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Kurzfassung
Im Rahmen dieser Dissertation wurden Methoden der ultraschnellen optischen Spek-

troskopie angewandt, um Photolysereaktionen in der flüssigen Phase zu untersuchen.
Neben molekularen Studien, welche sich mit der stark spin-abhängigen Reaktivität
von Diphenylcarben (DPC) in binären Lösungsmittelgemischen und den Ligandendisso-
ziationsreaktionen von sogenannten CO-freisetzenden Molekülen (CORMs, engl.: CO-
releasing molecules) befassten, war ein wesentlicher Bestandteil dieser Arbeit die Imple-
mentierung und Charakterisierung von Methoden zur Verbesserung und Erweiterung der
Signaldetektion in Aufbauten zur zeitaufgelösten Anrege-Abfrage-Spektroskopie.

Die generelle Annahme, dass es sich bei DPC um ein archetypisches Triplett-
Grundzustands-Arylcarben handelt, wurde kürzlich durch Matrixisolationsstudien in
Frage gestellt. In jenen Untersuchungen offenbarte DPC, eingebettet in Argon-Matrizen,
durch die Modifizierung der Carbenumgebung mit geringen Mengen an Methanol-
Dotiermolekülen, eine bislang unbekannte Reaktivität. Komplementär dazu wurden im
Rahmen dieser Arbeit Messungen in der flüssigen Phase bei Raumtemperatur durchge-
führt. Femtosekundenzeitaufgelöste Anrege-Abfrage-Spektroskopie mit Abfragepulsen
aus dem sichtbaren und ultravioletten Spektralbereich diente dabei zur Aufkläung der
primären Reaktionsprozesse von DPC in Lösungsmittelgemischen. Es zeigte sich, unter-
stützt durch quantenchemische Simulationen unserer Kollaborateure, dass konkurrierende
Reaktionspfade auftreten, welche nicht nur von den Lösungsmittelmolekülen in der unmit-
telbaren Umgebung abhängen, sondern auch von deren Wechselwirkung mit anderen Lö-
sungsmittelmolekülen. Eine ausführliche Analyse, sowohl der Solvatationsdynamiken als
auch der Menge an aufkommenden Intermediaten, bekräftigte die Bedeutung eines Kom-
plexes der durch Wasserstoffbrückenbindung mit einem protischen Lösungmittelmolekül
entsteht — in auffallender Ähnlichkeit zu Komplexen die bei kryogenen Temperaturen
gefunden wurden.

Das Abfragen der transienten Absorption eines Moleküls im mittleren Infrarot wird
durch die hohe chemische Spezifität von molekularen Schwingungssignaturen begün-
stigt. Um dieses spektrale Fenster zu untersuchen, bietet die CPU-Methode (engl.:
chirped-pulse upconversion) eine vielversprechende Alternative zur konventionellen di-
rekten Mehrkanal MCT-Detektion. Daher widmet sich ein Kapitel dieser Arbeit einem
direkten Vergleich der beiden Detektionsmethoden. Im Rahmen eines exemplarischen
Anrege-Abfrage-Experiments zeigte sich, dass die zusätzliche nichtlineare Wechselwirkung
zu einem erhöhten Rauschniveau bei der Verwendung der CPU-Technik führt. Dennoch
konnte eine Korrekturprozedur erfolgreich getestet werden, die es ermöglicht, jene zu-
sätzlichen Rauschbeiträge, die durch Fluktuationen der fundamentalen Laserstrahlung
hervorgerufen werden, zu entfernen. Am wichtigsten für eine Vielzahl spektroskopischer
Anwendungen ist jedoch, dass die CPU-Technik auf Grund der hohen Pixel-Anzahl mo-
derner CCD-Kameras mit einer signifikant erhöhten Detektionsbandbreite punkten kann.

Für biologische Anwendungen besteht steigendes Interesse an Molekülen zur kontrol-
lierten Verabreichung von Gasotransmittern wie Kohlenstoffmonoxid (CO) oder Stick-
stoffmonoxid (NO). Vielversprechend sind hierbei Übergangsmetallkomplexe, welche in
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der Lage sind, jene kleinen Signalmoleküle nach Photoanregung freizusetzen. Den-
noch ist nur sehr wenig über die charakteristischen Zeitskalen der Ligandendissozi-
ation in dieser Molekülklasse bekannt. Daher wurden im Rahmen dieser Arbeit
zwei Komplexe mit Femtosekundenzeitauflösung untersucht: [Mn(CO)3(tpm)]Cl mit
tpm = tris(2-pyrazolyl)methane, ein Mangankomplex mit drei Carbonylliganden, desses
selektive und zytotoxische Wirkung gegenüber Krebszellen nachgewiesen ist, und
[Mo(CO)2(NO)(iPr3tacn)]PF6 mit iPr3tacn = 1,4,7-triisopropyl-1,4,7-triazacyclononane,
ein Molybdänkomplex, der sowohl CO- als auch NO-Liganden enthält. Mit Hilfe von
Anrege-Abfrage-Spektroskopie in verschiedenen spektralen Bereichen, unterstützt durch
quantenchemische Berechnungen und lineare Absorptionsspektroskopie, konnte gezeigt
werden, dass beide Komplexe jeweils einen CO-Liganden innerhalb der ersten Pikosekun-
den nach UV-Anregung abspalten können. Die Ergebnisse ergänzen bestehende Studien,
welche die Ligandenfreisetzungseigenschaften der Moleküle unter Langzeitbelichtung un-
tersuchten. Die zusätzliche Information – gewonnen auf der ultraschnellen Zeitskala –
ermöglicht ein umfassendes Verständnis der einzelnen Reaktionsschritte, welche mit der
Ligandendissoziation in dieser Molekülklasse verbunden sind. Daher könnten die Stu-
dien neue Anreize zur Entwicklung modifizierter Moleküle schaffen, welche für spezifische
Anwendungen geeignet sind.
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Abstract

Within the framework of this thesis, photolysis reactions in the liquid phase were inves-
tigated by means of ultrafast optical spectroscopy. Apart from molecular studies dealing
with the highly spin-dependent reactivity of diphenylcarbene (DPC) in binary solvent
mixtures and ligand dissociation reactions of so-called CO-releasing molecules (CORMs),
special emphasis was put on the implementation and characterization of methods improv-
ing and extending the signal detection in conventional pump–probe transient absorption
setups.

The assumption of DPC being an archetypal triplet-ground-state arylcarbene was re-
cently questioned by matrix-isolation studies at low temperatures. DPC embedded in
argon matrices revealed a hitherto unknown reactivity when the carbene environment
was modified by small amounts of methanol dopant molecules. To complement these
findings with liquid-phase experiments at room temperature, femtosecond pump–probe
transient absorption spectroscopy with probing in the visible and ultraviolet regime was
employed to unravel primary reaction processes of DPC in solvent mixtures. Supported
by quantum chemical simulations conducted by our collaborators, it was shown that a
competition between the reaction pathways occurs that not only depends on the solvent
molecule near-by but also on its interaction with other solvent molecules. In-depth anal-
ysis of the solvation dynamics and the amount of nascent intermediates corroborates the
importance of a hydrogen-bonded complex with a protic solvent molecule, in striking
analogy to complexes found at cryogenic temperatures.

Probing the transient absorption of molecules in the mid-infrared spectral range bene-
fits from the high chemical specificity of molecules’ vibrational signatures. The technique
of chirped-pulse upconversion (CPU) constitutes a promising alternative to standard di-
rect multichannel MCT detection when accessing this spectral detection window. Hence,
one chapter of this thesis is dedicated to a direct comparison between both detection
methods. By conducting an exemplary pump–probe transient absorption experiment, it
became evident, that the additional nonlinear interaction step is responsible for increased
noise levels when using CPU. However, a correction procedure capable of removing these
additional noise contributions—stemming from the fundamental laser radiation used for
upconversion—was successfully tested. Perhaps most importantly for various spectro-
scopic applications, CPU scored with a significantly extended detection bandwidth owing
to the high pixel numbers of modern CCD cameras.

Transition-metal complexes capable of releasing small molecular messengers upon pho-
toactivation are promising sources of gasotransmitters such as carbon monoxide (CO) or
nitric oxide (NO) in biological applications. However, only little is known about the char-
acteristic time scales of ligand dissociation in this class of molecules. For this purpose,
two complexes were investigated with femtosecond time resolution: [Mn(CO)3(tpm)]Cl
with tpm = tris(2-pyrazolyl)methane, a manganese tricarbonyl complex which has proven
to be selective and cytotoxic to cancer cells, and [Mo(CO)2(NO)(iPr3tacn)]PF6 with
iPr3tacn = 1,4,7-triisopropyl-1,4,7-triazacyclononane, a molybdenum complex containing
both carbonyl and nitrosyl ligands. By conducting pump–probe transient absorption
measurements in different spectral probing windows supported by quantum chemical cal-
culations and linear absorption spectroscopy, it was shown that both complexes are able
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to release one CO ligand within the first few picoseconds after UV excitation. The results
complement existing studies which focused on the molecules’ ligand-releasing properties
upon long-term exposure. The additional information gained on an ultrafast time scale
provides a comprehensive understanding of individual reaction steps connected with lig-
and release in this class of molecules. Hence, the studies might create new incentives to
develop modified molecules for specific applications.
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Chapter 1

Introduction

The absorption of a photon, i.e., one quantum of light, prepares a molecular system in
an excited state and initiates (a manifold of) subsequent photophysical or photochemical
processes which either take place in a concerted or stepwise manner. Prominent examples
are ranging from isomerizations via reactions affecting a molecule’s spin-state to pro-
cesses that involve the cleavage and formation of chemical bonds. Whereas the process
of photon absorption can be considered to happen instantaneously, subsequent dynamics
typically happen on a femtosecond (fs) to nanosecond (ns) time scale, still several or-
ders of magnitude faster than everyday phenomena evident at a macroscopic level. Only
the development of ultrafast spectrocopic techniques based on modern femtosecond laser
sources made it possible to access the microscopic scale and study molecular dynamics
on the time scales on which they actually occur. The field of femtochemistry, pioneered
by Ahmed Zewail who was awarded with the Nobel Prize in Chemistry in 1999, therefore
not only opened up the possibility to determine the characteristic time scale on which a
chemical reaction takes place but also enabled one to identify chemical intermediates and
analyze their temporal behavior [6–8].

The liquid phase offers, in contrast to the gas phase, several channels for energy re-
laxation to a molecular system in an excited state [9]. This thesis, however, deals with
photo-initiated reaction mechanisms in the liquid phase in which the absorption of a
ultraviolet (UV) or visible (VIS) photon leads to the photolysis of particular ligands or
atoms preparing a molecule in a metastable state which ipso facto constitutes the starting
point for subsequent reaction steps. But how to follow such photoinduced dynamics? In a
pump–probe experiment in the UV to VIS spectral regime, ultrashort pulses are exploited
to first excite and secondly probe an electronically excited state of a molecular system
via the observation of changes in characteristic absorption signatures [10, 11]. This ap-
proach allows for a direct observation of processes happening on excited-state potential
energy surfaces (PES) such as photoinduced electron transfer or trans-cis isomerization
reactions. Due to the liquid environment, however, typical spectral features in the UV to
VIS spectral region are very broad and almost featureless. Ultrafast investigations in this
spectral region based on sophisticated two-dimensional (2D) [12, 13] or even multidimen-
sional spectrocopic approaches [14, 15] mainly dealt with photophysical phenomena and
provided, with the exception of few specialized photosynthetic chromophore complexes,
only limited information about structural changes as well as intra- and intermolecular
interactions. Nevertheless, first steps have been made to apply these concepts also for
the study of photochemical phenomena [16, 17]. To easily gain structural information,
e.g., to determine a molecule’s conformation or to assess the presence of particular sub-
stituents, nuclear magnetic resonance (NMR) experiments are one alternative. However,
due to experimental constraints, it is not feasible to directly use NMR for real-time ob-
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2 1 Introduction

servation of chemical dynamics. The gap between ultrafast time resolution and structural
sensitivity was bridged by the development of ultrafast infrared (IR) light sources and
corresponding spectroscopic techniques [18]. Especially the mid-infrared (MIR) spectral
region, often termed as fingerprint region due to its exquisite sensitivity for conformation,
structure, and environment, is a popular spectroscopic playground to investigate dynam-
ical processes which are manifested in changes in the molecule’s vibrational signatures.
Therefore, often a UV or VIS pump pulse is used to trigger a photoreaction by accessing
an electronically excited state, whereas subsequent probing in the MIR spectral region
reveals structural changes owing to the relatively sharp vibrational absorption lines. In
doing so, one has to accept slight losses regarding the time resolution due to the in-
herently different wavelengths involved and typical vibrational linewidths which set the
ultimate limit. However, most dynamical processes are easily accessible with nowadays
experimental possibilities independent of the wavelength of the employed laser pulses [19].
Within this thesis, probing in the UV to VIS or MIR region is used complementary with
respect to particular interrogations regarding the molecular system under investigation.
The work’s structure is given as follows.

In Chapter 2, the theoretical concepts are summarized which are necessary for the un-
derstanding and interpretation of the experimental findings presented in this thesis. This
starts with a mathematical description of ultrashort laser pulses and their role in nonlinear
frequency conversion processes. Furthermore, the concept of pump–probe spectroscopy
is introduced, complemented by a brief theoretical treatment of molecules’ electronic and
vibrational structure. Prior to the presentation of results from ultrafast studies, a detailed
description of the employed experimental techniques is given in Chapter 3.

Via broadband probing in the UV to VIS spectral regime [20], Chapter 4 sheds new
light on the primary reaction pathways of singlet diphenylcarbene (DPC) in the presence
of a solvent. In combination with quantum chemical simulations performed by the group
of Dr. Elsa Sánchez-García at the Max-Planck-Institut für Kohlenforschung in Mülheim
an der Ruhr, it is shown that the efficiency of different reaction channels can be controlled
in a non-trivial way by employing solvent mixtures. Our observations at room temper-
ature in the liquid phase are in line with results from recent matrix-isolation studies at
cold temperatures conducted by our collaborators who also provided the sample (group
of Prof. W. Sander, Organic Chemistry 2, Ruhr University Bochum) [21, 22]. Shifting
the probing window towards longer wavelengths, Chapter 5 deals with methods to detect
MIR pulses. In particular, the newly established technique of chirped-pulse upconversion
(CPU) [23, 24] is directly compared to conventional direct multichannel MCT detection
with respect to their applicability in ultrafast infrared vibrational spectroscopy. Weighing
up the benefits and disadvantages of each technique, the results highlight the great poten-
tial of CPU as a versatile and easy-to-handle alternative to standard detection schemes.
Both techniques are employed in Chapter 6 to study ligand dissociation reactions from
transition-metal complexes capable of releasing small molecular messengers such as car-
bon monoxide (CO) or nitric oxide (NO) upon photoactivation. Despite the steadily
growing interest in CO-releasing molecules (CORMs) due to their huge potential as ther-
apeutic agent in biological applications [25, 26], only little is known about the primary
processes of ligand dissociation from this class of molecules. Hence, the experiments pre-
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sented in this thesis for the first time illustrate ultrafast CO-release from a manganese
tricarbonyl complex in aqueous solution. This finding is complemented by measurements
on a molybdenum complex which contains two CO and one NO ligand. Corresponding
quantum-chemical calculations supplementing the experimental findings were mainly per-
formed by our collaborators who also carried out the synthesis of the molecules (group of
Prof. U. Schatzschneider, Inorganic Chemistry, University of Würzburg).

Chapter 7 finally summarizes the experimental findings and provides a discussion on
future experiments which may extend the scope of this work. Beyond transient absorp-
tion spectrosocopy, Appendix A discusses a developed extension which turns an existing
UV-pump/MIR-probe spectrometer into a fluorescence detection scheme that might be
utilized in future quantum control experiments.
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Chapter 2

Theoretical background

This chapter provides the theoretical framework for the experiments presented in this
thesis. The work’s goal is to elucidate primary reaction dynamics after photolysis in se-
lected molecular systems. Ultrashort laser pulses thereby are not only used to induce
the breaking of a chemical bond and start a reaction sequence, but also to monitor the
progression of the latter. To evaluate and interpret the experiment’s outcome, it is there-
fore vital to not only have detailed knowledge about the properties of the ultrashort
light fields involved, but also to understand how the latter affect several nonlinear pro-
cesses which are necessary to conduct transient absorption (TA) measurements suited to
gain meaningful information about a molecular system. Therefore, Sec. 2.1 provides a
mathematical description of ultrashort laser pulses in time- and frequency-domain and
treats the spatial propagation of Gaussian laser beams. The section also discusses the
effect of dispersion which can affect the light fields—sometimes intentionally, often un-
wanted. Nonlinear frequency conversion processes are introduced in Sec. 2.2 as a tool to
generate and characterize light fields in different spectral regimes. After a description of
light-induced processes in the context of molecules’ electronic and vibrational structure
including a brief introduction into quantum chemical calculations in Sec. 2.3, the scope of
TA spectroscopy in different spectral domains is treated theoretically (Sec. 2.4). Finally,
Sec. 2.5 is devoted to the technique of chirped-pulse upconversion (CPU) which allows
for the detection of MIR light fields after upconversion to the VIS regime.

2.1 Mathematical formalism of ultrashort laser pulses

The mathematical description of propagating ultrashort light fields in spatially uniform
and nonmagnetic media is based on the inhomogeneous wave equation which can be
derived from Maxwell’s equations [27, 28]:

− ∇ ×
(
∇ × E(t, r)

)
− 1

c2
∂2

∂t2 E(t, r) = µ0
∂2

∂t2 P(t, r) , (2.1.1)

where c = √
ϵ0µ0 is the speed of light in vacuum, and ε0 and µ0 the permittivity1 and

permeability2 of free space, respectively. The equation illustrates the relation including
possible coupled dependencies between the electromagnetic field E(t, r) and the dielectric

1ε0 = 8.854187817... × 10−12 F/m [29]
2µ0 = 4π × 10−7 N/A2 = 12.566370614... × 10−7 N/A2 [29]
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6 2 Theoretical background

polarization P(t, r) both in space and time. The source term on the right side of Eq. (2.1.1)
accounts for a medium’s response on an external electric field but likewise accounts for
a medium’s influence on the electric field. For the description of light fields used in this
thesis, propagation is assumed to happen exclusively along the z-axis. Moreover, it is
assumed that E(t, r) can be separated in a function E+(t, z), which describes the beam’s
temporal structure, its propagation along the z-axis, and its polarization state, as well as
a function u+(r) that describes the spatial beam profile:

E(t, r) ∝ u+(r) E+(t, z) + c.c. , (2.1.2)

where the conjugate-complex form of the preceding terms is denoted as c.c.. Before the
interplay between E(t, r) and P(t, r) will be discussed, both functions on the right side of
Eq. (2.1.2) will be described separately.

2.1.1 Ultrafast laser pulses—a Fourier pair

Via Fourier transformation, ultrafast laser pulses can be described both in temporal and
spectral domain [30]. Each description carries the same information, whereby practical
reasons typically suggest the selection of a particular description. To emphasize this du-
ality, in the following, both bijective descriptions are used in parallel (note the arguments
of the respective functions). Furthermore, the discussion will be limited to a fixed point in
space (no z-dependence) and the vectorial character of the electric field will be neglected.
The Fourier transform (denoted by F), as defined by

F
{

E(t)
}

= E(ω) = 1√
2π

∫ ∞

−∞
E(t) e−iωtdt , (2.1.3)

allows one to switch from a time- to a frequency-domain representation of the electric
field. Likewise, switching back to a time-domain representation of the electric field is
possible via an inverse Fourier transform (denoted by F−1):

F−1
{

E(ω)
}

= E(t) = 1√
2π

∫ ∞

−∞
E(ω) eiωtdω . (2.1.4)

The assumptions for the electric field made above give rise to a real-valued scalar function,
which describes the time-domain electric field via a real-valued temporal amplitude A(t),
which is equivalent to the temporal envelope of the electric field, and a temporal phase
function Φ(t):

E(t) = 2A(t) cos(Φ(t)) = A(t) eiΦ(t) + c.c.

= E+(t) + E−(t) . (2.1.5)
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2.1 Mathematical formalism of ultrashort laser pulses 7

Skipping the second summand on the right side of Eq. (2.1.5) gives rise to a complex-
valued function which is in line with Eq. (2.1.2) and allows for a convenient mathematical
treatment:

E+(t) = A(t) eiΦ(t) . (2.1.6)

Describing its oscillatory behavior, the properties of the electric field are decisively deter-
mined by Φ(t). It is straightforward to separate nonlinear contributions from the (main)
contribution assigned to the carrier frequency ω0:

φ(t) = Φ(t) − ω0t . (2.1.7)

Combining Eqs. (2.1.6) and (2.1.7), the electric field can thus be rewritten as a product
of a complex envelope and an oscillatory term accounting for ω0:

E+(t) = A(t)ei φ(t) × eiω0t

= Â(t) eiω0t . (2.1.8)

The so-called slowly varying envelope approximation (SVEA) assumes that Â(t) does not
vary significantly within one optical cycle [28]:

∣∣∣ d

dt
Â(t)

∣∣∣ ≪ ω0|Â(t)| . (2.1.9)

Since pulses used in this thesis do not range in the few-cycle regime [31], it is justified to
factor out the linear modulation and describe electric fields via Eq. (2.1.8).

A Fourier transform of the real-valued electric field reveals the spectral-domain relation

E(ω) = E∗(−ω) , (2.1.10)

where the asterik indicates the conjugate-complex form [32]. For a unambiguous descrip-
tion of the electric field, however, it is sufficient to account for positive frequencies only:

E+(ω) =

E(ω) ∀ ω ≥ 0 ,

0 ∀ ω < 0 .
(2.1.11)

In analogy to Eqs. (2.1.3) and (2.1.4), E+(ω) and E+(t) can be transformed into each
other [confer Eq. (2.1.8)]:

F
{

E+(t)
}

= E+(ω) = A(ω) e−iΦ(ω) , (2.1.12)

F−1
{

E+(ω)
}

= E+(t) = Â(t) eiω0t , (2.1.13)
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8 2 Theoretical background

whereby Eq. (2.1.12) contains a real-valued amplitude (or envelope) function A(ω) and
an exponential term which includes the spectral phase function Φ(ω).

2.1.2 Ultrafast laser pulses—the role of different Fourier coefficients

For the description of various pulse properties, it is helpful to expand the phase function
of an ultrafast laser pulse into a Taylor series. For the description in time domain, the
phase function reads

Φ(t) =
∞∑
j=0

aj
j!

tj , with aj = djΦ(t)
dtj

∣∣∣∣
t=0

, (2.1.14)

where, for simplicity and without any restriction regarding the generality of the descrip-
tion, it is assumed that the electric field is centered around t = 0. The absolute phase
(or carrier envelope phase, CEP) is given by the zeroth-order coefficient a0 and deter-
mines the position of the oscillation peaks with respect to the pulse envelope. Without
sophisticated stabilization methods vital for experiments with few-cycle pulses [33–35],
the CEP of pulses stemming from conventional femtosecond laser systems fluctuates from
pulse to pulse. For pulse durations used within this thesis, however, the CEP can be
neglected. The first-order coefficient a1 is identical to the carrier frequency ω0, whereby
variations from ω0 arise from higher-order terms. In general, the momentary frequency,
i.e., an electric field’s oscillation frequency in a certain moment in time, is given by the
first derivative of Φ(t) with respect to time:

ωm(t) = dΦ(t)
dt

= ω0 + dφ(t)
dt

. (2.1.15)

Hence, within the SVEA, φ(t) describes deviations of the light field’s oscillations from
the carrier frequency ω0. Pulses exhibiting a constant wm(t) are called unchirped, which
is given when aj = 0 for all j ≥ 2. For the case that wm(t) is increasing with time,
i.e., when dωm(t)/dt > 0, pulses are called upchirped. In the opposite case, i.e., when
dωm(t)/dt < 0, pulses are called downchirped. Linearly chirped pulses, i.e., pulses whose
momentary frequency changes linearly in time, given for the case when aj = 0 for all
j ≥ 3, are treated separately in Sec. 2.1.4.

For the description in frequency domain, the phase function reads

Φ(ω) =
∞∑
j=0

bj
j!

(ω − ω0)j , with bj = djΦ(ω)
dωj

∣∣∣∣
ω=ω0

, (2.1.16)

where it is considered, that the spectral amplitude is typically centered around ω0. In
this frequency domain representation, b0 determines the pulse’s CEP, while a variation in
b1 is reflected in a temporal translation of the laser pulse (confer Fourier transform shift
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2.1 Mathematical formalism of ultrashort laser pulses 9

theorem [36]). Importantly, b1 does not affect the shape of a pulse’s temporal envelope
A(t). However, applying higher-order spectral phase coefficients does affect both the
temporal envelope and the temporal phase. Already the case of a linearly chirped pulse,
as will be further detailed in Sec. 2.1.4, shows that identical spectral intensities can
correspond to laser pulses with different durations.

2.1.3 Ultrafast laser pulses—estimates and macroscopic properties

For a rough assessment of a pulse’s properties, it can be helpful to describe the pulse
duration ∆t and the spectral width ∆ω via the full width at half maximum (FWHM) of
the corresponding intensity profiles:

∆t = FWHM{I(t)} , (2.1.17)

∆ω = FWHM{I(ω)} . (2.1.18)

Owing to the interdependent description in time or frequency domain, both parameters
can only be varied within the so-called time-bandwidth product

∆ω∆t ≥ 2πcB , (2.1.19)

whereby the constant cB depends on the actual pulse shape and the definition of ∆ω and
∆t. Assuming a Gaussian-shaped spectrum and defining the latter two quantities accord-
ing to Eqs. (2.1.17) and (2.1.18), cB is equal to 4 ln(2)/(2π) = 0.441. For a treatment of
different I(ω) profiles, see Refs. [28, 37]. It should further be emphasized, that the defi-
nitions given in Eqs. (2.1.17) and (2.1.18) are only meaningful in the case of simple pulse
shapes as those used within this thesis. For concepts that provide valuable estimates,
i.e., not the complete electric field function, in the case of complicated pulse shapes, see
Refs. [28, 38, 39]. With respect to Eq. (2.1.19), it is important to note, that pulses which
satisfy the criterion

∆ω∆t = 2πcB (2.1.20)

are called Fourier-limited, transform-limited, or bandwidth-limited. When describing the
electric field properties in the frequency domain, this scenario is realized for any given
spectrum if all spectral phase coefficients bj are equal to zero for j ≥ 2 [confer Taylor
expansion in Eq. (2.1.16)] [40]. In the time domain, this situation is analogously realized
if all temporal phase coefficients aj are equal to zero for j ≥ 2 [confer Taylor expansion
in Eq. (2.1.14)]. It is important to mention that symmetry properties of the Fourier
transform determine that Φ(ω) and φ(t) generally do not resemble each other and have
to be calculated via Eqs. (2.1.12) and (2.1.13). As will be discussed and graphically
illustrated in Sec. 2.1.4, one exception can be the case of a purely quadratic spectral or
temporal phase dependence.
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10 2 Theoretical background

Apart from the microscopic oscillatory behavior of the electric field, its overall intensity
is defined as the average of E2(t) over one optical cycle. This quantity is given in the
SVEA-regime by:

I(t) = coε0n
1
T

∫ t+ T
2

t− T
2

E2(t′)dt′ = 2cε0nA(t)2 , (2.1.21)

where n is the index of refraction of the medium in which the intensity is calculated. The
corresponding spectral-domain description reads [41]

I(ω) = 2cε0nA(ω)2 . (2.1.22)

With regard to experiments, it shall be mentioned that I(ω) can directly be measured
with a spectrometer. Since the latter works in the linear regime, spectra measurements
are not sensitive to phase modulations and thus, more elaborate techniques have to be
utilized to characterize ultrashort laser pulses as will be discussed later.

Another valuable quantity is the energy fluence, which calculates the electric field’s
amount of energy per unit area. Based on the equality of the description in both domains,
this quantity is given by (Parseval’s theorem) [42, 43]:

F =
∫ ∞

−∞
I(t)dt =

∫ ∞

−∞
I(ω)dω . (2.1.23)

However, the total pulse energy W , which can be measured on the macroscopic level by
simple means, requires integration over the spatial coordinates [confer Eq. (2.1.2)].

2.1.4 Linearly chirped laser pulses

Especially with regard to the technique of chirped-pulse upconversion, the following sec-
tion is devoted to the description of linearly chirped laser pulses [44]. Linearity in this
context means, that for pulses with Gaussian spectra the application of a second-order
spectral phase results in a linear modulation of the pulse’s momentary frequency ωm(t).
If b2 is the only contribution to the spectral phase function Φ(ω) and if one considers
a Gaussian spectrum with a spectral width ∆ω [defined according to Eq. (2.1.18)], the
pulse’s electric field is given in the temporal domain via

E+(t) = ct exp
(

− 2 ln(2)∆ω2 t2

[4 ln(2)]2 + b2
2∆ω4

)
exp

(
iω0 t + i

b2 t2

2[4 ln(2)]2/∆ω4 + 2b2
2

)
, (2.1.24)

with the constant quantity ct. For a bandwidth-limited Gaussian pulse with duration
∆t0 = 4 ln(2)/∆ω [confer Eq. (2.1.20)], the amplitude function A(t) in Eq. (2.1.24) can
be expressed by

A(t) = exp
(

− 2 ln(2)∆t2
0 t2

∆t4
0 + [4 ln(2)]2b2

2

)
(2.1.25)
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2.1 Mathematical formalism of ultrashort laser pulses 11

and represents a Gaussian envelope of E+(t). Hence, I(t) also has a Gaussian shape,
whereby the parameter b2 determines how strong its temporal FWHM deviates from the
minimal temporal width ∆t0:

∆t(b2) =
√

∆t2
0 + b2

2∆ω2 . (2.1.26)

Thus, any nonzero value of b2 leads to a temporal enlongation of the pulse accompanied
by a linear modulation of its momentary frequency [confer Eq. (2.1.15)]

ωm(t) = dΦ(t)
dt

= a(b2)t , (2.1.27)

whereby the sign and value of the prefactor

a(b2) = b2

[4 ln(2)]2/∆ω4 + b2
2

(2.1.28)

describes the extent of upchirp (b2 > 0, lower frequencies precede higher ones) or
downchirp (b2 < 0, higher frequencies precede lower ones). For large values of b2, i.e.,
|b2| ≫ ∆t2, Eq. (2.1.28) can be approximated as a(b2) ≈ 1/b2.

The effect of b2 on several pulse parameters is visualized in Fig. 2.1. In particular,
the electric field [(a) and (e), confer Eq. (2.1.24)], the spectral intensity together with the
corresponding phase function Φ(ω) [(b) and (f), confer Eq. (2.1.16)], the temporal intensity
together with the corresponding phase function φ(t) [(c) and (g), confer Eq. (2.1.7)], and
the momentary frequency ωm(t) [(d) and (h), confer Eq. (2.1.15)] are juxtaposed for a
bandwidth-limited [Φ(ω) = 0] and a linearly downchirped [Φ(ω) = −1/2×100 fs2(ω−ω0)2]
Gaussian laser pulse (ω0 = 2.35 rad/fs, ∆ω = 0.30 rad/fs). This comparison illustrates
two exceptional cases as only for Gaussian-shaped spectra a constant or quadratic phase
dependence in the spectral domain is resembled in the time domain and vice versa. The
effect of b2, i.e., the downchirped character, is manifested in an increasing oscillation
period with time accompanied by an overall temporal elongation [see Fig. 2.1(e)]. For the
exemplary chosen parameters, the pulse is stretched from a FWHM of 9.2 fs (bandwidth
limit) to a FWHM of 31.4 fs [confer Eqs. (2.1.17) and (2.1.26)]. Since both pulses exhibit
the same energy fluence [confer Eq. (2.1.23)] determined by identical spectral intensity
profiles I(ω), the temporal elongation is furthermore accompanied by a smaller maximum
value of I(t). While the bandwidth-limited pulse exhibits a constant momentary frequency
ωm(t) = ω0, the negative quadratic spectral phase translates into a negative quadratic
temporal phase and therewith leads to a linearly decreasing momentary frequency with
time [confer Eq. (2.1.15)].
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Figure 2.1: Linearly-chirped versus bandwidth-limited laser pulses. For the case of identical
Gaussian-shaped spectra centered around ω0 = 2.35 rad/fs (λ0 = 800 nm) with a FHWM of ∆ω =
0.30 rad/fs (∆λ = 102 nm), characteristic pulse properties are illustrated for a bandwidth-limited pulse
[top row, (a)-(d), Φ(ω) = 0] and a downchirped pulse [bottom row, (e)-(h), Φ(ω) = −1/2 × 100 fs2(ω −
ω0)2]: (a) and (e) depict the normalized electric fields; (b) and (f) provide a combined depiction of the
spectral intensity and phase; (c) and (g) provide a combined depiction of the temporal intensity and
phase; the area under the intensity profiles is normalized to account for an equal energy fluence of both
pulse shapes; (d) and (h) visualize the pulses’ momentary frequency.

2.1.5 Beam propagation and effects of dispersion

The preceding section dealt with snapshots of laser pulses at a given point in space. This
section addresses that light fields progating through media are subject to dispersion. How
this may affect the pulses’ properties is described in this section. Contrary to Sec. 2.2
which will focus on nonlinear processes, this section deals with processes in which the
polarization—according to classical electrodynamics—exhibits a linear response to the
electric field scaled by the dielectric susceptibility tensor, which in this case is treated as
a scalar quantity:

P (ω, z) = ε0χ(ω)E(ω, z) . (2.1.29)

Once more, the wave equation [Eq. (2.1.1)] is the starting point for a mathematical treat-
ment. When assuming plane waves, i.e., when neglecting the spatial beam profile u+(r),
Eq. (2.1.1) after Fourier transformation can be reduced to

(
∂2

∂z2 + ω2

c2 [1 + χ(ω)]
)

E(ω, z) = 0 . (2.1.30)
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2.1 Mathematical formalism of ultrashort laser pulses 13

One solution of Eq. (2.1.30) are the traveling waves

E(ω, z) = E+(ω, 0) e−i k(ω) z + c.c.

= E+(ω, z) + E−(ω, z) , (2.1.31)

whereby E+(ω, 0) is equivalent to E+(ω) [confer Eq. (2.1.12)] and where the wavevector

k(ω) = ω ñ(ω)
c

(2.1.32)

is pointing into the z-direction. The complex index of refraction

ñ(ω) =
√

1 + χ(ω)
= n(ω) − iκ(ω) (2.1.33)

thereby accounts for refraction and dispersion via the real part n(ω) and for processes
like absorption or gain in a medium via the imaginary part3 κ(ω).

For the propagation along the z-direction, two independent polarization directions in
the xy-plane do exist for the electric field vector. Hence, birefringent materials play a
special role as they can be oriented in such a way, that the index of refraction differs
between these two polarization directions. Consequently, both components propagate
through the medium with different phase velocities

vp(ω) = c

n(ω)
. (2.1.34)

Birefringent materials exhibit at least one axis of anisotropy, the so-called optical axis.
Typically one speaks of a ordinary (extraordinary) wave for the field’s polarization com-
ponent perpendicular (parallel) to this axis. In general, a complex function of the relative
orientation of the optical axis as well as the direction of the incoming laser beam and
its polarization determines the propagation of light in birefringent materials. The special
case that ordinary and extraordinary wave propagate collinearly, i.e., both waves have
identical directions of k, can be realized when the optical axis is oriented perpendicular
to the wavevector.

