\\
mpsad ‘\

DER FORSCHUNG | DER LEHRE | DER BILDUNG Max-Planck-Institut fiir

Struktur und Dynamik der Materie

Isomerization dynamics of
photochromic compounds in solution

and single crystals

Dissertation
zur Erlangung des Doktorgrades
an der Fakultit fiir Mathematik, Informatik und
Naturwissenschaften

Fachbereich Physik der Universitit Hamburg

vorgelegt von
Simon Felix Bittmann

Hamburg
2022



Gutachter/innen der Dissertation: Prof. Dr. Nils Huse
Prof. Dr. R. J. Dwayne Miller

Zusammensetzung der Priifungskommission: Prof. Dr. Michael Potthoff
Prof. Dr. R. J. Dwayne Miller
Prof. Dr. Nils Huse
Prof. Dr. Robert Blick
Prof. Dr. Arwen Pearson
Vorsitzende/r der Priifungskommission: Prof. Dr. Michael Potthoff
Datum der Disputation: 08.12.2022
Vorsitzender des Fach-Promotionsausschusses PHYSIK: Prof. Dr. Wolfgang J. Parak

Leiter des Fachbereichs PHYSIK: Prof. Dr. Giinter H. W. Sigl

Dekan der Fakultdat MIN: Prof. Dr.-Ing. Norbert Ritter



Eidesstattliche Versicherung /
Declaration on oath

Hiermit versichere ich an Eides statt, die vorliegende Dissertationsschrift selbst verfasst

und keine anderen als die angegebenen Hilfsmittel und Quellen benutzt zu haben.

Hamburg, den 20.02.2023

[ EW\/

Unterschrift des Doktoranden



Abstract

Photochromic compounds are excellent model systems for the study of photoisomeriza-
tion dynamics with atomic resolution using ultrafast electron diffraction (UED), which
promises to deepen the fundamental understanding and optimization of chemical pro-
cesses. These molecules have multiple stable isomers with distinct absorption properties,
which can be selectively converted via light irradiation. Many photochromics undergo
isomerization even in the crystalline phase, which is beneficial for the use of time-resolved
diffraction techniques. However, before the realization of UED experiments, the suitabil-
ity of a specific photochromic molecule needs to be assessed and the dynamics character-
ized, which can be done by means of transient absorption spectroscopy (TAS).

Within the scope of this thesis, representatives from two different classes of photochrom-
ics, spiropyrans and diarylethenes, have been investigated by means of TAS and prelimi-
nary UED experiments, in both the crystalline phase and solution, including the construc-
tion of dedicated optical setups.

Spiropyrans when excited in the ultraviolet undergo a ring-opening and planarization re-
action associated with a bathochromic shift of the absorption spectrum into the visible
range. The derivative spironaphthopyran (SNP) was studied via TAS in solution and the
ring opening found to occur in the S; electronic state under formation of an open-ring in-
termediate with a time constant of 300 fs, followed by relaxation to the planar isomer with
a lifetime of 1.2 ps. Based on a newly developed spectral analysis, subsequent vibrational
cooling was characterized and associated with lifetimes between 10 and 13 ps.

The TAS results for SNP in the crystalline phase exhibit nearly identical isomerization
dynamics, with time constants of 0.3 and 1.3 ps for the formation of the intermediate and
product species, respectively. However, population of the open-ring isomer was found
to decay with a lifetime of 650 ps. Supported by complementary UED experiments, this
process was assigned to restoring forces from the crystal lattice.

In the presence of a strong acid, spiropyrans become protonated having two stable open-
ring isomers (Z and E), switchable by light. This motivated TAS investigations into the
dynamics of the switching process for two different derivatives (spirobenzopyran and
nitro-spirobenzopyran). The forward reaction was found to entail multiple species in the
ground state, formed from a rapidly decaying excited state with a lifetime of ~200 fs.
Subsequent reaction to the planar E-isomer follows a biexponential behavior in the ps-
time domain, indicating the involvement of two distinct intermediates. The reverse reac-
tion was determined to occur via an excited-state intermediate with a lifetime of 3.5 ps as
well as a ground-state intermediate with a 40 ps lifetime.

The third project in this thesis deals with the photo-induced ring-closing dynamics of
three different diarylethene derivatives, ethyl-dithienylethene, butyl-dithienylethene and
propyl-difurylethene, which were investigated in a comparative TAS study in solution

and single crystals. Varying in the length of the alkyl chains at the reactive carbon atoms




between which the bond is formed, as well as exchange of the heteroatom in the aryl-
substituents was found to significantly affect the cyclization. The determined reaction
time in propyl-difurylethene of 300-400 fs was faster than in the dithienylethene deriva-
tives, for which two distinct ring-closing pathways were found. Thus, the dominant factor
was the nature of the heteroatoms rather than the alkyl length, which points towards the
reaction being governed by the electronic structure rather than steric hindrance. Over-
all, the results from the crystalline samples were less complex than in solution due to
the absence of other conformers and cyclization rates generally increased. Furthermore,
static electron diffraction tests strongly suggest the suitability of all three compounds for
systematic UED studies, since a distinct difference in the diffraction between open- and

closed-ring isomer was observed.
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Zusammenfassung

Photochrome Verbindungen eignen sich hervorragend als Modellsysteme fiir die Un-
tersuchung von Photoisomerisationsprozessen mit atomarer Auflésung mithilfe von ul-
traschneller Elektronenbeugung (UED). Diese Molekiile besitzen mehrere stabile [somere
mit charakteristischen Absorptionseigenschaften und konnen selektiv durch Einstrahlung
von Licht ineinander umgewandelt werden. Dariiber hinaus gibt es viele dieser Verbin-
dungen, die auch im Kristall isomerisiert werden konnen, was der Verwendung von Beu-
gungsmethoden zutréglich ist. Bevor Experimente mit einem bestimmten photochromen
Molekiil realisiert werden konnen, muss jedoch deren Eignung iiberpriift und die Reakti-
onsdynamik so gut wie moglich charakterisiert werden. Hierzu eignet sich die etablierte
Methode der transienten Absorptionsspektroskopie (TAS).

Im Rahmen dieser Dissertation wurden Vertreter zweier unterschiedlicher Klassen photo-
chromer Molekiile mithilfe von TAS und UED-Experimenten untersucht: Spiropyran und
Diarylethen. Fiir beide wurden Versuche im Kristall und in Losung durchgefiihrt und die
benotigten optischen Aufbauten konstruiert.

