Investigations of Ultrafast Photoisomerization of Photochromic
Molecular Switches by fs-Time-Resolved Transient Absorption
Spectroscopy

Dissertation
zur Erlangung des Doktorgrades
der Mathematisch Naturwissenschaftlichen Fakultét
der Christian—Albrechts—Universitit zu Kiel

vorgelegt von

Magdalena Foca, geb. Horoiu

Kiel 2005



To my parents



Abstract

The photoinduced isomerization of trans- and cis- azobenzene

trans-AB + hv — cis-AB
cis-AB + hy — trans-AB

and the cis-trans photoisomerization of the furylfulgide:
Z-ACR 540 + hv — E-ACR 540

were studied with a pump-probe setup. The detection of the ultrafast transient absorption was
realized using supercontinuum (SC) broadband probe pulses generated in sapphire or CaF,. A
study of the cross-phase modulation showed that the SC could be described as linearly chirped
pulses. Stimulated Raman amplification contribution was used to find the best setting for the
pulse compression for the NOPA pump pulses.

The photoinduced isomerization of azobenzene in CCly and ethanol at room temperature
was studied after excitation at Apym,, — 466 nm and Ay, — 387 nm. In the first case (Apump —
466 nm), two wavelength-independent decay components of 77 = 0.52(2) ps and 73 = 3.22(2)
ps were found, in agreement with previous work. The shortest time constant was interpreted
as very fast motion of the excited state wavepacket out of the Franck-Condon region and
ultrafast conversion to the Sy state via a conical intersection (CI), the second component was
attributed to molecules that do not take the direct path. A much weaker third component
of 7 = 18 ps only found at A = 510 nm was assigned to the relaxation of vibrationally hot
molecules in the Sj state. For excitation at A,,,, — 387 nm leading to S, state, three decay
components with 77 = 0.08(5) ps, 72 = 0.4(3) ps and 73 = 13(3) ps were found. The fastest
component (71) could be related to the conversion from the S to the S; state. The second
decay time (73) was attributed to motion in the S; state towards the S;/So-CI and the slowest
component was assigned to cooling of vibrationally hot molecules in Sy state. It is not clear
why, in contrast to literature, no 7 &~ 3 ps component was observed.

The photoisomerization of the furylfulgide Z-ACR 540 was studied after excitation at Apym,
— 387 nm in toluene and ethanol. In toluene, a short-lived component only present within
the first 0.3 ps and a long lived second component were found. The latter had a rise time
of 7 = 16 ps and did not decay within 136 ps. That component was also observed in pure
toluene and was assigned to the photoinduced formation of toluene excimers. In ethanol only
one single fast decay component of 7 = 248(2) fs was found. The time scale of the process

could be interpreted as motion from the S; state to the Sy state via a CI.



Kurzzusammenfassung

Die Photoisomerisierung von trans- and cis-Azobenzol
trans-AB + hv — cis-AB
cis-AB + hv — trans-AB

und die cis-trans Photoisomerisierung eines Furylfulgids
Z-ACR 540 + hv — E-ACR 540

wurden untersucht. Die dazu notwendigen Abfrage- und Abtastpulse (Weiklicht, WL) wur-
den in Saphir oder CaF, erzeugt. FEine Analyse der Kreuzphasenmodulation zeigte, dass
die WL-Pulse in guter Nidherung als linear gechirpt beschrieben werden konnten. Aus der
stimulierten Raman-Streuung wurde die jeweils optimale Einstellung fiir die Kompression der
NOPA-Anregungspulse bestimmt.

Die Photoisomerisierung von trans-Azobenzol wurde bei Anregung mit A = 466 nm und A
— 387 nm in Tetrachlorkohlenstoff und Ethanol untersucht. Im ersten Fall konnten die Zeit-
profile mit zwei von der Abfragewellenléinge unabhéngigen Zeitkonstanten 77 = 0.52(2) ps und
T = 3.22(2) ps beschrieben werden. Die kiirzeste Zeitkonstante wurde als Herauslaufen des
Wellenpakets aus der Franck-Condon-Region des angeregten Zustands mit anschliefender di-
rekter Konversion in den Sp-Zustand iiber eine konische Durchschneidung (KD) interpretiert.
Die zweite Komponente wurde Molekiilen zugeordnet, die nicht iiber diesen direkten Weg
reagieren. Bei der Abfragewellenlinge A = 510 nm tritt eine dritte, sehr viel langsamere
Komponente mit 7 — 18 ps auf, die der Relaxation von schwingungsangeregten Molekiilen
im Sp-Zustand zugewiesen wurde. Bei Anregung mit A — 387 nm, die in den S,-Zustand
fithrt, wurden drei Zeitkonstanten, 77 = 0.08(2) ps, 72 = 0.4(3) ps und 73 = 13(3) ps, er-
mittelt. Die schnellste Komponente (7;) wurde als Ubergang aus dem S,-Zustand in den
S1-Zustand interpretiert. Die zweite Komponente (75) wurde der Dynamik im S;-Zustand in
Richtung der Sy/S; KD zugeordnet. Die langsamste Komponente wurde als Abkiihlung von
schwingungsangeregten Molekiilen im Sy-Zustand gedeutet. Es konnte nicht geklirt werden,
warum im Gegensatz zur Literatur keine Komponente mit 7 ~ 3 ps beobachtet wurde.

Die Photoisomerisierung des Furylfulgids Z-ACR 540, wurde nach Anregung mit A = 387
nm in Toluol und Ethanol untersucht. In Toluol wurden eine kurzlebige (innerhalb der er-
sten 0.3 ps) und eine langlebige Komponente beobachtet. Letztere hatte eine Anstiegszeit
von 7 = 16 ps und blieb bis zu 136 ps nahezu konstant. Diese Komponente konnte der pho-
toinduzierten Bildung von Toluol-Excimeren zugeordnet werden. In Ethanol wurde nur eine
schnelle Komponente mit 7 — 248 fs gefunden. Dieses Prozesses kann als Hinweis auf eine

mogliche Beteiligung einer KD bei der Isomerisierung interpretiert werden.
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1 Introduction

The study of the kinetics of chemical reactions is an integral part of chemistry. In 1889 Arrhe-
nius found empirically his famous equation for the reaction rate as a function of temperature
[1], which has been used widely ever since. However, the Arrhenius equation does not give
insight into the detailed molecular mechanism of a chemical reaction. For such a detailed
description, the individual motion of the nuclei during the reaction is of interest. This motion
occurs on the time scale of molecular vibrations, which is of the order of 100 fs or even less.
Ultrafast pulsed laser techniques have enabled researchers to explore the molecular dynamics
on this time scale by spectroscopic experiments. Since the first laser was invented in 1960
[2], the duration of the shortest laser pulses has decreased tremendously [3, 4, 5, 6]. The first
fs-pulses became available in the 1980s [7]|, and even attosecond pulse are in use today [8].

Femtosecond spectroscopy has become an important tool for the study of chemical reaction
dynamics and has been rewarded with a Nobel prize to A. Zewail in 1999 [9]. Among the many
reactions studied are biologically relevant elementary processes of photosynthesis [10, 11], cis-
trans isomerization of rhodopsin which is the basis of viewing [12, 13, 14|, or the mechanism
of radiationless deactivation of the nucleobases and the nucleosides [15, 16, 17]. Much of the
interest into the photoinduced molecular dynamics also arises from the desire to gain insight
into the processes that are the basis for functional molecules in present and future applications
such as light-driven switches [18] or molecular machines [19, 20)].

Since no electronic device is fast enough for detection at the fs time scale, ultrafast spec-
troscopy is performed using a so-called pump-probe scheme, where first a pump pulse excites
the sample and sets the point of time zero. Then, the temporal evolution of the system is
interrogated with a series of temporally delayed probe pulses. A variation of the delay between
the pump and probe pulses can be achieved by simply changing the relative optical path length
of the pump wversus the probe beam. Many different ultrafast spectroscopical methods have
been developed, such as time-resolved mass-spectrometry |21, 22|, time-gated fluorescence de-
tection by up-conversion |23, 24| and transient absorption |25, 26]. In this thesis, the popular
method of transient absorption detection is used.

Suitable ultra-broadband probe pulses can be generated by focusing femtosecond pulses into

transparent non-linear optical materials, the so-called supercontinuum generation [27|. The
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complex process is still not fully understood and involves a variety of non-linear optical phe-
nomena |27, 28]. Another complication in transient absorption experiments are the coherent
contributions to the detected signal due to the interaction of the pump and probe pulses inside
the sample at zero time delay, such as cross phase modulation, stimulated Raman scattering
and others. For the desired temporal resolution, a thorough characterization of the relevant
parameters is required.

It was the goal of this work to set up an experiment for ultra-broadband detection of
the transient absorption on a time scale of 100 fs and less. Typical absorption changes of
photoexcited molecules are small and can be of the order of only one part per thousand or
even less [29, 30, 31]. The reliable detection of such small signals with femtosecond resolution
is a major experimental challenge that is usually tackled in a pump-probe-reference setup [25].
This is to be combined with a broadband spectral range of probe wavelengths for a complete
detection of the ultrafast dynamics.

In this thesis, the method of transient absorption is applied to study the molecular dynamics
of selected photochemical switches [19, 32]. A detailed knowledge of the underlying dynamics
of the switching process is essential for the construction of improved functional molecular
devices and might even open up new applications.

The photoinduced cis-trans isomerization of azobenzene (AB) was studied first. Figure 1.1

shows the isomerization from trans-AB to cis-AB and back. The isomerization can be induced

e Navs

trans - azobenzene cis - azobenzene

Figure 1.1: Isomerization scheme of azobenzene.

by irradiation at UV and visual wavelengths and is basis for the high application potential of
azobenzenes. For example, ABs have been used to induce conformational changes in proteins,
phase transitions in liquid crystal systems and emulsions, or construct so-called "nano-muscles”
[33, 34, 35, 36, 37|]. Despite much experimental and theoretical work (see e.g. [38, 39|) the
exact mechanism of the isomerization is still not fully understood.

The second reaction of interest in this thesis is the photoinduced ring opening and closure
of fulgides [40, 41, 42|. The reaction scheme of the fulgide Aberchrome 540 (ACR 540) (full
name: 1-[1-(2,5-dimethyl-3-furyl)ethylidene|-2-isopropylidensuccinanhydride) is shown in Fig.
1.2. This class of molecules shows a reversible light-induced change (photochromism) in the

absorption spectrum. Since the switching cycle can be repeated many times without significant
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(colorless) (colorless) (bordeaux)

Figure 1.2: Molecular structure and reaction scheme of Aberchrome 540.

photodamage, fulgides are promising candidate molecules for use as optical memory devices.
The electrocyclic reaction has not been studied extensively by ultrafast spectroscopy before.
Only a few studies are available [43, 44, 45] and not much is known about the details of the
underlying molecular dynamics, such as the nature of the excited states that are involved. For
the Z — F isomerization, which is studied in this thesis, no ultrafast measurements are known.

The work presented in this thesis is organized as follows: Chapter two includes sections on
photochromism and photochemistry. In the first section of chapter three, relevant aspects of
ultrafast spectroscopy will be described. Details of the experimental setup and data acquisition
procedures are given in section two and three of chapter three. The results and their discussion
are given in chapter four. It is divided into three parts, one covering the generation of the
supercontinuum probe pulses and the other two the photoisomerizations of respectively: AB
and the Z isomer of the fulgide Aberchrome 540.



2 Ultrafast Photochromic Molecular

Switches

Miniaturization of electronic devices to achieve faster data processing and higher data storage
capacities is a major trend in information technology. However, it is anticipated that soon the
physical limits of lithography will be reached. The use of molecules as building blocks opens
a promising route to construct nanoscale devices. In this context photochromic molecules,
which can act as as bistable optical switches are at the centre of interest. For an optimal
design of the devices, not only the static properties of the compounds must be known, but
also a detailed understanding of the ongoing photophysical and photochemical processes is
crucial.

The dominance of the desired photochromic reactions over possible side reactions, which
is basis for repeated photochromic cycles and low photochemical fatigue, requires large rate
constants, ¢. e. efficient ultrafast mechanisms for intramolecular conversion such as the molec-
ular dynamics at conical intersections. The next section gives a brief introduction to pho-
tochromism, and in the following sections important photochemical and photophysical con-

cepts are described.

2.1 Photochromism

Photochromism is the light induced reversible change in the absorption spectrum of molecules.
A variety of compounds such as stilbenes, spiropyranes, diarylethenes, azobenzenes and fulgides
display photochromism. The typical processes involved are the cis-trans isomerization, the
electrocyclic ring closure or opening and the keto-enol tautomerism.

It has been found experimentally that all three types of photochromic processes have in
common to happen on ultrafast time scales. The photochromism of 2-hydroxybenzotriazoles,
for example, is based on keto-enol tautomerism [46, 47, 48]. Upon photoexcitation, these
molecules undergo a complete photochromic cycle that is finished within less than a picosecond

(see Fig. 2.1). The underlying ultrafast proton or hydrogen transfer that occurs in the excited
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state (ESIPT', [49]) is one of the most elementary processes in chemistry and is interesting in
its own right. Likewise, the archetypical electrocyclic ring opening of 1,3-cyclo-hexadiene to
1,3,5-hexatriene (Fig. 2.2) occurs on a time scale of less than 100 fs |50, 51, 52|.

a) b)
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Figure 2.1: a) keto-enol tautomerism of 2-hydrorybenzotriazoles; b) schematic diagram of the
tautomerization mechanism.

For azobenzenes and Aberchrome 540, which have been investigated in this work, the occur-
rence of sub-picosecond time scales of the molecular dynamics has been established previously
as well (for a detailed account, see Chapter 4). Photochromism therefore emerges as a phe-
nomenon that is intimately connected to ultrafast fundamental photochemical processes. It
is interesting not only from the view-point of applicability but for fundamental theoretical

reasons also, since the systems are easily accessible to optical methods precisely because of

@‘2 \_/

1,3-cyclo-hexadiene 1,3,5-hexatriene

their photochromism.

Figure 2.2: Electrocyclic ring opening and closing reaction of 1,3,5-hezxatriene.

2.2 Basic principles of photochemistry

Photoinduced chemical reactions involve electronically excited states. This means that the
pathways and principles governing their outcome can be quite different from those known
from the classical thermal reactions. In the remainder of this chapter the most important

concepts will be introduced briefly.

TExcited State Intramolecular Proton Transfer
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2.2.1 Photophysical processes

When electromagnetic radiation of energy £ — hv interacts with a molecule, a photon can
be absorbed exciting the molecule from its ground state Sy to excited states S,~o. The
following relaxation to the ground state can be radiationless or accompanied by the emission
of a photon with the same or even smaller frequency (Stokes shifts). In the radiationless case
the excess energy can be redistributed intramolecular or transferred to a different molecule
by an intermolecular collision. These processes are usually illustrated by means of the so-
called Jablonski diagram. Figure 2.3 shows a simplified energy levels scheme in the Jablonski

diagram and describes the possibilities of an excited molecule to emit energy.
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Figure 2.3: Schematical representation of the Jablonski diagram.

Radiation emitted during a relaxation can be of two types. It can occur from the first excited
state S7 (fluorescence) or from an excited triplet electronic state 77 (phosphorescence). The
typical lifetime of fluorescence is almost 107° - 107® s, while for phosphorescence it is in
the order of 1075 s up to hours (since the transition is spin forbidden). The radiationless
transitions can take place via three different schemes:

Internal conversion represents the radiationless transition from a highly excited state to a

highly vibrationally excited level of an other lower electronic state of the same multiplicity. It



2 Ultrafast Photochromic Molecular Switches

is also possible that the transition takes place to one of a lower electronic state, which usually
undergoes deactivation to its lower vibrational level.
When collisions between molecules occur, an energy transfer to the environment takes place.
Since the molecule loses vibrational energy, this process is called vibrational relaxation.
Intersystem crossing describes the spin forbidden transition of a system between two elec-
tronic states with different spin multiplicities. These transitions are facilitated via spin-orbit

coupling.

2.2.2 Born-Oppenheimer and electronic adiabatic approximation

To describe the electronic states of a molecule, the Schrédinger equation fh/} = €1) has to be

solved. The Hamilton operator H can be written as

A~

H=T+V =T.(r)+Ty(R) + V(r,R),

where i and fN are the kinetic energy operators for the electrons and nuclei as functions
of the electronic (r) and nucleic coordinates (R), respectively, and V is the potential energy
operator including electron repulsion, nuclear repulsion and electron-nuclear attraction.

In the Born-Oppenheimer approximation the slow motion of the nuclei is separated from
the fast motion of the electrons. The fast electrons can be assumed to follow the slow nuclei
adiabatically. Thus, for every nuclear configuration R, there is an electronic wavefunction that
depends on the nuclear coordinates R only parametrically. The solution of the Schrodinger
equation therefore results in an energy-landscape with a potential eigenvalue for every set of
nucleic coordinates R. The so called potential energy surface (PES) is a 3N — 6 dimensional
hypersurface for each electronic state.

