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Abstract

In this thesis, three nonlinear optical techniques are utilized to spectroscopically explore

the electronic and vibrational states of aromatic molecules, speci�cally arylazopyrazole,

anthracene, and MOM-BINOL.

In the �rst section femtosecond transient absorption spectroscopy was employed to inves-

tigate the photoisomerization dynamics of planar and non-planar arylazopyrazole (AAP)

molecular photoswitches. This revealed that the twisted con�guration accelerates pho-

toisomerization due to the pre-existing out-of-plane rotation of the phenyl and pyrazole

rings, causing their π-systems to be out of conjugation with the p-orbitals of the azo

groups.[1] Moreover, the study underscores the signi�cance of ground state ring vibra-

tions in this �exible system, which in�uences the range of Franck-Condon states available

in an ensemble and consequently a�ects the observed relaxation process.

Subsequently the electronic-vibrational interactions in the rigid molecule anthracene is

studied using resonance Raman spectroscopy over its �rst excited state 1La using the

Kerr-gate �uorescence suppression technique. Although most peaks in the Raman exci-

tation pro�le align with the absorption maximum of the 1La(0− 0) resonance at 376 nm,

a notable exception is observed for the Raman peak detected at 785 cm−1. This Raman

peak exhibits a Raman excitation pro�le that diverges signi�cantly from the anthracene

absorption spectrum, peaking instead at 370 nm, which corresponds to a minor shoul-

der in the absorption spectrum. This discrepancy suggests a nearly exclusive Raman

enhancement by the dark state 1Lb for the corresponding vibrational mode.

Lastly, a novel nonlinear chirally sensitive method known as CARS-ROA is reproduced

and the challenges associated with this highly sensitive experiment are detailed in the

�nal section. Following this, a dissolved chiral substance (MOM-BINOL) is examined.
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Kurzzusammenfassung

In dieser Arbeit werden drei nichtlineare optische Techniken verwendet, um die elektronis-

chen und vibrationellen Zustände aromatischer Moleküle spektroskopisch zu untersuchen,

insbesondere Arylazopyrazol, Anthracen und MOM-BINOL.

Im ersten Abschnitt wurde die femtosekundenzeitaufgelöste Absorptionsspektroskopie

verwendet, um die Photoisomerisierungsdynamik von planaren und nicht-planaren Aryl-

azopyrazol-Molekülschaltern (AAPs) zu analysieren. Dabei wurde festgestellt, dass die

verdrehte Kon�guration im elektronischen Grundzustand die Photoisomerisierung beschle-

unigt. Dies wurde dadurch erklärt, dass in der verdrehten Anfangsgeometrie die π-Systeme

nicht mehr mit den p-Orbitalen der Azogruppen konjugiert sind. Darüber wird die Bedeu-

tung der Drehschwingungen im Grundzustand in diesem �exiblen System hervorgehoben,

die die möglichen verfügbaren Franck-Condon-Zustände beein�ussen und dadurch folglich

den beobachteten Relaxationsprozess beein�ussen.

Anschlieÿend werden die elektronisch-vibrationalen Wechselwirkungen im starren Molekül

Anthracen über seinen ersten angeregten Zustand an der Absorptionsbande 1La unter

Verwendung der Resonanz-Raman-Spektroskopie untersucht, wobei die Kerr-Schalter-

Fluoreszenzunterdrückungstechnik angewendet wird. In diesem Abschnitt wurden interes-

sante Beobachtungen gemacht, wobei eine Raman-Bande bei 785 cm−1, die möglicherweise

eine Atemschwingung darstellt, ein stark abweichendes Raman-Anregungs-intensitätspro�l

aufweist, das bei 370 nm ein Maximum durchläuft. Dieses Phänomen könnte auf einen

Übergang vom Grundzustand zum dunklen elektronischen Zustand 1Lb zurückzuführen

sein.

Zuletzt wird eine neuartige nichtlineare, chiralsensitive Methode namens CARS-ROA

reproduziert und die mit diesem sensiblen Experiment verbundenen Herausforderungen

werden im abschlieÿenden Abschnitt dargestellt. Anschlieÿend wird hiermit eine chirale

Substanz in Lösung (MOM-BINOL) untersucht.
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Motivation

Molecules known as photoswitches possess the capacity to alter their con�guration upon

exposure to light, leading to changes in chemical characteristics such as molecular size

and solubility. As our eyes cannot utilize semiconductor-based optoelectronics to detect

light, nature has implemented a molecular photoswitch. In this process, the molecular

photoswitch rhodopsin is linked to a protein known as GPCR in the human eye.[2] Upon

light absorption, rhodopsin undergoes Z to E isomerization, which initiates events that

lead to light perception.

In modern chemistry, synthetic photoswitches can be produced, enabling applications in

particular for photopharmacology.[3] In 2014, Fuchter and co-workers introduced a new

class of photoswitches, the dimethyl-arylazopyrazoles (AAPs).[4] Unlike the aforemen-

tioned rhodopsin, these molecules can switch permanently between two geometries and

achieve very high yields in transitioning from one isomer to the other via irradiation. In

2016, Ravoo and colleagues expanded on the work from Fuchter and co-workers by in-

troducing a variety of AAP photoswitches with added TEG substitutions, making these

molecules water-soluble which is crucial for biological applications.[5, 6] These molecules

have displayed signi�cant promise for host-guest chemistry, which could be signi�cant in

the �eld of photopharmacology.[6]

One type of arylazopyrazole with two additional methyl substitutions exhibited a twisted

geometry. Interestingly, such a geometry exists also in an azobenzene (bridged azoben-

zene) which possesses exceptional ultrafast dynamics.[7] Determining the dynamics of

arylazopyrazole photoswitches by the use of ultrafast optical spectroscopic techniques like

transient absorption is essential for corroborating results from molecular dynamics simu-

lations. Such simulations have the potential to predict enhanced properties of AAPs by

further substitutions.

In contrast to the photoswitch arylazopyrazole, the polycyclic aromatic compound an-

thracene lacks any ultrafast twisting reaction. Its structure remains completely planar,

and the relaxation dynamics from its excited states are primarily governed by slower

vibrational relaxation.[8] This molecule exhibits remarkable rigidity and high symmetry
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(D2h point group). Anthracene and naphthalene are the simplest polycyclic aromatic hy-

drocarbons and serve as important benchmark molecular systems for understanding the

photophysics of polycyclic aromatic compounds. With 12 π-electrons, anthracene exhibits

extensive electron delocalization, resulting in its �rst excited state being positioned close

to the visible spectral range (ca. 375 nm). However, despite the wealth of knowledge on

most properties of anthracene, resonance Raman scattering, a process wherein the mixing

of electronic and vibrational wavefunctions (vibronic coupling) holds special importance,

has only been explored incompletely.

Interestingly, the �rst excited state of anthracene, known as the 1La (Platt notation)

or S1 state, would be invisible in absorption were it not for vibronic coupling (pseudo-

forbidden).[9] Moreover, this pseudo-forbidden state is anticipated to be adjacent to a

nearly degenerate additional excited state (1Lb or S2) which is considered to have a negli-

gible contribution to the absorption spectrum even when compared to the weakly absorb-

ing 1La state. Since transitions in resonance Raman spectroscopy are not bound by the

same selection rules as single-photon absorption, there is a possibility of observing e�ects

from this state through resonance Raman scattering. Despite this possibility, conducting

resonance Raman spectroscopy on the �rst excited state of anthracene, 1La (or S1) hasn't

been pursued yet, likely due to the signi�cant co-propagating �uorescence background

coupled with a very low transition strength. However, modern pulsed laser techniques

o�er a solution to isolate the Raman signal from a substantial �uorescence background

through the implementation of a Kerr-gate. In this thesis, this methodology is employed

to uncover the resonance Raman excitation pro�les at the 1La state on the �rst vibronic

transition (0-0).

Contrary to the highly symmetric anthracene, many molecules in biology are asymmetric

through a property known as chirality.[10] For chiral molecules two isomers known as

enantiomers exist which cannot be superimposed onto their mirror images. The primary

reason for researching and identifying chiral structures is the �eld of biology. Biologically

relevant molecules, such as amino acids, proteins, carbohydrates, and nucleic acids, exist

in one entianomer and the biological activity of molecules often also strongly depends on

their chirality. Therefore, understanding the chiral properties of molecules is valuable for

synthesizing new drugs and comprehending biochemical processes.

Two of the earliest and simplest methods used to study chirality are electronic circu-

lar dichroism (ECD) and optical rotational dispersion (ORD). These phenomena can be

linked to non-chiral absorption and refraction, as they probe electronic properties, result-

ing in relatively strong signals. ECD can even be conducted in ultrafast time-resolved

experiments.[11] However, these methods yield signals that are not very unique to each
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chiral molecule since the electronic resonances are generally broad in part due to vibronic

�ne structure.[12]

Raman spectroscopy, which probes vibrational properties, also has a chiral equivalent

known as Raman Optical Activity (ROA). This method provides both the vibrational

structure of a material and its chirality, allowing, for example, the spectroscopic analysis

of a mixture of chiral compounds.

In ROA, the inherent low intensity of the Raman signal is further diminished by the

naturally faint circular dichroism signal, which is typically 10−3 − 10−4 of the achiral

Raman intensity.[13] This usually requires extended acquisition periods (hours to days).

In consequence, conducting time-resolved ROA measurements, such as studying structural

changes during rapid chiral chemical reactions, are challenging.[14, 15] One way to enhance

spontaneous Raman signals by up to three orders of magnitude is through nonlinear

Raman techniques with a Stokes excitation �eld such as CARS, making these methods

particularly appealing for ROA detection.

In the early 1980s, Bjanarson et al. and Oudar et al. laid the theoretical groundwork for

two potential nonlinear ROA methods: Chiral coherent anti-Stokes Raman spectroscopy

(CARS-ROA) and chiral Raman-induced Kerr e�ect spectroscopy (RIKE-ROA).[16, 17]

One of the key advantages of CARS-ROA and RIKE-ROA is the requirement for only

linearly polarized light to capture a signal similar to conventional ROA. Moreover, mea-

suring ROA using CARS o�ers resistance to �uorescence interference, thereby potentially

enabling the exploitation of the resonance Raman e�ect to further bolster the signal and

target particular sample components. However, despite the anticipated higher absolute

CARS-ROA signal compared to conventional ROA, the contrast between chiral and achi-

ral signals is expected to be lower at 10−6 compared to 10−3 for normal ROA unless

heterodyne detection is employed.[17]

Thirty years later, in 2012, Hamaguchi et al. were the �rst to successfully implement the

heterodyne CARS-ROA technique suggested by Oudar et al.. However, until now, only

a few such measurements have been done. On the other hand, CARS-ROA for diluted

or dissolved samples has not been tested. For this reason, in addition to replications

of Hamaguchi et al.'s measurements of β-pinene, some measurements of diluted chiral

samples are shown in this thesis.



Chapter 1

Theoretical Background

1.1 Transient Absorption Spectroscopy

Transient absorption (TA) spectroscopy or pump-probe spectroscopy is used to monitor

excited state population relaxation using two short and time-delayed photoexcitation

pulses. The basic scheme is shown in Fig. 1.1. The measurement is initiated with a

resonant pump pulse which elevates some molecules in the sample from the ground state

to an excited electronic state via absorption. Following a time delay of ∆t, a probe

pulse�be it a spectrally narrow pulse, such as used in narrowband transient absorption,

or a broadband white light pulse for broadband transient absorption�interrogates the

photoexcited sample. The transient absorption signal is detected along the probe pulse

direction. The resulting signal change by scanning the time delay ∆t can be used to

observe the relaxation dynamics of a variety of photophysical and photochemical processes

induced by the pump.[18]

From the perspective of classical electrodynamics, the transient absorption signal in

isotropic samples is derived from the third-order susceptibility. Despite being a third-

order nonlinear experiment, TA can be understood intuitively as time-dependent linear

Figure 1.1: Experimental scheme of transient absorption. The pump and probe pulses
are synchronized and directed onto a sample with a temporal delay ∆t. The signal of the
probe pulse is then detected.

4
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absorption, the explanation for this will be outlined in the following.

With the assumption that the sample is isotropic, the generated third-order signal mea-

sured at the detector must satisfy the following combination of wave vectors:

−−−→
ksignal =

−−−→
kpump −

−−−→
kpump +

−−−→
kprobe ⇒

−−−→
ksignal =

−−−→
kprobe. (1.1)

The pump pulse therefore acts on the sample twice at time-zero (∆t = 0) with opposite

momentum and the signal is collinear with the probe. The fact that the measured signal

follows the direction of the probe pulse appears disadvantageous at �rst since the probe

�eld can overwhelm the signal �eld during detection. This problem could in principle be

avoided by providing the two pump interactions from di�erent directions (for example

using a folded-boxcars geometry) which would impart a unique direction to the signal,

enabling background-free detection. The latter experiment is called transient grating and

has some unique advantages over TA.[19] However, the TA experiment actually provides a

stronger signal. This is because the strong probe �eld also acts as an amplifying local os-

cillator (LO). This measurement approach is referred to as homodyne detection and arises

because detectors measure intensity rather than individual electric �eld components.[20]

The electric �elds along the probe direction in TA result from three main contributions:

the probe �eld Epr, the linear absorption signal E(1) and the pump-probe signal E(3).

Consequently, the intensity measured by the detector can be described as:[21]

Iprobe ∼
∣∣Epr + E(1) + E(3)(ωpr, ωpu,∆t)

∣∣2
=

∣∣Epr + E(1)
∣∣2 + ∣∣E(3)(ωpr, ωpu,∆t)

∣∣2 + 2Re(E∗
pr + E∗(1))E(3)(ωpr, ωpu,∆t)

≈ I0 + 2Re(iωNE∗
prχ

(3)(ωpr, ωpu,∆t)E2
puEpr = I0 + 2Re(iωNχ(3)(ωpr, ωpu,∆t)IpuIpr)

= I0 + 2ωNIpuIprIm(χ(3)(ωpr, ωpu,∆t)). (1.2)

Here the term
∣∣E(3)

∣∣2 is neglected since (χ(3))2 is small. I0 is the signal without the
pump pulse a�ected by linear absorption (I0 ∼

∣∣Epr + E(1)
∣∣2). From the above relation,

some key aspects of pump-probe spectroscopy are revealed. Firstly, in the TA detection
scheme, the time-dependent signal is directly proportional to the imaginary part of χ(3)

which is analogous to linear absorption. Additionally, the measured signal is linearized
to the pump intensity. Furthermore, similar to linear absorption, the signal exhibits
a linearized dependence on the density of molecules N (instead of N2). Theoretically
deriving Im(χ(3)) for a single molecule or an ensemble of molecules can be done quantum
mechanically.[20]
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To obtain the time-dependent pump-probe signal, I0 must be subtracted (or divided)
which can be done by a second reference measurement where the pump beam is blocked.
Since I0 is signi�cantly larger than the actual pump-probe signal, typically a modulation
transfer scheme is employed to improve the signal-to-noise ratio. In this scheme modula-
tion from the pump beam transfers to the probe by placing a chopper in the pump beam
path. In this manner, in combination with lock-in detection, the modulated TA signal
∆I = I − I0 can be directly measured. By dividing this signal with I0 the pump-probe
signal is made independent of the probe intensity.

To account for the Beer-Lambert law of absorption whereby transmission decreases expo-
nentially with increased concentration, the transient absorption signal is usually given as
the di�erential absorbance signal ∆A

A0
in OD by taking the decadic logarithm.

∆I

I0
∼ Im(χ(3)(ωpr, ωpu,∆t)) (1.3)

→∆A

A0

= −log10

(
∆I

I0

)
. (1.4)

Alternatively, for broadband pump-probe spectroscopy, a fast detector array, can simulta-
neously measure the transient signal over many probe frequencies yielding a pump-probe
spectrum. For a detector array, the two probe spectra one where the pump is unblocked
by the chopper and the other where the pump is blocked are divided and subtracted by
unity.

∆I

I0
=

I

I0
− 1. (1.5)

In the majority of pump-probe experiments, when Δt is scanned, relaxation observed is
from population relaxation (longitudinal relaxation) from the excited state to the ground
state.[20] The most rapid form of relaxation processes occurs via non-radiative pathways.
An important intra-molecular non-radiative process occurs when a molecule transitions
from a higher vibronic level to a lower energy vibrational mode. Conformational changes
represent another type of intra-molecular relaxation process that can occur rapidly and
will be the main mechanism observed in this thesis. Lastly, the molecule can relax by
transferring energy to the surrounding solvent.[20]

Another source of decay in transient absorption, apart from population relaxation, can
originate from dephasing (transverse relaxation) due to collisions with solvent molecules.
Oftentimes dephasing happens rapidly in comparison to the pump pulse length, the tran-
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Figure 1.2: Left: Ladder diagram illustrating the three classes of signals in pump-probe
spectroscopy. Each bold line corresponds to the lowest vibronic state of the molecule,
while the smaller lines depict higher vibrational states. Right: Illustration of a tran-
sient absorption (TA) spectrum, with each component represented by a Lorentzian curve,
with the same color coding as seen on the left. The dashed line shows the resulting TA
spectrum. The order of each component in wavelength is molecule-speci�c.

sient absorption experiment can then be considered incoherent, and the relaxation mea-
sured is mainly due to population relaxation.

In a molecular system, there are three main processes by which the excited state pop-

ulation relaxation can be measured. These are shown for a system with four electronic

levels, including their vibrational levels, in the left part of Fig. 1.2. Ground state bleach

(GSB) and stimulated emission (SE) are processes that involve only two states, whereas

excited state absorption (ESA) requires a third energy level.

Ground state bleach manifests as an increase in transmission (or a decrease in absorbance)

and occurs at the same frequencies as ground state absorption. GSB arises from a lower

ground state density due to some molecules being raised into a higher excited state by

the pump. Stimulated emission between the excited and ground states also produces a

negative absorbance signal due to the newly generated photons. Stimulated emission is

often seen at lower photon energies compared to GSB since the transition can occur into

the higher vibronic states of the ground state.

The last process, excited state absorption, occurs due to a second absorption event from

the excited state population to an even higher state. This process represents a positive

signal in absorbance since the probe light is absorbed. On the right side of Fig. 1.2,

an example of a transient absorption spectrum is displayed. It's notable that the three

TA components typically overlap, leading to sharp turning points in the pump-probe

spectrum.
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The following section will explore a speci�c use of transient absorption in the context of

photophysical reactions found in molecular photoswitches.

1.1.1 Molecular Photoswitches and Arylazopyrazoles

Molecular photoswitches are molecules which possess at least two ground states as poten-

tial well minima on their ground state potential energy surface corresponding to distinct

isomers. These isomers can be distinct geometrical arrangements and/or atomic redis-

tributions within the molecule.[22] In the ground state, these minima are separated by

a substantial energy barrier, rendering one state stable and the other meta-stable. The

stability of the meta-stable state is typically given as a half life time t1/2 at room temper-

ature.

Light irradiation can initiate a transition between these states (photoisomerization). Upon

absorption of light, photochromic molecules transition instantly from the ground to an

excited electronic state in what is known as the Franck-Condon state where the geometry

of atoms remains unchanged since an electronic transition is much faster than any rear-

rangement of atoms. Subsequently the molecule relaxes by conformational changes along

a primary reaction coordinate leading to a decrease in energy. It's worth noting that an

alternative direct relaxation pathway from the excited state back to the ground state is

through spontaneous �uorescence, although its signi�cance becomes less important if the

relaxation proceeds on the order of femto to picoseconds.[23]

As the molecule relaxes on the excited state potential energy surface, it typically reaches

an intermediate con�guration where the electronic excited state and the ground state

become closest. Two fundamental scenarios can occur, which are depicted in Figure

1.3.[24]

One scenario involves an avoided crossing, where there is no intersection between the

two electronic potential surfaces. Here, the molecule can bridge this energy gap through

internal conversion facilitated by vibronic coupling. The larger the energy gap, the longer

this relaxation process will take, often spanning from picoseconds to microseconds.[24, 25]

A di�erent fundamental scenario occurs when the two electronic state surfaces intersect:

this is called a conical intersection (or crossing seam if additional reaction coordinates are

considered). Here the transition rate back to the ground state is typically ultrafast, often

occurring within a few picoseconds or less. Azobenzene (AB) is a prime example for a

simple photochromic molecular switch with two ground states and a conical intersection.

It remains the most applied photoswitch used to date in photopharmacology and consists

of two phenyl rings connected by an azo-bridge.[3] The two isomers of AB are depicted in
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Figure 1.3: Two basic scenarios in which the ground and excited state potential energy
surfaces meet in a photoswitch molecule. On the left, an avoided crossing scenario is
depicted, where the potential surfaces approach closely but do not touch. On the right
is shown a conical intersection, here the two surfaces intersect. The blue arrow indicates
the transition of the molecule from the ground state to the excited state upon photon
absorption. The red line illustrates the subsequent reaction paths of the molecule leading
to either the stable or metastable isomer geometry.

the top part of Fig. 1.4. The stable isomer of azobenzene is the E isomer for which the

two phenyl rings are planar with the azo bridge. In contrast the metastable Z-isomer is

rotated by 180° for the dihedral angle of the azobridge (CNNC).

In the UV-visible range AB experiences photoisomerization via two distinct transitions.[27]

One involves the excitation of electrons in the π-orbital of the azo group, resulting in a

π to π∗ transition (ππ∗) (see bottom part of Fig. 1.4). The other entails the excitation

of non-bonding, lone pair electrons in the nitrogen atoms, leading to a nπ∗ transition.

These transitions generate an excited state with an anti-bonding character in the azo

group, thus freeing the nitrogen double bond and enabling rotation of the molecule and

allowing photoisomerization to the other isomer. The E -isomer has a larger ππ∗ transition

oscillator strength whereas the Z -isomer has a larger nπ∗ transition oscillator strength.

