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Kurzfassung
Zeitaufgelöste Spektroskopie ermöglicht die Untersuchung lichtinduzierter Energie-
transferprozesse und molekularer Wechselwirkungen. Derartige Ergebnisse bilden
wiederum die Grundlage für die Entwicklung von Synthesestrategien für neuartige Mate-
rialien sowie für effizientere optoelektronische Anwendungen. Um die lichtinduzierte Dy-
namik komplexer molekularer Systeme aufzuklären, wurden die Techniken der transienten
Absorption (TA) und der kohärenten zweidimensionalen (2D) Spektroskopie mit weiteren
experimentellen Messungen sowie theoretischen Ansätzen und Simulationen kombiniert.
In Kooperation mit der Forschungsgruppe von Prof. Dr. FrankWürthner an der Univer-

sität Würzburg wurde eine molekulare Serie von Merocyaninen untersucht, die sich in der
Anzahl der Chromophore und dem Substitutionsmuster an einem Benzolring unterschei-
den. Eine globale Analyse der TA-Experimente für die verschiedenen Moleküle der Serie
sowie weitere kohärente 2D-Spektroskopie-Experimente ermöglichten es, ein Relaxations-
modell zu ermitteln, das für alle untersuchten Merocyaninsysteme anwendbar ist. Dieses
Relaxationsmodell basiert auf einem doppelten Minimum in der Potentialfläche des ersten
angeregten Zustands. Eines dieser Minima wurde einem intramolekularen Ladungstrans-
ferzustand zugeordnet, welcher durch die Wechselwirkung benachbarter Chromophore
stabilisiert wird und dadurch einen Anstieg der Lebensdauer des angeregten Zustands
bewirkt. Zusätzliche elektrooptische Absorptionsmessungen in Kombination mit Ergeb-
nissen der Dichtefunktionaltheorie offenbarten eine bevorzugte relative Chromophororien-
tierung, die das Dipolmoment eines einzelnen Chromophors weitestgehend kompensiert.
Basierend auf dieser Strukturbestimmung wurde eine strukturabhängige Exzitonenauf-
spaltungsenergie ermittelt und mit der Aufspaltung in den linearen Absorptionsspektren
verglichen. Die linearen Absorptionsspektren der multichromophoren Merocyanine kön-
nen durch eine Kombination von monomerischen und exzitonischen Beiträgen beschrieben
werden, was eine gewisse strukturelle Flexibilität erfordert.
In einer weiteren Kooperation mit den Gruppen von Prof. Dr. Christoph Lambert

und Prof. Dr. Roland Mitrić der Universität Würzburg wurde ein strukturell komplexer,
polymerer Squarainfarbstoff untersucht. Dieses Polymer besteht aus einer Superposi-
tion von Zickzack- und Helixstrukturen, welche lösungsmittelabhängig ist. Rechnungen
basierend auf neuesten Methoden der Dichtefunktionaltheorie bestätigten die vorherige
Zuordnung, dass Zickzack- und Helixstrukturen als J- und H-Aggregate behandelt wer-
den können. Mittels transienter Absorption konnte ermittelt werden, dass in Abhängigkeit
des Lösungsmittels sowie der Anregungsenergie ultraschneller Energietransfer innerhalb
des Squarain-Polymers entweder von zunächst angeregten Helix- zu Zickzacksegmenten
stattfindet oder von Zickzack- zu Helixsegmenten. Zusätzlich konnte die Subpikosekun-
dendynamik durch die kohärente 2D-Spektroskopie bestätigt werden. Im Gegensatz zu
anderen konjugierten Polymeren wie MEH-PPV, welches im letzten Kapitel dieser Arbeit
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behandelt wird, basiert der ultraschnelle Energietransfer in Squarainpolymeren auf dem
energetischen Überlapp der Zustandsdichten von Donor- und Akzeptorsegmenten, welcher
auf die geringe Reorganisationsenergie in cyaninähnlichen Farbstoffen beruht.
Abschließend wurde die lichtinduzierte Dynamik der aggregierten Phase des kon-

jugierten Polymers MEH-PPV in Kooperation mit der Gruppe von Prof. Dr. Anna Köhler
von der Universität Bayreuth untersucht. Unsere Kooperationspartner hatten zuvor die
Aggregation von MEH-PPV bei Abkühlung durch die Formation von sogenannten HJ-
Aggregaten, welche auf der Exzitonentheorie beruhen, beschrieben. Durch transiente Ab-
sorptionsmessungen und einer zugehörigen Bandenanalyse konnte zwischen Relaxations-
prozessen im angeregten Zustand und zurück zum Grundzustand unterschieden werden.
Die Anwendung der kohärenten 2D-Spektroskopie ermöglichte es, Energietransferprozesse
zwischen konjugierten Segmenten des aggregierten Polymers aufzuklären. Die anfängliche
Exzitonenrelaxation innerhalb der aggregierten Phase deutet auf eine geringe Mobilität
der Exzitonen hin, welche im Gegensatz zu den anschließenden Energietransferprozessen
zwischen unterschiedlichen Chromophoren innerhalb einiger Pikosekunden steht.
Diese Arbeit trägt durch eine systematische Untersuchung der strukturabhängigen Re-

laxationsdynamik zum grundlegenden Verständnis des Verhältnisses zwischen Struktur
und Funktion von komplexen molekularen Systemen bei. Die untersuchten Molekülk-
lassen weisen dabei ein hohes Potential auf, um durch gezielte Wahl der Morphologie zu
einer Steigerung von Effizienzen in optoelektronischen Anwendungen, wie beispielsweise
organischen Solarzellen, beizutragen.
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Abstract
Time-resolved spectroscopy allows for analyzing light-induced energy conversion and
chromophore–chromophore interactions in molecular systems, which is a prerequisite in
the design of new materials and for improving the efficiency of opto-electronic devices.
To elucidate photo-induced dynamics of complex molecular systems, transient absorp-
tion (TA) and coherent two-dimensional (2D) spectroscopy were employed and combined
with additional experimental techniques, theoretical approaches, and simulation models
in this work.
A systematic series of merocyanines, synthetically varied in the number of chromophores

and subsitution pattern, attached to a benzene unit was investigated in cooperation with
the group of Prof. Dr. Frank Würthner at the University of Würzburg. The global analy-
sis of several TA experiments, and additional coherent 2D spectroscopy experiments, pro-
vided the basis to elaborate a relaxation scheme which was applicable for all merocyanine
systems under investigation. This relaxation scheme is based on a double minimum on the
excited-state potential energy surface. One of these minima is assigned to an intramolec-
ular charge-transfer state which is stabilized in the bis- and tris-chromophoric dyes by
chromphore–chromophore interactions, resulting in an increase in excited-state lifetime.
Electro-optical absorption and density functional theory (DFT) calculations revealed a
preferential chromophore orientation which compensates most of the dipole moment of
the individual chromophores. Based on this structural assignment the conformation-
dependent exciton energy splitting was calculated. The linear absorption spectra of the
multi-chromophoric merocyanines could be described by a combination of monomeric and
excitonic spectra.
Subsequently, a structurally complex polymeric squaraine dye was studied in collabora-

tion with the research groups of Prof. Dr. Christoph Lambert and Prof. Dr. Roland Mitrić
at the University of Würzburg. This polymer consists of a superposition of zigzag and
helix structures depending on the solvent. High-level DFT calculations confirmed the pre-
vious assignment that zigzag and helix structures can be treated as J- and H-aggregates,
respectively. TA experiments revealed that in dependence on the solvent as well as the
excitation energy, ultrafast energy transfer within the squaraine polymer proceeds from
initially excited helix segments to zigzag segments or vice versa. Additionally, 2D spec-
troscopy confirmed the observed sub-picosecond dynamics. In contrast to other conju-
gated polymers such as MEH-PPV, which is investigated in the last chapter, ultrafast
energy transfer in squaraine polymers is based on the matching of the density of states
between donor and acceptor segments due to the small reorganization energy in cyanine-
like chromophores.
Finally, the photo-induced dynamics of the aggregated phase of the conjugated poly-

mer MEH-PPV was investigated in cooperation with the group of Prof. Dr. Anna Köhler
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at the University of Bayreuth. Our collaborators had previously described the aggregation
of MEH-PPV upon cooling by the formation of so-called HJ-aggregates based on exciton
theory. By TA measurements and by making use of an affiliated band analysis distinct
relaxation processes in the excited state and to the ground state were discriminated. By
employing 2D spectroscopy the energy transfer between different conjugated segments
within the aggregated polymer was resolved. The initial exciton relaxation within the
aggregated phase indicates a low exciton mobility, in contrast to the subsequent energy
transfer between different chromophores within several picoseconds.
This work contributes by its systematic study of structure-dependent relaxation dy-

namics to the basic understanding of the structure-function relationship within complex
molecular systems. The investigated molecular classes display a high potential to increase
efficiencies of opto-electronic devices, e.g., organic solar cells, by the selective choice of
the molecular morphology.
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Chapter 1

Motivation
Improvements in polymer chemistry in combination with mass production in the 1950s led
to a revolution of plastic materials in society, and paved the way for the so-called “plas-
tic age”. Plastic materials brought along new colored shapes and applications which are
indispensable in our everyday lives. The prerequisite for this evolution of plastics relied
on the outstanding properties of polymers in comparison to other classes of molecules.
Characteristics such as ductility, hardness, and stability combined with a high flexibil-
ity in manufacturing allow versatile applications, ranging from plastic bags and toys to
affordable high-tech electronics. Additionally, polymer processing is highly efficient con-
cerning resources, energy, cost, and eco-efficiency. The driving force for the continuous
improvement of properties and applications based on polymers is provided by chemistry.
In the last three decades, especially highly functionalized polymers revolutionized the
focus of polymer science. In particular, scientists deal with the question how polymers
can contribute to the world’s rising energy demand in a sustainable manner. Since this
recent plastic revolution, the application of polymers for a resource-efficient solar-energy
conversion is thoroughly investigated.
Polymer solar cells (PSCs), also called “plastic solar cells”, are devices based on semi-

conducting polymers that can be used to generate electrical power upon light illumination.
The used term plastic solar cell already implies characteristics of polymers such as flex-
ibility, transparency, and low weight. These properties motivate applications of solar
cells in windows, walls, and flexible electronics, while providing an on-site energy source.
Moreover, polymers bring along the customizability on the molecular level and a low-cost
production. Therefore, PSCs are highly attractive to compete with solid-state solar cells,
which are predominantly based on crystalline silicon. Silicon solar cells require highly
purified silicon crystals and a rather complex and energy-intensive production process,
which is reflected in their production costs. Hence, an alternative material for energy
conversion is sought. Due to these beneficial properties, polymers might be the future
choice in solar energy conversion. Nevertheless, the disadvantages of PSCs can not be
disregarded. The state-of-the-art energy conversion efficiency of PSCs is approximately
only about one third compared to solid-state solar cells [9]. Furthermore, PSCs suffer
from photochemical degradation due to the lack of an effective protective coating [10].
The prospect of a flexible device which is inexpensive in production made the challenge to
overcome these disadvantages of PSCs an extremely attractive research field throughout
the last decades [11]. One of the recent results of intense research are tandem PSCs which
achieve efficiencies greater than 10% [12]. Due to the low cost of PSCs, an economic viabil-
ity could already be realized for PSCs with efficiencies between 10− 15% [13]. Therefore,
further improvements have to be made, including the promotion of charge carrier diffusion
and the control of order and morphology [14].
A first step towards systematically optimizing the efficiency of PSCs is to understand

the structure-function relationship of polymers on a molecular level. These fundamen-
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2 1 Motivation

tal insights motivate the preparation of polymers with a specific morphology aiming for
enhanced efficiencies.
Ultrafast spectroscopic techniques, such as femtosecond transient absorption (TA) and

coherent two-dimensional (2D) spectroscopy, provide the tools to study photo-induced
processes in molecular systems, e.g., energy transport, energy transfer, and relaxation
dynamics. These observations allow to elucidate the applicability of a given structure,
or vice versa, to determine the molecular structure by its properties. For that purpose,
especially 2D spectroscopy is a powerful technique as it correlates the excitation energy
with the emitted energy of a molecular system. Hence, it discloses the coupling and energy
transfer between different energetic states of the system under investigation.
In order to create a basis for the performed experiments in this thesis, Chapter 2

provides a brief overview of basic concepts of the interaction of molecules with light
and interactions between molecules themselves. Furthermore, the theoretical concepts
and experimental realization of TA and 2D spectroscopy are discussed. Subsequently to
this overview, the performed experiments on molecular systems with ascending structural
complexity are presented. In this thesis different molecular structures have been studied
by the variation of parameters, such as the connection and orientation of chromophores
by synthesis, choice of solvent, and temperature.
In the first experiment in Chapter 3, the influence of the substitution pattern on chro-

mophore orientation and relaxation dynamics as well as chromophore interaction is inves-
tigated. For this purpose, a systematic study of merocyanine dyes which are chemically
linked via a benzene bridge was performed. The mono-, bis-, and tris- merocyanine dyes
differ in the substitution position and in the number of chromophores attached to the ben-
zene linker unit. Although not being a polymeric system, this study investigates how the
substitution position influences the (relative) orientation of the merocyanine dyes, their
relaxation dynamics, interaction, and energy transport between chromophores. These in-
formation are highly important as the variation on the molecular level determines optical
properties and local superstructures in polymers.
In Chapter 4 squaraine polymers are investigated, which exhibit different local super-

structures in solution, namely a zigzag and a helix structure. The ratio between zigzag
and helix structures within the squaraine polymers is tunable by the choice of the solvent.
This tunability allows to compare the influence of the superstructure on the response of
polymers to light by studying the polymer in two different solvents, i.e., with primarily
the zigzag or helix superstructure being present. Due to diluted conditions, the interac-
tions and energy transfer within and between different superstructures was studied within
single polymer strands, respectively.
The third experiment analyzes the effect of polymers strands which do not only inter-

act with themselves but additionally with other polymers by supramolecular interactions.
Hence, in Chapter 5, the polyphenyl vinylene polymer MEH-PPV is studied which tends
to form planarized aggregates upon cooling. MEH-PPV has already been soundly inves-
tigated under different conditions and studied for applications within solar technology.
However, the aggregated phase created within low-temperature conditions has not been
studied yet. This experiment allows to analyze the effect of structural properties on
photo-induced dynamics within planarized aggregated polymers which arise from highly
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3

disordered structures by changing the temperature.
Finally, in Chapter 6 the results and key observations of all performed experiments of

this thesis are summarized.
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Chapter 2

Theoretical Background and

Experimental Techniques
This chapter aims at providing a theoretical basis and experimental realization for the ul-
trafast molecular spectroscopy experiments presented in this thesis. In Section 2.1 photo-
induced molecular transitions and excited-energy relaxation processes are described. As
this thesis strongly focuses on the effect of interactions between molecules on the relax-
ation dynamics, Section 2.2 deals with the concept of exciton theory (Subsection 2.2.1)
for multichromophoric systems from dimers to polymers. In addition, Subsection 2.2.2
provides common mechanisms in the description of energy transfer between chromophores.
Having described the basic molecular background for this thesis, Sections 2.3–2.9 fo-

cus on the experimental realizations which were employed to study ultrafast molecular
transitions and interactions. While fundamental physical background and concepts of the
optical setups are pointed out, general basics of ultrashort laser pulses are required, which
can be found in the literature (see, e.g., Refs. [15–20] for femtosecond pulses in general and
Refs. [21–24] for ultrafast spectroscopy). For details of the experimental setups the inter-
ested reader is referred to the given references in the corresponding sections. Beginning
with an overview of the experimental setup in Section 2.3, the following sections deal with
the generation of femtosecond pulses (Section 2.4), frequency conversion of laser pulses for
ultrafast spectroscopy (Section 2.5), the basics of a pulse-shaper device (Section 2.6), and
pulse characterization (Section 2.7). Subsequently, the ultrafast experiments which were
employed in this thesis are described. The concepts of transient-absorption spectroscopy
are given in Section 2.8. In Section 2.9 the principles of coherent two-dimensional (2D)
spectroscopy are briefly described and both experimental realizations of 2D spectroscopy,
employed in this thesis, are compared.

2.1 Molecular Transitions

In order to describe ultrafast light-induced processes within a molecular system it is es-
sential to understand optical transitions in molecules, e.g., the absorption and emission
of light. Upon the interaction of a molecule with a photon a transition from an initial
energetic state |Ψmol

i (~r, ~R)〉, which depends on the coordinates of the electrons ~r and of
the nuclei ~R, with energy εi to a final energetic state |Ψmol

f (~r, ~R)〉 with energy εf can
occur. These states are separated by the energy εγ = εf − εi. Depending on the value
of εγ, possible molecular transitions involve rotational, vibrational, and electronic excita-
tions. The corresponding energies of a molecule are calculated by solving the Schrödinger
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equation
Ĥ(~r, ~R)|Ψmol(~r, ~R)〉 = ε|Ψmol(~r, ~R)〉, (2.1.1)

of the molecular wave function |Ψmol(~r, ~R)〉. Vibronic transitions involve both electronic
and vibrational energy levels of a molecule and can be described by taking into account
the electronic wave function |Ψel(~r, ~R)〉 and the vibrational wave function |Ψvib(~r, ~R)〉. In
condensed phase rotational contributions can be neglected as they cannot be spectrally
resolved as no free rotations of the molecules are possible due to the interaction with
the solvent. Additionally, spin contributions are omitted as the spin wave functions are
orthonormal. Therefore, their integral is either one or zero, which is referred to as “spin
selection rule” [25].
By applying the Born-Oppenheimer approximation [26], the molecular wave function

can be separated into the electronic and the nuclear contribution

|Ψmol(~r, ~R)〉 ≈ |Ψel(~r, ~R)〉|Ψvib(~r, ~R)〉. (2.1.2)

Equation (2.1.2) is valid for adiabatic conditions, i.e., for non-interacting electronic states,
for which the coupling elements of nuclear wave functions between different electronic
states can be neglected. However, in the case of (conical) intersections [27] of electronic
potential energy surfaces different electronic states may interact and cause the Born-
Oppenheimer approximation to break down.
In spectroscopy, the interaction of a molecule with light can be calculated by considering

the molecular electronic dipole moment operator

~µ =
∫
ρ(~r)~rd~r = −e

∑
j

~rj +
∑
k

eZk ~Rk, (2.1.3)

where ρ(~r) denotes the charge distribution of the molecule, e the elementary charge, ~rj the
location of the j-th electron, Zk the atomic number and ~Rk the location of the k-th nuclei.
The probability per unit time dP

dt
for an optical transition between the states |Ψmol

i 〉 and
|Ψmol

f 〉 is expressed by Fermi’s golden rule [28, 29] for optical transitions,

dP

dt
= 2π

~

∣∣∣〈Ψmol
f |~µ · ~E|Ψmol

i 〉
∣∣∣2D, (2.1.4)

with the reduced Planck constant ~, the electric field ~E, and the density of states (DOS)D.
In general, Fermi’s golden rule is only applicable if the coupling term is a weak pertur-
bation in comparison to the Hamiltonian Ĥ of the molecule. In the case of εi < εf , the
DOS can be described via

D = gδ(εf − εi − ~ω), (2.1.5)

where g is the degeneracy of the state |Ψmol
f 〉 and the Dirac’s delta function δ and thus

Fermi’s golden rule describes absorption. In the case of εi > εf stimulated emission is
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described, and the DOS is given by

D = gδ(εf − εi + ~ω), (2.1.6)

as the molecule has to emit a photon to obey energy conservation. Under the assumption
that the molecule is small compared to the photon’s wavelength, Eq. (2.1.4) can be written
as

dP

dt
= 2π

~
E2

0 |µfi|2D, (2.1.7)

with the transition dipole moment µfi = 〈Ψmol
f |~µ|Ψmol

i 〉, such that the electric field caused
by the photon is described by the amplitude component E0 along the ~µ-direction. By
combining the Born-Oppenheimer equation [Eq. (2.1.2)] and the electric dipole moment
operator in Eq. (2.1.3), µfi reads

µfi =
−e∑

j

〈ψef |~rj|ψei 〉

 〈ψvibf |ψvibi 〉, (2.1.8)

for vibronic transitions. The factor within the square brackets is called electric dipole
transition moment, which determines whether a molecular transition is allowed for an
electric dipole interaction. The overlap integral between the vibrational states |ψvibf 〉 and
|ψvibi 〉 is given by the second term. Its absolute square

∣∣∣〈ψvibf |ψvibi 〉∣∣∣2 is the so-called Franck-
Condon factor. Thus, the greater the overlap of the vibrational part of the wave function
in the initial and final state the larger the transition probability for the given vibronic
transition, as illustrated in Fig. 2.1a. The oscillator strength for a molecular transition f
is defined as

f = 8π2mecν̃abs
3he2 µ2, (2.1.9)

with the electron mass me, the average reduced absorption energy ν̃abs =
∫
εdν̃∫
ε
ν̃
dν̃
, and the

speed of light c. Additionally, Eq. (2.1.9) can be reformulated to describe the square of
the transition moment

µ2 = 3hcε0 ln 10
2000π2NA

9n
(n2 + 2)2

∫ ε

ν̃
dν̃. (2.1.10)

Here, h is Planck’s constant, NA Avogadro’s number, n the refractive index of the medium,
and the electric permittivity in vacuum ε0.
Subsequent to the theoretical description of absorption and stimulated emission, differ-

ent observable transitions which occur within the relaxation of a molecule are described
qualitatively in the following. Apart from stimulated emission, there are four major path-
ways for the de-excitation of a molecule. All of these processes can be treated with Fermi’s
golden rule, however with a distinct (weak) coupling term, other than the electron-photon
coupling term ~µ · ~E used so far. Figure 2.1b depicts an overview of the transitions be-
tween electronic states, which is often referred to as Jablonksi diagram [30]. Molecular
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Figure 2.1: (a) Franck-Condon principle for a vibronic (simultaneous electronic and vibrational exci-
tation) transition. In the depicted example the most probable transition occurs from the electronically,
and vibrationally relaxed (ν′′ = 0), ground state S0 to the ν′ = 2 vibrational level of the first excited
electronic state S1 (orange arrow), as the overlap of the vibrational wave functions (gray) is the largest for
this transition. Similarly the highest probability for the fluorescence (blue arrow) from the vibrationally
relaxed S1 is observed towards ν′′ = 2 of the S0. (b) Exemplary Jablonski diagram [30] which depicts an
overview of possible non-radiative (dashed magenta arrows) and radiative (solid blue arrows) deactivation
processes and molecular transitions within a molecular system upon excitation (orange arrow). A more
detailed explanation is given in the text.

transitions include radiative processes, where the energy is released through emission of
a photon, and non-radiative de-activation processes, i.e., internal conversion (IC) and
inter-system crossing (ISC). In difference to fluorescence and IC, phosphorescence and
ISC involve a spin flip (depicted in Fig. 2.1b from the first excited singlet state S1 to
the first excited triplet state T1). Therefore, a spin-orbital coupling must be present to
allow the spin of the electron to flip, which leads commonly to a lower transition rate
in phosphorescence compared to fluorescence. The previously mentioned intramolecular
transitions occur together with vibrational relaxation processes, which redistribute the vi-
brational energy by the so-called intramolecular vibrational redistribution (IVR) through
the vibrational modes of the molecule. The relaxation energy of IVR is typically dissi-
pated from the molecule towards the environment (i.e., the surrounding molecules or the
solvent molecules).

2.2 Molecular Interactions

Molecules do not only act as individual separated systems undergoing molecular transi-
tions upon excitation, as described in the previous section. They also interact with each
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2.2 Molecular Interactions 9

other. These intermolecular interactions affect the properties of such a molecular ensem-
ble, i.e., the absorption spectrum, and give access to additional relaxation pathways upon
excitation. In the following, the concept of exciton coupling is discussed, which describes
the change in linear absorption of interacting molecules in dependence on their relative
orientation. Subsequently, two models which aim at describing the energy transfer be-
tween molecules and chromophores in aggregates or polymers are introduced. The basic
understanding of molecular transitions and molecular interactions provide the key tools to
investigate multichromophoric systems via their relaxation dynamics and structure (rela-
tive orientation).

2.2.1 Exciton Coupling

Small molecular systems, e.g., dimers, and complex molecular systems, e.g., polymers
or aggregates, typically show considerable differences in their spectroscopic properties
compared to their monomeric (sub-)units. In order to describe observable differences in
the respective linear absorption spectra, molecular exciton theory was developed [31–33].
In the following, a simple introduction to this theory in the case of molecular dimers is
presented. Subsequently, this approach is adopted and applied also for larger molecular
systems. Finally, the effect of distinct relative chromophore orientations on the exciton
splitting energy and transition moments is discussed.

Dimers

In the dimer model system, two identical molecules (labeled 1 and 2) with fixed distance
and a distinct relative orientation of their transition dipole moments are considered, as
depicted in Fig. 2.2a. Both molecules consist of two energy levels (the so-called two-level
model system), respectively. For a given Hamiltonian Ĥ, the eigenenergies εin and the
associated eigenstates |ϕin〉 of the isolated molecules are given by

Ĥn|ϕin〉 = εin|ϕin〉, (2.2.1)

where n represents the molecule (molecule n = 1 or n = 2) in the eigenstate i with |ϕi=0
n 〉

for the ground state and |ϕi=1
n 〉 for the excited state, respectively. The Hamilton operator

for the dimer can be written as

Ĥ = Ĥ1 + Ĥ2 + V̂ , (2.2.2)

where Ĥ1 and Ĥ2 are the Hamilton operators for the isolated molecules, 1 and 2, and V̂
is the intermolecular perturbation potential. The latter potential V̂ is described with a
coulomb potential, which is approximated by the point-dipole-point-dipole terms of the
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Figure 2.2: (a) Transitions dipole moments (~µ1 and ~µ2) with an arbitrary relative orientation of two
molecules (blue circles, 1 and 2) which are separated by the distance ~r. The angles θ1 and θ2 refer to
the angles enclosed by the respective transition dipole moment with the connection axis (~r) of the point-
dipoles, and θ12 refers to the angle between both individual transition dipole moments. (b) In contrast
to non-interacting, singly-excited molecules (orange circles, 1 and 2) with the corresponding energies ε1

1
and ε1

2, the interaction of two (identical) molecules leads to an energy splitting (magenta) resulting in
two separated absorption bands in the linear absorption spectrum.

point-multipole expansion [34]

V̂ ≈ ~µ1 · ~µ2 − 3(~µ1 · ~r)(~µ2 · ~r)
r3 , (2.2.3)

with the unit relative position vector

~r = ~r2 − ~r1

|~r2 − ~r1|
. (2.2.4)

Here, ~rn describes the center of the n-th molecule, for instance the center of mass. Based
on the assumption of weak intermolecular interactions the eigenfunction of the dimer is
equal to the product of the molecular eigenfunctions according to the Heitler-London
approximation [35]. Thus, the dimer’s electronic ground-state wave function |Ψ0〉 and the
lowest lying excited state(s) |Ψf〉 are given by

|Ψ0〉 =|ϕ0
1ϕ

0
2〉, (2.2.5)

|Ψf〉 =cf1|ϕ1
1ϕ

0
2〉+ cf2|ϕ0

1ϕ
1
2〉, (2.2.6)
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2.2 Molecular Interactions 11

with the normalized coefficients cf1 and cf2. The excited state f of the coupled system is
a linear combination of the contributions of individual excited molecules. These relative
contributions are determined by the coefficients cf1,2. The energy of the ground state of
the dimer can be derived from the Schödinger equation

E0 = 〈ϕ0
1ϕ

0
2|Ĥ|ϕ0

1ϕ
0
2〉, (2.2.7)

which factors into
E0 = ε0

1 + ε0
2 + 〈ϕ0

1ϕ
0
2|V̂ |ϕ0

1ϕ
0
2〉. (2.2.8)

Here, the ground-state energies of the isolated molecules are given by ε0
1 and ε0

2. The last
term of Eq. (2.2.8) represents the van der Waals interaction energy between the ground
states of molecules 1 and 2, which lowers the ground-state energy of the dimer.

The excited states or one-exciton eigenstates |Ψ+〉 and |Ψ−〉 can be rewritten as lin-
ear combinations of the product states where only individual molecules are excited, i.e.,
|1〉 = |ϕ1

1ϕ
0
2〉 in which only molecule 1 is excited and |2〉 = |ϕ0

1ϕ
1
2〉 in which only molecule 2

is excited. Therefore, in the case of a dimer

|Ψ+〉 = cos Θ|1〉 − sin Θ|2〉, (2.2.9)
|Ψ−〉 = sin Θ|1〉+ cos Θ|2〉, (2.2.10)

applies. The mixing angle Θ determines the relative contributions of the product states
and is defined as Θ = 1

2 arctan
(
V

∆E

)
with the energy difference ∆E = ε1

1 − ε1
2 be-

tween the excited-state energies of the isolated molecules and the interchromophore cou-
pling V12 (vide infra). In the case of a perfect homodimer (identical molecules) with
∆E = 0 and V = ±|V12|, Θ reaches the maximum/minimum value of Θ = ±π

4 which leads
to

|Ψ+〉 = 1√
2 (|1〉+ |2〉) , (2.2.11)

|Ψ−〉 = 1√
2 (|2〉 − |1〉) , (2.2.12)

for Θ = −π
4 , and for Θ = +π

4 to

|Ψ+〉 = 1√
2 (|1〉 − |2〉) , (2.2.13)

|Ψ−〉 = 1√
2 (|1〉+ |2〉) . (2.2.14)

Hence, both states |Ψ±〉 contain the collective excitation of both molecules instead of a
localized excitation of a single molecule.

