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Abstract

Over the past decades, transient absorp-
tion (TA) spectroscopy has matured into
a routine, broadband femto- to microsec-
ond probe for photoinduced dynamics. It
is uniquely powerful to disentangle photo-
physical pathways, including the generation
and relaxation of triplet states that govern
efficiencies in applications ranging from light-
emitting diodes and solar cells to photody-
namic therapy and sensing. However, turn-
ing TA experiments into quantitative insight
often remains a bottleneck since it demands
global modeling and substantial coding ex-
pertise, while existing workflows too often
lack statistical robustness, transparency and
flexibility.

This cumulative thesis, based on four re-
search papers, addresses these limitations
in TA data handling and modeling by de-
veloping a software framework covering the
full TA workflow from import and prepro-
cessing to analysis and visualization. This
workflow is then applied to investigate the
nature, generation and relaxation of triplets
in oxygen-sensitive tungsten iodide clusters
and heptacenes.

First, I developed TAPAS (Transient Ab-
sorption Processing and Analysis Software)
as a fully integrated graphical user inter-
face. Leveraging a modern machine-learning
compiler ecosystem, substantial speedups

in the computationally intensive fitting en-
gine were achieved when compared to con-
ventional packages. I implemented meth-
ods to estimate parameter confidence inter-
vals and correlations via automatic differ-
entiation, effective-sample-size scaling, and
Bayesian posterior analysis. These capabili-
ties were validated on multiple TA datasets
and complementary measurements of rose
bengal, yielding a single, self-consistent ki-
netic model. The analysis also exposed pa-
rameter correlations and weak identifiability
in smaller datasets or local fits, which is of-
ten not captured by conventional software,
resulting in a misleading impression of model
robustness. This clearly emphasizes the ad-
vantage of the TAPAS engine for jointly fit-
ting multiple datasets and complementary
information, as well as the value of the im-
plemented statistical methods for a more
reliable assessment of model and parameter
uncertainties and identifiability.

Second, I established TA spectroscopy to
monitor triplet generation and relaxation
of a novel cationic tungsten iodide cluster
under varied conditions, correlating the re-
sults with time-resolved emission measure-
ment. By globally modeling multiple TA
datasets spanning different temporal win-
dows, I characterized the excited-state prop-
erties including intersystem crossing (ISC)




rates, triplet-emission lifetimes and oxygen
quenching. The cationic cluster undergoes
ultrafast ISC within about 2 ps into a hot
triplet state, which further relaxes to the
emissive triplet and then decays on microsec-
ond timescales.

Building on this, in the third study on two
general anionic tungsten iodide clusters, I
combined TA with time- and temperature-
resolved emission spectroscopy and relativis-
tic time-dependent density functional theory
to explore the ultrafast triplet-state genera-
tion and the unusual broad and temperature-
sensitive emission characteristics. Tracking
the dynamics from 200 fs to 400 ps shows
that both clusters populate triplet states
within 6 ps, which subsequently decay ei-
ther via bimolecular oxygen quenching or
phosphorescence. Extracted emission life-
times and oxygen-quenching rates agree with
complementary time-resolved emission mea-
surements. Further, temperature-dependent
emission measurements from 4 to 340 K of
the clusters dispersed in a polymer matrix
reveal systematic shifts in both spectra and
lifetimes. Using a group-theoretical model
with three distinct emissive spin sublevels
yields satisfactory simulations, contrasting
earlier reports on molybdenum-based clus-
ters that invoked four sublevels. Relativis-
tic calculations further indicate substantial
excited-state geometric relaxation, challeng-

ing a purely group-theoretical description
and motivating a relativistic model with
three thermally accessible excited-state ge-
ometries, each possessing three triplet sub-
levels.

Finally, the photophysics of a novel photo-
chemically stable heptacene derivative were
investigated using comprehensive steady-
state absorption, emission, and TA mea-
surements. These studies show that the
lowest excited state is an electric-dipole-
forbidden (dark) transition, in contrast to
shorter acenes. In this context, I performed
broadband TA experiments which reveal
rapid triplet formation and relaxation, plau-
sibly facilitated by this dark singlet state.
These results were used to discuss the under-
lying triplet-generation pathway, considering
both ISC and singlet fission as viable mech-
anisms.

In summary, this thesis delivers an
open-source software providing the whole
TA processing-, analysis-, modeling- and
visualization- workflow with comprehensive
statistical treatment essential for complex
models and uses this framework to elucidate
triplet-state population, configuration and
relaxation in tungsten iodide clusters and
heptacenes.
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Zusammenfassung

In den vergangenen Jahrzehnten hat
sich die transiente Absorptionsspektrosko-
pie (engl. Transient Absorption, TA) zu ei-
ner routinemafig eingesetzten, breitbandi-
gen Methode entwickelt, mit der photoindu-
zierte Dynamiken auf Zeitskalen von Femto-
bis Mikrosekunden untersucht werden koén-
nen. Sie ist besonders geeignet, photophy-
sikalische Prozesse einschlieflich der Erzeu-
gung und Relaxation von Triplettzustanden
aufzuklaren, welche die Effizienz in Anwen-
dungen von Leuchtdioden und Solarzellen
bis hin zu photodynamischer Therapie und
Sensorik bestimmen. Die Gewinnung quanti-
tativer Erkenntnisse aus TA-Experimenten
bleibt jedoch héufig eine Herausforderung,
da sie globales Modellieren und erhebliche
Programmierkenntnisse erfordert, wahrend
es vorhandenen Softwarelésungen oft an sta-
tistischer Robustheit, Transparenz und Fle-
xibilitdt mangelt.

Diese kumulative Dissertation, die auf vier
Forschungsarbeiten basiert, befasst sich mit
diesen Einschrankungen in der Behandlung
und Modellierung von TA-Daten durch die
Entwicklung einer Software, die den gesam-
ten Prozess der TA-Datenauswertung von
Import und Aufbereitung bis hin zu Analy-
se und Visualisierung abdeckt. Dieser An-
satz wird anschliefend eingesetzt, um die
Natur, Bildung und Relaxation von Triplett-

zustanden sauerstoffsensitiver Wolframiodid-
Cluster und Heptacene zu untersuchen.
Zunachst entwickelte ich TAPAS (Tran-
sient Absorption Processing and Analysis
Software) als vollstandig integrierte Softwa-
re mit grafischer Benutzeroberfliche. Durch
die Nutzung eines modernen Compiler-
Okosystems, wie es im maschinellen Ler-
nen eingesetzt wird, konnten deutliche
Geschwindigkeitsgewinne der recheninten-
siven Simulationen im Vergleich zu her-
kommlichen Softwarepaketen erzielt wer-
den. Hierbei implementierte ich Metho-
den zur Abschitzung von Konfidenzinter-
vallen und Parameterkorrelationen mithil-
fe automatischer Differenzierung, effektiver
Stichprobengrofien-Skalierung und Bayes-
scher Posterior-Analyse. Diese Verfahren
wurden an mehreren TA-Datensétzen sowie
durch komplementare Messungen an Bengal-
rosa validiert und fithrten zu einem einheitli-
chen, selbstkonsistenten kinetischen Modell.
Die Analyse legte zudem Parameterkorre-
lationen und eingeschrankte Identifizierbar-
keit in kleineren Datensétzen oder lokalen
Fits offen, die von konventioneller Software
haufig nicht erfasst werden und féalschlich
den Eindruck eines robusten Modells ver-
mitteln. Dies unterstreicht klar die Vorteile
der TAPAS-Algorithmen fiir das gemeinsame
Fitten mehrerer Datensatze und komplemen-
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tarer Informationen sowie den Nutzen der
implementierten statistischen Methoden fiir
eine verlésslichere Beurteilung von Modell-
und Parameterunsicherheiten sowie der Iden-
tifizierbarkeit.

Im zweiten Teil setzte ich TA-
Spektroskopie ein, um die Triplettbildung
und -relaxation eines neuartigen kationi-
schen Wolframiodid-Clusters unter verschie-
denen Bedingungen zu messen, und korrelier-
te die Ergebnisse mit zeitaufgelosten Emissi-
onsmessungen. Durch globales Modellieren
mehrerer TA-Datenséatze, die unterschiedli-
che Zeitfenster abdecken, charakterisierte ich
die angeregten Zustande, einschliefllich Inter-
kombinationsraten (engl. Intersystem Cros-
sing, ISC), Triplett-Emissionslebensdauern
und Sauerstofioschungseffekten. Der kationi-
sche Cluster durchlauft innerhalb von etwa
2 ps einen ultraschnellen ISC-Prozess in
einen heiflen Triplettzustand, der weiter in
den emissiven Triplettzustand relaxiert und
anschliefend auf Mikrosekunden-Zeitskalen
zerfallt, wobei der emissive Zustand effizient
durch molekularen Sauerstoft geloscht wird.

Anhand dieser Ergebnisse kombinierte ich
in der dritten Studie zu zwei repréisenta-
tiv anionischen Wolframiodid-Clustern TA-
Spektroskopie mit zeit- und temperaturauf-
geloster Emissionsspektroskopie sowie re-
lativistischer zeitabhéngiger Dichtefunktio-
naltheorie, um die ultraschnelle Triplettbil-
dung und die ungewohnlich breite und tem-
peraturabhéangige Emission zu untersuchen.
Zeitaufgeloste Messungen im Bereich von
200 fs bis 400 ps zeigen, dass beide Cluster
innerhalb von 6 ps Triplettzustande beset-
zen, die anschliefend entweder iiber bimole-
kulare Sauerstofioschung oder Phosphores-
zenz zerfallen. Die extrahierten Emissions-
lebensdauern und Sauerstoffquench-Raten
stimmen mit komplementéaren zeitaufgelos-
ten Emissionsmessungen iiberein. Dariiber
hinaus zeigen temperaturabhéngige Emis-
sionsmessungen zwischen 4 und 340 K an
dispergierten Clustern in einer Polymerma-
trix systematische Verschiebungen sowohl in

Spektren als auch in Lebensdauern. Die Mo-
dellierung unter Verwendung eines gruppen-
theoretischen Ansatzes mit drei unterschied-
lichen emissiven Spin-Unterniveaus liefert gu-
te Ubereinstimmung mit den Messungen und
steht damit im Gegensatz zu fritheren Arbei-
ten an molybdénbasierten Clustern, in de-
nen vier Unterniveaus angenommen wurden.
Relativistische Rechnungen weisen zudem
auf erhebliche geometrische Relaxation im
angeregten Zustand hin, was eine rein grup-
pentheoretische Beschreibung infrage stellt
und ein relativistisches Modell mit drei ther-
misch zuganglichen angeregten Geometrien
nahelegt, von denen jede drei Triplettunter-
niveaus aufweist.

Abschliefend wurde die Photophysik
eines neuartigen, photochemisch stabi-
len Heptacen-Derivats mittels umfassender
Absorptions-, Emissions- und TA-Messungen
untersucht. Diese Studien zeigen, dass der
niedrigste angeregte Zustand im Gegensatz
zu kiirzeren Acenen ein elektrisch dipolver-
botener (,dunkler) Ubergang ist. In diesem
Zusammenhang fiihrte ich breitbandige TA-
Experimente durch, die eine schnelle Bildung
und Relaxation von Triplettzustanden offen-
legen, was plausibel durch diesen dunklen
Singulettzustand begiinstigt wird. Diese Er-
gebnisse dienten als Grundlage fiir die Dis-
kussion des zugrunde liegenden Triplettbil-
dungsmechanismus, wobei sowohl ISC als
auch Singulettspaltung als mogliche Pfade
in Betracht gezogen wurden.

Zusammenfassend stellt diese Disserta-
tion eine quelloffene Software zur Verfii-
gung, die den vollstandigen Prozess der TA-
Datenauswertung, von Verarbeitung, Ana-
lyse, Modellierung und Visualisierung bis
hin zu einer umfassenden statistischen Be-
handlung komplexer Modelle, unterstiitzt
und deren Architektur nutzt, um Triplett-
population, -konfiguration und -relaxation
in Wolframiodid-Clustern und Heptacenen
aufzuklédren.
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CHAPTER

Introduction

1.1 Motivation

Photoactive materials are an important re-
search and development field for applications
such as light-emitting diodes (LEDs) and dis-
plays, solar cells, photosensitizers for medi-
cal therapy and biosensors.' ™ For technical
progress, it is crucial to understand excited-
state behavior and loss channels, as this
knowledge enables both higher efficiency and
improved durability of the active material.’

1.1.1 Triplet States and Their
Importance

In many of these materials, the energeti-
cally lowest-lying excited state is a long-lived
and often dark state with a characteristic
electronic configuration, the triplet state.®”
Even when the triplet population rate is
low, triplets can sensitize the formation of
singlet oxygen, which can subsequently de-
grade the molecule.® Moreover, the slow,
long-lived accumulation of triplets can also
induce degradation and substantially reduce
device efficiency.” !’

On the other hand, organic semiconductors
or clusters with high triplet generation do
not need to reduce the overall performance,
often the opposite is true: In LED appli-

cations, triplet emitters can achieve much
higher internal efficiencies because there are
statistically more microstates available for
radiative recombination (3 vs. 1).'" In so-
lar cells, combining a conventional semicon-
ductor with a material that produces triplet
states via a process called singlet fission (SF),
can increase the theoretical power-conversion
efficiency from about 33 % to 44 %.'**

Moreover, the ability to generate singlet
oxygen can not only be unfavorable in terms
of photobleaching, but also a feature for
oxygen sensing and photodynamic therapy
(PDT), where reactive oxygen species can
be used to initiate cancer cell death.'” Fi-
nally, triplet emitters typically have a low-
energy emission in the far red, making them
well-suited for bioimaging within the optical
transparency window of biological tissues.”

An example for the aforementioned pho-
tophysical properties are transition metal
halide clusters: They exhibit long-lived
and bright triplet emission which can
be quenched efficiently via singlet oxygen
formation.'” ! Despite decades of study, the
population pathways and nature of the un-
derlying triplet states remain under active
debate, particularly for tungsten-iodide clus-
ters, whose excited-state properties are still
only scarcely characterized.?’ %
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An important class of materials that can
undergo SF are acenes. These organic semi-
conducting materials consist of linearly fused
benzene rings which have already proven
effective in organic LEDs and acene-based
photovoltaics.”* * However, as ring number
increases, the molecules become more re-
active and their electronic structure more
complex, so relatively little is known about
triplet-state generation in higher acenes like
heptacene.?02*

Understanding when and how triplets are
generated and how they relax or emit is es-
sential for both fundamental photophysics
and applications. At the same time, triplet
manifolds are intrinsically multidimensional.
Their complex electronic structure and envi-
ronmental sensitivity, combined with their
occurrence over broad energy and time scales,
make quantitative and mechanistic investi-
gations challenging.”*" Extracting reliable
rate constants and triplet-level splittings re-
quire not only sensitive and high-resolution
measurements but also models capable of
distinguishing true physical structure from
parameter cross-talk.®’ A measurement tech-
nique proven to be valuable for probing
triplet dynamics is transient absorption (TA)
spectroscopy.*”

1.1.2 Transient Absorption for

Triplet Photophysics

TA spectroscopy, which is the central
method of this thesis, tracks the excited-
state population of a material in real time
across broad spectral and temporal windows,
revealing the formation of triplets and other
transient species as well as their subsequent
relaxation pathways.*!**** This method is
based on pump-probe spectroscopy which
was developed in 1949 by FEigen, Norrish
and Porter, and was further recognized with
the Nobel Prize in 1967.° Ahmed Zewail
extended this approach to ultrafast femtosec-
ond pump-probe experiments and TA spec-
troscopy in the narrower sense and received
the Nobel Prize in 1999 for this develop-

ment of femtochemistry.”® One femtosecond
(10715 s) bears the same relation to a sec-
ond as a second does to 32 million years
and it is on this time scale where photo-
physical and photochemical reactions typ-
ically begin.” Over the last decades, TA
spectroscopy has become far more accessi-
ble due to advances in laser amplification
(Nobel Prize in 2018), improved stability as
well as computer-controlled and automated
tuning of optical components, moving TA
from specialized laboratories toward wider
adoption.®™*?

In contrast to time-resolved emission ex-
periments, the key strength of TA spec-
troscopy is its sensitivity to both radiative
and nonradiative transient states or prod-
ucts. With modest adjustments of the setup,
TA experiments can typically cover tem-
poral delays from a few hundred femtosec-
onds to many microseconds and spectral re-
gions from the ultraviolet (UV) to the near-
infrared (NIR), making this technique es-
pecially well-suited for monitoring triplet
dynamics. 321314

1.1.3 The Bottleneck is not
(Only) Data

Paradoxically, this ability to "see everything'
across broad temporal and spectral win-
dows is also its main complication. Kinetic
and spectral signatures from various excited
states, photoproducts, their mutual or envi-
ronmental interactions as well as setup ar-
tifacts can overlap the same spectral and
temporal regions. Disentangling these con-
tributions typically requires complementary
observables (e.g., time-resolved emission and
temperature-dependent measurements) to
constrain assignments, careful data model-
ing and an explicit treatment of uncertainty
so that conclusions reflect what the data
support. 31333445

In practice, complex TA models are often
reported with limited provenance (prepro-
cessing choices, constraints, priors), without
statistical diagnostics and use closed and
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"blackbox" software or private scripts, mak-
ing it difficult for the broader community
to reproduce or extend results. Thus, the
limiting factor is less about acquisition and
more about transparent analysis.

The need and development of more open
science and data management was summa-
rized in 2016 by the Findable, Accessible,
Interoperable, Reusable (FAIR) principles.®
In essence, the principles serve as guidelines
to describe, store and publish data by using
rich, standardized and persistent (meta)data,
shared formats, vocabulary and clear prove-
nance, so that the data are interoperable
and reusable by humans and machines. This
growing awareness in open and transpar-
ent data management is also reflected in
the "Guidelines for Safeguarding Good Re-
search Practice" by the German Research
Foundation (German: Deutsche Forschungs-
gemeinschaft, DFG) from 2019, which explic-
itly encourage implementation of the FAIR
principles.’” Given the complexity and mul-
tidimensionality of TA data, their kinetic
models and the various preprocessing steps
involved, FAIR practices and the use of ad-
vanced statistical methods are particularly
important for TA spectroscopy.

Having outlined the importance of triplet
phenomena, the suitability of TA spec-
troscopy for probing these transient contribu-
tions, and the need for careful, transparent
and reproducible data management and anal-
ysis of TA data, the next section states the
specific objectives of this thesis.

1.2 Objective

This cumulative thesis has two main aspects:
First to develop and validate an accessible,
FAIR, and statistically rigorous workflow for
TA spectroscopy implemented in an open-
source graphical user interface (GUI) and

second, to apply that workflow to resolve pre-
viously unanswered questions about triplet
generation and relaxation in two archetypal
systems: oxygen-sensitizing tungsten iodide
clusters and a stabilized heptacene deriva-
tive in which the electronic structure and
potential triplet state population has not yet
been analyzed experimentally.

In this context, the present work addresses
the following issues:

1. TA Analysis Software Combining
FAIR Principles & Uncertainty
Quantification

A TA analysis software covering the
whole workflow (import, preprocess-
ing, fitting, visualization) should ide-
ally be free and open-source, intuitive
via a GUI, transparent with automated,
FAIR-complient (meta)data, extend-
able, and equipped with fast, customiz-
able fitting routines and rigorous un-
certainty analysis. For our laboratory
and within the context of this work,
it is further essential that complemen-
tary experiments and TA measurements
covering different temporal or spectral
regions can be combined into a single
project and analyzed jointly to increase
statistical robustness.

Because no software met all these re-
quirements at the start of this work,
their development and implementation
became a primary goal of this work.
The performance of the software with
focus on parameter and model identifi-
ability was evaluated on the literature-
known dye rose bengal.

2. Triplet Generation and Nature in
Tungsten lodide Clusters

Although the emission properties of
molybdenum and tungsten halide clus-
ters have attracted interest since the
1980s, many aspects of their photo-
luminescence remain unresolved, espe-
cially for the less investigated tungsten

3
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iodide subfamily. Although compet-
ing models exist for the molybdenum-
based cluster emission, their compari-
son and applicability to tungsten halide
clusters have not been systematically
tested, resulting in a lack of impor-
tant key figures like triplet population
rates, triplet splitting energy and num-
ber of emissive triplet states. Further,
the structural, photoluminescent and
oxygen-quenching changes when mov-
ing to cationic tungsten iodide species
have not been explored in detail.

Thus, a first aim was to characterize
the excited-state properties of a novel
cationic tungsten iodide cluster by es-
tablishing TA spectroscopy to monitor
triplet population and decay under var-
ied conditions and to compare with
complementary emission experiments.
In a comprehensive follow-up study on
two general tungsten iodide clusters,
TA spectroscopy was combined with
temperature- and time-resolved emis-
sion to quantify triplet-population and
quenching rates, as well as the splitting
of emissive triplet sublevels. In doing so,
the overarching question of the nature
of the triplet states in tungsten iodide
clusters was addressed by integrating
TA and emission results with theoreti-
cal calculations and literature on related
Mo-based clusters.

3. Electronic Configuration & Triplet-
Formation Mechanism in a Hep-
tacene Derivative

While the photophysics of shorter
acenes (e.g. tetracene, pentacene) are
well studied, investigations of higher
acenes such as heptacene remain scarce
due to their low stability.

For this reason, the aim of this study
was to fully analyze a new, stable hep-
tacene derivative using steady-state and
TA spectroscopy to reveal its electronic
structure and triplet-state population
and compare the findings with theoreti-

cal predictions. Beyond guiding future
applications, this provides insight into
the acene family as a whole and tests
the applicability of advanced theoretical
models.

In summary, this thesis pursues the de-
velopment of FAIR-compliant TA software
covering the full analysis workflow with de-
tailed uncertainty estimation, and the inves-
tigation of triplet-state nature, generation
and relaxation in tungsten iodide cluster sys-
tems and a novel heptacene derivative. The
following section outlines the structure of
the cumulative thesis and how each chapter
contributes to these objectives.

1.3 Structure of the
Work

This cumulative thesis is organized as fol-
lows:

In Chapter 2, the scientific and concep-
tual background required for this work are
introduced. The first two sections cover the
theoretical and photophysical fundamentals
of light-matter interaction and excited-state
dynamics. The general spectroscopic meth-
ods used in this work are then outlined with
a focus on their accessible observables, fol-
lowed by a detailed description of the im-
plementation of a TA setup and the funda-
mentals of TA data analysis and modeling.
Finally, the investigated material systems
are introduced with emphasis on their pho-
tophysical properties.

Chapter 3 treats the development, im-
plementation and design choices of the free
and open-source software TAPAS (Transient
Absorption Processing and

Analysis Software). The graphical inter-
face, the underlying modular architecture
and the numerical and theoretical algorithms
employed for fitting and error analysis are
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described. The complete analysis workflow is
then demonstrated on multiple TA datasets
of the model dye rose bengal. Practical as-
pects of the analysis and detailed assess-
ments of error and parameter identifiabil-
ity are discussed and compared with exist-
ing TA software. This chapter is based on
the publication "TAPAS: Transient Absorp-
tion Processing and Analysis Software", pub-
lished in ChemPhotoChem. Supplementary
information on this chapter can be found in
Appendix A.

In Chapter 4, the preparation as well as
the structural and photophysical character-
ization of a novel cationic tungsten iodide
cluster is reported. TA spectroscopy reveals,
for the first time for tungsten halide clus-
ters, an ultrafast transition within ~ 2 ps,
assigned to triplet state population as well as
the subsequent decay of the long-lived triplet
via emission or oxygen quenching, consistent
with complementary measurements. This
chapter is based on the publication "Prepa-
ration, photoluminescence and excited state
properties of the homoleptic cluster cation
[(Welg)(CH3CN)g)** 1", published in Dalton
Transactions. Supplementary information on
this chapter can be found in Appendix B.

In Chapter 5, the insights from han-
dling and analyzing oxygen-sensitive tung-
sten iodide clusters with TA spectroscopy
from Chapter 4 are extended to two pro-
totypical tungsten iodide clusters. These
are investigated comprehensively by TA and
by time- and temperature-resolved emission
spectroscopy, enabling application and test-
ing of triplet-state models from related sys-
tems and yielding key parameters such as
triplet-population and decay rates, quench-
ing rates, and triplet sublevel splittings.

Together with theoretical calculations, this
chapter evaluates existing models based on
molybdenum clusters and proposes a re-
fined quantum-theoretical framework for the
triplet nature and optoelectronic properties.
This chapter is based on the publication
"Time- and Temperature-Resolved Triplet
Dynamics in Tungsten lodide Clusters", pub-
lished in Inorganic Chemistry. Supplemen-
tary information on this chapter can be
found in Appendix C.

Chapter 6 addresses the lowest excited
state of a novel and stable heptacene deriva-
tive, allowing a broadband TA analysis from
the UV to the NIR over the full tempo-
ral range. The results support a different
electronic structure compared with shorter
acenes, consistent with theory and comple-
mentary spectroscopy. Further, TA reveals
triplet-state population and decay, whose
possible mechanisms are discussed. This
chapter is based on the publication "The
Lowest Excited State of Heptacenes Is Dark",
published in The Journal of Physical Chem-
istry Letters. Supplementary information on
this chapter can be found in Appendix D.

In Chapter 7, the main results of this
work are summarized and discussed, followed
by an outlook and concluding remarks.







CHAPTER

Theoretical and Scientific

Fundamentals

This chapter provides the conceptual foun-
dation for the experimental and analyti-
cal investigations that follow. I begin in
Section 2.1 with the photophysical and
photochemical fundamentals governing light-
matter interactions, followed by outlining
the cascade of processes triggered by pho-
toexcitation in Section 2.2 and the spec-
troscopic observables that make them ac-
cessible in Section 2.3. Section 2.4 then
turns to TA spectroscopy, detailing femtosec-
ond laser technology, light conversion and
setup geometry as well as the accompany-
ing experimental workflow. Building on this,
Section 2.5 outlines data processing and
data analysis strategies for kinetic model-
ing of TA data that underpins the frame-
work developed in this work. Finally, in
Section 2.6, I survey the material families
investigated to elucidate energy transfer and
triplet-generation dynamics throughout this
thesis. Together, these sections supply the
theoretical and methodological scaffolding
necessary to interpret the TA data and pho-
tophysical pathways discussed in subsequent
chapters.

2.1 Photophysical
Background

Generally, optical phenomena can be ap-
proached from three complementary perspec-
tives: Geometrical optics describe the light
as straight-line rays, which can be a useful
approximation for describing optical images
or beam paths. However, this view cannot
describe interaction of light and matter such
as scattering, diffraction, interference or po-
larization. These effects fall under wave op-
tics which understands light as a periodic
oscillation of electromagnetic fields in time
and space, first anticipated by Faraday in
1831 and rigorously formulated by Maxwell
in 1865."°Y In the beginning of the 20th
century, quantum optics emerged, describing
light as a stream of discrete quanta, so-called
photons without abandoning its underlying
wave nature and thereby explaining photoab-
sorption, emission and related processes.”!

Together, these perspectives embody the
particle-wave duality of light.%"""? T will in-
voke each of them in the following sections
as required.




2. Theoretical and Scientific Fundamentals

2.1. Photophysical Background

2.1.1 Photons and Their
Energies

Spectroscopy refers to a group of techniques
that study the energy-dependent interaction
between matter and electromagnetic radia-
tion. In 1900, Planck modeled a black-body
radiator as an ensemble of oscillating and
emitting molecules or oscillators and showed
that absorption and emission are not contin-
uous but occur in discrete quanta. Building
on this insight, Einstein unified the particle-
and wave models of light by relating the en-
ergy F of a radiation quantum (a photon)
to its frequency v given by Equation 2.1:%°

Co
E=hv=h Y

with the Planck constant h = 6.626 - 1073
Js. Since the speed of light is a constant ¢y =
2997925, frequency v can be replaced by
the wavelength \. (Equation 2.1).

A stream of photons with a very narrow
energy distribution (or ideally a single en-
ergy) is termed monochromatic. Real light
sources, however, exhibit a finite bandwidth
that can be characterized, for example, by a
maximum and their full width at half maxi-
mum (FWHM).

Across the electromagnetic spectrum from
long waves and radio waves (= 10? Hz) to -
and cosmic rays (~ 10% Hz), photons can in-
teract with matter and chemical processes in
distinct ways.”’ Low-energy photons in the
microwave region induce rotational transi-
tions, NIR photons drive vibrational modes,
visible (Vis) to UV photons promote elec-
trons between electronic states and higher
energies can ionize atoms by ejecting core
electrons.”’ ! Since the present work mainly
investigates the electronic transitions in the
UV-Vis-NIR range, the following discussion
mainly focuses on the related processes.

(2.1)

2.1.2 Energies in Boxes: The
Schrodinger Equation

The center of spectral analysis is the mea-
surement of energy differences AFE either

through absorption (the uptake of a pho-
ton that promotes an electron from a lower
to a higher energetic state), or conversely
through emission (photon release accompa-
nied by a transition to a lower energetic
state). These processes are formally de-
scribed by the Schrodinger equation formu-
lated in 1926 which I will reference concep-
tually below:"”

Much as the classical wave equation gov-
erns the vibration of a stretched string, the
Schrodinger equation relates an electron’s
wavefunction 1) to the system’s kinetic and
potential energy. The probability of finding
the electron within a volume dV is given by
the squared modulus ? dV. Each discrete
(eigen)solution carries a definite energy and
is labeled by three quantum numbers anal-
ogous to the single mode index in the one-
dimensional string problem: principal- n,
azimuthal- [ and magnetic quantum number
m;. Additionally, the spin quantum num-
ber m, accounts for the electron’s intrin-
sic angular momentum and can be derived
taking the temporal fourth dimension into
account.’”%%% The allowed values of these
quantum numbers are mutually constrained,
as summarized in Table 2.1.

[Table 2.1: General relationship of quan?
tum numbers.
Quantum
Number  Symbol Values
Principal n 1,2, ...n
Azimuthal [ 0,1, 2, .. (n1)
Magnetic — my -1, -l4+1 ... -1, 1
Spin ms +1/2

J

From the Schrédinger equation, the atomic
orbitals and their energies can be derived and
defined by the three main quantum numbers.
For a given [, there are 2] + 1 orbitals only
diverging in their spatial orientation. Since
they share the same energy in a spherically
symmetric field, these orbitals are degener-
ate. The degeneracy can be lifted for exam-
ple by applying an external magnetic field

8
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resulting in a splitting of the spectral fea-
tures (Zeeman effect).”” "

2.1.3 When Spins Align

In the following discussion, I omit explicit
operator and bra—ket notation, describing all
angular momenta in the vector-model frame-
work. A rigorous operator-based deriva-
tion can be found in the standard quantum-
mechanics literature.”"° I treat each electron
as carrying a spin vector s; and an orbital
vector l_; . Vector addition over all electrons
N, yield the total spin vector S and the to-
tal orbital vector E, whose allowed lengths
are characterized by their quantum num-
ber S and L respectively in Equations 2.2
and 2.3.

§=',§ S| =/S(S+ 1)k (2.2)
E:%E L = /L(L+ 1k (2.3)

Further, the total angular momentum
vector J is characterized by the quantum
numbers J (magnitude) and M; (its z-
component) in Equation 2.4, while the spin
multiplicity is defined in Equation 2.5.%

T =/J(J+ 1)k (2.4)

(2.5)

J=8+1L
spin multiplicity = 25 + 1

If every electron is spin-paired, the total
spin is S = 0 giving a spin multiplicity of
1 and defining a singlet state. When S =
1, the multiplicity rises to 3, producing a
triplet state whose three sublevels separate
in an external magnetic field. It is worth
noting, that in the above case, LS (Russell-
Saunders) coupling is assumed, which is a
valid approximation for light atoms (atomic
number Z < 40) where electron-electron
Coulomb interactions dominate spin-orbit
coupling (SOC).”"! In heavier atoms SOC
scales roughly as Z* and mixes L and S
making the orbital angular momentum L

and the spin S lose their status as good
quantum numbers. In this case, jj coupling
is used, where the single electron angular
momentum j: is formed first and then vector
added to build the total angular momentum
vector J.0

For electric-dipole transitions in LS-
coupled atoms the main rules are
e Pauli exclusion principle:** all elec-

trons need to differ in at least one quan-
tum number.

e Hund’s rules:* the configuration with
the maximum total angular momentum
L and the maximum total spin S has
the lowest energy.

« Dipole selection rules:°

~AS=0

— AL =0,£1(L =0 + 0)
— AJ=0,£1(J =0« 0)
— AM;=0,+1

For molecules, these strict atomic selection
rules relax since molecular vibrations and ro-
tations add extra, quantized degrees of free-
dom. By invoking the Born-Oppenheimer
approximation, the fast electronic motion
can be separated from the slower nuclear
motion.”* Treating the nuclei alone then
reduces the Schrodinger equation to an
(an)harmonic oscillator for vibrations and
a rigid rotor for rotations, yielding the vibra-
tional quantum number v and the rotational
quantum number J,,; with discrete energy
values. Because molecules can exchange en-
ergy among electronic, vibrational, and rota-
tional modes, spin-forbidden electronic tran-
sitions, for example, can gain intensity via
spin-orbit and vibronic coupling.®°!°°

2.1.4 The Geometry of
Intensity
The Franck-Condon principle offers a

more intuitive picture of the intensity of
transitions.”"”1740%% Tt states that during

9
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an ultrafast electronic transition, the nuclei
are effectively frozen and therefore, the tran-
sition probability is governed by the overlap
of the initial and final vibrational wavefunc-
tions. In other words, the strongest spec-
tral lines occur where the two vibrational
modes overlap most closely as sketched in
Figure 2.1.

(A, )

Energy

L 4

Internuclear distance

B
N
0—2
3
c
[0}
=
o}
38
<
Wavelength

Figure 2.1: Franck-Condon principle.

(A) Energy diagram showing two elec-
tronic transitions with their vibrational lev-
els and wavefunctions. The dashed line in-
dicates a vibronic transition starting from
the lowest vibrational level of the lowest
electronic state. (B) Corresponding ab-
sorbance spectrum showing that the higher
the overlap of the electron density of initial
and final state in A, the higher the intensity
of the corresponding spectral band (here
\forl/:()—>1/:2).

J

In addition to the vibrational structure
superimposed on every electronic level, rota-
tional transitions are also overlaid which can
broaden the spectrum even more. Extrinsic
factors like solvent properties, temperature
and aggregation state damp vibrations and
rotations leading to changes in the spectral
resolution of transitions. Further, solvent
interactions can stabilize or destabilize some
excited states translating the entire band to
higher or lower energy.”’:>407.6%

Electronic states and their transitions can
be classified in several ways. Notations
based on molecular orbitals following Kasha
(e.g. n— 7*),% group theoretical symmetry
classes (e.g. 'A; — 1A,), or the older Mul-
liken system (e.g. N — V)™ all appear in
the literature. In the following, I will mainly
use an enumerative ordering based on spin
multiplicity (e.g. Sp — S2).

2.1.5 Mapping Excited-State
Pathways

A Jabtonski diagram, named after the sci-
entist who first proposed it in 1933,”" is the
standard way to illustrate the electronic and
vibrational manifolds in a material together
with their transitions. In contrast to a molec-
ular orbital diagram, it arranges states verti-
cally according to the energy spacings mea-
sured spectroscopically. In line with the enu-
merative ordering of states, the ground state
is typically the Sy state, while S; and T
denote the lowest excited singlet and triplet
states, respectively. Figure 2.2 shows a
typical Jabtonski diagram alongside the cor-
responding electronic spectrum. The elec-
tronic states are displayed by thick vertical
lines while the vibrational and some rota-
tional levels are indicated by thin lines.
Transitions between states through exci-
tation or relaxation are displayed by arrows
whereby a distinction is made between radia-
tive (straight) and radiationless transitions
(wavy).” A nonradiative transition from an
excited state to its lowest vibrational level
is termed VR.”” When the excess energy is

10
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Figure 2.2: Comparison of measured absorption, fluorescence and phosphorescence
with a corresponding Jabtonski diagram. The diagram includes electronic states (bold
lines), vibronic levels (thin lines), absorbance (red), fluorescence (blue), phosphorescence
(green), and non-radiative decays including IC and VR. A schematic representation of
what the corresponding absorption and emission spectra might look like is given on the
: ot 50
Glght.

J

passed from the vibrational manifold of an
excited electronic state to that of a lower
electronic state of the same spin multiplicity,
the process is called IC. If the nonradiative
transition involves a change in spin multiplic-
ity, it is known as ISC. Radiative relaxation
is collectively referred to as photolumines-
cence and is subdivided into fluorescence
which conserves spin multiplicity and phos-
phorescence which involves emission from a
triplet to a singlet state.

Having identified the radiative and non-
radiative pathways available to an excited
molecule, I now examine these processes in
more detail from a time-resolved perspective,
introducing the characteristic lifetimes that
govern each pathway.

2.2 Fates of the Excited
States

The excited state j of N free atoms or
molecules has an intrinsic lifetime or radia-
tive decay 7 given by

dN;

— L =N, S A,

dt ]Z‘; J

. 1

kr’ = ZAJZ7 Tj = kf

7 J
Niw ANy

% =4 = —
Nj0) Nj " Jo

o N(t) = N;(0)e T, (2.6)

where Aj; are the so-called Einstein coeffi-
cients for spontaneous emission and k, being
the corresponding radiative rate constant
from the excited state j to the ground state
i.°%73 Excited states may also relax through
nonradiative channels, each described by or-
dinary first-order rate constants k,.. The
experimentally observed population there-

fore decays with the total rate k;,; given by
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ktot - k?r + knr - Z Aﬂ + Z kj—m,nr (27)

1
ktot ‘

(2.8)

Tiot =

The ratio of radiative to total decay defines
the emission quantum yield ¢

kr o Ttot

ktot Tr

)

: (2.9)

which quantifies the fraction of excited
molecules that return to the ground state by
emitting a photon.

The same light-matter coupling can be
expressed as an Einstein B coefficient (ab-
sorption / stimulated emission), as the di-
mensionless oscillator strength f or as the
transition-dipole moment p. These quanti-
ties are in essence different rescalings of the
matrix element that controls the probability,
lifetime and intensity of the transition.® "

A quantum mechanical prediction based
on perturbation theory about the transition
rate k from one initial state ¢ to the final
state f can be given with Fermi’s Golden
Rule in Equation 2.10.™

27
kivg = = Vigl’p(Ey)  (2.10)
with the matrix element of the pertubation
V' between the final and initial state and the
density of states p at the energy of the final
state F.

2.2.1 Excited States and
Excitons

Although this work centers on organic
molecules and transition-metal clusters be-
having like inorganic molecular emitters
in solution, the scope occasionally extends
to solid-state, semiconductor or quantum-
confined systems. Throughout this chapter,
the term excited state denotes an electronic
excitation whether it is localized on a single
organic molecule, weakly delocalized across

a cluster or dimer, or a bound electron-hole
pair (exciton) confined within a quantum
dot or molecular crystal. While the fun-
damentals described in the preceding and
following sections apply in all cases, there
can be differences in terminology and effi-
ciency of mechanisms due to exciton-phonon
coupling, dielectric screening, quantum con-
finement and surface or defect trapping. For
detailed discussions of the optoelectronic
characteristics specific to semiconductor and
quantum-confined systems, see the recent
reviews in the literature.” "

In the following, the different radiative
and nonradiative relaxation processes from
the excited state to the ground state are
discussed. Where solid-state—specific chan-

nels become important, they are explicitly
highlighted.

2.2.2 Nonradiative
Spin-Conserving
Relaxation

Upon excitation with sufficient energy, a
molecule is promoted to a higher-lying vibra-
tional level of an excited electronic state (see
the Franck-Condon diagram in Figure 2.1).
The resulting excess vibrational energy
within the same electronic state can be re-
distributed intramolecularly among other vi-
brational, rotational or kinetic modes (in-
tramolecular VR) or transferred intermolec-
ularly to surrounding molecules via collisions
which is often loosely called "cooling".”% 0!

By contrast, IC is an isoenergetic tran-
sition from an excited electronic state to a
highly vibrational ("hot") level of a lower elec-
tronic state driven by vibronic coupling. As
outlined in Section 2.1.1, transitions within
the same spin manifold are spin-allowed and
therefore fast. Since both VR and IC con-
serve spin, they are ultrafast, typically oc-
curring on comparable time scales of a few
hundred femtoseconds.”*"%%

Within the framework of Fermi’s Golden
Rule (compare Equation 2.10),”" a high
density of vibronic states (e.g. in large
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molecules) accelerates intramolecular VR.
In the same theoretical context, the energy-
gap-law predicts that the internal conversion
rate kjc decreases exponentially with the
electronic energy gap AF (Equation 2.11)
in the weak coupling limit.** %

aAFE

kic oce” (2.11)

The properties of the surrounding solvent
such as polarity, hydrogen-bonding ability
and viscosity primarily modulate intermolec-
ular VR in a complex way.*!5¢

In quantum dots and molecular crystals,
the excess energy is not translated to dis-
crete intramolecular modes but rather into
lattice vibrations (so-called phonons) which
is why VR is often termed "phonon-assisted
cooling", "hot-exciton cooling" or "carrier
thermalization" in those cases.®”*® Surface
defects or dangling bonds, especially sig-
nificant for nanocrystals, can lead to an
additional relaxation pathway which is of-
ten called trap-assisted recombination or
Shockley-Read-Hall recombination. In short,
the exciton is captured by a defect-derived,
sub-gap state and then relaxes to the ground
state, usually via multi-phonon and some-
times via photon emission. Although this
process competes with the other intrinsic re-
laxation mechanisms, this pathway is driven
by lattice or surface defects rather than by
the host electronic manifold and is therefore
extrinsic.”"