A circumstance which is often found in experiments is the propagation of laser pulses
through optical elements leading to changes in both the pulses’ temporal and spectral
properties. In the SVEA-regime, propagation through a dispersive material of length L

3κ(ω) is also known as extinction coefficient.
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with an index of refraction n(ω) leads to an additional phase contribution:

Φ(ω, L) = Φ(ω, 0) + k L

= Φ(ω, 0) + ω n(ω) L

c
. (2.1.35)

Regarding the spectral phase function [confer Eq. (2.1.16)], the additional phase contri-
bution has to be accounted for in the corresponding Taylor coefficients:

bj = djΦ(ω, L)
dω j

∣∣∣∣
ω=ω0

. (2.1.36)

For propagation in vacuum, i.e., when n(ω) = 1 for all frequencies, this would only lead to
changes in b0 and b1. In particular, the propagation from z = 0 to z = L is accounted for
in a constant phase k0L imprinted in b0 and a temporal shift L/c of the pulse’s maximum
imprinted in b1. In a dispersive medium, the first-order coefficient becomes

b1 = dΦ(ω, 0)
dω

∣∣∣∣
ω=ω0

+ L

c

(
n + ω

dn(ω)
dω

)∣∣∣∣
ω=ω0

. (2.1.37)

With the group velocity

vg(ω0) =
(

dk

dω

∣∣∣∣
ω=ω0

)−1
(2.1.38)

describing the actual velocity of the pulse envelope in the dispersive material, and the
group delay

τg(ω0) = L

vg(ω0)
(2.1.39)

determining the pulse’s propagation time within the medium, b1 can thus be rewritten as

b1 = dΦ(ω, 0)
dω

∣∣∣∣
ω=ω0

+ L

vg(ω0)
. (2.1.40)

The so-called group-delay dispersion (GDD)

dτg(ω)
dω

∣∣∣∣
ω=ω0

= L

c

(
2∂n(ω)

∂ω
+ ω

∂ 2n(ω)
∂ω 2

)∣∣∣∣
ω=ω0

(2.1.41)
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2.1 Mathematical formalism of ultrashort laser pulses 15

accounts for changes in the second-order coefficient, and therefore accounts for changes in
the temporal shape of laser pulses [confer Secs. 2.1.1 and 2.1.4]. Moreover, the so-called
group-velocity dispersion (GVD) parameter—a material-specific quantity—can be derived
from Eq. (2.1.41) by dividing out the linear distance dependence [28]:

d
(

1
vg(ω)

)
dω

∣∣∣∣
ω=ω0

= 1
c

(
2∂n(ω)

∂ω
+ ω

∂ 2n(ω)
∂ω 2

)∣∣∣∣
ω=ω0

. (2.1.42)

Since a coefficient b2 ̸= 0 leads to linearly chirped laser pulses (confer Sec. 2.1.4), the
GVD parameter reflects the amount of linear chirp introduced per unit distance in the
medium. It is noteworthy that the propagation through a dispersive medium also has an
influence on higher-order spectral phase coefficients that in turn affect the pulse’s temporal
profile. Hence, for the design of an experiment—especially when employing short pulses
with short wavelengths—it is crucial to consider the dispersive effect of every optical
component in the beam paths [45]. If necessary, e.g., when bandwidth-limited pulses are
desired, countermeasures need to be taken to remove unwanted phase contributions. One
way is to use sophisticated pulse shaping techniques to modify the pulses’ phase function.
However, sometimes it can already be sufficient to simply add additional (well-defined)
dispersive material to compensate for phase distortions.

2.1.6 Spatial properties of a Gaussian laser beam

So far, the mathematical description of the electric field neglected u+(r), i.e., the beam’s
transverse properties including its profile and phase variations [confer wave equation in
Eq. (2.1.1) and its solution in Eq. (2.1.2)]. To model these properties, solutions of the
paraxial wave equation (see Ref. [28]), which can be derived from Eq. (2.1.1) after sep-
arating the time-dependent part and assuming vacuum conditions [P(t, r) = 0], need to
be found. Most femtosecond light sources operate in the fundamental transversal elec-
tromagnetic mode TEM00. This solution of the paraxial wave equation can be written in
Cartesian coordinates as

u+(r) = u0
1√

1 + z2/z2
0

e−iψ(z) eik(x2+y2)/2R(z) e−(x2+y2)/w2(z) . (2.1.43)

For the case of a beam waist of radius w0 at z = 0, Eq. (2.1.43) is graphically illustrated
in Fig. 2.2. The TEM00 Gaussian mode is characterized by the following quantities:

• The so-called Rayleigh range

z0 = πw2
0

λ
(2.1.44)
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16 2 Theoretical background

Figure 2.2: Propagation of a fundamental Gaussian laser beam. Left: Exhibiting a beam
waist at z = 0, the hyperbolic lines (red) illustrate the spot size w(z) being the distance from the z-axis
(represented by the transverse distance r) where the electric field amplitude is equal to 1/e of the on-
axis amplitude. The cyan colored lines visualize the beam’s wavefront and its corresponding radius of
curvature R(z). Starting from the maximum focus w0 at z = 0, w(z) reaches a value of

√
2w0 at the

Rayleigh length z0, and eventually evolves in a linear fashion for longer propagation distances (black lines).
In the latter regime—the so-called far-field limit—R(z) becomes equal to z and the beam’s divergence
is given by β. Right: Intensity distribution of the TEM00 Gaussian mode versus the distance from the
z-axis. Figure adapted from Ref. [46, 47].

describes the extent of the waist region and is defined as the distance (along the
z-direction) after which

• the spot size

w(z) = w0

(
1 + z2

z2
0

)1/2
(2.1.45)

has increased by a factor of
√

2 with respect to the beam waist at z = 0. Within
the Rayleigh range the beam is called collimated and its diameter does not vary
significantly. The definition of the Rayleigh range [Eq. (2.1.44)] illustrates an im-
portant property of Gaussian beams: a tight focus is always connected with a short
Rayleigh range.

• The radius of curvature

R(z) = z + z2
0
z

(2.1.46)

is represented by the second phase term in Eq. (2.1.43). For large distances from
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2.2 Nonlinear processes 17

the beam waist, i.e., within the far-field limit, the curvature is equivalent to the
curvature of a spherical wave originating from the spot z = 0 and hence, Eq. (2.1.46)
becomes R(z) ≈ z. As indicated in Fig. 2.2,

• the divergence angle in the far-field limit β becomes

β ≈ w(z)
z

(2.1.47)

• and the spot size in the far-field limit is given by

w(z) ≈ zλ

πw0
. (2.1.48)

In experiments, lenses or focusing mirrors are used to adjust beam diameters to the desired
size, which is particularly important if different pulses need to be overlapped to perform a
nonlinear interaction process. Hence, it is often helpful to estimate the beam waist in the
focus by replacing w(z) in Eq. (2.1.48) with the spot size of a collimated beam entering
a focusing optic with focal length f .

2.2 Nonlinear processes

In general, it is not sufficient to directly use the output of ultrafast laser sources—which
typically deliver pulsed near-infrared (NIR) laser light at a central wavelength of about
800 nm—for spectroscopic applications. Instead, it is common practice to employ pro-
cesses which are based on the nonlinear response of a medium’s polarization on an electric
field. These nonlinear processes, as discussed in the following, allow for the generation
of (tunable) UV, VIS, or MIR pulses, and thus enable one to access spectral regions of
interest. While being treated individually within the scope of this section, an overview of
nonlinear processes relevant for this thesis is given in Fig. 2.3.

2.2.1 Higher-order susceptibility

In Sec. 2.1.5, the polarization has been treated as a linear response to the electric field.
This assumption is no longer valid for the case of highly intense ultrashort laser pulses
propagating through a medium. Instead, higher orders of E(ω) need to be accounted for:

P (ω) = ε0

∞∑
j=1

χ(j)E(ω)j = P (1)(ω) + P (2)(ω) + P (3)(ω) + ... , (2.2.1)
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18 2 Theoretical background

Figure 2.3: Nonlinear frequency conversion processes and corresponding energy levels
involved. (a) Sum-frequency generation (SFG) describes the process of mixing two incident photons with
different frequencies creating a photon having a frequency equal to the sum of both incident frequencies.
For the special case that both incident photons share the same frequency, one speaks of second-harmonic
generation (SHG). (b) Via difference-frequency generation (DFG), a photon is created having a frequency
equal to the difference between the two incident frequencies. (c) Optical parametric amplification (OPA)
describes the amplification of a weak signal beam (the so-called seed beam) using pump photons of another
frequency. Besides the amplified signal field, a weak idler beam is created. (d) The χ(3)-process of white-
light generation (WLG) facilitates the broadening of spectra by focusing laser fields into nonlinear media.

with the susceptibilities χ(j). The vectorial character of the polarization and the electric
field implies that each susceptibility χ(j) of jth order is a tensor of rank j + 1. Hence the
second-order polarization component pointing in the y-direction can be calculated via

P (2)
y (ωq) = ε0

∑
jk

∑
(nm)

χ
(2)
yjk(−ωq; ωn, ωm)E1,j(ωn)E2,k(ωm) , (2.2.2)

where the summation is carried out over all j, k = x, y, z and over all frequencies ωn and
ωm with the condition ωq = ωn + ωm. Hence, a new radiation field at a frequency ωq is
generated via the interaction of two (different) light fields.

The symmetry properties of a material are reflected in the components of the sus-
ceptibility tensors χ(j) (see Refs. [41, 48] for further information). For a material with
inversion symmetry, i.e, a medium with a centrosymmetric structure, inverting the di-
rection of the electric fields, i.e., replacing E(ω) with −E(ω) [confer Eq. (2.2.2)], has to
change the polarization’s sign. This criterion can be fulfilled since centrosymmetric me-
dia do not exhibit susceptibility contributions of even order. Thus, only media without
inversion symmetry or where it is locally broken can give rise to contributions from even-
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2.2 Nonlinear processes 19

order susceptibilities to the nonlinear polarization. While the latter situation is rather an
exception (see Sec. 2.2.2 for χ(2) processes in birefringent crystals), most media exhibit
a non-vanishing third-order susceptibility tensor (see Sec. 2.2.3 for the χ(3) process of
self-phase modulation).

2.2.2 χ(2) frequency conversion processes

Owing to their lack of inversion symmetry, birefringent crystals are commonly used to con-
duct χ(2) frequency conversion processes. Famous examples are among others β-barium
borate (BBO), lithium triborate (LBO), or lithium niobate (LNB)—serving for applica-
tions from the UV to the MIR spectral region [49]. For efficient energy transfer in a χ(2)

process, the conservation of momentum for parallely propagating beams implies, that the
wavevectors corresponding to the initial frequencies ωn and ωm, and the new frequency
ωq need to obey the relation

kn + km = kq . (2.2.3)

Deviations from Eq. (2.2.3) can be described via the so-called phase mismatch

∆k = kq − kn − km . (2.2.4)

A non-vanishing ∆k leads to a periodically oscillating energy transfer in the crystal caused
by destructive interference between light fields of frequency ωq created at different posi-
tions in the crystal. Nevertheless, as will be discussed in the following, solutions of
Eq. (2.1.1) can be found. For the case that the intensity of the nascent light field is small
compared to the initial light fields, the generated intensity after propagating through a
nonlinear crystal (NC) of thickness L is given by

I(ωq, L) ∝
ω2
qL

2

n(ωq)

∣∣∣∣P (2)(ωq)
∣∣∣∣2 sinc2

(∆kL

2

)
. (2.2.5)

The periodically oscillating energy transfer mentioned above is reflected in the oscillatory
behavior of Eq. (2.2.5). If the crystal’s thickness represents an integer multiple of the
coherence length Lc = 2π/∆k, I(ωq, L) exhibits a maximum for ωq and goes to zero in
between. Besides the conservation of momentum, the involved light fields need to obey
the energy conservation law

ωn + ωm = ωq . (2.2.6)
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20 2 Theoretical background

Together with Eq. (2.1.32), and for the case that absorption can be neglected, Eq. (2.2.6)
can be rewritten as

kn
n(ωn)

+ km
n(ωm)

= kq
n(ωq)

. (2.2.7)

In general, owing to material dispersion, it holds that n(ωq) ̸= n(ωn) ̸= n(ωm). However,
phase matching, i.e., the case of ∆k = 0, can be achieved for instance by employing
uniaxial birefringent crystals. As explained in Sec. 2.1.5, such crystals exhibit—for a
given wavelength—different refractive indices for ordinary and extraordinary waves. Thus,
phase matching for one frequency combination can be achieved by choosing the right
crystal orientation with appropriate polarization directions of the incident light fields.

Provided that two of the three electric fields in Eq. (2.2.2) are linearly polarized and
oriented perpendicular to the optical axis, i.e., in the case of two ordinary waves, one
speaks of type-I phase-matching. The tensorial properties of χ(2) imply the existence of
non-vanishing contributions to the polarization [confer Eq. (2.2.2)] if not all electric fields
have the same polarization directions. While the ordinary index of refraction no(ω) is
independent of the crystal orientation, changing the angle θ between the propagation di-
rection of the light fields and the crystal’s optical axis allows one to tune the extraordinary
index of refraction

ne(ω, θ) = no(ω) ne(ω)
[
no(ω)2 sin2 θ + ne(ω)2 cos2 θ

]−1/2
(2.2.8)

between the two extreme values ne(ω, 0◦) = no(ω) and ne(ω, 90◦) = ne(ω), whereby
a distinction is made between negative [no(ω) > ne(ω)] and positive [no(ω) < ne(ω)]
uniaxial crystals.

Sum- and difference frequency generation

In general, the two frequencies ωn and ωm, which give rise to a second-order polarization,
do not have to be equal [confer Eq. (2.2.2)]. Hence, two different laser beams can be mixed
to create a new light field with frequency ωq = ωn + ωm via sum-frequency generation
(SFG) [see Fig. 2.3(a)], a process exploited for instance in the technique of chirped-pulse
upconversion as will be discussed in Sec. 2.5. For a type-I SFG arrangement, the optimal
phase-matching angle can be calculated by combining Eqs. (2.2.3), (2.2.6), and (2.2.8) [50]:

θ = arcsin
[

no(ωq)2ne(ωq)2

no(ωq)2 − ne(ωq)2

( [ωn + ωm]2

[no(ωn)ωn + no(ωm)ωm]2
− no(ωq)−2

)]1/2
. (2.2.9)

When a laser beam (frequency ω0) is mixed with itself, a special case of SFG, namely the
process of second-harmonic generation (SHG), enables the generation of light at a central
frequency of 2ω0. Moreover, a SFG crystal setting simultaneously allows for the process
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2.2 Nonlinear processes 21

of difference-frequency generation (DFG) [see Fig. 2.3(b)], i.e., the creation of light at
a central frequency of ωm = ωq − ωn or ωn = ωq − ωm. For a mathematical treatment
of phase-matching conditions in biaxial crystals, the interested reader is referred to the
literature [48]. In general, 23 different types of phase-matching can be realized by mixing
any possible combination of three ordinary or extraordinary waves in Eq. (2.2.2). For the
case of SFG via type-I phase matching, Eq. (2.2.2) can be reduced to

P (2)
y (ωq) = ε0

∑
(nm)

χ(2)
yxx(−ωq; ωn, ωm)E1,x(ωn)E2,x(ωm) , (2.2.10)

where the highest frequency is the y-polarized extraordinary wave and the other light
fields are ordinary waves.

When phase matching of broad spectra is desired, one has to consider the so-called
acceptance bandwidth of a NC. The latter accounts for the fact that most frequencies
suffer from an inevitable phase mismatch which is determined by variations of the sinc-
function over the spectral region of interest [confer Eq. (2.2.5)]. As can be seen from
Eq. (2.2.5), the use of thin crystals reduces the phase mismatch ∆k at the expense of
a reduced conversion efficiency. For sufficiently thin crystals and pulses in the SVEA-
regime, it can be approximated that the sinc2-term as well as the prefactors in Eq. (2.2.5)
are constant values. In the case that the susceptibilities can be assumed to be independent
of frequency [51] and under the assumption of efficient broadband phase-matching, the
electric field in the time domain can be derived via Fourier transform:

E(2)
q (t) = ε0χ

(2)E1(t)E2(t) . (2.2.11)

The electric fields’ polarization directions, which are neglected in Eq. (2.2.11) to underline
the equation’s generality, determine whether the process of SFG or DFG is phase-matched.
As the electric field is a real-valued quantity given by the sum of E+(t) + E−(t) [confer
Eq. (2.1.5)], the nascent field Eq(t) generally comprises both the type-I SFG contribution
ESFG
q,y (t) = ε0χ

(2)(E+
1,x(t)E+

2,x(t) + c.c.) as well as the type-I DFG contribution EDFG
q,x (t) =

ε0χ
(2)(E+

1,y(t)E−
2,x(t) + c.c.). However, typically only one process actually takes place in

a specific combination of NC and incoming laser fields. The overall signal of the nascent
fields generated via SFG or DFG is proportional to the product of the initial intensities:

SSFG/DFG ∝
∫ ∞

−∞
|ESFG/DFG

q (t)|2dt ∝
∫ ∞

−∞
I1(t)I2(t)dt . (2.2.12)

In the case of SHG, i.e., when the relation E1(t) = E2(t) holds, the overall signal SSHG

exhibits a quadratic dependence on the intensity of the fundamental light field. As the
highest overall SHG yield is achieved by transform-limited pulses, recording SSHG—for
instance with a photodiode—can provide a valuable estimate of pulse durations by simple
means.
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Optical parametric amplification

A process which is strongly related to DFG is the so-called optical parametric amplification
(OPA) [see Fig. 2.3(c)]. At this, a weak seed wave at frequency ωsignal (the signal beam) is
overlapped with an intense beam at frequency ωpump (the pump beam) in a NC. The OPA
process gives rise to a field at ωidler = ωpump−ωsignal (the idler beam) via DFG accompanied
by an amplified signal field. The energy transfer from the pump beam to the signal beam
is possible since additional photons at frequency ωsignal can be stimulated by the existence
of photons at the latter frequency [41]. In this thesis, the OPA process is exploited to
generate tunable laser pulses in the UV [see Section 3.2.2] and MIR spectral region [see
Section 3.4.1] by amplifying weak seed beams generated via white-light generation—a
process which will be discussed in the following section.

2.2.3 χ(3) frequency conversion processes

First observed by Alfano and Shapiro in the 1970s [52, 53], the χ(3) process of white-
light generation (WLG) [see Fig. 2.3(d)], i.e., the generation of broad spectra by focusing
intense laser pulses into transparent media, is exploited in a variety of spectroscopic appli-
cations [54, 55]. Despite its importance, the interplay of different processes contributing
to WLG has not completely been deciphered so far. Self-phase modulation (SPM) seems
to be the most important process in WLG, while also other effect such as self-steepening,
self-focusing, and Raman-like processes may contribute [28, 56, 57]. While the role of
WLG—sometimes also called supercontinuum generation [54]—for experiments presented
in this thesis will be detailed in Chap. 3, this section provides a brief mathematical de-
scription of SPM.

In Sec. 2.2.2, frequency conversion processes have been introduced on the basis of NCs
which exhibit a non-vanishing second-order susceptibility χ(2) ̸= 0 due to the lack of
inversion symmetry. As opposed to this, the process of SPM is based on the third-order
susceptibility χ(3) which is found in most media. The third-order polarization [confer
Eq. (2.2.11) for the corresponding second-order process] of the medium gives rise to the
electric field contribution

E(3)
q (t) = ε0χ

(3)E1(t)E2(t)E3(t) . (2.2.13)

For the case of identical fields, i.e., when E1(t) = E2(t) = E3(t), by including the inten-
sity definition from Eq. (2.1.21), and by neglecting the process of third-harmonic genera-
tion [28], the total polarization of the medium can be expressed as

P (t) = ε0χ
(1)E+(t) + 3χ(3)

2cε0n
I(t)E+(t) + c.c. . (2.2.14)

Obviously, P (t) depends linearly on E+(t), while the effective susceptibility is dependent
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on I(t). Using Eq. (2.1.33) and defining the linear index of refraction as n0 =
√

1 + χ(1),
the complete index of refraction reads4

n(t) = n0

√√√√1 + 3χ(3)
2cε0n3

0
I(t) ≈ n0 + 3χ(3)

4cε0n2
0
I(t) := n0 + n2I(t) . (2.2.15)

Hence, owing to the intensity dependence of n(t), a pulse propagating in a medium with
sufficiently large χ(3) will experience a temporal phase modulation. Using the wavevector
definition from Eq. (2.1.32), the complete temporal phase at a fixed point z0 in space [58]
can be written as

Φ(t, z0) = φ(t, 0) + ω0t − n ω0

c
z0

= φ(t, 0) + ω0t − ω0 z0

c
[n0 + n2I(t)] . (2.2.16)

Thus, the pulse’s momentary frequency [confer Eq. (2.1.15)] becomes

ωm(t, z0) = dφ(t, 0)
dt

+ ω0 − ω0 n2 z0

c

dI(t)
dt

. (2.2.17)

Via Fourier transform [confer Eq. (2.1.3)] it can be shown that changes in the temporal
phase also affect the spectral amplitude. SPM in particular leads to upchirped laser
pulses since red-shifted frequencies are generated at the leading edge (dI/dt > 0) and
blue-shifted frequencies are generated at the trailing edge (dI/dt < 0). Under proper
experimental conditions, pulses can be created whose spectral widths significantly exceed
the initial spectrum.

Pulses generated via WLG do not have a constant momentary frequency anymore
and hence the pulses’ different spectral components arrive at different times at a given
point in space. If necessary for a specific spectroscopic application, pulse compression
techniques can be applied that compensate for changes in the temporal phase imposed
in the process of WLG [59, 60]. With respect to this thesis, however, the additional
chirp can be accounted for in the data analysis. With regard to the experimental usage,
it is furthermore important to note that the spectral coverage of pulses generated via
WLG depends on the medium and the wavelength of the generating beam, whereby
the latter also predetermines the polarization of the supercontinuum. Further effects
based on higher-order susceptibility are discussed with regard to their relevance in TA
measurements in Sec. 2.4.

4In Eq. (2.2.15) it has been assumed that n0 ≪ n2I(t), with n2 describing the coupling strength between
the index of refraction and the electric field [28].
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2.3 Molecules and light

Light can initiate transitions between molecular states, whereby, depending on the wave-
length of the absorbed photon, either rotational, vibrational, or electronic excitations
can occur [61]. Hence, light can be utilized to gain insight into a molecular system by
assessing its energetic levels. To better understand the related physical and chemical
processes occurring after photoexcitation, this section provides an introduction into the
quantum-mechanical framework of molecular states and corresponding transitions whose
characteristic time scales can be analyzed by ultrafast TA spectroscopy—a method which
will be introduced in Sec. 2.4.

2.3.1 Born-Oppenheimer approximation

A molecular system—consisting of at least two atoms—is fully described via its Hamilto-
nian [43, 62]

H(r, R) = TN + Te + VeN + Ve + VN , (2.3.1)

which contains the kinetic energies T of the nuclei (index N) and the electrons (index e)
as well as the Coulomb potentials V between electrons and nuclei and among themselves.
Molecular states—represented by their molecular wave functions |Ψmol(r, R)⟩—and their
corresponding energy levels E are determined by the time-independent Schrödinger equa-
tion

H(r, R)|Ψmol(r, R)⟩ = E|Ψmol(r, R)⟩ , (2.3.2)

where the coordinates r and R correspond to the electrons and nuclei, respectively. In
what follows, contributions owing to spin and rotational motion are neglected. While an
exact solution even for small molecules is not feasible, Eq. (2.3.2) can be solved by in-
troducing the Born-Oppenheimer approximation. The latter assumes, based on the huge
mass difference of three or more orders of magnitude between electrons and nuclei [61],
that electrons can almost instantaneously follow the movement of nuclei. This in turn
suggests that the motion of electrons and nuclei can be separated from each other, i.e.,
the electron-nuclear correlation can be neglected [43, 63]. In analogy to thermodynamic
approximations where dynamic changes happening under equilibrium conditions need
to be described [64], the Born-Oppenheimer approximation is also known as adiabatic
approximation. Importantly, the latter fails for instance in the presence of conical in-
tersections [65]—a scenario which shall not be discussed here. The Born-Oppenheimer
approximation gives rise to define the total vibronic (i.e., simultaneously electronic and
vibrational) molecular wave function |Ψmol(r, R)⟩ as a product of the electronic wave
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function |Ψe(r, R) and the nuclear wave function |ΨN(R)⟩:

|Ψmol(r, R)⟩ = |Ψe(r, R)⟩ |ΨN(R)⟩ . (2.3.3)

As the electron motion can thus be treated for a fixed internuclear geometry, the nuclear
position vector R takes the role of a parameter in the electronic wave function |Ψe(r, R)⟩
and the energy eigenvalues E. Overall, electronic eigenvalues E(R), so-called potential
energy curves, have to be calculated by solving Eq. (2.3.2) for every value of R. The
nuclear motion is determined by an effective potential which is given by the sum of E(R)
and VN. Thus, for the nuclei Eq. (2.3.2) can be written as

H(r, R)|ΨN(R)⟩ = [TN + E(R) + VN(R)]|ΨN(R)⟩ = E|ΨN(R)⟩ . (2.3.4)

Hence, the overall electronic and vibrational structure of a molecular system, which is
determined by its full Hamiltonian [confer Eq. (2.3.1)], consists of vibrational levels on
top of potential energy curves E(R) that reflect electronic states. In general, as several co-
ordinates need to be introduced to describe the overall nuclear motion, multi-dimensional
potential energy surfaces (PESs) are necessary to describe the electronic structure of
polyatomic molecules [61].

2.3.2 Vibrational structure of molecules

For polyatomic molecules consisting of N atoms, 3N coordinates are necessary to describe
the overall motion. Three out of these 3N degrees of freedom can be assigned to transla-
tion and three (or two for the case of a linear molecule) degrees of freedom are assigned to
rotational movement. Thus, 3N − 6 (or 3N − 5 for the case of a linear molecule) degrees
of freedom remain for the description of molecules’ vibrational structure. For vibrations
around the equilibrium position Q = 0, the potential energy can be expanded in the
Taylor series

V (Q) = V0 +
∑
i

( ∂V

∂Qi

)
Qi + 1

2
∑
i,j

( ∂2V

∂Qi∂Qj

)
QiQj + ... , (2.3.5)

where Q describes the vibrational amplitude and where the partial derivatives determine
the force constants. The so-called harmonic approximation only accounts for zeroth-,
first-, and second-order contributions in Eq. (2.3.5). After coordinate transformation, the
3N differential equations that describe the molecule’s motion can be disentangled to yield
3N − 6 uncoupled normal mode equations. For the (unusual) case that all atoms oscillate
with the same frequency and have a fixed phase, a superposition of these normal modes
of vibration is sufficient to describe any molecular motion. The overall vibrational energy
of the molecular system is then given by the sum over all Eigenenergien that correspond
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to independent normal modes in the harmonic approximation:

E =
∑
i

~ωi(vi + 1/2) , (2.3.6)

where ~ refers to Planck’s reduced constant5. In general, the harmonic approximation
fails and higher-order force constants are necessary to describe the potential energy of a
molecular system properly [confer Eq. (2.3.5)]. Hence, Eq. (2.3.6) has to be modified with
anharmonic correction terms that involve the vibrational quantum numbers of several de-
pendent normal modes. In general, this modification leads to an unequal spacing between
different vibrational energy levels [66]. One typical case of anharmonicity is the so-called
diagonal frequency shift of excited vibrational modes, which, as illustrated in Fig. 2.4(a),
leads to decreasing energy differences for higher quantum numbers.

2.3.3 Molecular transitions and energy diagrams

One common way to visualize a molecule’s energetic spectrum is the so-called Jablonski
diagram [61], which is depicted for a fictitious molecular system in Fig. 2.4(a). At this,
rotational levels have been excluded for clarity. Starting from the electronic ground state
S0, the absorption of a photon (with adequate energy) leads to an electronic excitation
that also involves the excitation of higher vibrational states. Typically in solution, this
vibrational excess energy is quickly lost via vibrational cooling (VC) and transferred to
the solvent [a process known as intermolecular vibrational energy transfer (VET)] or dis-
tributed over the entire molecule [a process known as intramolecular vibrational relaxation
(IVR)] [9, 68]. With respect to what follows, it is noteworthy that owing to a typically an-
harmonic energetic spacing between vibrational states [confer Sec. 2.3.2 and Fig. 2.4(b)],
VC is reflected in spectral shifts which are detectable in TA measurements (see Sec. 2.4).
For instance, after excitation a large amount of internal vibrational energy may be present
in the ground state of the reactant or the product (so-called hot molecules) causing ini-
tially red-shifted absorption bands. Eventually, as the system dissipates the excess energy,
these bands blue-shift reflecting the molecule’s relaxation towards the vibrational ground
state. Returning to the situation depicted in Fig. 2.4(b), electronic relaxation processes
occurring after VC comprise non-radiative (nr) and radiative (r) transitions which are
either spin-conserving [nr: internal conversion (IC); r: fluorescence] or involve a change
in the spin multiplicity [nr: intersystem crossing (ISC); r: phosphorescence]. As will be
further detailed in Sec. 2.4, stimulated emission (SE) and excited-state absorption (ESA)
are further light-induced transitions which can occur when excited molecules interact
with another photon—contrary to an initial excitation from the molecular ground state
as discussed above [61].

In the Jabloski diagram, a simplification has been made as energy levels were repre-
sented by horizontal lines thereby neglecting the dependence on the nuclear coordinates
R. While it is typically not feasible to visualize to entire multi-dimensional PES of a
5~ = 1.054571800(13) × 10−34 Js [29]
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Figure 2.4: Diagrams representing energetic states and possible transitions of molecular
systems. (a) The Jablonski diagram illustrates possible molecular relaxation processes occurring after
the absorption of a photon which induces an initial vibronic transition from the electronic ground state
S0 to the second excited state S2 (blue arrow). Electronic eigenstates (thick black lines) and correspond-
ing vibrational eigenstates (thin black lines) are organized vertically by energy and grouped horizontally
by spin multiplicity. Subsequent relaxation processes may comprise several non-radiative (black arrows)
and radiative (colored arrows) transitions between molecular states. While internal conversion (IC) and
fluorescence are spin-conserving processes, phosphorescence and intersystem crossings (ISCs) change a
molecule’s spin multiplicity. Moreover, purely vibrational (non-radiative) transitions known as vibra-
tional relaxation or vibrational cooling (VC) may occur. (b) Section of an one-dimensional cut through
a multidimensional potential energy surface along one nuclear coordinate. The schematic depicts the
potential wells of the electronic S0 and S1 state with corresponding vibrational levels. The exemplary
vibronic transitions of absorption (blue) and fluorescence (green) occur—according to the Franck-Condon
principle—most likely between vibrational states whose respective wave functions (purple curves) exhibit
the greatest overlap. Figure adapted from Ref. [67].

molecule, often it is already helpful to plot cuts through a PES along one nuclear coor-
dinate. Furthermore, this way of presenting a molecule’s energetic levels allows one to
visualize the so-called Franck-Condon principle which explains why an electronic transi-
tion is typically connected with a vibrational excitation: as shown for the processes of
absorption and fluorescence, vertical vibronic transitions are more likely due to shifted
minima positions of the electronic potential curves (corresponding to the S0 and S1 state)
accompanied by the solutions of Eq. (2.3.2) which reveal that wave functions of higher-
lying vibrational states exhibit an increasing probability density at the border of the
corresponding potential wells [43, 63]. Hence, the Franck-Condon principle treats transi-
tions between different electronic states to happen quasi instantaneously on a molecule’s
vibrational time scale and without changes in the nuclear positions. The corresponding
transition probability is proportional to the absolute square of the dipole matrix element

Mif =
[
−e

∑
j

⟨Ψe
f |rj|Ψe

i ⟩
]

× ⟨Ψn
f |Ψn

i ⟩ , (2.3.7)
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where e refers to the elementary charge6, and where i denotes the initial and f the final
electronic or vibrational state, respectively. While the first factor is the so-called electric
dipole transition moment which accounts for the redistribution of the electrons, the second
factor is the so-called Franck-Condon factor that describes the wave function overlap of
the involved vibrational states [63].

2.3.4 Quantum chemical calculations

Especially in the case of complex molecular structures, experimentally acquired spectro-
scopic data is only of limited information value without the help of theoretical calculations.
In Chap. 4, advanced femtosecond pump–probe spectroscopy is complemented by hybrid
Quantum Mechanics/Molecular Mechanics (QM/MM) calculations when pursuing pri-
mary processes of diphenylcarbene (DPC) in binary solvent mixtures. The calculations,
performed by Dr. Pandian Sokkar and Dr. Elsa Sánchez-García (Max-Planck-Institut für
Kohlenforschung, Mülheim an der Ruhr), enable to capture solvent effects and specific
interactions governing the stability of DPC. In the QM/MM approach, an appropriate
level of quantum chemistry theory is chosen to selectively address chemical processes oc-
curring in certain regions of a molecular system, while the surrounding part is treated
by a MM force field [69–71]. In Chap. 6, light-induced ligand dissociation reactions of
transition-metal complexes are studied. Thereby, the release of small molecular messen-
gers such as carbon monoxide (CO) or nitric oxide (NO) gives rise to the appearance
of MIR absorption bands which are associated with groups in the reactant and prod-
uct molecules. Molecular ground state calculations based on density functional theory
(DFT) are in this respect a versatile tool allowing for an assignment of nascent spectral
features to putative molecular configurations [72, 73]. In a nutshell, DFT allows for the
computation of numerical solutions of Eq. (2.3.2) even for the case of large molecules
containing many interacting electrons. The experimental findings presented in Chap. 6
are furthermore supported by calculations based on time-dependent density functional
theory (TD-DFT) [74–77]. Therewith, excited molecular states can be studied theoreti-
cally which in turn allows for a deeper understanding of molecular processing happening
after photoexcitation, e.g., structural changes caused by the spatial redistribution of the
electronic probability density. The results from DFT calculations (performed mainly by
the group of Prof. U. Schatzschneider, Inorganic Chemistry, University of Würzburg) on
the investigated transition-metal complexes can be found in Appendix C. Further details
on the employed theoretical methods can be found in the references mentioned above.

6e = 1.6021766208(98) × 10−19 C [29]
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2.4 Transient absorption spectroscopy

Ultrafast optical transient absorption (TA) spectroscopy is a commonly used subtype
of pump–probe spectroscopy. Thereby, a laser pulse (the so-called pump pulse) is em-
ployed to excite an initially relaxed molecular system via a molecular transition to a
non-equilibrium state which in turn can be the starting point for several photophysical or
photochemical processes which finally once more end in a relaxed molecular state. The
reaction sequence is monitored in real time by observing changes in the molecule’s absorp-
tion characteristics seen by the interaction with another time-delayed pulse (the so-called
probe pulse) with the pumped and unpumped sample volume. The latter distinction can
be made as typically every second pump pulse is blocked by a mechanical chopper. In
particular, pump-induced changes in the sample lead to changes in the transmitted probe
spectrum which is detected spectrally resolved (see Fig. 2.5). Depending on the probe
pulse’s spectral coverage, the molecule is probed either via its electronic or vibrational
transitions. By varying the time delay τ between the pump and probe pulse, the sample’s
temporal evolution after photoexcitation can thus be reconstructed by following changes
in its time-resolved (transient) absorption. Owing to experimental limitations, the tem-
poral probing window is usually limited to several nanoseconds [20]. While early flash
photolysis experiments pioneered by Norrish and Porter offered a milli- to microsecond
precision by employing two short light flashes as pump and probe, respectively [78, 79],
only the development of ultrashort light sources allowed for experiments with a sub 100 fs
time resolution, thus enabling researchers to enter the characteristic time scale of intra-
and intermolecular processes [7, 80]. This section comprises a brief introduction into the
theory behind pump–probe TA spectroscopy and discusses possible signal contributions
(Sec. 2.4.1), complemented by general remarks on probing in different spectral regimes
(Sec. 2.4.2).

2.4.1 Signal contributions and their origin

Given the intensity I0(λ) of the probe beam at wavelength λ before passing a sample of
thickness d, the Lambert-Beer law

I(λ, τ) = I0(λ) e−σ(λ)N(τ)d (2.4.1)

describes the probe beam’s intensity at wavelength λ after passing the sample, where
σ(λ) is the wavelength-dependent cross section and N(τ) is the number of molecules
which absorb at wavelength λ. Reusing Eq. (2.4.1), one typically speaks of a sample’s
absorbance or optical density (OD)

OD(λ, τ) = − log10

[
I(λ, τ)
I0(λ)

]
= 1

ln(10)
σ(λ)N(τ)d . (2.4.2)
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Figure 2.5: Schematic of a transient ab-
sorption experiment. Pump pulses are spa-
tially overlapped with probe pulses in a sample
flow cell, whereas the time delay τ between the
pulses is controlled by a linear translation stage.
The intensity of the probe pulses after passing
the sample is detected frequency-resolved with a
spectrometer. For shot-to-shot detection of light-
triggered changes in a molecule’s absorption char-
acteristics, a mechanical chopper is used to block
every second pump pulse. By continuously scan-
ning τ , a data set can be derived which maps the
temporal evolution of the excited subensemble via
changes in the absorption signatures in the spec-
tral regime which is covered by the probe spec-
trum.

Probe

Pump

Sample

τ

Spectrometer

Delay Stage

Chopper

For the case that the probe beam propagates through the unpumped sample, the de-
tector records a time-independent reference value Iref(λ) = I0(λ) exp[−σ(λ)N0d] [confer
Eq. (2.4.1)]. To quantify pump-induced changes in the sample’s absorbance at a certain
wavelength and time delay, one typically calculates the differential optical density

∆OD(λ, τ) = − log10

[
I(λ, τ)
Iref(λ)

]
= 1

ln(10)
σ(λ)

[
N(τ) − N0

]
d , (2.4.3)

determined by probe spectra recorded after passing through the pumped and unpumped
sample volume, respectively.

