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Abstract

Strong exciton-photon coupling exhibits the possibility to modify photo-
physical and photochemical properties of organic molecules without chang-
ing their structure. This is due to the formation of hybrid light-matter
states, called polaritons, which are created when the strong coupling regime
is achieved. The polaritons inherit properties from both parts, light and
matter, resulting in unique properties.

In this thesis, the excited state dynamics of different strongly coupled sys-
tems are presented. The emission lifetime of polaritons were explored by
optical spectroscopy. Their emission lifetime showed to be independent of
both their excitonic/photonic constitution and the measuring angle. These
findings support the theory of the exciton reservoir theory. Furthermore, the
impact of strong light-matter interactions on the photoisomerization quan-
tum yield of a photoswitch was examined. The photoisomerization quantum
yield showed a dependence whether the system was excited at the lower or
upper polariton and on the photonic/excitonic constitution of the polari-
ton. When exciting the upper polariton, the quantum yield was unperturbed
whereas it dropped significantly when exciting the lower polariton. Finally,
the formation of aggregated states in the strong coupling regime were stud-
ied. It was observed that the emission can be controlled by simply altering
the photonic and excitonic contribution to the lower polariton. A higher
excimer emission was seen for samples, whose lower polariton have a higher
excitonic character, whereas a higher photonic contribution resulted in an
enhanced polariton emission.

The deeper understanding of the excited state dynamics in the strong cou-
pling regime might result in higher performances in optical applications such
as TTA upconversion or singlet fission. Furthermore, the deepened knowl-

edge can unveil the potential of the arising field of polaritonic chemistry.
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Chapter 1
Introduction

The interaction between light and matter is not only the basis of fascinat-
ing concepts like seeing colors but also the foundation of life. In the pho-
tochemical process of photosynthesis, the energy of sunlight is converted
into energy-rich carbohydrates. This processes is initiated by the absorp-
tion of photons of certain energies in chlorophyll. The other photons, which
are not absorbed, let the leave appear green. Besides absorption, other pro-
cesses also lead to the observation of colors in nature; the blue sky is due to
scattering in the atmosphere and some minerals can emit photons at certain
energies after being excited.

The research interest in light-matter interactions is ranging from exploring
the fundamental processes to applications improving our society. In the be-
ginning of the 20*" century, basic light-matter interactions like blackbody
radiation or the photoelectric effect were out of scope of classical physics.
The concepts by Planck, Einstein and others [6-11] describing those phe-
nomena flourished into the development of quantum mechanics. It culmi-
nated in the quantum theory of light-matter interaction by Dirac [12]. Since
then the research interest in light-matter interactions preserved its fascina-
tion and importance. Nowadays a big effort in research is made to solve the
society’s issue of an increasing energy demand accompanied with a reduc-
tion of fossil fuel combustion, which used to be our main source of energy.
One approach to solve this issue is to convert sunlight into (storable) en-
ergy by light-matter interactions. Several ways are possible like the energy
conversion into electrical energy using photovoltaic [13-16] or the energy

storage in chemical bonding applied in molecular solar thermal energy stor-



Chapter 1. Introduction

age systems (MOST) [17-22]. In the bright field of photocatalysis the effort
is made to mimic nature to obtain artificial photosynthesis, where hydrogen
and oxygen are generated from water using sunlight and a photocatalyst
[23-25].

A special case of light-matter interactions is strong exciton-photon coupling.
This special form is achieved when the interaction between light and matter
is to an extend that they cannot be treated as separate entities anymore.
It leads to the formation of new hybrid light-matter states, called polari-
tons, which are separated in energy by the Rabi splitting. Those polaritons
exhibit unique optical properties inherited by their photonic or excitonic
contribution. The theoretical concept of strong exciton-photon coupling was
described by Jaynes and Cummings in 1963 [26] and it took until 1975 until
Yakovlev et al. provided the first experimental work [27]. The following in-
terest in strong coupling was mainly focused on Rydberg atoms [28-31] and
inorganic quantum wells [32-34]. However, strong coupling using organic
molecules was first described theoretically by Agranovich et al. 25 years ago
[35], followed by the experimental demonstration by Lidzey et al. one year
later [36]. In the following years the interesting in strong coupling using or-
ganic molecules arose and benchmarks like room temperature Bose-Einstein
condensates [37, 38] and lasing [39] has been set. In the recent ten years,
photochemical and chemical reactions as such came into focus of this re-
search field [40-58]. The concept of strong coupling is not only restricted to
electronic transition but can be extended to vibrational transitions [59-68],
which play a major role in chemical reactions.

The introduction of polaritons lead to a rearrangement of the excited state
energy levels as well as to altered dynamics [69-77] in comparison to the
bare organic molecule case. Therefore, the main focus of this thesis is on the
excited state dynamics of strongly coupled systems. The goal of the work
was to get a deeper insight in those dynamics to unveil the full potential
of strong coupling. An improved understanding might lead to an increased
applicability in fields of polaritonic chemistry or optical applications such
as triplet-triplet annihilation upconversion, singlet fission or organic elec-
tronics.

This thesis is structured into 5 chapters. After the introduction, the basic
principles of light-matter interactions are described in chapter 2. It begins

with the description of light and its interaction with a two level system. Fol-



lowed by the photophysical processes occurring in an organic molecule. The
chapter finishes with a short introduction to photochemical reaction con-
cepts. Chapter 3 starts by explaining the basic principles of strong exciton-
photon coupling in a classical, semiclassical and full quantum picture. The
description of the main characteristics such as anticrossing, hybridization
and energy splitting is included in that first part as well. It is followed by the
summary of papers I-ITI, which is the foundation of my work. Thereafter,
chapter 4 describes the experimental methods, which were used for sample
preparation and optical characterization. Finally, this thesis is summarized

and a outlook is provided in chapter 5.
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Chapter 2

Fundamental Light-Matter

Interactions

2.1 Basic principles

2.1.1 Electromagnetic waves

Light is an electromagnetic wave, which can be classically described by
Maxwell’s equations [78]. As it might be already concluded by the name, an
electromagnetic wave consists of an oscillating electric and magnetic field,
which are synchronized. They can be characterized by either their oscillat-
ing frequency or their wavelength. In the electromagnetic spectrum they are
classified by wavelength into infrared, visible, ultraviolet, X-rays and others.
To explain the photoelectric effect [79], light was proposed to be a discrete
energy packet [6], which was later called a photon [80]. The energy of a
photon is described by its frequency v and Planck’s constant h [9] or, al-
ternatively, by its angular frequency w and the reduced Planck’s constant

h

E=hv=hw (2.1)

A simple case of light-matter interactions is the absorption or emission of a
photon by an atomic system having stationary energy levels. According to
the Bohr frequency condition [7], the energy difference of the two involved

energy states needs to be equal to the frequency of the radiation multiplied

5



Chapter 2. Fundamental Light-Matter Interactions

by Planck’s constant.
AE =hv =hw (2.2)

In optical spectroscopy of electronic states, the wavelength A is commonly
used and therefore the Bohr condition can be rewritten using the speed of
light ¢ to

hc

2.1.2 Blackbody radiator

A blackbody radiator is a object, which shows a radiation spectrum de-
pending on its temperature (Fig. 2.1). The name blackbody radiator might
seem contradictory considering the fact that it is used to describe the solar
spectrum. However, the name is based on the idea that all radiation from
external sources is absorbed excluding all transmission or reflection. There-
fore, the blackbody radiator appears black at room temperature having a
thermal radiation spectrum in the invisible IR. The problem of light-matter
interaction occurring for a blackbody radiator were out of scope for classical
physics. Planck was the first to determine the blackbody radiation spectrum
(Fig. 2.1) by the following equation known as Planck’s law [10]

_ 8mhy? 1

plv) = B ehv/keT _ |

(2.4)

the spectral radiation density p(v) only depends on the temperature T,
the frequency v and physical constants like the speed of light ¢, Planck’s
constant h and Boltzmann constant kg. The intensity peak shifts to higher

frequencies or lower wavelength for higher temperatures.

Intensity

Wavelength (nm)

Figure 2.1: Blackbody raditation spectrum according to Planck’s law.



2.1. Basic principles

2.1.3 Einstein coefficients

Einstein postulated three possible processes for the interaction between a
photon and a two level system (Fig. 2.2), which consists of two discrete
energy levels separated in energy [11]. The first one is the absorption where

the system gets excited after absorbing a photon. The change of the excited

state population over time % for this process can be described by
dN,
e Ny Brnp(v) (2.5)

where N,, is the population of ground state m, B,,, is the Einstein coefficient
of absorption and p(v) is the spectral density at the frequency of radiation.
The non-intuitive stimulated emission is the second process and works in
a reverse way to absorption. A photon stimulates the emission of another
photon from an excited two level system. The depopulation of the excited

state over time is determined by

dN,,
dt

where NV, is the population of excited state n and B,,, is the Einstein coeffi-

= _Nanmp(V) (26)

cient of stimulated emission. As a consequence of the competing processes of
stimulated emission and absorption, no population inversion of a two level
system can be achieved.

The third process is the spontaneous emission, where a two level system
relaxes down to its ground state by emitting a photon. In contrast to the
other two processes, the spontaneous emission is independent of any pho-
ton radiation and only depends on the Einstein coefficient for spontaneous

emission A,,, and the population of the excited state N,

dN,
dt

The relation between the Einstein coefficients of the spontaneous and stim-

= —N,Aum (2.7)

ulated emission can be obtained from the steady-state condition. In this
regime the populations of the ground state and excited state are in equilib-
rium. Using Planck’s law for the spectral radiation density the relation is

determined as i
T Bum (2.8)

An m =
vm 3
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Figure 2.2: Three processes: Absorption, stimulated emission and sponta-
neous emission in a two level system with the ground state m and the excited
state n.

2.1.4 Rabi oscillation

Rabi oscillations appear in quantum two level systems, which interact with
an external electromagnetic wave [81]. If the excitation frequency of the
electromagnetic field is close to the resonant frequency of the two levels,
the system starts to oscillate between the ground and excited state with the

Rabi frequency Qg

_ d|Ey|

h
where d is the associated transition dipole moment and Fj is the amplitude
of the electric field.