In Spiropyranen verursacht die optische Anregung im ultravioletten Bereich einen Bin-
dungsbruch sowie die anschlieBende Planarisierung des Molekiils, welche mit einer Rot-
verschiebung des Absorptionsspektrums einhergeht. Dieser Prozess wurde untersucht fiir
Spironaphthopyran (SNP) und die Ergebnisse der TAS in Losung deuten darauf hin, dass
der Bindungsbruch die Bildung eines Intermediats im angeregten Zustand zufolge hat,
welches innerhalb von 300fs nach Anregung entsteht und mit einer Lebensdauer von
1.2 ps zum planaren Produkt reagiert. Eine eigens entwickelte Spektralanalyse erlaubte
die Charakterisierung der anschlieBenden Energiedissipation mit Lebensdauern zwischen
10 und 13 ps.

Die Ergebnisse der TAS an kristallinem SNP zeigen, dass die Isomerisation auch im Kris-
tall stattfindet, und dies auf nahezu identische Weise, mit Zeitkonstanten von 0.3 und
1.3 ps fiir die jeweiligen Reaktionsschritte. Allerdings wurde beobachtet, dass die Ab-
sorption der planaren Spezies, anders als in Losung, mit einer Lebensdauer von 650 ps
abfiel. Dieser Prozess wurde erklidrt durch Riickstellkrifte des durch die Isomerisation
verzerrten Kristallgitters, wofiir Indizien in komplementiren UED-Experimenten gefun-
den wurden.

Spiropyrane agieren in Gegenwart von starken Séduren als Protonakzeptoren, was ebenfalls
einen Bindungsbruch zur Folge hat. Die so gebildete Spezies besitzt zwei stabile Konfor-
mere (Z und E), welche wiederum durch Lichteinstrahlung ineinander konvertiert werden
konnen. Dieser Prozess wurde untersucht mittels TAS in Losung fiir zwei verschiedene
Spiropyranderivate, Spirobenzopyran und Nitro-spirobenzopyran. Fiir die Vorwirtsreak-
tion wurde eine kurze Lebensdauer des angeregten Zustands von 200 fs festgestellt. Diese
Relaxation fiihrt allerdings nicht direkt zur Bildung des E-Isomers, sondern indirekt {iber

mehrere Intermediate im Grundzustand. Die Riickreaktion zum Z-Isomer involviert ein
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Intermediat im angeregten Zustand und einen metastabilen Grundzustand mit Lebensdau-
ern von 3.5 ps beziehungsweise 40 ps.

Das dritte Projekt dieser Doktorarbeit umfasst die Untersuchung des lichtinduzierten
Ringschlusses in drei verschiedenen Diarylethenen (Ethyl-Dithienylethen, Butyl-Dithi-
enylethen und Propyl-Difurylethen) in einer Vergleichsstudie mittels TAS in Losung und
einkristallinen Filmen. Es wurde festgestellt, dass Unterschiede in der Linge der Alkyl-
substituenten und in der Art der Heteroatome sowohl Geschwindigkeit als auch Mecha-
nismus der Reaktion beeinflussen. Wihrend fiir den Ringschluss in Propyl-Difurylethen
eine direkte Relaxation mit einer Zeitkonstante von 300-400 fs ermittelt wurde, wurden
fiir die beiden Dithienylethene zwei verschiedene Reaktionswege gefunden. Von diesen
waren selbst die schnelleren Reaktionspfade jeweils langsamer als im untersuchten Di-
furylethen. Es wurde somit geschlussfolgert, dass die Art der Heteroatome und damit
einhergehende Verdnderungen in der elektronischen Struktur des Molekiils maf3geblicher
sind als die Linge der Alkylsubstituenten und mogliche damit assoziierte sterische Effek-
te. Verglichen mit den Losungen waren die TAS-Ergebnisse im Kristall weniger komplex
und der Ringschluss generell beschleunigt. Zusitzlich zu den TAS-Experimenten wurden
statische Elektronenbeugungsversuche durchgefiihrt, bei denen charakteristische Intensi-
tiatsinderungen beobachtet wurden, was alle drei Verbindungen als exzellente Kandidaten

fiir Experimente mit zeitaufgeloster Beugung ausweist.
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Introduction

1.1 Towards Direct Observation of Chemical Dynamics

Chemical phenomena, which constitute the basis for all life, are not static, they are dy-
namic. A statement seemingly trivial, but often overlooked in a society focused on results.
However, and that should be similarly obvious: The process determines the outcome.
The primary step in the tremendously complex process of vision is a simple, photo-
induced bond rotation within a small organic molecule, called retinal, [1.21 which triggers
a cascade of chemical and physical events, all culminating into the formation of an image
in the brain.’! Not only is this event remarkably simple, but also highly efficient and
fast.[* The reason why that is so significant becomes evident considering what happens
to a molecule when it is pushed out of equilibrium upon interaction with light. If a ball is
lifted onto the top of a slope, it will roll down due to gravity, but for a molecule consist-
ing of N atoms, there are 3N-6 possible intramolecular motions, or in this analogy 3N-6
directions in which the ball could roll, some of them leading upwards, some downwards.
How does the "ball" know where to go? How does the retinal molecule know which of its
N =49 atoms to move, and in what directions, in order to reach the product state, which
— according to the observed high efficiencies — it appears determined to do? Random
fluctuations of the atomic nuclei clearly fail to explain this; there needs to be a reduction
in dimensionality from 3N-6 to only a few key vibrational modes that couple strongly
to the excited state that the molecule is "lifted" into, and which drive a certain chemical
reaction.

It is not just to satisfy curiosity why identifying these modes is important. Many photo-
chemical processes in fact suffer from low efficiencies or selectivities and these essential
modes may serve as a target for manipulating the reaction towards the desired outcome.
This is possible in principle using complex light pulses in dedicated optical setups (vide
infra), but a more straightforward way is that of chemical modification. Pursuing this
based on static, equilibrium structures is what many chemists have done through the
years and still do, using educated, trial-and-error synthesis and comparing the different

outcomes. The more holistic approach on the other hand is trying to directly observe

1
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the structural dynamics of chemical reactions, which essential molecular motions are in-
volved and how they can be tuned via chemical modification. However, this is also the

much less trivial approach, as will be laid out in the following.

The requirements for the direct observation of chemical reactions are sub-A spatial and
sub-100 fs temporal resolution.'? These inconceivably fast time scales have been acces-
sible experimentally for several decades now, via the use of ultrashort laser pulses, taking
advantage of the fact that the rapid speed of light (3- 108 m/s) translates an ultrashort differ-
ence in arrival time into more tangible spatial displacements on the order of micrometers
(10 fs = 3um). Hence, utilizing two optical pulses, one to trigger a certain process and the
other to probe it, and varying the time delay between them allows to temporally resolve
photo-induced dynamics.

