetry of Cgy. Figures taken
or adopted from Ref.[132] and [133].
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In addition to being light absorbers, porphyrins can be used as charge and energy donors.
A suitable electron acceptor is Cgy, which can reversibly accept several electrons, which is
demonstrated in numerous studies [129, 134, 135, 136, 137, 138, 139]. A consideration of
the 7 electrons in the closed spherical potential well would lead to the conclusion that Cgg
itself is a conductor as there is an almost half filled shell, see Fig.6.1 ¢). However, if the
icosahedral symmetry is taken into account, the level scheme in 6.1 d) arises, showing that
the neutral Cg is an insulator. A special feature of fullerenes is the low reorganisation energy
A during charge transfer. In the context of the Markus theory, the process takes place in
the normal Markus region, which means that only a low driving force (AG) is required to
enable rapid charge separation. Charge recombination, on the other hand, takes place in the
inverted Markus region. Therefore, a lower reorganisation energy causes the recombination
to slow down. In both cases, the effects are therefore favourable for potential applications.
Furthermore, fullerenes are interesting for various areas of organic electronics due to their
electrical conductivity.

Porphyrins and Cgo were studied intensively in combination. A wide range of dimers were
analysed using both experimental and theoretical methods. Good reviews, among others, are
[140, 141, 142, 143]. The compounds are realised by different interactions: Covalent bonds,
-1 interactions, polar interactions, hydrogen bonds and complex formation. The electron
transfer takes place in a single step and results in a Cgy radical anion and a porphyrin radical
cation. These so-called photo-induced single step electron transfer (PISET) processes are
usually fast and there are no intermediate steps in which additional energy is lost. The
major disadvantage, however, is that charge recombination (CR) is also comparatively fast.
Photo-induced multi-step electron transfer (PIMET) processes include a further electron
transfer (ET) step in which the charges are further separated from each other. This reduces
the energy to be extracted from the photons in each ET process, but significantly increases
the ET efficiency. This is exactly what happens in photosynthetic reaction centres with close
to 100 % ET efficiency [142]. In trimers, PIMET can be realised by a third molecule and
ensure extraordinarily long lifetimes of the charge separated (CS) states [135, 142]. Some
results of the investigations on porhyrin-fullerene systems are briefly mentioned here: A
short distance between the molecules is advantageous for fast charge separation. Common
centre-to-centre distances in two-molecule systems are 6.5 to 9.5A [140, 141, 144]. There
are various effects of metallisation of HyTPP with zinc. A comprehensive overview of the
photophysical parameters of HyTPP and ZnTPP is given in Ref.[145]. It should be mentioned
that the extinction coefficient of ZnTPP with ¢ = 560000cm ™' M~ is greater than that
of HyTPP with € = 460000cm ' M~! at a wavelength of maximum absorption. A higher
extinction coefficient is beneficial for the photon conversion efficiency (PCE). In general the
metallated systems show inter system crossing (ISC). Therefore, the lifetime of the singlet
state is composed of the decay by fluorescence, internal conversion S;—Sy and ISC. In D/A
systems, the generation of CS states is also possible from the respective triplet states of
porphyin based donor [141]. In the context of fullerenes, a theoretical study using DFT
calculations shows that the charge transfer increases with -0.01le, -0.20e and -0.38e from
HQTPP:Cﬁo via MgTPPC(jo and ZHTPP2C60 [146]
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6.2 Material preparation and characterisation

The SURMOF structure is depicted in Fig.6.2. The samples were prepared by Zhiyun Xu in
the group of Professor Christof Wéll at in the Karlsruhe Institut fiir Technologie (KIT'). The
organic linker is ZnTPP. The sample is prepared in a layer-by-layer synthesis by spin-coating
the components. Each layer consists of a cycle of spin-caoting ethanolic metal acetate solution
and subsequently the ethanolic linker molecule solution. The Cgy molecules are incorporated
by a further spin-coating process after depositing the organic linker. This completes one
cycle. The samples investigated here, were prepared to yield a film thickness of 60- 70 nm.
For further details see Ref.[62]. The films were deposited on quartz substrates (thermo
scientific, quartz microscope; slide, fused, 25.4x25.4x1.0mm).

-
3 o @/12.72A
|

2343 A

8 =Zn* ‘ =

Figure 6.2: a Schematic of the SURMOF Cg,@Zn(TPP). Blue rods indicate the ZnTPP
linker and Zn?* dimers are shown as grey cubes. b Molecular structure as obtained by DFT
optimisation. Taken from Ref.[62].

The structure was already characterized in Ref.[62]. It was found from XRD measure-
ments, that the SURMOFs exhibit a high degree of order and are predominantly grown along
the (100) direction. They also estimated the percentage of filled pores by Cg to be 90-92%.
AFM images show a homogeneous height distribution.

The molecular geometric and electronic structure was also investigated by computation
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Figure 6.3: UV /vis absorption spectra of Zn(TPP) and Cgy@Zn(TPP) SURMOFs.

[62]. Between the porphyrin linkers a closest distance of 2.27 A and a center of mass (COM)
distance of 12.72 A was found. The COM distance of Cgq is 12.72 A and the closest distance is
5.78 A. The smallest distance between Cgy and the porphyrin linkers is 2.81 A (compare ST of
[62]). The UV /vis spectra of the SURMOF samples with Cgy (Cgo@Zn(TPP)) incorporated
and the empty SURMOFs (Zn(TPP)) are shown in Fig.6.3. The Q- and Soret bands are
clearly discernible. Non-degenerate Qx and Q, transitions can be observed as indicated.
Furthermore the vibronic transitions (0-0) and (0-1) for both Qyx and Q, transitions are
observable. The peaks are located at 446, 531 ,571, 608 and 651 nm for Cgy@Zn(TPP) and
445, 530,571, 610 and 660 nm for Zn(TPP). As described previously, the Soret band exhibits
the highest extinction coefficient. For Zn(TPP) a small shoulder on the high energy side
(~ 425nm) is observable. This might be attributed to either a splitting of the LUMO levels
or a vibronic transition. The double peak structure is much clearer in the TA data shown in
the next section. The UV /vis spectrum of Cg@Zn(TPP) shows two additional absorption
bands at 340 and 265 nm. They belong to the ground state absorption of the fullerene Cgg,
as can be seen by comparison to a neat film of Cgo [147]. Furthermore, the Soret band shows
a slight change of shape. This is a potential sign of electrostatic interaction of the frontier
molecular orbitals of Cgy and the porphyrin linker. This has also been observed in a D/A
structure linking tetrakis (4-carboxyphenyl) zinc porphyrin (ZnTCPP) and ethylenediamine
functionalized fullerene (Cgp-EDA)[148]. However, a significant broadening of the peak as
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well as a redshift was observable. The redshift points to a smaller band gap, due to electron
delocalisation. Within the uncertainty there is no redshift observable in Cgo@QZn(TPP).

6.3 Results

The samples were excited at the Q-band A\, = 605nm and at the Soret band with Ao, =
435nm. Furthermore with A\, = 264nm a transition of Cgy was adressed. First, the main

absorption at the Soret band will be discussed. Then Q-band and Cg, excitation are described
afterwards.

6.3.1 Excitation of the Soret-band

Each graph is the result of two to three individual experiments to cover the spectral range
shown. The UV, VIS and NIR ranges as described in the introduction were used for this
purpose. Note that not all ranges were measured with the same fluence in order to obtain
an improved SNR (signal to noise ratio).

a Pump@435nm b Pump@435nm
Zn(TPP) 41 C,,@Zn(TPP)
4 Probe @ [nm]: Probe @ [nm]:

— 450 740

AA (normalized)
o
AA (normalized)

B — 0 1 10 100 1000 TR 0 1 10 100 1000

Figure 6.4: Fluence dependence of Zn(TPP) a and Cg@Zn(TPP) b with 25, 50, 150, 200 nJ
and 25, 100, 150, 200, 320nJ per pulse, respectively, for three different probe wavelengths.
Data are normalised by dviding through the integral of the first 10 ps after excitation. Note
that the delay time is given with a linear scale between -1 and 1ps and with a logarithmic
scale elsewhere.

It should therefore be established beforehand that the dynamics do not depend on the
intensity of the pump beam used. For this purpose, the samples were excited with different
fluences and the data obtained were normalized and superimposed. This makes it easy to
show whether the dynamics vary. The time course at different wavelengths of the probe beam
is shown in Fig.6.4. A dependency can be ruled out here, as the samples show no dependency
on the fluence within the parameters used. A possible cause for a dependence on the fluence
would be bimolecular processes such as singlet-singlet or triplet-triplet annihilation due to a
high excitation density.
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Figure 6.5: TA spectra of a Zn(TPP) and b Cgy@Zn(TPP) after excitation with a wavelength
of 435 nm. The data were obtained from several experiments to cover the whole spectral range
as shown and rescaled accordingly. The data for Zn(TPP) and Cgy@Zn(TPP) consist each
of three measurement, covering the UV, visible and near infrared spectral region with 50nJ,
200nJ and 200nJ, respectively. Data at 435 nm4 10nm are removed, due to the overlaid

signal from scattered pump beam light.
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The TA measurements of the Soret Band excitation are shown in Fig.6.5. The GSB
can be seen for Zn(TPP) in Fig.6.5 a) from 380-450 nm as a negative signal. Furthermore,
some local minima can be seen, which are superimposed by a broad ESA that covers the
entire observed spectrum. The ESA is composed of spectra of overlapping molecular states,
which is why a clear assignment is not possible [149, 150]. The GSB of the Q bands are
at 525nm (Qx(1,0)), 561 nm (Qx(0,0)), 602nm (Q,(1,0)) and 658 nm (Q(0,0)) can be seen.
Thus, the energy difference of the vibronic levels between Q4(1,0) and Q4(0,0) is 164 meV
and between Qy(1,0) and Q(0,0) is 180 meV. These minima blue-shift in the observed period
by approximately 3 nm.

It is also noticeable that another dip can be seen at 730 nm. This cannot be explained by
the ground state absorption, as the lowest transition is at 658 nm (Q,(0,0)). This could be
attributed to SE, as has also been observed with other porphyrin complexes [26].

The ESA in the range of 820-1300 nm is attributed to singlet-singlet absorption [135].
After the maximum delay time of approximately 8ns the system has not yet completely
returned to the ground state, which can be recognized by the GSB at 450 nm. For porphyrins,
it is known that the singlet state S; changes to the state Ty through ISC. The triplet state
of porphyrin often shows an ESA at the lower energy side of the GSB [129, 151, 152]. This
can also be observed in the TA spectrum of Zn(TPP), where the maximum of the ESA at
470 nm shifts to 460 nm for long times.

In Fig.6.5 b) the TA spectra of Cy@QZn(TPP) are shown. A broad ESA is detected, similar
to the observed ESA in Zn(TPP). The GSB of the Soret band at 435 nm has a different shape
corresponding to the ground state absorption, in particular only one minimum is recognizable.
The minima of the GSB of the Q-band are at 524 nm (Q«(1,0)), 562nm (Q«(0, 0)), 600 nm
(Qy(1,0)) and 655nm (Qy(0,0)). In contrast to Zn(TPP), no clear blue shift of the minima
can be observed here. Furthermore, there is also no shift of the maximum of the ESA at
470 nm.

The influence of Cgp in the SURMOF can be observed in the UV spectral range at 330 nm
and in the NIR at 1070 nm. The negative signal at 330 nm can be assigned to the GSB of the
Ceo molecules. Fig.6.6 e) shows the evolution in time of the signal. It can be seen that the
signal does not appear instantaneously, which would be the case if the corresponding state
was populated directly. Instead, the signal develops over a few hundred femtoseconds. This
indicates that the expected charge transfer from the porphyrin linkers to the Cgg fullerenes
is taking place in this time regime.

At 1070 nm a peak is discernible that is not present in Zn(TPP). This can be attributed to
the Cgo*~ anion absorption [153, 154]. Likewise, the signal is not present immediately after
excitation and shows a rising amplitude. It should also be noted that in the associated UV /Vis
spectrum, no absorption of Cgy*~ anions can be seen in order to rule out the possibility that
Cgo"~ anions are present in the ground state. In that case a negative signal would be seen
after excitation of the Cgy*~ anions.

With the direct proof of the formation of the ESA by Cgy*~ anions at 1070 nm, the fast
charge separation as expected by Liu et al.[62] can be confirmed. A more detailed analysis
of the data to get a clear picture of the dynamics will be performed in the next section.
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Global anlysis after Soret band excitation of Zn(TPP)

In the following, the data are analyzed with Glotaran [82]. The difference absorption decay
spectra (DADS) are calculated. This means that a sum of exponential decays is fitted. The
DADS are shown in Fig.6.6 a)-d). The dynamics discussed below can also be shown in
the time domain at selected wavelengths of the probe spectrum (Fig.6.6 e)-h)). At these
wavelengths, significant differences occur when the SURMOF is loaded with Cgy fullerenes.

A minimum number of four time constants is required to fit the data for Zn(TPP). The
corresponding DADS are shown in Fig.6.6 a) and b) for the visible and near-infrared range.
Time constants of 7y = 135fs, 79 = 4ps, 73 = 84 ps and 74 = 6.7ns are obtained

In the literature, a state Sy’ is postulated for ZnTPP in solution with a biexponential
decay of 200fs and 1ps [26]. The S, state decays monoexponentially with 1.45ps in the
model. Within the S; state, vibrational relaxation with 5 and 12 ps takes place and with a
time constant of 7 = 2ns the state transitions to T; via ISC.

Another study investigated a SURMOF with 5,15-diphenyl-10,20di(4-carboxy phenyl)
porphyrin. [155] The results found there should be quite comparable, since the linkers used
there only lack the six methoxy groups (compare Fig.6.2 a)).The authors find three time
constants with the global analysis: ~1ps, ~25ps and a long process with >100ns. As
in other studies on metalloporphyrins, the ultrafast transition is assigned to the internal
conversion (IC) of Sy to Sy [152, 155]. The second time constant is attributed to vibrational
relaxation in the S; state. The last time constant is attributed to the lifetime of the triplet
state.

Therefore, the first time constant can be attributed to the IC from S, to S; with 74 =
135fs. The second time constant with 75 = 4 ps agrees well with rates found for vibrational
relaxation. The last process has a long lifetime of 6.7 ns and is assigned to the decay to the
ground state. The corresponding spectrum differs from the others due to the spectral blue
shift as described above. In particular, it is noticeable that the maximum of the ESA is shifted
from 470 nm to 460 nm, which could be explained by 3ZnTPP" triplet ESA [148, 151, 152].
Consequently, the third time constant 73 = 84 ps must be attributed to the ISC. This would
make the ISC rate significantly faster than the 2.1ns in solution [26].