Qr (2.9)

Using the wavefunction describing the excited and ground state, the popu-
lation probability can be obtained for each state. Assuming that the system
is initially in its ground state the probability of the system being in the

excited state is

Qr .,/ +42
P.(t) = sin® t (2.10)
Q%+ 02 2

where P,(t) is the probability to be in the excited state and ¢ is the detuning
between the frequency of light and the frequency of the transition between
ground and excited state. The probability to be in the excited state is os-
cillating over time, which means that continuous excitation of a two level
system doesn’t result in the system being in the excited state all the time
(Fig. 2.3). After the excitation is created, further excitation brings the sys-
tem to its ground state due to stimulated emission. The detuning effects the
probability as well as the frequency of the oscillation (Fig. 2.3). Only for

the case of no detuning, the probability to be in the excited state reaches
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[y

Probability

Figure 2.3: Rabi oscillation in the probability P. over time using different
detuning of § = 0 (straight line), 6 = Qg (dotted line) and 6 = 5Qx (dashed
line)

unity at certain times. Furthermore, when the external excitation is shut
off the system stays in the same state. This is a very simplified model since

it doesn’t take any decays, relaxation or dephasing into account.

2.2 Photophysical processes in molecules

Molecules are not just simplified two level systems. The energetic structure
consists of many different levels and many different types of transitions,
which all are induced by light. This section starts by introducing electronic
and vibrational states of organic molecules. Followed by their interaction

with a photon and the subsequent processes of the excited state.

2.2.1 Electronic states

The electronic energy levels of organic molecules can be calculated by the

time-independent Schrédinger equation [82].
HU = EV (2.11)

where H is the Hamiltonian operator, U is the eigenfunction and E is the
total energy, which can be split up in kinetic energy, potential energy and
the electron-electron interaction energy. The Schrédinger equation can only
be solved analytically for the hydrogen atom having one electron and thus

no electron-electron interaction energy [83]. From that calculation the dif-

9
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ferent atomic orbitals, namely s,p and d-orbitals, can be seen. Following
the Aufbau principle atomic orbitals are filled with electrons starting at the
one with the lowest energy. The Schrodinger equation for many electron
systems can only be approximated. The determination of molecular orbitals
are normally determined for each electron independently [84]. Molecular
orbitals are a linear combination of different atomic orbitals. The highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) play the most important role for photophysical and photo-

chemical processes.

2.2.2 Vibrational states

Molecules exhibit many vibrational states within each electronic state. The
number of possible vibrations is determined by their degree of freedom,
which is 3N — 5 for linear molecules and 3N — 6 for other molecules, where
N is the number of atoms in the molecular structure. Considering a two
atomic molecule as the simplest case, only one vibration is allowed. The

potential energy surface can be described by a harmonic oscillator.

V(r) = —ka? (2.12)

with the spring constant k& and the spatial distortion x. Solving the Schrodinger

equation leads to the energy eigenstates of the vibrational level E, [83]

By = (o + ) (2.13)

where v is the vibrational quantum number. From the equation can be seen
that the energy levels are equidistant and never zero. In reality the potential
energy surface does not behave like a perfect oscillator. Having a classical
picture of two atoms connected by a spring in mind, it is obvious that at
some level of distortion the spring and thus the bond will break. The har-
monic oscillator is also not valid for bringing the two positively charged
nuclei too close together. At some level of approximation the Coulomb re-
pulsion will start to play a major role. As a correction factor for the potential

energy surface, the Morse potential is introduced [85] (Fig. 2.4).

V(r) = D(1 — e~r—re))2 (2.14)

10
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Energy

Internuclear distance

Figure 2.4: Energy scheme of the Morse potential (blue) in comparison with
the harmonic oscillator (black) with several vibrational levels and the dis-
sociation energy D,

where V(r) is the Morse potential, D, is the dissociation energy, r — r, is

the distortion and a is a parameter containing the spring constant &

(2.15)

The corrected potential energy is accompanied by a shift in the vibrational
energy levels, which are not equidistant anymore. Nevertheless, it remains a
good approximation to assume the lowest vibrational levels to be uniformly

separated.

2.2.3 Molecular absorption

Perrin-Jablonski digram

The electronic and vibrational energy levels of an organic molecule play an
important role for optical properties. The energy transitions between those
levels can be summarized in a Perrin-Jabtonski diagram [86] (Fig. 2.5). The
different processes can be divided up into radiative and non-radiative. Ab-
sorption, fluorescence and phosphorescence are radiative processes whereas
intersystem crossing (ISC), internal conversion (IC) and vibrational relax-
ation are non-radiative processes. This subsection will start describing the
absorption and its characteristics followed by the interactions and processes

in the excited state.

11
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RN . E— Absorption
S S S— P Phosphorescence

L A v ¥ So

Figure 2.5: Perrin-Jabtonski diagram of the photophysical processes within
an organic molecule. The thick blue lines represents the electronic levels and
the thin blue lines the vibrational levels. Radiative transitions like absorp-
tion, fluorescence and phosphorescence are indicated by straight lines and
non-radiative processes like IC, ISC and vibrational relaxation are indicated
by dashed lines.

Transition probability

The electric field of light can interact with the charged electrons and nuclei
of a molecule. For absorption to occur, the Bohr frequency condition needs
to be met as a first requirement, which says that the energy of the photon
needs to match with the energy difference between two electronic states.
This condition does not give any insights on how probable a transition
between the two states is. Therefore, we need to consider the electric dipole

moment operator g, which is defined as [87]

B=2_ (2.16)

where ¢; is the charge and the position of the " particle. The position r; is
a vector based on the Cartesian position x, y and z. It is used to obtain the

transition moment dg between an initial state ¥; and the final state ¥

do = [ Wipvid's (2.17)

The transition probability P is then:

P | /w;ﬂwidw (2.18)

The transition probability and thus the intensity is related to selection rules;
it is non-zero for an allowed transition and zero for a forbidden transition.

According to selection rules a transition can be either spin-forbidden or

12



2.2. Photophysical processes in molecules

symmetry forbidden.

In the case of the spin selection rule, the overall multiplicity needs to be
conserved for a transition [88]. Therefore, the Sy < Sy or T, < T; tran-
sitions are allow, whereas the transition from a singlet to a triplet state is
forbidden due to the spin flip. This spin selection rule can be violated by the
spin-orbit coupling, where the spin and orbital function cannot be separated
anymore [89, 90]. The strength of the spin-orbit coupling increases with the
atomic number, which is often called the heavy atom effect. In that sense
even a spin forbidden transition can be turned into a spin allowed transition
enabling phosphorescence and intersystem crossing (ISC).

The symmetry selection rule, also called Laporte rule [91], applies for cen-
trosymmetric molecules [83]. The only allowed transition is when the par-
ity changes, which is the case when the molecule goes from a symmetric
state with respect to the inversion center to an antisymmetric state or vice
versa. A transition with conserved parity can become weakly allowed when
the centre of symmetry is lost due to an antisymmetrical vibration of the

molecule.

Vibronic transitions

Considering the structure of an absorption spectrum having different vi-
brational and electronic levels, the populated level of the molecules before
excitation needs to be known first. It can be determined using the Boltz-
mann distribution law [83]

No _ A (2.19)
where Ny and N, are the population of the lowest vibrational state and
the v®* energy state, respectively; AE is the energy difference between the
vibrational states, kg is the Boltzmann constant and T is the temperature.
Normally, the energy difference between vibrational levels exceeds the factor
kgT at room temperature and therefore the majority of molecules are in
the lowest vibrational level. Using the Born-Oppenheimer approximation
that the electronic eigenfunction and the vibrational eigenfunction can be
treated independently [92], it can be concluded that the probability and
therefore the intensity of a vibronic transition only depends on the overlap

between the wavefunctions of the lowest vibrational level of the ground

13
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/_ Wavelength
=3 o
/y'lz 0.1
7=
3 k‘é?veo
g /
b
v=3
v dh
\g% v=1
X v=0

Nuclear Coordinates

Figure 2.6: Energy scheme with the ground state and excited state indicating
the wavefunctions of the vibrational level and the Franck-Condon overlap
integrals. Absorption spectrum showing the different vibronic transitions
according to the Franck-Condon principle [93, 94].

state and the vibrational level of the excited state (Fig. 2.6). The higher
the overlap the higher is the transition probability [93, 94]. Those overlaps
are called Franck-Condon integrals. The result is an absorption spectrum

having different intensities for different vibronic transitions.

Spectral broadening

Although the absorption is a transition between discrete energy levels,
the measured spectrum does not resemble a straight line due to different
kinds of broadening. The natural broadening is a result of the Heisenberg’s
uncertainty principle [95, 96] and the short lifetime 7 of the final excited
states [87].

AET>h or Avrt> 2i (2.20)
T

from the equation can be seen that the broadening (AE or Av) only de-
pends on the lifetime of the final state and the shorter it is the wider is
the broadening. The broadening results in a characteristic Lorentzian line
shape. However, the natural line broadening is usually very small compared
to other causes of broadening.

When dye molecules are integrated into a solid host matrix, the inhomo-
geneous broadening plays an important role in the broadening [97]. The
surrounding of the molecule can determine the exact energy level of the
electronic state due to local defects, dislocations or impurities [98]. There-

fore, the transition energies of the molecules differ slightly in dependence

14



2.2. Photophysical processes in molecules

on their surrounding. This leads to a broadening with a Gaussian shape.
The Doppler effect also leads to a spectral broadening. It is based on the
movement of the atom or molecule relative to the detector and depends on

their relative velocities [87].

1/2
v <2kBTln2> (2.21)

Av =

c m
where ¢ is the speed of light, v is the frequency of the transition, kp is the
Boltzmann constant, T is the temperature and m is the mass of the atom
or molecule. The broadening leads to a Gaussian shaped line width, which
is usually observed in absorption spectra.
Pressure broadening is the fourth line shape broadening process. It occurs
due to the collision between atoms or molecules in the gas phase resulting

in an exchange of energy and therefore in a line shape broadening Av of

[87]

1
T ot

where ¢ is the mean time between collisions.