One of the most ubiquitous examples of these so-called pump-probe techniques is the
methodology of transient spectroscopy. In transient absorption spectroscopy (TA or TAS)
in particular,3 chemical reaction dynamics can be observed indirectly through associated
changes in the absorption properties of the molecules, or more simply put the molecules
changing their color, on the femtosecond time scale.*~'!! As will be discussed in more
detail later,* these absorption dynamics provide valuable information about the quantum
mechanical states playing a role in the reaction, but the method is not directly sensitive
to the structural dynamics. Nevertheless, in specific cases, signatures of molecular vi-
brations can be found in the TA data, which give information about the eigenfrequencies
of particular modes that are essential for the reaction. 12,131 1 fact, strategies have been
developed to specifically drive these modes and thereby steer the chemistry in a particular

direction.’

However, such fortunate cases are not always given. Especially if multiple
key modes drive a reaction, a specific vibrational mode to be targeted can become like the
proverbial needle in a haystack.

In search for a more immediate way to observe and control chemical reaction dynamics,
the advent of ultrafast diffraction techniques and ceaseless efforts of extending their capa-
bilities into the femtosecond domain have recently led to numerous breakthroughs. [5,16-19]
Based on the interference of a wave scattered off an object, diffraction contains direct

structural information® if the size of the object and the wavelength are comparable. In

'One angstrom (A) is one tenth of a nanometer or a billionth of 10 cm (107 m). A femtosecond (fs) is
the millionth of a billionth of a second (10~ " s).

2This rule of thumb is based on typical atomic displacements whilst moving at the speed of sound [5, 6].

3 Also known as flash photolysis, the fundamental principle was developed in the middle of the 20t
century [7], which was awarded with the Nobel Prize in Chemistry in 1967 [8].

4Section 2.4, in particular subsection 2.4.1.

3 Driving photochemical reactions via specific modes through interference between them and a tailored
optical pulse is known as coherent control [14, 15].

®N.B.: This is a deliberate simplification. Diffraction is directly sensitive to the structure, but part of the
information is lost as only the intensity of the diffracted wave is measurable. This can however be overcome
either exploiting potential symmetries of the investigated system or through reconstruction using a priori
knowledge about the investigated species in equilibrium [20].
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order to achieve atomic resolution, the most suitable probes are either X-ray or electron
pulses,7 both of which have their own advantages and drawbacks.®! Since no ultrafast
X-ray diffraction was carried out for this work, the following overview of what is pos-
sible and what has been achieved with ultrafast diffraction will be limited to the case of
electrons.

Pioneering time-resolved electron diffraction experiments were already conducted in the
1980°s, 2! thanks to the relatively straightforward generation of short electron pulses
with an ultrafast laser (see section 2.5.2). In the following years, important achievements
were made towards atomically resolved chemical dynamics on the picosecond (107 125)
time scale.[?>2*! However, it took 20 more years before the crucial regime of a few
100 fs time resolution was reached in 2003,[25’26] due to fundamental limitations that
needed to be overcome and will be discussed in more detail in a later section. Since

[27-30]

then even more improvements have been made, pushing the time resolution of ul-

[31-35] and even into

trafast electron diffraction (UED) routinely below the 100 fs barrier,
the attosecond® regime. 361 These records were set however in the limit of only a small
number of electrons per pulse in order to avoid space-charge broadening (vide infra), but
the source brightness needs to be considered when approaching atomic resolution. It has
been demonstrated that time resolutions on the order of 100-200 fs are sufficient to resolve
coupled motions in excited molecules, if in exchange the increased source brightness en-
ables resolutions in the 0.01 to 0.001 A range. (201 Since this resolution is lower than the
thermal motions of the molecule, it represents the fundamental spatio-temporal limit to
imaging chemical reactions. [19.37]

Most of the past advancements were made either studying high-symmetry, strongly scat-

[25.35.38-42] (1 «o-called 2D ma-

tering compounds on the one hand, namely atomic solids
terials, [***! both of which are experimentally more feasible than chemical systems, or
small molecules in the gas phase on the other hand.” Nevertheless, a variety of crystalline
metal-organic compounds have been studied using UED.[?%>275] Rather than "classic"
chemical processes such as bond breaking, formation or rotation the investigated struc-
tural dynamics were associated with light-induced phase transitions, which have the ad-
vantage of being fully reversible allowing for a large number of pump-probe cycles on a
sample. Besides the general interest in the investigated phenomena itself, these studies
helped pave the way towards the investigation of chemical reaction dynamics, since both
experimental and analytical tools and procedures were established and improved to facil-

itate the work with (metal-)organic materials.

"Electrons as quantum mechanical objects possess wave properties and thus exhibit diffraction.

81 as=10"18s.

The requirements of gas-phase UED fundamentally limit the number of available samples for such
investigations. Furthermore, the signal-to-noise ratio for crystalline samples is usually better due to the
constructive interference from multiple unit cells (see section 2.5.1). Nonetheless, the majority of reported
UED studies on chemical systems to date have been carried out in the gas phase, see e.g. refs. [24, 45-51].
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1.2 Photochromic Molecules as Model Systems

There was however one UED study on the ring closing of a purely organic compound
reported by Jean-Ruel et al. in 2013,568) the merit of which is difficult to overstate. In
addition to the general challenges when dealing with organic molecular crystals in UED,
such as thin-film sample preparation on the nanometer scale,'® vacuum stability and the
inherent weak scattering signal from molecules consisting of mostly light atoms, (597 the
investigated diarylethene molecules were also thermally irreversible. This however is a
common feature of the vast majority of chemical reactions where one (or multiple) re-
actant(s) react to one (or multiple) product(s). There are two general ways to overcome
this issue. The first is sample exchange between pump-probe cycles, as it is done in
other techniques such as serial synchrotron crystallography. [60.611 Besides consuming a
high amount of the chemical compound, the necessary vacuum conditions and spatial
constraints (see section 2.5.2) would require a highly complex, specialized experimental
setup in order to implement this strategy for UED. An analogous way with only one ex-
citation cycle per sample consists in the use of a streak-camera, in which entire scans are
mapped onto the detector screen. [29.621

The second general strategy relies on actively reverting the sample into its initial state with
another light source. °%%3 This evidently requires the product to be photo-reversible, at
a wavelength at which the reactant does not absorb, i.e. the product and reactant having
distinct colors. A class of molecules undergoing common photochemical reactions, and
fulfilling these additional requirements are photochromic molecules. ' The diarylethenes
are such photochromics having two different configurations (isomers), one colorless and
only absorbing in the ultraviolet, the other one colored with a prominent absorption band
in the visible.!®* These isomers are photochemically convertible via ring opening and
closing of a central cyclohexadiene core.