By setting the ground-state energy of the isolated (identical) molecules equal to zero,
i.e., ε0

i = 0, without loss of generality, the eigenenergies of the excitonic states |Ψ±〉 are
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Figure 2.3: Exciton splitting energy (magenta) of a molecular dimer with coplanar (θ12 = 0◦) and
parallel (θ1 = θ2) transition dipoles (blue arrows) in dependence of the angle enclosed by the respective
transition dipole moment with the connection axis of the point-dipoles θ1 (cf. Fig. 2.2a). The direction
of the total transition dipole moment is shown by green arrows. Depending on θ1, two limiting cases, the
J-type (θ1 = 0◦), H-type (θ1 = 90◦), and the special case of θ1 = θMA = 54.7◦, i.e. the so-called magic
angle [36], for which the exciton splitting energy vanisches, can be identified. Adapted from Ref. [31].

given by

E± = 〈Ψ±|Ĥ|Ψ±〉

= 1
2(ε1

1 + ε1
2 + 〈1|V̂ |1〉︸ ︷︷ ︸

=:V11

±〈1|V̂ |2〉︸ ︷︷ ︸
=:V12

±〈2|V̂ |1〉︸ ︷︷ ︸
=:V21

±〈2|V̂ |2〉︸ ︷︷ ︸
=:V22

). (2.2.15)

For a homodimer ϕn1 = ϕn2 =: ϕn, V11 = V22, V12 = V21 applies and hence

E± = ε1 + V11 ± V12, (2.2.16)

holds. Equation (2.2.16) indicates that the energies of the excitonic states do not only
shift by V11 with respect to ε1, but additionally by ±V12 which leads to two distinct
and separated energies (E±) split by 2V12 as shown in Fig. 2.2b. This splitting is called
Davydov splitting or excitonic splitting and explains the presence of two absorption bands
that are located near the monomeric ε1-absorption in dimers. The exciton coupling energy
V12 depends on the orientation and distance of the individual transition moments (µ1, µ2)
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2.2 Molecular Interactions 13

of the respective chromophores and is given by

V12 = 1
4πε0

µ1µ2

r3 κ, (2.2.17)

where κ is the orientation factor

κ = cos θ12 − 3 cos θ1 cos θ2, (2.2.18)

in which θ12 defines the angle between the transition moment vectors ~µ1 and ~µ2 of the
chromophores 1 and 2, respectively. θ1 and θ2 are the angles between the respective
transition moment vectors and the connection axis of the molecular centers (cf. Fig. 2.2).
For two chromophores oriented parallel to each other (θ1 = θ2), the two limiting cases
— J-type (θ1 = θ2 = 0◦) and H-type (θ1 = θ2 = 90◦) arrangement — can be derived by
the variaton of θ1 (cf. Fig. 2.3). In the special case of θ1 = arccos

(
1√
3

)
= 54.7◦, i.e. the

so-called magic angle θMA [36], the interaction energy even vanishes. By insertion of the
values for θ1 in the three limiting cases in Eq. (2.2.17), it follows

H-type: V12 = 1
4πε0

µ1µ2

r3 (2.2.19)

J-type: V12 = − 1
4πε0

2µ1µ2

r3 (2.2.20)

θMA : V12 = 0. (2.2.21)

In general, for the aforementioned two absorption bands the total transition dipole
moments (i.e., between ground state and one-exciton states) ~M± = 〈0|~µ|Ψ±〉 read

~M+ = cos Θ~µ1 − sin Θ~µ2, (2.2.22)
~M− = cos Θ~µ1 + sin Θ~µ2. (2.2.23)

Again, for a perfect homodimer, the molecules 1 and 2 are equal, i.e., Θ = ±π
4 and µ1 = µ2

holds, which results for Θ = −π
4 in transition dipole moments of

~M+ = 1√
22~µ1, (2.2.24)

~M− = 0. (2.2.25)

Equations (2.2.24) and (2.2.25) show that only one of the two transitions is allowed and
will be observed in an absorption spectrum of a perfect homodimer. Since the oscillator
strength f is proportional to the square of the transition moment [see Eq. (2.1.9)], it
follows that the observed oscillator strength is twice that of the isolated chromophore.
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Polymers and Aggregates

In analogy to the previous treatment of a dimer model system, the exciton theory of
complex molecular systems, such as polymers and aggregates, are described in the follow-
ing [32]. In general, for a molecular system consisting of N monomer units, the Heitler-
London approximation [35] can be applied, similar to Eq. (2.2.6). The singly-excited
states with the lowest energy is given by

Φf =
∑
n

cnϕ
f
n

N∏
m6=n

ϕ0
m, (2.2.26)

i.e., as a linear combination of states where only individual molecules are excited. Due
to a periodical distribution of the chromophores, Bloch’s theorem [37] can be applied and
the wave functions can be described as Wannier functions [38]

Ψf
k = 1√

N

N∑
n=1

e2πikn/N |Φf
n〉. (2.2.27)

The eigenstate energies of the excited states are given by

Ef
k = E1 + 2V12

(
N − 1
N

)
cos

(
2πk
N

)
, (2.2.28)

where k is a quantum number taking on the values k = 0,±1,±2, . . . ,±N/2. The cosine
term reaches its extremes for k = 0 and k = ±N/2, which lead to the highest and lowest
energies of the excitonic manifold. For an infinitely long polymer, the term (N − 1)/N
approaches unity and therefore a maximum energy difference of ∆E = Emax−Emin = 4V12
is achieved. This energy difference can be intuitively understood by the nearest-neighbor
approximation, as each chromophore has two neighbors (no end-effect) instead of only
one as in the case of a dimer.
It can easily be shown that Eq. (2.2.28) is valid for dimers. For a dimer N = 2 holds,

and for k = 0 (k = ±N
2 ) the cosine term becomes 1 (−1) and thus the respective energies

are E± = ε1 ± V12, as seen previously in Eq. (2.2.16). The magnitude of the exciton
splitting energy ∆E in the dimer is 2V12 while in the polymer 4V12 holds.
In the following three special cases for the orientation of transition moments within

a polymer are considered which are a J-type (Fig. 2.4a), H-type (Fig. 2.4b), and an
alternating zigzag (Fig. 2.4c) chain of molecules [32]. For simplicity, in all three cases the
orientation of the single chromophores are chosen such that all of the transition dipole
moments and main molecular axes are located in one plane.
For the J-type (Fig. 2.4a) and H-type (Fig. 2.4b), each chromophore is aligned parallel to

its nearest neighbor (linear chain polymer), meaning that all chromophores are translatory
equivalent. Hence, θ1 = θ2 and θ12 = 0◦ which reduces the exciton coupling energy in
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Figure 2.4: Exciton splitting energy (magenta) and allowed transitions (orange arrows to solid energy
levels) for a polymer with J-type (a), H-type (b), and zigzag (c) orientated transition dipole moments.
The direction of the resulting total transition moment is indicated by the green arrows. Adapted from
Ref. [32].

Eq. (2.2.17) to
V12 = 1

4πε0

µ1µ2

r3

(
1− 3 cos2 θ1

)
. (2.2.29)

For all chromophores parallel to each other, the two limiting cases, H-type (θ1 = 90◦) and
the J-type (θ1 = 0◦) arrangement, can be derived by the variation of θ1. In the special
case of θ1 = arccos

(
1√
3

)
= 54.7◦, i.e., the so-called magic angle θMA [36], the interaction

energy even vanishes. By insertion of the values for θ1 in the three limiting cases into
Eq. (2.2.29), it follows

H-type: V12 = 1
4πε0

µ1µ2

r3 (2.2.30)

J-type: V12 = − 1
4πε0

2µ1µ2

r3 (2.2.31)

θMA : V12 = 0. (2.2.32)

For identical transition moments and distances, Eqs. (2.2.30) and (2.2.31) display an
exciton splitting twice as large for a J-type arrangement than for an H-type arrangement.
Furthermore, for an H-type alignment V12 > 0 while for a J-type arrangement V12 < 0,
which leads to a shift of the absorption to higher or lower energy, respectively. Independent
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of θ1, the transition moments for the linear chain polymers into the excited states are µ = 0
for the forbidden and µ =

√
Nµ1 for the allowed excited state, where N accounts for the

number of chromophores. Due to f ∝ µ2 [cf. Eq. (2.1.9)] the oscillator strength in the
polymer has the N -fold value compared to the monomer, which is in agreement with the
example of the H-type dimer [cf. Eq. (2.2.24) and Eq. (2.2.25)].
In the case of an alternating zigzag chain of molecules, the transition moments are not

parallel but are arranged in a zigzag arrangement (cf. Fig. 2.4c) for which two subsequent
chromophores define one unit cell. The angles between the transition moments and the
polymer axis are given with respect to θ1 and are θ2 = 180◦ − θ1 and θ12 = 180◦ − 2θ1.
Hence, it follows that

V12 = − 1
4πε0

µ1µ2

r3

(
1 + cos2 θ1

)
, (2.2.33)

describes the exciton coupling energy.
For the cases of parallel and zigzag arrangement of the transition moments (Fig. 2.4a,

b, and c) the exciton band width is ∆E = 2V12 for a dimer and ∆E = 4V12 in a poly-
mer (cf. Fig. 2.4). For the polymer, the nearest-neighbor approximation is used, as each
chromophore has two neighbors.
The intensity of the absorption band(s) for the alternating zigzag arrangement also

depends on the exact geometry. The total transition moments to the lowest and highest
exciton states of a dimer or polymer are

~M+ =
√
N~µ1 cos θ1, (2.2.34)

~M− =
√
N~µ1 sin θ1, (2.2.35)

where N again denotes the number of chromophores.

2.2.2 Energy Transfer

Interactions between molecules, being different molecules in the same solution or dif-
ferent centers in the same molecule, may not only lead to changes in the absorp-
tion spectrum as described in the previous section, but also to energy transfer from a
chromophore/molecule D, called donor, to a second chromophore/molecule A, the ac-
ceptor, through dipole coupling. The two most common mechanisms used to describe
such energy transfer between distinct sites are depicted in Fig. 2.5, the so-called Förster
resonant energy transfer (FRET) [39] and Dexter energy transfer [40].
Figure 2.5a depicts the schematic energy level diagram for FRET. During the absorption

process the donor is excited to a higher vibrational level of its first electronically-excited
state. From this point the energy is converted by IVR to lower vibrational levels within the
same excited state (cf. Sec. 2.1). Subsequently, the donor relaxes to the electronic ground
state by spontaneous radiative or non-radiative processes. The excited-state lifetime τD of
the donor and its relaxation rate kD is determined by radiative τr and non-readiative τnr
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(a) (b)Förster Energy Transfer Dexter Energy Transfer

D A D A

Figure 2.5: Principle of Förster resonant energy transfer (FRET) [39] (a) and Dexter energy trans-
fer [40] (b). In FRET an electronically-excited donor (D) transfers the energy to an acceptor (A) unit,
resulting in an excited A. Dexter energy transfer occurs as a concerted transfer within the electronically-
excited and ground state of the D and A moiety, respectively, which again results in an excited A. Both
mechanisms are based on dipole-dipole coupling between D and A.

deactivation mechanisms in the absence of energy transfer to other chromophores

kD = 1
τD

= 1
τr

+ 1
τnr

. (2.2.36)

Under the assumption that the energy difference for one of these possible deactivation
processes of a donor molecule corresponds exactly to a possible absorption transition in a
nearby acceptor molecule, with sufficient energetic coupling between these molecules both
processes may occur simultaneously, resulting in a transfer of excitation from the donor to
the acceptor. This assumption holds if the absorption spectrum of the acceptor overlaps
with the fluorescence of the donor, which is typically given due to the broad spectra of
polyatomic molecules in solution leading to a sufficient overlap between donor and acceptor
transition. Additionally, at least some amount of mutual coupling between the electronic
systems is required. Hence, it takes place only over limited distances. The coupling and
interaction energy is of dipole-dipole nature, which is inversely proportional to the third
power of the distance between donor and acceptor (R3

DA). Thus, the probability of energy
transfer which is proportional to the square of the coupling decreases to the sixth power
of the distance (R6

DA). A quantitative treatment of the energy transfer process from the
donor to the acceptor kDA := kET leads to [39]

kDA = kD
R6
DA

[
9 ln 10

128π5NA

ΦD

n4 κ
2
∫
ĪDλ εA(λ)λ4dλ

]
, (2.2.37)

with the fluorescence spectrum (normalized to unit area) of the donor ĪDλ , the extinction
coefficient of the acceptor εA(λ), the fluorescence quantum yield of the donor ΦD and its
excited state decay rate kD, both in the absence of energy transfer. n is the refractive
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index of the surrounding medium which shields the dipole fields. The orientation factor
κ is defined identical to Eq. (2.2.18) as

κ = cos θDA − 3 cos θD cos θA, (2.2.38)

with the angle θDA between the two interacting dipole moments ~µD and ~µA of the donor
and acceptor, respectively, and θD and θA are the angles between the respective transition
dipole moment vectors and the connection line of the molecular centers. By recalling
that the radiative rate constant is given by kr = ΦDkD, a dependence of the transfer rate
kDA on the radiative lifetime can be deduced. The shorter the radiative lifetime (τr =
1
kr
), the higher the transfer rate kDA. A short radiative lifetime correlates with a large

oscillator strength of the donor and therefore efficient dipole-dipole coupling. By defining
the overlap-integral J as

J =
∫
ĪDλ εA(λ)λ4dλ, (2.2.39)

and introducing the Förster radius R0, which is a characteristic quantity for a given
Förster pair (donor and acceptor)

R6
0 = 9 ln 10

128π5NA

ΦD

n4 κ
2J , (2.2.40)

Eq. (2.2.37) can be rewritten to

kDA = kD

(
R0

RDA

)6
. (2.2.41)

In the case that donor and acceptor are separated by a distance of RDA = R0, the
energy transfer rate equals the excited state decay rate of the donor, i.e., the transfer
efficiency ΦET

ΦET = kET
kD + kET

(2.2.42)

reaches 50%.
In general, FRET is a strongly distance-depending mechanism (R6), which requires

overlapping fluorescence spectra of the donor and absorption spectrum of the acceptor (J),
and a proper orientation reflected by the orientation factor κ. These characteristics make
FRET an extremely powerful model for applications and methods to investigate energy-
transfer processes and to derive intermolecular distances in biochemical applications [41].
Nevertheless, its applicability is limited in many investigations of strongly coupled

multichromophore systems [42–44]. Some of the limitations can be directly inferred by
considering Eq. (2.2.37). The donor and acceptor are approximated as transition point
dipoles, which breaks down for intermolecular distances close to the size of individual
molecules. For these distances transition charge densities are required rather than tran-
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sition dipole moments. Moreover, optically dark states, which mediate energy transfer,
e.g. in carotenoids, are not captured by the dipole approximation [45]. Additionally,
in donor-acceptor dyads, which are covalently bound, through-bond contributions to the
interaction have to be taken into account. For donor and acceptor molecules which are
coherently coupled aggregates, similar effects have been observed for distances sufficiently
small compared to their intra-molecular dimension. Furthermore, the spectral overlap in-
tegral J [cf. Eq. (2.2.39)] is calculated by the fluorescence of the donor molecule. Hence,
FRET requires that the vibrational relaxation occurs faster than the actual energy trans-
fer to the acceptor because the latter takes place from an equilibrated excited state. For
small RDA, the environment surrounding donor and acceptor may no longer be uncorre-
lated. Thus, a detailed analysis of the donor, acceptor, and solvent modes is necessary to
correctly predict the energy transfer rates.
Another limitation of FRET is the inability to account for molecular transitions accom-

panied by a spin change, because the dipole-dipole interaction does not act on the spin
wave functions. If the donor-acceptor distance allows direct orbital overlap and hence
FRET is not allowed, energy transfer takes place by direct electron exchange, which was
worked out by Dexter [40]. In the so-called Dexter mechanism the excited electron of the
donor is transferred from its LUMO (lowest unoccupied molecular orbital) to the LUMO
of the acceptor, while simultaneously an electron is transferred from the ground state of
the acceptor to the ground state of the donor (see Fig. 2.5b). This corresponds to an
energy transfer from donor to acceptor. Hence, energy transfer by the Dexter mechanism
is a concerted two electron transfer. The rate of Dexter energy transfer kDe is [40]

kDe = 4π2cK · Je−
2RDA
L , (2.2.43)

with the speed of light c, an experimental factor K, taking the geometric orbital interac-
tions into account, and the overlap integral J defined in Eq. (2.2.39). The average Bohr
radius L describes the most probable distance between the proton and the electron in a
hydrogen atom in its ground state and is defined as

L = 4πε0~2

mee2 . (2.2.44)

The distance dependence of kDe is exponential, which is reasonable as the electron den-
sities (included in L) of the approximated hydrogen-like orbitals are proportional to e− 1

R

(with the distance between the particular atom centers R). Besides the overlap of the
emission spectra of the donor and the absorption spectra of the acceptor, Dexter en-
ergy transfer requires a direct orbital overlap between donor and acceptor. Thus, Dexter
energy transfer becomes ineffective with increasing donor-acceptor separation and is typ-
ically limited to R < 10 Å. In contrast to FRET, a concerted two-electron transfer is
not restricted to singlet-singlet energy transfer in Dexter energy transfer. Hence, triplet-
triplet energy transfer is allowed because the acceptor provides two electrons with different
spin orientation to balance the electron received from the excited donor.
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2.3 Experimental Setup

Subsequent to the description of molecular transitions (Sec. 2.1) and interac-
tions (Sec. 2.2), this section discusses the experimental setups which were employed to
study ultrafast molecular processes. Figure 2.6 shows a schematic overview of the setups
which were used to perform the ultrafast spectroscopy experiments in this thesis. The
basic components are a Ti:Sapphire oscillator combined with a chirped-pulse amplifier
system (Spectra Physics) followed by a noncollinear optical parametric amplifier (TOPAS
White, Light Conversion Ltd), which allows a broadband tunability of the laser frequen-
cies for pump laser spectra in the range from 500− 1000 nm. Subsequently, a home-built
pulse shaper [48] allows for a manipulation which enables to create pulse sequences for
pulse characterization, pulse compression, and for spectroscopic purposes. While pulse
characterization for the transient-absorption experiments was performed collinearly with
a SHG-crystal in a separate setup, pulse characterization for coherent two-dimensional
spectroscopy in box geometry was performed noncollinearly in the setup itself. A me-
chanical motorized delay stage allows for a variable delay between the pump and the
probe pulses up to about 4 ns. For transient-absorption experiments, every second pump
pulse was blocked, which was realized by a phase-locked optical chopper. The actual
experiments were performed in both, a home-built transient absorption [49] and coherent
two-dimensional spectroscopy setup [47], respectively. In transient-absorption individual
pump and probe pulses are temporally and spatially overlapped in a quartz flow cell. In
the coherent two-dimensional spectroscopy setup four pulse replica are generated, which
are again spatially and temporally overlapped in a flow cell containing the sample. Spectra
of the employed probe laser pulses were detected by a spectrometer consisting of a spectro-
graph with two separated entrance slits and a two-dimensional CCD chip (Acton Spectra
Pro 2500i equipped with a PIXIS 2K CCD camera). In the following, femtosecond pulse
generation (Sec. 2.4), frequency-conversion (Sec. 2.5), laser pulse shaping (Sec. 2.6), and
characterization (Sec. 2.7), transient absorption (Sec. 2.8), and coherent two-dimensional
spectroscopy experiments (Sec. 2.9) are discussed.

2.4 Femtosecond Pulse Generation

Femtosecond laser pulses can be generated via oscillators consisting of three main compo-
nents, namely a pump source, a gain medium, and an optical resonator [21]. The pump
source serves as the energy source of the oscillator. Atoms or molecules within the gain
medium need to be excited to higher-lying energetic states, which can be achieved by an
electrical or optical excitation. The second component, the gain medium provides pho-
tons due to radiative relaxation processes of excited atoms or molecules to an energetically
lower state (see Fig. 2.1b). Therefore, the energetical characteristics of the gain medium
determines which longitudinal modes (i.e., modes along the propagation direction) are
amplified and which pulse duration is achievable due to the spectral amplification width.
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Figure 2.6: Schematic overview of the setups used for the ultrafast spectroscopy experiments presented
in this thesis. The essential components include a Ti:Sapphire amplifier as the light source, frequency
conversion by a NOPA, pulse shaping, pulse characterization, temporal pulse delay, transient absorption
and coherent two-dimensional spectroscopy, and a spectrometer. Employed optical elements comprise
lenses, beam splitters (BS), mirrors (M), flipped mirrors (Mf), neutral density filters (ND), a half-wave
plate (λ2 ), a hot mirror (HM), a folding mirror (FM), and spherical mirrors (SM). Partly adapted and
modified from Refs. [46, 47]. Detailed descriptions are given in the text.
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The third component is a resonator, which basically consists of two mirrors. These mir-
rors repeatedly reflect the emitted photons of the gain medium. Thus, a photon travels
through the gain medium many times and stimulates the emission of further photons in
the direction of itself. Still, to create short laser pulses an additional requirement has to
be fulfilled. A fixed-phase relation between the longitudinal modes has to be induced by
so-called mode-locking. At one point in time the “phase-locked” or “mode-locked” longi-
tudinal modes superpose and add up to a short light pulse. Mode-locking can be induced
either actively by electro-optical modulators or a Pockels cell, or passively by the Kerr-
lens effect [17, 50, 51]. The Kerr-lens effect is an intensity-dependent effect, therefore, it
causes an effective reflection of only ultrashort pulses with high peak intensities, whereas
the continuous-wave (cw) modes are suppressed. Besides these three essential components
of an oscillator, a prism pair is required to compensate the dispersion introduced by the
gain medium.

All femtosecond experiments in this work were performed with a Ti:Sapphire oscilla-
tor (Ti:Sa) and regenerative amplifier [52] as a laser source. As a pump source a cw
neodymium-doped yttrium orthovanadate (Nd:YVO4) diode laser is used, which excites
the gain medium, a titanium-doped sapphire (Al2O3). The repetition rate of the Ti:Sa os-
cillator is 80 MHz, which is determined by the mode spacing, i.e., the length of the optical
resonator, with an output wavelength centered around 800 nm due to the amplification
characteristics of the titanium-doped sapphire [17].

For molecules which do not absorb at 800 nm, it is essential to tune the frequency of the
laser pulses. For this frequency conversion of the oscillator output typically higher pulse
energies are required (cf. Sec. 2.5), which can be fulfilled with the help of chirped-pulse
amplification (CPA) [53–55]. A typical CPA setup consists of three components, namely
a stretcher, a regenerative amplifier, and a compressor. The stretcher and compressor
consist of a grating pair which introduce a positive or negative chirp, respectively [56].
Chirp on pulses reduces the peak pulse intensity and is essential to avoid photo-damage of
the gain medium. The stretcher applies a positive chirp leading to ≈ 1 ns pulse duration
in the gain medium. Furthermore, as the compressor introduces a negative chirp, the
compressor compensates the previously applied positive chirp by the stretcher and leads
to nearly bandwidth-limited pulses with a higher peak energy of several millijoule. The
repetition rate of 80 MHz is thus too high as subsequent pulses might temporally overlap
for such high chirp values and lead to undesired interference effects. Therefore, the seed
pulses from the oscillator need to be picked at a lower repetitation rate by a Pockels
cell. In the employed laser sytem this pulse picking is performed at a repetition rate
of 1 kHz and leads to a temporal and spatial overlap with a nanosecond pump pulse
of a neodymium-doped yttrium lithium fluoride (Nd:YLF) laser in the Ti:Sa crystal of
the CPA system. The achieved output pulses have a duration of 100 − 120 fs, with a
repetition rate of 1 kHz, and an output pulse energy of 2.5−4 mJ which allows ultrashort
spectroscopy and frequency conversion in subsequent processes that fit the requirements
of the investigated molecules.
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2.5 Frequency Conversion for Ultrafast Laser

Spectroscopy

Studying molecular processes such as relaxation dynamics (Sec. 2.1) and energy trans-
fer (Subsec. 2.2.2) requires a temporal resolution which is faster than these processes, i.e.,
on the order of tens of femtoseconds. The theoretical achievable minimal pulse duration
is given by the bandwidth limit or Fourier limit [17] of a laser pulse

τp∆ω ≥ 2πcb, (2.5.1)

with the temporal τp and spectral ∆ω full width at half maximum (FWHM) of the in-
tensity profile of the laser pulse, respectively. The constant cb has different values for
different types of spectral profiles, e.g., cb = 4 ln 2

2π = 0.441 for a Gaussian spectrum.
Apart from a high temporal resolution, it is necessary to tune the output laser pulses to

frequencies which match the absorption of the studied molecules. Frequency conversion
for the respective spectroscopic requirements can be performed by exploiting light-matter
interactions. As all media are composed of charged particles on a microscopic scale, they
respond to electromagnetic waves which propagate through them. The electromagnetic
manifestation of this response is called polarisation P and modifies the applied field, as it
is superimposed on it. The way a medium responds depends on how strong it is disturbed,
which can be described by [17, 51, 57]

P = ε0
[
χ(1)E1 + χ(2)E1E2 + χ(3)E1E2E3 + . . .+ χ(n)E1 . . . En

]
. (2.5.2)

Equation (2.5.2) includes n interactions (i ≤ n) with the incident light fields Ei, the n-th
order susceptibility χ(n) of the nonlinear material, and the permittivity of vacuum ε0.
By considering that χ(2) = 0 in isotropic media, χ(3) is the lowest nonlinear (n > 1)
contribution. An exception are birefringent media for which χ(2) 6= 0. Due to nonlinear
response of nonlinear media it is possible to convert the laser pulse frequency to other
spectral regions, which is discussed in the following.
For the generation of the laser pulses in the ultrafast experiments several nonlinear

processes were employed. Figure 2.7 displays an overview of nonlinear processes for fre-
quency conversion of femtosecond laser pulses [58]. Second-harmonic generation (SHG,
Fig. 2.7a) creates laser light with twice the frequency of an incident pulse [59]. In this
process, a single fundamental beam with the frequency ω1 is doubled in frequency to
achieve ω3 = 2ω1. Moreover, SHG can be carried out in a noncollinear way when two
beams of the same frequency (ω1 = ω2) are superimposed temporally and spatially in a
χ2-medium of adequate crystal symmetry.
By overlapping two pulses of different frequencies (ω1 6= ω2) in an appropriate nonlinear

medium of the right orientation either the sum of the frequencies (ω3 = ω1 +ω2) by sum-
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Figure 2.7: Nonlinear optical processes for frequency conversion, such as second harmonic genera-
tion (SHG, a), sum frequency generation (SFG, b), difference frequency generation (DFG, c), optical
parametric amplification (OPA, d), and supercontinuum generation (SCG, f). See text for a detailed
discussion of the nonlinear processes shown. Figure partly adapted from [58].

frequency generation (SFG, Fig. 2.7b) or the difference frequency (ω3 = ω1 − ω2, with
ω1 > ω2) by difference-frequency generation (DFG, Fig. 2.7c) can be achieved.
In optical parametric amplification (OPA, Fig. 2.7d) a seed pulse is amplified by a pump

pulse of higher energy and frequency. The output pulses of this process are an ampli-
fied signal pulse with ωsignal = ωseed, an attenuated pulse with ωpump, and an idler pulse
with ωidler being lower in frequency than that of the seed pulse. Optical parametric am-
plification provides an efficient process to create laser pulses for experiments in the visible
regime. In such experiments, one part of the fundamental beam (800 nm output pulses
of the Ti:Sa amplifier system) is frequency-doubled in a β-barium-borate (β-BaB2O4,
BBO) crystal to obtain 400 nm pulses. Subsequently, these frequency-doubled pulses are
overlapped with a broad white-light supercontinuum (described below) in another BBO
crystal. Due to the orientation of the second BBO crystal and by adjusting the temporal
overlap between the pump and the supercontinuum, different spectral parts of the seed
supercontinuum are amplified for which the wavelength bandwidth phase matching is ful-
filled [17, 60–62]. In this process an additional idler beam is generated (cf. Fig. 2.7d).
Depending on the desired spectral bandwidth of the amplified signal pulse either collinear
or noncollinear optical parametric amplifiers (NOPA) can be utilized. In a noncollinear
arrangement of seed and pump pulses a broader amplification bandwidth can be gener-
ated. To achieve sufficiently high pulse energies for ultrafast spectroscopy (N) OPAs often
use a second amplification stage.
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Many transparent materials like sapphire (Al2O3) and calcium fluoride (CaF2) show
self-phase modulation (SPM) as a third-order response to an intense light field. The high
intensity of the input pulse changes the temporal phase by varying the nonlinear refrac-
tive index of the medium (“optical Kerr effect”). Therefore, the instantaneous frequency
is altered, leading to a spectrally broadened output pulse. Self-phase modulation is only
one of the dominant processes in spectral broadening allowing for supercontinuum gener-
ation (SCG, Fig. 2.7e). The whole process of SCG is not fully understood yet as many
other effects, e.g., self-steepening, Kerr lensing, material dispersion, and plasma formation
have to be taken into account as well [63–66].
White-light supercontinua are typically used as seed pulses for (N)OPAs and as probe

pulses for broadband optical probes in transient absorption spectroscopy. The spectral
and temporal shape of the white-light continuum strongly depends on the pulse energy,
the central frequency ω1, pulse length as well as the photon flux per area of the pump
pulse, and the nonlinear medium itself.