Av (2.22)

2.2.4 Processes in the excited state

Non-radiative processes

The fastest non-radiative process is the vibrational relaxation [99]. During
this process the molecule relaxes from a higher vibrational level to the low-
est one within the same electronic state. The excess of energy is released to
the surrounding. Vibrational relaxation occurs, for example, subsequently
to the excitation of a molecule to a higher vibrational level in the excited
state. Since vibrational relaxation is the fastest proces, the molecule relaxes
back to the lowest vibrational level from where it will undergo other ra-
diative or non-radiative processes. So, molecules are rarely found in higher
vibrational level due to the vibrational relaxation.
Another non-radiative process is the internal conversion (IC) [99]. In con-
trast to the vibrational relaxation the IC changes its electronic state. This
process is usually irreversible since it is followed by the very fast vibrational
relaxation, which brings the molecule down to the lowest vibrational level.

Together with the vibrational relaxation it is the reason for Kasha’s rule,



Chapter 2. Fundamental Light-Matter Interactions

which states that for a given multiplicity the luminescence only comes from
the lowest excited state [100]. This means that the fluorescence is indepen-
dent of the excitation wavelength. This is caused by the fact that the IC and
vibrational relaxation in the excited states are faster than the luminescence
from higher excited states. The fluorescence rate constant can only compete
with the IC from the lowest excited state, which is a consequence of the en-
ergy gap law. According to this law the rate constant of a non-radiative
decay as IC and ISC decreases exponentially as the energy difference be-
tween two electronic states increases in a series of related molecules. There
are two competing processes for this observation: On the one hand the rate
constant from the initial to the final electronic state k;_,; should increase
due to Fermi’s law (Eq. 2.23) since the density of vibrational states in the

final electronic state p; is higher for bigger energy gaps [101].
2m
Fsr = 2 Vips (2.23)

where Vj; is the vibrational coupling between the initial and final state.
However, the reduction of the Franck-Condon overlap integrals dominates
at large energy gaps leading to a reduced rate constant. A result of the
energy gap law is that, in theory, it is easier to achieve a highly emissive
molecule emitting in the blue part of the radiation spectrum than in the
red part [102, 103].

The intersystem crossing (ISC) is a non-radiative, isoenergetic process,
where the molecules goes from the excited singlet to the excited triplet
state [99]. Since the spin has to flip it is a spin-forbidden transition and
thus slow. The rate constant can be increased by a stronger spin-orbit cou-
pling allowing the transition [89, 90]. This can be achieved by introducing
heavy atoms into the molecular structure. Following the energy gap law,
another way to increase the ISC is to reduce the energy difference between
the excited singlet and triplet state. Like IC, ISC is not reversible due to
the fast vibrational relaxation. However, there are some molecules, which
can undergo the reversed process after being thermally activated. Those
kind of molecules exhibit then a thermally activated delayed fluorescence
(TADF) [104, 105]. A requirement to show this behaviour is that the en-
ergy difference between the excited singlet and triplet states is as small as

possible.
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2.2. Photophysical processes in molecules

Radiative decays
A radiative decay is a process where a molecule goes from a excited state
to a ground state by emitting a photon. The two main radiative decays are
fluorescence and phosphorescence. The difference between these processes
is that fluorescence goes from the excited singlet state to the singlet ground
state, whereas phosphorescence goes from the excited triplet state to the
singlet ground state. Therefore, phosphorescence is a spin-forbidden tran-
sition, which can be enhanced by spin-orbit coupling as mentioned before
[89, 90]. Since the phosphorescence is a spin forbidden process its radiation
lifetime is many orders of magnitudes longer than the one for fluorescence.
The lifetime of radiative processes can be determined by the decrease of the
emission intensity after excitation. The deactivation after excitation follows
an exponential decay [106]
I(t) = Ipe™~ (2.24)
where I(t) is the intensity after time ¢ and I the initial intensity when the
excitation stopped. The relations between the fluorescence lifetime 7; and

the rate constants of fluorescence ky and non-radiative processes ky, is

1

= 2.25
kf + Ky ( )

Tf

Wavelength

Energy

Energy

Nuclear Coordinates

Figure 2.7: Energy scheme showing the Franck-Condon principle and the
absorption (straight line) and emission (dashed line).

For the shape of the fluorescence spectrum, the Franck-Condon integrals
need to be considered again [93, 94]. Due to Kasha’s rule fluorescence only

takes place from the lowest vibrational level of the excited state. Since the
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emission process is faster than the rearrangement of the nuclei the emission
behaves likes mirror-images to the absorption spectrum (Fig. 2.7). The dif-
ference between the 0-0’ transition of the absorption and fluorescence of the
molecule is called the Stokes shift. It normally caused by the stabilization
of the excited state by the solvent. It happens because the excited state is

in general more polar and more polarizable than the ground state.

Quantum yield
The fluorescence quantum yield ®; of a molecule is defined as the ra-
tio between the number of emitted photons and the number of absorbed
photons [107].
number of emitted photons

b, = 2.26
™ number o f absorbed photons ( )

The quantum yield expresses the probability of a molecule to undergo a
radiative process in contrast to the competitive processes of non-radiative
decays. Following Kasha’s rule the quantum yield is expected to be inde-
pendent of the excitation wavelength since the process of internal relaxation
is much faster than the one for the radiative and non-radiative decays. Ex-
amples for the non-radiative decays are intersystem crossing, internal con-
version, external conversion and energy transfer. The quantum yield can
be rewritten using the sum of the non-radiative rates k,, and the radiative

decay rate ky.

ky

s A
I ks + Sk,

(2.27)

If the rate of fluorescence exceeds the rate for all non-radiative decays the
quantum yield approaches unity. For higher non-radiative decays, the value
approaches zero and for a molecule, which doesn’t emit a photon, the quan-
tum yield is zero. The quantum yield shows a solvent and concentration
dependency according to the change of non-radiative rates. The quantum
yields for other processes like IC, ISC and phosphorescence can be defined

in a similar manner as ratio between their rates and all other rates.

18



2.2. Photophysical processes in molecules

Aggregation

In the previous sections the main focus was on the photophysical processes
within one organic molecule. However, the interaction with other molecules
in the surrounding needs to be considered as well to get the full, realistic
picture. Organic chromophores have a tendency to stack together through
strong m-m-interactions, which is caused by their structure exhibiting a rigid
and planar 7-core. A prominent example for aggregates are excimers, which
are formed by dimerization of molecules in the excited state (Fig. 2.8). The
formation of excimers leads to altered photophysical properties [108-110].
In general, a quenching of the photoluminesence and a spectral red-shift
and broadening are observed. The excimer formation can be suppressed by
using low concentrations since the process is concentration dependent or by
introducing bulky side groups in the molecular structure, which introduces
a steric hindrance for the aggregation [111-113]. Another method is the
mixing of chromophores with different side chains, resulting in a stronger

glass forming capability [114-116].
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Figure 2.8: Energy scheme for the formation and emission of excimers.

Energy transfer

The energy of an excited molecule can be transferred to another molecule.
The two involved molecules are normally referred to as donor and acceptor.
A donor is initially in the excited state and transfers its energy to the ac-
ceptor, which becomes excited then. The energy transfer can be a radiative
process, in which the acceptor is excited by an emitted photon from the
donor. A requirement for this process to happen is that the emitted photon

matches with the absorption spectrum of the acceptor [117].
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Forster resonance energy transfer (FRET) is a non-radiative example for an
energy transfer process between a donor and an acceptor [118, 119]. The en-
ergy of the donor molecule is transferred trough dipole-dipole coupling with
the acceptor molecule. The rate constant of the FRET process is extremely
sensitive to the distance r (to the power of six) between the donor and the

acceptor and also shows a donor fluorescence lifetime 7 dependency [120]

6
Ry
r%71p

kFRET = (228)

Ry is the critical transfer distance. If the distance between the donor and
acceptor is at the length of the critical transfer length, the fluorescence rate
constant of the donor and the FRET rate constant are equal. Using Fermi’s
golden rule Eq. 2.23, Forster derived a equation for Ry with experimentally

available quantities and physical constants.

9In(10) K*®p
RO = A Dy 2.29
07 19875N, nt (2.29)

where k is the orientation factor, ®p is the photoluminescence quantum
yield for the donor in absence of the acceptor, n is the refractive index of
the medium and J is the overlap integral between the absorption of the
acceptor with the emission of the donor. Due to the sensitivity towards the
distance between donor and acceptor, FRET can be used as a molecular
ruler, when the donor and acceptor are attached to an unknown structure.
Another non-radiative process is the Dexter electron transfer [119, 121]. The
difference to FRET is already obvious from the name since it is not only an
exchange of energy but also of electrons. The exchange mechanism works in
a way that the electron from the excited state is transferred from the donor
to the acceptor and an electron from the ground state of the acceptor goes
to the donor. During the exchange process the spins are conserved and both
singlet-singlet and triplet-triplet energy transfers are possible. The Dexter
electron transfer requires an overlap of the wavefunction of the donor and

acceptor and thus is limited to very short distances.
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2.3. Photochemical processes in molecules

2.3 Photochemical processes in molecules

Organic molecules cannot only undergo photophysical processes after being
excited by a photon. They can also react or isomerize to other components,
which is called a photochemical process. In this section photochemical pro-
cesses are described in general, followed by the specific case of photoswitches

and their application.

2.3.1 Photochemical reaction pathways

Chemical reactions normally occur on the potential energy surface (PES)
of the ground state. Some reactions need a thermal or catalytic activation
to overcome an activation energy on the reaction coordinate. In contrast
to that, photochemical reactions take place after a molecule is excited by a
photon to the excited potential energy surface having a significantly altered
PES and therefore different reaction coordinates. Forster proposed four dif-
ferent photochemical reaction classes for a molecule A to go to product B
with a possible intermediate state of C (Fig. 2.9) [120, 122].

AUt B (2.30a)
B* = B 2.
At hw — A* = - (2.300)
B (2.30¢)
C—B (2.30d)

The first class is called hot ground state reaction (Fig.2.9a). After excita-
tion of A, internal conversion to a high vibrational level of the ground state
occurs. Followed by vibrational relaxation into the ground state of product
B. As a competing process also the starting molecule A can be obtained
in the ground state. The hot reaction class works like thermally activat-
ing a reaction on the ground state to overcome an activation energy since
both approaches result in a higher vibrational level. The second class is the
adiabatic reaction (Fig.2.9b), where the reaction takes place on the PES of
the excited state. After excitation, A is converted into the product B in
the excited state, which can then go back to the ground state by emitting
a photon or via IC. The third class is the diabatic reaction (Fig. 2.9¢). In
this case, the PESs of the ground state of B and the excited state of A
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Energy

Figure 2.9: Potential energy surfaces of the ground and excited state for
the classes of a) hot ground state reaction b) adiabatic reaction c) diabatic
reaction and d) reaction via intermediate.

are crossing each other at the conical intersection. After exciting A, it can
directly proceed to the photoproduct B. The fourth class is the reaction via
an intermediate (Fig. 2.9d). The reaction proceed via a reactive intermedi-
ate and finally settles into the minimum of B.