2.2.3 Nonradiative
Spin-Conversion
Processes

ISC is an isoenergetic transition where the
spin multiplicity changes. Since it is spin-
forbidden, it is expected to be slow and out-
competed by faster spin-allowed processes
such as VR, IC and fluorescence. However,
the ISC rate kisc can be increased by var-
ious effects, which will be outlined in the
following.

Equation 2.12 partitions the overall ISC

rates kigc into three kinetically distinct con-
tributions, including direct coupling (kditset),
a sequential pathway via an intermediate
triplet (kjs¢) and a spin-vibronic channel
().
kisc = kiso™ + kise + ke (212)
Direct ISC The first term k{iset is ac-
counting for the direct SOC between the 5}
and T states and can be expressed using
Fermi’s Golden Rule with Equation 2.13

kdirect _

2
IS¢ T 7 |Hso|* p(AEsy),  (2.13)

where Hgg is the spin-orbit matrix element
scaling roughly as Hso o< Z*, and p(AEgr)
is the Franck-Condon-weighted density of
accepting vibrational states evaluated at the
energy difference between the specific sin-
glet and triplet level in question.’’”" For
weak-coupling molecules, p(AFEgt) follows
the exponential energy-gap-law in Equa-
tion 2.11, thus a larger singlet-triplet sepa-
ration reduces the number of near-resonant
vibronic states and, therefore, p and the over-
all rate.**® Hgg is responsible for the so-
called heavy atom effect predicting larger
SOC and therefore faster ISC with increasing
atomic number Z. The xanthene dye fam-
ily (compare Figure 2.3) provides a clear
illustration.

As illustrated in Table 2.2, introducing
bromine and iodine substituents raise Hgo
and shifts the dominant decay channel from
fluorescence to ISC, exactly as predicted by
the heavy-atom effect.”’ "

However, the matrix element Hgo does
also depend on the character of two states
1 and f involved. This is qualitatively de-
scribed by the El-Sayed rule stating that
kisc increases if a change of orbital type is
involved (e.g. 'mm* — 3pg*). 729091

Sequential ISC The second term kgl
in Equation 2.12 describes a two-step pro-
cess, 51 — Ty, — T, involving an energeti-
cally close-lying intermediate state T5. This
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HOOC

Figure 2.3: Molecular structure of fluo-
rescein derivatives. Fluorescein: X = H,
@osin Y: X = Br, Erythrosine B: X =1 )

can become an important contribution to
the overall kigo, especially if Ty has a dif-
ferent orbital parentage and therefore being
El-Sayed-allowed.”’ Time-dependent density
functional theory (TDDFT) calculation on
xanthene dyes showed that this mechanism
is in fact the main driving force of the high
ISC yields in eosin and erythrosine, boost-
ing the S; — T5 spin-orbit matrix element by
nearly two orders of magnitude relative to
fluorescein.”’ The organic dye hypericin of-
fers a second example, where a S1 — Ty ISC
is expected to be the main driving force.
Without any heavy atoms and El-Sayed-
forbidden lowest singlet and triplet states
of mainly 7m7* character, the molecule still
exhibits a remarkably high ISC quantum
yield of ®gc ~ 0.5.7>%% Current computa-
tional and spectroscopic evidence points to
a quasi-degenerate S; — Ty ISC followed
by a rapid T, — T; IC as the dominant
deactivation route.”>"7

4 N\
Table 2.2: Photophysical properties of xanthene derivatives.
Dye (MeOH) Heavy Atoms &y Drgc

Fluorescein none ~ 0.97 =~0.03

Eosin Y 4 Br ~ 0.67 ~0.25
9 Erythrosine B 41 ~0.13 =~0.58 )
@ X X ) Spin-Vibronic ISC When a molecule
is conformationally flexible and its elec-
HO o /O trons are highly delocalized, electronic-, spin-
and nuclear dynamics can couple giving
— rise to vibration-induced SOC described by
X X the third term k&, in Equation 2.12.%%%

Free-base porphyrin exemplifies such a spin-
vibronic coupling mechanism. Despite lack-
ing heavy atoms, near-degenerate triplets
or El-Sayed-allowed channels, it shows an
enhanced ISC rate. TDDFT calculations
attribute the effect to out-of-plane S; vibra-
tions that admix a small o7* component into
the 7w* framework causing a significant in-
crease of the Hgp matrix elements by roughly
two orders of magnitude and correspondingly
accelerating kigc.”""®

The mechanism of ISC can differ greatly,
and the kinetics reflect that diversity.
Molybdenum- and tungsten-halide com-
plexes complete ISC in just a few picosec-
onds, rose bengal crosses in 70 to 500 ps de-
pending on the solvent, and terrylene takes
several microseconds.” 1!

2.2.4 Radiative Emission
Pathways

Fluorescence Radiative emission path-
ways or spontaneous emission include fluores-
cence, a spin-allowed process characterized
by nanosecond lifetimes and emission spectra
that mirror the absorption profile in accor-
dance with the Franck-Condon principle.”!
Since the energy difference between the ex-
cited states within the same multiplicity are
generally smaller compared to the S; — S
ground state transition, VR and IC usu-
ally outcompete fluorescence from higher ex-
cited states (see the energy-gap-law in Equa-
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tion 2.11). Kasha’s rule summarizes this
empirical observation, stating that fluores-
cence normally originates from S; — S;.%

However, "hot" fluorescence from higher
vibrational or electronic state can appear if
IC between S — S is slow due to a high
energy gap e.g. in aromatic thioketones or if
the S; — Sy transition is sufficiently slow to
allow thermal population of the energetically
close S5 state, leading to dual emission from
S1 and S,.'9%'% Delayed fluorescence may
arise via thermally activated reverse ISC
(Ty — S1) or via triplet-triplet annihilation
(TTA), a bimolecular process discussed in
Section 2.2.5.7!

Phosphorescence Spontaneous emis-
sion from an excited triplet state is termed
phosphorescence (T} — Sp). Because the
transition is spin-forbidden, its radiative
rate is much slower, around microseconds
to seconds.”’ As T} lies lower in energy than
S1, phosphorescence is strongly red-shifted
yielding a large Stokes shift.!”” The extended
excited-state lifetime also often produces
a richer vibronic structure or even emis-
sion from multiple triplet states, resulting in
broader bands.”?!>4106,107

In semiconductor nanocrystals and molec-
ular crystals this S; — Sy fluorescence or
Ty — Sy phosphorescence picture trans-
lates directly to radiative recombination
of a confined exciton which can be either
"bright" and spin-allowed or "dark" and spin-
forbidden.'"®

2.2.5 Bimolecular and
Multi-State Interactions

Beyond the intrinsic relaxation pathways,
excited molecules can interact with their sur-
roundings or with one another, opening ad-
ditional decay channels. Because the triplet
state is usually long-lived, multiple pro-
cesses can compete with the spin-forbidden
Ty — Sy transition. Monomolecular ther-
mally activated reverse ISC which can lead
to delayed fluorescence, has already been
addressed in the previous section.

Collisional Quenching Another chan-
nel is collisional triplet quenching, most
prominently by dissolved molecular oxy-
gen. The ground state of Oy is a triplet
with two unpaired electrons (?0), allow-
ing efficient coupling to other triplet mani-
folds and a shortening of phosphorescence
lifetimes. If the donor triplet energy ex-
ceeds =~ 1 eV, energy transfer can pro-
mote molecular oxygen to its first excited
singlet state (1Oj), which is a cytotoxic
species of great interest for photodynamic
therapy.'"”" ! Octahedral transition-metal
halide cluster complexes provide a clear ex-
ample of this bimolecular quenching mecha-
nism. Owing to the heavy-atom effect (see
Section 2.2.3), these clusters possess very
fast ISC and bright phosphorescence of mul-
tiple microseconds.'”!?:112113 Nevertheless,
due to their geometry and energy alignment,
molecular oxygen efficiently quenches their
triplet state, giving 'O, quantum yields close
to 100 % and reducing the triplet-state life-
time by several orders of magnitude when
the atmosphere is switched from oxygen-free
to oxygen-saturated conditions.'®!''* These
aspects are discussed in greater detail in
Section 2.6.2. The different bimolecular
processes are summarized in Table 2.3.

Triplet-triplet Annihilation TTA is a
second-order process in which two molecules
in their triplet configuration collide to
form one excited singlet state S; and one
ground-state molecule, thereby annihilating
both triplet states and generating delayed
fluorescence.'’” The conversion proceeds
through an intermediate spin-correlated
triplet-pair state, often written as (77%),
whose exact electronic nature remains a mat-
ter of active debate.”?*!10

Singlet Fission SF is a process, in which
an excited singlet molecule transfers its en-
ergy to a ground-state molecule, yielding a
spin-correlated triplet pair that can subse-
quently dissociate into two individual triplet
states. It can therefore be understood as the
microscopic reverse of TTA.'**? Like TTA,
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Table 2.3: Representative bimolecular and multi-state pathways. An asterisk (*) denotes
an electronically excited species, superscripts give the spin multiplicity.

N

Exciplex

Process Representative Elementary Step
Self-Quenching A+ A~ A+ A

Oxygen Quenching SA* +30y = A+ 103

TTA SA* +3A* —» (TT)* - TA*+ A

SF TA*+ A — (TT)* — 3A* 4+ 3A*

Photo induced electron transfer (PET)

Forster resonance energy transfer (FRET)

SA* 4+ A — A + At
A*+B=[A---B"™ A+B
A*+B — A+ B*

SF' is spin-allowed and can occur on picosec-
ond time scales, but only when the energy
of each triplet is at most half that of the
originating singlet (S; > 277).!'7 As a bi-
molecular process SF requires close contact,
which is typically found in aggregates, molec-
ular crystals, or covalently linked dimers.
The acene family provides classic examples
with the ability of SF satisfying the en-
ergy requirement.”” "% 1! Further details are
given in Section 2.6.3.

Photo-induced Electron Transfer
A long-lived triplet might also undergo
PET with a ground-state donor or accep-
tor, generating a spin-correlated radical-
ion pair. A representative example
is dianionic rose bengal, whose triplet
state transfers an electron to a ground-
state molecule to form the redox pair

(3RB2—* —|—RB2_ —~SRB*— 4 RB'g_).]22’123

Exciplex Transient formation of an ex-
cited dimer (excimer) or an excited heteronu-
clear complex (exciplex), where one frag-
ment is electronically excited while the other
remains in its ground state, opens yet an-
other decay pathway. These complexes typi-
cally relax quickly, either nonradiatively or
through a broad, structureless emission band.
The attractive interaction exists only in the
excited configuration and is often endowed
with charge transfer (CT) character.'?*'*

FRET FRET is a long-range (=~ 1 — 10
nm) nonradiative energy transfer from the
excited singlet state of a donor molecule to
an acceptor via dipole-dipole coupling. The
rate falls off with the inverse sixth power of
donor-acceptor distance and requires spec-
tral overlap between donor emission and ac-
ceptor absorption.'?!?” Dexter energy trans-
fer is a short-range (< 1 nm) two-electron
exchange process demanding direct orbital
overlap. Its rate decays exponentially with
distance and can transfer either singlet or
triplet energy, making it the operative mech-
anism in triplet-sensitized reactions such as
singlet-oxygen generation.'?¥ %"

In quantum-confined semiconductors,
Auger or biexciton recombination can occur,
where a multi-exciton state transfers its
energy nonradiatively to a third charge
carrier, ultimately limiting the brightness at
high excitation densities.” %!

2.2.6 Photochemical
Transformations

Beyond the photophysical and bimolecular
deactivation pathways outlined above, ex-
cited states can also drive covalent transfor-
mations. Photobleaching, an often unwanted
photochemical transformation, irreversibly
destroys the chromophore and is especially
pronounced in the presence of 10, 1%%!33
Other photochemical pathways include a-
cleavage of triplet carbonyls or triplet-
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sensitized cycloadditions and photoredox
cycles initiated by triplet metal-to-ligand
charge transfer (MLCT) complexes.'** % A
comprehensive survey is beyond the scope
of this thesis, but these examples illustrate
that excitation energy may be channeled
into permanent chemical change rather than
dissipated as light or heat.

In summary, photoexcited materials ex-
hibit multiple, competing decay pathways
with characteristic rates that depend on their
electronic structure, on environmental fac-
tors and on the nature of the transition. Al-
though these processes can overlap in energy
or time, they can be disentangled by combin-
ing complementary spectroscopic techniques
and by systematically varying external pa-
rameters such as concentration, temperature,
and excitation conditions. The following sec-
tion outlines these strategies used in this
work.

2.3 Photophysical
Observables

There are various and often complementary
spectroscopic techniques to decipher the ex-
citation and relaxation pathways of a mate-
rial outlined in the previous chapter. Any
spectrum, lifetime trace or a 2D map is es-
sentially a measurable projection of those
pathways whose purpose is to convert raw
optical signals into quantitative parameters.
Absorption and emission recorded under con-
tinuous illumination provide an ensemble-
averaged picture of the excited-state mani-
fold including transition energies, oscillator
strengths, and quantum yields, whereas time-
resolved methods slice the same landscape
along the time axis, revealing rate constants
for ISC, radiative decay, and charge or en-
ergy transfer.”!"™

In the pages that follow, the discussion
therefore proceeds from linear (steady-state)

observables, through time-resolved observ-
ables, to variable-parameter and multidimen-
sional measurements employed in this work.

2.3.1 Steady-State Absorption

Absorption spectroscopy measures how the
transmitted light intensity varies with pho-
ton energy i.e. how transmissive a sample is
at a given energy or wavelength. The basic
measuring geometry is shown in Figure 2.4.

4 N
lo U |
Lightsource

Sample Detector

Figure 2.4: Schematic of an absorption
\experiment.

J

The transmitted fraction T'()\) as a func-
tion of energy or wavelength X is defined
as the ratio of detected I and incident I
light given by Equation 2.14 while the
decadic absorbance A is defined in Equa-
tion 2.15:°0°2

(2.14)

A = —logo(T(N)  (2.15)

It is worth noting that the measurable
quantity is the attenuation of the light in-
tensity. Interpreting this as absorbance is
only valid when reflection, scattering, lumi-
nescence etc. is negligible. Some authors
therefore refer to attenuance or extinction
(the latter discouraged by IUPAC) when such
additional losses are present.”

The Beer-Bouguer-Lambert law empiri-
cally relates absorbance to concentration c
and optical path length d, given in Equa-
tion 2.16'407142

I

AN) = —logyg ([0> —(Ned, (2.16)
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where € is the (decadic) molar absorption
coefficient. Because A o ¢, absorption spec-
troscopy is the standard method for con-
centration determination. Due to the al-
ready mentioned differences of absorbance
and the measured attenuated intensity, the
linear relationship fails when absorbers inter-
act, scatter strongly, are inhomogeneously
distributed, or when the excitation is poly-
chromatic or induce saturation, bleaching or
other nonlinear processes.””'*?

As discussed in Section 2.1 and Fig-
ures 2.1 and 2.2, the position (energy),
intensity and width of an absorption band
reveal the nature of the quantum-mechanical
transition involved. Bands in the microwave
region arise from rotational changes, those
in the NIR from vibrational transitions, and
bands in the UV to Vis from electronic exci-
tations. The integrated intensity reflects the
underlying transition’s oscillator strength
and the sample concentration (see Equa-
tion 2.16), while the width depends on the
instrumental resolution, the underlying vi-
bronic structure (Franck-Condon envelope)
and the intrinsic homogeneous and inhomo-
geneous broadening mechanisms (e.g. natu-
ral broadening, thermal Doppler broadening
and pressure broadening).'**'*" Solvent, ag-
gregation state, temperature, and other envi-
ronmental factors can further modulate both
the energy and width of absorption bands in
complex ways. %10

2.3.2 Steady-State Emission

Emission spectroscopy analyzes the fluores-
cence or phosphorescence of a sample and
thus complements absorption spectroscopy,
with the main limitation that the analyte
must be emissive. After excitation at a fixed
wavelength, the emitted photon intensity
as a function of emission wavelength gen-
erally reports the S;/77 — Sy transition
and the associated vibrational manifold of
the ground state. The simplistic design of a
steady-state emission spectroscopy setup is
depicted in Figure 2.5.

The gap between absorption and emission

-

Lightsource

Sample h

ﬂ Blocker
i

Detector

Figure 2.5: Simplified schematic of a
\steady—state emission experiment. )

maxima (Stokes Shift) encodes how much the
excited state and its solvent shell relax after
photoexcitation and depend among others
on solvent polarity, analyte polarizability
and temperature.”’ "2

As in absorption spectroscopy, band po-
sition and shape are sensitive to homo-
geneous/inhomogeneous broadening mecha-
nisms and to environmental factors reveal-
ing aggregation tendencies, solvent interac-
tions, energy transfer pathways (e.g. exci-
plex formation, FRET, collisional quench-
ing) or other excited-state properties. To
suppress inner-filter effects and reabsorption
of the emitted light, the concentration of the
analyte must be sufficiently low. % 1°0

In excitation spectroscopy, by contrast,
the emission wavelength is held fixed while
the excitation wavelength is scanned, typi-
cally resulting in a spectrum that mirrors the
absorption profile when the system follows
Kasha’s rule.

Steady-state emission measurements also
provide emission quantum yields, obtained
either absolutely with an integration sphere
or relatively against a calibrated reference
system. From quantum yields, emission rate
constants can be derived (see Equation 2.9)
and thereby quantify the competing relax-
ation pathways.'!!%?

2.3.3 Time-Resolved Emission
Spectroscopy

Time-resolved emission techniques record
the intensity of the emitted light as a func-

18



2.3. Photophysical Observables

2. Theoretical and Scientific Fundamentals

tion of the delay t after a short excitation
pulse. After photoexcitation, the population
resides in S; (or T3 in case of phosphores-
cence) and the ensuing emission intensity
I(t) can be described as a sum of exponen-
tials in Equation 2.17%

—t

I(t) = Xi:ai exp() :

T;

(2.17)

where each component 7 represents a dis-
tinct emissive sub-population with ampli-
tude «; and lifetime 7; which shares a com-
mon environment, electronic state or kinetic
history. The observed lifetime 7; or recip-
rocal rate k; represents the sum of all first-
order relaxation channels available to that
population <. In the special case of a single
monoexponential decay, the radiative (k,)
and nonradiative (k) rates follow directly
from the observed lifetime and the quantum
yield via Equations 2.7 to 2.9.°""

Detection Types There are several de-
tection schemes, each optimized for a partic-
ular timescale and sensitivity. For micro- to
millisecond phosphorescence decays, a gated
integrator could be used, where the detector
integrates the photons within a gate window
and subsequently shifts the gate for the next
excitation pulse, resulting in a step-by-step
reconstruction of the decay.'™*

For faster processes in the pico- to nanosec-
ond regime a streak camera can be used
capturing the entire temporal profile per
shot. In this case, each photon is con-
verted into an electron on a photocathode
which is subsequently deflected by a rapidly
sweeping electric field so that its landing
height on the phosphor screen encodes the ar-
rival time.'”>'°% Another method uses Time-
Correlated Single Photon Counting (TC-
SPC), where each detected photon stops
a high-resolution "stopwatch" that started
with the excitation trigger. Repeating the cy-
cle builds a histogram of arrival times repre-
senting the overall decay dynamics.'?%!177198
This is schematically illustrated in Fig-
ure 2.6.

( Sample )

‘ U }Blocker

Lightsource

counts

C
Detector time

Figure 2.6: Simplified schematic of a

time-resolved emission experiment with

\TCSPC. J

Instrument response function (IRF)
The achievable time resolution is limited by
multiple factors which also depend on the
detection method. Generally, it includes the
pulse width of the excitation source, preci-
sion of the timing reference signal, the tim-
ing accuracy of registering a photon and
electronic jitter. Together they form the in-
strument response function (IRF) which is
a convolution of every individual response
function g; given in Equation 2.18:%:1%3

IRF = Jsource ® Gdetector ® Gjitter ® -
(2.18)

If each contribution is approximated by a
Gaussian in the time domain, the FWHM
of the overall IRF or resolution is the
geometrical sum of the FWHM of each
component: 73198

FWHMgr = /> FWHM?  (2.19)

Besides the approximated prediction of
the IRF using Equation 2.19, the IRF can
be measured directly by recording the scat-
tered excitation pulse from a nonemissive
medium. Because the experimental decay
trace is the convolution of the true kinetics
with the IRF, reconvolution or deconvolu-
tion techniques are required to recover the
underlying dynamics.'”*'"® The mathemati-
cal details, particularly applied to TA data,
are discussed in Section 2.5.
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2.3.4 Time-Resolved
Absorption Spectroscopy

The following paragraphs outline the basic
principles of TA spectroscopy and show how
the spectral and temporal evolution of its
signals can be used to map relaxation path-
ways in photoexcited materials. Instrumen-
tation details are given in Section 2.4, while
strategies for modeling the full data cube are
described in Section 2.5.

Time-resolved absorption spectroscopy
records changes in absorbance or transmit-
tance as a function of delay between an
initial excitation and a subsequent probe.
Typically, the sample is excited by a pulsed
laser, the pump, which initiates photophysi-
cal processes. A weak white-light continuum,
the probe, then monitors the resulting ab-
sorption changes across many wavelengths
simultaneously. The method is therefore a
form of pump-probe spectroscopy, histori-
cally called flash photolysis.'” Because it
resolves the full temporal evolution of the
transient species produced, it is commonly
referred to as transient absorption (TA) spec-
troscopy. The basic principle is illustrated

in Figure 2.7.%%100
( Delay Time Blocker
Pulsed Probe
. Sample Detector
) Chopper

Pulsed Pump

Figure 2.7: Simplified measurement prin-
\ciple of a TA experiment.

J

Differential Absorption The quasi-
monochromatic pump pulse passes through
the sample, promoting only a few percent of
the molecules within the illuminated volume

to an excited state. After a controlled de-
lay, the broadband probe pulse traverses the
same region. Increasing the pump fluence
would indeed raise the excited-state popula-
tion, but it would also introduce nonlinear
processes such as multiphoton absorption
and increase the risk of photodamage, so the
pump intensity is usually kept moderate.*’
As a result, the ensemble absorbance devi-
ates only slightly from the ground-state ab-
sorbance measured in a conventional steady-
state spectrum, because most molecules re-
main unexcited (compare Figure 2.8, A
and B). The differential absorbance AA is
therefore defined as

AA(L) = A*(t) — A%, (2.20)

where A*(t) is the absorbance of the ex-
cited ensemble at delay time ¢ and A9 is
the ground-state absorbance recorded with-
out the pump by using a mechanical chop-
per (Figure 2.8 C). Using Equations 2.14
and 2.15, this can be rewritten in Equa-
tion 2.21

AA(t) =log (ﬁg) — log (f—ij)
R =11
Ios

s - ()

because the incident intensity [ is con-
stant throughout the experiment and there-
fore cancels out. Here, I denotes the de-
tected intensity, and [ the incident intensity
on the sample.?133160

After an averaged AA spectrum at a fixed
delay time has been recorded, the experiment
is repeated for a range of delays, yielding a
three-dimensional dataset AA(\, t) that con-
tains probe wavelength, pump-probe delay
and signal amplitude. This hyperspectral
cube is usually displayed as a color-coded
heat map, often called a “2D spectrum?”,
or explored via kinetic or spectral traces
extracted at selected probe wavelengths or
delay times.**

(2.21)
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Figure 2.8: Schematic origin of the dif-
ferential absorption spectrum. (A) Unex-
cited sample with a characteristic ground-
state absorbance spectrum A¢%. (B)
Shortly after the pump pulse, only a small
fraction of molecules or particles (dark red)
are promoted to an excited state, so the en-
semble absorbance A* changes only slightly.
Spontaneous emission from these excited
species produces the photoluminescence
(PL) spectrum shown in blue. (C) Differ-
ential absorbance spectrum AA = A*— A9
(Obtained from substracting (A) from (B) -

Spectral Contributions In these data,
signals from several transient species and
processes are superimposed. The main con-
tributions, particularly in dilute molecular
systems, are illustrated in Figure 2.8 C.
Because the pump removes a fraction of
molecules from Sy, transitions from Sy, — S,

are weakened, producing a negative AA fea-
ture known as the ground-state bleaching
(GSB). If the sample is emissive, stimulated
emission from the excited state adds a sec-
ond negative feature whose shape mirrors
the steady-state photoluminescence. In con-
trast to spontaneous emission, stimulated
emission occurs when an excited state in-
teracts with an incoming photon of the ap-
propriate energy, prompting the state to
decay and emit a second photon identical
to the incident one. Owing to the small
Stokes shift, stimulated emission often over-
laps the GSB. Positive AA signals occur
whenever the excited ensemble absorbs more
light than the ground state. This happens
when molecules are promoted from an ex-
cited state to an even higher state (excited-
state absorption (ESA)) or when transient
photoproducts such as triplet states, exci-
plexes or radical-ion pairs possess their own
absorption bands. In the latter cases the col-
lective term photo-induced absorption (PIA)
is commonly used.?"** The spectral signa-
tures discussed above are collected in Fig-
ure 2.9 A - C.

In semiconductors and other solids, where
large numbers of charge carriers interact,
additional derivative-like features appear.'®’
Photo-generated electrons and holes screen
their mutual Coulomb interactions, which
can lower the band gap and produces an
overall red shift of the absorption edge
(Figure 2.9 D) which is known as band-
gap renormalization (BGR).'%*'%* The same
screening also reduces the exciton-binding
energy, shifting the excitonic resonance to
higher energy (a blue shift). Beyond the
GSB, associated with depletion of the va-
lence band (VB) edge, Pauli blocking of the
lowest conduction band (CB) states forces
photons to span a larger energy to create
an electron-hole pair. The apparent band
gap therefore increases, giving a blue-shifted
feature attributed to Burstein-Moss filling
(Figure 2.9 E).'%%'%° Finally, processes such
as exciton coherence, hot-carrier scattering,
transient electric fields and carrier cooling
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can modify the homogeneous or inhomoge-
neous linewidth, leading to a transient broad-
ening or narrowing of the bands and the
characteristic second-derivative line shapes
shown in (Figure 2.9 F, G).'0%106,167

Kinetic Contributions The spectral
features discussed above can be exploited
not only to identify transient species and
estimate reorganization energies, but also
to extract their lifetimes and rate constants.
These kinetics can be fitted locally at a sin-
gle probe energy or globally over the en-
tire spectral range, yielding a comprehen-
sive view of the relaxation pathway. Unlike
time-resolved emission spectroscopy, whose
kinetics are usually described by a paral-
lel scheme of independent first-order decays
(A — C,B — (), TA data often involve
more elaborate scenarios, including sequen-
tial processes (A — B — (') and branch-
ing pathways (A — B, A — C). Modeling
such schemes with their many degrees of
freedom (d.o.f) provides meaningful insight
only when supported by complementary ex-
periments, theoretical calculations or prior
knowledge that can constrain the parame-
ter space. This strategy, known as target
analysis, tests specific kinetic models against
the data.’’** Further details are given in
Section 2.5.3.

Time Resolution As noted for time-
resolved emission spectroscopy, the IRF de-
termines the ultimate temporal resolution.
In TA measurements, the IRF is the convo-
lution of the pump pulse with the detector
response i.e. the probe pulse. In practice,
this resolution can be degraded by group-
velocity dispersion in the probe continuum
and by nonlinear artifacts such as multipho-
ton absorption, stimulated Raman scatter-
ing and cross-phase modulation when pump
and probe overlap.®'**1%® These issues are
discussed in detail in Section 2.5.2.

2.3.5 Variable-Parameter
Spectroscopy

This section shows how the spectroscopic
methods described above can be coupled
with controlled changes of external parame-
ters to reveal mechanistic details of photo-
physical processes. For instance, recording
steady-state infrared absorbance as a func-
tion of pH can track conformational changes,
while emission spectroscopy can report on
different redox states or on pH-dependent
relaxation pathways of chromophores.!® '™

Concentration Other studies focus on
the bimolecular relaxation pathways dis-
cussed in Section 2.2.5. Varying the ana-
lyte concentration, together with emission
or TA spectroscopy, has clarified the roles
of excimer and aggregate formation in the
SF dynamics of acene derivatives.'” In in-
vestigations of triplet-state quenching and
singlet-oxygen generation, the emission life-
time or the corresponding TA signal and the
emission intensity are measured as functions
of the dissolved-oxygen concentration [Oy].
These data allow to extract the bimolec-
ular quenching rate k, and to distinguish
static from dynamic quenching via the Stern-
Volmer relation in Equation 2.22 1417

1
— X kq [02]

2.22
. (2.22)

In dynamic quenching the quencher col-
lides with the excited species, reducing the
emission lifetime in the same reciprocal man-
ner as the intensity Ipy. In static quenching,
where a non-emissive ground-state complex
is formed, only the emission intensity follows
this linear relationship.

Temperature Triplet emitters often dis-
play pronounced temperature-dependent
emission spectra and lifetimes, because the
three spin-sublevels are populated to dif-
ferent extents as the thermal energy varies.
Recording the emission lifetime over a range
of temperatures therefore allows one to ex-
tract both the decay rates and the en-
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ergy splitting of these sublevels by fitting
a Boltzmann-type expression for thermally
activated rates:

—AELQ —AELg
]{; . k)l —I— k‘g e k;BT + klg e kBT
fot = _AELQ _AEL?)

l1+e kT ye ksT
(2.23)

In Equation 2.23 kp is the Boltzmann
constant, ki, ko and ks are the decay
rates of the three triplet sublevels and

AFE,5 and AFE,; 3 are their respective en-
ergy gaps. Using this approach, the zero-
field splitting (ZFS) of complexes such as
Ru(II), Pt(II) and Mo(II) has been quanti-
fied from temperature-dependent emission-
lifetime measurements.'/%17417

Environment Solvent-dependent ab-
sorption, emission and TA studies can
be used to estimate ground- and excited
state dipole moments. Methods such as
the Lippert-Mataga relation and the Ravi
approach correlate the observed Stokes
shift with the molecular dipole moment
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and specific solvent parameters.!”* "% The
effect of solvent polarity on excited-state
dynamics can likewise be tracked by
TA spectroscopy, revealing how different
environments stabilize or modify the excited
state, 101,181

In summary, this section introduced the
basic principles of the measurement tech-
niques employed in this work and explains
how they reveal specific excited-state tran-
sitions and mechanisms. The next section
details the structure of a TA setup, along
with its operating principles and experimen-
tal conditions.

2.4 Transient
Absorption
Instrumentation

This section describes the TA setup and the
methods used to perform broadband TA ex-
periments over timescales spanning femto- to
microseconds. A simplified schematic of the
apparatus employed in this work is presented
in Figure 2.10.

A one-box titanium-sapphire (Ti:Sapphire)
amplifier is used to create the fundamental
beam with 90 fs pulses centered at 800 nm
with a repetition rate of 1 kHz. Details of
the laser system and the production of such
high-intensity, ultrashort pulses are given
in Section 2.4.1. A beamsplitter directs
90 % of the light (= 2 mJ) to the excita-
tion arm and 10 % (= 0.2 mJ) to the probe
arm. To avoid restricting the experiment
to the laser wavelength, the pump beam is
wavelength-tuned in an optical parametric
amplifier (OPA), producing excitation pulses
from the UV to the NIR. The underlying
principles are summarized in Section 2.4.2.
To obtain the reference spectrum required for
the differential signal (see Equation 2.21),
a mechanical chopper blocks every second

pump pulse, so 500 A9 /A* pairs can be ac-
quired and averaged each second at the 1
kHz repetition rate.

Depending on the timescale of interest, the
pump-probe delay ¢ is set either electroni-
cally for ns-TA (< 1 ns time resolution up
to 450 ps) or mechanically with a delay line
for fs-TA measurements (200 fs time resolu-
tion up to 8 ns). This synchronization is dis-
cussed in Section 2.4.3. A broadband WLC
is created either in specific crystals pumped
by the 800 nm fundamental beam (femtosec-
ond regime) or in a photonic-crystal fiber
(nanosecond regime, see Section 2.4.2). A
small fraction of the probe is diverted before
the sample to serve as a reference, compen-
sating for pump-to-pump fluctuations.

Finally, the white-light probe traverses the
excited or unexcited sample volume, and
the transmitted intensity is recorded by a
spectrometer at each delay time. Iterating
over delays builds the three-dimensional TA
data cube.

2.4.1 Femtosecond Light
Sources

The properties of the excitation and probe
beams are the main factor that limit pump-
probe experiments, determining both the
temporal resolution (pulse duration) and
the signal-to-noise ratio (stability).?! Ide-
ally, one would like a pulse whose width,
shape, energy and repetition rate can all
be tuned independently, which is some-
thing no single light source can provide.'®”
Since the first working laser was demon-
strated in 1960, lasers have advanced to
the point where they can deliver ultrashort
pulses of only a few femtoseconds.'®%!%4
Combined with amplification, frequency-
conversion and post-compression techniques,
they now satisfy the stringent demands of
ultrafast spectroscopy.®”'#%1%5 At the start
of the 21st century, these advances made
attosecond spectroscopy possible, allowing
researchers to probe even faster electronic
processes that are invisible to conventional
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Figure 2.10: Simplified schematic of the TA apparatus used in this work. A femtosecond
laser system delivers 90 fs, 800 nm pulses that are split into pump and probe arms. The
pump wavelength is tuned with an optical parametric amplifier (OPA) and a mechanical
chopper blocks every other pump pulse before it reaches the sample. The probe delay
relative to the pump is set by a mechanical delay line with a movable mirror assembly.
A WLC probe is generated in nonlinear crystals selected for the desired spectral window.
For ns-TA experiments, the WLC is generated externally and the delay time is set
electronically. Immediately after WLC generation, a fraction of the probe is diverted as

\a reference, while the remainder propagates with the pump through the sample.
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fs-TA spectrometers.'®%*" The basic oper-
ating principles of the laser system used in
this work are outlined below. For more de-
tails, the reader is referred to the specialized
literature. " 184,188

Basic Principle Laser is an acronym
for light amplification by stimulated emis-
sion of radiation. A gain medium is excited
(pumped) by an external energy source in-
side an optical resonator until a population
inversion is reached. Photons circulating
in the resonator stimulate further emission
from the excited atoms or ions, producing co-
herent amplification.®” Although the longitu-
dinal modes are individually monochromatic,
their relative phases are normally random,
so the output is continuous-wave.

Pulsed Lasers Pulsed operation is ob-
tained by forcing the modes to share a com-
mon phase (mode-locking). This can be done

passively by Kerr-lens mode-locking:'®” The
optical Kerr effect describes the intensity-
dependent refractive index changes of a mate-
rial and causes intense, time-localized spikes
to self-focus through the cavity’s soft aper-
ture, while lower-intensity background light
is defocused and clipped, acting as an ultra-
fast amplitude filter.?"*% 158

Because of the time-bandwidth (uncer-
tainty) relation, the pulse duration Atp and
the spectral bandwidth Avp are not inde-
pendent. For Gaussian pulses this can be
expressed with Equation 2.24

Atp Avp > 0.44 (2.24)

resulting in a 10 fs pulse centered at
800 nm requiring a FWHM bandwidth of
roughly 100 nm.*® Ti:Sapphire is an ideal
gain medium for such pulses.”” Pumped by
green light, it offers a very broad emission
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band and a strong Kerr effect, allowing its
many longitudinal modes to lock passively
and generate femtosecond pulses.'””

Laser Amplification The oscillator
used in this work (Vitara-S, Verdi-G, Co-
herent) delivers ~ 20 fs pulses at 800 nm
and a repetition rate of 80 MHz.'""'%? How-
ever, these "seed" pulses are too weak to per-
form TA experiments. Direct amplification
would raise their peak power to destructive
levels, so they are first stretched in a grating
stretcher, which delays the high-frequency
components and therefore lengthens each
pulse to =~ 200 ps. The seed then enters a
regenerative amplifier containing a second,
diode-pumped Ti:Sapphire crystal operated
at 1 kHz (Revolution, Coherent).”'" On
each round-trip the stretched seed extracts
energy from the inverted crystal, a scheme
known as chirped-pulse amplification.'?*!%°
After 10 to 20 passes the amplified pulse
is ejected by a pair of Pockels cells, whose
electro-optic effect rotates the polarization
when a voltage is applied. Finally, a grating
compressor reverses the stretcher’s disper-
sion, yielding 90 fs pulses centered at 800
nm with an energy of about 7.5 mJ (7.5 W
average power) at 1 kHz."

2.4.2 Nonlinear Frequency
Conversion

There are multiple nonlinear methods to ex-
tend or convert the spectral range of lasers
which is crucial when they serve as the exci-
tation or probe source in TA spectroscopy.
The most relevant methods are summarized
below. More details of the underlying pro-
cesses can be found in the literature. !0~

Nonlinear Optics At low light intensi-
ties, the induced electrical polarization P is
proportional to the electric field Fr which
can be expressed with Equation 2.25

P(t) = ecxaEp(t), (2.25)

where ¢, is the vacuum permittivity and

X1 the linear susceptibility. For high val-
ues of Er, the material response saturates
and can be modeled by a nonlinear suscepti-
bility given by a power-series expansion in
Equation 2.26.

P(t) = EeXIEF(t) + €8X2EF<t)2

+ e x3Er(t)? + - (2.26)

X2 and Y3 are the second- and third-order
nonlinear susceptibilities.®”'" Second or-
der x» nonlinear processes such as second-
harmonic generation (frequency doubling),
sum- or difference-frequency generation and
optical parametric generation occur only
in non-centrosymmetric materials like (-
barium borate (BBO).?""*! Third order x3
effects include the optical Kerr effect al-
ready introduced in the previous section
through the self-focusing effect in the Kerr-
lens, and self-phase modulation, which can
spectrally broaden ultrashort pulses and pro-
duce smooth white-light continua.?’%2%?

Sum-Frequency Generation As a -
process, sum-frequency generation requires
the interaction of high intensity light in a
non-centrosymmetric medium. It describes
the mixing of two input photons with fre-
quency v; and vy generating a third pho-
ton with frequency vs, satisfying the energy
conservation (Equation 2.27).2"%*° Con-
structive interference additionally requires
phase matching (phase-matching condition)
expressed in Equation 2.28 where k; are

the respective wave vectors.”"?

Vg = V1 + Vg
/;3%];1"‘];2

(2.27)
(2.28)

Phase matching is typically achieved in
a birefringent crystal by adjusting the
beam polarizations and the angle of in-
cidence (angle tuning). BBO is particu-
larly well suited, being inexpensive, trans-
parent over a wide spectral range, non-
centrosymmetric crystal, damage resistant
and birefringent.?7-200:201,207
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Second harmonic generation is a special
case of sum-frequency generation where
V1 = Vs, Tesulting in frequency doubling.?"®
Higher-order harmonic generation involving
three photons (third-harmonic generation,
four-wave mixing) or four photons (fourth-
harmonic generation) is usually less efficient,
so sequential y, frequency mixing or dou-
bling steps are often preferred.

Parametric Amplification Parametric
amplification is a second-order y, process
based on difference-frequency mixing. In-
side a nonlinear crystal, a strong pump
wave of frequency v, interacts with a weaker
signal wave of frequency vy generating an
idler at v; such that v; = v, — vy (see Fig-
ure 2.11).°"?% The coupled interaction si-
multaneously depletes the pump and ampli-
fies both the signal and idler.'%:2%"

( Pump P )
3 ump
Signal
Signal | Idler

Figure 2.11: Schematic representation of
the optical parametric amplification step
\in a non-centrosymmetric crystal. )

White-Light Generation When an in-
tense light pulse traverses a medium, the
x3 optical Kerr effect modulates the refrac-
tive index adding a time-dependent phase-
shift (self-phase modulation) that contin-
uously changes the frequency across the
pulse. Focusing such a light pulse into
suitable crystals like sapphire or yttrium
aluminum garnet (YAG) therefore gener-
ates a WLC.?"?!! Typical crystals and
their material-dependent wavelength cover-
age which were used in this work are listed
in Table 2.4.%*

A photonic crystal fiber, whose microstruc-
tured core guides light, can extend the con-
tinuum even further. A high-intensity pulse
coupled into such a fiber triggers a cascade

(Table 2.4: Spectral ranges of White—light\
continua generated by self-phase modula-
tion in different materials.
Wavelength
Material Range (nm)
CaF, 320 - 650
Sapphire 420 - 820
YAG 820 - 1600
Photonic Crystal Fiber 350 - 2200

of 3 effects including self-phase modula-
tion, four-wave mixing and stimulated Ra-
man scattering, which broaden the original
pulse.?®?1%213 Such a photonic crystal fiber
was used for the WLC generation for the
ns-TA experiments.

Optical Parametric Amplifier An
OPA exploits the different nonlinear pro-
cesses discussed above to convert the
fundamental beam to a wide range of
wavelengths.'”®'% In this work, a two-
stage OPA provides tunable excitation wave-
lengths from 300 to 2600 nm (Apollo-T, Ul-
trafast Systems).*! The incident pump beam
is split into three arms: A small propor-
tion is routed through a crystal producing a
WLC seed, while the other two portions se-
quentially amplify the desired wavelength in
birefringent crystals whose phase matching
is adjusted by crystal rotation. The ampli-
fied signal (1150 to 1600 nm) or idler (1600
to 2600 nm) can be frequency doubled once
or twice, or frequency mixed with the ini-
tial 800 nm beam. The resulting wavelength
widows are summarized in Table 2.5.%!