For a deeper understanding of possible signal contributions in TA measurements, it is
important to consider that pump–probe spectroscopy is a third-order nonlinear spectro-
scopic technique. Note that this is furthermore the lowest possible order of a nonlinear
interaction in centrosymmetric systems including the samples investigated in this thesis
(confer Sec. 2.2.1). The third-order polarization P (3) generated in the sample originates
from two interactions with the pump and one interaction with the probe field. This po-
larization constitutes a source term and hence, the wave equation [confer Eq. (2.1.1)] can
be written as

∂E(t)
∂z

= iωPR

ϵ0c
P (3)(t) , (2.4.4)

whereby in the SVEA-regime and within the small signal limit the corresponding solution
is given by

EPR,total(t) = EPR(t) + ES(t), ES(t) = iωPRL

ϵ0c
P (3)(t) , (2.4.5)
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where L is the sample’s optical path length. Hence, depending on the phase relation
between the original probe field EPR(t) and the field emitted by the sample ES(t), transient
gain or absorption will be observed. Since the detector’s response is too slow to follow
the electric field directly, one always detects a temporally integrated signal

∫ ∞

−∞
dt |EPR,total(t)|2 =

∫ ∞

−∞
dt
[
|EPR(t)|2 + |ES(t)|2 + 2ReEPR(t)ES(t)

]
. (2.4.6)

The first term on the right side of Eq. (2.4.6) is constant and merely reflects the signal that
would be measured without any pump interaction. This contribution does not contain any
information about the sample’s temporal evolution and is automatically subtracted when
calculating TA signals according to Eq. (2.4.3). While the second term can be neglected in
the small signal limit, the last term carries the desired information about pump-induced
molecular dynamics which are manifested in positive or negative signal modulations [81].
Overall, four types of signal contributions may appear in TA measurements (independent
of the spectral probing window). All TA signals are related to relaxation processes which
can cause changes in a molecule’s absorption characteristics (confer Sec. 2.3.3). In partic-
ular, one observes positive or negative TA signals depending on whether the probe pulse
connects the molecular state of the excited subensemble to a higher- or lower-lying target
state, respectively.

• Ground-state bleach (GSB): The excitation of a molecular system to a higher-
lying state by the pump pulse removes population from its ground state. Hence,
the ground state transition is bleached, i.e., less molecules are absorbing, leading
to a negative ∆OD signal at the corresponding spectral position. The GSB signal
may exhibit a full or a partial recovery after a certain time reflecting the amount of
excited population which has relaxed back to the ground state. Hence, the residual
GSB signal can be utilized to evaluate the fraction of excited population which takes
an irreversible reaction pathway, i.e., it indicates a reaction’s quantum yield.

• Excited-state absorption (ESA): As long as a molecular system is in an excited
state, the absorption of another photon can induce a transition to an even higher-
lying state. Hence, a positive ∆OD signal can appear which corresponds to a
transition between excited molecular states.

• Product absorption (PA): Besides ESA, positive ∆OD signals can furthermore
originate from the appearance of absorption bands which belong to photoproducts.
For instance, one might observe a short-lived radical, a triplet state, or the final
photoproduct of a photolysis reaction. Often, PA signals can be related to a residual
GSB signal.

• Stimulated emission (SE): The pump interaction may populate an emissive state
that shows fluorescence. Photon emission can then be stimulated by another photon
of the probe pulse. Hence, owing to the increase of probe light, a negative ∆OD
signal will be detected. In the case of an initial electronic or vibronic excitation,
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due to VC and a higher Franck-Condon factor for a transition to higher vibrational
levels in the electronic ground state, SE typically appears red-shifted with respect
to the GSB signal (confer Kasha’s rule [82]).

Data acquired in TA measurements is typically visualized in a so-called transient map,
where color-coded ∆OD signals are plotted against wavenumber and time delay. This
multi-dimensional data set may reflect several molecular processes occurring simultane-
ously but on different time scales. Hence, a global analysis which fits the data set to
a theoretical model and helps to unravel the underlying processes may become desir-
able [83]. However, often it is already instructive to evaluate cuts along the wavenumber
axis (so-called difference spectra) or along the time delay axis (so-called transients).

2.4.2 Characteristics of different measurement configurations

The appearance of various features which do not reflect real dynamics of an investigated
molecular system need to be considered when analyzing the result of a TA measurement.
The most important ones, which can be more or less pronounced depending on the com-
bination of pump beam, probe beam, and sample, are briefly outlined in the following.

Coherent artifact

The coherent artifact [84, 85], which is an unwanted feature appearing in TA measure-
ments in the liquid phase that potentially masks early molecular dynamics, is predomi-
nantly caused by so-called cross-phase modulations (XPMs). This nonlinear interaction
between the (intense) pump pulse and the flow cell with its containing solvent leads to a
modulation of the real part of the optical medium’s refractive index [86, 87]

n(t) = n0 + n2|E(t)|2 , (2.4.7)

where |E(t)|2 describes the pump pulse’s temporal envelope, which in turn affects the
probe pulse’s spectrum and phase. For the case of spectrally-resolved TA spectroscopy,
this results in an undesired short-living signal around time zero, i.e., when pump and
probe pulse overlap temporally. Depending on experimental parameters such as the flow
cell material or the pump pulse’s intensity and duration, the effect can be more or less pro-
nounced. Especially in cases in which the coherent artifact overlaps with contributions
from the so-called perturbed free induction decay—an effect discussed in the following
paragraph—it can be challenging to apply correction procedures to distinguish between
early molecular dynamics and artifacts [87, 88]. It is noteworthy, that analyzing the
coherent artifact in pure solvents is one way to determine the experimental setup’s tem-
poral resolution providing similar values for instance compared to a SFG cross-correlation
measurement between the pump and probe pulse [20, 89].
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Perturbed free induction decay

TA measurements in the MIR spectral region may also be influenced by an effect called
perturbed free induction decay (PFID). The latter appears when dephasing times of vi-
brational coherences (up to 1 ps) exceed the time resolution of the experimental appara-
tus [81, 90, 91]. The resonant excitation of a vibrational transition gives rise to a coherent
polarization which radiates the so-called free induction decay (FID). For negative time
delay (τ < 0), i.e., when the probe pulse reaches the sample first, the decaying FID
gets perturbed and disappears upon electronic excitation by the pump pulse. This pro-
cess possibly modifies the strength and position of the absorption line. For the case of
spectrally-resolved UV-pump/MIR-probe TA spectroscopy, PFID leads to an additional
TA signal which decays from time zero towards negative time delay with the transition’s
dephasing time and which is also present at frequencies close to the line center. For the
case of finite time resolution, PFID contributions can also appear shortly after time zero,
i.e., within the cross-correlation time of the pump and probe pulse, hence constituting
another complication in the observation of ultrafast molecular dynamics. Mind that typi-
cal dephasing times of electronic transitions of molecules in solution are well below 100 fs
making the effect of PFID negligible for probing in the UV to VIS spectral region. With
regard to studies in the MIR spectral region, however, it is noteworthy that signal con-
tributions originating from PFID can be suppressed by Fourier filtering if necessary [92].

Influence of probe chirp

When ultrashort MIR pulses are employed to probe vibrational dynamics of molecular
systems (confer Sec. 3.4), different colors of the probe pulse arrive at the sample (almost)
simultaneously. However, when probing in the UV to VIS spectral region with broad-
band pulses generated via WLG (confer Secs. 2.2.3 and 3.3), the pulses’ positive chirp
has to be considered which may additionally be influenced by dispersive material in the
beam path. Both effects result in a wavelength-dependent time zero, i.e., the time de-
lay when pump and probe pulse overlap, with typical variations on the order of several
hundreds of femtoseconds. The probe chirp can easily be characterized by analyzing the
coherent artifact (see above) ideally in pure solvent. Its wavelength-dependent temporal
appearance can thereby be exploited to define time zero for each transient individually.
To analyze difference spectra in general, the entire transient map needs to be corrected
globally by fitting the temporal center of the coherent artifact to a lower-order polynomial
and appropriately shifting each transient [20].

2.5 Chirped-pulse upconversion

Revealing the vibrational dynamics of molecules by mapping their TA in the MIR spec-
tral range is commonly used to gain insight into chemical processes on a microscopic
scale [18]. Over the last decades the development of commercially available amplified

J. Knorr: Femtosecond spectroscopy of photolysis reactions in the liquid phase

Dissertation, Universität Würzburg, 2015



34 2 Theoretical background

femtosecond laser systems, accompanied by the establishment of optical parametric am-
plifiers capable of generating stable ultrashort MIR pulses [55, 93, 94], gave rise to a vast
variety of time-resolved investigations on diverse systems in different environments. In
the liquid phase for instance, studies are ranging from small molecules via organometallic
compounds to large proteins [4, 95–113]. Thus, probing in the MIR spectral range has
proven to be an unprecedentedly sensitive method to follow the structural evolution of a
molecular system in real time. However, detecting MIR signals simultaneously with high
spectral bandwidth and high spectral resolution still constitutes a challenging task. This
is addressed by chirped-pulse upconversion (CPU), a technique which has the potential
to replace conventional detection methods.

2.5.1 Introduction and motivation

Standard direct multichannel MIR detection uses liquid nitrogen cooled photodiode ar-
rays based on compound semiconductors as InAs, InSb, or HgCdTe (MCT). Commercially
available IR spectrometers are limited to a maximum of 128 pixels, so that combining
detector arrays is one way to increase the number of detection channels [113, 114]. Nev-
ertheless, often a compromise between spectral resolution and spectral bandwidth has to
be found. Different techniques have been reported, circumventing this issue by trans-
ferring the MIR signals to the VIS regime [95, 96, 115, 116]. The technique of CPU in
particular uses a strongly chirped near-infrared pulse (CP) to upconvert MIR signals via
sum-frequency mixing in a NC [23]. Simply put, upconversion is done by adding a con-
stant local frequency of the CP to the MIR field (see Fig. 2.6 for graphical illustration).
As a result, mature silicon CCD technology can be used to detect the upconverted radia-
tion. However, for narrow spectral features which correspond to long features in the time
domain, the signal field is mixed with a range of wavelengths of the CP. This is equiv-
alent to mixing with nonlinear phase variations which lead to phase modulations in the
upconverted field that in turn cause spectral broadening. This section comprises a math-
ematical treatment of CPU including a description on how to remove phase distortions in
order to improve the spectral resolution of CPU [24].

Considering a field EMIR(t) being mixed with a field ECP(t) = A(t)exp[−iω0t + iφ(t)]
(central frequency ω0) in a SFG arrangement (confer Sec. 2.2.2) at t = 0 under conditions
of perfect phase matching, a CPU field is created that is proportional to the time-domain
product

ECPU(t) = ηEMIR(t)ECP(t) = ηEMIR(t)e−iω0tA(t)eiφ(t) , (2.5.1)

with the coefficient η describing among other terms the second-order nonlinear coefficient
of the crystal and the π/2 phase shift between the polarization and the radiated field [24].
The envelope of the CP is accounted for in a real-valued envelope function A(t), which
reaches its maximum value when the pulses are overlapped [A(0) = 1]. In the case of large
linear chirp, i.e., for large values of b2 (confer Sec. 2.1.4), the parabolic CP time-domain
phase function is given by φ(t) = t2/2b2 [for sign convention, confer Eq. (2.1.24)] [117, 118].
The first CP term in Eq. (2.5.1), i.e., e−iω0t, describes the desired process of upconversion
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Figure 2.6: Joint representation of chirped-pulse upconversion in time and frequency do-
main. (a) An ultrashort MIR laser pulse is mixed in a SFG process with a strongly positively chirped
NIR pulse (CP) to generate an ultrashort VIS pulse. Since the frequency of the CP can be considered
as constant within the window of temporal overlap, the MIR pulse is mixed with a quasi monochromatic
NIR pulse, leading to a translation of the MIR spectrum to the VIS regime without changes in the spec-
tral shape. (b) The MIR pulse is mixed with a quasi monochromatic component of the CP. Thus, for
the case of a CP which is positively chirped, a temporal delay ∆τ of the CP translates into a frequency
shift ∆ω of the upconverted field towards higher frequencies [in (a) the CP’s central frequency is used
for upconversion]. If narrow features are present in MIR spectra, cross-phase modulations need to be
removed from upconverted spectra. See text for further explanations.
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via addition of a monochromatic frequency ω0. Multiplying the MIR field with the second
term, i.e., A(t), results in a convolution in the frequency domain. However, effects on
the spectral resolution can be excluded for CP stretching factors employed within this
thesis. By contrast, it is vital to account for the third term, i.e., eiφ(t), which causes
phase modulations in time that in turn can distort CPU spectra in the presence of narrow
spectral features.

2.5.2 Removing cross-phase modulations

While the correction procedure can also be applied in multidimensional spectroscopy, i.e.,
in the case that the CPU field in general is fully characterized [24], the following discussion
is devoted to the case of absorption spectroscopy, and thus holds in the linear transmission
regime and for pump–probe absorption spectroscopy where the causality principle can be
exploited. Given a short probe field EPR(t) (centered at t = 0) and a field ES(t) being
radiated by the sample, for the case of small absorption the spectral intensity profile of
the MIR spectrum is given by

I(ω) = |EPR(ω) + ES(ω)|2 ≈ |EPR(ω)|2 + E∗
PR(ω)ES(ω) + EPR(ω)E∗

S(ω) , (2.5.2)

where a contribution from |ES(ω)|2 has been assumed to be negligible. Importantly,
the field ES(t) is zero before EPR(t) interacts with the sample. However, depending on
sample dephasing times, the signal can be arbitrarily long for positive times. Likewise,
this interference between EPR(t) and ES(t) is reflected in the CPU spectrum

ICPU(ω) ≈ |EPR,CPU(ω)|2 + E∗
PR,CPU(ω)ES,CPU(ω) + EPR,CPU(ω)E∗

S,CPU(ω) . (2.5.3)

How phase modulations [manifested in ES,CPU(t)] distort CPU spectra and how they can
be corrected is visualized in Fig. 2.7 for the case of upconverting a Gaussian-shaped MIR
spectrum transmitted through a narrow Lorentzian absorption line [Fig. 2.7(a)]. Note
that exemplary parameters are chosen which resemble those used within this thesis (confer
Sec. 3.4.2 and Chap. 5). While the main envelope of the corresponding CPU spectrum
matches the shape of the MIR spectrum, a strong oscillatory behavior, which appears
red-shifted with respect to the absorption line, is caused by cross-phase modulations. As
it can be seen from Fig. 2.7(b), the latter severely distort the narrow absorption feature.
After Fourier transformation, Eq. (2.5.3) reads

F
{

ICPU(ω)
}

(t) ≈ EPR,CPU(−t) ⊗ EPR,CPU(t)

+ E∗
PR,CPU(−t) ⊗ ES,CPU(t) + EPR,CPU(t) ⊗ E∗

S,CPU(−t) , (2.5.4)

where ⊗ denotes the convolution product. The three terms on the right side of Eq. (2.5.4)
are overlapping, and hence can not be addressed individually. However, overlap is only
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Figure 2.7: Removing cross-phase modulations from CPU spectra. (a) Simulated spectrum
of a Gaussian laser pulse centered at ν̃MIR,0 = 2028 cm−1 [∆ν̃MIR = 154 cm−1 (FWHM)] after trans-
mission through a Lorentzian absorption line centered at ν̃Abs = 2028 cm−1 [0.2 OD, ∆ν̃Abs = 1.8 cm−1

(FWHM)]. (b) Spectrum shown in (a) after upconversion with a chirped NIR pulse [ν̃NIR,0 = 12538 cm−1,
∆ν̃NIR = 143 cm−1 (FWHM), b2 = −3.97 ps2]; the inset highlights spectral distortions caused by cross-
phase modulations. (c) Amplitude of the Fourier transform of the spectral intensity shown in (b), i.e.,
|F
{

ICPU(ω)
}

(t)|. (d) Time-dependent phase φ(t) of the CP (black line) and time-dependent phase
φcorr(t) used for spectra correction (red dashed line). (e) CPU spectrum shown in (b) after removal of
cross-phase modulations. Correction procedure performed according to Ref. [24].
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given around t = 0, which is also the region where cross-phase modulations can be ne-
glected. The latter circumstance makes possible to apply a correction procedure which
makes use of causality: for t > 0, only the second term on the right side of Eq. (2.5.4)
will contribute, which necessitates the subtraction of φ(t) from the correlation product;
for t < 0, only the third term on the right side of Eq. (2.5.4) will contribute, which
necessitates the subtraction of −φ(−t) from the correlation product. Taken together,
cross-phase modulations can be removed by subtracting the phase function

φcorr(t) = φ(|t|)sign(t) (2.5.5)

from the time-domain CPU spectrum, whereby sign(t) is the sign function. Eventually,
the corrected CPU spectrum can be obtained by an inverse Fourier transformation [see
Fig. 2.7(e)]. Further details on the correction procedure can be found in Ref. [24].

Meanwhile, CPU has become a well-established technique in the field of ultrafast MIR
spectroscopy [105, 110, 119–123] and pulse characterization [23, 124]. Furthermore, CPU
has been applied in the lower energetic regime of 1000-1800 cm−1 by using a AgGaGeS4
crystal instead of the commonly used MgO:LiNbO3 crystal [125] or to detect ultrabroad
MIR continua [126]. Alternatively, CPU was used for upconversion of a MIR supercon-
tinuum spanning from 200 to 5500 cm−1 by replacing the upconversion crystal by gas
media; apart from a reduced upconversion efficiency, an almost unlimited upconversion
bandwidth has been reported [127]. Considering these achievements, it is of broad interest
to assess the individual strengths and weaknesses of CPU and direct multichannel MCT
detection. For this purpose, Chap. 5 juxtaposes both techniques in a TA experiment with
MIR probe pulses. The corresponding experimental setup is detailed in Sec. 3.4.2.
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Chapter 3

Experimental techniques

The previous chapter outlined the theoretical description of frequency conversion pro-
cesses and their connection to pump–probe investigations in the context of the princi-
ples of light-matter interaction. How such investigations are realized in the laboratory
is described in this chapter. After a brief description of the femtosecond light source,
the employed frequency conversion techniques and their application in different pump–
probe configurations are described. Besides the UV-pump/VIS-probe detection scheme,
being the method of choice when scrutinizing primary processes of diphenylcarbene in
solvent mixtures in Chap. 4, special emphasis is put on a detailed description of the
UV-pump/MIR-probe detection scheme, allowing for simultaneous detection via direct
multichannel MCT detection or via chirped-pulse upconversion to the VIS regime, which
is characterized in Chap. 5 and employed in Chap. 6 to reveal vibrational dynamics of
transition metal complexes. To complement this, the characterization of UV pulses is
described. Finally, a detection scheme that allows for combining transient absorption and
fluorescence spectroscopy, as utilized in Appendix A, is presented.

Picture illustrates the generation of white light in sapphire for the case of supersaturation.
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3.1 Instrumentation overview

Delay

Stage

4 ns

UV Pulse 

Generation

UV-Pump/

VIS-Probe 

Detection 

Scheme

Stretcher

Chapter 4,

Section 6.2

Section 6.1, 

Appendix A

Chapter 5, Section 6.2

UV-Pump/

MIR-Probe 

Detection

Scheme

IR Pulse 

Generation

VIS Spectrograph

2D CCD

IR Spectrograph

MCT Array

CPA Laser System

50/50

Beam Splitter

Sample

Sample

Optional

Basic Instrumentation 

D

S

Delay

Stage

4 ns

Chopper

Appendix A

Fluorescence

DetectionWhite-Light

Generation

UV Pulse 

Characterization

Chirped-Pulse

Upconversion

CPA Output

Elective

Figure 3.1: Schematic summary of experimental techniques and methods used in fem-
tosecond time-resolved measurements. The fundamental radiation originates from a amplified NIR
laser system generating 100 fs pulses at a repetition rate of 1 kHz. The basic instrumentation (black
framed area) includes tools to generate and characterize UV pulses as well as a mechanical chopper
operating at half the laser’s repetition rate. The subsequent instrumentation can be divided into two
groups: a UV-pump/VIS-probe setup (light blue shaded area) and a UV-pump/MIR-probe setup (blue
shaded area). Each setup includes instrumentation to generate the probe pulses, a delay stage to ad-
just the pump–probe time delay, as well as a scheme for spectrally-resolved detection. Chirped-pulse
upconversion can be used to detect MIR probe pulses after upconversion to the VIS regime, extending
the UV-pump/MIR-probe setup (yellow shaded area). Furthermore, a fluorescence detection scheme is
implemented. Instrumentation highlighted in white is detailed in a separate figure. Note the specified
usage of particular instrumentation in different parts of this thesis.
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3.2 Basic instrumentation 41

Figure 3.1 provides a schematic overview of the experimental setup used in this work.
In a nutshell, the setup contains instrumentation to carry out TA measurements with
UV pump pulses and probe pulses which either cover the VIS to UV, or parts of the
MIR spectral region. Thus, the setup can be divided into three parts which are indi-
vidually discussed in the following. The first part is the basic instrumentation (black
framed area in Fig. 3.1) which is used in every experiment based on pulsed laser light
throughout this thesis. As detailed in Sec. 3.2, it mainly includes the femtosecond laser
system, a device to generate UV pump pulses and a unit to characterize the latter. Hav-
ing the pump pulses at hand, part two contains the remaining instrumentation necessary
to conduct UV-pump/VIS-probe measurements (light blue shaded area in Fig. 3.1, for
explanations see Sec. 3.3). Analogous to the third part which deals with instrumenta-
tion required in UV-pump/MIR-probe measurements (blue shaded area in Fig. 3.1, for
explanations see Sec. 3.4), it includes instrumentation to generate probe pulses for the
respective spectral region of interest, a delay stage to regulate the pump–probe delay,
as well as optics to appropriately focus the pump and probe pulses into a sample and
eventually guide the transmitted probe pulses into a spectrally resolved detection unit.
While the above-mentioned instrumentation was mainly constructed in the framework of
previous dissertations [88, 128, 129], extensions to the UV-pump/MIR-probe setup have
been added within the present work: first, the possibility to detect MIR probe pulses
via chirped-pulse upconversion (CPU) in the VIS spectral regime (yellow shaded area
in Fig. 3.1), and second, a fluorescence detection scheme. These extensions are likewise
detailed in Sec. 3.4.2 and 3.5, respectively. The usage of different instrumentation in dif-
ferent parts of this thesis is denoted in Fig. 3.1. For the sake of completeness it should be
mentioned that the VIS to UV and the MIR TA setups are located in adjacent rooms on
different optical tables sharing the same laser system. Furthermore, each setup contains
its own device to generate UV pulses and its own VIS detection unit. However, for clarity
and since these devices are structurally identical, they are only depicted once in Fig. 3.1.

3.2 Basic instrumentation

In this section, basic instrumentation used both in the main part of this thesis as well
as in Appendix A is introduced. The main concept of the overall setup (confer Fig. 3.1)
relies on splitting the output of a chirped-pulse amplification (CPA) laser system into
several parts with different relative energies for various nonlinear interaction processes.
The largest share of the fundamental light is used in a noncollinear optical parametric
amplifier (NOPA) to generate UV pulses. The NOPA as well as methods to characterize
its output are presented in this section. Furthermore, explanations on supplementary
spectrocopic methods and devices used within the scope of this thesis are discussed.
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3.2.1 CPA laser system

Throughout this thesis, a commercially available 1 kHz regenerative amplifier system
(Solstice, Spectra-Physics) is the source for pulsed laser light. The system, operating at
a repetition rate of 1 kHz, is capable of delivering 100 fs pulses at a central wavelength of
800 nm, whereby pulse energies up to 3 mJ can be achieved. Its functionality based on
the principle of chirped pulse amplification (CPA) [130, 131] is briefly summarized in the
following.

Figure 3.2: Generation of amplified fs
laser pulses. The technique of chirped pulse
amplification (CPA) uses a multi-step procedure
to facilitate the generation of laser pulses with
energies in the order of a few mJ at a repetition
rate of 1 kHz. At this, sub 100 fs NIR pulses with
a repetition rate of 80 MHz are the starting point
of the amplification procedure. In a first step,
these so-called seed pulses, which are generated
by self-mode locking in a Ti:Sapphire oscillator
pumped by a continuous wave Nd:YVO4 laser,
are strongly stretched in time. Subsequently,
every frequency component is amplified individ-
ually in a regenerative amplifier pumped by a
pulsed Nd:YLF laser. Eventually, the pulses are
compressed to approximately 100 fs. Specifica-
tions are taken from the user’s manual (Solstice,
Spectra-Physics) [132].
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The key building block of the Solstice system is a laser oscillator, in particular, an inte-
grated titanium doped Al2O3 (Ti:Sapphire) oscillator (MaiTai) pumped by a continuous
wave (CW) neodymium-doped yttrium orthovanadate (Nd:YVO4, 532 nm) diode laser
generating sub 100 fs pulses (800 nm, 14 nm bandwidth) at a repetition rate of 80 MHz.
Which longitudinal modes are amplified in an oscillator’s optical resonator is determined
by the amplification profile of the gain medium. The amplification of a broad spectrum is
one precondition for the generation of ultrashort laser pulses [28]. Equally important, the
longitudinal modes need to share a fixed phase offset in order to generate an ultrashort
’burst’ of light via constructive superposition of all modes at one point in time. For the
case of a Ti:Sapphire oscillator, self-mode locking is possible [133]. The oscillator principle
furthermore relies on a prism pair used to compensate for the dispersion introduced by
the gain medium, the Kerr lensing effect [28], meaning the stronger focusing of pulsed
light owing to the higher peak intensities which enables to filter the CW mode via an
aperture in the resonator, and an adjustable output slit used to fine-tune the oscillator’s
central wavelength [28, 32]. The weak oscillator pulses constitute the starting point of
the CPA procedure, which allows for spectroscopic applications that require higher pulse
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energies, e.g., frequency conversion processes or nonlinear spectroscopy.
The CPA process is sketched in Fig. 3.2. It begins with a stretcher which introduces

a large positive linear chirp, therewith temporally elongating the oscillator pulses to ap-
proximately 100 ps. Before the pulses can enter a regenerative amplifier, two Pockels cells
are used to select so-called seed pulses at a repetition rate of 1 kHz [28, 134]. In the am-
plifier, the stretched seed pulses are spatially and temporally overlapped with the output
of a pulsed nanosecond (ns) neodymium-doped yttrium lithium fluoride (Nd:YLF) pump
laser (1 kHz, 527 nm) in another Ti:Sapphire crystal. As a consequence of the positive
chirp, different spectral components of the seed beam arrive at different times in the am-
plifier’s gain medium, thereby keeping peak intensities sufficiently low to avoid damage
of the amplifier material. To finally reach the desired high peak intensities, the amplified
pulses are compressed in a Treacy-type compressor [135] to almost the bandwidth-limit
by introducing negative chirp. Ti:Sapphire offers an amplification bandwidth broader
than the spectrum of the seed pulses to be amplified. However, CPA output pulses are
slightly temporally elongated with respect to the oscillator pulses. This is due to the
phenomenon of spectral gain narrowing which leads to nonlinearities in the amplification
process decreasing the pulse’s spectral bandwidth, and the circumstance that third-order
dispersion (TOD) is added with each amplifier round-trip which can not be removed with
the compressor.

3.2.2 UV pulse generation

The generation of ultrashort UV pulses is realized using a commercially available two-
stage noncollinear optical parametric amplifier (NOPA, TOPAS-White, Light Conversion
Ltd) [136]. The device is capable of delivering sub 100 fs pulses between 250 and 1000 nm,
whereas UV pulses are generated in an integrated SHG stage used for frequency doubling
the outcome of the OPA processes. Its working principle is strongly related to the MIR
collinear optical amplifier (MIR-OPA) which will be introduced in Sec. 3.4.1. In a collinear
OPA design (refer Sec. 3.4.1), in which the phase matching is tuned by adjusting the
crystal angle, group velocity dispersion limits the phase matching in the OPA process,
thus making the generation of sub 100 fs pulses impossible. The noncollinear geometry,
however, allows for overlap of the signal, idler and pump pulse over the complete crystal
length, enabling the generation of tunable sub 20 fs VIS pulses in a routine manner [137,
138]. For a theoretical description of the frequency conversion processes involved in the
NOPA, namely WLG, OPA, and SHG, see Secs. 2.2.2 and 2.2.3. The layout of the NOPA
system, which is driven by the largest share of fundamental CPA output used in the
overall experimental setup, is depicted in Fig. 3.3. A small portion of the 800 nm input
beam is used to generate a white-light continuum (WLC) which is subsequently negatively
chirped in a frequency domain double-pass pulse shaper in order to compensate for the
WLG chirp. The shaping furthermore enables one to modify the seed bandwidth used in
the OPA process, therewith modifying the bandwidth of the NOPA output. For pumping,
a 400 nm pump beam is generated via frequency doubling the main part of the 800 nm
input in BBO 1. The latter is split in two parts with different energy for usage in the first
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Figure 3.3: Generation of tunable UV pulses. Schematic depicts the layout of the commercial
NOPA (TOPAS-White, Light Conversion Ltd). After passing a frequency domain pulse shaper, weak
white light seed pulses are amplified in a two-stage NOPA process using the second harmonic of the
fundamental 800 nm light for pumping. Eventually, tunable UV pulses are generated by frequency
doubling the visible output of the NOPA processes after compression via two adjustable glass wedges.
Specifications and further details are given in the text. Figure reprinted with minor modifications from
Ref. [129].

and second NOPA stage, respectively. Under a small angle of nonlinearity β, the weak
seed pulses are superposed with the weaker pump beam in BBO 2. With respect to the
UV pulses employed in this thesis (λcentral ≈ 300 nm), an angle of β ≈ 4◦ is used to achieve
the optimal phase matching in a type I BBO [55]. This process is repeated in the second
NOPA stage in the same noncollinear geometry with the stronger pump beam, thereby
amplifying the signal field of the first OPA process by a factor of about 10. For each
NOPA stage, the temporal overlap between the pump beam and the seed/signal beam
can be regulated individually with motorized delay stages (DS 1 and DS 2). Eventually,
another NC (BBO 3) is used for frequency doubling the result of the NOPA processes
to generate UV pulses. Prior to this, the VIS pulses are compressed by two moveable
fused silica wedges to maximize the SHG output. Typical UV output is on the order of
5 mW depending on the selected wavelength, whereas pulse durations below 50 fs can be
achieved. To guide the UV output to subsequent devices and experiments, mirrors with
a UV enhanced aluminum coating are used to keep loses minimal and at the same time
enable the usage of different UV wavelengths without exchanging the mirrors. For TA
measurements, a phase-locked mechanical chopper (Model 3501, New Focus Inc.) is used
to block every other UV pump pulse. Note that the actual UV power applied in each of
the following experiments is determined separately. How to align the WLC in order to
achieve a stable NOPA output is explained and visualized in Ref. [129].

Compared to the generation of UV pulses via SHG or third-harmonic generation (THG)
of the fundamental beam [41], the TOPAS-White system benefits from the wide spec-
tral tunability (exemplary output spectra of the TOPAS-White system are presented in
Ref. [129]). After appropriate calibration, tuning curves can be derived and stored which
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afterwards can reliably be called up again. This enables the setting of a desired UV output
wavelength without manual changes in the alignment.

3.2.3 UV pulse characterization

The time resolution in a pump–probe experiment is inherently limited by the convolution
between the temporal intensity profiles of the pulse which triggers the photoreaction
and the pulse used for probing. While methods to characterize the probe pulse in an
indirect way by measuring the overall time resolution of the pump–probe scheme will
be discussed in Sec. 3.3 for white-light probe pulses and in Sec. 3.4.2 for MIR probe
pulses, respectively, this section deals with the characterization of the UV pump pulses.
It is recalled that photodetectors do not provide a sufficiently high temporal resolution
to directly characterize the temporal intensity profile of ultrashort laser pulses. Instead,
the latter can only be characterized via a nonlinear interaction with itself or with another
laser pulse which is already characterized.

Various methods have been demonstrated that fulfill the above-mentioned task
for pulses ranging from the extreme ultraviolet (XUV) to the MIR spectral region,
whereby variations of spectral-phase interferometry for direct electric field reconstruc-
tion (SPIDER) or frequency-resolved optical gating (FROG) are the most wide-spread
ones [39, 139–146]. This section focuses on the technique applied within the scope of this
thesis, namely a combined self- and cross-referenced FROG measurement to character-
ize UV pulses [147–150]. Thereby, the self-referenced FROG measurement is utilized to
characterize a reference beam, which in a second step is required to characterize the UV
pulses in a cross-correlation FROG (XFROG) measurement. Both measurements necessi-
tate an interaction in a NC, involving frequency mixing processes introduced in Sec. 2.2.2.
Since typical NCs such as BBOs exhibit only little transmission for wavelengths below
200 nm accompanied by drastically reduced phase-matching efficiencies towards shorter
wavelengths, a direct self-referenced characterization of UV pulses is not possible.

Figure 3.4(a) schematically depicts the implements of a self-referenced FROG mea-
surement. Since standard BBOs can be used for frequency doubling of NIR pulses, it
is straightforward to use a small portion of the fundamental CPA output for a SHG-
FROG measurement. The incoming beam is equally split into two beams, such that pulse
copies can subsequently be overlapped in a SHG crystal with a defined temporal delay
τ . Thereby, a noncollinear geometry is chosen to spatially separate the cooperative SHG
signal from the two original beams and their individual SHG contributions. Roughly
speaking, the pulse to be characterized is gated by its own pulse copy. By scanning τ
and recording the cooperative SHG signal without frequency resolution, an intensity au-
tocorrelation trace is recorded which provides a rough estimation of the reference beam’s
duration [28]. When using spectrally-resolved detection, the same measurement routine
gives a FROG trace:

ISHG−FROG(ω, τ) =

∣∣∣∣∣∣
∫ ∞

−∞
E(t)E(t − τ)e−iωtdt

∣∣∣∣∣∣
2

. (3.2.1)
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The electric field—except the CEP—can be retrieved by an algorithm which iteratively
calculates FROG traces and minimizes deviations from the measured FROG trace [39].
Note that the SHG-FROG measurement benefits from the fact that no a priori knowledge
of pulse properties is required to conduct the characterization procedure. However, besides
limitations regarding the phase matching (see above), the quadratic dependence on the
electric field [confer Eq. (3.2.1)] makes the method less appropriate for weak or structured
pulses.

As illustrated in Fig. 3.4(b), for the XFROG measurement the self-referenced FROG
routine is basically repeated with the difference that one replica of the (already charac-
terized) reference beam is replaced by the unknown pulse. Owing to the above-mentioned
limitation regarding the usage of NCs when characterizing UV pulses, DFG in another
BBO is employed to obtain XFROG traces in the VIS regime:

IXFROG(ω, τ) =

∣∣∣∣∣∣
∫ ∞

−∞
EUV(t)E∗

ref(t − τ)e−iωtdt

∣∣∣∣∣∣
2

. (3.2.2)

Having the full knowledge about the reference beam, the electric field of the unknown
UV pulse can be reconstructed via another iterative algorithm [39, 151]. However, if
only intensity-related information about the unknown pulse is required, one can record
intensity cross-correlation traces by using a photodiode for detection instead of a spec-
trometer. It may, in general, be noted that cross-referenced techniques—owing to the
linear dependence of the unknown field in the nonlinear process [confer Eq. (3.2.2) for
the case of XFROG]—are well-suited to characterize weak laser pulses in nearly all spec-

Figure 3.4: Characterization of UV
pulses via autocorrelation or FROG. (a)
After passing a Mach-Zehnder-type interferom-
eter, pulse-copies of an input beam (typically
the 800 nm CPA beam) are overlapped in a
NC for different time delays. Detecting the
cooperative SHG signal with a photodiode
leads to an intensity autocorrelation, whereas
a SHG-FROG trace is recorded when using
spectrally-resolved detection. (b) In a second
step, the characterized reference beam is mixed
in another NC with the unknown UV pulse for
different time delays. The cooperative signal
leads to an intensity cross-correlation if using a
photodiode for detection or the measurement of
a cross-correlation FROG (XFROG) trace when
using spectrally-resolved detection. See text for
further explanations.
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3.3 UV-pump/VIS-probe detection scheme 47

tral regimes [152, 153]. It should furthermore be mentioned, that the description of
ultrashort laser pulses via their electric field in either the temporal or spectral domain
(confer Sec. 2.1.1) does in most cases not provide an intuitive picture of the pulses’ proper-
ties. However, so-called joint time-frequency representations (JTFRs) such as the Wigner,
Husimi, or von Neumann distribution which connect time- and frequency-domain have
proven to be valuable tools especially for the description of complicated pulses [40, 154–
156]. Among many other techniques which are based on the acquisition of mixed time-
frequency domain quantities, XFROG measurements can therefore be considered as an
experimental way to obtain a JTFR providing a detailed and intuitive representation of
the ultrashort light field.