Thus, photochromics are an excellent target as model systems for the study of funda-
mental chemical processes using UED. There is a large variety of not only different di-
arylethene derivatives, but also other photochromic families such as azobenzenes, fulgides
and spiropyrans. Hence, there seems to be a surplus of systems, sitting on the shelf and
waiting to be studied by scientists who have the appropriate experimental equipment. In
reality of course, it is not as simple as that. The first restriction, which already rules out a
lot of compounds, is that current experimental capabilities are mostly limited to crystalline
(or gaseous) samples,'? and therefore the photochromic reaction, typically entailing a sig-
nificant structural change, needs to be possible in the condensed phase. The next factor

to be taken into account is how well-reversible the photochromic molecules are. An inef-

10See section 2.6.

""More information and references on photochromic compounds as well as the specific molecules studied
within this work will be given in the respective chapters.

2There are ongoing efforts towards UED in solution, the discussion of which would go beyond the scope
of this introductory section. Instead, the reader is referred to [65, 66].
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ficient photoreversion process or the formation of byproducts may seriously impede the
achievable reversibility. Furthermore, excitation of a large number of molecules (either
way of the reaction) may permanently damage the sample, or crystal strain itself lead to
measurement artifacts, prohibiting reconstruction of the atomically resolved dynamics.
Lastly, the general requirements to any UED experiment stated above need still be met.

All of these restrictions make careful evaluation of potential candidates crucial prior to
the actual UED experiments. One of the most valuable tools for this purpose is the afore-
mentioned transient absorption spectroscopy. Although non-trivial itself, it allows to test
a large amount of the demands to a UED sample in a faster and more straightforward way,
whilst in itself providing important insight into the chemical reaction dynamics, predom-

inantly in terms of time scales and involved quantum mechanical states.

1.3 Scope of the Thesis

It is this duality between elucidating the chemical reaction dynamics of photochromic
reactions by means of TAS and testing their suitability for UED investigations of the as-
sociated structural changes, that lies at the core of this thesis” work. Several photochromic
compounds were investigated, each with their own scientific questions to be answered al-
ready on the level of transient absorption, either owing to a lack of published reports or
contradictions in the literature.

The first study deals with spironaphthopyran, a representative of the spiropyran family,
in both crystal and solution (chapter 3). It was inspired by reports that the photochromic
reaction, despite encompassing drastic structural changes, was observed in the crystalline
phase. [67] Indeed, this was possible to confirm in TAS experiments by comparison to anal-
ogous measurements in solution.'? It turned out however, that standing disagreements re-
garding interpretation of the solution data were present in the literature, warranting further
investigation and culminating in a stand-alone work published in [68]. Furthermore, UED
experiments were conducted, the results of which can still be considered preliminary and
will be discussed in the final section of the chapter.

One of the challenges for reconstruction of the spiropyran reaction dynamics lies in their
complexity, involving bond-breaking and multiple bond rotations, as well as an open-ring
reaction intermediate. The addition of a proton to the molecule by aid of a strong acid can
thermally stabilize said intermediate structure in the ground state and isolate the bond-
breaking step from the subsequent isomerization. This motivated a separate investigation
of protonated spiropyrans (chapter 4). The outcome however was not the desired simplifi-
cation, but yielded a complicated mechanism involving multiple intermediates, for which

no indication was found in the non-protonated case. In addition to the forward reaction, it

BA manuscript based on the TAS experiments on crystalline spiropyran is currently in preparation.
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was possible to study the reverse reaction, both of which was carried out for two different
spiropyran derivatives (spirobenzopyran and nitrospiropyran).14

Lastly, inspired by the previous success in using a diarylethene derivative for UED, a com-
parative study between three other representatives of this family was conducted pursuing
the question how different chemical modification influences the structural dynamics of
the ring-closing reaction (chapter 5). Extensive analysis of the TAS results from all three
samples in both solution and crystal showed significant differences despite seemingly mi-
nor modifications, potential reasons of which will be discussed in more detail. Although
due to time constraints, it was not possible to carry out more than test measurements
regarding UED, the general suitability of these samples for such experiments was demon-
strated and specific requirements determined, which will be laid out in addition.'
Preceding these chapters dealing with particular scientific problems, a general chapter
introduces the basic concepts necessary to understand the experimental procedures, data
analysis methods, as well as the physical interpretation of the obtained results. Several
optical setups were constructed or improved for the experiments and will be described in
detail. Thus, this chapter covers experimental and analytical methods and concepts ubiqg-
uitous throughout this thesis, allowing to be referred back to in the later chapters to avoid

redundancy.

1.4 Contributions

Scientific work in the modern world is a collaborative effort and this thesis is no exception.
In principle, all people acknowledged in the preface have in some manner contributed to
this thesis. Nonetheless, the more significant scientific contributions by people other than
myself shall be noted in the following. The research was carried out in the group of
and the projects supervised by Prof. Dr. R. J. Dwayne Miller and co-supervised by Dr.
Heinrich Schwoerer. The latter was involved specifically in planning, conduction and
interpretation of the experiments on protonated spiropyrans (chapter 4). Responsible for
the laboratory and involved in all experiments was Dr. Stuart Hayes, who was also in
charge of the DC electron gun utilized for the diffraction experiments in chapter 5. The
transient absorption setup in its original form was constructed by Dr. Gaston Corthey and
Dr. Khalid Siddiqui, The latter initially led the experimental efforts on spironaphthopyran
(chapter 3) and contributed to construction of the optical setups as well as the develop-
ment of the dynamic line shape analysis (see section 2.4.6). Dr. Raison Dsouza carried
out TD-DFT molecular dynamics simulations for spiropyran in solution, the results of
which are part of his thesis (ref. [69]), but will also be discussed briefly here due to their

crucial role in the respective project. The UED experiments on SNP at the University of

A manuscript based on the findings in this chapter is currently in preparation, pending complementary
theoretical calculations.
SThe transient absorption results are the basis of another manuscript currently in preparation.
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Toronto were carried out together with Dr. Kamil Krawczyk and Dr. Antoine Sarracini.
Soumyajit Mitra contributed to the TAS experiments on the diarylethenes (chapter 5), aid-
ing in setup maintenance and optimization as well as building of the prism compressor.
Nita Ghosh assisted in the UED tests on diarylethenes and construction of the NOPA for

experiments with the Pharos laser system (section 5.5).