2.4.3 Pump-Probe
Synchronization

Similar to time-resolved emission spec-
troscopy, the TA setup is adjusted to match
the timescale of interest. For nanosecond
and slower dynamics (ns-TA), the pump-
probe delay t is set electronically by synchro-
nizing the trigger signals of pump and probe.
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(Table 2.5: Wavelength coverage of the dif?
ferent nonlinear processes inside an optical
parametric amplifier (Apollo-T, Ultrafast
Systems)

Wavelength
Mode Range (nm)
Fourth Harmonic Signal 300 - 400
Fourth Harmonic Idler 400 - 480
Sum-Frequency Signal 480 - 540
Sum-Frequency Idler 540 - 600
Second Harmonic Signal 600 - 800
Second Harmonic Idler 800 - 1150
Signal 1150 - 1600

L Idler 1600 - 2600 )

Therefore, different light sources can be used
for excitation and probing. For femtosecond
dynamics (fs-TA), the delay is generated me-
chanically with an optical delay line that
exploits the finite speed of light. Both the
excitation pulse and the probing pulse origi-
nate from the same fundamental beam. To
obtain a delay of 8 ns between both arms,
one pulse must travel 2.4 m farther than the
other. By using a multi-pass retro-reflector
that sends the beam through the delay stage
four times (see Figure 2.10), the physical
length of the delay line needs to be 60 cm.
Although the minimum step size can be only
a few fs, the practical resolution of a delay
line is generally limited by the bi-directional
repeatability. The delay line employed in
this work (Ultrafast Systems) offers a re-
peatability of 14 fs and is well below the
resolution limit imposed by > 90 fs pulse
duration.”™

For both time regimes, the detector in-
tegrates the photoelectronic signal at each
delay and then steps to the next delay value.
Because all sub-picosecond timing is en-
coded optically, no ultrafast electronics are
required unlike in the emission techniques
discussed in Section 2.3.3 3108219

2.4.4 Experimental Conditions

In TA experiments, multiple parameters
must be optimized including the pump in-
tensity and energy, concentration and envi-
ronment, measurement time, delay step size
and the accessible spectral and temporal
windows. Steady-state data and prior knowl-
edge of the material provide useful starting
points, but the conditions usually require
iterative refinement, particularly when the
transient signal is weak or the sample is vul-
nerable to photodegradation, as is often the
case for triplet emitters that generate singlet
oxygen.

Several strategies can boost the signal-to-
noise ratio, each with inherent trade-offs:

o Higher concentration increases the sig-
nal but can promote aggregation or
other unwanted intermolecular effects.

o Higher pump fluence likewise increases
the signal yet risks photobleaching and
nonlinear processes.

o Longer acquisition time averages down
noise but makes the data susceptible to
baseline drifts, optical instabilities and
cumulative photochemical reactions.

Balancing these factors is therefore a cen-
tral part of experimental design in TA spec-
troscopy.

After each TA experiment, the raw data
cube must be examined carefully for arti-
facts, unwanted nonlinear signals, sample
degradation and instrumental instabilities.
In doubt, the measurement should be re-
peated under altered conditions. Once suit-
able parameters have been identified and the
results are reproducible, additional runs can
be carried out in different spectral or tempo-
ral windows and then combined, yielding a
complete picture of the photophysical relax-
ation pathways of the system under study.

This section illustrated the basic TA setup
principle and the underlying fundamental
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nonlinear processes used to generate ultra-
short and tunable laser pulses as well as
broadband probes. The next section out-
lines common artifacts and preprocessing
steps, before turning to data-cube modeling
strategies for extracting quantitative rates
and resolving transient species.

2.5 Modeling Transient-
Absorption Data

After a TA experiment has been completed
and the raw data cube has been screened for
unwanted nonlinear processes, intermolecu-
lar interactions or sample degradation, the
data must be preprocessed and corrected
for intrinsic artifacts. The main steps and
underlying concepts used in this work are
covered in Sections 2.5.1 and 2.5.2.

The processed data can then be fitted with
a kinetic model, either at a single probe en-
ergy (local fit) or globally across the entire
spectral range. A theoretical background
of the kinetic schemes is presented in Sec-
tion 2.5.3. Although multidimensional fits
often converge, it is essential to verify that
the results are physically meaningful. A
good starting estimate for parameters and
time constants, together with a sound statis-
tical treatment of uncertainties, is therefore
indispensable. These aspects are addressed
in Sections 2.5.4 and 2.5.5. Finally, the al-
gorithmic implementation developed in this
work are outlined in Section 2.5.6.

2.5.1 Raw Data and
Preprocessing

An uncorrected TA hyperspectrum of a tung-
sten iodide cluster in acetonitrile is shown as
an example in Figure 2.12. In A, the 2D
hyperspectrum is plotted with probe wave-
length versus delay time. The differential ab-
sorbance is color-coded, with blue indicating
a loss in excited-state absorbance (negative
AA), red a gain (positive AA), and grey no

change. Above the plot, the steady-state
absorbance (red) and emission (blue) spec-
tra are shown. I will use this color scheme
throughout the thesis. Several issues are
evident in the raw data:

First, the WLC generated for this exper-
iment is meaningful only between 320 nm
and 650 nm. Data outside this window are
noisy or dominated by artifacts and should
be trimmed.

Second, near 350 nm there is a strong time-
independent bleach at the pump wavelength,
and from =~ 600 nm onwards another time-
independent bleach obscures the underlying
signals. Signals that persist across the entire
delay axis or appear before time zero, often
arise from scattered pump light or photolu-
minescence. Because the detector integrates
over a long temporal gate (typically 20 ps),
such photons are recorded independently of
the probe, yielding negative AA across the
time window. While baseline subtraction
can mitigate these contributions, strong scat-
ter may still distort the true dynamics. In
practice it is preferable to suppress scatter
optically (e.g. with filters or adjusted exci-
tation conditions).

Third, the dataset shows a pronounced
wavelength-dependent rise time: near the
blue edge the signal onset is close to "time
zero", but it shifts to ~ 2 ps toward the
red. This behavior is also visible in the ki-
netic traces in Figure 2.12 B (vertical guide
lines indicate the selected wavelengths). The
origin and correction of this artifact are dis-
cussed in the next section.

Finally, short-lived features are superim-
posed on the rising edge, most prominently
around 400 nm. Those signals arise from
so-called coherent artifacts (CAs) and will
also be addressed below.

Other, more situational preprocessing
steps include subtracting a background sur-
face (e.g. to account for solvent effects),
re-sampling the data cube or applying fil-
ters. Such procedures can introduce new
artifacts and should therefore be used spar-
ingly. A fully corrected TA spectrum is
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Figure 2.12: Raw and preprocessed TA data of a tungsten iodide cluster system in
acetonitrile upon excitation at 350 nm. A Uncorrected 2D hyperspectrum with the
steady-state absorbance (red) and emission (blue) spectrum above the plot. The vertical
lines indicate the position of the kinetic slices. B Kinetic traces at selected wavelengths
of the uncorrected spectrum. C Corrected 2D hyperspectrum. The horizontal lines
Qndicate the position of the spectral slices at selected delay times taken in D. )
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shown in Figure 2.12 C, with spectral slices
at selected delays in Figure 2.12 D. After
removal of unusable spectral regions, back-
ground light and the wavelength-dependent
time-zero shift, the pre-zero traces exhibit
only minimal residual structure (see the red
trace). Clear GSB features appear at 410
nm and 360 nm, matching the steady-state
absorbance bands, together with a broad,
unstructured ESA across the entire range.
At 200 fs (blue trace), a short-lived CA con-
tribution is still visible.

2.5.2 Dispersion and Artifacts

Group Velocity Dispersion The WLC
generation discussed in Section 2.4.2 inher-
ently produces a temporal "chirp', mean-
ing that longer "red" wavelengths are gener-
ated earlier in time than the shorter "blue"
ones.? #3210 Filters, lenses and the cuvette
add further intrinsic group velocity disper-
sion to the probe, leading to a noticeable
wavelength dependency of the "time-zero'
delay points, as seen in Figure 2.12. Time
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zero denotes the moment of zero delay be-
tween pump and probe within the sample
volume. Because each optics slightly change
the arrival time of both pulses, time zero
must be recalibrated for any change in filters
or in the excitation or probing wavelength.*’
Practically, time zero is often set visually
to the moment before the AA signal starts
to rise. For data modeling, the temporal
mean of the pump-probe cross-correlation is
frequently adopted as time zero.

To correct for the group velocity disper-
sion, a polynomial or a Sellmeier-based func-
tion is fitted to the time-zero values versus
wavelength.?'"?'% These values can be esti-
mated directly from the experiment or from
an IRF reference and the resulting dispersion
function is then used to align the time-zero
positions across the spectrum typically by
interpolation.?1:34:216:219

Coherent Artifacts On very fast time
scales within a few hundred femtoseconds,
signals that do not origin from population dy-
namics can overlay the TA response. These
nonlinear yj effects include, among others,
cross-phase modulation, stimulated Raman
amplification and two-photon absorption,
driven by the intrinsic high pump power
densities of fs-TA pulses and are therefore
difficult to avoid.?!3%16%:220

Recording a solvent/cuvette reference of-
ten allows subtraction of these contributions,
though small drifts can already undermine
this correction.”® Because such signals arise
from pump-probe interactions, their tem-
poral profile follows the pump-probe cross-
correlation (the IRF; see Time Resolution
in Section 2.3.4). They can therefore
be modeled as a sum of derivatives of the
IRF . 34:219,221

Modeling strategies for the IRF, CA terms
and kinetic components are discussed in de-
tail in the next section.

2.5.3 Kinetic Models

As noted above, the goal of TA spectroscopy
is often to extract the relaxation pathways

that follow photoexcitation and to assign
lifetimes (rate constants) and spectra to the
underlying transient species. The temporal
and spectral evolution of AA reflects the
relaxation of these species. Because multi-
ple states typically coexist, owing to com-
peting processes or sequential transforma-
tions, the observed AA is usually a super-
position of several contributions and must
be interpreted with a kinetic model to disen-
tangle the associated rates and spectra.®’*?
This separability can be written in Equa-
tion 2.29 as

Ncomp

AA(tA) = 3 [il(Da(N),

)

(2.29)

where each component ¢ contributes a
time-dependent relative concentration pro-
file [i](t) and a wavelength-dependent spec-
trum e;(\).*""%?217223 By modeling the con-
centration profiles with an appropriate ki-
netic scheme, the relative concentrations,
and thus the relative amplitudes, can be
estimated. The scheme can be extended to
include the IRF, CAs and other processes.
The following sections present the principal
kinetic and artifact models used in this work.

First-Order Processes Temporal
changes in component concentrations are
usually described by ordinary differential
equations (ODEs).”” In the simplest case,
an excited state A decays to the ground
state GS with rate constant k:

AL as (2.30)

The corresponding time-dependent change
of concentration of A obeys

9[A]

ot
where [A] is the concentration of the ex-
cited state A and k (in s7!) is the rate con-
stant. Since the rate depends on the concen-
tration of only one species and under the as-
sumption of a single-step process, the overall

— —k[A] (2.31)
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kinetics are first-order.”*?** Solving Equa-
tion 2.31 yields the familiar exponential
decay (see also Equation 2.6):

(2.32)

with lifetime 7 = 1/k.

Importantly, an observed monoexponen-
tial, first-order decay does not necessarily im-
ply a single microscopic process. As noted in
Section 2.3.3, the measured rate or lifetime
reflects the sum of all first-order relaxation
pathways from that state. For example, two
competing channels,

Aty B

Al o (2.33)
lead to an ODE with a single effective rate

constant

—k1 [A] = k2 [A]

= —kesy [A (2.34)

which is indistinguishable from Equa-
tion 2.31.

Parallel Scheme If the pump simultane-
ously populates independent initial species
that each relax to the ground state on their
own, a parallel kinetic model applies:

Al Gs
B Gs
(2.35)
The corresponding ODEs are
Ol = kA
W) - ka1B
(2.36)

with the usual monoexponential solutions.
This model is particularly important in

time-resolved emission spectroscopy and is
also often used to estimate lifetimes in TA
data and to extract decay-associated spectra
(DAS).31:225:226

In the following, I use a typical TA kinetic
trace as an example and illustrate how dif-
ferent kinetic schemes can model the data.
In Figure 2.13, the “experimental” trace
is shown in dark blue. It exhibits a small
dip around time zero (CAs), an IRF-limited
rise within &~ 200 fs, and two distinct steps,
one within ~ 1 ps and another around 10 ps,
with no further decay within the measure-
ment window. Fitting a three-component
parallel model yields the red curve. The in-
dividual component contributions, weighted
by their spectral amplitudes ¢;, are shown
as shaded areas.

- N

1oy A — GS
B — GS
C —inf

-
-
-
-~

“10p  100p
Delay Time (s)

Figure 2.13: Kinetic trace of a TA ex-
periment (dark blue) and parallel model
(red). Component A (green) and B (yel-
low) decay to the ground state (GS) within
130 fs and 4 ps, respectively, while compo-
nent C (blue) does not decay within the
measurement window. Note that the x-
axis changes from a linear to a logarithmic

(scale after 1 ps. )

Sequential Scheme An unbranched,
unidirectional sequential model is often a use-
ful starting point for describing relaxation
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pathways:

Ay pRyoo By gs (2.37)
where each arrow indicates a monoex-
ponential step with its own characteris-
tic lifetime and evolution-associated spec-
trum (EAS).*"#%3" Although the corre-
sponding ODEs are straightforward to
write down (Equation 2.38), the closed-
form solutions quickly become cumbersome
(Equation 2.39) and are impractical be-
yond three components. Algorithmic strate-
gies used in modern analysis software to
handle larger schemes are discussed in Sec-
tion 2.5.6.

(2.38)

(e7h —e7™") (2.39)

In Figure 2.14, the sequential scheme
of the example data is shown, providing a
model quality comparable to the parallel
scheme discussed above.

Throughout this work, the sequential
scheme is frequently applied to efficient
triplet emitters to extract ISC and phospho-
rescence lifetimes as it directly represents
the transitions S; — 17 — 9.

Instrument Response Function So
far, the modeled decays assume an instan-
taneous population of excited states upon
excitation resulting in a step-like onset at
time zero. In practice, the finite time resolu-
tion, set primarily by the pump and probe
pulse widths, causes the signal to rise over
a finite interval. This temporal blurring is
described by the IRF, which is commonly
approximated by a Gaussian pulse in Equa-
tion 2.40:%%%22!

(- U520 )

IRF =
202

1
\V2mo

4 N\

0 1p 10p 100p
Delay Time (s)

Figure 2.14: Kinetic trace of a TA ex-
periment (dark blue) and sequential model
(red). Component A (green) evolves into
B (yellow) within 130 fs. B then evolves
into C (blue), which does not decay within
the measurement window. Note that the
x-axis changes from a linear to a logarith-
(mic scale after 1 ps.

J

where o is the standard deviation and relates
to the FWHM via Equation 2.41:

FWHM
o= ——+1—
2v/21In2

The measured signal s(t) is the convolution

of the IRF and the excited-state population
o(t).34:45,221,220

(2.41)

s(t) = (IRF ® ¢)(¢) (2.42)

Equation 2.42 can be evaluated numeri-
cally or analytically. A common approxima-
tion uses the Gaussian cumulative distribu-
tion function (CDF)*>!%!

t—t
scor(t) = 3 eXP(— - 0>

- l1 +erf<t\/_§1;0>]  (2.43)

while the exact analytical result for a mo-
noexponential convolved with a Gaussian is
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the exponentially-modified Gaussian (EMG)
function**"

sena(t) = & exp(§(ko)? — k (t — to))

S S

Because exact numerical or EMG evalua-
tions are more computationally demanding,
Equation 2.43 is often used, provided the
lifetimes significantly exceed the IRF width.
In Chapter 3, a fast and accurate algorith-
mic implementation of the EMG function
for IRF modeling is introduced.

Fitting the rise (i.e. the IRF) and ex-
tracting o or the FWHM is a standard way
to determine the overall temporal resolu-
tion of the setup, from pulse generation to
detection.**?*

Convolving the parallel and sequential
schemes above with the IRF markedly im-
proves the agreement with the data, as
shown in Figure 2.15: the model (red)
closely follows the experimental trace (dark
blue). The remaining deviation near time
zero arises from CAs, which is addressed in
the next section.

Coherent Artifacts As discussed in
Section 2.5.2, CAs are difficult to avoid
and simple background subtraction is often
not feasible. Because their temporal profile
follows the IRF, they can be modeled by
constraining them to derivatives of the IRF,
leaving only an amplitude (for a single ki-
netic trace) or a spectral shape (for a 2D hy-
perspectrum) as the remaining d.o.f.**?1%:2%1
In the example in Figure 2.16, using the
zeroth-order (CAp) and first-order (CA)
derivatives of the Gaussian IRF suffices to
reproduce the data. Here, the initial fast
first component A in the previous models
can be fully explained as a CA within the
time resolution of ~ 200 fs. In some re-
ports, CA modeling employs higher-order
derivatives or a superposition of damped
oscillations. 10%221,228

This example also illustrates that the

4 N\

AA (norm.)

AA (norm.)

0 1p  10p 100p

Delay Time (s)

Figure 2.15: Kinetic trace of a TA exper-
iment (dark blue) and a parallel (top) and
sequential (bottom) model (red) convolved
\with the Gaussian IRF. )

slower kinetics are not significantly affected
by the CA or by IRF modeling. For this
reason, many studies simply exclude data
near time zero rather than explicitly mod-
eling CAs, especially when the processes of
interest are slow relative to the time resolu-
tion.

Branched, Multistep & Higher-Order
Processes More complex kinetic schemes
can include branching, distributed rates,
back reactions and higher-order processes,
in which the rate depends on more than one
species, e.g.15224,229,230

9[A]

ot
In general, if the kinetics can be written
as a system of ODEs, the data can be fitted

= —k[A][B)]. (2.45)
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Figure 2.16: Kinetic trace of a TA exper-
iment (dark blue) and a parallel (top) and
sequential (bottom) model (red) convolved
with the Gaussian IRF. Coherent artifacts
(CAs) are modeled with the zeroth- (CA,,
green) and first-order (CAy, purple) deriva-
\tives of the IRF. Y,

with that model.*” However, such models
often introduce many parameters and d.o.f
which can destabilize the fit and yield mul-
tiple statistically equivalent solutions. It is
therefore essential to choose physically rea-
sonable models and to constrain parameters
whenever possible using a priori knowledge
or complementary experiments.’"** Model-
ing of such specific schemes is often referred
to as target analysis in contrast to global
analysis and the resulting spectra are called
species-associated spectra (SAS) to empha-
size the characteristics of the "pure" excited-
or product state.*>3*?3! If a system would be
fully explainable with a sequential scheme,
the resulting EAS would be similar to the

SAS.
The next section outlines strategies for
robust model and parameter selection.

2.5.4 Model and Parameter
Selection

Fitting the models above to TA data yields
lifetimes and relative amplitudes of the com-
ponents. However, multi-exponential decays
are often ill-posed, especially when lifetimes
have similar magnitudes. This makes pa-
rameter estimates unstable in the presence of
noise, drift or artifacts and leads to many pa-
rameter sets with statistically indistinguish-
able fit quality.?**?* It is therefore impor-
tant to use sensible initial values and con-
straints to guide the optimization toward a
physically meaningful solution and to avoid
local minima in this ill-conditioned problem.
Here, "physically meaningful" denotes a so-
lution that is consistent with experimental
reality and physical laws, and that is also
unique and stable under small perturbations
of the data.”’® The principal strategies em-
ployed in this work are outlined below.

Number of Components Assuming
the data have been preprocessed and an-
alyzed for CAs, the first step is to deter-
mine a reasonable number of components.
Data exploration and prior knowledge of
the material class already provide useful
guidance.”*** For example, a semilogarith-
mic plot of a local kinetic trace can help
estimate how many components are present.
If the system under study is a triplet emit-
ter with a triplet quantum yield near unity,
the expected number of components (ex-
cluding artifacts) can range from one (77)
when the time resolution is slower than the
ISC, up to four if IC processes are resolved
(S, —>Slﬂ>T — Ty — Sp).

Singular value decomposition (SVD) pro-
vides another way to estimate an upper
bound for the number of components.?'**
The key idea is to factorize the data matrix
D as
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D=USV*, (2.46)

where U and V are unitary matrices and
> a diagonal matrix. The diagonal entries of
> are the singular values, while the columns
of U and V are the left- and right-singular
vectors of D, respectively, carrying the spec-
tral and temporal information (depending
on how D is arranged). The data can then
be approximated by its leading terms so that
the remaining singular values are at the noise
floor:

Ncomp

D~ Y o (2.47)
i=1

with the singular values o; and the cor-
responding orthonormal singular vectors u;
and v; taken from the matrix U and V, re-
spectively. The number of leading terms
needed to rebuild the data provides an es-
timate of the upper bound on the required
components. SVD analysis can also be used
to denoise the data by truncating small sin-
gular values.?*"#%

Starting Values & Constraints Af-
ter defining the number of components, it
is crucial to provide good initial starting
parameters, since multiexponential fits are
highly sensitive to starting values.?!??%232
Initial guesses can sometimes be obtained
visually by inspecting kinetic traces or from
the temporal shapes of the singular vectors
in an SVD analysis. Complementary mea-
surements, such as time-resolved emission
experiments or an accurate determination of
the IRF, are also valuable, since extracted
lifetimes (or the IRF width/time zero) can
be fixed or tightly bounded in the fitting
analysis.?h?!

Light, physically motivated constraints
can stabilize the fit and break symmetries
without being too restrictive. For exam-
ple, in a sequential scheme one may con-
strain lifetimes to increase monotonically.
Spectra associated with expected ESA fea-
tures can be constrained to be non-negative

and GSB or stimulated-emission compo-
nents can be constrained to follow the
steady-state absorbance or emission shape,
respectively,:15:221,232

Starting with a local (single-wavelength)
fit can simplify the estimation of initial val-
ues, albeit at the cost of greater instability.
Robustness is typically improved by extend-
ing the fit to a global analysis over the full
dataset.?*’

2.5.5 Uncertainty
Quantification

Given the strong sensitivity of the initial
parameters on the final result, estimates of
rate constants should be accompanied by
rigorous uncertainty quantification and by
comparisons across alternative models. Nev-
ertheless, TA publications often report only
goodness-of-fit metrics (if any) without ad-
dressing the robustness or uniqueness of the
solution, in part because popular software
lacks such tools. In this work, methods to
transparently assess the stability and mu-
tual correlations of the fitted parameter sets
are developed and tested (see Chapter 3).
Below, I summarize the key ideas behind the
fitting metrics used in this work and in the
literature.

Fit Adequacy To quantify how well a
model reproduces the data, the first step is
to inspect the residuals, defined as the differ-
ence between observed and calculated values.
For a 2D data grid with N delay points rang-
ing from ¢ = 1,2--- N and L wavelength

channels ranging from j = 1,2..--L, the
residuals res are defined as
res;; = AA” - AAE;‘IC y (248)

where AA;; and AA are the measured
and modeled values, respectively. Ideally,
the residuals are small and show no dis-
cernible structure or correlation. From
the residuals one can compute standard
goodness-of-fit metrics, including the sum of
squared residuals (SSR), the sum of squares
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total (SST), the coefficient of determination
(r?), the root-mean-square error (RMSE),
mean absolute error (MAE) and residual
standard deviation &. If the measurement-
noise standard deviation o is known or ex-
ternally estimated, the (reduced) x? values

can be derived as well.?%-?*!
N L
SSR =3 > resj; (2.49)
i=1j=1
1 N
=57 AA 2.
NL 2; ij (2.50)
N L
SST =33 (A4, -BA)  (251)
i=1j5=1
SSR
T=l-oop 2.52
' SST (2.52)
SSR
MSE =\~T 2.
NS NL (2.53)
1 ML
MAE =57 2 .71|feszy| (2.54)
1=17=
N (res; 2
X = Z( 0,,”) (2.55)
i=1j5=1 ¥
2
X
Yt = o (2.56)
SSR
7= 2.
7 Q (2.57)

While the RMSE penalizes large residuals
more strongly, the MAE weights all residuals
equally and is therefore always < RMSE.>*"
The coefficient of determination is a measure
on how well the model replicates the data
with a 72 = 1 being a perfect match. A
reduced chi-square x2,, ~ 1 suggests an ade-
quate model given the stated noise, x2,4 < 1
can indicate overfitting or overestimated un-
certainties, whereas x%, > 1 points to un-
derfitting or underestimated noise.”*” Here,
d.o.f denotes the degrees of freedom (i.e. the
number of data points (N L) subtracted by
the number of free parameters).

Local Identifiability If the Jacobian
matrix Jac of the residuals is computed
alongside the parameter estimates, the co-

variance Cov of the parameter vector 6 can
be estimated by

Cov(8) ~ 6*(Jac’ Jac) ™, (2.58)
which yields the standard error SE of pa-
rameter [ and parameter-parameter correla-

tion Corr(6;,6,,) between parameter | and
m22'—’137245

SE(@[) == COV(QM) (259)
Cov(6hm)
Corr(6;, 0,,) = SE(QZ)S}E(GW)' (2.60)

Large standard errors or strong parameter-
parameter correlations (values near +1)
are useful indicators of weak identifiability
or potential over-parameterization. How-
ever, when the residual Jacobian is ill-
conditioned, Equation 2.58 may be inac-
curate or even intractable. In such cases,
uncertainties should be assessed by alterna-
tive approaches (e.g. bootstrap resampling
or profile-likelihood methods), as discussed
below.

Global Identifiability A practical,
prior-free approach is to use an F-test on the
profile of each optimized parameter. Perturb-
ing one parameter away from its optimum
and re-optimizing all others will slightly in-
crease the SSR. This stepping is repeated un-
til a predefined F-threshold is reached so that
the resulting SSR cannot be explained sta-
tistically anymore yielding confidence inter-
vals (CIs) of the analyzed parameter. This
procedure is then repeated for all the other
parameters.*’

To obtain data-driven Cls and parame-
ter correlations, bootstrap resampling can
be applied. Synthetic datasets are gener-
ated either from a noise model (paramet-
ric bootstrap) or by resampling residuals
(non-parametric bootstrap). Refitting each
synthetic dataset yields an empirical distri-
bution of the parameters from which CIs and
correlations are derived.?0 2%
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Whereas bootstrapping perturbs the data
and re-estimates parameters, Markov chain
Monte Carlo (MCMC) perturbs the parame-
ters directly and explores the posterior distri-
bution. The result is a full joint uncertainty
description including correlations and credi-
ble intervals (Crls) for each parameter.?*2°!

Model Comparison When comparing
alternative models for the same experiment,
multiple criteria should be considered. Be-
yond fit adequacy and parameter identi-
fiability, the inferred lifetimes and spec-
tra should be stable with respect to initial
guesses, insensitive to modest preprocess-
ing changes, physically plausible, and con-
sistent with independent theoretical or spec-
troscopic evidence.***?

As relative measures of fit quality that
penalize model complexity, the Akaike infor-
mation criterion (AIC) and Bayesian infor-
mation criterion (BIC) are useful:

2

AIC = n1n<X> + 2params (2.61)
n

2

BIC = nln<X> + Nparams (1) (2.62)
n

with the number of data points n and the
number of free parameters nparams. While
both compare competing models on the same
data, the BIC favors simpler models more
strongly, whereas the AIC penalizes complex-
ity more lightly. The preferred model is the
one with the smaller criterion value.”?* %

2.5.6 Algorithmic
Implementation for
Global Kinetics

This section briefly outlines the computa-
tional methods commonly used to model TA
data. For detailed discussions, see the fol-
lowing reviews®*%?*! and implementation
papers. 15:221-223

Variable Projection Algorithm Start-
ing from the superposition principle intro-
duced in Equation 2.29 which separates

temporal and spectral factors, a concentra-
tion model (Section 2.5.3) with parameters
0 is defined. The experimental data can be
written as

Ncomp

AANE) = Y cnlt,0)(N),

%

(2.63)

with the concentration ¢; »(¢, ) as a function
of delay time ¢t and parameter vector 6 of
component ¢ and the spectral contribution
£(\) as a function of wavelength .

Equation 2.63 naturally separates the lin-
ear parameters € from the nonlinear kinetic
parameters . Solving first for the linear pa-
rameters, which is an efficient step, reduces
the overall problem to a purely nonlinear
least-squares optimization. Concretely, at
each iteration one forms the concentration
matrix C'(f) and solves the inner linear least-
squares problem

min[|AA — C(O)ell,  (2.64)

to obtain the wavelength-dependent am-
plitudes €. These are then fed to the outer
nonlinear solver that updates 6. This two-
level procedure is known as the Variable
Projection algorithm.?>2°7

Computing Concentration Profiles
To construct the concentration matrix from
the ODEs, two common approaches are used.
The first converts the ODEs into a rate ma-
trix K with ¢ = K ¢ and solves®"*

c(t) = e®te(0) (2.65)

For a two-component model with rates kq
and ko, the rate matrices for a parallel K,
and sequential K, are, for example,

=k 0 =k 0
Kpar - [ 0 —k2‘| 9 Kseq - [ kl _kQ] .
(2.66)
This method is exact for linear first-order

systems and can also accommodate branch-
ing and other target models. The software
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Glotaran (based on the package TIMP) and
its successor pyglotaran implement this
approach.?21-2%

A more flexible alternative, at the cost
of speed and potential stability issues, is
to integrate the ODEs stepwise on a chosen
time grid, which allows time-dependent rates
and nonlinear terms. This strategy is used
by KiMoPack.’

In the early stages of this work (e.g. Chap-
ter 4), the free software Glotaran was used
for global fitting of TA data. In later studies,
the software TAPAS, developed throughout
this work (see Chapter 3) and based on
stepwise ODE integration, was employed.

Optimization Algorithms Several op-
timization algorithms for nonlinear least-
squares problems can be used for the outer
step of the Variable Projection scheme.
Gradient-based methods such as Levenberg-
Marquardt®** and BFGS*®?°? typically con-
verge quickly when the residuals are smooth
and differentiable. Direct-search (derivative-
free) methods such as Powell* or Nelder-
Mead??%? are often more robust to irregu-
larities but are usually slower than gradient-
based methods.

All of the above are local optimizers,
meaning they can converge to different
minima depending on the starting values.
By contrast, global search strategies, such
as differential-evolution®***%* or Adaptive
Memory Programming for Global Optimiza-
tion (AMPGO),* do not rely on precise
initial guesses and explore the parameter
space more broadly at the cost of speed.

In summary, modeling of TA data requires
preprocessing and chirp compensation before
selecting a specific kinetic model, the number
of components and starting estimates. Since
the results are often highly sensitive to priors,
model and parameter quality/identifiability
should be assessed in multiple layers. The
next section introduces the reference system
and investigated materials.

2.6 Investigated
Material Systems

Throughout this work, a variety of material
classes were investigated with an emphasis
on triplet generation and behavior. Mate-
rials exhibiting appreciable ISC rates and
phosphorescence are of significant interest for
applications in oxygen sensing and singlet-
oxygen production, PDT, bioimaging, LEDs
and photovoltaic devices.''*?%%7 However,
the mechanisms governing triplet formation,
migration and decay are often not fully un-
derstood, which hampers rational materials
design.”?%* 2" Because triplet characteris-
tics are not only system-specific (see Sec-
tion 2.2.3) but also highly sensitive to the
local environment (see Section 2.2.5), TA
spectroscopy is particularly well suited to dis-
entangle these processes. Conversely, since
these dynamics are typically multistep and
feature-rich over broad spectral and tempo-
ral ranges, such materials also provide strin-
gent testbeds for benchmarking TA setups
and analysis software.

In the following, the three material classes
studied in this work are introduced with
a focus on their optical and excited-state
properties.

2.6.1 Reference System:
Xanthene Dyes

Xanthenes The xanthene dye family
comprises synthetic organic chromophores
with outstanding photophysical properties,
including high fluorescence quantum yields,
large extinction coefficients and good photo-
stability. The xanthene core (Figure 2.17
A) is readily modified and substituted, en-
abling systematic tuning of the m-electron
system and, consequently, the optical proper-
ties. This versatility makes xanthenes valu-
able for applications ranging from biologi-
cal staining to PDT, as well as for use as
model systems.””'?™ They are commonly
grouped into fluoresceins, rhodamines and
rhodols. While most xanthenes are engi-
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neered for bright fluorescence with minimal
triplet formation, heavy-atom substitution
markedly enhances SOC and ISC. As dis-
cussed in Section 2.2.3, the halogenated
fluoresceins eosin Y (Bry-fluorescein) and
erythrosin B (I4-fluorescein) exhibit strongly
increased ISC rates (see Table 2.2).7"%

(" N
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cl

Figure 2.17: A Molecular structure of
xanthene. B Molecular structure of dian-
(lonic rose bengal

J

Optical Properties of Rose Bengal
Rose bengal (RB), another xanthene dye de-
rived from fluorescein, can exist in multiple
anionic forms depending on solvent and pH.
Figure 2.17 B shows the dianionic species.
Owing to the heavy-atom effect, RB exhibits
an [SC quantum yield of up to 0.98 in aque-
ous solution.?”?7°

Although the environmental dependence
and origins of these photophysical properties
have been investigated for decades, they re-
main under active debate. In 1975, Martin
and coworkers showed that intermolecular

hydrogen bonding between solvent and flu-
orescein not only red-shifts the absorbance
and emission features, but also increases the
ISC rate at the expense of the fluorescence
quantum yield.””” Building on this, Flem-
ing and colleagues reported for fluorescein
derivatives that changing the solvent from
isopropanol to ethanol, methanol and finally
H50 decreases the S; — 17 energy gap and
increases the ISC rate.?”® Recently, we used
TA spectroscopy to extract ISC rates of RB
in water/methanol mixtures and found a
quasi-linear tunability of ISC lifetimes from
~ 70 ps in pure water to ~ 500 ps in pure
methanol.'"!

Beyond solvent interactions, the ISC rate
also depends on dye concentration and aggre-
gation. Joshi and Pant showed that increas-
ing the concentration can reduce the ISC
rate by up to two orders of magnitude.”” In
2022, Kappes and coworkers combined time-
resolved photoelectron spectroscopy with TA
to study anionic and dianionic RB in the gas
phase, finding that the two charge states
exhibit different ISC rates.”” They also ob-
served rapid structural relaxation within 4
ps, giving rise to an oscillatory decay of the
S| state.

Furthermore, RB has a rich photochem-
istry including singlet oxygen production,
bimolecular self-quenching, electron transfer
reactions and TTA, whose rate constants
in degassed aqueous or acetonitrile solution
have been determined using pulse radioly-
sis, time-resolved emission spectroscopy and
nanosecond TA spectroscopy.'?%270:250

Rose Bengal as a Model System RB
remains an active research subject because
of its multiple excited-state relaxation path-
ways and complex self- and solvent interac-
tions. Owing to extensive prior work, many
properties such as emission quantum yields
and ISC rates are available from different
groups under a variety of conditions. Com-
bined with its strong visible absorption and
rich transient features over broad spectral
and temporal ranges, RB is an excellent ref-
erence system for TA spectroscopy across
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diverse windows. Moreover, assembling mul-
tiple TA datasets into a single global analysis,
while incorporating complementary results
from the literature, can provide both an in-
structive and more comprehensive picture
of RB’s complex kinetics, as well as a clear
demonstration of global and target analyses
(and their statistics) for broadband TA. Such
integrated case studies remain relatively rare
in literature.

2.6.2 Octahedral Metal Halide
Clusters

Octahedral transition-metal halide clusters
are a material class known for bright and
long-lived red to NIR phosphorescence,
high emission quantum yields, and effi-
cient oxygen quenching with singlet-oxygen
formation.'™® They comprise an octahedral
metal core of molybdenum(Il) or tung-
sten(II), capped by eight tightly bound inner
halides across the octahedral faces and six
exchangeable outer ligands along the edges,
as illustrated in Figure 2.18. Their gen-
eral formula is Ay[(MgXg)Le|, where A is the
counter-ion, M the metal (red), X the inner
halogen (grey) and L an outer apical ligand
L (yellow). The apical ligands are natively
halides but they can be exchanged for car-
boxylates, tosylates (OTss), or other donor
groups. 112,114

First reports on halides of Mo(II) and
W(II) date to the mid-19th century, but
the first crystallographic characterization
of the (MgXg) cluster core appeared in
1945.11%281 The bright red phosphorescence
of the [(MogClg)Clg)*™ cluster with a life-
time of 120 ps in the solid state, was first
analyzed in 1981 by Gray and Maverick, fol-
lowed in 1982 by photophysical studies on
[((MogBrs)Brg)*~ and [(WsClg)Clg]*™ by the
same group.''%%*? Their ability to generate
singlet oxygen via excited-state quenching
by molecular oxygen was first described in
1990."® Over the subsequent decades, numer-
ous ligand-substituted Mo(II) clusters and
Re(III) chalcogenide clusters were synthe-
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Figure 2.18: Schematic illustration of
the [(MgXg)Lg]* cluster core. The octahe-
dral metal core is depicted in red, the face
capped inner ligands are shown in grey,
and the apical outer ligands are presented
(in yellow.
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sized and characterized, some of which ex-
hibiting emission or singlet-oxygen quantum
yields near unity, underscoring their poten-
tial in oxygen sensing, PDT, bioimaging and
catalysis! 517114283201

Thanks to an improved synthesis route,
binary tungsten iodide clusters have been
readily accessible since 2016, catalyzing
various ligand-substituted tungsten iodide
derivatives.'%!1429:29 Their synthesis and
ligand-exchange strategies are outlined in
the following paragraph.

Octahedral Tungsten lodide Clusters
In contrast to tungsten chloride and tung-
sten bromide systems, where compounds
with tungsten oxidation states higher than
+2 are common (e.g. in WCly, WCl; or
WClg),”""?% binary tungsten iodides with
oxidation states of +3 and above are not
known. Nevertheless, numerous tungsten
iodide clusters have been reported with
trigonal (e.g. W3lg),”"" tetrahedral (e.g.
Wyli),”" square pyramidal (e.g. W5l;;)*"”
and octahedral (e.g. Wgl14)*" cores, stabi-
lized in part by iodine’s ability to form I or
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304,305

I3~ bridges.
Binary tungsten iodides can be synthesized
in several ways. One route reacts tungsten
metal with iodine at 600 - 800 °C, but re-
quires long reaction times and typically af-
fords low yields.?”” Alternative approaches
use W(CO)g and iodine, evolving CO and
posing a significant detonation risk,*%%7
or perform halide exchange starting from
WeCly2.?% In 2016, the Meyer group re-
ported a safe and rapid synthesis of W3l
(Equation 2.67), which serves as a versa-
tile precursor for numerous tungsten iodide
species, including the octahedral prototype
[(Welg)Ig)>” (Equation 2.68).2%°°%

6 WClg + 9 Sil, % 2 W3l + 9SiCly 1

+6L,1 (2.67)

2 Wslyy + 2 Csl % Cso[(Wels)Ig] + 61,1

(2.68)

The ternary tungsten iodide cluster
A,[(Welg)lg] can be further modified in so-
lution via cation exchange reactions e.g. re-
placing A'T with tetra-n-butylammonium

(TBA)*

CSQ[(WGIS)IG] + 2 (TBA)I —

or by exchanging the apical iodide via salt

metathesis using the according silver salts,
19,296
e.g.

(TBA)3[(Welg)I] + 6 Ag(COCF3) —

Cationic Tungsten lodide Clusters
Neutral or cationic cluster species, where
the six apical ligands are partially or
fully replaced by ligands like pyridine,
dimethylformamide  (DMF),  dimethyl
sulfoxide (DMSO) or water, have been

investigated to a lesser extent, particu-
larly regarding their optical properties.
Most reported examples are Mo-based
systems like  [(Moglg)(DMSO)g](NO3)4,
[(Moglg)(OHz)4(OH)2](OTs), or
[(MogIg)(OHy)2(OH)4].' 7?1 More recently,
neutral tungsten iodide Wglio(NCCgHs)o
and the cationic species [(Wlg)(DMSO)g]**

and  [(Welg)I3(CH3CN)3]"  have  been
reported.?10-312

However, their  excited-state  and
temperature-dependent  properties  re-

main sparsely characterized. Combined with
the limited number of known species, this
leaves open questions about how neutral
ligands influence the optical behavior of
these cluster systems.

Optical Properties & Singlet Oxygen
Production Octahedral transition-metal
halide clusters typically appear orange to
red, absorbing in the blue to UV.?*> Upon
photoexcitation into S,, they undergo rapid
ISC to T,, followed by deactivation either via
phosphorescence or quenching by molecular
oxygen, 599114

Their ability to generate singlet oxygen is
commonly quantified with the Stern—Volmer
method by measuring the emission lifetime
at different oxygen concentrations (see Sec-
tion 2.3.5).'%!" Reported quantum yields
for singlet-oxygen generation often reach >
70 %, depending on the ligand set. This effi-
ciency is rationalized by a favorable triplet-
state energy, a sufficiently long triplet life-
time, and a triplet that is geometrically
accessible to ®0,, enabling efficient energy
transfer.'” However, a detailed mechanism
that predicts how specific ligands modulate
oxygen sensitivity is still lacking.

Reported emission lifetimes are on the or-
der of several tens of microseconds for W-
based clusters, and up to a few hundred
microseconds for Mo-based clusters under
inert conditions, although values can vary
across ostensibly similar compounds.”’® As
a general trend for Mo- and W-based sys-
tems, replacing apical ligands with electron-
withdrawing groups of low pK, (e.g. tri-
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fluoroacetate (TFA) or OTs) increases the
emission lifetime and quantum yield and
blue-shifts the emission maximum.!'*3!%314
Mikhaylov and co-workers rationalize this us-
ing the energy-gap law (see Equation 2.11):
lower pK, ligands reduce the nonradiative
rate k,. by blue-shifting the triplet en-
ergy and altering vibronic coupling.?’%*!°
Nonetheless, there are counterexamples
where the simple correlations between emis-
sion maximum and k,,, or between pK, and
Ky, do not hold.'"® In addition, ligand sub-
stitution can modify the triplet-state ZFS,
further affecting the photophysics and, in
particular, the temperature dependence of
the emission.?” This aspect is discussed in
more detail in the following section.

Temperature-Dependent Emission
Octahedral transition-metal halide clusters
not only exhibit long-lived emission, but
also unusually broad emission spectra whose
FWHM can exceed several hundred meV and
whose lifetimes, FWHM and peak positions
show a strong and often nonlinear tempera-
ture dependence.??