The larger E -isomer ππ∗ transition is caused by the conjugation of the phenyl rings with

the azo bridge. The weak nπ∗ transition of the E -isomer is due to a mirror plane at the

azo bridge making the transition symmetry forbidden for the E -isomer.

In contrast the Z -isomer does allow the nπ∗ transition because the phenyl ring dihedral

angles to the azo-bridge (CCNN and NNCC) are rotated by ∼56°.[28]
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Figure 1.4: The two isomers of the azobenzene molecular photoswitch are represented
by their skeletal and space-�lling models in the top. The absorption spectrum of AB is
depicted at the bottom (modi�ed and reprinted with permission from [26]).
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Figure 1.5: The two isomers of bridged azobenzene. This photoswitch displays a nearly
100% quantum yield in E → Z direction. In bridged AB, thermal relaxation is directed
towards the Z -isomer, rather than the E -isomer (reprinted with permission from [7]).

The contrast in transition strengths and resulting di�erences in absorption spectra be-

tween the two AB isomers enable reversible photoswitching for this molecule. This crucial

characteristic which to a great extent determines the usefulness of a two-way molecular

photoswitch, is quantitatively characterized by its photostationary state (PSS). The PSS

is de�ned at two wavelengths: one for forward switching and one for backswitching. The

ideal PSS will be 100% in both directions (binary switching): in this case it is possible

to completely switch from one molecular structure into the other by exhaustive irradi-

ation (typically provided by LEDs). The PSS can be determined from the ratio of the

(ground state) absorption spectra of both molecular structures and the quantum yield ra-

tio. The quantum yield (Φ) ratio measures the likelihood of molecules returning from the

excited state potential to one or the other (a or b) structure and is typically wavelength-

independent.[29]

PSS(λ) =
ca(λ)

cb(λ)
=

Φb

Φa

Ab(λ)

Aa(λ)
. (1.6)

Achieving PSS also requires su�cient absorption oscillator strength, which along with the

quantum yield determines the speed of the photoreaction. For unaltered AB, the PSS is

only moderate.[30] Therefore for actual applications AB requires further substitutions to

improve its PSS. One state-of-the-art AB photoswitch adds a carbon-carbon linker at the

ortho-positions of the phenyl rings (bridged azobenzene).[7] Remarkably this results in

the Z -isomer to become the global energy minimum. For this AB, E → Z isomerization

was determined to be nearly 100%, however, the backswitching Z → E PSS was 'only'

ca. 90%. Interestingly, this photoswitch was discovered to exhibit very rapid photoiso-

merization dynamics in its E -isomer, approaching that of the Z -isomer.[31] Notably, the

quantum yield of the E -isomer also increased allowing for faster photoswitching. The swift

relaxation of the excited E -isomer stands in contrast to the typical behavior observed in

ABs, where its dynamics are signi�cantly slower compared to the Z -isomer.[32, 33]
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Figure 1.6: Arylazopyrazole isomers, known as AAPs, with dimethyl groups in the
ortho-position of the pyrazole ring, exhibit nearly 100% bi-directional photoswitching
capability. The thermal half-life time of AAPs can be as high as multiple years (reprinted
with permission from [4]).

The fundamental drawback of limited Z → E backswitching in ABs was addressed in 2014

when Fuchter and colleagues introduced a novel class of azo-based photoswitches known

as arylazopyrazoles (AAPs). Moreover, within this class, many substituted molecules

exhibited a notably high Z -isomer thermal stability which can be as high as years.[4, 6]

The enhanced backswitching behavior was attributed to the substitution of the phenyl

ring with a less bulky �ve-membered pyrazole ring. This substitution decreases the steric

clash between the Z -isomer phenyl ring and the azo group. This enables two additional

dimethyl groups in the ortho-position of this pyrazole ring to optimize the Z -isomer

geometry and enhance the nπ∗ absorption.[4] The enhanced back-switching compared to

AB enables certain members of the AAP class to achieve photoconversion yields exceeding

98% in both directions, thus obtaining a nearly perfect binary molecular photoswitch.

For these reasons, the potential applications of AAPs are currently being rapidly examined.[34,

35, 36] [37, 38, 39] However, unlike ABs, these molecules have not been extensively stud-

ied in terms of their ultrafast photoisomerization dynamics. One question that arises is

whether the presence of dimethyl groups could alter the rotational reaction dynamics by

interactions with the central azo moiety.

Wang et al. carried out nonadiabatic dynamics simulations to predict that AAPs are

likely to exhibit similar excitation energies, conical intersections, and S1 potential energy

surface in comparison to ABs.[40] Consequently, it can be inferred that AAPs would also

undergo a slower E -isomer photoisomerization, akin to ABs, possibly leading to the lower

quantum yields reported for most E -isomers compared to the Z -isomers.[31, 6]

Interestingly this problem could be resolved for ABs by the aforementioned bridged AB

which gives the E -isomer a twisted preorientation of the between the phenyl rings.[31] It

was proposed that the signi�cance of such preorientation in photoisomerization dynamics

arises from metastability at the Franck-Condon state on the excited state potential surface

of planar ABs, which signi�cantly slows the initial phase of isomerization.[41, 42]
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A similar preorientation was also attained for a member of the AAP class by introducing

additional steric hindrance through ortho-substitutions on the benzene rings (AAP-4).

This allows the hypothesis that this type of AAP should display uniquely faster photo-

switching dynamics in comparison to regular planar E -AAP derivatives. To test this, an

experimental investigation using transient absorption was carried out on the four water-

soluble AAPs, as depicted in Fig. 1.7.

The �rst pair of AAPs are AAP-1, featuring a hydrogen atom, and AAP-2, which contains

an electron-donating methoxy group at the para-position of the phenyl ring. Both AAP-1

and AAP-2 are expected to have a planar E -isomer ground state minimum. AAP-2 stands

out in comparison to AAP-1 as it functions as an almost molecular binary photoswitch

(> 98% PSS in both directions), which is useful as it simpli�es the extraction of E → Z

and Z → E photoswitching dynamics.

For comparison, we examine two twisted AAPs, AAP-3, featuring a single methyl group,

and AAP-4, containing two methyl groups positioned ortho to the phenyl ring. However, it

is anticipated that E -AAP-3 will exhibit only minimal twisting and remain nearly planar

in its ground state. Conversely, E -AAP-4 is expected to display signi�cant twisting

(ca.27°).[6]
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Figure 1.7: The ultrafast photoisomerization dynamics of four AAPs were examined,
two of which possess planar (top) and two twisted (bottom) E -isomers. The skeletal
structure of each molecule is depicted with a side-view illustration below. A TEG group
at the pyrazole ring (denoted as R) renders all AAPs water-soluble (reprinted and modi�ed
from [1]).
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1.2 Kerr-gated UV Resonance Raman Spectroscopy

Traditionally, Raman spectroscopy of �uorescent compounds is conducted at near-infrared

(NIR) frequencies, where only a few but large and greatly conjugated molecules have elec-

tronic resonances. This approach helps to avoid the co-generation of interfering �uores-

cence. However, UV-resonant Raman excitation o�ers several potential bene�ts. Firstly,

when the Raman excitation aligns with an electronic transition, the probabilities of Ra-

man transitions are enormously enhanced, by factors up to 107.[43] Secondly, the Raman

scattering intensity is intrinsically proportional to the fourth power of the excitation light

frequency. Thus, employing higher frequency UV excitation leads to an overall larger scat-

tering cross-section. A third advantage is that by adjusting the frequency, speci�c regions

of the molecule can be selectively targeted, this factor can be exploited in large protein

molecules in which many Raman bands in non-resonant spectra overlap.[44] Finally, a

fourth advantage is that the resonant signal has the potential to also reveal electronic

information.

However, resonance Raman typically does not exhibit the same relative magnitudes of

Raman peaks as in non-resonant Raman. To understand this qualitatively but also be able

to simulate such spectra, the Raman signal is decomposed into A, B, C, and D terms.[45]

A brief theory of the resonance Raman e�ect will be given in the �rst subsection.

In the typical approach to resonance Raman spectroscopy, excitation on the �rst electronic

excited state is avoided, and excitation is conducted on higher excited states. In these

instances, the Stokes shift shifts the �uorescence away from the Raman signal via non-

radiative relaxation.[46] The phenomenon where the �uorescence spectrum is independent

of wavelength, beginning its emission at the lowest electronic and vibrational state, is

called Kasha's rule, which most molecules, with few exceptions, obey.[47]

In some cases, conducting Resonance Raman at peak �uorescence frequencies cannot be

avoided. For example, if multiple molecules in a single sample are investigated, a broad

excitation tuning range is required or alternatively, as is the case in this thesis, if excitation

on the �rst electronic state is intentionally performed to investigate its resonance Raman

excitation pro�les. In such cases, �uorescence can be further suppressed by using a Kerr

gate.[48] This need arises because, despite the substantial Raman enhancement factor for

resonant excitation, (single photon) absorption which produces �uorescence still has cross

sections typically 107 − 109 greater than even that of resonance Raman scattering.[49]

The detected signal in Kerr-gated (resonance) Raman is a combination of the spontaneous

Raman e�ect with the nonlinear optical Kerr e�ect (OKE), which necessitates pulses. At

�rst glance, using a nonlinear e�ect to modify a linear signal typically not requiring a
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pulsed laser source might seem overly complex when considering that techniques like

SRS or CARS can achieve additional signal enhancement and are less susceptible to the

e�ects of �uorescence. However, as previously mentioned, the resonance enhancement of

spontaneous Raman, coupled with augmented scattering from UV excitation, often results

in a notably strong spontaneous Raman signal on its own. Moreover, the spontaneous

Raman signal does not necessitate an additional broadband Stokes �eld, simplifying the

experiment's complexity and analysis. Furthermore, the pulsed source enables the use of

the OPA process, providing an easily adjustable Raman excitation source for measuring

Raman excitation pro�les. Fluorescence suppression using a Kerr gate for resonance

Raman spectroscopy is detailed in the second subsection.

The Resonance Raman e�ect

Predicting the strength of Raman modes of molecules is only possible using a quantum

mechanical description. Since the Raman technique is an indirect method of probing nu-

clear bond resonances within a molecule, the observed Raman magnitudes are in principle

intertwined with both electronic properties and the characteristics of bond vibrations.

It can be shown that for light scattering by a molecule much smaller than the incident

wavelength of light (with an incident frequency ν0) and an incident intensity (I0), one can

derive the spontaneous Raman signal for a vibrational transition k over all orientations

of the molecule using the following relation [45]:

Ik =
27π5

32c4
I0(ν0 + νk)

4
∑
ρ,σ

|(αρ,σ)k|2 . (1.7)

The term (αρ,σ)fi represents the transition polarizability tensor, ρ and σ denote orthogonal

Cartesian coordinates. From second-order perturbation theory, a general description of

the Raman scattering process is obtained for each vibrational transition k (Kramers-

Heisenberg-Dirac equation):[50, 51, 52]

(αρ,σ)k =
1

ℏ
∑
e ̸=i,f

{
⟨f |Mρ| e⟩ ⟨e |Mσ| i⟩

ωei − ω0 − iΓe

+
⟨f |Mσ| e⟩ ⟨e |Mρ| i⟩

ωei + ω0 + iΓe

}
. (1.8)

Here, Γ is the dampening constant, i represents the initial vibronic state, e an excited

vibronic state and f the �nal vibronic state. The two wavefunction overlap integrals in

the numerators for each fraction correspond to the dipole transition moments, here M is

the electron position operator.

In the scenario of non-resonant Raman scattering, the denominators become large, and

not only a single excited state is responsible for the Raman scattering.[51] In this in-
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stance, Raman scattering can be viewed purely as a property of the electronic ground

state.[52] However, if the excitation frequency ω0 is approximately equal to that of an

excited vibronic transition ωei, the denominator becomes small causing the �rst term to

predominate. Subsequently, the Born-Oppenheimer approximation is applied to represent

the vibronic states as a product of electronic and vibrational wavefunctions. By exclud-

ing the non-resonant second term in Eq. 1.8 the transition polarizability tensor can be

simpli�ed to:

(αρ,σ)k =
1

ℏ
∑
e ̸=i,f

〈
vf |(µρ)e| ve

〉
⟨ve |(µσ)e| vi⟩

ωvi − ω0 − iΓv

. (1.9)

Here vi ,ve and vf are the vibrational wavefunctions of the initial, excited and �nal states,

respectively. The terms (µρ)e and (µσ)e are the electronic transition dipole moments.

The (crude) Born-Oppenheimer approximation, in which the excited electronic state is

de�ned by nuclear equilibrium positions, is then corrected by expanding the electronic

dipole transition moment in a Taylor series to the �rst order for every vibration with a

normal coordinate Qk:

µe = µ0
e +

∑
k

µ1
eQk + ... . (1.10)

The �rst term µ1
e can be expressed using the electronic Hamiltonian and allows for vibronic

mixing of the the electronic excited state |e⟩ with a second excited state |s⟩.

µ1
e = (∂µe/∂Qk)0 = µ0

s

⟨vs |(∂He/∂Qk)0| ve⟩
ωs − ωe

. (1.11)

After the insertion of Eq. 1.11 and Eq. 1.10 into 1.9 the polarizability tensor in the

resonance case can be expressed as a sum of contributions:

(αρσ)k = A+B + C +D + ... . (1.12)

Here only the A, B and C terms will be written out in the following since the D term

usually is negligible (often also the C term can be neglected).[51]
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A =
1

ℏ
(µ0

e)
2
∑
ve

〈
vf |ve

〉
⟨ve|vi⟩

ωei − ω0 − iΓv

(1.13)

B =
1

ℏ2
µ0
eµ

1
e

∑
ve

〈
vf |Qk| ve

〉
⟨ve|vi⟩+

〈
vf |ve

〉
⟨ve |Qk| vi⟩

ωei − ω0 − iΓe

(1.14)

C =
1

ℏ2
(µ1

e)
2
∑
ve

〈
vf |Qk| ve

〉
⟨ve |Qk| vi⟩

ωei − ω0 − iΓe

. (1.15)

These equations were simpli�ed and do not account for potential di�erences in electronic

transition dipole moments between the transition from the electronic ground state to the

excited state and the return transition from the excited state to the ground state. A less

simpli�ed version of these equations can be found in [52]. The contributions from A, B

and C terms, will be qualitatively discussed below. It is assumed that the ground state

serves as both the initial and �nal state, as this is the most probable case.

A-Term The A-term, also known as the Franck-Condon term, involves only a single

excited electronic state. As indicated in Eq. 1.13 this contribution occurs if there is an

electronic transition dipole moment µ0
e from the ground to the excited state, without

perturbation by vibronic coupling. As µ0
e is directly related to the absorption oscilla-

tor strength, the A-term scattering is particularly dominant if ω0 is tuned to a strong

absorption band. However, for A-term scattering the vibrational wavefunction overlap

integrals ⟨vg|ve⟩ ⟨ve|vg⟩ must be nonzero. This requires that the vibrational energies of

vg and ve are altered.[52] This is true if the excited state potential is more shallow or

steeper compared to the ground state. Another scenario is when the nuclear equilibrium

positions are altered. In the case that the nuclear equilibrium positions (a typical situa-

tion) change from the ground to an excited state only totally symmetric Raman modes

are selectively enhanced in resonance Raman spectra by A-term scattering. If the change

in nuclear equilibrium positions is particularly large, overtones may become very intense

in the spectrum.

B-Term The B-term (Eq. 1.14) depends on the energy di�erence of the two excited

states e and s, which are coupled as depicted in Eq. 1.11. Since µ1
e ∼ µ0

s, this term will

be particularly signi�cant for example if the absorption oscillator strength of a nearby

state s is much larger than that of e. B-term contribution for totally symmetric modes

requires that the vibronically coupled excited states e and s have the same symmetry.[53]

This scenario is atypical since neighboring excited states usually have di�erent symmetry.
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Therefore the B-term is usually only important for symmetry-changing modes (non-totally

symmetric modes). Furthermore, unlike A-term scattering, the B-term integrals are zero

for vibrational level changes of more than one quantum between the ground and excited

states. For this reason, the B-term does not yield any overtones.

C-Term The C-term couples vibrational states di�ering by two quanta and is therefore a

potentially important contribution to the �rst overtones and combination modes. Notably,

the C-term is solely proportional to (µ1
e)

2 and does not incorporate µ0
e. Consequently, the

C-term may be non-negligible when Raman excitation originates from a forbidden or

weakly allowed excited state.[51]

Optical Kerr E�ect and Principle of a Kerr Gate

The Optical Kerr E�ect (OKE) is a third-order optical response, giving rise to important

phenomena like self-focusing and self-phase modulation.[54, 55] This e�ect involves the

interaction of a strong light �eld with itself, leading to nonlinear optical e�ects even when

only a single frequency is present. One notable application of self-focusing is passive

mode-locking, a technique utilized to generate ultrafast pulses, as implemented by the

Pharos pulsed laser system from Light Conversion.

OKE emerges from the real part of the susceptibility χ(3). This e�ect therefore manifests

also o�-resonance and, similar to the normal linear refractive index, in�uences the speed

of the light propagation within a medium. It has the following energy and momentum

conservation relations for a strong pulse interacting ωkerr with a weak pulse ωprobe:

−−−→
kprobe =

−−−→
kprobe +

−−−→
kKerr −

−−−→
kKerr (1.16)

ωprobe = ωprobe + ωKerr − ωKerr. (1.17)

In this four-wave-mixing process, there is no energy exchange, and the process is intrin-

sically phase-matched, meaning that the signal follows the probe direction. Conversely,

the speed of light propagation, and more signi�cantly for the Kerr Gate, polarization,

can be altered. In an isotropic medium, three distinct third-order susceptibilities su�ce

to describe all types of OKE four-wave-mixing responses from the medium: χ1122, χ1212

and χ1221, which induce a temporary birefringence in the medium. It's important to note

that the polarizability, which does not induce a change in polarization (as in the case of

self-phase modulation), is determined by these independent components:[56]
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χ1111 =χ1122 + χ1212 + χ1221. (1.18)

If the Kerr pulse is polarized at a 45° angle to the probe pulse, the polarization of the probe

pulse can experience polarization rotation through the orthogonal tensor elements. This

rotation is due to the Kerr pulse-induced phase delay between the parallel and orthogonal

polarization components of the probe light �eld. This "rotation" due to phase delay means

that the linearly polarized light converts from elliptical to circular and �nally to orthogonal

linear polarization. In essence, depending on the strength of induced birefringence, the

Kerr medium can behave similarly to both a quarter-wave or half-wave plate for the

probe. The Kerr pulse-induced phase retardation ∆ϕ in relation to the susceptibility

tensor elements is as follows:[57]

∆n = nf − n⊥ =
2π

n
(χ

(3)
1111 − χ

(3)
1122)IKerr(t) (1.19)

∆ϕ =
ω

c
∆nL. (1.20)

Here, n represents the linear refractive index, and L signi�es the interaction length be-

tween the pulses in the medium. In this description of the refractive index change, it

was assumed that polarization follows the Kerr �eld instantaneously, which is an accurate

depiction of the induced electronic polarization due to its swift response time, typically

on the order of 0.1 fs.[57] However, in liquids, the �eld can a�ect the motion of en-

tire molecules. For instance, light excitations can induce molecular shaking (libration).

Moreover, in anisotropic molecules, a dipole is generated by the �eld along its symmetry

axis, leading to molecular reorientation as the molecules experience an aligning torque.

Additionally, collisions between molecules also contribute to the nonlinear susceptibility.

These collective e�ects are referred to as nuclear contributions; since molecules are orders

of magnitude heavier than electrons, nuclear response times are approximately four orders

of magnitude slower, typically in the picosecond regime.[57] Consequently, the response

time of nuclear contributions is often slower than the pulse lengths in modern laborato-

ries. For long pulses, the nonlinear susceptibility tends to build up, causing a delay in the

response and generating orders of magnitude greater refractive index changes than in the

case of pure electronic polarization. The combined contributions of the nuclear refractive

index can in most cases be expressed as:[58]
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∆n(t) ∼ n2,elIe(t) +
∑
m

n2,m

∫ ∞

−∞
rm(t− t

′
)Ikerr(t

′
)dt

′
. (1.21)

Here rm(t) represents the normalized response function, n2,el denotes the induced elec-

tronic refractive index change, and n2m signi�es the nonlinear refractive index, with m

indicating the corresponding nuclear mechanism. The typical, slow nuclear responses can

be modeled by the product of an exponential decay combined with a delayed rise time to

describe the delayed response: [59, 60]

rslow(t) ∼ e−t/tslow(1− e(−t/trise,1)). (1.22)

A Kerr gate utilizes the polarization rotation caused by the Kerr �eld by passing the

probe light through a crossed polarizer con�guration with the Kerr medium positioned

between these polarizers. The elliptical polarization induced by the Kerr pulse enables

the generated vertical probe polarization component to be transmitted. Consequently, the

transmitted signal has the following relation to the previously mentioned phase shift:[61]

Itransmitted ∼ sin2

(
∆ϕ(Ikerr, n2, L)

2

)
= sin2

(
πL∆n(λkerr)

λprobe

Ikerr(t)

)
. (1.23)

As an example, for a 90◦ phase shift (resulting in a circularly polarized probe �eld), an

observed transmission of 70% through the Kerr gate can be expected. The achievable

phase retardation depends on the nonlinear refractive index of the Kerr medium and

the power of the Kerr gate pulse. Consequently, a substantial amount of Kerr gate

power (multiple Watts) is typically necessary. Additionally, the Kerr medium must be

transmissive for the probe frequency employed. For instance, when using a UV probe,

the commonly used Kerr gate medium carbon disul�de, with its extremely high nonlinear

refractive index absorbs the probe and cannot be used.