For photochemical reactions, the photochemical quantum yield can be de-
termined similar to the one for emission [123]. It is defined by the number
of converted molecules divided through the number of absorbed photon by

the initial molecule [107].

o number converted molecules (2.31)
number of absorbed photons

Competing processes limiting the quantum yield can be all photophysical
decays like IC, ISC and fluorescence. As for photophysical processes, Kasha’s
rule applies also for photochemical reactions, which means that all processes
start from the lowest energy level of the excited state. As a consequence of
that rule, the quantum yield of photochemical reactions are in general in-

dependent of the excitation wavelength.

2.3.2 Photoswitches

A special kind of photochemical reaction is the photoisomerization. Dur-
ing that process a molecule converts into another isomer after excitation.

For photoswitchable molecules, this process is reversible by either heat
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Figure 2.10: Examples for photoswitchable pairs: a) diarylethene, b) azoben-
zene, ¢) spiropyran/merocyanine and d) norbornadiene/quadricyclane.

or photoexcitation of the partner molecule. Prominent examples are di-
arylethene [124], azobenzene [125], spiropyran/merocyanine [126] and nor-
bornadiene/quadricyclane [127] (Fig. 2.10). The photoisomerization quan-
tum yield can be affected by factors like temperature, polarity of the sur-
rounding and viscosity [123]. The impact of the factors might differ signif-
icantly, for instance, the polarity will have a major effect on the spiropy-
rane/merocyanine pair compared to the other pairs, which don’t have any

charged form.

2.3.3 Application

Photoswitches find application in molecular solar thermal energy storage
systems (MOST). In those systems a photoswitch either dimerizes or isomer-
izes after absorbing light into a high energy metastable species (Fig. 2.11).
The ground state energy differences between the two isomers is the stored
energy AEgiorqge 0f the system. The backconversion to the initial state re-
leases the stored energy as heat. As an example, the photoswitch pair nor-
bornadiene/quadricyclane is used in MOST [17-22]. Upon excitation nor-
bornadiene isomerizes to quadricyclane by a [2+2] cycloaddition. The higher
energy of the quadricyclane in the ground state it due to the ring strain. One
of the main challenges for the use of norbornadiene is that the absorption
onset is in the UV to blue area limiting the application due to their small
overlap with the solar spectrum [20, 21]. Introducing electron withdrawing
and electron donating groups to the structure shifts the absorption onset
to higher wavelengths. However, the photoisomerization quantum yield @,
the stored energy AFEg;orqqe and the backconversion rate are altered at the

same time. High performance devices were already achieved, but it would be
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beneficial to be able to specifically engineer one characteristic of a MOST

system at a time.

Energy

Figure 2.11: Energy scheme of a MOST system using a norbornadi-

ene/quadricyclane photoswitch pair.
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Chapter 3

Modification of excited state
dynamics by the strong

coupling regime

In this chapter, strong exciton-photon coupling will be described in a classi-
cal, semiclassical and full quantum picture. The characteristic behaviour of
hybridization and anticrossing will be discussed as well as the strong cou-
pling limits and the optical properties. The basic principles are followed by
experimental observations on the modification of excited state dynamics in

the strong coupling regime, which summarizes the work of paper I-III.

3.1 Principles of strong exciton-photon cou-
pling

Classical description of strong light-matter coupling

In a classical approach light and molecular transitions can be described
by harmonic oscillators. An example of a harmonic oscillator is a mass m
connected to a wall by a spring with the force constant k. For the oscillation

the restoring force F' is defined by Hooke’s law:

F=—kx (3.1)

where z is the displacement of the mass from the equilibrium position. The

angular frequency w of the oscillation depends on the spring constant and
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Figure 3.1: Sketch of a coupled two harmonic oscillators system.

the mass m:

k
W=y (3.2)
In order to model light-matter interactions, two harmonic oscillators, rep-
resenting light and matter, are connected by a third spring with the spring
constant ks (Fig. 3.1)[128]. The motion of the coupled system can be de-

scribed by two equations

dz?

mlﬁ + klfﬂl + ]{75($1 - .'BQ) =0 (33&)
d 2

777@% -+ le‘z - ]fg(l‘l - .7}2) =0 (33b)

the labels 1 and 2 refer to the two oscillators. Solving the equations to obtain
the displacement x depending on the time ¢, the following expressions are

obtained
z1(t) = Asin(wit + C) + Bsin(w_t + D) (3.4a)

zo(t) = —Asin(wit + C) + Bsin(w_t + D) (3.4Dh)

where A, B, C' and D are constants. The two new frequencies w, and w_

are normal modes of the system and can be determined by [128]

1
w2 = 3 (wf +w? £ \/(wf — w32+ 4F2w1w2> (3.5)

where wy and wq are the frequencies of the two oscillators, which, in contrast
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Figure 3.2: Sketch of the anticrossing behaviour of a coupled system. The de-
tuning is the difference between the angular frequency of oscillator 1 (blue)
and 2 (red).

to Eq. 3.2, also depend on the spring constant of the coupling ks and their
frequency difference w? — w? is referred to as detuning
ky + k3 ko + ks

and wy =
my mg

(3.6)

wp =

and the term I' is the frequency splitting

r— Vhs/may/ks/ma (3.7)
N

The new normal modes of the frequencies show an altered behaviour com-
pared to the initial frequencies w; and ws. As a consequence of Eq. 3.5,
it can be seen that the frequency w, is always higher than w_, although
the initial frequencies of the separate oscillators are crossing at the point
without detuning (Fig. 3.2). This behaviour is called anticrossing and it is
a characteristic of the strong coupling regime. The minimum splitting is
achieved for the case that the two oscillators are in resonance, meaning that
they have the same frequency w; = wy. On resonance, the splitting between
wy and w_ only depends on the frequency splitting I" and thus on the cou-
pling strength k3 since both are proportional to each other. With increased
detuning, the splitting between the two normal modes will rise.

Another characteristic of strong coupling can be seen when rearranging

Eq. 3.4 to obtain the expression for the two normal modes

L (n(t) - m(t)) (3.80)

sin(wy +C) = 24
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sin(w_ + D) = %(:ﬁ () + 2a(8)) (3.8b)

both normal modes depend on both positions z; and x5. This means that the
two oscillators cannot be treated independently anymore and can therefore
be considered to be hybridized. In the analogy that the oscillators represent
light and matter, hybrid light-matter states are formed as a consequence of
coupling the two oscillators using a third spring.

In order to discuss the limits of the strong coupling regime, damping needs to

be considered for the coupled oscillator model [128]. Therefore, the frictional

dxy
dt

the analogy picture of the mechanical oscillator, the friction terms represent

terms 7y, &+ and ’}/2% are introduced to the equation of motion Eq. 3.3. In
the dissipation of the molecule and light, respectively. The strong coupling
regime is achieved when the frequency splitting of the system is bigger than

the dissipation in each system.

r

_>1 3.9
Yi/my + Y2/ me (3.9)

Semiclassical approach

For the semiclassical approach, a quantum two level system interacting
with a classical electromagnetic field is considered. The interaction can take
place between the excited state of the molecule and the cavity mode. Dur-
ing this thesis this approach was already used, when describing the Rabi
oscillation in Section 2.1.4. The Rabi frequency Qg as well as the detuning
0 between the frequency of the molecular transition and the frequency of
the light were established and will be used here again for the description of
the strong coupling. Furthermore, the generalized Rabi frequency Q2 can be
defined depending on the Rabi frequency and the detuning.

Q=/62+03% (3.10)

For the quantum two level system, the ground state |g) and the excited

state

e) are defined as basis vectors

0 1
lg) = <1> and |e) = (O) (3.11)

For the interaction with the electric field, three different operators are intro-

duced. The inversion operator &, the raising operator 6, which brings the
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two level system from its ground state to the excited state, and the lowering
operator &_, which brings the two level system from the excited state to

the ground state. Those operators can be expressed by Pauli matrices [129]
1 0 01 0 0
0, = , 04 = and 6_ = 3.12
: (0 -—1) i (0 0) (1 0) (3.12)
The Hamiltonian of a coupled system is then [130]

.1 1
H= EEE(I +5.)+ iEg(I —0,) + hQr(64 + 6_)cos(wt) (3.13)

where E, and Ej is the energy of the excited and ground state, respectively,

10
() -

Using the rotating wave approximation (RWA), the Hamiltonian becomes
[131]

and I is the identity matrix

N hd hQ
H=—-"6.+—2(6,+6) (3.15)

2 2
Diagonalizing the Hamiltonian leads then to the eigenvalues of the system

F, and Ey

o f%h,/éz oz (3.16a)
B = %h,/é? oz (3.16b)

As for the normal modes in the classical picture, the two eigenstates show an
anticrossing behaviour with minimal energy difference at resonance, where
6 = 0. For the resonance case, the splitting strength is AQ2g, which is called
the Rabi splitting. From the relation in Eq. 2.9, the dependence of the Rabi
splitting on the transition dipole moment of the two level system d and the
electric field amplitude | Ep| can be seen.

For the eigenstates |1) and |2) the following expressions can be obtained:
[1) = —sin(d)]e) + cos()]g) (3.17a)
|2) = cos(D)|e) + sin(V)|g) (3.17b)
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where
Q
sin(9) = ———— (3.18a)
(Q—6)2+ 03
cos(¥) = ——2=0 (3.18b)
(Q—0)2+Q%

The eigenstates are hybrid states between the ground state |g) and the
excited state |e). In contrast to the classical description they show a mixing
parameter of sin() and cos(d), which depend on the Rabi frequency and
the detuning of the samples. For the resonance condition, the contribution
of both parts is 1/2. This relation changes when detuning the system. As
already seen in section 2.1.4, the system oscillates between the ground and
excited state when exposed to the classical electromagnetic field. When the
field frequency and the transition frequency are on resonance the oscillation
occurs with the Rabi frequency Qg for the resonance condition [132]. For
detuning, the oscillation shifts to the frequency defined by the general Rabi
frequency €.