A very fast ISC with 7 =2 ps was found for octaethylporphyrin with copper as the central
atom [156]. A mechanism involving a charge transfer state coupled with a doublet state of
copper 2CT is proposed here. With the closed d-shell of the electron configuration of Zn
3d1%4s?, this explanation can be rouled out. A fast ISC with 7 ~235ps was also found for
Zn tetraphenyltetrabenzoporphyrins in benzonitrile [157].

A fit with three time constants converges as well, but there are some deviations in the
range of the first 1ps. Only with the additional fourth lifetime of 7 = 135fs the ultrafast
relaxation discussed above is captured in the fit. This rapid dynamic can be seen very clearly
in the decrease of the ESA at 475 nm within the first 500 fs in Fig. 6.6 €) or in the decrease
of the GSB at 440 nm and at 560 nm in Fig.6.6 f).

Global anlysis after Soret band excitation of Cgo@Zn(TPP)
In Fig.6.6 ¢) the DADS of the TA data of Cg@Zn(TPP) in the visible spectral region are
shown. The obtained time constants are 7y = 327fs, 7 = 14 ps, 73 = 212 ps, and 74 = 10.2ns.
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Figure 6.6: DADS of Zn(TPP) in the visible region a and in the NIR b after Soret band excitation.
DADS of Co@Zn(TPP) in the visible region ¢ and in the NIR d. The data used for analysis
are shown in Fig.6.5. The colored areas indicate contributions from GSB (green), ESA of the
Zn(TPP) linker (red) and ESA of the cation and anion (blue). The circle in ¢ marks the zero
crossing mentioned in the text. e and g present the normalized difference absorption for selected
wavelenghts for Zn(TPP) and Cgo@QZn(TPP). The GSB recovery of the Soret absorption and the
Q-band absorption are depicted in e and g
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Since an overlap of a multitude of processes can be observed here, it cannot be assumed that
all processes can be separately resolved with this model. On one hand, two porphyrin linkers
are in one unit cell and only one fullerene molecule, and the loading is determined to be
approximately 90% by Liu et al.[62]. Therefore, it can be assumed that even with high
efficiency of charge separation, signals from excited porphyrin linkers not involved in charge
separation can still be observed.

The key features of charge separation and recombination can, however, be observed.
The first spectrum (purple) shows a positive signal at the position of the Cgy ground state
absorption, which means that the GSB of Cgy builds up with the corresponding time constant
of Tes.asp = 3271s. We tentatively ascribe this time constant to the CS process, which will
be solidified with the data from the near infrared region.

The corresponding spectrum (cyan) shows characteristics of Zn(TPP) ESA. We attribute
this time constant (14ps) to internal vibrational relaxation (IVR), which also lies in the
range of a few picoseconds in the SURMOF without fullerene. It is possible that the IVR
can occur in the S; state of the ZnTPP linker or in the CS state, as investigated in a
Zn—porphyrin—amino naphthalene diimide dyad [158].

As the process continues, it is expected that the CS state will recombine, so the GSB of
Cgo should recover. The DADS (yellow) shows the decay of the GSB of Cgy (330 nm) with a
time constant of 7ogcsp = 212 ps.

In Zn(TPP), we observed the formation of triplets, which was determined by the blue
shift of the maximum from 470 nm to 455 nm. In Cgy@QZn(TPP), this shift is not observed,
indicating that no triplets are generated. This is also consistent with the fast charge sep-
aration. On the other hand, it has also been observed that the CS state originates from
the excited porphyrin triplet state. The decay to the ground state seems to be slower in
Ce0@QZn(TPP), as 74 is greater.

The NIR data can also be fitted with four decay constants, see Fig.6.6 d). The resulting
decay constants are 7 = 3571fs, 79 = 22.4ps, 73 = 244 ps, and 74 = 5.6 ns.

The first DADS (purple) has a negative contribution between 1030 nm and 1100 nm,
showing that the Cgy*~ anion ESA peaking at 1070 nm builds up. With that we confirm
that the observed build up of the Cgq GSB is connected to the creation of anions as their
rates match well. Similarly, as in the visible region, the second DADS (cyan) does not show
features of Cgy or the CS. Hence, we also contribute it to internal vibrational relaxation
(IVR) in the porphyrin unit. The thirds DADS (yellow) has a prominet peak at the Cgg
anion absorption. From the decay of this signal we can extract the time constant for CR
with TCR,NIR = 244pS.

The temporal evolution of the ESA at 1070 nm is shown in Fig.6.7 a) for the SURMOF
with and without Cgo. Without Cg, a rapid decrease can be seen within the first few hundred
femtoseconds. In contrast, with Cgg, the signal builds up. Keep in mind that the scale is
linear for the first picosecond. For comparison, Fig.6.7 b) shows a wavelength in the NIR
that is not in the region of the anion ESA. Here, no increase in the ESA is observed.

As the rate of charge separation is almost two orders of magnitude faster than the second
fastest observed rate constant, one could also attempt to fit a monoexponential function
(which includes the instrument response function) to the data. This was done for the rise
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Figure 6.7: Time evolution at 1070nm a and 894 nm b of the probe spectrum for Zn(TPP)

and C60@QZn(TPP). The rise in signal at 1070 nm is indicative for generation of Cgy*~
anions.

of the anion absorption in the NIR and for the GSB of Cgy. From that charge separation
constants of 7¢g 1065 = 527 fs in the NIR and 7¢g330 = 128 42 fs were obtained. These fits
do not seem to agree well with the rates obtained by global analysis. This could be explained
by the underlying ESA from the porphyrin linker, that also exhibits an ultrafast component.
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ZnTPP radical cation absorption

With the existence of Cgy anions, porphyrin cations should also be observable. Porpyhrine
cations show absorption in the visible range between 600-700nm [159], which cannot be
clearly identified (compare Fig.6.5 b)), but the global analysis provides spectra with increased
amplitude of the ESA at 650 nm, that might stem from ZnTPP™ cations. Moreover, ZnTPP*
absorbs in the visible range [160]. This is rarely used for identification of CS, probably due
to detector limitations.

From the global analysis of Cg@Zn(TPP) we can conclude that the yellow DADS (Fig.6.6
¢)) shows the characteristics of the CS state. A third prominent absorption with a maximum
at 403nm (see Fig.6.6 ¢)) is visible in the DADS. This absorption feature can be attributed
to the ZnTPP*" radical cation [160].

Interestingly, whereas the purple DADS — associated with the rise of the radical cation
absorption — and the yellow DADS — associated with the decay — have high difference ab-
sorption values AA, the red and cyan DADS have a zero crossing. At the wavelength which
is encircled in Fig.6.6 c), it should be possible to extract the charge separation and recom-
bination dynamics without the underlying spectra, that are described by the red and cyan
DADS. For that, time traces at several wavelength close to the zero crossing of the in the
circle have been extracted. Since those should not contain the dynamics of the pure por-
phyrin dynamics, it should be possible to use a model with only two exponentials. The
results are shown in Fig.6.8 and Table 4. It is indeed possible to fit the data with only two
exponential functions. The obtained time constants are in good agreement with the results
from the global analysis. From the RMS values (sum of squares of the errors divided by
the number of degrees of freedom) in Table 4 it can be concluded that the best fits are in
the range from 406.9-408.7 nm of the probe spectrum. For data with a lower wavelength, an
additional long time component results in a bad fit for delay times > 300 ps, which is best
observed at the probe wavelength of 404.1 nm (first graph in Fig.6.8). On the other hand,
for increasing wavelength of the probe spectrum, the GSB of Zn(TPP) results in a negative
AA contribution, which is visible for long time delays (last graph in Fig.6.8).

Energy/pulse 50nJ 100 nJ

A [nm] T1[f 9] Ta[ps] RMS [1077] T1]f ] Ta[ps] | RMS [1077]
404.1 115 +£ 110 | 273 £ 11 3.01 - - -
404.7 290 £ 123 | 248 + 10 2.65 - - -
405.2 273 £ 103 | 250 + 10 2.56 668 £ 375 | 229 £ 7 5.22
405.8 292 £131 | 243 £ 10 2.75 461 £222 | 224 £ 7 4.74
406.3 236 + 80 229 £ 9 2.43 66 £ 40 202 £5 3.77
406.9 341 £ 64 216 £ 9 2.43 91 £+ 35 194 £ 5 3.55
407.5 303 £ 69 191 £ 9 2.46 103 £ 31 | 185 +4 3.37
408.1 315 £ 69 181 £ 9 2.42 - - -
408.7 429 + 51 173 £ 9 2.47 - - -
409.3 410 £ 90 | 173 £ 11 2.73 - - -

Table 4: Fit results for the data shown in Fig.6.8. The time constant 7 and 75 describe
charge separation and recombination.
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Figure 6.8: Time evolution of the radical cation absorption after excitation of the Soret band
with 50 nJ per pulse. Two exponential functions are used to model the data in this spectral
region.
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6.3.2 Excitation of the Q-band

Fig.6.9 shows the TA spectra of Zn(TPP) and Cgy@QZn(TPP) after excitation with laser
pulses with a wavelength of 605nm. No additional measurements were performed for the
visible range, which is why the signal quality in the range 600 nm-800 nm is low. The spectra
are similar to those after excitation in the Soret band, which is why the key features are not
described further and instead only the differences are discussed.

E [eV]
1.0

— 0.2 ps —— 50 ps
— 0.5 ps 100 ps
— 1ps 300 ps
— 3ps —— 1004 ps
—— 10 ps —— 3994 ps
— 25 ps —— 7657 ps
400 500 600 700 900 1000 1100 1200 1300
1.0
ey Fegtoan i/
0.2 ps —— 50 ps
0.5 ps 100 ps
1.0 ps 301 ps
3 ps —— 1004 ps
10 ps —— 3995 ps
25 ps —— 7657 ps
-2 400 500 600 700 900 1000 1100 1200 1300

Anm]

Figure 6.9: TA spectra of a Zn(TPP) and b Cgy@Zn(TPP) after excitation with a wavelength
of 605 nm. The data were obtained from several experiments to cover the whole spectral range
as shown. Zn(TPP) and Cgy@QZn(TPP) consist each of two measurements, covering the UV
and near infrared spectral region each with 200nJ. Data at 605nm=+ 25nm are removed,
due to the overlaid signal from scattered pump beam light.
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Since this lower-energy excitation is not sufficient to excite the S, state, the relaxation
So — Sp should be absent. In fact, the ultrafast component is no longer present in the range
from 450 nm to 520 nm (see Fig.6.5 a) and Fig.6.9 a)). Furthermore, the ratio of the minima
in the GSB is different for 410 nm and 440 nm. Finally, the blue shift of the maximum of the
ESA at 470 nm is also less pronounced. We have attributed this shift to the transition to the
triplet system by ISC. After excitation with even higher energy (A, =264nm), the triplet
ESA is even stronger. The ISC efficiency therefore increases with the excitation energy.
These three differences are discussed in more detail after the results of the excitation with
Aoz = 264nm have been presented.

Global anlysis after Q-band excitation of Zn(TPP)

The global analysis was carried out for Zn(TPP) with only three time constants, as it is to
be expected that the relaxation S; — Sy is not present. The results are shown in Fig.6.10 a)
and b). In the visible range, the time constants are 7 yvis = 5.8 ps, 7o vis = 110ps, T3vis =
7.1ns and in the NIR T1NIR = 5.5 PS, T2 NIR = 110 PS, T3NIR = 7.71ns.

We assign the time 7; to the IVR. We have assigned the second time constant to the ISC
after excitation with \., = 435nm. However, it appears that fewer triplets are present, which
is observed by the small blue shift in the ESA at 470nm. This also fits with the third time
constant 73 ~ 7-8 ns, as a longer lifetime would be expected for triplets. The decay constants
can therefore not be clearly assigned.

Global analysis after Q-band excitation of Cgo@Zn(TPP)

The global analysis for Cq@QZn(TPP) was carried out with two time constants and an offset.
In principle, very similar dynamics with charge separation and recombination, as well as
parallel relaxation in the porphyrin linker should be expected. However, a fit with four times
does not converge in the visible as well as in the NIR. The time constants in the visible
range are determined to be 755 = 17.5ps and 7¢g = 360 ps. In the NIR, 7¢g = 83fs and
Tor = 263 ps. An ultrafast dynamic can therefore be observed in the NIR, having a negative
amplitude with the minimum at 1070 nm. This again shows the structure of the Cgy anion
ESA, which subsequently decreases with ~263 ps (green DADS).

Similar to the excitation with A, = 435nm, a zero crossing of two DADS can be iden-
tified at approximately 407 nm and the ESA (green DADS), which can be attributed to the
ZnTPP*t radical cation, has its maximum at 403 nm. Therefore, we can select wavelengths
of the probe spectrum where the contribution of the Zn(TPP) ESA and GSB are the smallest.

Table 5 gives an overview of fit results with only two exponentials. The table includes
experiments with ' =100, 200 and 300nJ per pulse for the wavelengths A,pe = 400 to
409nm. The majority of fits for 7¢g return values between 100 and 300 fs when using 100
and 200nJ per pulse. The outliers have such high errors that they still agree. For 300 nJ per
pulse, greater values for 7¢g are obtained, but they still agree within the 30 range. From
this rather broad distribution, no conclusion can be drawn whether the CS rate is different
in comparison to Soret band excitation.

However, the time constants for charge recombination are increased compared to those af-
ter Soret band excitation. All values obtained are > 305 ps, whereas 212-244 ps was obtained
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Figure 6.10: DADS of Zn(TPP) in the visible region a and in the NIR b after Q band excitation.
DADS of Co@Zn(TPP) in the visible region ¢ and in the NIR d. The data used for analysis
are shown in Fig.6.9. The colored areas indicate contributions from GSB (green), ESA of the
Zn(TPP) linker (red) and ESA of the anions and cations (blue). The circle in ¢ marks the zero
crossing mentioned in the text. e and g present the normalised difference absorption for selected
wavelengths for Zn(TPP) and Cgo@Zn(TPP). The GSB recovery of the Soret absorption and the
Q-band absorption are depicted in e and g
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from global analysis and 181-229 ps from single fits for data after Soret band exitation. Once
the CS state has been reached, it would be expected to have the same decay constant in
both cases. Different dynamics could be explained by the fact that the recombination to the
ground state has different dynamics if the HOMO-1 is still occupied, which is the case after
excitation with A., =605nm. The GSB recovery has a different time evolution depending
on the wavelength of the probe beam, both with and without Cgg loading, as can be seen in
Fig.6.6 f) and h) and 6.10 h). This indicates that the HOMO and HOMO-1 have different
recovery dynamics.
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Table 5: Fit results for a model with two time components in the range of 400-410 nm of the probe
spectrum for energies of 100, 200 and 300 nJ per pulse. The RMS value gives the sum of squares of

the errors divided by the number of degrees of freedom [83].
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6.3.3 Direct excitation of Cgg

The light harvesting unit in a porphyrin-fullerene complex is the porphyrin unit, as it has an
outstanding high exctinction coefficient in the visible spectral region. But in a D/A system
it is also possible the excite the acceptor to induce the charge separation. As can be seen
in Fig.6.3, the introduction of Cgy into the SURMOF led to two new absorption peaks at
264nm and 330nm. An excitation wavelength of A\., = 264nm was chosen to excite Cgp.
Of course this is not a selective excitation as ZnTPP absorbs as well in the UV and higher
excited states will be populated. Hence, the dynamics will be a superposition of a multitude
of processes.