Several models have been proposed to ex-
plain these photophysical properties, par-
ticularly the broad, temperature-dependent
emission, yet the nature of the under-
lying triplet states remains incompletely
understood. Non-relativistic calculations
from 1988 suggest that the lowest triplet
state, 3T, splits via first-order SOC within
the Oy symmetry into three spin sublevels
(Tou + Ey (degenerate), Ty, and Ay,).*'"
Second-order SOC then lifts the degeneracy
of Ty, + E, yielding four distinct emissive
sublevels, each with its inherent emission en-
ergy and rate. The splitting is illustrated in
Figure 2.19. Among these, the Ty, state
is expected to undergo an electronically al-
lowed dipole transition, producing an intense,
short-lived emission that dominates over the
higher-lying A;, state (grey). Experimen-
tally, this often leads to the observation of
three emissive sublevels (the so-called three-
spin-sublevel model).?*

Because the population of each sublevel is

temperature-dependent and can be described
by a Boltzmann distribution, this frame-
work explains both the broad, temperature-
dependent emission and enables extraction
of the energy gaps between sublevels via
Equation 2.23 from Section 2.3.5. This
approach has been applied to complexes of
Mo(II),*'" Pt(I1),*"® Tr(I1)*"” and Ru(II).**

Relativistic density functional theory
(DFT) calculations, however, predict a no-
ticeable distortion of the excited triplet state
which would lead to a symmetry lowering
and loss of degeneracy from the O, symme-
try, lowering the symmetry and removing de-
generacies assumed in the three-spin-sublevel
model.?":21321:322 Byilding on this, Kitamura
and coworkers proposed a four-spin-sublevel
model in which a Jahn-Teller-type distortion
lowers the symmetry from Oy, to Dy, result-
ing in a splitting of Ty, into By, and E, (see
Figure 2.19).” With four emissive com-
ponents, they successfully modeled a range
of [(MogXg)Lg]*>~ clusters over 4 to 300 K,
which was not achievable with only three
states. They further identified correlations
between the strength of ZFS (i.e. the energy
separations among sublevels) and the nature
of both, the inner and outer ligand.!?%:32%324

However, a fourth emissive component
was not observed for [(RegSs)Clg]* or
[((WgClg)Clg]* ", even though DFT calcula-
tions also predict symmetry lowering for
these systems.”” In fact, the calculated distor-
tions of the excited triplet states of Mo(II),
W(II) and Re(III) clusters can reduce the
symmetry to Doy, Co, or even Cg, implying
a complete lifting of degeneracy across the
nine sublevels.””:?1:321:322 This raises doubts
about whether a simple group-theoretical
picture can adequately describe the triplet
configuration in these clusters.

Costuas and  coworkers  combined
time-resolved emission with DFT for
[((MogBrg)Brg]*” and showed that the
photophysics can depend on the excitation
route and wavelength.”’ They attributed
this to at least two emissive triplet states
arising from distinct geometric relaxations,
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Figure 2.19: Excited triplet state spin sublevel models of octahedral metal halide
(clusters. The schematic is based on the models by Saito’'® and Kitamura.”” )

underlining that SOC and vibronic coupling
alone are insufficient to explain the behavior
of Mo-based clusters.

Most experimental and theoretical stud-
ies of temperature-dependent emission and
excited-state structure have focused on Mo-
based systems. Extending these investiga-
tions to W-based clusters and testing the
competing models under debate would help
clarify the complex nature of the emissive
triplet states and, in turn, support applica-
tions of W-based clusters in medicine, sens-
ing and imaging.

Excited-State Dynamics Although
the emissive properties of transition-metal
halide clusters have been studied extensively,
little is known about their excited singlet
states or ISC rates. Time-resolved emission
measurements have suggested singlet-state
emission in (TBA);[(MogClg)Clg] occurring
between 600 and 1200 ps.*?” By contrast, fs-
TA studies on Mo-based clusters in solution
report ISC within &~ 2 ps, followed by a hot
triplet cooling on a 5 ps timescale.”

While ns-TA is occasionally used in con-
junction with time-resolved emission to
track the emissive T state in Mo-based

systems,'%*’! there appear to be no corre-

sponding TA studies on W-based clusters
that probe ISC rates and the nature of the
excited singlet and triplet states. As a result,
fundamental questions about ISC kinetics
and the electronic character of the excited
states in W-based clusters remain open.

2.6.3 Acenes

Acenes are polycyclic aromatic hydrocarbons
composed of linearly fused benzene rings
gle aromatic m-sextett, delocalized over the
whole m-system, making them ideal model
systems for quantifying aromaticity and use-
ful building blocks for graphene and carbon
nanotubes.*?% 330

Their characteristic 7-electron framework
leads to a decrease in the Sp — S; and S; —
T) transition energies with increasing ring
number, shifting absorption and emission to
lower energies.*?***! Consequently, acenes
evolve from insulators to semiconductors,
with an extrapolated optical band gap of 1.23
eV for an infinitely long "polyacene".?"3%?
The names of the smaller acenes are listed
in Table 2.6.
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Figure 2.20: General molecular structure
\of acenes. )
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Table 2.6: Names of the first smaller
acenes and their number of rings.

Name Number of Rings

Anthracene
Tetracene
Pentacene
Hexacene
Heptacene

o 3 O Ot = W

Octacene

Because of their bandwidth and high
charge-carrier mobilities, tetracene and
higher acenes are promising candidates
for organic electronic applications such
as organic LEDs and organic field-effect
transistors, 25333334

However, the decreasing gap also increases
the diradicaloid character and chemical re-
activity (photooxidation, dimerization) of
ple, hexacene already shows decomposition
in solution.?® As a result, extensive exper-
imental studies on higher acenes such as
heptacene remain limited by low stability
and synthetic challenges.*" A brief overview
of synthesis strategies and analytical ap-
proaches for these higher acenes is provided
in the following section.

Synthesis & Stability Due to their
pronounced tendencies toward dimerization,
photooxidation and poor solubility, higher
acenes are often synthesized with stabiliz-
ing silyl-ethynyl substituents (e.g. triiso-
propylsilyl (TIPS)) to enable experimental

probing of their optoelectronic properties
in solution.?*”*** Heptacene is the highest
unsubstituted acene that has been synthe-
sized and characterized in solution from var-
ious precursors. A synthetic route published
in 2006 employs photodecarbonylation of a
diketone precursor (Figure 2.21) in a poly-
mer matrix, yielding heptacene that remains
stable for only a few hours.**”:**" In solution,
however, this approach does not produce
heptacene. Using a covalent dimer as a pre-
cursor, heptacene could be generated and
studied in solution and in the solid state
by nuclear magnetic resonance (NMR) and
absorption spectroscopy.®'! Nevertheless, for
extensive optical measurements, including
TA spectroscopy, the intrinsic stability and
solubility of pristine heptacene remain insuf-
ficient.

4 O )

Figure 2.21: Molecular structure of

7,16-dihydro-7,16ethanoheptacene-19,20-

(dione.** )

O

Over the past decade, several kinetically
stabilized heptacene derivatives have been
synthesized and characterized. However,
most studies focus on the structure or ba-
sic optical properties.*****> Comprehensive
steady-state and excited-state analyses in
solution, as performed for anthracene and
pentacene derivatives, are still scarce.!'® 120
Such studies are essential not only for un-
derstanding heptacene’s intrinsic optoelec-
tronic behavior, but also for placing it within
the broader acene series and benchmarking
computational models and predictions. No-
tably, theory suggests that heptacene marks
a turning point at which the electronic con-
figuration and thus the optical properties
change.?'® This point will be developed in
more detail below.
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Photophysical Properties Absorption
spectra of acenes feature three principal
bands, each with pronounced vibrational fine
structure. The p-band according to Clar*!’
or the 'L, band according to Platt**® cor-
respond to the lowest-energy m — 7* or
S1 — Sy transition. Its vibrational progres-
sion typically has a dominant 0-0 transition
from the lowest vibrational level of Sj to
that of S;.%"! The a or 'Ly, band (Sy — S»)
is usually weak in acenes, whereas the [
or 1By, band exhibits strong transitions (e.g.
So — S for anthracene) in the UV .

Computational and theoretical descrip-
tions of the electrical and optical proper-
ties of acenes are challenging and often con-
troversial, because the large system size
typically demands semi-empirical methods
that are less accurate but computationally
affordable.?*%*Y DFT, while widely used to
describe electronic structures, fails to repro-
duce the correct A, ground state.””" From
anthracene to hexacene, the 'A, — 'By,
transition is generally taken as the lowest
excited-singlet to ground-state transition.**
For higher acenes beginning with heptacene,
calculations predict that the lowest excited
state switches to 'A, symmetry, rendering
it Laporte-forbidden.**!*40

Owing to the stability constraints and as-
sociated synthetic challenges, experimental
confirmation of the nature of the lowest ex-
cited state in heptacene and related com-
pounds is still lacking.

Triplet State Population As discussed
in Section 2.2.5, SF is a spin-allowed pro-
cess, in which one high-energy S; excited
state (exciton) splits into two triplet excitons
(Ty + Ty)."" Interest in SF has grown rapidly
because, in principle, a SF sensitizer could
raise the power-conversion efficiency of an
ideal single-junction photovoltaic cell from ~
33 to &~ 44 % over the solar spectrum beyond
the Shockley-Queisser limit).'*'* Acenes are
among the few molecular classes known to
undergo SF, owing to their tendency to ag-

gregate and their favorable energy alignment
(E(S)) ~ 2E(Ty))."* Anthracene and pen-

tacene have been studied extensively in this
context, and pentacene-based photovoltaics
with external quantum efficiencies exceed-
ing 100 % have already been reported.”***
Nevertheless, the nature of the multiexciton
state and the detailed mechanism of triplet
generation remain unclear, due to the com-
plex interplay of concentration-dependent
SF, ISC, TTA, and the intrinsic delicacy of
the acene framework.?®??

As an example, in highly concentrated
TIPS-pentacene solutions, Walker and co-
workers argued that excimer formation oc-
curs as part of the SF process without ag-
gregate formation.'”” In contrast, Grieco
and colleagues used TA spectroscopy on the
same system and concluded that aggrega-
tion does occur in solution, mediated by
the TIPS groups, and that it is important
for SF efficiency.*”? More recently, however,
a separate study reported no evidence of
excimer formation in concentrated TIPS-
pentacene and argued that, although aggre-
gation is present, SF' proceeds primarily via
diffusive encounters and does not rely on
aggregation'™

For higher acenes such as heptacene and its
derivatives, SF and triplet-state population
have not yet been explored in detail exper-
imentally. Photodecarbonylation of the a-
diketone precursor of heptacene enabled de-
tection of a triplet state by TA spectroscopy,
with a lifetime of 11 ps, however, the relax-
ation pathway from the excited singlet to
the triplet state could not be resolved.**’
Because SF becomes more exothermic with
increasing ring size, and because heptacene
exhibits enhanced biradical character, the ef-
ficiency of SF may be reduced, making ISC a
more competitive relaxation channel.?** 3%
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This section introduced the investigated
materials beginning with rose bengal as a
literature-known reference system for bench-
marking the developed processing, modeling
and uncertainty analysis of TA data. Fur-
ther, the octahedral metal halide cluster fam-
ily and the acene family were outlined high-
lighting recent findings and open questions in
their photophysics. The following chapters
present the results of the main studies.
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3.1. Abstract

3.1 Abstract

We present TAPAS (Transient Absorption
Processing and Analysis Software), an open-
source, Python-based graphical platform
that covers the entire transient absorption
(TA) workflow, from raw data import and
preprocessing to visualization, global and
target fitting, and statistical evaluation.
Users operate TAPAS through an intuitive,
seven-tab GUI, yet all underlying modules
remain accessible for inspection and exten-
sion, merging GUI convenience with script-
level flexibility. The fitting engine employs
just-in-time compilation via an open-source
machine learning compiler ecosystem, de-
livering 2-20-fold speed gains over estab-
lished packages. Automatic differentiation
and residual-based effective-sample-size cal-
culations yield reliable confidence intervals
and correlation matrices, while an integrated
sampling routine provides full Bayesian pos-
terior exploration - diagnostics which are
rarely available in other TA tools. All raw,
processed, and fitted data are written to
standardized HDF5 containers and automat-
ically annotated with rich metadata, ensur-
ing complete provenance. An extended case
study on rose bengal shows how TAPAS first
reveals hidden lifetime correlations, then em-
ploys broadband global and target analy-
sis to merge TA traces with complementary
steady-state and literature data, yielding
a single, self-consistent kinetic model. By
uniting advanced uncertainty quantification
and transparent data management within
a user-friendly interface, TAPAS closes the
gap between accessibility and rigorous statis-
tical treatment in transient absorption spec-
troscopy.

3.2 Introduction

Transient absorption spectroscopy (TAS)
is a powerful technique for probing the
excited-state dynamics of photoactive

molecules, nanocrystals and solids. Upon
excitation with a pulsed laser, the temporal
and spectral evolution of the excited states
can be followed by monitoring changes
in absorption. Since this technique is
not limited by the emission of photons,
dark states and non-emissive relaxation
paths can be traced as well, resulting
in a multivariant time-resolved spectral
map with often complex kinetic and
spectral traces. In practice, processes such
as internal conversion,””* % band-gap
renormalization,'%%%01:3%?  refractive index
changes,'%” conformational changes,?®* %
fluorescence,”®®  intersystem  crossing
(ISC),101:279:366,367  phosphorescence?’ 1305
and charge separation'??*0%3"" are superim-
posed. In addition to these material-specific
contributions, instrument and solvent
effects can complicate the dynamics in
the sub-picosecond regime even further.
These effects encompass group-velocity
dispersion (“chirp”), instrument-response
broadening ("IRF"), scattered light, solvent
reorganization and pump-probe photon
interactions such as two-photon absorption,
cross-phase modulation and stimulated
Raman amplification, collectively termed
"coherent artifacts" (CAs).?!216:220,570

To fully disentangle these contributions,
prior theoretical knowledge of the specific
material, multiple TA experiments with vary-
ing spectral windows, delay ranges, solvents,
or complementary techniques (steady-state
absorption /emission, time-resolved fluores-
cence) are typically combined. The two-
dimensional TA raw data is then prepro-
cessed including background subtraction,
chirp compensation, filtering, trimming and
resampling. After the general inspection
and visualization of the preprocessed data,
exploratory analyses like singular value de-
of well-founded estimates of the number of
components and expected spectral shapes
and rates, which is critical for the success
of the subsequent model fit. Initial param-
eters are attempted by an educated guess,
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which must be verified by modeling the data
locally at a given wavelength. To optimize
these parameters with stable and physically
relevant results, global fitting is applied, us-
ing a parallel scheme of independently de-
caying exponentials or an unbranched uni-
directional sequential model, followed by a
fitting algorithm. The outcome is a set of
spectra and population dynamics for each
kinetic component, obtained with confidence
intervals (CIs) derived via error analysis.
Further, more complex kinetic models can
be evaluated through target fits, revealing
the underlying species.*>*% Ultimately, the
fitting results and accompanying statistics
must be presented and visualized comprehen-
sively. The general workflow is summarized
in Scheme 3.1.

An ideal TAS software should be open-
source and transparent, GUI-driven and
easy to use, modular for custom extensions,
equipped with robust fitting and uncertainty
analysis, and able to automate metadata
to guarantee reproducibility. Examples of
exemplary TAS software projects aiming
to fulfill the aforementioned properties are
the script-based packages KiMoPack®® and
pyglotaran®’! both offering a large func-
tionality and a modular, customizable de-
sign. However, they both require users to
install and configure a Python environment
and to have basic coding skills. Additionally,
their batch-oriented workflows offer limited
real-time responsiveness: dynamic data ex-

ploration and immediate visual feedback are
generally limited, which can impede an in-
tuitive, interactive analysis experience. Few
GUI tools truly lower the barrier to entry for
TA analysis. The legacy version of Glotaran
(2015)*#%*?% which is from the same lab as
pyglotaran, for example, delivers responsive
performance but its installation process and
fitting workflow is perceived cumbersome by
some users.’’ Furthermore, it offers limited
flexibility and customizability in visualiza-
tion, model construction, fitting routines,
and related tasks.””

In this paper, we introduce the TAS
software TAPAS as a fully integrated,
open-source GUI built on Python 3.11
and PyQt6°” that unites an intuitive
workflow with state-of-the-art fitting algo-
rithms and rich error analysis, including
Bayesian inference via Markov-chain Monte-
Carlo (MCMC)-based posterior parame-
ter exploration.?”"*13™ By leveraging ac-
celerated linear algebra and just-in-time
compilation,”™ TAPAS completes global fits
2 to 20 times faster than established soft-
ware while returning realistic CIs and pa-
rameter correlations within seconds (see Ap-
pendix A.6). Distributed as a portable
executable for Windows, macOS, and Linux,
it requires no prior environment setup, yet
all source code and configuration files re-
main fully exposed for inspection and mod-
ification. In practice, a user can open the
accompanying Python module, adjust or ex-

Importing

Importing Preprocessing Combine

Scheme 3.1: Typical workflow for processing and analyzing TA data.
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tend a kinetic-model function, and see those
changes reflected immediately within the in-
terface. Raw data, processed arrays, and
fit results are consolidated into efficient and
open Hierarchical Data Format 5 (HDF5)*™
containers and automatically annotated with
rich metadata, greatly simplifying repro-
ducibility and FAIR data management.’® In
this way, TAPAS bridges the gap between
a novice-friendly GUI and the extensibility
of script-based frameworks, delivering both
accessibility and deep customizability.
Both, the source code and prebuilt bi-
naries, are available on GitHub (https:
//github.com/pytapas/tapas), and com-
prehensive user documentation is pro-
vided (https://tapas-docs.readthedocs.
io/en/latest/). In addition to the
portable executables, TAPAS can be in-

stalled directly from PyPI (https://pypi.

org/project/pytapas) for users who prefer
a standard Python environment.

The paper is organized as follows. We
begin with an overview of TAPAS, outlin-
ing the graphical interface, the underlying
modular architecture, and their interplay.
The next part summarizes the theoretical
background and numerical algorithms that
underpin the fitting and error-analysis rou-
tines. The complete workflow is showcased
by analyzing the transient absorption spec-
trum of the organic dye rose bengal, thereby
highlighting practical aspects of data import,
preprocessing, global fitting, and interpreta-
tion. We conclude with positioning TAPAS
within the landscape of existing TAS soft-
ware, comparing functionality, extensibility,
and performance.

3.3 Design and
Implementation of
TAPAS

3.3.1 User Interface

A persistent menu bar and toolbar at the
top of the interface provide access to project-
wide operations such as linking to licenses,
documentation, and source code, loading and
saving HDF5 projects, and configuring GUI
or plot settings. A status bar at the bot-
tom displays real-time progress updates and
error messages when inputs or algorithms
fail. To maximize flexibility and ease of
use, TAPAS accepts a variety of input for-
mats (e.g., “450,4 nm,” “450.4 nm,” “4.504e-
9 m,” or “0.4505 pm”), while explanatory
tooltips and sensible default values further
streamline user interaction. TAPAS uses
the same seven sequential tabs outlined in
Scheme 3.1 and their key tasks and prin-
cipal outputs are summarized in Table 3.1.
Detailed algorithmic notes and extended de-
scriptions for every tab are collected in the
Appendix A.1.

While the preceding section described the
graphical interface and its workflow, ad-
vanced users may wish to extend TAPAS
by inserting new kinetic schemes, altering
optimization routines, or interfacing with
external libraries. Doing so requires familiar-
ity with the internal module layout and the
principles that govern the code base. The
next section therefore examines the backend
architecture, outlining layers, package hier-
archy, and extension points that enable such
customization.

3.3.2 Background Architecture

TAPAS adopts a lightweight, Model-View-
Controller (MVC)-inspired layout that keeps
user-interface code, workflow logic, and nu-
merical routines in separate namespaces
while avoiding the overhead of a strict, mul-
tilayer framework. This loose separation lets
users locate and modify the relevant code
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Combine Projects

Visualization

Component Analysis

Local Fit / Global
Fit

Interactive inspection

Trimming, resampling, fil-
tering, chirp / background
/ solvent / time-zero cor-
rections

Fuse datasets covering dif-
ferent spectral / temporal
regions

Generate 2-D  contour
maps, kinetic / spectral

slices, and fit-result plots
Customizable via  in-

teractive controls &
matplotlib.rcParams’®’

Apply SVD

Single-trace fit
wavelength or
window)

(chosen
averaged

Optimize full AA matrix
with shared kinetics

Select components, pa-
rameters, model, algo-
rithm, coherent artifact
model, ground-state re-
covery model, wavelength-
dependent weighting

Bayesian MCMC posterior
sampling

-~
Table 3.1: Overview of the TAPAS workflow tabs.
Tab Task Key Output
Import
Parse raw 2-D TA, solvent e Standardized HDF5
and steady-state files, con- project
vert units, average
Attach optional metadata
Preprocessing

New dataset object linked
to the raw file

Metadata of every opera-
tion

Merged project with uni-
fied AA grid and links to
all parent datasets.

Vector (PDF, SVG) &
raster (PNG, JPG, TIFF)
files

CSV of plotted data

Eigenvalues & Eigenvec-
tors of leading components

Parameters estimates, met-
rics, posterior space

Fitted curve,
EAS/DAS/SAS, residuals,
concentration, recon-

structed surface

Dataset-linked metadata
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quickly, while preserving a clear mapping
between the conceptual architecture and the
folder structure. The basic structure is illus-
trated in Scheme 3.2 and Table 3.2.

The next part examines the mathematical
models and numerical algorithms that drive
data convolution, optimization, and error
estimation.

3.4 Algorithms and
Theoretical
Background

3.4.1 Global Analysis
Algorithm

Following the superposition principle, the ex-
perimental data (AA) as a function of delay
time t and wavelength A can be expressed
by a linear superposition of the contribution
of n components given by

n

AAN ) =D ei(t)ei(N)

)

(3.1)

with ¢; and ¢; denote the unknown con-
centration and spectrum of component
355225223 After defining a concentration
model with parameters 6, Equation 3.1

can be expressed as

AA(N ) = f:cmt, D). (32)

TAPAS wuses the Variable Projection
algorithm?°>#°° by implicitly solving for
the conditionally linear parameters ¢;(\) in
Equation 3.2 which is a standard proce-
dure in global analysis.?!*%4%:22L.223 At every
evaluation of the nonlinear parameter vec-
tor 6 , TAPAS constructs the kinetics-design
matrix C'(f) depending on the chosen model
and solves the linear least-squares subprob-
lem

min [|AA — C(0)e]l2 (3.3)

for the wavelength-dependent amplitudes
. This is fully implemented with the python
library JAX,*™ whose computation graph is
passed to the open-source machine learning
ecosystem Open Accelerated Linear Algebra
(OpenXLA)*™" for just-in-time (JIT) compila-
tion which translates the graph into machine
code moments before execution. During this
JIT step, XLA fuses the convolution, design-
matrix assembly, and linear least-squares fits
into a single, highly optimized kernel, remov-
ing Python overhead, preserving automatic
differentiation and delivering a substantial
speed-up. The resulting residuals vector
r(0) = AA — C(0)o feeds the outer op-
timization process performed by the python
package LMFIT,*™® yielding a clean separa-
tion between the fast, compiled inner solve
and the flexible, high-level parameter search.

TAPAS natively implements several opti-
mization algorithms, each with distinct per-
formance characteristics which are summa-
rized in Table 3.3.

The next section describes the kinetic
schemes built into TAPAS and explains how
each one is translated into its corresponding
concentration matrix C(6).

3.4.2 Kinetic Models

TAPAS offers two complementary routes for
assembling the concentration (design) ma-
trix C'(). In the parallel scheme of indepen-
dently decaying exponentials, each excited
pool decays in isolation with a characteristic
lifetime 7. The experimentally observed pop-
ulation profile is the Exponentially-Modified
Gaussian (EMG)

t

-)

-

1 o2
27 exp < 272
g

Tien(Z57)] o0

which is the analytical convolution of an
exponential decay with the Gaussian IRF of

ci(t,r,0) =
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-
Scheme 3.2: An overview of TAPAS MVC-Architecture consisting of a View layer
(green), the Controller layer (orange) and the Model layer (grey).

~

Gl -
< R

R
-

Tabwidgets —> Ta

standard deviation ¢.?>” The fit parameter
reported in TAPAS as "IRF" is the FWHM
of the Gaussian IRF which is related to o
by the o = IRF/2v/2[n2.** An optional non-
decaying component is represented by the
Gaussian Cumulative Distribution Function
(CDF), which accumulates the fraction that
never decays within the time window. The
CDF form is a common and fast approxima-
tion to the IRF convolution and is adequate
when lifetimes are much longer than the IRF
width but becomes biased at lifetimes near
the IRF. The analytic EMG avoids this bias
at comparable runtime in our JIT implemen-
tation. More information about the differ-
ence in using the CDF or EMG for analytical
convolving the IRF with the experimental
decay is available in Appendix A.1.

If an unbranched unidirectional sequen-
tial model or a custom kinetic scheme is
used, the dynamics are described by a set
of coupled ordinary differential equations

(ODEs) dc = f(c¢,PDF(t)) with the Gaus-
sian Probability Density function (PDF) in-
jecting the population according to the laser
pulse. The equations are propagated over
successive experimental time intervals with a
fourth-order Runge-Kutta (RK4) scheme.”™
This modular architecture allows additional
kinetic schemes to be incorporated straight-
forwardly: once the relevant differential rate
equations are specified, the framework inte-
grates them and inserts the resulting con-
centration profiles directly into the global
analysis (Appendix A.5.4).

Further, CA signals that appear while
pump and probe pulse overlap can be rep-
resented by one or two additional compo-
nents whose temporal shapes are the Gaus-
sian IRF and its time-derivative.”?! Because
these columns are concatenated ahead of
the kinetic basis, the least-squares step de-
termines their wavelength-dependent ampli-
tudes in the same linear least-squares fit,
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Layer / Module Responsibility

Table 3.2: Modules and responsibilities in the TAPAS framework.

Structure

Controller (orange) Orchestrates the workflow:
imports data, launches pre-
processing tasks, calls fitting
engines, updates application
state

View (green) Renders the tab-based GUI,
handles all user interaction
and basic input validation

Model (grey) Maintains the hierarchical
state of the application and
emits change-signals to the
GUI

Fitting Models (blue) Implements the kinetic mod-
els and optimization routines
used by the Local- and
Global Fit tabs

GUI / Plot Config Supplies style sheets, default

One controller per major tab
& main controller for project-
wide tasks

One view module per major
tab and main window. Child
widgets are defined in Tabwid-
get modules (light green)

One model class per datatype

Collection of kinetic-, IRF-
and CA functions in a sepa-
rate module, JAX-based

External configuration files

(yellow) parameters, plot styles, labels loaded at start-up
and messages that customize
9 the View
-
Table 3.3: Optimization algorithms and their key characteristics used by TAPAS.
Algorithm Method Class Characteristics Typical Speed
Nelder-Mead?""! Direct-search, Robust on noisy sur- moderate
derivative-free faces, no gradients re-
quired
Levenberg- Gradient-based least- may diverge on ill- fast
Marquardt®** squares conditioned problems
Differential Population-based Explores parameter slow
Evolution”®*?%*  global optimizer space broadly, less
prone to local minima

without altering the rate equation block. bleach.

Likewise, an explicit ground-state (GS) com-  Having established the global-analysis
ponent defined as the sum of all excited-state framework and its kinetic models, we now
populations can be introduced to describe turn to the estimation of parameter uncer-
GS recovery. Optionally, this vector can be tainties, detailing how standard errors and
scaled by a slightly wavelength-shifted, FF'T- Cls are derived for the fitted parameters.

broadened copy of the steady-state absorp-
tion spectrum to represent the broadband
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3.4.3 Fit Metrics

After the optimizer has converged, TAPAS
automatically compiles a suite of fit-quality
statistics and uncertainty estimates that ad-
dress three complementary questions: How
well does the model reproduce the data?
Are the noise assumptions credible? How
precisely are the parameters determined?
All underlying equations are listed in Ap-
pendix A.4.

Goodness-of-fit indicators like the co-
efficient of determination (r?), sum of
squared residuals (SSR), root mean square
error (RMSE) and mean absolute error
(MAE) are extracted from the (weighted)
residuals.’*’ Values of r? approaching 1 and
low RMSE/MAE indicate a close correspon-
dence between model and measurement, but
they should be read in conjunction with the
diagnostics below since high r? values can
mask systematic mis-fits when the data are
highly structured or oversampled.

Noise and correlation diagnostics are im-
portant since the sampling density of ul-
trafast data often renders adjacent points
strongly correlated. Assuming they were
independent would exaggerate the nominal
number of degrees of freedom (d.o.f.) and
underestimate the variance 0 = SSR/d.o.f..
TAPAS therefore examines the residual se-
quence and computes the lag-1 autocorre-
lation and integrated autocorrelation time
(IAC) along both dimensions, reducing the ef-
fective sample size and therefore the effective
d.o.f. Large IAC and lag-1 autocorrelation
values close to 1 signal residual structure
either due to heteroscedastic noise or an in-
complete kinetic model and alerts the user
that further refinement may be required.

Because every step of the fit is differen-
tiable, TAPAS obtains the Jacobian J by
automatic differentiation and calculates the
condition number. If the Jacobian is not ill-
conditioned, the first order covariance matrix
Cov(f) = o2(JTJ)! yields standard errors,
parameter—parameter correlations, and the
corresponding approximate 68 % Cls.?"*

When non-Gaussian posteriors are sus-

pected or for problems that remain ambigu-
ous, the user can launch an affine-invariant
ensemble MCMC sampler, provided by the
Python package emcee,”™ to draw represen-
tative samples from the full posterior dis-
tribution. The sampled posterior highlights
skewness, multimodality, or compensating
parameter drifts that the Jacobian-based er-
rors cannot capture.

Finally, the numerical metrics should al-
ways be complemented by a direct, critical
look at what remains unexplained. TAPAS
therefore plots and performs an SVD of the
residual matrix so that any systematic time-
or wavelength-dependent structure includ-
ing periodicity, sign reversals, or delayed fea-
tures stands out immediately. If such struc-
ture is visible, if component spectra appear
as mirror images of one another, or if the so-
lution drifts with different initial guesses, the
safest conclusion is that the kinetic model
is incomplete or physically implausible. In
practice, the best fits are those that pass the
statistical tests and satisfy common-sense
criteria: non-mirrored spectra, robustness
to starting values, and full consistency with
independent spectroscopic or theoretical evi-
dence.

3.5 Results: Case Study
Rose Bengal

The xanthene dye Rose Bengal (RB) has a
prominent absorption maximum near 550
nm and an ISC quantum yield close to
unity in aqueous solution.?”>?™% Its triplet
state is efficiently quenched by dissolved oxy-
gen, which underlies applications that range
from biological staining to oxygen sensing
and photodynamic therapy.”®’ Because the
dye exhibits rich, solvent-dependent excited-
state dynamics and generates transient ab-
sorption signals across a broad spectral and
temporal window, it serves as an excellent
benchmark for TAS software.'’! In the fol-
lowing, we will outline the principal stages
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of the analysis. A step-by-step protocol is
included in Appendix A.5 and the accom-
panying raw datasets plus HDF5 project files
are provided, allowing readers to reproduce
the complete workflow in TAPAS.

The measurements were carried out on
a 20 pM aqueous solution of RB in 0.01
M NaOH to ensure its primary dianionic
configuration (RB*") using 520 nm pump
pulses to target a vibrational mode of the
Sy — S transition.'?"?™ The experimental
series comprises fs-TA scans in both, the visi-
ble and near-infrared (NIR) regions, nanosec-
ond TA experiments in the visible, TA on
neat solvent, and complementary steady-
state spectra. More information on the ex-
perimental conditions as well as the laser
and spectrometer setup can be found in Ap-
pendix A.5.1.

3.5.1 NIR Exploration and

Sequential Kinetic
Modeling

A preliminary survey of the fs-TA data re-
veals more intricate kinetics in the visible
range than in the NIR driven by a stronger
solvent response, CAs, and overlapping pro-
cesses in the ground-state bleach region (vi-
brational relaxation, stimulated emission).
Consequently, initial parameter exploration
was focused on the NIR dataset from 830
nm to 1400 nm.

A local sequential fit at 1200 nm with
three unbranched exponentials (including
one infinite) and a zero-order coherent ar-
tifact term converged rapidly, yielding ex-
cellent agreement between model and data
and residuals devoid of significant struc-
ture (Figure 3.1 A). This kinetic scheme
was chosen on the basis of an SVD per-
formed after standard preprocessing (trim-
ming, chirp correction, background subtrac-
tion), which indicated at least three kinetic
components, coherent artifacts, and a long-
lived species beyond the experimental win-
dow, as detailed in Appendix A.5.2 and
Figure A.16. The fit metrics calculated

by TAPAS (see Figure A.18 for full out-
put) also seem good with parameter esti-
mates of 7 76ps = 6ps (8.5 %) and
7y = 186 ps £ 25 ps (13.5 %) with 7% = 0.998,
RMSE(AA) = 3.2 x107°5, MAE(AA) = 2.5
x 1075 and the effective residual o(AA) = 8
x1075. However, TAPAS also finds a strong
correlation between 71 and 7 of -0.9. This
can be further examined by performing a
posterior parameter exploration of the fit
confirming this behavior and returning uncer-
tainties (68 % credible intervals) and correla-
tions which are in excellent agreement to the
quick first-order error estimates. It should
be noted that, although we did not bind the
parameters in the initial fit, the local poste-
rior analysis needed the constraint that 7
cannot exceed and 75 cannot fall below 100
ps. Omitting this constraint can result in 7
and 7y switching places (Figure A.23) and
different overall results.

Building on these local results, a global
sequential fit was performed using the same
initial parameters and incorporating both
zero- and first-order Gaussian IRF deriva-
tives for the CAs. Figure 3.2 A shows
the 2D fit with residuals (£ 1 x107* thresh-
old), yielding RMSE(AA) = 6 x107° and
MAE(AA) = 4 x107°. The residual sig-
nal is confined mainly to the early-time
coherent-artifact region, the spectral win-
dow edges, and thin wavelength-aligned
stripes originating from pump-intensity fluc-
tuations. The sequential concentration pro-
files (Figure 3.2 B) and spectral/kinetic
cuts (Figure 3.2 C-D) demonstrate excel-
lent model fidelity. MCMC-derived uncer-
tainties are tighter than in the local fit and
do not drift anymore, giving 71 = 64 ps £
0.7ps (1.1 %) and 75 = 241 ps+5ps (2.1 %),
though their strong anticorrelation (-0.85)
persists. The evolution-associated spectra
(EAS) and results of the MCMC parameter
analysis are presented in Figure A.25.

In the following section, we construct a
comprehensive target model and fit it glob-
ally. This unified approach not only refines
the kinetic parameters obtained from the
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sequential fit but also links each spectral
signature to its underlying photophysical or
photochemical species.

3.5.2 Comprehensive Target
Analysis

Building on the sequential description estab-
lished in the NIR, we now extend our analy-
sis to encompass the full spectral and tempo-
ral span of the dataset, incorporating both
visible and nanosecond TA measurements.
By integrating these additional datasets with
prior theoretical knowledge and literature
benchmarks, we can more confidently as-
sign species-associated spectra (SAS) and
resolve slower processes that lie beyond the
femtosecond-picosecond window.

The visible-range TA data (410-750 nm)
were preprocessed analogously to the NIR

measurements, with the additional subtrac-
tion of the solvent response surface to sup-
press early-time solvent contributions (com-
pare Table A.2). Afterwards, the Combine
Project functionality of TAPAS was used
to unify both experimental datasets. Un-
like in the NIR, accurate modeling of the
So — 57 bleach region requires an extra
ultrafast component (7 &~ 1ps). To mit-
igate artifacts from scattered pump light
near 520 nm and the interpolation gap be-
tween 750 nm and 830 nm, we applied a
custom weighting vector during optimiza-
tion. We also incorporated the steady-state
absorbance spectrum into TAPAS’s ground-
state model to facilitate interpretation of
the ensuing EAS. Using the NIR-derived pa-
rameter estimates augmented by the new
fast component, the broadband sequential
fit (410-1400 nm) converged rapidly. Fig-
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Figure 3.1: Sequential fit and posterior analysis of the 1200 nm kinetic trace for Rose
Bengal. (A) Experimental AA(t) trace (brown crosses) with the best-fit sequential model
(solid brown). Individual contributions are shown as: zero-order coherent artifact (CA,
grey), component 1 (71 = 76 ps, blue), component 2 (75 = 186 ps, green), and a long-lived
species beyond the measurement window (73 > 8 ns window, yellow). The lower subpanel
displays the fit residuals. (B) Corner plot of the MCMC posterior distributions for
the fitted parameters and sigma. Along the diagonal are the one-dimensional marginal
histograms with median values (solid blue lines) and 68 % credible intervals (dashed lines);
off-diagonal panels present the two-dimensional joint distributions. The pronounced tilt
(in the 7, — 7 joint distribution highlights their strong negative correlation.

J
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ure 3.3 A presents the combined 2D con-
tour map with the steady-state spectrum
overlaid. The resulting EAS and ground-
state model are shown in Figure 3.3 B,
and temporal slices in Figure 3.3 C demon-
strate good agreement between experiment
and model (r* = 0.999, RMSE(AA) = 2.5
x107%, MAE(AA) = 7 x107%). Finally,
MCMC analysis (Figure 3.3 D) yields tight
credible intervals and no longer exhibits the
strong anticorrelation between the ~ 60 ps
and ~ 200 ps components observed in the
NIR only global fit.

The ns-TA experiment conducted over the
1 ns - 450 ps window revealed a mono-
exponential decay with a lifetime of 40 ps
for the long-lived species. Based on these ki-
netics and on the known photophysics of
xanthene dyes, we attribute this oxygen-
sensitive component to the triplet excited
state, whereas the ~ 70 ps feature is assigned
to ISC from S to Ti, consistent with lit-
erature values.'’!'?%2™ The earliest sub-70
ps component displays an spectrum (EAS;)
that closely resembles that of the singlet
state (EASy) but is slightly blue-shifted, in-
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Figure 3.3: Broadband sequential analysis of Rose Bengal TA data. (A) Two-
dimensional AA(\,t) contour map covering 410-1400 nm with the steady-state ab-
sorbance spectrum overlaid above the map. (B)Evolution-associated spectra (EAS)
retrieved from the global sequential fit alongside the modeled ground-state absorbance,
showing spectral signatures of each kinetic component. (C) Selected temporal slices at
representative wavelengths (crosses: experimental data; lines: fit). (D) MCMC-derived
posterior distributions for the primary lifetimes, with one-dimensional marginal his-
tograms and two-dimensional credible-region contours, showing narrow 68 % credible
Qntervals and elimination of the 71 — 75 anticorrelation seen in the NIR~only analysis. )

dicative of vibrational cooling to the relaxed
S1 minimum.'"" A 200 ps process appears
only in aqueous solution and is absent in less
polar media.'”! We therefore ascribe it to
the slow dielectric or structural reorganiza-
tion of the water cage around the nascent
triplet. A similar solvent-controlled relax-
ation has been observed for xanthonic acid,
whose triplet transformation slows from 50
ps in ethanol to 300 ps in water.*®!

For the subsequent target analysis, we

fixed two rate constants obtained indepen-
dently: (i) the radiative decay constant
determined by Fleming and co-workers®™
(k, = 1.89-10%7', 7 = 5.29 ns) and
(ii) the bimolecular redox-pair formation
(®RB?*~* + RB?*~ — RB*~ + RB*37) with a
bimolecular rate constant k,eqor = 5.39 -
107s7I!M~1.'22 At the initial dye concentra-
tion of 20 pM, this second-order rate trans-
lates to a pseudo-first-order rate constant of
1.08 - 10357, corresponding to a lifetime of
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0.93 ms.

The kinetic scheme is as follows. Photoex-
citation promotes RB to a vibronically hot
singlet S§ (red). This state relaxes to the
lowest-vibrational singlet Sy (blue) with life-
time 7. Population in S; partitions either
to the triplet manifold by intersystem cross-
ing with lifetime 75 (green) or to the ground
state (GS, grey) by fluorescence with lifetime
T¢. The nascent triplet 7} and the solvent
cage then reorganize over lifetime 73 to pro-
duce the solvent-relaxed triplet T} (yellow).
From 77 the system returns to the GS with
lifetime 74 or reacts with GS RB to form the
redox pair Cpegor (cyan) through lifetime 75
which remains essentially static during our
observation window. The steps needed to
implement such a target model in TAPAS
are summarized in Appendix A.5.4.

Figure 3.4 B-D display the optimized
concentration profiles, the SAS, and rep-
resentative spectral slices at selected delay
times, respectively. With 75 (redox forma-
tion) and 7 (fluorescence) fixed to litera-
ture values, the global fit converged reliably
and produced excellent statistical metrics
with no significant residual structure left
(Figures A.29 and A.30). MCMC sam-
pling confirmed well-behaved parameter dis-
tributions, narrow credible intervals, and
only minor correlations (Figure A.31).

The fitted SAS for S} is broader and blue-
shifted relative to the relaxed S, as expected
for vibrational cooling that completes within
about two picoseconds. Using the fixed ra-
diative rate, the model requires that approx-
imately 98 % of the S; population under-
goes ISC, consistent with published quantum
yields.'"! Finally, the bifurcation of the T}
decay and the appearance of the C.cgor Sig-
nature at 420 nm reproduce earlier reports
of rose bengal’s photoredox chemistry.'??