Quantum description

For the full quantum description of light-matter interactions not only the
molecular transition, described by a quantum two level system, but also the
electromagnetic field inside an optical cavity is quantized (Fig. 3.3). For the
two level system, the same inversion, raising and lowering operators can be
used as already described in the semiclassical approach. For the quantized
field, the creation operator af, which creates a photon, and the annihilation
operator a, which eliminates a photon are used. So, the operation combi-
nation of a raising operator for the molecule and an annihilation operator
for the photon ad, represents the absorption process, whereas emission is
displayed by the inverted combination a'é_. Using the Jaynes-Cummings
model and the RWA, the Hamiltonian for the interaction becomes [26]

I:IJC - [:ZM(;Z + HC(LU + Fllnt
1 (3.19)
= §ﬁww&z + hweayl'a 4 hgo(ad, + a'é_)

where wyo and weg, are the frequencies for the molecular transition and the
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Figure 3.3: Sketch of the Jaynes-Cummings model. The molecule is repre-
sented by a two level system (blue) inside of a cavity with a cavity mode
(red). The dissipation from the system are indicated by x for the cavity
photon and v for the molecule.

cavity transition, respectively, and gy is the magnitude of the coupling be-
tween the molecule and the photon. The Rabi splitting A2 for this system
is described by

ﬁwC(w
2€0V

where the square root part represents the vacuum electric field inside of a

EQR = 2ﬁg0 =2d

(3.20)

cavity Eoay

th’av
260V

This dependence on the electric field and transition dipole moment was al-

Ecoy = (3.21)

ready seen before in the semiclassical description of strong coupling.

By now all the descriptions of light-matter interactions only consisted of a
single molecule, represented either by a harmonic oscillator or a quantum
two level system. However, for the work in this thesis cavities containing a
high number of molecules were used. Therefore the model needs to be ex-
tended to N quantum two level systems by using Dicke’s collective operators

5., 8, and S_ [133]

A N R N R N
S,=>6.,5.=>06,and S_ =) 6_ (3.22)
Replacing the operators of the single molecule by the collective operators

the Dicke Hamiltonian or also called the Tavis-Cummings Hamiltonian is
obtained [134]:
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N 1 N N ~
H = ShwyaS: + hweawd'a + hgo(aSy +ats_) (3.23)

For the case of the number of molecules N being much larger than the num-
ber of excited states, the Holstein-Primakoff transformation can be applied
[135]. In this transformation the two level system operators are transformed

to bosonic systems. Therefore the collective operators become

A aa N
L =blb— —
S 5

Sy =b (N =bb)* and S_ = (N - b'h)? (3.24)
where b and b' are bosonic operators. In the large N limit, the Hamiltonian
of the light-matter interaction is expressed as

: N it it ath 4 gt

A = B (-5 + bTb> + hweana + hgy (a1 + abh) (3.25)

where gy is the magnitude of the coupling between N molecules and one

photon. The Rabi splitting for the collective coupling then becomes

thav
260V

hQp = 2hgy = 2dVN (3.26)

which means that the coupling strength and therefore the Rabi splitting
depends on the transition dipole moment of the molecule d and the square
root of the molecular number N. In other terms the Rabi splitting is pro-
portional to the squared root of the concentration ¢, which is obtained by
the division of the number of molecules N through the mode volume of the
cavity V.

Diagonalization of the Hamiltonian leads to the two new eigenstates, which

are the upper polariton |P*) and the lower polariton |P~) [136] (Fig. 3.4).

|P*) = ale,0) + Blg, 1) (3.27a)
|P~) = Ble,0) — alg, 1) (3.27b)

In contrast to the semiclassical approach, the polaritonic states are not only
depending on the ground |g) or excited |e) state of the two level system,
but also on the Fock state of the cavity photon, where |0) is the absence
of a cavity photon and |1) is the presence of a photon. The polaritons are
thus hybrid states of light and matter. The contribution of the photonic

or excitonic part is determined by the Hopfield coefficients |«|? and |5]2. In
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Figure 3.4: Energy diagram of the strongly coupled system showing the
initial transitions of the molecule (blue) and the cavity photon (red) as well
as the formed hybrid states (purple) with the Rabi splitting (%£2).

case of resonance between the molecular transition and the cavity transition,

both contributions are equal.

Strong coupling limits

The limits of the strong coupling regime was already discussed for the
classical coupled oscillator model. In that case, the friction terms for both
oscillators were introduced to describe the damping of the oscillators and the
frequency splitting has to be bigger than each of the two dissipation factors.
Similarly to that, dissipations for the cavity photon s and for the molecule
~ needs to be considered in the quantum picture (Fig. 3.3). Examples for
those losses are photon leakage from the cavity or non-resonant relaxation
of the molecule. By definition the limit of the strong light-matter coupling
is that the coupling 2¢g needs to exceed the average of the two dissipation
factors [137, 138]. In other words, the exchange of energy needs to be faster

than the loss of the energy through dissipation.

Y+h
2

Experimentally, this can be observed when the absorption spectrum of the

29 > (3.28)

polaritons is compared with the one for the molecule and cavity mode. The
strong coupling is achieved when the Rabi splitting AQ2g is larger than the
full width at half maximum (FWHM) of the cavity mode (E¢q,) and the

molecule absorption (Ep,.).
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FWHM(Egq,) + FWHM (Eg,.)

Qr > 2

(3.29)

The Rabi splitting is defined as the energy difference between the upper
and lower polariton when the molecular transition and cavity mode are on
resonance. In case of detuning between the cavity mode and the molecu-
lar transition, the Rabi splitting can be determined by applying a coupled
oscillator model on a dispersion measurement. Furthermore, a clear indica-
tor for strong coupling is also the anticrossing behaviour in the dispersion

measurement.

Coupled harmonic oscillator model

The dispersive behaviour of the polaritons is inherited by the photonic
contribution, whereas the molecular transition is non-dispersive (Fig. 3.5a).
The coupled harmonic oscillator (CHO) model can be used to model the
dispersive experimental data to extract important parameters [139], such as
the Rabi splitting AQp or the Hopfield coefficients |a|* and |3]%. The energy

of the cavity mode in respect to the angle can be expressed as [140]

1

. ony -1

sin®0\ 2

ECa'U(G) = EO <1 ) ) (330)
Ters

where Fj is the energy of the cavity mode at normal incidence and nsy is

the effective refractive index. The energy can also be expressed in terms of

the in-plane wavevector kj, which is also used quite often in the literature

hic mm \ 2
Ean(kH):rff <LC > -‘rkﬁ (331)

where ¢ is the speed of light, m is the cavity mode number and L¢,, is the
cavity thickness. The relation between the in-plane wavevector kj and the
angle 6 is given by

k= 277152,7“9 (3.32)

where )\ is the wavelength.
For the case, that one cavity mode interacts with one exciton of a molecular

transition a 2 x 2 matrix is used in the CHO to describe the coupling
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Figure 3.5: a) Dispersion of the formed polaritons (purple) at resonance of
the exciton (blue) and cavity mode (red) at an angle of 0° b) Corresponding
Hopfield coefficients |a|? and |3]? to the polariton dispersion in a).
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The eigenvalues of the matrix give the energy of the upper polariton E*
and lower polariton E£~, and the eigenvectors are the Hopfield coefficients
|a|? and |3]2. The energies in dependence of the angle # can be obtained by

diagonalization

o ECav(e) + EE'zc
B 2

where A(0) is the difference between the energy of the cavity mode E¢q, and

B4 (0) + % (hQ2n)” + A9)? (3.34)

the molecular transition Eg,..The contribution of the photonic or excitonic
part to each polariton can be determined using the following equations for

the Hopfield coefficients

a2 =t A(9)
=3 (1 " A(6)? +4th2> (335

2L A(0)
IBF =5 (1 A(9)2+4h292) (3.36)

For the resonance case, where the energy of the cavity mode and the energy
of the molecular transition are on the same level, both parts contribute to

each polariton by % This contribution changes with varying the detuning
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between the exciton and photon energies. From Eq. 3.31, it can be seen
that the polaritons can easily be tuned between different contributions by
changing the cavity thickness Lcg,. For thicker cavities, the energy of the
cavity mode decreases. In case that the cavity energy is lower than the
molecular transition, the photonic contribution to the lower polariton is
increased but lowered for the upper polariton. Such systems are referred to
as red-detuned. For the opposite case of blue-detuning, the energy of the
cavity mode is higher than the molecular transition energy. This is easily

achieved by reducing the thickness of the cavity.

Modified optical properties in the strong coupling regime

The hybrid light-matter polaritons exhibit modified optical properties
compared to organic molecules, which were presented in section 2.2.3 and
2.2.4. The first striking difference are the energy levels which are higher
and lower compared to the single cavity mode or the molecular transition.
The Rabi splitting and thus the energy difference between the polaritons de-
pends on the concentration and the transition dipole moment of the coupled
molecule. As already discussed, polaritons show a dispersive behaviour due
to their photonic contribution [141]. A characteristic of strong coupling is
their anticrossing behaviour in dispersion measurements, which means that
the lower polariton will only approach the excitonic energy with increasing
angle. The angle-dependence is also seen for the emission of the polariton.
In contrast to the absorption, the emission is normally only observed for the
lower polariton. This is due to the fast relaxation of the upper polariton.
Besides the two polaritons with their hybrid light-matter constitution, N —1
dark states are formed at the energy level of the exciton [142]. Those states
have no photonic contribution and are therefore optically inactive. After
exciting the upper polariton, the system relaxes down to the dark states,
which are also called exciton reservoir [143]. Afterwards, the system can go
to the emissive lower polariton by radiative pumping [74, 144] or vibrational-
assisted relaxation [74, 145] (Fig. 3.6). In a few cases, the emission from the
upper polariton was observed by thermally activating systems with a small
Rabi splitting [146] or radiative pumping at low temperatures [143]. The
lifetime of the strongly coupled systems will be discussed in paper I, which
is summarized in section 3.2. The altered dynamics in the strongly coupled

system in comparison to the bare molecule play a role for the interaction
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Figure 3.6: Relaxation process from the exciton reservoir to the lower po-
lariton and the dissipation process ~ for the molecule.

with other energy levels of the molecule. The photochemical reaction of
photobleaching can be suppressed by strong coupling [147]. It is caused by
an avoided intersystem crossing since the molecule would be bleached in
its triplet state by oxygen. The efficiency of the photobleaching suppression
shows a tuning dependency, where red-detuned systems have an enhanced
effect of avoided ISC. The inverted process of reversed intersystem cross-
ing is also of interest since the energy gap between the lower polariton and
the molecule’s triplet state can be smaller than the energy gap between
the molecule’s excited singlet and triplet state [148]. An increased delayed
fluorescence from the lower polariton was shown for a few systems which
also showed a tuning dependency [149]. Another interesting optical aspect
is that due to the photonic contribution, the polaritons are delocalized over
the cavity. This leads to an enhanced energy transfer distance [150-153].