However, if nucleic and electric properties couple strongly, the Born-Oppenheimer approx-
imation (BOA) is no longer sufficient because it completely neglects the relevant coupling
matrix. With regard to this work, especially the failure of the BOA to describe a potential

degeneracy of two different electronic states is of importance and will be described next.

2.2.3 Franck-Condon principle

The Franck-Condon principle is based on the separation of the electronic and nucleic motion
during a photoinduced electronic transition. The promotion of the electron into a higher
electronic state upon excitation takes place on a time scale of At ~ 107'® s. Since even fast
intramolecular vibrations have a period of At ~ 107! s, the nuclei in the molecule may be

considered as fixed during the excitation. When the potential energy is plotted as a function
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of the 3N — 6 nucleic degrees of freedom, the excitation is therefore represented by a vertical
transition to the excited state.

The concept divides a photochemically induced electronic transition into two parts. First the
electron jump takes place around a rigid molecular frame and only afterwards the molecular
geometry reacts on the new distribution of electron densities and relaxes by nucleic motion.
The strength of the transition is determined by the overlap integral between vibrational state
wavefunctions of the ground and excited electronic states at fixed nucleic coordinates. This
concept is crucial for studies of molecular dynamics because the position above the ground
state equilibrium geometry, the so called Franck-Condon region, defines the starting point of

the ensuing photoinduced chemical dynamics.

2.2.4 Nonadiabatic transition through conical intersection

In the case of a diatomic molecule the PES of two electronic states (for example of the ground
state and the first excited state) will intersect if the states have different (spatial or spin)
symmetry. Otherwise, the perturbative mixing will lead to a repulsion and the curves will not
cross. In the case of polyatomic molecules an intersection of two PES can be obtained, even
if the relevant states have the same symmetry or spin multiplicity.

Avoided crossings and intersections can be rationalized by considering the perturbative
coupling of the two states |¢1) and |¢9). The energies E; and Es of the two states will change

due to the mixing of the states according to

W, + W Wi — Wy \ 2
Fpy— 11+ 22i\/( 112 22) +W§2, (2.1)

where Wi; = (¢;[W|¢;) are the matrix elements of the coupling matrix W and W is the
coupling operator.

The degenerate case (E; = Fy) occurs only if the square root vanishes, i.e. if
W11 = W22 and ng =0. (22)

While these conditions are fulfilled if the crossing states are of different spin or symmetry (det
W = 0), it is very unlikely for two states of the same spin and symmetry with only one degree
of freedom. This leads to the well known principle of the avoided crossing (see Fig. 2.4 a)) for
diatomic molecules.

In a polyatomic molecule, however, the PES has 3N — 6 dimensions. The additional degrees

of freedom make it quite possible to have both of the above conditions fulfilled. The resulting
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topology of the involved PESs resembles the form of a bicone with the point of degeneracy
at the center (see Fig. 2.4 b)), hence the name "conical intersection” (CI). Due to the steep
slope of the potential these conical intersections are very effective pathways for radiationless
electronic transitions on a time scale of nucleic motion (i. e. femtoseconds). Since the nucleic
motion goes along with a continuous change of the electronic configuration it is obvious that

the BOA can not be applied to describe the nature of these transitions.
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Figure 2.4: a) Avoided crossing for diatomic molecules, b) conical intersection for potential
surfaces with different symmetry.

The importance of Cls has been established for many ultrafast reactions in recent years
[53, 54, 55, 56|, among them the reactions studied in this work i.e. cis-trans isomerization

and electrocyclic ring closure.
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3.1 Principles of ultrafast spectroscopy

The present section gives an overview of important aspects of ultrafast spectroscopy and is
divided into five subsections. The first subsection deals with ultrashort (i.e. sub-picosecond)
pulse generation, with special emphasis on the Clark-MXR CPA-2001 laser system used in the
present work. The second subsection explains the specific spectral and temporal characteristics
of ultrashort pulses and how they can be determined. Subsections three and four introduce
reliable methods for spectral conversion of fs-pulses and describes how temporally shortened
pulses are created. The methods described are Second Harmonic Generation (SHG), Non-
collinear Optical Parametric Amplification (NOPA) and supercontinuum generation (SG). In
the final subsection of this section different so-called pump-probe techniques are described that
are used to conduct ultrafast spectroscopic experiments. The transient absorption technique

is covered in detail as it is the one used in the present work.

3.1.1 The fs-Ti:Sa laser

The generation of ultrashort pulses relies on a process called mode-locking. Many longitudinal
laser modes have to interfere constructively inside the laser cavity and a definite phase relation
between all modes has to be maintained. Titanium (Ti*") doped sapphire (Al;03) (from now
on called Ti:Sa) is the most popular solid state material used in ultrashort pulse generation.
Its absorption and fluorescence spectra are shown in Fig. 3.1. Ti:Sa has several favorable
properties. First, it has a very broad gain bandwidth of approximatively 700 - 1100 nm,
with a peak at A =~ 800 nm, and this supports many longitudinal modes. Second, the optical
Kerr-effect |4, 57, 58, 59| in Ti:Sa,

n=mng+ AHKEW(I) = ng + ngl(t), (31)

leads to the formation of the so-called Kerr lens inside the laser medium and self-mode-locking
[57, 60] can occur. The second effect of the Kerr-lens is the self-phase modulation (SPM) of

the pulse, that leads to a spectral broadening of the pulse, which is required for the generation

10
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Figure 3.1: Absorption and fluorescence spectra of Ti:Sa.

of sub-ps-pulses.!

Typically, Ti:Sa is pumped by means of another laser with a wavelength of about A = 500 —
550 nm close to its absorption peak, for example an Ar ion laser or frequency doubled Nd:YLF,
Nd:YVO or Nd:YAG lasers. Simple Ti:Sa based oscillators deliver pulses of approximative 100
fs duration with a repetition rate of ~ 50 MHz and nJ pulse energies centered at A\ ~ 800 nm.
These pulses then have to be amplified to be suitable for most spectroscopic experiments. The
amplification is achieved by using the Chirped Pulse Amplification (CPA) scheme [61] inside
a regenerative amplifier (RGA), which is shown schematically in Fig. 3.2. The weak input

3
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weak amplified pulse
input pulse

stretched pulse
ettt e

{
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Figure 3.2: Schematic principle of the chirped pulse amplification.

pulse (also called seed pulse) is first stretched temporally and then injected into the amplifying

IThis follows from the Fourier relation between the temporal and spectral widths of laser pulses.

11
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medium (Ti:Sa). After a few round trips inside the RGA cavity, the gain is saturated, and
the amplified pulse is coupled out. Finally, the amplified pulse is recompressed. The typical
characteristics of the Clark-MXR CPA-2001 laser system used in this work are a pulse duration
(full width at half maximum of the autocorrelation function, FWHM) of 210 fs, an output
wavelength of A &~ 775 nm, a repetition rate of 1 kHz, and an output power of 800 mW.

3.1.2 Characterization of Ultrashort Pulses

Ultrashort pulses have to be characterized regarding both their spectral and temporal proper-
ties. For the spectral characteristic a simple CCD spectrometer is sufficient, since ultrashort
pulses are spectrally broad. A typical spectrum of the laser fundamental recorded with a CCD
spectrometer (APE-Berlin, type PulseScope) is shown in Fig. 3.3. As can be seen, the pulse

spectrum is fairly Gaussian in shape, indicating almost perfect compression. The electric field

intensity / a.u.

750 780 810

wavelength / nm

Figure 3.3: Measured spectrum of the fundamental laser pulse. The center wavelength is A ~
775 nm, the pulse width is 8 nm (FWHM).
of ultrashort pulses is given by

E(t) x %Re{ I (t)exp [iwg(t) — P(t)] + c.c.} : (3.2)

12
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where wy is the carrier frequency, \/m the amplitude, and ®(t) the phase term (c.c. denotes
the complex conjugate). For a full characterization of an ultrashort pulse, both amplitude
and phase must be known. This represents a problem, since even the fastest electronic devices
have a response time that is much longer than the pulse duration. A number of techniques
have been introduced to overcome this problem. In one way or another, they all rely on non-
linear optical interaction of two or more pulse replicas with themselves. The required temporal
resolution is provided by varying the relative spatial distance that the pulse replicas travel

before interaction. For example, a relative delay of 10 fs corresponds to a distance of 3.3 pm.

The simplest method of pulse characterization is autocorrelation [5]. For the autocorrelation
measurement a pulse is split into two identical parts that are subsequently overlapped in a
f-barium-borate (BBO) crystal for second harmonic generation. The optical path of one
pulse is continually changed (scanned) to create a variable spatial delay. For this a Michelson
interferometer setup is commonly used, as sketched in Fig. 3.4. Both beams are sent to two
retro-reflectors mounted onto a small driver translation stage. When the stage is moved, one of
the retro-reflectors introduces a temporal shift between the beams before they are overlapped
in a non-linear BBO crystal (the optical paths are represented by solid and dashed lines in
Fig. 3.4). If the path difference d is determined accurately, the time difference or temporal
delay 7, between the beams can be calculated [62] by multiplying the speed of the light ¢ with
the path difference 7 = 2cd.

The autocorrelation can be measured in the collinear or non-collinear geometry. In the non-
collinear (or background free) geometry, that is shown in Fig. 3.4, the pulses are overlapped
non-collinearly in the crystal. The autocorrelation function is given by the intensity of the

generated second harmonic and can be calculated as follows:

I(r) = /%o (E(W)E( — )P dt. (3.3)
o0
where 7 represents the time delay between the pulses. [(7) is commonly also called the
intensity autocorrelation. A typical non-collinear autocorrelation for the fundamental pulse is
presented in Fig. 3.5. The intensity of the autocorrelation is of Gaussian shape with a FWHM
of 210 fs. The disadvantage of intensity autocorrelation is that information about the pulse
phase is lost. Consider the Taylor expansion of the temporal phase ®(¢) around ¢y =0 :

2

t t
O(t) = @+ D1 + P

R R (3.4)

The first two terms in Eq. (3.4) are not important for the temporal shape: @ is a simple phase

shift, ®; simply shifts the pulse spectrally (without altering its temporal shape). However,
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Figure 3.4: Schematic diagram of the non-collinear autocorrelator. Two identical beams with
the frequency w are overlapped in a non-linear crystal. The frequency doubled
signal (SHG) is recorded as a function of the relative delay. The iris blocks the
input beams and the SHG (indicated as blue arrows) generated by each input pulse
alone.

the quadratic temporal phase ®,, affects the spectral and temporal properties of the pulse,

since the instantaneous frequency

Winst(t) = wo — — (3:5)

becomes time dependent, i.e. varies across the pulse. For negative values of ®,, this so-called
chirp is positive, and vice versa. Using non-collinear autocorrelation, the chirp of a pulse will
remain unnoticed, since its only effect is a broadening of the autocorrelation function (which
consequently gives the wrong values for the pulse duration). To obtain a meaningful value for
the pulse duration with non-collinear autocorrelation, a certain pulse shape has to be assumed.
Usually a Gaussian shape is taken and the full width at half maximum (FWHM) is quoted to
characterize the pulse duration (see Fig. 3.5). Because of the time reversal symmetry of SHG
intensity autocorrelations, asymmetric pulse shapes will remain undetected as well.

The phase information can be obtained by using collinear autocorrelation instead. In this
case the two identical laser beams travel the same path and the second harmonic signal result-

ing from the interaction of the two beams in the BBO crystal, as well as the second harmonic
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Figure 3.5: Non-collinear autocorrelation function of the fundamental pulse (circles) together
with a Gaussian fit (red line). The FWHM of the autocorrelation function is 210

fs.
signal from each of the individual beams is detected. The recorded signal is given by

In(7) = /+OO |E(t) + E(t — 1) dt. (3.6)
—o0
Iy (7) is also called the interferometric autocorrelation. Figure 3.6 shows a typical autocorre-
lation trace measured for the fundamental pulses of the Clark-MXR CPA-2001 laser system.
The oscillations visible in Fig. 3.6 are at frequencies that correspond to the laser fundamental
and the second harmonic. The problem of the interferometric autocorrelation is that even
though in theory the phase information is available, in practice the autocorrelation cannot
easily be determined with sufficient accuracy. Therefore, for the remainder of this work, non-
collinear autocorrelation has been preferred with a spectral characterization of the pulses when

necessary.

Simultaneous detection of amplitude and phase is possible using the frequency resolved
optical gating [63] (FROG) technique. In the simplest variant, FROG is essentially a SHG

autocorrelation that is measured not only as a function of the temporal delay, but also as a
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Figure 3.6: Interferometric autocorrelation function of the fundamental pulse. The fringes in
the autocorrelation trace wash out as the spectral phase becomes more complex.

function of the frequency, by spectral dispersion of the resulting second harmonic intensity.
The resulting signal is called FROG spectrogram or trace and contains information about the

phase and amplitude. The detected signal can be expressed by the equation

2

Ienoc(w, ) — \ [ B0t - nea (3.7

where g(t — 7) = |E(t — 7)| is the variable delay gate function (in this case: SHG). A typical
SHG-FROG is shown in Fig. 3.7, with pseudo-color intensity coding. The different frequencies
at different delay times are clearly visible. Depending on the gate function used, different
variants of FROG can be realized apart from SHG-FROG that was described above. In
polarization-gated (PG)-FROG, for example, one of the pulse replicas is sent through a pair
of crossed polarizers and the other is polarization rotated by 45 degrees. The two pulses
are then overlapped in a medium with a very fast third order susceptibility x? such as fused
silica. The gate function is |E(t — 7)|* and yields very intuitive traces that allow immediate

assessment of the most important pulse properties simply by inspection.

Another method is the so-called spectral phase interferometry for direct electric field recon-
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Figure 3.7: FROG spectrogram (instantaneous frequency versus delay) for a negatively chirped
pulse.

struction (SPIDER) [64, 65, 66]. SPIDER is a self-referencing interferometric technique. The
principle is sketched in Fig. 3.8. As in the case of autocorrelation and FROG, the pulse to be
analysed is first split into two and the two replicas are delayed in time with respect to each
other. To be able to measure the time-dependent spectral phase of a single pulse, a spectral
shear is applied between two time-delayed pulse replicas. Typically, the shear is introduced
by up-conversion of the two replicas with a stretched and chirped third pulse. Since the two
replicas are up-converted by different parts of the chirped pulse, a spectral interference pattern

results that allows to reconstruct the original pulses’ properties.

T
‘4—1 sheared
replica K replicas
‘ generation (\ ‘ /\
- -
input pulse \j _
chirped pulse g interferogram

non-linear P
i acquisition
generation crystal q

Figure 3.8: Schematic representation of the SPIDER set-up and principle.
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3.1.3 Methods for Wavelength Conversion

Independent of what type of spectroscopy is performed, in order to investigate the molecular
dynamics, it is required to convert the output of a laser (A = 775 nm in our case) to other
wavelengths. Since the tuning of the laser fundamental is tedious and only a small wavelength
range is accessible, techniques for external wavelength conversion are important. These all
rely on non-linear optical effects in suitable materials and involve the non-linear polarization.
In general, the polarization P of an optical medium is caused by the electric field E of the
light traveling through it,

P =¢yxFE, (3.8)

where y is the electrical susceptibility of the medium. At the very high light intensities
frequently encountered with ultrashort pulses, the linear relation does not hold any more and

the polarization P has to be expressed via

P = e{xWE+xPE*+ ..}
= Y ax™En, (3.9)

n

where (™ is the n'* order susceptibility. In solids the first order susceptibility is y™") ~ 1 m/V
and is related to common phenomena such as absorption, refraction and reflection. The higher
order susceptibilities are much smaller (x is of the order of 10712 m/V, x©®) is of the order
of 1071 m/V) [57]. This is why non-linear optical behavior is only observed at very high light
intensities, which are nevertheless common with ultrashort pulses. As will be shown below,
x?) is responsible for important phenomena such as second harmonic generation (SHG), sum

and difference frequency generation (SFG, DFG) and optical parametric amplification (OPA).

3.1.3.1 Three wave mixing

The term three wave mixing [67] relates to processes that involve the second order susceptibility
x? and the second order polarization P®). The general situation with the incoming waves
Ey(wq), Ey(ws), and the wave that is emitted by the induced oscillating polarization, Fs3(ws),
is sketched in Fig. 3.9.
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Figure 3.9: Schematic view of the three wave mizing process.

The induced 27¢ order polarization is given by

PP = P (F, + E,)?
= X P[E} cos(wit) + Fy cos(wst))?
= X P [E? cos(wit) + E2 cos*(wat) 4+ 2F1 Ey cos(wit) cos(wat)]
= %EOX@) [E2 cos(2wit) + E3 cos(2wat)
+ 2B, F, cos|(w; + wa)t] + 2E1 By cos[(w1 — wo)t] + (B2 + E?)).