The principle of the Kerr Gate can be used to suppress �uorescence in resonance Raman

spectroscopy by using the scattered light as a probe thereby �ltering the Raman signal

in the time-domain.[62, 63, 64] In spontaneous Raman there are three incoherent signal

contributions: Rayleigh scattering at incident frequency, the Raman scattering with a fs-

ps response time and �uorescence which decays slowly typically with a ns relaxation time

based on an excited state population.[62] Rayleigh scattering can simply be suppressed by

using a longpass spectral �lter. Additionally, �uorescence can be suppressed through the

use of a Kerr gate which involves synchronizing the Kerr pulse with the initial scattered

light containing the entire Raman signal but only a small portion of the �uorescence.
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Ideally, to suppress �uorescence, it would be optimal to utilize a Raman probe and Kerr

pulses that are as short as possible, paired with a Kerr medium possessing a response time

shorter than these pulse durations. Unfortunately, the Fourier transform limit poses a

constraint, since spontaneous Raman measurements require spectrally narrow pulses. As a

result, Raman probe pulses inherently span multiple picoseconds, which in practice limits

the potential for �uorescence suppression.[62] The achievable �uorescence suppression,

represented by the contrast between the two signals, is as detailed by Everall et al.:

[65, 62]

fR/B ≂
1

(1− e
− τg

τf ) + γ
β
+ 2b

Bαβ

. (1.24)

Here, τF represents the �uorescence lifetime, τg the time duration during which the Kerr

gate is opened by the pulse, β signi�es the percentage of Kerr-gated light attributed to

the achieved phase retardation in the Kerr gate, γ refers to the extinction ratio of the

polarizers, and b denotes the noise introduced by the Kerr gate pulse. B represents the

absolute �uorescence measured without the Kerr gate, while α accounts for the trans-

mittance losses in the Kerr gate (signal when both polarizers are parallel). Fluorescence

rejection is reduced by the �uorescence gated alongside the Raman signal, which is incor-

porated by the term 1−e
− τg

τf . The equation above underscores the signi�cant in�uence of

the sample being analyzed on the Kerr-gated Raman technique's ability to suppress �uo-

rescence. This in�uence encompasses the absolute �uorescence generation, which depends

on the �uorescence quantum yield and �uorescence lifetime.

Another signi�cant consideration, which may vary in importance depending on how dis-

persion is introduced from collection to the Kerr gate medium, is group velocity dispersion

(GVD). Group velocity dispersion leads to a spreading of the frequency components in

the time domain, i.e higher wavenumber Raman light will reach the Kerr medium faster

than those of lower wavenumbers. The same e�ect also occurs for the broad �uorescence

spectrum. A summary of the impact of GVD on the various signals is depicted in Fig. 1.8.

The in�uence of group velocity dispersion (GVD) can be lessened by opting for smaller

diameter, that is, thinner lenses or even solely using parabolic mirrors.[48]

Another signi�cant distinction between the signals of "normal" spontaneous Raman mea-

surements and Kerr-gated Raman measurements is that the latter must be intrinsically

polarization-sensitive. In Kerr-gated Raman measurements, only the parallel Raman light

passes the �rst polarizer. This can be exploited by the simple addition of a half-wave plate,

with which the Raman probe laser polarization can be rotated by 90° to solely measure the

perpendicular contribution in order to obtain the depolarization ratio of Raman modes.
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Figure 1.8: Impact of group velocity dispersion in a Kerr gated Raman experiment. The
�gure illustrates the scenario where the Kerr pulse is synchronized with the Raman light
(red and blue curves), along with the slower blue-shifted Rayleigh-scattered light shown
in purple and the Kerr gate response (gray).

In the case of resonance Raman, this can lead to useful additional information. For in-

stance, for totally symmetric modes, A-term scattering is the dominant Raman scattering

process, occurring only along the speci�c axes of the transition moment of the electronic

state. If the transition moment of the excited electronic state is associated with a single

axis only, the depolarization ratio should, in an ideal case be 1/3.[52]

Anthracene

The resonance Raman study in this thesis will center on the exploration of anthracene,

a rigid polycyclic aromatic hydrocarbon comprised of three fused benzene rings, char-

acterized by extensive π-electron delocalization. Moreover, the molecule belongs to the

high-symmetry point group D2h. A foundational understanding of polycyclic aromatic

hydrocarbons stems from Platt's ring perimeter model, a re�nement of Hückel's molecu-

lar orbital theory, which is only accurate for monocyclic molecules.[9] In this model, the

polycyclic molecule is characterized by a perimeter orbital, allowing an electron to move

freely within this loop and an inner core. Through this approximation, the fundamental

electronic state structure and absorption features of these molecules were �rst established.
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In Fig. 1.9, the two distinct resonances present in the absorption spectrum of this molecule

are shown. These transitions come in two types: Firstly, a transition with signi�cantly

higher oscillator strength occurs near 250 nm. This transition along the in-plane axis is

strongly dipole-allowed and is identi�ed as 1Bb (irreducible representation B1b, x → 1)

in Platt notation. The transition dipole from the ground state to this excited state

aligns along the long axis of the anthracene molecule. Moreover, there exist two nearly

degenerate electronic L states (Platt notation) of the same symmetry at lower excitation

energy, 1La (B2b) and 1Lb (B3b), which have dipole transition moments along the short and

the long axis of the molecule, respectively.[66] However, the absorption is predominantly

determined by the 1La state. The state 1Lb has a negligible absorption magnitude and is

predicted to reside at higher energy compared to that of the 1La state in anthracene.[67]

Transitions from the anthracene ground state to the L states are pseudo-parity forbidden,

as such transitions necessitate a signi�cant change in angular momentum.[9] Nevertheless,

the 1La state becomes somewhat allowed and thus visible in an absorption spectrum due

to vibronic coupling with anti-symmetric b1u and b2u vibrations.[9, 68] Compared to the
1Bb state within the 1La band, the absorption spectrum also reveals some vibronic �ne

structure, largely this visible �ne structure can be attributed to the molecule's high D2h

symmetry. This means that only 66 normal modes can exist, 33 are Raman and 28 are

IR-active.[69] Speci�cally, for vibronic transitions in absorption, only the 23 ag and b1g

are expected to contribute.[70]

Finally, it's crucial to note an important property of anthracene for conducting resonance

Raman at the 1La state, which is the reversible dimerization reaction of anthracene which

occurs by UV exposure (illustrated in Fig. 1.10). Anthracene dimerization occurs for

wavelengths above 300 nm, while below 300 nm, anthracene dimers photodissociate back

into anthracene.[72] Importantly, the π conjugation in the photodimer is disrupted, form-

ing a structure akin to four linked benzene rings. This causes its absorption spectrum to

shift to below 300 nm.[73]
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Figure 1.9: Absorption spectra of the two excited states, 1Bb (green) and 1La (blue) of
anthracene in acetonitrile (c=0.1 mM). The transition dipole axes associated with each
transition are displayed, indicated with arrows on the anthracene skeletal structures. Ad-
ditionally, the �uorescence spectrum in arbitrary intensity (red, data from [71]) highlights
the necessity for �uorescence suppression for Raman measurements in resonance with the
1La state.

Figure 1.10: On the left are a pair of anthracene molecules, which, upon photoexcitation,
combine to form the dimer shown on the right (reprinted with permission from [74]).
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1.3 Heterodyne Detected CARS-ROA

In this section, coherent anti-Stokes Raman scattering (CARS) is brie�y introduced which

is followed by an explanation of a type of CARS measurement technique (heterodyne

CARS-ROA) with which Raman optical activity (ROA) can be investigated.

CARS is a nonlinear four-wave-mixing process that can be used to measure vibrational

modes. In comparison to stimulated Raman spectroscopy (SRS) or spontaneous Raman

(arises from zero-point energy), in which case the Stokes �eld interacts with the sample

twice, CARS involves the pump �eld interaction two times, leading to a signal, blue-shifted

from the input �elds, at the anti-Stokes Raman frequency (ωas).[75] However unlike spon-

taneous anti-Stokes Raman scattering, CARS is initiated from the vibrational ground

state rather than the less populated excited vibrational states.[76] Therefore CARS pro-

duces a strong Raman signal at the anti-Stokes frequency. Due to the blue shift, CARS

is an excellent Raman technique with which to avoid interfering �uorescence. Unfortu-

nately, however, CARS su�ers from the interference of another four-wave-mixing process

that does not involve any vibrational modes called non-resonant background (NRB). As

its name suggests NRB is always present regardless if Raman excitation occurs in the

vicinity of an electronic state or not. Normal Raman and CARS, along with their pri-

mary competing interfering processes, �uorescence and four-wave-mixing, respectively,

are illustrated in ladder diagrams in Fig. 1.11.

For degenerate CARS in which case both pump interactions originate from the same pulse,

the phase-matching and energy conservation conditions are:

→
kas = 2

→
kpu −

→
ks (1.25)

ωas = 2ωpu − ωs. (1.26)

From this relation, it becomes evident that if both Stokes and pump �elds are completely

collinear and interact with a dispersive medium, there will be a phase mismatch.[77]

However, for two collinear pump and Stokes beams, phase matching will typically still

be achieved if the beams are focused by a lens on a medium, as the �elds interact over

a range of
→
k -vectors.[78] In the collinear geometry the input pump and Stokes �elds

are subsequently removed by a spectrometer in combination with a short pass �lter. In

comparison to the homodyne detection in TA and SRS, the CARS signal behaves like a

�normal� four-wave-mixing experiment and its intensity includes an electric �eld factor

for each interaction. This leads to a square dependence of the pump beam intensity to

the CARS signal:[79]
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Figure 1.11: Illustration of two Raman processes: Linear Raman and SRS (top-left)
and CARS (top-right). In the diagrams, bold lines represent the electronic states, while
thin lines depict the electronic-vibrational states with an additional vibrational quantum.
Virtual levels are shown as dashed lines. Below each, the two primary competing inter-
fering processes for each Raman technique are depicted. The upward arrows represent
individual absorption interactions, while the downward arrows signify stimulated emission
interactions. The emitted signal is depicted as a wavy line.
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ICARS
as (z, t) ∼ ω2

asN
2
∣∣χ(3)

∣∣2 I2puIsL2sinc2
(
∆kL

2

)
. (1.27)

Here N represents the number of excited molecules in the interaction volume, L is the

interaction length and ∆k is the phase mismatch. The third-order nonlinear susceptibil-

ity tensor can, in the electronically non-resonant case, be decomposed into three com-

ponents: the imaginary (out of phase) Raman vibrationally resonant susceptibility, the

real (in-phase) Raman susceptibility, and the electronic third-order dispersion denoted as

χ
(3)NR
Re .[77]

∣∣χ(3)
∣∣2 = ∣∣∣χ(3)R

Re + iχ
(3)R
Im + χ

(3)NR
Re

∣∣∣2 (1.28)

=
∣∣∣χ(3)R

Re

∣∣∣2 + ∣∣∣χ(3)R
Im

∣∣∣2 + ∣∣∣χ(3)NR
Re

∣∣∣2 + 2
∣∣∣χ(3)NR

Re

∣∣∣ ∣∣∣χ(3)R
Re

∣∣∣ . (1.29)

Notably, the electronic third-order dispersion
∣∣∣χ(3)NR

Re

∣∣∣2 can be approximated as frequency-
independent. Due to the relatively large electronic third-order dispersion χ

(3)NR
Re compared

to the Raman terms, CARS typically exhibits a signi�cant background, with a shape

resulting largely from the convolution of the Stokes and pump �eld spectra. In gen-

eral, CARS Raman lineshapes, without employing advanced techniques like polarization-

sensitive or dephased detection, also deviate considerably from ideal Lorentzians due to

the mixed term
∣∣∣χ(3)NR

Re

∣∣∣ ∣∣∣χ(3)R
Re

∣∣∣.[77] This is in contrast to the homodyne Raman signal

measured in SRS, which is sensitive to only the imaginary component of χ(3). Unfor-

tunately, most advanced CARS techniques which defeat non-resonant background signal

also signi�cantly reduce the overall signal.[77]

The signal from the susceptibility tensor χ(3) of CARS is in�uenced by the polarization of

the input �elds. In isotropic media and under the electric dipole approximation, there are

only two distinct third-order susceptibilities that can be measured in degenerate CARS

χ
(3)
1111 and χ

(3)
1221. The subscripts here indicate the orthogonal polarization directions of the

involved electric �elds. Therefore in collinear CARS with two linearly polarized beams,

the signal originating from these susceptibilities is in�uenced by the orientation between

the Stokes and pump beam polarizations (ϕ). If the Stokes beam is linearly polarized

orthogonal to the pump beam, the output CARS �eld will also be orthogonal and the

signal will be dependent on the tensor element χ(3)
2112. On the other hand, as for a more

common CARS experiment when the two input beams are parallel, the output �eld is

also polarized parallel and proportional to χ
(3)
1111.
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However, this becomes more complex when the typically neglected induced electric quadrupole

polarization (χ(3)∇
−→
E
−→
E
−→
E ) and magnetic dipole polarization (χ(3)−→B

−→
E
−→
E ) are included in

CARS description:

P (3) = χ(3)−→E
−→
E
−→
E + χ(3)∇

−→
E
−→
E
−→
E + χ(3)−→B

−→
E
−→
E . (1.30)

It was shown in the early 1980's when these additional multipoles are included, a new

tensor element becomes non-zero χ
(3)
1112.[17, 16] This element, while extremely small, is

interesting since it contains information on chirality. The actual derivation of this tensor

element is quite lengthy and only the main results will be summarized in the following.

An in-depth derivation and discussion of the CARS-ROA theory is laid out by V. Kumar

and S. Schlücker in a book chapter.[14]

It can be derived using Maxwell's equations that χ(3)
1112 is related to the forwards scattering

circular intensity di�erence measured in spontaneous ROA △(0°):[17]

χ
(3),R
1112 =

−i

2
△(0°)χ

(3),R
1111 . (1.31)

The presence of a non-zero χ
(3)
1112 tensor element implies that when both pump and Stokes

�elds are polarized in parallel, a perpendicularly polarized �eld is generated. In principle,

in order to �lter out this component, one only needs to place two crossed polarizers with

extremely high extinction ratios before and after the chiral sample. The �rst polarizer

should purify the polarization of the incoming laser pulses, while the second polarizer

serves as the analyzer to select the signal from χ
(3)
1112. Directly measuring this chiral �eld

would necessitate nearly perfect polarizers because the achiral �eld from χ
(3)
1111 is esti-

mated to be approximately one million times greater than the chiral �eld χ
(3)
1112. However,

Oudar et al. have already proposed a better method to measure this �eld component by

employing the achiral �eld (∼ χ
(3)
1111) as a local oscillator.[17, 80]

Similar to transient absorption when a small coherent signal mixes with a larger coherent

�eld (local oscillator) and is detected by a square law detector, this creates a new mixed

signal which then makes linear signals that would typically be quadratic functions of

χ. Allowing a fraction of the large achiral signal for mixing to pass implies that the

polarizers discussed earlier are not completely crossed. De�ning θ = 0 as the crossed

polarizer position the CARS signal transmitting through the polarizers ITransmitted
CARS is:
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Figure 1.12: Detection scheme of heterodyne CARS-ROA. The green and red double
arrows indicate the parallel polarization of the pump and Stokes pulse. The generated
achiral and chiral CARS signal is shown by blue and pink double arrows, respectively.
At the sample, both achiral and chiral CARS signals are generated. To the right of the
sample, the two analyzer positions (θ1 and (−θ1) ) needed to obtain the chiral CARS
spectrum are shown (reprinted with permission from [15]).

I transmitted
CARS (θ) =

∣∣ECARS
achiralcos(θ) + ECARS

chiral sin(θ)
∣∣2 ∼ ∣∣∣χ(3)

1112cos(θ) + χ
(3)
1111sin(θ)

∣∣∣2 (1.32)

=
∣∣∣χ(3)

1112

∣∣∣2 cos2(θ) + ∣∣∣χ(3)
1111

∣∣∣2 sin2(θ) (1.33)

+2Re(χ
(3)∗
1112χ

(3)
1111)cos(θ)sin(θ).

Therefore, if the polarizer is turned slightly o� perpendicular (θ = θ1), a mix signal

2Re(χ
(3)∗
1112χ

(3)
1111) is detected, in contrast

∣∣∣χ(3)
1112

∣∣∣2 cos2(θ) can be neglected. In this context,

the signal is termed heterodyne rather than homodyne because the local oscillator ECARS
achiral

is not directly the source of ECARS
chiral . Subsequently in Eq. 1.33 the achiral local oscillator

signal
∣∣∣χ(3)

1111

∣∣∣2 sin2(θ) must be subtracted. This is done by taking a second measurement

at the exact mirror angle (−θ1) (the two analyzer positions are illustrated in Fig. 1.12).
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By subtracting the two CARS spectra, the achiral signal is removed and only the hetero-

dyne term which is related to the spontaneous ROA CID remains:

△I transmitted
CARS (θ1) ∼

∣∣∣χ(3)
1112

∣∣∣2 cos2(θ1) + ∣∣∣χ(3)
1111

∣∣∣2 sin2(θ1) + 2Re(χ
(3)∗
1112χ

(3)
1111)cos(θ1)sin(θ1)

−
(∣∣∣χ(3)

1112

∣∣∣2 cos2(−θ1) +
∣∣∣χ(3)

1111

∣∣∣2 sin2(−θ1) + 2Re(χ
(3)∗
1112χ

(3)
1111)cos(−θ1)sin(−θ1)

)
(1.34)

=2Re(χ
(3)∗
1112χ

(3)
1111)cos(θ1)sin(θ1) + 2Re(χ

(3)∗
1112χ

(3)
1111)cos(−θ1)sin(−θ1)

(1.35)

=2Re(χ
(3)∗
1112χ

(3)
1111)sin(2θ1). (1.36)

From Eq. 1.36 it is apparent that the CARS-ROA signal in the di�erence spectrum be-

comes larger as the o�set angle θ1 is increased and in theory, maximizes at 45°. However

such large angles likely overwhelm the ROA signal due to the much larger achiral signal

passing the polarizer, Hamaguchi and co-workers showed that angles of ca. 0.5◦ o�er a

good compromise.[81]

After evaluation of Re(χ
(3)∗
1112χ

(3)
1111) the relationship of the heterodyne CARS signal with

the CID of spontaneous ROA can be derived:

△I transmitted
CARS (θ1) = ICARS−ROA(θ1) ∼ sin(2θ1)A · Γ △(0°)χ

(3),NR
1111

2ℏ
{
(Ω− ωp + ωs)

2 + Γ2
} (1.37)

A = 2a2 +
8γ2

45
. (1.38)

Here Γ is the damping constant, a and γ are the linear isotropic and anisotropic rotational

invariants and Ω is the resonance frequency. As χ
(3),NR
1111 can be regarded as frequency-

independent, this implies that heterodyne-detected CARS-ROA spectra acquired in the

manner described should be NRB-free and exhibit the same spectral pro�le as those

observed in spontaneous forward-scattering ROA.
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Hamaguchi et al., in their 2012 study on the chiral liquid β-pinene, demonstrated that

the signal-to-noise ratio (SNR) could be enhanced by two orders of magnitude using the

aforementioned technique compared to conventional ROA.[80] Their subsequent work in

2015 emphasized the signi�cance of employing higher frequencies to improve the signal-to-

noise ratio and contrast since ICARS−ROA(θ) ∼ ω5.[81] The enhanced frequency sensitivity,

compared to normal Raman signals (ω4) is due to the additional linear relationship be-

tween the electric quadrupole and magnetic dipole moments and the ratio of the molecular

structure size to the wavelength.[14] In addition, Hamaguchi et al. identi�ed the presence

of a systematic error in CARS-ROA from optical rotation dispersion. Optical rotation

is a chiral linear e�ect in which polarized light rotates within a chiral medium, with the

direction of rotation being opposite for each enantiomer. Di�erent frequencies of light

experience di�erent degrees of rotation as they pass through a chiral medium, resulting

in Optical Rotation Dispersion (ORD).

The dispersion of the optical rotation therefore leads to the divergence of the polarizations

of all �elds within the sample.[81, 15] This phenomenon can reintroduce the achiral signal

χ
(3)
1111 because the extinction angle of the analyzer is slightly altered for each wavenumber

in the spectrum.

In the simple scenario of linear GVD in frequency, valid only for a small wavenumber

range, and considering solely the GVD e�ect on the anti-Stokes �eld, the achiral signal

would leak more towards the spectrum's edges with opposite signs in the CARS-ROA

spectrum △ITransmitted
CARS . Ultimately, ORD produces a background to the CARS-ROA

spectrum, which should become increasingly apparent when observing a wider range of

wavenumbers. Since the Optical Rotatory Dispersion (ORD) is a linear e�ect, this artifact

scales linearly with the thickness of samples. Thus, CARS-ROA samples should not exceed

the maximum CARS interaction length in thickness.



Chapter 2

Experimental Setups and Methods

In the following section, the tunable fs-laser system employed to generate ultrashort pulses

for both transient absorption and heterodyne CARS-ROA will be discussed. Subsequently,

detailed descriptions of the setups, encompassing the optics for mani-pulating the ultra-

short pulses, as well as the detection methods for both experiments are explained. Finally,

in the last section, another tunable laser system exclusively utilized for generating tun-

able narrowband pulses in the UV resonance Raman Kerr gate experiments is outlined in

conjunction with the Kerr gate Raman setup.

2.1 Tunable Femtosecond Laser System

For ultrafast time-resolved experiments such as transient absorption, the prerequisite is a

minimum of two short laser pulses, typically below 100 femtoseconds, that are ideally also

wavelength-tunable. This is here achieved through the utilization of optical parametric

ampli�ers (Orpheus-F, Light Conversion) with a noncollinear optical parametric ampli�er

(NOPA) stage. E�cient pumping of these OPAs is done using ca. 200 fs transform-

limited pulses at 1030 nm from a Kerr-lens mode-locked YB:KGW laser (Pharos, Light

Conversion). For an e�cient OPA process �rst, a fraction of the pump laser light is

focused into a sapphire crystal, thereby generating a white light pulse acting as the OPA

seed. Additionally, through the second harmonic generation of the 1030 nm light, a

more energetic 515 nm light is produced this conversion is necessary given that energy

conservation dictates that the pump in an OPA must possess greater photon energy than

the desired generated signal wavelength.