The work in this thesis focuses on the excited state dynamics in the strong
coupling regime. In paper I, the polariton lifetime and its behaviour regard-
ing a possible angle-dependence is explored. In paper IT and III, the effect
of strong coupling on the photoisomerization efficiency of a photoswitch and
the aggregation of molecules is discussed. All papers are summarized in the

following sections.
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3.2 Emission lifetime in the strong coupling
regime

Hybrid light-matter polaritons exhibit a dispersive behaviour inherited by
their photonic contribution. It is observed in the absorption and emission
spectrum of strongly coupled systems. In paper I, the angle-dependent life-
time is investigated in order to see if the emission lifetime shows a dispersive
character similar to the cavity photon emission. As the polaritons are de-
scribed as a superposition of the photonic and excitonic contribution, a
tuning dependency is also considered in this study to see whether a higher
photonic contribution to the lower polariton might influence the emission

lifetime.

1.00- o0 L1.00
£ @ =
5 0.754 O [075 €
= g
8 0,50 L0.50 €
o
8 2
3 0.25- L0.25 €
o L
<
0.00- -0.00

400 500 600
Wavelength (nm)

Figure 3.7: Normalized absorption (dark blue) and emission (light blue)
spectrum of tetra-tert-butyl-perylene in a polystyrene (PS) matrix at room
temperature.

The study was performed using tetra-tert-butyl-perylene (ttbu-perylene),
which exhibits a high transition dipole moment as well as the possibility to
fabricate cavities with high concentration of the molecule. This possibility
is based on the molecule’s high solubility and the avoided aggregation due
to steric hindrance of the bulky tert-butyl groups. It is therefore a suitable
molecule to observe strong coupling since the coupling strength depends on
the transition dipole moment and the concentration as seen in Eq. 3.26.
The absorption and emission spectra of ttbu-perylene in a PS matrix (Fig. 3.7)

shows a mirror image behaviour, which indicates that no aggregated states
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3.2. Emission lifetime in the strong coupling regime

are formed and there are no big conformational changes in the excited state.
In addition, the absorption spectrum exhibits two dominant vibronic tran-
sitions and therefore the coupled harmonic oscillator model needs to be

extended to a 3x3 matrix having one photonic part and two excitonic parts

E(jav(e) EQRJ EQR;_)

5 5 « «
Q2
A QR,Q 0 EExc 2 Y Y

where Ecq,(6) is the energy of the cavity depending on the angle 6, Egg.;
and Ep,.o are the energy levels for the first and second vibronic transition
of the molecule with the associated Rabi splittings Aflg; and hQp o, and
|a|?, |8]? and |7y|? are the Hopfield coefficients.

The results of the CHO are displayed in figure 3.8. The transmission shows
the expected dispersive behaviour for the formed lower, middle and upper
polariton. Three different samples were used with altering cavity tuning.
The photonic contributions to the lower polaritons are 0.60 for the rather
red-detuned cavity a (green in figures), 0.32 for cavity b (orange in the fig-
ures) and 0.19 for the rather blue-detuned cavity ¢ (pink in the figures). The
Hopfield coefficients are changing with the angle (Fig. 3.8d-f) due to the dis-
persive behaviour of the cavity mode and the non-disperive of the exciton.
The extracted Rabi splitting is on the same level for all three cavities. For
the first excitation transition the coupling strength is around 220 meV and

180 meV for the second excitonic transition. All cavities show the strong
coupling characteristic of anticrossing, which means that the polaritons ap-
proaching the energy level of the excitons but are never crossing them.
Therefore, all three samples are in the strong coupling regime.

The measured emission lifetimes of the polaritons show the same emission
lifetimes at all angles within the same sample (Fig. 3.9). The average life-
times for the emission decays are determined to be 0.41, 0.46 and 0.38 ns for
the cavities a, b and c, respectively, which indicates no substantial change
by different cavity tuning. The measured emission lifetimes for the lower
polariton are even exceeding the lifetime of ttbu-perylene in the PS matrix,
which has an emission lifetime of 0.21 ns. The polaritonic state is a super-
position of its photonic and excitonic part, hence the lifetime is expected

to be determined by the fast photonic emission on a femtosecond timescale.
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Figure 3.8: a-c) Dispersion plots of the different cavities containing ttbu-
perylene in a PS matrix. The dots represent the transmission maxima of
each measurement used in the coupled harmonic oscillator model (CHO)
and their color represent the Hopfield coefficients ranging from blue (highly
excitonic) to red (highly photonic). The teal line is the energy fit for the
lower, middle and upper polariton obtained from the CHO, the dashed white
line resembles the cavity energy and the white dotted line the excitonic tran-
sition for the two vibronic states. d-f) Hopfield coefficients in dependence of
the angle for the three cavities obtained using the CHO.
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Figure 3.9: a-c) Emission lifetime measurements for the three cavities at
varying angles after excitation at 405 nm. The measurements were made in
10° steps between 10° (darkest) and 60° (lightest). The gray line indicates
the internal response function (IRF) of the setup.

However, the observed longer emission lifetime can be explained using the
theory of the exciton reservoir. When exciting the upper polariton, like in
this study, the system relaxes down to the exciton reservoir first and then to
the lower polariton (Fig. 3.6). Therefore, the emission lifetime is limited by
the relaxation through the exciton reservoir. This explanation is underlined
by the fact that the lifetime is also tuning independent because the tuning

doesn’t effect the exciton reservoir.

3.3 Photoisomerization in the strong coupling

regime

Strong exciton-photon coupling rearranges the potential energy surface (PES)
in the excited state of molecules. In paper I1, the impact on the photochem-
ical properties of a photoswitch is investigated. The chosen photoswitch pair
was norbornadiene/quadricyclane (NBD/QC), which finds application as a
solar thermal fuel. However, the system would benefit from the possibility
to adjust photochemical properties, independently.

NBD can photoisomerize to QC upon excitation. During this process the
double bonds in the NBD molecule are converted into a strained four ring
in QC with a higher ground state energy. The QC can convert back to the

initial NBD on the ground state, releasing the excess energy as heat. The
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Figure 3.10: Absorption spectra of NBD in a PS after certain times of illu-
mination at 350 nm. On the right side, the absorption decay at 350 nm over
time is plotted. The teal line is the fit to determine the photoisomerization
efficiency. The molecular structure of the NBD derivative photoisomerizing
to the QC derivative is embedded in the figure.

structural rearrangement of the process is small and hence the photoswitch

can be used in a rigid PS matrix. The photoisomerization quantum yield ®

is defined as the ratio between converted molecules and absorbed photons
number converted molecules

O = 2.31
number of absorbed photons ( )

The process of photoisomerization can be followed by measuring the absorp-
tion of the sample (Fig. 3.10) at certain times. The absorption A decreases
with lowering the concentration of NBD in the transparent PS matrix fol-

lowing Beer-Lambert’s law

A(N) = e(N)dl (3.38)

where € is the molar absorptivity and [ the pathlength of the sample. The

change of the absorption over irradiation time % can be used to determine

the photoisomerization quantum yield ® using the differential equation

dA 1000 D e (1 — 1074®
dA _ 1000® el ( 0-4®) (3.39)
dt Ny

where [ is the photon flux density, ¢ is the time of irradiation and N, is the

Avogadro constant. Fitting the measured absorption data with the differen-
tial equation (Fig. 3.10), the photoisomerization quantum yield of NBD is
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Figure 3.11: Dispersion plots of the different cavities containing NBD in a
PS matrix. The dots represent the reflectance maxima of each measurement
used in the coupled harmonic oscillator model (CHO). The teal line is the
energy fit for the lower and upper polariton obtained from the CHO, the
dashed white line shows the cavity energy and the white dotted line the
excitonic transition.

determined to be 95% in a PS matrix. The backconversion half-life, when
50% of the molecules are converted back to the initial NBD form, is esti-
mated to be 5.9£0.8 days.

Two samples with different cavity tuning were prepared to study the impact
of the strong coupling regime on the photoisomerization quantum yield. The
dispersion plots of the two cavities are displayed in Fig. 3.11. Applying the
coupled harmonic oscillator model to the dispersion, the Rabi splitting and
the Hopfield coefficients were extracted. For the tuned cavity a, the pho-
tonic contribution to the lower polariton is 0.47 and the Rabi splitting is
589 meV. For the blue-detuned cavity b, the photonic contribution is 0.38
and the Rabi splitting is 591 meV. Since the Rabi splitting of both cavities
is bigger than the FWHM of the molecular transition (530 meV) and the
cavity resonance (390 meV), both samples are in the strong coupling regime.
The photoisomerization quantum yield of both samples are determined for
excitation at the upper polariton, lower polariton and at the transition
maximum of NBD. In contrast to the molecule in the film a different at-

tempt is used to determine the photoisomerization quantum yield in the
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Figure 3.12: Photoisomerization progress over time for the tuned cavity
(orange) for an excitation at a) 350 nm, b) 380 nm and ¢) 415 and for the
blue-detuned cavity (pink) for an excitation at d) 345 nm, e) 380 nm and
f) 410nm.

strong coupling regime. This is necessary because the Beer-Lambert’s law
doesn’t apply for the hybrid polaritons. The shape of their spectrum mainly
depends on the Rabi splitting and the photonic contribution to each polari-
ton. The relation that the splitting strength is proportional to the squared
root of the number of molecules (Eq 3.26) was used to determine the pho-
toisomerization quantum yield. The change of the splitting over time for all

measurements are displayed in Fig. 3.12.