2.6 Femtosecond Laser Pulse Shaping

Femtosecond pulse-shaper devices provide the opportunity to manipulate the temporal
and spectral properties of an ultrafast laser pulse [67–69]. Such devices are capable of
modulating the pulse duration and even allow the generation of complex pulses, e.g., a
sequence of laser pulses. In principle, a pulse-shaper device is based on a spatial separation
of the frequency components of an ultrafast pulse. One option to perform this task
are dispersive elements such as a grating or a prism. The resulting spatially separated
frequency components can be temporally delayed against each other by the application
of a frequency-dependent phase modulation [70]. Alternatively, a “spatial separation”
can be realized with chirped pulses for which different frequency components are present
at different positions in space along its propagation direction due to its temporal profile.
Hence, different frequency components of a laser pulse are modulated at respective spatial
positions, which is the working principle in acousto-optical modulators [71–75].
In this work, spatial frequency separation was employed by a grating in a pulse-shaper

device with a liquid crystal display (LCD) in 4f -geometry. The pulse-shaper device, which
is explained briefly in the following (for experimental details see Ref. 48), was utilized for
pulse compression, pulse characterization, and 2D spectroscopy (see Subsec. 2.9.1). The
spectral components of an incoming beam are separated via a transmittive grating, which
is located of the distance f of a focusing medium, i.e., a focusing mirror, which collimates
the beam. In an additional distance of its focal length f the LCD is located. Depending
on the applied voltage in single pixels of the LCD the orientation of liquid crystals can be
varied which leads to a different refractive index within a pixel for the transmitted beam.
Hence, applying a distinct frequency-dependent phase value for the ultrashort pulse. Sub-
sequently to the phase-shaping of the LCD, the spectral components are refocused and
recombined by a second lens and an additional grating. Such a symmetric implementation
of the zero-dispersion compressor is also called 4f -setup.
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Additionally to pure phase shaping, independent phase and amplitude shaping is possi-
ble by employing a two-mask LCD [76]. The modulation axis of the LCD arrays is tilted
by +45◦ and −45◦ with respect to the polarization of the incoming light, which is ensured
by a linear polarizer before the LCD arrays. Linearly polarized light can be considered
as a superposition of two orthogonal linearly polarized components. Thus, the two layers
affect these two components independently and allow an arbitrary phase retardance of
the two components. The resulting elliptically polarized and phase-shaped pulses after
the two layers can be converted back to linearly polarized phase- and amplitude-shaped
pulses by a second linear polarizer.
The utilized pulse-shaper device in this thesis is slightly modified in comparison to a

zero-dispersion compressor setup [48]. The second mirror and grating were replaced by
a folded mirror at the Fourier plane, which is called folded 4f setup. Hence, the LCD,
consisting of two layers of 640 pixels (SLM-640, CRI), was displaced out of this plane,
into the recollimated beam. Additionally, a cylindrical mirror was employed instead of a
cylindric lens to avoid dispersion of the spectrally broad laser pulse.

2.7 Laser Pulse Characterization

The nonlinear processes described in Sec. 2.5 cannot only be used to generate electric
fields for the actual experiment, but also provide the option to characterize them. Several
methods allow a purely time-domain or frequency-domain characterization of laser pulses,
e.g., intensity autocorrelation or spectral interferometry, respectively. A mixed time-
frequency characterization is achieved by frequency-resolved optical gating (FROG) [77–
79]. Pulse duration, spectrum, time-bandwidth product, and the value of the phase
function can be determined via the FROG approach, while a few ambiguities remain
depending on the FROG method [79].
Commonly, a second-harmonic FROG setup is implemented by spatially and tempo-

rally overlapping the unknown pulse with a copy of itself noncollinearly in a nonlinear
medium (cf. Fig. 2.8a) in the same way as for an intensity autocorrelation. By detect-
ing the corresponding nonlinear signal frequency-resolved, a phase-sensitive feedback is
gained. The first pulse serves as a time gate for its copy by shifting one pulse continu-
ously with respect to the other. The noncollinear geometry results in a background-free
signal because the conservation of momentum leads to a signal emitted into the direc-
tion ~kS = ~k1 + ~k2 6= ~k1 6= ~k2, since ~k1 6= ~k2. A FROG-trace ISHGFROG(ω, τ) is measured by a
systematic variation of the relative time delay between the two pulses τ , leading to

ISHGFROG(ω, τ) =
∣∣∣∣∣
∫ ∞
−∞

E(t)E(t− τ)e−iωtdt
∣∣∣∣∣
2

, (2.7.1)

which resolves the signal as a function of frequency and time delay. Subsequently to
the measurement, the pulse is reconstructed by different iterative algorithms, allowing
the identification of the electric field which generates the respective FROG-trace [80].
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Figure 2.8: Scheme of a noncollinear SHG-FROG (a) and a collinear SHG-FROG (cFROG, b). In (a),
two laser pulses (red pulses) from different directions create a background-free SHG signal (purple pulse)
in the direction ~kS = ~k1 + ~k2. In (b), a double-pulse (red pulses) creates a SHG signal (purple pulse),
which copropagates with the initial fundamental pulses (not explicitly shown). The latter fundamental
needs to be spectrally filtered out in the experiment.

The calculation of ISHGFROG is repeated iteratively for different fields until calculation and
experiment agree within the chosen convergence criteria [80].
While the generation of a pulse copy is easily achievable in theory, experimental limita-

tion may favor a collinear FROG (cFROG) [81, 82] as depicted in Fig. 2.8b. The obtained
signal in cFROG

ISHGcFROG(ω, τ) =
∣∣∣∣∣
∫ ∞
−∞

[E(t) + E(t− τ)] e−iωtdt
∣∣∣∣∣
2

, (2.7.2)

is no longer background free, as SHG contributions resulting from only one of the two
pulse copies are emitted into the same direction. A cFROG requires the generation of
collinearly propagating double pulses with a variable time delay τ , i.e., typically via a pulse
shaping device [83, 84]. After the extraction of the term in Eq. (2.7.1) of the cFROG trace
in Eq. (2.7.2), by low-pass Fourier filtering and subtraction of the permanent offset at long
delay times the desired FROG trace is achieved. Hence, the pulse reconstruction can be
performed by the same algorithms as for the noncollinear FROG.

2.8 Transient Absorption (TA) Spectroscopy

The principle of transient absorption (TA) spectroscopy, a special form of the pump–
probe technique, is schematically illustrated in Fig. 2.9. The corresponding experimental
setup is described in detail in Ref. [49]. In TA, an excitation pulse, typically labeled
“pump pulse”, excites a molecular sample to an excited state, which exhibits a different
absorption spectrum than the molecular ground state. This difference is measured by a
spectrally-resolved detection of the “probe pulse”, which can be delayed by the pump-
probe delay T (labeled population time in 2D spectroscopy), respective to the pump pulse.
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spectro-
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sample

pump-probe
delay T

pump
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Figure 2.9: In TA, an excitation, or pump pulse (red pulse) excites the sample. The pump-induced
difference in absorption is measured by a time-delayed probe pulse (purple pulse) as the spectral change
of the probe pulse with and without a present excitation pulse. By measuring this change of absorption
for different pump–probe delays T , the relaxation dynamics of a molecular system can be inferred.

By blocking every consecutive excitation pulse, the spectra of the probe pulse is measured
with [I∗(λ, T )] and without a pump pulse [I(λ, T )]. In this case a shot-to-shot detection
scheme is beneficial due to the higher correlation between subsequent laser pulses [85, 86].
The change of absorption, which is often also called the change of optical density (∆OD),
is calculated via

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

)
= ε(λ)c(T )L, (2.8.1)

and is directly connected to Lambert–Beer’s law [87] by the extinction coefficient ε(λ), the
time-dependent concentration c(T ), and the optical path length L. Upon excitation, dif-
ferent molecular transitions lead to changes in absorption, due to different contributions,
namely ground-state bleach (GSB), stimulated emission (SE) and excited-state absorp-
tion (ESA), as illustrated in Fig. 2.10. As molecules in the ground state are excited by
the pump pulse, the probe pulse can only excite remaining molecules from the ground
state. Consequently, less light of the probe pulse is absorbed, which is reflected in a neg-
ative GSB contribution (∆OD < 0). With evolving time the GSB contribution decreases
due to molecular relaxation processes, e.g., fluorescence or non-radiative relaxation path-
ways (cf. Sec. 2.1), called GSB recovery (GSBR). Furthermore, due to the interaction
with the probe pulse, previously excited molecules can be stimulated by the probe to emit
a photon at a distinct wavelength. This process is referred to as SE and has a negative
contribution (∆OD < 0) as more photons are measured in the presence of a preceeding
pump pulse. Positive contributions (∆OD > 0) can be observed for ESA as the previ-
ously excited molecules can be re-excited by the probe pulse to energetically-higher lying
states. Additionally, a positive contribution can also be observed for a chemical reaction
with a photo-induced product, e.g., an isomerization, for which typically a GSB of the
initial excited reactant remains and the new absorption of the created product appears,
which is called product absorption (PA).

Data interpretation in TA spectroscopy is performed by factorizing the measured ab-
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pump interaction probe interaction
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pump-probe delay T
ESA

∆OD < 0 ∆OD < 0

∆OD > 0
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Figure 2.10: Signal contributions in TA. Upon interaction with the pump beam molecules are excited
from the ground state (|0〉) to the excited state (in this case the first excited state |1〉). Subsequently,
different (new) molecular transitions are accessible by the probe pulse which are classified as ground-state
bleach (GSB), stimulated emission (SE), excited-state absorption (ESA), and in the case of a photo-
induced reaction, product absorption (PA). Additionally, the sign of the observed changes in optical
density (∆OD) as defined via Eq. 2.8.1 are depicted next to each contribution.

sorption [∆OD(T, λ)] into

∆OD(T, λ) =
n−1∑
i=0

εi(λ)ci(T )L. (2.8.2)

In this description, n chemical species interact with an external light-field. The index i
identifies the portion of molecules in the species i with an energetic ascending order.
Different relaxation models to analyze the transient absorption data are illustrated in
Fig. 2.11. On the basis of mono-exponential decaying concentration profiles, the concen-
tration of each species can be parametrized by a mono-exponential decay

cparai (T ) = exp(−kiT ), (2.8.3)

with the rate ki for the transition from the i-th species to the ground state. The reciprocal
of the rate reflects the lifetime τi of the i-th species τi = 1

ki
. The mono-exponential

decaying concentration profiles refer to a parallel (para) model, which is often called
decay model. Applying a sequential rate model (seq) leads to the concentration profiles

cseqi (T ) =
i∑

j=1
bji exp(−kjT ), (2.8.4)
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Figure 2.11: Different relaxation models for the description of deactivation processes in molecules.
In the parallel model (a) the relaxation occurs from the same excited state, while the sequential relax-
ation (b) takes place stepwise from state to state. As molecules often relax in more complicated relax-
ation schemes (mixtures of parallel and sequential relaxation processes) a target model (c) is necessary
to describe the (most probable) deactivation scheme which agrees with the experimental spectroscopic
observations.

with the coefficients bji = ∏i−1
m=1 km/

∏i
n=1,6=j (kn − kj). In the description of a sequential

model, the excitation evolves from one state into the next state and the model is therefore
often called evolution model.

The fitting function for the time-dependent change in absorption in a parallel rate
model ∆ODpara(T, λ) (Fig. 2.11a) reads

∆ODpara(T, λ) =
n−1∑
i=0

DADSi(λ)cparai (T ), (2.8.5)

where the free fitting parameter DADSi(λ) is the decay-associated difference spectrum
of the i-th species. In the sequential model (Fig. 2.11b), the time-dependent change in
absorption ∆ODseq(T, λ) reads

∆ODseq(T, λ) =
n−1∑
i=0

EADSi(λ)cseqi (T ), (2.8.6)

with the free fitting parameter EADSi(λ) which is called evolution-associated differ-
ence spectrum of the i-th species. There is a linear relation between EADS and DADS,
thus only one fitting process needs to be executed to determine both difference spec-
tra (DS) [88]. If a target model (target) other than parallel or sequential model is fitted
to the data (Fig. 2.11c) then the fitting function reads

∆ODtarget(T, λ) =
n−1∑
i=0

SADSi(λ)ctargeti (T ), (2.8.7)
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with the free fitting parameter SADSi(λ), called species-associated difference spectrum
of the i-th species. A target model fit can test whether or not a particular de-activation
pathway of the measured system can be represented with that model. The computation of
DADS and EADS is also referred to as global analysis, due to fitting of kinetics for many
wavelengths instead of fitting kinetics at a single wavelength (local fit). The computation
of SADS is also referred to as target analysis.
In a TA experiment, typically a white-light continuum (cf. Sec. 2.5) is employed

as a probe pulse which allows to detect the relaxation dynamics over a broad spectral
range (≈ 350− 770 nm) [89, 90]. However, white-light probe pulses are strongly chirped.
Hence, the different wavelengths of the continuum interact at different times with the
sample. These variations in time can be corrected easily by measuring TA data in the
pure solvent. For overlapping pump and probe pulses coherent non-resonant processes
(e.g., cross-phase modulation [91–93], two-photon absorption [93, 94], and stimulated Ra-
man processes [89]) lead to the formation of the “coherent artifact” [89, 90, 94]. Raw
data is corrected by fitting the curvature of the coherent artifact with a polynomial func-
tion and shifting the correct arrival times for each wavelength based on the fit. In this
thesis, data correction and analysis was performed by the software package Glotaran and
TIMP [88, 95, 96]. Additionally to the chirp-correction, Glotaran provides the option to
analyze the instrument response function [IRF (T )] by convoluting the results of the rate
models with a Gaussian function, whose parameters are free fitting parameters.

2.9 Coherent Two-Dimensional (2D) Spectroscopy

Coherent two-dimensional (2D) spectroscopy can be qualitatively regarded as an exten-
sion to the previously described TA, by spectrally resolving the excitation energy. In the
following, the vectorial character of all electric fields is neglected to simplify the descrip-
tion. The lowest order polarization which is relevant for both, TA and 2D spectroscopy,
is the third-order polarization

P (3)(~r, t) =
∞∫
0

dt3

∞∫
0

dt2

∞∫
0

dt1S
(3)(t3, t2, t1)

E(~r, t− t3)E(~r, t− t3 − t2)E(~r, t− t3 − t2 − t1). (2.9.1)

In Eq. (2.9.1) the time dependence of P (3) is captured via a systematic variation of the
interactions times t− t3, t− t3 − t2, and t− t3 − t2 − t1 of the extracted electric fields E.
Thus, the real-valued third-order nonlinear response function in the time domain S(3),
which contains the complete microscopic information about the system, can be obtained
by 2D spectroscopy [24]. The response function itself is a real function in which causality
is included, i.e., no response occurs before an interaction takes place.
Figure 2.12 depicts the pulse sequence and time-ordering of 2D spectroscopy. Three

laser beams with the wave vectors ~k1, ~k2, and ~k3 irradiate the sample while a fourth one,
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Figure 2.12: Pulse sequence and time definition
for 2D spectroscopy. Three laser pulses (1, 2, 3) with
their individual wave vectors ~ki excite a sample (not
shown), which emits a 2D signal with the wave vec-
tor ~kS . The timing between the pulses are defined
as coherence time τ (between pulses 1 and 2), pop-
ulation time T (between pulses 2 and 3), and signal
time t (between pulses 3 and the signal).

1 time2 3 signal

τ T t
k1 k2 k3 kS

the signal, is emitted with the wave vector ~kS by the sample [97]. Hence, 2D spectroscopy
is a four-wave mixing (FWM) experiment. In FWM processes the signal is emitted in the
direction determined by the phase-matching condition. The signal emitted in the direction
~kRS = −~k1 + ~k2 + ~k3 is called rephasing (R) part, while the non-rephasing (NR) part is
emitted in the direction ~kNRS = ~k1 − ~k2 + ~k3. The interaction times of the laser pulses
with the sample are restricted to within the pulse envelopes due to a finite pulse duration.
Thus, in a 2D experiment only the pulse envelopes are delayed with respect to each other.
The time interval between interaction 1 and 2 is referred to as coherence time τ , while the
interval between the second and third pulse interaction is labeled waiting or population
time T in accordance with the pump-probe delay in conventional TA spectroscopy (for
which τ = 0, i.e. the pump pulse interacts twice with the sample). The signal detection
time is t.
A 2D spectrum S2D(ωτ , T, ωt) with two intuitive frequency axes (excitation frequency ωτ

and detection frequency ωt) is obtained by a two-dimensional Fourier transform along the
signal detection time t and coherence time τ to yield iP (3)(ωτ , T, ωt) for a fixed population
time T . However, due to the detection with a spectrometer, the signal field ES(τ, T, ωt)
rather than ES(τ, T, t) is detected. Therefore, a second numerical Fourier transform (along
t) is not necessary. The relationship between electric field and polarization is given by [97]

ES(τ, T, ωt) ∼
iωt
n(ωt)

P (3)(τ, T, ωt). (2.9.2)

Hence, performing the remaining Fourier transform along the τ -axis leads to

S2D(ωτ , T, ωt) =
∞∫
−∞

iP (3)(τ, T, ωt)exp(iωττ)dτ. (2.9.3)

A 2D spectrum S2D(ωτ , T, ωt) is a complex-valued quantity. The real part of S2D(ωτ , T, ωt)
describes changes of the absorption, while the imaginary part describes refractive index
variations [98].
In 2D spectroscopy three laser pulses interact with the sample, which lead to a 2D

signal, arising from exactly one interaction with each of the laser pulses. In general, the
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interacting electric field of the laser pulses is expressed as

E(t) = A1(t+ τ + T )e−i[ω1t−~k1~r+φ1]

+ A2(t+ T )e−i[ω2t−~k2~r+φ2]

+ A3(t)e−i[ω3t−~k3~r+φ3] + c.c. , (2.9.4)

with the envelope function Ai, the center frequency ωi, and the temporal phase φi = Φ0 +
ϕ(t) of the i-th laser pulse. Substitution of Eq. (2.9.4) into Eq. (2.9.1) leads to 6·6·6 = 216
terms in total which contribute to the third-order polarization P (3). Additionally, P (3) still
contains contributions that arise from multiple interactions with the same pulse, which
obscure the actually desired 2D signal. Hence, to obtain an isolated 2D signal, the amount
of pulse contributions has to be reduced significantly. Considering the rotating-wave
approximation (RWA) [99], the number of terms that contribute to P (3) is highly reduced.
In RWA only slowly oscillating terms are relevant in the calculation of P (3), i.e., terms
that are modulated with temporal electric-field envelope functions at frequencies ω0−ωeg,
with the carrier frequency ω0 and the transition frequency ωeg, while terms that oscillate
at frequencies ω0 + ωeg are neglected due to the integration [24]. By applying the RWA,
the number of terms is reduced by a factor of 8 to 3 · 3 · 3 = 27.
The number of remaining terms that contribute to P (3) is further reduced by taking into

account the experimental conditions such as beam geometry and pulse ordering. In this
thesis 2D spectroscopy in (partly collinear) pump–probe geometry (2Dpp) and in [fully
noncollinear (nc)] box geometry (2Dnc) is performed.
The desired FWM signal is isolated in the former, 2Dpp, by a systematic variation of the

phases of the collinear excitation pulses 1 and 2, the so-called “phase cycling” [100, 100–
107]. In 2Dnc, the 2D signal isolation is based on the geometrical differences of the wave
vectors of the three beams (~k1 6= ~k2 6= ~k3), the so-called “phase matching” [97, 98].
Both experimental realizations of 2D spectroscopy which were employed in this thesis are
discussed in the following (Subsec. 2.9.1 and Subsec. 2.9.2). Subsequently, similarities
and differences in experimental requirements for performing a 2D experiment are pointed
out (Subsecs. 2.9.3–2.9.7). Lastly, the advantages and disadvantages of both, 2Dpp and
2Dnc, are briefly summarized and compared (Subsec. 2.9.8).

2.9.1 Coherent 2D Spectroscopy in Pump–Probe Geometry

Figure 2.13 displays the principle of 2D spectroscopy in pp geometry (2Dpp). In contrast to
TA, in 2Dpp the excitation pulses (1 and 2) are generated and their time delay (coherence
time τ) is varied by a pulse-shaper. The wave vectors of pulse 1 (~k1) and pulse 2 (~k2)
are identical (~k1=~k2) and only the wave vector of the probe (~k3) differs (~k1 = ~k2 6=
~k3). Consequently, TA contributions where either pulse 1 or 2 interacts twice with the
sample (~kTA = ~k1 − ~k1 + ~k3 = ~k2 − ~k2 + ~k3 = ~k3) are emitted in the same direction
as the desired 2D signal. Furthermore, rephasing kRS = −~k1 + ~k2 + ~k3 = ~k3 and non-
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Figure 2.13: Coherent 2D spectroscopy in pp geometry. Compared to conventional TA (cf. Fig. 2.9)
a pulse shaper is employed which creates a double-pulse sequence, variable in τ .

rephasing ~kNRS = ~k1 − ~k2 + ~k3 = ~k3 contributions are emitted in the same signal direction.
The 2D signal is isolated from TA contributions by “phase cycling” [100, 100–107]. In

phase cycling, a 2D signal S2D(φ21) measured with a distinct phase difference between
pulse 1 and 2 (φ21) contains a weighted [exp(iβφ21)] summation of contributions s(β) from
different processes

S2D(φ21) =
∑
β

s(β) exp(iβφ21), (2.9.5)

with the integer β, which selects rephasing (β = 1) and non-rephasing signal
terms (β = −1), respectively [104, 107]. In order to determine a distinct signal s(β),
it is necessary to perform several 2D experiments to obtain S2D(φ21) with different φ21.
These S2D(φ21) are linearly combined in a 1× L phase-cycling scheme

s1×L(β) = 1
L

L−1∑
l=0

S2D(l ·∆φ21) exp(−ilβ ·∆φ21), (2.9.6)

with the integer l and the phase increment step ∆φ21 = 2π
L

of the phase-cycling scheme.
The value L is the number of phase-cycle intervals and determines the amount of 2D
experiments which need to be performed. Subsequently to the summation in Eq. (2.9.6),
a Fourier transform along τ is required to achieve the desired 2D spectrum. The possibility
of varying the carrier phases of pulses 1 and 2 by a pulse-shaper allows a separate variation
of the phases φ1 and φ2 in the (mask) transfer function

M(ω) = 1
2
[
e−i[ω−(1−γ)ω0]τeiφ1 + eiφ2

]
, (2.9.7)

with the fundamental carrier frequency of the laser pulses ω0. The value γ allows to shift
the experiment from the laboratory frame into the rotating frame [104]. Thus, the signal
oscillation as a function of τ is reduced by a factor of 1

γ
and therefore less data points

are required, as the Nyquist limit is reduced by the same factor. Furthermore, the signal
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Figure 2.14: Coherent 2D spectroscopy in box ge-
ometry. Three excitation pulses (1− 3) arrive at the
sample, which emits a signal field (ES) in the phase-
matching direction ~kS = −~k1 +~k2 +~k3. The 2D sig-
nal is recorded with a spectrometer by heterodyne
detection via a copropagating local oscillator (LO).

can be shifted from the reference frequency (typically the laser frequency) to frequencies
which are less affected by experimental noise due to laser fluctuations and the climate in
the laboratory.

2.9.2 Coherent 2D Spectroscopy in Box-Geometry

As alternative to “phase cycling” for isolating a 2D signal experimentally, a geometric
approach can be employed, the so-called “phase matching” [97, 98]. In 2D spectroscopy
in box geometry (2Dnc) the excitation beams arrive at the sample from different directions
and therefore with different wave vectors (~k1 6= ~k2 6= ~k3) as depicted in Fig. 2.14. Due to
the spatial separation of the excitation beams, their time delays (τ and T ) are adjustable
by mechanical delay stages (described in detail in Ref. [108]) but phase stability between
the pulses is required (see Subsec. 2.9.6). The 2D signal is emitted in the phase-matching
directions ~kRS = −~k1 +~k2 +~k3 and ~kNRS = ~k1−~k2 +~k3 corresponding to the rephasing (R)
and non-rephasing (NR) components, respectively. Hence, the desired 2D signal is a weak
background-free signal, which can be characterized completely by a copropagating local
oscillator (LO, cf. Subsec. 2.9.4).

2.9.3 Chirp in 2D Spectroscopy

In 2D spectroscopy transform-limited laser pulses are desired, as chirped pulses lead to
distortions in the resulting 2D spectra [109]. In TA spectroscopy, algorithms are able to
correct for artifacts resulting from spectral phase of the probe pulses [89, 93, 110] which is
more complicated in 2D spectroscopy as additionally the spectral phases of the excitation
pulses affect the 2D spectrum [111].
In 2Dpp only pulses 1 and 2 are spectral replica (not all pulses as in the employed 2Dnc)

which provides the opportunity to use a white-light continuum to probe contributions
which are spectrally far-off the excitation energies in the 2D spectrum. Especially for
2Dpp in the visible [101, 103, 112, 113] and ultraviolet [114, 115] region this is evident as
electronic transitions typically possess much broader absorption bands than vibrational
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transitions in the infrared [102, 106, 116, 117]. However, the chirp of the probe pulse
has a large influence on the waiting time T and leads to spectral distortions of the peak
shapes in the 2D spectra. Chirp correction is crucial especially for the study of fast
contributions at short population times. Thus, it is essential to correct for the probe
chirp if population times on the order of the probe pulse duration (up to 600 fs for the
used approach) are considered. Chirp correction is described in detail in Ref. [118] and
is qualitatively analogous to the procedure in TA, but needs to be performed for every
recorded excitation energy.

2.9.4 Heterodyne Detection

A highly sensitive detection technique is required to characterize the weak signal field in 2D
spectroscopy. In 2Dpp, the 2D signal is automatically heterodyned as it copropagates with
beam 3. Still, the heterodyne detection can be optimized via polarization discrimination
by setting the orientation of the pump and probe polarizations at 45◦ [103, 106]. Sub-
sequently, an analyzer, which is initially perpendicular to the probe polarizer, is slightly
rotated to provide the desired amplitude of beam 3, which serves as a local oscillator [103].
In this thesis all 2Dpp experiments were performed under magic angle polarization [36]
between the pump (beam 1 and 2) and probe (beam 3) beams.
A common method in 2Dnc is to superimpose the weak signal field with a local os-

cillator (heterodyned detection). This leads to spectral interference (SI) between the
signal field ES and the electric field of the local oscillator ELO [119, 120]. Assuming that
the local oscillator is well characterized and time-delayed by tLO, the spectrally-resolved
intensity ISI(ωt) reads

ISI(ωt) =
∣∣∣∣ES(ωt)eiφS(ωt) + ELO(ωt)eiφLO(ωt)

∣∣∣∣2
= IS(ωt) + ILO(ωt) + 2

√
IS(ωt)ILO(ωt) cos [φS(ωt)− φLO(ωt)] , (2.9.8)

with Ii(ωt) = Ei(ωt)Ei(ωt)∗. The complex signal field ES(ωt) and phase φS(ωt) can
be determined by evaluating Eq. (2.9.8). The qualitative procedure is explained in the
following. Firstly, Eq. (2.9.8) is Fourier transformed, which leads to three peaks in the
time domain. Secondly, a Fourier filter around the time delay tLO isolates the oscillatory
part containing the signal field. Thirdly, an inverse Fourier transform of the filtered
signal is performed. Finally, the signal field is obtained by dividing by the local oscillator
amplitude and subtracting the LO phase. An appropriate delay tLO is necessary which
needs to be large enough to separate the peaks around t = 0 and t = tLO upon the first
Fourier transform, and additionally tLO is required to be small enough to not exceed the
Nyquist limit such that the spectral fringes are still well resolved within the spectrometer.
Both, amplitude and phase of the signal field can be reconstructed by this approach.

Additionally, heterodyne detection is a very sensitive technique. In particular, the direct
measurement of the signal is proportional to IS(ωt). However, heterodyne detection mea-
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sure the signal of an oscillating term which is proportional to
√
IS(ωt)ILO(ωt). Thus, the

detection sensitivity can be increased by
√

ILO(ωt)
IS(ωt) , since ILO is much larger than IS. The

only limitation is the dynamic range of the spectrometer.

2.9.5 Scattered Light

Next to the chirp of the probe pulses (see Subsec. 2.9.3) scattered light distorts 2D spectra.
In 2Dpp scattering contributions can be subtracted by performing a 4−step phase-cycling
scheme [100, 105–107]. In this phase-cycling scheme, unwanted background scatter contri-
butions are subtracted, while the signal is additive for all four signal contributions [106].
For 2Dnc, Eq. (2.9.8) is an idealization, as scattered light from the excitation beams 1, 2,

and 3 is also detected by spectral interferometry, despite the utilization of apertures [98].
Therefore,

I123LO = |E1 + E2 + E3 + ELO + ES|2

= (E1 + E2)∗E3 + (E1 + E2)E∗3 + |E1 + E2|2 + |ES|2

+ (E1 + E2)∗ES + (E1 + E2)E∗S + E∗3ES + E3E
∗
S

+ (E1 + E2)∗ELO + (E1 + E2)E∗LO + |E3 + ELO|2

+ E∗LOES + ELOE
∗
S (2.9.9)

is measured. The electric fields Ei =
√
Ii(ω)exp[i

(
φi(ω) + ωt̃i

)
] contain not only the

phases φi(ω) and intensities Ii(ω), but also an additional phase term ωt̃i. The latter term
results due to the different arrival times t̃i at the detector. Upon Fourier transformation
only contributions from coherent scattering light remain, e.g., the light that contributes
to the same Fourier window by interference with the local oscillator field. Thus, only
contributions from the second-last line of Eq. (2.9.9) have to be taken into account.
Therefore, it is necessary to measure

I3LO = |E3 + ELO|2 (2.9.10)

and
I12LO = |E1 + E2 + ELO|2 (2.9.11)

separately by blocking the other beams (e.g., with shutters). Fourier evaluation of the
signal I123LO − I3LO − I12LO yields the signal field, even if the coherently scattered light
is of the same magnitude as the signal. However, the compensation of scattering light
results in a longer measurement time.
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2.9.6 Phase Stability

Phase stability between the single laser pulses in 2D spectroscopy is essential. For our
implementation of 2Dpp, the excitation pulses (1 and 2) are inherently phase stable, due to
their generation by a pulse shaper and propagation along the same optical path. However,
in 2Dnc mechanical vibrations of individual optical elements may lead to fluctuations of
the individual path lengths of the beams, such that

t̃i → t̃i + ∆t̃i,
t̃LO → t̃LO + ∆t̃LO. (2.9.12)

Generally, these fluctuations introduce distortions of the recorded spectra [98]. These
distortions can be minimized by delaying pulses in pairs via common optics

∆t̃1 = ∆12 + ∆13,

∆t̃2 = ∆12 + ∆2LO,

∆t̃3 = ∆3LO + ∆13,

∆t̃LO = ∆3LO + ∆2LO. (2.9.13)

In the case of pulse 1, the arrival time ∆t̃1 consists of ∆12 and ∆13, where ∆ij is the
time jitter that both pulse i and j acquired during propagation via common optics [47,
98, 121]. Pairwise beam manipulation does not remedy all requirements on the stability
of the optics, as some part of vibrations remain uncompensated, but simplifies the task
to stabilize optics considerably. Alternatively, scattering can be effectively reduced via
double-modulation lock-in detection by the implementation of choppers [122].