Subsequently, the slightly negative white light dispersion is compensated using a thin

piece of glass thereby keeping the white light pulse as compressed as possible. This

33
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white light pulse is then non-collinearly overlapped with the 515 nm pump pulse at a

small angle (∼ 8◦) in a thin BBO crystal. These details collectively contribute to the

maximum spectral broadening of the OPA signal, a crucial aspect as spectral width and

maximum achievable compression are interlinked by the Fourier transform limit.[82] The

wavelength of the OPA signal is tunable from 650-900 nm by tilting the BBO crystal,

thereby modifying the phase-matched frequencies.

Notably, the OPA idler in the �rst stage remains unused. The OPA signal pulse then

proceeds to the second ampli�cation stage, to which the majority of the pump light is

directed. This stage operates collinearly, therefore the idler travels in the same direction

as the signal and can be utilized if necessary (not used in this thesis). Post-OPA, the

ampli�ed signal pulse undergoes temporal compression by a prism compressor, achieving

a pulse duration of approximately 50 fs. Lastly, one of these OPAs also features a second

harmonic generation unit in order to generate pulses with wavelengths from 325-460 nm.

In the context of Coherent Anti-Stokes Raman Scattering, another OPA (OPA 3) opti-

mized for a narrowband spectrum is needed whereas pulse compressibility is less impor-

tant. In contrast to the other OPAs, spectral-broadening is minimized in this OPA by

only making two small changes. Firstly, the white light seed undergoes temporal stretch-

ing by transmission through a 5 mm thick highly dispersive ZnSe crystal. Consequently,

in the NOPA interaction, only speci�c frequencies of the white light synchronized with

the pump are ampli�ed. Moreover, the second ampli�cation stage also employs a thicker

OPA crystal, enhancing conversion e�ciency and further avoiding spectral broadening.

The output of this OPA will be roughly twice as narrow (see Fig. 2.2) as compared to the

other two OPAs at a similar average power of 150 mW at 670 nm. This pulse will still

need to be further spectrally �ltered to achieve the spectral width typically needed for

Raman spectroscopy. This is done by using a subsequent grating �lter or an interference

�lter as utilized in this thesis (Alluxa: Ultra Narrow Bandpass Filter 667.7-0.5 OD6).

The three OPAs are depicted in Figure 2.1, however, for clarity certain elements were

omitted such as the delay stages for synchronization for each OPA stage, lenses used for

optimizing �uences as well as optical �lters for light separation.
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Figure 2.1: Simpli�ed schematic of the short pulse setup with three tunable OPA laser
sources. The upper pair of OPAs, in combination with prism compressors, is employed for
short pulse generation (50-80 fs). Conversely, the lower OPA, used for CARS experiments,
generates spectrally more narrow pulses.
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Figure 2.2: The two types of pulses which can be generated using the Orpheus-F NOPAs.
The black curve represents the broadened spectrum at approximately 670 nm of the OPAs
(OPA1 and OPA2) con�gured for a short pulse mode. In contrast, the red curve illustrates
the narrower spectrum of OPA3 set to a wavelength of 670 nm.
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Figure 2.3: The optical setup for detecting narrowband transient absorption along with
the electronic components for detecting the TA signal.

2.2 Transient Absorption of Arylazopyrazoles

Narrowband Transient Absorption

The transient absorption measurements employ pump and probe pulses generated by

the two OPAs, OPA1 and OPA2, utilizing the tunable fs laser system described above.

For the pump pulses the output of OPA1 is set to 860 nm and undergoes subsequent

frequency doubling to 430 nm with a FWHM of approximately 10 nm and a pulse duration

of ca. 70 femtoseconds. OPA2 for probe pulses is set to 650 nm with a FWHM of

approximately 20 nm and a pulse duration ca. 60 fs. In a collinear con�guration, both

pump pulses (∼1 mW) and probe pulses (∼300 µW) are focused (focal length of 100 mm)

and synchronized temporally and spatially into a �ow cell with a 2 mm pathlength (see

Figure 2.3). Following recollimation, the pump pulses are removed from the probe pulses

using a long-pass �lter. Finally, the probe pulses are detected by a silicon photodiode

(Thorlabs PDA100A2).

The transient signal captured by the silicon photodiode is extracted using the modula-

tion transfer technique. To accomplish this, the pump beam is modulated at 250 Hz
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before reaching the sample, while the signal from the photodiode is ampli�ed via a trans-

impedance ampli�er, and is passed onto a lock-in ampli�er (Zürich Instruments UHFLI

600 MHz). The phase origin of the lock-in ampli�er is set to maximize the modulated

signal which has an approximately 180° phase di�erence to the pump modulation. The

lock-in ampli�er outputs both the modulated signal and total signal which are divided

according to Eq. 1.3 to yield the TA signal.

Two di�erent light sources were employed for the experiments on the photoisomerization

dynamics of AAPs. Every AAP was dissolved in water to produce a 5 mM solution. Three

365 nm UV LEDs facilitate the conversion from E → Z , while green LEDs emitting at

530 nm enable Z → E photoswitching. Each LED set has a total output power of 3 W.

During the TA measurements, the sample is continuously circulated through the �ow

cuvette with a peristaltic pump. In order to obtain the photostationary state composition

either rich in E or Z -isomers, the UV or green LEDs irradiate the reservoir (approximately

200 ml) from the �ow system for one hour prior to and continuously for the duration of

the measurement. Following every measurement, the sample is exchanged to minimize

the potential impact of photodegradation.

Data processing for transient absorption data is done using the "lsqcurve�t" toolbox

in MATLAB. In the case of E -isomers, �tting is conducted over a pump-probe delay

range that corresponds to -0.7 to 10 ps employing a �t function with two exponentials

convolved with a Gaussian function. For Z -isomers, �tting is conducted within the range

of -0.7 to 5 ps utilizing a single exponential function convolved with a Gaussian function.

Additionally, for each isomer, a rising exponential function (step function) is incorporated

to model photoproduct formation.

Broadband Transient Absorption

To implement the TA broadband detection method, the OPA probe pulse needs only to be

exchanged with a white light pulse. To produce such a pulse the 1030 nm Pharos output

was focused into a 5 mm thick sapphire crystal. Subsequently, the white light probe was

directed into a spectrometer, where it underwent spectral dispersion and arrived on a

specialized detector.

In broadband TA choosing the optimal detector is a challenge. In narrowband TA, lock-in

detection provides an elegant solution to obtain a very high SNR and is particularly useful

for high-frequency modulation. However, implementing an array of photodiodes connected

to separate lock-in ampli�ers is costly and technically challenging.[83] In contrast, array

detectors such as CCDs are composed of pixels with potential wells. They integrate

electrons produced at the photodiode (integrating photodiodes), to increase photocurrents
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during readout. These signals, like in lock-in detection, must be ampli�ed. The active

pixel sensor directly ampli�es the pixel photocurrent at each pixel using transistor circuits.

Common ampli�cation circuits in photodiode arrays are Complementary Metal-Oxide-

Semiconductor (CMOS) and N-type Metal-Oxide-Semiconductor (NMOS), both utilizing

MOSFET transistors.

Due to the large signal of the probe pulses the signal-to-noise ratio will in part be de-

termined by shot noise as opposed to readout and dark noise. Shot noise is proportional

to the square root of photon events in a single measurement.[84] Hence, the saturation

well-capacity, or the amount of charges each pixel can store, should be large. For the

photodiode component, a large well capacity is expressed in its pixel area as it will be ap-

proximately proportional to charge storage capacity. Consequently, shot noise is reduced

for large single-line detectors.

Another crucial consideration is how quickly the read-out frequency for an entire row of

pixels is. Ideally, this readout frequency should be at the laser's repetition rate which

allows for shot-to-shot detection.[85] This, in turn, enhances the signal-to-noise ratio

signi�cantly because the large laser �uctuations of white light can be e�ectively removed.

For the broad-spectrum Transient Absorption (TA) experiments, the already available

NMOS S8380-512Q was used. This particular model boasts a huge well capacity of

312 million electrons and a readout frequency per-line of up to 4 kHz. Via the driver

from KHS instruments, the detector records the average signal from four successive read-

outs, which are synchronized with the optical chopper by feeding the integration timing

signal into the chopper controller. The driver was initially intended for FSRS, which

requires four readouts using two optical choppers rather than only two, therefore two

readouts were averaged for the division. One notable drawback of this detector lies in

its rolling shutter, where pixels are read sequentially, as opposed to a parallel (global)

shutter. Consequently, the pulse signal of the laser pulses exceeds the readout per line

duration, resulting in not all pixels capturing the probe laser pulse for each measurement.

2.3 Heterodyne CARS-ROA

For CARS-ROA, the tunable fs laser setup is sketched in Fig. 2.4 and was con�gured

to the maximum repetition rate of 20 kHz, since no �ow system was required for the

experiment. OPA 3 was employed to generate the necessary narrowband Raman pump

pulse for CARS, in combination with one of the short-pulse optimized OPAs (OPA 2) to

generate the Stokes pulse. The output of OPA 3 was further spectrally �ltered, from an

initial full width at half maximum (FWHM) of 17.8 nm to approximately 0.5 nm, utilizing
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a 667.7 nm single-cavity �lter (Alluxa). This results in a maximum spectral resolution

of ca. 12 cm−1. Afterward, the pump and Stokes pulses were merged and collimated

using a dichroic mirror. Subsequently, the pulses passed through two achromatic lenses

(f=10 mm), with two glan Taylor polarizers (GTP1 and GTP2: B. Halle Nach�. GmbH,

extinction ratio <108 , angular acceptance range <5 arcmin) placed in between. The

�rst polarizer orientation is �xed at a roughly parallel position to the pulse polarizations

(vertical), the second polarizer (analyzer) GTP2 is roughly oriented horizontally and its

rotation can be �ne-tuned using a motorized rotation stage (Standa Ltd. 8MPR16-1,

step resolution ∼ 0.01◦). Upon the pulses reaching the focal point between the polarizers,

the sample placed inside a cuvette (Hellma 1 mm and 2 mm) is positioned, here the

pulses are spatially and temporally synchronized. After the newly generated CARS pulse

is recollimated by lens L2 the pump and Stokes pulses are spectrally �ltered out using

an interference �lter. Subsequently the remaining CARS pulse is focused on the slit of

a spectrometer (HORIBA Scienti�c; iHR320) using a lens. The CARS signal is �nally

detected on a liquid nitrogen-cooled CCD (HORIBA Symphony II). In the next paragraph

the measurement procedure for obtaining a CARS-ROA spectrum is detailed.

The �rst step of the measurement procedure involves determining the analyzer orientation

that minimizes the CARS signal passing through the polarizers (extinction angle). This

position, roughly perpendicular to the input beam polarizer, includes the optical rotation

(OR) from passing the chiral sample between the polarizers. For a 2 mm thick cuvette

�lled with β-pinene(-) and β-pinene(+) , the OR was ±0.32◦ from the perpendicular

position of the analyzer. Due to the low signal transmission through the polarizers, the

extinction angle is di�cult to determine with precision below 0.1◦. Therefore, the initial

best guess for the extinction angle is de�ned as zero (θ = 0).

Once the extinction angle is roughly located, the polarizer is turned back a few degrees

and then turned clockwise to the desired −θ1 position. It is crucial to rotate the polarizer

only in the clockwise direction to avoid backlash introduced by the gear system of the

polarizer stage when the rotation is reversed. At the desired −θ1 position, a spectrum

of the signal with a short integration time of ca. one second is saved in the software.

The polarizer is then moved unidirectionally with 0.01◦ steps towards +θ1 while viewing

the live CARS di�erence-spectrum from −θ1 and the current position. As soon as the

spectra largely cancel out (often CARS-ROA peaks can already be seen at this point), the

precisely determined e�ective mirror position +θeff1 ≈ +θ1 ) is noted. The measurements

with both noted angles −θ1 and +θeff1 are then repeated with longer integrations times

by �rst overrotating the polarizer 3° degrees counterclockwise to compensate for backlash.

Finally, both spectra are subtracted to generate the heterodyne CARS-ROA spectrum.
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Figure 2.4: The optical layout to detect heterodyne CARS-ROA spectra. The Raman
pump (green) and Stokes (red) beams are merged via a dichroic mirror (DM). Both the
input beams are polarized in parallel. In the chiral sample, the CARS beam is generated
and depicted in blue.

The compounds initially investigated using the heterodyne CARS-ROA technique were

the two enantiomers of liquid β-pinene, acquired from Merck KGaA, Germany, in spectro-

scopic grade. The second group of compounds under investigation consisted of the solids

(R)- and (S )-MOM-BINOL, dissolved in DCM. The synthesis of the MOM-BINOLs was

carried out from BINOL by Niemeyer and co-workers (procedure outlined in [86]).

2.4 Kerr-gated UV Resonance Spectroscopy

2.4.1 Tunable Narrowband Picosecond Laser System

The laser pulse source used in the Kerr gate experiment to investigate anthracene is

characterized by its tunable narrowband transform-limited pulses. Diverging from the

fs-pulse con�guration described above, this setup is designed to produce such pulses with

high conversion e�ciency and without subsequent spectral �ltering. Refer to Figure 2.5 for

a simpli�ed schematic, akin to the initial depiction in the setup's introduction in [87]. The

Pharos pump laser is (nearly) the same as in the fs-setup, emitting picosecond pulses at

1030 nm with a total output power of 6 W and a repetition rate of 10 kHz. However unlike

in the short pulse arrangement, the output power is evenly split into a 3 W uncompressed

part and a 3W compressed part, the latter passing through an internal grating compressor.

Utilizing an SHBC, the uncompressed Pharos output undergoes frequency doubling and

e�cient spectral compression to less than 10 cm−1. This frequency-compressed beam

serves to generate frequency-tunable, particularly spectrally narrow outputs through an

optical parametric ampli�er (OPA).
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Figure 2.5: Simpli�ed schematic of the narrowband ps-pulse setup capable of generating
tunable and spectrally narrow pulses deep in the UV.
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In contrast to the OPAs in the short pulse setup, the OPA in this case (Orpheus ps, Light

Conversion) is designed di�erently. The SHBC-generated pump is initially spectrally

narrow, but the interaction with the required spectrally broad white light seed leads to

spectral broadening of the OPA signal. To regain a spectrally narrow OPA output, a

2f grating �lter is employed after the �rst white-light seeded OPA interaction inside a

BBO crystal (second pass). After these two initial stages, the OPA signal is then further

ampli�ed by a third ampli�cation stage (third pass) which utilizes the majority (∼65%)
of the pump light.

To prevent spectral broadening and ease alignment, a single 10 mm thick BBO crystal

is used. Each stage features a single-mirror delay stage (not shown). In accordance

with energy conservation, the maximum generatable frequency of the OPA signal or idler

is limited to that of the pump frequency. Therefore, in order to access higher energy

frequencies particularly in the blue and UV, one or two consecutive stages of second

harmonic generation (SHG) are used. By this method, pulses can be generated between

210 to 1000 nm with a spectral bandwidth less than 20 cm−1 with a pulse duration of less

than 3 ps.

As an example the spectrum at 376.2 nm derived from SHG of the OPA signal at 752.4 nm

is shown in Fig. 2.6. The FWHM at 376.2 nm is approximately 0.2 nm (14 cm−1),

corresponding to roughly twice the spectral width of the OPA signal, yielding a transform-

limited pulse duration of 2.3 ps.

2.4.2 UV Resonance Raman Kerr Gate Setup

To compare resonance Raman spectra at 1La resonance with those done using conventional

UVRR excitation near 250 nm, anthracene was dissolved in acetonitrile.[69] Acetonitrile

was chosen as a solvent owing to its minimal Raman bands in the �ngerprint region,

thereby minimizing interference with those originating from anthracene. Anthracene,

purchased from Sigma Aldrich, was dissolved to produce 2 L of a 1.3 mM or 15 mM

solution. This solution was introduced into a �ow-system reservoir. The �ow system was

necessary to reduce the accumulation of light-induced anthracene-dimer photoproducts.

A �ow cuvette with dimensions of 10x4 mm was employed for the �ow system. The sample

within the cuvette undergoes cycling via a peristaltic pump and includes a 2 L reservoir

(boiling �ask). The Kerr gate setup, illustrated in Figure 2.7, utilized a UV Raman probe

beam provided by the narrowband pulse setup (described in the above paragraph).

Lens L1 focuses the Raman excitation beam into the �ow cell which is positioned in such

a way that the beam passes the cuvette's edge to minimize reabsorption e�ects. For
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Figure 2.6: Example for a spectral output of the tunable narrowband picosecond laser
system at 376.2 nm. There are notably distinctive sidebands resulting from the sinc phase
matching condition during the frequency-conversion processes by the nonlinear crystals.

Figure 2.7: The UV Kerr gate setup: The UV Raman excitation beam is shown in purple
and the Kerr beam in red. Raman scattered light is guided towards the Kerr medium
using a collecting lens (L2), a telescope (L3 and L4), and a focusing lens (L5). This light
then traverses two Glan Taylor polarizers, where it intersects with the Kerr beam (at a
45° linear polarization angle). Finally, the light is directed towards the spectrometer and
CCD.
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collection scattered light emitted from the cuvette was gathered at a 90° angle using a

2-inch lens (L2). A telescope composed of L3 and L4 (1-inch diameter) reduced the light

beam by a factor of �ve, compensating for the use of low aperture 10x10 mm cube Glan-

Taylor polarizers (Thorlabs GT10). Additionally, the �rst Glan-Taylor polarizer GTP1

was positioned behind the focusing lens into the Kerr medium (L5). This arrangement,

where the telescope is immediately followed by the focusing lens, aimed to reduce the

e�ect of divergence due to beam-waist reduction.

As the laser traversed up to 4 mm of the sample, the scattered light converges into a line

within the Kerr medium (benzene). This scattered light intersected at a crossing angle of

ca. 15° with the high-power 1030 nm Kerr gate pump (ca. 2.7 W) focused by L6. Prior to

lens L6, the pump light underwent polarization rotation using a half-wave plate, resulting

in light that is polarized at a 45° angle compared to the vertically polarized UV Raman

excitation. Lens L6 was mounted on an optical rail and placed at approximately 625 mm

distance from the Kerr cell, optimizing �uence to a threshold before cavitation bubbles

appeared inside the Kerr cell while maximizing the gated sample volume (spot size in

Kerr cell ∼1 mm). The dielectric mirror (Thorlabs, BB1-E03) de�ecting the focused Kerr

gate beam towards the Kerr cell has minimal absorption (re�ectance >99%), avoiding

damage to the mirror from the high �uence beam. With GTP2 set perpendicular to

GTP1, only the scattered light that overlaps with the Kerr beam inside the Kerr cell is

in principle passed through GTP2. Furthermore, synchronization between the Kerr beam

and scattered light was achieved using a retrore�ecting delay stage (not shown).

The light passing through GTP2 traversed a collimating lens and a subsequent focusing

lens that directed the light to the slit (slit width ca. 0.2 mm ) of a grating spectrometer

(SpectraPro.500i, Acton Research Corp.). To prevent interference from the strong Kerr

gate beam, a short pass �lter, transmitting UV light but rejecting the NIR 1030 nm pump

light (Semrock, FF01-405/150-25), was additionally placed in front of the spectrometer.

For taking measurements the spectometer features a UV-optimized back-thinned CCD

camera (PyLoN 2KBUV, Princeton Instruments).

Operating the Kerr gate requires signi�cant safety precautions, due to the very hazardous

invisible Kerr gate pump. Unintended black re�ections from transmissive optics frequently

surpassed 100 mW. A proactive measure was the use of an IR viewer to identify and block

stray light beams that escape the optical table when adding optical elements (see Fig. 2.8).

Additionally, IR-blocking safety glasses (Thorlabs LG11) were consistently worn; the high

transmission in the visible spectrum makes it easy to wear them continuously.

A MATLAB program was written to facilitate Kerr-gated Raman measurements, inte-

grating control over the spectrometer, Kerr gate delay stage, and tunable narrowband
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Figure 2.8: Pictures of scattered and back-re�ected light from the IR beam were cap-
tured using an IR viewer. In the left image, a potentially hazardous back-re�ection is
depicted, but it is obstructed from exiting the table. The right image displays the re�ec-
tion from the IR-Kerr beam onto the cuvette housing the Kerr medium.

picosecond laser system. The graphical user interface of this program is depicted in

Fig. 2.9. Initially, the program synchronizes the Raman and Rayleigh scattered light with

the Kerr pulse by setting the delay stage position. Subsequently, a spectrum is acquired

near the excitation laser wavelength to precisely determine the excitation wavelength

(λexc) using the spectrometer, which is crucial for accurate wavenumber determination.

Following this step, the spectrometer is con�gured to the center of the Raman spectrum

(at ca. 1400 cm−1), and a Raman spectrum is obtained (I(0 ps)). Upon completion, a

second measurement (without Raman signal) is conducted with the delay stage set to a

forward delay of ∆t = 3 ps (I(3 ps)). This measurement will be used as a reference to

remove the remaining gated �uorescence in the spectrum at I(0 ps). In some cases, a

third measurement is performed, during which a stepper motor is employed to block the

Kerr beam to determine the leaked signal through the Kerr gate polarizers (Ileak). To im-

mediately assess the Raman signal, the spectrum I(0 ps)−Ileak
I(3 ps)−Ileak

is calculated and displayed.