The photoisomerization quantum yield of the measurements was displayed
in Fig. 3.13. It is calculated by the ratio between the absorbed photons,
obtained by the reflectance of each sample at the excitation wavelength,
and the converted molecules, obtained by the change of the splitting. For
excitation at the upper polariton and at the molecular transition maximum,
the photoisomerization quantum yield is in the range of 70-90% for both
samples, which is comparable to the molecular photoisomerization efficiency
(95%). However, the photoisomerization efficiency drops significantly for the
excitation at the lower polariton. This finding can be explained by the aris-
ing competing processes of cavity photon emission and population of the

exciton reservoir from the lower polariton, when it is excited. Exciting the
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Figure 3.13: Calculated quantum yields for the tuned cavity (orange) and
the blue-detuned cavity (pink) after different excitation times at varying
excitation wavelength.

upper polariton, the process of vibration-assisted population of the exciton
reservoir is energetically allowed and therefore the photoisomerization quan-
tum yield is unperturbed. This explanation is underlined by the fact, that
the observed reduction is pronounced for the sample, which has a higher
photonic contribution and lower energy level of the lower polariton. In that
case, the fast process of the cavity photon emission is more dominant since
the overlap between the exciton reservoir and the lower polariton is reduced
and therefore less transfer from the lower polariton to the exciton reservoir

occurs.

3.4 Changed aggregation properties

Similarly to the photoisomerization process, the formation of excimer occurs
when a molecule is in its excited state (Fig. 2.8). Therefore, the aggregation
dynamics of molecules in the strong coupling regime are investigated paper
II1.

Two different molecules are used in this study; both having a different way
of forming aggregated states. The first molecule is 1-ethyl-perylene (et-
perylene), which has similar properties like ttbu-perylene in as described
section 3.2. However, et-perylene shows a broad structureless excimer emis-
sion having a maximum at 520 nm (Fig. 3.14a). The second molecule is
DABNA-2, which shows two narrow peaks for absorption and prompt emis-
sion at 448 nm and 490 nm, respectively (Fig 3.14b). Additionally, the
molecule can undergo thermally activated delayed fluorescence (TADF) due
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Figure 3.14: a) Normalized absorption (dark blue) and emission (blue) spec-
trum of the l-ethyl-perylene in a polystyrene matrix. Also showing the
molecular structure. b) Normalized absorption (dark blue), delayed fluo-
rescence (blue) and prompt fluorescence (light blue) spectrum of a pris-
tine DABNA-2 film. ¢) Structure of l-ethyl-perylene and d) structure of
DABNA-2.

to the low energy difference between the triplet and singlet excited state.
The delayed fluorescence shows a broad structureless excimer emission with
a maximum around 600 nm. The reason why the excimer emission is present
in the delayed fluorescence but not in the prompt emission can be explained
by the longer lifetime of the triplet state. The molecule can form the aggre-
gate in the triplet state and the RISC takes place between the aggregated
triplet manifold and the aggregated singlet manifold.

For both molecules different cavities with different tunings are investigated.
The rough tuning of the cavities are indicated in Fig. 3.15¢e. For et-perylene,
four different samples are presented. The photonic contributions to the lower
polariton are ranging from 0.64 for the most red-detuned cavity over 0.50
and 0.36 to 0.22 for the most blue-detuned cavity (Fig. 3.15a-d). The Rabi
splittings are all in the same range of 332-348 meV for the first transition and
370-384 meV for the second transition. They are bigger than the estimated
FWHM of the corresponding transitions, which are 140 meV for the first
and 196 meV for the second transition. The values are all extracted from a
coupled harmonic oscillator model using a 3x3 matrix. For DABNA-2, two
different samples are prepared (Fig. 3.15f,g). A rather red-detuned sample
with a photonic contribution to the lower polariton of 0.62 and a rather
blue-detuned one with a contribution of 0.42. The Rabi splitting of both
cavities are around 400-420 meV and therefore larger than the FWHM of

the molecular transition, which is 190 meV. The values are obtained using
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Figure 3.15: Dispersion plots of the different cavities containing a-d) et-
perylene in a PS matrix and f,g) DABNA-2. The dots represent the re-
flectance maxima of each measurement used in the coupled harmonic oscil-
lator model (CHO). The teal line is the energy fit for the lower and upper
polariton obtained from the CHO, the dashed white line shows the cavity
energy and the white dotted line the excitonic transition. e) Indicating the
energy level in the differently tuned cavities.

a two harmonic oscillator model. All cavities show the characteristic anti-
crossing behaviour and their Rabi splitting is bigger than the FWHM of
the corresponding transition, therefore all samples are in the strong cou-
pling regime.

Measuring the optical properties of the strongly coupled et-perylene, the
emission spectra show a clear tuning dependency (Fig. 3.16a). The polariton
emission and the excimer emission show two opposite trends. The highest
polaritonic emission is measured for the most red-detuned, gradually de-
creasing to the blue-detuned cavity. This trend is vice versa for the excimer
emission. Since the mirror thicknesses are the same for all sample, the reason
for the observation is not the quality factor but the different tuning of the
cavities. The emission spectra are obtained from the excitation of the upper

polariton. To get a deeper understanding how the excimer states are popu-
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Figure 3.16: a) Emission spectra of the four differently tuned cavities con-
taining et-perylene. b) Normalized excitation spectra for the four cavities
for the emission at 520 nm. ¢) Comparison of the absorption of the four
cavities with the bare film absorption of et-perylene in a PS matrix.

lated, excitation spectra for the emission at 520 nm are made (Fig. 3.16b).
It is striking that there is almost no excimer emission for the excitation of
the lower polariton for the most red-detuned cavity. There is also a mis-
match between the absorption (Fig. 3.16¢) and the excitation spectrum for
all samples. The mismatch is the biggest for the most red-detuned cavity
and gradually decreases to the most blue-detuned cavity. Similar to the
photoswitch, those findings can be explained by a competing process be-
tween the polariton emission and the formation of the aggregated states,
which can either occur directly or via the exciton reservoir. For the most
red-detuned cavity, the energy level of the lower polariton is the lowest for
all samples. With decreasing energy level of the lower polariton, the over-
lap with the exciton reservoir, whose density of state is essentially that of
the molecule, is reduced or even removed like for the presented red-detuned
cavity. Therefore, it is energetically unfavourable to populate the exciton
reservoir. Furthermore, the direct transition to the excimer can be reduced
since the driving force is minimized due to the change in the energy levels.
With increasing blue-detuning, the overlap and the energy level of the po-
lariton increases and accordingly the excimer emission.

Turning the attention to the cavities containing DABNA-2, the delayed
emission of the samples show a similar tuning dependency as the previous
case of prompt emission. The rather blue-detuned cavity shows a higher
excimer emission and the rather red-detuned cavity shows a higher polari-
tonic emission. However, the excimers are formed in the triplet manifold and

thus it cannot be argued that their formation is avoided like in the case for
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Figure 3.17: a) Emission spectra of the two differently tuned cavities con-
taining a pristine film of DABNA-2. b) Absorption comparison between the
bare film of DABNA-2 (blue) and the two cavities.

et-perylene. The red-detuned cavity shows almost exclusively delayed po-
laritonic emission (Fig. 3.17a), hence a direct excimer to polariton transition
needs to occur. In contrast to the blue-detuned cavity, the lower polariton of
the red-detuned cavity lies energetically below the exciton reservoir, which
reduces possible transitions between those two states. Additionally, the en-
ergies of the polariton and the excimer state are quite similar, which further
increases the driving force towards the polaritonic state for decreasing en-
ergy levels of the lower polariton. As seen before, the radiative decay is
fast once the lower polariton is reached. So all in all, it is shown that the
excimer emission can be controlled by changing the tuning of strongly cou-
pled systems. This behaviour is seen in both prompt and delayed emission
but their dynamics might differ. The formation is avoided in the prompt
emission case, whereas a direct excimer to polariton transition is present in

the delayed emission case.
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Chapter 4

Methods

In this chapter, the methods of sample preparation and optical characteriza-
tion are presented. The thin layer deposition methods magnetron sputtering
and spincoating are presented in the first two sections. They were used to
prepare the optical cavities containing a chromophore in a polymer matrix.
The section is followed by the description of ultraviolet-visible spectroscopy,
steady-state photoluminescence and time correlated single photon counting,

which were the used techniques to analyze the samples.

4.1 Magnetron sputterer

Magnetron sputtering is a physical vapour deposition (PVD) method to
deposit thin films on a substrate [154]. High voltage (~500V) is applied to
generate a plasma between the cathode and the anode. The role of the mag-
nets in the magnetron sputtering source is to confine the electrons close to
the surface of the target leading to a higher plasma density and an increased
deposition rate.

During the sputtering process the vacuum chamber is first evacuated to
remove all contaminating gases and to reduce the partial pressure of all
background gases. The inert gas Argon is then injected and gets positively
charged in the plasma, and is accelerated towards the negatively charged
cathode located below the target. The kinetic energy of the impact is high
enough to eject atoms from the metallic target. The loose atoms travel
through the high vacuum chamber and are deposited on the substrate and

walls (Fig. 4.1). The thickness of the deposited film is controlled by a quartz
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Figure 4.1: Sketch of the magnetron sputtering process.

crystal microbalance (QCM), which is located close to the substrate holder.
The frequency of the piezoelectrical quartz crystal is affected by the depo-
sition on the surface of the crystal. The thickness can be controlled on a
subnanometer scale.

Magnetron sputtering was used to deposit silver or aluminium mirrors in
order to prepare the optical cavities in paper I-III. The choice of metal
was based on the reflectivity of the metal at the wavelength of molecular

absorption.

4.2 Spincoating

Spincoating is a fairly simple but powerful technique to prepare uniform
solid films of organic molecules. Before spincoating, the molecule is dis-
solved in a suitable solvent. This solution is dropped onto a substrate in
the spincoater. Then the rotation is started and accelerated to the desired
rotational speed. Most of the solution is expelled due to centrifugal forces.
Under rotation, the viscous film starts to thin and the rest of the solvent
is evaporated by an air flow resulting in a solid film of the molecule. The
thickness of organic films can be adjusted by varying the concentration of
the spincoated solution, the solvent or the rotational speed during the spin-
coating process. A thicker film is achieved by either a higher concentration
or a lower rotational speed.