3.6 Discussion

The RB case study demonstrates that rou-
tine inspection of parameter correlations is
essential for judging fit stability. TAPAS
computes the correlation matrix and visual-
izes it automatically after every optimization.
For the NIR-only data set (Figure 3.2) the
fast (=~ 64 ps) and slow (=~ 241 ps) decay
components display a strong negative correla-
tion (= -0.9). Such anti-correlation indicates
that the two lifetimes are not independently
constrained, so very different lifetime pairs
(e.g. 64 ps and 241 ps versus 80 ps and 163
ps) yield fits of virtually identical quality (r?:
0.999, RMSE(AA) 8.5-8.9 x107°). However,
without this information, the tight standard
errors or Cls provided by TAPAS, Glotaran
or KiMoPack give a misleading impression
of uniqueness (see Appendix A.6.1). We
therefore regard instantaneous correlation
estimates as an important requirement for
reliable global fitting, and their inclusion
represents a key advantage of TAPAS.

Because pronounced correlations often gen-
erate multimodal or elongated x? valleys,
we extended the analysis with the built-in
MCMC engine (Section 3.4.3). Posterior
density plots (Figure 3.1 A, Figure A.25
B) confirm the elongation along the lifetime-
lifetime axis and reveal secondary modes
that conventional optimization cannot re-
solve. The ability to launch MCMC directly
from the GUI, without external scripting,
lowers the barrier for Bayesian diagnostics
and makes posterior exploration a routine,
rather than exceptional, step. To our knowl-
edge, no other public TA package currently
provides correlation estimates or an inte-
grated Bayesian workflow.

TAPAS derives approximate 68 % Cls from
the covariance matrix scaled by the effective
sample size, obtained via the integrated auto-
correlation time of residuals (Section 3.4.3
and Appendix A.4). For the RB data, the
resulting standard errors are in the same
range as those obtained with the compu-
tationally expensive F-test implemented in
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Figure 3.4: Global target analysis of Rose Bengal TA data. (A) Jabtonski-type kinetic
model used in the fit. Photoexcitation populates the vibronically hot singlet S (red),
which cools to the relaxed singlet S; (71, blue). From S, the population branches
either to the nascent triplet 77 by ISC (72, green) or to the ground state (GS, grey) by
fluorescence (74 fixed). Solvent reorganization converts 7 to the equilibrated triplet T}
(13, yellow). T} decays to GS (74) or reacts with ground-state RB to yield the long-lived
redox pair Chegor (75 fixed, cyan). (B) Concentration-time profiles returned by the global
fit. Contributions of the zero- and first order CAs are omitted for clarity. (C) SAS of
all kinetic components. (D) Experimental TA spectra at selected delay times (crosses)
and best-fit simulations (dashed), illustrating the quality of the model across the 100

\fs—450 ps time window.

J

KiMoPack which can take around 500 times
as long as the first order approximation by
TAPAS (Appendix A.6). The agreement
validates the rapid, yet rigorous alternative
and demonstrates that TAPAS delivers sta-
tistically sound uncertainties without resort-
ing to repeated refits.

The target model tested in TAPAS unifies

our TA data with steady-state spectra and
literature datasets from independent labora-
tories. The model reproduces all transient
and static observables, and the extracted life-
times match the consensus values reported
in the literature. This agreement highlights
two practical strengths of TAPAS. First, the
flexible model editor and cross-experiment
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linking let users merge data from different
sources into a single kinetic scheme. Second,
fitting the full spectral range across multiple
data sets separates overlapping processes,
weakens parameter correlations, and makes
the extracted parameters more reliable.

TAPAS is optimized for interactive ex-
ploration and diagnostics. For large-scale
batch automation, where identical prepro-
cessing and fits are applied across many
datasets, a script-based workflow can be
more convenient and integrates more eas-
ily with pipelines. For very large datasets,
continuous plotting and GUI updates can
be more computationally demanding than
lighter script tools. Although we did not
observe a practical loss of responsiveness
in our tests, this may become disadvanta-
geous when computational resources are lim-
ited or when downsampling is not feasible.
The modular design of TAPAS and exposed
source let users reuse the same components
in scripts.

3.7 Conclusion

In this work, we have introduced TAPAS, an
open-source, fully integrated graphical envi-
ronment that spans the entire transient ab-
sorption workflow from raw-data import and
preprocessing through visualization, global
and target fitting, and statistical diagnostics.
Although the program can be operated en-
tirely through its GUI, every Python module
remains accessible for inspection or exten-
sion, combining the convenience of a classical
point-and-click interface with the flexibility
of script-based tools.

The kinetic-fitting core is accelerated with
XLA-optimized, just-in-time compilation,
delivering order of-magnitude speed-ups over
established packages which are mainly rele-
vant for repeated-fit workloads such as boot-
strap resampling, MCMC and F-tests. Auto-
matic differentiation and effective-sample-
size estimates based on residual autocor-

relation provide rapid, statistically sound
CIs and correlation matrices, while an op-
tional MCMC engine maps the full Bayesian
posterior, capabilities seldomly available in
other TA software. All raw, processed,
and fitted data are written to standardized
HDF5 containers and automatically anno-
tated with rich metadata, ensuring com-
plete provenance and easy reuse. By uniting
high-performance computation, advanced
uncertainty quantification, and transparent
data management within an intuitive GUI,
TAPAS closes the gap between ease of use
and rigorous statistical treatment in tran-
sient absorption analysis.
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4. [(Wglg)(CH3CN)g]** Cluster Cation

4.1. Abstract

4.1 Abstract

Solvated tungsten iodide cluster com-
pounds are presented with the homoleptic
cluster cation [(Wglg) (CH3CN)g)*t and

the heteroleptic  [(Wglg)[(CH3CN)5)*t,
synthesized from Wglss in  acetoni-
trile. Crystal structures were solved

and refined on deep red single-crystals

of [(W(;Ig)(CHgCN)ﬁ}(Ig)(BF4)3HQO,
[(WﬁIB)I (CH3CN)5}<13)2<BF4), and
on a yellow single-crystal of

[W618(0H3CN)6](BF4)4 2 (CH3CN) on the
basis of X-ray diffraction data. The struc-
ture of the homoleptic [(Welg)(CH3CN)g]**
cluster is based on the octahedral [Wglg]**
tungsten iodide cluster core, coordinated by
six apical acetonitrile ligands. The electron
localisation function of [(Wglg)(CH3CN)g]*"
is calculated and solid-state photolumines-
cence and its temperature depedence are
reported. Additionally, photoluminescence
and transient absorption measurements
in acetonitrile are shown. Results of the
obtained data are compared to compounds
containing [(Mglg)lg]*” and [(Mglg)Lg]*~
(M = Mo or W; L = ligand) clusters.

4.2 Introduction

Octahedral metal halide clusters [MgX4]*"
with M = Mo, W and X = Cl, Br, I are
known for their photophysical properties,
in particular their bright red luminescence,
high quantum yields, long life times, and
oxygen quenching.''?%? The luminescence
is based on ground state photoexcitation
(Sp) leading to excited states (.S,) and inter-
system crossing into triplet states (7},).”*
Luminescence from these triplet states may
be quenched in the presence of molecular
oxygen to form singlet oxygen Oy(a'A,).'

Some cluster compounds derived from
[MgX14)?>~ have been optimized to obtain
remarkable properties with regard to oxy-
gen sensing,”® photoreduction of CQOy,**

photocatalysis®*® and medical applications
(as photodynamic therapeutic agents,"” X-
ray contrast agents,”’” and bactericide®”").

The clusters of interest are based on
an octahedral metal core, surrounded by
eight inner (i) and six outer (a) ligands
as [MgXg X2]* %% Apical halide ligands are
bound more weakly to the cluster and can
be exchanged by organic ligands, usually
starting from the soluble cluster species
(TBA),[MgX; X&) (TBA = tetrabutylammo-
nium) to react with inorganic/organic silver
Salts. 19,283,389

Ligand substituted compounds of the
type(TBA)2[MgX; L] with L being an api-
cal ligand have shown remarkably enhanced
photophysical properties depending on the
nature of L, when compared to the all-halide
cluster counterpart. Ligands with strong
electron withdrawing effects have shown to
provide the highest luminescence ( phospho-
rescence) quantum yields and the strongest
luminescence quenching in the presence
of molecular  oxygen, %283,296,314,315,300
One of the most remarkable compounds,
(TBA)2[Mogls(CO2CF3)] is  reported
with a luminescence quantum yield of 1
in (oxygen-free) acetonitrile solution.”®
The solid state phosphorescence of
(TBA)2[Mogls(CO2CF3)g] is  expectedly,
lower. However, with a remarkable lumi-
nescence quenching of 95 % under pure
oxygen.”

To simulate the cluster luminescence, a
model with four different emitting triplet
sublevels has been developed describing the
observations very accurately.”” The energeti-
cally highest one of these emitting triplet sub-
levels possesses an allowed transition to the
ground state. Recently, it has been shown
that a high d-electron density on the metal
atoms leads to a low energy difference be-
tween the different triplet states, while a
low density leads to a large difference.***
Thus, the lower the d-electron density, the
bigger the energetic splitting and the lower
the thermal population of the highest triplet
state. This results in long triplet lifetimes
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in the solid state even at room temperature,
especially for iodide clusters bearing strong
electron withdrawing ligands. An example
is (TBA)Q[MOGIg(COQCgF'y)G] with lifetimes
of around 235 ps at room temperature.’”?
The long decay time is a result of low ther-
mal population of the highest triplet sub-
level. For the analogous species with tung-
sten (TBA)2[Wgls(CO2C3F7)g] a similar rea-
son for its long triplet lifetime of up to 55
ns?’% can be assumed.

In general, the aforementioned investi-
gations of the photophysical properties of
tungsten and molybdenum halide clusters
have been carried out on anionic species
([MgXsLg)*"). While neutral and cationic
clusters are reported to exist with wvari-
ous different solvents as ligands,?0%3917593
only a few crystal structures?!:311:394:395
reported, and for only three compounds,
namely [Mglg(DMSO)s](NO3), (M = Mo,
W) and [Mogls( pyridine)s]I; have the lu-
minescence properties been studied.?'"*%
Therefore, our aim was to synthesize new
cationic tungsten halide clusters and char-
acterize their photoluminescence properties.
Recently we discovered the cationic tungsten
iodide cluster species [(Wglg)I3(CH3CN)s)lo,
which features a black body color due to the
high iodine content.*!!

On the basis of aforementioned re-
search, we report on the synthesis of
the novel cationic tungsten halide cluster
species [(W618)I(CH30N)5](I3)2(BF4) (I),
[(Wels)(CHsCN)g](Is) (BF4)s - (H20) (II)
and [(Wﬁlg)(CchN)g](BF4)4 : (CH3CN)2
(IIT) and their crystal structures. Addition-
ally, we investigated the photoluminescence
properties and the electron localization func-
tion of (III) and compare it to previously
reported results for different anionic tung-
sten halide cluster species.

are

4.3 Results and
Discussion

The  recently  reported  compound
[(Wglg)I3(CH3CN)3)lg is formed by reaction
of Wely, in acetonitrile (Equation 4.1).%"

CH3CN

W6122 —_— [(W618)13(0H30N>3]19 + 12

(4.1)

Wilas on the other hand, is obtained from
the reaction of Wgl;5 with iodine,*’® whereby
the connectivity between adjacent clusters
softens up due to the incorporation of iodine
molecules into the structure, leading to an
overall increase of the solubility.

General attempts to synthesize isolated
or dissolved clusters can depart from com-
mon methods used in cluster synthesis and
may involve a significant number of reaction
steps. 19:310,389,396,397

Moreover, individual attempts may be re-
quired for different metal halide systems, as
Kockerling has shown for a vast number of
cluster compounds.*”*™%> A general attempt
includes the extraction in an appropriate sol-
vent in the presence of a Lewis acid (ZnCly,
AlICl3, or SbCl;) as exemplified with MClj
for the conversion of Ks[(ZrgB)Cls] into
[ZrgBClio(CH3CN)g] MCl, (M = Al Ga,
In)."" Another general attempt, which was
adopted on the reactions presented here, is
the employment of silver salts (AgBF,) and
subsequent precipitation of silver halide.*’”

After the discovery of the mixed ligand
cluster [(Wglg) I3(CH3CN)3] ~, a whole series
of cluster species can be regarded to exist as
[(WgIs)I (CH3CN), ] 2+ where n may
range between zero and six.

Acetonitrile-rich members with n = 5 and
6 are obtained in reactions departing from
[(W618)13(CH3CN)3]19 (TL = 3) with acetoni-
trile and Ag(BF,) exemplified in Equa-
tion 4.2.
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CH3CN

[(Wglg)I3(CH3CN)3)lg + 3 AgBFy ——

[(Wels) (CH3CN)g](I3)(BF4)3+3 Agl+ 212
(4.2)

The heteroleptic cluster
[(Welg)I[(CH3CN);|(I3)2(BFy) I (n =
5) and the homoleptic acetonitrile cluster
= 6) are obtained in similar reactions
crystallizing as deep-red crystals. Dark
reddish or brown body colors are typical
for polyiodides including (I3)  in given
structures and (I7)  contained in the struc-
ture of [(W618)13(CH3CN)3](I7)12 making
these compounds rather unattractive for
optical studies. Nevertheless, yellow crystals
of  [(Wslg)(CH3CN)g] (BF4)4-2 (CH3CN)
IIT showing orange luminescence were
obtained following a similar synthesis (see
Experimental).

Crystal structures of all three compounds
were solved and refined on the basis of single-
crystal X-ray diffraction data with mono-
clinic or triclinic space groups (Table 4.1).

The most interesting result of this
work is the presence of the homolep-
tic  [(Wglg)(CH3CN)g]*™  cluster cation,
shown in Figure 4.1. This comple-
ments the also-obtained heteroleptic
[((WelIg)I(CH3CN)5)*", and the recently
reported  [(Wlg) [3(CH3CN)3]t  cluster
cations, whereas the mneutral species
[(Wglg)I4(CH3CN)s] remains missing. With
24 electrons per cluster, all these clusters
possess the same electron count as binary
WﬁIlg.

Structures of compounds I and II reveal
layered arrangements with clusters and I3~
units alternating with layers of BF,  ions
and HO, as shown for II in Figure 4.2.
The structure of III is also dominated by
a layered arrangement of nearly spherical
clusters (Figure 4.1) surrounded by anions
and free acetonitrile filling the voids of this

arrangement as shown in Figure 4.3.
The [(Wels)(CH3CN)g“*" cluster is based

Structure

Figure 4.1: of
[(Welg)I[(CH3CN)s*"  (I)  (left) and
[((Welg)(CH3CN)g]** (IT) (right) cluster
cations. Color code for W: turquoise, I:
(violet, N: blue, C: brown, and H: black. )

on an octahedral tungsten cluster, bear-
ing eight (i = inner) iodide ligands form-
ing the [Wglg]*" cluster core, plus six (a
= outer) acetonitrile ligands. W-W dis-
tances of the octahedral cluster cores are
in the range at 265.16(5)-267.81(8) pm and
appear similar to other compounds with the
[((Wels)Ig]* cluster. The averaged W-I' dis-
tances (278.2(1) pm) of the reported com-
pounds (I-III) are similar to corresponding
distances in [(Wglg")Ig)*~ (278.3(2) pm).*"”

This similarity is not unexpected since
there is no change of the oxidation state of
the tungsten atoms. Two of the three (I3)~
ions in the structure of I are symmetric with
bond lengths at 291.3(1) and 291.6(1) pm
while one is nearly symmetric with 290.2(1)
(I-I) and 293.4(1) pm (I---I-I). Compound
IT also shows a symmetric (I3)  anion with
a bond length of 292.2(1). For octahedral
tungsten iodide clusters symmetric (I3) ions
are unusual®’* but, in the literature, there
are quite a few examples that adopt sym-
metrical I3~ units with bond lengths around
290 pm‘4087416

Coordinative =~ W-N  bonds range
from 214.4(9) to 217.3(9) pm for the
homoleptic|[(Wglg) (CH3CN)g]** cluster.
Corresponding W-N  distances with
(NCO>7 ligands in (TBA)Q[WGIE;(NCO)(;]
were reported quite similar, with 217(1) pm
(Table 4.2)."
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N
(Table 4.1: Crystal data for [(Wgls)I(CH3CN);](I3)2(BFy) I,
[(W(;Ig)(CHgCN)ﬁ](Ig)(BF4)3 HQO II, and [(WGIg)(CchN)G](BF4>4(CHgCN)Q I11.

Compound [(W618)1(0H3CN)5] [(W(;Ig)(CH3CN)6] [(Wﬁlg)(CHgCN)G]

(I3)2(BFy) (I3)(BFy4)3-H, O (BF4)4-(CH3CN),

CCDC code 2064394° 2115682 2152223

Formula weight 3298.68 3023.77 2793.97

(g mol™)

Temperature (K) 100.0(1) 100.0(1) 150.0(1)

Wavelength (pm) 71.073 71.073 71.073

Space group P2, /c C2/c P2, /n

Lattice parameters 1226.89(3); 1226.89(3); 1857.87(5);

(a, b, ¢cin pm; B in 1834.07(1); 2205.46(2); 1234.68(1);

degree) 1366.22(3): 2189.26(4): 1633.92(4):

109.093(3) 109.543(1) 94.424(2)

Volume (nm?) 4.6236(2) 4.70653(7) 4.8725(2)

Z 4 4 4

Density 4.739 g cm™3 4.267 g cm ™3 3.809 g cm—3

(calculated)

Absorption coeffi- 24.914 mm™! 21.890 mm ! 19.263 mm™!

cient

Goodness-of-fit on 1.023 1.171 1.153

F2

R (I > 20(1)) 0.0512 0.0198 0.0371

wRy (I > 20(1)) 0.1065 0.0442 0.0973

Ry (all data) 0.0826 0.0207 0.0435

wRy (all data) 0.1174 0.0445 0.0998

“Ri = T ||Fol ~ [E|l/ SIF): wRe = (Swl(F)? — (F)?/ S w(Fo)?) .
Florian Pachel, Markus Strobele, H.-Jiirgen Meyer, CCDC 2064394, CSD Commaun., 2022, DOL:

10.5517/cede.csd.cc2795¢3.

L J
4 N\
Table 4.2: Interatomic W-W and W-N distances (pm) for compounds III.

Compound W-W W-N
[((WelIg)I(CH3CN)s )T (I)  265.66(8)-267.81(8) 213.8(13)—225.5(1)
[(Wels)(CHsCN)g]*t (IT)  265.84(2)-267.14(2) 215.5(4)-216.3(4)

| [(Wels)(CH;CN)g)™* (IIT) - 265.16(5)-267.63(5) 214.4(9)-217.3(9) )

Our research interest was first of all fo-
cused on the homoleptic compound III. The
absence of additional I3~ units, like in I or 11,
is responsible for the desirable transparency
with bright yellow color of crystalline ITT and
allows for the observation of a bright orange-
red luminescence that is clearly visible to

the naked eye (Figure B.1). Luminescence

studies of III should give first insights into
the photophysical behavior of cationic clus-

ter species.

69



4. [(Wglg)(CH3CN)g]** Cluster Cation 4.3. Results and Discussion

N

.

Figure 4.2: Projection of the crystal struc-
ture of II in the ab plane. The iodide lig-
ands and hydrogen atoms of acetonitrile
are omitted for clarity. Color code for W:
turquoise, I: violet, N: blue, C: brown, B:

Figure 4.3: Projection of the crystal struc-
(yellow, F: green, O: red and H: black. ) | {\1e of TIT. The [Wls (CHyCN)g]* units
are showing a layered arrangement along
the b axis with BF, and free acetoni-
) ) trile filling the voids. Hydrogen of clusters
4.3.1 Electron Localization are omitted for clarity. Color code for W:

Function turquoise, N: blue, C: brown, F: green, and

To investigate the nature of the W-N bond, B: yellow. J
the electron localization function (ELF) of
ITI was calculated (Figure 4.4 left). For
comparison, we have also calculated the compounds.
ELF of (TBA)Q[WGIS(C0203F7)6] as a rep-
reser'ltative anionic tunggten iod.ide (fluster 4.3.2 Photoluminescence
befmng strong electron withdrawing ligands Studies
(Figure 4.4).
Comparison of the ELF of III and The characteristic photophysical proper-
(TBA)y[Welg(CO,C3F7)g] shows that IIT ties of [(Wels)lg]* and [(Wglg)Le)*  clus-
has a higher density of localized elec- ters have been recently reported. Crys-
trons at the W site, indicating reduced talline powders of these compounds typ-
ionicity.*'® Four local maxima can be found ically appear with yellow to orange col-
along the W-N bond of III, while only ors. Upon UV radiation or visible light
two are present along the W—O bond of photoexcitation, they emit red lumines-
(TBA)o[Wglg(CO2C3F7)6], which can be at- cence (phosphorescence) from excited triplet
tributed to a higher covalency of III. states,!?»114,290,296,314,390,396,419-421
However, as a nodal plane is present at =~ The bonding of six apical iodide ligands
the centre of both W-N/O bonds, the bond in [(Wglg)Ig]*~ cluster compounds is repre-
for both compounds is primarily ionic. The sented by covalent W-I interactions. How-
ELFs around the I atoms are similar for both ever, it has been shown that the presence of
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(

[Wily(CH;CN),(BF.),

(right side).

(TBA)IWl5(CO,C,F,);]

Figure 4.4: Electron localization function (ELF) of IIT and (TBA)y[Wglg(CO2C3F7)g)
(left side) and an illustration of the view on one of the clusters depicted in the ELF

~

J

strongly electron withdrawing ligands (L) in
[(Welg)Lg]*™ clusters can lead to a blue shift
of the emission maximum, which is often re-
lated to significantly increased luminescence
lifetimes or quantum yields.'?:?%3:296:315

To explain some of these observations, a
model for the emitting excited triplet states
developed for molybdenum and tungsten
halide clusters can be employed. Kitamura
et al. used a model with four different emit-
ting excited triplet state sublevels to ex-
plain the cluster emission.”” They further
noted that the highest lying sublevel can
couple with the ground state by an elec-
tronically allowed dipole transition, giving
rise to an intense and short-lived emission.
Emission from the other spin sublevels is
forbidden. Studies on molybdenum halide
clusters having different d-electron densities
revealed splittings between these spin-triplet
sublevels, whereas a low density led to a high
splitting and wice versa.”** Additional inves-
tigations on the temperature dependence of
the emission of (TBA)2[MogXg(CO2C3F7)g]
(X = Cl, Br, I) revealed smaller full width at
half maximum (FWHM) values and changes
in the emission lifetime between 3 K and
300 K by switching inner ligands from Cl
to I. This is attributed to a growing split-
ting between spin sublevels. Furthermore,
increasing the temperature from 3 K to 300

K leads to a red shift of the emission for
(TBA)3[Mogls(CO2C3F7)g] instead of the ob-
served blue shift for the species bearing Cl
and Br ligands.?”® The different thermal be-
havior of the emission is observed for clusters
with different inner halide ligands as well as
for different organic outer ligands.'"®
The herein monitored
tion and emission spectra
[(Wgls)(CH3CN)g](BF4)4- 2 (CH3CN)
powder show a broad excitation feature
between 275 and 500 nm (Ao, = 630 nm)
and a broad emission band between 500
and 800 nm (Aexe = 390 nm), presented in
Figure 4.5. Interestingly, this emission
of IIT is not very different from that of
[(WﬁIg)(COQCgF7)6]27 ()\em,max ~ 630 nm)
carrying a strongly electron withdrawing
ligand. However, a comparison of the emis-
sion lifetimes reveals a significantly shorter
lifetime of III (7 = 11 ps, Figure B.2) com-
pared to (TBA)y[(Wslg)(CO2C3F7)g].2"
Specifically, the original work reported a
biexponential decay with 7 = 27 and 55
ps, and our own lifetime measurements
of (TBA)2 [(Wﬁlg) (COQCgF7)6] yield a
monoexponential decay with 7 = 36 s
(Figure B.3). Likewise, the behavior in
the presence of molecular oxygen is also
very different (Figures B.4 and 4.5), with
IIT showing nearly no quenching of the

excita-

of
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emission, while (TBA),[(Wglg) (CO2C3F7)g]
quenches strongly. In general, tungsten
iodide compounds featuring strong oxygen
quenching of the emission usually exhibit
long emission lifetimes. This supports the
fact that the quenching is related to the
lifetime of the emission process in tungsten
iodide clusters.

A comparison of the d-electron
density in III (Figure 4.4) and
(TBA)Q[W618<C0203F7)6] shows a hlgher
density for IIT and a less ionic bonding
between tungsten and the ligand atom.
The consideration of our observations and
conclusion that the very short emission
lifetime of III could stem from a low
energetic splitting of the spin sublevels and
therefore strong thermal population of the
highest level responsible for a short emission
lifetime. For (TBA)Q[W618<COQC3F7)6], a
high energetic splitting can be expected,
leading to a long lifetime.

Temperature-dependent photolumi-
nescence studies of III (Figure 4.6)
show a blue shift of the emission with
increasing temperature from 100 K to

300 K. This is in contrast to the red shift
reported for (TBA);[Mogls(CO2C3F7)g]*
and the steady emission of
(TBA)3[Welg(CO2C3F7)s] (Figure B.5).
The same applies for the FWHM values
observed, which are ~ 3100cm™! at 100
K and ~ 4100cm~! at 300 K for IIT and
~2800cm™t at 100 K and ~ 3600cm™*
at 300 K for (TBA)y[Wgls(COC3F7)g].
In the case of (TBA)s[Mogls(CO2C3F7)s],
~1500cm™ at 3 K and ~ 2400cm™!
at 300 K are reported. Both, the blue
shift and the large FWHM value for III
compared to (TBA)y[Welg(CO,C3F7)g] or
the molybdenum species could stem from
strong contribution of the energetically
highest emissive triplet sublevel to the
photoluminescence.

4.3.3 Excited-State Studies

We investigated the excited state properties
of III in acetonitrile solution by femtosecond
and nanosecond transient absorption mea-
surements. To observe the fast dynamics,
we excited the sample with 90 fs laser pulses
at a wavelength of 300 nm (1 pJ per pulse).
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Figure 4.6: Temperature-dependent photoluminescence spectra of III in the tempera-
(ture range of 100 K to 300 K.

J

Sequential global fitting analysis found three
different components, with decay times of
2.2 ps, 87 ps and a decay significantly longer
than the measurement window of 7.5 ns
(Figures B.7 and 4.7). These observations
are in good agreement with previously re-
ported data obtained for (TBA)s[MogXsY]
(X =Cl, Br, I, Y = Cl, Br, I, CO,CF3).”
We attribute component 2 and 3 to the ex-
cited triplet states of the cluster since the
obtained spectra are in accordance with spec-
tra obtained on the microsecond timescale
(Figure B.8). As described for molybde-
num compounds, the second component is
probably related to a hot triplet state, while
component 1 has a different shape and is
likely due to an excited singlet state which
decays via intersystem crossing into the hot
triplet state (component 2).

The observed lifetime of 2.2 ps for the
singlet state deviates slightly from the re-
ported lifetimes for molybdenum iodide clus-
ters, which are typically between 0.5 ps and
1.7 ps.”” Moreover, the 87 ps lifetime of the
hot triplet is about one order of magnitude
larger than the reported lifetimes for molyb-
denum iodide clusters. We conclude that
the decay of the various excited states of

IIT is generally slower than that of the cor-
responding excited states in molybdenum
iodide clusters. A definitive attribution of
this finding to the effect of the metal atom
or the different apical ligands would require
additional transient absorption data, e.g. of
the molybdenum analogues with the same
apical ligands, which is currently not avail-
able. To study the slower dynamics beyond
7.5 ns, e.g. the broad excited-state absorp-
tion feature (ESA) between 350 and 530 nm,
we conduct nanosecond transient absorption
spectroscopy at an excitation wavelength of
390 nm (2 pJ per pulse) (Figure 4.8). We
find a mono-exponential decay with a life-
time of 28 ps under nitrogen (red) and 12
ns (component 3) under ambient conditions
(black) over the whole spectral range. This
is in excellent agreement with time-resolved
photoluminescence decay studies in acetoni-
trile solution (12 ps, blue curve), indicating
that the long-lived ESA signal corresponds
to the excited triplet state responsible for
the emission.
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Figure 4.7: Evolution-associated difference spectra (EADS) resulting from the global
analysis of III in acetonitrile after excitation at 300 nm. The black spectrum forms
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Figure 4.8: Kinetic trace of III, measured at the excited-state absorption (ESA) feature
at 470 nm after excitation at 390 nm in acetonitrile, revealing a mono exponential decay
with a lifetime of 28 ps under Ny (red) and 12 ps under ambient conditions (black). The
\photoluminescence decay spectrum is shown in blue (Aexe = 390 nm, Ao, = 630 nm). )

4.4 Experimental mg (6.6 mmol) [Wel;; (CH3CN);](I7)-I> and
. 1.3 mg (6.6 mmol) AgBF, and 3 ml acetoni-

Section trile. The vial was placed in a furnace at 85

. °C for 2 weeks. Afterwards it was removed

4.4.1 Synthetic Procedures from the furnace for cooling to room temper-

Synthesis of [(WgIg)I(CH3CN)j5] ature. Clear dark red plate-shaped crystals
(Is)2(BF,) (I) The preparation of the had formed on the wall of the vial (estimated
starting material [Wgly;(CH3CN)s](I;)-I,  vield of single crystals: 5 %).
was previously reported.*!!

A 4 ml screwcap vial was filled with 25.0 ~ Synthesis of [(Wglg)(CH3CN)g]
(Is)(BF4)3:-(H20) (II) Similar to I, a 4
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ml screwcap vial was filled with 25.0 mg (6.6
mmol) [W6111(CH3CN)3](I7>12 and 3.9 mg
(19.9 mmol) AgBF, and 3 ml acetonitrile.
The vial was placed in a furnace at 85 °C for
2 weeks. Afterwards it was removed from
the furnace for cooling to room temperature.
Clear red plate-shaped crystals had formed
on the wall of the vial (estimated yield of
single crystals: 5 %).

Synthesis of [(Wgls)(CH3CN)g]
(BF4)4-(CH3CN),;  (III) A thimble
was filled with 150 mg (39.9 mmol)
[WGIH(CH?,CN)?,] (17) 412 and 33 mg (1594
mmol) AgBF,; and placed in a Soxhlet
extractor. A round flask with 120 ml of
acetonitrile was connected to the extractor.
The flask with acetonitrile was heated
under reflux for 16 h and then cooled to
room temperature. After the extraction
the solvent showed a yellow color, white
and small amounts of yellow precipitate
were at the bottom of the flask. The yellow
solution was collected and the acetonitrile
evaporated to give a yellow crystalline
powder and small plate-shaped crystals
(yield: 74 mg; 34.0 pmol; 67 %). Both the
powder and the crystals showed orange
luminescence when irradiated with UV light.
[(WGIg)(CH3CN)6](BF4)4 2 (CHgCN) could
be handled in air but showed a slight color
change after remaining in air for two weeks.
'H-NMR. ([WgIg(CH3CN)g]**, 400 MHz,
CD3CN) § 2.77 (3H, s, CH3). Elemental
analysis for III: 0.69 H, 3.18 N, 5.39 C;
calculated with co-crystallized solvent 0.86
H, 4.01 N, 6.87 C without solvent 0.67 H,
3.10 N, 5.32 C. IR: 2999 (C-H), 2937 (C-H);
2312 (C=N), 2281 (C=N); 1660 (C=N),
1564 (C=N); 1410 (C-H), 1367 (C-H), 1284
(C-H); 1055 (C-H); 519 (W-N).*2#12

4.4.2 Single-Crystal X-ray
Diffraction

The single-crystal X-ray  diffraction
(XRD) studies on the obtained com-
pOUHdS [<W618)1(0H3CN)5](Ig)Q(BF4),

[(WGIS) (CHgCN)@] (13) (BF4)3'HQO,

[(Welg)(CH3CN)g](BF4)4-(CH3CN)y  were
performed using a Rigaku XtaLab Synergy-S
diffractometer with Mo-K,, radiation (A =
0.71073 A) and a mirror monochromator.
Yellow or red plate-shaped single-crystals
were used for the measurement under Ny
cooling at 100 K. Corrections for absorption
effects were applied with CrysAlisPro
1.171.41.65a (Rigaku Oxford Diffraction,
2020). The structure was solved by direct
methods (SHELXT),” and full-matrix
least-squares structure refinements were per-
formed with SHELXL-2014**" implemented
in Olex2 1.3-ac4.

4.4.3 Luminescence Studies

Excitation and emission spec-
tra of powder samples of
[(WGIg) (CHgCN)G](BF4)4(CchN)2 were

collected by using a fluorescence spec-
trometer FL.S920 (Edinburgh Instruments)
equipped with a 450 W xenon discharge
lamp (OSRAM) and a cryostat " MicrostatN"
from Ozxford Instruments as the sample
chamber for adjusting the atmosphere
during the measurements and to adjust
the temperature. Additionally, a mirror
optic for powder samples was applied. For
detection, a R2658P single-photon-counting
photomultiplier tube (Hamamatsu) was
used. All photoluminescence spectra were
recorded with a spectral resolution of 1 nm,
a dwell time of 0.5 s in 1 nm steps and 2
repeats.

4.4.4 Density Functional
Theory

Density functional theory (DFT) was
used to calculate the ELF of III and
(TBA)Q[W618(00203F7)6] within the Abinit
software package.’”® Calculations were per-
formed using a 36 Ha planewave basis
set energy cutoff and 2 x 1 x 2 (III)
and 2 x 2 x 2 ((TBA)3[Welg(CO2C3F7)6])
Monkhorst-Pack grids**” of & points. Norm-
conserving pseudopotentials were used as
received from the Abinit library. Example
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4.5. Conclusion

input files are available as part of the Elec-
tronic Supplementary Material.*¢"

4.4.5 Transient Absorption

Spectroscopy

Pump probe spectroscopy was conducted
using a femtosecond transient absorption
spectrometer (HELIOS Fire) and a nanosec-
ond transient absorption spectrometer (EOS
Fire) from Ultrafast Systems. 90 fs excita-
tion laser pulses at 1 kHz repetition rate
and 800 nm wavelength were generated with
an Astrella-F ultrafast Ti:sapphire ampli-
fier from Coherent and split into a pump
and probe beam. The pump beam wave-
length was varied by nonlinear frequency
mixing and second harmonic generation
in an Apollo-T optical parametric ampli-
fier from Ultrafast Systems, from which
monochromatic 300 nm or 390 nm pulses
with approximately 1 pJ per pulse or 2
1nJ per pulse were obtained. For the fem-
tosecond experiments, a broadband probe
spectrum from 320 to 640 nm was gener-
ated by focusing the 800 nm probe beam
onto a CaFy crystal by nonlinear processes,
while a mechanical delay stage controlled
the pump-probe delay. For the nanosecond
experiments, a photonic crystal fiber-based
white-light probe continuum from 380 to 800
nm was generated and the pump-probe delay
was controlled electronically.

All samples were prepared in dry acetoni-
trile under inert conditions in a quartz glass
microcuvette with an optical path length of
2 mm and an optical density of 0.2 and 0.4
at 300 nm.

Global analysis was performed using the
free software program Glotaran.”**

4.4.6 NMR studies

The 'H-NMR spectrum was recorded from
acetonitrile-ds solution at room temperature
on a Bruker AVII+ 400 spectrometer.

4.4.7 IR Studies

FTIR spectra of III and acetonitrile were
recorded on a Bruker vertex 70 spectrome-
ter. For solid III a KBr disk and for liquid
acetonitrile a drop between two KBr disks
was measured.

4.4.8 Elemental Analyses

Elemental Analyses was obtained using a
UNICUBE apparatus from ELEMENTAR.

4.5 Conclusion

Solvated [WgIg]*" clusters were synthesised
in three different compounds. Among them
is the homoleptic [(Wglg) (CH3CN)g]*" clus-
ter cation, having the same electron clus-
ter count as [(Wels)Ig]> . The excited state
properties were investigated by photolumi-
nescence and transient absorption measure-
ments. The emission maximum of solid
[(Wﬁlg) (CH3CN)6](BF4)4 2 (CH3CN) is ob-
served at Aemmax = 630 nm and therefore
in a quite similar range as [WglgLg]*™ clus-
ters bearing electron withdrawing ligands.
Results of the transient absorption measure-
ments revealed excited state absorption with
three different components. Two of them fea-
turing short decay times on the picosecond
scale, while the short one is attributed to
an excited singlet state and the longer one
to a hot triplet state. This is in good agree-
ment with a previous report on octahedral
molybdenum halide clusters.”’
Observations of longer time scales reveal
a single component absorption with a life-
time of 12 ps, which we attribute to the
excited triplet state of IIT which are support-
ing the results of the decay measurements
for solid IIT (11 ps) and in acetonitrile solu-
tion (12 ps). Compared to other clusters like
(TBA)3[Wels(CO2C3F7)g] with reported life-
times being up to 55 ps, these photolumines-

cence lifetimes appear short. In contrast to
the behavior of (TBA)y[Wels(CO2C5F7)¢]
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the quenching of the luminescence in pres-
ence of molecular oxygen is low.

Additionally, the photolumines-
cence studies on III showed a higher
FWHM of the emission compared to
(TBA)2[Wlg(CO2C3F7)g] and a blue shift
of the emission going to higher temperatures,
indicating stronger participation of higher
lying triplet sublevels. A comparison of the
ELF of III and (TBA)2[W618(COQC?,F7)6]
revealed higher electron density on the
tungsten atoms and a less ionic bonding in
I11.

This observation suggests a strong influ-
ence of the metal-to-L. bond polarity on
the photoluminescence properties of octa-
hedral molybdenum or tungsten halide clus-
ters. High bond polarity is achieved using
strong electron withdrawing ligands such as
fluorinated ligands, leading to tungsten or
molybdenum halide clusters with long last-
ing luminescence and strong oxygen quench-
ing.
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5. Triplet Dynamics in Tungsten Iodide Clusters

5.1. Abstract

5.1 Abstract

This study comprehensively investigates the
excited-state dynamics of two tungsten io-
dide prototype clusters, [(Wglg)lg]>” and
[((Welg)(TFA)g)*~ (TFA = trifluoroacetate),
utilizing a combination of ultrafast transient
absorption spectroscopy from 200 fs up to
400 ps and temperature-dependent emission
spectroscopy from 4 to 340 K. Both clus-
ters exhibit rapid intersystem crossing oc-
curring within 6 ps, populating triplet states
that subsequently deactivate through emis-
sion or dynamical bimolecular quenching in-
volving molecular oxygen. The temperature-
dependent emission behavior aligns well with
a group-theoretical spin-sublevel model, in-
dicating three distinct emissive sublevels.
However, contrary to previous findings in
molybdenum-based clusters, no additional
splitting of the lowest triplet states was ob-
served experimentally. Time-dependent den-
sity functional theory calculations highlight
substantial excited-state geometrical distor-
tions, suggesting limitations in sole group-
theoretical descriptions. Instead, we propose
a relativistic model with three thermally ac-
cessible excited-state geometries, each pre-
senting three triplet sublevels.

5.2 Introduction

Octahedral transition metal halide clusters
have long been of interest due to their in-
triguing structural diversity and remark-
able optical properties. As illustrated in
Chart 5.1, they are characterized by a
central metal octahedron (M = Mo(II),
W(II), Re(III)) surrounded by eight tightly
bound face-capping inner ligands (X =
halogenide for M(II) or chalcogenide for
M(III)) and six exchangeable apical outer
ligands (L = X, RCOO™, tosyl™, ---) as
[(MgXg)Lg)? 2011229 In 1981, the excita-
tion of (TBA),[(MogClg)Clg] (TBA = tetra-
n-butylammonium) with blue to UV light

was demonstrated to yield a bright and long-
lived luminescence in the far-red to NIR.**
Upon exposure to oxygen, the excited state
can be efficiently quenched through the gen-
eration of singlet oxygen, which was first
described in 1990.'® In the following years,
various ligand-substituted molybdenum and
rhenium-based clusters have been synthe-
sized and optimized toward higher lumines-
cence quantum yields, enhancing their po-
tential for oxygen sensing, bioimaging, and
cancer therapy, | »10:254-289,201,292,204,131 Qi
2016, corresponding tungsten iodide clus-
ters have been reported with photolumines-
cence and singlet oxygen generation quan-
tum yields compared to molybdenum-based
counterparts. |719114,290,296

4 )
Chart 5.1: Structure of Octahedral
Hexanuclear M(II) Clusters of the Type
[(MgXs)Lo)*
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The origin of the unusual broad emission
and high sensitivity to temperature and lig-
and has been discussed by several research
groups. There is evidence that these clus-
ters undergo intersystem crossing (ISC) into
emissive triplet states, which can transfer
their energy to molecular oxygen under the
formation of singlet oxygen.'®199,114,316,383
However, studies regarding the excited sin-
glet state are limited. Time-resolved pho-
toluminescence spectroscopy on crystalline
(TBA)2[(MogClg)Clg| indicates singlet-state
emission between 600 and 1100 ps.**”> Con-
trarily, transient absorption spectroscopy
(TAS) of molybdenum clusters in solution
implied an [SC within 2 ps, followed by a hot
triplet cooling within 5 ps.”” For the clus-
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ter cation [(Wglg)(CH3CN)g]*", we recently
reported ISC times of 2 ps, followed by an
additional relaxation within 90 ps.*%"

Most importantly, the nature of the emis-
sive triplet states has been debated contro-
versially, with input from several theoreti-
cal and experimental investigations. Azumi
and Saito discussed the splitting of several
low-energy states due to electron repulsion
and spin-orbit coupling (SOC).*'® In their
nonrelativistic calculations, they identified
the 3T, state as the emissive state, split-
ting into four sublevels Ty, E,, Tiy, and
Ay, in Oy geometry (compare Chart 5.2,
green patch). Due to an allowed dipole
transition, Ti, is predicted to have the
strongest emission, outcompeting the higher
lying forbidden A, state. This model, us-
ing three emissive states, was able to model
the temperature-dependent emission, e.g.,
for Mo(IT),*'™ Ru(II),**" Pt(II),*'® and Tr(II)
complexes.’'’ However, the need for a fourth
emissive component at temperatures below
10 K emerged recently for Mo(II)-based
clusters.”” Kitamura and co-workers stud-
ied a comprehensive [(MogXg)Lg]* cluster
series and found that four emissive sublevels
not only modeled the data better but also
revealed strong correlations between the lig-
and nature and the strength of the cluster
sublevel splitting.'"®#?*3%* They rationalized
this fourth component by symmetry lower-
ing due to Jahn-Teller distortion from Oy
to Dy, resulting in a splitting of the Ts,
state into Bs, and E, (compare Chart 5.2,
purple patch). Following their notation, the
model using three emissive sublevels due to
SOC will be named the ¢, model, while
the ¢, model uses four emissive sublevels
due to a combination of SOC and symmetry
lowering. However, for [(ReGSg)CIG]4_ and
[(WgClg)Clg]? ", the authors could not iden-
tify a statistical justification of the ¢, model
over the ¢, model.”” Relativistic quantum
chemical density functional theory (DFT)
calculations support symmetry lowering of
the excited triplet states, leading to a loss
of degeneracy from the Oy symmetry ini-

tially assumed by the ¢, model. Besides the
symmetry reduction to Dy, further distor-
tions to Doy, Coy, or Cg are also observed for
Mo(II), W(II), and Re(III) clusters, which
are not accounted for by the ¢, model (com-
pare blue patch in Chart 5.2).20:21521,322
Complementary experimental evidence for
such symmetry-breaking relaxations comes
from the combined time-resolved photolu-
minescence and quantum-chemical study of
Costuas et al. on [(MogBrg)Brg]* ™, revealing
at least two distinct emissive triplet states
arising from sizable geometrical relaxations
in the triplet state.’’**> Furthermore, they
revealed that the emission properties can de-
pend on the excitation wavelength and the
irradiation type, further emphasizing that
vibronic coupling and SOC alone cannot ex-
plain the observed emission properties.