Subsequently, all measurements are saved in a tab-delimited format as separate �les.
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Figure 2.9: Graphical user interface (GUI) for Kerr-gated Raman measurements. The
top section displays spectrometer controls in blue, laser controls in green, and delay stage
controls in orange. In the bottom left corner, the Raman measurement at ∆t = 0 ps is
shown, while on the right, the measurement without Raman signal and only �uorescence
at ∆t = 3 ps is displayed. The resulting spectrum I(0 ps)−Ileak

I(3 ps)−Ileak
is calculated and shown at

the bottom.



Chapter 3

Results and Discussion

3.1 Photoisomerization of Arylazopyrazoles

Narrowband femtosecond transient absorption (TA) measurements were carried out to

explore the potential similarity in dynamics between planar arylazopyrazole (AAP) and

azobenzene (AB). Additionally, it was aimed to examine any changes in dynamics resulting

from an initial twist induced by ortho-substitution at the phenyl ring (AAP-3 and AAP-4).

Most results of the study presented here have been published in reference [1].

As a �rst step, the optimal pump frequency for TA was determined. For this, the (ground

state) absorption spectra of the AAPs are examined (refer to [5, 6] for the initial report

of absorption spectra). Figure 3.1 showcases the ground state UV/Vis absorption spectra

of AAP-1, AAP-2, AAP-3 and AAP-4 in water.

The displayed spectra include the absorption spectra of the AAPs before (shown in black)

and after irradiation with 365 nm light (Z -rich PSS in magenta) and 520 nm light (E -rich

PSS in green), respectively. All AAPs have an nπ∗ absorption peak in between 400 and

440 nm. The Z -isomers have a larger oscillator strength for the nπ∗ transition than the E -

isomers. Likewise, all AAPs have ππ∗ transitions which lie between 296 nm and 347 nm.

Except for the twisted AAP-4, the transition of the E isomer is slightly blue shifted

because of the extended π-conjugation for planar E -isomers. Additionally, E -isomers

have a greater oscillator strength in the ππ∗ transition.

For the representative compound AAP-1 the Z -enriched PSS absorption spectrum (ma-

genta) features maxima at 312 nm corresponding to the ππ∗ transition and at 440 nm

related to the nπ∗ transition. In the E -enriched PSS (green), the maximum of the ππ∗

transition shifts from 311 nm to 347 nm and has a roughly 2.8 times greater oscillator

strength. In contrast, its nπ∗ transition oscillator strength at 400 nm is much weaker and

48
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Figure 3.1: UV/Vis absorption spectra of the four AAPs at 50 µM concentration in water
and a 12.5 mm absorption path length. The black curve represents unirradiated spectra.
Additional spectra shown are after irradiation with 365 nm light (Z -rich) and 520 nm light
(E -rich). The inset displays the stability of the AAPs under reversible photoswitching,
as indicated by the absorption signal (�gure/data produced by K. Ziegler).[1]

only noticeable as a shoulder in the spectrum.

The absorbance di�erences between the isomers at the nπ∗transition are most marked

in AAP-2 due to its electron donating group pulling the nπ∗ transition apart spectrally

by 40 nm (blue shift in the E -isomer, red shift in Z -isomer). This explains why AAP-2

has a particularly large backswitching PSS (Z → E) and was considered one of the best

AAP photoswitches for applications.[6] AAP-3 has a similar spectral separation in the nπ∗

transition as AAP-1, however, oscillator strengths are more similar between the E -isomers

which reduces its PSS. On the other hand, AAP-4 has practically no spectral separation

in the nπ∗ transition, making the di�erence in oscillator strength solely responsible for

its photoswitching ability. All the AAPs are known to have excellent photoswitching

reversibility, which is indicated for 6 switching cycles by the insets in each plot.[6] The
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metastability of the Z -isomer does not require consideration in this study, since all AAPs

exhibit half-lives spanning from days to months.[6]

To experimentally test the hypothesis that twisted E -isomers of AAP-3 (energy minimum

at 5 degrees twist) and to a larger extent AAP4 (energy minimum at 28° degree twist) have

faster photoisomerization dynamics in comparison to the planar E -isomers AAP-1 and

AAP-2, their relaxation lifetimes were measured using transient absorption spectroscopy.

This involved populating the S1(nπ∗) state and selectively probing the ESA. The reason

for populating the S1(nπ∗) excited state instead of the S2(ππ∗) excited state was to reduce

complexity in kinetics and literature �ndings on the closely associated AB, showing that

the main isomerization movement primarily occurs on the nπ∗energy surface in both

excitations.[88]

Given the corresponding absorption maxima for the nπ∗ transition in the 400-450 nm

range for all four AAP derivatives, 430 nm was chosen as a suitable compromise for the

pump wavelength.

It should be pointed out that the nπ∗excitation may seem to favor Z -dynamics since the

Z -isomer possesses a greater ground state oscillator strength. From the literature of ABs,

it is however expected that the larger E -isomer nπ∗ excited state absorption oscillator

strength should compensate for the TA signal magnitude for both isomers in AAPs.[89]

A drawback of opting for narrowband TA is that, unlike in broadband TA, pre-knowledge

of the ESA absorption maximum is required to select the appropriate probe wavelength.

Selecting the probe wavelength at the ESA maximum enhances the TA signal, thereby

improving the signal-to-noise ratio (SNR). As a comparison, for AB, the ESA state in

the visible is accessible in a broad range of 500-690 nm, with a resonance maximum at

530 nm for E -AB as well as at 540 nm for Z -AB.[89] Broadband TA measurements on

AAPs were conducted for compound AAP-2 that has the highest PSS and displays a

comparatively red-shifted broad ESA maximum centered at 575 nm (see Fig. 3.12). As

the probe wavelength 650 nm was selected because it provided adequate ESA absorption

for a good signal-to-noise ratio (SNR) while simultaneously the wavelength is well o�-

resonant with the nπ∗ absorption peak. This minimizes other potentially interfering

processes including photoproduct absorption (PA), ground state bleach (GSB), and hot

ground state absorption (HGSA).[89, 33] Interestingly, time-dependent density-functional

theory (TDDFT) calculations by Marcus Böckmann and Nikos Doltsinis showed that the

ESA signal observed at this wavelength can be attributed to the S1 → S5 transition (see

SI in [1]).

It is important to emphasize that while Ground State Bleaching (GSB) could potentially

serve to monitor dynamics in the excited state, the emergence of new products following
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pump excitation would result in a signi�cantly higher signal from product absorption.

The greater the magnitude of these additional signals, the more di�cult the observation

of the initial dynamics becomes.

For the initial dynamics two dominant time constants are anticipated for ultrafast pho-

toisomerization of E -isomers (τ1 < 1 ps and τ2 > 1 ps), similar to ABs (τ1 ≈ 300 fs,

τ2 ≈ 2 − 3 ps).[32, 27, 90] It is widely agreed upon in literature that τ1 represents

the initial rapid movement departing from the Franck-Condon region towards a coni-

cal intersection.[33, 32, 90, 91, 92] The assignment of the second decay component in ABs

remains a matter of debate. Several studies attribute τ2 to the movement from the conical

intersection back to the ground state potential energy surface.[27, 90, 91, 92] Other studies

assign τ2 to the relaxation from a dark E -isomer intermediate on the S1(nπ
∗) potential

energy surface.[89, 93, 94, 95] In either case, it can be said that τ2 sets a lower limit for

the time constant of completed photoisomerization. The dynamics of Z -isomers under

nπ∗ excitation are expected to exhibit a nearly monoexponential decay.[32]

Since the selected AAP variants lack isomerically pure photo-stationary states, the signals,

observed when samples are irradiated with UV light (for Z -rich) and green light (for

E -rich), represent a linear combination of both E and Z contributions. For this reason,

accurate values for the photostationary states of all AAPs are needed. The PSS was

measured for all samples using 1H-NMR spectroscopy. The determined values were similar

to those of the initial report by Ravoo and co-workers. However, AAP-2 notably exhibited

a slightly poorer PSS than the reported ≥ 98% for both forward and backward switching

(see table 3.1).[6]

Table 3.1: Photostationary states for all four AAPs in both switching directions with
365 nm (E → Z) and 520 nm (Z → E) irradiation.

PSSE→Z PSSZ→E

AAP-1 92 % 89 %
AAP-2 96 % 95 %
AAP-3 93 % 80 %
AAP-4 72 % 67 %

Using these PSS values and the TA signal A(t) of E - and Z -rich samples allows the

extraction of the isomerically pure transient signals through the following system of linear

equations:
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AE−Rich(t) = PSSE · AE(t) + (1− PSSE) · AZ(t) (3.1)

AZ−Rich(t) = PSSZ · AZ(t) + (1− PSSZ) · AE(t) (3.2)

⇒ A(E,Z)(t) =
A(E,Z)−Rich(t) · PSS(Z,E) + (PSS(E,Z) − 1) · A(Z,E)−Rich(t)

PSS(E,Z) + PSS(Z,E) − 1
(3.3)

Before initiating the TA experiments, a series of tests were carried out to con�rm the

required �ow rate within the �ow cuvette and to determine the maximum repetition rate

that can be utilized to ensure little impact of the pump pulses on the PSS of the sample.

If the same volume of the sample is already irradiated by a previous pump pulse, the

PSS will be disturbed and Eq. 3.3 can not be used. The repetition rate and the speed of

the peristaltic pump are important, as a lower repetition rate grants the �owing sample

more time to exit the irradiated region. For instance, at a repetition rate of 20 kHz,

the pump and probe pulses strike the sample every 50 µs. Conversely, at 2 kHz, the

�owing sample has 500 µs to translate. Assuming a nearly Gaussian laser beam, one

can estimate the pumped focal spot size at the sample using known quantities such as

the input beam diameter (ca. 4 mm), wavelength (ca. 430 nm), focal length of the lens

(100 mm), and beam quality factor of the Pharos laser system (ca. 1.3). This yields a 1/e2

spot size of ca. 20 µm, representing the minimum distance the �ow must traverse from

shot to shot. Hence, for a repetition rate of 20 kHz, the �ow rate must be higher than

40 cm/s. Yet, attaining such �ow velocity appeared improbable upon reviewing slow-

motion smartphone footage capturing bubbles moving within the �ow cuvette (bubble

speed estimated at 20 cm/s).

In Fig. 3.2, the TA signal of E -AAP-1 in water is shown with variations in �ow rate and

repetition rate. As depicted in the top �gure, at 20 kHz, the pump �ow rate notably

in�uences the signal, causing an o�set when the probe pulse arrives before the pump

(t<0). However, even at maximum pumping speed, this signal never actually reaches

zero, indicating that preceding pump pulses continue to overlap, a�ecting both the TA

signal and the PSS. The bottom �gure illustrates that by subsequently reducing the

repetition rate to 2 kHz, the TA signal for t<0 does approach zero. Furthermore, by

decreasing the repetition rate to 0.2 kHz, no discernible signal change is observed. Hence,

it is found that maintaining a maximum pump rate from the peristaltic pump, coupled

with a repetition rate reduced from 20 to 2 kHz, is su�cient to ensure the translation of

the previously pumped volume. The higher repetition rate, between 2 kHz and 0.2 kHz, is

evidently bene�cial since it allows for more pump-probe interactions to be averaged and

therefore improves the SNR.
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Figure 3.2: Experimenting with optimal �ow rate and repetition rate con�gurations
using the transient absorption signal of E -AAP-1 (pump wavelength λpump=430 nm, probe
wavelength λprobe=650 nm, and concentration c=5 mM): The upper curve illustrates the
signals while adjusting �ow-rate settings, achieved by increasing the peristaltic pump
speed at a 20 kHz repetition rate. In the lower graph, the pump speed is set at 100%,
while the laser repetition rate is altered.

Before measuring the TA signal of AAPs, another crucial step is to measure the signal

originating from the water solvent combined with the glass windows of the �ow cuvettes

(fused silica). Although water and fused silica are in principle transparent for the wave-

lengths used, the materials are present in high concentrations. The high concentration in

combination with the substantial �uences of the pump and probe pulses leads to nonlinear

e�ects known as coherent artifacts. The most important e�ect is cross-phase modulation

(XPM), wherein the pump generates an alternating refractive index in the sample through

the optical Kerr e�ect, leading to alternating shifts in the phase of the probe light. This

amounts to the redistribution of frequencies from the probe spectrum.[96] Usually, when

the forward edge of the pump pulse coincides with the probe pulse, the probe spectrum

experiences a red shift owing to the rising intensity gradient. Conversely, when the trailing

part of the pump pulse overlaps, it causes a blue shift. For XPM in principle, the total

energy of the photons remains constant, but there will be alterations in the frequency of

these photons that the photodiode, as well as any preceding transmissive elements they

encounter, are sensitive to. This may lead to both positive and negative signals at the
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photodiode, even when no spectral dispersion occurs at the detector. The signal detected

from water and the cuvette glass is depicted in Fig. 3.3; this signal was subsequently

subtracted from the TA signal of the AAPs.

Figure 3.3: The pump-probe signal from water and the �ow cuvette glass windows
(pump wavelength λpump=430 nm, probe wavelength λprobe=650 nm) which exhibits a
negative cross-phase modulation signal before ∆t = 0.[1]

After this preliminary work, the TA kinetic traces were taken for both E and Z rich

mixtures and the PSS corrected signal was determined using equation 3.3. The TA signal

for the Z -isomers is plotted in Fig. 3.4 which are for visual comparison, normalized from

0 ps and 1.5 ps.

The signal was then �tted with a monoexponential convolved by a Gaussian function

representing the instrumental response function (IRF) of the pulse (see Fig. 3.5).

The extracted Z -AAP time constants are shown in the left side of Table 3.2 and all AAP

time constants resemble those of Z -ABs (approx. 100 fs).[89, 32, 27, 90] The twisted Z -

AAP-3 and Z -AAP-4 exhibit a seemingly faster switching speed compared to the planar

Z -AAP-1 and Z -AAP-2. However, it is important to note that all AAPs except Z -AAP-2

have time constants approaching the instrument response function (IRF) limit, estimated

at approximately 70 fs.
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Figure 3.4: Normalized TA spectra for the Z -isomer (with pump wavelength
λpump=430 nm, probe wavelength λprobe = 650 nm, and concentration c=5 mM) for each
AAP in water.[1]

Table 3.2: The time constants τ1 and τ2 in ps were determined from the monoexponential
(Z ) and bi-exponential (E ) �ts, respectively. The associated standard errors were obtained
through the �tting procedure (described in the methods section), taking into account the
instrument response function (IRF) in the experiment (refer to Fig. 3.5 for Z �ts and Fig.
3.6 for E �ts).[1]

Z -Isomer E -Isomer
τ1 (ps) τ1 (ps) τ2 (ps) A2/A1

AAP-1 0.1 ± 0.01 0.44 ± 0.02 1.4 ± 0.1 5.9 ± 0.9
AAP-2 0.15 ± 0.01 0.22 ± 0.01 1.4 ± 0.05 13.8 ± 0.2
AAP-3 <0.07 (IRF limited) 0.21 ± 0.01 1.8 ± 0.05 9.2 ± 0.2
AAP-4 <0.07 (IRF limited) 0.17 ± 0.01 1.6 ± 0.1 6.6 ± 0.3

In contrast, akin to prior �ndings on AB, the AAP E -isomers show slower initial dynamics

with a non-negligible > 1 ps contribution. Consequently, an additional exponential decay

term is utilized to �t the data for the E -isomer (see blue curves in Fig. 3.6 for slow

contribution).

The more pronounced step observed in TA for E -AAPs compared to Z -AAPs is likely due

to product absorption (compare gray curves in Fig. 3.5 and 3.6). This can be attributed

to the fact that Z -AAPs exhibit greater ground state absorption than E -isomers at the

probe wavelength. The increase for this absorption step, de�ned by its rise time, aligns

well with the slow lifetime τ2. Therefore, it can be expected that AAPs exhibit behavior

analogous to ABs, interpreting τ2 as the time for completed isomerization, the absorption
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Figure 3.5: Analysis of the TA data for the Z -isomer (represented as circles). The
complete �t function, which incorporates components of exponential decay (in red and
blue) as well as permanent absorption (in gray), is shown in black. Additionally, the
instrumental response function (IRF) is depicted by a Gaussian function (dashed line).
[1]

step corresponds to the ground state absorption of the newly formed Z -isomers. Thus, the

slow time constant τ2 and the rise-time constant of the rising exponential function were

restricted to be identical. The low deviation between the �ts and the data (R2 > 0.99)

suggests that the ultrafast dynamics for all dimethyl-AAPs mimic those of AB which also

exhibit a comparable bi-phasic decay under nπ∗-excitation.[32, 27, 90]

Figure 3.7 displays the normalized TA decay curves of the E -isomers for every compound

together in a single graph. This visualization already makes it clear that AAP-4 (shown

in red) is unique in terms of its faster decay.

The right side of Table 3.2 displays the extracted τ1 lifetimes from the �ts (shown in

Fig. 3.6) for E -AAP-1 (440 fs), E -AAP-2 (220 fs), and E -AAP-3 (210 fs). These val-

ues closely match those recorded for E -AB in ethanol (320 fs) as well as in DMSO

(340 fs).[32, 27, 90] They also correspond to those observed in the azoheteroarene photo-

switch thiophenylazobenzene (400 fs).[97] Conversely, E -AAP-4 exhibits a notable reduc-

tion in τ1 (170 fs). This �nding supports the initial premise that twisted E -AAPs should

demonstrate relatively faster initial photoisomerization dynamics. The relative ampli-
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Figure 3.6: TA data analysis for the AAP E -isomers done in the format as depicted for
Z -isomers in Fig. 3.4. However, an additional slow relaxation decay with the lifetime τ2
(illustrated in blue) is required to accurately �t the E -isomer TA data.[1]

tudes (A2/A1) for the slower (τ2) and faster (τ1) decay lifetimes are displayed in Table

3.2, revealing that E -AAP-2 possesses a signi�cantly larger slow decay portion compared

to E -AAP-1 and E -AAP-4. This may indicate a comparatively larger ESA oscillator

strength after the initial motion out of the Franck�Condon state.

The τ2 lifetimes for all four E -AAPs range from 1.4 ps to 1.8 ps. These lifetimes, although

somewhat reduced (< 2 ps) compared to typical ABs (2-3 ps), are noticeably longer than

that of the bridged AB (dihydrodibenzodiazocine) at 0.27 ps. This sharply contrasts with

the rapid initial dynamics characterized by τ1, which varies by approximately a factor of 3

between the planar E -AAP-1 (440 fs) and the signi�cantly twisted E -AAP-4 (160 fs). The

slower lifetime component denoted by τ2 exhibits similarity across both the planar and the

twisted E -AAP molecules. For instance, E -AAP-1 with τ2 = 1.4 ps and E -AAP-4 with

τ2 = 1.6 ps exhibit only slight variation. This indicates that, despite their contrasts in the

rapid initial motion from the Franck-Condon region (τ1), all E -isomers may encounter a

comparable impediment for photoisomerization on either the S1 potential energy surface

or at the conical intersection (τ2).
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Figure 3.7: Normalized TA spectra for the E -isomer (with pump wavelength
λpump=430 nm, probe wavelength λprobe=650 nm, and concentration c=5 mM) of each
AAP in water.[1]

Validating the slower time constant poses challenges in computer simulations, primarily

owing to the need to incorporate vibrational coupling between the excited and ground

state potential surfaces at the conical intersection.[98] On the other hand, simulating

the initial movement which is related to τ1 can be achieved relatively straightforwardly

through ab-initio molecular dynamics (MD) calculations, a task undertaken by the the

Doltsinis group.[99, 41] However, before conducting these simulations, it is important to

identify the potential Franck-Condon states each molecule can assume. Each molecule

within the ensemble may undergo excitation at slightly di�erent geometry due to thermal

energy, allowing a degree of �exibility in the phenyl ring (CCNN) and pyrazole dihedral

angle (NNCC). This stands in contrast to the azo bridge dihedral angle (CNNC), which is

double-bonded and can be regarded as �xed in the ground state. The minimum potential

energy calculated using DFT for all ring rotation angles is depicted in Fig. 3.8.

An examination of the phenyl ring's potential energy landscape (top section) reveals that

E-AAP-4 exhibits signi�cantly less rigidity, with its minima shallower and shifted by ap-

proximately 27° (as expected) compared to the planar E-AAP-1 and E-AAP-2 having

their minima at 0° and 180°. Remarkably, E-AAP-3 displays an extremely shallow local

minimum at 5°, suggesting the potential for a highly twisted initial geometry upon exci-

tation into the Franck-Condon state. Its global minimum at 180° however is similar to

that of the planar AAPs. This similarity helps clarify why E -AAP-3 doesn't exhibit a

signi�cant di�erence in the dynamics observed in the TA experiment when compared with

the planar E -AAP variants. Regarding the pyrazole ring (bottom section), the rotational
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Figure 3.8: Minimum energy potential scans (DFT) of the electronic ground state S0

computed for the dihedral angle of the phenyl (top) and pyrazole ring (bottom) in all four
E-AAPs (�gure/data produced by M. Böckmann, [1]).

potentials of all E -AAPs are comparable. These rotations are anticipated to have less

signi�cance in the observed dynamics due to the expected lower interaction between the

5-ring and the azo bridge. Ab-initio molecular dynamics calculations to simulate the ini-

tial movement from the Franck-Condon state (related to τ1) were done with a particular

focus for E-APP-1 and E-AAP-4 and results are presented in Fig. 3.9.

In the simulation the initial dihedral angles of the phenyl ring is varied and the movement

out of the Franck-Condon state is observed. For the 'natural' planar phenyl angle of 0°

of E-AAP-1 no dynamics in the main isomerization reaction coordinate (CNNC) angle

are observed (black line in Fig. 3.9). The absence of metastability observed for E-AAP-1

in transient absorption can be straightforwardly attributed to the ring �uctuations for

which the ground state simulations reveal that very few molecules are perfectly planar.