The actual experimental setup is placed on a separate optical breadboard which can be
integrated in the UV-pump/VIS-probe (confer Sec. 3.3) or UV-pump/MIR-probe detec-
tion scheme (confer Sec. 3.4), respectively, to characterize the pump pulses before carrying
out TA measurements. The setup and its alignment is detailed in Ref. [129]. The UV
pulses accumulate additional phase contributions when passing various optics on their
way from the NOPA system to the sample [45]. Also possible changes in the spectral am-
plitude need to be taken into account. Accordingly, pump pulses need to be characterized
at the actual sample position. Since this is not possible due to limited space around the
latter, the optical path of the UV pulses towards the sample is mimicked by adding the
missing optics in front of the characterization setup.

3.2.4 Supplementary spectroscopic methods

Besides the implements explained above, the basic instrumentation moreover comprises
supplementary devices to investigate the basic spectroscopic properties of a sample and
therewith prepare and complement a successful TA measurement. This includes spec-
trometers to investigate the sample’s linear absorption characteristics in the UV to VIS
regime (V-670 spectrophotometer, Jasco) and the IR regime (FT/IR-4100, Jasco). While
the ultrafast time resolution in TA measurements enables the uncovering of photoinduced
reaction pathways on a fs time scale, the overall temporal probing window is limited
to several nanoseconds if only optical delay lines are employed. To extend this, both
spectrometers are equipped with a 285 nm UV diode to detect changes in the respective
absorption signatures upon long-term UV exposure. Other important devices are a fiber
VIS spectrometer (HR2000+ combined with a QP400-2-SR fiber, Ocean Optics) which
can be placed at varible positions in the experimental setup and a spectrofluorometer
(FP-6300, Jasco) employed in Appendix A to record fluorescence spectra.

3.3 UV-pump/VIS-probe detection scheme

To study the photochemistry of diphenylcarbene in solvent mixtures in Chap. 4 as well as
to complement measurements with MIR probe pulses when investigating the photoinduced
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dynamics of a carbonyl-nitrosyl molybdenum complex in Sec. 6.2, the UV-pump/VIS-
probe detection scheme is employed (confer light blue shaded area in Fig. 3.1). Its exper-
imental implementation, including the generation of VIS to UV white-light probe pulses
using a small portion of the fundamental CPA light, is discussed in the following.

Figure 3.5: Experimental setup used in
UV-pump/VIS-probe measurements. The
light blue shaded area includes instrumenta-
tion to spatially and temporally overlap UV-
pump and VIS-probe pulses in a liquid flow cell,
whereas a VIS spectrograph in combination with
a thermoelectrically cooled CCD camera is used
for spectrally-resolved detection of probe pulses.
The latter are generated by focusing a small por-
tion of the fundamental 800 nm light or its sec-
ond harmonic into a linearly moving CaF2 plate,
producing a supercontinuum which covers the
complete VIS spectral range. Even shorter wave-
lengths become accessible for probing when us-
ing 400 nm light for supercontinuum generation.
The color assignment refers to Fig. 3.1. Note
that the white box depicts the actual beam paths
including all optics used. Figure adapted from
Ref. [128].
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The detection scheme is depicted in Fig. 3.5. It was developed in its primal form in
the dissertation of J. Buback [128] but was changed and extended several times with
respect to experimental demands in various projects. To optimize the beams’ overlap,
the design aims at a small angle between the pump and probe beam to realize an almost
collinear geometry. For clarity, Fig. 3.5 only shows optics and beam paths relevant for the
present work. The setup contains optics to spatially and temporally overlap UV pump
pulses stemming from the NOPA system (see Sec. 3.2.2) and supercontinuum probe pulses,
which are generated in the detection scheme itself, in a sample cell. Before entering the TA
setup, the UV pump pulses are shaped using an acousto-optic programmable dispersive
filter (Dazzler, Fastlite [157]; device not shown in Fig. 3.1 or Fig. 3.5, respectively) in order
to obtain compressed pulses at the sample position. Eventually, the transmitted probe
beam is detected spectrally resolved on a shot-to-shot basis. For stability enhancement
and dust protection, the inner part of the detection scheme (confer white area in Fig. 3.5)
is encapsulated by housings which can be flooded with nitrogen to minimize the influence
of the laboratory atmosphere.

Before and in the TA setup, the pump pulses are guided via UV enhanced aluminum
mirrors in an all-reflective manner. For probe pulse generation, furthermore a small por-
tion of the fundamental 800 nm CPA output enters the setup. Outside the detection
scheme, the latter can be delayed by a motorized 60 cm linear translation stage (M-
IMS600, Newport) which enables to scan a pump–probe range of 4 ns. Inside the detection
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scheme, the beam can be regulated by a λ/2-plate and by an adjustable neutral density
(ND) attenuator wheel. For measurements presented in Chap. 4, the beam (≈ 1 mW) is
focused by a 7.5 cm lens into a linearly moving 5 mm CaF2-plate to generate supercon-
tinuum probe pulses with expedient spectral components down to ≈ 300 nm [20]. The
movement reduces the local heat input and thereby protects the CaF2-plate from being
irreversibly damaged. Since even shorter probe wavelengths were required for experiments
presented in Sec. 6.2, WLG in the same CaF2-plate is also carried out using the second
harmonic of the 800 nm fundamental beam as input. For this purpose, a BBO crystal and
a shortpass filter (SPF) can be placed in front of the focusing lens (not shown in Fig. 3.5)
to generate probe pulses with spectral components down to 275 nm accompanied by a
strongly reduced intensity in the VIS regime. After WLG, the fundamental 400 or 800 nm
beam is rejected by a HR-400 nm beam splitter or by a HT-VIS custom made filter (Laser
Components), respectively. As used for the pump path, an all-reflective design is employed
to guide the WLC via the sample towards the detection unit using UV enhanced aluminum
mirrors. The last focusing mirrors (f = 17.5 cm pump, f = 10 cm probe) are placed on
linear translation stages driven by micrometer screws to optimize the foci positions. The
beams, focused to diameters of roughly 50 µm (pump) and 40 µm (probe), respectively,
are spatially overlapped at the sample position, whereas the polarization directions are
held at the magic angle configuration (54.7◦) [158, 159]. For excitation, approximately
130 nJ pump pulses are applied (a XFROG measurement determined a pulse duration of
40 fs at the sample position), whereas the energy of the probe pulses is substantially lower.
To exchange the probed sample volume between subsequent pump–probe pairs, a sample
volume of typically 20 mL is perpetually pumped through a Suprasil flow cell of 200 µm
pathlength using a micro annular gear pump (mzr-4605, HNP Mikrosystems). The flow
cell is mounted on a 2D stage which can be translated in x-direction with a motorized
linear actuator (Zaber technologies Inc.) and in y-direction with a manually adjustable
micrometer screw (confer coordinate system in Fig. 3.5) allowing for fine-tuning and char-
acterization of the beam radii at the sample position (see below). After the sample, an
iris is used to clean the probe beam from scattering contributions of the pump beam.

In the measurement routine, the pump–probe delay is scanned up to 4 ns using linear
step sizes within the first few picoseconds followed by exponential step sizes, whereas the
average of 1000 consecutive difference spectra is recorded at each time delay. A spectrally-
resolved detection of changes in optical density between the pumped and unpumped probe
volume is enabled by using a visible spectrograph (Acton SP2500i, Princeton Instruments)
combined with a 2D CCD camera (Pixis 2K, Princeton Instruments) with an acquisition
rate of 1 kHz. Since the mechanical chopper blocks every other pump pulse, the calculation
of pump-induced absorption changes is carried out between pairs of subsequent laser shots,
i.e., between Ipump and Ino pump:

∆OD(λ, τ) = −log10

[
Ipump(λ, τ)
Ino pump(λ)

]
. (3.3.1)

The shot-to-shot processing of highly correlated laser shots significantly improves the
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data quality since the influence of long-term laser fluctuations is minimized. Further
information about the capabilities and specifications of the VIS spectrograph and the
CCD camera are given in Sec. 3.4.2, whereby Table 3.1 summarizes settings employed in
different parts of this thesis.

Before conducting a TA measurement, preparatory steps are necessary to ensure proper
functionality of the experimental setup. Similar to the alignment and characterization pro-
cedure of the UV-pump/MIR-probe detection scheme which will be detailed in Sec. 3.4.2,
this is based on the possibility to place additional optical devices at exactly the sample’s
position. A typical preparation procedure includes the following steps: first, a pinhole at
the sample’s position is employed to find spatial overlap between the pump and probe
beam; second, by using a knife edge the beam radii at the sample position can be de-
termined and adjusted where necessary [160, 161]; third, to fine-tune the spatial overlap
and to determine time zero, meaning the setting of the pump–probe delay stage for which
both beams temporally coincide in the sample, a pump–probe measurement of a test
sample with well-known spectroscopic properties or a measurement in pure solvent can
be conducted. The latter can furthermore be utilized to distinguish between signal con-
tributions stemming from the sample and the solvent, respectively, and to determine the
time resolution of the pump–probe detection scheme as was shown in the literature [20].
The time resolution of the present setup is on the order of 50 fs.

3.4 UV-pump/MIR-probe detection scheme

In Chap. 6, the vibrational dynamics of metal complexes containing small messenger
molecules are studied using the UV-pump/MIR-probe detection scheme (confer Fig. 3.1).
Regarding the signal detection, direct multichannel detection based on a mercury-
cadmium telluride (MCT) array is used in Sec. 6.1, whereas chirped-pulse upconversion
(CPU) is employed in Sec. 6.2. As indicated by the yellow-shaded area in Fig. 3.1, CPU
can be considered as an extension for an existing setup based on MCT detection. The
experimental implementation of the UV-pump/MIR-probe detection scheme with the pos-
siblity to detect the MIR probe pulses before and after upconversion to the VIS regime
is detailed in this section. At this, the fundamental CPA output is used to generate MIR
probe pulses in a optical parametric amplifier (OPA) and a strongly chirped pulse (CP)
in a stretcher.

3.4.1 MIR pulse generation

Within this thesis, the generation of ultrashort MIR pulses was realized with the setup
schematically depicted in Fig. 3.6. Its construction was carried out within the framework
of D. Wolpert’s dissertation [88]. The layout, derived from Hamm et al. [93] and well-
known for its high stability [94], includes a WLG stage, the output of which serves as seed
radiation for two subsequent OPA stages pumped by the fundamental CPA output, as
well as a DFG stage to eventually generate MIR radiation. Aiming at the highest stability
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achievable, a detailed tutorial on how to optimally align the setup, henceforth denoted
as MIR-OPA (mid-infrared optical parametric amplifier), can be found in Ref. [129].
Spectra illustrating the wide spectral tunability of the MIR-OPA’s output are presented
in Ref. [88]. In the following, the MIR-OPA’s working principle is briefly summarized.

f=10 cm f=3 cm

f=30 cm f= -10 cm

f=50 cm

λ/2

DM1 DM1 DM2

1%

10%

Filter

RG 1000

f=25 cm

BBOSapphire

AgGaS2

DM2f=50 cm

f=50 cm

POL

DS 1

DS 2

DS 3

λ/2

λ/2

POL

POL90%

MIR

CPA

Iris

Pump 1

Pump 2

Figure 3.6: Generation of tunable MIR pulses. Schematic depicts the home-built two-stage OPA
with subsequent difference-frequency generation stage following the design of [94]. Specifications and
further details are given in the text. Figure reprinted with minor modifications from Ref. [88].

A portion of approximately 250 mW of the fundamental 800 nm CPA radiation is
required to operate the MIR-OPA. This fundamental beam, which in this particular ex-
perimental arrangement is the residual beam of the UV-OPA’s fundamental SHG process,
is split into three fractions with different pulse energies. The smallest portion (approx-
imately 1% of the total input energy) is focused by a 10 cm lens into a 4 mm sapphire
disk for WLG. The resulting white-light continuum (WLC) is recollimated and focused
into the 1st OPA stage with a 3 cm lens. Since a stable WLC is a crucial prerequisite for
the performance of each of the subsequent nonlinear processes, the generation of multiple
filaments has to be avoided. For this purpose, the power used for WLG is fine-tuned by a
half-wave plate combined with a polarizer (POL). Likewise when being used to regulate
the power in the MIR-OPA’s pump paths, this combination furthermore sets the beam
polarizations required in subsequent OPA processes.

In the first amplification step, one pump beam (approximately 10% of the total input
energy), focused by a 50 cm lens, is superposed with the NIR part of the WLC seed
beam in a 4 mm type II BBO crystal (θ = 27◦, ϕ = 30◦). Prior to this, a red glass
(RG) 1000 filter blocks parts of the WLC spectrum with wavelengths shorter than 1 µm.
To achieve maximum amplification and at the same time avoid WLG in the BBO, the
800 nm pump power is regulated properly. To collinearly superpose the pump and WLC
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Figure 3.7: Setting the MIR-OPA’s cen-
tral wavelength. Spectral dependence of signal
and idler versus the wavelength and wavenumber
of the desired DFG signal, respectively. Accord-
ing to Eqs. (3.4.3) and (3.4.4), data is simulated
for MIR spectra within the tuning range of the
home-built two-stage OPA, whereas the wave-
length of the fundamental CPA output is defined
to be 800 nm.
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beam, a dichroic mirror (DM 1) is used, whereas the corresponding time delay is controlled
by a delay stage (DS 1). As a result of the 1st OPA stage, a signal beam is generated
which is further amplified in the 2nd OPA stage, whereas the nascent idler beam is filtered
out by a dichroic mirror (DM 2). Which part of the WLC spectrum is amplified in the
OPA process forming the signal field is determined by the phase-matching configuration
of the BBO. The latter can easily be adjusted by rotating the crystal, thereby selecting
a certain phase-matching angle θ. Since energy conservation needs to be fulfilled in the
OPA process, a fixed relation between the wavenumber of the signal, idler, and CPA input
is given:

ν̃CPA = ν̃signal + ν̃idler . (3.4.1)

Likewise in the DFG process, energy conservation needs to be fulfilled:

ν̃DFG = ν̃signal − ν̃idler . (3.4.2)

Thus, the final spectral position of the MIR output is already determined in the 1st OPA
stage by selecting a certain signal or idler wavenumber, respectively. Two useful relations
for the MIR-OPA’s alignment can be derived by combining 3.4.1 and 3.4.2:

ν̃DFG = 2ν̃signal − ν̃CPA , (3.4.3)

ν̃DFG = ν̃CPA − 2ν̃idler . (3.4.4)

For a fixed CPA input wavelength of 800 nm, the relations 3.4.3 and 3.4.4 are visualized
in Fig. 3.7.

In the 2nd OPA stage, the signal beam from the 1st OPA stage, collimated by a concave
gold mirror with a focal length of 25 cm, is collinearly superposed with the second pump
beam (approximately 90% of the total input energy) within the same BBO used in the
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1st OPA stage. A small vertical displacement with respect to the interaction region of the
1st OPA stage is selected. To match the beam waist of the collimated signal beam and
the pump beam, a 1:3 telescope is used to reduce the beam diameter of the fundamental
beam. After finding temporal overlap via another delay stage (DS 2), using a dichroic
mirror (DM 1) for spatial superposition, and appropriately regulating the pump power,
again a signal and an idler beam emerges. Corresponding pulse energies are significantly
higher with respect to the 1st OPA stage.

Since signal and idler beams are polarized perpendicular to each other, a type I AgGaS2
(silverthiogalate, θ = 39◦, ϕ = 45◦) crystal with a thickness of 1 mm is used in the final
DFG stage. Prior to the process of MIR generation, residual light from the 2nd OPA
stage is removed by another RG 1000 filter and a dichroic mirror (DM 2) is used to
spatially separate the signal and idler beam. With this, the temporal displacement of
both components due to GVD in the BBO crystal can be compensated for using a delay
stage (DS 3). Spherical gold mirrors with a focal length of 50 cm are used to focus the
signal and idler beams into the DFG crystal. Having the MIR-OPA properly aligned,
MIR laser pulses with an energy of up to 600 nJ tunable in a spectral range of (4-10) µm
can be created.

3.4.2 Experimental implementation

Figure 3.8 illustrates the experimental implementation of the UV-pump/MIR-probe de-
tection scheme. Main parts of this setup including the MIR-OPA are surrounded by
housings which can be purged with dry air in order to minimize the influence of wa-
ter vapor absorption on the MIR beam path. Before discussing the CPU extension, the
standard direct multichannel MCT detection scheme (blue shaded area in Fig. 3.8) will
be detailed in the following. Please note that these explanations are strongly related to
Sec. 3.3 in which the implementation of the UV-pump/VIS-probe detection scheme was
detailed. However, both parts can be read independently.

Two beams enter the setup’s outset: the UV pump pulses stemming from the NOPA
(confer to basic instrumentation discussed in Sec. 3.2.2) and the residual NOPA 800 nm
CPA beam which is used to power the MIR-OPA (confer 3.4.1) generating the probe
pulses. The time delay between both pulses is controlled via a motorized 60 cm linear
translation stage (M-IMS600, Newport) which enables to scan a pump–probe range of
4 ns. Having the UV pump (500 Hz) and the MIR probe (1 kHz) pulses with variable
time delay at hand, optics are required to adjust the spatial overlap of both beams in the
sample. The lower white box in Fig. 3.8 illustrates the actual beam paths. Concerning
the MIR path, only reflective optics with gold coatings are used to guide the beam from
the MIR-OPA via the sample to the detection unit. Directly after the MIR-OPA, a
germanium longpass filter (LPF, high transmission for λ > 2.4 µm) is used to remove the
residual signal and idler beam. A 50 cm spherical concave mirror is used to recollimate the
MIR-OPA output. To achieve a 60 µm beam waist at the sample position, a 1:5 telescope
is used to widen the beam before focusing. The actual spot size can be adjusted by moving
the sample stage along the x-direction via a micrometer screw (confer coordinate system

J. Knorr: Femtosecond spectroscopy of photolysis reactions in the liquid phase

Dissertation, Universität Würzburg, 2015



54 3 Experimental techniques

DS

1 ns

LPF

MIR

λ/2

f=25 cm

f=5 cm

f=50 cm

f=10 cm

UV

f=15 cm f=15 cm

f=12.5 cm

BS

SFG

SPF

f=15 cm

f=15 cm

f=20 cm

D

1CP

Chirped-Pulse 

Upconversion

IR Spectrograph

MCT Array

VIS Spectrograph

2D CCD

C

Stretcher

CPA

CPA

DS

4 ns

to CPU

UV-Pump/

MIR-Probe

Detection Scheme

IR Pulse 

Generation

S

x

y

Figure 3.8: Experimental setup used in UV-pump/MIR-probe measurements. The blue
shaded area includes instrumentation to spatially and temporally overlap UV-pump and MIR-probe
pulses in the sample cell, whereas direct multichannel MCT detection is used for spectrally-resolved
detection of probe pulses. For using chirped-pulse upconversion and direct multichannel MCT detection
simultaneously (yellow shaded area), a 50/50-beam splitter (BS) is added to the MIR path guiding the
probe pulses to a SFG assembly, the output of which is dispered by a VIS spectrograph and detected by
a 2D CCD camera. The color assignment refers to Fig. 3.1. Note that the white boxes depict the actual
beam paths including all optics used.

in Fig. 3.8). After passing the sample, the probe pulses are recollimated and, depending
on the detection method, focused into the IR spectrograph or guided to the CPU scheme.
Placed on a linear translation stage driven by another micrometer screw for fine-tuning, a
spherical UV enhanced aluminum mirror (f = 12.5 cm) is used to achieve a pump beam
focus of typically 85 µm at the sample position. A λ/2-plate in the pump path is further
used to adjust parallel or magic angle (54.7◦) polarization directions.

The sample cell consists of a pair of BaF2 or CaF2 windows with a thickness of 2 or
4 mm each (Omni-cell, LOT Oriel) which are highly transmissive from the UV to the
MIR spectral region. The optical path length between the cuvette windows is defined by
a teflon spacer with a thickness of 100 or 200 µm. To continuously exchange the sample
volume in the pump–probe interaction region between successive excitations, a peristaltic
pump (Masterflex L/S, Cole Parmer) pushes the dissolved sample (typically a total of
20 mL) through the tubing system and the cuvette, respectively. Apart from holding
the sample cuvette in a defined distance from the last MIR focusing mirror (see above),
the sample stage facilitates a manifold of preparatory steps to enable a successful TA
measurement with MIR probe pulses. Any of these steps is based on the possibility to

J. Knorr: Femtosecond spectroscopy of photolysis reactions in the liquid phase

Dissertation, Universität Würzburg, 2015



3.4 UV-pump/MIR-probe detection scheme 55

place additional optical devices at exactly the sample’s position. A typical preparation
procedure includes the following steps: first, by using a knife edge and a motorized linear
actuator (Zaber technologies Inc.) which can move the entire sample stage along the y-
direction (confer coordinate system in Fig. 3.8), the beam radii at the sample position
can be determined and adjusted where necessary [160, 161]; second, a pinhole at the
sample’s position is employed to find spatial overlap between the pump and probe beam;
third, to fine-tune the spatial overlap and to determine time zero, meaning the setting
of the pump–probe delay stage for which both beams temporally coincide in the sample,
a thin silicon or germanium wafer is used to conduct a cross-correlation measurement
between the UV pump and the MIR probe pulses [162]. Due to the seminconductor’s quasi
instantaneously rising MIR absorption upon UV excitation, this method can further be
exploited to determine the time resolution of the UV-pump/MIR-probe detection scheme
which ranges around 400 fs for experiments presented in this work. Further details on
this preparatory steps are described elsewhere [129].

As mentioned above, the MIR pulses after passing the sample can either be guided to
the IR spectrograph or the CPU scheme. For a direct juxtaposition, a KBr window is used
to equally split the probe beam in order to use both detection methods simultaneously. A
description of both detection methods including the implementation of the CPU scheme
is given in the following, whereas denoted specifications refer to settings used in the
comparative study which will be presented in Sec. 5. With minor deviations which are
highlighted at the respective position, these settings are also valid for measurements
presented in the Secs. 6.1 and 6.2, when using the UV-pump/MIR-probe detection scheme
to investigate the ultrafast photochemistry of CO- and NO-releasing molecules. Note that
with both detection methods, changes in optical density are calculated on the basis of
1 kHz single-shot readout according to Eq. (3.3.1), analogous to the data processing
described in Sec. 3.3.

Direct multichannel MCT detection

One half of the probe beam is dispersed by a 150 grooves/mm grating (4.0 µm blaze
wavelength) in an IR spectrograph (250 is/sm - Chromex, 4.9 µm central calibration
wavelength) and detected by a 32 element MCT-array (InfraRed Associates, Inc.), result-
ing in a bandwidth of 10.2 nm (corresponding to 4.2 cm−1 at the given central wavelength)
per pixel. The signals of individual MCT pixel are amplified by a 32-channel preampli-
fier (MCT-3200, Infrared Development Corporation). Before analog to digital conversion
using a National Instruments PCI-6033E card, the signals are processed in a home-built
32-channel sample and hold integrator.

Chirped-pulse upconversion (CPU)

The second half of the probe beam gets upconverted to the VIS regime: for this, the MIR
signal (pulse energies of several hundred nJ), focused by a 90◦ off-axis parabolic mirror
(152 mm effective focal length), is mixed with the 18 µJ chirped NIR pulse (CP, centered
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Table 3.1: Settings of the visible spectrograph and the CCD camera employed in different
parts of this thesis. In particular, the employed grating represented by its corresponding groove
density and blaze wavelength, the central detection wavelength, the detection mode, and the resulting
bandwidth per data point are given. For detection, either 1 kHz shot-to-shot readout is used (mode B)
with a binning of 2 (8) adjacent pixels resulting in a total number of 1024 (256) data points or, for low-
speed measurements when typically averaging over 300 ms of exposure time, all 2048 horizontal pixels are
used separately without binning (mode A). The spectrometer is further employed to detect MIR spectra
after upconversion to the VIS region (CPU).

Section grating, λblaze (nm) λcentral (nm) mode bandwidth per
pixel (nm)

3.4.3 1200 g/mm, 750 690 A-2048-CPU 0.019
1200 g/mm, 750 710 A-2048-CPU 0.019

4.3.2 150 g/mm, 300 429 B-256 1.4
5.2 and 5.3 1200 g/mm, 750 690 A-2048-CPU 0.019

1200 g/mm, 750 690 B-1024-CPU 0.038
6.2 1200 g/mm, 750 690 B-1024-CPU 0.019
Appendix A 150 g/mm, 500 500 A-2048 0.18

at 12538 cm−1, FWHM 143 cm−1) in a noncollinear SFG arrangement (≈ 7◦) using a
MgO(5%):LiNbO3 crystal (10 x 10 mm2 x 0.45 mm, type I, 45.4◦ cut, Castech Inc.). To
produce the CP required for upconversion, a small portion of the CPA output is split
off and sent through a home-built Treacy-type compressor of another available CPA laser
system. As a result, a downchirped CP is used, in contrast to other implementations
reported in the literature [105]. As discussed in Sec. 2.5, the time delay between the CP
and the MIR pulse determines the frequency of the CP which is used for upconversion.
For this purpose, a motorized 10 cm linear translation stage (MT-85, Micos) is used to
temporally shift the CP. Since the UV-pump/MIR-probe time delay can be controlled via
a separate translation stage in the UV path (see above), no changes in CP time delay
are necessary when recording TA data. For fine-tuning of the phase-matching conditions,
the CPU crystal mount can be rotated in order to change the angle between the incident
beams and the optical axis of the crystal in a well-defined way. The residual CP is rejected
by a 750 nm shortpass filter (SPF) and a 15 cm lens is used to recollimate the CPU
signal. A VIS 50 cm focal length spectrograph (Acton SP2500i, Princeton Instruments)
in combination with a thermoelectrically cooled 2048 x 512 pixel front-illuminated CCD
camera (Pixis 2K, Princeton Instruments) is used for the detection of VIS spectra. For low-
speed measurements, 20 pixels are vertically binned and averaged over typically 300 ms
(mode A). An additional binning of 2 (8) adjacent horizontal pixels enables single-shot
data acquisition of single-line spectra of 1024 (256) pixels (mode B). Note that the identical
combination of spectrograph and CCD camera is also used in the UV-pump/VIS-probe
detection scheme described in Sec. 3.3 and the fluorescence detection scheme which will
be introduced in Sec. 3.5. Table 3.1 summarizes spectrometer settings used in different
parts of this thesis.
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3.4.3 Calibrating the CPU detection scheme

In Sec. 2.5 it was shown that CPU spectra are affected by cross-phase modulations between
the CP and MIR field if the latter contains narrow spectral features [24]. Required for
the correction procedure, the second-order spectral phase parameter of the CP can be
determined by recording a frequency-resolved cross correlation between the CP and the
MIR pulse [126].

Figure 3.9: Spectrogram visualizing raw CPU
spectra for varying CP time delay. In partic-
ular, MIR spectra centered around 5 µm are cross-
correlated with the CP in a MgO:LiNbO3 crystal,
whereby the CP time delay is scanned over 250 ps.
Following water vapor absorption signatures, the
second-order spectral phase parameter of the CP is
given by the slope of the depicted white line, which di-
rectly reflects changes in the CP momentary frequency
for different time delays. See text for further explana-
tions.

The corresponding spectrogram (Fig. 3.9), which is obtained in situ, i.e., without
changes in the optical alignment, by recording raw CPU spectra (mode A) for CP time de-
lays scanned over the full duration of the CP, directly reveals the instantaneous frequency
and amplitude of the CP. For the case of sufficiently large chirp (confer Sec. 2.1.4), the
second-order spectral phase parameter can directly be recovered from the spectrogram
since the CP time delay linearly translates into a frequency shift of the complete CPU
spectrum:

b2 = ∆t

∆ωCPU
. (3.4.5)

This is particularly apparent when following the spectral shift of spectrally narrow features
in CPU spectra such as water vapor absorption signatures. The slope of the white line
in Fig. 3.9 reveals b2 = −3.97 ps2. Due to the fixed geometry of the stretcher used to
generate the CP, this value is valid for all measurements presented in this thesis as verified
several times.

Figure 3.10 illustrates the correction produre which is applied to every individual CPU
spectrum (mode A and B). The raw CPU spectrum [Fig. 3.10(a)] exhibits a strong os-
cillatory behavior over almost its complete bandwidth. A Fourier transform reveals a
distinct contribution at approximately 6.8 ps [Fig. 3.10(b), red]. Given the crystal thick-
ness of 450 µm and a refractive index of approximately 2, this feature can be assigned
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Figure 3.10: Calibrating the CPU detection scheme. (a) Raw CPU spectrum detected in mode
A (confer Table 3.1). (b) Fourier transform spectra of (a) before (red) and after (black) removal of a pulse
replica at 6.8 ps which originates from reflections in the upconversion crystal. (c) Raw CPU spectrum
after Fourier filtering the pulse replica. (d) Corrected CPU spectrum after Fourier filtering, removal
of cross-phase modulations [24], and wavenumber calibration exploiting the known spectral positions of
atmospheric absorption lines [163].

to a pulse replica traveling back and forth in the upconversion crystal after twice being
reflected internally. Consequently, the oscillatory structure is due to spectral interference
between the main pulse and the pulse replica. After removing the feature at 6.8 ps by
Fourier-filtering in an area of 1 ps [Fig. 3.10(b), black], the CPU spectrum exhibits a
smooth shape interrupted by distortions around narrow spectral features which are due
to cross-phase modulations [Fig. 3.10(c)]. Since ν̃CP, the wavenumber of the CP used for
upconversion, determines the relation between the CPU and the IR wavenumber axis:

ν̃IR = ν̃CPU − ν̃CP , (3.4.6)

it is convenient to include both axes to visualize the CPU spectrum. However, there is
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3.5 Fluorescence detection scheme 59

an ambiguity in ν̃CPU since the cross-correlation measurement (see above) does not reveal
the absolute time delay between the CP and the MIR pulse. To determine ν̃CP, again the
influence of water vapor in the laboratory atmosphere on MIR spectra can be exploited.
Calibration can be done by shifting the CPU wavenumber axis with respect to the IR
wavenumber axis defined by precisely catalogued absorption lines [163]. Though less
precise due to typical spectral widths, it is also feasible to employ the absorption features
of a dissolved sample in the flow cell. This can be beneficial in spectral regions in which
the atmospheric absorption signatures are either too crowded or too weak, thus preventing
a clear assignment. The final phase-corrected CPU spectrum is shown in Fig. 3.10(d).
For the sake of completeness, it is mentioned that within this thesis a uniform frequency
grid was used for processing CPU spectra, which can easily be obtained by resampling
the spectrometer calibration [164]. However, since upconversion significantly reduces the
relative bandwidth compared to direct MIR detection, a direct fast Fourier transform
(FFT) appeares to be sufficient for most applications [24].

3.5 Fluorescence detection scheme

The methods described above aim at the elucidation of photoinduced dynamical processes
taking place in the excited state of a molecular system. This is done by monitoring the
temporal evolution of the molecule’s absorption characteristics. Another way to access the
excited state of a molecular system is fluorescence spectroscopy (confer Sec. 2.3), which
is often used to complement TA measurements. While fluorescence spectra per se do not
contain direct temporal information about the spontaneous emission (fluorescence), meth-
ods such as fluorescence upconversion enable fs time resolution by gating the fluorescence
in a NC with an ultrashort laser pulse [165, 166]. Besides time resolution in the detection
step, it is also conceivable to have time resolution in the excitation step by involving
more than just a single excitation pulse. One laser pulse could for example be employed
to pre-excite the molecular ensemble, whereas a second one triggers the fluorescence af-
ter a defined time delay. This is strongly related to other quantum control experiments
in the liquid phase, since changes in the fluorescence yield can be defined as a control
objective [167–169]. Experimentally, it is straightforward to integrate a fluorescence de-
tection scheme into an existing pump–probe setup, as done for the UV-pump/MIR-probe
detection scheme introduced in Sec. 3.4.

Figure 3.11 shows a photography of the fluorescence detection scheme in pump–probe
geometry. One the right side, the sample cuvette as well as the mirrors which are used
for focusing of the pump and probe beam, respectively, are depicted. Both beams enclose
only a small angle when passing through the sample. As mentioned above, the cuvette
provides a thin film of dissolved sample which is perpetually exchanged. The detector
consists of two microscope objectives (Plan N 4X/0.10, Olympus; 19.3 mm working dis-
tance) collinearly placed on a stage with a fixed distance of approximately 4.5 cm in
opposite directions. In order to miminize contributions from scattered pump light, the
fluorescence detector itself (left) is aligned in the plane spanned by the pump and probe
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Figure 3.11: Combining transient absorption and fluorescence spectroscopy. A fluorescence
detector (left) consisting of two microscope objective is placed besides the sample cuvette (right) of the
UV-pump/MIR-probe detection scheme described in Sec. 3.4. After collection and collimation with one
objective, a second one focuses the fluorescence into an optical fiber.

beam at an angle of approximately 45◦ with respect to the pump beam. A recess in the
sample holder enables to place the excitation spot in the focal point of the overhanging
microcope objective. Hence, one microscope objective can be used to collect and colli-
mate a particular solid angle of the isotropic fluorescence, whereas the second microscope
objective focuses the signals into an optical fiber (QP400-2-SR, Ocean Optics), which fi-
nally guides the signals to a VIS spectrometer (the same combination of VIS spectrograph
and CCD camera that was detailed in Sec. 3.3 and 3.4). For fine-tuning, the entrance
of the fiber is placed on a three-dimensional (3D) translation stage which is adjustable
relative to the microscope objectives. For a coarse preadjustment, the complete detector
is placed on a separate 3D translation stage. After proper alignment, the setup allows for
1 kHz shot-to-shot detection of fluorescence spectra, whereby both the UV as well as the
MIR beam can be involved in the excitation step. A characterization of the detector’s
capabilities as well as a discussion on possible applications can be found in Appendix A.
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Chapter 4

Tracing primary processes of

diphenylcarbene in solvent mixtures

It has been demonstated in a variety of so-called quantum control or coherent control
experiments [170–178] that the usage of tailored laser pulses is one way to control chemical
reactivity, e.g., to influence the outcome of a photochemical reaction by enhancing or
suppressing certain reaction paths [169]. For instance, feedback-optimized laser pulses
have been applied to control the reaction of bond-formation among small molecules in an
adsorbate [179]. In contrast to adapting the light fields for a desired control goal, one
might also think of a tailored solute environment to steer ultrafast reactions. The special
importance lies on its dual role: one the hand, the solvent environment may determine
a photochemical reaction’s speed as well as the yield of different pathways; on the other
hand, solvent molecules may also be involved in the course of the reaction. Both is true
for the ultrafast photochemistry of diphenylcarbene (Ph2C), a system which illustrates
the interplay between competing reactions mediated by solute-solvent interactions in a
particularly dramatic fashion. The presented results will be published in Ref. [1].

Diphenylcarbene in a mixed MeOH/MeCN solvent environment.
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62 4 Tracing primary processes of diphenylcarbene in solvent mixtures

4.1 Introduction

Carbene chemistry is a multifaceted research area by virtue of the highly spin-dependent
reactivity of carbenes [180]. Various spectrocopic investigations ranging from laser flash-
photolysis [181–191], matrix-isolation studies [192] to ultrafast measurements in differ-
ent environments [108, 193–200] have unveiled the role of carbenes as intermediates in
(photo)chemical reactions. In particular, the reactivity of diphenylcarbene (diphenyl-
methylene, Ph2C) intrigues researchers owing to the simplicity of the system accompanied
by the variety of possible reaction pathways depending on whether the spin-configuration
is either a singlet or a triplet state [201–203]. Singlet carbenes are assumed to insert be-
tween O-H bonds, whereas triplet carbenes insert between C-H bonds. Studies by Eisen-
thal and coworkers [181–190] have pioneered many aspects of Ph2C reactivity in solution,
e.g., effects of solvent polarity and selected cosolvents, but without the direct spectro-
scopic observation of the singlet 1Ph2C. This was possible in ultrafast studies, performed
initially by the Chergui group [193] and further extended by Kohler and coworkers [194] in
different solvents. The latter revealed that UV excitation of the diazo-compound precursor
diphenyldiazomethane (Ph2CN2; see Fig. 4.1 for molecular structure) leads to formation
of 1Ph2C on a sub-picosecond time scale, which can further react via intersystem crossing
(ISC) to the triplet 3Ph2C in a few hundreds of picoseconds in aprotic solvents. However,
if 1Ph2C is allowed to react with alcohols, an ultrafast intermolecular proton-transfer
can occur, leading to an intermediate benzhydryl cation (Ph2CH+), and eventually to a
diphenylalkyl ether. Kirmse and Steenken [191, 204] inferred that two alcohol molecules
are needed for the protonation. Others postulated a concerted reaction pathway, possibly
involving an intermediate ylide [205–207]. Recent findings in matrix-isolation experiments
at low temperatures provided additional aspects of diphenylcarbene reactivity: in argon
matrices doped with 0.5–1% methanol (MeOH), 1Ph2C (in contrast to 3Ph2C) forms a
hydrogen-bonded complex with a MeOH molecule, hence refuting the assumption of a
general triplet ground state [21]. Whereas similar results have been found when replacing
the MeOH dopants by water molecules, an amorphous water environment enabled the
isolation of stable Ph2CH+ without the need for superacidic conditions [22].