4 I
Chart 5.2: Lowest-Lying Excited Triplet
State Spin Sublevel Models of M(II)
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Resolving the nature and splitting of the
emissive triplet sublevels is essential as it
directly impacts oxygen sensing accuracy,
photodynamic therapy efficiency, and the re-
liability of bioimaging techniques. Clarifying
this photophysical model will enable a more
precise tuning of cluster properties, signifi-
cantly enhancing their practical applicability
in biomedical contexts.

Although the emission properties of
[WsXs)Le)>~ have been extensively stud-
ied in the past decade, low-temperature or
excited-state studies remain limited. Aside
from the mentioned study on crystalline
(TBA),[(WgClg)Clg],”* we are not aware of
any other experimental research addressing
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5.3. Experimental Section

this fundamental question about the nature
of the emissive triplet states in W(II) cluster
complexes.

Here, we approach this long-standing
question by analyzing the prototype
(TBA)s[(Welg)lg] cluster 1 (red) and
(TBA)Q[(W618)<TFA)6] (TFA = trifluo-
roacetate) cluster 2 (blue) in solution
and dispersed in poly(methyl methacry-
late) (PMMA). We combine ultrafast
TAS, nanosecond TAS, and temperature-
dependent emission (PL) spectroscopy with
scalar relativistic time-dependent DFT
(TDDFT) calculations to draw a clearer pic-
ture of the excited-state properties of Wglg
cluster complexes. As a result, we report [SC
times, oxygen quenching rates, and triplet
splitting characteristics based on the tested
models. We find that three sublevels are
sufficient to describe the experimental obser-
vations of tungsten iodide clusters. However,
calculated excited-state geometries indicate
a complete loss of degeneracy, resulting in
three thermally accessible triplet sets. Each
of these nine states contributes to the ensem-
ble emission, albeit through slightly different
excited-state geometries. To our knowledge,
this is the first spectroscopic quantification
of ISC rates and the triplet sublevel split-
ting in anionic [(Wglg)Le)*>  clusters and its
mechanistic correspondence to distinct re-
laxed excited-state geometries.

5.3 Experimental
Section

5.3.1 Sample Preparation and
Containers

1 and 2 were synthesized following published
protocols.'*?? Briefly, WClg and Sil; react
at 120 °C, forming W3l;5, which can be con-
verted with Csl at 550 °C to Csq[(Wsls)Is].
The cation can be exchanged in solution with
tetra-n-butylammonium iodide ((TBA)I),
forming 1, and the apical ligand can be ex-

changed via salt metathesis with Ag(TFA),
forming 2.

All spectroscopic measurements (steady-
state absorption and emission, emission life-
time, and TA) were conducted on samples
prepared either in acetonitrile solution or
embedded in PMMA thin films, as described
below.

For the spectroscopic measurements in so-
lution, HPLC-grade acetonitrile was distilled
over molecular sieves and subsequently puri-
fied by neutral Al,O3 (Brockmann activity I)
chromatography in a glovebox. The cluster
concentrations for the TA and steady-state
absorbance experiments were set to 60 pM
(optical density at 350 nm (ODg5) = 0.1)
and 30 pM for the PL experiments, respec-
tively.

For the spectroscopic measurements in a
PMMA thin film, the microcrystalline clus-
ter and PMMA were dissolved in absolute
acetone and mixed to achieve a cluster con-
centration of 0.33 mg/mL or 100 pM and a
PMMA concentration of 8 wt %. The solu-
tion was spin-coated at 20 rpm on a glass
substrate and dried under vacuum for 12 h
(see Figure C.1).

Steady-state absorption and emission ex-
periments at room temperature were per-
formed in acetonitrile solution and in a
PMMA thin film.

The TA experiments were performed in 2
mm quartz glass cuvettes from Helma Ana-
lytics, with a home-built opening featuring
a stopcock with a polytetrafluoroethylene
key and a septum (see Figure C.2). This
way, the oxygen levels can be adjusted by
gently bubbling a premixed N2/02 stream
from Westfalen Gas (5.0 purity) through a
needle for 30 min.

Regular borosilicate glass NMR tubes with
a screw cap and septum were used for the
room-temperature and 77 K PL experiments.
The oxygen level was adjusted in the same
way as that for the TA experiments.

For the variable-temperature PL measure-
ments in acetonitrile, the cluster solution was
transferred into a borosilicate glass NMR
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tube with J. Young valve, and gases were
removed through five freeze-pump-thaw cy-
cles. While the solution was frozen in liquid
nitrogen, the upper section of the tube was
melted off by using a gas burner.

5.3.2 Spectroscopic
Measurements

Steady-state absorption measurements were
performed on a UV-vis-NIR Cary 5000 spec-
trometer from Agilent Technologies.

5.3.3 Emission Spectroscopy

Steady-state spectra were measured on
a Horiba Fluorolog-3 spectrofluorimeter
equipped with a 450 W xenon lamp for
steady-state measurements. For fluores-
cence lifetime measurements, a pulsed laser
(PicoQuant LDH-P-C-375, Aoy = 371 +
2 nm, pulse width ca. 50 ps FWHM,
Praxave = 5 mW) was used. For phospho-
rescence lifetime measurements, excitation
was performed with a pulsed xenon lamp
(pulse width ca. 2 ps FWHM) using the
excitation monochromator pathway or us-
ing adapted burst pulse sequences (Pico-
Quant PDL820) with the given laser setup.
Emitted light was detected by a Hamamatsu
R13456 PMT (UV/vis/NIR, 200 nm < Aey,
< 950 nm). A double grating monochroma-
tor 320DFX (1200 grooves/nm, blazed at
330 nm or 600 grooves/nm, blazed at 750
nm) was used for spectral selection in the
excitation path, while in the visible emis-
sion path, the single grating monochroma-
tors iHR550 (1200 grooves/mm, blazed at
500 nm; 950 grooves/mm, blazed at 900 nm;
1800 grooves/mm, blazed at 500 nm) and
iHR320 (600 grooves/mm, blazed at 1000
nm) were used. To avoid higher-order ex-
citation light, long-pass filter glass plates
(Schott, 3 mm thickness) were used in the
emission beam path when needed. To avoid
longerwavelength emission of LDH-P-C-375,
we used a 475 nm Techspec (Edmund optics)
short-pass filter (OD > 4.0) in front of the
laser diode.

To obtain more stable lifetime results for
the variable-temperature experiments, the
determination of the PL lifetimes was re-
alized as a TRES (time-resolved emission
spectra) measurement. This involved the
determination of the luminescence decays at
5-6 wavelengths of the emission band and
the global fitting of these decays.

5.3.4 Cryogenic Emission
Spectroscopy

For 77 K PL spectra, solvents forming a
glass upon rapid cooling were preferred but
were not compulsively used. For cooling
and spectrum detection, the sample tube
within a quartz dewar (Horiba/PTTI) filled
with liquid nitrogen was placed into the light
path.

Temperature-dependent PL, measurements
in the range of 4-340 K were carried out us-
ing a Horiba Fluorolog-3 with the same gen-
eral instrument configuration as described
above but equipped with a closed-cycle he-
lium cryostat CS204-X1.Al operated with a
helium compressor module ARS-4HW (Ad-
vanced Research Systems) and a tempera-
ture controller LS-335 (Lake Shore Cryotron-
ics). The cryostat was configured with high-
purity quartz windows (W-X1HPQ) and
with a custom-made copper sample holder
for borosilicate glass tubes (outer diameter
5 mm, length ca. 2.5 cm). The cryostat vol-
ume was evacuated with a regular oil pump,
reaching at least 1072 hPa during the oper-
ation. The temperature was measured by
using the standard silicon diode sensors of
the cryostat attached to the base of the sam-
ple holder. The sample tubes containing the
samples were about 5 cm below the temper-
ature sensor.

5.3.5 Transient Absorption

Measurements
TAS was conducted with a fs TA spectrome-
ter HELIOS Fire and the ns-TA spectrome-

ter EOS Fire, both from Ultrafast Systems.
90 fs laser pulses at a repetition rate of 1 kHz
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and 800 nm central wavelength were gener-
ated with an Astrella-F ultrafast Ti/sapphire
amplifier from Coherent. The fundamen-
tal beam was split into a pump and probe
beam, and the wavelength of the pump was
adjusted to 350 nm by using the fourth har-
monic of the signal in the optical parametric
amplifier Apollo-T from Ultrafast Systems.
The pump intensity was set between 0.5 and
1 nJ/pulse to exclude nonlinear dynamics
(photons per molecule < 2 %). Impure exci-
tation light and scattered light were purged
with appropriate filters. For the fs experi-
ments, a white-light continuum (WLC) from
320 to 650 nm was generated with a CaFy
crystal, while for the ns experiments, the
WLC was generated with a photonic crys-
tal fiber. The delay between the pump and
probe was altered by a mechanical delay
stage for the ultrafast experiments up to 2
ns, while for the ns pump-probe measure-
ments, the delay up to 450 ps was controlled
electronically. To account for energy fluctua-
tions, a reference channel for the probe was
used, and multiple scans were acquired and
averaged. The samples were stirred, and the
integrity of the samples was confirmed with
absorption measurements before and after
the experiments.

5.3.6 TDDFT Calculations

DFT and TDDFT calculations were per-
formed in ORCA 6.%*% For the calcula-
tions, the hybrid functional PBE0O was
employed alongside Grimme’s D4 disper-
sion correction, and scalar relativistic ef-
fects were accounted for using the eXact
Two-Component (X2C) Hamiltonian.*** 10
Specifically, excited-state geometry opti-
mizations used the diagonal local approx-
imation to the unitary transformation ma-
trix (DLU approximation) within the X2C
calculation.**” A triple-C basis set optimized
for X2C (X2C-TZVPPALL) and its corre-
sponding auxiliary set (X2C/J) were used
to ensure accurate representation of the elec-
tronic structure.**®**? Spin-orbit effects were

handled with the RI-SOMF(1X) approach,

and a Gaussian finite nucleus model was
applied.””” The strict self-consistent field
(SCF) convergence criterion, TightSCF, was
used alongside TightOPT for geometry opti-
mization.

As initial input geometry, a structure
from single-crystal X-ray diffraction was
used. The preoptimized structure DFT
(PBEO|X2C-TZVPPALL) was used for the
TDDF'T geometry optimizations of the struc-
tures of ground and excited states, including
spin-orbit coupling. For TDDFT calcula-
tions of the spectra, typically, the 50 lowest
singlet and triplet excited states/transitions
(50 roots) were requested, corresponding
to 200 transitions in the spin-orbit-coupled
TDDEFT calculation.

5.3.7 Model Fitting and
Software

Emission data were acquired using Flu-
orEssence and DataStation, both from
HORIBA Scientific. PL lifetime data anal-
ysis (deconvolution, statistical parameters,
etc.) was performed using the DAS6 soft-
ware package from Horiba. The decay data
were analyzed by tail-fitting (exclusion of
the lamp-pulse region). The emission life-
time was calculated by globally fitting the
emission kinetics at least at five different
wavelengths using DAS6 from HORIBA Sci-
entific

TA data were acquired with the software
Surface Xplorer 4.5, while the data were
processed and fitted in Python 3.11 using
the packages NumPy, SciPy, Matplotlib, and
lmfit.*™

Sublevel-model fitting of the temperature-
dependent emission data was performed in
Python using Imfit, and the posterior dis-
tribution of parameters was evaluated using

emcee.””?
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5.4 Results and
Discussion

5.4.1 Steady-State Properties

Before analyzing the excited-state properties
in acetonitrile and PMMA, 1 and 2 were
examined by UV /vis absorption and pho-
toluminescence spectroscopy to manifest a
possible influence of the solvent and PMMA.
This comparison is depicted in Figure 5.1
A . At room temperature, we observe the
first broad absorption shoulder at around 417
nm and a second band at 355 nm for both
clusters, independent of the matrix. For 1,
the asymmetric emission is centered around
700 nm in acetonitrile and 695 nm in PMMA
matrix, respectively, while for 2, the emis-
sion maximum is blue-shifted at 675 nm for
acetonitrile and PMMA. The values in solu-
tion at room temperature are consistent with
other reports.'”!'* The comparable spectra
regardless of the medium lead us to the con-
clusion that the clusters are well dispersed in
the PMMA matrix and that cluster-cluster
or cluster-polymer interactions are negligi-
ble for the concentrations used in this study.
The emission lifetimes at 298 K in solution
are in line with the lifetimes in PMMA for
both compounds, which further support this
claim. The photophysical properties of 1
and 2 are summarized in Table 5.1.

Figure 5.1 B, C compares the excitation
and emission spectra of 1 and 2 at 4 K
and room temperature. We note that the
excitation spectra at room temperature in
PMMA match well the absorbance spectra
from Figure 5.1 A. At 4 K, the peaks get
narrower, revealing maxima at 470, 408, and
363 nm for 1 and 450, 400, and 353 nm for
2.

Likewise, the emission bands get narrower
and more symmetrical at 4 K, accompa-
nied by a hypsochromic shift of 13 nm for
2. The temperature dependence is consis-
tent with published emission data on related
compounds?®? 06323324367 and will be ana-
lyzed in detail below.

e N
Energy (eV)
5040 3.0 2.0
LOERA — 1wyl /7%, T MeCN
A\
- [Wel)(TRANE £ Ny T PMMA

normalized Absorbance / Intensity

Wavelength (nm)

Figure 5.1: Optical properties of 1 (red)
and 2 (blue). (A) Absorbance (straight)
and emission (dashed) at 298 K in an
acetonitrile (dark) and PMMA matrix
(bright). The excitation wavelength was
370 nm for all of the emission measure-
ments. Note that the glass substrate used
for the PMMA films has a wavelength cut-
off of 310 nm. (B, C) Excitation (straight)
and emission (dashed) spectra of 1 and 2
in PMMA at room temperature (dark) and
at 4 K (bright).

J

5.4.2 Ultrafast Spectroscopy of
Excited States

We sought to identify the correct sublevel
model for 1 and 2, respectively, by a va-
riety of complementary time-resolved spec-
troscopy experiments. We begin our inves-
tigation with femtosecond TAS, where we
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Table 5.1: Photophysical properties of 1 and 2 at 297 K in acetonitrile and PMMA.
Amax  FWHM 77 (PL) 7p (TAS) k, (PL) ky (TAS)  ISC

Coapeiid / nm / meV [/ us / us /108 M~tst /108 M~1s7! / ps
1 (TBA)2[(Wels)lg] 700, 695 438, 434> 27, 24> 22 9.9 9.2 4
2 675, 675* 481, 447* 38, 34* 33 3.5 3.7 6
(TBA)2[(Wls)(TFA)g]

L Corresponding data in PMMA. )

follow the excited-state properties and relax-
ation pathways for both clusters from 100
fs up to 2 ns (Figure 5.2). Figure 5.2 A
shows a background-corrected femtosecond
2D transient absorption spectrum of 1 in
acetonitrile. The analysis of the femtosec-
ond TAS experiments of 2 can be found
in Appendix C.2. The differential ab-
sorbance is color-coded, where blue means
a loss in absorbance of the excited sample
compared to the unexcited sample and red
represents a gain in absorbance. Upon exci-
tation with 90 fs laser pulses at 350 nm, we
find broad excited-state absorption (ESA)
over the whole spectral range superimposed
with ground-state bleaching at the steady-
state absorbance maxima due to Pauli block-
ing and ground-state depletion (compare
the absorbance spectrum in red above the
2D plot). Analysis of the kinetics at 500
nm (Figure 5.2 B) reveals three distinct
components, which can be fitted by a se-
quential exponential model with lifetimes
of 130 fs, 4 ps, and a lifetime larger than
the measurement window (coefficient of de-
termination 72 = 0.99). More details on
the selected sequential model and the vari-
ability in the fitting results can be found
in Appendix C.2. Global fitting over the
whole spectral range with the same model
gives comparable lifetimes (r? = 0.98), with
the corresponding evolution-associated dif-
ference spectra (EADS) shown in Figure 5.2
C. We note that the second and third compo-
nents have a similar spectral evolution, while
the first differs more. The ultrafast first com-
ponent has a lifetime close to the instrument
response function (IRF) of our system of 200

fs and is overlaid by the solvent response
and so-called coherent artifacts, which are
very prominent within the first 500 fs. The
TA spectrum of the pure solvent under the
same experimental conditions is analyzed in
Appendix C.2. Since the first component
mainly originates from the solvent response
and coherent artifacts, we will not include it
in the following analysis.

5.4.3 Excited Triplet State
Properties and Oxygen
Quenching

In continuation of our time-resolved analysis,
we now use nanosecond TAS to specifically
study the long-lived component in further
detail. We find that under inert conditions,
the third component decays monoexponen-
tially with lifetimes of 22 ps for 1 and 33
ps for 2. This component can be quenched
reversibly by oxygen down to 90 ns for 1 and
250 ns for 2 with an oxygen-saturated atmo-
sphere. In Figure 5.3 A, the kinetic traces
at 500 nm of 1 (red) and 2 (blue) at different
oxygen concentrations are depicted together
with their monoexponential fits (compare
with Table C.2). The covariance matrix
was used to estimate the uncertainties of the
fit, yielding errors around 10 %. For the
first two components, we do not observe any
oxygen dependence on the kinetics.

We hypothesize that the third compo-
nent corresponds to an emissive triplet state,
which should exhibit similar kinetics in TAS
and PL lifetime measurements. To test this,
we conduct time-resolved photoluminescence
as a third technique using the same oxygen
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Figure 5.2: (A) fs TA-hyperspectrum of 1 in acetonitrile after excitation at 350 nm and
room temperature. The background is corrected to account for the overlying emission
starting around 550 nm. The magnitude and sign of the differential absorption AA
(excited state — ground state) is color-coded on the right-hand side. The delay time
between pump and probe beam within the first two ps is displayed with a linear scale,
followed by a logarithmic scale until the end of the measurement window of 2 ns. The
corresponding steady-state absorption spectrum is shown in red above the 2D plot. (B)
Kinetic trace of (A) at 500 nm with the corresponding local exponential fit (straight) and
the underlying three sequential exponential functions (dotted). (C) Evolution-associated
spectra of the global analysis of panel (A). The first component (red) decays within 150
fs to the second component (blue), which further decays in 4 ps to the third component

\(yellow), with a lifetime significantly longer than 2 ns.
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concentrations as for the ns TA experiments
(compare Appendix C.3). As detailed in
Figure 5.3 B, the inverse lifetimes as a
function of the oxygen concentration in both
experiments are in good agreement, which
supports our hypothesis. The linear rela-
tion between 1/7 and the oxygen concentra-
tion hints to a dynamic collisional quenching,
whose bimolecular quenching constant £, can
be determined using Equation 5.1:

i o kg % [O3) (5.1)

where 7 is the triplet lifetime at a given
triplet oxygen concentration [O.] and k, is
the dynamic quenching constant. An oxy-
gen concentration of 2.42 mM in acetonitrile
exposed to synthetic air was used.*”! The
values are summarized in Table 5.1 and
are in accordance with published work using
emission spectroscopy to derive the quench-
ing rates.'”!''* The deviations of the lifetimes
and subsequently the bimolecular quenching
constants are within the error estimates of

10 % for the TA experiments and 5 % for the
PL measurements, respectively. We assume
that most of the deviation originates from
uncertainties in setting and maintaining the
oxygen concentration for and during the ex-
periment, especially since TA experiments
take significantly longer than corresponding
PL experiments (h vs min).

The findings of the TA and PL verify the
previous assumption that the third compo-
nent observed in the TA experiments is the
emissive triplet state and lead us to the con-
clusion that the second component is an ex-
cited singlet state. Following this reasoning,
both clusters would undergo an ultrafast ISC
into a long-lived triplet state within 6 ps.
This is in accordance with our recent work
on a related cationic tungsten iodide cluster,
where we found an ISC occurring within 2.2
ps.*" In that study, we found an additional
excited state decaying within 90 ps, which
we could not observe in the current study.

The electronic transitions and lifetimes are
summarized in a Jabtoski diagram in Fig-
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Figure 5.3. (A) Kinetic traces and mono-
exponential fits (straight) of ns-TA measure-
ments of 1 (red) and 2 (blue) at 500 nm in ace-
tonitrile and an excitation wavelength of 350
nm at room temperature. The different oxy-
gen concentrations are indicated by the color
gradient and range from 0 % (argon, dark)

to 100 % (bright). (B) Oxygen

tion against the reciprocal monoexponential
lifetime of 1 (red) and 2 (blue) measured by
PL (dark) and TA (bright) spectroscopy. The
linear fit is shown with a straight line. (C)
Proposed Jabltoski diagram with ISC rates,
emission lifetimes, and quenching rates of 1

\(red) and 2 (blue) respectively.

concentra-
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ure 5.3 C. The observation that the clusters
relax to their final excited state (third com-
ponent) within picoseconds with no signifi-
cant deactivation occurring over 6 orders of
magnitude is remarkable. This behavior ac-
counts for their high phosphorescence quan-
tum yields and pronounced sensitivity to
oxygen. Note that these systems experience
strong spin-orbit coupling, making singlet
and triplet states lose their strict identity. It
would therefore be more precise to describe
these as mixed states with, e.g., a dominant
singlet or triplet character.

Kirakci et al. investigated, with similar
experimental conditions, molybdenum clus-
ters and also found three components with
comparable lifetimes and spectral shapes.”
They assigned the first component to an ex-
cited singlet state and the second component
to a hot triplet state, relaxing to the third
emissive component. This contrasts with
our observations that the first component
mainly originates from the solvent response
and coherent artifacts close to the resolution
limit. However, to this point, we cannot
exclude the possibility that these features
overshadow additional components close to
our [RF.

Within experimental uncertainty, the tem-
poral and spectral evolution of the ultra-
fast TA signals is comparable for both clus-
ters studied and closely matches that re-
ported for the cationic tungsten iodide clus-
ter and molybdenum-based analogues.””*0"
In all cases, the spectrum is dominated by
a broad and unstructured ESA, revealing a
multitude of contributing electronic states
superimposed with ground-state bleaching,
in line with steady-state absorbance data.
The only significant difference is a modest
variation in oscillator strength imposed by
the axial ligands, highlighting that the ul-
trafast photophysical properties are mainly
driven by the MgXg core.
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5.4.4 T-Dependent Emission
Characteristics in
Solution

To further investigate the excited-state prop-
erties of the emissive triplets, we performed
a series of temperature-dependent measure-
ments from 4 to 340 K. At every temperature
step, besides an emission spectrum, lifetimes
were measured at least at 5 different emission
wavelengths and globally fitted to increase
the stability of the fit (see Section 5.3 for
more details). Although measurements in
solution involve a more elaborate sample
preparation, more scattered light in frozen
solvents, and a phase transition, they should
reflect the fundamental photophysics better
than polymer matrices or microcrystalline
samples due to their well-defined and uni-
form properties. In acetonitrile, we found
that below the melting point, the kinetics
for 1 consistently changed from a mono- to
a biexponential decay with lower overall life-
times (see Figure C.7). In preliminary ex-
periments, we identified that the addition of
(TBA)I reversed this and led to a longer and
monoexponential decay in the solid state.
This hints to a dynamic exchange reaction
in solution and a disturbed and eventually
frozen equilibrium while falling below the
melting point, which is beyond the scope of
this study (see Appendix C.4 for a more
detailed discussion). In the following study
in PMMA, we did not observe this behavior.

5.4.5 T-Dependent Emission
Properties in PMMA

The temperature-dependent emission spec-
tra and lifetimes for both clusters in PMMA
are shown in Figure 5.4, with color-coded
temperature steps ranging from 4 K (dark)
to 340 K (bright). At each step, an emis-
sion spectrum and multiple lifetimes were
measured. In the emission spectra in Fig-
ure 5.4 A, an asymmetrical broadening can
be observed for both clusters upon increasing
the temperature (compare FWHM values in

Table 5.2 and Figure C.9). However, a sig-
nificant shift of the emission maximum can
only be determined for 2. Here, the maxi-
mum shifts from 4 and 662 to 675 nm toward
60 K and subsequently remains constant up
to 340 K. In Figure C.9, the emission max-
ima and FWHM are displayed against the
temperature.

The resulting lifetimes are shown in Fig-
ure 5.4 B. For 1, we find a monotonous,
quasilinear decrease in the lifetime. In con-
trast, 2 features a sharp decrease in lifetime
within the first 60 K, followed by an inflec-
tion point at around 150 K and subsequently
a more gradual decrease (Table 5.2). It is
noticeable that the dynamics found in the
emission spectra are also reflected in the
lifetime changes. While the spectral and ki-
netic evolution of 1 shows a more continuous
course, the prominent emission shift upon
increasing the temperature from 4 to 60 K
for 2 correlates with a sharp decrease in the
lifetime.

Especially for 1, the emission and lifetime
changes as a function of temperature appear
to be small. From 4 K to room tempera-
ture, the relative lifetime change A, . «
is 20 % for 1 and 38 % for 2. Kitamura
and co-workers found lifetime changes in a
crystalline (TBA)y[(W4Clg)Clg] sample from
42 ps at 3 K to 8 ps at 300 K, which re-
sults in a A,, . of 81 %.”* Although high-
resolution, temperature-dependent emission
and lifetime measurements of tungsten clus-
ters are scarce, related molybdenum clusters
have been studied in more detail. 200323324
Temperature-dependent emission measure-
ments of [(Moglg)(n-C3F;COO)g]*” revealed
a comparable temperature sensitivity with a
Ar, ok Of 31 %.%2% In a follow-up study,”*
the influence of the inner and apical ligands
of [(MogXs)Lg]*™ has been investigated fur-
ther. In the series of [(MogXg)Ig]* , the tem-
perature sensitivity of the lifetime decreased
gradually from A,, . . = 78 % for X = Cl,
over 70 % for X = Br, to 55 % for X = L
In contrast, for (MogXs)Brg or a variation
of the apical ligands, a trend could not be
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Figure 5.4: (A) Area-normalized intensity spectra of 1 (upper panel) and 2 (lower panel)
at different temperatures ranging from 4 K (dark) to 340 K (bright). (B) Temperature
dependence of the extracted lifetimes. At each temperature step, the time-resolved decay
curve was fitted independently with a monoexponential model to yield lifetimes, which
are plotted as a function of temperature. The colors of the dots correspond to the colors
in panel (A). The straight line shows the best fit according to the ¢, (purple) and ¢,
(green) model, respectively. The squared residuals for both fits are shown below the
plots. (C) Schematic representation of the extracted lifetimes and zero-field splitting
according to both models and Equation 5.2, as well as the emissive relaxation energies,
@ccording to Equations C.1 to C.4.
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4 A
Table 5.2: Temperature-dependent parameters for 1 and 2 (4-300 K).
Adnax, FWHM sk AFWHM 7y AT
Compound 4-300K / meV 300K /K 400K ©n, model ¢y, model
AFE;, / meV AFEq, / meV
1 < 243 44% 30 20% n=2:in=3:n=2:In=3:n=4:
(TBA)o[(Wels)lg] 1% 11 |66 05 |12 |64
(fixed)
2 (TBA), 2% 254 43% 53 38% n=2:{n=3:n=2:n=3:n=4:
[((Wels)(TFA)g] 4 66 05 |7 89
(fixed)
g J

found. Although the authors identified a the population and intrinsic emission life-
correlation between the properties of the lig- times of the contributing spin sublevels, a
ands and the strength of the energy splitting prediction of the measured equilibrated life-
of the triplet spin sublevels, no systematic times is not trivial.

change in the intrinsic emission lifetimes of

these sublevels could be discerned. Given

that the observed thermally equilibrated mo-

noexponential lifetime is dependent on both
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5.4.6 T-Dependent Emission
Lifetime Model in
PMMA

As detailed in Section 5.2, the symmetry-
based spin-sublevel model was successfully
applied for various molybdenum cluster com-
plexes and explained systematic changes of
the zero-magnetic-field splitting as a conse-
quence of a change in electron density at the
metal center.'’%*?* In the following, we fit
and simulate our data with the proposed ¢,
model using three triplet sublevels due to
SOC and the ¢, model using four nondegen-
erate sublevels due to a combination of SOC
and symmetry lowering due to Jahn-Teller
distortion. For the lifetime fit, we assume
that every emitting level is in a Boltzmann
equilibrium at any temperature. Hence, the
overall lifetime as a function of tempera-
ture can be described as a sum of thermally
activated individual rates as expressed in
Equation 5.2:

AEln
Zgne kT
T)=-"=2 5.2
r(T) - (62)
9n . kgT
zn:Tne

where g,and 7, are the degrees of degen-
eracy (see Table C.8) and emission life-
times of the sublevel ¢, or ¢,, respectively,
and AFE,, is the energy difference between
01 — @n or o1 — ¢y (AE;; = 0). Fur-
thermore, the ¢, model predicts a constant
energy difference AE5 of 4 ecm™! or 0.5 meV
due to Jahn-Teller distortion.***

In Figure 5.4 B, the results of the fitting
of the ¢, (green) and ¢, models (purple) are
shown. We were not able to fit the data with
only two components. Statistically, both
models describe the temperature dependence
of 1 equally well with a coefficient of deter-
mination (r?) of 0.994 for the ¢, model and
r3. = 0.995. This is also found in the square
of the residuals below the plot, showing no
significant improvement of the ¢, model over

¢n. The additional degree of freedom of the
¢, model is compensated by the small dif-
ference in lifetime of ¢; and ¢, of only 6 %.
For 2, we find a minimal improvement of
the fit noticeable in the residuals below 20
K with coefficients of determination of rin
= 0.995 and 5 = 0.998. In the literature
on molybdenum clusters, rin values between
0.982 and 0.999 are calculated.?***** This
indicates that our data and fit quality are
comparable, although the lifetimes of tung-
sten clusters are normally about 1 order of
magnitude faster than equivalent molybde-
num clusters. Just based on the 7(T") data,
a statistical justification of four sublevels in-
stead of three is questionable, especially for
1. Based on the Bayesian information crite-
rion (BIC), the ¢, model is slightly preferred
for 1, and the ¢, model is preferred for 2.
However, potential systematic errors in tem-
perature measurements, which are hard to
model, may become particularly significant
at lower temperatures. Based on a more
elaborate analysis of the posterior proba-
bility distribution of the parameter space
(see Appendix C.5), the absolute values
of the energy splitting and lifetimes should
be considered as rough estimates due to cor-
relations between sublevel splitting and the
corresponding lifetime.

The extracted lifetimes and energy differ-
ences of the sublevels for both clusters and
models are summarized in Figure 5.4 C and
Table 5.2. The variability of the fits can be
found in Table C.4. Note that the provided
relaxation energies from the excited states
to the relaxed ground states are based on
the evaluation of the temperature-dependent
emission spectra in Figure 5.5. The sub-
level splitting therein is consistent with pub-
lished work on [(Moglg)l)*” (AFE;3 = 8.7
meV, AE;; = 91 meV) and [(WClg)Clg]*~
(AE;3 =5 meV, AE = 77 meV).”>%%! By
introducing an electron-withdrawing ligand
with trifluoroacetate, the ¢, model predicts
an increase in the zero-magnetic-field split-
ting, which we could observe for AF,, but
not for AFE;s3.
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Figure 5.5: Simulated and observed temperature-dependent emission spectra of 1 (first
two panels) and 2 (third and fourth panel) based on ¢, (left) and the ¢, model (right).
The energy positions of the states are shown in the first row. The spectral contribution
of each sublevel to the overall fit (straight black line) is shown at selected temperatures.

a and the fit are highlighted in red. )

5.4.7 T-Dependent Emission
Spectrum Model in
PMMA

Based on the applied model, each sublevel
contributes to the overall emission with
an intrinsic emissive rate, emission maxi-
mum, and FWHM. At low temperatures,
only the lowest sublevels should be popu-
lated, while with increasing temperature, the
higher lying states become thermally acces-
sible. Additional information is given in Ap-
pendix C.6. We tested this model on the
emission spectra of Figure 5.4 A by apply-
ing the calculated zero-magnetic-field split-
ting of the sublevels from the lifetime mea-
surements. The FWHM for every sublevel is
kept constant at a given temperature, and
a homogeneous Doppler broadening (o< v/T)
is assumed.

Figure 5.5 shows the results of the inten-
sity simulations according to Equations C.1
to C.4. The first two columns show the fits
of 1 using the ¢, model with four sublevels
and the ¢, model using three sublevels, re-
spectively. The same is displayed for 2 in
the third and fourth column. The emission
maximum of each sublevel En is depicted in
the first row, and their corresponding spec-
tra, as well as the envelope (straight black
line), are displayed. When comparing the
residuals between experimental and modeled
data (highlighted in red), we find that both
models can describe the emission data of 1
and 2 very well (r? < 0.996). At tempera-
tures below 50 K, the additional splitting in
the ¢, model leads to a small improvement,
which is most noticeable for 2. Note that the
lowest-lying sublevel ¢; only leads to a small
correction at temperatures below 8 K (first
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column and third column, blue component),
which compensates the additional parameter
in the ¢,- over the ¢, model. This obser-
vation is consistent with the lifetime fits in
Figure 5.4, where we found no or only a
slight improvement with the ¢, model.

The fitting results are depicted in Fig-
ure 5.4 C and Table C.5. A detailed sta-
tistical analysis of the fitted models can be
found in Appendix C.5.

Based on these results, we find no clear ex-
perimental evidence that more than three en-
ergetically nondegenerate states are present
for 1 and 2, which is in line with the
low-temperature investigations of crystalline
(TBA)2[(WClg)Clg).”> We conclude that
the additional spitting of the lowest-lying
state (e.g., Tou{On} = Ey + Boy {Dun})
predicted by the ¢, model is not required
to describe the temperature-dependent emis-
sion data of octahedral W(II) clusters. To
further interpret these findings, we per-
formed TDDFT calculations of 1, which will
be discussed in the following section.

5.4.8 TDDFT Computations

Although the ¢,/¢, models include SOC
and possible deformations, they are based
only on group-theoretical symmetry consider-
ations, resulting in a fine-structure splitting
of the triplet states.

We performed TDDFT geometry optimiza-
tions, including scalar relativistic effects and
SOC of the ground state (“SOC0”) and the
three lowest-lying excited states (“SOCI-
3”) based on a hybrid density functional
that mixes PBE with Hartree-Fock exchange
(see Section 5.3 for more details). In Fig-
ure 5.6, the calculated absorbance spectrum
with the underlying transitions of 1 from
the geometry-optimized SOC ground state
SOCO is shown, as well as the steady-state
absorbance spectrum from Figure 5.1. We
determine good agreement between our the-
oretical calculations, including relativistic
SOC, and the experimental data.

As a result of the geometry optimization
of the lowest excited SOC states, we found
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Figure 5.6: Calculated absorbance spec-
trum, requesting 50 states of 1 with a 0.5
eV line width from SOCO geometry (dark).
The underlying transitions (200 SOC tran-
sitions) and the experimental absorbance
spectrum in acetonitrile (bright) are shown
(for comparison.

J

significant distortions in the geometry relax-
ations, which are presented in Chart 5.3
and Table C.17. Here, the SOC0 (W =
red, I = yellow) and SOC1 (W = purple, I
= green) geometries of 1 are depicted. We
found that the symmetry of the Oy breaks
by an outstretching of one W-I axis, accom-
panied by a movement of two adjacent inner
iodide ions and a subtle twisting of the whole
metal core. This is in line with TDDFT
calculations on [MogBri4]*” by Cordier and
colleagues,”’ who found a deformation of the
metal core in the lowest triplet states, result-
ing in a similar symmetry reduction (Cs,, Cs,
C1). The optimized SOC2 and SOC3 geome-
tries can be found in Chart C.1. Note that
this reduction in symmetry to Cy, or even
C, for SOC2 would already mean a complete
loss of degeneracy of the initially well-defined
triplet states involved in the ¢, /¢, models.

We report the sublevel energies of the SOC
ground state and SOC1-3 geometries, as well
as their corresponding mixture of the non-
relativistic basis states in Chart 5.4 and
Tables C.9 to C.12.

We find that the three lowest excited states
of each SOC geometry have mainly triplet
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(Chart 5.3: Distortions Found in the SOCl\
Geometry (W = Purple, I = Green) Com-
pared to SOC0 Geometry (W = Red, I =
Yellow).
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character, while from the fourth level onward,
significantly more states mix in. The the-
oretical calculations reveal that the energy
barrier for the fourth substate (350 meV) is
too high to allow a significant thermal pop-
ulation even at room temperature (F,; =
26 meV). These results support the lumi-
nescence data of both clusters, where only
three distinct states were observed. The cal-
culated relaxation energies from the respec-
tive excited-state geometry to the ground

4 N
Chart 5.4: Sublevel Splitting of the Three
Lowest-Lying SOC Geometries According
to TDDF'T Calculations.

SOC1 SOC2 SOC3
C2v Cs C2v
84 % s, 84 % s,
350 8%t 86 % s, 8 % L,
Z 4%t
S
20 % %
GEJ B %t 95 % t, 95 % t;
[TH]
< 10 +
97 %t 97 % t, 97 %t
L 0 96 % 97 % t; 96 % tl/

state and energy splitting within a single
excited-state geometry are consistent with
experimental data and fitted results, show-
ing values of approximately 2 eV compared
to 1.8 eV, and 4 and 16 meV compared to
12 and 66 meV.

We note that all three SOC geome-
tries are close in energy, composition, and
sublevel splitting, which is in accordance
with TDDFT calculations on [MogBry4)*~.%
Therefore, they can all contribute to the
emission of the cluster, leading to a total of
nine emissive states. Although these nine
states are theoretically distinct and not re-
quired to be degenerate by symmetry, their
energy difference can be too small to be
probed individually even at 4 K, leading to
a pseudo-degeneracy.

Preliminary nonrelativistic calculations for
2 indicate a comparable symmetry reduction
to that observed for 1 (see Chart C.2 and
Table C.20).

5.5 Conclusion

In this comprehensive study, we ana-
lyzed two tungsten iodide prototype
clusters  (TBA)y[(Welg)lg] (1) and

(TBA)Q[(W(;IS)(TFA)(;] (2) LlSiIlg vari-
ous time- and temperature-dependent
experimental techniques. Ultrafast TAS
reveals that both clusters undergo ISC
within 6 ps, rapidly populating their relaxed
triplet states. Subsequently, excited-state
deactivation occurs via emission or dynam-
ical bimolecular quenching through 3O,
which was traced by transient absorption
and emission spectroscopy.

The temperature-dependent emission char-
acteristics of both clusters in PMMA from
4 to 340 K can be satisfactorily modeled by
three emissive sublevels, as predicted by the
group-theoretical ¢, model. Unlike obser-
vations in molybdenum-based clusters, no
evidence for an additional splitting of the
lowest triplet sublevels was detected. In
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fact, TDDFT calculations suggest signifi-
cant excited-state geometry distortion, ques-
tioning whether purely group-theoretical de-
scriptions adequately capture the emission
behavior in tungsten iodide clusters. Ac-
cording to the model presented here, emis-
sion from the initial 9-fold degenerate triplet
manifold arises from three distinct excited-
state geometries, each providing three ac-
cessible triplet states. These excited-state
geometries are energetically close and ther-
mally accessible, probably leading to pseudo-
degeneracy and the experimentally resolv-
able states. Consequently, subtle variations
in ligand environment or cluster packing may
influence the excited-state landscape, poten-
tially lifting pseudo-degeneracies and uncov-
ering additional spin-orbit-coupled sublevels.
This picture extends the Mo-based frame-
work of Costuas et al., where at least two
relaxed geometries contribute to the NIR
luminescence, to tungsten iodide clusters in
the methodological context of this study.”"

However, direct quantitative comparison
across models is limited due to different ex-
perimental and computational methods and
the strong influence of the different metal
centers and ligands. Alternative explana-
tions based on diffusion-controlled kinetics,
solvation, or vibrational cooling can be ruled
out due to the rigid PMMA matrix used and
the strictly monoexponential decay trace at
each temperature.