2.9.7 Phasing of 2D Spectra

As previously mentioned, 2D spectra are complex valued and consist of an absorp-
tive (real) and a dispersive (imaginary) part (Sec. 2.9). In 2Dnc, the absolute phase
of a two-dimensional spectrum is a-priori not known as uncertainties remain in the signal
arrival time with respect to the local oscillator. This is not the case in 2Dpp as the 2D
signal is created and arrives with beam 3, respectively. In order to determine the absolute
phase in 2Dnc, spectrally resolved TA measurements with the same population time T are
performed.
Phasing removes uncertainties in the interferometric phase relation of the LO with

respect to pulse 3 and its arrival time [98]. The phasing procedure is based on the
projection-slice theorem, which connects the projection of the 2D spectrum with corre-
sponding TA data [97, 123, 124]. The real part of the 2D spectrum is projected onto
the detection (ωt) axis and multiplied by an adjustable phase term eiφc+i(ωt−ω0)tc with the
correction factor for the phase φc and the arrival time tc. The projection of the real part
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of the 2D spectrum

STA
!∝ Re

(
ωt

n(ωt)
EPr(ωt)

∫ ∞
−∞

S2D(ωτ , T, ωt)eiφc+i(ωt−ω0)tcdωτ

)
, (2.9.14)

is therefore fitted to the spectrally resolved TA signal field

STA(T, ωt) = ∆OD(T, ωt)√
Ipr(ωt)

, (2.9.15)

with the change of absorption ∆OD(T, ωt) [cf. Eq. (2.8.1)] and the probe
field

√
Ipr(ωt) [98].

2.9.8 Coherent 2D Spectroscopy in TA vs. Box geometry

In this thesis, 2D spectroscopy is performed in (partly collinear) TA geometry and (non-
collinear) box geometry for different molecular systems. Hence, a brief overview of advan-
tages and drawbacks of both setups in regard to the previously mentioned requirements
is given in the following.
In 2Dpp, the desired 2D signal is obtained via phase cycling [100–107]. Therefore,

the 2Dpp experiment can be easily realized by employing a pulse shaper in the beam
path of the pump beam of a conventional TA setup. In contrast, 2Dnc requires phase
matching [97, 98], which is realized by creating four spatially separated pulse replica by
beam splitters or gratings.
Performing polarization-dependent 2D spectroscopy provides the opportunity to en-

hance and suppress distinct signal contributions in a 2D spectrum [125–127]. While
the excitation beams (pulses 1 and 2) and pulse 3 are spatially separated in 2Dpp, i.e.,
the pump and probe in TA, the polarization between pump and probe beam is easily
adjustable. An individual manipulation of the polarization states of pulse 1 and pulse 2
requires a more sophisticated pulse-shaper device, which is capable of polarization-shaped
multipulse sequences [128]. Due to the spatial separation of all beams in 2Dnc, the beams
can be individually manipulated, e.g., differently chopped or blocked to cancel out un-
desired signals, or adjustable in polarization to enhance specific signal contributions in
polarization-dependent 2D spectroscopy [125–127].
Rephasing and non-rephasing 2D contributions cannot be measured directly in 2Dpp,

but by imposing causality in post data processing both contributions can be retrieved [103,
106]. In 2Dnc, rephasing and non-rephasing contributions are directly accessible by simply
recording negative (non-rephasing) and positive (rephasing) coherence times and detecting
the signal in the phase-matching direction.
In 2Dpp, the 2D signal can be interpreted as a directly heterodyned signal, as the

probe beam (beam 3), initiates the desired 2D signal. Polarization discrimination allows
an amplification of 2D signal by adjusting the amplitude of beam 3 compared to the
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2D signal [103, 106]. In contrast, the 2D signal in 2Dnc is completely characterized by a
fourth beam, the local oscillator, which allows a sensitive signal detection based on spectral
interference [98]. Furthermore, an additional TA measurement in 2Dnc is required for the
phasing procedure, which is irrelevant in 2Dpp.
The implementation of a white-light supercontinuum as a probe beam gives access

to a spectrally broad detection, but requires chirp correction [118], which results in an
increase in the required time for an experiment. For both, 2Dpp and 2Dnc, compressed
excitation pulses are necessary, as chirped pulses produce artifacts and distortions in the
2D spectra [109], which cannot be corrected easily [111].
In comparison, 2Dpp has the advantage of a straight-forward experimental implemen-

tation with a broadband detection. By phase cycling, TA contributions and scattering
contributions can be subtracted for the price of additional measurement time [103, 106].
Performing 2Dnc provides a background-free 2D signal, which gives direct access to non-
rephasing and rephasing signal by measuring negative and positive coherence times, re-
spectively. Additionally, all four beams (including the LO) can be individually mani-
pulated, which provides the option to extract, amplify or suppress different 2D signal
contributions [16, 129], while requiring a phase-stable 2Dnc setup [98].
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Chapter 3

Multichromophoric Merocyanines
The relative orientation of chromophores is a key factor for determining the relation-
ship between structure and functionality in molecular multichromophore assemblies. In
the case of structurally flexible molecular systems one challenge is to rationalize the
relevant effects of accessible chromophore orientations with spectroscopic observations.
Especially for molecules in solution typical approaches like X-ray diffraction and NMR
may not be applicable or comprehensive. In cooperation with the research group of
Prof. Dr. Frank Würthner a series of merocyanine molecules that contain one, two or
three highly dipolar (µg = 13.1 D) dyes in close vicinity is investigated to study the in-
fluence of chromophore–chromophore interactions on the relative orientation of dyes and
the photoinduced dynamics. Structural investigations via electro-optical absorption and
density functional theory reveal a preferential molecular conformation which is driven
by electrostatic interactions between highly polar merocyanines. Relaxation dynamics
are probed via transient absorption and coherent two-dimensional spectroscopy. Further-
more, a general relaxation model is derived which can be applied for all merocyanines
under investigation and can be used as a reference point for other dipolar donor–acceptor
dyes. The intramolecular charge-transfer state of the monomeric merocyanine is stabilized
by dipolar neighbor molecules in the bis- and tris-chromophoric dyes.
This chapter is organized as follows: The molecular series of mono- and multichro-

mophoric merocyanines is introduced in Section 3.1. Then, molecular structure, i.e., the
relative chromphore–chromophore orientation for the multichromophoric systems is inves-
tigated in Section 3.2. Subsequently, the influence of the molecular structure on the relax-
ation dynamics is investigated and discussed in Section 3.3. Chromophore–chromophore
interactions are discussed in Section 3.4. Finally, the results of all experiments are sum-
marized at the end of this chapter in Section 3.5.

3.1 Introduction

Chromophore–chromophore interactions play an important role in the functionality of
supramolecular assemblies. In nature, the structure of these aggregates or polymers, such
as photosynthetic light-harvesting systems or the DNA, is often determined by a particular
molecular matrix environment, for example a protein. In artificially synthesized materials,
the structure may also be due to self-assembly via interchromophore interactions [130]. In
this case, attractive chromophore interactions between single molecules determine the first
step of the chromophore arrangement and orientation. Therefore, these interactions have a
high impact on the resulting supramolecular structure. In reverse, analyzing the molecular
conformation in media allows deducing the interplay between structural arrangement and
chromophore interactions. Furthermore, molecular interactions can serve as a rational
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control in the supramolecular design of functional organic materials for photonics and
electronics.
The determination of molecular structures is commonly performed via X-ray crystal-

lography [131–133] and nuclear magnetic resonance (NMR) spectroscopy [134]. These
contemporary analytic techniques may be limited in the determination of a molecular
structure, as, e.g., ambiguous couplings in the NMR analysis can occur or the molecular
systems do not crystallize well enough for a thorough X-ray analysis. However, even if
molecular crystals are accessible, the crystalline structure depends on conditions during
crystallization such as the solvent and the ambient temperature and might not represent
the preferential molecular structure in solution or other environments, e.g., in particular
for J-aggregates it is not possible at all. Generally, molecules in solution display a higher
structural degree of freedom than in solid phase which is additionally influenced by in-
teractions between solute and solvent. Hence, even a dynamic distribution of molecular
structures might be present.
Next to the aforementioned experimental techniques, theoretical calculations give access

to molecular structures. In this case information is obtained by geometry optimization,
e.g., in DFT calculations [135, 136], providing relative energies of different molecular con-
formations. Hence, the molecular geometry to start the optimization has to be chosen
carefully to avoid local minima. Furthermore, obtained structures might not represent the
actual geometry in solution as the molecular environment is typically neglected. More ad-
vanced theoretical calculations are capable of a molecular structure optimization in media
by modelling the surrounding medium or by including correction parameters based on ex-
perimental results [137]. In consequence, these methods have to face higher computational
costs.
Being confronted by the challenge of structure determination of multichromophoric

molecular systems in solution, for which NMR and X-Ray do not provide unambiguous
observations, linear absorption spectra have been proven to contain valuable structural
information, e.g., by analyzing the orientation and distance dependence with exciton
theory [31] or in the analysis of the aggregation process itself [130, 138–142]. Additionally,
ultrafast laser pulses [143, 144] even in combination with X-ray absorption [145] have been
shown to provide information on the molecular structure.
Merocyanines have been investigated frequently in the context of supramolecular de-

sign due to their outstanding molecular properties, e.g., high dipole moment and strong,
usually narrow-band absorption in the visible. Merocyanines consist of a donor (D) and
an acceptor (A) moiety which are linked by a polymethine bridge, which is variable in
length. These donor–acceptor (D–A) systems can be described by two resonance struc-
tures, namely a neutral polyene structure and secondly, a zwitterionic resonance structure,
due to delocalization of π electrons in merocyanines over D, A, and the polymethine linker.
The equilibrium between these resonance structures depends on the D/A moiety and on
the length of the connecting polymethine link. These structural properties of merocya-
nines allow versatile options of variation and therefore enable fine tuning of electronic and
optical properties. This allows access to a large field of applications, e.g., in biology and
medicine [146], nonlinear optics and photorefractive materials [147, 148], and as organic
p-semiconducting materials in organic solar cells and field-effect transistors [149].
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Figure 3.1: (a) Chemical structures of the studied monomer (1), consisting of an indolenine D and a
thiazol A moiety which is attached to a benzene unit, and multichromophore (2p, 2m, and 3) dyes. Labels
next to the chemical structures describe the number of chromophores. To distinguish the bis-merocyanines
(2), the binding site relative to the other chromophore is labeled additionally (m = meta, p = para). The
chromophores of 3 are all linked to each other in meta position at the benzene unit. (b) Linear absorption
spectra for all dyes dissolved in DCM, displaying strong differences in their absorption maxima (λmax)
and relative absorption band intensities. The experiments of Subsections 3.3.1, 3.3.2, and 3.3.4 were
performed with the laser spectrum depicted in gray. Black arrows and dashed lines indicate the different
laser excitation wavelengths (λex) of spectrally narrow pulses, which were set to determine the effect of
excess energy on the molecular relaxation dynamics (Subsec. 3.3.3).

Furthermore, merocyanine and cyanine dyes often exhibit rather complex relaxation
dynamics in solution. Recent studies of merocyanine and cyanine derivatives revealed
isomerization processes due to a rotation along a double bond of the polymethine
bridge [112, 150–154], as well as ultrafast ring-closure and -opening events from a me-
rocyanine to a spiro compound (ring-closed form) [155–158]. Additionally, it is known
that conical intersections can accelerate the relaxation pathways [159–163], and also the
influence of protonation of merocyanines on the relaxation dynamics was studied [164].
Moreover, the ultrafast deactivation to a hot ground state, strongly depending on the
environment (solvent), was investigated [165].
The present work goes beyond those mono-chromophoric studies and deals with chromo-

phore–chromophore interactions between merocyanine dyes. Typically, these interactions
can lead to shifts of the absorption bands and to changes of their relative intensities.
Thus, a systematic merocyanine series (Fig. 3.1a) was synthesized, beginning with a
single merocyanine chromophore consisting of an indolenine D and a thiazol A moiety.
The A is directly linked to a benzene unit, which allows connecting further chemically
identical merocyanine chromophores. The monomer (1) acts as a reference dye (since in
this case chromophore–chromophore interactions are absent) for the multichromophore
dyes (2p, 2m, and 3). Chromophore–chromophore interactions are introduced for bis-
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merocyanines, which are connected in para (2p) and meta (2m) position to each other,
and a tris-merocyanine (3) for which all chromophores are in meta position to each other.
Figure 3.1b shows the linear absorption spectra in dichloromethane (DCM) of the

investigated merocyanine dyes. In the following, spectral changes in the range from
≈ 500 − 750 nm are discussed. The linear absorption spectrum of the monomer 1 (red
in Fig. 3.1b) displays an absorption maximum at λmax = 633 nm. Furthermore, ad-
ditional absorption bands around 595 nm and 540 nm can be attributed to a vibra-
tional progression of the S0 → S1 transition. In comparison to 1, the para-linked dye
2p (blue in Fig. 3.1b) displays a 12 nm bathochromically shifted absorption maximum at
λmax = 645 nm with a small additional absorption band at 602 nm. The bathochromic
shift of λmax for a two-chromophore system in comparison to a monomer indicates either
a J-type excitonic coupling of the two chromophores [31] or an increased conjugation
length of the π-electron system. In contrast to 2p, the meta-linked dye, 2m (brown in
Fig. 3.1b), displays a hypsochromically shifted absorption maximum at λmax = 626 nm
with an intense additional absorption band at 593 nm. Lastly, the trimer 3 (green in
Fig. 3.1b), for which all three chromophores are in meta position to each other, displays
the most complex absorption spectrum. On the blue edge, the absorption maximum at
λmax = 623 nm with an additional absorption band at 598 nm is similar to the absorption
features of 2m, on the red edge the third bathochromically shifted band at ≈ 652 nm is
more similar to λmax of 2p.
Still, the origin and the nature of the observed chromophore interactions in linear ab-

sorption cannot be inferred easily. Hence, we address the question how chromophore
interactions are reflected in the linear absorption spectra of multichromophoric merocya-
nines. Since such chromophore interactions and relaxation dynamics strongly depend
on the relative chromophore orientation, the molecular structure in solution has to be
determined to be able to resolve the origin of these interactions.
These questions are approached by initially determining the mutual chromophore–

orientation of the multichromophoric merocyanines in Section 3.2. In the following, the
structure-dependant relaxation dynamics are investigated in Section 3.3 to provide a re-
laxation scheme for all investagated dyes. Section 3.4 analyzes the linear absorption
spectra based on the interactions of the chromophores. Finally, the key observations are
summarized in Section 3.5.

3.2 Unraveling the Molecular Structure

In this section, the molecular structure, i.e., the relative chromophore orientations of
the multichromophoric merocyanines, is investigated. The combination of electro-optical
absorption (Subsec. 3.2.1) with density functional theory (Subsec. 3.2.2) provides a molec-
ular structure, i.e., the preferential relative chromophore orientation, for the multichro-
mophoric dyes. These assignments form the basis for the subsequent Sections 3.3 and
3.4, which analyze the influence of the determined molecular structure on the relaxation
dynamics and on the linear absorption.

F. Koch: Structure-Dependent Ultrafast Relaxation Dynamics in Multichromophoric Systems

Dissertation, Universität Würzburg, 2016



3.2 Unraveling the Molecular Structure 45

3.2.1 Electro-Optical Absorption

Electro-optical absorption (EOA) spectroscopy determines the difference in absorption
of a molecular solution with

[
εE(ϕ, ν̃)

]
and without [ε(ν̃)] an externally applied electric

field E, measured with light polarized parallel (ϕ = 0◦) and perpendicular (ϕ = 90◦) to
the field direction of E. The relative change in absorption due to the effect of the applied
external electric field can be described by the quantity L(ϕ, ν̃), which is defined by

L(ϕ, ν̃) = εE(ϕ, ν̃)− ε(ν̃)
ε(ν̃) × 1

E2 . (3.2.1)

It depends on the orientation of the molecules due to their ground state dipole moment
µg, on the shift of the absorption band proportional to the dipole moment difference ∆µ =
µe − µg, with the excited-state dipole moment µe, and on the electric field dependence of
the transition dipole moment µeg(E) [166]. The analysis of the EOA response is conducted
via multilinear regression of the EOA signal, in which spectral features as well as molecular
properties are included. A detailed description of the multilinear regression is given by
Liptay and Wortmann [167–169]. Additionally, information about the molecular µg can
be retrieved by the linear combination

Lp(ϕ, ν̃) = 6[L(0◦, ν̃)− 3L(90◦, ν̃)], (3.2.2)

which is proportional to µ2
g.

Figure 3.2 displays the EOA response and the corresponding Lp values for all investi-
gated dyes. Results of the multilinear analysis are collected in Table 3.1. Depending on
the substitution pattern remarkable changes in the shape intensity of the EOA response
are observable, which are discussed in detail in the following.
In case of 1 a positive electrodichroism [L(0◦) > L(90◦)] is observable (cf. Fig. 3.2a).

This indicates an angle in the range of 0◦ to 54.7◦ between µeg and µg [^(µeg, µg)]. The
linear regression and the wavenumber independence of Lp (Fig. 3.2b) support that only
homogeneously polarized transitions are present. The obtained dipole moments are in ac-
cordance with previously reported values of highly dipolar merocyanine dyes with similar
donor and acceptor moieties [170–174]. Furthermore, the determined ∆µ values can be
used together with µeg values to classify dyes by the square of the resonance parameter c2,
which is calculated, following Wortmann [172], via

c2 = 1
2

1− ∆µ√
4µ2

eg + ∆µ2

 . (3.2.3)

Dyes are classified to be polyene-like (c2 ≈ 0; ∆µ > 0), cyanine-like (c2 ≈ 0.5; ∆µ ≈ 0), or
betaine-like (c2 ≈ 1; ∆µ < 0). Hence, the values c2 = 0.518 and ∆µ = −2.4 × 10−30 Cm
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Figure 3.2: Linear absorption (dashed line) and EOA (ϕ = 0◦: open symbol; ϕ = 90◦: filled symbol)
spectra as well as the multilinear regression (solid line) of 1 (a), 2p (c), 2m (e), 3 (g) chloroform at
298 K. (b) Linear absorption spectrum and the linear combination Lp (open symbol) of all dyes 1 (b),
2p (d), 2m (f), 3 (h) in chloroform at 298 K.

allow the classification of 1 as a cyanine-like dye.
The bis-merocyanine 2p displays a positive electrodichroism [L(0◦) > L(90◦)] in the

EOA spectrum, however with a much smaller intensity than 1 (see Fig. 3.2c). This first
indication for a smaller µg, compared to 1, can be further visualized by the tremendously
diminished Lp (compare Fig. 3.2d). The multilinear analysis reproduces the EOA spec-
trum well, which indicates the homogeneity of the investigated absorption bands, like in
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Table 3.1: Overview of the results of the (electro-)optical properties determined by linear absorption
and EOAa spectroscopy for all dyes in chloroform. For 3, the transition dipole moment µeg, the dipole
moment of the ground state µg, and of the excited state µe, were not determined as the multilinear
regression analysis is not able to fit the experimental data appropriately.

Dye 1 2p 2m 3
λmaxag / nm 637 652 632 630

εmax / m2mol−1 10215 17200 17700 20400
µeg / 10−30 Cm 34.8 48.6 49.2 59.1
µg

b / 10−30 Cm 43.7± 1.0 (‖) 12.2± 0.7 (‖) 20.7± 2.5 (⊥) −
µe

b / 10−30 Cm 41.2± 1.6 (‖) −1.1± 1.6 (‖) 35.7± 2.0 (⊥) −
∆µb / 10−30 Cm −2.4± 1.2 (‖) −13.4± 1.2 (‖) 14.9± 1.8 (⊥) −

aCorrected to give “gas phase” dipole moments by Onsager cavity field correction. [175]
bCalculated under the approximation that ^(µeg, µg) = 0◦ and ^(µeg, µg) = 90◦ indicated by (‖) and (⊥),
respectively.

the case of 1. The analysis of the EOA measurement of 2p thus reveals that two highly
dipolar merocyanine dyes adopt a mean conformation with respect to the central spacer
unit which compensates most of their individual µg. The most efficient compensation of
µg is realized if both individual chromophores of 2p perfectly point in opposite direc-
tions (cf. structure 2p-I in Scheme 1, in contrast to structure 2p-II). In this configuration
two highly dipolar merocyanines are electrostatically favored as the donor moiety of one
merocyanine is in proximity to the acceptor moiety and in remoteness to the donor moiety
of the other chromophore. In such a configuration, 2p would display an inversion center
which would result in µg = 0. However, due to structural flexibility, individual chro-
mophores can break this symmetry and generate a µg which is close to zero, i.e., reduced
vastly compared to the µg of 1. Regarding the spectral changes of L(0◦) and L(90◦) for
2p (cf. Fig. 3.2c), an increasing absorption for L(0◦) is observable which displays a similar
spectral shape as the absorption spectrum of 1. Additionally, a decrease of the absorp-

2p-I 2p-II

Scheme 1: Different conformations of 2p through rotation of one or two chromophores around the
benzene bridge. The structures 2p-I and 2p-II depict anti-parallel and parallel chromophore orientations
for 2p, respectively.
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tion at the low-energetic spectral edge of the absorption band is detectable for both, L(0◦)
and L(90◦). This indicates that the applied electric field results in orientational changes
of the initially isotropic molecular distribution and thereby creating dimeric molecules
with monomeric character, i.e., localized excitation on single chromophores [167, 171].
Hence, the chromophore–chromophore interactions are reduced, or even canceled out, for
a subensemble of molecules, which is observable in the decrease of spectral components in
L(0◦) and L(90◦) at the low-energy edge. Furthermore, for a localized excitation within
a single dimer with an inversion center, µ2p

e = µ1
e − µ1

g would hold [167]. From the deter-
mined values (cf. Table 3.1) it follows that µ1

e − µ1
g = −2.5× 10−30 Cm, which matches the

value for ∆µ from 2p within the estimated error intervall. This indicates once more only
small deviations from a perfectly symmetric configuration with an inversion center (2p-I
in Scheme 1).

2m-I 2m-II 2m-III

Scheme 2: Different conformations of 2m through rotation of one or two chromophores around the
bridge. The structures 2m-I, 2m-II and 2m-III depict different limiting structures of 2m with predom-
inantly parallel (I and III) and anti-parallel (II) chromophore orientation.

The electro-optical response of 2m (Fig. 3.2e) is again reduced in comparison to 1. In
contrast to 1 and 2p, 2m exhibits a negative electrodichroism [L(0◦) < L(90◦)], which
indicates that µeg has an angle between 54.7◦ and 90◦ relative to µg. The decrease in
dipolarity can be further visualized by a smaller Lp (Fig. 3.2f). In contrast to 1 and 2p,
the analysis of 2m does not reproduce the spectral band structure of the EOA spectra,
indicating heterogeneous bands within the linear absorption spectrum. Still, the Lp of
the EOA measurements of 2m leads to the conclusion that the two highly dipolar mero-
cyanine dyes adopt a conformation which compensates most of their individual µg within
the bis-merocyanine. Hence, both chromophores have to point again in predominantly
different directions to reduce the total µg of the dimer (cf. structures 2m-II in Scheme 2,
in contrast to predominantly parallel orientations of structures 2m-I and 2m-III). How-
ever, the dipole moment is not reduced as efficiently as in case of 2p, which might be
rationalized by the closer proximity of both chromophores, since they are oriented in meta
position of the bridging spacer unit within 2m. An orientation of the two chromophores
whose ground-state dipole moments point in predominantly opposite directions is elec-
trostatically favored due to the proximity of the donor moiety of one merocyanine to the
acceptor moiety of the other chromophore and vice versa. Still, due to the meta substitu-
tion pattern an inversion center of the molecular structure is not possible as in the case
of 2p. Spectral changes of the EOA response in 2m are visible at the low-energetic edge,
where both L(0◦) and L(90◦) are increasing (compare Fig. 3.2e). Moreover, L(0◦) displays
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a strong decrease of two spectrally sharp bands at higher energies. Comparing the linear
absorption spectra of 1 and 2m (dashed lines in Fig. 3.2e), the two sharp bands of 2m
resemble how both linear absorption spectra differ. Hence, due to the applied electric
field, localized excitations on single chromophores are created, leading to a decrease of
the spectrally sharp absorption bands of 2m.
The electro-optical response of 3 is again reduced in comparison to 1, exhibiting also

a positive electrodichroism [L(0◦) > L(90◦)]. Experimental data for 3 could not be fit-
ted appropriately by multilinear regression analysis (cf. Fig. 3.2g), which indicates again
heterogeneous bands. The reason might originate from the overlap of multiple differ-
ently polarized transitions of one or several species/conformers present in solution. This
assumption is supported by the energy dependence of Lp (see Fig. 3.2h) over the whole re-
gion of the absorption band. Although a quantitative analysis at this point is not possible
without the knowledge of the individual band shapes of the overlapping transitions, one
can deduce that the overall dipolarity of 3 is, like in the case of the bis-merocyanines 2p
and 2m, reduced. This is in accordance with the assumption that the repulsive electro-
static interactions of the highly dipolar merocyanine dyes leads to a conformation which
compensates most of their individual ground-state dipole moment µg. An efficient com-
pensation of µg could be realized, e.g., by a propeller-like arrangement, where the donor
moiety of one highly dipolar merocyanine is in proximity to the next chromophore. The
EOA response displays two increasing bands for L(0◦) at the spectral positions of the ab-
sorption of 1. Additionally, a decrease in L(90◦) at the low-energy edge of the absorption
of 3 and a spectrally broad band around 1.65× 104 cm−1 can be observed. Again, the
rise of spectral bands in L(0◦) indicates a localization of the excitation but in this case
without the distinct shape of the absorption spectrum of 1. This might be due to the
structural and electrostatic complexity of 3, which might hamper a localization by the
electrostatic field on a distinct chromophore.

3.2.2 Density Functional Theory

In the previous section, distinct structural chomophore orientations were proposed for
the bis-merocyanines, 2p and 2m, based on the spectral changes in EOA measurements
and presumed electrostatic interactions. In order to validate the previously described
observations, density functional theory (DFT, B3LYP/def2-SVP level) calculations were
performed for the mono- (1) and the two bis-merocyanines (2p and 2m). Figure 3.3
depicts the results of the geometry optimization and the resulting electron density for
1, 2p and 2m (starting from different chromophore orientations, i.e., parallel or anti-
parallel).
For 1 the electron density of the highest occupied molecular orbital (HOMO) is localized

on the merocyanine chromophore, without extending over the directly linked benzene unit.
In contrast, the electron density of the lowest unoccupied molecular orbital (LUMO) is
extended over the merocyanine chromophore and the benzene unit. Furthermore, the
transition dipole moment of 1 could be determined to µeg = 34.7 × 10−30 Cm, which
corresponds nicely to the experimentally determined value of µeg = 34.8× 10−30 Cm (cf.
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1

2m

2p

Optimized structure HOMO LUMO

Figure 3.3: Structure optimization (B3LYP/def2-SVP level) of 1, 2p, 2m and electron density of the
related HOMO and LUMO.

Table 3.1).
In the case of 2p, the geometry-optimized structure displays two merocyanine chro-

mophores which are almost in one plane, pointing in opposite directions. The bridging
benzene unit is rotated out of this plane, possibly due to sterical hindrance. Concern-
ing the electron density, a localization, again on the single chromophores, similar to 1,
is observed for the HOMO of 2p. Due to structural symmetry, both merocyanines are
energetically degenerate, which explains why the electron density is located on both chro-
mophores in the HOMO. The electron distribution of the LUMO displays an elongation
from the acceptor moieties of both merocyanine chromophores over the bridging benzene
unit, which is in agreement with the conjugation of the π−electron system. The structural
optimization of 2p thus strongly agrees with the proposed structure (structure 2p-I in
Scheme 1) based on the EOA measurements.
The geometry optimization of 2m leads to an energetically favored anti-parallel orienta-

tion of the two merocyanine subunits (similar to 2m-II in Scheme 2). In this configuration,
the two chromphores point in different directions, similar to 2p, but in this case the chro-
mophores are twisted. Like in the case of 1 and 2p, the electron density of the HOMO
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for 2m is localized on the merocyanine unit. However, in stark contrast to 2p, the local-
ization is only on one of the two merocyanine chromophores. The electron distribution
of the LUMO of 2m is localized also on a single chromophore, with small contributions
on the benzene bridging unit. Importantly, comparing HOMO and LUMO of 2m, the
electron density is located on the other chromophore. Hence, both chromophores of 2m
are not degenerate as for 2p. A possible explanation is the proximity to the acceptor
moiety of the other merocyanine chromophore, thus being in an electrostatically favored
geometry. In further consequence, the donor moiety of the second chromophore is in a
larger distance to the acceptor moiety of the first merocyanine dye.