Experimental Methods and Setups

In this chapter, the experimental techniques applied in this work are introduced and ex-
plained. In addition to a general overview of each approach, the fundamental physics
necessary to understand both the respective working principles and the investigated pho-
tochemical processes are summarized briefly. Furthermore, specific designs of the con-

structed or modified setups as well as the applied data analysis methods are detailed.

2.1 Ultrafast Optics

This section provides a brief overview of the most relevant optical processes, in order to

facilitate their subsequent description.1

2.1.1 Ultrashort optical pulses and their generation

An optical pulse is an electromagnetic wave whose amplitude is only finite within a lim-
ited time window. It can thus be described in terms of the electric field component E (1)
as a plane wave with carrier frequency @y and temporal phase ¢ (), multiplied by a time-

dependent envelope function Eo(r):

E(t) = Eo(t)exp(i(opt — ¢ (1)) +c.c. 2.1

As shown in Fig. 2.1, it is common to approximate Eo(t) with a Gaussian function whose
full width at half maximum (FWHM) is used as a measure for the pulse duration. Pulses
on the order of a picosecond (10~ 12'5) or shorter fall into the ultrashort regime. Alterna-

tively to the time domain, the pulses can be described in the frequency domain (£ (®)):

E(w) = Eo(o — o) exp(—igp(® — @) + Eo(—o — o) exp(ip(—o — ap))  (2.2)

'For the fundamental parts in this section, no individual references will be given. Unless indicated
otherwise the content is based on refs. [70-72].
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Figure 2.1: Simplified example for an ultrashort optical pulse, shown in terms of the
electric field component in one dimension (red curve). The black line represents the
Gaussian carrier envelope function.

(o) is called the spectral phase and an important quantity for the characterization of

ultrashort pulses. The two alternative descriptions are linked by the well-known Fourier

transform: -
E(t):% / E (@) exp(ior)do 2.3)
E(w)= / E(t) exp(—it)dr (2.4)

Derived from the Fourier transform, there are several important relationships between
E(t) and E(®), two of which are especially important for the following discussions. The
first one is the time-shift theorem which links a temporal shift 7y to the multiplication with

a phase factor in the frequency domain:?

E(t) — E(t—1p)

s E(w) — E(o)exp(iot) (2.5)

The second important consequence from the Fourier relations is that a short pulse duration
(narrow envelope function) corresponds to a broad spectral bandwidth and vice versa.
Thus, it is possible to determine a lower limit for the product of duration and bandwidth,
which is known as the time-bandwidth-product (TBP) and whose value depends on the

shape of the envelope functions. For a Gaussian curve it is given by>

21n2
AVAr > Tn ~0.441 (2.6)

2 An analogous relationship exists for spectral shifts, but is less relevant for the physics discussed here.
*N.B.: In equation 2.6, At refers to the temporal width of the pulse intensity rather than the amplitude.
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The existence of such a lower limit can be rationalized by considering the generation prin-
ciple of ultrashort laser pulses via constructive interference of multiple modes. The more
modes involved, i.e. the larger the bandwidth, the shorter will be the time range during
which there is constructive interference between all of them. Furthermore, for the pulses
to be stable, the participating modes need to have a constant (or linear)* phase relation.

In practice, these requirements are met by mode-locked laser oscillators. The working
principle is based on a periodic intensity modulation inside the laser cavity, with a fre-
quency inverse to its round-trip time, which maximizes the gain of modes that are in
phase. While this intensity modulation can be achieved actively via acousto- or electro-

[73] passive strategies such as Kerr-lens mode-locking exist as well. [74]

optic modulators,
In the latter, the non-linear optical effect of self-focusing (vide infra) is exploited by ar-
ranging the optical elements such that the higher intensity modes, which are focused more

strongly, experience higher gain in the laser medium.

2.1.2 Light propagation through a medium

Propagation of light pulses through any medium leads to a modulation of the electric
field described by the spectral phase transfer function ¢,,(®) and the spectral amplitude
response R(®).

Eo(0) = R()exp(—igu(0))Eipn(o). (2.7)
The modulation thus leads to an addition of ¢,,(®) to the initial phase. Since the spectral
phase transfer function is generally non-linear in frequency, the resulting spectral phase of
the output pulse will be as well. This represents a deviation from the ideal case required
for bandwidth-limited pulse durations and induces a broadening of the pulse in time. An
approximate description of this effect in dependence of the propagation distance L can
be made by a series expansion of ¢, (®) up to the second order, using the relationship

between the spectral phase and the corresponding refractive index n(®):
Pm(@) = k(@)L = —n(®)L (2.8)

The first and second derivatives for the expansion immediately follow:

do,(w L dn

don(w) L[ dn d’n

———=—|2— — 2.1
dw? c ( do +wdaﬂ) (2.10)

The first derivative encompasses a linear phase shift, which is equivalent to a delay of the
light pulse according to the time-shift theorem (vide supra) and therefore called group

delay (GD). The second derivative is called the group-delay dispersion (GDD) since the

“Linear and constant phase relations are equivalent due to the time-shift theorem.

10
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introduction of a quadratic spectral phase is equivalent to a quadratic temporal phase,
which leads to a linear time dependence of the instantaneous frequency, the latter being
the first derivative of the former. Therefore, pulses with a finite bandwidth are broadened
in time when propagating through a medium, which is commonly referred to as chirp.
The GDD normalized to the propagation distance, thus becoming an inherent property of

the material, is called group velocity dispersion (GVD).

2.1.3 Pulse compression

The group-delay dispersion induced by propagation through transparent media is usually
positive leading to the temporal delay of higher frequency components with respect to
lower ones (up-chirp), broadening the temporal pulse profile. Therefore, strategies for
the compression of non-bandwidth-limited pulses involve the introduction of a negative
GDD. The most common principles rely on (spatially) dispersive elements, such as prisms
or gratings, in a geometry such that the pathlength for higher frequencies is longer than for
lower ones. The simplest case of such a setup is a prism compressor, shown schematically
in Fig. 2.2. It consists of two prisms and a mirror, causing the beam to pass through each
prism twice.’> The prisms are oriented such that the pathlength between the first prism and
the mirror is longer for shorter wavelengths, which are refracted more strongly. Using
angular dispersion thus introduces a negative GDD, which can be calculated to design
the compression of a pulse with a known GDD. The depicted design was used within the
scope of this thesis to improve the temporal resolution in the experiments as well as the
efficiency of certain non-linear optical processes, which will be introduced in the next

section.