(3.10)

In Eq. (3.10), the induced polarization does not only contain components at the original

frequencies w; and wy, but also the following additional frequencies:

P, = eoX(Q)Ef cos(2wit)
Py, = eoXPE2 cos(2wst)
Py, = 2e0xPE1F;cos|(wy + ws)t]
Pwl—wQ = 260X(2)E1E2 COS[(CUI — (,(JQ)t] (311)
This corresponds to light emitted at the new frequencies:
e w = 2w; and w= 2wsy: frequency doubling or second harmonic generation (SHG),
e w = w; + wy: sum frequency generation (SFG),
e w — w; — wy: difference frequency generation (DFG),
e w — 0: optical rectification (DC).

Three wave mixing has great importance for frequency conversion of fixed frequency funda-
mental pulses. The generation of additional frequencies can also be understood in terms of a
non-linear response of the medium to the external stimulus, caused by the large displacement
of the electrons in their anharmonic potentials when the external electrical field is very large.

This is illustrated in Fig. 3.10. Due to the non-linear response, the electrical field oscillating
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Figure 3.10: lllustration of the effect of an external electrical field interacting with a non-linear
medium.

at the fundamental frequency wy creates a polarization that can only be described using ad-
ditional Fourier components at w — wy (DC), w — 2wy (SHG), ete. (see Eq. (3.10)). With
respect to three-wave mixing, it is important to note that for media which have inversion

symmetry, x? is necessarily equal to zero.

3.1.3.2 Phase matching

Even if x? is non-zero, efficient wavelength conversion (for example: SHG) wvia three wave
mixing will in general not take place, because destructive interference between the fundamental
wave and the second harmonic occurs, unless phase and group velocities of both wavelengths

are matched [68]. The phase matching condition can be expressed as
ks = Ky + ko, (3.12)

where k:?), is the wave vector of the emitted wave and k:: and k_; are the wave vectors of the
input waves. In the collinear case this leads to the condition n(2w) = n(w), i. e. requires
anomalous dispersion. In optically isotropic materials this occurs only in regions of absorption.
In birefringent optical anisotropic media, however, the angular dependence of the refractive
index of linearly polarized light can be exploited.

In uniaxial crystals, rays with a polarization vector in the principal plane, 7. e. the plane
that includes the crystal axis and the propagation direction, (ordinary or o-rays) and rays

with their polarization vector perpendicular to the principal plane (extraordinary or e-rays)
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have different refractive indices n,(w) and n.(w). This is shown in Fig. 3.11. The important

a) b)
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Figure 3.11: In regular materials, due to the dispersion effect the refractive indices are different
at different frequencies (a). However, in birefringent materials conditions can be
achieved under which n,(w) = n.(2w). This is indicated with the dashed line (b).

point is that n.(w) depends on the angle § between the propagation direction and the optical

axis,

1 + tan0 12
tan ) (3.13)

ne(0) = o (1 + (no/ne)*tan?0
By tuning this angle, also called the phase matching angle, it is possible to achieve n.(2w) —
no(w) for SHG. This situation is illustrated for collinear phase matching in Fig. 3.12. Phase
matching is realized precisely where the n.(2w) ellipse and the n,(w) circle intersect.

To classify the phase matching conditions, it is common practice to denote the polarization
of the three waves using the small letters “0” and “e”, with the two incoming beams first in order
of increasing wavelengths and then the emitted beam. The above example would therefore be
classified as “ooe”- phase matching. Equal polarizations of the incoming beams are classified
as type I, unequal polarizations as type II phase matching.

The range and versatility of phase matching can be increased if non-collinear beam geome-
tries are used. A case of non-collinear SHG is sketched in Fig. 3.13. Phase matching occurs
again at the point of intersection. For a detailed description of the various facets of three
wave mixing, such as walk-off bandwidth, conversion efficiency, temperature dependence, etc.,
the reader is referred to Nikogosyan’s [69] book. Only the non-collinear parametric amplifier

(NOPA) is described, because of its importance for generating tunable laser pulses.
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crystal
A Z axis

n,(2o)

Figure 3.12: The refractive index ellipses of a negative uniazial crystal. The angle under which
the phase matching for the SHG takes place is indicated.

>

Figure 3.13: Non-collinear phase matching.

22



3 Experimental section

3.1.3.3 Non-collinear optical parametric amplifier (NOPA)

Optical parametric amplification (OPA) is a three-wave-mixing process |70, 71, 72, 73| closely
related to difference frequency generation (DFG, see Sec. 3.1.3.1). In OPA, a short high
intensity pump beam of frequency wp amplifies a much weaker seed beam at wg (the amplified
seed is then called signal beam). The third beam from the DFG is called idler beam, at the

frequency w;. Energy conservation and the phase matching conditions apply as usual:

Wwp = Wg + Wr

EPZES+E[ (3.14)

For broadband phase matching and highly efficient amplification of the seed pulses, the group
velocities of the pulses must also be matched. This can be achieved in a non-collinear geometry,
as sketched in Fig. 3.14, where « is the non-collinear angle between signal and pump and (3

the angle between signal and idler. The group velocity matching (GVM) condition is given by
Us = Ur - cos 3, (3.15)

where vs and v; are the group velocities of signal and idler. This means that GVM can be
achieved if the signal group velocity equals the projection of the idler group velocity along the

signal direction, as depicted in Fig. 3.15 a). In a collinear geometry (Fig. 3.15 b)) signal and

Figure 3.14: Schematic view of the non-collinear geometry phase matching.

idler get separated quickly, leading to pulse broadening and decreased bandwidth. This is not
the case in the non-collinear geometry.

Fortunately, there are non-linear optical media that allow for simultaneous phase and group
velocity matching, such as [-barium-borate (BBO) [69, 74]. Non-collinear optical parametric
amplification (NOPA) was first realized by Gale |75, 76| and later extended by seeding the
NOPA with a supercontinuum (SC) seed [70]. In this case, the amplifier bandwidth is governed
by the relative amount of the chirp of the SC compared to the pulse length of the pump
pulse. Ultrabroadband NOPAs can either be realized by reducing the SC chirp |77, 78| or by
temporally broadening the pump pulse [79, 80|. The tunable NOPA works with deliberately

23



3 Experimental section
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Figure 3.15: Group wvelocities of signal and idler a) for non-collinear geometry and b) for
collinear geometry.

chirped SC sources, such that the temporal overlap between pump and SC seed occurs only
for a limited wavelength range. Tuning can be achieved by simply delaying both pulses with

respect to each other. Figure 3.16 shows the schematic setup of such a SC-seed tunable NOPA.

compressed
NOPA signal

chirped NOPA

BBO-NOPA signal
idler

)

L]

compressor

Figure 3.16: Schematic view of the NOPA concept.

The amplified pulses of a tunable NOPA have a pulse length that is comparable to the pump

pulse length, and a chirp equal to the SC seed chirp. Since they are not transform limited,

24



3 Experimental section

i.e. their pulse length is longer than allowed by the Fourier transform of the spectrum, the
NOPA pulses can be compressed using optical elements with negative group velocity dispersion
(GVD), such as a prism compressor [81|. The negative GVD of the compressor compensates

the chirp and thereby shortens the pulse.

3.1.4 Supercontinuum laser pulses
3.1.4.1 General

Supercontinuum generation (SCG) [27] is the production of ultrashort broadband pulses rang-
ing from the UV to the near IR (hence the term “white light pulses”), which is caused by
the spectral broadening of intensive ultrashort laser pulses propagating through a transparent
non-linear medium. SCG in liquids and solids was first observed by Alfano and Shapiro [82],
who obtained a picosecond continuum that covered the entire visible range and extended into
the NIR. The first fs-supercontinuum was obtained by Fork et al. in 1983 [83], and fs-SCG
in gases was demonstrated shortly thereafter by Corkum [84]. In the past years SCG inside
microstructured fibers has been established as another practical technique (see cited references
in [27]).

3.1.4.2 Mechanism of supercontinuum generation

Even though supercontinua are created routinely for use in broadband absorption experiments,
optical parametric amplifiers or for optical pulse compression [27], they are still not fully
understood. It is believed that the most important contribution is strong self-phase modulation
(SPM) accompanied by self-steepening of the temporal envelope of the pulse [85], but four wave
mixing and stimulated Raman scattering also play a role. In bulk media, self-focusing (SF,
the spatial analogon to SPM) seems to be important as well, since the SCG power threshold
corresponds to the critical power for SF [86, 87|. The very high intensities in the focus can lead
to the formation of free electrons, either by multiphoton excitation (MPE) or by avalanche
ionization, as was first suggested by Bloembergen [88]. In this model, the electrons contribute
negatively to the index of refraction and thereby enhance SPM and prevent catastrophic self-
focusing at the same time. Also believed to be involved in SCG are pulse splitting, cross-phase
modulation, stimulated Raman emission and others (for a survey, see [82] and the special
issue devoted to supercontinuum generation [89]). Both SPM and SF are consequences of
the intensity dependent refractive index n(I), i.e. the optical Kerr effect, that occurs in all
transparent media:

n(I) =ng+ nal. (3.16)
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3.1.4.3 Self-focusing

Self-focusing occurs because of the spatial (ideally: radial) intensity profile of the laser beam

and is illustrated in Fig. 3.17 for the case of a Gaussian profile. The intensity profile leads to

a) b) beam path:

1 - without self-focusing

i - with self-focusing

5 / /
@ ° .
~ [} >
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= >

0 1
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Figure 3.17: a) Intensity profile of a Gaussian laser beam. b) Illustration of the path of a laser
beam that enters a transparent medium. Red arrows indicate the weak power beam
path, whereas a high power beam will follow the path indicated by the green arrows.

a refractive index profile (the so called Kerr-lens) that focuses the beam. For SF to occur, the
Kerr-induced focusing must exceed the diffractive effects, which for cw Gaussian beams [86]

happens above the critical power P,..; of

3.77\?
Pcri = s 3.17
¢ 87T7”L07”L2 ( )
where X is the laser wavelength. The self-focusing distance z;(P) is power-dependent,
0.367ka?
24(P) = % (3.18)

[(\/P/ P — 0.852)2 — 0.0219]1/2

where P is the beam power, k = 27/, is the wave number, and ay = D/2 is the input beam
radius at the 1/e level of the intensity. In experiments, usually an external lens of focal length

f is placed before the medium to achieve a reduced effective length (see Fig. 3.17 b)) via

1 B 1 1 (3 19)
Z;ff zy f ’

The complete collapse of the focus does not occur due to the competing mechanisms (see

above). For femtosecond pulses, it is believed that also the dispersion of the group velocity

26



3 Experimental section

(GVD) plays an important role. This is illustrated in Fig. 3.18. The difference in the group

a)

> -
t t

Figure 3.18: a) Pulse with constant frequency. b) Pulse after passing through an optical
medium with GVD.

velocities at different wavelengths (“red” and “blue” in Fig. 3.18 b)) leads to a rearrangement

of frequencies in the pulse and a temporal broadening that prevents the complete collapse.

3.1.4.4 Self-phase modulation

Self-phase modulation (SPM) is the temporal equivalent of self-focusing. A laser pulse with a
temporal intensity distribution I(z, 7) propagating inside a Kerr medium accumulates a phase

modulation that is proportional to the gradient of the intensity distribution,

dd
w(z,7) = wo— T
_ gy 02 01z T) (3.20)

where @ is the temporal phase and wy is the carrier frequency. The situation is illustrated in
Fig. 3.19. In analogy to Raman lines, frequencies lower (higher) than wy are called Stokes-
shifted (anti-Stokes-shifted). As evident from Eq. (3.20), the maximum frequency shifts
are governed by the steepest increase and decrease of the intensity along the pulse. As a
consequence of SPM, the anti-Stokes frequencies of the SC lag temporally behind the Stokes
frequencies.

The frequency-broadening effect of SPM is enhanced by the so-called self-steepening of the
pulse [90], which leads to much larger gradients or even the formation of a shock front with
corresponding larger intensity gradients. The asymmetric broadening of the pulse that is much

broader on the anti-Stokes side in many cases, can be explained by the non-SPM effects [91].
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Figure 3.19: Mechanism for SPM of a Gaussian laser pulse: a) time-dependent non-linear
refractive index, b) time rate of frequency shift, c¢) time-dependent electrical field.

3.1.4.5 Band gap dependence and conical emission

The spectral width of the SC depends strongly on the medium in which it is generated. Brodeur
et al. |92] found that a band gap threshold exists for continuum generation, above which the
spectral width increases with increasing band gap. The results indicate that in condensed
bulk media free electron formation by multiphoton ionization is important in limiting of self-
focusing and has a profound effect on SCG. They could explain the surprisingly low beam
divergence of supercontinua that were generated just above the power threshold.

Another characteristic of the SC is the angular distribution of frequencies or conical emis-
sion which is responsible for the blue rim observed for visible light supercontinua. Several
explanations have been involved, but so far no unifying picture has emerged. Most popular

are four-wave mixing [82] and the interpretation in terms of Cerenkov-radiation [93].

3.1.5 Pump-probe detection scheme

Electronic devices cannot measure transient signals on the femtosecond time scale. Therefore,
ultrafast spectroscopy experiments are conducted using the pump-probe detection scheme (or
equivalent variants). The principle is shown in Fig. 3.20. First, an ultrafast pump pulse
excites the system under investigation coherently. This sets the temporal starting point ¢,
of the experiment. The state of the system at time ¢ is then monitored by a delayed second
probe pulse (that is usually much weaker), where the delay is introduced via a variable change
in the optical path length of the probe pulse.

The temporal resolution of the experiment is limited by the duration of the pulses and does
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pump pulse
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detector

probe pulse

> |-

variable delay
Figure 3.20: Schematic view of the pump-probe principle.

not depend on the electronic response time of the detector. It is described by the instrument
response function, which is usually approximated by the intensity cross-correlation function

CCF of the pump and probe pulses
CCF(t) = /Ipump(t)fpmbe(t — 7)dr. (3.21)

The complete temporal evolution can be obtained by varying the probe’s delay over the desired

range and by recording the system response to the probe pulse at each time step.

Many different schemes have been realized experimentally, but time-resolved mass-spectro-
metry [94, 95|, time-gated fluorescence detection by up-conversion [24, 96| and transient ab-

sorption [4, 97| (TA) are the most popular. The latter is used in this work.

In a typical TA experiment, a broadband SC probe pulse is focused into the excited sample
volume and the change in optical density is recorded by spectrally resolved detection of the
transmitted probe light in a spectrometer. The changes in optical density are related to
population changes in the ground and excited states via Beer’s law. Figure 3.21 shows possible
contributions to the TA signal. The pump pulse excites the molecules from the ground state
Sp to a higher electronic state S;. The depopulation of the ground state due to the excitation
with the probe pulse gives rise to a change in optical density called ground state bleaching
(Fig. 3.21 a)). Transitions of the excited molecules to higher states induced by the probe
pulse are the so-called excited state absorption (Fig. 3.21 b)), and the shifted absorption of
molecules that have relaxed to the vibrationaly hot levels of the ground state is called hot
ground state absorption (Fig. 3.21 ¢)). Further contributions that lead to a change in optical
density are fluorescence and stimulated emission (Fig. 3.21 d)). TA is thus able to provide

very comprehensive information about the ultrafast dynamics of the selected systems provided
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Figure 3.21: Schematic sketch of processes that can contribute to the TA signal: a) ground
state bleaching; b) excited state absorption; c) hot ground state absorption; d)
stimulated emission.

that the single contributions are disentangled from the experimental data. Details of the TA

experiment and data acquisition procedures of this work will be given in Sec. 3.2.

3.2 Experimental setup

The first goal of this work was to set up a new experiment for the broadband detection of ab-
sorbance changes occurring during photo-induced ultrafast molecular processes. As described
in the previous subsection, probing transient absorption allows to gain information about the
dynamics in the excited state as well as the cooling dynamics in the ground state. However,
the associated absorbance changes are quite often very small, sometimes less than one part per
thousand (107%). Achieving a sufficient sensitivity and reproducibility poses a major challenge
and can only be obtained by using a probe-reference setup and appropriate data acquisition
routines. The second issue concerns the spectral range of the broadband detection, which
depends critically on the precise conditions of the supercontinuum generation and requires ex-
perimental care. Finally, the temporal resolution of the apparatus must not be compromised,
since much of the interesting dynamics occurs within the first picosecond after photoexcita-
tion. This section describes the experimental setup and the procedures and data handling
that were chosen to achieve these goals.

The different parts of the experimental setup are shown in the schematic sketch of Fig. 3.22.
In the following subsections, details on the Ti:Sa laser, the pump pulse generation, the probe

pulse generation, the pump-probe setup, and the detection of the data are given.

30



3 Experimental section
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Figure 3.22: Schematic setup of the transient absorption experiment.