3.3 Relaxation Dynamics of Multichromophoric

Merocyanines

The previous Section 3.2 provided a structural assignment of the relative chromophore
orientation for 2p and 2m. This section investigates, how the different structures and
corresponding interactions between individual chromophores for the multichromophoric
merocyanines, affect the relaxation dynamics. The relaxation dynamics of the single me-
rocyanine 1 in solution are investigated by transient absorption (TA) spectroscopy (Sub-
sec. 3.3.1) and subsequently compared to both bis- and the tris-merocyanine (Sub-
sec. 3.3.2). The influence of the excitation energy on the relaxation is investigated for all
merocyanines (Subsec. 3.3.3). Furthermore, the results of coherent 2D spectroscopy (Sub-
sec. 3.3.4) in TA geometry are presented. All results of the ultrafast spectroscopy exper-
iments are combined to a relaxation model, which was applied to all investigated mero-
cyanine dyes (Subsec. 3.3.5).

3.3.1 Relaxation Dynamics of the Mono-Merocyanine 1

Figure 3.4a depicts the TA map of 1 (with ≈ 0.3 OD) upon excitation with ≈ 20 fs
pulses centered at 630 nm (see gray spectrum in Fig. 3.1b). Negative signals (blue/black)
in the region of 550 − 750 nm correspond to ground-state bleach (GSB) and stimulated
emission (SE), positive signals (yellow/red) around 400− 550 nm originate from excited-
state absorption (ESA). Initially, an ultrafast (≈ 200 fs) relaxation is observable as the
ESA and SE shift towards longer wavelengths. Subsequently, the signal decays within tens
of picoseconds, resulting in a small remaining signal (≈ 0.75 mOD) of GSB at 633 nm
and photoinduced absorption at 660 nm up to a maximum delay of 3.6 ns. Corresponding
kinetic traces at selected wavelengths are presented in Fig. 5.1b. The initial ultrafast
relaxation is observable through a different signal evolution in the ESA for 500 nm (black)
and 517 nm (red). The shift of the SE is visible as a small initial rise at 660 nm (green)
and 720 nm (pink). Furthermore, oscillatory behavior can be observed at 633 nm (blue,
GSB) during the first 2 ps. To achieve a more detailed interpretation of the relaxation
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Figure 3.4: (a) Chirp-corrected transient absorption (TA) map of the monomer 1 in DCM upon 630 nm
excitation as a function of detection wavelength λ and waiting time T . The T axis is plotted in linear scale
up to 1 ps and logarithmically afterwards. Negative signals (blue/black) in the region of 550 − 750 nm
correspond to ground-state bleach (GSB) and stimulated emission (SE), positive signals (yellow/red)
around 400 − 550 nm originate from excited-state absorption (ESA). The “uneven” vertical signal at
≈ 705 nm is due to a defective pixel of the CCD camera in the spectrometer. (b) Exemplary transients
(included as colored vertial lines in (a) display the time evolution of the signals at certain wavelengths.
Transients are plotted linearly up to 1.1 ps and logarithmically afterwards, which is indicated by a double
break in the T axis, without neglecting data points.

dynamics of 1, we performed a global analysis of the time-resolved data. Five decay times
were prerequisite to fit the data properly. In order to account for permanent remaining
signal contributions, one of the time scales was fixed at 10 ns, which is larger than our
experimentally accessible delay time. The additional time constants for 1 were found to
be τ1 = 213 fs, τ2 = 1.4 ps, τ3 = 10 ps, and τ4 = 17 ps.
Figure 3.5 shows the decay-associated difference spectra (DADS) for 1 upon 630 nm

excitation. The DADS of the ultrafast (213 fs) decay (black) possesses negative contribu-
tions around 535 and 635 nm and positive ones around 505, 675 and 735 nm. The shape
of the DADS for such an ultrashort time constant leads to the conclusion that the system
performs an initial motion away from the Franck–Condon region towards lower-energetic
regions of the S1 potential energy surface (PES). The τ2 = 1.4 ps component (red) displays
a shift towards larger wavelengths in the ESA (510 − 535 nm) and SE (650 − 745 nm)
regions. This process can be assigned to vibrational cooling. The τ3 = 10 ps com-
ponent (blue) displays a small rise of ESA at 435 nm and a loss of ESA at 515 nm.
Furthermore, the SE decays at 658 and 725 nm. The spectral shape of the 10 ps DADS
indicates a shift of the GSB and SE signals to shorter wavelengths as the SE decreases
stronger than the GSB. The τ4 = 17 ps component (pink) has the largest amplitude of all
DADS. Displaying ESA (< 550 nm), GSB (550−−660 nm), and SE (> 660 nm) features,
it describes the decay of excited-state population to the ground state as all contributions
decrease almost completely. The ESA feature can be attributed to the absorption from
the first excited state (S1) to energetically higher-lying excited states (Sn). Furthermore,
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Figure 3.5: DADS and corresponding relaxation
times of 1 in DCM upon 630 nm excitation. Five
time components are necessary to describe the data
properly. The 10 ns time component (green) was
fixed to describe the remaining signal at a maximal
population time of T = 3.6 ns.

the 17 ps component displays a shallow and unstructured SE from 660−750 nm. As men-
tioned above, the τ5 = 10 ns component (green) describes a small remaining signal (< 1
mOD) which consists of a GSB and a photoinduced absorption component at 670 nm.

The transient at 633 nm in Fig. 5.1b displays distinct oscillations with a period of
≈ 200 fs which decay within the first 2 ps. Such behavior was interpreted as wave-
packet motion on the excited-state PES in other merocyanine dyes [152, 153]. Hence, in
order to analyze the observed wave-packet dynamics, the underlying decay contribution
(determined by the global fit of Fig. 3.5) was subtracted from the raw data. The remaining
fit residuals as a function of probe wavelength λ and pump–probe delay T , up to 2.8 ps,
are shown in Fig. 3.6a. Distinct oscillations along T are visible in the ESA region at
≈ 500− 550 nm and in the GSB and SE region at ≈ 620− 750 nm as alternating positive
(yellow/red) and negative signals (blue) along T . Prior to a Fourier transformation along
T , TA data up to T = 50 fs were neglected to exclude distortions in the fit residuals
due to the coherent artifact at T = 0. Figure 3.6b shows the Fourier transform of the fit
residuals along T , yielding two major modes at ν̃ = 190 and 360 cm−1. In the already
mentioned recent study of similar dyes, these two modes were assigned to a torsional
and vibrational stretching motion, respectively [152, 153]. The resulting phase at the
horizontal cut at ν̃ = 190 cm−1 of the Fourier-transformed data is shown in the bottom
of Fig. 3.6b. Two phase jumps of ∆Φ ≈ π are observable at 533 and 666 nm. These
phase jumps correspond to the minimum of the amplitude between the turning points of
an oscillating wave packet as observed in another merocyanine system [152, 153] and also
in other molecular systems [176, 177]. The maxima of the amplitudes can be assigned to
the spectral signatures at the turning points of the wave packet. At one of the turning
points an increased transient population with SE at 642 nm and ESA at 512 nm can be
observed, whereas on the other reversal point the SE at 682 nm and ESA at 543 nm are
enhanced. Thus, we assign the oscillating features to a wave-packet motion in the excited
state, as the signatures appear in the spectral regions of ESA and SE.
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Figure 3.6: (a) Fit residuals of the chirp-corrected TA map of Fig. 5.1a as a function of probe wavelength
λ and delay time T up to 2.8 ps. Data up to T = 50 fs were neglected to exclude distortions of the
coherent artifact. Alternating positive (yellow) and negative (blue) signals along T at ≈ 500 − 550 nm
and ≈ 620−750 nm indicate signatures of a coherent vibrational wave packet. (b) Absolute values of the
Fourier transform (top) of the residuals along T , displaying distinct amplitudes at 190 cm−1 (horizontal
solid line) and 360 cm−1 (horizontal dashed line), respectively. The phase at 190 cm−1 is depicted as a
function of probe wavelength λ (bottom).

3.3.2 Relaxation Dynamics of 2p, 2m, and 3

Transient absorption maps, which were measured under the same experimental conditions
as for 1 (Subsec. 3.3.1), and DADS for 2p, 2m, and 3 are shown in Fig. 3.7. Similar to the
TA map of 1 (Fig. 3.4a), all dyes display a (spectrally) broad ESA (≈ 400− 565 nm) and
combined GSB and SE (≈ 565 − 720 nm) signals. Furthermore, a shift towards shorter
wavelengths is observable from ≈ 10− 100 ps for the GSB and SE band.

Like for the monomer (1) five decay time constants were needed to fit the relaxation
dynamics properly for all other molecules (2p, 2m, and 3). The results of the global anal-
ysis are depicted as DADS (like in Fig. 4.6) in Fig. 3.7 (right) for the multichromophore
dyes. All dyes display similar relaxation dynamics and spectral changes. The ultrafast
relaxation processes occur with ≈ 175 fs and ≈ 1 ps. Subsequently, all dyes are still in
the excited state, deducible from the distinct SE and ESA with a lifetime of 10− 17 ps.
From the latter excited state two different processes are observable: a partial recovery of
the ground state and the appearance of a new ESA at ≈ 400−500 nm, accompanied by a
SE with unstructured, shallow spectral shape. Despite the similar spectral behavior, the
lifetime of the excited state is significantly different for the different molecules as it rises
from 17 ps (1) over 51 ps (2p) up to 77 ps (2m) and 81 ps (3). Furthermore, a 10 ns
component (fixed during global analysis) was needed to describe the small (< 1 mOD)
remaining GSB and photoinduced absorption signal for all dyes.
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Figure 3.7: Left side: TA maps of 2p, 2m, and 3 (from top to bottom) in DCM upon 630 nm
excitation. Negative signals (blue/black) in the region of 550 − 750 nm correspond to GSB and SE,
positive signals (yellow/red) around 400−550 nm originate from ESA. The T axis is plotted with a linear
scale up to 1 ps and logarithmically afterwards. Right side: DADS and relaxation time scales resulting
from global analysis. Five time components are necessary to describe the data properly. The 10 ns time
component (green) was fixed to describe the tiny remaining signal at T = 3.6 ns.

3.3.3 Influence of Excitation Wavelength

In order to investigate the influence of excess energy on the relaxation dynamics, we
performed TA measurements with narrowband (≈ 15− 30 nm) fs laser pulses centered at
540 nm, 595 nm, and 650 nm, as depicted by arrows in Fig. 3.1b. Similar to the 633 nm
excitation in the previous Sections 3.3.1 and 3.3.2, five decay times were necessary to
model the time-resolved data properly. The DADS and relaxation time scales result
from a global fit and are depicted in Fig. 3.8. The general results and interpretation are
comparable to the previous detailed discussion. Hence, here we focus on the qualitative
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Figure 3.8: Overview of DADS and relaxation times (included in the plots) resulting from global
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wavelengths λex (different columns), namely 650 nm (left), 595 nm (middle), and 540 nm (right). The
longest time scale, 10 ns, was kept fixed during fitting to resemble the tiny offset signal for large T values.

trends of the relaxation time scales upon different excitation wavelength.
Comparing the results for the individual dyes in Fig. 3.8 to the previously obersved

relaxation dynamics (cf. Fig. 3.5 and Fig. 3.7), the three longest time components τ3,
τ4, and τ5 (blue, pink, and green DADS in Fig. 3.8, respectively) display similar spectral
and temporal behavior independently of the excitation wavelength. The fixed 10 ns com-
ponent (τ5, green) is necessary to fit the remaining GSB and photoinduced absorption
and does not change with varying excitation energy. Furthermore, τ4 (pink) reflects the
lifetime in the excited state, while the EADS and DADS of τ3 (blue) show the loss of
SE and a decrease of GSB. Comparing the relaxation time scales and spectral behavior,
the three latter relaxation processes (τ3, τ4, τ5) only display minor dependence on the
excitation wavelength.
In clear contrast, the first and second relaxation times τ1 and τ2 (black and red DADS in

Fig. 3.8, respectively) show a significant dependence on the excitation wavelength. For all
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dyes a smaller excitation wavelength (higher excitation energy) leads to a decrease of the
relaxation time scale for both initial relaxation times. The first relaxation time scale τ1
decreases from a few hundred fs down to a sub-100 fs component. Similarly, the subsequent
relaxation τ2 decreases from a few ps at 650 nm excitation down to a sub-ps time scale
at 540 nm. Hence, excitation with higher energy leads to faster initial relaxation. It is
difficult to discriminate one concrete process, which leads to this wavelength dependency,
as it can either imply a relaxation via an energetic barrier which has to be overcome [164],
a different initial starting point on the PES, or it can comprise ultrafast dynamics due to
an intramolecular charge-transfer (ICT) state known to be formed by merocyanines.

3.3.4 Coherent 2D Spectroscopy

Coherent 2D spectroscopy gives access to additional information in comparison to TA
spectroscopy, as not only the detection axis for every waiting/population time T is energy-
resolved, but also the excitation axis. Thus, this auxiliary observable of the correlation
between excitation and detection energy allows direct identification of couplings between
different absorption bands and the influence of the excitation energy on dynamics. More
specifically, one can deduce the energy transfer between different states and observe chem-
ical processes, e.g., a photoinduced isomerization of an initially excited reactant. Coherent
2D spectroscopy was performed in the previously mentioned TA setup with laser excita-
tion pulses depicted in Fig. 3.1 (gray). To obtain 2D data in TA geometry, the coherence
time τ was varied by the pulse shaper, from 0 fs up to 109.5 fs in 1.5 fs steps, for ev-
ery T , applying a three-fold phase-cycling scheme [103, 104, 107, 178]. Purely absorptive
2D spectra were generated by Fourier transformation along τ and taking the real part.
2D spectra for short population times were chirp corrected by measuring T from −600
to +600 fs in steps of 30 fs and subsequently from T = 700 fs to T = 1.3 ps in 100 fs
steps [118]. 2D spectra for population times from 10 to 70 ps were not chirp corrected.
Figure 3.9 shows 2D spectra for all dyes of this study at selected T , ranging from 30 fs

(left column) up to 70 ps (right column). To facilitate the comparison to the previous
TA studies, signals corresponding to GSB and SE (blue/black) are plotted as negative
signals, while ESA contributions (yellow/red) are plotted as positive signals.
At T = 30 fs all dyes display strong diagonal (|ν̃τ | = |ν̃t|, compare black line) signal

contributions, which are coupled to distinct SE features at ν̃t ≈ 1.4× 104 cm−1 and ESA
features at ν̃t ≈ 1.9× 104 cm−1, respectively, rather independently of ν̃τ . With evolving
population time T , the 2D signal for all dyes changes from a diagonally elongated 2D
signal at T = 30 fs to horizontally orientated peaks at T ≈ 1 ps. From T = 1 ps up
to T = 70 ps, besides an overall signal decay, a vertical shift to higher ν̃t of the GSB
and SE signal can be observed. Similar to the observations and interpretations of the
previous TA studies, this shift can be explained by a faster decay of SE, at lower ν̃t than
the remaining GSB, during the relaxation processes. After T ≈ 1 ps all dyes display only
a minor wavelength dependence of the 2D signal. This is in distinct difference to pre-
viously studied merocyanine systems, which displayed excitation-wavenumber-dependent
signatures for a photoinduced isomerization [152, 153]. Thus, coherent 2D spectroscopy
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Figure 3.9: Absorptive 2D spectra for (from top to bottom row) 1, 2p, 2m, and 3, are plotted as a
function of excitation ν̃τ and detection wavenumber ν̃t for selected population times (different columns).
Negative signals (blue/black) are plotted to correspond to ground-state bleach (GSB) and stimulated
emission (SE), positive signals (yellow/red) originate from excited-state absorption (ESA). Contours are
plotted in steps of 5% of the maximal, normalized signal at T = 30 fs.

allows the exclusion of an isomer equilibrium in solution prior to excitation and photoin-
duced isomerization reactions as dominant reaction channels for all investigated dyes of
this study.
Regarding the interaction between the different absorption bands (compare Fig. 3.1)

the 2D signals for the corresponding range (ν̃τ and ν̃t from ≈ 1.5− 1.7× 104 cm−1)
are discussed in the following. The monomer 1 displays two distinct cross peaks at
(ν̃τ , ν̃t) = (1.58, 1.68)× 104 cm−1 and (ν̃τ , ν̃t) = (1.68, 1.58)× 104 cm−1, which correspond
to the absorption maximum at 633 nm and the absorption band of the vibrational pro-
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gression (as coupling to other chromophores can be excluded) at 595 nm, respectively.
Thus, if one of the absorption bands is excited, both bands display a GSB due to the cou-
pling via a common ground state. The diagonal peak at (ν̃τ , ν̃t) = (1.68, 1.68)× 104 cm−1

displays only a small GSB signal which indicates either a fast relaxation to lower energetic
states, a weaker signal due to a smaller extinction coefficient of the higher energetic band
(see Fig. 3.1), or alternatively an overlapping ESA contribution.
Similar to 1, 2p exhibits distinct cross peaks for all T up to 20 ps between its absorption

bands at (ν̃τ , ν̃t) = (1.55, 1.66)× 104 cm−1 and (ν̃τ , ν̃t) = (1.66, 1.55)× 104 cm−1 (645 and
602 nm). Furthermore, a weak higher-energetic diagonal peak at (ν̃τ , ν̃t) = (1.66, 1.66)×
104 cm−1 is observable. The increase in lifetime of 2p compared to 1 can be inferred
indirectly by the stronger remaining 2D signal contributions at T = 70 ps.
2D spectra of 2m display a more complex structure than those of 1 and 2p. Ad-

ditionally to the cross peaks between the absorption maxima (626 and 598 nm) at
(ν̃τ , ν̃t) = (1.60, 1.69) × 104 cm−1, the cross peak (ν̃τ , ν̃t) = (1.69, 1.60) × 104 cm−1 is
only indicated as the signal at ν̃t = 1.60 × 104 cm−1 is elongated to larger ν̃τ . Further-
more, a distinct signal at ν̃t = 1.54× 104 cm−1 is observable up to 1.3 ps, which displays
the coupling from GSB to SE. With evolving population time, the SE decays stronger
than the GSB and ESA, leading to a rather small SE signal contribution with remaining
GSB and ESA at 70 ps.
For 3, the three absorption bands at 652, 623, and 598 nm are already visible in the

2D spectrum at T = 30 fs as diagonal peaks at ν̃τ = ν̃t = 1.53, 1.61, and 1.67× 104 cm−1,
respectively. Furthermore, the coupling between the latter absorption bands is visible as
cross peaks to energetically lower absorption bands below the diagonal (ν̃t < ν̃τ ). Already
at T = 300 fs most of the signal relaxed to a strong combined GSB and SE signal at
ν̃t = 1.53× 104 cm−1. For larger T , the SE decays similar to 1, 2p, and 2m, leading to a
weak SE with GSB and ESA remaining at 70 ps.
In general, 2D spectroscopy of all studied dyes displays the coupling between the differ-

ent absorption bands observed in linear absorption. Due to the pulse duration of τp ≈ 20 fs
and the limited spectral width of the pulses an unambiguous determination of the cou-
pling mechanism (purely excitonic, vibronic, or a mixture of both) of the absorption
bands is difficult. Extremely broadband laser pulses might lead to a clear discrimination
of the origin of the absorption spectra in future studies. Nevertheless, already the current
2D spectra allow us to conclude that there is no significant mixture of isomers in solu-
tion. Furthermore, no indication for a photoinduced isomerization process is observed, in
contrast to previous studies performed on other merocyanine systems [150–153, 155–157].

3.3.5 Relaxation Model

Having described the results of TA and 2D spectroscopy, we now aim at proposing a
general relaxation model for all investigated (multi)chromophoric dyes. Figure 3.10 shows
the relaxation scheme based on the spectroscopic observations for 1, which indeed can
be adapted successfully to all multichromophore dyes (2p, 2m, and 3) as shown below.
Directly upon laser excitation (orange arrow) the population in the first excited state
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Figure 3.10: Relaxation scheme for all studied
dyes based on the performed spectroscopic mea-
surements. Upon vertical S0 → S1 excitation (or-
ange, λex) the energy relaxes via a wave-packet mo-
tion (wiggly arrows) dynamically to a local minimum
on the PES which is described by two initial relax-
ation processes τ1 (black) and τ2 (red). From this lo-
cal minimum the relaxation pathway splits up within
τ3 (blue). Either the system relaxes back to the ini-
tial ground state via pathway a, or it further relaxes
to another minimum via pathway b. From the lat-
ter minimum the relaxation back to the ground state
occurs with τ4 (pink), which determines the S1 life-
time of the dye. Small spectral indications, i.e., the
remaining GSB and photoinduced absorption, sug-
gest a further minor relaxation pathway (gray) to
a long-lived intermediate state that relaxes back to
the electronic ground state with τ5 (green), beyond
our accessible experimental time window. Results of
the target analysis displaying the relaxation pathway
ratios for pathways a and b are stated in the inset.

τ1
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Intermediate

Reactant

S0

S1
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E
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τ3
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τ5

Minor reaction pathway
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b

    a   : b
1  44 : 56
2p  30 : 70
2m  10 : 90
3    10 : 90

(S1) moves away from the Franck–Condon window within ≈ 175 fs, which is reflected in
τ1 (black arrow). Furthermore, vibrational relaxation takes place within ≈ 1 ps (τ2, red
arrow). The first 2 ps of the relaxation processes are accompanied by ultrafast oscillations
with a period of ≈ 200 fs, which can be assigned to torsional and vibrational modes of
1, as previously observed for other merocyanines [152–154]. Therefore, after excitation
the system effectively dissipates excess energy by nuclear motions, namely torsion and
vibration. It should be mentioned that an assignment of two primary relaxation time
scales might be a physically incorrect description as a typical wave-packet motion is a
dynamic and not a kinetic process [165]. However, the description with two kinetic time
constants is sufficient to model the data phenomenologically. After these initial relaxation
steps, the system is still in the excited state, as observable from the SE and ESA features
for all studied molecules. From this stationary point of the PES the proposed relaxation
scheme splits up within τ3 into pathways a and b (labeled blue arrows). Pathway a
directly repopulates the electronic ground state S0, leading to a partial GSB recovery.
Most of the population relaxes via pathway b to another minimum of the excited-state
PES which is characterized by a shallow SE and a new ESA band at shorter wavelengths.
The rise of an ESA band is explicitly observable as a negative contribution in the blue
DADS between 400 and 500 nm for 2p, 2m, and 3 (Fig. 4.6). We assign this state to a
minimum on the S1, which relaxes with τ4 (pink arrow), as it clearly displays ESA and
SE features, in contrast to a supposed hot ground state or a relaxed isomer. Thus, the
relaxation time scale τ4 determines the lifetime of the excited state for all dyes. There
is probably a further pathway (gray arrow) which leads to a long-lived intermediate and
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Figure 3.11: Species-associated difference spectra of 1 (a), 2p (b), 2m (c), and 3 (d) for TA data with
excitation pulses centered at 630 nm (see gray spectrum in Fig. 3.1).

thus to the remaining GSB and photoinduced absorption that may return to the initial
ground state only after times of τ5 > 10 ns (green arrow), compare the DADS in Fig. 4.6.
As the spectral indications of this component are rather small (< 1 mOD), we assign
the latter process to a minor relaxation pathway, perhaps evolving through a conical
intersection [159–163, 179].
To validate and quantify the proposed relaxation scheme in Fig. 3.10, a target analysis

was performed, investigating the branching ratio from the excited state relaxing with
τ3 towards the ground state (pathway a) and towards the additional minimum in the
excited-state PES relaxing with τ4 (pathway b), respectively. As a feedback for the target
it was required that the GSB from the species-associated difference spectra (SADS, see
Fig. 3.11) which relaxes with τ4 (SADS4) should not have a larger amplitude than SADS3.
For 2p and 3 such a behavior of the GSB was observed in some spectral regions, as the
overlapping ESA contributions decay faster. Therefore, we fitted a branching ratio that
could reproduce the GSB at ≈ 650 nm. The ratio b:a (cf. Fig. 3.10) can be interpreted as
an upper limit for the fraction of the excited-state population which relaxes via the longer-
lived second minimum on the excited-state minimum, i.e., species SADS4, compared to
the fraction of the excited-state population which directly undergoes internal conversion
to the ground state. For all investigated dyes this scheme could be applied, leading to the
ratios summarized in the inset of Fig. 3.10. For 1 the target model leads to a relaxation
branching ratio of almost equal amounts in pathways a and b. This result might be affected
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by the similarity of the relaxation time scales τ3 and τ4 for 1. Thus, the contributions of
the relaxation occurring with τ3 and τ4 cannot be distinguished unambiguously. For 2p
a major fraction of the population relaxes by pathway b to SADS4, instead of directly
relaxing to the ground state. For 2m and 3 almost all of the population relaxes via
pathway b. The branching ratios of the dyes echo the trend observed for the lifetimes
nicely, as for the increase of the lifetime from 1, over 2p, to 2m, and finally to 3, the
branching ratios display a favored relaxation by pathway b.
Similar relaxation models with double-minimum excited-state PES were proposed for

other D–A systems, rationalized by a change of electron density or conformation [154, 159–
161, 164, 180–183]. Changes of the electron density occur upon localized excitation, i.e.,
exciting only the D or A moiety of a merocyanine (first minimum), which is equilibrated
with a CT state (second minimum) [180–183]. Hence, the relaxation might occur from
the locally excited or the CT state. For merocyanines which are close to the cyanine-
limit, this szenario is rather unlikely as the delocalization of the electron density does
not change upon excitation [170]. Still, it cannot be excluded that an initially excited
CT state relaxes to an additional CT state which displays a complete charge separation.
Additionally to changes in the electron density, the double minimum on the excited-
state PES was proposed to originate from conformational changes, e.g., a planarized or
twisted structure. Such structural changes break the conjugation of the π-electron system
and might lead to an isomerization as observed for similar merocyanine systems [112,
150–154]. The oscillatory behavior within the first few picoseconds of the relaxation
for 1 indicates enhanced vibrational and rotational motion of the polyene linker upon
excitation. Additionally, the small photoinduced absorption feature up to T = 3.6 ns
indicates an isomerization via the minor relaxation pathway. Thus, the double minimum
on the excited-state PES might be based on structural changes in the excited state, which
is followed by a structural relaxation back to the initially excited conformation.

3.4 Chromophore Interaction and Orientation

The presented results in the Sections 3.2 and 3.3 demonstrate clearly that the chro-
mophores of the bis- and tris-merocyanines under investigation are interacting. This be-
comes obvious from the substantial differences in the linear absorption spectra presented
in Fig. 3.1 already, but also the results of EOA and TA experiments show deterministic
variations; the origin of the chromophore interactions is now discussed.
Within perturbation theory the interaction between chromophores can be distinguished

between the strong and the weak coupling regime, which leads to a delocalized or a
localized excitation, respectively. In the weak coupling regime, the interaction between
chromophores is described either via coulomb interaction or exchange interaction. The
former interaction is characterized by a strong, long-range and through-space coupling,
which leads in the weak-coupling regime to Förster energy transfer [39]. Alternatively,
the coupling is described via exchange interaction, which is a weak, short range and
through-bond coupling. The exchange interaction leads to the so-called Dexter energy
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Figure 3.12: Linear absorption of 1 (red), fitted
by four Gaussians with identical widths (439 cm−1),
and fit result (purple, dashed). Details of the fitting
routine are given in the text.

transfer [40].
The molecules under study are not fluorescent at all, such that Förster energy transfer

is not applicable, leaving us with the possibility of a Dexter-like energy transfer. This
requires a rather close proximity of donor and acceptor chromophore below one nanometer.
Since the benzene bridge is only about 0.4 nm in size this interaction mechanism seems
possible. The corresponding electron transfer from one chromophore to the other would
thus lead to a charge-transfer state in the excited state, which can be elucidated in TA
experiments. The time-resolved results however display a longer excited-state lifetime for
2m compared to 2p while the distance between the chromophores is smaller in 2m (cf.
Table 3.2). Hence, Dexter energy transfer seems also not applicable.
In the case of a strong inter-chromophoric coupling, molecular excitation leads to a

delocalized excitation, which can be treated via exciton theory, following the seminal
work of Kasha [31]. The exciton coupling energy V in dipole–dipole approximation can
be calculated via

V = 1
4πε0

|µA||µB|
R3 [cos(θAB)− 3 cos(θA) cos(θA)] , (3.4.1)

where ε0 corresponds to the dielectric constant in vacuum, while µA and µB correspond
to the two interacting transition dipole moments which are separated by the distance R.
The angles θA and θB refer to the angles enclosed by the respective transition dipole
moment with the connection axis of the point dipoles, and θAB refers to the angle between
both transition dipole moments. In Table 3.2, the corresponding values derived from the
geometry optimization of the DFT calculations (cf. Sec. 4.2) are presented. The results
indicate an exciton coupling energy VDFT for 2m which is roughly twice the one of 2p.
To compare these values with experimental results we turn again to the linear absorption

spectra and try to model these. The spectrum for 1 can be modeled with four Gaussians
corresponding to the S0 → S1 transition and its vibrational progressions. Hence, the four
Gaussians were forced to have the same width. The resulting energetic distances (see
Fig. 3.12) are thus approximately identical. To resolve the excitonic splitting, two more
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Table 3.2: Overview of the determined angles and distances between two chromophores for 2p and
2m based on the structural optimization by DFT. Additionally, the exciton coupling energies, which
are determined by exciton theory VDFT and determined by the fit of Gaussian functions to the linear
absorption spectra Vfit (cf. Fig. 3.13), are given.