Figure 4.1: Molecular structure of
diphenyldiazomethane (1).

The possible reaction channels of 1Ph2C accessible under different conditions will com-
pete with each other when the solvent environment is systematically varied. In this
chapter, results from hybrid Quantum Mechanics/Molecular Mechanics (QM/MM) cal-
culations are complemented by advanced femtosecond pump–probe spectroscopy to un-
ravel the fate of 1Ph2C in binary mixtures of the protic solvent MeOH and the aprotic
acetonitrile (MeCN) at room temperature. By going from pure MeOH to pure MeCN, a
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4.2 Methods and materials 63

tailored solvent environment with variable distances between the carbene and the alcohol
molecules is created, also aimed at “mimicking” the MeOH doping of the matrix-isolation
studies. The joint theoretical and experimental investigation directly visualizes the in-
terplay and competition of the solvent molecules in the mixtures, discloses the amount
of solvent molecules necessary for certain reaction pathways and allows to propose a
concerted reaction pathway that involves an intermediate complex 1Ph2C··HOMe. The
results emphasize that ultrafast photodynamics in solvent mixtures are more than just a
linear combination of the behavior in pure solvents, and that having just few instead of
abundant molecules of a certain solvent in the vicinity of the solute may be beneficial for
a desired reaction outcome.

4.2 Methods and materials

Hybrid QM/MM calculations, performed by the group of Dr. Elsa Sánchez-García at
the Max-Planck-Institut für Kohlenforschung in Mülheim an der Ruhr, were employed
to capture the solvent effects and the specific interactions governing the stability of
Ph2C. Methodological details on parametrizations and optimizations are given in the Ap-
pendix B.1. The radial distribution functions of solvent molecules confirmed the structure
involving hydrogen-bonds in pure MeOH and the absence of a well-structured solvent ar-
rangement in pure MeCN. For the mixtures, the simulations indicate the absence of phase
separation or aggregation, which is in line with rather weak preferential solvation, as re-
ported in the literature [208]. In TA experiments, UV pump light is used to generate Ph2C
via photolysis of the diazo-compound precursor diphenyldiazomethane (1, CAS: 883-40-9;
for details of synthesis, which has been done by Paolo Costa, see Appendix B.2). 6 mM
solutions were employed resulting in an optical density of about 2 at 285 nm along the
sample cells of 200 µm thickness. Even small fluctuations in the sample concentration
would lead to changes in the absolute absorption change signals and therefore affect the
comparison of quantitative values such as the amount of Ph2CH+ produced in different
solvent environments. Hence, a MeOH and a MeCN parent solution was used, each con-
taining 294 mg Ph2CN2 in 13 ml solvent. Despite the high concentration in the latter
solutions, no problems regarding solubility have been observed. For each 20 ml sam-
ple solution, 1 ml of the corresponding parent solution was extracted using a volumetric
pipette. Which parent solution is taken is determined by the desired solvent ratio. For the
present study, concentrations between 0 to 90% MeCN were prepared using the MeOH
parent solution, whereas the MeCN parent solution was the starting point for solutions
containing 95 to 100% MeCN. To finally obtain the sample solutions under investigation,
missing solvent was separately extracted using volumetric pipettes and added to the 1 ml
of parent solution. Solvents (Merck Millipore, Uvasol®) were used as received. All sam-
ples examined were prepared for equal molarity although the molar masses of MeOH and
MeCN significantly differ. Albeit both solvents have approximately the same density, the
ratio of the actual number of solvent molecules of each sort differs from the associated
volume ratio. Proper sample exchange was ensured by cleaning the tubing system after
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64 4 Tracing primary processes of diphenylcarbene in solvent mixtures

recording each data set with a pure solvent mixture which corresponded to the subse-
quently examined sample mixture. Details on spectrosopic methods employed in this
chapter can be found in Chap. 3. The TA setup (285 nm pump pulses, VIS white-light
probe pulses) in particular is detailed in Sec. 3.3. TA measurement times were kept suf-
ficiently short to prevent major sample-degradation due to continuous photolysis of the
precursor, as verified by measurements of the linear absorption spectrum. All data shown
results from averaging over three subsequently recorded data sets in order to minimize
long-term fluctuations (details on the measurement routine can be found in Sec. 3.3). A
power-dependent series of difference spectra, confirming the linear intensity dependence of
excitation, can be found in Appendix B.3. No mechanical changes in the setup-alignment
were made when recording the TA data of 1 in 21 different solvent mixtures. If not
otherwise specified, it is consistently referred to volume ratios of solvents in this chapter.

4.3 Results and discussion

4.3.1 QM/MM calculations

In order to elucidate whether a solvent molecule can significantly influence the balance
of the Ph2C spin states, the average QM energies of 1Ph2C and 3Ph2C are calculated.
Pure MeCN stabilizes the singlet more than the triplet, but as in the gas phase the
latter is energetically still favored. The situation already changes by addition of small

Triplet

Singlet 

(a)                                                                                            (b)

Figure 4.2: QM energies of 1Ph2C and 3Ph2C. (a) Calculated singlet-triplet energy gap of Ph2C
in different mixtures of MeOH and MeCN. (b) The H-bonded complex of MeOH with either 1Ph2C
or 3Ph2C. Figures used with permission from Dr. Pandian Sokkar and Dr. Elsa Sánchez-García, Max-
Planck-Institut für Kohlenforschung, Mülheim an der Ruhr © (2015).
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4.3 Results and discussion 65

Figure 4.3: Mechanisms 1 and 2 of O-H insertion in the reaction of 1Ph2C with MeOH, as
observed in the QM/MM MD simulation. Figure used with permission from Dr. Pandian Sokkar
and Dr. Elsa Sánchez-García, Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr © (2015).

amounts of MeOH, reversing the singlet-triplet energy gap [see Fig. 4.2(a)]. The optimized
structures reveal that MeOH forms a strong H-bond with the carbene center of 1Ph2C
thereby lowering its energy, whereas in the case of the less polar 3Ph2C the stabilization
is much less pronounced. This behavior is also directly reflected in the average distance
of the H-bond in the complex 1Ph2C··HOMe [see Fig. 4.2(b)]. Remarkably, the lowest
energy is not found for 1Ph2C in pure MeOH, suggesting that if the MeOH molecule
interacting with the carbene is involved in an H-bonding network with other neighboring
MeOH molecules, the stabilization of 1Ph2C is weakened. Series of QM/MM molecular
dynamics simulations also corroborated that 1Ph2C forms a stable complex in pure MeOH
while 3Ph2C does not. Such complexes between 1Ph2C and MeOH are also conserved in
solvent mixtures with lower MeOH content, but complex formation strongly depends on
the diffusion of MeOH molecules to approach the carbene center.
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66 4 Tracing primary processes of diphenylcarbene in solvent mixtures

On an ultrafast time scale, 1Ph2C can react with an adjacent MeOH molecule. Further
simulations unveil that the reaction leading to O-H insertion always commences with the
protonation of 1Ph2C, but two different mechanisms are active. In mechanism 1 (see
Fig. 4.3), the H-bonded MeOH transfers the proton to the carbene to yield Ph2CH+,
but the nascent methoxide ion takes up a proton from a neighboring MeOH molecule.
In this way, the two charges are spatially separated and the initially H-bonded MeOH
molecule is not the one completing the reaction. Instead, a third MeOH molecule donates
its proton to the newly formed methoxide ion and attacks the Ph2CH+, forming the ether
product. In mechanism 2, the H-bonded MeOH transfers the proton, and the resulting
methoxide anion combines with Ph2CH+ to the final product. This process is facilitated
by the presence of a second MeOH molecule, which does not react with the carbene (see
Fig. 4.3). It should be noted that the reaction does not occur if there is not a second
MeOH molecule in the vicinity. From this observation, it is clear that a reaction of 1Ph2C
with an isolated, H-bonded MeOH molecule is disfavored.

The simulations draw a clear picture of what can happen to 1Ph2C when it is formed
photochemically in solution. On the one hand, it can form an H-bonded complex if it
encounters an isolated MeOH molecule. Subsequently, when a further MeOH molecule
approaches, the ether product can be formed according to mechanism 2. Since the same
MeOH transfers the proton and completes the reaction, signatures of charged intermedi-
ates will be extremely short-lived if observable at all. On the other hand, when 1Ph2C
encounters a MeOH molecule which already interacts with a neighboring one, mechanism
1 can take place. Due to the separation of Ph2CH+ and the methoxide, the charged species
survive for a longer time and Ph2CH+ is identifiable by its characteristic absorption.

4.3.2 Transient absorption measurements

For the experimental investigation, broadband TA measurements on Ph2CN2 in solvent
mixtures of MeOH and MeCN were conducted. An extract of these measurements is
presented in Fig. 4.4. In the case of pure MeOH (0% MeCN, top left panel), two distinct
positive TA signals are observed, which correspond to the absorption of 1Ph2C centered at
355 nm and of the benzhydryl cation Ph2CH+ at 435 nm, respectively. The ground state
bleach (GSB) of the precursor Ph2CN2 appears on the high-energy edge of the detection
range as negative TA signal. For MeCN fractions above 90%, the GSB signal is completely
overlaid by the positive TA contributions of the reaction intermediates. The spectral po-
sitions agree both with Kohler’s study [194] and with the matrix experiments [21, 22], for
Ph2CH+ furthermore with recent measurements of the Riedle group on the photoinitiated
carbocation formation from benzhydryl chlorides [209–211]. Additionally, and indepen-
dent of the solvent mixing ratio, one observes the spectral signature of the excited diazo
compound Ph2CN∗

2 at around 335 nm. For clarity, a detailed view on the TA of Ph2CN2
in MeOH within the first few picoseconds after UV excitation is given in Fig. 4.5(a). A
monoexpontial fit of these early dynamics reveals a lifetime of the excited precursor of
≈ 150 fs [red curve in Figure 4.5(b)]. No significant deviations from this value are found
in different solvent mixtures.
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Figure 4.4: Transient absorption of Ph2CN2 under 285 nm excitation for different
MeOH/MeCN solvent mixtures. Respective numbers depict the fraction of MeCN in the corre-
sponding measurement. Note that for concentrations up to 80% MeCN (top row), data is shown using
a linear time axis covering the first 135 ps pump–probe delay, whereas for higher MeCN concentrations
(bottom row) a lin–log time axis is chosen in order to include dynamics up to 4 ns pump–probe delay.

The competition between different reaction pathways becomes evident from the TA data
in solvent mixtures, where an increase in MeCN concentration leads to several changes
in the dynamics: (1) the characteristic time scales increase, so 1Ph2C decays more slowly
while Ph2CH+ is formed later and survives for a longer time (confer Fig. 4.4 and rate
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Figure 4.5: Early dynamics of the diazo-compound precursor Ph2CN2 in MeOH after
UV excitation. (a) Broadband transient absorption in the UV to VIS spectral regime. (b) Transient
absorption at a probe wavelength of 335 nm.
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68 4 Tracing primary processes of diphenylcarbene in solvent mixtures

constants displayed in Fig. 4.6). This observation confirms that reactions of the initially
formed 1Ph2C depend on the MeOH concentration, and so does the formation and the
decay of Ph2CH+; (2) the decay rate of 1Ph2C is always lower than the rate describing
the rise of Ph2CH+. Hence, the absorption centered at 355 nm cannot originate solely
from a precursor of Ph2CH+, but must also be due to a species which can co-exist with
Ph2CH+ in solution and which has a similar electronic absorption as 1Ph2C. Therefore,
it is concluded that the TA signal at 355 nm stems both from 1Ph2C and the complex
1Ph2C··HOMe; (3) the Ph2CH+ absorption becomes weaker compared to the initial 1Ph2C
signal (see e.g., the panel for 80% MeCN in Fig. 4.4). This directly shows that for reduced
MeOH concentrations, Ph2CH+ is formed less likely compared to 1Ph2C··HOMe; (4) for
high MeCN fractions, the Ph2CH+ disappears and a new absorption around 315 nm is
observed after several hundred picoseconds (lower panels in Fig. 4.4). For lack of MeOH,
the ISC pathway to 3Ph2C absorbing at 315 nm becomes dominant [194, 203].

Figure 4.6: Rate constants extracted
from nonlinear interpolation describing
the rise of 3Ph2C (315 nm), the decay of
1Ph2C (355 nm), as well as the rise and the
decay of Ph2CH+ (maximum wavelength)
in solvent mixtures of varying MeCN mole
fractions. The corresponding fit curves are
shown in Appendix B.5, B.6, and B.7, respec-
tively.
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Additional information on solvent effects is deduced for the ultrafast dynamics in sol-
vent mixtures. Extracting the peak position of the singlet carbene absorption from the
TA data (see Fig. 4.7 and corresponding discussion in Appendix B.4) reveals a red-shift
during the first ten ps, which is also the time scale for formation of the benzhydryl cation
in pure MeOH. The solvent environment adjusted to the diazo precursor has to rear-
range upon the formation of 1Ph2C, and this solvent rearrangement is reflected in the
spectral shift which for carbenes is bathochromic [196]. For the Ph2CH+ intermediate,
the temporal evolution of the maximum absorption wavelength is displayed in Fig. 4.8.
For all mixtures with a sufficient amount of Ph2CH+, the starting position is at lower
wavelengths for higher MeCN fractions, as a consequence of the solvent polarity and the
degree of solvation of the precursor 1Ph2C in the different mixtures. Furthermore, a red-
shift of the Ph2CH+ signal is observed, which is due to solvation of the cation but also
reflects the separation of the benzhydryl cation and the methoxide anion. This separation
leads to a shrinking energy gap between the ground and excited states of the benzhydryl
cation, as shown by Riedle and coworkers in studies on benzhydryl halides [211]. Hence,
the simultaneously generated methoxide anion does not geminately react with Ph2CH+

which thereby becomes observable in the experiments. While diffusion may contribute,
the involvement of a second MeOH molecule as suggested in Refs. [191, 204] and also
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derived from the hybrid QM/MM calculations (mechanism 1 in Fig. 4.3) might be the
basis of the separation process.
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Figure 4.7: Time-dependent peak posi-
tion of the 1Ph2C absorption band. For all
solvent environments, an initial red-shift is ob-
served, which is followed by a much slower blue-
shift for those mixtures where the signal does not
vanish on the time scale of Ph2CH+ formation.
Note the logarithmic ordinate. See Appendix B.4
for details on data evaluation.
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Figure 4.8: Time-dependent peak posi-
tion of the Ph2CH+ absorption band. For
all solvent mixtures, a red-shift is observed, but
the initial wavelength decreases with MeCN con-
centration. See Appendix B.4 for details on data
evaluation.

In the following, the amount of molecules which follow the different reaction pathways
will be inferred. The results are summarized in Fig. 4.9. Note that the analysis relies on
the assumption of an equal absorption cross section of Ph2CH+ and 3Ph2C in all solvent
mixtures. Starting out with the dynamics in pure MeOH, a fraction x of the initial 1Ph2C
molecules takes up a proton to form Ph2CH+, which rapidly reacts on to an ether which
is dark (i.e., non-absorbing) in the accessible spectral range. Kohler and coworkers [194]
showed that about 30% of the photoexcited Ph2CN2 molecules lead to Ph2CH+, but an
assignment of whether the other 70% do not lead to the formation of 1Ph2C (i.e., x = 1)
or follow an alternative reaction pathway to the dark product (i.e., x = 0.3) could not be
made. However for all mixtures, the decay rate for the singlet carbene is lower than the
rise of Ph2CH+, even in pure MeOH (Fig. 4.6), corroborating 1Ph2C··HOMe formation.
Hence, x cannot be one but must be smaller, and it is assumed that x = 0.3 in the
following although also larger values cannot be ruled out. As explained in the following, a
direct comparison of the TA data for different mixtures is possible by normalization to the
initial 1Ph2C signal and the two extreme cases that in pure MeOH 30% react via Ph2CH+,
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70 4 Tracing primary processes of diphenylcarbene in solvent mixtures

whereas in pure MeCN 100% form the 3Ph2C species (as evidenced by the matching decay
rate of 1Ph2C and rise rate of 3Ph2C in Fig. 4.6).

Figure 4.9: Differentiating between dif-
ferent reaction channels. Fraction of
molecules following the Ph2CH+ (green), the
3Ph2C (blue), and the 1Ph2C··HOMe (red) path-
way for different MeOH/MeCN solvent mix-
tures, as derived from the TA data. The solid
curves result from the reaction scheme sketched
in Fig. 4.15, where the rates exhibit different de-
pendencies on the MeOH concentration [M].
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The relative amount of Ph2CH+ being produced in different solvent mixtures of MeOH
and MeCN can be quantified by integrating the area under the fitted transients (confer
Fig. B.5 in Appendix B.7) between 4 and 400 ps time delay neglecting the contribution
of the constant offset, and multiplying the resulting values by the corresponding rate
constants describing the decay of Ph2CH+ in the respective solvent mixture (confer rate
models which will be described in Sec. 4.4). Since in pure MeCN no singlet carbene takes
up a proton to form Ph2CH+, the latter values are eventually normalized between 0.3
and 0 (see blue curve in Fig. 4.9). The triplet strength for a certain solvent mixture is
directly taken from the TA data: at 315 nm one finds constant absorption change signals
for all solvent mixtures between 1.5 ns and 4 ns, representing the GSB of the precursor
for lower MeCN fractions and the triplet absorption for higher MeCN fractions. Before
normalization (see below), data points from this temporal region of interest are averaged
to enhance the data quality when quantifying the amount of 3Ph2C being produced. The
amount of 3Ph2C is assumed to be directly proportional to the TA signal at 315 nm because
any contribution from the spectrally adjacent 1Ph2C absorption band has completely
vanished after 1.5 ns pump–probe delay. For evaluating the amount of 3Ph2C being
produced, it is assumed that in pure MeCN all singlet carbenes undergo ISC towards the
triplet state, whereas none do so in MeOH. Hence, the result is normalized between 1 and
0 (see blue curve in Fig. 4.9).

Figure 4.9 visualizes that both fractions do not add up to one—independent of the
value x—and therewith confirms the existence of a third channel (occurring more fre-
quently in solvent mixtures) attributed to 1Ph2C··HOMe. The red data points in Fig. 4.9
correspond to the amount of molecules following this pathway, as indirectly deduced from
the other fractions. The QM/MM MD simulations also indicated that the Ph2CH+ ions
were significantly more stable in pure MeOH compared to lower MeOH concentrations.
In Sec. 4.4, an analytical solution (solid lines in Fig. 4.9) describing the dynamics as-
sociated with three reaction channels will be given, together with a discussion of why
simpler models cannot describe the data. To model the derived amounts of Fig. 4.9 with
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this reaction scheme, the three rate constants connected to depopulation of 1Ph2C are
required. The ISC rate constant can be calculated from the literature by combining the
polarity dependence of this rate [190] with the polarity of the solvent mixtures [212], the
other two are evaluated by the experimental decay rate of 1Ph2C in pure MeOH and the
assumption x = 0.3. Note that no other parameter, in particular no free parameter is
needed. The reaction scheme according to model 3 can describe the experimental data
very suitably and confirms that there is a solvent mixing ratio for which the amount of
molecules reacting via the 1Ph2C··HOMe complex reaches a maximum.

4.4 Modeling the experimental data with rate models

In order to analyze how many molecules follow a certain reaction path, three rate models
for different scenarios shall be discussed. For each case, the amounts for each reaction
channel will be derived.

4.4.1 Model 1: Triplet and benzhydryl cation only

Assuming that the singlet carbene 1Ph2C (for simplicity called “S” in the following equa-
tions) can either react to the triplet 3Ph2C (“T”), as in pure MeCN, or to the benzhydryl
cation Ph2CH+ (“B”), as seen in MeOH, which further turns into the ether product (“E”),
one can derive the following rate equations:

˙[S] = −kSB[S] − kST[S] , (4.4.1)
˙[T] = +kST[S] , (4.4.2)
˙[B] = +kSB[S] − kBE[B] , (4.4.3)
˙[E] = +kBE[B] , (4.4.4)

[S] t=0 = S0; [T] t=0 = 0; [B] t=0 = 0; [E] t=0 = 0 , (4.4.5)

which have as solution:

[S] = S0 e−(kSB+kST) t , (4.4.6)

[T] = S0
kST

kSB + kST

[
1 − e−(kSB+kST) t

]
, (4.4.7)

[B] = S0
kSB

kSB + kST − kBE

[
e−kBE t − e−(kSB+kST) t

]
, (4.4.8)
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[E] = S0

{
kSB

kSB+kST
+ kSB

(kSB+kST)(kSB+kST−kBE)

×
[
kBEe−(kSB+kST) t−(kSB+kST)e−kBE t

]}
. (4.4.9)

The amount of molecules following each reaction path are:

[T] t=∞ = S0
kST

kSB + kST
, (4.4.10)

[E] t=∞ = S0
kSB

kSB+kST
. (4.4.11)

The final ether product does not show any absorption signal in the probed wavelength
region. Hence, the amount of molecules following the reaction path towards the ether has
to be determined from the absorption signal of the benzhydryl cation. If the experimental
TA is measured, this can be done by performing the integral

∫ ∞

0
[B]dt = S0

kSB

kBE(kSB+kST)
= 1

kBE
[E] t=∞ (4.4.12)

and subsequent multiplication of the obtained value with the experimentally determined
decay rate kBE of the benzhydryl cation, thus yielding [E] t=∞ (confer data evaluation of
Fig. 4.9).

The rate constants in the general scheme described above can depend on the concen-
tration of the solvent as well, i.e., kSB = k′

SB[M] should depend on the concentration of
MeOH (“M”). Since the amount of MeOH is much higher than the amount of carbene
already for small mole fractions of MeOH in the binary solvent mixture, a pseudo-first-
order behavior is assumed, i.e., [M] does not change during the reaction. For an ex-
emplary calculation, kST is determined by combining the solvent polarity dependence of
kST [190] with the solvent polarity parameter ET(30) of binary mixtures of MeCN and
MeOH [212], whereas the other two rate constants are determined from experiments in
pure MeOH, i.e., in pure MeOH one has kSB=(12 ps)−1 and kBE=(23 ps)−1, while in mix-
tures they depend on the MeOH concentration and become kSB=(12 ps)−1 [M]

M0
=(12 ps)−1vM

and kBE=(23 ps)−1 [M]
M0

=(23 ps)−1vM, respectively, with the volume fraction vM of MeOH
and M0 being the concentration of pure MeOH.

The result is shown in Figure 4.10. The curve for the triplet pathway resembles the
experimentally determined one, whereas the other one does not. Clearly, in this model 1
there are only two reaction paths, hence the two curves have to add up to one. Possible
reasons for the discrepancy might be:

• the model 1 on which the modeling is based is incomplete,

• the assumption in the modeling that the rates are constant or only depend linearly
on [M] is too simple,
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• the absorption cross section of Ph2CH+ might change drastically with the mole
fraction of MeCN, so that the shape of the curve derived from the experiments
is obscured—this issue has been addressed for pure MeOH and MeCN by Kohler
and coworkers [194] who concluded that due to similar dielectric properties, the
absorption coefficient in both solvents should be roughly the same,

• since the TA bands shift spectrally with time, the integration of the experimental
Ph2CH+ signal is too inaccurate.

While with all of these reasons one might rationalize that the experimentally determined
amounts do not add up to one, the observation that the decay time of 1Ph2C and the rise
time of Ph2CH+ differ strongly for certain solvent mixing ratios points to the first one
listed (without necessarily excluding the other ones which might additionally have to be
considered, see below), i.e., that model 1 is incomplete. Therefore, one has to search for
alternatives.

4.4.2 Model 2: A third decay channel

In the work by Kohler and coworkers [194], it was found that the protonation fraction
of all excited molecules is about 30% in pure MeOH. One possibility is that 70% of
the excited Ph2CN∗

2 molecules do not dissociate but relax back to the ground state of the
diazo compound (as it is for example observed when exciting diazo-Meldrum’s acid [108]).
However, in this scenario all the generated 1Ph2C molecules will follow the protonation
pathway via Ph2CH+. Thus, when MeCN is added, allowing also the triplet pathway, the
amount of molecules following each pathway should look similar as in Fig. 4.10. Since
this is not the case, it can be concluded that another possibility mentioned in Ref. [194]
is more appropriate, namely that 70% follow a reaction path from singlet carbene to
the ether product which does not involve the Ph2CH+ intermediate. The third reaction
channel comprises an intermediate complex 1Ph2C··HOMe (“C”) of a singlet carbene and
a MeOH molecule, as e.g., suggested by Eisenthal and coworkers [187] and also observed
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in the hybrid QM/MM calculations. From there, the ether product can be generated in
a concerted fashion. This can be expressed in the following rate equations:

˙[S] = −kSB[S] − kST[S] − kSC[S] , (4.4.13)
˙[T] = +kST[S] , (4.4.14)
˙[B] = +kSB[S] − kBE[B] , (4.4.15)
˙[C] = +kSC[S] − kCE[C] , (4.4.16)
˙[E] = +kBE[B] + kCE[C] , (4.4.17)

[S] t=0 = S0; [T] t=0 = 0; [B] t=0 = 0; [C] t=0 = 0; [E] t=0 = 0 , (4.4.18)

with the solutions

[S] = S0 e−(kSB+kST+kSC) t , (4.4.19)

[T] = S0
kST

kSB + kST + kSC

[
1 − e−(kSB+kST+kSC) t

]
, (4.4.20)

[B] = S0
kSB

kSB + kST + kSC − kBE

[
e−kBE t − e−(kSB+kST+kSC) t

]
, (4.4.21)

[C] = S0
kSC

kSB + kST + kSC − kCE

[
e−kCE t − e−(kSB+kST+kSC) t

]
, (4.4.22)

[E] = S0

kSB+kST+kSC

{
kSB+kSC+

[ kSBkBE

kSB+kST+kSC−kBE
+ kSCkCE

kSB+kST+kSC−kCE

]

×e−(kSB+kST+kSC)t−
(

kSB+kST+kSC

)
×
[

kSB

kSB+kST+kSC−kBE
e−kBEt+ kSC

kSB+kST+kSC−kCE
e−kCEt

]}
. (4.4.23)

Since there are three parallel pathways starting from 1Ph2C, the amount of molecules
following each path is given by:

[T] t=∞ = S0
kST

kSB + kST + kSC
, (4.4.24)

[E] t=∞ = S0
kSB

kSB+kST + kSC
+ S0

kSC

kSB+kST + kSC
, (4.4.25)

where Eq. (4.4.25) is a sum of the paths involving either Ph2CH+ or the complex
1Ph2C··HOMe. Both for reaching Ph2CH+ and 1Ph2C··HOMe, the singlet carbene has
to interact with a MeOH molecule. First, it is assumed that the rates are pseudo-first
order with a linear dependence on [M], i.e., kSB = k′

SB[M] and kSC = k′
SC[M]. In order to

take into account that only ≈ 30% of singlet molecules follow the Ph2CH+ pathway and
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Figure 4.11: Distribution of reaction
products according to model 2. Per-
centage of molecules taking the 1Ph2C→
3Ph2C, the 1Ph2C→Ph2CH+→ether, or the
1Ph2C→1Ph2C··HOMe→ether reaction path,
with rate constants linearly depending on [M]
for the first step of the latter two reaction paths.

that Ph2CH+ in pure MeOH rises with a time constant of 12 ps, k′
SB=(40 ps)−1/M0 and

k′
SC=(17.6 ps)−1/M0 is used in the calculation. The result is shown in Fig. 4.11. As one

would expect, the shape of the curves has not changed, but now only 30% proceed via
the cation towards the ether product. With the assumptions outlined above, the model
gives no indication why the amount of molecules following the 1Ph2C→Ph2CH+→ether
pathway shows an almost linear dependence on the concentration.

4.4.3 Model 3: Non-linear dependence on methanol concentration

Instead of including further pathways or equilibria, one may concentrate on the depen-
dence on [M], thereby particularly addressing the question what governs whether there
will be protonation or a complexation in the interaction of 1Ph2C with MeOH. Kirmse
and Steenken [191, 204] suggested that two MeOH molecules are needed for the proto-
nation. As can be seen from mechanism 1 in Fig. 4.3, the hybrid QM/MM calculations
reveal the involvement of at least two MeOH molecules as well. In addition, Scaiano and
coworkers [213], for other carbenes in MeCN with little amounts of MeOH, have observed
that MeOH oligomers are more reactive than monomers.

Hence, MeOH dimers shall be considered to be present in the solution, with the associ-
ated equilibrium 2 MeOH
(MeOH)2 with equilibrium constant K. These might originate
from hydrogen bonding of two adjacent MeOH molecules. For the Ph2CH+ formation,
such a dimer would serve two processes: first, the presence of the hydrogen bond can
facilitate the MeOH molecule’s ability to donate a proton; second, when MeOH transfers
a proton to 1Ph2C to yield Ph2CH+, a methoxide anion is created as well which could
geminately recombine with the cation. This process might be efficiently avoided if the
bonded MeOH transfers a proton to the methoxide, itself turning into a methoxide anion
which however is further away from the cation. Therefore, the rate constant kSB, which de-
pends on the dimer concentration, is modified and hence kSB=k′′

SB[(MeOH)2]=k′′
SBK[M]2.

For the modeling, k′′
SBK=(40 ps)−1/M2

0 is used to match the experimental rates in pure
MeOH. The result is shown in Fig. 4.12. The curve for the reaction path involving the
cation is now close to a linear behavior.
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Figure 4.12: Distribution of reaction
products according to model 3. Per-
centage of molecules taking the 1Ph2C→
3Ph2C, the 1Ph2C→Ph2CH+→ether, or the
1Ph2C→1Ph2C··HOMe→ether reaction path.
The dependence on the MeOH concentration
for the initial rate of each reaction path is zero,
quadratic, and linear, respectively.
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As can be seen from Fig. 4.9, it becomes evident that model 3 (solid lines) is well
suited to model the experimental observations. Thereby, in order to avoid errors from the
assumption that there will be no ISC in pure MeOH, the modelled curves are calculated
accordingly, thus also providing a scale between 0 and 1, i.e.,

T (x) = T (x) − T (x = 0)
T (x = 1) − T (x = 0)

, (4.4.26)

with the MeCN mole fraction x and the amount T of 3Ph2C molecules.

4.4.4 Decay of the singlet absorption

The experimental data (confer Fig. 4.6) shows that the decay rate of the singlet absorption
signal is always lower than the rate associated with the rise of the benzhydryl cation. This
can be explained if the complex 1Ph2C··HOMe has absorption characteristics in the visible
spectral domain which are very similar to those of 1Ph2C. Then, the observed singlet
absorption also originates from the complex. In the complex, the MeOH is bound to 1Ph2C
and can eventually react with it in a concerted fashion to form the ether product. The
lifetime of this complex will strongly depend on the environment, e.g., because the solvent
polarity and the possibility for hydrogen bonding to another MeOH will change. To model
the decay, it is assumed that the rate kCE is also pseudo-first order, i.e., kCE=k′

CE[M],
with a rate on the order of diffusion k′

CE=(18 ps)−1/M0. This linear dependence is also
motivated by mechanism 2 found in the simulations (confer Fig. 4.3). Figure 4.13 shows
exemplary transients which result from this model. Note in the right panel that the initial
rise of the singlet carbene absorption signal which was observed in the experiments can
be explained if the absorption coefficient for the complex 1Ph2C··HOMe is larger than
that of 1Ph2C. Note that the rising dynamics are also observed in pure MeCN and might
originate from solvation and vibrational cooling, possibly slight solvent impurities, or a
slower buildup of the dipole moment in the complex, e.g., because of geometrical changes.
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Figure 4.13: Modeled transient absorption signals for a MeCN mole fraction of 0 (blue),
0.1 (orange), 0.4 (green), 0.7 (red), 0.95 (purple), and 1 (cyan). The curves correspond to the
signals of (a) 1Ph2C, (b) 1Ph2C··HOMe, (c) 1Ph2C + 1Ph2C··HOMe, and (d) 1Ph2C + 1Ph2C··HOMe
with the latter contribution multiplied by a factor of 2 to mimic a higher absorption coefficient. Lower
panels: (e) Ph2CH+, (f) 3Ph2C, and (g) ether product. Simulations performed according to model 3.

The decay rate of the absorption signal of Ph2CH+ (see Fig. 4.6) exhibits a basically lin-
ear dependence on [M] as well. Kohler and coworkers [194] deduced by variation of the al-
cohol that Ph2CH+ reacts with a further neutral alcohol molecule rather than the alkoxide.
Modeling the TA signals of Ph2CH+ with a decay rate of kBE=k′

BE[M]=(23 ps)−1[M]/M0,
derived from the decay curve of the Ph2CH+ absorption in pure MeOH, yields curves
which qualitatively reproduce the experimental ones.

4.4.5 Rate constants

It is also instructive to calculate the rates associated with the rise and decay of the Ph2CH+

absorption signal—as done in the following for model 3. The rates are shown in Fig. 4.14.
Although the quadratic dependence on [M] drastically changes how many molecules take
a certain path, the rate constant for Ph2CH+ formation (black) is still almost linear, since
it is governed by the parallel singlet decay channel towards the complex 1Ph2C··HOMe.
The complex rises with the same rate constant with which the singlet decays via three
parallel channels. One further observes that the decay constant of the complex is always
smaller than the one of the Ph2CH+ rise, explaining why in the experiment the combined
absorption of 1Ph2C and 1Ph2C··HOMe decays more slowly than Ph2CH+ appears. How-
ever, the experimental signal is the sum of several exponentials [basically of Eqs. (4.4.19)
and (4.4.22)] and does not decay monoexponentially, but if 1Ph2C decays much faster
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Figure 4.14: Modeled rate constants for
the rise of Ph2CH+ (black), the decay
of Ph2CH+ (green), and the decay of
1Ph2C··HOMe (red). Simulations performed
according to model 3.
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than 1Ph2C··HOMe, then the decay rate is approximately the one of the complex. The
experimentally determined rate constants also show a behavior which is almost linear
with respect to the mole fraction (confer Fig. 4.6). The most pronounced deviation is for
the rise of Ph2CH+ in low MeCN concentrations. This might indicate that 90% or 100%
MeOH does not make a big difference anymore for the rate constant, because there are
always several MeOH molecules close-by.

4.5 Reaction scheme

At this point, a reaction scheme, which combines the conclusions from the theoretical
and experimental studies and is in accordance with both of them, can be proposed. The
simulations (mechanism 1) and the TA data—well described by model 3—have revealed
that more than one MeOH is involved in Ph2CH+ formation. This will be included in
the scheme as the simple case of a quadratic dependence on the MeOH concentration.
Furthermore, the pathway via the complex 1Ph2C··HOMe was found, which depends
linearly on MeOH concentration. Both of these reactions lead to the ether product, but
for the final step a further MeOH is required. As a third pathway, ISC to 3Ph2C will
contribute the stronger the higher the MeCN fraction. The reaction scheme comprising
all of these aspects is sketched in Fig. 4.15. Eisenthal and coworkers [187, 188] found for
1Ph2C in aprotic solvents with small amounts of MeOH cosolvent that the alcohol exerts
a “two-fold effect”: on the one hand stabilizing the singlet carbene and on the other
hand opening a decay channel via the concerted O–H insertion. Their finding, which was
deduced from comparing product ratios, is also evident from the present TA data in a
straightforward way by looking at the decay rate of the singlet carbene: the lowest value
is not observed for pure MeCN but around 99.5% (inset of Fig. 4.6). This again confirms
mechanism 2 from the simulations, i.e., an MeOH can stabilize the singlet carbene but
will not cause an insertion reaction unless other MeOH molecules are close-by. Beyond
that, these room-temperature studies in solution nicely complement the argon matrix
experiments at 3 K doped with 1% MeOH in which also the 1Ph2C··HOMe complex is
formed, eventually yielding the ether product in a tunneling process [21].
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Figure 4.15: Schematic energy diagram covering reaction pathways of 1 in pure MeOH,
pure MeCN, and MeOH/MeCN mixtures.