Furthermore, it is important to note that the simulation did not consider the zero point

energy of the molecule, which could also facilitate an isomerization of the molecule.
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Figure 3.9: MD simulated relaxation for the CNNC dihedral angle in the excited state
S1(nπ∗) for AAP-1 (top section) and AAP-4 (bottom section) under variation of the initial
phenyl ring dihedral angles (�gure/data produced by M. Böckmann, [1]).

For simulations where E-AAP-1 is forced into a more twisted state, a rapid approach of

the CNNC angle towards 90° (conical intersection) is seen (see curves in Fig. 3.9 in red,

green, blue, and purple). Similarly shown in the bottom section of Fig. 3.9, the 'naturally'

twisted state of E-AAP-4 exhibits a rapid movement which is shown by the black curve.

By �untwisting� E-AAP-4 the simulated isomerization rate can be slowed down towards

that of E-APP-1 for the negative angles −20◦ and −25◦ (compare black to purple and

cyan curves). Consequently, these simulations suggest that the initial twist of the phenyl

ring in E-AAP-4 is what causes the faster τ1 lifetime found in the TA experiment. A

plausible reason for this can be attributed to a stabilizing impact of the conjugation

between the phenyl rings π system and the (antibonding) p-orbital of the azo group in

planar E -isomers.

Finally, results from ab-initio MD simulations for every AAP molecule are depicted in

Fig. 3.10. The top portion of Fig. 3.10 illustrates simulations for E -isomers. E -AAP-2

(depicted by the gray curve) is anticipated to exhibit an intermediate initial relaxation

lifetime between E -AAP-1 (depicted in black, metastable) and E -AAP-4 (depicted in

red). In the case of E -AAP-3, two phenyl ring orientations exist (anti: 0° and syn:

180°). It is expected that the anti-orientation will share the same lifetime as E -AAP-2,

whereas the syn-orientation will entail a longer relaxation time. These computational
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Figure 3.10: MD simulated relaxation for the CNNC dihedral angle in the excited
state S1(nπ∗) for E -isomers (top) and Z -isomers (bottom) of the investigated AAPs (�g-
ure/data produced by M. Böckmann and reprinted from [1] with permission).

�ndings broadly correspond with the TA experiment; however, for E -AAP-3, there is no

signi�cant deviation in lifetime compared to E -AAP-2.

Furthermore, the sequence of Z -isomerization rates displayed in the bottom section of

Fig. 3.10 correlates with experimental observations. Z -AAP-3 and Z -AAP-4 exhibit here

the most rapid relaxation, while Z -AAP-2 is expected to have the longest Z -isomer life-

time.
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Broadband Transient Absorption Measurements

Broadband transient absorption (TA) experiments were conducted to determine the ESA

maximum position for AAPs. These experiments were carried out at an increased repe-

tition rate to enhance the signal-to-noise ratio (SNR). This adjustment was necessary as

the white light probe power, approximately 2 mW, was distributed across a wide range

of frequencies. Additionally, it was anticipated that the NMOS detector, employed for

broadband TA, would present some challenges.

Initially, a measurement was conducted on the well-characterized molecular photoswitch

azobenzene to validate the functionality of the detection scheme. Unfortunately, the

appropriate LED lamps for switching the molecule were unavailable, necessitating the

measurement of azobenzene as a mixture of isomers. For this reason, the measurement

was carried out at 20 kHz to maximize signal strength. Consequently, a transient signal

was observable prior to t = 0 (as was depicted for AAPs in Fig. 3.2). The measurement

was done with a timestep of only 500 fs since the primary objective was to determine

the spectral position of the ESA maximum. The results revealed an ESA maximum at

approximately 535 nm, consistent with literature values that report the E -isomer's ESA

maximum at 530 nm and the Z -isomer's at 540 nm.[89] Subsequent measurements were

then performed on AAPs.

Firstly, the TA signal of both AAP-2 isomers is depicted in Fig. 3.12 obtained at a laser

repetition rate of 10 kHz. AAP-2 was selected as the most straightforward molecule

to observe the di�erences between E and Z isomers owing to its elevated PSS. Chirp

compensation was needed due to the reduced timestep of ca. 100 fs; this was achieved by

incorporating a linear time-wavelength shift. The distinct relaxation times between E and

Z isomers are observable for AAP-2 at the ESA maxima for Z -AAP (around 575 nm) and

E -AAP (approximately 580 nm). Some oscillations are noticeable in the measurements;

this might have been caused by a periodic loss of synchronization between the camera

and the chopper.

For the twisted Z -rich AAP-4, a measurement (refer to Fig. 3.13) indicates two major

signals, one in the visible and one in the IR. Each signal exhibits a double peak, possibly

due to the Z -rich mixture still containing approximately one-third of E -isomers. The

visible signal shows a slight red shift compared to both isomers of AAP-2. ESA maxima

in the visible range are at 570 nm and 590 nm; two additional ESA peaks in the red are

observed at 675 nm and roughly 700 nm.

The existence of a red-shifted ESA in the visible for both E and Z isomers of AAP-4 is

consistent with TDDFT calculations conducted by M. Böckmann (see Fig. 3.14). However,

the simulations exhibit a generally more blue-shifted ESA below 550 nm. On the other
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Figure 3.11: Broadband TA spectrum of a mixture of both azobenzene isomers (in-
tegration time: ca. 4 hours, timestep 500 fs, spectrometer grating: 150 lines/mm,
λpump=430 nm).

hand, ESA peaks observed in the IR of the TA spectrum for AAP-4 are signi�cantly

red-shifted (approximately 100 nm) compared to predictions from calculations.

In summary, despite the poor signal-to-noise ratio, the measurements suggest a red-shifted

ESA maximum for both E - and Z -isomers in AAP-2 and AAP-4. However, further mea-

surements are warranted to validate this observation, as strong �uctuations were observed

in the white light probe during the experiments. The broadband measurements were

particularly challenging due to signi�cant humidity shifts (up to 60%) and temperature

variations (up to 3°C) in the laboratory, resulting in the loss of the white light probe. En-

capsulating the white light generation material in an airtight seal, similar to the OPAs,

should alleviate this issue. Additionally, the use of a camera capable of shot-to-shot de-

tection and a global shutter is likely to substantially improve the signal-to-noise ratio.[85]
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Figure 3.12: The broadband TA spectra for Z -AAP-2 on the left and for E -AAP-2 on the
right (grating: 600 lines/mm) reveal a solitary broad ESA in each recording (integration
time: approximately 12 hours, timestep 100 fs, λpump=430 nm).

Figure 3.13: Broadband TA spectrum of Z -rich AAP-4 (grating: 150 lines/mm, inte-
gration time: approximately 10 hours, timestep 200 fs, λpump=430 nm).
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Figure 3.14: TDDFT TA spectra of E -AAPs (top) and Z -AAPs (bottom) (�gure/data
produced by M. Böckmann, reprinted from SI in [1]).
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3.1.1 Conclusion: Photoisomerization of Arylazopyrazoles

This study on the ultrafast dynamics in photoswitching for AAPs indicates that planar

AAPs, exempli�ed here by AAP-1 and AAP-2, exhibit similar dynamics to conventional

ABs upon nπ∗ excitation, showing a bi-exponential decay with rapid (τ1) and slower (τ2)

components. It was anticipated that AAP E -isomers would display accelerated dynamics

resembling Z -isomers if it possessed an initial twist in the ground state, as previously

demonstrated with the bridged AB by the groups of Herges, Hartke and Temps in Kiel.[31]

This is supported by the TA measurements which show a reduction of τ1 from 220�440 fs

for E -AAP-1 (440 fs), E -AAP-2 (220 fs), and E -AAP-3 (210 fs) to 170 fs for E -AAP-4.

Additional support was provided by ab-initio MD calculations, which indicate that the

planar E -AAP-1 should be metastable in the absence of temperature and zero initial

velocity. All experimental observations, including the intermediate lifetimes of E -AAP-2

and E -AAP-3, are consistent with results from these simulations.

The proposed reason for the less signi�cant acceleration observed when comparing E -AAP-4

to the twisted and bridged AB (τ1 < 50 fs) is the �exibility of the phenyl-ring of E -AAP-4

in its ground state at room temperature.[31] Conversely, the slower picosecond dynamics

(τ2) observed in the TA experiment remains unaltered for the twisted E -AAP-4, suggest-

ing that the main hindrance of E → Z isomerization at the conical intersection persists.

Broadband TA measurements of E -AAP-2, Z -AAP-2 and Z -AAP-4 suggest that the pri-

mary ESA maximum in the visible is centered between 550-600 nm, slightly red-shifted

compared to AB. Additionally, for the Z -isomer of AAP-4, there appears to be an ad-

ditional ESA band in the red at ca. 700 nm. Nonetheless, further measurements are

necessary to validate these �ndings due to issues with white light stability.

In summary, the �ndings suggest that additional substituents at the ortho-position of

the phenyl ring do not su�ciently in�uence the dynamics of the E -isomer to achieve a

signi�cantly faster E -isomer dynamics. Alternative strategies, such as employing a rigid

bridged AAP analogous to the known bridged AB, may be necessary to achieve this goal.

Improving the quantum yields by the accelerated dynamics of new AAP photoswitches

could facilitate reaching the photostationary state (PSS) with less light irradiation which

is important for applications where irradiation is signi�cantly attenuated. Since AAP-2

exhibits exceptional PSS and slightly faster dynamics than AAP-1, it appears to be a

promising candidate for improvement through structural alterations.

Designing a molecule with better isomerization yields could be done with the guidance

of ab-initio molecular dynamics simulations. This is supported by the fact that TA mea-

surements have demonstrated their ability to accurately predict the sequencing of the
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initial dynamics τ1 across various AAPs. In the future, temperature should also be ac-

counted for by averaging the photoisomerization trajectories across an array of possible

Franck-Condon geometries. Furthermore, there is still a need for additional theoretical

exploration in predicting τ2 which will likely entail accounting for vibronic coupling ef-

fects. One approach would involve utilizing Time-Dependent Density Functional Theory

(TDDFT).
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3.2 Resonance Raman Study on the Anthracene 1La

state

This chapter begins with preliminary measurements aimed at testing the characteristics

of the UV Kerr gate. Following this, the molecule anthracene is examined using the UV

Kerr-gated Resonance Raman system in the 1La(0 − 0) state. However, measuring the

resonance Raman spectra at the 1La state poses experimental challenges due to strong

overlapping �uorescence, necessitating the use of UV Kerr-gated Raman spectroscopy.

Kerr-gate Transmission

The �rst important step before initiating Raman measurements is to test the performance

of the Kerr Gate with di�erent media. For this, the laser probe beam of 376 nm (later

used for Raman excitation) was simply 90° re�ected at the sample position into the Kerr

medium. The total signal in front of the spectrometer slit was measured using lock-in

detection (the same instruments which were used for narrowband transient absorption) by

placing a chopper into the Raman excitation beam path. Lock-in detection was utilized to

improve the signal-to-noise ratio as well as to eliminate background signals from ambient

light. Finally, this signal was also divided by the signal with parallel polarizers (Imax)

to obtain the transmission through the Kerr gate in percentages. Figure 3.15 shows the

resulting Kerr gate transmission for a variety of liquids (2 mm thick cuvette, Hellma

Optik, 100-QS, 100-2-40) as well as for one solid medium (2.5 mm thick BK7 glass) while

changing the Kerr gate delay.

The transmission pro�les of various Kerr media show that the known Kerr gate medium,

benzene, exhibited the best performance with a 70% probe transmission.[100] Toluene and

p-xylene showed slightly lower transmission. Not surprisingly, the only solid medium, BK7

glass, performed poorly (0.35% transmission), lacking the nuclear contributions present in

liquid media. In Fig. 3.16, the signals are normalized to facilitate comparison of response

times across di�erent media. Glass is expected to have the fastest response time since

its e�ect is purely electronic.[101] Glass, water, and benzyl alcohol, along with DCM and

acetonitrile (not shown to avoid cluttering the �gure), all exhibit similar FWHM values

of approximately 2.2 ps. This indicates that most liquids have response times comparable

to or shorter than the Raman pulse duration with the exception of p-xylene and toluene.

Based on these measurements, the Raman pulse duration can be estimated to be nearly

the same as that for the glass measurement, owing to the signi�cantly shorter Kerr gate

pulse (ca. 500 fs): σprobe =
√
σ2
probe⊗Kerr − σ2

Kerr =
√
2.22 − 0.52 ps ≈ 2.1 ps.

Among aromatic molecules, benzene displayed the fastest Kerr gating response with its



3.2. RESONANCE RAMAN STUDY ON THE ANTHRACENE 1LA STATE 69

Figure 3.15: Testing the Kerr gate transmission using the UV probe beam (376 nm)
with various Kerr media placed into a 2 mm thick cuvette under variation of the Kerr
pulse delay.

Kerr gate opening time of ca. 2.6 ps (FWHM), which is faster than toluene (2.9 ps) and

p-xylene (3 ps). Such a reduced duration of the Kerr gate opening time should assist in

�uorescence suppression. Benzyl alcohol showed the fastest response, however, its Kerr

gate transmission was signi�cantly lower.

This ordering of nonlinear response times and magnitudes among the aromatic compounds

compares well with data from literature. For example, p-xylene has a larger and slower

di�usive reorientational component than benzene and toluene.[58] Consequently, benzene

was chosen as the optimal Kerr gate medium for measurements of the UV wavelengths

290 − 400 nm. Given that benzene absorbs below approximately 290 nm, acetonitrile

emerges here as a suitable material for UV Raman Kerr-gated measurements between

200 − 290 nm. Furthermore, measurements were conducted using benzene with various

cuvette thicknesses. The maximum transmissions for 1 mm, 2 mm, and 10 mm are

depicted in the Fig. 3.17.
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Figure 3.16: Normalized transmission curves for some of the Kerr media shown in
Fig. 3.15.

As anticipated, the thicker Kerr media resulted in considerably higher transmissions,

owing to the near collinear crossing angle of approximately 15°, resulting in longer e�ective

interaction lengths. Notably, the 10 mm cuvette exhibited transmissions of ca. 90%.

Additionally, the increased cuvette length facilitates the alignment process. Hence, the

10 mm cuvette was selected for subsequent experiments.

For Raman measurements, it is unlikely that such high transmissions were actually at-

tained since the scattered light could not be focused as tightly (ca. 0.8 mm 1
e2 diameter)

as the probe laser beam (ca. 0.2 mm diameter). Another notable di�erence is that, the

scattered light projects a line within the Kerr gate medium, due to the beam traversing

the ca. 3 mm thick �ow-cuvette sample, as can be seen by a beam pro�ler image shown

in Fig. 3.18.
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Figure 3.17: Maximum Kerr gate transmission using the Kerr gate medium benzene
with cuvette thicknesses 1 mm, 2 mm and 10 mm Hellma Optik (Hellma Optik, 100-QS).

Figure 3.18: Beam pro�le image at the position of the Kerr medium. The Raman
scattered light is indicated by an oval dashed red line measuring 0.8 x 4 mm. This
scattered light originates from the left side upon entrance into the Raman sample, with
the absorption along the pathlength seen from the diminished signal towards the right.
The Kerr pulse, with approximately a 1 mm beam diameter, is marked by a blue dashed
circle.
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Dimerization

It was important to address the known dimerization phenomenon (photochemical side

reaction) for resonance Raman spectroscopy at the 1La state. Figure 3.19 presents the

(summed) �uorescence signal for 376 nm excitation using a 2 L reservoir in the �ow

system containing anthracene (1.3 mM) in acetonitrile over a 17-hour exposure period.

The decline in �uorescence signal indicates the occurrence of dimerization reactions and

subsequent losses, as the anthracene dimers are not in electronic resonance with the

Raman excitation beam. Typically, measurement durations for the 1.3 mM solution

were approximately 1-6 h per measurement. The linear decrease in �uorescence suggests

that roughly 0.8% of anthracene converts to dimers every hour for a fresh solution. To

minimize unnecessary UV light exposure between successive measurements, automation

of the measurement process was implemented. At the conclusion of each measurement, all

laser shutters are automatically closed. Furthermore, in most measurements, the solution

at the reservoir was swapped.

Despite these e�orts, the concentration loss of anthracene introduces a systematic error,

which unfortunately cannot be entirely mitigated without resorting to very low concen-

trations that reduce the Raman signal or by increasing the sample volume of the �ow

system to wasteful amounts.

Figure 3.19: Summed and normalized �uorescence signal of anthracene in acetonitrile
(c=1.3 mM, λexc = 376 nm, Iex ≈ 15 mW , ) using the �ow system (2 L reservoir). The
signal over a 17-hour period reveals a decrease in intensity, which is attributed to the
dimerization of anthracene.
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Absorption Spectrum

Before conducting resonance Raman measurements initially the absorbance spectrum of

anthracene dissolved in acetonitrile is examined at the 1La band to determine the ap-

proximate laser excitation wavelengths for UVRR. The absorbance spectrum shown in

Fig. 3.20 has distinct maxima at 376 nm (0-0), 357 nm (1-0), and 339 nm (2-0) due to

vibronic �ne structure. In contrast, the 1Bb state near 250 nm is composed of a single

asymmetric peak.[69] Notably, these maxima are approximately 1400 cm−1 apart. Con-

sequently, if the anthracene molecule is probed, for instance, in UVRR at 357 nm instead

of 376 nm, the Raman scattering is likely to involve a transition to the second quantum

of the vibration in the electronic excited state. Since the 1Bb state possesses an oscillator

strength approximately 30 times larger, to achieve similar Raman intensities, the concen-

tration likely needs to be increased roughly by this factor.[102, 69] For instance, Holtum

et al. utilized a concentration of 0.1 mM, while Efremov et al. employed a concentration

of 0.19 mM. Therefore, in this study, concentrations exceeding 1 mM were utilized.

Figure 3.20: UV absorption spectrum of the 1La vibronic states of anthracene
(c=1.3 mM) in acetonitrile.
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Resonance Raman Measurements

In this thesis, only the resonant Raman signal of the �rst vibronic state 1La(0−0) is inves-

tigated. The rationale behind this choice stems from the absence of lower excited states

expected to be reached below this wavelength. Consequently, vibrational coupling to

other excited states should reduce considerably on the lower wavelength side, simplifying

the interpretation. Additionally, the Raman light is less susceptible to reabsorption owing

to the red shift of the Raman signal below the absorption band. However, the primary

drawback of this choice is that it involves the greatest level of �uorescence background

within the Raman signal.

Measurements using 376 nm Raman excitation with a high concentration of 15 mM are

shown in Fig. 3.21 to illustrate the typical spectra observed using the Kerr gate. The

spectrum, obtained when the Kerr gate pulse is synchronized with the Raman scattered

light pulse (∆t = 0), is represented by the black curve. However, even with Kerr gating,

the resultant spectrum is largely masked by a �uorescence contribution, with only a few

Raman peaks barely discernible.

Additionally, a signal is recorded with the Kerr gate pump blocked, shown by the green

curve, which exhibits a considerable reduction in �uorescence signal. This observation

suggests that the majority of the �uorescence is gated with the Raman signal by the Kerr

gate pulse (factor of ca. 2.7). The predominate contribution to this �uorescence signal can

therefore be attributed to the relatively short �uorescence lifetime of anthracene, which is

approximately 6 ns.[103] Estimating the maximum possible �uorescence rejection (without

Kerr gate leakage) can be done using the formula proposed by Everall et al. as follows:

fk = (1− e
− τg

τf )−1 = (1− e−
2.6 ps

6000 ps )−1 = 2300.[65]

Consequently, temporal �ltering of the scattered signal cannot e�ectively suppress this

type of �uorescence without resorting to shorter excitation pulses. Adjusting the pulse

duration was however not feasible with the existing setup.

Therefore, a unique approach was adopted to retrieve the Raman spectrum from the

overwhelming �uorescence. The red curve in Fig. 3.21 depicts the spectrum following a

delay slightly longer than one pulse duration (∆t = 3 ps). In this case, the �uorescence

signal displays comparable spectra, albeit slightly higher compared to ∆t = 0 ps however,

no Raman peaks are Kerr-gated. The higher signal at ∆t = 3 ps can be attributed to the

rise time of �uorescence, which has not yet reached its maximum within the picosecond

time scale. This forward delayed signal is utilized as a reference for reconstructing the

Raman spectrum by dividing it with the Raman-synchronized signal (∆t = 0 ps).
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Figure 3.21: The Kerr-gated spectrum, depicted in black, illustrates the signal where
the Kerr pulse is synchronized (△t = 0) with the Raman signal of the sample (15 mM
anthracene in acetonitrile). The red curve represents the spectrum with an additional
forward delay of △t = 3 ps. Finally, the green spectrum depicts the signal with the Kerr
pulse blocked, representing the leaked signal passing through the Kerr-gate polarizers.

Since both spontaneous �uorescence IF and spontaneous Raman IRaman signals are in-

coherent, the spectrum observed at ∆t = 0 ps is the sum of these two signals. On the

otherhand, the signal at ∆t = 3 ps consists (almost) solely of �uorescence. Consequently,

upon dividing the two spectra, the resultant spectrum Sref,div(λ) is as follows:

Sref,div(λ) =
I(0 ps)− Ileak
I(3 ps)− Ileak

(3.4)

∼(IRaman(λ) + IF (0 ps, λ))
IF (3 ps, λ)

(3.5)

=
IR(λ)

IF (3 ps, λ)
+

IF (0 ps, λ)
IF (3 ps, λ)

(3.6)

⇒IRaman(λ) ∼
(
Sref,div(λ)−

IF (0 ps, λ)
IF (3 ps, λ)

)
· IF (3 ps, λ). (3.7)

The use of this relation will be demonstrated using the measurement of anthracene in

acetonitrile (15 mM) at λexc = 376 nm. Initially, it is shown that the �uorescence signals

at ∆t = 0 ps and ∆t = 3 ps roughly match in their spectral intensity pro�le. For this, the

spectrum I(3 ps)−Ileak is scaled by a factor determined from a wavenumber devoid of any
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Raman peak (approximately 1500 cm−1) to equalize it with the spectrum I(0 ps)− Ileak

(see Fig. 3.22). Upon applying this scaling factor, the spectra largely overlap.