Dye θA / ◦ θB / ◦ θAB / ◦ R / Å VDFT / cm−1 Vfit / cm−1

2p 119.50 119.55 0.00 8.39 249 700
2m 105.70 131.53 18.60 7.33 568 647

Gaussians (again with the identical width) were included to model the absorption spectra
for 2p and 2m since no pure H- or J-type coupling can be expected. For this fit the
positions (and widths) of the four Gaussians used to fit the spectrum of 1 were kept fixed
and only their amplitudes were allowed to vary. The results (see Fig. 3.13 and Tab. 3.2)
indicate coupling energies of V 2p

fit = 700 cm−1 and V 2m
fit = 647 cm−1. Both values (Vfit)

are larger than the theoretical ones (VDFT, cf. Tab. 3.2). This observation can be ra-
tionalized by taking into account that VDFT values are based on the geometry-optimzed
structures of the DFT calculations and represent the energetically minimized structures
in the gas phase. Already in the EOA measurements a certain degree of flexibility and
structural distribution could be deduced. Therefore, to evaluate the influence of the rel-
ative chromophore orientation on V , the exciton splitting energy for slight deviations of
the DFT results were calculated. In these calculations of V one chromophore of the bis-
chromophoric systems (2p and 2m) was fixed in space with the coordinates obtained by
DFT. Figure 3.14 depicts the chemical structures and calculated V by variation of the
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Figure 3.13: Linear absorption (blue and brown), four Gaussians with the positions of the fitted
absorption spectrum of 1 (black, dashed) with optimized amplitudes (see Fig. S3 and Tab. S1), and
additional two gaussians to represent the excitonic bands (red, solid) for 2p (a) and 2m (b), respectively.
The fit result for both dimers is shown in dashed pink lines. Details of the fitting routine are given in
the SI.
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Figure 3.14: Molecular structure and exciton splitting energy V in dependence on the chromophore
tilting angle ϕ and the rotation angle γ for 2p (a) and 2m (b), respectively. For the calculation of V
the optimized structures of the DFT calculations were set as starting geometries (marked as crosses in
the center of the lower two maps). Subsequently, one chromophore was fixed in this geometry, the other
chromophore was varied in ϕ and γ. The resulting R, θAB , θA, and θB values were utilized to calculate
V via Eq. 3.4.1.

second chromophore by its tilting angle γ and rotation angle ϕ (which are not identical
to θAB, θA, and θB, but determine the latter angles and R for Eq. 3.4.1). While V of
2p only displays minor changes in the variation of γ, a distinct dependence on ϕ can be
observed. Changes of ϕ of ≈ 10◦ easily approach V ≈ 700 cm−1, which are obtained by
V 2p
fit (cf. Tab. 3.2). In contrast, 2m displays strong variations in V in dependence on

both angles, ϕ and γ. This observation can be rationalized by the proximity of the two
chromophores in 2m. Similarly to 2p, V 2m

fit are accessed by small variations of ϕ and γ
by ≈ 10◦ of one chromophore. As only one chromophore is varied in its orientation to
the fixed other chromophore, it should be pointed out that large V values are accessible
already by the flexibility of one chromophore and are even more probable for variations
of both chromophores.
The fits of the linear spectra of 2p and 2m (cf. Fig. 3.13) can be interpreted as

quasi-flexible systems which consist of a contribution of a “monomer” and a “dimer”
spectrum. For distinct relative chromophore orientations, V might be rather small and
negligable compared to the absorption bandwidth and the merocyanine dimer displays a
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monomer-like absorption spectrum. In contrast, small variations in the tilting angle lead
to rather large V values which can be described by exciton theory [31]. Additionally, the
strong interaction between the chromophores leads to a distinct increase in excited-state
lifetime as observed by TA spectroscopy. The flexibility of the molecular systems and
the accompanied influence on the linear absorption spectra make it comprehensible why
an unambiguous structural characterization by NMR and X-ray can be difficult or even
impossible, like in this case, for such systems.

3.5 Conclusion

Molecular structure determination is a fundamental step in the investigation of reaction
mechanisms and supramolecular design. Experimental and theoretical approaches pro-
vide excellent tools for the determination of energetically stable structures. Still, each
approach exhibits its own limitations, e.g., a crystal structure depends on the crystal-
lization conditions, couplings in NMR may be absent, and DFT geometry optimization
can approach a local and not the global minimum of a molecular structure. Alternative
approaches are helpful to investigate interactions between chromophores, and thus obtain
insight into structure and function.
Electro-optical absorption (EOA) provided structural information for multichro-

mophoric merocyanines by measuring the dipole moments in the excited and ground
states. Additionally, spectral changes indicated a localization of the excitation on a single
chromophore by the applied external electric field in dimeric compounds. These ob-
servations led to a conformational assignment for the multichromophoric system that
compensates most of the ground-state dipole moment of the individual chromophores.
This structural assignment could be supported by DFT calculations. Starting from

different geometries, the para-substituted dimer (2p) displayed the energetically most
stable conformation with the two chromophores pointing in mutually opposite directions.
For the meta-substituted dimer (2m) an orientation for which both chromophores point
in different directions was observed.
Additionally, transient absorption and 2D spectroscopy data led to a relaxation model

which described all measurements. The relaxation model comprises two local minima in
the first excited state. Directly after laser excitation a coherent wave packet could be
observed, which relaxes into the first local minimum. From there the relaxation splits
up either directly towards the ground state as internal conversion or towards another
local minimum. This second local minimum on the potential energy surface is assigned
to an intramolecular charge-transfer (ICT) state. Due to the varying substitution pattern
with dipolar chromophores in the neighborhood the ICT state is stabilized in different
amounts, leading to a strong variation in excited-state lifetime.
Lastly, by analyzing the effect of chromophore orientation on the exciton splitting en-

ergy (V ), it could be shown that experimentally observed values are accessible by slight
changes of the relative chromophore orientation. The linear spectra thus display a super-
position of monomeric and excitonic contributions validating the conclusions from EOA,
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DFT, and TA spectroscopy. By combining experimental results (EOA and TA spec-
troscopy) and calculations (DFT) all information are funneled with the help of exciton
theory into an extended understanding of a flexible multichromophoric molecular system
in solution. This approach will lead also to valuable results for other comparable molec-
ular systems and might be a useful tool for elucidating new insights into supramolecular
design.
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Chapter 4

Energy Transfer Between Squaraine

Polymer Sections
In comparison to the previous studied mono-, di- and trimer merocyanines in Chapter 3,
the polymeric squaraine dyes investigated in this chapter display an increasing structural
complexity. Still, squaraines and merocyanines are highly related as both are classified
as cyanine-like chromophores. The work presented in this chapter is a cooperation with
the research groups of Prof. Dr. Christoph Lambert, who previously synthesized the
polymer [184] and performed transient absorption experiments, and the group Prof. Dr.
Roland Mitrić, who performed advanced density functional theory calculations. The con-
tent of Sections 4.1–4.5 has previously been published in Ref. [3].
The absorption spectrum of the investigated squaraine polymer indicated the presence

of two different structural species within a polymer. Hence, this unique situation provides
the opportunity to study the relaxation and interaction of different structural segements
within a single polymer strand. These observations allow a comparison of squaraine
polymers to other polymers based on very small monomers, e.g., MEH-PPV, which is
studied in Chapter 5.
After a brief introduction and literature overview of conjugated polymers in Section 4.1,

computations are presented in Section 4.2, which confirm the previously assigned features
in the linear spectra to zigzag and helix segments within the squaraine polymer. Subse-
quently, TA experiments and both the affiliated global and target analysis is presented,
which describes the complex relaxation within and between the different structural con-
firmations of the polymer. In addition, coherent 2D spectroscopy in Section 4.4 confirms
the ultrafast relaxation dynamics. Lastly, the results are summarized in Section 4.5.

4.1 Introduction

For the development of various optoelectronic devices, e.g., organic photovoltaics, under-
standing energy-transfer processes in conjugated polymers is essential [185–194]. Low-
molecular-weight polymers typically exhibit structural flexibility on timescales of several
nanoseconds. In contrast, conjugated polymers may behave totally differently due to
their larger molecular weight, which leads to slower structural dynamics. Additionally,
conjugated polymers usually display a distribution of local conformations, which influ-
ences ultrafast dynamics of electronic processes in optical devices, e.g., exciton diffusion
or charge migration [195–205]. In order to understand fundamental properties of conju-
gated polymers, it is crucial to gather insights into the relation of electronic processes
in conjugated polymers and their microscopic or superstructure in solution and in the
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solid state [206]. Studying conjugated polymers in solution allows a restriction to de-
fined polymer structures. These results can be attributed to properties of local structures
within a bulk material [207–211]. However, the information of the influence of different
local structures within a single polymer strand is still lacking. The latter information
is rather important as conjugated polymers display a variety of local structures, which
complicates the assignment of discrete energy transfer processes, as e.g., indications for
energy transfer along a polymer strand (intramolecular energy transfer) and between
different polymers (intermolecular energy transfer) may overlap. Studying conjugated
polymers under diluted conditions excludes interactions between different polymers (e.g.
intermolecular energy transfer), thus, allows to study different local structures within a
single polymer chain. Recently studied squaraine homopolymers under diluted conditions
displayed a different amount of zigzag and helix segments within a single polymer strand
depending on the solvent [184, 212–215]. Hence, squaraine homopolymers allow a detailed
investigation of photo-induced dynamics within a conjugated polymer strand depending
on the local superstructure, which can be tuned by the choice of the solvent.
Generally, polymeric low-molecular-weight squaraines have gained much attention in

recent years [216] due to their cyanine-like behavior, i.e., strong and narrow absorption
in the red of the visible spectrum, and intense fluorescence with a rather small Stokes
shift [217–222]. These properties are advantageous for many applications, ranging from
dye-sensitized solar cells and organic photovoltaic applications [212, 223–245] to ion sen-
sors [246–250] and biolabeling [251–259]. Polymers based on very small monomers as
styrene (e.g. MEH-PPV) or tiophene (e.g. P3HT) display completely different optical
behavior from their monomers [260]. On the other hand, squaraine polymers and co-
polymers are based on monomers which already display a narrow and strong absorption
in the red of the visible spectrum [184, 212–215, 261]. The optical properties of polymeric
squaraines can be explained by excitonic coupling of the transition moments of localized
squaraine chromophores. In general, this leads to a broad and red-shifted absorption
spectrum (compared to the monomer), which reflects the excitonic manifold of states.
Figure 4.1 depicts the linear absorption spectra of the monomer and conjugated

polymers in different solvents. Depending on the solvent, the squaraine homopolymer
[SQB]n (Mw = 46700, PDI = 1.8, and Xn = 36) displays different spectral features [184].
The latter observations can be used to assign the polymer structure by exciton coupling
theory. In dichloromethane (DCM) and chloroform (CHCl3) the polymer displays a red-
shifted absorption compared to the monomer. The latter observation can be explained by
a stretched conformation due to a J-aggregate behavior, i.e., a head-to-tail arrangement
of transition moments. In contrast, the polymer displays a helix structure in acetone,
which displays a blue-shifted absorption (compared to the monomer) of the most intense
absorption of the exciton manifold due to a H-aggregate behavior, i.e., a face-to-face ar-
rangement of transition moments [213]. In dimethylformamide (DMF) a mixture of both
superstructures is present within one polymer. The assignment of these superstructures is
based on calculations (semiempirical AM1 method) of different structural models whose
calculated absorption spectra (INDO method) were in agreement with expermeintal ab-
sorption spectra by superimposing different ratios of zigzag and helix conformations in
different solvents. Although this description is highly simplistic, it is able to explain the
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Figure 4.1: Chemical structure and proposed polymer structures of [SQB]n (a). Absorption spectra of
the monomer and the polymer in diverse solvents (b). Gray dashed lines in (b) indicate the excitation
wavenumbers of the transient absorption experiments in Section 4.3. Adapted with permission from
Ref. [3]. © (2015) American Chemical Society.

main spectral features very well.
The results of this chapter are the result of a cooperation with the research group of Prof.

Dr. Christoph Lambert, University of Würzburg, where the investigated compounds were
synthesized and transient absorption (TA) spectroscopy was performed. In the following,
the structural assignment of zigzag and helix sections for [SQB]n is investigated by more
elaborated DFT calculations (Section 4.2), performed by the group of Dr. Roland Mitric,
University of Würzburg. Subsequently, the relaxation dynamics of [SQB]n in DCM and
DMF are compared by transient absorption (TA) spectroscopy (Section 4.3). In addition
to TA spectroscopy, a global target analysis determines a relaxation model for [SQB]n
providing information about the relaxation with different domains of the exciton manifold
and the energy transfer dynamics between zigzag and helix segments within the polymer
strand. Lastly, the results from the global target analysis are supported by coherent
two-dimensional (2D) spectroscopy (Section 4.4).

4.2 Computations

Optical spectra of the zigzag and helix conformation of the model [SQB]n hexamer
([SQB]6) were calculated by long-range-corrected tight-binding time-dependent density
functional theory (lc-TDDFTB) [262]. For a detailed description of lc-TDDFTB and
the performed optimization procedure based on previously performed semiempirical AM1
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Figure 4.2: Calculated absorption spectra and transition densities for the three most intense transi-
tions of the helix (a and b, respectively) and zigzag (c and d, respectively) transition densities for the
superstructure of a model [SQB]n hexamer ([SQB]6). The labels H1–H3 and Z1–Z3 denote the three most
intense transitions for the helix and zigzag conformer, respectively. (e) Comparison of the theoretical
normalized absorption spectra for both conformers. Adapted with permission from Ref. [3]. © (2015)
American Chemical Society.

calculations [184], the interested reader is referred to the references [3] and [262].
Figure 4.2a depicts the calculated absorption spectra for the helix superstructures

of [SQB]6. The absorption spectrum consists of six transitions with a bandwidth of
≈ 1750 cm−1 from the highest to the lowest energy transition. The most intense transition
is located at 10600 cm−1 (assigned to the H1 state), accompanied by two additional weaker,
lower energetic bands at 10300 cm−1 (assigned to the H2 state) and 9980 cm−1 (assigned
to the H3 state), respectively. These three bands arise due to the electronic coupling
between the first excited states of six individual monomeric units. Thus, the bands can
be attributed to the first exciton manifold. Furthermore, the excitonic character for
H1−H3 is illustrated by calculated transition densities shown in Fig. 4.2b. The transition
densities for all three states (H1−H3) are delocalized along the helix structures and differ
by the sign (phase) on the individual monomeric units.
Figure 4.2c shows the calculated absorption spectra for the zigzag superstructure of a
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Figure 4.3: Calculated absorption spectra of the squaraine (a) 12mer ([SQBn=12]) and (b)
22mer ([SQBn=12]). Red and blue curves correspond to the zigzag and helix conformations, respectively.
The peak intensities have been normalized to unity, and the lines have been broadened by a Lorentzian
function with the width of 1000 cm−1. Adapted with permission from Ref. [3]. © (2015) American
Chemical Society.

model SQB hexamer. In contrast to the helix structure, the six transitions of the extended
zigzag conformer display a narrower bandwidth of ≈ 1200 cm−1, which is in agreement
with the linear absorption spectra in Fig. 4.1. The most intense transition is located
at 9000 cm−1 (assigned to the Z1 state), accompanied by two weaker, higher energetic
absorption bands at 9280 cm−1 (assigned to the Z2 state) and 9600 cm−1 (assigned to
the Z3 state). Figure 2d depicts the transition densities for the Z1–Z3 states, which
are delocalized over the extended structure and reflect the coupling of transition dipole
moments on individual monomers. In the case of the most intense transition (Z1), all
monomers are coupled in a head-to-tail manner. All transition dipole moments point in
the same direction, which is characteristic for a J-aggregate behavior.
The calculated absorption spectra for both superstructures, i.e., helix and zigzag, are

juxtaposed in Fig. 4.2 next to each other. The elongated structure displays a strongly
red-shifted absorption with respect to the helix conformation. Structural assignments
for the conjugated polymers can be performed by comparing the results of the theoreti-
cal approach with the experimental absorption spectra. Hence, the absorption spectrum
of [SQB]n in solvents, as e.g., DCM (red in Fig. 4.1) can be assigned to a predominant
zigzag structure. In the case of [SQB]n in acetone (blue in Fig. 4.1) and DMF (green
in Fig. 4.1), the calculations support the assignment of a predominant helix conforma-
tion. Additionally, these assignments are supported by calculations of larger oligomers
containing n = 12 and n = 22 units, as depicted in Fig. 4.3a and Fig. 4.3b, respectively.
A slight blue-shift of the absorption spectra can be observed for an increasing number of
oligomer units n. Furthermore, the difference between the absorption maxima for helix
and zigzag increases with increasing n: in the case of [SQB]n=12 the spectral difference is
3000 cm−1, and increases for [SQB]n=22 to ≈ 4000 cm−1. The latter energetic difference
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of the absorption maxima is in good agreement with the absorption maxima of [SQB]n
dissolved in DCM and acetone in Fig. 4.1.

4.3 Transient Absorption

4.3.1 Transient Absorption Experiments

TA spectroscopy of [SQB]n (with an optical density OD ≈ 0.3 at the respective excitation
wavenumber) was performed with excitation pulses generated by an OPA either centered
at 13200 or at 15200 cm−1 (compare gray, dashed lines in Fig. 4.1) and probing by a
white-light continuum. The instrumental response was ≈ 110 fs as determined by fitting
the coherent artifact signals of the pure solvent. In order to avoid multiphoton absorption
effects, the measurements were done at either 50 or 100 nJ pulse−1.
Figure 4.4a depicts selected difference spectra (DS) of [SQB]n in DCM upon exciting the

highest ε of zigzag segments at ≈ 13200 cm−1. The DS display the strongest GSB signal
at ≈ 13000 cm−1, with additional, much weaker GSB contributions at ≈ 15000 cm−1 and
≈ 25000 − 26000 cm−1. Furthermore, a spectrally broad, but weak ESA contribution
is present between ≈ 16000 cm−1 and ≈ 24000 cm−1. With evolving waiting time T ,
all these contributions decay without large spectral changes. Transients at 12900 cm−1

and 15200 cm−1 in Fig. 4.4b approximately reflect the relaxation of excited zigzag and
helix conformations of [SQB]n, respectively. This assignment is supported by TDDFT
computations in Sec. 4.2. Thus, upon 13200 cm−1 excitation, zigzag segments which
relax to the ground state are excited almost exclusively.
Figure 4.4c shows the DS of [SQB]n in DCM upon excitation of the fewer polymer

sections which possess a helix conformation at 15200 cm−1. The DS upon 15200 cm−1

excitation display similar spectral features as upon 13200 cm−1 excitation (Fig. 4.4a),
e.g., a strong GSB feature at ≈ 13000 cm−1. In contrast to the latter experiment, a
distinct GSB at ≈ 15000 cm−1 is observable at T = 0.58 ps (blue DS in Fig. 4.4c), which
probes almost exclusively excited helix conformational units. The GSB at 15000 cm−1

decays more rapidly than at 13000 cm−1 as observable in the transients at 15200 cm−1

and 12900 cm−1 in Fig. 4.4d, respectively. Initially, the transient at 15200 cm−1 decays
rapidly within the first ps (marked by a red circle in Fig. 4.4d) and subsequently decays
similar as in the case of 13200 cm−1 excitation (see transients at 15200 cm−1 in Fig. 4.4b
and Fig. 4.4d, respectively). Hence, after 1 ps the DS display the relaxation dynamics of
excited zigzag sections. This observation indicates an energy transfer from initially helix
structures to zigzag structures along one polymer strand (intramolecular energy transfer)
within the first ps. The alternative explanation for the relaxation dynamics after 1 ps
by a parallel excitation of helix and zigzag conformers can be excluded as it would not
explain the rapid and strong decay of the 15200 cm−1 signal. Additionally, energy transfer
between different polymer strands (intermolecular energy transfer) can be ruled out due
to the very diluted experimental conditions.
In order to further investigate the influence of different superstructures within one poly-
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Figure 4.4: Selected (stray light and chirp corrected) transient absorption spectra and selected time
traces with global fit (red lines) of [SQB]n in DCM at 13200 cm−1 pump wavenumber (a, b) and at
15200 cm−1 pump wavenumber (c, d). The probe wavenumbers of the transients are depicted by gray
dashed lines in the diagrams of the transient absorption spectra. Adapted with permission from Ref. [3].
© (2015) American Chemical Society.

mer strand on photo-induced dynamics, TA experiments with 13200 cm−1 and 15200 cm−1

excitation were additionally performed for [SQB]n in DMF. In DMF, the polymer strands
of [SQB]n predominantly possess a helix conformation. Figure 4.5a depicts the DS
of [SQB]n in DMF upon 13200 cm−1 excitation. The DS display a strong GSB at
≈ 13200 cm−1 with additional weaker GSB and ESA features at higher wavenumbers
similar to the previous TA experiments for [SQB]n in DCM (Fig. 4.4). Within the first
ps, the GSB at ≈ 13200 cm−1 displays a small red-shift and decays to ≈ 2/3 of its initial
signal intensity. At the same time, the GSB at ≈ 15000 cm−1 grows in, which is depicted
in the transient at 15200 cm−1 in Fig. 4.5b (marked by a red circle). Within the first 10 ps,
the GSB intensities at ≈ 13000 cm−1 and ≈ 15000 cm−1 display a change in magnitude.
For T > 20 ps the GSB at ≈ 13000 cm−1 almost disappeared. Thus, almost exclusively
GSB of excited helix segments remain, which indicates energy transfer from zigzag to

F. Koch: Structure-Dependent Ultrafast Relaxation Dynamics in Multichromophoric Systems

Dissertation, Universität Würzburg, 2016



76 4 Energy Transfer Between Squaraine Polymer Sections

400500600700
λ / nm

800

15000 20000 25000
~

-100

-50

0

∆m
O

D

0.79 ps
1.29 ps
2.69 ps
7.12 ps
22.2 ps
56.5 ps

-20

0

-40

0

0.1 1 10 100 1000
T / ps

∆m
O

D 13000 cm-1

15600 cm-1

-40

-80

-40

0

-80

0

-20

0.1 1 10 100 1000
T / ps

∆m
O

D 13000 cm-1

15600 cm-1

-10

-30

0.50 ps
1.30 ps
2.69 ps
27.8 ps
57.9 ps

(a) (b)

(c) (d)

400500600700
λ / nm

800

15000 20000 25000
ν / cm-1~

-100

-50

0

∆m
O

D

[SQB]n in DMF
νex = 13200 cm-1~

[SQB]n in DMF
νex = 15200 cm-1~

ν / cm-1

Figure 4.5: Selected (stray light and chirp corrected) transient absorption spectra and selected time
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© (2015) American Chemical Society.

helix structures.

Figure 4.5c depicts the DS for [SQB]n in DMF upon 15200 cm−1 excitation. Hence, in
this experiment, almost exclusively helix segments are excited. Initially, the DS display a
pronounced GSB at 15600 cm−1 and ≈ 13000 cm−1, respectively. The former GSB signal
decays within the first 100 fs and from then on more slowly as depicted in the 15200 cm−1

transient in Fig.4.5d. In contrast, the transient at 12900 cm−1 does not display a very
rapid decay at the beginning, but decays much faster overall at later times than the GSB
at 15200 cm−1. From 20 ps on, the DS only display a strong GSB at ≈ 15600 cm−1.
Thus, almost exclusively excited-state population of helix conformers are probed.
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Figure 4.6: Decay-associated difference spectra (DADS) and associated lifetimes of [SQB]n in (a) DCM
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American Chemical Society.

4.3.2 Global Analysis

The performed TA experiments in DCM and DMF with predominantly excitation of
zigzag and helix segments of [SQB]n, respectively, indicate energy-transfer processes from
helix to zigzag sections (TA in DCM upon 15200 cm−1 excitation, Fig. 4.4c,d) and from
zigzag to helix sections (TA in DMF upon 13200 cm−1 excitation, Fig. 4.5a,b). These
observations should only be valid if the energetic lowest excited state has zigzag structure
in DCM and helix structure in DMF. A global analysis was performed to determine the
number of spectral components of the transient maps. Figure 4.6 depicts the DADS and
corresponding timescales resulting from the global analysis for all TA experiments. Five
decay components were the prerequisite to properly reproduce the relaxation dynamics
in each TA experiment. The fifth decay component displays only a very small amplitude,
which was necessary to fit the remaining signals at ≈ 2 ns and will be neglected in the
following.
The initial DADS (τ1 = 110 fs, black in Fig. 4.6a) corresponding to the TA experiment

in DCM upon 13200 cm−1 excitation displays a strong negative signal at 13000 cm−1

and a positive signal at ≈ 12500 cm−1. Such a derivative shape indicates a spectral
shift which is furthermore observable at spectral changes in the range from 15000 −
27000 cm−1. Subsequent DADS (DADS2-DADS4) display a similar spectral shape with
a pronounced negative amplitude around 13000 cm−1. Hence, upon excitation of the
exciton manifold at 13200 cm−1, an initial relaxation to the lowest excitonic state takes
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place within τ1 = 110 fs. From the latter state the system undergoes structural relaxation
with τ2 = 650 fs (red in Fig. 4.6a) and 4.0 ps (blue in Fig. 4.6a). Finally, the relaxation
to the ground state takes place with τ4 = 30 ps (green in Fig. 4.6a).
Figure 4.6b depicts the DADS for the TA experiment in DCM upon 15200 cm−1 ex-

citation. In contrast to the previous analysis, the shortest lifetime (τ1 = 70 fs, black in
Fig. 4.6b) displays a pronounced negative signal at 15200 cm−1 and a positive amplitude
around 13000 cm−1. One possible explanation would be a direct deactivation of the helix
species to the ground state, which is quite improbable on this ultrafast timescale. Thus,
the initial dynamics indicate an ultrafast energy transfer from the helix to the zigzag seg-
ments. Subsequent dynamics (DADS2-DADS4) are similar to the DADS upon 13200 cm−1

excitation described above.
The DADS for TA experiments in DMF exciting at 13200 cm−1 are shown in Fig. 4.6c.

The two initial dynamics τ1 = 160 fs (black DADS in Fig. 4.6c) and τ2 = 1.9 ps (red DADS
in Fig. 4.6c) display a negative signal at ≈ 13000 cm−1, similar to the TA experiment in
DCM upon 13200 cm−1 excitation. However, the DADS corresponding to τ3 = 5.6 ps (blue
DADS in Fig. 4.6c) displays two negative signals, one at ≈ 13000 cm−1 and an additional
one at ≈ 15200 cm−1. The latter signal is even more pronounced and shifts to higher
wavenumbers at the DADS with τ4 = 40 ps (green DADS in Fig. 4.6c). The signal
at ≈ 15000 cm−1 grows in accompanied by the loss of the signal at ≈ 13000 cm−1.
Thus, the energy from initially excited zigzag segments transfers to helix segments with
1.9 ps is indicated. Subsequently, the photo-excited polymer conformational units undergo
structural relaxation with 5.7 ps and decay to the ground state with 40 ps. These processes
are somewhat slower in DMF than in DCM.
Figure 4.6d depicts the DADS for [SQB]n in DMF upon 15200 cm−1 excitation. The

initial DADS (τ1 = 100 fs, black in Fig. 4.6d) displays a strong signal at 15400 cm−1 with
some additional intensity around 13000−14300 cm−1. The following DADS corresponding
to τ2 = 2.0 ps (red in Fig. 4.6d) shows an increased negative amplitude at 13000 cm−1 with
a strongly decreased signal at higher wavenumbers. These features are reversed for the
third DADS (τ3 = 8.6 ps, blue in Fig. 4.6d), which has the strongest negative amplitude
at 15200 cm−1. The following fourth DADS with τ4 = 43 ps (green in Fig. 4.6d) displays
again a strong negative amplitude at 15700 cm−1. These observations indicate an energy
transfer from initially excited helix structures to zigzag structures, as observed above
in the TA for exciting at 15200 cm−1 in DCM. Subsequently, before the energy relaxes
to the ground state, the energy at zigzag segments transfers back to helix segments as
observed in TA for exciting at 13200 cm−1 in DMF. Thus, the observations for [SQB]n in
DMF upon 15200 cm−1 excitation indicate both energy-transfer processes, i.e., zigzag to
helix and helix to zigzag, along one polymer strand.

4.3.3 Target Analysis

A target analysis was performed in order to investigate the photo-excited relaxation based
on TA experiments of [SQB]n with different excitation energies in DCM and DMF. In
advance, two requirements were provided in order to optimize the ratios for different
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Figure 4.7: Species-associated difference spectra (SADS) of [SQB]n in DCM upon 15200 cm−1 exci-
tation (a) and upon 13200 cm−1 excitation (b). State diagrams (with an arbitrary number of exciton
states) of helix and zigzag sections (c). Assignments and data given in red pertain to the SADS in (a),
those given in blue to (b). Energy-transfer processes assigned to the corresponding superstructures (d)
which are indicated by the target analysis. Adapted with permission from Ref. [3]. © (2015) American
Chemical Society.

relaxation pathways. Firstly, energy transfer from helix to zigzag and from zigzag to
helix are included to reflect results of the performed TA experiments. Secondly, the ESA
contribution at ≈ 18800 cm−1 is equal for all transient species to energetically higher-lying
states, as ESA to higher-lying state is assumed to have the same extinction coefficient.
These requirements lead to relaxation pathways connecting the transient species and allow
the adjustment of the efficiencies for each relaxation pathway.
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Figure 4.7 depicts the results of the target analysis for both excitation energies in
DCM. Upon 15200 cm−1 excitation (Fig. 4.7a), the target analysis leads to a parallel
excitation of the states “A” with 60% and “Y” with 40%, which describe excited states
in helix and zigzag conformation, respectively. The SADS of A display a prominent
GSB at 15200 cm−1, while Y is not visible in the spectra due to an ultrafast relaxation
process (τ � 70 fs) to state B. Species A relaxes with τ(A) = 70 fs to B accompanied
by spectral changes of the ESA around 18200 − 25000 cm−1 via two possible relaxation
pathways. Firstly, the energy might relax through the exciton manifold of helix segments
to X, from which an energy transfer from helix to zigzag to state B occurs (dotted
relaxation pathway in Fig. 4.7c). In this case, species X would not display any spectral
indications due to the low intermediate concentration. Secondly, an initial helix to zigzag
energy transfer occurs from A to Y, which relaxes with an ultrafast process to B (dashed
relaxation pathway in Fig. 4.7c). Both relaxation pathways can not be discriminated
by solely the target analysis. Still, an upper boundary for the energy-transfer rate from
helix to zigzag can be given by 1/(70 fs) (kA→B = 1.4 × 1013 s−1). Subsequent SADS
for the species B–D display a quite similar spectral shape with a prominent GSB at
13200 cm−1. Thus, comprised relaxation processes from B–D occur within zigzag sections
of the polymer. From state B over C to D two structural relaxation processes occur with
τ(B) = 340 fs and τ(C) = 3.4 ps, respectively. Species D decays to the ground state with
τ(D) = 28 ps.
Upon 13200 cm−1 excitation (Fig. 4.7b), in DCM mainly zigzag segments are excited.