Global anlysis for Zn(TPP)

Fig.6.11 a) shows the DADS of Zn(TPP) from global analysis in the visible region. The
spectral evolution can be fit with 7 yig = 1.1ps, Tovis = 15ps, T3vis = 197 ps and 74 vis >
8ns. Similarly to the dynamics observed after exciting the Soret band, the processes involved
are likely to be IC from higher excited states S, to S; and IVR in these states with averaged
time constants of 7y yis and 7 yis. The last DADS (red) with a time constant greater than
8 ns exhibits a considerably blue shifted ESA with a maximum at 450 nm, which is identified
by the ESA of 3ZnTPP" as before [129, 151, 152]. Therefore the third time constant T3 VIS =
197 ps must be ascribed to the process of ISC. The analysis in the NIR can not be brought
in agreement with the results obtained in the visible region at this moment. It is however
noteworthy that the longest time component is 773 ps. From that we can conclude that no
ESA originating from triplets is visible in the NIR, since this would be present for longer
delay times.

Global anlysis for Cgo@Zn(TPP)

Examining the results obtained for Cg@Zn(TPP), similar spectral characteristics are ob-
served, although with small deviations. As before in the visible spectral region the GSB of
Cgo can be observed at 330nm and the ZnTPP** radical cation ESA at 404nm. As indi-
cated by the circle the DADS (red and cyan) do not cross AA = 0 at the same wavelength.
Therefore, when extracting a single or few wavelength in this region to analyse the charge
separation and recombination dynamics, overlapping contributions from the Zn(TPP) ex-
cited state dynamics should be expected. Actually, the global analysis yields 7 vig = 987 fs
as shortest time. When analysing single traces, a fit with two time constants results in time
constants > 6ps for a measurement with 300nJ. These fits clearly do not capture the rise
in signal and are therefore not a good estimation of the CS rate. With a different excitation
power of 100 nJ per pulse, the fit yields 7¢g = 267 & 211 fs and 7¢r = 249 4+ 6 ps. The high
error A7cg shows that the model is not adequate.

The maximum of the red DADS shows a blue shift of approximately 10nm to 463 nm
which could be explained by contribution to the absorption from 3ZnTPP”. This means that
a greater amount of triplets is generated parallel to the CS process.

In the NIR, the model with four time constants yields 7 nig = 1200 fs, 77y rNiR = 33 Ps,
TerNIR = 395 ps and 74 >8ns.
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Figure 6.11: DADS of Zn(TPP) in the visible region a and in the NIR b. DADS of
Ceo@Zn(TPP) in the visible region ¢ and in the NIR d. The samples were excited light
pulses of the wavelength \., =264nm. The colored areas indicate contributions from GSB
(green), ESA of the Zn(TPP) linker (red) and ESA of the cation and anion (blue). The circle

in ¢ marks the zero crossing mentioned in the text.

These times can only partially be reconciled with the existing model described before. The
charge separation seems to be slowed down. This might indicate that no direct separation
takes place, but separation with prior IC from higher to lower singlets states. The rates
for IVR and CR are also slightly slower. Again we surmise that spectra from additional
species play a role. When observing the spectral features in the NIR a seemingly minuscule
difference is seen. The purple DADS does have a minimum at 1070~1080 nm as described for
lower excitation energies, however, this minimum does not have negative values. Therefore,
the time evolution from this DADS does not imply a rise in signal at the absorption of the
Cgo anions. Nevertheless, it is clear that the yellow DADS shows the characteristic ESA for
Cgo anions and the decay time can be associated with the recombination process. Finally,
the red spectrum in the NIR has a higher intensity compared to data with lower excitation
energies, indicating long-lived species that were not observed before. From the shape of the
absorption it might be attributed to ZnTPP ESA.
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6.3.4 Comparison of excitation energy

In this section the major differences after exciting the samples with different excitation will
be adressed. Fig.6.12 displays data of Zn(TPP) for A\., = 264,435 and 605nm. In Fig.6.12
a) the selected wavelength of the probe is A\,.ope =475 nm. An ultrafast decay within the first
picosecond is seen only for the higher excitation energies. This decay can be associated with
the IC from higher states to S, as has been observed in other porphyrin based systems as
well [152, 155].
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Figure 6.12: Comparison of the influence of different excitation energies on Zn(TPP). At a
probe wavelength of 475nm a, the ultrafast IC from higher lying states to S; is only absent
after excitation with ., = 605nm. At a probe wavelength of 453nm b the ESA of triplets
is most prominent for long time delays. ¢ Ratio % of the two minima of the GSB at probe
wavelengths of 440 nm and 414 nm.

Fig.6.12 b) shows the data for Ayope = 453 nm which corresponds to the maximum of the
DADS associated with triplet ESA as found after excitation with a wavelength of 264 nm
(Fig.6.11 a)). This clearly demonstrates that the triplet yield increases with increasing ex-
citation energy. This can be seen by the rising AA signal for longer time delays. For the
lowest excitation energy (red) this time evolution does not show clear signs of triplet ESA.
The already discussed DADS only showed a negligible spectral shift (Fig.6.10 a)). For higher
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excitation energies the A A signal rises above zero again. Similar effects of excitation depen-
dent ISC have been found in other systems although not including porphyrin units [161, 162].
There, several ISC pathways from higher lying states were proposed.

Fig.6.12 ¢) displays the ratio &4‘1‘2 of the two minima of the GSB at A, = 440 and
414nm. The time evolution after excitation of the Soret band (green) shows an ultrafast
component, which again might be caused be the IC to S;. Then the value of the ratio stays
constant ~ 2. After excitation of the Q-band, the ratio initially shows a value of ~ 3 and
drops to the same value as fir the Soret band excitation at approximately 20 ps. The model
proposed by us and others only show vibrational relaxation on those time scales. Therefore,
the observed evolution might be associated with the Q,(0 — 1) — Q,(0 — 0) vibrational
relaxation, as A, = 605nm excites the Q, (0 — 1) transition.
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Figure 6.13: Time evolution of charge separation and recombination at a~ 406 nm and b
1070 nm for different excitation energies. ¢ Ratio of difference spectra 2?450 at the wave-
lengths 450 nm and 423 nm.

Fig.6.13 a) compares the evolution of the CS and CR in Cg@Zn(TPP). The probe wave-
lengths have been chosen to give AA ~ 0 for long delay times (> 1ns). As argued in the
sections above, at these wavelength the dynamics of CS and CR are singled out as other
contributions are negligible or at least very small. All time traces show similar dynamics.
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After excitation at with the highest energy (Ao, 264 nm), the initial rise seems to be faster.
Whether this is due to faster charge separation or other from contributions of higher excited
states can not be clarified. Both single trace fits and global analysis give slower CR rates
after excitation to the QQ-band.

The dynamics as displayed by Fig.6.13 b) show the data at 1070 nm, where the Cgy anion
absorbs. For all excitation energies the rise of the signal is faster as compared to the signal
rise in Fig.6.13 a) and for long delay times the signal does not decay. Both observations are
explained by the fact, that underlying ESAs are present.

Fig.6.12 c) displays the ratio 442 of the GSB at Apope = 450 and 423nm. With higher
excitation energy the ratio increases which is the invers behavior to Zn(TPP) wihtout Cgy.
This observation can not be explained so far. The rise for long delay time stems from the
triplet ESA.

6.4 Discussion

Since many of the systems are not directly comparable, because of different chemical struc-
tures or different solvent, it is often useful to compare the quotient I = lljc%i = 12—’; of the
rates. The Cgy@Zn(TPP) SURMOF has a ratio of I ~ 600. We will first report on studies of
thin films of porphyrine-fullerene systems, and as the majority of publications covers dyads
and more complex porpyhrine-fullerene systems in solution, a few systems in solution will
also be reported.

Wang et al. studied the charge separation and recombination kinetics in crystalline
nanosheets of ZnTPP-Cyy co-crystals [163]. As Cgp, Cro is also an electron acceptor and
can be used to generated efficient devices [164]. Wang et al. found fast charge separation
with time constants <2ps. Interestingly, they found a biphasic decay of the anion with
~10ps and ~170ps, with a ratio of I = 35 for the longer lifetime. They find the reason
for the biexponential decay in two distinct arrangements (face-to-face and edge-to-face) of
the porphyrins and fullerenes. There are two ZnTPP linkers in a unit cell in the SURMOF.
Based on its symmetry however, the dynamics of the ZnTPP linkers in Cgo@Zn(TPP) should
not be different. The absorption features of ZnTPP linkers that are oriented parallel to the
substrate surface might differ from those, that are arranged perpendicularly, but this should
only affect the spectral and not the kinetic properties.

The aforementioned D/A system with ZnTCPP and Cg-EDA arranged by electrostatic
self-assembly shows a CS lifetime of 220.9 ps [148]. The charge separation takes places within
a few of picoseconds. With that the ratio of rates is on the order of 10-100.

Dyadic ZnP-Cgy systems often exhibit time constants in the pico- to nanosecond range.
Functionalized Cgp was bound to ZnTPP by metal-ligand axial coordination [136]. Here,
time constants of 7cg =175 ps and 7cr =4 ns with I = 23 and 705 =127 ps and 7cg =2.6ns
with I = 21 for differently functionalized Cgy fullerene acceptors were found in toluene.
Another dyadic system is a ZnTPP-Cgy supramolecular assembly, which is formed by non-
covalent bonds [150]. The center-to-center distance is very small with 2.77 A, while the
smallest D/A distance in Cgo@Zn(TPP) is 2.81 A and the COM distance is 12.7 A. In
the supramolecular assembly, 7o =1.8ps and 7cr =183 ps with I = 102 were determined.

74



Another study by Kuciauskas et al. investigated covalently bound ZnP-Cgy, and HyP-Cgq
dyads [139]. The lifetimes of the charge-separated states of 7ocr =280ps of the free base
porphyrin and 7o =50 ps of the zinc analogue found there, were classified as long lived CS
states.

From the above systems we see that the recombination rate of Cgy@Zn(TPP) is on the
same order as observed in other systems. However, in comparison, the rate of charge sep-
aration is quite high which is reflected in the order of magnitude bigger ratio I. It can be
surmised, that a very small internal reorganisation energy is the reason for the high ratio.
In the thin film no solvent reorganisation is necessary and the channels along [001] direction
migth increase the charge delocalisation and therefore reduce the reorganisation energy [165].

As mentioned in the introduction, longer lifetimes of the CS state is achieved - as in natur
- by a multistep transfer of the charges. The most simple architecture for that is a tryad. In
both thin film or solution, the lifetimes are tremendously increased. A dendritic architecture
of poprhyrins and Cgg (Cgo-HaP-(ZnP)3) in a Triton-100 matrix yielded a CS rate of 108 ps
and a recombination rate of 460ns (I = 4260) [137]. A supramolecular tryad in toluene
consisting of a zinc phthalocyanine fused with a free-base porphyrin which are coordinated
to a functionalized Cgg fullerene, achieves a CS state that lifes for 120 ns [166].

One of the most long-lived CS states to be observed is created in a ferrocene-zinc por-
phyrin trimer—fullerene pentad and has a lifetime of 0.53s [141].

In the case of possible applications such as photovoltaics, the lifetime of the charge carriers
must be sufficient leave the active layer before recombination by diffusion. With a (high)
exciton diffusion coefficient of D = 0.02cm?s™ !, a diffusion length Lp = v/4Dt = 84nm
is achieved in ¢ = 300ps. The active layers of organic solar cells are on the order of 100
nanometers [167]. From this estimate it can be seen that the lifetimes of the charge-separated
states should be at least a few 100 ps.
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6.5 Conclusion

The dynamics of charge separation and recombination have been examined in a SURMOF
incorporating Cgo fullerenes. A scheme summarising the kinetics is shown in Fig.6.14.

The dynamics in Zn(TPP) are comparable to those observed in literature. This includes
ultrafast IC from the So to the S; state (135fs) and IVR within a few picoseconds. The
triplet state is populated through intersystem crossing, however faster than in comparable
systems. The arrows in Fig.6.14 a) changing from dashed to solid indicate the increase in
triplet ESA that was observed, when higher excitation energies were used.

With incorporation of Cgg the charge separation takes place on an ultrafast timescale
with 709 = 327 — 357 fs after excitation of the Soret band. These times are extracted from
global analysis of the visible and NIR detector range. The charges recombine with a time
constant of 7og = 212 — 244 ps. The generation and recombination was identified by ESA of
Ceo"~ fullerene anions at 1070 nm and the GSB of Cgg at 330 nm.

The charge separation after excitation of the Q-band has a similar or faster rate extracted
from single traces. The charge recombination process was observed to be slower with 7o =
263 — 360 ps from global analysis.

For both excitations, no direct evidence for *ZnTPP* ESA is found with Cg incorporated
in the SURMOF'. This indicates that CS competes with ISC, but the charge generation rate
is two orders of magnitude faster, hence only very few triplet states are populated.
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Figure 6.14: a Proposed kinetics for Zn(TPP) and b Cgy@Zn(TPP). The coloured lines
indicated excitation of the system with 605, 435 and 264 nm. The energies of S; and S, as
well as the vibrational levels of S; are drawn according to the observed spectra. The levels
of T; and the CS state were not obtained. The shaded area indicates higher singlet states of
either ZnTPP or Cgg. See text for further details

The dynamics of the CS can also be observed by the ESA of ZnTPP*" radical cations.
For the investigated system, global analysis allowed to identify a spectral region where the
CS and CR dynamics can be disentangled from underlying spectra. Therefore the dynamics
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could also be modelled including only a rise and decay rate, without the need for a more
sophisticated model.

With an excitation wavelength of A\, = 264nm, the charge separation dynamics get
partially obscured by overlapping signals. Specifically, there is an increased generation of
3ZnTPP”" also in Cg@Zn(TPP).

Compared to other two component systems, the ratio [ = ,’:g—; = :g—’; 600 is very high,
which is beneficial for efficient use of the charge carriers.