4.6 Conclusion

This joint theoretical and experimental study has unraveled the ultrafast reaction dynam-
ics of diphenylcarbene in solvent mixtures of MeOH and MeCN at room temperature.
After UV excitation of the precursor Ph2CN2, the singlet 1Ph2C forms on a femtosecond
time scale. Three reaction mechanisms are possible depending on the number of MeOH
molecules that this reactive species initially encounters: ISC to 3Ph2C, an H-bonded com-
plex 1Ph2C··HOMe which reacts on to the ether product in a concerted fashion activated
by a further MeOH molecule, or ether production via an intermediate Ph2CH+ for whose
formation two MeOH molecules interact concurrently with 1Ph2C. The results substan-
tiate that a complex 1Ph2C··HOMe plays a major role for all fractions of MeOH in the
mixtures, and that even at room temperature the exerted stabilization is similar to the
situation in cryogenic matrices. Both mechanisms leading to the ether already occur in
pure MeOH, but due to the different dependencies on the MeOH concentration, there is
a solvent mixing ratio for which the highest number of H-bonded complexes is formed.
Hence, variation of this ratio provides a means not only to control the time scales of the
reaction but also the reactivity, i.e., which reaction path is followed. For the broad field of
carbene chemistry, solvent mixtures may therefore prove to be more versatile to achieve
a desired outcome than currently considered.
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Chapter 5

A comparative study on CPU and

direct multichannel MCT detection

In this chapter a comparative study on two spectroscopic techniques employed to detect
ultrafast absorption changes in the MIR spectral range, namely direct multichannel de-
tection via HgCdTe (MCT) photodiode arrays and the newly established technique of
chirped-pulse upconversion (CPU) is presented. Whereas both methods are meanwhile
individually used in a routine manner, their applicability in femtosecond pump–probe
experiments based on 1 kHz shot-to-shot data acquisition is directly juxtaposed. Addi-
tionally, different phase-matching conditions in the CPU scheme for a given MIR spectrum
are examined, thereby simultaneously detecting signals which are separated by more than
200 cm−1. The presented results were published in Ref. [3]. Parts of the comparative
study were conducted during the supervision of Jarno Riefer’s Bachelor Thesis [214].

VIS 

Spectrometer

MIR

NIR chirped

CPU

BS

Filter
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τ

IR 

Spectrometer
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Detection of UV-induced absorption-change signals in the MIR spectral region before and after

upconversion to the VIS regime. Figure adapted from Ref. [3]. © (2013) Optical Society of America.
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5.1 Introduction

Very recently, Cheatum and coworkers [215] published a comparative study, examining the
detection of 2D IR spectra based on a pulse-shaping apparatus, using direct singlechan-
nel MCT detection and VIS multichannel detection via a complementary metal-oxide-
semiconductor (CMOS) array, respectively. Unlike in CPU, bandwidth-narrowed 800 nm
light was used for upconversion of the MIR pulses. With reference to their results, mea-
surements presented and analyzed in Sec. 5.2 compare direct multichannel detection with
an MCT array and multichannel detection with a CCD camera after upconversion with
a strongly chirped NIR pulse. The goal is to determine which method is better suited to
detect weak absorption-change signals on the order of a mOD or below with respect to
the accessible spectral bandwidth, the spectral sampling, and the respective noise levels.
Thereby, significant emphasis has been put on an experimental configuration that ensures
a high degree of comparability (see Sec. 3.4). In Sec. 5.3, different phase-matching condi-
tions in the CPU scheme are examined by varying the angle between the incident beams
and the optical axis of the NC. Thereby, the possibility to optimize the shape of the CPU
spectrum with respect to the detection range of the VIS detector is elucidated. Note that
CPU data presented in Figs. 5.1 and 5.7 (c) has been recorded in the slow readout mode
A-2048-CPU, whereas data presented in Figs. 5.2, 5.3, 5.4, 5.5, 5.6, and 5.7 (e) has been
obtained with 1 kHz readout, i.e., mode B-1024-CPU (confer Table 3.1).

5.2 Accordance of spectra and noise analysis

The first part of the comparative study is carried out using the spectra shown in Fig. 5.1.
In order to get a detailed picture of the MIR spectrum on the one hand, and not being
restricted to 32 pixels in the direct MCT detection, the central spectrometer wavelength
is scanned in steps of 1 nm and the signal is detected with the central pixel of the MCT
array (blue). On the other hand, the upconverted spectrum is recorded with the VIS spec-
trometer. Thus, approximately the same spectral increment with both detection methods
is obtained. Whereas the MCT measurement requires a few minutes of acquisition time,
the corresponding CPU spectrum is obtained in less than one second of exposure (red).
In contrast to measurements in the single-shot mode, spectrometer slit widths as small
as possible are used and the housings are not flooded with dry air, in order to resolve
distinct water vapor absorption lines convenient for calibration of the upconversion fre-
quency (confer Sec. 3.4.3). Note that the stronger water vapor absorption in the CPU
spectrum is due to a longer optical MIR path through water vapor in the laboratory
atmosphere. Owing to the crystals’ phase-matching capabilities, which are examined in
greater detail in Sec. 5.3, the MIR spectrum (FWHM 154 cm−1) gets upconverted to the
VIS regime with a rather small narrowing of only 3 cm−1 of spectral bandwidth.
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Figure 5.1: Evaluating CPU’s upconversion bandwidth. MIR spectrum obtained with a single
MCT pixel by scanning the central IR spectrometer wavelength in steps of 1 nm (blue, centered at
2028 cm−1, FWHM 154 cm−1, 100 laser shots averaged per step, 5 min total measurement time); MIR
spectrum after upconversion and chirp correction detected via CCD camera (red, centered at 14554 cm−1,
FWHM 151 cm−1, 300 ms exposure time); the frequencies of the 16 most intense water vapor lines taken
from the GEISA database [163] are depicted as gridlines. Figure taken from Ref. [3]. © (2013) Optical
Society of America.

To analyze the investigated detection methods when detecting ultrafast absorption
changes, a 5 mM solution of Co4(CO)12 (2, CAS: 17786-31-1, Strem Chemicals, Inc.; see
Fig. 5.2 for molecular structure) dissolved in CH2Cl2 is chosen as model system in all
experiments presented in this chapter. Harris and coworkers [112] found that 2 undergoes
two photochemical reaction pathways when being excited at 267 or 400 nm: besides the
formation of CO-loss products arising from the dissociation of a single carbonyl ligand
from the parent molecule, two rearrangement isomers are formed. These bridged inter-
mediates, originating from cleavage of an apical-basal Co-Co bond, showed picosecond
lifetimes. Compound 2 was considered to be appropriate to be employed in this compar-
ison study owing to its rich photochemistry between 1800 and 2100 cm−1 and its high
stability in dilute solutions. To gain an overview of the photochemical rearrangement
dynamics of the molecular model system and to get a first impression of the capabilities
of both detection methods, Fig. 5.2 displays the TA of 2 for pump–probe time delays up
to 32 ps. Deviant from the default setting (confer Sec. 3.4), the central wavelength of the
IR spectrometer was set to 4.95 µm in this particular measurement. The observed GSB
signals of the parent compound as well as the positive absorption of upcoming photoprod-
ucts at lower energies are in agreement with the literature [112]. Note that each difference
spectrum displays the average of only 1000 consecutively measured pump–probe pairs, al-
ready providing convincing data qualities. In order to analyze the spectral sampling and
the respective noise levels of both detection methods in the following, data points of a
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Figure 5.2: Transient absorption of compound 2 under 270 nm UV excitation. Data obtained
via CPU (left) and multichannel MCT detection (right), respectively. For each time step 1000 pump–
probe pairs are consecutively recorded with each detection method. No data interpolation was used in
both graphics. The molecular structure of 2 is depicted in the top right corner. Figure adapted with
permission from Ref. [3]. © (2013) Optical Society of America.

single difference spectrum will be scrutinized.
Using the laser settings with corresponding spectra from Fig. 5.1 at a slightly different

upconversion frequency, analysis of 50000 difference spectra recorded with both spectrom-
eters in the single-shot acquisition mode is performed. Both spectrometers cannot be read
out for each laser shot simultaneously. Nevertheless, aiming at a high comparability, a
measurement routine is used in which 50 loops of a sequence containing subsequent data
acquisition of 2000 spectra with each spectrometer as well as data processing are recorded.
Thereby, the influence of long-term laser fluctuations is minimized. Within two separate
runs of the measurement routine under unaltered experimental conditions, the detection
of spectra without a molecular signal, which corresponds to the baseline when calculating
changes in optical density, as well as the influence of the liquid sample film between the
windows in combination with a UV-pump interaction is examined. TA signals are calcu-
lated from consecutive background-corrected spectra followed by averaging. As depicted
in Fig. 5.3, the resulting difference spectrum from the measurement with sample and
pump-interaction after averaging over 25000 difference spectra at 6 ps pump–probe delay
using CPU detection (red) illustrates the large detection range of the latter technique:
for the present case, CPU detection covers more than 200 cm−1, only being restricted to
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Figure 5.3: Evaluating the spectral sam-
pling of both detection methods. Differ-
ence spectrum of compound 2 at 6 ps pump–
probe delay under 270 nm UV excitation: data
obtained by averaging 25000 consecutive pump–
probe pairs using CPU detection (red); the blue-
shaded area illustrates the full detection range of
direct MIR detection; the inset depicts the spec-
tral increment of both detection methods: data
points of direct MIR detection via MCT array
(blue) are shown with 5 mOD vertical offset; ver-
tical lines confine data points which are used for
analysis of individual noise levels (confer Figs.
5.4 and 5.5). Figure taken from Ref. [3]. © (2013)
Optical Society of America.

the bandwidth of the upconverted spectrum, whereas the MCT detection is limited to
approximately 130 cm−1 with the employed grating (indicated by the blue-shaded area).
For MCT detection in a broader range, one has to change the grating position and repeat
the measurement procedure. Especially in time-critical measurements, e.g., when samples
tend to degenerate, this constitutes a significant disadvantage. Note that slightly differ-
ent experimental settings result in minor deviations in the absolute values of changes in
optical density with respect to Fig. 5.2. The individual data points in the inset of Fig. 5.3
illustrate the different spectral sampling. With respect to the direct MCT detection, the
latter is increased by a factor five using CPU. Note that these values reflect a particular
experimental situation. Using different grating settings or different array sizes, either the
spectral bandwidth or the spectral sampling can be favored. Nevertheless, the higher
flexibility of CPU detection is evident.

Table 5.1: Standard deviation of 50000 consecutively measured pump–probe pairs at
2039 cm−1 corresponding to the histograms shown in Fig. 5.4.

measurement conditions no sample sample and
pump-interaction

MCT 2.7 mOD 3.7 mOD
CPU 8.1 mOD 8.9 mOD
CPU - 5 data points binned 7.1 mOD 7.7 mOD
CPU - spectra normalized 4.7 mOD 5.5 mOD
CPU - 5 data points binned - spectra normalized 2.5 mOD 3.1 mOD

For noise analysis, a single data point at 2039 cm−1, which corresponds in the measure-
ment with sample and pump-interaction to a positive TA signal of ≈ 2 mOD, reflecting
overlapping terminal carbonyl stretches of transient photoproducts, is scrutinized. The
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histograms in Fig. 5.4 illustrate the Gaussian distribution of 50000 consecutively mea-
sured pump–probe pairs. Besides the results for detection via MCT array (blue) and
CPU (red), data points for an additional averaging of five adjacent CPU data points are
calculated (green, confer area confined by vertical lines in the inset of Fig. 5.3), compen-
sating for the unequal spectral coverage. The corresponding standard deviations are listed
in Table 5.1. The additional binning reduces the standard deviation of CPU detection
by approximately 13%. Nevertheless, with respect to MCT detection, the corresponding
distributions are broadened by a factor 2.6 in the measurement with no sample and by a
factor 2.1 in the measurement with sample and pump-interaction, respectively. The ob-
served excess noise using CPU is in good agreement with the finding that the MIR OPA
can run significantly more stable than the fundamental 800 nm laser output itself [94]. A
rough estimate of the additional noise which is transferred to the CPU difference spectrum
can be made by considering error propagation: thereby, the assumption that the CP is
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Figure 5.4: Noise analysis for possible MIR detection configurations—part one. Histograms
illustrating the distribution of 50000 consecutively measured pump–probe pairs for the detection of the
signal baseline (top row, no sample) and the detection of a molecular signal of ≈ 2 mOD at 2039 cm−1

(bottom row, sample and pump-interaction). Besides the histograms for CPU detection (left panels, red)
and MCT detection (right panels, blue), representing a single data point, the results for an additional
binning of five adjacent CPU data points are shown (middle panels, green). Distributions resulting after
normalization of individual spectra with their integrated spectral intensity are shown for CPU detection
(left panels, black) and CPU detection with an additional binning of five adjacent data points (middle
panels, gray). Figure taken from Ref. [3]. © (2013) Optical Society of America.
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2.4-times less stable than the MIR pulse corresponds to the factor which was observed
in the measurement with no sample. Note that these results represent the detection of
TA signals in the vicinity of the spectral maximum: up to 6000 counts per data point
per single shot are detected in the 16 bit range of the CCD camera and the integrated
photodiode signals are held below 60% of the analog-digital-conversion range using an
additional ND attenuator (0.3 OD) in front of the IR spectrometer. Following the as-
sumption that the noise in the CPU approach is dominated by fluctuations of the CP,
the noise level can be reduced drastically by normalization of individual CPU spectra
with the spectrally integrated signal for each laser shot. The resulting standard devia-
tions of 50000 pump–probe pairs after normalization of individual CPU spectra can be
seen from Table 5.1, corresponding distributions are shown in Fig. 5.4 (black and gray).
After correction for intensity fluctuations, the standard deviation obtained using CPU
with an additional binning of five adjacent data points even falls slightly below the value
obtained using direct MCT detection. The CCD camera is used far from its saturation,
so that increasing the CPU signal, either by employing a higher intensity of the CP or the
MIR beam, should further reduce remaining noise contributions. Note that normalizing
the probe spectra reduces the noise, but will affect the absolute ∆OD value because of
different spectrally integrated probe signals in the presence or absence of a pump pulse.
However, this scaling can be accounted for in the data evaluation.
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Figure 5.5: Noise analysis for possible MIR detection configurations—part two. ∆OD noise
level of a single data point at 2039 cm−1 when detecting the signal baseline (left panel, no sample) or
a molecular signal of ≈ 2 mOD (right panel, sample and pump-interaction): standard error versus the
number of considered background-corrected pump–probe pairs using MCT detection (blue), CPU (red)
or CPU with an additional binning of five adjacent data points (green). Noise levels resulting after
normalization of individual spectra with their integrated spectral intensity are shown for CPU detection
(black) and CPU detection with an additional binning of five adjacent data points (gray). Note that
these graphs have a double-logarithmic scale. Figure adapted with permission from Ref. [3]. © (2013)
Optical Society of America.

Providing a measure for the time which is necessary to obtain a certain noise level
in the detection of changes in optical density, Fig. 5.5 displays log-log-plots of the ∆OD
standard error as a function of the considered, consecutively measured, pump–probe pairs
for baseline-detection (left panel, no sample) and the detection of TA signals (right panel,
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sample and pump-interaction). It shall be emphasized that each data point reflects the
evaluated standard error after a particular number of pump–probe pairs, rather than
just an extrapolation of the standard error based on the standard deviation of 50000
pump–probe pairs. The MCT detection exhibits considerably lower noise levels than
detection via CPU. For instance, to reach a level of 50 µOD in the measurement with
sample and pump-interaction using MCT detection, only 5200 pump–probe pairs are
required, which is in good agreement with values reported in the literature [103]. In
comparison, 31700 pump–probe pairs acquired using CPU provide the same data quality.
With an additional binning of five data points, this value is reduced to 23100. Other
noise levels can analogously be evaluated by looking at the intersections of the measured
data with horizontal lines representing the desired data quality. Corresponding to the
consequences on the standard deviation (confer Table 5.1), normalization of CPU spectra
with the spectrally integrated signal leads to a reduction of the number of pump–probe
pairs required for a certain noise level, so that 12600 pump–probe pairs are needed in CPU
with normalized spectra to reach 50 µOD in the measurement with sample and pump-
interaction. For CPU detection with an additional binning of five adjacent data points, the
same noise level is reached after 4000 pump–probe pairs. As reported elsewhere [215, 216],
and confirmed in a separate measurement with the setup used in this chapter, dark noise
contributions of the detectors are small compared to laser shot-to-shot fluctuations and
are neglected in the following analysis of individual noise contributions.

Figure 5.6: Noise analysis for possible
MIR detection configurations—part three.
∆OD standard error as a function of the spec-
tral position: data obtained via MCT (blue) and
CPU detection (red) after averaging 25000 con-
secutive pump–probe pairs when detecting the
signal baseline (solid lines, no sample) or a molec-
ular signal (dashed lines, sample and pump-
interaction, confer difference spectra in Fig. 5.3);
the CPU curves with binned data points or with
normalized spectra, or with both, are not shown
for clarity; the corresponding CPU spectra, with
sample (light red) and without sample (light
gray), are shown in the background. Figure
taken from Ref. [3]. © (2013) Optical Society of
America.
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In Fig. 5.6, the ∆OD standard error is plotted versus the spectral position. With this,
the influence of both the different signal strengths (confer CPU spectra in the background:
respective CCD counts are depicted on the right vertical axis) and the sample under pump-
interaction can be dissected. Within the FWHM of the spectrum, both detection methods
exhibit almost constant baseline noise levels. Note that with MCT detection (blue), only
the higher energetic part of the MIR spectrum was probed. In the measurement with
sample and pump-interaction, small deviations arise around 2060 cm−1. This can be
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attributed to the reduced spectral intensity due to the absorption of the parent complex
(≈ 0.43 OD at 2060 cm−1) and the pump-induced changes in optical density. In the other
regions, no deviations between both measurement runs emerge. Consequently it can be
inferred that no additional noise is added by the liquid sample film.

In [215], Cheatum and coworkers found an improved signal-to-noise ratio when mea-
suring the average of 115 2D IR spectra using CMOS array detection after upconversion
instead of direct MIR detection. Their study differs from the study presented in this
chapter by the facts that no chirped NIR pulse was used for upconversion, that a different
VIS detector was employed, and that MIR signals were recorded with only a single MCT
pixel. The measurement times to record 2D IR spectra were shortened by a factor 60
using CMOS array detection, and in this way, additional noise contributions originating
from long-term laser drifts are reduced. The results presented in this chapter also con-
firm that noise levels comparable to direct MCT measurements can be achieved when the
detection is done after upconversion. Note that all reported noise levels result from the
same number of laser shots under unaltered measurement conditions representing single
data points.

5.3 CPU phase-matching characteristics

The alignment of the CPU crystal is normally optimized to upconvert a given MIR spec-
trum as effectively as possible. However, promising possibilities also arise when the crys-
tal’s phase-matching is set differently. Imagine a situation where the features of interest
are spectrally far apart and merely covered by the edges of the CPU spectrum. Whereas
the central part of a bell-shaped spectrum thereby potentially saturates the detector, the
spectral edges suffer from a low number of counts resulting in aggravated noise levels. In
the following, the simultaneous detection of TA signals separated by more than 200 cm−1

using a modified CPU spectrum, of which the central part is selectively lowered by means
of a changed phase-matching configuration, is demonstrated. For this purpose, a MIR
spectrum which is centered at 1940 cm−1 is used [Fig. 5.7(a)], covering absorption bands
of compound 2 at 1860 and 2060 cm−1 [confer MIR absorption spectrum in Fig. 5.7(b)].

The uniaxial MgO(5%):LiNbO3 crystal is suited for sum-frequency mixing of 800 nm
pulses with MIR pulses around 5 µm. Usually, a specific crystal cut angle θ is chosen
with respect to the spectral range of interest [confer Eq. (2.2.9)]. Optimized for MIR
pulses centered at 5 µm, the actual cut angle of the employed crystal is θ = 45.4◦ (confer
Sec. 3.4.2). Nevertheless, one is able to mimic different configurations by rotating the
crystal and thereby changing the angle α between the incident beams and the optical axis
of the crystal. Thereby the actual change of the angle between the optical axis of the
crystal and the propagation direction of the beams within the crystal (∆θ) is determined
by Snell’s law. Resulting CPU spectra for different crystal settings are shown in Fig. 5.7(c).
In this series, the crystal was rotated in steps of ∆α = 0.7◦ in both directions starting at
the optimal phase-matching configuration (red, θ = 45.5◦). Note that due to the spectral
position of the given IR spectrum (central wavelength of 5.2 µm instead of 5.0 µm), the
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Figure 5.7: Exploiting CPU’s phase-matching capabilities. (a) MIR spectrum obtained with
a single MCT pixel by scanning the central IR spectrometer wavelength in steps of 1 nm (centered at
1940 cm−1, FWHM 185 cm−1, 100 laser shots averaged per step). (b) MIR absorption spectrum of
compound 2 dissolved in CH2Cl2. (c) Measured CPU spectra at different phase-matching angles. (d)
Simulated CPU spectra at different phase-matching angles. (e) Difference spectra of compound 2 at 6 ps
pump–probe delay: data obtained by averaging 100000 consecutive pump–probe pairs at CPU phase-
matching angles of θ = 45.5◦ (red) and θ = 44.5◦ (cyan, 10 mOD vertical offset). Figure taken from
Ref. [3]. © (2013) Optical Society of America.
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latter configuration requires an angular offset of ∆θ = +0.1◦ with respect to the crystals
cut angle. For increasing variations from the optimal setting, the center of the CPU
spectrum shifts either to the lower or to the higher energetic regime. Aberrant from
this trend, larger angles lead to the formation of double peak spectra, revealing counts
primarily on the edge of the initial MIR spectrum. At θ = 44.5◦ an almost symmetric
case is reached. Due to the reduced efficiency of upconversion, the maximum single-shot
intensity is thereby reduced by approximately a factor of 20 with respect to the optimum
case, whereas the intensity at the spectral edges remains almost unchanged.

To support the experimental findings, the SFG efficiencies of a 450 µm thick
MgO(5%):LiNbO3 crystal for different phase-matching angles when mixing MIR light
with monochromatic 800 nm light in a type I SFG arrangement are calculated. Applying
the Sellmeier coefficients from [217] and using the wavevector mismatch [confer Eq. (2.2.4)]

∆k = kNIR + kMIR − kSFG , (5.3.1)

the intensity of the sum-frequency signal [confer Eq. (2.2.5)] is given by

ISFG = 8d2
effω2

SFGINIRIMIR

nNIRnMIRnSFGϵ0c2 L2sinc2
(

∆kL

2

)
, (5.3.2)

where deff is the nonlinear efficiency parameter, ωSFG the carrier angular frequency of the
upconverted field, INIR and IMIR the intensities of the incident fields, and nNIR, nMIR, and
nSFG the respective refractive indices [41]. Consequently, the free parameters are λMIR
and the phase-matching angle θ. CPU spectra after upconversion under different phase-
matching conditions can be simulated by multiplying the MIR spectrum from Fig. 5.7(a)
by the corresponding efficiency curves. Fig. 5.7(d) shows simulated CPU spectra under
phase-matching angles corresponding to the series which was conducted experimentally
[confer Fig. 5.7(c)]. Taking account of the different optical MIR paths resulting in different
manifestations of water vapor absorption lines, the simulations are in excellent agreement
with measured spectra.

The CPU intensities in the investigated setup are in general too low to saturate the
CCD detector. Nevertheless, one can scrutinize different phase-matching settings when
detecting TA signals. Therefore, difference spectra of 100000 pump–probe pairs using
CPU spectra at θ = 45.5◦ (red) or θ = 44.5◦ (cyan), respectively, are recorded. Both
difference spectra show analogue results, revealing the GSB signals of the parent complex
at 1860 and 2060 cm−1 [Fig. 5.7(e)]. Whereas the noise level in the inner part of the
detection range is significantly degraded under detection at θ = 44.5◦, the noise level at
the spectral edges is comparable. Such a scenario could be beneficial when saturation of
the detector in regions where the MIR is most intense has to be circumvented.
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5.4 Conclusion

Overall, this comparative study confirms that CPU constitutes a powerful alternative
to direct multichannel MCT detection. The accordance between MIR spectra before
and after upconversion to the VIS regime was verified, thereby observing only negligi-
ble changes in the spectral shape and the spectral bandwidth. In an exemplarily chosen
UV-pump/MIR-probe experiment in the liquid phase, the individual advantages and dis-
advantages of both methods when detecting TA signals on the order of a few mOD were
examined. Although intensity fluctuations of the CP are transferred to MIR spectra in the
additional nonlinear upconversion process, CPU spectra after normalization with the inte-
grated spectral intensity showed noise levels similar to direct MCT detection. Moreover,
CPU scores with the high pixel numbers of the easy-to-handle and more cost-effective
CCD detectors. In most cases, the CPU detection bandwidth as a limiting factor can
almost be excluded. Future applications of CPU might also benefit from the possibil-
ity to adapt the shape of the upconverted spectrum by using different phase-matching
configurations, thereby avoiding too high signals in very intense spectral regions.
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Chapter 6

Ultrafast dynamics of CO- and

NO-releasing molecules

Searching for a controllable source of gasotransmitters such as carbon monoxide (CO)
or nitric oxide (NO) in biological applications, transition-metal complexes capable of re-
leasing these small molecular messengers upon photoactivation have attracted significant
attention [218]. The first part of this chapter (Sec. 6.1) is devoted to the photolytic dynam-
ics of a water-soluble manganese tricarbonyl complex studied by UV-pump/MIR-probe
TA spectroscopy. TD-DFT calculations presented in Sec. 6.1.2 were done by Prof. Dr. Ul-
rich Schatzschneider, DFT calculations presented in Sec. 6.1.3 by Dr. Philipp Rudolf. The
study, whose extended content is moreover discussed in Refs. [129, 219], was published
in Refs. [4, 220]. In the second part of this chapter (Sec. 6.2), the photolytic dynamics
of a molybdenum complex containing two carbonyl and one nitrosyl ligand are investi-
gated by employing UV-pump/VIS-probe and UV-pump/MIR-probe TA spectroscopy.
Referring in particular to results presented in Sec. 6.1, the question is addressed of how
the photodynamics in mixed carbonyl-nitrosyl compounds differ from systems with only
carbonyl ligands. DFT calculations discussed in Sec. 6.2.2 were done by Prof. Dr. Ul-
rich Schatzschneider. The study will be published in Ref. [2].
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6.1 Photochemistry of a manganese-tricarbonyl complex

6.1.1 Introduction

Apart from its bad reputation being a silent killer, carbon monoxide (CO) exhibits a huge
potential as a therapeutic agent. Recent studies demonstrated the beneficial physiological
effects of CO, a gasotransmitter in higher organisms which is endogenously produced from
heme by the activity of heme oxygenase (HO) enzymes [221–223], affecting important
processes as inflammation, proliferation, or apoptosis. Striving for a controllable in-
situ source of CO, so-called CO-releasing molecules (CORMs) are of growing interest
with regard to biological applications [25, 26, 224–227]. CORMs are characterized by
their ability to specifically accumulate in the targeted tissue where they first behave as
a stable CO prodrug. The CO release itself—depending on the molecular system—is
then triggered via ligand exchange reactions [228, 229], enzyme activation (so-called ET-
CORMs) [230, 231], or via light (so-called PhotoCORMs) [232–234]. The latter class of
molecules shows a tremendous potential for biological applications, particularly benefiting
from the possibility to activate dark-stable PhotoCORMs via focused light pulses in a
spatially and temporally controlled fashion. A highly promising approach in this regard
are so-called well-defined iCORMs [235]. For this special type of PhotoCORMs, unwanted
reactions of the metal complex formed after ligand dissociation can be excluded since a
chelating ligand fills the free coordination site intramolecularly providing an inactivated
CORM with well-characterized properties. Up to now, however, only little is known
about the exact mechanism of ligand dissociation from the metal coordination sphere of
PhotoCORMs.

A metal carbonyl whose photodissociation has been studied under various experimental
conditions is iron pentacarbonyl Fe(CO)5. Its CO releasing properties have been eluci-
dated in the gas phase via transient ionization with different laser wavelengths [236–238] or
by transient electron diffraction [239], and in solution with IR [240–243] or X-ray [244, 245]
TA spectroscopy. In the gas phase, depending on the excitation wavelength employed, it
is possible to induce the loss of several to all CO ligands, whereas in the liquid phase,
depending on the solvent environment employed, Fe(CO)5 releases only one or two CO
ligands on an ultrafast time scale after UV excitation [241–243]. Moreover, the ultrafast
photochemical dissociation of CO from metal carbonyls in the liquid phase has been stud-
ied for various other compounds that differ with respect to the number of CO ligands, the
number of bonded metal atoms, and the presence of additional organic ligands [246–259].
Already 20 years ago, Anfinrud and coworkers conducted seminal work scrutinizing the
CO release from heme proteins in the biologically most relevant solvent water [97, 260].
However, nothing is known about the ultrafast dynamics of CO photolysis from metal
carbonyls in water, which is particularly surprising for the case of PhotoCORMs.

This section is devoted to the ultrafast photochemistry of the PhotoCORM
[Mn(CO)3(tpm)]Cl with tpm = tris(2-pyrazolyl)methane [3, see Fig. 6.1(a)] studied by
UV-pump/MIR-probe TA spectroscopy (confer Sec. 3.4 for experimental details). This
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photolytically activatable CORM has proven to be selective and cytotoxic to cancer
cells [261], thereby showing the ability to release two [261] or even all three CO lig-
ands [262] when being irradiated with UV light for several minutes. Furthermore, it
fulfills the requirements of being soluble in water and stable in air and water. Due to the
strong absorption of water around 1800–2100 cm−1 [263], complex 3 (synthesis has been
done by Dr. Christoph Nagel according to Ref. [261]) is studied in heavy water (D2O),
whereby sample concentrations of 3–5 mM were used in time-resolved measurements. Be-
sides a strong absorption towards wavelengths below 250 nm, complex 3 exhibits two
distinct absorption bands at 265 nm and 348 nm [see Fig. 6.1(b)]. In the following, both
bands will be addressed in TD-DFT calculations and by studying the molecule’s ultrafast
CO releasing properties with pump pulses centered at 264 nm and 347 nm, respectively.

6.1.2 Results of TD-DFT calculations

The results from TD-DFT calculations, performed for the [Mn(CO)3(tpm)]+ cation in
the gas phase, are visualized in Appendix C.1. Regarding the highest occupied molecular
orbitals (HOMOs), one finds three almost degenerate states with minor contributions from
metal-carbon bonding but a high electron density present at the manganese atom (three
doubly occupied Mn d orbitals, as expected for a low-spin 3d6 system). The important
question of which transition can be induced by which pump wavelength [confer Fig. 6.1(b)]
is addressed by calculating the molecule’s first 30 singlet excited states.

Considering the lowest unoccupied molecular orbitals (LUMOs) which are accessible
with both pump wavelengths, one finds electron density distributions either located on
the tpm ligand (LUMO and LUMO+1) or delocalized over all three CO ligands (LUMO+2
to LUMO+5). In the first case, CO photolysis after UV excitation seems to be less likely.
However, the second case implies that the excess energy introduced by a 264 nm photon
is sufficient to trigger the release of several CO ligands [250]. LUMO+2 and LUMO+3,
which can be reached after absorption of a 347 nm photon, exhibit a high electron density
at the metal atom and one or two of the CO ligands. Hence, owing to the anti-bonding
character, it is also likely that 347 nm excitation will trigger CO release.

For comparison, one may consider the photochemical properties of CpMn(CO)3 com-
pounds (Cp=cyclopentadienyl derivatives of the form C5H4Y, the simplest being C5H5).
Independent of the UV excitation wavelength, a quantum yield of 1 was found for the
release of one CO ligand in various organic solvents [264], whereas a quantum yield of
0.65 was found in the non-polar solvent isooctane [265]. In alkane solution, the compound
exhibits two distinct UV absorption bands: one at around 250 nm, which was assigned to
an intraligand π → π∗ transition in the arene ring [266], and another band in the region
around 325–350 nm, which was assigned to a Mn → Cp charge-transfer (CT) transition
with some Mn → CO CT character. Interestingly, it was shown that irradiation of the
dicarbonyl species, i.e., the compound which has already released one CO ligand, can lead
to further CO release [267]. If this is also possible in the case of complex 3 studied within
this section will be tested a UV-pump/UV-repump TA experiment (see below).
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6.1.3 Results of DFT calculations

In the MIR spectral region, complex 3 exhibits two absorption bands originating from the
symmetric CO stretching vibration (2051 cm−1) and the antisymmetric CO stretching vi-
bration (1958 cm−1), which is degenerate owing to the molecule’s C3v symmetry resulting
from the facially-ligated octahedral complex structure [confer Fig. 6.1(a) and (c)]. In or-
der to assign the spectral positions of possible products formed after UV excitation, DFT
calculations have been carried out to determine the wavenumbers of the corresponding
CO vibrations (Gaussian09 [268], density functional method B3LYP 6-311+G(d,p) with
the optimal scaling factor from Ref. [269]). The results in each case consider the lowest
multiplicity state of an unaltered complex as well as mono- and dicarbonyl species where
solvent molecules have replaced the CO ligands (see Appendix C.1). Overall, it can be
deduced that spectral signatures of CO loss products should arise red-shifted with respect
to the CO stretch spectrum of the intact molecule. Besides the formation of CO loss prod-
ucts, UV excitation might also induce the cleavage of a Mn-N bond which—if the molecule
does not directly reform—in turn might lead to the formation of a carbene isomer with
a Mn–C bond. Calculating a carbene isomer reveals symmetric and antisymmetric CO
stretching vibrations which are significantly shifted towards lower wavenumbers compared
to the N-coordinated pyrazole (1978 versus 2036 cm−1 and 1915/1920 versus 1943 cm−1).
The formation of a carbene species, however, is less likely owing to a significantly reduced
spectral separation of the corresponding CO modes (61 cm−1 in the carbene isomer versus
90 cm−1 for the pyrazole binding mode).

6.1.4 Transient absorption measurements

The transient map depicted in Fig. 6.1(d) visualizes the TA of 3 upon 264 nm excitation in
the MIR spectral region. As discussed in Sec. 2.4.2, around time zero, TA measurements
may contain several signal contributions which do not reflect very early dynamics of the
sample itself. Here, PFID contributions arise for negative pump–probe delay times at the
spectral positions of the CO vibrations of the intact complex. Furthermore, the absorption
of solvated electrons in D2O [270] overlapping with contributions from the coherent artifact
give rise to a broad signal contribution within the first few picoseconds. Hence, the latter
effects mask ultrafast solvation processes in which potentially free coordination sites may
be filled with solvent molecules. Only minor differences between transient maps obtained
with 264 nm or 347 nm pump pulses became evident (TA data obtained using 347 nm
pump pulses is presented in Refs. [129, 219]).

In the following, the ultrafast dynamics of 3 are discussed on the basis of transients
at selected wavenumbers [see Fig. 6.1(e)]. Most obvious, two GSB signals appear at the
spectral position of the CO vibrations of the intact complex that persist over the entire
pump–probe delay range (confer transients at 1951 cm−1 and 2052 cm−1, respectively).
Hence, strong indications for ultrafast light-triggered CO loss are found. The GSB sig-
nals are accompanied by the appearence of two positive TA signals at around 1857 cm−1

and 1980 cm−1 that also persist over the entire pump–probe delay range (confer tran-
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Figure 6.1: Photochemical properties of the investigated manganese-tricarbonyl CORM
(3) in heavy water. (a) Molecular structure. (b) UV/VIS absorption spectrum together with spectra
of the employed pump pulses. (c) MIR absorption spectrum. (d) MIR transient absorption under 264 nm
excitation covering early dynamics. (e) MIR transient absorption for selected wavenumbers; except for
the transient at 2060 cm−1 which reflects dynamics after 264 nm excitation, 347 nm pump light was used;
a linear-logarithmic abscissa is used to visualize the full temporal probing window. Direct multichannel
MCT detection has been used to record MIR probe spectra. Figures adapted from Ref. [4]. © (2013)
American Chemical Society.
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sients at 1853 cm−1 and 1982 cm−1, respectively). In accordance with IR absorption
measurements on long-lived intermediates [262, 271] and by comparison with the results
from DFT calculations (confer Appendix C.1), these newly formed absorption bands are
assigned to the absorption of a stable (singlet) dicarbonyl species which is formed after
ultrafast photochemical dissociation of one CO ligand whose empty site is filled by a
solvent molecule.

Already half a UV photon’s energy is sufficient to break the Mn–CO bond in Mn-
containing CORMs [272]. As no indications for the release of two CO ligands are found,
the excess energy provided by the pump photon will be distributed among vibrational
modes of the product which is formed after loss of one CO ligand, i.e., the dicarbonyl
species. Since hot CO bands are absent in the photolysis of dicarbonyls [249], excess
energy will be transferred to low-frequency modes which afterwards will couple to the
dicarbonyl’s CO stretch before vibrational relaxation has occurred [251]. This behavior
is reflected in dynamics observed at roughly 1980–2000 cm−1 and at around 1857 cm−1,
where cooling leads to narrowing of initially broadened product absorption bands [confer
yellow colored signals in Fig. 6.1(d)]. A biexponential fit of the transient at 1840 cm−1

[see Fig. 6.1(e)], i.e., slightly red-shifted with respect to the relaxed spectral position of
the newly formed (lower energetic) product band, reveals two time constants [(0.6±0.1) ps
and (10±1) ps]. The sub ps constant is in line with solvation time scales in water [273].
However, a clear assignment is aggravated owing to unwanted effects at early pump–probe
delay times as discussed above. The second time constant provides evidence for cooling
of hot photoproduct molecules and highlights the unique properties of water: while the
relaxation of low-frequency modes of hexacarbonyls in alkanes was reported to take place
in a few tens of picoseconds [251, 252], relaxation of 3 in aqueous solution can proceed
significantly faster due to effective water-assisted cooling. In general, water offers a variety
of ways for reorientational dynamics and a highly dynamical solvation shell. Particularly
in the case of hot CO ligands, water’s ability to accept vibrational energy is manifested in
significantly faster relaxation times [274, 275] compared to alkaneous solutions [251, 252].