Initially, an ultrafast relaxation from B’ to B occurs with τ(B’) = 110 fs accompanied by
spectral changes of the ESA between 20000− 25000 cm−1. From B structural relaxation
and depopulation of the excited state occur similar in spectral shape of the SADS and
similar in the timescale to the previously described analysis of the TA experiment exciting
at 15200 cm−1 in DCM.
Figure 4.8 depicts the results of the target analysis for both excitation energies in DMF.

Upon 13200 cm−1 excitation (Fig. 4.8b), the SADS of B’ displays a very strong GSB at
≈ 13000 cm−1. Unlike the TA experiments in DCM, in DMF the SADS for B’ to D
display a stepwise change of GSB intensities at 13000 cm−1 and 16000 cm−1. The latter
observation can be explained by a broader distribution of helix and zigzag structures
within a polymer strand in DMF compared to DCM. The sequence of SADS indicates
an energy transfer from zigzag to helix segments. The zigzag to helix energy transfer
was attributed to the τ(B) = 1.9 ps timescale, which displays the strongest change of
intensities at 13000 cm−1 and 16000 cm−1, respectively. The spectral changes of the ESA
around 21000 − 27000 cm−1 from B’ to B are attributed to the relaxation within the
exciton manifold. Hence, the excitation of the sample at the maximum of the lowest
energetic band is still somewhat higher in energy than the lowest exciton state.
Upon 15200 cm−1 excitation (Fig. 4.8a), in DMF the series of SADS display a decreasing

GSB at 15000 cm−1. The GSB at 13000 cm−1 decreases only with a small magnitude from
the first to the second SADS. In the following, the latter GSB decays rapidly up to the
SADS corresponding to 43 ps, which displays only spectral features of helix states. In
analogy to the observations in DCM upon 15200 cm−1 excitation, the findings can be
interpreted with an energy transfer from helix to zigzag segments with τ(A) = 100 fs.
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Figure 4.8: Species-associated difference spectra (SADS) of [SQB]n in DMF upon 15200 cm−1 exci-
tation (a) and upon 13200 cm−1 excitation (b). State diagrams (with an arbitrary number of exciton
states) of helix and zigzag sections (c). Assignments and data given in red pertain to the SADS in (a),
those given in blue to (b). Energy-transfer processes assigned to the corresponding superstructures (d)
which are indicated by the target analysis. Adapted with permission from Ref. [3]. © (2015) American
Chemical Society.

The efficiency of the latter energy transfer is 75%, which leads to an energy-transfer rate
of kA→B = 7.5× 1012 s−1. Subsequently, an ultrafast energy relaxation within the exciton
manifold leads to species B. This excited species has a lifetime of 2.0 ps (very similar to
τ = 1.9 ps for excitation at 13200 cm−1 in DMF) and undergoes back-energy transfer to
C with a rate of kB→C = 2.5× 1012 s−1 and an efficiency of 50%. Subsequent relaxation
from C to D occurs with τ(C) = 8.5 ps, which is followed by the relaxation to the ground
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state with τ(D) = 43 ps. An equally good target fit was obtained by assuming a parallel
excitation of helix and zigag sections followed by energy transfer from zigzag to helix
segments. Based on the target analysis this pathway can not be ruled out. Still, the latter
relaxation pathway is still unlikely as an energy transfer from helix to zigzag sections
was previously observed in DCM upon 15200 cm−1 excitation. The energy transfer from
helix to zigzag sections requires the relaxation within the exciton manifold of the helix
segments being much slower than the energy-transfer step. Based on this requirement, the
relaxation pathway which relaxes within the exciton manifold upon 15200 cm−1 excitation
in DCM can be ruled out.
The target analysis for both excitation energies in both solvents leads to three major

points. Firstly, in DCM the lowest exciton states of the zigzag segments are energetically
lower than the lowest exciton states for the helix conformers. This assignment is reversed
in DMF. Secondly, the relaxation within the exciton manifold of the helix segments is
much slower than the relaxation within the exction manifold of the zigzag conformations.
Thirdly, the energy transfer from helix to zigzag is an order of magnitude faster than
from zigzag to helix.
The exciton coupling and consequently the exciton bandwidth in a helix structure might

be larger than in a zigzag structure, because the distance between individual squaraine
chromophores can be much smaller due to the face-to-face arrangement in a helix. Thus,
the electronic structure depends on the supramolecular structure. A somewhat smaller
bandwidth with a higher-lying lowest energetic exciton state is expected for a looser he-
lix arrangement in DCM than in DMF. The relaxation within the exciton manifold and
energy-transfer processes depend on the Franck-Condon overlap of states. Generally, the
relaxation within the exciton manifold depends strongly on the exciton-vibrational cou-
pling and may also lead to “transient population trapping” [263] in vibrationally excited
states. Although these effects are hardly predictable in complex systems such as [SQB]n,
they may influence the relative relaxation rates within the exciton manifold and between
the different polymer sections.

4.4 Coherent 2D Spectroscopy

To visualize the initial interactions and relaxation dynamics between the absorption bands
of [SQB]n (OD ≈ 0.3) we performed coherent 2D spectroscopy using a laser spectrum
covering the absorption maxima at ≈ 13000 cm−1 and ≈ 14000 cm−1. Laser pulses were
generated by a noncollinear optical parametric amplifier (Topas White, Light Conversion),
with a pulse duration of 22 fs as determined from SHG-FROG in a 10 µm β-barium
borate (BBO) crystal. For each population time T , the coherence time τ was varied by
τ = ±120.69 fs in steps of ∆τ = 4.47 fs. Real-valued 2D spectra, reflecting the change
in absorption, were obtained by phasing with transient absorption data within the same
experimental setup using beam 3 as a probe.
Figure 4.9 depicts the results for [SQB]n in DCM (a) and DMF (d) for selected popula-

tion times T . Excitation corresponds to the horizontal ν̃τ wavenumbers, whereas detection
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Figure 4.9: Coherent 2D spectroscopy of [SQB]n in (a) DCM and (d) DMF for selected population
times. 2D spectra have been normalized to the maximum of the T = 0 fs spectrum and contour lines are
drawn in steps of 10% starting from 95%. (b,e) Laser spectrum (red) and absorption spectrum during
the 2D scan in DCM (b, blue) and DMF (e, gold). (c,f) Dynamics of the diagonal and off-diagonal signal
amplitudes for four regions of interest as marked in the bottom 2D spectrum for [SQB]n in DCM (c) and
DMF (f). Adapted with permission from Ref. [3]. © (2015) American Chemical Society.

corresponds to the vertical ν̃t wavenumbers. Blue (positive) signals display GSB and SE
signal contributions, while red (negative) signals display ESA contributions. This sign
convention is opposite to that in transient absorption above, because in 2D spectroscopy
the emitted signal magnitude is generally recorded and plotted, rather than the absorbance
change. As a consequence of the limited laser pulse bandwidth (Fig. 4.9b for [SQB]n in
DCM and Fig. 4.9e for [SQB]n in DMF), covering ≈ 1500 cm−1 of the spectrally broad
absorption band, the dynamics within these bands are visible as 2D line-shape modifi-
cations rather than clearly separated peaks. For the population time T = 0 fs, signal
contributions of the solvent have to be taken into account. Furthermore, “phase twist”
contributions originating from the temporal overlap of the third pulse with the first two
may occur.
The laser pulses centered at 13700 cm−1 mainly excite intermediate sections of the

polymer which are energetically between the absorption of zigzag and helix segments.
Qualitative similarities can be found in the real-valued 2D spectra of [SQB]n in DCM
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and DMF: The T = 0 fs spectrum is mainly elongated along the diagonal for excitation
wavenumbers of |ν̃τ | . 13750 cm−1, i.e., excitation and emission frequencies are correlated.
For higher excitation wavenumbers, a coupling to lower detection wavenumbers is observ-
able as a larger shift of the signal below the diagonal. The subsequent dynamics within
the first 90 fs are governed by an ultrafast component that is associated with changes in
the 2D lineshape: At high excitation wavenumbers the signal loses its amplitude and gains
intensity at lower detection wavenumbers. Between 90 fs and 500 fs, an overall decay of
the signal can be observed. In order to get a better impression of the signal amplitude
progression in the 2D spectra, we chose four square regions of interest (ROI) with a side
length of ≈ 115 cm−1 centered at the diagonal ν̃τ = ν̃t and off-diagonal ν̃τ 6= ν̃t positions
corresponding to absorption maxima at ≈ 13000 cm−1 and ≈ 14000 cm−1 . The signal
evolution of these ROIs is shown in Fig. 4.9c for [SQB]n in DCM and Fig. 4.9f for [SQB]n
in DMF as a function of population time (symbols). Starting at T = 0 fs, the diagonal
peaks (11 and 22) have the highest amplitude. With increasing T , the strongest changes
are the initial decrease of the 22 peak accompanied by the rise of the corresponding off-
diagonal peak 21. After this process the overall amplitude of all components decreases up
to our measurement limit of T ≈ 500 fs.
To quantify these processes we performed for each solvent global fits of the four ROI

signals over time, i.e., sharing the rates while amplitudes and offset were free parameters.
For [SQB]n in DCM the fit resulted in two time constants of 1/k = 9±2 fs and 349±118 fs,
and in DMF the time constants were 1/k = 28 ± 7 fs and 201 ± 53 fs. In both solvents
we observed ultrafast energy transfer from initially excited states towards energetically
lower-lying states on the order of our pulse duration. According to the global fit, the cross
peak 21 rises with the same time constant as the decay of the corresponding diagonal
peak 22. This indicates an ultrafast relaxation within the excitonic manifold towards the
lowest states in energy as was assumed in the global target fit in Fig. 4.7 and Fig. 4.8.
From the latter states further relaxation processes occur which lead to an overall decay
of the signal without a change in line-shape within our spectral and population time
window. The subsequent relaxation displays the relaxation of the zigzag segments in
DCM with 1/k = 349 fs and in DMF with 1/k = 201 fs. The time of 349 fs (from
the 2D analysis) fits well with the lifetime of B observed in the transient absorption
experiment 2, whereas the time of 201 fs in DMF (from the 2D analysis) fits well with
the lifetime of B’ in the transient absorption experiment 3. In the 2D spectroscopy
experiments, mainly energetically intermediate states of the polymer were excited. In
DCM, an ultrafast relaxation towards the lowest zigzag energy takes place, followed by
a further relaxation of this state. In DMF, the coupling between intermediate states and
zigzag states is already visible in the T = 0 fs 2D spectrum as a pronounced off-diagonal
signal. Subsequently, the energy relaxes towards the zigzag states within 1/k = 28 fs,
from where further relaxation towards the energetically more stable helix (in DMF) may
occur with 1/k = 201 fs. This is interpreted as an energy-driven process: in DCM there
are mainly zigzag segments which are the lowest in energy. The excited intermediate
states relax initially towards these zigzag states in DCM, while in DMF the relaxation
from the excited intermediate states towards the helix segments is coupled via the zigzag
conformations.
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4.5 Summary and Conclusions

Combining theoretical calculations and experimental observations, the optical properties
of the squaraine homopolymer [SQB]n were assigned to a zigzag conformation, which
displays a J-type behavior and helix conformation with H-type behavior depending on
the solvent. Based on this structural model, the relaxation dynamics were analyzed by a
target analysis of transient absorption experiments exciting different structural domains.
In the target analysis different relaxation processes could be distinguished. Firstly, the
relaxation within the exciton manifold of zigzag and helix segments, and additionally
the energy transfer between both superstructures within a polymer strand. The latter
dynamics could be confirmed by coherent two-dimensional (2D) spectroscopy experiments.
Upon exciting helix sections in DCM at higher energies, the excited energy is initially

transferred from helix to zigzag segments with a rate of k ≈ 1013 s−1. In DMF the photo-
induced dynamics of [SQB]n are more complex. Upon excitation of the zigzag domains (at
low energies), an energy-transfer from zigzag to helix can be observed. However, if
the helix segments are excited, initially the energy is transferred from helix to zigzag
with k ≈ 1013 s−1, which is followed by the back-energy transfer to helix segments with
k ≈ 1011 s−1. Thus, for [SQB]n the energy transfer between different structures within one
polymer (intramolecular energy transfer) is faster than the relaxation within the exciton
manifold. This observation supports the recent assumption of energy-transfer processes
in squaraine polymers may be well below the subpicosecond timescale [213]. For other
conjugated polymers, as e.g., MEH-PPV intramolecular energy transfer is typically one
order of magnitude slower than intermolecular energy transfer [187, 264]. The difference of
the rate for intramolecular energy transfer can be explained by the spectral matching of the
donor and acceptor density of states. Squaraine polymers display most likely a matching
of the density of states due to very small reorganization energy in the class of cyanine-like
chromophores [213]. In contrast, conventional-type polymers as polyphenylenevinylene
and polythiophene display a much weaker energy-state matching as can be seen by a strong
Stokes shift and the small spectral overlap of absorption and fluorescence spectra [265].
Thus, if an efficient ultrafast energy transfer within a polymer strand is desired, the use
of polymers based on cyanine-like chromophores as squaraines may be advantageous.
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Chapter 5

Relaxation Dynamics in the

Low-Temperature Phase of

MEH-PPV
The polymer Poly[2-methoxy-5-(2-ethylhexyloxyl)-1,4-phenylenevinylene] (MEH-PPV) is
a soundly investigated polymer at room temperature, which was already studied in poly-
mer solar cells. By investigating the aggregated phase of MEH-PPV at low temperatures,
the molecular complexity is again increased compared to the systematic series of mero-
cyanines in Chapter 3 and squaraine polymers in Chapter 4. The work in this chapter
was conducted in cooperation with the group of Prof. Dr. Anna Köhler at the Univer-
sity of Bayreuth, who previously investigated the phase transition of MEH-PPV upon
cooling [266].
The aggregated phase of MEH-PPV allows studying the effect of aggregation on ex-

citon relaxation and energy transfer. Subsequently to a brief literature overview and
the description the phase transition of MEH-PPV (Section 5.1), the photo-induced dy-
namics are explored by transient absorption (TA) and coherent two-dimensional (2D)
spectroscopy (Section 5.2). By combining both results of the techniques a discrimination
between population dynamics (Subsec. 5.3.1) and energy transfer and relaxation (Sub-
sec. 5.3.2) is given in Section 5.3. Finally, a comprehensive picture of the photo-induced
dynamics within the aggregated phase of MEH-PPV is provided in Section 5.4.

5.1 Introduction

Conjugated polymers combine a high absorption cross section with low-cost production
and the possibility to deposit them on top of flexible substrates [267–269]. These molec-
ular properties make the class of conjugated polymers a promising molecular functional
material for applications in organic electronics and photovoltaics. Despite the advanta-
geous characteristics, the efficiencies of solar cells based on conjugated polymers are still
limited to < 11% [12].
The performance of organic photovoltaics is significantly influenced by the efficiency of

energy transport from the bulk of the donor material towards the donor-acceptor interface.
Photoinduced dynamics, e.g., excited energy transport and energy relaxation, depend on
the interactions of polymer structural units (monomer) within a single polymer chain
and to neighboring polymer chains in aggregated structures. These interactions have
an influence on a variety of properties of the excited-state relaxation dynamics, namely
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the population yield of mobile excitons versus nonmobile species (e.g., excimers), the
capability to transport the absorbed energy over long distances, the formation of charge-
transfer states, and their dissociation into free charges in proximity of the donor-acceptor
interface.
Structural variations as conformational disorder in conjugated polymers break the con-

jugation along the polymer chains, thus forming short conjugated segments, so called
“conformational subunits” [187, 270]. Upon photoexcitation, an exciton is populated ini-
tially, which is typically delocalized over several conformational subunits. Within a sub-
100 fs timescale these delocalized excitons localize on smaller domains due to dynamic
coupling between electronic and nuclear degrees of freedom [271]. From these spatially
smaller domains the excited energy is transported spatially on a longer timescale by a
sequence of Förster energy transfer steps between localized excitons [272, 273]. Interme-
diate regimes of energy transfer have been reported for MEH-PPV in chloroform [274].
Strong differences in the timescale of energy transfer along a polymer chain (intramolec-
ular) and between different chains (intermolecular) can be observed. Intramolecular en-
ergy transfer is typically one to two orders of magnitude slower than intermolecular en-
ergy transfer [188, 198, 275, 276]. Thus, the presence of intermolecular acceptor sites
can explain the more efficient energy transport in films compared to isolated polymer
chains [264, 276, 277].
Although this generalized picture of exciton dynamics can be applied for conjugated

polymers, strong differences in the dynamics of the photoexcited species, as well as the
rate, the efficiency, and the length scale of energy transport can be observed for systems
with different structure and morphology [206, 276, 278–281]. Hence, understanding the
key factors of exciton dynamics requires the capability to control and tune the structure
of aggregates. A promising approach is to study systems for which aggregation and the
morphology of the self-aggregated phase can be controlled by external parameters, i.e.,
solvent or temperature.
The polymer MEH-PPV is an excellenct candidate to study the exciton dynamics

depending on the structure as two classes of chromophores were observed in solution.
Firstly, chromophores which emit from high-energy states (“blue sites”) and secondly,
chromophores emitting from low-energy states (“red sites”) [207, 282–284]. Single molec-
ular spectroscopy revealed that the ratio between blue and red sites is dependent on
interactions between segments of the polymer contacted by chain folding. Furthermore,
the red sites have been characterized by an increased conjugation length in compari-
son to the blue sites [284, 285]. Additionally, the formation of red sites was related
to aggregation [207, 286]. A phase-transition from a coiled phase (“blue phase”) at
room temperature (RT) to an aggregated and planarized phase (“red phase”) at low
temperatures has recently been observed for a concentrated solution of MEH-PPV in 2-
methyltetrahydrofuran (MeTHF). Moreover, the red phase was characterized by a very
large conjugation length [266]. The formation of the red phase was accompanied by the
appearance of a low-energy band in both absorption and emission spectra [266, 287]. In
the following, the red (blue) phase will be referred to as aggregated (coiled) phase.
The ultrafast dynamics of MEH-PPV have been extensively studied at RT in solution

and films, thus characterizing the coiled phase [198, 206, 283, 288, 289]. However, ul-
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Figure 5.1: (a) Linear absorption (red, solid) and
emission (red, dash-dotted) of the aggregated phase
of MEH-PPV at 140 K and linear absorption (blue,
solid) of the coiled phase of MEH-PPV at 180 K.
Additionally, the laser spectra (black and green dot-
ted) used in the experiments to investigate the ultra-
fast dynamics of the aggregated phase of MEH-PPV
are shown. Selected difference spectra at 140 K for
different population times are depicted upon excita-
tion at 2.10 eV (b) and 2.03 eV (c). Reprinted with
permission from Ref. [4]. © (2015), AIP Publishing
LLC.

trafast dynamics for the aggregated phase are still sparse. As a consequence, transient
absorption (Subsec. 5.2.1) and coherent 2D spectroscopy (Subsec. 5.2.2) experiments were
performed to investigate the regimes of energy transfer in the aggregated phase of MEH-
PPV. Furthermore, the energy hopping dynamics between different polymer segments
were investigated and conclusively compared with typical values for red-emitting sites in
single molecules (Section 5.3).

5.2 Results and Analysis

5.2.1 Transient Absorption

Figure 5.1a depicts the linear absorption and fluorescence spectrum of MEH-PPV at
140 K, and the linear absorption spectrum at 180 K, as well as the pump spectra for
TA experiments. At 180 K, MEH-PPV displays a spectrally broad absorption profile
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with maxima at ≈ 2.27 eV and ≈ 2.45 eV. Upon cooling the sample of MEH-PPV below
the transition temperature of 204 K, the absorption profile changes, devoloping a new
absorption band at 2.10 eV (red spectrum at 140 K in Fig. 5.1a).
Transient absorption experiments were performed with excitation pulses centered at

2.10 eV and 2.03 eV with pulse durations of 42 fs and 60 fs, respectively. Pulse intensities
at the sample position were set to 9.4× 1013 photons/cm2 and 4.9× 1014 photons/cm2 for
2.10 eV and 2.03 eV, respectively. Beam sizes at the sample were ≈ 50 µm for the pump
and ≈ 30 µm for the probe beam. A white-light continuum covering the complete visible
spectrum was used as probe pulses in all TA experiments.
With the selected pump spectra only the respective red-edge of the sample was ex-

cited. The resulting difference spectra (DS) are shown in Fig. 5.1b and 5.1c for the TA
experiments at 140 K exciting at 2.10 eV and 2.03 eV, respectively. All DS display three
distinct bands at 2.27 eV, 2.08 eV, and 1.88 eV. Upon 2.10 eV excitation, a fourth band
is observable at 1.72 eV. This band is not visible in the DS exciting at 2.03 eV, as the
magnitude of the band is within the experimental noise. Spectral bands in the DS can be
ascribed by comparing them with the inverse linear absorption and fluorescence spectra.
The band at 2.27 eV (B01) displays the GSB of the vibronic 0-1 transition. The band at
2.08 eV (B00) is composed of contributions from the GSB and SE of the 0-0 transition.
Lastly, the negative bands at 1.88 eV (SE01) and 1.72 eV (SE02) can be assigned to SE
from the 0-1 and 0-2 vibronic transitions, respectively.
The GSB features (B00 and B01) do not resemble the complete absorption spectrum. As

no positive contributions are observable in the DS, this can be interpreted either as the
absence of an ESA contribution or as overlapping contributions of ESA and GSB which
compensate each other. Under the first assumption of the lack of an ESA contribution,
only a fraction of the steady-state absorption stems from the states absorbing at 2.10 eV.
Thus, the latter states can be attributed to the planarized, aggregated phase of MEH-
PPV. Generally, planarization of conjugated polymers affects a fraction of 40−60% of all
chromophores [290, 291]. As a result, the absorption of the polymer above 2.10 eV, which
is not reflected by the transient bleach signal, can be assigned to the non-planarized,
coiled phase which was not excited by the pump laser.
Regarding the relaxation dynamics, the GSB recovers within 1 ns as observable from

the DS in Fig. 5.1b and Fig. 5.1c for both excitation energies. Still, depending on the
excitation energies, distinct differences can be observed within the first 10 ps. Upon
2.10 eV excitation, all bands display a bathochromic spectral shift, most pronounced in
the SE. In contrast, the amplitude of the shift is almost completely suppressed upon
exciting the low-energy edge of the aggregated-phase absorption at 2.03 eV.
In general, the bands of the DS display a decay in amplitude and a spectral shift with

evolving waiting time. These two spectral changes might occur on a similar timescale,
thus hampering a distinct identification and separation of molecular relaxation processes
in a global analysis. Due to the fact that all bands observed in TA are spectrally separated
without indications for an ESA contribution, a band analysis was performed. The latter
analysis allows the separation of the decay contributions originating from population
dynamics from the band-shifts, via spectral moments. The first two spectral moments M

F. Koch: Structure-Dependent Ultrafast Relaxation Dynamics in Multichromophoric Systems

Dissertation, Universität Würzburg, 2016



5.2 Results and Analysis 91

Time delay / ps
0.1 1 10 100 1000

0

-1

-2

-3

-4

B
an

d 
in

te
gr

al
 M

0 
/ a

rb
. u

.

Av
er

ag
e 

sp
ec

tra
l p

os
iti

on
 M

1 / 
cm

-1

18450

18350

16850

16750

15250

15150

Time delay / ps
5 10 15 20 25

Time delay / ps
0.1 1 10 100 1000

0

-0.5

-1.0

-1.5

Time delay / ps
5 10 15 20 25

18400

18300

16850

16750

15250

15150

B01

B00

SE01

B01

B00

SE01

B01

B00

SE01

B01

B00

SE01

(a)

(b)

(c)

(d)

Figure 5.2: Spectral moments of the three major bands (B01, B00, and SE01) observed in the transient
absorption experiments as a function of the population time T : Integrated intensity M (i)

0 (Eq. 5.2.1a) of
the three major bands for excitation at (a) 2.10 eV and (b) 2.03 eV and their average spectral position
M

(i)
1 (Eq. 5.2.1b) upon excitation at (c) 2.10 eV and (d) 2.03 eV. The temporal dependence of the

spectral moments is fitted by a multi-exponential kinetics (dashed lines) consistent with the results of the
maximum entropy method analysis. Reprinted with permission from Ref. [4]. © (2015), AIP Publishing
LLC.

are defined as

M
(i)
0 (T ) =

ν
(i)
2∑

ν=ν(i)
1

I(ν, T ) ·∆ν, (5.2.1a)

M
(i)
1 (T ) = 1

M
(i)
0 (T )

ν
(i)
2∑

ν=ν(i)
1

ν · I(ν, T ) ·∆ν, (5.2.1b)

with the absorbance change I(ν, T ) at frequency ν and population time T , the frequency
summation limits for each band i, ν(i)

1 and ν(i)
2 , and the frequency interval between data

points ∆ν. Population dynamics are probed exclusively by the band integrals M (i)
0 (zero-

order spectral moments), as they are not sensitive to variations in the shape or position
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of the bands, under the given premise that the bands do not overlap spectrally. Band
shifts are directly monitored by the first spectral moments M (i)

1 , which reflect the average
spectral position of the bands.
Figure 5.2a and Figure 5.2b show the results of the zeroth order spectral moments M (i)

0
of SE01, B00, and B01, as function of T upon 2.10 eV and 2.03 eV excitation, respectively.
The temporal behavior of the population can be described either by a broad distribution of
rates or by several distinct kinetic processes due to the wide distribution of polymer lengths
and possible conformations. The former case is typically described by a Kohlrausch-
Williams-Watts (KWW) function [292], i.e., a stretched exponential function,

M
(0)
1 (T ) = Ae−(Tτ )β , (5.2.2)

where A is the amplitude, τ is the characteristic time and β is the distribution width.
Previously investigated independent, parallel single-step processes as well as sequential
multistep processes in disordered structures revealed a stretched exponential dynamical
behavior by theoretical models [292–299]. In the case of several distinct kinetic processes,
a multi-exponential fit function

M
(0)
1 (T ) =

4∑
j=1

Aje
− T
τj , (5.2.3)

with amplitudes Aj and characteristic times τj, is used.
The maximum entropy method (MEM), via the open-source program MemEXP [300,

301], is performed to discriminate between both cases without initial bias. Figure 5.3
depicts the results of the MEM analysis for the temporal evolution of M0 for B01 and B00
upon excitation at 2.10 eV and 2.03 eV, respectively. As the MEM analysis in Fig. 5.3

Figure 5.3: Best rate distributions describ-
ing the temporal evolution of M0 for the bleach
bands B01 (blue squares) and B00 (red circles),
upon excitation at (a) 2.10 eV and (b) 2.03 eV, as
retrieved via the maximum entropy method anal-
ysis. Vertical blue dashed (red solid) lines show
the best rate constants and corresponding am-
plitudes for the multi-exponential fit of the B01

and B00 population dynamics. Reprinted with
permission from Ref. [4]. © (2015), AIP Publish-
ing LLC.
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Table 5.1: Characteristic time constants obtained from a multi-exponential global fit and from a
stretched exponential global fit of the integrated signals M (i)

0 (T ), respectively, and from the independent
fits of the average spectral position M

(i)
1 (T ) of the three major bands (i = B01, B00 and SE01) of the

transient absorption data described in Section 5.2.1. Reprinted with permission from Ref. [4]. © (2015),
AIP Publishing LLC.