7



7 Pentacene-Acceptor Bilayers 78

7 Pentacene-Acceptor Bilayers

In donor/acceptor systems, both doping and charge separation are key processes that need
to be understood in detail. Since pentacene (PEN) has advantageous properties such as high
carrier mobility [168] and the capacity for multiexciton generation through SF, it is studied
intensively. Together with F4-TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane)
it creates a donor/acceptor system. Recently, this system was revisited, because the existing
model for the doping process did not match experimental observations [10, 169, 170]. For clar-
ification Theurer et al.[10] investigated blends of F4-TCNQ and the slightly stronger acceptor
2,2'-(perfluoronaphthalene-2,6-diylidene)- dimalononitrile (F6-TCNNQ). Here, this investi-
gation is extended to bilayers of the donor and acceptor by means of diffraction, static and
time-resolved measurements. The bilayers allow studying the process at the donor/acceptor
interface. The interaction of donor and acceptor at interfaces is an important aspect of opti-
mising bulk hetero-junctions in organic solar cells. First, a general overview of doping mech-
anisms for organic semiconductors (OSC) is given. The need for re-evaluation of the existing
model and the new model are summarised thereafter. In section 7.2.1 the material prepara-
tion followed by the steady-state characterisation for bilayers with PEN and F4-TCNQ are
presented. Section 7.2.2 discusses the fs-TA measurements. Subsequently, steady-state char-
acterisation and fs-TA measurements for bilayers with PEN and F6-TCNNQ are discussed.
A conclusion follows in section 7.4.

7.1 Introduction

A donor or acceptor can be used to dope an OSC. There are a plethora of parameters that
can be altered to optimise the device performance, but first on foremost the energies of the
frontier orbitals of the molecules are of interest. From that perspective two main doping
mechanisms are relevant: Ion-pair and charge transfer (CT) complex formation [171].

Analogously to inorganic semiconductors, OSC can be p- or n-doped, depending on the
energy level alignment of the donor and acceptor. The molecules are p-type dopants if the
electron affinity (Ega) is ideally equal or higher than the ionisation potential (IP) of the
OSC and an electron transfers from the OSC to the dopant. For n-doping the energetic
requirements are vice versa and the electron transfers from the dopant to the OSC. Hence,
this process results in the formation of an ion pair and integer charge transfer (ICT). In order
to serve as a charge carrier, the charges need to be separated. They are bound by an energy
Ey, = %, which results from the Coulomb force between the two charges. Typical binding
energies (~ 1eV > E, >~ 50meV [21]) exceed the thermal energy at room temperature.

In the second type of doping mechanism CT complexes are created through orbital hy-
bridisation between dopant and OSC. This is also possible for molecules where the Egs and
IP have a larger energy difference [172, 173]. A CT complex often leads to partial charge
transfer instead of ICT. Therefore, mobile charge carriers are not produced at this step.
Instead, the CT complex acts as dopant for the neutral OSC. To achieve an ICT from the
OSC to the CT complex an activation energy is required, which is why only very few CT
complexes contribute to the doping process [171]. F4-TCNQ is considered to be a strong
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electron acceptor (Ega = 5.1 —5.4eV [174, 175, 176, 177, 178, 179, 180]) and many studies
report on its usage as a p-type dopant [181, 182]. The prevalent model was ion pair forma-
tion as describe above [10, 182]. However, high doping concentrations were needed in order
to achieve an appreciable increase in conductivity [169]. Furthermore, direct evidence for
polarons was missing in UPS spectra [170]. Salzmann et al.[170] proposed a CT complex
formation that could explain the observed discrepancies. Further studies concluded that the
system F4-TCNQ together with the OSC PEN is at the boundary of creating either ion pair
or CT complexes through hybridisation [10, 169]. The values for Ega, IE and also the ener-
gies of the hybridised orbitals from Ref.[170] are shown in Fig.7.1. These blends of F4-TCNQ
with PEN were investigated with fourier-transform infrared (FTIR) spectroscopy, grazing-
incident wide-angle X-ray scattering (GIWAXS), steady-state absorption extending to the
NIR and fs-TA by Theurer et al.[10]. Both ICT and partial charge transfer were observed,
depending on the ratio F4-TCNQ:PEN. The partial transfer dominated over the ICT for low
(10%) concentrations of F4-TCNQ.
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Figure 7.1: Electron affinities (Egs) and ionisation potentials (IP) of F4-TCNQ, PEN [174,
175, 176, 177, 178, 179, 180] and F6-TCNNQ [174, 175, 176, 177, 178, 179]. The energy
levels between F4-TCN(Q and PEN belong to the bonding and antibonding orbitals after
hybridization of the frontier orbitals [170].

7.2 Pentacene - F4-TCNQ bilayers

7.2.1 Material preparation and characterisation

The samples were prepared by Christoph Theurer in the group of Katharina Broch in Tiibin-
gen (Institut fiir Angewandte Physik, Universitdt Tibingen). The material was deposited
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by thermal evaporation on a 150 pm thick borosilicate glass at a temperature of approxi-
mately 253 K under vacuum with a base pressure of 2 - 10~®mbar, as described in [10]. The
PEN thin films were prepared by Christian Huck in the group of Petra Tegeder (Physical
Chemical Institute, Heidelberg) by thermal evaporation at a base pressure of 6.2 - 10~?mbar
and a growth rate of 6 Amin~'. All samples were sealed under nitrogen atmosphere with a
second glass to minimise possible effects due to photo-degradation The neat films of PEN
and F4-TCNQ have a nominal thickness of 80 nm and the bilayers are 20 nm thick, with each
component comprising roughly half of the thickness. The bilayers were chosen to be thin in
order to keep bulk contributions as low as possible while still producing intact layers. The
bilayer samples will be called F4/PEN and PEN/F4 with the left component being the
top layer and the right one the bottom layer (top/bottom). A PEN thin film of 10 nm thick-
ness was also prepared for additional measurements of fs-TA, to exclude thickness dependent
dynamics. The GIWAXS data were provided by Christoph Theurer and the FTIR experi-
ments (Bruker Tensor 27 FT-IR spectrometer, Hyperion 1000 microscope) were conducted
by Christian Huck.

The normalised steady-state absorption is shown in Fig.7.2 a) and b). The characteristics
of the neat PEN film are described in detail in section 5.2. The bilayers for the most part
show a superposition of F4-TCNQ and PEN absorption. In comparison to the neat PEN
thin film, the Sop—S; transition is blue-shifted. The peak positions are 666 nm, 664 nm
and 658 nm for PEN, F4/PEN and PEN/F4, respectively. The slight blue-shift can be
caused by a disturbed crystal structure. Nonetheless, the Davydov splitting is present in
both bilayers indicating that the PEN molecules are arranged in the herringbone pattern.
In 7.2 b) a selected region in the NIR is displayed where absorptions of PEN cations and
F4-TCNQ anions are indicated. No evidence for charges is found here. The noise at ~860 nm
stems from the change of the light source. With GIWAXS measurements information on the
structure of the thin films is gained. The reciprocal space maps are shown in Fig.7.2 ¢) for
the neat PEN film and the bilayers. PEN shows strong diffraction peaks that indicate an
oriented crystal structure. The series of diffraction spots at ¢, = 1.35 A_l, 1.67A7" and

1.98A7" correspond to Miller indices hkl = £1 £+ 11 (with [ = 0,1), 0 £ 2] (with [ = 0,1, 2)
and £1 £ 2/ (with [ = 0,1). This assignment is taken from Ref.[183]. The bilayer F4/PEN
shows the same peaks with weaker intensity and for values on a ring quy + ¢* = const which
is created by a pulver like material. This means that pentacene crystallites with herringbone
structure are present. In contrast to the neat film not all of them are oriented vertically to the
surface. There is an increased intensity at ¢, = 0 A_l, indicating that the vertical alignment
is still preferential. The bilayer PEN /F4 shows additional ring-shaped diffraction features
stemming from F4-TCNQ.

For further information on the interaction in the bilayers FTIR spectroscopy measure-
ments were conducted. Therefore, films were deposited on doubly polished, 1.5 mm thick
silicon substrates [10]. The data were compared to the literature and DFT calculations to
identify the prominent bands. In Fig.7.3 both bilayers show strong peaks that match with
those found by Meneghetti et al.[184] for both anionic and neutral F4-TCNQ. The strongest
peaks can also be brought into agreement with DFT calculations as indicated. The as-
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Figure 7.2: a UV/vis spectra of bilayers, pure PEN and F4-TCNQ thin films on quartz
substrates. b In the NIR characteristic absorptions of possible PEN cations and F4-TCNQ
anions are indicated by dashed lines. ¢ Reciprocal space maps from GIWAXS measurements
of PEN F4/PEN and PEN /F4 (from left to right). The intensity is shown on a logarithmic
scale [10].

signment of the absorption at 2194 cm™! was matched with the stronger absorption of the
calculation as shown in the figure, after comparison with literature. The calculation did not
yield a strong absorption for neutral F4-TCNQ in this region, however, other experimental
observations and calculations find bands at 2214cm™" and 2227 cm ™! [184, 185, 186].

Since F4-TCNQ anions are found from the spectra, pentacene cations should also be
present. The band at 1395 cm™! was observed from matrix-isolated pentacene cations[187]
and 1501 ecm™! and 1541 cm ™! agree well with the DFT caclulation. The bands at 731 cm™?,
906 cm™! and 1296 cm™! can be identified with absorptions of neutral PEN [188].

From the given data we can clearly conclude that F4-TCN(Q anions are present in both
films on the silicon substrate. On the quartz substrate they are however absent or too weak,
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Figure 7.3: Infrared spectra of bilayers on silicon substrates measured with FTIR. The DFT
calculations were performed with Gaussian with the B3LYP functional and 6-3114++G** as
basis set. The dashed coloured lines indicate frequencies that were used to calculate the scale
factor.

to be observed.

7.2.2 Transient Absorption measurements

The samples were excited with light at a wavelength of A\, = 620 nm, as indicated in Fig.7.2.
This wavelength was chosen to excite PEN, whereas F4-TCNQ only has appreciable absorp-



83 7.2  Pentacene - F4-TCNQ bilayers

tion at 450 nm or lower wavelengths. As a reminder, the model for SF in PEN is given:

(S51) vy vy o) D ory (46)

This describes the excitation of a PEN dimer such that a singlet exciton is created on
one molecule whereas the other one remains in the ground state (S¢S7). The triplet pairs
YT,Ty) and (T ---T;) are generated after SF. The superscript on the left denotes the
spin-multiplicity of the excited dimer and the dots indicate electronic dephasing and spatial
separation. 27, describes two separated triplets. For more details on SF, see section 3.1.1.

The fs-TA spectra of the bilayers are shown in Fig.7.4 for the bilayers. In the visible
spectrum both bilayers show characteristic spectral features that are associated with PEN
(Fig.7.4 a, ¢c). The GSB has minima at 666 and 582nm for F4/PEN. The other bilayer
PEN/F4 has minima at 671 and 584 nm. The neat PEN thin film has minima at 679 and
584nm. Above wavelengths of ~700nm the ESA due to the T;—Ty transition is visible.
There is also no ESA visible that stems from the T;—Tj3 transition which is clearly observed
for PEN when probed at 50° angle of incidence (compare Fig.A.2 in section A.0.2). In the
NIR spectral region (Fig.7.4 b and d) the T;—T, transition is observed, which extends into
the visible region and has a broad maximum around 850 nm. At the same wavelength for long
delay times, a weak negative contribution is detected. The S;—S, transition of pentacene is
seen as a broad absorption peaking at 1350 nm, compare Fig.7.4 b and d. Interestingly, it is
observed for several picoseconds, yet it we claim that SF occurs in PEN within a few hundred
femtoseconds. Essentially no singlet states should be occupied after a picosecond, such that
an ESA due to the transition S;—Ss should not be observed. This observation is similar
to the ESA observed for the PEN SURMOF in section 5.2 and it might be concluded that
1(TT)—S, shows an absorption band resembling the S;—S, absorption [35]. The features
described above are similar to those observed in pure PEN, however, there are three major
differences in the bilayers.

1. Both TA spectra exhibit a negative difference absorption AA in the range of 1400 to
1600 nm. The minimum of this absorption band is not captured by the detector of the
setup. In a series of NIR spectra with F4-TCNQ and PEN a low energy absorption
peaking at 1910 nm is observed that is only present in the blends [47]. The absorption
is very broad and extends to values that can be observed in the fs-TA setup. Moreover
the fs-TA spectra of these blends display a similar difference absorption, which is why
it is attributed to the GSB of the charge transfer complex (CTC) between PEN and
F4-TCNQ.

2. The triplet ESA in the NIR decays much faster in the bilayers as compared to the PEN
thin film.

3. A peak emerges at 690 nm after longer time delays between 100-700 ps. We hypothesize
that this kind of ESA results from the so-called electro absorption (EA).

EA as observed here, is not caused by a new absorption band but by a shift over time of
an existing absorption band. This shift is caused by a static electric field which is well known
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Figure 7.4: TA spectra of the F4/PEN bilayer in the visible range a and NIR b at a fluence
of 300 nJ and 800 nJ per pulse, respectively. TA spectra of the PEN /F4 bilayer in the visible
range a and NIR b at a fluence of 150 nJ and 800 nJ per pulse, respectively. Some data points
are removed due to the overlaid signal from scattered pump beam light.

in atomic spectroscopy as Stark effect. Weiser and Bassler studied the absorption spectra of
pentacene and tetracene under the influence of an applied electric field [189]. The following
derivation of the effect is based on their description. The transition energy E of a molecule
changes in the presence of an electric field F' as follows:
AE(F) = E(F) — E(F = 0) = —(niy — nit;)F — ~FApF (47)
Here, m; s are the static dipole moments of the molecules and AAp is the change in po-
larisability upon electronic transition, which is a tensor in general. So the first term simply
describes the energy of a dipole in an electric field. The second term arises when the electric
field induces a dipole moment.

The change in transition energy given by Eq.(47) is relfected in a change of the extinction
coefficient €, which can be expressed by a taylor series:

De 1 9% .,
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The first term in Eq.(47) dominates for example if a strongly polar CT state is populated
upon excitation. As we briefly mentioned already, there are CT states in our system, but
the transition where EA is observed is the Sg—S; transition, with only weak dipole moments
involved [189]. In this case the first term is neglected. In general, all transitions implicate at
least a small change in polarisability Ap, which is why the quadratic term in the change of
energy is neglected as well. Therefore in many systems, the quadratic Stark effect is present
which is characterised by:

Ae = ——Ap——F~, (49)

where Ap includes an orientational average.
This change is seen directly in the transient absorption measurements.

—€é'e(t)d
AA = —log (ﬁ) = —log ([Oe—> (50)

Io IQG_Ecod
= ecod — €'c(t)d = ecod — [e + Ae] c(t)d (51)
= eAcd — Aec(t)d (52)

— A=1,F=0
— Ao=1,MAr~2F2
Ao =1, M ~ A(1.4F)?