2.1.4 Non-linear optics

As laid out in the previous sections, at moderate light intensities, the medium affects
the light pulse, but not vice versa, and the polarization ﬁ(t) of the medium responds
linearly with the incident electric field depending on the linear susceptibility x(l). When
higher light intensities are reached, the linear approximation for small amplitudes of the
polarization breaks down and higher order terms of the response have to be taken into

account:
P(t)=xVE@)+xP @E*(t)+ P @ E3(t) + ... (2.11)

with the n-th order susceptibility tensors ¥ (") The involvement of higher-order terms,
specifically the second and third orders, gives rise to various non-linear optical effects.

Ultrashort pulses typically exhibit high peak powers with the energy condensed in a short

3 Alternatively a symmetric, four-prism configuration can be used, which is easier to adjust but requires
more space.

11
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MM

P2

Figure 2.2: Working principle of a prism compressor. In this geometry, the optical path-
length between the two prisms (P1, P2) is extended for shorter wavelengths, introducing
a negative GDD. This is compensated partially by the propagation distance through P2,
which can be used to fine-tune the pulse duration. A metallic mirror (MM) back-reflects
the beam in order to remove the introduced spatial dispersion, but also reducing the re-
quired distance between P1 and P2.

amount of time making these effects accessible as well as their application in ultrafast ex-
perimental techniques. The most important non-linear optical phenomena applied within
the scope of this thesis will be explained briefly in the following. Most of them are based
on the second order term of the series expansion from equation 2.11, formulated in the
frequency domain:

P2 () = x¥(w; 0, 0)) : E(0)E () (2.12)

Deviating from the single-frequency case discussed before, this equation is generalized to
the contribution of two frequencies.6 A series expansion of the second-order polarization

itself results in the following terms:

PP (@) o< E? exp(2iant) + (E})? exp(—2iet) + E3 exp(2imt) + (E3 )% exp(—2imst)
+2EEyexp(i(®) + mo)t) + 2E{ E5 exp(—i( ) + @p)f)
+2EE; exp(i(@; — an)t) +2E{Ey exp(—i(w; — m)t)
+2|E; > +2|E, |2 (2.13)

These individual terms can be attributed to different non-linear optical effects. The first
four terms represent the generation of oscillatory components at twice the incident fre-
quencies, which is referred to as second harmonic generation (SHG). The second row
shows components with the sum of the two fundamental frequencies (sum-frequency gen-
eration or mixing, SFG/SFM), while the third row accounts for the difference between
them (difference-frequency generation, DFG).

In order to select one of these processes in practice and provide sufficient efficiency, the

incident wave and the respective generated waves need to remain in phase, a requirement

The two descriptions are equivalent and the single-frequency case is readily inferred from equation
2.12.
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2 Experimental Methods and Setups

that is called phase matching. In conventional media, this condition is not satisfied since
the speed of light in materials is frequency dependent and pulses with different wave-
lengths generally do not travel through the material at the same speed. In birefringent
materials however, there are two different refractive indices for parallel and perpendicular
light polarizations,’ the ordinary and extraordinary refractive indices 7, and 1,. While
the former is independent of the light propagation direction, 1, depends on the angle 6
between the propagation axis and the optical axis of the crystal. Thus, a certain angle
exists, where 1,(®) is equal to . (®'), with ®’ being for instance the second harmonic
frequency 2@ for the case of SHG. This angle is called the phase-matching angle Bpy,.
For many non-linear processes at common laser wavelengths, birefringent crystals are
commercially available, being cut in such a way that a perpendicularly incident beam
propagates along the respective phase-matching angle.

Instead of involving higher order non-linear terms of the polarization, the third and fourth
harmonic can be generated by either the combination of SHG and SFG or two-stage SHG,
respectively. For the third harmonic (THG), the output of the SHG is mixed with the
fundamental beam in another crystal, cut to the appropriate phase matching angle. In
practice, the inherent group delay between the two differently colored pulses needs to be
compensated. Since the output wave in (Type I) SHG has a polarization perpendicular to
the fundamental, this can be achieved with another birefringent crystal. Fourth-harmonic
generation (FHG) uses the output directly for a second SHG process and therefore only
requires sufficient peak intensities of the pulses.

The final non-linear optical effect to be discussed here and vital for the constructed se-

tups is supercontinuum generation, ’>°!

yielding broadband pulses with spectral widths
on the order of 400 nm for center frequencies in the visible range. While this process
is highly complex and itself still subject of ongoing research, 77) the general principle is
based on the third-order non-linear effect of self-phase modulation. At very high fields
the electric susceptibility and thereby the refractive index n are altered and become time-
dependent, which far from resonances is linked to the third-order susceptibility tensor and

proportional to the electric field intensity /(z):
n(t) =no+ny-1(t) (2.14)

with the non-linear refractive index n, = — 1(3). This change in refractive index is equiv-
no

alent to a time-dependent phase shift:

AG(z.1) = Ak(t)z = C—a())nzl(t)z 2.15)

"N.B.: Parallel and perpendicular here refer to the plane of incidence. In practice, the crystal is rotated
perpendicularly to the optical axis to match the crystal axes with the respective light polarization(s).
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2 Experimental Methods and Setups

with the vacuum speed of light ¢, the propagation distance z inside the medium and
Ak being the change in wave vector associated with the non-linear refractive index. The
additional phase factor in time corresponds to a spectral shift, in analogy to the time-shift
theorem. Since the instantaneous frequency is the first derivative of the phase, the spectral
shift is proportional to the intensity gradient and the propagation distance:

A0 (z.1) = 0(z.1) — oy = — DLz 210 2.16)

co ot

Thus, for ultrashort pulses, where dI/dt is high, the significant spectral broadening de-
scribed above can be achieved. However, self-phase modulation is only one of multiple
effects contributing to the spectral broadening, such as self-focusing, cross-phase modu-
lation or stimulated Raman scattering.'”! Nonetheless, equation 2.16 has important prac-
tical implications, considering the dependence on the material thickness and the intensity
profile of the pulse.
This concludes the discussion of the underlying optical processes relevant to understand

the design of the utilized ultrafast laser setups, described in the following sections.

2.2 Laser Systems

In total, three different ultrafast laser systems were used for the scientific projects pre-
sented in this thesis, all of which utilize the principle of chirped-pulse amplification,!”!
in which broadband pulses are generated in an oscillator and subsequently broadened in
time via a stretcher, before being amplified in a second laser crystal and re-compressed
to the bandwidth limit. The vast majority of the results were obtained using a titanium
sapphire (Ti:Sa) regenerative amplifier system, which will be described briefly in this sec-
tion, before discussing differences to the other applied systems.