Resolving these subtleties in the emissive
triplet-state manifold is critical, not only for
a deeper photophysical understanding but
also for advancing the practical utility of
tungsten iodide clusters in biomedical imag-
ing and oxygen-sensitive therapeutic appli-
cations. Future investigations should thus
correlate subtle structural variations directly
with emission properties and TDDFT calcu-
lations to enhance the predictive design of
cluster-based functional materials.
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6.1. Abstract

6.1 Abstract

Understanding the electronic structure
of polycyclic aromatic compounds is of
fundamental importance for their potential
applications. The optoelectronic properties
of shorter acenes such as tetracene and
pentacene have been extensively studied
with regard to excitation, emission, and
nonlinear effects such as singlet fission.
The longer homologues present a unique
challenge due to their low stability both
in the solid state and in solution. In this
work, we synthesized persistent 6,8,15,17-
tetrakis((triisopropylsilyl)ethynyl)heptacene
and investigated its photophysical properties
as well as those of the parent heptacene.
Our steady-state electronic absorption and
emission experiments combined with tran-
sient absorption spectroscopy show that the
Franck—Condon electric-dipole-forbidden
(“dark”) transition to the 2'A, singlet
state is the lowest-energy excited state of
heptacene. This contrasts with the optical
properties of the well-known shorter acenes.
Transient absorption data further suggest
singlet fission or intersystem crossing as
potential pathways to rapid population of
the triplet state facilitated by the dark
singlet state.

6.2 Introduction

The electronic structure of polycyclic aro-
matic compounds is the key to their appli-
cation as organic optoelectronic materials.
A particularly important class of condensed
polyaromatics are oligoacenes, as their study
has driven development in singlet fission re-
search over the past decade.'**"%** The en-
ergies of the lowest-energy singlet and triplet
states, S and T}, of the most important rep-
resentatives, tetracene and pentacene, ful-
fill the energy requirement E(S;) ~ 2E(T})
for singlet fission.**%19%45:450 Electronic ex-
citation from the ground state to the 5

state (1'A, — 1'By, transition) gives rise
to a prominent band (p band according
to Clar,”*” 'L, according to Platt**®) in
the absorption spectra of tetracene and
pentacene.?*

Increasing the conjugation length results
in a bathochromic shift of the 'L, band
due to a decrease of the energy gap be-
tween the highest occupied molecular or-
bital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO).***#% A decreasing
HOMO-LUMO gap can result in a change
of the character of the S; state. For ex-
ample, from octatetraene onward, polyenes
have a lowest excited state that has the same
symmetry as the ground state (*A,).*7" %
According to computations using the par-
ticle—particle random phase approximation
in combination with density functional the-
ory (pp-RPA-B3LYP)*“ and the multicon-
figuration coupled-electron pair approxima-
tion (MC-CEPA),*"! heptacene is the first
acene in which, within the Franck—Condon
approximation, the electric-dipole-forbidden
1'A, — 2'A, (“dark”) transition is lower
in energy than the electric-dipole-allowed
(“bright”) 'A, —' By, transition.”*"**% The
electronic absorption spectra of heptacene
in solution, in a cryogenic argon matrix,
and in organic glasses and polymers show
a weak feature at lower energy than the
L, band that is absent in the shorter
homologues.*3V-#40-3424617463 Thig feature, a
shoulder in most cases and only in argon
an individual new band,**%***°! was tenta-
tively associated with a forbidden transition
in a previous study based on comparison
with the computational data.**!

We reasoned that the high kinetic stability
of a heptacene derivative would be beneficial
for the detailed optical spectroscopic
investigations and opted for the synthesis
of the persistent derivative 6,8,15,17-
tetrakis((triisopropylsilyl)ethynyl)heptacene
(TIPS4Hep) (Scheme 6.1). During the
course of our work, this compound was
obtained by Bunz et al. using a different
synthetic route.****%® Here, by combining

98



6.3. Results and Discussion

6. Excited “Dark” State of Heptacenes

4 ™
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steady-state and transient absorption .3 Results and

spectroscopy of TIPS4Hep and the parent
heptacene (Hep), we show that the dark
state 2'A, becomes the lowest singlet
excited state in the acene series. Unlike
the conventional S; state ('L, 1'By,), this
dark state has a different leading electronic
configuration (H°L?; H = HOMO, L =

LUMO) compared to the T} state (H'L').

This change in state order facilitates energy
transfer from the dark state to an excited
triplet state via intersystem crossing or
singlet fission because of El-Sayed’s rule.

Discussion

The synthesis of TIPS4Hep was performed
using heptacene diquinone 1 (Scheme 6.1).
The latter was synthesized following the
route of Baxter et al.’®’ In addition to
the analytical data given previously (IR,
UV /vis, and EA),"%" we achieved characteri-
zation by HR-APCI-MS as well as '"H NMR
in D2SO, (see the Appendix D). Treat-
ment of the diquinone with lithium triiso-
propylsilylacetylide at 50 °C not only gives
the fourfold addition product tetrol 2 (18
%) but also the threefold addition product
triol 3 (23 %). When this reaction is per-
formed at room temperature, only threefold
addition occurs. Tetrol 2 was further re-
duced with SnCly-2H50 to the fully aro-
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matic TIPS4Hep (Scheme 6.1). This re-
action was performed in the absence of light
in degassed solvents and gave the product
in 44 % isolated yield. TIPS4Hep is stable
enough for chromatography to be performed
over a short column in the dark, thus achiev-
ing the purity needed for detailed photophys-
ical measurements.

TIPS4Hep was fully characterized by
NMR, HRMS, and single-crystal X-ray crys-
tallography. Bunz et al. recorded the 'H
NMR spectrum in CDCl3 and justified the
broad signals with the diradicaloid charac-
ter of heptacene.’” We measured the 'H
NMR spectrum in CgDg and obtained sharp
signals (see the Appendix D). The broad-
ening in CDClj likely stems from aggrega-
tion at the concentration required for NMR
spectroscopy. We were able to measure
a 3C NMR spectrum in Cg¢Dg (see Ap-
pendix D), while Bunz et al.’% stated that
this was impossible due to the instability of
TIPS4Hep. Unlike Bunz et al.,**> we could
not detect an EPR signal in DCM, CgFg, or
n-hexane. We could grow single crystals of
TIPS4Hep suitable for single-crystal X-ray
analysis (Figure D.1, CCDC 2272243, R =
1.9 %) by slow evaporation of a solution in
DCM/n-hexane. The compound crystallized
in space group P2;/c. Bunz et al. reported
two crystal structures of this compound, one
in space group P1 (CCDC 2254466, CgHg, R
= 5.7 %)"%° and the other one also in P2;/c
(CCDC 2254465, CHCl3/MeOH, R = 5.5
0).3

The absorption spectrum of TIPS4Hep
shows unusual features in the low-energy
range compared to shorter acenes besides
the known p band at 851 nm (A1), namely
the shoulder at 887 nm (A2) and the weak
band at 1010 nm (A3) (Figure 6.1). CsFg
proved to be suitable for our measurements,
as it does not possess any absorption bands
below 2000 nm, unlike other solvents with
C-H bonds (Figures D.8 and D.9). Simi-
lar features were observed for TTIPS4Hep by
Bunz et al.’% as well as for other substituted
heptacenes by Anthony et al.*> and Wudl

et al.?"? (Figures D.4 and D.5). Their
origin was, however, not discussed in pre-
vious studies. TD-DF'T calculations of the
electronic absorption spectrum and the vi-
brational coupling for the parent heptacene
cannot explain these peaks, as previously
discussed (Figure D.4).%"!
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Figure 6.1: Absorption spectrum (1 X
\10*5 M, rt) of TIPS4Hep in CgF.
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We performed a series of absorption spec-
troscopy experiments to confirm that the
shoulder (887 nm, A2) as well as the 1010
nm band (A3) are due to TIPS4Hep. Mea-
surements in solvents of different polarities
revealed that A2 and A3 become more promi-
nent with increasing polarity (Figure 6.2 a).
In n-hexane A3 was barely visible, whereas
in 1:3 DCM/CH,l, shoulder A2 and A3
are most prominent. The concentration-
dependent measurements (Figure 6.2 b) in
the range 5 x 107% to 2 x 10~* mol/L veri-
fied that neither transition is due to aggre-
gation phenomena. Temperature-dependent
measurements (Figure 6.2 c) in toluene
from +80 °C to -80 °C showed that with
decreasing temperature both A3 and A2 be-
come more prominent, ruling out a possi-
ble hot band. At lower temperature an-
other shoulder of the second vibrational
progression at 800 nm appears. Oxidation
of TIPS4Hep with Ag[AI(OC(CF3)3)4]""
(Figure 6.2 d) resulted in a completely dif-
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ferent spectrum, which fits into the series
of monocationic acenes reported by Kross-
ing et al.*" and is quite similar to that of
the heptacene radical cation reported ear-
lier under matrix isolation and gas-phase
conditions.*"*%® Hence, the latter experi-
ment proves that the additional peaks are
not due to traces of the radical cation. An
EPR spectrum of this radical cation could
be recorded (Figure D.15) and is compa-
rable to the EPR signals of a radical cation
of sixfold-substituted heptacene reported by
Bunz et al.*®®

The shoulder A2 in the absorption spec-
trum of TIPS4Hep resembles features ob-

served previously for Hep under cryogenic
(Ar, 10 K) and room-temperature (PMMA)
matrix isolation conditions and in solution
(1-methylnaphthalene, 230 °C).%%341461 In
the solid argon spectrum of Hep, a distinct
band with a maximum shifted by 730 cm™!
from the 'L, maximum is observed, while
in solution there is a shoulder shifted by
about 650 cm™! from the maximum to lower
energies (see Figure D.6).”"' The shoul-
der in TIPS4Hep is similarly shifted in
CsFg by about 590 cm™! from the maxi-
mum. This suggests that the carrier of A2 is
related in Hep and TIPS4Hep. The weak
maximum of TIPS4Hep at 1010 nm (A3,
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bathochromic shift of ~1850 cm™! with re-
spect to the maximum), on the other hand,
is not related to any known transition of
Hep.

To investigate the possible origin of the
A3 band of TIPS4Hep further, we em-
ployed fluorescence spectroscopy in differ-
ent solvents. Characteristic for the fluo-
rescence spectra of acenes are the small
Stokes shift and the vibrational fine struc-
ture of the emission band that mirrors the
absorption spectrum.?* The longest acene
for which fluorescence spectra are known is
hexacene.** Fluorescence spectra of larger
acenes are not available, to the best of our
knowledge. We could obtain fluorescence
spectra of TIPS4Hep in CgFg, toluene, and
n-hexane (Figure 6.3 a). CCl; and C,Cly
turned out to be unsuitable, as it appears
that photoexcited heptacene can react with
these solvents. This was shown by a red
coloration of the initially almost colorless
solution (Figure D.10) and no detectable
fluorescence. In all cases the strongest max-
ima of the fluorescence spectra were at very
long wavelengths (CgFg, 1040 nm; toluene,
1064 nm; n-hexane, 1031 nm). The mea-
sured spectra looked very similar, showing
consistency across the measurements in dif-
ferent solvents. In n-hexane (red), more
features of the spectrum are resolved, as the
shoulder at 1162 nm became more promi-
nent compared to the other solvents and
another shoulder at 1220 nm could be de-
tected. Measurements in frozen solutions at
77 K (Figure 6.3 b) revealed more features
in toluene (1028, 1176 nm) and particularly
in n-hexane (1019, 1064, 1158, and 1239
nm), as this solvent can form a Shpolskii
matrix,*** ™" which surrounds the molecule
with a well-defined frozen solvent structure.
The features of the corresponding excitation
spectra largely follow the absorption spec-
tra (Figure 6.3 c,d). At higher energies,
all main features are visible, but at longer
wavelengths, the agreement is not as strong.
Especially the band at 850 nm does not con-
tribute to the emission as much as the less

intense absorbing peak at approximately 760
nm. This possibly stems from effects of the
gratings, which do not perform very well in
these wavelength regions.

To further support these measurements,
we decided to take a closer look at parent
Hep. Studying the photophysics of this
molecule is quite challenging, as it can dimer-
ize or polymerize in solution,’™ although
measurement in 1-methylnaphthalene at 230
°C allowed an absorption spectrum in solu-
tion to be recorded.”'! A convenient alterna-
tive is to use a photoprecursor of Hep and
a solid matrix, as has been shown by Neck-
ers, Bettinger, and co-workers.?*?%:310:461 Tp
the present work, we used the monocarbonyl
precursor COHep'™ (Figure 6.4), which is
known to give Hep upon thermolysis in the
solid state, as shown by Chow et al.*™) The
absorption spectrum of Hep in an argon ma-
trix generated from COHep (Figure D.14)
is very similar to that obtained from the a-
diketone precursor reported previously.**":*73
Irradiation of the precursor COHep in a
2-methyltetrahydrofuran (MeTHF) glass at
77 K using a medium-pressure mercury va-
por lamp and a dichroic mirror (350-450
nm) resulted in Hep (Figure 6.4 a,b),
as confirmed by characteristic signals of
the heptacene 7 system in the 700-800 nm
range, 330:340,311,461

The fluorescence spectrum was measured
under argon inside a J. Young tube in
MeTHF at 77 K (for the absorption spec-
trum in a J. Young tube, see Figure D.2),
and a signal at approximately 1030 nm
was the only signal that we could detect
(Figure 6.4 c). Comparison of the fluo-
rescence excitation and absorption spectra
(Figure 6.4 d) shows some resemblance
at short wavelengths, while at longer wave-
lengths discrepancies are apparent. This
is consistent with the fluorescence excita-
tion and absorption spectra of TIPS4Hep
(Figure 6.3) discussed above. Emission at
around 1030 nm would imply a very large
Stokes shift if the longest-wavelength absorp-
tion at around 800 nm were considered as the
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J

emitting state, which seems highly unlikely
in view of the typically very small Stokes
shifts exhibited by shorter acenes.**’

A plausible interpretation of the absorp-
tion and emission spectra of Hep and
TIPS4Hep involves the 2'A, state as the
lowest-energy excited singlet state S; of the
heptacene framework. The lowest-energy ex-
citation, 1'Ay — 2'A, (Sp — S1), is electric-
dipole-forbidden within the Franck—Condon
approximation in this case and not de-
tectable for Hep but appears as a low-
intensity band (A3) at 1010 nm for the
lower-symmetry TIPS4Hep. The energy
difference between the p band maximum

Al (1'Ay — 1'By,) at 852 nm and A3 in n-
hexane is 0.23 eV (0.23 €V in CgFg, 0.22 eV
in toluene, and 0.22 eV in 1:3 DCM/CH,l,),
which is in reasonable agreement with the
energy gap computed previously for these
states (0.17 eV).*"! Assuming a similar en-
ergy gap between 1'By, and 2'A, for Hep
as for TIPS4Hep, we would expect the
1'A, — 2'A, absorption to be located at
around 932 nm for Hep. Emission spec-
troscopy can reveal the 2'A, — 1'A, tran-
sition due to its sensitivity for both Hep
and TIPS4Hep. The Stokes shift of 0.02
eV (181 cm™!) for TIPS4Hep in n-hexane
is reasonably small, as typically observed for
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acenes. The predicted 1'A, — 2'A, absorp-
tion of Hep at 932 nm could correspond to a
Stokes shift of 0.13 eV (1021 cm™!), which ap-
pears to be too large. Adding the Stokes shift
of TIPS4Hep to the fluorescence signal of
Hep would lead to a predicted 1'A, — 2'A,
absorption at 1016 nm. Thus, we would ex-
pect the missing transition of Hep to be
between 932 and 1016 nm. The vibrational
fine structure of the fluorescence spectrum of
TIPS4Hep indicates that the 2'A, — 2'A,
transition goes along with vibrational ex-
citation, and the same must be expected
for the 1'A, — 2'A, absorption. The first

vibrational band in the fluorescence spec-
trum of TIPS4Hep in n-hexane at room
temperature at 1162 nm is shifted by 1094
ecm™ (CgFg, 995 cm™!; n-hexane (77 K),
1178 cm™; toluene, 1022 cm™'; toluene (77
K), 1225 cm™!) from the fluorescence origin
(Figure 6.3 a), and assuming a similar shift
in the 1'A, — 2'A, absorption, the shoulder
(A2) at 890 nm (CgFg, 887 nm; toluene, 898
nm) is due to the vibrational feature of this
transition (expected at 911 nm with these
numbers; CgFg, 919 nm; toluene, 930 nm;
Figure D.3). This gains intensity from the
nearby 1'A, — 1'By, transition. The low-
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temperature absorption spectrum in toluene
in Figure 6.3 ¢ shows another shoulder
at the first p vibrational band. Between
this shoulder, the main shoulder A2 and the
1010 nm band A3, an energy gap of 0.18 eV
(1450 cm™!') can be determined, which is a
further indication of a vibrational progres-
sion. Likewise, the weak band at 768 nm
in the matrix spectra of Hep is due to a
vibrational progression of the 1'A, — 2'A;,
transition.??3*!

We performed transient absorption spec-
troscopy (TAS) of a 50 pM TIPS4Hep solu-
tion in CgFg under argon to further corrobo-
rate our hypothesis of a 2'A, singlet excited
state. TAS probes the temporal evolution of
the excited state by determining the differen-
tial absorbance A A, which is the difference in
absorbance between the excited and ground
states. We pumped TIPS4Hep with 90 fs
laser pulses at 900 nm to selectively target
the A3 transition and monitor the excited-
state absorption within a time window of 200
fs to 20 ps. Experiments at short time scales
(<2 ns) were carried out with 0.9 pJ/pulse.
To enhance the visibility of the weaker sig-
nals at long delay times, we display here
the spectra obtained with 8 pJ/pulse but
note that similar results (with less favorable
signal-to-noise ratio) were observed with 0.9
nJ/pulse (see the Appendix D for more
details).

Figure 6.5 a depicts a superimposed
2D hyperspectrum as a function of the
pump—probe delay time and AA, which is
color-coded on the right. The white patches
indicate spectral regions that cannot be
probed due to scattered pump or weak probe
light. Detailed AA spectra at selected de-
lay times below 400 ps are shown in Fig-
ure 6.5 b and Figure D.11. We find
bands with negative AA centered at 350,
383, 850, and 1020 nm, which are consistent
with the steady-state absorbance shown in
red above the 2D spectrum in Figure 6.5 a
and Figure 6.1. Negative AA values indi-
cate ground-state bleaching (GSB) due to a
partial depopulation of the ground state as

well as Pauli blocking (Sp - S,,, n # 0) due
to partial filling of an excited state. The fact
that the § band at 350 nm and the p band
at 850 nm (A1) both exhibit GSB under
900 nm excitation is a strong indication that
the band at 1020 nm (A3) involves the 1'A,
ground state. In addition, we observe bands
with positive AA, indicating excited-state
absorbance (ESA) (S, — S, +z, n, x # 0),
which is most prominent at 620 nm and
some features around 500 nm. In the NIR,
weak ESA around 1120, 1290, and 1500 nm
emerges, showing a possible vibrational pro-
gression (compare Figure D.11).

We fitted the kinetics of all prominent GSB
and ESA features in Figure 6.5 ¢ and found
that most of the transient signals decay mo-
noexponentially within 130 to 160 ps. Across
the full probe spectrum, we observe no sig-
nificant kinetics within the first picosecond
other than the ~400 fs population rise im-
posed by the instrument response and very
weak residual coherent artifacts. The life-
times of the three prominent GSB signals
are 145 ps at 350 nm (red, S-band), 113 ps
for the p band (cyan, Al), and 80 ps for A3
(purple). These overall comparable magni-
tudes are supporting evidence that the A3
transition belongs to TIPS4Hep. The small
but significant differences in the lifetimes of
the three transitions can be rationalized in
terms of a shared ground state but different
excited states. This is consistent with our at-
tribution of the A3 band to a 1'A, — 2'A,
transition. With respect to the ESA kinetics,
the most notable finding is that the band at
635 nm exhibits complex kinetics with a near-
monoexponential decay to 3 % of the peak
AA value, where it remains as a residual,
constant ESA for >8 ns (see Figure D.12).

In Figure 6.5 d, we display the further
monoexponential decay of this residual ESA
and determine a lifetime of 1.6 ps. We note
additional ESA signals with such long life-
times in Figure 6.5 a at 425, 585, and 635
nm, which are plotted in more detail in the
inset of Figure 6.5 b. We argue that these
features are evidence for a populated triplet
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Figure 6.5: Transient absorption spectra of TIPS4Hep in CgFg (Aexe = 900 nm). (a)
Superimposed 2D TA spectra consisting of fs TAS up to 2 ns (0.9 pJ/pulse) and ns TAS
(8 nJ/pulse) up to 20 ps. A steady-state absorbance spectrum is shown in red at the top.
(b) AA spectra of (a) at selected delay times. In the inset, the transition from ps to ps
TAS is shown. (c, d) Kinetic traces and their corresponding fits at selected wavelengths.
The residuals of the fits are displayed below the graphs. (e) Schematics of all relevant
states, transition wavelengths, and lifetimes extracted from the TAS experiments. Blue
and red arrows indicate ground-state bleaches and excited-state absorption, respectively.

(All term symbols are according to Chakraborty and Shukla.""™ )

state and assign the ESA at 635 and 425 accepting a shift of ~0.2 eV to lower en-
nm to the 1°B3, — 1°Bj, and 1°B3, — 1A ergies for both transitions, which may be
transitions, respectively. We rationalize this the effect of the TIPS-ethynyl substituents.
with two previous findings: heptacene pre- In line with this, our computed absorption
pared in situ by the photodecarbonylation spectrum (Figure D.13) of T;-TIPS4Hep
of a-diketones revealed a triplet with a life- obtained using TD-UDFT (UB3LYP/6-
time of 11 ps featuring a sharp ESA centered 3114+G**//M06-2X/def2-SVP) shows two
at 580 nm (2.14 eV) and a broad band be- main transitions with high oscillator
tween 400 and 500 nm.**” ESA from the strengths at 703 nm (f = 0.85) and 457 nm
13Bs, triplet in heptacene has been calcu- (f = 0.14), that is, at lower energies than the
lated with a prominent transition at 580 computational results for heptacene at the
nm (1°B3, — 1°Bj,) and a weaker transi- same level (see the Appendix D for more
tion at 393 nm (1°B3, — 1°A;)."” These details). The unassigned third transition
values are in reasonable agreement with at 585 nm can be regarded as a vibrational
our experimental results for TIPS4Hep, progression of the transition at 635 nm.
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We conclude by discussing the population
mechanism of the 77 state in TIPS4Hep
based on our TAS data. We argue that
the most likely pathway is via singlet fis-
sion (SF) or intersystem crossing (ISC) of
the 2'A, singlet. This would also explain
why the GSB of the 1'A, — 2'A, transition
has the shortest lifetime, as it would decay
due to relaxation to Sy and 77 simultane-
ously. An involvement of the 1!Bs, state is
unlikely for three reasons: (1) for this state
to be populated with a 900 nm pump pulse,
two-photon absorption would be required,
which is unlikely with the 0.9 1J/pulse uti-
lized by us; (2) the ISC from this state is
expected to be slow due to El-Sayed’s rule,
which is incompatible with the competition
with the rather fast decay of the 11B,, state
(113 ps); (3) SF of the 1'By, state occurs on
short enough time scales for TIPS-ethynyl-
pentacene derivatives, where the ideal sce-
nario of F(S;) = E(}(TT)) is met almost
perfectly.”®!™ For higher acenes, however,
SF is increasingly exothermic, which greatly
decreases its efficiency and favors triplet pair
recombination before the free 717 state is
formed.***

Assuming a similar energy for the 13By,
state in TIPS4Hep as the 0.5-0.6 eV cal-
culated for Hep,*'"*'® SF should be much
more favorable from the 2'A, state (1.2 V).
We note that SF typically requires concen-
trations larger than 4 x 10~* M,'™ which
is slightly more than the 5 x 107> M used
by us. A possible explanation could be the
temporal formation of small aggregates in
solution.

Alternatively, the T; state may be pop-
ulated from the 2'A, state via fast ISC,
since it is favored by El-Sayed’s rule. More-
over, organic © radicals have shown ISC
lifetimes on the order of picoseconds due
to radical enhanced intersystem crossing
(REISC).**%#95:476 Heptacene is known for
its biradical character,*'® and this property
could render ISC competitive to the Sy re-
laxation with 7 = 80 ps.

We summarize our TAS results concerning

the nature of all observed transitions, their
lifetimes, the two coexisting spin systems,
and the pathway of transition between them
in Figure 6.5 e.

6.4 Conclusion

In conclusion, we have developed an alterna-
tive synthesis for TIPS4Hep and conducted
a comprehensive photophysical study using
steady-state and transient absorption spec-
troscopy. Comparing these results with com-
plementary spectroscopic data on the less
stable parent Hep suggests that TIPS4Hep
is a suitable proxy to understand the elec-
tronic structure and excited-state dynamics
of Hep. Its absorption spectrum reveals a
weak band at 1010 nm, assigned to a forbid-
den 1'A, — 2'A, transition that is partially
allowed due to vibronic coupling and proxim-
ity to allowed transitions. Similar spectral
features are observed for Hep, although its
higher symmetry renders the 1'A, — 2'A,
origin unobservable. In accordance with com-
putational spectroscopy, we assign this dark
excited state to the S state of heptacene.
We show that the dark state relaxes within
80 ps to a long-lived triplet state, and we
discuss singlet fission and intersystem cross-
ing as the most likely mechanisms for this
action.
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CHAPTER

Conclusion & Outlook

This section summarizes the main findings
of this thesis and provides an outlook for
further studies and developments. In Sec-
tion 7.1, the software framework TAPAS
(Chapter 3), which was constantly devel-
oped and extended throughout the course of
this work, is discussed in the broader con-
text of existing TA software and common
practices in TA modeling and uncertainty
handling. Forthcoming features and develop-
ments of TAPAS are outlined. Section 7.2
summarizes the findings of the two cluster
studies (see Chapter 4 and Chapter 5)
and shows how TAPAS, together with a
more elaborated posterior-based uncertainty
analysis separates models that are truly sup-
ported by the data from those that merely
accommodate it. New study designs to ad-
dress remaining research questions are also
proposed. Finally, Section 7.3 discusses
the outcomes of the TA analysis of the hep-
tacene derivative and suggests further in-
vestigations to more tightly constrain the
triplet-state population mechanism in hep-
tacene systems.

7.1 TAPAS in Practice

One main issue identified at the beginning
of this work was the absence of a versatile,
powerful yet easy-to-use and transparent TA
analysis and processing software with rig-
orous error handling. The commercial TA
setup in our laboratory shipped with the
closed-source processing software SURFACE
XPLORER from Ultrafast Systems with only
rudimentary fitting capabilities.*”” While
its GUI makes basic preprocessing straight-
forward and integrates smoothly with the
proprietary raw format, it lacks flexibil-
ity for target analysis and provides lit-
tle transparency regarding the fitting and
uncertainty-estimation algorithms. As pro-
prietary software with a closed data format,
it also impedes communication, data ex-
change, and interoperability with groups not
using Ultrafast Systems’ hardware.

A free and open-source alternative with
an intuitive GUI that is also capable of per-
forming target analyses is Glotaran. How-
ever, the legacy 2015 release is increasingly
dated resulting in cumbersome installation
and fitting workflows, and limited flexibil-
ity in model construction, visualization, and
uncertainty evaluation.?*

During the development of TAPAS,
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two script-based alternative TA pack-
ages were released, namely KiMoPack and
pyglotaran.’”??! Both offer great function-
ality and modularity, but they require at
least basic coding skills and a configured
programming environment. Their sequential,
script-driven workflows can feel less intuitive
and provide reduced real-time responsive-
ness. While this is advantageous for batch
and automated processing, the GUI-driven,
tab-based workflow of TAPAS enables more
fluid, exploratory interaction with the data.
All processing and fitting steps automatically
generate metadata, and complementary or
additional experiments can be merged into
a single project using the open Hierarchi-
cal Data Format (HDF) format, facilitating
FAIR data management.

Generally, GUIs tend to be slower than
script-based solutions because rendering in-
terfaces and translating user input introduce
latency. Nevertheless, TAPAS integrates
modern, high-performance array computing
common in machine-learning workflows into
its fitting models. This implementation al-
lows TAPAS to outperform packages that
rely on more conventional algorithms, de-
spite the inherent GUI overhead.

Further, the algorithmic implementation
enables virtually instant first-order uncer-
tainty and correlation estimates as well as
slower yet manageable Bayesian posterior
analyses of the parameter space, capabilities
not available in other public TA software.
On the rose bengal benchmark, TAPAS pro-
duced uncertainty estimates comparable to
the much slower F-test in KiMoPack.

Crucially, the parameter correlation analy-
sis whether via the rapid first-order approach
or the fuller posterior exploration, exposed
fit instabilities, especially for local fits, that
conventional error analyses in other packages
failed to reveal. Thus, we could demonstrate
that correlation estimates are essential for
judging model quality and parameter iden-
tifiability. Even when models visually re-
produce the data and ClIs appear tight, one
cannot generally conclude that parameters

are robust and unique. Because correlation
and parameter-space analyses are built na-
tively into TAPAS, these features support
the extraction of trustworthy and reliable
parameters which is vital for reproducibility
and sound scientific inference.

Details are provided in Chapter 3 and
have been accepted for publication in
ChemPhotoChem.

Outlook Although TAPAS already cov-
ers the full TA workflow including prepro-
cessing, visualization and custom fitting, it
is under active development. This section
outlines several forthcoming and useful fea-
tures.

TAPAS currently consolidates metadata,
complementary experiments such as steady-
state absorption/emission, solvent references
or additional TA windows into a single self-
contained file. However, related TA exper-
iments from a larger study such as series
varying pump fluence, concentration or sol-
vent cannot yet be grouped within a sin-
gle, hierarchically structured HDF project
and interpreted jointly. Users must instead
manage subprojects via file/folder naming, a
cumbersome and non-standardized approach
with limited query capability. This can be
circumvented by integrating an Structured
Query Language (SQL) database engine into
TAPAS. By doing so, the user could orga-
nize and query projects by TA-specific meta-
data like solvent, analyte, pump fluence, etc.
and in a following step, perform simulta-
neous analyses across multiple TA project
files. Standardized databases would also
streamline data exchange and collaboration
between groups and pave the way for a large
TA repository suitable for both human and
machine learning.

A deep learning neural network trained on
synthetic TA data was demonstrated in 2020
by Buckup and colleagues, helping to iden-
tify kinetic models and artifacts in an unbi-
ased, data-driven manner.”” Providing easy
access to such functionality within TAPAS
could help users propose plausible target
models more reliably and would be a valu-
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able addition.

Finally, as TAPAS is applied to increas-
ingly specific research questions, its library
of pre-shipped target models will expand.
Planned extensions include support for vi-
brational oscillations on ultrafast timescales,
distributed-rate models, and explicit back-
reaction pathways.

7.2 Tungsten Iodide
Clusters: From ISC
to Sublevels

Initially, we analyzed the optoelectronic
properties of a new cationic tungsten io-
dide cluster species [(Wglg)(CH3CN)g]*t in
Chapter 4. Beyond structural and elec-
tronic characterization, absorption and pho-
toluminescence measurements revealed blue-
shifted optical features relative to the gen-
eral [(Wglg)Lg]> family, behavior otherwise
seen only with strongly electron-withdrawing
ligands such as (CO,C3F7) . A compar-
atively short emission lifetime with pro-
nounced temperature dependence was also
observed. Within the framework of Kita-
mura’s sublevel splitting model,”” this points
to a relatively small energetic separation be-
tween triplet sublevels and, consequently,
substantial population of a higher-lying sub-
level with a short radiative lifetime. Using
TA spectroscopy over 200 fs to 100 ps, we
tracked triplet formation and relaxation in
tungsten iodide clusters for the first time, ex-
tracting an ultrafast ISC happening within 2
ps followed by triplet reorganization or cool-
ing within 90 ps. Further, we correlated a
long-lived TA signal to the emissive triplet
which could be quenched by molecular oxy-
gen. For this study, an early TAPAS pro-
totype was employed for preprocessing and
visualization, while global analysis was con-
ducted with Glotaran.

Details on these results are given in Chap-
ter 4 and have been published in Dalton

Transactions.

With this study, we could confirm that
TA spectroscopy can yield ISC rates as well
as emission lifetimes and oxygen quenching
rates complementing time-resolved emission
measurements. Due to the relatively low AA
signals and cluster decomposition at higher
pump fluences, long acquisition times were
required making the setup especially suscep-
tible to oxygen inflow and instrumental drift,
both of which can alter excited-state prop-
erties and promote singlet-oxygen-induced
degradation. We therefore optimized experi-
mental parameters and sample cells carefully
to ensure reproducible results.

Building on this experience, we turned
from the novel -cationic tungsten io-
dide cluster to the literature-known and
more conventional anionic cluster systems
[(Wels)Ig]*~ and [(Wglg)(TFA)s]*™ and ana-
lyzed their triplet manifolds using TA to-
gether with high-resolution, temperature-
dependent, time-resolved emission spec-
troscopy. For both clusters, we extracted
triplet-state population within around 5 ps
and found no significant deactivation beyond
phosphorescence or oxygen quenching, con-
sistent with their long emission lifetimes and
intrinsically high triplet yields. These anal-
yses were performed in TAPAS, which indi-
cated good identifiability of the ISC param-
eters and revealed an additional component
near the time resolution that we assign to
coherent artefacts.

By measuring temperature-dependent
emission spectra and lifetimes in a cluster-
poly(methyl methacrylate) (PMMA) ma-
trix from 4 to 340 K, we tested the three
and four triplet state models established for
molybdenum-based clusters, extracted sub-
level splittings and lifetimes and found no
statistical evidence for more than three emis-
sive components contrasting recent studies
on Mo-based systems. More importantly,
posterior parameter-space analyses (as im-
plemented for TA fits in TAPAS) revealed
poor identifiability of the inferred triplet sub-
level splittings and corresponding lifetimes,
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especially when fitting four sublevels. This
not only challenges the justification for a
four-spin-sublevel model but also calls into
question the reliability of the derived pa-
rameters regardless of the number of states,
owing to the inherently strong correlations
in multi-exponential models.

Relativistic TDDFT geometry optimiza-
tions of the lowest excited states, including
SOC, further indicated substantial excited-
state distortions, lowering the symmetry and
completely lifting the triplet degeneracy as-
sumed by those models. Based on these
results, we propose a relativistic framework
with three thermally accessible excited-state
geometries, each possessing three triplet sub-
levels, to explain the triplet nature of tung-
sten iodide clusters.

These findings were published in Inorganic
Chemistry, further details are given in Chap-
ter 5.

Outlook For Mo-based systems, system-
atic correlations have been reported between
triplet sublevel splittings and the nature of
the inner and apical ligands. Although tung-
sten analogues often show similar trends in
emission maxima and lifetimes, correlations
with ZFS remain speculative due to limited
experimental evidence. The same holds for
ISC rates as a function of ligand set. Future
work should therefore systematically vary in-
ner and outer ligands in [(WeXsg)Lg]" system
and determine ISC rates and sublevel split-
ting via time- and temperature-dependent
TA and emission spectroscopy.

While temperature-dependent TA mea-
surements or single molecule emission ex-
periments are challenging for these weak-
signal clusters, tracking the temperature-
dependent triplet-state population dynamics
and spectral shapes by TA or the emission
of individual molecules, could help disentan-
gle underlying excited-state geometric relax-
ations and clarify the structure of the triplet
manifold.

Finally, preliminary temperature-
dependent emission and lifetime data in
solution indicate a dynamic exchange

between apical ligands of the cluster
system and solvent molecules that can
be shifted in line with Le Chatelier’s
principle by adding excess ligand (see
Appendix C.4). Such exchange could by
itself account for solvent-dependent optical
changes when nominally altering the apical
ligand, because the relative populations of
partially solvent-exchanged species would
also change due to a different binding
situation. Although many studies on those
clusters are performed in solid-state or
a polymer matrix, the binding situation
and cluster composition in solution must
therefore be understood before correlating
ligand electronics with the ensemble optical
properties. Doing so will not only clarify
differences between solution and solid-state
behavior but also illuminate degradation
pathways, suggest new synthesis routes, and
reveal how solvents and ligands stabilize the
clusters.

7.3 Heptacene: Between
Singlet Fission &
ISC

Due to the low photochemical stabil-
ity of heptacene, its photophysics are

not accessible by TA at room tem-
perature. However, the successful
synthesis of the heptacene derivative

6,8,15,17-tetrakis((triisopropylsilyl)-

ethynyl)heptacene (TIPS4Hep) enabled a
comprehensive study combining steady-state
absorption and emission with broadband
TA. By doing so, we showed that the
electric-dipole-forbidden transition to 2'A,
is the lowest excited state, in accordance
with theoretical considerations. Addition-
ally, TA spectroscopy monitored triplet
state formation within 80 ps and decay after
2 ps in oxygen-free conditions, presumably
mediated by the lowest-lying dark 2'A,
state. We identified that both ISC and SF
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7. Conclusion & Outlook

are, in principle, viable pathways for triplet
generation, and we provide the specific
electronic  configuration, experimental
conditions and kinetics.

These results were published in The Jour-
nal of Physical Chemistry Letters, further
details are given in Chapter 6.

Outlook The mechanism of triplet for-
mation in heptacene and its derivatives re-
mains an open question. As a bimolecular
process, SF should display a concentration-
dependent triplet formation rate (approxi-
mately linear in concentration). A system-
atic concentration series probing triplet pop-
ulation and relaxation would therefore help
discriminate between SF and ISC, and could
also reveal higher-concentration phenomena
such as static dimers, aggregates, or exci-
plexes.

Additionally, the introduction of heavy
atoms into solution (e.g. iodobenzene, CH,l,
etc.) or embedding the analyte in an acryl
halide matrix could invoke an external heavy-
atom effect and enhance ISC, directly testing
whether triplets arise via ISC.?%%*™ If syn-
thetically feasible, heavy-atom substitution
on the heptacene derivative itself could fur-
ther clarify the dominant triplet-formation
pathway in longer acenes.

To conclude, this work uses TA spec-
troscopy to address fundamental questions
about triplet-state formation and relax-
ation in tungsten iodide clusters and acenes,
demonstrating its versatility for monitor-
ing and disentangling processes across broad
spectral and temporal ranges. Beyond the
experimental nuances of handling delicate
systems under controlled environments and
intense, long-duration excitation, this the-
sis also delivers an open-source, end-to-end
framework for preprocessing, visualizing and
modeling TA data in a FAIR and statistically
rigorous manner. This framework, which is
not limited to triplet analysis, further estab-
lishes TA spectroscopy as a powerful, general
tool for determining complex photophysical
and photochemical processes across various
materials.
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TAPAS: Transient Absorption Processing and Analysis
Software

Philipp Frech,' and Marcus Scheele'*

! Institute of Physical and Theoretical Chemistry, University of Tiibingen, Auf der
Morgenstelle 18, 72076 Tiibingen, Germany.

* Corresponding Author

This chapter is based on and reproduces material from the open-access publication in
ChemPhotoChem.*" Licensed under the Creative Commons Attribution 4.0 International
License (CC BY 4.0).>°" Minor formatting changes were made.

115



SI for Chapter 3 A.1. Detailed Information on the Workflow Tabs

A.1 Detailed Information on the Workflow Tabs

In the Import Tab, data files including raw TA data, solvent TA data, and steady-state
data can be imported by selecting file(s) in a file dialog, pasting file path(s) or by dragging
and dropping. Behind the scenes, TAPAS parses each input according to the chosen
delimiter, constructs wavelength and delay-time vectors and a differential absorbance
matrix, extracts any trailing metadata, and converts all values to SI units. This way TAPAS
can accept a variety of formats, resulting in a standardized, machine-readable HDF5 dataset
with metadata stored separately. Multiple TA scans can be averaged automatically, and
steady-state measurements recorded before and after the TA experiment are evaluated to
flag potential sample degradation. Users may also supply additional contextual metadata
such as experiment name, sample identifier, or excitation wavelength, which TAPAS then
uses to generate descriptive plot titles, organize output directories, and highlight features
like scattered pump light.

The Preprocessing Tab provides an interactive view of the imported 2-D transient
absorption surface. A movable cross-hair simultaneously displays the corresponding kinetic
trace (AA vs time) and spectral slice (AA vs wavelength), allowing rapid inspection of raw
features before any manipulation. Preprocessing steps may include trimming, resampling,
chirp correction, background correction, solvent correction, time-zero correction and
filtering. Wavelength-dependent group-velocity dispersion shifts the apparent time-zero
across the probe spectrum, often referred to as “chirp”. TAPAS can locate the arrival
time at each wavelength with a user-defined heuristic (e.g. the delay at which the signal
first exceeds 10 % of its maximum or crosses a threshold of 2 x107%). The resulting
arrival-time trace is then smoothed with a fourth-order polynomial, which is evaluated
on the full spectral grid and subtracted from the delay axis to produce a chirp-corrected
data set. Alternatively, the user may pick arrival-time markers directly in the canvas
which replace the automatic heuristic and are fitted by the same quartic polynomial,
giving full manual control while retaining the smooth correction profile. All preprocessing
steps can be previewed in the canvas and then applied to a copy of the raw measurement,
referred to within TAPAS as a dataset. Every subsequent visualization or fit refers to
a specific dataset, retaining an immutable link to its parent raw file. This hierarchy is
preserved on export/import via the associated HDF5 container. Each preprocessing action
automatically generates structured metadata and attaches it to the affected dataset. This
built-in provenance tracking ensures that all transformations are recorded, which enhances
reproducibility, and makes it straightforward to audit or replicate an analysis pipeline at
any stage.

The Combine Projects Tab allows datasets that probe different spectral or temporal
windows of otherwise similar experimental conditions to be fused onto a single, unified
grid. After selecting the source datasets, the user specifies how to handle overlapping
regions and an extrapolation rule for filling gaps. TAPAS then constructs the merged
matrix, writes it as a new root dataset in a separate project, and stores links to the two
parent projects. The resulting project therefore presents a coherent data surface for further
analysis while retaining full provenance of all contributing measurements.