AA (a.u)

wavelength (a.u.)

Figure 7.5: Influence of the Stark effect on transient absorption data. The ground state
absorption was assumed to be Gaussian shaped with an amplitude Ay. The change in the
difference absorption AAr due to an electric field of magnitude F is calculated for F', an
increased field strength v/2F and a reduced amplitude %AO

The first term is what is observed in the TA spectra without an electric field. For a
qualitative understanding a Gaussian shaped absorption is examined in Fig.7.5. In the graph,
the AA spectrum for an amplitude of Ay = 1 without and with electric field are displayed
( with Ap > 0). Here, the minimum shifts to lower wavelength, while a positive shoulder is
added, that increases with the strength of the electric field.

For a lower amplitude of the GSB Ag = 0.5 the minimum and maximum shift in the same
manner, i.e. the position of the extrema does not depend on the amplitude, but only on



7 Pentacene-Acceptor Bilayers 86

the strength of the electric field. However, the zero crossing does blueshift with decreasing
amplitude.

The EA has been observed in a similar system consisting of a bilayer of PEN and Cgy,
which is a strong electron acceptor [190]. With that, the general spectral features have been
described. Next, the kinetics will be elucidated with the help of global analysis.

Global analysis of PEN/F4-TCNQ bilayers

The fs-TA of Fig.7.4 were analysed with Glotaran [82]. The results are displayed in Fig.7.6.
For both samples, a model with four sequential exponential decays is used to describe the
data in the visible range, whereas five time constants are used in the NIR. This was chosen,
since only in the NIR a sub-picosecond process could be fitted, which we attributed to SF
in PEN. In the visible spectral range it is difficult to observe the SF kinetics because PEN
exhibits little to no SE from the singlet state [95, 97, 191]. Moreover, the rise time of the
triplet ESA is better observed in the NIR as the oscillator strength is weak in the visible
spectral range. Furthermore, the process is close to the resolution limit of the setup and there
is a higher level of noise in the range of 720-770nm due to the low intensity of the probe
white light spectrum. For both layers the proposed mechanism is illustrated in Fig.7.7.

With 7, = 75p = 158fs for F4/PEN and 75r = 222 fs for PEN /F4, the SF rate is slower
than in the pure PEN thin film. This observation might be explained by the higher disorder in
the bilayers, as was seen in the steady-state characterisation. The second process - electronic
decoupling of the triplet pair - was claimed to be identified first in PEN derivatives [44] and
from that the conclusion was suggested for the pure PEN thin film as well [47]. Again both
decay constants 7, = 1.3 ps for F4/PEN and 7 = 1.5 ps for PEN /F4 are on the same order
of magnitude as for PEN (1.2 ps), yet a bit slower. The rates are taken from the NIR data, as
the triplet intermediate state !(T---T) was observed by a change of shape of the triplet ESA
associated with the Ty— Ty transition in the NIR. In the neat PEN thin film a slight red
shift was observed.Here, the blue EADS in Fig.7.6 b and d loses intensity at ~ 850 nm when
changing to the green EADS. The next spectra are connected with time constants in VIS and
NIR of 21 and 24 ps for F4/PEN and 42 and 56 ps for PEN/F4. While there is a weaker
triplet ESA in both VIS and NIR for this spectrum, the ground state of the CTC is bleached
(1400-1600nm) and the shoulder at 690 nm due to EA can be observed. The build-up of
the EA signal is depicted in Fig.7.8 a. The selected wavelength lies within the GSB of PEN
which is why the signal is negative after excitation. For both bilayers the overlaid EA causes
the signal to rise and reach a maximum at 143 ps and 663 ps for F4/PEN and PEN/F4,
respectively. The maxima were extracted from the fit functions. For comparison, data of
the PEN are included as well. There is data for two fluences comparable to the bilayers,
since especially the triplet dynamics in PEN depend on the fluence. The data for PEN are
selected from a higher probe wavelength of 707 nm, since only then any positive AA signal
is observed. It is known for PEN to exhibit EA in pure thin films increasing with fluence
[190]. For the fluences used here, the effect is seen in PEN only weakly and at a different
wavelength, hence it can be excluded that the EA is an intrinsic effect of the PEN layer itself
within the bilayer.
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Figure 7.6: EADS of F4/PEN a, b and PEN/F4 c and d. The coloured areas indicate
contributions from GSB (green), ESA (red) and electro absorption due an electric field (blue).
CTC: charge transfer complex, EA: electro absorption

For the next process, the global analysis yields time constants in the visible and NIR
region of 221 and 254 ps for F4/PEN and 342 and 405 ps for PEN/F4. In the visible region
there are two distinct changes associated with this time constant in the spectra, which can be
seen in the change from the yellow to the red EADS: The triplet ESA has essentially decayed
close to zero and the EA is blue-shifted.

From the basic considerations on the Stark effect at the beginning of this section, it was
seen that only the electric field strength contributes to a shift of the GSB minimum (compare
Fig.7.5). Therefore, it is concluded that these decay constants of a few hundred picoseconds
also contribute to the build-up of the electric field.

As in the visible, the last spectrum does not contain a contribution from the triplet ESA
in the NIR, which means that all triplets have decayed to the ground state or have transferred
their energy to the CTC.

The dynamics of the triplets are compared to the pure PEN thin film in Fig.7.8 b. As
the bilayers have a total thickness of ~ 20nm, with each PEN and F4-TCNQ comprising
half of it, data for a PEN thin film of thickness d = 10 nm is included as well. This was done
to test for any dependence on film thickness, as excitons at the surface might have different
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Figure 7.7: Schematic of the exciton dynamics. SF is followed by electronic decoupling of the
triplet pair. The diffusion to and charge separation at the interface leads to the build-up of
a static electric field F. The coloured molecules indicate a singlet exciton (red) or a triplet
exciton (yellow)

decay dynamics, which is not the case here. Apparently, the decay in the bilayers is sped up
significantly. In principle, the decay of the triplets in PEN should be modelled via Eq.(3),
which includes the decay due to triplet-triplet annihilation (TTA), but for the purpose of this
comparison a bi-exponential decay is used. From that decay constants of Tppn 1 = 242ps
and Tppn2 = 2.91s are obtained. In the bilayers the respective time constants are an order
of magnitude smaller - between 21 and 56 ps and 221 and 405 ps. This points out that an
additional decay channel is present and supports the idea that the triplets are responsible
for populating excited states in the CTC.

Lastly, the decay of the excitation of the CTC is on the nanosecond timescale, however,
the decay constants in the visible and NIR differ quite strongly. The bilayer F4/PEN shows
a decay of 6.5ns in the visible and 14.5ns in the NIR. The discrepancy might be caused by
the additional bleach in the range of 900-1000 nm, the origin of which is not clear. Another
fit that only uses the data in the range of 1250-1600 nm yields a decay constant of 8.2 ns.

For PEN /F4 the fit yields 10.5ns in the visible spectrum. In the NIR region the fit only
converges if a constant offset is used. The EADS in Fig.7.6 d shows that the main component
again is the bleach between 900-1000 nm, whereas the GSB of the CTC has a low SNR and
hence no conclusion for the CTC lifetime can be drawn from the NIR data. The kinetics of
the GSB of the CTC in the bilayers are displayed in Fig.7.8 d. No comparison to the neat
PEN film is made here as no absorption is observed there.
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Figure 7.8: fs-TA kinetics of PEN F4-TCNQ bilayers and a neat PEN thin film. The included
fits are results of the global analysis. a EA due to charge built-up is strongest at 688 nm for
the bilayers. A positive difference absorption is observed for PEN at 707 nm for long time
delays. b Triplet decay in PEN thin films of thickness d and bilayers observed at 901 nm.
The decay constants 71 and 7, are taken from GA on the PEN thin film qith d = 80nm ¢
ESA at 1350 nm associated with spin singlet character. d GSB of the CTC observed in the
bilayers.

7.3 Pentacene - F6-TCNNQ bilayers

As F6-TCNNQ is a stronger acceptor compared to F4-TCNQ), since it has a higher Ega=
5.3—5.6eV (compare Fig.7.1) ICT instead of CT complex formation should be expected. This
is indeed the case for the blends as verified by FTIR measurements for different PEN:F6-
TCNNQ ratios [10]. With increasing ratio neutral and ionized molecules are detected.

7.3.1 Material preparation and characterisation

The UV /vis spectra of the bilayers with F6-TCNNQ PEN/F6 and F6/PEN (top/bottom
layer) are shown in Fig.7.9 a and b. The spectra in a essentially show a superposition of the
spectra of the pure species. With PEN deposited on top of F6-TCNNQ the intensity of the
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Figure 7.9: a Uv/Vis spectra of bilayers, pure PEN and F6-TCNNQ thin films on quartz
substrates. b In the NIR characteristic absorptions of PEN cations and F6-TCNNQ anions
are indicated by dashed lines. ¢ Reciprocal space maps from GIWAXS measurements of
F6/PEN and PEN/F6(from left to right). The intensity is shown on a logarithmic scale
[10].

PEN absorption is decreased in comparison to the other bilayer F6 /PEN. As the transition
dipole moment of the Sg—S; is oriented along the short axis of the molecule, the decrease in
absorption might be explained by the loss of orientation to the surface of the substrate. In
the visible to NIR spectral region, absorptions of PEN cations and of F6-TCNNQ anions can
be observed as indicated in Fig.7.9 b. For PEN/F6 weak peaks at the F6-TCNNQ anion
absorption are observed and for F6 /PEN an even weaker absorption at 1070 nm is observed.
The low intensity of these absorptions must result from the fact that only at the thin interface
charges are transferred. Even further, it might be hypothesised, that F6 /PEN does allow for
less electron transfer, as no preferential relative orientation between F6-TCNNQ and PEN
is achieved, due to a rigid crystalline structure of PEN, as seen from the x-ray scattering
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Figure 7.10: Infrared spectra of bilayers on silicon substrates measured with FTIR. The DFT
calculations were performed with Gaussian with the B3LYP functional and 6-3114++G** as
basis set. The dashed coloured lines indicate frequencies that were used to calculate the scale
factor.

experiments. The GIWAXS data for the bilayers are displayed in Fig.7.9 c. Apparently,
the crystal structure and orientation of the PEN molecules on the surface are less disturbed
in F6/PEN as for any other bilayer, as can be seen from the clear diffraction features at
qzy =1.35 A7 1.67A7" and 1.98 A7, which are at the same positions as in the neat PEN
thin film, although distinct diffraction peaks are fewer.
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It might be argued that the smaller F4-TCNQ molecule can interpenetrate the PEN
layer better than F6-TCNNQ. On the other hand, when PEN is deposited on F6-TCNNQ
the GIWAXS data again shows ring-like structures that are characteristic of a powder-like
structure of PEN.

From the FTIR data in Fig.7.10 it can be inferred that the main absorption bands stem
from the neutral PEN and F6-TCNNQ, which can be validated with the DFT calculation
as well as other experimental results [192, 193, 194]. The main absorptions of neutral PEN
in F6 /PEN are located at 729cm™!, 903 cm™" and 1296 cm™!. In comparison to the other
bilayers (including F4-TCNQ) the first two peaks, which stem wagging vibrations, are red-
shifted by ~ 3cm™!. Aditionally, all absorption bands in PEN/F6 are broadened compared
to F6/PEN. Again, these observations might be attributed to low distortion of the bottom
PEN thin film layer in F6/PEN, as observed by GIWAXS. Absorption bands of neutral
F6-TCNNQ are clearly visible at 1273 cm™!, 1552cm ™! and 1635cm ™! and agree with the
DFT calculation and values from the literature [193, 194]. The broad absorption band with
a maximum at 2196 cm™! stems from the stretching vibration of the cyano group C=N.
Although our DFT calculation does not predict a strong band for neutral F6-TCNNQ in
this range, it is known from literature that an absorption at 2213-2216 cm~! with minor
peaks at 2222cm™!, 2204cm ™! and a tail extending to lower wavenumbers is characteristic
for neutral F6-TCNNQ [194]. The blends studied by Theurer et al. show clear peaks at
2191 cm™! attributed to the F6-TCNNQ*~ radical anion. The F6-TCNNQ*~ radical anion
has a red-shifted absorption with a maximum at 2194cm™" [194]. Another study reports
an even higher red shift of 33cm™! for the anion and attributes a series of peaks with a

A

maximum at 2189 cm ™! to a charge transfer degree of §¢T = ﬁO.Sl, where Aveyp, pun are

the observed frequency shift and the one expected for a complete CT [193]. The authors
remarked however that for F6-TCNNQ the shift of the C=N strechting mode alone might
not be a clear indicator. They observe an intensified band of the C=C stretching mode
at 1389cm~!. The bilayer F6/PEN has a peak at 1397cm~!. With PEN/F6 no clear
identification of distinct absorption peaks is possible, but increased absorption is observed
at 1381 cm~! with a maximum at 1407 cm ™.

7.3.2 Transient absorption measurements

The fs-TA spectra of PEN/F6 and F6/PEN are displayed in Fig.7.11. The positions of
the minima of the GSB are at 672nm and 585nm for F6 /PEN and 672nm and 580 nm for
PEN/F6 (679 and 584 nm in neat PEN). The blue shift of the minima of the bilayers could
be explained by the disturbed crystal structure in the bilayers. It would also be possible to
argue that a ground state (GS) CT would lead to electric fields and a shift of the absorption
due to the Stark effect. In contrast to the development seen over time after excitation of
the F4-TCNQ layers, a GS CT would not result in the positive shoulder, as the shifted
absorption is present in the GS already. The triplet state T;—Ty absorption is seen in the
visible spectrum above 700 nm and as broad absorption in the NIR.

A distinct difference between the bilayers is observed at 540 nm, which is also not seen
for the F4-TCNQ layers. This ESA stems from the T;—T}3 transition, as mentioned already
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Figure 7.11: TA spectra of the PEN/F6 bilayer in the visible range a and NIR b at a
fluence of 250nJ and 800nJ per pulse, respectively. TA spectra of the F6 /PEN bilayer in
the visible range a and NIR b at a fluence of 200 nJ and 800 nJ per pulse, respectively. Some
data points are removed due to the overlaid signal from scattered pump beam light.

in chapter 5.2.2 on the PEN thin film and PEN SURMOF'. The axis of the transition dipole
moment lies along the long axis of the molecule. Therefore it is not to be observed for
an oriented PEN thin film, where the incident light beam and the long molecular axis are
almost parallel. For PEN/F6 the PEN layer loses its preferential upright orientation to the
surface. It is also assumed that this orientational effect causes the ESA in the range of 1200
to 1400 nm, which is assigned to the transition S;—S,.