It was manufactured by Coherent, Inc. 30!

with a Micra-5 oscillator and a Legend Elite
regenerative amplifier and provided 800 nm pulses with a bandwidth-limited duration of
~35 fs and energies of 4 mJ at a repetition rate of 1 kHz. The Micra-5 oscillator produces
a femtosecond pulse train via Kerr-lens modelocking, at a repetition rate of 85 MHz, with
bandwidths around 90 nm and durations of 30 fs, according to factory specifications. The
pulse stretcher prior to amplification employs a diffraction grating to introduce spectral
dispersion, in the opposite way to the working principle of a prism or grating compressor.
This is done in order to avoid damaging of the gain medium in the regenerative amplifier
due to high peak powers of the (amplified) pulses. The amplification process itself en-
tails repeated passing of a single pulse through an optically excited gain medium until the
pulse energy is saturated due to population depletion. This is controlled by two electro-
optic modulators (Pockels cells), which are synchronized to the oscillator and, in com-
bination with polarization optics, control the number of times a pulse passes through the

laser cavity before exiting the amplifier unit. The gain medium is pumped by a Nd:YLF

14



2 Experimental Methods and Setups

nanosecond laser,® which is also synchronized with the Pockels cells so that the excitation
can be optimized to the entrance timing of the pulse. After amplification, the pulses are
recompressed close to the bandwidth limit with a grating compressor.

The regenerative amplifier system used for experiments with the RF compression UED
setup at the University of Toronto (vide infra) was highly similar to the one described
above, utilizing the same oscillator model and a similar regenerative amplifier, which
produced 800 nm pulses with durations around 50 fs and energies of 0.5 mJ. It has been
described in more detail elsewhere, for instance in refs. [57, 58, 81].

The third femtosecond laser system9 on the other hand employs a different gain medium,
neodynium-doped yttrium aluminum garnet (Nd: YAG), and provides pulses with central
wavelengths of 1030 nm, durations of 170 fs and energies of ~800 wJ at 1kHz repeti-
tion rate.'” It was used for the preliminary ultrafast electron diffraction experiments on

diarylethene derivatives, presented in chapter 5.

2.3 Non-collinear Optical Parametric Amplifiers

The specific experimental requirements associated with the investigated samples demand-
ed the availability of wavelengths beyond the second and third harmonic of the fundamen-
tal 800 nm beam from the Ti:Sa laser system at sufficient intensity.'! Firstly, synchronized
photoreversion12 of the diarylethene compounds required a tunable, pulsed13 laser source
in the wavelength range between 500 and 650 nm. Secondly, it was shown that for these
compounds, excitation at 266 nm was not feasible due to rapid sample fatigue, thus de-
manding excitation pulses within the wavelength range between 300 and 380 nm, above
which the samples do not absorb. Therefore, for both purposes, tunable frequency con-
verters were built based on non-collinear optical parametric amplification. The working
principle of the latter will be laid out briefly, followed by a description of the specific

designs.

8Neodynium—doped yttrium lithium fluoride nanosecond laser utilizing Q-switching, 532 nm central
wavelength.

%Pharos by Light Conversion, see [82]

10T hese are the specifications used for operation in the laboratory.

"Unless explicitly specified, the Ti:Sa system refers to the 4 mJ system at the MPI for the Structure and
Dynamics of Matter.

12Synchronized photoreversion was developed by Dr. Siddiqui (see ref. [63]) as an improvement of
previous CW photoreversion of thermally irreversible photochromic molecules by Dr. Jean-Ruel (see refs.
[56, 57, 83])

BWhile it can be argued that a pulsed source is beneficial due to the prevention of crystal strain associated
with the isomerization reactions, the main motivation for this was the potential to study the reverse reactions
of these compounds.
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yLX 5

Figure 2.3: Beam geometry inside a BBO crystal for non-collinear optical parametric
amplification. kp, ks and k; are the respective wave vectors of the pump, signal and idler
beams. o and  are the internal angles between pump and signal (or seed) as well as
signal and idler, respectively.

2.3.1 Broadband phase matching

The process of optical parametric amplification (OPA) represents a seeded form of opti-
cal parametric generation (OPG), which is based on the same non-linear optical effect as
difference-frequency generation. From a high intensity pump pulse, two pulses of lower
frequency are generated, whose added frequencies are equal to the pump frequency. The
addition of another, lower intensity beam as the seed induces its amplification. The am-
plified beam is called the signal while the other generated beam is called idler. Using a
broadband, chirped seed allows for control of the signal wavelength via the delay between
the pump and the seed pulses, since only those modes will be amplified which temporally
overlap with the pump pulse.

Like in case of the non-linear processes discussed above, phase matching between the
differently colored beams is a crucial condition, limiting the practically achievable band-
width of the signal beam. This issue can be mitigated in part by moving from a collinear
beam geometry to a non-collinear one (non-collinear OPA, NOPA), which induces an ad-
ditional degree of freedom via the internal angles o between the pump and the signal
beams and € between the signal and the idler beams (see Fig.2.3). It can be shown that

under these circumstances, the phase matching condition in terms of the difference in

wavevectors'* between the involved frequencies becomes: (84]
Ak, kpcos o — kg — kjcos 0
— = (2.17)
Ak, kpsin ot — k; sinQ 0

For Type I mixing, an expression for the phase matching angle depending on the signal
and pump wavelengths as well as the internal angle has been derived (see ref. [84]) and
can be found in the appendix (equation A.20). This expression was used in order to

determine the ideal internal angle o for broadband phase matching in a 3-barium borate

“N.B.: The phase matching condition in terms of the wavevector difference is of course equivalent to
and can be converted into the one using the refractive indices used previously.
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Figure 2.4: Vis-NOPA phase matching angle 6y, as a function of the signal wavelength
for various internal beam angles (¢t) and for pump wavelengths A, of (a) 400 nm (Ti:Sa)
and (b) 515 nm (Nd:YAG).

crystal (BBO) as well as the corresponding 6, as a cut angle for the utilized non-linear
crystals. This was carried out for pump wavelengths of 400 and 515 nm and the results are
shown in Fig.2.4. For broadband phase matching at a single angle, the phase matching
curve needs to be as flat as possible in the respective wavelength range. By inspection,
the optimal internal angles were determined to be 3.8° for 400 nm and 2.5° for 515 nm,
corresponding to external angles of 5.9° and 3.8°. The associated crystal cut angles for

the BBO crystals were 31.5° and 24.4°, respectively.