3.2.1 Description of the Ti:Sa laser

The CPA-2001 is a regeneratively amplified system with fs-seed pulses from an Er3*-doped

fiber laser (SErF). The complete laser system is built on two levels:
e bhottom level:

— diode laser
— SErF (Erbium doped fiber) fiber oscillator

— pulse stretcher

e top level:

— frequency-doubled Nd:YAG pump laser
— regenerative amplifier

— pulse compressor

The SErF oscillator is pumped by a diode laser at a wavelength of A = 980 nm with a power
of 166 mW. It has a ring configuration that contains optics for polarization control, output
coupling and wavelength control. A schematic view of the SErF oscillator is shown in Fig.
3.23. The continuous wave pump light is coupled into the oscillator via a Y-branch. Only
a part of the fiber is Er** doped and serves as active laser medium, the rest of the fiber
is undoped and acts as an additional Kerr medium. The polarization optics and insulator
provide so-called polarization rotation mode-locking [98| (for a more detailed account, see also
[99]). The output pulses of the fiber oscillator are at a wavelength of A ~ 1550 nm with a
repetition rate of 35 MHz and 100 fs pulse duration. For use as seed pulses, the output of the
fiber oscillator is frequency doubled to A &~ 775 nm with a periodically-poled LiNbOj5 crystal,
with an energy of 100 pJ.

31



3 Experimental section
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Figure 3.23: Schematic view of the SErF oscillator: WP — waveplates, PBS — polarization
beam splitter, BRF — birefringent filter.

The amplification of the weak 775 nm seed pulse is performed via CPA. First the 100 fs-seed
pulse is stretched to 20 ps by means of a grating pair stretcher [100, 101| and then enters the
RGA cavity situated on the top level (a photo of the top level is given in Fig. 3.24).

Nd:YAG

compressor

Ti:Sa
Figure 3.24: Photograph of the top level of the CPA-2001 laser system.

The Ti:Sa RGA laser medium is pumped by the output of a Q-switched frequency doubled
Nd:YAG laser which in turn is pumped by a flash lamp. The Q-switch is triggered at about 1
kHz by a master signal that is derived from the output of a SErF oscillator monitor photodiode
to ensure correct timing. The injection of the seed pulse into the Ti:Sa crystal and the
ejection of the amplified seed beam afterwards is controlled by a Pockels cell, which acts

as an extremely fast electro-optical light switch. The injection is always correlated with
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the population inversion induced by the Nd:YAG laser. The Pockels cell is also triggered
with respect to the master trigger by means of the driver unit DT-505, which includes two
important delays. The first delay is used to inject the pulse into the amplification cavity.
The second delay starts ejections of the amplified pulse after a number of round trips in the
cavity. The intensity increase of the seed pulse can be seen in Fig. 3.25 (the so-called “regen-
trace”). The pulse energy reaches saturation after four round-trips, and the pulse is coupled

out afterwards. Before exiting the laser system the horizontally polarized amplified seed pulses
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Figure 3.25: The so-called regen-trace from the regenerative amplifier. The four peaks represent
the gradual amplification of the seed pulse in the cavity. Only after saturation,
that corresponds to the fourth peak, the pulse is coupled out from the cavity.

must be compressed. More details of the RGA process can be found in [99].
The characteristic parameters of the fundamental laser pulses generated with the Clark-
MXR CPA-2001 laser system are summarized in Table 3.2.1.
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Table 3.1: Operating parameters of the Clark-MXR CPA-2001 laser system.

Pulse energy 0.8 mJ
Pulse duration (FWHM) 210 fs
Wavelength 775 nm
Transverse mode TEMgq
Repetition rate approximative 1 kHz
Polarization linear, horizontal
Energy stability < 1% rms

3.2.2 Pump pulse generation

For use as pump pulses, the fundamental pulses of the Clark-MXR CPA-2001 laser system
described in Sec. 3.2.1 (A = 775 nm, FWHM = 210 fs, pulse energy 200 pJ) are wavelength-
converted using either SHG or a NOPA. The SHG is performed using type I phase matching
in a BBO crystal with a thickness of 0.5 mm cut at § = 29.8°. The resulting pump pulse is
centered at 387 nm. Tunable pump pulses are generated with the NOPA setup shown in Fig.
3.26 |70]. By reflection at the surface of a quartz wedge a small part (= 1 - 2 uJ) is split off
the fundamental beam. For SCG it is focused with a lens (f = 50 mm) into a sapphire plate
with a thickness of 2.3 mm. The energy of the incident light can be controlled by a variable
aperture mounted in the beam path. For optimum stability and spectral shape of the SC, the
focus position can be adjusted by moving the sapphire plate with a translation stage. The SC
is collimated with an achromatic lens (f = 30 mm), which is also mounted on a translation
stage for a variation of the effective focal length of the lens system. The beam diameter of the
remaining 98 % of the fundamental beam is reduced with a telescope system consisting of two
lenses (f = 250 mm and f = —200 mm). The beam is then frequency-doubled in BBO (see
above) to provide pump pulses (387 nm, 60 pJ) for the NOPA. The pump beam is focused
into the NOPA crystal (BBO, cut angle § = 32°, d = 0.5 mm) with a sperical mirror (f = 350
mm). The SC acts as the NOPA seed pulse and can be delayed with respect to the pump pulse
by means of a translation stage. The pump and seed beams intersect at an angle of 3.7° inside
the NOPA crystal for simultaneous phase and group velocity matching. The resulting NOPA
pulses have energies between 6 and 20 pJ and can be tuned within the white light range of
450 - 700 nm by varying the pump delay relative to the seed. The pulses are compressed with
a prism compressor to typical pulse durations of 40 - 80 fs. For use as excitation source, the

energy of the NOPA pulses is typically reduced to 0.2 - 0.5 pJ by a variable aperture.
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Figure 3.26: Schematical view of the non-collinear optical parametric amplification.

3.2.3 Probe pulse generation

Supercontinuum generated for broadband detection is carried out in the setup sketched in Fig.
3.27. The white light is generated in sapphire or CaFy. As before, the SC pump beam with
an energy of =~ 1 uJ is generated by reflection off a quartz wedge surface. For SCG in CakFs,
higher intensities between 2 - 3 pJ are required. This amount of energy is obtained by changing
the angle of incidence onto the wedge from 45° (as for sapphire) to approximately 23°. Fine
tuning of the SC pump beam intensity can be achieved by a variable aperture. Because of the
lower damage threshold of CaF,, subsequent pulses have to hit different spots on the plate to
prevent material degradation. Therefore, the CaF, is mounted in a home-built rotation stage.

A photograph is shown in Fig. 3.28. Smooth motion with low wobble is achieved by using a
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Figure 3.27: Setup of the transient absorption experiment. I = variable diaphragm, M = off-axis parabolic mirror, BS = 5 mm
fused silica plate, Li: f — 50 mm for sapphire, f — 100 mm for CaFs, Ly: f — 200 mm, Ls: f — 100 mm, Fy, Fy
and Fs — filters, Sh 1, Sh 2 and Sh 3 — shutters.
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Figure 3.28: Device for rotation of the calcium fluoride plate.

double ball bearing. Typically, rotation frequencies higher than 50 Hz were used.

The position of the focus inside the optical material has a large influence on the resulting
chirp, the spectral width and the pulse-to-pulse stability of the SC. Optimum SCG occurs
for a focus position roughly half way inside. The position is adjusted by moving the focusing
lens (f = 50 mm for sapphire, f = 100 mm for CaFs) which is mounted on a translation
stage. The focus position can be checked by visual inspection, which is also used to verify
that no multifilament SCG is present. Observation of a projection of the SC onto a screen

provides a practical criterion for its quality (see Fig. 3.29). The projection should be spectrally

Figure 3.29: Photograph of a white light spot generated in sapphire.
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homogenous with a slight blue or purple rim for SCG in sapphire and CaF,, respectively.

As shown in Fig. 3.30 a), the fluctuations of the resulting SC translate into base line
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Figure 3.30: a) Typical stability of white light generated in sapphire (black line) and calcium
fluoride (red line) when 7500 laser shots are averaged. b) Stability of white light

generated in sapphire when 4800 laser shots are averaged, under perfectly opti-
mized conditions.

fluctuations of the absorbance changes of about 10~* when the typical data acquisition times
are used (or even lower as presented in Fig. 3.30 b)).

Figure 3.31 shows the typical spectra of the SC probe light generated in sapphire and CaFs,.
The spectra are clipped at 700 nm by a cut-off filter (Edmund Optics) in the beam path to
prevent damage of the CCD-detector and data overflow. For optimum spatial characteristics
of the SC, the central part of the beam is cut out using a variable aperture. The collimation
of the SC is performed using either an achromatic lens (f = 30 mm) or an off-axis parabolic
mirror (Melles Griot, f = 59.7 mm), which are placed on a translation stage for adjustment of
the effective focal length. Although adjustment of the achromatic lens proved much easier, the
additional optical material in the beam path (= 11 mm quartz glass) leads to a large increase

of the SC chirp and was not used in later experiments.
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Figure 3.31: Normalized white light spectra generated in sapphire (red line) and calcium fluo-
ride (black line). For the CaFy supercontinuum an additional BG 18 filter reduces
the intensity above 600 nm.

3.2.4 fs-pump-probe-setup

The transient absorption experiments were performed with a setup sketched schematically in
Fig. 3.27.

To achieve a sufficient sensitivity for the detection of the absorbance changes, it is necessary
to minimize the effects of the shot-to-shot fluctuations of the SC. This is done by generating
a probe and a reference beam from the reflections of the SC at the front and back surface of a
5 mm plane-parallel fused silica plate (Laseroptik), respectively. The probe-reference beams
and the pump beam impinge on the sample at a non-collinear angle of approximately 5°. The
pump beam is focused with a f = 200 mm lens to a diameter of ~ 200 pm inside the sample.
There it is overlapped with the probe beam which has a smaller diameter (typically 100 - 160
pum). The reference beam passes through a different sample volume and must not overlap with
the pump beam in the cell. The pump pulse is delayed with respect to the probe pulse with
an optical delay line consisting of a retro-reflector (Melles Griot) and a computer-controlled
translation stage (Physik Instrumente, M-126.CG) with a resolution of 0.1 um (equalling 0.33

fs). The maximum possible delay variation is 166 ps.
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The sample cell is essentially a channel in a teflon disk enclosed between two sapphire
windows. A phototograph of the home-made cell is displayed in Fig. 3.32 a), Fig. 3.32 b)

shows a cross section of the design. The sapphire windows have a thickness of 0.2 mm and
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Figure 3.32: a) Photograph of the sample cell. b) Cross section of the sample cell.

the optical path length of the cell is 1 mm. The miniaturized design allows for a complete
exchange of the sample solution in the probe volume between two subsequent laser shots, i.e.
within 1 ms. The solution is pumped through the cell by a peristaltic pump (Ismatec, Reglo
Analog MS-2/6) with a typical flow rate of 10 - 12 ml/min.

After the sample, the probe and reference beam pass a periscope for rotation of their prop-
agation plane from horizontal to vertical and are focused with an achromatic lens (f = 100
mm) onto the entrance slit of an imaging spectrograph (L.O.T.-Oriel GmbH, MS261i). At
the exit slit of the spectrograph, the spectra are imaged onto a 1024 x 127 pixel array of a
CCD camera (L.O.T.-Oriel GmbH, B401-UV) which provides simultaneous detection of both

spectra. The data acquisition is described in the next section.

3.3 Data acquisition

The readout of the CCD-array as well as the translation stage, the various shutters efc. are
controlled by a LabView program on a PC [102]. To obtain the probe and reference spectra,
vertical binning is performed for the respective tracks. Figure 3.33 illustrates the procedure.
Binning is along the direction indicated by the arrows. Both spectra are then read as a

line of 1 D data. Since the binning process takes roughly 4 ms, the probe and reference
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Figure 3.33: Image of the dispersed probe and reference tracks on the CCD detector.

beams have to be blocked during readout. This is done with a mechanical shutter (Electro-
Optical Products Corp.) (Sh 1 in Fig. 3.27). Each of the recorded spectra is accumulated
on the CCD for typically between 100 and 300 laser shots (i.e. 0.1 - 0.3 s) before readout.
Calibration of the spectrometer is performed with the light of a mercury pen-ray lamp (L.O.T.
Oriel GmbH). Figure 3.34 shows the pen-ray spectrum which allows wavelength calibration

over the wavelength range from 300 - 600 nm. Alternatively, calibration can be performed by
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Figure 3.34: Spectral lines of the pen-ray lamp used for wavelength calibration.

putting different interference filters into the SC beam path. Figure 3.35 shows that the relation

between pixel position and wavelength is almost perfectly linear in the entire wavelength range
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(interference filters centered at A — 486, 503.8 and 645 nm were used).
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Figure 3.35: Wavelength calibration using the pen-ray lamp and interference filters.

The ratio of the probe and reference spectra recorded at the delay time ¢, IP"(\,t) and

I/ (), t), is proportional to the transient transmittance T'(\, 7),

7" (A 1)

T 1) =c-T(\t), (3.22)

where the factor ¢ takes care of experimental parameters such as the beam splitter character-
istics, position-dependent detector sensitivity and so on. To accommodate for possible drifts
in the SC over time, for each delay the transient transmittance with blocked pump beam,

To(A, t)?, is also recorded. The relative transmission

T(\1)
To(n 1)

T.(\t) = (3.23)

2To(\, ) is not explicitly delay-dependent since the pump is blocked. However, if there is a spectral drift of
the SC during a full experiment, it becomes implicitly dependent on ¢.

42



3 Experimental section

is related to the change in optical density (or the transient absorbance) via

A ) = —log Th(\ ) = — log (M) | (3.24)

TO()\7 t)
When the intensities of the ambient background, fluorescence light and scattered light from
the pump beam are also taken into account, the transient absorbance has to be calculated

from

(3.25)

Igef()‘7t) — Igef()‘at) IpT()Vt) B I?T(Aat) >

AN\ t)=—1o - — .
1) g( I t) = I (A ) Trel (A t) — TP (A1)

where I} (), t) and Igef()\,t) are the background probe and reference spectra (no pump, no
probe and reference beam) and I§"(A,¢) and I;ef(/\,t) are the spectra recorded with blocked
probe and reference beams. To increase the sensitivity of the experiment, usually 5000 -

10000 laser shots at each delay are accumulated in the computer memory for the calculation
of A(\, ).

3.3.1 Data fitting procedure

The transient absorption data values at the wavelength \; (i = 1, ..., N,) and at the delay
time t; (j = 1, ..., V) make up a two dimensional data matrix A;; = A(\;, ;). The aim of
the data analysis is to disentangle the contributions that arise from the different species and
processes and to determine the species associated spectra and their kinetics. In the absence
of prior knowledge, e.g. about a particular kinetic model, the common practice is to describe
the transient absorption profiles at a single wavelength with a sufficient number of exponential
decays,

A1) = Z a; exp[—(t — to;)/7il, (3.26)

where the 7; are the decay times, the a; are the amplitudes and the ¢y, are the wavelength-
dependent time zero offsets due to the SC chirp.

Equation (3.26) does not take into account the limited temporal resolution of the experiment,
which is described by the so-called instrument response function (IRF). Mathematically, this
is described by a convolution of the “ideal” time profile with the IRF. If the IRF is a Gaussian,

this gives

1 1o} t — to; ? 1
Ay(t) = 5 Zai exp (50:31: I OZ) (1 —erf { {U;I?F —(t— toz')} m}) . (3.27)

Although the IRF width parameter o;zr can in principle be treated as a free fitting parameter,
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this can give erroneous results if the fastest decay time and o;rr have similar values. It is
therefore important to have at least an estimate for the correct value, which can be obtained
from the cross-correlation of the pump and probe pulses. The detailed procedure is described
in the next chapter. The next issue with Eq. (3.27) is that data without coherent contributions
from the solvent and background are assumed. This can be achieved if these contributions are
determined in a separate experiment and then subtracted from the measured optical density

changes.
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The chapter is organized as follows: In Sec. 4.1, results on XPM, time-zero correction, SRA
and ISRS are presented and are used to assess the experimental setup used in this work.
On the basis of these results an optimized experimental procedure is developed. Section
4.2 contains results on the ultrafast isomerization of azobenzene, which has been subject of
considerable scientific interest for many years. Azobenzene is ideally suited as a test system,
since literature data exist for comparison, and the TA of azobenzene is very demanding as
regards the temporal resolution and sensitivity of the apparatus. In Sec. 4.3 preliminary
results on the photoisomerization of Z-Aberchrome 540 are presented which indicate that the

dynamics occur on a sub-picosecond time-scale.