Figure 3.22: The left �gure illustrates the subtraction of the polarizer leakage signal
from the two delayed Kerr-gate signals. On the right, the signals are nearly overlapped
after scaling the signal with a Kerr pulse delay of 3 ps (factor 0.71).

Following this, the Raman signal is extracted based on Eq. 3.7. Figure 3.23 presents

the divided spectrum of I(0 ps) − Ileak and I(3 ps) − Ileak, with a 20-point Savitzky-

Golay (2nd order polynomial) smoothing applied. Each CCD pixel corresponds roughly

to 1 cm−1. The spectrometer slit had to be kept relatively wide (ca. 0.2 mm) in order to

obtain su�cient signal which was reduced from the transmission losses of the Kerr gate.

Therefore, most peaks observed in this study exhibited an FWHM of > 20 cm−1 and the

spectral resolution was therefore not a�ected by the smoothing operation.

Notably, a gradient persists in the spectrum, possibly arising from GVD synchronization

e�ects or, alternatively, it could be attributed to slight changes in the time-dependent

�uorescence spectrum occurring in the �rst picoseconds (picosecond time-resolved �u-

orescence represents another important application of a Kerr gate).[104] However, the

majority of the remaining signal now consists of the Raman peaks. Subsequently, the

gradient, i.e., the baseline, is manually subtracted using a spline function between the

Raman peaks representing the ratio IF (0 ps,λ)
IF (3 ps,λ) in Eq. 3.7 (shown in black on the right side

of Fig. 3.23). This spectrum depicted in black on the left side of Fig. 3.23 is then scaled

by IF (3 ps), which adjusts the Raman intensities (blue spectrum).

This spectrum of anthracene in acetonitrile (15 mM) at λexc = 376 nm is shown again

in Fig. 3.24 and will be discussed initially since the singal is larger in comparison to the
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Figure 3.23: On the left side, the two measurements I(0 ps) and I(3 ps) are divided and
subjected to manual background subtraction (indicated by the subtracted spline function
displayed as a red dashed line). On the right side, the manually background-subtracted
spectrum is depicted in black. This spectrum is then (re)multiplied by I(3 ps) to obtain
the �nal Raman spectrum, as shown in blue.

more dilute measurements shown later. Most of the prominent bands visible in this �n-

gerprint region are recognized as totally symmetric modes, such as 1165 cm−1, 1260 cm−1,

1405 cm−1, and 1560 cm−1. In prior research, Holtum et al. identi�ed these modes at

1162 cm−1, 1259 cm−1, 1405 cm−1, and 1561 cm−1 while Efremov et al. observed these

Raman peaks at 1146 cm−1, 1237 cm−1, 1406 cm−1, and 1552 cm−1.[102, 69]

The interpretation of the Raman peak detected near 785 cm−1 poses a challenge. It is most

probable that this Raman peak corresponds to the one observed for anthracene around

755 cm−1, a typically intense totally symmetric ring-breathing mode.[102, 69] However,

notably, its relative intensity compared to the prominent mode at 1405 cm−1 would be

signi�cantly diminished compared to spectra observed at the 1Bb resonance. Additionally,

the Raman peak at 785 cm−1 appears to have an asymmetric lineshape tending towards

higher wavenumbers exactly opposite to the peak found at 755 cm−1 for the 1Bb resonance

(refer to Fig. 3 in [69]).

The resonance Raman study on anthracene in methanol by Efremov et al. presents an

alternative explanation for the observed wavenumber shift.[102] They observed a small

secondary peak at 786 cm−1 for 1Bb excitation at 244 nm; this peak was assigned to the
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�rst overtone of the anthracene ring-breathing mode at 387 cm−1. Yet, if the observed

mode here was this overtone, a puzzling aspect would arise as to why the usually much

more prominent fundamental at 755 cm−1 is completely absent in the spectrum.

Additional peaks appear in the typically silent region of non-resonant Raman spectra

at 1805 cm−1, 1960 cm−1 and 2030 cm−1, indicating that these peaks may belong to

overtones or combination modes. The mode at 1805 cm−1 closely resembles the spectral

position at 1789 cm−1, which was assigned as a combination mode of ag+b1g symmetry by

Holtum et al..[69] Notably, this peak exhibits signi�cant intensity in this spectrum with
1La excitation compared to measurements conducted with excitation at 1Bb.[102, 69]

The origins of the other two modes in the silent region, 1960 cm−1 and 2030 cm−1,

remain unclear. The presence of the intense combination peak at 1805 cm−1 suggests

that Herzberg-Teller vibronic coupling via the C-term could play a signi�cant role.

For wavelength tuning, it is very useful to have a non-resonant solvent peak as an internal

standard in the spectrum for intensity normalization to compare the magnitudes at dif-

ferent excitation wavelengths. To be able to clearly observe such a peak, measurements

at a lower concentration of 1.3 mM were subsequently conducted. Furthermore, at the

lower concentration, due to the squared concentration dependence of dimerization reac-

tions, signi�cantly fewer molecules will dimerize at this lower concentration. However, this

is partially counteracted by the reduced signal, which necessitates longer measurement

durations, thereby increasing exposure to UV radiation. Fortunately, the blue-shifted ab-

sorption spectrum of the generated photodimers indicates that their Raman signal is not

resonantly enhanced. Hence, their in�uence on the Raman spectra should solely reduce

the intensity of the anthracene Raman signal relative to the solvent signal.[105]

A comparison for a repeated measurement with 376 nm excitation at a concentration of

1.3 mM is presented in Fig. 3.25.

As expected, the spectrum at the reduced concentration of 1.3 mM is nearly identical

to that of the 15 mM solution. However, due to the decrease in the relative signal of

anthracene compared to the solvent, the solvent peak at 920 cm−1 becomes much more

pronounced. Additionally, the asymmetric solvent peak at approximately 1380 cm−1 from

acetonitrile now overlaps with the largest anthracene peak at 1405 cm−1, resulting in a

shoulder. A non-resonant measurement using the 1.3 mM anthracene sample at 410 nm,

which shows only the solvent peaks, indicates that this contribution is relatively minor

compared to the intensity of the anthracene Raman peak at 1405 cm−1 (see red curve

in Fig. 3.25). The combination mode at 1805 cm−1 shows somewhat of a reduction in

magnitude possibly due to a di�erence in Kerr pulse synchronization. Furthermore, the

additional peaks observed near 2000 cm−1 are almost unobservable.
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Figure 3.24: A Kerr-gated UV resonance Raman spectrum of anthracene in acetonitrile
(15 mM) for a Raman excitation at 1La(0 − 0) (376 nm) (integration time: 200 s). The
theoretically predicted symmetries are shown as reported by Holtum et al. [69]. The
peak positions observed within 5 cm−1 are: 785 cm−1, 1025 cm−1, 1165 cm−1, 1260 cm−1,
1405 cm−1, 1560 cm−1, 1650 cm−1, 1805 cm−1, 1960 cm−1 and 2030 cm−1.

Figure 3.25: Comparison between the Kerr-gated UV resonance Raman spectra with
15 mM (integration time: 200 s) and 1.3 mM (integration time: 6000 s) anthracene con-
centrations in acetonitrile for laser excitation at 376 nm. Additionally, the non-resonant
Raman spectrum with 410 nm excitation is shown in red, which only displays the ace-
tonitrile solvent peaks (marked with a star).
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Next, the Raman excitation pro�les for the observed modes between 700−1800 cm−1 were

taken at the 1La(0 − 0) transition with a tuning range of 366 − 386 nm using the more

diluted concentration of 1.3 mM. This allows using the clearly visible acetonitrile solvent

peak observed at 920 cm−1, which is una�ected by resonance enhancement and can thus

be used for normalizing the Raman intensities. This normalization should also remove

the ω4 frequency dependency of Raman scattering to obtain values that are proportional

to the transition polarizability. In these measurements, the sample solution was replaced

for each measurement to retain similar anthracene concentrations and reduce the impact

of photodimerization.

These subsequent measurements, are depicted in Fig. 3.26 and will undergo quantita-

tive analysis. However, in some cases for these measurements with lower concentration

acquisition times needed to be very long to obtain su�cient SNR (up to 7 hours per

measurement). As a result, the measurement Ileak was omitted. Instead, this value was

set to the dark counts of the CCD (ca. 600 counts), and only two measurements (I(0 ps)

and I(3 ps)) were collected. Integration times varied between 6000 s (1 h and 40 min) up

to 24000 s (6 h and 40 min) depending on the available signal which may have impacted

the concentrations for each measurement due to additional photodimerization.

The Raman excitation pro�les were deduced by extracting the intensity (peak height) of

each anthracene Raman peak utilizing a Gaussian �t and normalizing these to the maxi-

mum measured intensity in the tuning series. In addition for the Raman excitation pro�le

of the peak at 1405 cm−1, the solvent signal from the overlapping acetonitrile peak at the

same wavenumber position was subtracted, employing the non-resonant measurement at

410 nm. The resulting pro�les are depicted alongside a normalized absorption spectrum

(dashed) in Fig. 3.27 for analysis.
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Figure 3.26: Resonance Raman spectra of anthracene (1.3 mM in acetonitrile) recorded
at the resonance 1La(0 − 0) between 366 − 386 nm, the corresponding excitation wave-
length in nanometers is shown on the right side next to each spectrum. The non-resonant
spectrum with 410 nm Raman excitation is additionally included at the very top. Mea-
surements were conducted with 6000-24000 s (100 - 400 min) integration time. Prior to
each measurement, the sample solution was replaced.
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Figure 3.27: Raman excitation pro�les of six modes of anthracene at the 1La(0 − 0)
band. The pro�les were derived by normalizing the peak heights from the Raman spectra
depicted in the tuning series in Fig. 3.26. The pro�les are shown alongside the normalized
absorption spectrum of anthracene in acetonitrile (dashed black).
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Firstly, the two peaks corresponding to totally symmetric ag Raman modes, at 1260 cm−1

(yellow in the bottom part of �gure) and 1405 cm−1 (green), exhibit Raman excitation

pro�les roughly correlated to the absorption spectrum. The correlation to the absorption

spectrum particularly seen after the intensity peak at 376 nm is possibly due to A-term

scattering on the 1La band. Additionally, most pro�les except for the peak at 1165 cm−1

(red) demonstrate an additional intensity peak around 370 nm, corresponding to a minor

shoulder in the absorption spectrum. This observation is most notable for the Raman peak

at 785 cm−1 (black), which solely exhibits this intensity peak. Furthermore, the Raman

peak at 1025 cm−1 (blue) belonging to a non-totally symmetric mode b2g, appears to

increase with shorter wavelength excitation without any signi�cant intensity peaks. The

�uctuating pro�le of this peak can be attributed to its relatively low magnitude, resulting

in a low signal-to-noise ratio. Given that this Raman peak belongs to a non-totally

symmetric vibration, it is likely unable to acquire intensity through A-term or C-term

scattering which may be responsible for the intensity peaks in other pro�les since these

terms only include the electronic transition dipole moment of a single electronic state as a

pre-factor. The mode corresponding to this peak, as well as the peak originating from the

totally symmetric modes at 1165 cm−1, likely derive intensity from higher excited states

below the shortest wavelength utilized in the tuning series (366 nm).

The peak in Raman intensity below the absorption maximum at 370 nm, particularly

for the Raman peak at 785 cm−1, which completely disappears below 380 nm, implies

the presence of an additional excited state at 370 nm that is not clearly visible in the

absorption spectrum. One plausible explanation is that this state corresponds to the

forbidden 1Lb state known to exist in anthracene. Here, there would need to be a selection

rule at play, necessary to explain the disparity between the pro�le of the Raman peak at

1405 cm−1, which only peaks at 376 nm and that for the Raman peak at 785 cm−1 which

only peaks at 370 nm.

Another potential explanation is that the 785 cm−1 Raman peak could be attributed to a

di�erent molecule, perhaps the anthracene dimer. However, based on the Raman excita-

tion pro�les of other Raman peaks, it appears that all of anthracene's totally symmetric

modes particularly the 1560 cm−1 Raman peak, are enhanced at 370 nm, which makes

this interpretation less probable.

A-term scattering by itself may be insu�cient to fully explain the excitation intensity

pro�le of the 785 cm−1 peak since there appear to be at least two contributions one

that is broad at wavelengths above 371 nm and one that is sharp below. A possible

interpretation that explains the broad contribution seen below 370 nm is that there are

additional vibronic B-term transitions between the 1La and 1Lb bands.
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The signal increase of the 785 cm−1 peak may be even more signi�cant if reabsorption of

the Raman-scattered light inside the sample were to be taken into account. For instance,

under 366 nm excitation, the Raman peak at 785 cm−1 is clearly a�ected by reabsorption

from the anthracene sample due to its Raman signal wavelength at 376 nm which should

reduce its intensity. The same, however, should apply similarly to the adjacent internal

reference acetonitrile peak at 920 cm−1; for this reason, the Raman excitation pro�le of

the 785 cm−1 peak should be re�ected well. However, other modes at higher wavenumbers

may become overestimated for shorter wavelengths. For instance, the slight elevation of

the Raman peak at 1560 cm−1 under excitation below 368 nm could be attributed to

reabsorption.

To analyze the impact of reabsorption, �uorescence measurements were conducted for a

greatly diluted concentration of 0.1 mM. According to the Beer-Lambert law, by reducing

the concentration by a factor of ca. 10, transmittance through the sample increases by

e10−1 ≈ 8000, thus for this signi�cantly diluted concentration reabsorption of �uorescence

can be disregarded.

Figure 3.28 illustrates a comparison of �uorescence signals between the diluted anthracene

sample and the reference I(3 ps) (1.3 mM) at two wavelengths (366 nm and 380 nm). It's

noteworthy that the diluted sample spectra were acquired by only slightly adjusting the

analyzer polarizer of the Kerr gate o� perpendicular (opening the Kerr gate) to facilitate a

good comparison with the �uorescence observed in the Kerr-gated Raman measurements.

As expected at 380 nm, the �uorescence spectra exhibit substantial overlap, indicating

that reabsorption has negligible impact on the relative magnitudes of the resonance Ra-

man spectra. Conversely, at 366 nm, a slight di�erence between the spectra is observed.

However, the spectra remain comparable, likely since excitation was conducted at the

very edge of the cuvette toward the collection lens, thereby minimizing the re-absorption

path length.

Finally, to investigate the possibility that the Raman peaks at 1260 cm−1,1405 cm−1,

1560 cm−1 and possibly also 1165 cm−1 representing totally symmetric modes, exhibit

signi�cant resonance Raman scattering of Franck-Condon type (A-term) under 1La ex-

citation, a polarization-resolved Raman measurement was conducted at 381 nm. The

choice of employing 381 nm as excitation wavelength is motivated by the lower likelihood

of vibronic coupling with higher excited states when compared to shorter wavelength

excitation.

Obtaining the depolarization ratio should only require the use of a half-wave plate (B-Halle

300-470 nm achr. L), to rotate the excitation beam polarization into the perpendicular

position. However, my search across the literature yielded no instances of this combination
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Figure 3.28: Comparison of normalized �uorescence spectra between a diluted an-
thracene sample (red) and the reference utilized for extracting the resonant Raman signal
I(3 ps) under two excitations: 366 nm (left) and 380 nm (right).

being utilized. Therefore, an initial test measurement was conducted, as illustrated in

Fig. 3.29, using cyclohexane to validate the capability of performing polarization-resolved

measurements utilizing a Kerr gate.

The measurement reveals the three known depolarized modes at 1025 cm−1, 1270 cm−1

and 1460 cm−1, exhibiting depolarization ratios close to the expected value of 0.75.[106]

Furthermore, the extinction of the single polarized mode at 802 cm−1 is also observable

for perpendicular polarization of the Raman excitation.

The polarization-resolved resonance Raman measurements of anthracene, at an excitation

wavelength of 381 nm for both parallel and perpendicular polarizations, are shown in

Fig. 3.30.

The calculated depolarization ratios, derived from the Raman peak heights from Gaussian

�ts, are indicated above each peak. As anticipated, the acetonitrile polarized band at

920 cm−1 is nearly absent under perpendicular excitation.[107]

For A-term scattering in anthracene, a depolarization value of ρ = 1/3 ≈ 0.33 is expected

since the electronic resonance for the 1La state only occurs over a single axis.[52, 108]

Interestingly, all Raman peaks corresponding to vibrational modes with ag symmetry

approximately exhibit this value, notably 1165 cm−1 (ρ =0.3), 1260 cm−1 (ρ =0.35),

1405 cm−1 (ρ =0.34) and 1560 cm−1 (ρ =0.27).
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Figure 3.29: Depolarization measurements carried out on cyclohexane to evaluate the
e�cacy of employing the Kerr gate in depolarization measurements. The Raman signal
under parallel polarized excitation (λexc = 381 nm) is depicted by the blue curve, while
the signal under perpendicular excitation is represented by the red curve.

Figure 3.30: Kerr gate resonance Raman spectra of anthracene in acetonitrile (1.3 mM)
with λexc = 381 nm obtained using excitations with either parallel (blue) or perpendicular
(red) polarization, to determine Raman depolarization ratios.
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Two modes that clearly deviate from this criterion are those at 1025 cm−1 and 1650 cm−1,

displaying depolarization ratios close to unity (0.85 and 1.04). The former being a b2g

mode and the latter an ag + b1g combination mode, are therefore expected not to exhibit

A-term scattering. Their depolarization ratios exceeding 0.75 are not atypical in resonance

Raman scattering with vibronic coupling and signify antisymmetric tensor properties.[52]

These polarization-resolved UVRR measurements also underscore the necessity to include

the depolarization ratio in theory when comparing Kerr-gated Raman data to simulated

Raman magnitudes. These magnitudes can be derived either through summing over

vibrational levels as was described in the theoretical section or by employing the typically

more e�ective time-domain approach using TDDFT.[109]
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3.2.1 Conclusion: Resonance Raman Study of the Anthracene

1La state

The application of the Kerr gate �uorescence suppression technique has enabled the ob-

servation of resonance Raman scattering in the �rst vibronic transition of the 1La state of

anthracene (in acetonitrile) with excitations ranging between 366− 386 nm. For at least

two Raman peaks representing totally symmetric ag modes at 1260 cm−1 and 1405 cm−1

the Raman magnitudes are maximized at the anthracene 1La(0−0) absorption maximum

(376 nm) which might indicate Franck-Condon (A-term) resonance Raman scattering with

the 1La state. However other modes feature an additional maximum at 370 nm.

Most notably a Raman excitation pro�le largely uncorrelated from the absorption spec-

trum is seen for a peak observed at approximately 785 cm−1. The intensity of this

Raman peak sharply increases at 370 nm, well below the anthracene absorption maxi-

mum at 376 nm. This peak may correspond to a totally-symmetric ag ring breathing

mode of anthracene previously reported at 760 cm−1.[102, 69] The spectral resolution in

these measurements was possibly compromised due to the extensive �uorescence removal

necessary, potentially causing a shift in wavenumber positions. Alternatively to explain

the wavenumber shift this Raman peak may actually correspond to the �rst overtone of

another anthracene ring-breathing mode previously seen at 786 cm−1.[102]

One possibility is that this Raman peak gains intensity only through interactions with

the negligibly absorbing state 1Lb while Franck-Condon transitions to the 1La band are

forbidden. This interaction could proceed directly through A-term transitions over 1Lb

or alternatively via the C-term over 1La , both of which would not include the electronic

transition dipole moment of the 1La band as a pre-factor.

In gas-phase molecular spectroscopy, the 1Lb band of anthracene is anticipated to be

approximately 4.5 nm blue-shifted compared to 1La.[110] This distance in wavelength is

comparable to the 6 nm-shifted Raman excitation pro�le of the 785 cm−1 Raman peak

in this study. The observation that the vibrational mode corresponding to the 785 cm−1

Raman peak has a strong interaction with the 1Lb state would be in line with supersonic

jet-cooled �uorescence measurements on anthracene, which showed that the ring-breathing

mode detected at 748 cm−1 in anthracene, in addition to all other ag detected modes with

lower wavenumbers (232 cm−1 and 540 cm−1 ), possess an extended radiative lifetime in

�uorescence.[111] This was interpreted by Zilberg et al. as an indication of coupling to a

long-lived more forbidden state.

A possible explanation for a potential selection rule e�ect between di�erent vibrational

modes interacting with distinct electronic states can be found in a prior computational in-
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vestigation conducted by Chen et al..[112] They assessed the di�erence of energy between

the equilibrium ground state geometry upon initial excitation and that of the equilibrium

excited state geometry, denoted as λ = En(Q
eq
0 )−En(Q

eq
n ), for each normal mode in naph-

thalene. This energy di�erence, known as reorganization energy, is linked to the vibronic

coupling strength. The study revealed that a ring-breathing mode at 792 cm−1 is unique

whereby reorganizational energy predominates for the1Lb state, in contrast, most other

normal modes, particularly the C-C stretching modes, display large reorganization ener-

gies for the 1La state. Though a similar normal mode decomposition was not performed

for anthracene, it's noteworthy that these calculated reorganization energies exhibit a

pattern that could explain the Raman excitation pro�les observed in this study. In this

explanation, linking variations in observed Raman intensity to vibronic coupling strength

discrepancies for vibrational modes, it appears that the spikes in the Raman excitation

pro�les are more plausibly attributed to C-term Raman scattering contributions rather

than A-term contributions which should be independent to vibronic coupling. Given the

known signi�cance of the C-term, especially in relation to the �rst overtone of Raman

modes for excitation with forbidden states, this appears reasonable.[51]

For the exact 1La(0−0) resonance condition at 376 nm excitation, the combination mode

ag + b1g recorded at 1805 cm−1 was observed. Additionally, two unknown Raman peaks,

possibly representing further combination modes or overtones, were observed at 1960 cm−1

and 2030 cm−1.