2.3.2 NOPA setups

Within the course of this PhD project, three individual NOPAs were constructed for dif-
ferent purposes. One of them was built for preliminary experiments with the Nd:YAG
laser and will not be discussed in more detail, since its design was nearly identical to the
design of the other two except for the difference in the angle between pump and seed
(a), the phase matching angle (8py,) and wavelength-specific optics. The remaining two
NOPAs were again similar in design, both using 400 nm as the pump and a visible su-
percontinuum as the seed, and can thus be described together. One of them was used for
synchronized photoreversion experiments, predominantly for the diarylethene derivatives
discussed in chapter 5. The other one was built for the purpose of sum-frequency mixing
its output with the fundamental 800 nm beam to yield broadband pulses in the ultraviolet
with wavelengths longer than 300 nm. These pulses were required in particular for excita-
tion of the diarylethene derivatives (see chapter 5), but were also used for other samples,
unless shorter excitation wavelengths were necessary.

Fig. 2.5 shows the design of the broadband UV pulse generation setup including the visi-
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Figure 2.5: Design of the visible NOPA and prism compressor as part of the broadband
UV pulse generator. The required angle between the pump and seed beams is introduced
through a vertical offset prior to focusing into the BBO for the OPA process. Before the
NOPA beam is directed into the SFG setup (see Fig. 2.6), the pulses are compressed with
a two-prism compressor (SF10).
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Figure 2.6: Layout of the sum-frequency mixing stage between the visible NOPA output
at ~600nm (see Fig.2.5) and the fundamental 800 nm, producing broadband pulses in
the UV (see Fig.2.7).

ble NOPA and a compressor prior to the sum-frequency generation stage. For a sufficient
SFG efficiency, relatively high output pulse energies on the order of 10 pJ from the vis-
ible NOPA were required. Therefore, the entire setup was fed by a large portion of the
laser system’s pulse energy (~1.1 mJ), of which 30 % were separated for the SFG with
a beam sampler. The remaining 730 wJ were again split, leaving 10 % for the seed su-
percontinuum generation and 90 % for the second-harmonic generation of the pump. The
latter was generated in a BBO (0 = 29.3°) and its intensity controlled by detuning the
polarization with a half-wave plate (HWP). Generation of the seed beam was done by
focusing the attenuated beam in a 3 mm thick sapphire disk. By varying the distance
between the focusing and collimating mirror, the seed was re-focused at the position of
the OPA crystal (BBO OPA, 6 = 31.4°). The angle between the beams was created by
lowering down the pump beam using the focusing mirror (750 mm focal length), before
redirecting it upwards to overlap it with the seed beam in the BBO, at an external angle
of ~ 6°. The maximum pump pulse energy at the OPA crystal was around 90 pJ with
a beam diameter of 205 um.'> Under these conditions, signal pulse energies of 13 uJ at

600 nm were routinely accessible, with some more extensive optimization even higher

BIn part due to some losses from the optics, but mostly by sampling the beam with an aperture, the pulse
energy of the 800 nm beam prior to the SHG was 560uJ resulting in 400 nm pulse energies around 110pJ
behind the high-pass filter.
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Figure 2.7: Example spectra from the broadband UV laser pulse generator. (a) spec-
trum from the visible NOPA at 650 nm central wavelength, (b) output spectra of the sum-
frequency mixing stage for different central wavelengths between 300 and 400 nm.

(15-16 W), and bandwidths around 50 nm. An example spectrum of the NOPA output is
shown in Fig. 2.7 (a).

Behind the OPA crystal, the signal beam was collimated with another metallic mirror and
sent into the prism compressor (SF10 prisms, cut at the Brewster angle for ~600 nm).
The parameters of the compressor were preliminarily set according to calculations (8]
and estimates of the initial pulse durations but optimized empirically to increase the SFG
efficiency. After compression, the NOPA beam was directed to the sum-frequency genera-
tion stage shown in Fig. 2.6 where it was focused into the SFG BBO crystal (6,m = 31.5°,
0.3 mm thickness), together with the 800 nm beam in a non-collinear geometry.'® The
delay between the two pulses was compensated by using an assembly of multiple mirrors
in the path of the 800 nm beam as well as a manual delay stage for day-to-day optimiza-
tion of the temporal overlap. Behind the crystal, the sum-frequency signal was again
collimated and sent to the specific setup.l7 For transient absorption spectroscopy, the
UV pulses were compressed once more with another prism compressor (UV fused silica
prisms).

Under the given conditions, pulse energies of up to 2.3 wJ and a bandwidth of up to 30 nm
at a central wavelength of 340 nm were achieved. However, since the sum-frequency
generation process was highly dependent on multiple factors such as the incident pulse
energies, bandwidths, durations, beam sizes, crystal orientation as well as the delay be-
tween the pulses, this was not feasible to achieve on a daily basis. Nonetheless, energies
around 1 pJ and bandwidths of 15-20 nm were routinely obtained (see Fig.2.7 (b)). The

1®While somewhat detrimental for the efficiency, this geometry provided an inherent spatial separation
of the generated sum-frequency beam from the others.

7Even though it is not shown in Fig. 2.5 for simplicity, the visible NOPA beam was also re-collimated
and could be used for experiments.
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second NOPA in comparison to the first one shown in Fig. 2.5 was operated at about half
the pulse energy (40 puJ at 400 nm, 5-6 pJ visible output), which was sufficient since the
pulses were used directly for experiments rather than for another non-linear optical pro-
cess. Bandwidths around 25 nm at 500-600 nm central wavelengths were commonly used
(see Fig. A.32 in the appendix). Although larger bandwidths were feasible (up to 100 nm),
they were not desirable since this NOPA was used predominantly for photoreversion
where scattering signals potentially affect the acquired transient absorption data. Fur-
thermore, for the purpose of photoreversion it was not necessary to compress the NOPA

pulses.

2.4 Transient Absorption Spectroscopy

The vast majority of experimental results analyzed and discussed in this thesis were ac-
quired using the experimental technique of transient absorption spectroscopy (TAS). In
this section, after a brief introduction into the underlying physics, the fundamental work-
ing principles and the utilized setup design in various configurations are presented. The
general experimental procedure as well as data processing are described followed by an
overview of the most important data analysis methods that were applied and will be dis-

cussed throughout this thesis.'®

2.4.1 Probing electronic states and their populations

In transient absorption spectroscopy, the time-resolved difference in transmission of a
multichromatic light pulse through an optically excited system is measured and compared
to the system at equilibrium. 19 1t thus enables capturing photoinduced dynamics by prob-
ing the associated changes in optical transitions between states of the system, providing
information on both their populations and relative energies. In order to correctly interpret
TAS experiments, an understanding of these optical transitions is required, for which the
most important concepts will be introduced briefly in the following. Since the subjects
of investigation throughout this thesis <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>