4.1 Characterization of the fs-pump-probe transient

absorption spectrometer

Several aspects have been neglected in the description of the data treatment and the fitting
procedures given in the previous section. First, the supercontinuum is chirped due to the self-
phase modulation in the SCG step and the group velocity dispersion which arises in the SCG
material, all optical components, the sample cell windows and the sample itself. Therefore,
different SC wavelengths enter the sample at different times and a so called time-zero correction
procedure has to be applied. Second, there are additional contributions to the signal that are
generated by the interaction of the pump and probe pulses during the temporal overlap of
both pulses. These are known as “TA artifacts“ or coherent contributions. They typically
have a duration comparable to the pump-probe cross-correlation and can lead to an unwanted
decrease in temporal resolution. The most significant coherent contributions are from cross-
phase modulation (XPM), stimulated Raman amplification (SRA) and two-photon absorption
(TPA). Third, long lasting oscillatory contributions to the signal may arise from low-frequency
vibration of the solvent excited by the pump pulse, the so called impulsive stimulated Raman
scattering (ISRS). All of these contributions must be determined first so that they can be

subtracted. As will be shown below, indispensable information that characterizes the setup,
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e.g. with respect to the SC chirp, can be gained in this way.

The general theoretical background for non-linear spectroscopy laid down by Mukamel [97]
has been used by Ernsting and co-workers in several papers [103, 104] to develop a general
formalism of pump-probe transient absorption spectroscopy. Such a detailed theoretical de-
scription is however, beyond the scope of this thesis. Instead, a phenomenological approach,
similar in spirit to Refs. [105, 106, 107, 108|, will be taken, using only the results of the above
references [103, 104].

4.1.1 Cross-Phase Modulation and time-zero correction

4.1.1.1 Background

For the remainder of this chapter the pump pulse is assumed to be a non-chirped Gaussian
with an electrical field,
U
E,(t) = a,exp <_ﬁ + @wpt) , (4.1)
p
of amplitude a,, temporal width 7,, and at a center frequency of w,. For the probe, a linearly

chirped SC pulse of Gaussian shape is assumed:

e
Epr(t) = Qpr €Xp [_F + Z(Qpﬂf + ﬁtZ):| . (42)
pr
The broadband supercontinuum is characterized by its center frequency (1,., its temporal
width 7, and the chirp rate 3. The chirp rate determines the size of the linear chirp and has
the dimension of fs72. Small values of 3 correspond to a large chirp and larger values of 3 to
a smaller chirp. Although the natural variable for the experiment is wavelength, the common

description of the phenomena is in frequency space, for which

Epe(wpr) = T/ 21 facexp [—T0 (wpr — Qpr)?/20] (4.3)

where @ = 1 — Qiﬂ’lﬁr and wy, is the probe pulse frequency. As a consequence of the chirp,
the probe pulse has an instantaneous frequency which is time dependent. This means that in
the sample, different frequency components of the SC pulse interact with the pump pulse at

different delay times. This is described by the time-zero function:

to(wpr) = (Wpr — Qpr) /2. (4.4)

Knowledge of the time zero-function allows one to time-correct the experimental data to a

common zero-delay for all wavelengths.
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The total delay t4(w) is just the sum of the experimental delay ¢, and the time-zero function
lo (w)a
td(wpr) =14+ to(wpr). (45)

The coherent interaction between probe and pump pulses at zero delay leads to the so-called
cross-phase modulation (XPM) that contributes to the TA signal. The physical origin of the
XPM is the modification of the refractive index by the pump pulse via the optical Kerr effect
(see Eq. (3.16)), which is experienced by the SC probe during the temporal overlap with the
pump pulse and originates in the cell windows and in the solvent. Figure 4.1 shows the XPM

calculated for different probe wavelengths via [103]

tag + to(wpr)]?
AD(wpr,tg) ~ DSexp {_M}
Tp
% sin L [ta + to(wpr)]? _t0<wpr)[td+t0<wpr)] 7 (4.6)
2072 BT;} BTTs

using a pump pulse centered at w, = 3.943 fs~!, a temporal width of the pump pulse 7, =
50 fs, and a probe pulse centered at Q,, = 3.754 fs~! with a temporal width 7,, = 250 fs

and a chirp rate 3 — 3.9x107* fs~2. The blue line represents the cross-correlation function
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Figure 4.1: Simulated XPM signals for a linearly chirped probe pulse. The following parameters
are used: wy, = 3.943 fs~*, 1, = 50 fs, Qpr = 3.754 fs71, 7, = 250 fs, B = 3.9x107*
fs72.
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between pump and probe pulses. Several points are worth noting: First, the time-zero function
(Eq. (4.4)) causes the maximum of the XPM ¢, shift in time with wavelength. Second, the
maxima of the XPM and the cross-correlation function almost coincide, and the XPM and
the cross-correlation are of comparable width. In the case of a fast chirp rate, 267';"»1, the
cross correlation width 7. is equal to the pump pulse duration. Third, the XPM is “w” shaped
for a positive chirp (this is reversed for a negative chirp), and the temporal integral at each
wavelength is equal to zero, since no absorption takes place. For the simulation, the amplitude
of the XPM, which increases with increasing chirp and decreasing wavelength, D¢ of Eq. (4.6)
was set constant. The final point regards the pump intensity dependence of the XPM. Since
the Kerr effect depends on intensity, it is obvious that the XPM amplitude is also proportional
to the pump intensity.

4.1.1.2 Results

Cross-phase modulation (XPM) measurements were performed to characterize the experi-
mental setup in its initial and chirp-optimized form for supercontinua generated in 2.3 mm
sapphire and 2 mm CaF, plates. The typical pump diameter inside the cell was about 200
pm in all cases, the diameter of the SC probe and reference beams was in the range between
100 - 160 pm. Compressed NOPA pump pulses (= 75 fs FWHM) and transform-limited SHG
pump pulses were used. Experiments were performed for generating XPM in the sapphire cell
windows (d = 0.2 mm) alone and for XPM from the complete cell with different solvents. The
detailed results presented below highlight the specific dependencies of the XPM and the SC
chirp on the experimental conditions, which were used as guides for the optimization of the

experiment.

(i) As afirst case, the supercontinuum probe pulse generated in CaF;, was studied. The SC
was generated in a rotating CaF, plate (2 mm thickness) from 775 nm pulses with 2.5 pJ pulse
energy. To collimate the SC an achromatic lens (f — 30 mm, central thickness — 10.9 mm) was
used. The pump pulse was a compressed NOPA pulse (FWHM — 75 fs) with a pulse energy of
0.15 pJ and centered at 478 nm. For detection, the SC spectrum (see Fig. 4.4 a)) was clipped
on both sides using BG18 and OG515 (Schott) filters. The delay was varied in 86 steps of 15
fs. The pump and probe pulses overlap for generation of the XPM in a sapphire window of
0.2 mm thickness. Figure 4.2 shows a contour plot of the transient changes in optical density
A(A,t). The color coding for the optical density changes is from -4x 1073 (dark blue) to 5x1073
(red). The only contribution to A(\,t) is from XPM. The XPM contribution has positive and
negative amplitudes (red and blue, respectively) and can clearly be distinguished from the

background (green). The wavelength dependence of the time-zero delay can clearly be seen:
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Figure 4.2: Contour plot representation of the XPM signal generated in a 0.2 mm sapphire
window. The probe pulse is CaFy-SC, the pump pulse is a compressed NOPA pulse
centered at 478 nm (Eggnm — 0.15 pJ).

at short wavelengths the XPM occurs at 7 ~ 0 ps (upper left corner), at larger wavelengths,
it occurs at positive delays up to 7 =~ 0.8 ps. The amplitude of the positive maximum of the
XPM is largest at short wavelengths. The overall behavior of the XPM is very similar to the
simulation of Fig. 4.1. The characteristic “w” shape of the signal, and the asymmetry at the
long wavelengths are reproduced. The amplitude of the maximum decreases with increasing
wavelength. The position of the maximum shifts in time, reflecting the chirp of the SC pulse,
and nearly coincides with the maximum of the pump-probe cross-correlation. The widths of
the XPM signal and the pump-probe cross-correlation are almost identical.

Figure 4.3 shows cuts of A(\,t) at six fixed wavelengths. The red lines represent fits to the
XPM by Eq. (4.6), the blue lines are the pump-probe cross-correlations. A linear chirp rate
of 3 = 4.2 x 107* fs72, a probe pulse width of 7,,= 120 fs, a probe center wavelength of 502
nm (€, — 3.757 fs7'), and a pump center wavelength of 478 nm (w, — 3.943 fs~') were used.
These parameters were all kept constant for all wavelengths. The fitting parameters were the

time-zero, the pump pulse temporal width 7, and the XPM amplitude.
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Figure 4.3: XPM signal generated in a 0.2 mm sapphire window. The CaFy-SC was focused
with an achromatic lens. The red curves represent the fit of the XPM signal

for linearly chirped probe pulse. The blue curves represent the pump-probe cross-
correlation. See also text.
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Figure 4.4: a) Ezperimental CaFy-SC spectrum when using BG18 and OG515 filters, b) wave-
length dependence of time-zero function ty, ¢) cross-correlation width 1., and d)
amplitude of the XPM signal generated in a 0.2 mm sapphire window.

As can be seen from Fig. 4.3 the XPM can be described well with the chosen set of constant
parameters for all six wavelengths. The results of the fits are summarized in Fig. 4.4. Part a)
shows the spectrum of the CaF,-SC. The wavelength dependence of the time-zero function ¢, is
shown in part b). The values of ¢, are represented by triangles and were obtained directly from
A(), t) by taking the position of the maximum of the XPM feature at the desired wavelength.
The solid black line represents a description of the time-zero function according to Eq. (4.4),
with 3 = 4.2 x 107* fs=2. A comparison of the time-zero values shows a good agreement (a
maximum deviation of ~ 8 fs is found). This is expected on the basis of Eq. (4.6), which
predicts a maximum of the XPM at t; = t5. Since Eq. 4.6 is valid for linearly chirped pulses it

follows that the chirp of the SC is almost linear. Part ¢) of Fig. 4.4 shows the cross-correlation
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width 7., which was set to the value of 7, from the fits assuming the fast chirp rate condition.
The cross-correlation width only changes very little (from 7., ~ 83 fs at A,..pe = 500 nm to
Tee & 65 fs at Apope = 620 nm). The average value of 74 fs agrees well with the value obtained
by autocorrelation of the compressed NOPA pump pulse (75 fs) (see Fig. 4.5). Part d) of Fig.
4.4 shows the amplitude of the XPM. The amplitude shows a decrease with increasing probe

wavelength.

1.0F o
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o
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intensity / a.u.

T
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Figure 4.5: Autocorrelation function of the NOPA pulse Npump = 478 nm (circles) together
with a Gaussian fit (red line).

(ii) Assecond case, SCG in sapphire was studied. Almost 1 pJ of 775 nm pulses were focused
with a lens (f = 50 mm) into a 2.3 mm thick sapphire plate and a compressed NOPA pump
pulse centered at 466 nm with a temporal width of 75 fs (FWHM) was used. The probe and
pump beam were overlapped inside the sample cell filled with CCly. A smaller pump energy
of 0.45 pJ was chosen to minimize any unwanted contribution of ISRS from the solvent.
To minimize the amount of dispersive material in the SC optical path, its collimation was
performed with an off-axis parabolic mirror (see Sec. 3.2.4). The SC was clipped with BG18
and OG515 filters. Figure 4.6 shows a contour plot of the change in optical density A(\,t) of
the experimental data, measured at 30 delays with steps of 10 fs. The range is from -1x 1073
(blue) to +1x1073 (red). The XPM contribution can be seen in the delay range between -0.1
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Figure 4.6: Contour plot representation of the XPM signal generated in pure CCly. The probe
pulse is sapphire-SC, the pump pulse is a compressed NOPA pulse centered at 466
nm (E,= 0.45 pJ)

to 0.15 ps with the lowest delay values for the shorter wavelengths. The delay position of the
XPM maximum changes by only 0.1 ps over the wavelength range of A\ — 500 - 630 nm. From
A = 575 nm to A = 630 nm the time zero delay stays nearly constant. The amplitude of the
XPM is much reduced in comparison to Fig. 4.2 and is smaller at long wavelengths at which
the negative parts of the XPM signal are hardly recognizable from the background. As above,
cuts at fixed wavelengths were fitted according to Eq. (4.6) using as fixed parameters: chirp
rate 3 = 1.8 x 107 fs~2, central probe wavelength A,o.= 505 nm (€2, = 3.7313 fs~!) and
probe duration 7,,— 120 fs. Cuts and fits at six selected wavelengths are displayed in Fig. 4.7.
The typical shape of the XPM can be seen at all wavelengths. The amplitude of the positive
maxima is low, decreasing from +1.2x107% at A = 505 nm to +0.6x107% at A = 560 nm. The
points are the time-zero delay for the probe wavelengths, the red lines represent fits to the
XPM by Eq. (4.6), the blue lines are the pump-probe cross-correlations. The fits describe the
XPM data fairly well for all six chosen wavelengths.

Figure 4.8 summarizes the results and shows the experimental spectrum of the sapphire SC
(in part a)). Part b) shows the time-zero function (where the delay values were determined

as above). Part ¢) of Fig. 4.8 shows the cross-correlation width 7., which was also set to the

23



4 Results and Discussion

change in optical density / 10

N N 1 N 1 N 1 N N 1 N 1 N 1 N
-0.1 0.0 0.1 0.2 0.3 -0.1 0.0 0.1 0.2 0.3

pump-probe delay / ps pump-probe delay / ps

Figure 4.7: XPM signal generated in pure CCly. The sapphire-SC was focused with an off-axis
parabolic mirror. The red curves represent the fit of the XPM signal for a linearly

chirped probe pulse. The blue curves represent the pump-probe cross-correlation.
For the fit parameters, see text.
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value of 7, from the fits. The cross-correlation width only changes very little (from 7. ~ 85 fs
at Aprope = 500 nm to 7. = 65 fs at A\p.ope = 680 nm). The amplitude of the XPM is displayed
in part d).
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Figure 4.8: a) Experimental sapphire-SC spectrum when using BG18 and OG515 filters, b)
wavelength dependence of time-zero function ty, ¢) cross-correlation width Te., d)
amplitude of XPM signal generated in CCly.

In Fig. 4.9 a third order polynomial fit of the time-zero function is compared to a linear
fit, since there are clear deviation from linearity. The points are the time zero delay for each
wavelength, the red line is the linear fit and the blue line a third order polynomial. It can
be seen that the non-linear contribution should be taken into account for a best time-zero

correction.
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Figure 4.9: Time-zero function obtained from XPM signal generated in CCly. The red line
represents the linear fit and the blue line is the fit with a third order polynomial.

(iii) The third set of data is representative for experiments that use excitation in the UV
with SHG pump pulses at 387 nm, using the chirp optimized setup. The SHG pump pulses
are temporally broader than the compressed NOPA pulses, but are unlikely to be chirped.
The data were treated as described above. Figure 4.10 shows the experimental data, which
were taken at delay steps of 15 fs. The SC was clipped to a usable wavelength range of 470 nm
to 700 nm by use of a BG38 filter (Schott) and a cut off filter (Edmund Optics). The range
is from -3.2x1073 (blue) to +3.2x1072 (red). The amplitude of the XPM is significant only
at small wavelengths (by comparison, it is very hardly visible at longer wavelengths). The
time zero delay changes by approximatively 0.25 ps over the entire wavelength range, with
the lowest delay values for the shorter wavelengths. The temporal width of the XPM feature
is increased by comparison to Fig. 4.2 and 4.6. The fits at selected wavelengths displayed
in Fig. 4.11 were performed with a fixed chirp rate of 3 = 1.8 x 1072 fs=2, a central probe
wavelength of A,.ope = 495 nm (€, = 3.832 fs~!) and a probe width 7, = 120 fs. As before, the
amplitude of the XPM decreases for the longer wavelength. The typical XPM shape is again
reproduced. The reversal of the asymmetry on both sides of the probe central wavelength and

the symmetric shape at A = 495 nm can be seen. The increased pulse width of the pump
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Figure 4.10: Contour plot representation of the XPM signal generated in pure ethanol. The
probe pulse is the sapphire-SC, the pump pulse is SHG centered at 38Tnm (Fsgrnm
= 0.65 pJ)

pulse is immediately discernible in the broader XPM features. The quality of the fits is as
good as above. The experimental SC spectrum, time-zero values, and XPM amplitudes are
shown in Fig. 4.12. The time zero delay values displayed in part b) (triangles) were fitted
with a third-order polynomial (black line) and no satisfactory linear fit could be achieved. The

decrease of the XPM amplitude towards longer wavelengths can be see in part c).

o7



4 Results and Discussion

@
e
=
‘0
c
o)
©
©
0
a
o
£ -

S -2
c
©

< I

(&]

2

0

-2

Figure 4.11:

| 495 nm _ 505 nm
L ] —...
| 510 nm | 520 nm
[ s [ .-Il wt
-0.3 0.0 0.3 0.6 -0.3 0.0 0.3 0.6
pump-probe delay / ps pump-probe delay / ps

XPM signal generated in pure ethanol. The sapphire-SC was focused with an
off-axis parabolic mirror. The red curves represent the fit of the XPM signal for
a linearly chirped probe pulse. The blue curves represent the pump-probe cross-
correlation. For the fit parameters, see text.
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Figure 4.12: a)Ezxperimental sapphire-SC spectrum when using BG38 and cut off 700 filters,
b) wavelength dependence of time-zero function ty, ¢) amplitude of XPM signal
generated in a 0.2 mm sapphire window.