An increase in Raman intensity for shorter wavelengths is observed for the Raman peak at

1025 cm−1, representing a mode of b2g symmetry (C-H bending).[69] The intensity of this

peak is likely derived from B-term transitions involving vibronic coupling with even higher

excited state(s) than 1Lb. This could occur over the strongly allowed but energetically

much more distant 1Bb (B1u) state.

In the wavenumber range between 800− 1800 cm−1 the resonance Raman depolarization

investigation with excitation at the longer wavelength side of the 1La(0 − 0) resonance

(381 nm) showed that all ag assigned Raman peaks seen for 381 nm excitation namely,

1165 cm−1, 1260 cm−1, 1405 cm−1 and 1560 cm−1 have depolarization ratios close to

the expected value of 1/3 for Franck-Condon resonance Raman scattering. On the other

hand, the Raman peaks at 1025 cm−1 and 1650 cm−1 exhibited depolarization values near

unity.
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3.3 Heterodyne CARS-ROA of Pinene and MOM-BINOL

The �rst goal in the heterodyne CARS-ROA experiments was to validate our setup, which

di�ers in several aspects from the one shown by Hamaguchi and co-workers [80, 81], the

CARS-ROA experiments with both β-pinene enantiomers were initially replicated.

A major deviation in our set-up was the signi�cantly shorter femtosecond Stokes pulse

duration, contrasted with the picosecond white light pulse utilized by Hamaguchi and co-

workers. These shorter pulses lead to higher peak powers, despite lower average powers

being employed. In the subsequent experiments, average powers �uctuated but typically

remained between 1-3 mW for the pump and 5-10 mW for the Stokes pulse. This yields a

maximum �uence of approximately 0.25 J
cm2 and peak power density of ∼ 5·103 GW

cm2 at the

sample. Conversely, Hamaguchi and co-workers employed a combined pump and Stokes

power of 120 W, with a 25 kHz repetition rate and a 400 ps pulse duration, which leads to

a higher �uence of ca. 2 J
cm2 yet a substantially lower peak power of ∼ 5 GW

cm2 . Generally,

higher peak intensities in the Stokes pulse are advantageous for measuring CARS since the

signal increases linearly with intensity; however, it is important to consider the potential

involvement of additional interfering nonlinear e�ects. Another di�erence is that the

NOPA-generated Stokes pulse in our setup is much less spectrally uniform than that of

white light (see Fig. 3.31). Therefore, the CARS-ROA data should ideally be divided with

a four-wave-mixing reference without Raman resonances (such as water). This division

allows a better comparison of the magnitudes of Raman peaks with that of linear ROA

spectra.

After conducting several initial tests with β-pinene, the heterodyne-detected CARS-ROA

technique was then applied to the chiral compound MOM-BINOL, which is the precursor

of a chiral organocatalyst, dissolved in a DCM solution. Many key results of this study

on CARS-ROA have been published in a recent manuscript from our group.[15]
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Figure 3.31: The NOPA-generated Stokes pulse spectra for λStokes = 700 nm (black) and
λStokes = 720 nm (red). The FWHM is 35 nm and 39 nm, respectively; this corresponds
to a CARS wavenumber range of 725 cm−1 and 750 cm−1 with λpump = 670 nm.

3.3.1 Enantiomers of β-pinene

The two pinene enantiomers are examined with the Stokes pulse tuned to ca. 710 nm,

allowing for the detection of the three largest known forward-scattering CARS peaks at

640 cm−1, 716 cm−1 and 765 cm−1.[80] Figure 3.32 displays the two CARS measurements

with the analyzer positions at θ1 = ±0.35, including the di�erence spectrum, i.e., the

heterodyne-CARS-ROA spectrum. Notably, the acquisition time for each of the two

subtracted spectra was only 5 seconds. As anticipated, the di�erence spectrum exhibits

a bisignate ROA signal. It is also evident that most of the CARS-NRB is being canceled

out.

The top section of Fig. 3.33 shows the raw CARS-ROA spectra of both enantiomers under

nearly the same measurement conditions. Unfortunately, the magnitudes for each peak

of the enantiomers di�er signi�cantly, however, the signs are opposite. In particular for

(+)-β-pinene the non-resonant background signals did not cancel out completely, however,

since this background does not contain any sharp features it could be simply manually

background subtracted using a spline function. The background likely originates from

ORD as was previously reported by Hamaguchi et al..[81] The corrected spectra are

shown in the bottom section of Fig. 3.33.
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Figure 3.32: CARS spectra (blue and green) of pure liquid (-)-β-pinene. The CARS-
ROA di�erence spectrum is depicted in black (θ1 = 0.35◦, λpump = 670 nm, λStokes =
710 nm).

While the measurement procedure for obtaining the above CARS-ROA spectra of pinene

was in principle straightforward, in many measurement attempts the alternating signs of

the pinene ROA signal were attenuated or even reversed in sign. Sometimes the correct

ROA signature would no longer be visible in a measurement taken only a few minutes

afterwards.

Subsequently, it was tested if the experiment was sensitive to the focusing condition, for

example, by interference from four-wave-mixing of the cuvette glass walls. However, in

measurements where the focus was set to the forward or backward part of the sample

in the 2 mm cuvette, no overall change in lineshape was observed in the CARS-ROA

spectrum (see Fig. 3.34).

In the end, the most likely suspect for the inconsistencies were spatial variations in the

cuvette-wall material. The fused silica cuvettes from Hellma Optik (100-QS, 100-2-40)

with the beam centered in the lower center portion of the cuvette appeared to perform the

most consistently. One e�ect that may disrupt the measurements is strain birefringence.
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Figure 3.33: The CARS-ROA spectrum of both (-)-β-pinene (black) and (+)-β-pinene
(red). Top section: �Raw� pinene CARS-ROA spectra showing a small hilly background.
The bottom section shows the same spectra after manual background subtraction.[15]

Strain birefringence by its spatial variation could rotate the pump and Stokes beams and

scramble their polarization.[113] It may also be that the wall material has other internal

variations which could lead to problems. One potential solution to avoid this potential

e�ect is to use cuvettes with exceptionally thin walls (< 1 mm).

Next, the e�ect of the analyzer angles on the signal was examined. Figure 3.35 shows the

successful measurements of β-pinene (-) with sets of three angles closer and farther from

the polarizer extinction angle. The CARS-ROA signal increases greatly for the larger

angle of θ = ±0.6◦.
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Figure 3.34: CARS-ROA spectrum of (-)-β-pinene for two focus positions inside the
sample volume (in �forward focus� the focus was set closer towards the analyzer inside the
cuvette). The upper spectra depict the raw CARS-ROA spectra and the lower spectra
have undergone additional background subtraction and normalization. The lower spectra
show that no change in the lineshape can be observed. Note that in this case the magnitude
of the 716 cm−1 peak which should have a negative ROA sign is only attenuated.

Since sin(2θ) ≃ 2θ under the small-angle approximation, a linear increase in signal is

anticipated. This seems to hold true (see right side of Fig. 3.35), except for the 640 cm−1

peak at θ = ±0.6◦, which appears to be an outlier as it is notably broadened.

It also appears that the ROA peaks shift somewhat toward higher wavenumbers for the

largest angle set; this e�ect may be due to a spatial shift of the anti-Stokes beam on the

spectrometer slit from refractive displacement by the analyzer polarizer. The range of

θ values at which the achiral signal overwhelms the chiral signal was not investigated.

Identifying the maximum angle sets is a straightforward route to increase the signal.
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Figure 3.35: CARS-ROA spectra of β-pinene(-) for di�erent analyzer angle sets.

Critical for numerous applications is the capability to detect the ROA signal in instances

where the sample is diluted in an achiral solvent or when multiple chiral samples are

involved. Therefore additional measurements were carried out in which (-)-β-pinene was

mixed with acetone, ethanol and diethylether to yield a very high concentration of 3.2 M

(50% v/v). An intuitive assumption is that the achiral solvent has minimal in�uence on

the spectrum, primarily diminishing the signal as the concentration of the chiral compo-

nent decreases. However, in this heterodyne CARS-ROA experiment, the detected signal

is always a combination of chiral and achiral CARS contributions. Therefore, the achiral

solvent itself also acts as a local oscillator. Hence, the solvent signal can enhance the

chiral signal, but potentially could also cause artifacts in heterodyne CARS-ROA when

diluted. The diluted spectra that were measured are displayed in Fig. 3.36. The con-

centrations converted to mole fractions are 32% for acetone, 27% for ethanol and 40%

for diethylether. The spectra of pinene in acetone and ethanol both exhibit monosignate

pinene peaks with the opposite sign of that of pure (-)-β-pinene. For acetone and ethanol,

the solvent Raman peaks at 770 cm−1 cm and 880 cm−1 become prominently visible in

the CARS-ROA spectrum.
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The spectrum with diethyl ether more closely resembles the original ROA of pure pinene

since the 640 cm−1 and 765 cm−1 peaks have the correct sign and the 716 cm−1 peak is

signi�cantly attenuated. This could be attributed to the slightly larger mole fraction for

the chiral compound or the absence of signi�cant Raman peaks of diethyl ether within

the measured wavenumber range.

Another aspect of the measurements was that the CARS-ROA signal of pinene solutions

showed a similar or higher magnitude in comparison to measurements of pure pinene. This

could indicate, as previously mentioned, that a portion of the signal likely arises from

a new interfering heterodyne term between the two components. However, additional

measurements are required to eliminate possible experimental variabilities. Furthermore,

it would have been quite intriguing to observe whether the monosignate peaks, especially

those for pinene diluted in ethanol, would be reversed in (+)-β-pinene.

Figure 3.36: CARS-ROA spectra of (-)-β-pinene diluted in acetone (top), ethanol (mid-
dle) and diethylether (bottom). The star indicates solvent peaks.
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3.3.2 Enantiomers of MOM-BINOL

CARS-ROA may be applied to observe chiral reactions. As a model compound we selected

the precursors of a chiral organocatalyst. Methoxymethyl-1,1´-Bi-2-naphthol (MOM-

BINOL) is derived from BINOL, a very cost-e�ective chiral compound, and exhibits axial

chirality. Its enantiomers are designated as R and S, wherein the orientation of its two

linked naphthalene groups are twisted in opposite directions (see Fig. 3.37).

Figure 3.37: The structures of the two enantiomers of MOM-BINOL exhibiting axial
chirality.[15]

To minimize the solvent's complicating e�ects, as discussed in the preceding section, a

highly concentrated solution using the solvent DCM was prepared (1.5 g of MOM-BINOL

in 2 ml DCM, equivalent to 2 M).

Figure 3.38 displays the measured (background-subtracted) CARS-ROA spectra of both

R and S enantiomers of MOM-BINOL in the �ngerprint region in blue and green. Both

enantiomers exhibit monosignate peaks of which the signs mirror each other for �ve Raman

peaks (710 cm−1, 1020 cm−1, 1150 cm−1, 1240 cm−1 and 1380 cm−1). Monosignate peaks

of similar positions can also be observed in conventional ROA measurements, wherein

the three corresponding Raman peak positions are detected at 1017 cm−1, 1147 cm−1,

and 1374 cm−1.[15] The observed peaks also seem to align with the expected positions,

although the resolution of the spectra was insu�cient to provide an accuracy greater

than ±5 cm−1. For one outlier at 860 cm−1 where the peaks do not mirror each other

in sign, it is likely that the measurement for (R)-MOM-BINOL was incorrect for this

wavenumber range. Furthermore peaks at 710 cm−1, 1120 cm−1 and 1380 cm−1 are

somewhat wavenumber-shifted between the enantiomers; this behavior further diminishes

the spectral accuracy of the experiment.
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As an important supplement, the CARS-ROA spectrum of the achiral DCM solvent spec-

trum is shown in black. This solvent spectrum does not show signi�cant peaks except

for a minor contribution at 1030 cm−1; notably, DCM already lacks Raman modes of sig-

ni�cant oscillator strength in the measured �ngerprint range. For this reason, the DCM

spectrum is mostly composed of four-wave-mixing and is therefore further used as a ref-

erence to remove the slightly asymmetric Gaussian shape of the Stokes spectrum in order

to normalize the peak magnitudes.

The right side of Fig. 3.39 shows the same spectra of MOM-BINOL divided by the DCM

FWM signal. For the division, a 201 pts Savitzky-Golay smoothing �lter was applied

on the DCM CARS spectrum (black curve on the left side) in order to smooth out the

minute Raman resonances (red curve on the left side). The divided spectra show that the

oscillator strength of the 710 cm−1 and 1380 cm−1 peaks dominate the ROA spectra of

MOM-BINOL, the latter of which belongs to the naphthalene ring stretching mode.[15]

Figure 3.38: CARS-ROA spectra of MOM-BINOL in DCM (2 M, total acquisition time
100 s and θ1 = ±0.65◦, cuvette thickness 1 mm). The observed Raman peak positions are
approximately 710 cm−1, 1020 cm−1, 1150 cm−1, 1240 cm−1.
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Subsequently, the (R)-MOM-BINOL measurements were reiterated at lower concentra-

tions, namely 1 M, 0.5 M, and 0.25 M in DCM, aiming to assess whether the CARS-ROA

spectrum undergoes notable distortion as observed in the diluted spectra of (-)-β-pinene

(see left side of Fig. 3.40). For these concentrations, it can be observed that the spectra

for 1 M and 0.5 M are mostly comparable to the previous measurement carried out at 2 M.

The reason behind the peak at approximately 1150 cm−1 in the 1 M spectrum, showing a

sign reversal, is probably the same as that observed at 860 cm−1 for the 2 M measurement,

given that this signal shows the expected sign for the concentrations of 1 M and 0.5 M.

These Raman peak-speci�c sign reversals demonstrate the sensitivity of the CARS-ROA

technique, a phenomenon also observed in the pinene measurements. Moreover, the 1 M

measurement displays an unusually dispersed lineshape on the lower wavenumber side of

the peak.

On the right side of Fig. 3.40, the Raman peaks were integrated, and each value was

normalized by the maximum value at 1 M. Here the origin serves as a predetermined data

point, as there must be no signal at zero concentration. The dashed line represents the

expected signal if the CARS-ROA concentration dependence was linear; most integrated

signals, in particular for 0.25 M, fall near this line. However, it can be seen that the

decrease in magnitude with concentration is not uniform across all peaks. Due to this high

variation a slightly nonlinear dependence of the CARS-ROA signal with concentration

cannot be ruled out. A nonlinearity in CARS-ROA is expected from the N2 dependence

of the achiral CARS local oscillator from the chiral compound to which the CARS-ROA

signal is linear. The measurements could indicate that the loss of the CARS LO �eld

may be partially counterbalanced by an additional local oscillator (∼ N2χ1111) from the

increased solvent. Additional measurements are warranted due to the signi�cant signal

�uctuations observed as well as the use of only three concentrations in the dilution series.
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Figure 3.39: CARS-ROA spectra of MOM-BINOL in DCM (2 M, total acquisition time
100 s and θ1 = ±0.6◦, cuvette thickness 1 mm)

Figure 3.40: Left graph: CARS-ROA spectra of (R)-MOM-BINOL (background sub-
tracted and divided by DCM reference) in DCM measured at three reduced concentrations
of 1 M, 0.5 M, and 0.25 M (total acquisition time 400 s and θ1 ≈ ±0.6◦, cuvette thickness
1 mm). Right graph: Integrated peaks from spectra vs. chiral sample concentration. The
dotted line represents a linear signal dependency.
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3.3.3 Conclusion Heterodyne-CARS-ROA

The replication of CARS-ROA spectra for enantiomers of a chiral liquid (β-pinene) demon-

strates the feasibility of measuring CARS-ROA using femtosecond Stokes pulses. While

white light excels in capturing a much larger wavenumber range in a single measurement,

a NOPA-based setup can be straightforwardly extended into the UV range by frequency

doubling. UV-CARS-ROA has the potential for a much better contrast ratio between chi-

ral and achiral signals due to the ω5 dependence of the chiral signal compared to the ω4

dependence of achiral CARS. At higher frequencies most molecules become chromophores

and therefore, the resonance e�ect may further improve this contrast ratio.

It is not known to what extent ECD would contribute to a hypothetical CARS-RROA

signal as this e�ect is a major concern for the interpretation of spontaneous RROA

spectra.[114, 115] The resonance enhancement could further improve the detection of

small concentrations in samples. Another goal, initially mentioned by Hamaguchi et al.,

is time-resolved CARS-ROA in a pump-probe scheme, which currently seems unlikely due

to the low concentration of excited molecules, and an already low signal-to-noise ratio for

ground state measurements, without signi�cant signal enhancement from the resonance

e�ect.

Regrettably, the experimental realization of resonance CARS-ROA will likely prove chal-

lenging. This is due to the substantial increase in ORD near resonances. It has already

been observed that ORD signi�cantly impacts the measurements of nonresonant CARS-

ROA, making it likely that an even greater impact would be seen in resonance CARS-

ROA. Theoretical exploration of resonance CARS-ROA can also be anticipated to be

challenging, given its a nonlinear e�ect that involves higher multipole moments.

Heterodyne CARS-ROA was furthermore found to be a very sensitive experiment. For

many spectra, peculiar behaviors were observed, where the signal could reverse its sign

for only a single Raman peak. One possible explanation for this wavelength-speci�c

behavior is that the collinear CARS beam is composed of rings with progressively higher

wavenumbers. As a result, each photon assigned to a speci�c wavenumber travels a

distinct trajectory towards the spectrometer. Consequently, the measurement may be

especially sensitive to any dust accumulated on the optics along the collection path. In

addition to keeping optics clean, another precaution is to minimize the distance between

the analyzer and the spectrometer.

However, based on experience, the cuvette glass wall surfaces are the most likely suspect

to have a signi�cant impact on the spectra, possibly by inducing additional birefringence

which might permit the transmission of achiral signals.
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Regarding dilution, the measurements of diluted pinene showed that solvent peaks can

potentially show up in the CARS-ROA spectrum; this could be caused by a pre-resonance

chiral transfer e�ect between solvent and solute.[114] Further measurements are required

to validate this observation, as potential issues with the sample cell mentioned earlier may

have a�ected the results. Conversely, the measurements of MOM-BINOL suggest that

diluted samples can be measured in heterodyne CARS-ROA without signi�cant change

to line shape. The dilution measurements suggest a possibly linear instead of nonlinear

dependence of concentration on the signal as would typically be expected from a CARS

signal. This could be because the additional local oscillator (LO) from the solvent com-

pensates for the loss of the chiral CARS-generated LO in diluted samples. Such a linear

relationship in concentration is highly important for applications because it also enables

measurements at low concentrations.

One seemingly insurmountable downside for CARS-ROA lies in its proportionality to the

forward scattering CID of spontaneous ROA.[17] An important development for ROA

spectrometers was the transition away from right-angle or forward scattering towards

backward-scattering collection, primarily due to its inherently ca. 8-fold larger ROA

intensity.[116] Backward scattering ROA is especially superior to forward scattering if

the molecule consists predominantly of axially symmetric bonds. In such instances, the

forward scattering CID can be entirely absent.

CARS-ROA on the other hand still presents multiple potential advantages with further de-

velopment. For instance, CARS-ROA requires only linearly polarized light, yields higher

signals, is �uorescence-free and can capture the complete chiral �eld due to the coherent

beam carrying the signal.



Chapter 4

Outlook

Modern pulsed laser systems present many interesting opportunities for exploring the

interplay between vibrational and electronic states. The three experimental techniques

utilized in this thesis � transient absorption, resonance Raman, and chiral nonlinear Ra-

man � can each o�er interesting insights in this regard.

In the case of the transient absorption study of AAP ultrafast dynamics, the impact

of vibrations on the relaxation dynamics was expected to have lesser importance, in

particular at the onset of photoisomerization reactions. However, for non-rigid molecules,

vibrations, such as the ground state vibrations of the arylazopyrazole phenyl ring, can

still exert signi�cant in�uence on electronic forces, which can make itself apparent in

its ultrafast dynamics. It could therefore prove interesting to observe how the ultrafast

dynamics of arylazopyrazole photoswitches change with decreasing temperature.

Resonance Raman spectroscopy with variable laser excitation wavelengths enables the

measurement of Raman excitation pro�les, which are sensitive to vibronic interactions,

thereby potentially providing greater insights into molecular electronic states compared

to conventional absorption spectroscopy. Unfortunately, �uorescence interference often

complicates the measurement of Raman excitation pro�les. To mitigate this, a Kerr gate

can be employed. Yet, even with this method, this study of anthracene necessitated

a unique approach: extracting the Raman signal by contrasting it with a �uorescence

signal that does not contain the Raman signal. In many cases, such an approach might

be deemed excessively time-consuming or result in a signal-to-noise ratio that is too

low. Therefore, spontaneous anti-Stokes Raman scattering or CARS could emerge as

more viable options for acquiring Raman excitation pro�les on the lowest excited state,

especially in situations where gated �uorescence is overwhelming, as evidenced in this

instance. Alternatively, employing shorter Raman excitation pulses in tandem with a

Kerr gate medium which has a faster nuclear response than benzene could mitigate Kerr-

103
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gated �uorescence.

Understanding vibrational coupling interactions may hold particular future signi�cance in

the domain of Raman optical activity where the resonance Raman e�ect can enhance the

typically faint chiral signal. However, employing a Kerr gate for �uorescence suppression

in spontaneous ROA, as exempli�ed with anthracene, would probably be impossible due

to the necessity of detecting circularly polarized light. Therefore, CARS-ROA, inherently

devoid of �uorescence, presents an appealing alternative to leverage the resonance e�ect

in ROA.
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