The spincoating technique was used in paper I-III to prepare the opti-
cal active layer inside the optical cavity. Therefore, the dye molecule and

polystyrene were dissolved in a desired mass ratio in a suitable solvent. The

52



4.3. Ultraviolet-visible spectroscopy

ENRRIENEN

TTT

Figure 4.2: Sketch of the spincoating process.

overall concentration of both molecules were used to get the right thick-
ness to couple to one of the cavity modes; normally the lambda mode was
used. The fine-tuning was done by changing the rotational speed during the
spincoating process making it possible to produce cavities with different

detuning of the strong exciton-photon coupling.

4.3 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) is a technique to measure the elec-
tronic and vibronic transitions of a molecule. It gives an insight on the
molecule’s singlet energy levels and how strongly they interact with light.
The absorption depends on the molecule’s molar absorptivity €, which is
specific for a molecule and wavelength dependent. The absorption at a cer-

tain wavelength A(\) is described by the Beer-Lambert-Bouguer law

A(N) = e(N)el (4.1)

where ¢ is the concentration of the sample and [ the path length of the
sample, which is passed by the light.

A typical set-up is the double beam UV-Vis spectrophotometer (Figure 4.3).
In this setup, the light of a lamp with a broad spectrum is monochromated
and split up into two different beams. One beam passes through the sample
and the other passes through a reference sample. In the end both light
beams are detected and the absorption A(\) is determined by the following

equation:
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Light source Detector
Reference
Monochromator
Sample

Figure 4.3: Sketch of a dual beam UV-Vis spectrophotometer setup.

(4.2)

where I(A) is the intensity of the transmitted light of the reference beam
and I(\) the intensity of the transmitted light through the sample. The ref-
erence sample is the solvent in a cuvette for liquid samples or the substrate
for solid state samples.

The UV-Vis spectrophotometer can also measure the reflectance with a re-
flective sample holder. The reference sample in that case is a mirror with
known reflectance. The relation between absorption A%(\), transmittance
T%(\) and reflectance R%(\) is

A%(N) = 100% — R%(\) — T%(N) (4.3)

For a reflective sample without any transmittance 7'%(\) = 0, the absorp-
tion A%(A) of the sample can be directly calculated from the reflectance
RY%().

In paper I-III, the UV-Vis spectrophotometer was used to detect the peak
position of the upper and lower polariton. A coupled harmonic oscillator
model was used to fit the dispersive behaviour of the polaritons in order to
receive the Rabi splitting AQ2r and the Hopfield coefficients of the different
samples. Additionally, the absorption of the samples in paper IT were mea-
sured to follow the photoisomerization process and to be able to calculate

the photoisomerization efficiency.
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4.4 Steady-state photoluminescence

A spectrofluorometer can be used to study the emission properties of a
sample [106]. The setup can be divided up into an excitation arm and an
emission arm. The excitation arm consists of a light source with an broad
spectrum such as a xenon lamp, and a monochromator. The monochromated
light excites the sample and the emitted light is measured in the emission
arm located in an angle of 90 degree to the excitation arm. The light beam
passes through a monochromator before it is measured by a detector. For
highly scattering or absorbing samples a front face mode using mirror optics
can be used to measure the emission coming from the part of the sample
where the excitation beam hits it first. Two different modes can be run to
measure either the excitation or emission spectrum of a compound. For the
emission spectrum, the excitation wavelength is fixed and the emission is
measured for different wavelengths. For the excitation spectrum, the emis-
sion wavelength is fixed and the excitation wavelength varies. In general, a
low absorption of the sample is required to avoid inner filter effects. Samples
with a small Stoke’s shift and high absorption can reabsorbed the emitted
light and therefore manipulate the measured emission spectrum. Another
effect of highly absorbing samples is that the excitation light has already a
lower intensity at the point from where the emission is measured because it
was absorbed by the sample before that point.

Polaritons inherit the optical dispersive behaviour from the photonic con-
tribution making it crucial to measure an angle-resolved emission spectrum
for strongly coupled samples [141]. This is not possible with the previously
described setup since the angle between the excitation and emission arm is
fixed. To measure an angle-resolved emission spectrum a mirror is placed at
the position of the sample reflecting the excitation light into an optical light
fiber. At the end of that optical light fiber the excitation light is collimated
onto the sample. The emitted light is then collected by another fiber at an
adjustable angle between 0 and 60 degree. The light is guided back into
the spectrofluorometer where it is measured by the detector after passing
through the monochromator (Fig. 4.4).

In paper I and III, the emission of the bare films were measured using the
spectroflourormeter if not stated differently. However, the emission of the

strongly-coupled systems were determined using the angle-resolved setup.
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Figure 4.4: Sketch of the spectrofluorometer connected via optical fibres to
the homemade setup measuring the angle-dependent steady-state photolu-
minescence

4.5 Time-correlated single photon counting

(TCSPC)

In general, molecules can relax down from the excited state to the ground
state by different radiative and non-radiative decays. The relaxation of si-
multaneously excited molecules does not take place at the same time since
the relaxation is based on probability. The reduction in emission intensity
I is described by equation 2.24 [106].

I(t) = Ipe™~ (2.24)

where I is the initial intensity, ¢ is the time and 7 is the emission lifetime
of the molecule. The emission lifetime 7 of an organic molecule can be mea-
sured using the time-correlated single photon counting technique. During
that measurement, the sample is excited by a short pulsed laser, which also
starts a timer. The detection of an emitted photon stops the timer (Fig.4.5a
and b). This process is repeated until a statistically significant number of
measurements are done. All the measured times are plotted in a histogram
against the number of counts (Figure 4.5¢). Since only the first photon is de-
tected it is crucial that less than one photon is collected per 100 excitation

pulses [106]. Otherwise there is the chance that two photons are emitted
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Sample

b Laser pulse
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Pulsed Laser

Monochromator

Timer/Counter

— Stop
C Detector E ;
Time

Figure 4.5: a) Sketch of the TCSPC setup to measure the time-resolved
photoluminescence b) measurement of start-stop times with TCSPC and ¢)
histogram of the measured times.

and the measurement can be shifted to a shorter lifetime. The decay of the
histogram resembling the intensity decay at a certain emission wavelength

can be fitted using equation 4.4.
I(t) =) e = (4.4)

It can be described as a sum of different emitting components at a certain
wavelength. The pre-exponential factor «; represents the amplitude of a
component at the time ¢t = 0. 7; is the decay time of the component and n is
the number of components. The different components of a multi-exponential
decay can be the result of a mix between different chromophores emitting
light at the same wavelength with different decays or different regions of a
sample having differing morphology or aggregational states.

The resolution of the measurements depend on the pulse width of the exci-
tation laser and on the response time of the detector. The laser width and
detector response are measured as instrument response function (IRF), and
involved in the fitting of the reconvolution fit.

TCSPC was used to determine the emission lifetime of polaritons and molec-
ular films in paper I and ITI. Additionally, the angle-resolved lifetime was

measured for paper L.
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Chapter 5
Summary and Outlook

The work in this thesis focused on the excited state dynamics of strongly
coupled systems. The studies were performed using organic molecules which
were embedded in an optical cavity.

In the study of paper I, tetra-tert-butyl perylene was strongly coupled to
a cavity mode. Using optical spectroscopy, the emission lifetime was mea-
sured depending on the emission angle and on the tuning of different cav-
ities. In both cases, the systems didn’t show any dependency, which was
concluded to be due to the exciton reservoir. After excitation of the upper
polariton, the system relaxes quite fast to the exciton reservoir, which are
optically inactive states at the energy of the molecular transition. Those
states have no photonic contribution and therefore they are non-dispersive.
The angle-independent emission lifetime is the consequence of the relax-
ation through those states limiting the emission lifetime to the timescale of
a bare molecule.

In paper I1, the effect of strong coupling on the photoisomerization quantum
yield of the photoswitch NBD was studied. The results showed a clear de-
pendency on whether the system is excited at the upper or lower polariton.
For the excitation of the upper polariton and the transition maximum of
the molecule, the photoisomerization quantum yield was on the same level
as for the bare molecule. However, the quantum yield decreases significantly
when exciting the lower polariton. This observation was explained by the
competing processes of cavity photon emission and populating the exciton
reservoir from where the molecule can undergo the photoisomerization pro-

cess. For excitation at the upper polariton or the molecular transition, the
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system relaxes quite fast to the exciton reservoir, which was already dis-
cussed in paper I. For the excitation at the lower polariton, the process of
populating the exciton reservoir is energetically unfavourable leading to a
decreased photoisomerization quantum yield. This picture is supported by
the observed tuning dependency. The effect of a lowered photoisomerization
quantum yield is emphasized for the cavity with a higher photonic contri-
bution and lower polariton energy level.

For the final paper III, the interplay between the excited states of strongly
coupled systems and aggregated trap states of the molecule was explored.
In a first approach, 1-ethyl-perylene was used, which shows prompt excimer
emission in a bare film. The emission of strongly coupled samples of 1-
ethyl-perylene showed a clear tuning dependency. The more red-detuned
the cavities were, the stronger was the polariton emission. However, for the
blue-detuned cavities the excimer emission increased. It can be explained
by the decreased energy level of the lower polariton for red-detuned cavities,
which can either avoid excimer formation due to a lower population of the
exciton reservoir or has a increased direct transition from the excimer. In a
second approach, DABNA-2 was used, which shows delayed excimer emis-
sion, which means that the aggregation takes place on the triplet manifold.
For those samples, the same tuning dependency was observed. Since the
excimer is formed before the polariton or exciton reservoir is populated, a
direct excimer to polariton event is evident from the red-detuned cavity.
In conclusion, the excited state dynamics of strongly coupled systems were
investigated here. The exciton reservoir shows to play an important role
throughout all the investigations. It limits the emission lifetime and leads
to the photoisomerization of photoswitches when populated. A direct transi-
tion between excimer states and polaritons are also possible. Understanding
the dynamics in the excited state can be beneficial for applications such as
lasing, OLED, TTA upconversion or singlet fission. As seen for paper III,
simple changes like the tuning of a cavity can lead to a close to monochro-
matic emission with a high intensity. Furthermore, the knowledge about the
dynamics can unveil the full potential of polaritonic chemistry. It can guide
the field of strong exciton-photon coupling to a more application based re-

search, which is already done here for the use of a solar fuel in paper IL.
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