(iv) The final point regards the pump intensity dependence of the XPM amplitude. The
pump energy was varied by means of different neutral filters placed in the optical path of the
pulse. Figure 4.13 shows the XPM amplitude in pure hexane at four selected wavelengths for
pump energies of 0.58, 0.85, 1 and 1.2 uJ (NOPA pump pulse at 466 nm, FWHM = 75 fs )
with everything else kept constant (black squares). The intensities were determined with a
LM-1 detector (Coherent). The lines in Fig. 4.13 indicate linear fits of the observed power
dependence. The XPM amplitude increases linearly with the pump energy and decreases
approximately by a factor of 5 going from a probe wavelength of 500 nm to 580 nm. Figure
4.14 summarizes the results on the supercontinuum chirp and the time-zero behavior for the
experimental conditions. The data for the CaFs-supercontinuum in the chirp-reduced setup

were provided by A. Petter [109] and show the lowest chirp of all data.
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Figure 4.13: Dependence of the XPM signal generated in hexane on the pump energy (Apump=
466 nm) for different probe wavelengths. The pump energy was varied using
different neutral filters (NG11, NG5 and NG/) from 0.58 uJ to 1.2 uJ .

In Table 4.1 the results obtained from the fits of Eq. 4.6 to the XPM are summarized.

Table 4.1: Fit results of XPM signal generated for different experimental conditions.

White light focus sample Q /) 1/ g/ Apump T/
condition fs~! fs fs—2 nm fs
CaF, lens 0.2 mm sapphire 3.75 120 4.2x107* 478 62 - 82
sapphire lens pure hexane 3.75 120 3.9x10~* 478 65 - 85
sapphire mirror pure CCly 3.73 120 1.8x1073 466 65 - 85
sapphire mirror pure ethanol 3.83 120 1.8x1073 387 82 -99

60



4 Results and Discussion

1.0 T T T T T T T T T T

0.6 |-

time-zero / ps

02} .
mirror

0.0

wavelength / nm

Figure 4.14: Time-zero behavior for SC generated in sapphire (blue lines and symbols) and
CaFy (red lines and symbols) for different focusing: squares for use of an achro-
matic lens and stars for the off-axis parabolic mirror.

4.1.2 Stimulated Raman Amplification
4.1.2.1 Background

The stimulated Raman effect occurs by the coherent interaction of the pump and probe beam
in a medium with a vibrational resonance at the pump-probe difference frequency. On the
Stokes side, wy;p = w, — wg must be fulfilled, where w, is the pump frequency, and wg is
equal to the Stokes frequency (which is from the probe beam). The coherent excitation of the
transition, which is “seeded” by the probe photon at wg, leads to the emission of the photons at
the Stokes frequency, i. e. to a negative contribution to the change in optical density at wg (on
the anti-Stokes side, a positive signal is generated). For strong Raman modes, the stimulated
Raman amplification (SRA) signal can be much higher than the XPM signal and can provide
the pump-probe cross-correlation at the Stokes frequencies. Since in the TA detection the
signal is spectrally dispersed, phase information about the pump pulse can also be gained

(compare with paragraph on FROG pulse characterization in Sec. 3.1.2).
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4.1.2.2 Results

Since the process of SRA is not the main focus of this work, results are given only for one
example case and are discussed qualitatively. Figure 4.15 shows the change in optical density
in pure hexane for excitation with a NOPA pulse centered at 478 nm (part a) and b)) and at
466 nm (part ¢) and d)), using four different settings of the pulse compressor. The stimulated
Raman signal can be seen as large negative contribution (blue colors) at a wavelength of
about 540 - 550 nm. The XPM contribution is strongest at small wavelengths and has a
much smaller amplitude (approximately by a factor of 5-6) compared to the SRA signal. The
different shapes of the SRA contributions in the different part of Fig. 4.15 can be clearly seen.

pump-probe delay / ps
c-0l / Aysuap |eondo ul abueyd

=~

pump-probe delay / ps

540 510 525 540 555
wavelength / nm wavelength / nm

Figure 4.15: Comparison of different SRA profiles for a) and b) an inhomogeneous NOPA
pulse, ¢) and d) a homogeneous NOPA pulse.
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Intensity autocorrelation functions (ACFs) of the pump pulses were obtained with the APE
autocorrelator. Figure 4.16 a)-d) shows the raw data (black squares) and the ACFs as red

lines.
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Figure 4.16: Autocorrelation function of the pump pulses (measured with the APE autocorre-
lator) used for generation of the SRA signals. The pulse widths (FWHM) are: a)
98fs, b) 59 fs, ¢) 75 fs, d) 85 fs.

The autocorrelation function (ACF) in all cases can be described well with a Gaussian, even
though different pulse widths have to be used. On the basis of the ACFs, one would conclude
that the best compressor setting was chosen in case b). For such a perfectly compressed pulse,
a GGaussian shape is expected spectrally and temporally, and the same should be true for the
shape of the SRA signal if the chirp of the SC light is neglected. As can be seen in Fig.
4.15, the best approximation to a Gaussian shape in time and spectrum is not found for the
case b), but for case c), the other cases show clear deviations. The pulse width extracted
from the SRA signal 7pw gy— 72 fs coincides with the ACF width in case c) of Fig. 4.16.
The results show that the parameters from the ACF of compressed NOPA pulses have to be
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regarded as approximate. In particular, Gaussian-shaped ACFs can occur even for over- or
undercompressed chirped pulses. As a consequence, for experiments with compressed NOPA
pulses, the pump pulse characteristics and compressor settings were checked qualitatively by
inspection of the generated SRA signal whenever possible.

Figure 4.17 compares the SRA signal in pure n-hexane and the spectrum of the pump
pulse. The SRA spectrum was obtained by temporal integration of the TA signal around
time-zero to remove the XPM contribution, the pump pulse spectrum was recorded with a

CCD spectrometer (APE). The almost identical spectral shape is obvious, and the spectral
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Figure 4.17: The generated SRA signal in pure n-hexane and as inset the spectrum of the /66
nm pump pulse (measured with APE CCD spectrometer).

shift from ~ 466 nm to ~ 535 nm corresponds to a Raman line at ~ 2770 cm~! which can
be attributed to the Raman-active C-H stretching mode found at 2876 cm™! in spontaneous
Raman spectra of hexane. The slight shift of the frequency can be explained by non-linear
effects in the medium [110].

Since subtraction of the stimulated Raman contribution is difficult, the pump power depen-

dence of its amplitude was checked. The amplitudes at the maximum of the SRA at A = 535

64



4 Results and Discussion

nm are shown in Fig. 4.18. The amplitudes show a linear power dependence in accord with
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Figure 4.18: Dependence of the SRA signal from pure n-hezane on the pump energy (Apump =
466 nm) at Nprope = 535 nm.

the theory. The relative strength of the SRA signal with respect to the genuine TA signal

cannot be changed by a simple pump power variation.

4.1.3 Impulsive Stimulated Raman Scattering
4.1.3.1 Background

Impulsive stimulated Raman scattering (ISRS) is the time analog of the SRA signal, which
occurs if the spectral bandwidth of the pump pulse exceeds the frequency of a Raman active
mode of the medium. In this case, the pump pulse contains photons at the pump and the
Stokes frequency and will excite the respective vibrations coherently [111]. The effect will
lead to damped oscillations in the TA signal that correspond to a superposition of all excited
Raman modes. At time-zero, i.e. for overlapping pump-probe pulses, the signal has the same
shape as the XPM.
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4.1.3.2 Results

Figure 4.19 shows the TA signal of pure CCl, obtained from NOPA excitation at 466 nm, 7
= 70 fs (FWHM of the autocorrelation function). At delays between 7 ~ 0.1 ps for A = 480
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Figure 4.19: Contour plot representation of the XPM and ISRS signal generated in pure CCly.

The probe pulse is sapphire-SC, the pump pulse is a compressed NOPA pulse
centered at 466 nm (E, = 0.65 jJ)

nm and 7 ~ 0.25 ps for A = 640 nm, the XPM contribution can be seen. At larger delays, the
change in optical density shows oscillations which are best visible for the short wavelengths
and persist up to delays of 2 ps. Figure 4.20 shows cuts of the TA signal at four wavelengths.
The oscillatory behavior of the ISRS contributions can be seen best for A = 500 nm. The initial
behavior is given by the typical XPM signal in each case. The amplitude of the oscillations
decreases with increasing detuning from the pump wavelength. A quantitative description of
the data following the treatment outlined in Kovalenko [103| was not performed. Instead, the
frequencies of the excited Raman modes were obtained by performing a Fourier transform of
the signal at 500 nm. The resulting power spectrum is displayed in Fig. 4.21. Although the

resolution is low, three modes at 224 cm™?, 322 em™!, 474 em~! can be discerned.
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Figure 4.20: XPM and ISRS signals of pure CCly for different probe wavelengths.

0-4 v L L v L v L
474

s 0.3} M
®©
g
3 0.2}
o
g 322
(&}
g 01 224
/2]

0.0 . 1 . 1 . \—;—\.—T’\./\

0 200 400 600 800 1000

frequency / cm!

Figure 4.21: Fourier spectra of the ISRS oscillations generated in pure CCly.
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4.1.4 Conclusions and implications for the design of the TA setup

From the viewpoint of the experimenter, cross-phase modulation, stimulated Raman scattering
and impulsive stimulated Raman scattering are unwanted contributions that deteriorate the
performance of the experiment by decreasing the temporal resolution and that might obscure
transient absorption signal from the molecule under study even up to several ps (in the case
of the ISRS contribution). On the other hand, additional information for the characterization
of the experimental parameters, such as SC chirp, time-zero function, instrument response
function and the pump pulse width can be obtained from a study of the coherent contributions.

An important conclusion that can be drawn from the above data is that for the experimental
setup used in this work, the theoretical description with non-chirped pump pulses and the SC
probe pulses as single, linearly chirped pulses provide a good description of the observed XPM
data. The likely residual chirp of the compressed NOPA pulses, does not seem to spoil the
experiment. This allowed to determine the apparatus time-zero function accurately. One of
the main results regarding XPM is that for collimation of the SC using an achromatic lens,
a large chirp with a chirp rate of 3 — 4.2 x 107 fs=2 could be observed, whereas the use
of reflective optics results in a much reduced chirp described by  — 1.8 x 1073 fs~2, and
the amplitude of the XPM is much smaller (by a factor of 6). Apparently, the reduced chirp
is mainly the consequence of the reduction of dispersive material in the beam path. In this
“chirp-reduced” setup, the chirp is only approximately linear, because of the increased relative
amplitude of the non-linear terms. The pump energy dependence of the XPM was found to
be linear. But since there are only four data points for each fit only a qualitative statement
can be made. A more suitable detector should have been available, since the accuracy and
sensitivity of LM-1 is too low. Therefore, the quoted intensities have a large error.

It could be shown that the SRA signal provides an alternative way of determining the pulse
shape of the pump pulse inside the sample. However, the signal amplitude of the SRA signal
is very large and has a linear power dependence. Therefore, it cannot be decreased by a simple
reduction of the pump power.

From the ISRS contribution, which can persist up to several picoseconds, three Raman lines
of CCly could be determined. A comparison with literature data shows the excellent agreement
with the lines at 217 cm™!, 314 cm™! and 460 cm~! found in spontaneous Raman spectra.
The other Raman modes of CCl; (761 cm™! and 790 cm™!) are either too weak to be seen
in the power spectra of Fig. 4.21 or lie outside the spectral bandwidth of the NOPA pump

pulse which is Aw ~ 418 cm™!

as calculated from the pump pulse duration by assuming a
transform limited pulse. The data suggest that in cases where the ISRS contribution cannot
be avoided, filtering in the Fourier based on the knowledge of the Raman modes might improve

the situation.
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Since there is good agreement between the theoretical description and the experimental
results, the coherent contributions might be handled directly by incorporating them into a
global fit of the data as in Ref. [103|. However, the “practical” approach (which was chosen
throughout this work) is to realize experiments with a XPM as little as possible, to perform an
additional solvent scan and to subtract the unwanted contributions. The following guide lines
help: First, no unnecessary dispersive optical material should be placed in the probe light
beam path. Second, the SC generated in CaF;, has a smaller chirp than the one from sapphire
(because CaFy is a lower dispersive material). Therefore, all other experimental parameters
being identical, a smaller XPM amplitude can be expected. Together with the increased
bandwidth, this provides a strong argument for SCG in CaFy, despite the more complicated

experimental conditions. ISRS might be reduced by filtering in the Fourier domain.

69



4 Results and Discussion

4.2 Photoinduced cis-trans isomerization of azobenzene

4.2.1 Background

Beginning with its discovery in 1832 [112|, azobenzene (AB) and its derivatives have been
in the focus of interest because of their enormous potential for applications and as a model
system to study thermal and photochemical cis-trans isomerizations [18]. AB is isosteric with
stilbene, where the central ethylenic unit is replaced by the azo group. The two isomers,
cis-AB and trans-AB and their photochemical isomerization, were first mentioned by Hartley
in 1937 [113]. Figure 4.22 shows the isomerization scheme from ¢rans-AB to cis-AB and vice

versa (the wavelengths on the arrows indicate photochemical isomerization). Thermodynami-

N=N
)“1
N A,

trans - azobenzene cis - azobenzene

Figure 4.22: Isomerization scheme of azobenzene.

cally, trans-AB is more stable than cis-AB by approximately 90 kJ/mol [114|, and cis-AB
isomerizes thermally to trans-AB, as indicated on the arrow. The remarkable property of
the photoinduced isomerization reactions is the almost entire lack of by-products, that allows
reversible switching over many cycles without the so-called photochemical fatigue. This is
the basis for many (industrial) applications. Suitable functionalized AB derivatives have been
used to trigger phase transitions in liquid crystal systems, where the trans-derivate forms a
nematic phase while the cis-derivate does not [35, 115]. The change in length and shape from
linear for trans-AB to bent for cis-AB can also be exploited to induce conformational changes
in proteins [116, 117, 118], or to evoke phase transitions in emulsions [36]. Further applications
include excavator molecules [119, 120] and so-called nano-muscles [20]. Even photoinduced
macroscopic motions have been realized in polymeric systems [35, 115].

The photoinduced cis-trans isomerization of ABs occurs upon visible and UV irradiation.
A spectrum of both isomers in CCly is shown in Fig. 4.23. Both spectra show a weak
band in the visible with a maximum at about 440 nm that corresponds to the forbidden
S (nm*) « Sy transition, and a much more intensive band in the near UV corresponding to
the allowed Sy (77*) < S transition with a maximum at approximatively 320 nm. ABs were
long considered to have no fluorescence due to the their extremely low fluorescence quantum
yield of ® ~ 10~". Time-resolved measurements of ABs showed that the isomerization takes
place on time scale between few hundred fs to a several ps |31, 38, 121, 122, 123, 124, 125|.
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Figure 4.23: UV-VIS absorption spectra of 0.1 x 1073 mol/l trans- and cis-AB solutions in
CCly.

The photoisomerization yields of ABs violate Kasha’s rule [126, 123, 25|. Rau and Liiddecke
found that the yields following S; excitation are higher than for S, excitation by a factor of
approximately two, independent from the isomerization direction and also in several solvents
(see table 4.2).

Table 4.2: Isomerisation quantum yields of AB [127].

(étT'CLTLSHC’L'S chiSHtrans
solvent Sl — SO Sg — SO Sl — So SQ — SO
n-hexane 0.25 0.11 0.56 0.27
bromoethane 0.26 0.11 0.58 0.25
ethanol 0.28 0.15 0.51 0.24
water/ethanol(4:1) 0.35 0.21 0.41 0.15

A dual mechanism was suggested to rationalize the results. Accordingly, an inversion on
one of the N-atoms of the N-N-double bond via an almost planar transition state occurs after

excitation to the S; state. After excitation to the S, state the molecules take a different
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route, that involves rotation about the central N-N-bond with a twisted transition state. The

two mechanisms are sketched in Fig. 4.24. First ab-initio quantum chemical calculations
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Figure 4.24: Isomerization mechanism of AB.

provided assistance for the mechanism [128] and the picture remained unchanged for many
years. However, in the last decade, ultrafast spectroscopic experiments as well as numerous
theoretical calculations have been performed that have led to a much more complicated and
controversially debated picture. One of the most important insights is that pure inversion and
pure rotation might not take place at all, and alternative reaction paths such as the concerted
inversion, with an almost linear transition state have been suggested [38| (third reaction path
in Fig. 4.24). The lowest reaction path shown in Fig. 4.24 is the so-called “hula-twist”, which
has been invoked to characterize the isomerization of stilbenes and polyenes [129, 130| and for
ABs more recently [125].