A weak negative AA signal is observed in the range of 820 to 950 nm for long time delays,
which is also present in the neat F6-TCNNQ film (see Fig.D.1 ¢)). The EA as observed
before is not specific to F4-TCNQ and arose due to PEN in the presence of static electric
fields. Hence, it would be expected for F6-TCNNQ as well upon charge separation at the
interface. There is no EA visible for PEN/F6, but there is an extremely weak EA observed
in F6/PEN at 685nm. There is also a blue shift of the GSB observed, which is absent in
PEN/F6.
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Global analysis of PEN/F6-TCNNQ bilayers

The DADS from global analysis are depicted in Fig.7.12. The models in the visible and
NIR spectral range cannot be brought to perfect agreement. However, the SF time constants
agree well with 7¢p = 145 and 185 fs for PEN/F6 and 757 = 105 and 106 fs for F6 /PEN.
Seeing that 105fs is close to the value of neat PEN is reasonable for this sample, since the
GIWAXS data indicated a highly crystalline structure close to the native PEN thin film
structure. In the NIR spectral range the model can be interpreted similar to the model
for F4-TCNQ bilayers: 7o y7r describes the transition '(TT)—!(T---T). The decay of the
triplet ESA is captured by the time constants 73 7 and 74 y7r. For both samples they are
significantly faster than the decay in neat PEN and on the same order as in the bilayers with
F4-TCNQ. This indicates that the PEN triplets interact with F6-TCNNQ.
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Figure 7.12: DADS of PEN/F6 a, b and F6/PEN c and d. The coloured areas indicate
contributions from GSB (green), ESA (red) and electro absorption due an electric field (blue).
The red dashed line in d shows the ”Offset” spectrum (red, solid) multiplied by 6 and offset
by a constant value.

As mentioned F6/PEN exhibits a weak EA, which is also captured in the DADS (red) in
Fig.7.12 ¢). Hence, there should be some indication of charged species. Fig.7.12 d) includes
a scaled-up version of the red DADS, which has a peak at 993nm. F6-TCNNQ®~ anions
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absorb at 985 nm and 1146 nm [195] and the PEN cation absorbs at 990 nm and it is assumed
that PEN cation dimers show a broader absorption band centred at 880 nm [192]. Therefore,
it can be concluded that ions are present and CS occurs in F6/PEN as well, although to a
weaker extend. There is however no clear sign of CS in PEN/F6, which is surprising as the
triplet decay is also sped up in this sample. An additional quenching pathway is apparently
introduced in the system.

7.4 Conclusion

The properties in bilayers of F4-TCNQ and F6-TCNNQ with PEN were examined with
steady-state and time-resolved spectroscopic experiments. In previous publications, it was
theoretically and experimentally demonstrated that F4-TNCQ as a p-dopant is at the border
of creating ion-pairs or CT complexes [10, 169, 170]. The blends of F4-TCNQ and PEN
studied by Theurer et al.[10] were found to exhibit a coexistence of integer CT and CT
complexes, confirming the conjecture. The structural investigation with GIWAXS showed
that the bilayers exhibit diffraction features of a powder-like material. When PEN is on the
bottom and therefore in direct contact with the substrate a parallel orientation of the PEN
molecules to the surface normal is preferential, especially for F6/PEN. The FTIR data on
bilayers including F4-TCNQ exhibit peaks associated with vibrations of F4-TCNQ anions
and PEN cations, aside from the neutral species. This stands in contrast to the results from
the fs-TA data. A possible explanation is that FITR measurements were conducted on silicon
substrates, whereas the fs-TA spectra were taken on quartz substrates. On quartz substrates
the PEN molecules orient upright whereas on silicon the preferred orientation is flat-lying
[196, 197]. The FTIR data of the bilayer F6/PEN indicates very weak interaction of the
molecules as mostly vibrations of neutral molecules are detected. This is not the case for
PEN/F6, where the IR bands are broadened. From that, no clear identification is possible,
despite that F6-TCNNQ is considered the stronger acceptor and ICT was expected.

The excited state dynamics (Ae; = 620nm) for the PEN-F4-TCNQ bilayers are sum-
marized in Fig.7.7. The singlet fission process is not inhibited in this system, which is to
be expected, as the PEN layers still exhibit crystalline structures. The electronic dephasing
YTT)—(T---T) is slowed down only marginally to 1.3-1.5 ps, whereas with neat PEN a time
constant of 1.2 ps is found.

The diffusion to the interface can be approximated by two exponential decays. For the
bilayer F4/PEN time constants of 21-24 ps and 221-254 ps are obtained. With PEN on top
of F4-TCNQ instead, time constants of 42-56 ps and 342-405 ps are obtained.

Since the bilayer with PEN on top shows stronger ring-like diffraction peaks, indicating
less ordered structures, the difference in diffusion might be attributed to an increase in grain
boundaries. That excitons reach the interface and charge separation takes place, is identified
by the GSB of the CT complex in the NIR and a concomitant rise of a positive AA signal.
The interpretation of this rising signal is, that the ground state absorption of PEN changes
due to the quadratic Stark effect. The static electric field is surmised to be built up at
the interface, when an electron is transferred from the PEN in a triplet excited state to the
CT complex of PEN and F4-TCNQ. It should be noted on the one hand, that thin films
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of pristine PEN exhibit this feature by themselves, yet for higher fluences and longer delay
times. On the other hand, the blends of F4-TCNQ and PEN do show the GSB of the CT
complex in the NIR, but no EA can be detected there, leading to the conclusion that the
interface is responsible for the emergence of EA. Surprisingly, no evidence of CS is found in
PEN/F6 and only minor ESA due to ions is observed in F6/PEN. This observation might
be attributed to the weak intermolecular interaction in the bilayered structure.



97

8 Non-linear optical studies on cubic cage compounds

This chapter includes results of SHG on chiral molecules. The theoretical fundamentals
are explained in section 3.3.2, but the basic principles will be discussed in the following
introduction. The experimental setup is described in section 4.2.

8.1 Introduction

Chiral molecules lack any mirror planes and therefore two so-called enantiomers exist that
are mirror images of each other. Several fields have an interest in chiral molecules such
as biochemistry, pharmacology and optics. The enantiomers can have drastically different
properties. In biological systems often only one enantiomer is relevant (homochirality) and
in some cases its mirror image can even be toxic [198, 199, 200]. Differences in the optical
properties of enantiomers were already found at the beginning of the 19th century, although
the connection to the molecular structure was not discovered then. The optical activity, i.e.
the rotation of polarized light was first observed by J.B. Biot in 1815 [201]. He found that
two forms of these optically active media exist, with the opposite sense of rotation. This
effect is today known as optical rotation. Fresnel (1788-1827) explained the optical activity
by decomposing linear polarized light in left and right-handed circular polarized light [202].
Under the assumption of different refractive indices of left and right-handed polarized light,
a phase shift is induced due to different velocities when traversing the material. The phase
shift translates to a rotation of the linear polarized light. Only in 1850, a connection was
made to chiral molecules by Louis Pasteur [203].

In 1895 the French physicist Aimé Cotton observed the difference in absorption of left-
and right-handed light, which is known as circular dichroism (CD).

In the context of non-linear optics similar phenomena occur, but there exist also effects
that have no analogue to linear optics. Second harmonic circular dichroism (SHG-CD) is
defined by Afgif;) = 2&283;1&@&, where the indices L, R indicate left and right circular
polarized light of the fundamental beam. SHG-CD relies on resonant excitation or with
energy 2hw [25]. The linear optical rotation has also its non-linear counterpart which is
second harmonic optical rotary dispersion (SHG-ORD). Furthermore, by rotating a quarter
wave plate (QWP) in front of the sample, the material response can be investigated in
detail. Kauranen et al.[75] have developed a mathematical framework to describe the material
response on incident light depending on the rotation angle of the QWP. From that, it is
possible to characterise the second-order non-linear susceptibilities.

SHG-ORD and polarisation rotation experiments with a QWP were applied on chiral
cubic cage compounds and will be presented and discussed in the following. The cages were
synthesized to study chiral self-sorting. Chiral social self-sorting describes the behaviour with
an increased affinity of an enantiomer to the opposite enantiomer, whereas in narcissistic
self-sorting processes, the affinity is higher for the same enantiomer [204]. Here, the results
serve as the first characterisation of their non-linear optical properties. Future steps aim
at absorbing chiral gas molecules in the cage compounds and observing the changes in the
non-linear response.
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The recognition of the chirality of molecules in the gas phase is a challenging subject. Due
to very similar interactions, the physical properties - aside from the discussed optical methods
- are mostly identical. The interaction of enantiomers with other substances differs only if
the substance itself is chiral. A fact that is used in chiral column chromatography where
the stationary phase, that interacts with the molecules to be analysed is chiral itself. For
chiral gas molecules, chirality recognition is complicated if the molecules only occur in trace
amounts. This is especially the case in linear optical detection methods. For example, the
angle of optical rotation stands in a linear correlation to the amount of chiral molecules. In
non-linear optics the angle does not in principle depend on the amount of material, however,
the signal intensity does [25].

As the cage compounds are highly porous, they exhibit high specific surface areas (up
to 1487m?g~! [204] and might be suited for absorption of chiral molecules. Due to the
chirality of the cage compounds themselves, they could exhibit enantioselective absorption.
Together with the enhanced detection capabilities of chirality in non-linear optics, chirality
recognition and possibly estimation of the relative amounts of enantiomers in a gas mixture
(enantiomeric excess) can be achieved with these samples in future.

8.1.1 Chiral cubic salicylimine cage compounds

The samples were prepared by Philippe Wagner in the group of Michael Mastalerz at the Insti-
tute of Organic Chemistry in Heidelberg. The synthesis and characterisation of the material
can be found in Ref.[204] The cage compounds are composed of chiral 8 tris-salicylaldehydes
that are linked with 12 p-phenylenediamines. The tris-salicylaldehydes adopt a bent molecu-
lar configuration as schematically illustrated Fig.8.1. In this shape they can form the vertices
of a cube and the p-phenylenediamines serve as the edges. The cages have a side length of
~ 1.7nm.

The naming convention for helical chiral molecules assigns prefixes of M (minus) and P
(plus). In that sense the single molecules can be prefixed with M and P, but for convenience
the cage compounds themselves are simply named M and P in the following. They were
dissolved in dichloromethane and films were prepared by spin-coating them on sapphire
substrates (CrysTec, single crystal, S(0001) surface, both sides polished) to yield samples
of 100 and 200nm thickness. The linear molar optical rotation of the cage compounds
was measured in solution to be [®] > 413000 - 10° cm?mol~'. Circular dichroism (CD)
measurements yield molar differences in extinction of Ae = £800 M~ em™ [204].

8.1.2 SHG-ORD on a chiral surface

In analogy to the linear optical rotation, linear polarized light is incident on the sample. The
outgoing SHG intensity is detected with respect to an analyser angle, see Fig.8.3 a). The
effect of polarisation rotation can be up to six orders of magnitude larger as the linear optical
rotation for the same sample [74, 205].

As linear polarized light is detected as the function of the analyser angle, the detected
intensity is governed by Malus’ law
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1.7 nm

M,P

Figure 8.1: Illustration of the salicylimine cage compounds (M/P) and the constituent
molecules. The tris-salicylaldehydes (M-enantiomer 1, P-enantiomer 2) serve as vertices
and p-phenylenediamine 3 as edges. nPr = —CH,;CH,CHj3.

I(2w) ~ cos®(¢ — ¢y), (53)

where ¢ is the angle of the analyser and ¢ is introduced since we expect a rotation of
the incident linear polarisation, such that the maximum detected intensity is at ¢o instead
of ¢ = 0. Of course the squared relation between the fundamental and the second harmonic
still holds, but for extracting the rotation angle ¢ it does not need to be taken into account.
Adjusting for a constant offset, the final fit function is given by

2
f(¢) = Acos™(¢ — ¢o) + ¢ (54)
1.8 1
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Figure 8.2: Observed photodegradtion of M (left) and P (right). The SHG intensity is
normalised to the y-offset of the linear fit (dotted line).
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The measurements were complicated by the degradation of the samples. Fig.8.2 shows
the SHG intensity over several minutes at the same spot on the sample without rotating the
analyser. The observed degradation was taken into account by adapting the measurement
procedure and in the processing of the data as described in section 4.2.4. With this kind of
measurement procedure a polarisation scan as shown in Fig.8.3 b) is obtained. The measured
signal for P and M enantiomers is symmetric w.r.t. the p-polarisation setting (i.e. 0°, 180°,
...) which is a strong indication of chiral molecules with a random orientation on the surface
[205].

The obtained rotation angles for the M and P enantiomers are ¢y = (24.15 + 0.17)°
and ¢p = (22.43 £ 0.31)°. Possible reasons for the significant deviation ¢,; # —¢p will be
discussed later.

Ppol, O M @—» PMT

polarizer sample analyzer
settop rotating

b 1.4 p S p S p S p S p

’ ¢y = (24.15£0.17)° | | ¢, = (-22.43£0.31)°| —— M enantiomer
4 —— P enantiomer

1.2 1

‘< 1.0 1
0.8 -
0.6 1
0.4 -

SHG intensity [norm

0.2 -

0.0 1

0 90 180 270 360 90 180 270 360

Figure 8.3: a Schematic of the experimental setup. b Polarisation rotation observed for M
and P. At 0° the incident beam was p-polarised and at 90° it is s-polarised as indicated on
the top of the figure. The data were modelled with f(¢) = Acos?(¢ — dar.p) + c.



101 8.1 Introduction

8.1.3 Quarter wave plate rotation

The non-linear answer of chiral materials to circular polarized light also depends on the
handedness of the molecules. A schematic of the setup is shown in Fig8.4 a). For details on
the experimental setup refer to section 4.2. By rotating a quarter wave plate (QWP) in front
of the sample, the SHG intensity can be monitored with respect to the angle of rotation ¢:

1(2w;¢) = |[fF(¢) + gG (o) + hH (9)[". (55)

The functions F', G and H depend on the geometry of the experiment and are given
in Eq(31). The complex valued fit parameters depend on the susceptibilites ¢, x*“™ and
x"¢¢. The superscripts indicate whether the respective transition refers to a electric-dipole
(e) or magnetic-dipole (m) interactions [75]. The susceptibility x"*¢ gives rise to a non-linear
magnetisation as given in Eq.(23). In principle electric quadrupole interactions should be
considered as well as they tend to be of similar order as magnetic-dipole interactions, but for
chiral media magnetic-dipole were found the be of greater importance [25, 76]. The relation
to the fit parameters is given by the equations (56) to (61) [75].