The results presented so far revealed that 3 releases only one CO ligand on an ultrafast
time scale. However, for some molecules, geminate recombination, i.e., a rebinding of the
initially photolyzed CO ligand, prevents the formation of a stable CO loss product. Such a
behavior was for instance found for Cr(CO)6 in alkanes—being more likely the smaller the
solvent molecules used [252]. In general, the process of geminate recombination is likely
to be manifested in transients representing GSB signals. The transient at 1951 cm−1—
associated with the antisymmetric CO stretch of 3—exhibits a GSB recovery within the
first tens of picoseconds. Geminate recombination occurs within 1 ps accompanied by a
spectral broadening owing to the coupling of the CO band to low-frequency modes. Hence,
the recovery at this wavenumber again reflects cooling dynamics instead of recombination
dynamics [252]. Furthermore, the recovery may also partially be caused by the overlap-
ping product absorption band of the dicarbonyl species at around 1980 cm−1. However,
geminate recombination can be seen from the transient at 2052 cm−1—associated with
the symmetric CO stretch of 3: looking at the spectral positions of putative photoprod-
ucts obtained from DFT calculations (Appendix C.1), no wavenumber above 2000 cm−1

is found; hence, the positive signal at 2060 cm−1 [confer transient in Fig. 6.1(e)] originates
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from a line broadening stemming from molecules formed after geminate recombination.
This signal contribution can be seen around the GSB signal—reflecting molecules which
have released one CO ligand—and is evident as long as the molecule is vibrationally hot.

In general, the information provided by a single TA map does not allow one to distin-
guish the scenario of geminate recombination from the possibility that UV excitation does
not induce CO release at all. The latter case is supported by TD-DFT calculations for
certain transitions and experimentally indicated by two findings which shall be discussed
in the following. The signature of an excited yet intact complex 3 at 2060 cm−1 appears
to be more pronounced when using 264 nm instead of 347 nm pump photons (confer TA
data presented in Refs. [129, 219]). For the case that recombination can be assumed to
be independent of the pump wavelength, minor CO release can be expected for 264 nm
pump photons as possible transitions involve LUMOs whose electron density is mostly
located at the tpm ligand. The conclusion that not every UV excitation eventually leads
to CO release is furthermore supported by the fact that the overall yield of photolysis for
different pump wavelengths does not match the ratio of the molecule’s linear absorption at
the respective spectral positions [confer Fig. 6.1(b)]. To further support this conclusion,
it might be revealing to assess the photolysis excitation spectrum of 3, which, however,
has not been done hitherto.

The question if further UV excitation of the dicarbonyl photoproduct can induce the loss
of one or two of the remaining CO ligands is addressed in a pump–repump TA experiment.
At this, an interferometer setup is used to create UV double pulse sequences with a
temporal separation of 200 ps, whereby the sample’s MIR absorption is probed 200 ps
after the interaction with the repump pulse (for further details see Refs. [129, 219]). Both
for 264 nm and for 347 nm pump–repump pulse pairs, no indications for the formation of
a new photoproduct have been observed. Several reasons may be offered to explain why
sequential CO release upon repeated UV excitation is not possible: first, UV excitation of
the dicarbonyl photoproduct causes no bond cleavage at all; second, UV excitation of the
dicarbonyl photoproduct leads to the photochemical dissociation of the D2O ligand which
has taken the free coordination site after CO photolysis in the first interaction step (confer
Ref. [264] for the case of CpMn(CO)3). As rebinding dynamics of the D2O ligand would
precede faster than the experiment’s time resolution, dynamics caused by the repump
pulse would not become evident; third, while less likely, the dicarbonyl photoproduct does
not absorb in the UV spectral range (confer Ref. [265], discussing red-shifted electronic
absorption bands of CpMn(CO)3 after photochemical dissociation of one CO ligand).
Future UV-pump/UV-probe TA experiments could elucidate the latter uncertainty.

6.1.5 Conclusion

To sum up this section, the primary processes of CO release from a manganese-tricarbonyl
CORM in aqueous solution have been investigated using UV-pump/MIR-probe TA spec-
troscopy with different UV pump wavelengths supported by linear spectroscopy methods
and quantum chemical calculations. It became evident that within the first few picosec-
onds after UV excitation one CO ligand is photochemically dissociated and some molecules
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undergo geminate recombination. In the case of permanent CO loss, water molecules will
fill the free coordination site. Pump induced excess energy is transferred to low-frequency
vibrational modes leading to cooling dynamics on a 10 ps time scale in the newly formed
dicarbonyl and the recombined CORM, respectively. No dependence of the initial pho-
tolysis of the CORM on the UV pump wavelength has been observed. Overall, the study
allows the conclusion that further loss of CO most likely necessitates manganese oxidation
as suggested in the literature [262].

6.2 Photochemistry of a carbonyl-nitrosyl molybdenum

complex

6.2.1 Introduction

As diatomic molecules, CO and nitric oxide (NO) are probably the smallest natural prod-
ucts and signaling factors in biological systems [276, 277]. Like CO, NO is generated
endogenously by enzymatic processes [223] in particular originating from nitric oxide syn-
thase (NOS) conversion of L-arginine [278]. Both molecules have an important physiolog-
ical function, in particular in response to oxidative stress, and their signaling pathways
are heavily intertwined [279, 280]. Synthetic NO donors have been explored for their ther-
apeutic potential long before the endogenous production of NO was even known, dating
back about 150 years to the discovery of the beneficial activity of organic nitrates and
nitrite esters in the treatment of angina pectoris [281, 282]. In contrast, it has only been
in recent years that CO-releasing molecules (CORMs) have been developed as prodrugs
for carbon monoxide delivery for therapeutic applications in human medicine [26, 224].
Although a large number of novel CORM lead structrues have been studied for their bio-
logical activity [235, 283–292], curiously there does not seem to be a system for dual CO
and NO delivery from a single molecule. Therefore, it is of great practical importance
to identify mixed-ligand carbonyl/nitrosyl complexes from which either the CO or NO
ligand or both can be released in a carefully controlled manner to develop novel tools
for inorganic chemical biology to study the biological activity of these two important
signaling mediators. Based on the long-standing interest in transition metal-based pho-
toactivated CO-releasing molecules (PhotoCORMs) [261], it seems reasonable to develop
and investigate molecules suitable to realize light-triggered liberation of CO and NO from
the coordination sphere of a metal-coligand fragment.

Quite a number of ultrafast spectroscopy studies have been carried out on the photolytic
release of carbon monoxide from transition metal complexes in the liquid phase (see dis-
cussion in Sec. 6.1.1) while only very few such experimental investigations on nitrosyl [293]
or mixed carbonyl-nitrosyl complexes [294] are available in the literature. However, gas-
phase studies could show that photoinduced NO release from transition-metal complexes
is generally possible—in spite of the stronger binding of NO to the metal center compared
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to CO. For instance, Wang and coworkers studied the photochemistry of Co(CO)3NO in
the gas phase using time-resolved IR spectroscopy [295]. Their analysis of the branching
ratio for NO vs. CO loss revealed that 355 nm excitation predominantly triggers the for-
mation of coordinatively unsaturated species Co(CO)3 and Co(CO)2NO via loss of one
nitrosyl or carbonyl ligand whereas 266 nm light eventually leads to the formation of
Co(CO)2 and NO-retaining products. Kubota et al. observed NO release when study-
ing the thermal and photolytic reactions of nitrosyl-carbonyl complexes of rhodium and
iridium in the presence of triphenylphosphine [296]. NO release in form of free nitrosyl
radicals was observed by Lynch when investigating sodium nitroprusside (SNP) dissolved
in methanol using UV-pump/MIR-probe transient absorption spectroscopy, whereby, in
addition, two metastable iron-nitrosyl linkage isomers—formed on a subpicosecond time
scale—became evident [297], similar to the results found in a SNP single crystal [298]. The
photochemical role of nitrosyl linkage isomerism has also been studied by low tempera-
ture photolysis experiments for similar compounds [299]. Surprisingly, no evidence of such
isomerism were found for Co(CO)3NO in solution [300]. Instead, UV-pump/MIR-probe
experiments revealed photoinduced bent nitrosyl excited-state complexes.

This section deals with the ultrafast photochemistry of [Mo(CO)2(NO)(iPr3tacn)]PF6
with iPr3tacn = 1,4,7-triisopropyl-1,4,7-triazacyclononane (4, see Fig. 6.2), a molybdenum
complex containing both carbonyl and nitrosyl ligands. The complexes’ photolytic dynam-
ics in MeCN occurring after photoexcitation are examined by employing UV-pump/VIS-
probe and UV-pump/MIR-probe TA spectroscopy (λpump = 285 nm) in connection with
linear absorption experiments. In particular, the question will be addressed to which ex-
tent the photodynamics of mixed carbonyl-nitrosyl compounds differ from systems with
only carbonyl ligands. This is of particular importance since no ultrafast studies on
mixed carbonyl-nitrosyl complexes of potential biological relevance have been reported
so far. Compound 4 was prepared by Dr. Christoph Nagel in a two-step procedure from
1,4,7-triisopropyl-1,4,7-triazacyclononane and molybdenum hexacarbonyl as published by
Wieghardt [301]. For further details on synthesis and X-ray crystallography, see Ref. [302].
Compound 4 was dissolved in MeCN (spectroscopic grade) at concentrations of approx-
imately 5 mM for both the static UV/VIS and FTIR absorption experiment, as well as
for all TA measurements.

6.2.2 FTIR spectroscopy and DFT calculations

The linear MIR absorption spectrum of 4 is depicted in Fig. 6.2. Three distinct bands
are observed, reflecting the NO stretch of the nitrosyl ligand (1671 cm−1) and the anti-
symmetrical and symmetrical stretching vibrations of the cis-Mo(CO)2 moiety (1932 and
2023 cm−1). The band positions are well reproduced by the corresponding DFT calcula-
tions (see Appendix C.2). Under continuous illumination with 285 nm light for several
minutes, a general decrease of the initial absorption bands becomes evident, accompanied
by the rise of two new distinct signals at 1615 and 1896 cm−1, one red-shifted with respect
to the NO peak and the other one red-shifted with respect to the CO signal of the parent
molecule. This indicates the photoinduced formation of a CO loss product, as the two
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Figure 6.2: DFT-optimized structure of complex 4 and corresponding FTIR spectra in
MeCN upon illumination with a 285 nm diode for different exposure times. Arrows indicate
rising and decaying absorption bands.

upcoming absorption bands can be assigned to the CO and NO spectral regions, respec-
tively. When comparing the spectral position of the nascent photoproduct with the DFT
calculations, good accordance is found with the follow-up product formed upon loss of one
CO ligand that is replaced by a MeCN molecule. These findings are in line with results
presented in Ref. [302], where a similar illumination experiment has been performed using
254 nm light. While analogous results where found within the first minutes of exposure,
employing higher energetic UV light for an illumination time of 1 h led to a shift of the
newly formed absorption band at around 1615 cm−1 towards 1598 cm−1, while the ab-
sorption feature at 1896 cm−1 almost vanished again. By comparing to DFT data, the
band at 1598 cm−1 was assigned to a follow-up product of 4 that has eventually lost two
CO ligands which are replaced by MeCN molecules [302]. Interestingly, even after several
hours of exposure, the band at 1598 cm−1 has not been observed when using 285 nm light,
indicating that shorter wavelengths are required to trigger a stepwise release of two CO
ligands from 4. For both excitation wavelengths, CO release becomes furthermore evi-
dent by a small feature at 2140 cm−1 reflecting the absorption of dissolved CO (data not
shown). The formation of a NO loss product, however, can be ruled out since a spectral
feature between 1600 and 1700 cm−1 that reflects the stretching vibration of bound NO
is present at any time of exposure. The finding that NO remains bound, i.e., 4 does not
act as a NO-releasing molecule, is furthermore supported by a standard myoglobin assay
illumination experiment performed by the Schatzschneider group. For further reading in
this regard, the interested reader is referred to Ref. [302].

6.2.3 Steady-state UV spectroscopy

Figure 6.3 depicts the steady-state UV absorption spectrum of 4 in MeCN (purple). Be-
sides a strong absorption band at 208 nm, which is accompanied by a weak shoulder at
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Figure 6.3: UV/VIS absorption spectra of 4 in MeCN under illumination with a 285 nm
diode for different exposure times. Arrows indicate rising and decaying absorption bands. (a)
Representation using a linear ordinate; the spectrum of the UV diode is shown in the background (grey
shaded area). (b) Representation using a logarithmic ordinate to highlight small changes around 330 nm.

235 nm, another distinct band is found at 265 nm. The same 285 nm diode used for the
MIR study shown in Fig. 6.2 is also employed to measure changes in the steady-state UV
absorption spectrum of 4 upon long-term UV exposure [for a similar experiment examin-
ing 4 in dimethylsulfoxide (DMSO) under illumination with 254 nm light, see Ref. [302]].
Note that minor absorption bands appearing above 360 nm are neglected in the following
discussion owing to extremely low extinction coefficients. With increasing illumination
time, the two major absorption bands of 4 decrease in intensity while a new weak band
grows in at 330 nm. An isosbestic point is clearly discernible at approximately 308 nm
indicating that only two species that vary in concentration contribute to the absorption
spectrum and that CO release does not precced via decomposition. The upcoming absorp-
tion is found to be permanent as no relaxation back to the initial absorption spectrum
is evident when repeating the measurement after several hours without further sample
treatment. As shown in the inset of Fig. 6.3(a), the nascent absorption band at 330 nm
increases linearly with illumination time over 15 min—for clarity, see data representation
using a logarithmic ordinate in Fig. 6.3(b). However, for longer exposure times (data not
shown), the isosbestic point gets blurred, indicating that additional species are involved
in the photoinduced conversion process. Together with the findings from the FTIR exper-
iment, it can be concluded that the newly formed UV absorption band originates from the
photoproduct formed after loss of one CO ligand. Distinct changes in the linear absorption
spectrum after loss of CO ligands have been reported for several CORMs [234, 303]. For a
manganese-tricarbonyl complex similar to 3, Gonzales et al. [304] observed a strong shift
of the lowest-lying absorption band when inducing the release of only one (or two) CO
ligands via low-power illumination. Surprisingly, no comparable study on a molybenum
complex can be found in the literature. Nevertheless, TD-DFT calculations performed
by the Schatzschneider suggest that several electronic transitions of 4 can trigger CO
release. However, these simulations will not be discussed in further detail here. Again,
the interested reader is referred to Ref. [302].
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104 6 Ultrafast dynamics of CO- and NO-releasing molecules

6.2.4 Transient absorption measurements

In the following, the ultrafast dynamics of 4 upon UV excitation probed both in the
VIS and the MIR spectral region are discussed. In the VIS regime [see Fig. 6.4(a) for
dynamics up to 30 ps pump–probe delay], a broad positive absorption signal spanning from
300 to 380 nm is found. The latter absorption band decays within the first picoseconds
after photoexcitation and exhibits a small remaining positive contribution which remains
constant up to at least 4 ns. The spectral properties of the absorption band are in
line with the result shown in Figure 6.3 and furthermore substantiate the finding of a
stable photoproduct which is formed after photolysis of one CO ligand from the metal
center. To verify that the observed dynamics do not originate from solvent contributions,
a measurement in pure MeCN has been conducted which is presented in Appendix C.3.
Fitting a biexponential model function plus a constant offset value for positive pump–
probe delay times (as well as a function that accounts for the coherent artifact) to the
transient at 330 nm reveals the time constants (1.0±0.1) ps and (10±1) ps [see Fig. 6.4(b);
for clarity, data is only shown for pump–probe delay times up to 120 ps]. The offset value
reveals that the positive signal decreases approximately by a factor 20 when comparing
the remaining signal at longer delay times with the value found directly after UV pump
excitation. Hence, it can reasonably be inferred that permanent CO loss is only observed
for very few of the initially excited molecules and that most molecules undergo geminate
recombination—a process that would fit the fast time constant of the 330 nm transient.
The interpretation that 4 is only a weak CO releaser is furthermore supported by the
observation that only minor changes in the linear absorption spectrum arise upon UV
illumination (confer Fig. 6.3). The slower time constant of the 330 nm transient might
reflect cooling dynamics of hot molecules, similar to the observation made for complex 3.
The dynamics discussed above should also be reflected in a recovery of the GSB of bands
associated with the intact complex 4. However, this is not observed due to the limited
detection range of our TA spectrometer towards shorter wavelengths.
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Figure 6.4: Ultrafast dynamics of 4 in MeCN under 285 nm excitation—part one. (a)
Broadband transient absorption in the VIS regime showing early dynamics. (b) Transient absorption at
330 nm for time delays up to 120 ps [single-color transient referring to data shown in (a)].
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Figure 6.5: Ultrafast dynamics of 4 in MeCN un-
der 285 nm excitation—part two. Transient absorp-
tion in the MIR spectral range for selected pump–probe
delay times. Each individual difference spectrum is shown
with 1 mOD vertical offset.

Selected transient absorption spectra of 4 resulting from the UV-pump/MIR-probe TA
measurement are depicted in Fig. 6.5. Note that under the given experimental conditions,
CPU enables simultaneous detection of MIR probe spectra with a high pixel density
and a spectral bandwidth of approximately 200 cm−1 although absorption-change signals
are ranging below 1 mOD. Directly after pump excitation (2 ps), two distinct negative
TA signals are observed at 1932 and 2023 cm−1 which can be assigned to ground-state
bleaching of the intact molecule (refer to FTIR spectra illustrating the CO stretching
vibrations of 4 in Fig. 6.2). Besides a strong recovery of the feature at 1932 cm−1 on a
time scale well comparable to the decay of the VIS absorption band at 330 nm [refer to
Fig. 6.4(a)], both bleach signals remain constant for at least 4 ns after photoexcitation.
The visibility of a bleach recovery of the feature at 2023 cm−1 is putatively overlaid by
the broad short-lived absorption of hot molecules centered at about 2000 cm−1 which
decays within the first 10 ps. On the lower energetic part of the detection range, a second
positive contribution instantaneously appears with a distinct maximum at approximately
1915 cm−1. The latter undergoes a spectral shift towards lower energies for increasing
time delays and manifests itself at approximately 1890 cm−1. These observations further
support the conclusion of ultrafast CO liberation from 4 upon UV excitation drawn both
from the UV-pump/VIS-probe as well as from the static absorption measurements as
the remaining positive absorption at longer delay times matches the frequency of the
upcoming absorption band which could be assigned to a product formed after loss of one
CO ligand (refer to DFT calculations and Fig. 6.2).

6.2.5 Conclusion

With femtosecond UV-pump/VIS-probe as well as UV-pump/MIR-probe transient ab-
sorption spectroscopy, the primary photoproducts formed after 285 nm excitation of
[Mo(CO)2(NO)(iPr3tacn)]PF6 dissolved in MeCN were assigned supported by DFT cal-
culations of the vibrational signature of potential follow-up products. The compound
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106 6 Ultrafast dynamics of CO- and NO-releasing molecules

releases only one of the two CO ligands under these conditions both on an ultrafast
timescale as well as under exposure with 285 nm light for several minutes. No indications
for a NO loss product were observed. Thus, although it carries both carbonyl and nitrosyl
ligands in the metal coordination sphere, this complex exclusively acted as a photoacti-
vatable CO-releasing molecule (PhotoCORM) in solution. Its suitability for biological
applications, however, will probably be limited since tissue-damaging UV light is required
to effectively trigger the CO release mechanism. Hence, the search for dual-functional
CO/NO-releasers has to continue.
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Chapter 7

Summary and Outlook

The main objective of this thesis was to use time-resolved spectroscopy to shed new
light on molecular systems whose ultrafast dynamics are either completely unknown or
still heavily under debate. For this purpose, several pump–probe transient absorption
experiments with UV pump pulses were conducted. For all molecular systems under in-
vestigation, UV excitation triggers the photolysis of certain ligands thereby initiating a
subsequent reaction sequence. To gain deeper insights into experimental data, all studies
were complemented by quantum chemical calculations conducted by our respective col-
laborators. In Chap. 4, new ground was broken when following the highly spin-dependent
reactivity of diphenylcarbene (DPC, Ph2C) in solution. In contrast to existing femtosec-
ond time-resolved studies which focused on DPC’s reactivity in pure solvents, the analysis
of data acquired in mixed solvent environments revealed an additional reaction pathway
that has remained hidden so far. While measurements on DPC were based on probing in
the UV to VIS spectral range, Chap. 5 deals with technical improvements regarding the
detection of MIR probe pulses. In particular, the newly-established technique of CPU
was compared to standard multichannel MCT detection by means of an exemplary UV-
pump/MIR-probe experiment clarifying the methods’ individual pros and cons. Finally,
both detection schemes were employed in Chap. 6 to follow light-triggered ligand release
from a well-known PhotoCORM and from a complex that might act as a PhotoNORM,
i.e., a molecules with relevance for biological applications which is capable of releasing
a certain number of CO or NO ligands after photoactivation. The following paragraphs
are intended to summarize the thesis’ main results and to provide remarks on current
scientific efforts addressing related interrogations.

Diphenylcarbene has been subject to academic studies since many decades and the
successive improvement of spectroscopic methods allowed researchers to gradually gain
a deeper understanding of the carbene’s multifaceted photochemistry. For a long time,
DPC was considered as a archetypal triplet-ground-state arylcarbene. This conclusion was
recently questioned by matrix-isolation studies performed by the Sander group. Studying
DPC embedded in argon matrices that were modified by small amounts of MeOH dopant
molecules revealed the existence of a complex formed via H-bonding between singlet DPC
and a MeOH molecule—an observation that so far has not been made under any exper-
imental conditions. In order to find out if there is any evidence for such complexes also
in the liquid phase at room temperature, UV-pump/VIS-probe transient absorption mea-
surements on DPC were conducted, whereby the MeOH doping was mimicked by studying
the carbene in mixed MeOH/MeCN solvent environments. As presented in Chap. 4, the
interplay between quantum chemical calculations and experimental data allowed us to
derive a general reaction scheme treating the dynamics in pure solvents as two special
cases. In a first step, UV photolysis of the diazo-compound precursor Ph2CN2 leads to
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the formation of 1Ph2C on a femtosecond time scale. The subsequent dynamics could be
described by means of a rate model comprising three reaction channels: ISC to 3Ph2C,
formation of an H-bonded complex 1Ph2C··HOMe which reacts on to an ether product in
a concerted fashion activated by a further MeOH molecule, or ether production via an in-
termediate Ph2CH+ for whose formation two MeOH molecules interact concurrently with
1Ph2C. To which extent a certain reaction channel is influencing the carbene’s overall reac-
tivity is crucially determined by the number of MeOH molecules that this reactive species
initially encounters. Similar to findings recently obtained in matrix-isolation studies at
cryogenic temperatures, our liquid-phase experiments at room temperature highlight the
stabilizing effect of a metastable complex 1Ph2C··HOMe that appears for all fractions of
MeOH in the mixtures. Since both ether formation channels exhibit a different depen-
dency on the MeOH concentration, employing solvent mixing provides a powerful means
to selectively enhance or suppress certain reaction channels and therewith to decisively
control the carbene’s overall reactivity. This is expressed most clearly by the finding that
the highest number of H-bonded complexes is not found in pure MeOH but for mixtures
containing ≈ 70% MeCN. It can be assumed that such a non-trivial dependence on the
solvent enviroment will not only be found for the case of DPC. Hence, there is a need
for future studies in order to deduce more general rules from different carbenes in various
mixed solvent environments. This is further motivated by another recent study performed
by the Sander group: in matrix-isolation experiments on Ph2C in argon environment it
became evident, that small admixtures of water evoked similar stabilizing effects as MeOH
dopant molecules. To further scrutinize this, it seems appealing to extent our study by
measurements in H2O/MeCN solvent mixtures.

In recent years, the technique of chirped-pulse upconversion (CPU) has attracted signif-
icant attention in the field of ultrafast infrared spectroscopy. Offering an easy-to-handle
alternative to commonly used direct multichannel detection via an array of mercury-
cadmium telluride (MCT) photodetectors, CPU has found its way into ultrafast labo-
ratories all over the world. However, a direct comparison scrutinizing the individual
weaknesses and strenghts of both detection methods was still missing in the literature.
For this purpose, an experimental setup has been established that enables the conduction
of liquid phase UV-pump/MIR-probe transient absorption experiments with simultane-
ous 1 kHz shot-to-shot data acquisition via CPU and MCT detection. For a comparative
study presented in Chap. 5, Co4CO12 dissolved in CH2Cl2 served as test sample. The tech-
nique of CPU shifts the characteristic MIR absorption features via a SFG process with
a strongly chirped NIR pulse to the VIS regime. Hence, upconverted spectra can be de-
tected with cost-effective CCD cameras. Therefore, the most obvious differences between
both methods comprise that MCT based spectrometers used for direct MIR detection
need to be refilled with liquid nitrogen every few hours, while the CPU approach requires
the alignment of an additional SFG process. Besides this practical differences, the ex-
emplary pump–probe experiment revealed that CPU detection scores with a significantly
improved spectral sampling and an extended detection bandwidth. What argues against
CPU ist that intensity fluctations of the fundamental chirped NIR pulses are engraved
into CPU spectra within the nonlinear upconversion process, thus lowering the signal-to-
noise ratio. However, noise levels similar to those provided by standard MCT detection
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can be achieved by applying a correction procedure which is based on the normalization
of individual CPU spectra with their integrated spectral intensity—a procedure which
has successfully been tested. A unique feature of the CPU technique is the possibility to
modify the spectral profile of the upconverted spectrum by changing the phase-matching
conditions in the SFG process. This additional degree of freedom was exploited in Chap. 5
to switch between a Gaussian-shaped and double-peak spectra in a stepwise manner. The
application of such modified CPU spectra might improve the detection of spectrally sepa-
rated features. The idea is to operate within the optimal working regime of a CCD camera
without the risk of saturating the detector in areas where no signals are expected, i.e.,
where only minor spectral intensity is required. Since many time-resolved spectroscopic
investigations aim at the elucidation of vibrational dynamics which are manifested in weak
absorption change signals in the MIR spectral region—often separated by several hundreds
of inverse centimeters—it can be concluded that CPU’s high degree of flexibility makes
the technique superior to conventional MCT detection. For future investigations, it is
straightforward to combine CPU and MIR pulse characterization methods [305, 306]. For
instance, this might by helpful in control experiments studying the impact of vibrational
excess energy on the outcome of a photoreaction by influencing the reaction’s course us-
ing shaped MIR pulses [124]. Recent developments also comprise the application of CPU
to attenuated total reflectance (ATR) infrared spectroscopy—once more highlighting the
technique’s wide scope [307]. Since upconversion reduces the relative bandwidth of the
MIR spectrum, CPU allows for the detection of MIR spectra spanning over several oc-
taves by means of a standard grating spectrometer. Hence, CPU will probably unfold its
full potential when broadband continuum IR sources will routinely be used in ultrafast
MIR shot-to-shot time-resolved spectroscopy [308, 309].

There is steadily increasing interest in CO-releasing molecules (CORMs) as a promis-
ing in-situ source of carbon monoxide, which is an important endogenous gasotransmitter
in higher organisms, including humans. PhotoCORM have successfully been tested for
their biological applicability. So far, this class of molecules has only been studied un-
der long-term illumination at a macroscopic level and virtually nothing is known about
the primary processes happening after UV excitation. Hence, it remained unclear how
many CO ligands are released on an ultrafast time scale, and for the case that several
ligands are released, it is uncertain if particular CO ligands are released in a concerted
or sequential manner. In Sec. 6.1, TA studies on [Mn(CO)3(tpm)]Cl with tpm = tris(2-
pyrazolyl)methane in aqueous solution have been carried out. This complex is of particular
interest, as it showed promising properties for various biological applications, e.g., to be
selective and cytotoxic against cancer cells. UV-pump/MIR-probe TA spectroscopy with
different UV pump wavelengths supported by linear spectroscopy methods and quantum
chemical calculations revealed that several electronic transitions in the UV will lead to CO
release and that only one CO ligand is released within the first few picoseconds after UV
excitation, while some molecules undergo geminate recombination. Excess energy stem-
ming from the pump interaction is transferred to low-frequency modes, a process which is
reflected in cooling dynamics on a 10 ps time scale in the follow-up product formed after
loss of one CO ligand and the recombined CORM, respectively. Due to the important
signaling function of nitric oxide (NO) in biological systems, it seems obvious to transfer
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the concept of PhotoCORMs to PhotoNORMs, i.e., to develop photoactivatable sources
NO. Hence, Sec. 6.2 highlights the CO–NO interplay and deals with the photochemistry of
[Mo(CO)2(NO)(iPr3tacn)]PF6 with iPr3tacn = 1,4,7-triisopropyl-1,4,7-triazacyclononane
in MeCN solvent environment. This complex, whose photochemistry was hitherto virtu-
ally unknown, was selected as it may be suited to act as a combined CO- and NO-releaser.
Recording FTIR spectra while irradiating a static sample solution with 285 nm light in-
duced the formation of a stable photoproduct. By comparing nascent spectral features
to DFT calculations, the latter could be a assigned to a follow-up product formed after
loss of one CO ligand, whose free coordination site has been refilled with a MeCN solvent
molecule. In a corresponding UV/VIS experiment, this photoproduct appeared in form
of a new absorption band at around 330 nm. Besides the static illumination experiments,
femtosecond UV-pump/VIS-probe as well as UV-pump/MIR-probe transient absorption
spectroscopy was used to study the molecule’s primary reaction steps after UV excitation.
Interestingly, the features assigned to the CO-loss product were also found just after UV
pump excitation. Hence, both on an ultrafast time scale as well as under long-term irradi-
ation, the complex acted as a photoactivatable CO-releasing molecule. The presumption
that the molecule can act as a NO releaser could not be confirmed under the chosen ex-
perimental conditions. Having knowledge about the ultrafast dynamics of ligand release
from this class of molecules might incentivize the development of systems with tailored
CO- or NO-releasing properties for specific applications. However, the study of ligand
dissociation from PhotoCORMs or PhotoNORMs on an ultrafast time scale is still at
its beginning and several points may be addressed in future investigations. Due to low
penetration depths and the risk of tissue damage caused by high energetic light, the in
vivo applicability of molecules that require UV light to trigger the gasotransmitter release
is limited. The need for UV excitation, however, might become dispensable by following
one of the two following approaches. The first approach relies on triggering the ligand
dissociation by two-photon absorption (TPA) [310, 311] using pump wavelengths from the
so-called therapeutic window (600 to 1200 nm). This approach particularly benefits from
higher penetration depths and the possibility to selectively excite well-defined volumes
owing to the nonlinear interaction step [312–314]. Hence, future studies might aim at the
elucidation of the primary reaction steps of CO- or NO-releasing molecules after absorp-
tion of two VIS photons. A corresponding experimental pump–probe setup that allows
one to record molecules’ two-photon excitation spectra and follow possible ligand disso-
ciation after TPA via probing in the MIR spectral range was recently developed in the
Nürnberger group [129, 315]. The second approach to realize light-triggered ligand release
while omitting UV light is to use molecules that absorb in the VIS or NIR regime. A series
of heterobinuclear Mn(CO)3/Ru(bpy)2 PhotoCORMs that has recently been developed
in the Schatzschneider group is one promising example in this regard [302]. Hence, future
VIS-pump/MIR-probe transient absorption experiments—ideally using CPU detection to
cover several vibrational signatures simultaneously—are convenient to follow the process
of ligand dissociation in novel CORM or NORM structure whose ultrafast dynamics are
still to be deciphered. Moreover, especially for complexes containing both CO- and NO-
ligands, it seems appealing to exploit the coherence properties of laser light by employing
shaped pulses to selectively induce ligand release in this class of molecules.
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Appendix A

Combining transient absorption and

fluorescence spectroscopy

In this appendix, an extension for an existing UV-pump/MIR-probe TA setup is dis-
cussed. A fluorescence detection scheme is characterized which is sensitive for the obser-
vation of changes in a molecule’s fluorescence steered by selective excitation of vibrational
modes. Regarding this, preparatory work, which includes the setup’s alignment and char-
acterization, is carried out with respect to prospective measurements on so-called super-
photoacids. The phenomenon of photoacidity, i.e., an increase in acidity by several orders
of magnitude upon electronic excitation, is frequently met in aromatic alcohols capable
of transferring a proton to a suitable acceptor [316]. The Jung group recently synthesized
a promising new class of super-photoacids and their methylated counterparts based on
pyrene, and demonstrated the extent of solvent induced solvatochromic effects by means
of changes in the respective absorption and emission spectra [317]. Aiming at deeper
insights into the underlying mechanisms contributing to excited-state proton transfer in
this class of molecules, the above-mentioned fluorescence detection scheme might be uti-
lized to explore whether vibrational excess energy has any influence on the proton-transfer
process. Measurements presented in this appendix were partially conducted during the
supervision of Florian Lessing’s Bachelor Thesis [318].

Fluorescence of super-photoacid 5 in its protonated (left) and deprotonated form (right), respectively.
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A.1 ESPT in a pyranine-derived super-photoacid

In Chap. 4, an ultrafast protonation reaction has been investigated, in which a proton is
transferred from a solvent molecule to singlet DPC leading to the formation of a short-
lived benzhydryl cation species [194]. Hence, the DPC precursor DPDM can be regarded
as a photobase as the molecule shows an increased basicity after electronic excitation.
Generally, also the opposite mechanism is possible: upon electronic excitation, so-called
photoacids show a higher acidity, i.e., a higher tendency to release an acidic proton, caused
by changes in the molecule’s electronic distribution that in turn affect corresponding
hydrogen bonds.

In 1965, Trieff and Sundheim introduced the term excited-state proton transfer
(ESPT) [320]. However, more than 30 years earlier it was Weber who observed that chang-
ing the pH value in a solution containing 1,4-naphthylaminosulfonate leads to changes in
the corresponding fluorescence spectrum—while leaving the absorption spectrum unal-
tered [321]. A few years later, Förster was able to assign this phenomenon to a different
protolytic equilibrium in the molecular ground and excited state, respectively. Conse-
quently, he introduced the so-called Förster cycle [see Fig. A.1(a)] which explains the
basic processes occurring in photoacid systems [316, 322]. For these molecules, which are
typically weak acids in their ROH form, electronic excitation decreases the pKa value,
which is defined as

pKa = − log10

[
kdeprot

kprot

]
, (A.1.1)

with rate constants k according to Fig. A.1(a), by several orders of magnitude. The
Förster cycle illustrates the existence of two different species in the excited state, namely
the ROH∗ and the RO−∗ species, whereby the asterik denotes the excited state. Their
different energetic positions give rise to two separate emission bands back to the ground

(a)                                                                                                                       (b)

Figure A.1: (a) Förster cycle of an exemplary photoacid system. Arrows indicate proton
transfer between the protonated and deprotonated form of the photoacid which is either in the electronic
ground or excited state. Figure adapted from Ref. [319]. (b) Molecular structure of compound 5.
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A.1 ESPT in a pyranine-derived super-photoacid XV

state. Given that the pKa value is known, the Förster cycle directly reveals the pK∗
a value

of the photoacid system. If the pKa value is unknown, however, still the change in acidity
upon photoexcitation can be evalutated:

∆pKa = pKa − pK∗
a = EROH − ERO−

kT ln [10]
, (A.1.2)

where k is the Boltzmann constant1 and T the temperature, and where EROH and ERO−

are the transition energies of photoacid and anion, respectively [323, 324]. Cases in which
the Förster cycle fails to describe the properties of a photoacid properly are described
elsewhere [325–327]. Alternative methods to determine the pK∗

a value are discussed in
Ref. [319], where one can also find an extensive overview of the variety of molecular
systems which are capable of ESPT. It is also noteworthy, that besides evaluating the basic
properties of photoacid systems via stationary fluorescence spectroscopy, femtosecond
time-resolved experiments have made possible to follow ESPT on its actual time scale
and determine kprot—and thus also pK∗

a—directly [328]. ESPT is always linked to the
presence of a suitable acceptor such as a polar solvent molecule. Most studies on ESPT
were conducted in water environment which allows to study even weak photoacids due to
its extraordinary good ability to stabilize a proton. One special type of photoacids are
so-called super-photoacids which are characterized by negative pK∗

a values. This class of
molecules allows one to study ESPT in various polar solvents because the photoacids are
so strong, that they are able to transfer the proton to less good acceptor molecules, e.g.,
DMSO. It is interesting to note, here with respect to measurements presented in Chap. 4,
that many studies on super-photoacids have also been carried out in solvent mixtures, for
instance in water-methanol mixtures [329] or water-acetonitrile mixtures [330].