Time resolved experimental studies found that the isomerization after excitation into S
occurs on a time scale between several hundred fs to a few picoseconds for trans-AB, and even
faster for cis-AB. Most authors favored the inversion pathway, but rotation has also been
supported. An important aspect is the possible involvement of a conical intersection (CI)
between the S; and Sy surfaces to explain the observed time scales. The most conclusive work

probably comes from the study of rotation-restricted AB derivates |38, 125|. By comparing
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the behavior of a rotation-restricted AB and a structurally very similar “open” derivative,
Pancur et al. [125] found strong evidence to rule out the pure rotational mechanism. To
explain the results for excitation into the Sy state, dual pathways of direct isomerization
on the one hand and internal conversion to the S; state with a twisted intermediate and
subsequent isomerization from S; on the other hand have been discussed. Results in favor of
efficient relaxation via a planar S; intermediate have been obtained also [131, 132|. Based on
experimental evidence for an optically bright S3 and S, state at similar excitation energies,
an extended relaxation scheme was proposed that might resolve these apparent discrepancies
[133, 134].

Theoretical calculations have also arrived at different statements, depending on the distinct
properties of the calculated potential energy surfaces. There is, however, a general agreement
that conical intersections are involved, which have been found for the rotation, inversion and
concerted inversion pathways (the “hula-twist” was not explicitly taken into account).

In summary, despite much experimental and theoretical work, the exact mechanism remains

unknown, and further experimental work should help to clarify the picture.

4.2.2 Results for trans-cis isomerization of azobenzene

The experiments were performed using the chirp-optimized setup of Sec. 3.2.4 at two different
excitation wavelengths, with SCG in sapphire. Compressed NOPA pulses centered at 466 nm
with 0.45 pJ pulse energy and 60 fs (FWHM, from autocorrelation) were used for excitation
in the red wing of the S; absorption band. The IRF for NOPA excitation typically could be
described well by a Gaussian with a FWHM between 80 - 100 fs. Excitation to the overlap
region of the S; and S5 bands was performed with pump pulses obtained by SHG of the 775
nm fundamental with an energy of 0.65 pJ. The gaussian IRF in this case had a FWHM of
140 - 160 fs.

Trans-AB with a purity of 98 % was purchased from Merck and used as provided. Cis-
AB was obtained from a mixture of both isomers at photochemical equilibrium by column
chromatography, with a purity of > 97 % as checked by NMR. All solutions were 5 x 1073
mol/1 using Uvasol, Merck solvents (CCly and ethanol). Scans for the pure solvents were
performed in each case to be able to subtract the solvent contributions to the TA signal. For
a typical scan of the AB solutions, the TA signal from up to 10* laser shots was averaged,
and for trans-AB at A, — 466 nm, five scans were averaged. For cis-AB, and for trans-AB
with excitation at 387 nm only one scan was taken. For each measurement, the time-zero
correction was performed as described in Sec. 4.1.1. The solvent signal was subtracted using

the time corrected spectra with a correction factor of 0.9 [107].
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4.2.2.1 Results after excitation at A\ = 466 nm

Figure 4.25 shows the time corrected changes in optical density for the pure solvent (part a))
and the trans-AB (part b)). Around the zero delay times the signal from pure CCly in part
a) is due to the XPM and shows the features already discussed in the previous section. The
maxima of the XPM lie all at the same delay, since the data have been time corrected, i.e. the
time zero function has been taken into account. At delay times larger than 7 = 0.2 ps, only
background is observed. The amplitude of the ISRS component is comparable to the noise
because of the lowered pump pulse energy.

The signal of the trans-AB solution in part b) clearly shows the same XPM features and in
addition a broad decaying positive change in transient absorption from A = 500 nm to A\ =
580 nm of the photoexcited trans-AB. Note that the solvent contribution was measured only
in the delay range of -0.3 ps to 0.35 ps while the full delay range for the trans-AB scan is from
-0.3 ps to 13 ps.
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Figure 4.25: Contour plot of the time corrected TA signal after 466 nm excitation of: a) pure
CCly and b) 5 x 1073 mol/l trans-AB in CCly (XPM not subtracted).

Figure 4.26 shows the subtracted signal, which is now only due to the contributions from
the trans-AB solute (note the different scales and ranges for the delay times in a) and b)).
A positive band of transient absorption can be seen that has its maximum at A =~ 520 nm
and decays thereafter. At the maximum delay of 7 ~ 13 ps, the signal has decayed to the
background except for the very shortest wavelength.

The effect of the solvent contribution and the subtraction is illustrated in Fig. 4.27, where
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Figure 4.26: Contour plot of the time corrected TA signal of 5 x 1073 mol/l trans-AB after
subtraction of the XPM contribution: a) first 3 ps and b) full range up to 13 ps.

cuts at four different wavelengths (A = 510 nm, 535 nm, 550 nm and 560 nm) are shown. The
green lines are the TA signal from the pure solvent scan, the blue curves are the raw data
from the trans-AB solution, the circles are the signal after subtraction, and the red curves
are the fits with a sum of two or three exponentials convolved with the IRF according to the
Eq. (3.27). For the fits, a non-linear least squares routine based on the Levenberg-Marquardt
algorithm [135] was used (see Sec. 3.3.1). As can be seen from Fig. 4.25, the most prominent
coherent contribution is the XPM. Since the chosen excitation energy was very low, effects from
ISRS have a low amplitude and cannot be distinguished from the noise. The subtracted signal
in all four cases does not display residual features from the XPM. The successful time-zero
correction is also clearly demonstrated, since all the curves rise at the same delay.

Figures 4.28 and 4.29 show in their upper parts TA data after subtraction at the four selected
wavelengths (circles), the fitted temporal profiles as red curves and the first and second decay
components (as the blue and green curves, respectively). The third decay component (magenta
curve) was only needed for the A = 510 nm case. The inset shows the same for delays up to
2 ps. The lower parts of Figs. 4.28 and 4.29 show the respective residuals as circles. It can be
seen that in all cases fits of similar quality could be obtained. The IRF was nearly constant
with IRF widths (FWHM)! between 80 fs and 101 fs (see Table 4.3). To obtain the best values

for the IRF width and the time-zero offset, both values were taken as fixed parameters and

IThe notation o;ppr will be used for the FWHM values from now on.
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Figure 4.27: TA signal for the first 0.4 ps of trans-AB in CCly after 466 nm excitation at differ-
ent probe wavelengths. The blue lines represent the measured signal of trans-AB
in CCly; the green lines represent the solvent signal; the circles give the subtracted
signal; the red lines are the fits.

fits were performed for an array of values. The y2-value was taken as criterion to indicate the
optimum fit.
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Figure 4.28: TA signal of trans-AB in CCly after 466 nm excitation for Nprope — 510 nm (a))
and Nprope — 535 nm (b)).
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Figure 4.29: TA signal of trans-AB in CCly after 466 nm excitation for Nprope — 550 nm (a))
and Aprope = 560 nm (b)).
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Table 4.3: Fit results of trans-AB in CCl, after 466 nm excitation

trans - AB
Aprobe/Im | A19/1073  7%/ps Ay® /1073 n%/ps  A3?/1073 73/ps orrr/fs to U/fs

510 | 1.69 (15) 0.49 (3) 0.0 (1) 3.3(8) o02(1) 18 101 0
535 1.80 (6) 0.50 (2) 1.10 (6) 2.9 (1) - - 80 2
550 1.50 (4) 050 (2)  0.90 (4) 3.2 (1) . - 96 0
560 1.20 (4) 059 (1)  0.80 (4) 3.5 (1) - - 81 5

2Standard deviation 20 in brackets.
®Note that the values of the time-zero offset are constant, but non-zero. This is because only a relative
time-zero correction was performed.

Figure 4.30 shows a contour plot of the y2-values obtained from the fits of the A\ — 535 nm

data as a typical case. The minimum is clearly visible at o;gr — 81 fs and tg — 2 fs. The
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Figure 4.30: Contour plot of the x*-values for fits of the A\ — 535 nm data.

fitting parameters that were obtained in this way are listed in Table 4.3. Except for A = 510
nm, all temporal profiles could be described with two exponentials. The third exponential in
the case of A = 510 nm has a low amplitude and fits of comparable quality could be obtained
for values between 73 =~ 8 ps and 73 ~ 20 ps with only appropiate minor changes of the other
parameters. The quoted values of table 4.3 again correspond to the y?-minimum. The fitted
parameters for the two fast decay components are nearly constant. The average decay times

are 71 = 0.52 ps and 75 = 3.22 ps.
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4.2.2.2 Results after excitation at A\ = 387 nm

The transient absorption of trans-AB following excitation with 387 nm was measured using
ethanol as solvent. Figure 4.31 shows the TA signal after time correction and subtraction of

the solvent contributions. Transient absorption occurs over a broad wavelength range from
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Figure 4.31: Contour plot of the time corrected TA signal of 5 x 1073 mol/l trans-AB after
387 nm excitation (XPM subtracted): a) first 3 ps and b) full range up to 24 ps.

460 nm to 690 nm.

Temporal profiles were analysed at wavelengths of A — 500 nm, 535 nm, 560 nm and 580
nm. Figure 4.32 shows as an example the A\ = 500 nm case. The upper part of Fig. 4.32 shows
the data after subtraction of the solvent contribution as circles and the fitted temporal profile
as red line. A satisfying description could only be achieved using three exponential decay
components. The blue, green and magenta lines represent the fitted single decay components.
The inset shows the raw TA data as blue line, the solvent contribution as orange line and the
change in optical density due to the trans-AB (circles). The red line is the fit result. The
initial rise of the transient absorption is slower than for the 466 nm excitation because of
the longer pulse duration of the SHG pump pulses compared to the compressed NOPA pump
pulses. The observed difference reflects the increased width of the IRF and not the dynamics
of the trans-AB molecule. Values of o;rr between 125 fs and 152 fs were determined from the
fits. At the shorter wavelengths, where a fit of the XPM contribution could be performed, a

similar value of 7., = 99 fs was obtained.
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Figure 4.32: TA signal of trans-AB at 500 nm after 387 nm excitation: the upper part shows
the corrected data together with the fit functions; the inset shows the raw TA data
as blue line, the ethanol contribution as orange line, the corrected trans-AB signal
as circles and the fit as red line.

Table 4.4 shows the parameters that were obtained. All three decay times are approximately
constant. The average values for the second and third decay components are 75 = 0.4 ps and

T3 — 13 ps.

Table 4.4: Fit results of trans-AB in ethanol after 387 nm excitation.

trans - AB
)\pmbe/nm Ala/]_OiS Tla/pS Aga/IO’?’ Tga/pS A3Q/10’3 7'3a/pS O'[RF/fS
500 593 00732  20(1) 0413 04(0) 1503 12
535 49(3)  0078(3) 21(1) 039(2) 05(1) 9(2) 152
550 42(2) 0080 (8) 1.7(1) 044(3) 04(1) 12(2) 140
530 19(2)  0101(9) 15(1) 038(3) 02(1) 17(4) 124

2Standard deviation 20 in brackets.
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4.2.3 Results for cis-trans isomerization of azobenzene

For cis-AB in CCly, one scan has been performed for a limited delay range up to 1 ps. Figure
4.33 shows the change in optical density after time correction and subtraction of the solvent

contributions. A positive band of transient absorption is observed between A = 500 nm and
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Figure 4.33: Contour plot of time corrected TA signal of 5 x 1073 mol/l cis-AB in CCly with
excitation at 466 nm.

A = 600 nm. The maximum of the TA signal occurs at ~ 540 nm. Figure 4.34 shows the
temporal profile at A\,.o = 540 nm. The band decays almost completely within the displayed
delay range. As can be seen, the signal-to-noise ratio is too low for a quantitative analysis.
Qualitatively, it seems that the TA signal of cis-AB decays almost completely within the first

ps, i.e. faster than trans-AB and no slow decay component is apparent.
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Figure 4.34: Temporal profile of cis-AB at Aprobe — 540 nm after 466 nm excitation. No attempt
was made to fit the decay.

4.2.4 Discussion

In the following only the results for the trans-AB will be discussed, since the data available

for the isomerization of the cis-AB are too incomplete for a detailed analysis.

4.2.4.1 Transient absorption time profiles

The observed decay behavior for both excitation wavelengths was different. For 466 nm
excitation the time profiles could be described well with two decay components except for the
shortest wavelength, where an additional very slow component with a decay time of 18 ps was
needed. The decay times of the first and second component were wavelength independent.
Average values of 77 — 0.52 ps and 75 — 3.22 ps were found. The relative amplitude of the
slower decay component is lower than for the first, equalling about 50 - 60 %. The amplitude
of the third decay component at A = 500 nm is much weaker (only ~ 7 %).

For excitation at A — 387 nm, none of the decays could be described well with only two decay
components. All three decay times were not dependent on the detection wavelength within

the margin of errors. The first decay component was within the experimental resolution limit
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with an average value of 71 — 0.08 ps. The slower components had values of 75 — 0.4 ps
and 73 = 13 ps. A comparison of the observed decay constants of this work can be made
with published results from Lednev [122], Néigele |121] and Satzger |31, 136|. These results

and the present values are summarized in Table 4.5. A direct comparison can be made with

Table 4.5: Results of time-resolved experiments on trans-AB and cis-AB.

literature Apump / DI Aprobe / 1IN T / ps
trans-AB
Lednev [25] 303 370 - 450 09-1.2 / 13
Lednev [123] 280 390 - 420 0.8 /14
Fujino 1126] 267 350 - 650 0.5
Satzger 1136] 266,340 370 - 630 0.13 /0.42 / 2.9/ 12
Lednev [25] 390,420 360 - 420 0.6 /2.6
500 - 700 0.6 /2.6
Nigele [121] 435 459, 563 0.32/ 2.1
Satzger I31] 480 370 - 580 0.34 /3 /12
this work - 466 500 - 580 0.52 / 3.22 / 18
- 387 500 - 580 0.08 /0.4 /13
cis-AB
Satzger [136] 266 370 - 630 02/11/14
Nagele [121] 435 max. 360 0.18 /2 /20
Satzger [31] 480 370 - 630 0.1/0.9 /56

the results of Ref. [31], which were obtained for excitation at A\ = 480 nm. Several points
are worth noting: First, the third component observed by Satzger et al. only contributes to
the transient absorption notably at wavelengths less than 520 nm. This is exactly what was
observed in this work. Given the low amplitude and corresponding large error bars for this
component, the difference of the time constants is not very significant. Second, the decay
times of the first and second component clearly correspond to those of Ref. [31]. The slightly
larger value (10% by comparison) in both cases can probably be explained by solvent effects.
Since the relative amplitude of the decay components are also in accord with literature, the
overall agreement of the results with literature can be regarded as excellent.

The results for excitation at A — 387 nm cannot be compared easily to previous published
results. The most striking fact is the complete absence of the 7 &~ 3 ps component most
commonly observed in the literature [25, 136]. There are only two cases where this component
was not relevant: First, the component was found to be very small within a wavelength range
from Apope — 450 - 600 nm for excitation of frans-AB at 266 nm, and second it was not

observed for excitation of cis-AB at the same wavelength [136]. At present, it can only be
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speculated on the possible causes for the observed discrepancies; however, it seems highly
unlikely that experimental errors are responsible, taking into account the excellent agreement
of the results at A = 466 nm excitation with literature. The other two components can be
related to the respective components found in the literature. While the second decay time
agrees very well with published results, the values that were found for the first component
are lower than the ones published. However, the quoted time resolutions in the literature are
worse than in this work. This might have led the authors to an estimate for the fastest decay

constant that is too high and could explain the difference.

4.2.4.2 Interpretation

As the results for the Si(n7*) excitation at 466 nm agree very well with those for literature
[121, 125, 136], the interpretation of the observed temporal behavior is adopted. Accordingly,
the fastest time constant describes the very fast motion of the excited state wave packet out
of the Franck-Condon region and the subsequent conversion to the electronic ground states of
either the cis- or trans- isomer. The 75 — 3.22 ps component can be interpreted to arise from
a fraction of molecules that do not take the direct path and therefore take longer to access
the CI. The slowest component can be attributed to the slow relaxation of vibrationally hot
molecules in the ground state [31, 121|. This assignment is also in accordance with results
from ultrafast infrared and Raman spectroscopy [131, 137].