70 = sinf (—2x%C cos § — XET + X1 sin® 0

XTI cos® 0 £ 2X 7 cos 6) (56)
g7 = sin O + X55), (57)
hg’j =sinf [2)(22‘; — (Xazy T Xags ) cOS 0 F 2X 717 cos 9} , (58)
fﬁ P = sin 0 (x5es sin® 0 + x 5o, cos® 0 4+ F2x 5, cos” 0

—XCo cos O £ x5 cos O + 2 e cos 0) (59)
g7y = sinb(x5, — XSoy' cos 8 F xgyl cost), (60)
hiiy = sin ) [F2x55 cos 0+ (X2 — X7) sin” 0

FOGL + X5ar) cos™ 0 — 2x5] (61)

The indices R,T,p and s stand for measurements in reflection, transmission, with p- or
s-polarised light. The angle of incidence was 8 = 45°. With that many unknown variables,
it is not possible to calculated the susceptibilities directly. First, some assumptions have
to be made. For off-resonant excitations y°“ can be taken to be real, whereas y®™ and
X" are imaginary [75]. Furthermore, the magnitude of x*° is expected to be greater than
that of x¢“" and x™¢°. Therefore, fitting with x¢" = " = 0 was attempted, to check if
magnetic-dipole interactions are needed to model the data. Assuming isotropy in the plane
of the surface, only a few independent elements of the susceptibilities remain. The symmetry
considerations are detailed in Ref.[25] for example and given in Table 6. This is already taken
into account for the above equations, but it is interesting to note that some tensor elements
are non-zero only for chiral molecules whereas others are possible for achiral media.

The results of the measurements are presented in Fig.8.4 b) to e). For both enantiomers
the QWP was rotated in steps of 10 degrees and the signal was averaged of 10 seconds,
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Achiral components for Additional components
Tensor . . .
all isotropic surfaces for chiral surfaces
227
b 7ZXX = 7Yy XYyZ = XZY = -yXZ = -yZX
XXZ = XZX = yyZ = YZy
XyZ = -yX2Z 277
e ZXYy = -ZyX ZXX = ZyY
XZy = -yzX XXZ = YVZ
277
x'ee XyZ = XZYy = -yXZ = -y7ZX ZXX = 7YV
XX7Z = XZX = yyZ = yZy

Table 6: Non vanishing susceptibility tensor components of second order for isotropic chiral
and achiral surfaces. The surface is in the x-y plane. Reproduced from Ref.[25]

while the analyser behind the sample was set to either passing p- or s-polarised light. In
principle the intensity of the enantiomers is connected by the relation I(¢; 2w)y = I(—¢; 2w)p
[25, 205]. When detecting p-polarised light, this appears to be the case (compare Fig.8.4
c) and e)). Unfortunately, measurements with the analyser set to s-polarisation were not
successful for the P enantiomer, as the intensity was too low at the minima.

The dashed lines in the graphs correspond to the fitted functions. For the M enantiomer
with detection of s-polarised light, the following parameters were found:

fus=—82+0.1 (62)
hars = (7.3£0.2) + (L7 £0.1)i (64)

The index R is not written explicitly, as all data are from measurements in reflection;
instead M is used to assign the enantiomer. A model function with g = 0 results in a 5-fold
increase in the root mean squared error (RMS). The dashed line in Fig.8.4 b) correspond
to the fit parameters above, whereas the dotted line uses ¢ = 0. Allowing for an imaginary
gim value and vanishing real part does not give a convincing fit to the data either. The
results stand in contrast to assuming that the elements of Y.e,, and e can be taken as
imaginary numbers, as g; = sin 0(x557 + x7%<¢). Furthermore, setting both h and f to have
a zero imaginary amplitude does result in a poor fit. Including any further parameters than
the ones given above will yield converging fits from arbitrary initial values and results with
immense estimation errors, so the parameters are not independent from each other in that
case. For the M and P enantiomer with p-polarised detection, the best fits are obtained with

farp = (—6.4+0.1) 4 (—4.4 £ 0.2)i (65)
garp = 42402 (66)
hatp = —3.6 £ 0.2 (67)



103 8.1 Introduction

) 0
-pol
PP, O E{' O —»|PMT
QWP sample analyzer
rotating settopors
b120 ¢ 80

$ M enantiomer, s-pol ¢ M enantiomer, p-pol

=

o

o
L
~
o

- . ] )

"uz; 804 .. ;}'\ ;@\E %60_“‘ EE\‘I @l‘% Iiiii g

RS WA AR R AR

(] I ’:‘ ™ ¢ d "' ‘3 II, O 401 \‘I ’ \\ ] IV

% 40 A \IE I i%t i\ E Il; 3:)30_ E Ii E‘ 1 I
3,

i L

- .

N
o
N
o
L

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
QWP rotation [deg.]

QWP rotation [deg.]
d e
60 1 ¢ P enantiomer, s-pol 601 ¢ P enantiomer, p-pol
Jh LT
z 2 1 U e
2 %, 5 2 £££ ¥ Py £
591t °f Sl T ogip d my &
g & [ =Yy it N ORI
) 30 A G) " K M 1 7 [
; f R I PTG RPN, O SR
20 [ b 'E ;o ‘; Al
L s s | o] Lk ve
101 L X el PV Y gelteey N e
(2 (2R AR
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
QWP rotation [deg.]

QWP rotation [deg.]

Figure 8.4: a Schematic of the SHG polarisation rotation experiments . b,c results for M

with the analyser set to s- and p-polarisation , respectively. d,e results for P with the

analyser set to s- and p-polarisation. The dotted lines in b uses g = 0. The dotted line in e
aimed to force the relation I(¢)y = I(—¢)p.

and

frp=(=5.9+0.1) 4 (3.9£0.2)i (68)
gpp =3.6+0.1 (69)
hpy =—3.0+0.1 (70)

When comparing the values for the different enantiomers all real parts of the fit pa-
rameters do not change sign and have similar magnitudes. The imaginary part of f, does
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change its sign. From literature it was expected that f, and g, do not change sign be-
tween the enantiomers, because they only include susceptibilities that can arise from achi-
ral media. On the other hand h, contains susceptibilities that are only present in chiral
media (compare Table.6) and it should change sign. There exists also a second set of so-
lutions for both enantiomers with all parameters changing sign, resulting in the same mod-
elfunction. This does however not alleviate the observed disagreement to literature. It
is interesting to note, that changing only the sign of the imaginary part of f, is equiva-
lent to making the transformation ¢ — ¢ — 7. This is only the case for real g and h:
I(¢—5; fr+ fir 9r, ) = 1(9; fr — fis gr, hy). Hence it maps right- on left-handed polarisation
(45° and 135°), but does not fullfill I(¢; f, g, h)yr = I(—¢; f, g, h)p. This is the case if h alone

changes sign. With different initial values a converged fit with

frp=(=5540.2) + (—4.4 £ 0.2)i (71)
grp=3.0+0.1 (72)
hpp =2.340.1 (73)

is obtained, yet with a 4-fold increases in RMS (see dotted line in Fig.8.4 ¢)). These fit
parameters show only a change of sign for h, but the model function does not fit very well.
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8.2 Conclusion

The presented experiments give first results on the non-linear optical properties of chiral
salicylimine cage compounds. With SHG-ORD a rotation of the incident linear polarised light
of ¢ppr = (24.15£0.15)° and ¢p = (—22.43 £0.31)° were observed. As expected the different
enantiomers rotate the polarisation in opposite directions. With a short estimation we can
compare the strength of linear and non-linear effects. What thickness d of a solution with
concentration ¢ must be traversed to rotate the light by ¢ = 24°? Assuming a concentration
comparable to that of the thin film sample of ¢ = %, the thickness turns out to be
d= ﬁ ~ 10°nm = 10®-100 nm (with [®] > £13000-10° cm?mol ™" [204]). So the non-linear
effect 1s about three orders of magnitude larger. In comparison to other SHG-ORD studies,
greater angles of rotation were found, for example a film of 2,20-dihydroxyl-1,10binaphthyl
molecules with 38° or for a thin film of a Tdger base with 66° [205, 206]. Note that for
SHG-ORD the maximal rotation angle is 90°, whereas with linear optical rotation there is
no limit, as the rotation angle is proportional to the length of medium that is traversed. A
difference between ¢,; and —¢p is noticed that is significant within the experimental error.
A possible reason for that is that the substrate might have an influence on the rotation angle.

The polarisation rotation experiments in the second part were conducted by rotating
a quarter wave plate in front of the sample and detecting the p- and s-polarised reflected
second harmonic intensity. The enantiomers reveal in principle the expected response (¢)y =
I(—¢)p for p-polarised detection, albeit at first glance. The fit parameters from theoretical
modelling yielded best fits that could not reproduce this property exactly, however they
predict opposite behaviour for left and right handed circular polarised light, i.e. M shows
for right handed circular polarised light the same response as P for left handed and vice
versa. The fits did unambiguously show that magnetic contributions to the non-linear optical
activity are needed to explain the observed data. This can be determined, as fitting of the
s-polarised signal needed the parameter gs = — sin 0(x¢57 + x7¢) to be non-zero.

The experiments successfully yielded insights into the non-linear optical properties of this
newly synthesized chiral cage compound. These results encourage to pursue this research to
achieve potential applications such as chiral recognition or enantiomer excess estimation as
outlined in the introduction.

Further improvement of the setups is planned. Importantly the setup needs to allow
for measurements in transition and reflection. With that the parameters in Eq.(56-61) in
transmission can be calculated and the number of unknowns will be reduced. The angle of
incidence should be adjustable, which will also help in determining the susceptibilities, but
additionally this can be used to find angles where no residual SHG of the bare substrate (i.e.
background) due to destructive interference is measured [205].

In Ref.[75] it is stated that the components of x®™ and x™* tend to be 90° out of
phase from the components of x°“¢ and that x¢“¢ is taken to be real. Assuming that y¢ is
real is only valid for off-resonant excitation, which includes two photon resonance, i.e. the
excitation frequency must be far away from wy and 2wy. Therefore, to make use of this
simplifying assumption, off-resonant excitation should be implemented by incorporating a
tunable laser source.
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Furthermore by choosing a suitable reference material, not only relative values of ampli-
tudes and phases of the susceptibilities but absolute values can be obtained [25].
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9 Summary

The studies in this thesis focused on the excited state dynamics in organic semiconducting
materials through time-resolved spectroscopic experiments, namely sub-picosecond transient
absorption (fs-TA). The four main topics were 1) experimental characterisation of singlet
fission (SF) in a pentacene (PEN) based SURMOF, 2) charge separation and recombina-
tion dynamics in a porphyrin-based SURMOF incorporating Cgo, 3) SF and charge transfer
complex formation in bilayered thin films of PEN with F4-TCNQ and F6-TCNNQ and 4)
improvement of the experimental setup for non-linear optics and characterisation of a thin
film constituted of chiral cage compounds.

In the first study, the SF dynamics of PEN that functioned as the organic linker in
a surface-anchored metal organic framework (SURMOF) were examined. The aim of this
project was to study the impact of the change in geometry on the excited state dynamics.
Therefore, it was compared to the dynamics of a thin film with its innate herringbone struc-
ture. The PEN thin film exhibits one of the fastest observed SF rates (70-100fs), yet the
triplet lifetime is comparatively short. There is a trade-off between the desired outcome of a
longer triplet lifetime, which is advantageous for harvesting them, and fast SF. Slowing down
the SF rate is especially detrimental if it allows relaxation via competing pathways. The
experiments allowed to formulate a comprehensive model of the energetics and dynamics in
the system.

In the SURMOF the generation of the triplet pair state !(T;T;) was observed within a
few picoseconds (4.9 ps). This transition is promoted by the significantly polar CT character
of the excited state through the super-exchange mechanism. The slowdown in the rate
compared to PEN can be rationalised by the higher CT state energy in the MOF model.
After creation of the triplet pair, the triplet intermediate state ™(T;T;) with approx. 119ps
is generated, with the assumption that m=5 due to the slipped stacked geometry, which
promotes the pathway via quintets to free triplets. Before the separation of the triplets, it
is proposed that a spin-correlated but electronically decorrelated state ®(T---T) with spatial
separation of the excitons exists. This can however not be observed directly, since with ps-
TA no spectral changes were observed. The additional time constants that were extracted
must belong to relaxation pathways to the ground state with 73 =25ns and 74 =352ns,
since a decay of the triplet excited state absorption (ESA) was detected. Finally, the triplet
signature can be observed to decay to the ground state with a lifetime of 40ps. Together
with the observed triplet-triplet annihilation (TTA) at high fluences, we assume that free
triplets are generated. Excitation with a higher energy increased the generation of triplets,
as identified by the increased ratio of triplet to singlet ESA. Covering a broader absorption
range where SF is efficient is advantageous for solar cell devices. Lastly, the prominent
absorption of excited triplet states T1—T5 in the PEN thin film is strongly suppressed in the
PEN SURMOF, which is surprising since it was thought to be enhanced in the solid state.

The SURMOFs provided an excellent approach to arrange pentacene moieties in a parallel
configuration and this change in geometric arrangement compared to the thin film structure
has two major impacts: It slows down the triplet-pair generation by almost two orders of
magnitude, but at the same time the triplet lifetime is extended by more than three orders of
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magnitude, which is an extremely promising result regarding the utilisation of SF materials
for improving solar cells. The ability to achieve such novel molecular arrangements inacces-
sible in pure organic crystals significantly enhances the SF energetics. The manipulation of
the 7-m stacking distance is pivotal for optimizing intermolecular coupling in SF.

The second topic covered charge separation and recombination dynamics in a porphyrin-
based SURMOF (Zn(TPP)) that incorporates Cgo in this highly porous material. The ma-
terial was investigated previously to characterise the photo-conductivity and a fast charge
generation was assumed. Since porphyrin and Cgg form a donor/acceptor system, that is suit-
able for photovoltaic applications further investigations were performed with spectroscopic
experiments. This was especially necessary since knowledge of the recombination dynamics
is pivotal for solar cells.

The UV /vis data showed a change in the main Soret band absorption indicating a ground
state (GS) interaction of Zn(TPP) and Cg, although no GS charge transfer. The dynamics of
charge separation (CS) and recombination (CR) have been examined in the SURMOF with
fs-TA and it was observed that the charge separation takes place on an ultrafast timescale
with 709 = 327 — 357 fs after excitation of the Soret band. The recombination occurs with a
time constant of 7ocgr = 212 — 244 ps. The generation and recombination was identified by the
ESA of Cg*~ anions at 1070 nm, the ESA of ZnTPP*" radical cations at 400-410 nm and
the GSB of Cgp at 330nm. Since the charge separation is on the sub picosecond time scale,
it can be supposed, that this lead to the reduced ESA of 3ZnTPP, which are generated by a
slower rate through inter system crossing. The charge separation after excitation of the Q-
band has a similar rate extracted from single traces. The charge recombination process was
observed to be slower with 7cr = 263 — 360 ps. We surmise that the charge recombination
is slower since only electrons from the HOMO and not HOMO-1 are excited after Q-band
excitation. Therefore, in the case of higher excitation energies, an additional recombination
pathway exists that is inaccessible for Q-band excitation With an excitation wavelength of
Aez = 264 nm, the charge separation dynamics get partially obscured by overlapping signals.
Specifically, there is an increased generation of 3ZnTPP" in Cg@Zn(TPP).