The super-photoacids synthesized and spectroscopically characterized by the Jung
group are derived from pyranine (8-hydroxy-1,3,6-pyrenetrisulfonate, HPTS) and differ
only in their substituents on the aromatic pyrene core [317, 331, 332]. All molecules ex-
hibit electronic transitions in the VIS spectral region, thus being promising candidates to
study proton transfer on the single-molecule level where UV excitation light typically leads
to unwanted background signals. Furthermore, the compounds combine high photostabil-
ity and high solubility. Steady-state measurements and solvatochromic analysis revealed
that intramolecular charge transfer on the photoacid side correlates best with the ob-
served photoacidity. The discussion in this appendix is devoted to the strongest photoacid
out of this series, namely tris(1,1,1,3,3,3-hexafluoropropan-2-yl) 8-hydroxypyrene-1,3,6-
trisulfonate [5, see Fig. A.1(b); synthesis done by Björn Finkler according to Ref. [331]].
Owing to the use of strongly electron withdrawing sulfonic ester groups, 5 exhibits an
increase in acidity in the excited state of more than eight logarithmic units. This allows
one to observe proton transfer even in less polar and proton accepting solvents compared,
for instance, to DMSO. Absorption and and steady-state fluorescence spectra of 5 in ace-
tone (see Fig. A.2) illustrate the occurence of ESPT which—in the context of Förster’s

1k = 1.38064852(79) × 10−23 J/K [29]
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cycle—can be described via

ROH → ROH∗ 
 RO−∗ + H+

↓ k0 ↓ k′
0

ROH 
 RO− + H+ . (A.1.3)

Absorption spectra shown in Fig. A.2(a) illustrate that acidification via stepwise addition
of trifluoroacetic acid (TFA) shifts the photoacid’s ground-state equilibrium from the RO−

form towards the ROH form. In other words, one observes a transition from the depro-
tonated ground state (orange curve) to the fully protonated ground state (green curve).
The observation of two fluorescence bands after excitation of solely ROH [confer green
curve in Fig. A.2(b)] reveals the existence of two different fluorescent species which are
formed upon electronic excitation, namely the ROH∗ and the RO−∗ species, whereby the
anion’s fluorescence is shifted towards longer wavelengths compared to the free photoacid.
In the following section, it will be discussed how ESPT in this particular super-photoacid
system may be steered in a control experiment.

(a)                                                                                                             (b)

Figure A.2: Basic spectroscopic properties of 5 in acetone. Starting in the deprotonated form
(orange), absorption (a) and fluorescence spectra (b) are recorded after stepwise addition of trifluoroacetic
acid until the acid-base equilibrium is shifted towards the protonated form of 5 (green).

A.2 Fluorescence detection in UV-pump/MIR-pump

geometry

In pump–probe TA measurements, two laser pulses of different intensity are employed to
pump a molecular subensemble and after a certain time delay probe its temporal evolution.
Importantly, owing to its low intensity, the probe pulse only monitors the reaction’s
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A.2 Fluorescence detection in UV-pump/MIR-pump geometry XVII

Figure A.3: Setup for prospective quan-
tum control experiments. In contrast to
a standard UV-pump/MIR-probe TA setup in
which every second UV pump pulse is blocked
in order to detect changes in absorption upon
UV excitation, the mechanical chopper is placed
in the MIR path enabling the detection of MIR-
induced fluorescence change signals on a shot-to-
shot basis. While the IR spectrometer is only
needed for alignment purposes (see text for fur-
ther explanations), two microscope objectives are
used to collect, collimate, and focus the fluores-
cence into a fiber which eventually guides the
signals to the VIS spectrometer for spectrally-
resolved shot-to-shot detection.
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progress without influencing the actual dynamics. As shown in the literature, a deeper
understanding of molecular systems can also be deduced from experiments employing
two pump pulses. At this, the first pump pulse can for instance generate population in
an excited state, whereby the second pump pulse interacts with the excited population
after a certain time delay and either transfers molecules to an even higher lying state,
i.e., the second pulse acts as repump pulse [333, 334], or stimulates molecules back the
the ground state, i.e., the second pulse acts as dump pulse [334–336]. However, in both
cases the second pulse alters the excited state evolution. The control concept which will
be discussed in this section relies on steering a chemical reaction, which is monitored
via fluorescence detection without time resolution, by selective excitation of vibrational
modes. In particular, a MIR pump pulse is intended to pre- or re-excite the sample with
a certain time delay with respect to the pulse which interacts with the sample to trigger
fluorescence. Generally, it is common practice in gas phase experiments to achieve control
over chemical reactivity by exploiting the role of vibrational excess energy [337, 338]. For
a selective manipulation, the reaction thereby must be triggered and proceed faster than
the randomization of the energy that is stored in particular vibrational modes. Due to
additional loss channels for vibrational energy, it is challenging to transfer this control
concept to liquid phase experiments (confer Sec. 2.3.3). However, the concept’s feasibility
has been demonstrated indirectly by the Zinth group who found the efficiency of an
indolylfulgide optical switch, whose switching can be induced by an electronic excitation,
significantly altered after vibrational pre-excitation [339, 340]. In their experiments, the
vibrational pre-excitation is the result of a vibronic pre-excitation, i.e., the pulse which
induces the switching encounters molecules which have relaxed back to the ground-state
but have not yet thermalized. Hence, it is unclear in which mode the vibrational excess
energy is stored. This uncertainty can be avoided when using MIR pulses to selectively
excite vibrational modes before (or after) another pump pulse interacts with the sample
to start the actual photoreaction.
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The experimental setup developed within the scope of this thesis, which is based on
the fluorescence detector that has been introduced in Sec. 3.5, is schematically depicted
in Fig. A.3. Using 1 kHz readout of fluorescence spectra while blocking every other
MIR pump pulse with a mechanical chopper allows one to record fluorescence spectra
originating from a molecular subensemble which has either interacted with only the UV
pulse or with both pump pulses. Hence, a difference signal in fluorescence, which in the
following shall be defined as

∆F (λ, τ) = IMIR pump(λ, τ)
Ino MIR pump(λ)

− 1 , (A.2.1)

can be obtained on a shot-to-shot basis. This definition allows for an easy interpretation
since positive (negative) ∆F values correspond to an increased (decreased) fluorescence
at a certain wavelength caused by the interaction with the MIR pump pulse. Different
to a UV-pump/MIR-probe TA setup, the focus size of the UV beam at the sample in
the control scheme needs to be smaller than the one of the MIR beam. This ensures
that molecules whose fluorescence is detected are stemming from the interaction region
of the MIR beam. In the employed setup, the UV focus is left unchanged with respect to
Sec. 3.4 (85 µm beam waist) while the MIR focus is set to approximately 100 µm. While
many other applications are conceivable using the setup introduced above, an exemplarily
control experiment on 5 will be discussed in Sec. A.2.1. In connection with this, the
alignment and the capabilities of the detection scheme are discussed in Sec. A.2.2.

A.2.1 Controlling intermolecular ESPT—an outlook

Compound 5 is capable of performing ESPT in acetone solvent environment (see Sec. A.1).
The idea discussed in the following is to control the ESPT via a selective and temporally-
resolved excitation of solvent vibrational modes. The IR transmission spectrum of acetone
is depicted in Fig. A.4(a). To introduce vibrational excess energy, the MIR-OPA output is
tuned to match the spectral position of the CO stretching vibration at 1731 cm−1 [confer
Fig. A.4(b)]. Transmission through a 12 µm film of acetone leads to a complete absorption
of the MIR spectrum at the latter spectral position [red curve in Fig. A.4(b)]. Hence, a
significant amount of vibrational excess energy can selectively be stored in the solvent’s
CO stretching vibration until relaxation processes will eventually redistribute the energy.
This excess energy may influence the solvent’s proton acceptance capabilities which in
turn should be manifested in ∆F signals at the spectral positions of the ROH∗ and RO−∗

species, respectively.
One may ask if it is in genereal realistic to observe ∆F signals in this particular experi-

mental situation. Therefore, a rough estimation shall be given to access the composition of
molecules within the beams’ interaction region. Considering a sample thickness of 15 µm
and a MIR beam waist of 100 µm, then 9.7 × 1014 acetone molecules are located within
the excitation volume. Assuming that about one third of the 150 nJ of total pulse energy
is transferred to solvent CO stretching vibrations [confer spectra shown in Fig. A.4(b)],
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(a)                                                                                                                  (b)

Figure A.4: Selective excitation of solvent vibrational modes. (a) Infrared transmission spec-
trum of acetone. (b) Exemplary MIR spectrum before (black) and after (red) propagating through a
12 µm acetone film.

then one finds 1.5 × 1012 excited acetone molecules within the excitation volume, which
corresonds to approximately every 650th molecule. This number is well-comparable to
the 2.1 × 1012 molecules of compound 5 that are located within the excitation volume
when for instance a sample concentration of 30 mM is chosen. Note that owing to the
strong MIR absorption of acetone, the region of spatial overlap between the UV and MIR
beam is limited to appoximately 10 µm. To maximize putative ∆F signals, it is therefore
appropriate to use thin sample cuvettes in combination with high sample concentrations.

A.2.2 Alignment procedure and detection sensitivity

It is common routine before performing pump–probe TA experiments on unknown sam-
ples to optimize the alignment of the experiental setup with respect to a well-known
spectroscopic feature of a test sample, which ideally delivers a strong signal and is present
over a long pump–probe delay range. After exchanging the sample, the actual measure-
ment can subsequently be performed without changing the experimental alignment. A
similar procedure has to be conducted before performing a control experiment as the one
proposed in Sec. A.2.1. The alignment procedure introduced in the following contains
three preparatory steps—other approaches may also be feasible:

• 1st step: A UV-pump/MIR-probe TA experiment has to be performed, whereby
the test sample’s UV-VIS absorption needs to be similar to the one of the actual
sample. This condition eliminates the need to change the pump wavelength—a step
which may influence the alignment of the UV beam—before conducting the control
experiment. Furthermore, the test molecule needs to exhibit a transient MIR feature
which is covered by the same MIR spectrum which will be used for pumping in the
control experiment. It may be necessary to attenuate the intensity of the MIR beam
in front of the MIR spectrometer. Furthermore, due to the chosen beam radii at
the sample position (confer Sec. A.2.1), one may have to deal with comparatively
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small ∆OD values. This 1st step is necessary to ensure spatial and temporal overlap
between the UV and MIR pulse.

• 2nd step: Having accomplished the 1st step, the fluorescence detector itself needs
to be aligned with respect to the fixed position of the sample and the laser beams.
For this purpose, either the test sample is replaced by the actual sample, or one
exploits the fluorescence properties of a test sample (ideally the same test sample
used in the 1st step) which needs to show fluorescence upon excitation with the UV
pump pulse used in the 1st step.

• 3rd step: Finally, the UV-pump/MIR-pump measurement with fluorescence de-
tection can be started after placing the mechanical chopper (which operates at half
the laser’s repetition rate) in the MIR beam path and—if this has not already been
done in the 2nd step—exchanging the sample solution.

For the investigation of 5 (confer Sec. A.2.1), vitamin B2 [riboflavin, 6, CAS: 83-
88-5; see Fig. A.5(a) for molecular structure] dissolved in dimethyl sulfoxide (DMSO)
has been selected as test sample. The complete alignment procedure is illustrated in
Fig. A.5. Besides two absorption bands in the UV region, 6 exhibits an absorption band
at around 450 nm [see Fig. A.5(b)] similar to the protonated form of 5 [confer green curve
in Fig. A.2(a)]. In Fig. A.5(c), the MIR absorption spectrum of 6 in DMSO furthermore
reveals a distinct absorption feature at around 1710 cm−1 which can be covered by MIR
pump/probe spectra as the one shown in Fig. A.4(b). Diller and coworkers found that
387 nm pump excitation of 6 induces the loss of a CN bond accompanied by a downshift of
related vibrations. The feature at 1710 cm−1, which has been assigned to a CO stretching
mode, appears as a quasi instantaneously formed GSB signal which remains constant
for at least 800 ps [341]. Due to overlapping absorption bands [see Fig. A.5(b)] it can
be assumed that a similar behavior will also be found when using 440 nm pump pulses.
Hence, the first step in the alignment procedure comprises to reproduce this feature in the
standard UV-pump/MIR-probe TA configuration [see Fig. A.2(d); transient recorded with
a single MCT pixel; the pump spectrum is depicted in subfigure (b)]. Optimizing the GSB
signal in turn optimizes the spatial overlap between the UV and the MIR beam. Moreover,
using a pump–probe TA measurement for pre-alignment allows for a precise determination
of time zero between the UV and MIR pulse which is vital for the interpretation of
putative ∆F signals. Note that in this case, UV and MIR pulse interact with the same
molecule—DMSO does not absorb around 1710 cm−1—which is not the case in the control
experiment proposed in Sec. A.2.1. The fluorescence of 6 upon 440 nm excitation [see
green curve in Fig. A.2(b)] appears to be only slightly red-shifted with respect to the
fluorescence of 5 both in its protonated and its deprotonated form [confer Fig. A.2(b)].
While similar fluorescence characteristics of the actual sample and the test sample are
in general not mandatory, in the present case it is straightforward to use 6 to align the
fluorescence detector as shown in Fig. A.5(e). Apart from slight deviations at the spectral
edges, which in future experiments need to be accounted for via a wavelength-dependent
intensity calibration, the spectrum recorded in pump–probe geometry nicely matches the
spectrum recorded with the standard spectrofluorometer.
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(a)                                                                      (b)OH
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Figure A.5: Setup alignment procedure using riboflavin (6) dissolved in DMSO as test
sample. (a) Molecular structure. (b) Absorption (black) and fluorescence spectrum (green) in DMSO
together with the excitation spectrum used in the pump–probe experiment (blue). The fluorescence
spectrum is recorded in a standard fluorescence spectrometer with an excitation wavelength of 440 nm.
(c) IR absorption spectrum. (d) TA in DMSO under 440 nm excitation when probing at 1708 cm−1. (e)
Fluorescence spectrum recorded in pump–probe geometry using the excitation spectrum shown in (b).

When using the present setup to investigate 5, possibly due to insufficient MIR power
available, no ∆F signal has been found for any UV-pump/MIR-pump time delay even
after averaging over a reasonable number of laser shots. Still, with respect to future
experiments, it is beneficial to have knowledge about the detection scheme’s sensitivity
when searching for ∆F signals. For this purpose, 100000 subsequent fluorescence spectra
of 5 have been recorded in the 1 kHz single-shot mode (confer Table 3.1). At this,
the pixel with the highest intensity, held at approximately 60% of the CCD camera’s
16 bit detection range, is used for noise analysis (confer procedure used in Sec. 5.2).
In Fig. A.6(a), exhibiting a standard deviation of 24.3h, the Gaussian distribution of
the resulting ∆F signals is visualized. For a direct estimation of the data acquisition
time which is necessary to reach a certain level of sensitivity, Fig. A.6(b) illustrates the
∆F standard error versus the number of consecutive ∆F pairs which are included in the
averaging procedure. It can thus be concluded that the developed detection scheme allows
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for the observation of ∆F signals on the order of 0.1h after reasonable data acquisition
time.
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Figure A.6: Sensitivity for the detection of fluorescence-change signals ∆F . Noise analysis
is carried out on the basis of 100000 fluorescence spectra subsequently recorded in the 1 kHz single-shot
mode. The graphs illustrate the noise characteristics of 50000 consecutive laser-shot pairs represented by
the distribution of individual ∆F signals (a) and by the ∆F standard error plotted against the number
of consecutive laser-shot pairs used for averaging (b). For evaluation, the pixel with the highest count
rate has been selected.
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Supporting Information to Chapter 4

B.1 Quantum chemical calculations

The reactivity of diphenylcarbene (Ph2C) and the relative stabilities of its singlet (1Ph2C)
and triplet (3Ph2C) states in different solvent conditions, I) acetonitrile (MeCN), II)
methanol (MeOH), III) acetonitrile/methanol (80:20% v/v mixture) and IV) acetoni-
trile/methanol (99:1% v/v mixture) are investigated by employing hybrid Quantum Me-
chanics/Molecular Mechanics (QM/MM) calculations to capture the solvent effects and
specific interactions regulating the chemistry of Ph2C. The calculations were performed
by Dr. Pandian Sokkar and Dr. Elsa Sánchez-García (Max-Planck-Institut für Kohlen-
forschung, Mülheim an der Ruhr). This section provides information about the employed
theoretical methods which led to the conclusions discussed in Chap. 4. A detailed de-
scription of the results will be published in Ref. [1].

B.1.1 Force field parameterization

Classical force field parameters for methanol and acetonitrile are available in the OPLS-
all atom force field, which is able to reproduce the physical properties of these solvents
in liquid simulations [342]. Since, currently, the OPLS force field is not supported by
the ChemShell code [343, 344], the OPLS parameters of MeOH and MeCN were fitted
in the CHARMM force field format. OPLS parameterization requires scaling-down of
1-4 non-bonded interactions (both van der Waals and Coulomb interactions) by 50 %, in
contrast to full scaling in CHARMM. The non-bonded interaction, bond stretching and
bond-angle bending parameters were used as such [342]. The dihedral angle parameters
were modified to compensate for the full 1-4 scaling. The dihedral angle parameters were
optimized to match the energy difference between eclipsed and staggered conformations
(calculated at the HF/6–31G∗ level). The new parameters were validated by the liquid
properties obtained from molecular dynamics (MD) simulations.

Ph2C was also parameterized for preliminary classical MD simulations. The initial
parameters were obtained using the SwissParam webserver (www.swissparam.ch/) [345]
and the partial atomic charges were calculated by fitting the Electrostatic Potential (ESP)
charges calculated at the HF/6–31G∗ level. The RESP ESP charge Derive (RED) web-
server (http://q4md-forcefieldtools.org/RED/) was used for this purpose [268, 346, 347].
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B.1.2 Classical MD simulation
1Ph2C was calculated under four solvent conditions, I) acetonitrile, II) methanol, III)
acetonitrile/methanol (80:20% v/v mixture) and IV) acetonitrile/methanol (99:1% v/v
mixture). Setups I, II and III were simulated for 5 ns in a cubic periodic box at 300 K
and 1 atm pressure, using 2 fs as timestep. Setup IV was simulated for 20 ns under
the same conditions. The cutoff for short-range non-bonded interactions was 12 Å. The
non-bonded potential was smoothly shifted to zero at 12 Å. Particle Mesh Ewald (PME)
summation was used to account for long-range electrostatics. Ph2C was kept rigid. All
the classical simulations were carried out using the NAMD program. [348]

B.1.3 QM/MM MD simulation

Snapshots of Ph2C in a droplet of solvent (of 30 Å radius from the carbene center)
were taken from the classical MD trajectories. Then, Ph2C in the solvent sphere was
subjected to 10 ps QM/MM MD simulation, at 300 K with positional restraints on the
carbene center. The QM region was formed by the Ph2C molecule and treated at the
B3LYP-D3/def2-SVP level of theory while the solvents were treated at the MM level. The
ChemShell package was used for all the QM/MM calculations, with Turbomole (v6.6) for
the QM region [349] and DL-POLY code [350] for the MM part. The interactions between
QM and MM subsystems were calculated using an electrostatic embedding scheme, in
which the MM point charges polarize the QM atoms [70].

B.1.4 QM/MM optimizations

Ten snapshots taken from the last 2 ps of the QM/MM MD simulations were used for
QM/MM optimizations. During the QM/MM optimization, Ph2C was treated at the
B3LYP-D3/def2-TZVPP level. QM/MM MD simulations and optimizations were per-
formed separately for singlet and triplet states.

J. Knorr: Femtosecond spectroscopy of photolysis reactions in the liquid phase

Dissertation, Universität Würzburg, 2015



B.2 Synthesis of compound 1 XXV

B.2 Synthesis of compound 1

Synthesis of the diphenylcarbene precursor as performed by Paolo Costa.

Materials: Benzophenone (Sigma Aldrich 99%) and p-Toluenesulfonyl hydrazide
(ABCR 98%) were used without further purification.

Diphenyldiazomethane: Benzophenone tosylhydrazone was prepared according
to a literature procedure [351] by refluxing for 40 h a mixture of 1 eq. of benzophenone
and 2 eq. of p-Toluenesulfonyl hydrazide in absolute ethanol (EtOH). The crude product
was purified by recrystallization in EtOH. By treating the tosylhydrazone with 1.1 eq.
of NaH (60% dispersion in mineral oil) in dry CH2Cl2 the corresponding sodium salt is
formed. Sublimation of the salt on a cold substrate at 45 ◦C under reduced pressure
yields the characteristic dark purple diphenyldiazomethane. IR (Ar, 3 K): 3070 (m),
2046 (vs), 1598 (s), 1582 (m), 1502 (s), 1497 (s), 1457 (m), 1447 (m), 1320 (m), 1268 (m),
1262 (m), 1034 (m), 936 (m), 756 (s), 750 (s), 697 (s), 692 (s), 651 (s), 482 (m) cm−1 H
NMR (200 MHz, DMSO) δ =7.44 (m, 4H), 7.27 (m, 6H).

B.3 Power-dependence of transient absorption spectra

Care was taken to ensure that the series of transient absorption measurements on Ph2CN2
in various solvent mixtures of MeOH and MeCN was carried out in the linear excitation
regime. To guarantee this, transient absorption spectra for different excitation energies
were recorded. Owing to the experimental setup, the latter can be controlled by the
adjustable output of the Dazzler pulse shaper. The resulting pulse energy was measured
before the sample position. Data for an exemplarily chosen solvent mixture at a certain
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Figure B.1: Linearity of pump excitation. Transient absorption spectra of Ph2CN2 in MeCN at
360 ps pump–probe delay for various 285 nm pump-pulse energies (a) and linear fit of the corresponding
absorption change signals at 360 nm versus the employed pulse energy (b).
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time delay is depicted in Fig. B.1(a). When plotting the resulting absorption change
signals for any wavelength [Fig. B.1(b), data is exemplary shown for a probe wavelength
of 360 nm], one finds linear relationships, which at least hold for excitation energies up to
134 nJ, constituting the upper limit of excitation power available in the given experimental
setup. In the actual measurement series, an excitation power of 130 nJ was used to achieve
an excellent signal-to-noise ratio.

B.4 Peak positions of 1Ph2C and Ph2CH+

The peak wavelengths of 1Ph2C and Ph2CH+ undergo significant shifts within the first
few tens of picoseconds. To quantify this behavior, a fitting procedure, which has recently
been applied by Riedle et al. in a similar manner [211], was adapted. After defining a
wavelength region of interest (338 to 376 nm for 1Ph2C and 416 to 447 nm for Ph2CH+),
a parabola is fitted to transient absorption spectra of relevant time delays. The latter
have carefully been selected by picking only spectra with a clearly discernible maximum.
The maximum of the fitted parabola is then defined as the peak position of the respective
feature. This procedure enables a sub-nm resolution, in contrast to being restricted to
the wavelength increment of approximately 1.5 nm between adjacent data points (see
graphical illustration for selected transient absorption spectra in Fig. B.2).
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Figure B.2: Peak-shift analysis. Ph2CH+ absorption band after 285 nm excitation of Ph2CN2 in a
60:40 solvent mixture of MeCN:MeOH for different time delays. Displaced maxima of the fitted parabola
curves (red) illustrate a spectral red-shift for increasing time delays.

For 1Ph2C, there is an initial red-shift of the peak wavelength within the first few
picoseconds, characteristic for solvation of singlet carbenes [196], continued by a distinct
blue-shift for longer delay times for solutions with higher MeCN fractions (see Fig. 4.7).
The blue-shift on longer time scales might originate from geometrical changes of the two
rings of the carbene molecule, or slow changes in the solvent environment. Since it is
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also observed for the measurement in pure MeCN, it was tested if this might originate
from small solvent impurities, but the same behavior was observed in dried MeCN and
deliberate addition of tiny water amounts lead to clear differences, similar to addition of
MeOH.

For Ph2CH+, one exclusively finds shifts towards longer wavelengths (plotted in
Fig. 4.8). The latter dynamics can be fitted by a monoexponential decay function. By
shifting each λ(t)-curve such that the data point with the highest time delay is set to
λ(tmax) = 0, the offset value directly reveals the deviation from the final wavelength after
relaxation (see Table B.1).

Table B.1: Fit of the Ph2CH+ peak position in MeOH/MeCN solvent mixtures using the model function
λ(t) = A1exp(−(t − t0)/τ) + A2.
MeCN (%) A1 (nm) A2 (nm) τ (ps) t0 (ps)

0 -2.6 0 23.5 11.2
20 -3.0 -0.37 36.1 11.2
40 -3.9 -0.29 46.5 12.6
60 -5.6 -0.26 69.7 18.0
65 -6.1 -1.15 85.7 20.2
70 -7.6 -2.83 130.5 29.0
75 -6.6 -1.53 110.3 32.6
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B.5 Transient absorption of 3Ph2C

Figure B.3 depicts the transient absorption of Ph2CN2 under 285 nm excitation in pure
MeCN and with small admixtures of MeOH at 315 nm (a)-(c). For better comparability, a
normalized representation is given in the lower right panel (d). The upcoming absorption
of 3Ph2C is fitted using a monoexponential model function. The corresponding time
constants can be found in Table B.2.
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Figure B.3: Transient absorption of Ph2CN2 in pure MeCN and with small admixtures of
MeOH at 315 nm.

Table B.2: Time constants obtained by fitting the rise of 3Ph2C in solvent mixtures of
MeOH and MeCN.
MeCN (%) 100 99.5 99.0
τ (ps) 361.8 328.7 283.5
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B.6 Time constants of 1Ph2C decay

When analyzing the transient behavior of 1Ph2C at its central wavelength of 355 nm,
besides contributions from the coherent artifact [20, 86] and the short-lived absorption
assigned to the excited precursor Ph2CN∗

2, dynamics are observed which strongly depend
on the solvent mixing ratio (see Fig. B.4). Generally, one finds slower dynamics for higher
MeCN fractions. The rising dynamics at 355 nm, which e.g., comprise contributions from
solvation and vibrational cooling, cannot be described by a single exponential function.
However, this is possible for the decaying part of 1Ph2C. The resulting time constants for
different MeCN fractions are listed in Table B.3. The corresponding fitting curves (red)
are displayed in Fig. B.4 within the data range which has been considered in the fitting
procedure.

Table B.3: Time constants obtained by fitting the decay of 1Ph2C in MeOH/MeCN solvent
mixtures using the model function ∆Abs(t) = A1exp(−(t − t0)/τ) + A2.
MeCN (%) 0 20 40 60 65 70 75
τ (ps) 15.9 23.4 30.5 42.7 46.1 51.8 58.3

MeCN (%) 80 85 90 95.0 95.5 96.0 96.5
τ (ps) 67.0 80.6 107.1 175.4 193.5 205.3 227.6

MeCN (%) 97.0 97.5 98.0 98.5 99.0 99.5 100
τ (ps) 246.0 274.1 302.2 336.3 363.7 390.8 376.5
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Figure B.4: Transient absorption of Ph2CN2 under 285 nm excitation in solvent mixtures
of MeOH and MeCN at 355 nm.
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B.7 Time constants of Ph2CH+

Early dynamics including the coherent artifact [20, 86] are neglected for fitting the rise
and decay of Ph2CH+ in different solvent mixtures. The time constants resulting from a
model function consisting of the sum of two exponential functions as well as a constant
offset value are listed in Table B.4. The table also contains the wavelength of the pixel
which was selected for the fitting procedure. The latter was determined by selecting the
wavelength with the highest absorption change signal within the range of the Ph2CH+

absorption, accounting for wavelength shifts. Owing to the decreasing signal strength of
Ph2CH+ when increasing the percentage of MeCN in the solvent mixture (see Fig. 4.4),
the evaluation is limited to datasets up to 90% MeCN. The resulting fit curves together
with the experimental data are depicted in Fig. B.5.

Table B.4: Time constants obtained by fitting the rise and decay of Ph2CH+ in
MeOH/MeCN solvent mixtures using the model function ∆Abs(t) = A1exp(−(t − t0)/τ1) −
A2exp(−(t − t0)/τ2) + A3.
MeCN (%) 0 20 40 60 65 70 75 80 85 90
λ (nm) 435.8 435.8 433.0 430.1 428.7 428.7 428.7 428.7 428.7 428.7
τ1 (ps) 11.6 11.7 13.2 16.6 18.2 19.7 22.4 26.1 32.3 54.5
τ2 (ps) 22.7 37.4 52.2 71.9 73.6 81.7 86.6 96.2 110.5 118.6
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Figure B.5: Transient absorption of Ph2CN2 under 285 nm excitation in solvent mixtures
of MeOH and MeCN at the respective center wavelengths of Ph2CH+.
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Supporting Information to Chapter 6

C.1 Quantum chemical calculations on compound 3

HOMO-1 HOMO-2HOMO

LUMO LUMO+1 LUMO+5 LUMO+2 LUMO+3

mostly centered on metal

centered on tris(pyrazolyl)methane ligand contributions at all CO ligands delocalized over metal-carbonyl moiety

Figure C.1: TDDFT calculations performed by Prof. Dr. Ulrich Schatzschneider on com-
pound 3 for the dominating electronic transitions induced with the employed pump pulses.
Whereas the three involved HOMOs exhibit an electron density mostly located at the manganese atom,
the character of the accessible LUMOs varies strongly. Calculations for exploring the electronic levels
involved in the excitations were performed with ORCA 2.6 on a Linux cluster using TZV(P) or better
basis sets on Mn, N, and O, and a VDZ basis set on all other atoms with the Grid4 and TightSCF
options [352, 353]. The first 30 singlet excited states were calculated in the gas phase. Figures reprinted
from Ref. [4]. © (2013) American Chemical Society.
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Table C.1: DFT calculations performed by Dr. Philipp Rudolf on the cationic unit of com-
pound 3 and putative photoproducts formed after loss of one or two CO ligands. Calculations
were performed with the software package Gaussian 09 [268], using the density functional Becke three-
parameter hybrid method in combination with the Lee-Yang-Parr correlation functional (B3LYP) and
the 6-311+G(d,p) basis set. The aqueous surrounding was included by a polarizable continuum model
(PCM) in the self-consistent reaction field (SCRF). Wavenumbers were rescaled with the optimal scaling
parameter from Ref. [269]. Table taken from Ref. [4]. © (2013) American Chemical Society.

molecule DFT (1/cm) assignment
[Mn(CO)3(tpm)]+ 1943 (FTIR 1958) ν̃asym (CO)

1943 (FTIR 1958) ν̃asym (CO)
2036 (FTIR 2051) ν̃sym (CO)

[Mn(CO)3(κ-C-tpm)]+ 1915 ν̃asym (CO)
1920 ν̃asym (CO)
1978 ν̃sym (CO)

[Mn(CO)2(tpm)]+ 1885 ν̃asym (CO)
1975 ν̃sym (CO)

[Mn(CO)2(tpm)(D2O)]+ 1864 ν̃asym (CO)
1955 ν̃sym (CO)

[Mn(CO)(tpm)]+ 1875 ν̃ (CO)
[Mn(CO)(tpm)(D2O)]+ 1833 ν̃ (CO)
[Mn(CO)(tpm)(D2O)2]+ 1821 ν̃ (CO)

J. Knorr: Femtosecond spectroscopy of photolysis reactions in the liquid phase

Dissertation, Universität Würzburg, 2015



C.2 Quantum chemical calculations on compound 4 XXXV

C.2 Quantum chemical calculations on compound 4

Table C.2: DFT calculations performed by Prof. Dr. Ulrich Schatzschneider on the cationic
unit of compound 4 and putative photoproducts formed after loss of CO or NO ligands.
Calculations were carried out on the Linux cluster of the Leibniz-Rechenzentrum (LRZ) in Munich with
ORCA version 2.8, using the BP86 functional with the resolution-of-the-identity (RI) approximation, a
def2-TZVP/def2-TZVP/J basis set, the tightscf and grid4 options, and the COSMO solvation model
with acetonitrile as the solvent for geometry optimizations and subsequent calculation of vibrational
frequencies to characterize the structures obtained as minima by inspection for absence of imaginary
modes. A scaling factor of 1.018 was used to match calculated wavenumbers with experimental values
presented in Ref. [302] (the experimental wavenumbers presented in Ref. [302] are in good agreement with
the ones presented in this dissertation). Calculated wavenumbers and the FTIR wavenumber marked with
an asterik∗ are taken from Ref. [302].

molecule DFT (1/cm) assignment
[Mo(CO)2(NO)(iPr3tacn)]+ 1704 (FTIR 1671) ν̃ (NO)

1906 (FTIR 1932) ν̃asym (CO)
2006 (FTIR 2023) ν̃sym (CO)

[Mo(CO)2(CH3CN)(iPr3tacn)]+ 1654 ν̃asym (CO)
1754 ν̃sym (CO)

[Mo(CO)(NO)(CH3CN)(iPr3tacn)]+ 1647 (FTIR 1615) ν̃ (NO)
1886 (FTIR 1896) ν̃ (CO)

[Mo(NO)(CH3CN)2(iPr3tacn)]+ 1584 (FTIR 1598∗) ν̃ (NO)
[Mo(CO)(CH3CN)2(iPr3tacn)]+ 1637 ν̃ (CO)
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C.3 Transient absorption on pure MeCN
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Figure C.2: Transient absorption of MeCN in the VIS to UV regime after 285 nm excita-
tion. The negative signal at short probe wavelengths is due to scattering of the pump beam.
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List of Abbreviations
2D two-dimensional

3D three-dimensional

ATR attenuated total reflectance

a.u. arbitrary unit

BBO β-barium borate

BS beam splitter

CCD charge-coupled device

CEP carrier envelope phase

cm centimeter

CMOS complementary metal-oxide-semiconductor

CO carbon monoxide

CORM CO-releasing molecule

CP chirped pulse

CPA chirped-pulse amplification

CPU chirped-pulse upconversion

CT charge transfer

CW continuous wave

D2O heavy water

DFG difference-frequency generation

DFT density functional theory

DM dichroic mirror

DMSO dimethyl sulfoxide

J. Knorr: Femtosecond spectroscopy of photolysis reactions in the liquid phase

Dissertation, Universität Würzburg, 2015



XXXVIII List of Abbreviations

DS delay stage

e.g. exempli gratia

eq. equivalent

ESA excited-state absorption

EtOH ethanol

FFT fast Fourier transform

FID free induction decay

FROG frequency-resolved optical gating

fs femtosecond

FT Fourier transform

FWHM full width at half maximum

FWM four-wave mixing

GDD group-delay dispersion

GSA ground-state absorption

GSB ground-state bleaching

GVD group-velocity dispersion

h hours

H2O water

HOMO highest occupied molecular orbital

HR high reflection

HT high transmission

IC internal conversion

i.e. id est

IR infrared

ISC intersystem crossing

IVR intramolecular vibrational relaxation

JTFR joint time-frequency representation

J. Knorr: Femtosecond spectroscopy of photolysis reactions in the liquid phase

Dissertation, Universität Würzburg, 2015



List of Abbreviations XXXIX

LBO lithium triborate (LiB3O5)

LNB lithium niobate (LiNbO3)

LPF longpass filter

LUMO lowest unoccupied molecular orbital

MCT mercury cadmium telluride (HgCdTe)

MD molecular dynamics

MeCN acetonitrile

MeOH methanol

MgO magnesium oxide

MIR mid-infrared

MM molecular mechanics

mm millimeter

NC nonlinear crystal

ND neutral density

NIR near-infrared

nm nanometer

NMR nuclear magnetic resonance

NO nitric oxide

NOPA noncollinear optical parametric amplifier

nr non-radiative

ns nanosecond

OD optical density

OPA optical parametric amplifier or optical parametric amplification

PA product absorption

PES potential energy surface

PFID perturbed free induction decay

Ph2C diphenylcarbene
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XL List of Abbreviations

Ph2CH+ benzhydryl cation

Ph2CN2 diphenyldiazomethane

POL polarizer

PR probe pulse

ps picosecond

QM quantum mechanics

r radiative

RG red glass

S sample or singlet—depending on the context

SE stimulated emission

SFG sum-frequency generation

SHG second-harmonic generation

SPF shortpass filter

SPIDER spectral phase interferometry for direct electric field reconstruction

SPM self-phase modulation

SVEA slowly varying envelope approximation

T triplet

TA transient absorption

TD-DFT time-dependent density functional theory

TEA time-encoded arrangement

TEM transversal electromagnetic

TFA trifluoroacetic acid

Ti:Sapphire titanium-doped aluminium oxide (Al2O3)

TOD third-order dispersion

TPA two-photon absorption

UV ultraviolet

VC vibrational cooling
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List of Abbreviations XLI

VET vibrational energy transfer

VIS visible

WLC white-light continuum

WLG white-light generation

XPM cross-phase modulation

XUV extreme ultraviolet
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