Excitation energy 2.10 eV 2.10 eV 2.03 eV
Temperature 120 K 140 K 140 K

Population decay M0(T )
M0(T ) = ∑4

j=1Aje
− T
τj

τ1 [fs] 220± 50 290± 40 240± 60
τ2 [ps] 2.6± 0.2 2.5± 0.3 5± 2
τ3 [ps] 41± 4 32± 3 41± 8
τ4 [ps] 320± 20 312± 11 380± 50

Population decay M0(T )
M0(T ) =
A1e−

T
τ1 + A2e−( T

τ2
)β

τ1 [ps] 1.18± 0.12 0.88± 0.07 0.26± 0.17
τ2 [ps] 74± 3 94± 3 63± 3
β [ps] 0.48± 0.01 0.49± 0.01 0.45± 0.02

Band shift MB01
1 (T )

τ s1 [fs] – – –
τ s2 [ps] 3.9± 0.8 4.8± 0.8 –

Band shift MB00
1 (T )

τ s1 [fs] 200± 80 230± 70 < 100
τ s2 [ps] 2.9± 0.5 3.6± 0.6 –

Band shift MSE01
1 (T )

τ s1 [fs] 170± 40 250± 50 400± 200
τ s2 [ps] 2.8± 0.6 4.7± 1.1 –

contains four distinct time scale peaks, the temporal behavior is described by several
kinetic processes in favor of a broad distribution of rates. Resulting fit constants in
Table 5.1 should be interpreted as average constants of different rate distributions, as
these discrete processes might be still distributed to a certain degree. In comparison, the
fit results for the case of a broad distribution of rates are also listed in Table 5.1 below
the results of the multi-exponential global fit.
The results of the first moment spectral moment M (i)

1 analysis are depicted in Fig. 5.2c
and Fig. 5.2d and listed in Table 5.1 for excitation energies at 2.10 eV and 2.03 eV,
respectively. Upon 2.10 eV excitation, all bands display a spectral shift within the first
15 ps. On the one hand, an initial spectral shift on the order of τ s1 ≈ 200 − 250 fs can
be observed for the bands containing contributions from SE, i.e., SE01 and B00. On the
other hand, a ≈ 4 ps shift in all bands is observed. The former sub-300 fs shift can be
ascribed to processes in the excited state as only bands with SE contribution are affected.
Furthermore, the absence of this shift in the GSB band B01 is an additional evidence for the
lack of a ESA contribution overlapping in this spectral region. The ≈ 4 ps bathochromic
shift is observed for the average spectral positions of all bands. For B01 and SE01 the
≈ 4 ps shift occurs with similar amplitudes.
Except for a very small initial shift in the SE01 band on a sub-500 fs time scale, no spec-

tral evolution of the average spectral band position is observed upon 2.03 eV excitation,
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Figure 5.4: Selected normalized 2D spectra of MEH-PPV at different population times T : (a) 0 fs,
(b) 60 fs, (c) 400 fs, and (d) 5000 fs. Contour lines are plotted from 5% (light pink) to 95% (dark red)
in steps of 10%. The dashed horizontal line marks the T = 0 average spectral position of the 2D signal
at ν̃τ = 1.6987 × 104 cm−1, while the black arrow indicates the shift of the 2D signal towards lower
detection wavenumbers as a function of the population time T . (e) Spectral evolution of the signal along
the detection axis for excitation at ν̃τ = 1.6987 × 104 cm−1 (orange vertical dashed line in panel a).
(f) Temporal evolution of the first moment M1(T ) (i.e., average spectral position) of the signal along the
detection axis (symbols) for the different excitation wavenumbers shown by the vertical lines in panel (a).
Overlayed solid lines show the best individual bi-exponential fit of each trace. Reprinted with permission
from Ref. [4]. © (2015), AIP Publishing LLC.

which indicates that no excess energy is in the system.

5.2.2 Coherent 2D Spectroscopy

Coherent 2D spectroscopy in box geometry was performed with 35 fs laser pulses centered
at 2.10 eV. The time delay between the third pulse and the local oscillator (t34) was set to
2.8 ps. The coherence time τ was scanned in the range of ±145 fs in steps of ∆τ = 5.5 fs.
Figure 5.4 depicts normalized 2D spectra of MEH-PPV at selected population times.

At T = 0, the 2D spectrum is elongated along the diagonal (−ν̃τ = ν̃t), displaying a
cross-peak below the diagonal. With progressing population time, the 2D spectra loses
the diagonal shape and shifts to lower detection wavenumbers ν̃t, depicted by the black
arrow in Fig. 5.4. In addition to this bathochromic shift in ν̃t, the 2D spectra change to
a round and symmetric shape.
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Figure 5.5: Two-dimensional decay-associated spectra (2D-DAS) obtained from global analysis of the
2D data and associated with (a) sub-30 fs, (b) 290 fs, (c) 2.9 ps, and (d) � 10 ps kinetics. The data
at the lowest excitation wavenumbers, where no signal was detected, were removed from the analysis.
Contour lines are drawn from 0 to the maximum (minimum) value in steps of 12.5%. Reprinted with
permission from Ref. [4]. © (2015), AIP Publishing LLC.

Dynamical changes of the 2D spectra are shown for an exemplary cut along ν̃t at ν̃τ =
−1.6987×104 cm−1 in Fig. 5.4e. Similar to the analysis performed for the TA experiments,
the first moment M1 (ν̃τ , T ) of the cuts along ν̃t are evaluated for three ν̃τ values as a
function of T and presented in Fig. 5.4f. While the cut at ν̃τ = −1.6798 × 104 cm−1

displays no shift, a red-shift which increases with raising ν̃τ can be observed for the other
temporal evolutions of the first moment (at −1.6987×104 cm−1 and −1.7180×104 cm−1,
respectively). The shift is finished within 10 ps resulting in an asymptotic value of ν̃t =
−1.6750× 104 cm−1, independent of ν̃τ .
The temporal evolution of M1 (ν̃τ , T ) at all ν̃τ was fitted in analogy to the previous TA

with bi-exponential kinetics. For ν̃τ < 1.6790×104 cm−1 the first time constant is allowed
to be different, as an ultrafast (< 40 fs) hypsochromic shift is observed. A small increase of
both time constants was observed with increasing ν̃τ in an independent fit. This indicates
a transfer from high- to low-energy exciton states, as the energy from high energy states
can proceed through more intermediate steps than from the lower-energy states. However,
due to the signal-to-noise ratio of the data, an accurate analysis of the ν̃τ dependece of
the shift rates was not possible. Thus, a global analysis of the time evolution ofM1 (ν̃τ , T )
was performed with the same time constants for all ν̃τ . The latter analysis results in two
time constants, i.e., 180±30 fs and 4.5 ps, which should be treated as average values over
the observed spectral range. Both time constants are in good agreement with the time
scales of the bandshifts observed in the TA data (compare Table 5.1).
Figure 5.5 depicts the two-dimensional decay-associated spectra (2D-DAS), the 2D

assemblies of DADS in TA, resulting from a global analysis of the 2D spectra [302–
304]. The dynamics of MEH-PPV in 2D spectroscopy were fitted by four exponential
functions. These results should again be interpreted as average timescales for processes
in the polymer. Four time scales were prerequisite to fit the temporal behavior of the
2D data properly, namely τ 2D

1 < 30 fs, τ 2D
2 = 290 ± 60 fs, τ 2D

3 = 2.9 ± 0.5 ps, and
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a τ 2D
4 >> 10 ps. The latter timescale was necessery to reproduce the remaining 2D

signal at 5 ps. The observed timescales of the 2D analysis are quite similar to the ones
observed in the TA study (compare Table 5.1). The initial 2D-DAS corresponding to
τ 2D

1 < 30 fs displays the decay (positive contribution) of the diagonal contribution in the
2D spectrum. Subsequently, the 2D-DAS for τ 2D

2 = 290 fs consists of a decay component
along the diagonal and a rising component (negative contriubution) below the diagonal.
Thus, the latter 2D-DAS spectrum represents a bathochromic shift to lower ν̃t.
The underlying process can be assigned to a shift of the SE, due to the similar timescale

for the SE shift in the TA analysis. At all ν̃τ the amplitude of decay is larger than the rise
of the cross-peak below the diagonal. Hence, the decaying components overlap with the
red-shift of the SE. Lastly, the two 2D-DAS corresponding to the timescales τ 2D

3 = 2.9 ps
and τ 2D

4 � 10 ps display a similar symmetric round shape. However, the 2D-DAS of
τ 2D

4 � 10 ps peaks at lower ν̃t than τ 2D
3 = 2.9 ps.

5.3 Discussion

5.3.1 Population Dynamics

Rather versatile and complex relaxation dynamics have been previously reported for solu-
tions, films, and isolated molecules of MEH-PPV [207, 283, 285, 286, 288, 305, 306].
In isolated chains, a mono-exponential decay in the range of 0.4 − 1.2 ns was ob-
served [283, 286]. In contrast, aggregates [283, 286], films [208, 278, 307], and collapsed
chains [282, 308] of MEH-PPV display a non-exponential decay with a strongly reduced
photoluminescence quantum yield. The latter observation was assigned due to the pres-
ence of non-emissive species which absorb above 2.07 eV [277, 283, 309–311]. Alter-
natively, the non-emissive species were assigned to excimers, aggregates, polarons, and
polaron pairs, which were directly photo-excited or accessed by the quenching of singlet
excitons [205, 206, 277, 305, 308, 312, 313].
Transient absorption (Sec. 5.2.1) and 2D spectroscopy (Sec. 5.2.2) displayed complex

relaxation dynamics within the aggregated phase of MEH-PPV. In addition to the TA
analysis, 2D-DAS revealed a < 30 fs decay of the diagonal component. This relaxation
time scale is faster than the experimental instrument response and possibly comprises
solvent contributions. Nevertheless, a similar ultrafast (≤ 30 fs) relaxation was observed
in a three pulse photon echo peak shift (3PEPS) study of MEH-PPV [289, 314, 315],
which was assigned to exciton localization. Furthermore, depolarization of anisotropy due
to several competing relaxation processes was observed, explained by exciton relaxation
and localization processes [198, 205]. The latter processes agree with the observed loss of
the diagonal contribution in the 2D spectra, thus leading to the assignment of the ≤ 30 fs
processes to exciton relaxation and localization.
In the TA, 2D experiments and affiliated analysis of the temporal behavior, no in-

dications for ESA contributions were observed. Typically, one would expect an ESA
contribution close to the one-exciton absorption due to the excitation to a two-exciton
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band. Deviations from this behavior are known in literature in the presence of strong elec-
tron correlation, which is for example present in polyenes. Although the lack of an ESA
contribution can not be excluded for all wavenumbers, no dominant contribution can be
observed. In 2D spectroscopy, the spectrum at T = 0 peaks below the diagonal. Either the
2D signal is shifted to lower ν̃t due to an overlapping ESA contribution above the diagonal
or due to an initial relaxation within the experimental time-resolution. Albeit it is not
possible to distinguish between both scenarios based on the experimental observations,
an initial relaxation is expected due to ultrafast exciton localization. An experimental
approach to distinguish between the initial shift and the overlapping ESA contribution
would be two-dimensional double-quantum coherence spectroscopy [316]. Such an experi-
ment would provide a direct way to measure the energy position of the two-exciton states
in a system, as well as the correlation to the one-exciton states.
Former observed complex dynamics were described by a linear combination of single

exponential functions (Eq. 5.2.3) and a stretched exponential decay (Eq. 5.2.2). For both
models a similar interpretation for the relaxation processes can be concluded as described
in the following.
For the initial dynamics (< 10 ps) a significant fraction of GSB recovery can be ob-

served as well as a simultaneous decay of SE and GSB. Furthermore, exciton relaxation
and energy transfer fall into the time regime < 10 ps, as seen by the analysis of the average
band positions [M0(T )]. Hence, the repopulation of the ground state up to T = 10 ps is
assigned to non-radiative internal conversion processes mediated by defects in the aggre-
gated phase [282]. This interpretation is consistent with the previously observed decrease
of emission quantum yield for MEH-PPV films and aggregates compared to single solvated
chains [283, 310, 311, 317].
A complete recovery of the GSB is observed occurring on a > 10 ps timescale. As

energy transfer between excitons can be observed within a < 10 ps timescale, the processes
occurring with > 10 ps dynamics can be assigned to the S1 → S0 relaxation of the exciton
states at the bottom of the density of states. Upon 2.10 eV excitation a ≈ 40 ps and a
≈ 320 ps timescale were observed in transient absorption for 140 K and 120 K. Comparing
the experiments for both temperatures, the ≈ 40 ps occurred with a relative intensity of
the total amplitude of 25% and 43%, while the ≈ 320 ps component occurred with 38%
and 32% at 140 K and 120 K, respectively. Two relaxation timescales were reported
previously and were assigned to intramolecular energy transfer [318]. Furthermore, the
faster timescale was assigned to a non-radiative decay of polaron pairs [318]. As in our
study the decay is obsered in the GSB and SE, a non-radiative decay can be excluded.
Thus, the ≈ 40 ps is assigned to a radiative S1 → S0 transition, which is quenchend by
defect states in the aggregated phase. Conclusively, the ≈ 320 ps time scale occurs from
states which are further away from defect states. Hence, the latter states are not quenched
and decay on a longer timescale. For the analysis with a stretched exponential function,
the > 10 ps dynamics were fitted with β = 0.48, which indicates a highly distributed
S1 → S0 relaxation process. A β-value close to 0.5 indicates a dispersive energy transfer
by dipole-dipole coupling to lower energies from where the energy is efficiently quenched
by defect states [272, 319, 320]. Due to the spatial distribution of defect states, the
dynamics occur highly distributed, thus leading to a stretched exponential behavior of
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the GSB and SE decay. A density of electron traps with a 0.7 eV depth on the order of
1023 m−3 was determined for the structurally related alkoxy-PPV-derivate OC1C10-PPV.
These electron traps are present in π-conjugated polymers at about the same density
as they are likely to arise from some kind of water-oxygen complex [321, 322]. It has
been suggested that these complexes act as exciton traps and therefore limit the exciton
diffusion length [323].
A distinct statement can be made for the presence of long-lived states (which display

lifetimes on a > 1 ns timescale). These states are suggested to originate from repopula-
tion of emissive single exciton state in MEH-PPV films. Such species were observed in
literature for excitation energies above 2.14 eV [277, 278, 283, 305, 308, 312, 313], where
the coiled phase absorbs. Thus, the generation of long-lived species can be excluded for
the energies of the pulses in the performed experiments.

5.3.2 Energy Transport and Relaxation

The analysis of the average spectral band position
[
M

(i)
1 (T )

]
in TA and 2D spectroscopy

revealed two relaxation processes: one on the order of ≈ 200 fs and the other with ≈ 4 ps.
In TA, the former process can be detected as a bathochromic shift exclusively for bands

which contain SE contributions. Figure 5.6 depicts the amplitude of the ≈ 200 fs along ν̃t
for the B00 band as observed in 2D spectroscopy for different ν̃τ . For increasing excitation
energies an increase in the amplitude can be observed. In general, a ≈ 200 fs bathochromic
shift can be explained by exciton relaxation, vibrational relaxation, or conformational
relaxation in the excited states. A (Förster) energy transfer between different conforma-
tional subunits can be excluded, as it would result in an additional bathochromic shift
for the GSB contribution. Previously, a shift on a similar timescale (≈ 200− 400 fs) was
observed for the room-temperature (RT) phase of MEH-PPV by transient grating (TG)
and 3PEPS experiments [289, 314]. In these studies, the shift was explained by exciton
relaxation. Furthermore, a bathochromic shift of the emission for PPV-based polymers at
RT was observed, which was absent in small oligomers. Thus, the bathochromic shift can
therefore not be explained by exclusively vibrational relaxation or solvation relaxation
dynamics [324, 325]. Conformational dynamics play an important role in the relaxation
of photo-excited polymers and could lead to a bathochromic shift in SE, e.g. by pla-
narization. Ultrafast structural relaxation on the timescale of high-frequency vibrational
modes have been attributed to be responsible for ultrafast exciton localization in MEH-
PPV [205, 271, 289, 315]. In contrast, torsional relaxation and excited state planarization
are expected to take place on a timescale of few ps or longer for MEH-PPV in solution
at RT [195, 306, 326]. In the aggregated phase, these processes are expected to be even
slower. Thus, the bathochromic shift in SE occurs due to exciton relaxation within the
manifold of electronic states sharing the same ground state.
In opposition to the former shift, the additional ≈ 4 ps process appears in the GSB

and SE bands for 2.10 eV laser excitation, while it is missing upon 2.03 eV excitation.
A ≈ 4 ps shift of the GSB band can either be explained by a spectral diffusion process
in the electronic ground state or by a (Förster) energy transfer from high-energy to low-

F. Koch: Structure-Dependent Ultrafast Relaxation Dynamics in Multichromophoric Systems

Dissertation, Universität Würzburg, 2016



5.3 Discussion 99

1.67 1.68 1.69 1.70 1.71 1.72

S
hi

ft 
am

pl
itu

de
 / 

cm
-1

60

0

40

20

ντ / 104 cm-1~

Figure 5.6: Amplitude of the ≈ 4.5 ps red-shift
along the detection axis observed in the 2D exper-
iment as a function of the excitation wavenumber
ν̃τ , obtained from the bi-exponential global fit of
the M1(ν̃τ , T ). The data is phenomenologically
described by a linear fit (red line) with a slope of
0.113±0.002. The standard deviation of the linear
fit is denoted as error bars of ±σ. Reprinted with
permission from Ref. [4]. © (2015), AIP Publish-
ing LLC.

energy states located at different sites in the aggregate (i.e., exciton hopping). Spectral
diffusion in the electronic ground state is based on an inhomogeneous distribution of
transition energies within an absorptive lineshape. Laser excitation which is spectrally
narrower than the linewidth of the ensemble only excites a sub-ensemble of the spectral
linewidth. Thus, a spectral hole is created in the electronic ground state. Before this hole
is repopulated by the excited state, it can be refilled by environment-induced fluctuations
in the transition energy of non-photoexcited chromophores. Depending on the spectral
position of the initial excited sub-ensemble, whether it is located at the center or the edge
of the transition energy distribution, spectral diffusion appears as a spectral broadening
or as a spectral shift. (Förster) energy transfer generally occurs between different excited
states with little or no orbital overlap by dipole-dipole coupling. In a polymer, the energy
is typically transferred within the excitonic density of states. Due to different ground
states of donor and acceptor, energy transfer leads to the recovery of the high-energy tail
of the GSB, while the low-energy side GSB increases due to the excitation from the donor
to acceptor unit.
In contrast to TA, 2D spectroscopy allows to distinguish between spectral diffusion

and (Förster) energy transfer. Spectral diffusion leads to a loss of memory of the initial
excitation energy. Thus, due to spectral diffusion a 2D signal loses the diagonal elongation
(ν̃τ = ν̃t), becomes spectrally broader and changes into a round shape. None of these
features is observed on a timescale larger than 200 fs. Hence, the ≈ 4 ps process can
not originate from spectral diffusion. Energy transfer between different states can be
observed by 2D spectropscopy as excitation energy ν̃τ and ν̃t are correlated. Thus, the
energy transfer from a high-energy state to a low-energy state leads to a cross-peak below
the diagnoal. The high exciton density of MEH-PPV prevents the observation of a distinct
cross-peak, but appears as a bathochromic shift of the 2D signal along the detection axis
ν̃t. Thus, 2D spectroscopy allows the identification of the ≈ 4 ps process as an energy
transfer between excitonic states. Consistently, the amplitude of the bathochromic shift
with ≈ 4 ps rises for increasing excitation energies, as higher energetic states are accessed.
In addition, 2D spectroscopy provides the option to analyze the energy transfer dy-

namics as function of excitation wavenumber ν̃τ . Figure 5.6 depicts the amplitude of
the ≈ 4.5 ps bathochromic shift determined by the global analysis of M (i)

1 (T ) in 2D
spectroscopy as a function of ν̃τ . The ν̃τ depending amplitude of the signal shift re-
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Figure 5.7: Schematic representation of the pho-
tophysics of the aggregated phase of MEH-PPV. Ini-
tially photoexcited delocalized exciton states (upper
frame) localize on an ultrafast (< 30 fs) timescale
on smaller domains on the aggregate chains (lower
frame). Within the following ≈ 200 fs, exciton relax-
ation within these smaller domains occurs and leads
to the population of the exciton states at the bot-
tom of the density of states. On a ≈ 4 ps timescale,
Förster energy transfer leads to migration of the ex-
citon towards the lowest energy states of the aggre-
gated phase, from which energy transfer to defect
states and radiative relaxation take place. Reprinted
with permission from Ref. [4]. © (2015), AIP Pub-
lishing LLC.
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flects the amount of energy relaxation since the GSB and SE components of the signal
shift simultaneously and with the same amplitude as previously shown by the analysis
of the first moments of MB01

1 and MSE01
1 upon 2.01 eV excitation (cf. Table 5.1). For

ν̃τ < 1.6750 × 104 cm−1 no shift is observed within the experimental signal-to-noise, ex-
cept for a small < 40 fs blue-shifted component ascribed to the initial loss of the diagonal
elongation. Hence, the position of the 0-0 transition for the lowest exciton states in the
aggregated phase of MEH-PPV is ν̃ = (16750 ± 50) cm−1, with a confidence value of
50 cm−1, which is given by the wavenumber separation between consecutive ν̃τ points in
Fig. 5.6.
Independent of ν̃τ , the values of M1(ν̃τ , T ) reach the same asymptotic value (cf.

Fig. 5.4f). The ≈ 4.5 ps shift accounts only for a small fraction of the energy relax-
ation, i.e., ≈ 55 cm−1 at ν̃τ = 1.7224 cm−1 (Fig. 5.6). Therefore, most of the energy
relaxation occurs on time scales much faster than 4.5 ps and populates low-energy exci-
ton states, which are at most ≈ 55 cm−1 higher in energy than the lowest energy states on
the aggregated phase. Thus, Förster energy transfer occurs at the bottom of the density
of states.

5.4 Summary and Conclusions

Figure 5.7 summarizes the relaxation dynamics of the aggregated phase of MEH-PPV
based on broadband transient absorption and coherent 2D spectroscopy. Upon excita-
tion, initially delocalized excitons localize within sub-30 fs to spatially smaller conjugated
domains [271]. Depending on the excitation energy, different conjugated domains can be
accessed. Within ≈ 200 fs excited energy relaxes within the exciton manifold, sharing a
common ground state. Hence, the lowest exciton states are populated. Analysis of coher-
ent 2D spectroscopy revealed that the accessed exciton states after ≈ 200 fs are located
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≈ 55 cm−1 higher in energy than the lowest exciton states. Subsequently, the energy
relaxes by exciton diffusion to the bottom of the density of states of the aggregate. From
the latter states exciton transfer occurs with a broad distribution of time scales longer
than 10 ps either towards defect states or back to the ground state.
Generally, planarization dynamics are expected on a > 10 ps time scale. Due to the

degree of planarization of the studied aggregated phase of MEH-PPV, these effects are
too small to be detected in the performed experiments. Future studies could reveal pla-
narization effects by detecting the emission with a higher spectral resolution.
Coherent 2D spectroscopy is a particularly suited technique to study the relaxation

dynamics in complex systems as a function of the excitation energy. By the combination
of coherent 2D and TA spectroscopy the aggregated phase of MEH-PPV was character-
ized. Most photoexcited excitons relax on an ultrafast timescale with only little spatial
displacement energy. Subsequently, due to the initial ≈ 200 fs relaxation and the ≈ 4 ps
energy transfer, 95% of the excitons are located at the low-energy excitonic states within
the first ≈ 12 ps after excitation.
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Chapter 6

Conclusion
The aim of this work was to investigate photoinduced relaxation dynamics of multi-
chromophoric molecular systems in dependence on their structure. Results of such an
investigation are essential to enhance the efficiency of photo-electronic devices, espe-
cially in polymeric solar cells. For this purpose, well-defined molecular structures in
solution were chosen, which allowed to study the influence of their morphology and re-
lated chromophore–chromophore interactions on the relaxation dynamics of polymers by
ultrafast spectroscopy.
Transient absorption (TA) and coherent two-dimensional (2D) spectroscopy have been

applied to reveal effects of chromophore interactions in multichromophoric systems of
increasing molecular complexity: mono-, di-, and trimeric merocyanines in cooper-
ation with the group of Prof. Dr. Frank Würthner at the University of Würzburg,
squaraine polymers in cooperation with the groups of Prof. Dr. Christoph Lambert and
Prof. Dr. Roland Mitrić, both at the University of Würzburg, and aggregated MEH-PPV
polymers in cooperation with the group of Prof. Dr. Anna Köhler at the University of
Bayreuth.
With a defined number of chromophores and substitution patterns attached to a ben-

zene linker, which was designed by synthesis, the systematic series of merocyanines in
Chapter 3 represents an ideal model system to study the influence of chromophore ori-
entation on chromophore interactions and relaxation dynamics. In the linear absorption
spectra distinct differences between the monomer, both para- and meta-substituted dimer,
and the meta-substituted trimer were observed. These spectral changes could not be ex-
plained solely by applying exciton theory. Based on the ultrafast relaxation dynamics by
TA, a general relaxation scheme with two minima in the excited-state potential energy
surface was derived which was applied to all studied merocyanine systems. The increase in
excited-state lifetime from the monomeric merocyanine (17 ps) over the para-substituted
bichromophore (51 ps) and the meta-substituted dimer (77 ps) to the meta-substituted
trimer (81 ps) was proposed to originate from the stabilization of one of the excited-state
minima with intramolecular-charge transfer character. Additionally, 2D spectroscopy al-
lowed to exclude an isomerization process as a major deactivation channel during the
relaxation process.
By combining structural assignments via electro-optical absorption (EOA) and density

functional theory (DFT) with the relaxation model derived from TA and 2D spectroscopy,
the increase in excited-state lifetime for the multichromophoric merocyanines could be
confirmed by a stabilization of an intramolecular charge-transfer state due to dipole-
dipole interactions, which is even more efficient in the meta-substituted dimer and trimer
due to the proximity of chromophores compared to the para-substituted merocyanine.
In addition, the structural insights by EOA and DFT provided a starting point in the

calculation of the exciton-splitting energy in dependence on the chromophore orientation.
Due to the flexibility of individual chromophores this approach explicitly took changes in
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chromophore-chromophore distance and orientation into account. The linear absorption
spectra of the multichromophoric merocyanines could be qualitatively explained by a
superposition of monomeric and excitonic character which originates from the flexibility of
the chromophores. Thus, based on molecular synthesis an intramolecular charge-transfer
state could be stabilized which gives access to an approximately five times longer excited-
state lifetime compared to the monomer.
By going from mono-, di-, and trimeric merocyanines to the polymeric squaraine [SQB]n

in Chapter 4, the structural complexity of the studied molecular system increased notice-
ably. However, as several chromophores of the polymer act as conjugation subunits, the
description of the polymer is reduced. Recently, distinct changes of the linear absorption
spectra of [SQB]n in dependence of the solvent were assigned to a different superposition
of helix and zigzag segments within [SQB]n, thus allowing for a comparison of the effect
of the predominant structures on the relaxation dynamics of conjugated polymers by the
choice of solvent.
Long-range-corrected tight-binding time-dependent DFT calculations displayed the ef-

fect of chromophore orientation on the linear absorption spectra and confirmed the pres-
ence of predominantly zigzag segments in dichloromethane (DCM) and helix structures
in dimethylformamide (DMF), which can be treated as H- and J-aggregates, respectively.
Individual TA experiments of [SQB]n were performed in DCM and DMF, thereby ex-

citing either zigzag or helix structures, respectively. To exclude interactions between
polymer strands, all spectroscopic experiments were performed under diluted conditions.
The results of TA and an affiliated target analysis revealed energy transfer from initially
excited helix segments in DCM to zigzag segments within hundreds of femtoseconds.
Upon excitation of zigzag domains in DMF, energy transfer to helix domains was ob-
served. However, if helix domains are excited in advance, energy is transferred within
hundreds of femtoseconds to zigzag domains which transfer the energy back to helix
domains within several tens of picoseconds.
This energy transfer between zigzag and helix segments was confirmed by 2D spec-

troscopy in which predominantly intermediate states (energetically located between helix
and zigzag structures) of the polymer were excited. For [SQB]n in DCM, an ultrafast
relaxation to zigzag segments was observed which subsequently relax to the ground state.
In DMF, intermediate excited segments relax towards the zigzag segments within tens of
femtoseconds. Afterwards, the energy is transferred back to helix segments for which the
most stable excitonic state is energetically favored in DMF.
The combination of the structural assignment based on theoretical calculations with

ultrafast spectroscopy resulted in a comprehensive picture of the interactions between
different structural domains within a single polymer. Ultrafast and efficient energy trans-
fer within a polymer strand of [SQB]n is based on the matching of the density of states
between donor and acceptor sites. Hence, if an opto-electronic application requires an
ultrafast energy transfer within a single polymer, cyanine-like polymers should be consid-
ered.
The molecular complexity is further increased in Chapter 5 by turning from

relaxation dynamics within single strands of conjugated polymers towards aggre-
gated polymers. Recently it was shown that Poly[2-methoxy-5-(2-ethylhexyloxyl)-1,4-
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phenylenevinylene] (MEH-PPV) undergoes a phase transition from a coiled, disordered
phase to an aggregated, planarized phase upon cooling. Thus, MEH-PPV allows studying
the effect of changes of the morphology on photoinduced dynamics by comparing the ex-
tensively investigated coiled phase of MEH-PPV at room temperature with its aggregated
phase upon cooling.
In TA ultrafast relaxation dynamics were observed and an associated band analysis

allowed to discriminate between population decay to the ground state and other relax-
ation processes. Additionally, a maximum entropy method allowed an assignment of the
population decay to exponential processes with a certain degree of distribution, in favor
of highly distributed processes, typically described by stretched exponential functions.
Performing 2D spectroscopy in combination with a global analysis revealed an addi-

tional ultrafast population decay. In summary, the sub-10 ps population dynamics were
assigned to a sub-30 fs localization of initially delocalized excitons, and the repopulation
of the ground state by non-radiative internal conversion within several picoseconds. On
timescales larger than 10 ps, a radiative relaxation from the first excited state to the
ground state is observed with about 40 ps. This process is quenched by defect states
within the aggregated phase of MEH-PPV. Additionally, the relaxation to the ground
state occurs with about 320 ps which was attributed to a larger spatial distance to the
previously mentioned quenching sites.
Relaxation processes in TA and 2D spectroscopy displayed two exponential timescales

for relaxation of about 200 fs and 4 ps. The former component could be attributed to
exciton relaxation as it solely contributed to spectral bands which contain stimulated
emission. However, this 200 fs process relaxation does not result in the population of
the excitonic states with the lowest energy. By the analysis of the 2D spectra, spectral
diffusion could be excluded as an origin for the 4 ps component, which was assigned to
energy transfer processes to the bottom of the excitonic manifold. Thus, in the aggregated
phase of MEH-PPV 95 % of mobile excitons are located at the low-energy excitonic state
within about 12 ps.
For all studied molecular systems it was shown that TA and 2D spectroscopy are comple-

mentary techniques, which efficiently allowed to analyze the relaxation dynamics of com-
plex molecular systems. Especially, the additional information content of 2D spectroscopy
was able to enlighten processes which were only indirectly inferable by TA alone. The
observed dynamics and chromophore interactions provide suitable conditions to generate
polymeric solar cells. A systematic interplay between synthesis, parameter-dependent
analysis, and device production paves the path towards highly efficient polymeric solar
cells which are able to compete with the state-of-the-art silicon-based solar cells.
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