For the investigated system, global analysis allowed to identify a spectral region where the
CS and CR dynamics can be disentangled from underlying spectra. Therefore the dynamics
could also be modelled including only a rise and decay rate, without the need for a more
sophisticated model. The ratio I = ZCS = TCR can serve for comparing the material to other
studied systems. With I ~ 600 it was found fo be high for a two component system. Higher
values are obtained with triadic structures that can separate the charges more effectively.

The third topic revisited the interaction of pentacene with strong acceptors. Specif-
ically, the properties in bilayers of F4-TCNQ and F6-TCNNQ with PEN were examined
with steady-state and time-resolved spectroscopic experiments. The structural characterisa-
tion with grazing-incidence wide-angle X-ray scattering (GIWAXS) showed that the bilayers
exhibit diffraction features of a powder-like material. When PEN is on the bottom and
therefore in direct contact with the substrate a parallel orientation of the PEN molecules
to the surface normal is preferential, especially for F6/PEN. The FTIR data on bilayers
including F4-TCNQ exhibit peaks associated with vibrations of F4-TCNQ anions and PEN
cations, aside from the neutral species. This stands in contrast to the results from the fs-
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TA data. The FITR measurements were conducted on silicon substrates, whereas the fs-TA
spectra were taken on quartz substrates. On quartz substrates the PEN molecules orient
upright whereas on silicon the preferred orientation is flat-lying, which might explain the
discrepancy. The bilayer F6/PEN exhibits essentially only vibrations of neutral molecules
indicating only weak ground state interaction. This is not the case for PEN/F6, where the
IR bands are broadened. This could be attributed to the different structures of the films.
No clear identification of the IR bands is possible for PEN /F6, despite that F6-TCNNQ is
considered the stronger acceptor and ICT was expected.

After excitation with light of the wavelength \., = 620nm, which addresses PEN, the
following observations could be made. The singlet fission process is not inhibited drastically in
this system, which is to be expected, as the PEN layers still exhibit crystalline structures. SF
was found to take place with a time constant of 158 fs and 222 fs with PEN below and on top
of F4-TCNQ, respectively (neat PEN: 70-100fs). The electronic dephasing !(TT)—(T---T)
is slowed down only marginally to 1.3-1.5 ps (neat PEN: 1.2 ps).

The charge separation at the interface was identified by the GSB of the CT complex
between PEN and F4-TCNQ in the NIR. Together with the bleaching of this broad transition
a rise of a positive AA signal in the visible spectrum was observed. The interpretation of
this rising signal is, that the ground state absorption of PEN changes due to the quadratic
Stark effect. The static electric field is surmised to be built up at the interface, when an
electron is transferred from the PEN in a triplet excited state to the CT complex. It should
be noted on the one hand, that thin films of pristine PEN exhibit this feature by themselves,
yet for higher fluences and longer delay times. On the other hand, blends of F4-TCNQ
and PEN exhibit the GSB of the CT complex in the NIR, but no electro absorption can be
detected there, leading to the conclusion that the interface is responsible for the emergence
of EA. The diffusion to the interface was approximated by two exponential decays. For the
bilayer F4/PEN time constants of 21-24 ps and 221-254 ps are obtained. With PEN on top
of F4-TCNQ instead, time constants of 42-56 ps and 342-405 ps are obtained.

Lastly, the experimental setup for second harmonic generation (SHG) was extended to
investigate thin films of chiral molecules. Experimental procedures were introduced and the
insights will serve for improving the setup further. Furthermore, first experimental results on
the non-linear optical properties of chiral salicylimine cage compounds were presented. The
cage compounds called M and P, consist of 8 chiral tris-salicylaldehydes that are linked with
12 achiral p-phenylenediamines. With SHG optical rotatory dispersion (ORD) a rotation of
the incident linear polarised light by angles of ¢, = (24.15+0.15)° and ¢p = (—22.43+0.31)°
were observed. As expected the different enantiomers rotate the polarisation in opposite
directions. The non-linear effect was estimated to be three orders of magnitude larger than
linear optical rotation. By rotating a quarter wave plate in front of the sample and detecting
the p- and s-polarised reflected second harmonic intensity, insights into the susceptibilities
of second order can be gained. The enantiomers reveal in principle the expected response
() = I(—¢)p for p-polarised detection. The fit parameters from theoretical modelling
yielded best fits that could not reproduce this property exactly, however, they predict opposite
behaviour for left and right-handed circular polarised light, i.e. M shows for right-handed
circular polarised light the same response as P for left-handed and vice versa. The fits
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did unambiguously show that magnetic contributions to the non-linear optical activity are
needed to explain the observed data. The experiments successfully yielded insights into the
non-linear optical properties of this newly synthesized chiral cage compound. These results
encourage to pursue this research to achieve potential applications such as chiral recognition
or enantiomer excess estimation.

Regarding future investigations and applications, the PEN SURMOF has shown that the
geometrical configuration is of key importance for designing SF materials. With the approach
of incorporation as organic linker in a MOF, a variety of new SF materials could be examined.
Concerning the PEN SURMOF specifically, future projects could include different acenes.
As the excited triplet state in anthracene lies well above that of PEN, anthracene molecules
could serve as impurities. This will allow to study the impact of defects in the system.
With tetracene singlet heterofission, i.e. conversion of a singlet excitation to two excited
triplets on different molecules, could be studied. The porphyrin fullerene system, exhibited
comparatively long-lived charge separated states. After identifying the dynamics in this
system, the research can be focussed on prolonging charge carrier lifetimes by modification
of the side groups of the porphyrin linker or functionalisation of Cgg. To improve this even
further, adding a third component to separate the charges further could have a tremendous
effect.

To summarise, materials based on OSCs were investigated for their properties - in par-
ticular the ultra-fast dynamics in the excited state. These insights will hopefully enable the
design of new materials with improved properties.
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A.0.1 Femtosecond transient absorption

Transient absorption measurements have been carried out as described in the ” Experimental”
section. The fits are all calculated with Glotaran. For plotting the data a self-written Python
[207] script is used. For the data with time-zero correction an interpolation is implemented.
Therefore there might be data points shown that lie in between the acquired data points. This
is however solely for display purposes and does not affect the analysis with Glotaran, which
uses the non-interpolated data. When normalised data is shown, it means that the signal is
divided by the integral of 0 to 50 ps. Be aware that plots over time use a semi-logarithmic
scale, i.e. linear between -1 and 1 ps and logarithmic elsewhere.

A.0.2 fsTA on pentacene thin film

To gain more insights on the PIA probed at 340 nm, a test on fluence dependence as well as
a variation of the angle of incidence were carried out. It is noticeable that the new PIA, just
like the GSB, increases instantaneously - within the time resolution - while the PIAs which
are assigned to the triplets rise more slowly. However, the signal then does increase further in
the same way as the triplet PIAs until approx. 10 ps. For long pump-probe delays, the signal
decay is similar to that of the triplet PIAs and it also shows a significant reduction in lifetime
in the same manner upon increasing fluence, suggestive of TTA (Fig. SA.1). Measurements
with an angle of incidence of 50° show a clear increase in AA compared to 0° (Fig. SA.2),
which is also the case for triplet PIAs at 540 nm and 750 nm. Higher triplet state energies of
PEN in solution are observed at 385 nm (weak) and 305 nm (strong) [208]. Thus we attribute
the transition at 340 nm also to a triplet-triplet transition at.
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Figure A.1: Fluence dependence of the pentacene thin film for a probe wavelength of a)
340nm and b) 750 nm. Excitation was centered around 620 nm and traces are averaged over
a range of 4 nm.
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Figure A.2: Comparison of angles of incidence for pentacene thin film. The newly observed

PIA is centered at 340 nm.
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A.0.3 fsTA on pentacene embedded in a SURMOF

The results shown in the main text were obtained by extracting the first two rates from
a constrained range (410nm-450nm), where the Evolution Associated Difference Spectra
(EADS) of the third rate is close to zero and then obtain the full fit with these two rates
held fixed, see Fig. SA.3 and Fig. SA.4 for the GA results. This was done because the
overlapping spectra together with the fluence dependence gave varying rates for triplet-pair
generation, which should not be affected since only TTA and no singlet-singlet annihilation
were observed. For completeness fits with free parameters are also included in Fig. SA.5. A
fit with a constant offset was also attempted, but did not yield reasonable results.
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Figure A.3: EADS from global fits for ZnPn excited at 605 nm for different pump fluences of
4244, 2122, 1061, 566, 283 and 141 pJecm ™2 from a) to g). The first two rates were obtained
from GA in the range of 410-450 nm, where the triplet PIA (red) is close to zero. A subsequent
fit from 410-580 nm yielded the results that are shown.
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Figure A.5: EADS from global fits for ZnPn excited at 605 nm for different pump fluences of
4244, 2122, 1061, 566, 283 and 141 pJ cm 2 from a) to g). All rates were kept unconstrained.



139

AA (normalized)

Probe wavelength [nm]
— 460 525 — 1360

100 0 10° 10T 107 10°
t[psl]

Figure A.6: Time traces of fsTA data of ZnPn excited at 605 nm with 424 11J cm™=? at selected

wavelenghts. Data at 460 nm and 1360 nm are associated with singlet PIA and at 525nm
with triplet PIA.
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Figure A.10: EADS of ZnPn excited at a wavelength of 605nm and probed in the NIR. For
analysis it was necessary to include a fit for the coherent artifact.(In Glotaran: CohSpec—
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Figure A.11: Dynamics of ZnPn excited at a wavelength of 605 nm. The fit results correspond
to the values shown in Fig. A.10. Notice the coherent artifact at t=0s, which needs to be

modelled.
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A.0.4 Computational study
The values in Fig.SA.14 were quantified by using orbital (A) and density-based metrics (A,,)
L S K 16u) o)

Zia Ki2a ’

where Kj, is the exchange integral in the localized natural orbital (LNO) basis calculated by
CASCI method.

(74)
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Figure A.13: Experimental and computed data of pentacene (PEN) and pentacene model
MOF-C (MOF) [41, 48, 110, 115].
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Figure A.14: Computed spatial overlap and transition dipole moment for both materials.

PEN AE (ev) Orbital f MOF AE (ev) Orbital f
contribution contribution

So So 0.00 So So 0.00

SoS1 (CT) 1.79 ®xp:~1.6)2 H—L 0.4090 SoS1 (CT) 1.83 H—L 0.0839

SoS: (LE) 2.95@Exp:-235) 9 H-1- L 0.01 SoS: (LE) 2.76 H— L+1 0.02

SoS3 (LE) 3.20 H-2— L 0.00498 SoS3 (LE) 2.78 H— L+2 0.004

SoS4 (LE) 3.21 H-1-L 0.00005 SoS4 (LE) 2.87 H-1-L 0.001

SoSs (LE) 3.98 H-3— L 0.002 SoSs (LE) 3.12 H-2— L 0.00

SeS6 (CT)  4.27 H— L+4 1.126 SoSs (LE) 3.16 H-1-L 0.00

Figure A.15: Spectral data for both materials, obtained by TD-B3LYP /def2-TZVP:D3

Vi (meV) Vi1 (meV) Vur, (meV) Vi (meV

PEN-4 -48 -82 59 59
PEN-B 82 76 -51 -51
PEN-C -51 76 61 51
MOF-4 89 73 -54 92
MOF-B -48 -82 59 59
MOF-C -38 46 -32 89

Figure A.16: Coupling tensors of Fock-matrix elements for PEN and MOF models.
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Figure A.17: Calculated AG and A for each molecule, obtained by DFT/def2-TZVP:D3
method.
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B Photo-degradation of the PEN SURMOF

The data shown in chapter 5 are obtained with an encapsulated sample. This means that
an additional quartz glass covers the thin film. The glass was glued to the sample with a
two-component adhesive under nitrogen atmosphere to prevent oxygen from being trapped.
PEN is known to be subject to photo-degradation. In particular, the 6 and 13 positions of
PEN are prone to oxidise under illumination (especially UV light) and the presence of oxygen
[209]. Furthermore, it was found that alkynyl functionalisation at the 6 and 13 positions of
PEN to yield 6,13-Bis(triisopropylsilylethynyl)pentacene reduces photo-degradation [210].

¥ No encapsulation; 750n]

)
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o
©

.
: COCCe
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o)
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0.3 i i i . .
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Figure B.1: Test for photo-degradation of PEN SURMOF in TA experiments. The data
points shown correspond to the averaged AA intensity between 700 < ¢t < 1300fs and 520
< A < 530nm. The energy per pulse is given in the legend in nJ. The chemical structure of
the functionalised PEN linker is shown and the 6 and 13 positions are indicated.

Therefore, the functionalised PEN linker used in the SURMOF (compare Fig.B.1) might
exhibit reduced photo-degradation as well. Unfortunately, this was not the case, as can be
seen in Fig.B.1. Successive scans (each taking ~ 6-8 min) in TA experiments reveal a drastic
loss in signal amplitude. With encapsulation, no degradation is observed.
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C SHG setup: beam profiles
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Figure C.1: Beam profiles of a,c the probe (centred at 800 nm) and pump (centred at 565 nm)
beam with horizontal and vertical cuts through the maximum b,d ,respectively. Measured
at the position of the sample. The fit uses a Gaussian function with a FWHM denoted as w.
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D TA spectra of neat F4-TCNQ/F6-TCNNQ

The neat film of F4-TCNQ excited at e, = 400nm are shown in Fig.D.1 a). The negative
signal corresponds to the GSB of F4-TCNQ. The shift of the GSB and the concomitant rise
of the ESA at 560 nm is likely to be associated with the formation of dianions F4-TCNQ**~
from anions F4-TCNQ'™ [211, 212]. F6-TCNNQ was excited at a wavelength of A, =
495nm. The resulting fs-TA data for the VIS and NIR spectral region are shown in D.1
b) and ¢). The GSB of F6-TCNNQ has a minimum at 595nm. The peaks at 985 nm and
1146 nm correspond well with the observed absorption of F6-TCNNQ"~ [195].
corresponds to ions of
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Figure D.1: TA spectra of F4-TCNQ excited at ., = 400nm in the visible spectral region
a and TA spectra of F6-TCNNQ excited at A\, = 495nm in the visible and NIR spectral
region b and c, respectively.
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