The interpretation of the results from excitation at 387 nm is not quite as clear. The
fastest decay constant for excitation wavelengths between A — 266 nm and A — 340 nm
has been interpreted in the literature as ultrafast movement out of Franck-Condon region
of the Sy(m7*) state and radiationless relaxation to the Sy state. It is quite likely that the
observed time constant of 77 = 0.08 ps can be interpreted in the same way. Therefore, the
other components should reflect the dynamics in the S; state. Accordingly, the 7 — 0.4 ps
component can be interpreted as belonging to direct dynamics towards the Sy /Sy state conical
intersection (CI) and conversion to the ground state, and the 7 = 13 ps component is again
cooling of vibrationally hot molecules in the ground state. It is not clear why the 7 ~ 3 ps
component after A = 387 nm excitation is absent. Either, the corresponding spectral band
has a very low amplitude in the detection wavelength range, or the region of the S; surface,

where the molecules arrive after conversion from the S5 state, has a very direct access to the
S1/S0-CILL
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The results can be summarized as follows:

e On excitation at A = 466 nm the results agree almost quantitatively with those published
31, 121].

e For the A\ — 387 nm excitation, which is in the overlapping region of the S, and S
absorption bands, distinct differences with respect to previously observed behavior were
found. Although the causes are far from clear, the possible implications can help to

extract the picture of the relaxation pathways after Sy excitation.

e The data demonstrate clearly the ability of the newly built setup to detect very small

absorbance changes with high temporal resolution.
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4.3 Photoinduced isomerization of Fulgides

Fulgides (from the latin word fulgere — to shine) are derivatives of bis-methylenesuccinic
anhydride, that display a pronounced reversible change of color upon irradiation with light.
This behavior, termed photochromism, is basis for their high application potential as optical
switches and memory [42, 138, 139]. Fulgides and their photochromism were discovered in
1905 by Stobbe [140]. Figure 4.35 shows the isomerization scheme for the 1-[1-(2,5-dimethyl-
3-furyl)ethylidene|-2-isopropylidensuccinanhydrid (from now on, the trade name Aberchrome
540 (ACR 540) will be used).

07N
< 0
? hv 72 AN hv
AN uv S / o uv
0 hvyy = hvyis v
=
0
0
Z - ACR 540 E -ACR 540 C - ACR 540
(colorless) (colorless) (bordeaux)

Figure 4.35: Molecular structure and reaction scheme of Aberchrome 540.

The reversible photoinduced ring closure and opening from the E to C isomer (right half
in Fig. 4.35) and back is the basis for the photochromic properties of fulgides. The E — Z
isomerization is the most important competing isomerization process. The exact properties
of the fulgides depend on the substituents. With suitable derivatisation, a combination of

favorable properties can be achieved which are:
e thermal irreversibility of the ring closure,
e climination of the thermal E — Z isomerization and other side reactions,
e high quantum yields and suitable absorption ranges for both isomers,
e low photochemical fatigue.

Aberchrome 540 has already been used successfully in phototypical optical memory devices
[44, 141], and as optical switches in biological systems [142] and liquid crystals [143]. Using
a molecule in which an anthracene donor, a fulgide switch and a coumarin acceptor were

assembled, intramolecular energy transfer modulation could be achieved in liquid solution
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[144] and in polymer matrices [145] with high quantum yield and time constants down to 1.2
ps [45, 145].

Knowledge about the details of the reaction mechanism and molecular dynamics, however,
is scarce. There is agreement that the photochemical £ — C' isomerization proceeds as a
conrotatory 67 pericyclic ring closure, as expected from the Woodward-Hoffmann rules for a
m-m* excitation [146]. However, the precise nature of the excited state is not known. The strong
influence of the substituents on the reaction is explained by steric effects. F.g. in Aberchrome
540, the thermally allowed disrotatory ring opening is prevented by the substituents at the
central methylenic C-atom [147|. X-ray crystallography indeed shows that already the ground
state of E-ACR 540 is highly twisted and non-planar [148, 149]. There are no quantum
chemical calculations for the excited states, and calculations for the ground state arrive at
different relative stabilities of the isomers.

Experiments using ultrafast techniques have mostly lacked the required temporal resolution.
The ultrafast £ — C' dynamic has only been resolved in [45, 141| using transient absorption
spectroscopy. For excitation of £F-ACR 540 at 392 nm a temporal evolution of the TA signal
was found that was explained by a dual mechanism. Accordingly, cyclization can occur on
a direct pathway with a time constant of 400 fs, or wia an intermediate state, which gets
populated with a time constant of 700 fs and leads to the C-isomer on a 100 ps time scale.
Similar results were found by Rentzepis et al. [150] for a (4-aminophenyl)-fulgimid . Most
recent results regarding isomerization in a PMMA matrix |45 however did not find evidence
for a dual pathway. No calculations or experiments have been performed for the £ — 7
isomerization.

In summary, the knowledge of the nature of the excited states and the underlying molecular
dynamics for the F — (' isomerization can be regarded as incomplete, and no information at
all is available for the £ — Z isomerization. The results detailed below, although preliminary

in nature, are intended to provide additional information.

4.3.1 Results on photoisomerization of Z-ACR 540

The experiments were performed with the chirp-optimized setup of Sec. 3.2.4, using SCG
in sapphire and SHG pump pulses. A pump energy of 0.65 puJ was used. The scattered
pump light was reduced by inserting a GG395 filter (Schott) into the beam path behind
the cell. The SC was clipped with a cut off filter at 700 nm (Edmund Optics) and a KG1
filter (Schott). The Z-ACR 540 was purified by column chromatography on silica gel with
a 1:6 mixture of diethylether and petrolether as eluent and subsequent recrystalization from

n-hexane:chloroform (4:1). The purity was checked by thin layer chromatography using the
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same eluent, and UV-VIS spectroscopy (UV Probe, Shimadzu Corporation). Typical spectra
are shown in Fig. 4.36.
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Figure 4.36: UV-VIS absorption spectra of Z- and E-ACR 540 in different solvents for a con-
centration of 1 x 10~* mol/I.

Measurements were performed using toluene and ethanol (Uvasol, Merck) as solvents. The
concentrations were 5.3 x 107* mol/I for the toluene solution and 1.7 x 1073 mol/I for the
ethanol solution. The scans, the time-zero corrections and subtractions of the coherent con-

tribution were performed as for AB. In each case, the presented data are from a single scan.

4.3.1.1 Results for Z-ACR 540 in toluene

Figure 4.37 shows the TA signal of pure toluene after time correction on a scale up to 1.5 ps
in part a) and up to 136 ps in part b). A component around zero delay can be seen in part
a). This component is only present within the first 0.3 ps and is strongest for the shortest
wavelengths in the detection range. An additional component, that shows a slow increase first

and thereafter stays nearly constant up to the final delay is clearly visible in part b). The rise
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time of 7 — 16 ps of this second component was determined by performing a non-linear least
squares fit of the TA signal in the range of 1 ps - 136 ps using the fitting function
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Figure 4.37: Contour plot of the TA signal of pure toluene after 387 nm excitation (Fsg; —
0.65 pJ: a) first 1.5 ps and b) full range (136 ps).

The spectral characteristics of the second component are shown in Fig. 4.38 , which shows
a cut of the TA data at a delay of 7 = 100 ps. The spectrum is a broad band that extends
over the entire wavelength range and has a maximum at about A = 540 nm.

Figure 4.39 shows the time corrected TA signal of the Z-ACR 540 solution after subtraction
of the solvent signal. The most important point is that no significant TA contribution occurs
after 1 - 1.5 ps (the scale of Fig. 4.39 has been set accordingly). As can be verified from Fig.
4.40, where a cut at Ay — 504 nm is shown, the amplitude of the ACR 540 signal is only

40 % of the total amplitude before subtraction of the solvent component.
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Figure 4.38: TA spectrum of pure toluene after 387 nm excitation at a delay of 100 ps .
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Figure 4.39: Time corrected TA signal of Z-ACR 540 after subtraction of toluene contribution.
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Figure 4.40: TA signal at \prope =504 nm after 387 nm excitation of: the TA signal of the raw
Z-ACR 540 data (green circles), pure toluene (black circles), Z-ACR 540 after
subtraction of the toluene contribution (red circles).

The extraordinary large amplitude of the solvent contribution makes its subtraction difficult.
Figure 4.40 shows the TA signal at A = 504 nm for the raw data, i.e. without the subtraction
of the solvent component (green circles), the signal for pure toluene (black circles) and the
signal for the Z-ACR 540 solution after subtraction (red circles). As can be seen clearly by
comparison of the three signals, the slow component is entirely due to the solvent. In the
subtracted signal data, only the fast component remains. In view of the low signal-to-noise
amplitude, a quantitative analysis of the Z-ACR 540 was not performed.

In Fig. 4.41 the signal from pure toluene at A\ = 504 nm is compared to published data.
The inset shows Fig. 3 of Ref. |141], which is the TA signal by Apum, = 392 nm excitation of
the E-isomer of ACR 540. The similarity of both signals is clearly evident.
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Figure 4.41: Time profile of TA signal for pure toluene at Apope — 504 nm after 387 nm
excitation. As inset is shown Fig. 3 of Handschuh et al. and represents the TA
signal of E-ACR 5410.

4.3.1.2 Results for Z-ACR 540 in ethanol

Ethanol was chosen as a suitable solvent for its absence of any long-time solvent contribution
and lower XPM magnitude (see Sec. 4.1.1). Figure 4.42 shows the TA signal of the Z-ACR
540 solution in ethanol after time correction and subtraction of the solvent contribution up to
a delay of 4.4 ps. A change in optical density with positive amplitude, which rises immediately
at time zero and decays within the first ps, is clearly visible. Figure 4.43 shows a cut at \pope
— 470 nm. In the upper part of Fig. 4.43, the circles are the experimental data, and the
red line is the fit. The observed TA signal is single exponential with a decay time of 7 =
248 fs and an IRF width of o;pr = 132 fs. The findings from the above are thus confirmed.
Further experiments on the same systems (made by A. Petter [109]) with increased detection
bandwidth indicate that for shorter wavelengths a much more complex behavior is found. For

this reason, no attempt was made to further evaluate the current data.
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Figure 4.42: Contour plot of the time corrected TA signal of Z-isomer in ethanol after 387 nm
excitation (Essy = 0.65 pJ, contributions of the ethanol are subtracted): a) first
1.2 ps and b) the complete measured dynamic (4.4 ps) .
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Figure 4.43: Time profile of the TA signal for Z-ACR 540 (circles) at Nprope — 470 nm after

387 nm excitation. The red lines show the fit result. In the lower part the residual
15 shown.
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4.3.2 Discussion

In the following, a qualitative discussion of the transient absorption behavior of the photoex-
cited Z-ACR 540 will be given.

The most striking feature for the experiment performed in toluene were the long time
behavior of the transient absorption of the pure solvent with a rise time of 7 — 16 ps. Figure
4.38 shows the component of this spectrum for a delay time of ¢ = 100 ps. This spectrum can
be compared with data from Miyasaka et al. |151|. Their transient absorption spectrum of
toluene obtained from ps-photolysis at 355 nm and taken at ¢t — 100 ps closely resembles the
spectrum of Fig. 4.38. The quoted peak position of A, — 555 nm is close to the peak at
Aprove = 940 nm for the present data. The difference is not significant considering the flat shape
of the absorption band near the maximum. The quoted rise time at the peak wavelength is
Trise — 65 £+ 5 ps from 10 % to 90 % of the plateau value. Taking into account the 22 ps width
of their IRF, this value is in accord with the presented data. It therefore seems reasonably
safe to adopt the interpretation of Ref. [151] and to assign this TA component to excimer
formation.

An important consequence follows by comparison of the present data of pure toluene with
published data from Handschuh et al. [141] (see Fig. 4.41). The circles are a cut of the TA
signal from pure toluene at A\,.qe — 504 nm, and the inset shows Fig. 3 of Handschuh et al.
[141]. The comparison suggests that the quoted slow switching time from Ref. [141] and the
assumed intermediate excited state actually have to be attributed to toluene. Interestingly, the
same authors did observe a distinct different behavior when studying the transient absorption
of photoexcited E-ACR 540 in a polyatomic environment [45] and concluded that there was
only one reaction pathway. This would support further the above hypothesis.

As regards the Z — F isomerization, no direct comparison can be made with other previous
literature data. However, cis-trans isomerizations have been found to occur very fast, e.g. in
ethene [152|, azobenzene [18]| and rhodopsin [12|, and it is believed that conical intersections
are involved [153]. It is therefore not surprising that an ultrafast decay time of 7 = 248
fs was found for photoexcited Z-ACR 540 in ethanol. The results show clearly that the
photoinduced dynamics of fulgides is probably different from what was thought previously.
Further experiments should help to clarify the picture which in the light of the presented

results seems even more open than ever.
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In this work the photoinduced isomerization of trans- and cis-azobenzene according to

trans-AB + hr — cis-AB
cis-AB + hy — trans-AB

and the cis-trans photoisomerization of a furylfulgide
Z-ACR 540 + hv — E-ACR 540

were analysed. The photoreactions were investigated using a transient absorption setup. The
experiment for the broadband detection of absorbance changes occurring during photoinduced
molecular processes was set up. The required sensitivity of less than one part per tenthousand
was achieved using a pump-probe-reference scheme with averaging over typically 5000 - 10000
laser pulses. For one pump-probe delay, the change in optical density A(\, t), was calculated
from the spectral intensities of the probe and reference pulses after passing through the sample.

Either frequency doubled fundamental pulses (A — 387 nm) or compressed pulses from a
non-collinear optical parametric amplifier (NOPA) were used as pump pulses. The NOPA
pump pulses had a wavelength of \,,,,, = 466 nm and a typical width of 80 - 100 fs (FWHM).
The broadband probe and reference pulses were from supercontinuum generation in sapphire
or CaFy with a maximum detection range of A — 450 - 700 nm and A — 410 - 700 nm,
respectively.

A full characterization of the setup was performed by studying the contributions to the
transient absorption signal arising from cross-phase modulation (XPM) in the cell windows
alone and for XPM, stimulated Raman amplification (SRA) and impulsive stimulated Raman
scattering (ISRS) in the complete cell with hexane, CCly and ethanol solvents. It could be
shown that both supercontinua can be described by assuming linearly chirped pulses. Using
only reflective optics in the SC beam path a linear chirp rate 3 — 1.8 x 1072 fs~2 and a change
of the chirp-dependent time-zero delay of about 120 fs over the full detection range could be
achieved.

From the SRA contribution, information about the pulse shape and duration of the pump

pulse inside the sample could be gained that helped to find the best setting for the pulse

96



5 Summary

compression for the NOPA pump pulses. The temporal resolution and sensitivity of the setup
also allowed us to determine the Raman modes of CCly by ISRS. The obtained values of 224
em !, 322 em ™!, 474 em ™! were in excellent agreement with literature values from spontaneous
Raman scattering.

The photoinduced isomerization of trans-AB was studied after excitation at A, — 466
nm (to the S; state) and Apyump = 387 nm (to the Sy state) in CCly and ethanol at room
temperature. With the exception of the shortest detection wavelength at A — 510 nm, the time
profiles for excitation at A, — 466 nm could be described well with two decay components,

that were independent of the detection wavelength. Average values of
71 = 0.52(2) ps and 75 = 3.22(2) ps

were found. The fastest time constant could be interpreted as very fast motion of the excited
state wavepacket out of the Franck-Condon region leading to ultrafast conversion to the Sy
state via a CI, while the second component was attributed to molecules that do not take the
direct path and access the CI at later time. At A = 510 nm a much weaker third component
of 7 — 18 ps was found, that was assigned to relaxation of vibrational hot molecules in the
electronic ground state. The observed results are in excellent agreement with the literature
and demonstrate the ability of the new setup to detect very small absorbance changes with
high temporal resolution.

For Apump — 387 nm, three decay components with
71 — 0.08(5) ps, o — 0.4(3) ps and 73 — 13(3) ps

were found. In accordance with literature, the fastest component could be interpreted as
ultrafast movement out of the Franck-Condon region and conversion to the S} state. The
second decay time was attributed to dynamics in the S state towards the S;/Sy-CI and the
slowest component was again assigned to cooling of vibrational hot molecules in S; state. In
contrast to literature, no 7 &~ 3 ps component was observed. This might have been due to
the limited detection wavelength range or specific properties of the molecular dynamics at the
chosen excitation wavelength.

The photoinduced isomerization of the furylfulgide Z-ACR 540 was studied after excitation
at A\pump — 387 nm with detection between A — 455 nm and A — 700 nm. Toluene and ethanol
were used as solvents. In toluene a short-lived component only present within the first 0.3
ps and a long lived second component were found that had a rise time of 7 = 16 ps and
did not decay within the experimental time range. Based on the temporal properties and
spectral characteristics this component was assigned to the photoinduced formation of toluene

excimers. The result suggests that the analysis of a similar component in the literature has to
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be reconsidered. By contrast, in ethanol only one single fast decay component of 7 — 248(2) fs
was found. The time scale of the process could be interpreted as hint to a possible involvement

of a conical intersection in the cis-trans isomerization of furylfulgides.
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