In the Visualization Tab, publication-quality graphics are generated ranging from
2D contour maps to AA spectral and kinetic slices, as well as specialized plots for the
results of local and global analysis. Many graphical attributes like colors, axis limits,
scales, legends, normalizations, figure sizes and fonts can be tuned interactively or supplied
as matplotlib.rcParams. Complete matplotlibrc files can be loaded to match specific
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journal styles. Output is available as scalable-vector formats (PDF, SVG) or raster graphics
(JPG, PNG, TIFF), and the plotted data can be exported as CSV for further manipulation
in external graphics software.

The Component Analysis Tab applies an SVD to the transient absorption matrix,
extracts the leading principal components, and presents the normalized singular-value
spectrum, the corresponding spectral and temporal eigenvectors, and the residual surface
remaining after reconstruction with a user-selected number of components.

The Local Fit Tab fits an individual kinetic trace either at a user-selected wavelength
or over an averaged spectral window, whereas the Global Fit Tab optimizes the entire
time-wavelength matrix. In both views, the analyst first chooses the number of kinetic
components (with an optional non-decaying offset), the kinetic scheme, the optimization
algorithm and the coherent artifact (CA) model (no modeling, zero order Gaussian,
combined zero and first-order Gaussian). A parameter table then lists the lifetimes, the
time-zero ty and the IRF (Gaussian FWHM). Each entry accepts initial guesses, upper
and lower bounds, and a flag indicating whether the parameter is fixed and not included
in the optimization.

Time-zero can be handled in two ways. The experimentally convenient definition takes
to as the onset of the signal, determined by TAPAS by the delay at which the transient
first reaches 5 % of its rising edge. However, such a choice couples tq tightly to the IRF
width and can destabilize the optimization when both parameters are allowed to vary (see
Appendix A.3). TAPAS therefore offers a second option that sets ¢y to the center of the
Gaussian IRF, corresponding to the point of maximum temporal overlap between pump
and probe. This analytically precise definition is common in pump-probe spectroscopy
and removes the undesired correlation.

The Global Fit Tab adds further options: inclusion of an explicit ground-state recovery
component and fixing that component to an external steady-state absorption spectrum,
wavelength-dependent weighting, and a preview panel that renders the selected kinetic
scheme with its compartments and lifetimes which is particularly useful in target analyses.

Before the actual optimization, a preliminary “initial-guess” run can be executed. This
step is invaluable for exposing inconsistencies in the chosen model, parameter bounds or
starting values and should not be skipped because multiexponential fits are particularly
sensitive to poorly chosen initial conditions. After a local fit, TAPAS displays the
experimental trace alongside the simulated curve, the individual kinetic components, and
the residuals. A global fit produces the complete suite of decay-associated spectra (DAS)
and evolution-associated spectra (EAS), or species-associated spectra (SAS) when a target
model is used, together with the corresponding concentration profiles, a residual map, and
the SVD of those residuals. The optimized parameters are reported with both absolute and
relative standard errors, and a comprehensive table summarizes goodness-of-fit measures,
parameter and residual correlations, and stability diagnostics (full definitions of these
metrics are given in Sections “Fit Metrics” of the main manuscript and in Appendix A.4).
Additionally, Bayesian posterior exploration is available through an optional Markov-chain
Monte-Carlo routine, analyzing the resulting sample cloud reveals parameter asymmetries,
drifts, or compensating correlations that are not captured by the first-order error estimates.

The fit results can be saved to the selected dataset, further investigated in the Visualiza-
tion Tab or remodeled closing the workflow cycle.
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A.2 CDF or EMG for Analytical Convolving the
IRF

The instrument-response function (IRF) of TA experiments is normally described by a
Gaussian pulse

V2o 202

and the excited population ¢ is a mono-exponential that switches on at ¢ = #,

o(t) = —= exp(—<t_to>2> | (A1)

T

o(t) = H(t —to) exp(—t - tO) , (A2)

where H is the Heaviside step, 0 = FWHM/ (2\/2111 ) and 7 is the lifetime. The
measured signal s is therefore the convolution

s(t) = (g ® c)(1). (A.3)

Evaluating this integral numerically at every optimization step is slow, so most fitting
codes substitute the Gaussian cumulative distribution function (CDF) approximation

sconlt) = 31+ rt (510 ) | exp (1), (A4

which is the leading-order term of the true exponentially modified Gaussian (EMG)

sema(t) = 217 exp (2072 - t_TtO> ll —erf (0—\/;((7;7—_750)” . (A.5)

Equation Equation A.4 is unbiased only when 7 > o. As 7 approaches the IRF
width, it underestimates the initial rise and returns lifetimes that are systematically too
long (see Figure A.1l). Because the EMG of Equation A.5 is analytic and, under
JAX just-in-time compilation, no more expensive to evaluate than Equation A.4, we
adopt the full EMG in all fits. This removes the lifetime-dependent bias and, together
with a precisely characterized IRF, allows extracting kinetics slightly below the nominal
time-resolution limit of the instrument. When the fastest observed lifetime is roughly
two to five times the IRF FWHM, the CDF is an adequate approximation and can be
noticeably faster than the EMG in conventional implementations without just in time
compilation.
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Figure A.1: Comparison of the transient absorption response for six decay time
constants computed with an IRF of FWHM =0.20 ps (o = 0.085). Each panel shows the
numeric convolution (solid blue), the analytic exponentially-modified Gaussian (EMG,
\dashed orange) and the Gaussian-CDF ® exponential approximation (dotted green).

J

The corresponding Python code producing the plots in Figure A.1 is:
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A.3 Time-Zero Definition

In modeling of ultrafast pump-probe experiments, the choice of "time zero" (¢y) determines
how the finite IRF couples into every kinetic parameter that is subsequently extracted.
Experimentally, ¢y is often set to the onset of the macroscopic signal rise, e.g. the point
where the transient first departs from the pre-pump baseline. This definition is convenient:
it provides an easily recognizable reference on the spectrometer, allows quick alignment
between scans recorded under different conditions and lets the experimentalist tune the
optimal amount of data points at every delay time.

From a modeling standpoint, however, the physically consistent choice is the center
of the Gaussian IRF (the temporal mean of the pump-probe cross-correlation) because
the analytic convolution kernels (Gaussian ® exponential, Gaussian CDF, EMG) are
written with that center as the natural origin. Besides the Gaussian center as ty, TAPAS
implements the experimental definition by using the 5 % rise point of the IRF as an
empirical threshold to calculate 3. This naturally leads to a pronounced correlation
between the fitted to and the IRF width (FWHM) because a broader Gaussian delays the
same fractional rise. That correlation can inflate confidence intervals on both parameters
and destabilize fits. The t,-FWHM correlation can be eliminated by fixing the IRF width
to a value determined independently (e.g. from solvent-only scans), leaving only a single,
well-defined temporal offset to refine in the model.

This is illustrated in the following by analyzing a local fit of Rose Bengal at 1100 nm
(see main text or Appendix A.5 for more information). For both ¢, representations, the
algorithm converges quickly and finds similar parameter results and confidence intervals
(Table A.1 and Figure A.2 A). However, quick first-order error estimates already hint
to a strong correlation between ¢y and the IRF parameter with "5 %-threshold" definition,
which is confirmed by a posterior parameter exploration using MCMC (Figure A.2 B,C).

~
Table A.1: Comparison of parameter estimates and correlations for the two settings.
"5%-threshold" Gaussian Center

Parameter estimates Parameter estimates

o to: —106.4fs + 19fs (18.26%)
o IRF: 205.1fs £+ 26fs (12.88%)
o 71: 10% 63.0ps £+ 2ps (3.21%)

to: —106.4f5 + 195 (18.26%)
IRF: 205.1fs + 26 fs (12.88%)
710 10% 63.0ps + 2 ps (3.21%)

o To: 52% 247.5ps £+ 20ps (7.90%) o To: 52% 247.5ps £+ 20ps (7.90%)

. Amfi 38% ° Amfi 38%
Correlations Correlations

to IRF it tO IRF 71

IRF —-0.91 IRF
5l —-0.03 0.07 5l 0.09 0.07
Ty 0.01 —-0.04 —-0.85 T —0.056 —0.04 —-0.85
\= -~/
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Figure A.2: Analysis of the kinetic trace of Rose Bengal at 1100 nm using different time
zero definitions for the local fit. (A) Kinetic trace (crosses), fit curve (straight line) with
three components (dashed lines) using the "5 %-threshold" definition. The fit residuals
are displayed below the plot. (B) Corner plot of the MCMC posterior distributions for
the fitted parameters using the "5 %-threshold" definition. (C) Comparison between

the posterior distribution of the ¢ty parameter using both definitions and correlations
\between to and the IRF parameter.

J
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A.4 Formulas Used to Calculate Fit Metrics

In the following, we list the equations used by TAPAS to calculate the goodness-of-fit and
uncertainty estimates (see "Fit Metrics" in the main text). Here, i = 1,..., N indexes the
N delay points and j = 1,..., L indexes the L wavelength channels.

Weighted residuals

rij = (AA;; — Ay ) Wi, (A.6)

where W;; € [0, 1] is the weight applied to point (¢, 7). If no weighting is applied, the same
formulas below can be evaluated with W;; = 1. If a custom weighting array is applied,
TAPAS also calculates the subsequent unweighted metrics.

Sum of squared residuals (SSR)

N L
SSR=> > r. (A.7)
=1 j=1
Weighted total sum of squares (SST)

N L
ZZWUAA

=1

= fjfj Wi (AA; — AA) . (A.9)

Coefficient of determination (r?)

r?=1-— SS—R. (A.10)

Root-mean-square error (RMSE)
Let M = N x L, then

Y& /SSR

Mean absolute error (MAE)

1NL

MAE = — 373"l (A.12)

21]1

Effective degrees of freedom (d.o.f.)
For each wavelength and delay-time channel, the integrated autocorrelation times Tgelay,
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and Tyave; are calculated via a python function from emcee.autocorr followed by:

1 & 1 X
Tdelay = & Z Tdelay,j 5 Twave — >7 Z Twave,is (A13)
YT T = ¥.J N 2
N L
Neff,delay = T 9 NBH,W&VG - ) (A14)
delay Twave
Neff - Neff,delay : Neff,wave7 (A15)
d.o.f. = Neﬂ‘ - P, (A16)

with the effective number of datapoints N.g and the number of free parameters P.
Effective standard deviation o

SSR
d.o.f.

. (A.17)

Oeff =

Covariance Cov, standard error (SE) of parameter ¢, and correlation coeffi-
cients C),
Let J € RM*P be the Jacobian of the residuals (calculated with the python library JAX).

H=J"J, (A.18)
Cov = 0% (H), (A.19)

with (H)" the Moore-Penrose pseudoinverse of H.

SE(6,) = 1/Cov,,, (A.20)

Covyg

Cra = SE(6,) SE(6,)’

(A.21)
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A.5 Tutorial: Case Study Rose Bengal

A.5.1 Experimental Section

Sample Preparation Rose Bengal (RB) (Dye content 95 %, > 96 % HPLC) sodium
salt from Sigma (product number: 330000) and sodium hydroxide pellets from Fisher
Scientific were used without further purification. A 20 pM RB solution was prepared in
0.01 M NaOH using distilled water. The solution was transferred into a 2 mm path-length
quartz microcuvette (Hellma Analytics) with a custom-built opening and stopcock (see
Figure A.3). Prior to all measurements, the cuvette was gently purged with argon to
minimize dissolved oxygen. The absorbance at the pump wavelength (520 nm) was 0.10.
A magnetic stir bar was added, and the sample was continuously stirred throughout the
experiment to mitigate laser-induced photodegradation.

(

S Figure A.3: Used 2 mm cuvette with custom-built opening.

Transient Absorption Measurements Transient absorption measurements were
performed with two Ultrafast Systems instruments: the HELIOS Fire (femtosecond regime)
and the EOS Fire (nanosecond regime). An Astrella-F Ti:sapphire amplifier (Coherent)
produced 800 nm pulses, 90 fs in duration, at a 1 kHz repetition rate. The output
was split into pump and probe beams; the pump wavelength was tuned to 520 nm via
the sum frequency of the signal in the Apollo-T optical parametric amplifier (Ultrafast
Systems). Pump pulse energies were kept at 1 pJ and stray excitation or scattered light
was suppressed with the 650/SP BrightLine shortpass filter from Semrock (excitation filter)
and the FELHO0800 longpass filter from Thorlabs (emission filter during NIR experiments).
For femtosecond experiments, a white-light continuum was generated with a sapphire plate
(410 - 750 nm) and a proprietary material similar to YAG (830 nm - 1400 nm) whereas
for nanosecond experiments the continuum was produced with a photonic crystal fiber.
Pump-probe delay times were controlled by a mechanical delay stage to 7.5 ns (fs-TA) and
electronically up to 450 ps (ns-TA). Probe fluctuations were corrected using a reference
channel, and the integrity of the sample was verified by comparing UV-vis spectra before
and after each experiment.
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Software All analyses and visualizations were generated entirely in TAPAS v1.1.4
(Python 3.11.11, PyQt 6.9).

A.5.2 Step-by-Step Guide: NIR Exploration and Sequential
Kinetic Modeling

General Structure General Structure. TAPAS employs a tab-based interface in which
each tab is dedicated to a distinct step of the analytical workflow. Global project operations
including project save/load, GUI preferences, and plotting templates are accessible via the
menu bar and toolbar positioned above the tab pane (Figure A.4).

tﬂ Transient Abscrption Processing 8t Analysis Software

Project Configurations Help

save Config

Figure A.4: Menu, toolbar and workflow tabs of TAPAS.

Data Import & Metadata.

— Open the [[EIEEY tab.

— click and select the TA data, paste the full path into the input field or
Drag-and-drop the file onto the widget.

— Adjust the Import Settings as required (Figure A.5).
— Press to read the data into TAPAS.

Delimiter Ignore Header ~ Time Unit Energy Unit  AA Unit Data Orientation

AMIR_500pt.csv % Browse

ps nm oD Ain column

Figure A.5: Import widget for importing 2D TA data.

e Add structured metadata.

Background: Meaningful metadata are critical for reproducibility and automated
processing, yet standard CSV files lack a uniform structure, making their extraction
difficult without bespoke parsing. TAPAS therefore converts all datasets to HDF5
containers, which store numerical data and structured metadata in distinct, machine-
readable sections. The software then leverages these metadata fields to generate plot
titles, directory names, and other context-sensitive labels automatically.

— TAPAS scans any lines appended to the end of the .csv and stores them as
unstructured Notes metadata.

— Populate the appropriate fields in the Metadata container (Figure A.6).

Processing.
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N
( -Metadata
Experiment Name Rose Bengal Case Study
Sample Mame 20 pM fs-TA NIR
Excitation Wavelength 520 nrm
Excitation Intensity 1plfpulse 7
Solvent H20
file info:Date: April 28, 2025
Sample: Rose Bengal 20 uM
Sohlvent: HZO
Pump energy (u): 1
Pump wavelength (nmj: 520
Motes Cuvette length (mm): 2
Comments: Time Zero: 218.181
p=
Averaging time: 2.0 s
Mumber of scans: 2
Measurement time: 00:41:26
O Anr 0751292,
L Figure A.6: Metadata widget of the Import Tab. )

» Interactive inspection.

~ Open the tab.

— Position the cross-hair anywhere on the 2-D spectrum with the middle mouse
button. The corresponding horizontal and vertical slices update automatically.

— Scroll the mouse wheel to adjust the color scale (AA range) of the surface plot.
Regions of detector insensitivity and the chirp are readily discernible in the raw

map (Figure A.7).

e Trim the data cube.

— Specify the desired delay and wavelength limits in the Trim panel (Figure A.8).

— Observe the selected window highlighted in the canvas.

— Click [BY93I to commit the trimmed dataset. It is now available to other tabs
like and tabs.
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~\

( -Data Preview
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Figure A.7: Preprocessing Canvas showing AA spectral slices (top) and kinetic traces
(bottom right) at the current position of the cross-hair in the 2D hyperspectrum (bottom

Jeft). J
( -Trim Data h
Wavelength 830nm
Delay
save the previewed change to the dataset
-Resampling ——
S Figure A.8: Widget to trim the dataset. )

o Resample the delay grid.

Background: The original delay axis is sparse and linear before time-zero, then becomes
logarithmic. A direct chirp correction on this irreqular grid can introduce artefacts
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(e.q., a jagged rising edge). After the chirp correction, the data can be down-sampled
to the original density again.

— In the Resampling widget section (Figure A.9), set the interval (e.g. min to
0), the up/down- sampling factor, the axis and the method.

— Press to generate a subsampled grid up to 0 ps and Y48

— Alternatively, redistributes a fixed number of points evenly (useful
along the wavelength axis).

4 , )
-Resampling
Resample ully 0
Factor 10
Axis timepoints
Method linear
Regularize Datapoints 500
Axis wavelength
Method linear
Delete Resampling Apply
S Figure A.9: Widget to resample or regularize the dataset. )

o Chirp correction.

— Set a heuristic threshold (e.g. 5 % rise, global maximum) and click
(Figure A.10) TAPAS locates the corresponding time-of-arrival markers.

— With QUELRTEINEEEITEEA active, left-click adds a point, right-click removes one.

— Select to pass a fourth-order polynomial through the chosen points
(Figure A.11).

— Click to display the dispersion-corrected data interpolated
back onto the original grid.

— Alternatively, choose (OO aRICIUBHCIEEA to import a fitted curve from an-
other TAPAS project.
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( Chirp Correction )
Autocorrect 3
Correct from Project  ds1
if active, left-click in Canvas: add chirp peoint | right-click: rermnove chirp point
Fit Delete
Show Correction Delete Correction Apply
S Figure A.10: Chirp-correction widget in TAPAS. )
4 )
“
w
E
=
-
o
b
&
900 1000 1100 1200 1300
Wavelength (nm)
Figure A.11: Canvas during chirp correction. The points and the fitted 4th order
@olynomial are displayed. )

» Background Correction.

— Select the interval to be averaged as background (Figure A.12).

— Select the averaging method (mean, median) and, if required, set an upper time
limit beyond which no correction will be applied.

— Click EMYTEWYER to view a preview of the corrected spectrum.
— Click Y99 to commit the background-corrected data to the dataset.

— If a matching solvent map was imported in the tab, choose
ST ET T d to eliminate the solvent contribution.
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— Alternatively, select FIEERICIUNRLI 88 to remove a compatible 2-D surface
stored in another TAPAS project.

- . )
@ -Background Correction
Subtract Area
Subtract up to
Method rmean
. . . | mean
Subtract from Project  raw i
- median
Subtract Solvent
Delete Correction Apply
S Figure A.12: Background correction widget. )

o Time-Zero Correction (not applied to the present dataset).

— Set a delay-time to be treated as t = 0 (Figure A.13).

— Click [EYM to shift the entire delay axis or to remove the
shift.

-Time £ero Correction

cet to |_': elay Delete Correction Apply

Figure A.13: Time-zero correction widget.

» Averaging and Filtering (not applied to the present dataset).

— Select a filter type from the dropdown list (Figure A.14).

— Set the window length and polynomial order for Savitzki-Golay filtering or the
filter size for moving filters.

— Specify the axis (delay or wavelength) over which the filter will operate.
. Show | ol Apply filter |

In Figure A.15 the final preprocessed dataset can be seen.

131



SI for Chapter 3 A.5. Tutorial: Case Study Rose Bengal

( -Averaging and Filtering )
< Window
Savitzk
Order
Moving Median M -
Maving Average B timepoints ~
Show filter Delete filter Apply

L Figure A.14: Averaging and filtering widget )

(x, y) = (1096, 1.70e-10)

| | | | |
900 1000 1100 1200 1300
Wavelength (nm)

move the crosshair by dragging the middle mouse button
1 T T

1096 nm
4 _

Delay Time (s)
AA (mOD)

L L
1000 1100 1200 1300 10p 100p
Wavelength (nm) Delay Time (s)

( Figure A.15: Preprocessing Canvas after trim, chirp and background correction. )

Component Analysis.
e SVD Analysis.

— Select the (ST NEUR-GEINEE) tab.
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— Select a dataset to be subjected to SVD.

— Adjust the number of principal components. TAPAS dynamically recalculates
the spectral and temporal vectors, the singular values, and the two-dimensional
residual map (Figure A.16).

(T — ;,‘5.5—

O Dataset 1

() Dataset 2

norm. Intensity
| | |
s o o
= o (=]
e I O
o w o
normalized singular values

Il 1 Il L Il
900 1000 1100 1200 1300
Wavelength (nm) Singular Value Index

Residuals Temporal Vectors
0.01

0.00 |-+

-0.01

—0.02

—0.03

Delay Time (s)
DA = MAcac (MO)
norm. Intensity

—0.04

—0.05

—0.06 -

L L 1 1 1 L
900 1000 1100 1200 1300 -10p -1p 0 1p 10p 100p 1n
Wavelength (nm) Delay Time (s)

L Figure A.16: Workspace of the Component Analysis tab. )

Local Fit at 1200 nm.

o Prepare Fit.

Select the tab.
— Select the desired dataset.

— Enter the target wavelength (1200 nm) and, if needed, define a spectral window
for averaging (Figure A.17).

— Configure the kinetic model:

Number of components

Optional infinite (offset) component
CA modeling

Kinetic model

Time-zero definition

* X X ¥ X X

Fitting algorithm
— Supply initial parameter guesses and, where appropriate, bounds or fixed values.

— Click BIYEIHIEIRI to visualize how well these starting estimates describe the
data.
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4 ™

-Fitting Parameters —————————————————
Wavelength  1200nm = 0 nm
# Components 2
. Infinite Cornponent?

Fit CA zero order
Model sequential
time zero Gaussian Center
Method nelder
value min max wvary
20fs
200fs
1 |50ps

x2 500ps

| show initial guess

3

S Figure A.17: Input mask of the Local Fit Tab.

e Run the Optimization.

— Press to execute the routine with the current settings.

— If the optimization fails, a diagnostic message appears in the status bar; revise
starting values or bounds and retry.

— On successful convergence, TAPAS displays the fitted curve together with a
detailed statistical report.

— Click CEITAEETIPEIERS to make the result available for later parameter
analysis and for the tab.
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(local fit results: 1.2e-06m )
Date: 250616
Experimental conditions: 20 pM fs-TA NIR | 520 nm | 1 pJ/pulse | H20 |

-- Results from Jacobian Analysis: --
problem seems well conditioned

—- PARAMETERS: --

t0: 71.4fs £ 9fs (12.37%)

IRF: 235.5fs + 16fs (6.92%)

tl: 17% 76.2ps + 6ps (8.50%)
12: 49Y% 185.9ps + 25ps (13.48%)
Ainf: 33 Y%

—-- CORRELATIONS: --
t0 IRF t1

IRF 0.63

Tl -0.09 -0.06

T2 0.06 0.04 -0.93

-- FIT METRICS: -—-

Model: sequential

r2: 0.998

SSR: 0.52

RMSE: 0.032 mOD

MEA: 0.025 mOD

data points: 509 (total), 81 (effective)
eff residual var: 0.01

eff residual o: 0.08 mOD

Jacobian cond num: 11

Avg lag-1 autocor y axis: 0.413

Method: Nelder-Mead

time zero: Gaussian centroid

# evaluations: 146

fit + diagnostics time: 0.22 s + 0.00 s

-- Results from the MCMC Posterior Analysis --
Number of samples: 1000

-- PARAMETERS: --

Param -20 -1o0 Median +1c +20

t0 -22fs -10fs 70.0fs 10fs 20fs
IRF -40fs -20fs 233.7fs 20fs 41fs
Tl -12ps -7ps 78.3ps 15ps 80ps

T2 -95ps -40ps 178.8ps 27ps 55ps
1n(o) -0.16 -0.08 -2.50 0.09 0.18

-- CORRELATIONS: --

t0 IRF t1 T2

IRF 0.74

Tl -0.04 -0.07

T2 0.06 0.07 -0.88

1n(o) 0.01 0.01 0.05 -0.04

burn: 300, thin: 1

Figure A.18: Full output after a successful local fit in TAPAS including the results of
the (unbound) posterior analysis. This is printed in the Results Widget and is exportable
\as a text file. )
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« Explore the posterior with MCMC (optional).

— Highlight a saved fit in the fitting list (Figure A.19).
— Define MCMC settings:

* Burn-in (samples to discard)
« Initial draw (starting sample size)
* Thinning ratio
* Stopping criterion
— Click to start the sampler; the canvas reports estimated run
time, accepted samples, and interim statistics.

— You may abort after any iteration block if convergence is satisfactory.

— Once complete, press FENGLUENRR to attach the posterior results to the
dataset, where they can be accessed in the tab.

(" -Fitting List )

1200nm  1200nm_1 1099nm 108

maodel sequentialsequential sequentialseq
r2 0.9938 0.99 k.
Ainf  True True = True
t0 7.3fs 36.8fs -10

205.
v

delete selected fit
-Explore Parameter Space
Discard the first
Initialize
Accept one per 1 samples
Target Ratio 50
Perform Analysis Abort Analysis

Save Analysis

Figure A.19: Fitting List widget, where the user selects a presaved fit for the MCMC
(parameter space evaluation which can be defined in the lower widget. )

Visualization of the Local Fit.

o Plot the kinetic trace.

— Open the tab.
— Click the plot button and choose (TS MIEI.
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— In the Plot Properties panel, pick the desired fit (Figure A.20).
— Adjust colors, axis limits, and any additional plot settings.

— In the Figure Style panel (Figure A.21), define figure size, font, file format,
and output folder.

— Click EE to write the figure with the chosen settings.
— Click to save the underlying curve as a CSV file.

-Plot Properties

Select Kinetic Fits:
. m l:' 1200nm_1 | :I 1099nm

|1 1099nm_1

. Show Legend

. Mormalize

|__| Absolute Values

. Show Experimental Data

(") Show Lifetimes
. Show Residuals

[ Display Metadata

. Figure A.20: Plot properties for the visualization of the local fit kinetic traces.
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-

Figure A.21: Figure style panel used for the visualization and export of data and fit
\results. J

N

-Figure Style

Current Styles  Default Add rcParam
Figure Size: 8.5cm 8.5cm

@ show Real Size?

Figure Font: DejaVu Sans

Font Style: Condensed

Label Size: Mpt -~

Ticks Size: 3 pt

Format: svg

| : | Render Text as Path?

Result Dir; ffice\ TAPAS Paper\Case_study

Save

« Display the parameter posteriors.

— Select the tab.
— Click (or (CIFEINEN) and select (RNATIIOEGINS.

— In Plot Properties (Figure A.22), choose the fit whose posterior you wish to
inspect.

— Set the number of histogram bins and toggle options for contours, data points,
medians, etc.

— Specify figure size, font, file format, and output directory in the Figure Style
panel (Figure A.21).

— Press BB to export the figure, or [33004CELE] to write the posterior samples
to .csw.
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N

-Plot Properties

Select Fit:

. 1200nm [ 11200nm_1 |__J 10%%nm

| 1099nm_1

Bins
Label Pad
Subplot Pad

Max # of Ticks

. Show Errars

@ show Median + o

| : 5 ts
ontours

. Plot Density

Figure A.22: Plot properties for the visualization of the parameter

posteriors.

J
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Figure A.23: Local sequential analysis of Rose Bengal in the NIR at 1200 nm (unbound).
Corner plot of the MCMC posterior for the biexponential local fit. The main peaks lie
at 7 = 80 ps and 7, =~ 180 ps, but weak secondary lobes are visible where 71 samples
cluster near 200 ps and 7, near 80 ps. These minor modes arise from label-switching:
because the likelihood is unchanged if the two exponential components are interchanged,
\the sampler occasionally swaps their identities when no bounds are imposed. )
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Global Sequential Fit.

The layout parallels the tab, so the workflow described in Local fit at 1200
nm applies here as well.

Key additions are:
» Ground-state bleach component (not applied to the present dataset).

— Tick [T eE] =) to include an explicit species with a fixed negative concen-

tration to represent the ground-state population of excited molecules.

— Tick [VEIEEELNASIELD) if the steady-state absorption trace should be used as
the spectral shape for this component; the fit then allows a small wavelength
shift and broadening around the template.

» Wavelength-dependent weighting (not applied to the present dataset).

— Define multiple wavelength intervals with weights (0 — 100 %).

export fitting results

Concentrations
T —

N

2A (MOD)
A (MOD)

L
“ip 0 p to0p In 100
Wavelength (nm) Wavelength (nm) Delay Time {s)

Calculated Matrix Residuals SVD of Residuals
T T

Delay Time (s)
5 o
(weighted) residuals (mOD)

o ©

Wavelength (nm) Wavelength (nm)

( Figure A.24: Section of TAPAS Global Fit Tab during fitting of the RB NIR data. )

Visualization of the Global Fit
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Figure A.25: Global sequential analysis of Rose Bengal in the NIR. (A) EAS obtained
from the global fit, comprising the three kinetic components together with the zero- and
first-order coherent-artifact terms that account for pump-probe overlap at early delays.
\(B) Corner plot of the MCMC posterior for the same model.

J
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A.5.3 Step-by-Step Guide: Comprehensive Target Analysis

Preprocessing of the vis TA data. The visible fs-TA dataset was treated as outlined in
Appendix A.5.3, except that solvent subtraction was performed first via the Background
Correction widget in the Preprocessing tab. The human-readable metadata generated by
TAPAS for each pre-processing step are summarized in Table A.2.

Table A.2: Preprocessing metadata of the vis fs-TA data created by TAPAS.
Step Action

Preprocessing 1 Solvent subtracted.

Preprocessing 2~ Data trimmed from 4.1e-07 m to 7.5e-07 nm and -5e-12 (s) to
7.77e-09 (s).

Preprocessing 3 resampled delay time from lowest value to highest value by multi-
plying by 10.0 and using linear interpolation.

Preprocessing 4 Chirp corrected using a 4th order polynomial. Fit coefficients
in order of increasing degree [-2.36334637e-12 -2.00368478¢-05
1.45834916e+02 -2.45504267e+08 1.31726486e+14].

Preprocessing 5 resampled delay time from lowest value to -2e-13 by multiplying
by 0.1 and using linear interpolation.

Preprocessing 6 ~ Background corrected by calculating the median from earliest time
to -3.3e-13 (s) and subtracting it from the whole dataset.

Table A.3: Preprocessing metadata of the vis ns-TA data created by TAPAS.
Step Action

Preprocessing 1~ Data trimmed from 4.1e-07 m to 9.13e-07 nm and -2e-07 (s) to
0.000446 (s).

Preprocessing 2 Background corrected by calculating the mean from earliest time
to -1e-09 (s) and subtracting it up to 1.9e-05 (s) from the dataset.

Preprocessing 3~ Data trimmed from 4.1e-07 m to 9.13e-07 nm and 2e-09 (s) to
0.000446 (s).

J

Combining two projects.

e Preprocess both projects individually.

o Load both projects.

— Open the tab.

— click and select the TA data, paste the full path into the input field or
Drag-and-drop the file onto the widget.

— Press to read the project into TAPAS.

o Combine both projects.
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— Choose how to handle the overlapping area.
— Select how the data is interpolated on the new grid.

— Select how to handle missing grid values.

-Load Prgjects ————— — — — — — — — — -Combine Projects

Overlapping Range use merge

Project f5 Browse

Project A_fs.hdf5 Browse

Figure A.26: Widgets of the Combine Projects tab.

Global Sequential Fit, Weights and explicit ground state model
« Explicit ground-state model.

— Load steady-state absorbance data in the tab.

— Regularize the wavelength grid in the tab.

Background: the optimization refines the GSB template by FFT-based shifting
and broadening; this requires a reqular grid.

— Switch to the (CLLEINE tab and tick [SIUMEKeEIE) as well as
Use Steady-State

o Define weighting windows.

— In the Fitting Parameters panel, select a wavelength interval with the spin
boxes.

— Assign a weighting factor between 0 % (ignore) and 100 % (full weight). Down-
weight regions dominated by scattered light, detector edges, or heavy interpolation
artefacts to improve fit robustness (Figure A.27).
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( e )
-Fitting Parameters
# Components
. Infinite Component?
@ txplicit GsB @ Use Steady-State
Fit CA zero + st order
Model sequential
Microsteps b
Time Zero Gaussian Center
Method
Weights
410 nm 500 nm A
530 nm -~
T30 nm A~
value min max
60ps
3 200ps
Show Initial Guess
. Figure A.27: Fitting settings and parameters used for the global sequential fit. )

Target Fit. The target fit was carried out with a built-in kinetic scheme selected from
the (WRYED drop-down in the Fitting Parameters widget; the remaining steps followed
the standard global/local-fit workflow. Guidance on creating custom kinetic models and
integrating them into TAPAS is provided in Appendix A.5.4.

Note that in the current target global fit example, CA modeling with a zero and first
order Gaussian IRF led to a nearly singular Jacobian. As a result, TAPAS cannot derive
standard errors from the covariance matrix (compare the output in Figure A.30). In this
situation, however, the MCMC posterior routine still provides reliable error estimates.
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( -Model Preview —MMMMMMM M — )

-Fitting Parameters —

# Components

. Infinite Component?

® colicit GsB @ Use Steady-State
Fit CA zero + Ist order
Model AC_Bk_1

Microsteps 6

Tirme Zero Gaussian Center
Method

Weights

70 nm A~

value min  max
|:F_I - LU _IF_I 5

70ps  30ps 100ps

200ps 100ps 300ps

A0us  10us  100us
false

false

Show Initial Guess

S Figure A.28: Fitting settings and parameters used for the target fit.
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SVD of Residuals

spectral Vectors

Wavelength (nm)
T T | T T T T

temporal Vectors

| 1 | 1 1 1 | 1 | | 1 | |
-10p -lp O 1lp 10p 100p In 10n 100n lp 10p 100p 1m

Delay Time (s)

Figure A.29: SVD of the target-fit residuals. Top: First three spectral singular
vectors highlighting narrow features at the detector edges and weak bands that match
pump-fluctuation. Bottom: Corresponding temporal singular vectors. The leading
vector peaks sharply at early delays, consistent with coherent-artifact remnants, whereas
the second and third vectors exhibit low-amplitude, slowly varying behavior typical of
\pump-intensity noise. )
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(global fit results:
Date: 250616
Experimental conditions: 20 pM TA combined | 520 nm | 1 pJ/pulse | H20 |

-- Results from Jacobian Analysis: --

errors could not be calculated:
non-stable derivatives

-- PARAMETERS: --
t0: 139.9fs
IRF: 200.0f (fixed)

Tl: 1.7ps

T2: T71l.1ps
t3: 215.0ps
T4: 41.8ps

t5: 930.0p (fixed)

t6: 5.3n (fixed)

gs_ shift: 3.6n (fixed)
gs_ sigma: 2.0n (fixed)
Ainf: True

-- FIT METRICS: --

Model: 4C_ 6k_ 1

r2: 1.000

SSR: 44317.76

RMSE: 0.311 m0OD

MEA: 0.110 mOD

data points: 457640 (total), 8689 (effective)
eff residual var: 5.11

eff residual o: 2.26 mOD

Avg lag-1 autocorr x axis: 0.549

Avg lag-1 autocor y axis: 0.712

Method: Nelder-Mead

time zero: Gaussian centroid

# evaluations: 535

fit + diagnostics time: 4.53 s + 2.04 s
-- UNWEIGHTED RESULTS: --

errors could not be calculated:
non-stable derivatives

-- FIT METRICS: --

r?: 0.975

SSR: 3003145.75

RMSE: 2.562 m0OD

MEA: 0.447 mOD

data points: 457640 (total), 8031 (effective)
eff residual var: 374.42 m0OD

eff residual o: 19.35

Avg lag-1 autocorr x axis: 0.942
Avg lag-1 autocor y axis: 0.715

-- Results from the MCMC Posterior Analysis --
Number of samples: 1000

-- PARAMETERS: --
Param -20 -10 Median +1lo0 +20

t0 -3fs -1fs 139.9fs 1fs 3fs

Tl -108fs -56fs 1.7ps 58fs 118fs

T2 -684fs -344fs 71.1ps 340fs 682fs
13 -5ps -3ps 215.3ps 3ps 5ps

T4 -585ns -303ns 41.8pus 305ns 605ns
1n(o) -0.01 -0.01 0.81 0.01 0.02

-— CORRELATIONS: --

t0 Tl T2 13 4

Tl 0.07

T2 0.05 0.11

T3 0.03 -0.27 0.25

T4 0.02 -0.01 0.02 0.10

In(o) 0.04 0.00 0.03 0.00 0.00

burn: 300, thin: 1

\file.

Figure A.30: Full output after the target global fit in TAPAS including the results of
the posterior analysis. This is printed in the Results Widget and is exportable as a text

J
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L Figure A.31: Corner plot of the MCMC posterior for the target model. )
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HDF5 Container-File. Storing the TA data as an HDF5 container reduces disk
usage and simplifies downstream processing. HDF5 keeps the numerical arrays in binary
form, so a typical TA data set that occupies 4.58 MB in UTF-8 CSV format shrinks to
only 1.98 MB, a reduction of about sixty percent. The format also allows us to attach
structured metadata directly to each data set, which makes programmatic reading and
writing straightforward. Figure S5.3.7 shows the HDF'5 file using HDFView 3.3.1 produced
for the present study together with the metadata that TAPAS adds automatically.

(" ~ B RB_combined hdfo Object Attribute Info  General Object Info
~ @ Absorption Data
& after Attribute Creation Order:  Creation Order NOT Track
& b.efr;.nre MNurnber of attributes = 23
» € Ernission Data
~ @ TA Data Mame Walue[s0]( )
~ gl ds freval 269
R delA Ainf TRUE
B delay SSR 44 56792
» @ global fit band average (nm) 0
~ @ local fit ca_order 1
~ SR components CA_D C.1.C.2 Ci
@ Amp diagnostics_time 0.16882686479187012
& conc
B corr_miatri grrolr_success TRUE
. i fit_time 1.0140352249146608
B covariance_matrix , ,
B delA grid_points 1346
B delé_calc jac_condition_num 83.1876991821289
B delay mea 0171060451 0922582242
opt_params rnethod Melder-Mead
output rmodel sequential
& theta n_eff 50 657866792375366
wavelength r2 09992
ﬁwﬁebngth ’ rho_delay_est 0.8641447297328293
~ i@ raw Data rmse 0.18216935973264555
~ @ combined from sigma_eff 0.97a4427
~ i@ project 1 fime_zero_convention 522 threshold
» 24 processed use_threshold_t0 TRUE
» 4 rawdata var_resid_eff 09573602
» QA project 2 wavelength 4 BE-7
& dels
& delay
& wavelength
~ @ solvent
E deld
@ delay
& wavelength
Figure A.32: HDF5 container generated for the combined data set. The file stores
the raw transient absorption matrix, the processed data, the fitting results, and the
associated metadata in a single hierarchy. The view shown here was produced with the
(open-source utility HDFView 3.3.1. )
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A.5.4 Define and Integrate a new Kinetic Model

The procedure involves three parts: (1) coding the kinetics, (2) exposing the model in the
GUI, and (3) optionally teaching the controller how to label the compartments.

e Define the kinetics.
File: tapas/utils/model_function.py

Depending on the kinetic model, TAPAS needs to treat and display different amounts
of components and rates. These must not only be defined inside the model function
itself, but also encoded in a standardized way in the function name, so that TAPAS
knows, before evaluating the kinetics, how many variables to expect.

— Duplicate an existing template: Inside the ModelFunctions class, copy—paste
any target-model function as a starting point. Each function consists of a name
that follows a specific naming pattern, two sections where the parameters and
kinetics are defined, respectively, and three subsequent sections containing the
core algorithm, which remain unchanged between models. It is crucial that
the number of components and rates encoded in the function name exactly
matches the parameters (rates and components) defined in the parameter section.
This one-to-one correspondence ensures that TAPAS can correctly interpret and
process the model.

— Rename the function. Use exactly the pattern model <n>C_<m>k_<j>, where

* n = number of compartments (excluding A;, ),
* m = number of (first-order) rate constants,
% j = arbitrary identifier.
Background: TAPAS parses this name to prefill the rate-constant input masks.

— Edit the parameter block: In the # parameters section, set rates k1, k2...kn
and n_pool = <n>.

ta, irf theta[0],
kl, k2, k3, k4, k5, kb6 = 1.0 / thetal[2:-2] if use bleach else 1 / thetal[2:]

n pool = 5 if Ainf else
c@ = jnp.zeros(n_pool
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— Build the rate matrix: Modify the kinetics () sub-function to assemble the rate
matrix that integrates to concentration profiles.

def kinetics{c, g):
A clel
cl1]
c = cl2]
D c[3]

da
dB
dc
dD

1t Ainf:
E = cl[4]
dE = k5 *# D
jnp.array([dA, dB, dc, db, del)

jnp.array([dA, dB, dc, dbl)

— Leave everything else unchanged.
» Expose the model in the GUI.
File: tapas/views/tabwidgets/global_fit_tabwidget.py

— Add the signature to the combobox: Within InputWidget._initUI(), append
the model name string to self.cb_model.

=1f.cb_model = QComboBox()
=1f.ch_model.addItems

['parallel’,

 (Optionally) label the compartments.
File: tapas/controller/global_fit_controller.py

— Update the label map: in GlobalFitController.get_component_labels(),
insert:

elif model == '4c_6k
labels += ['4",

1f Ainf:
labels.append('E_{inf]

— Compartment labels then propagate to plots, tables, and exported CSV files.
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A.6 Comparison TAPAS, Glotaran and KiMoPack

This section benchmarks TAPAS, Glotaran, and KiMoPack with respect to raw fitting
speed, error estimation speed and fidelity. TAPAS and Glotaran return first-order standard
errors, while KiMoPack derives confidence limits from an F-test that requires many re-fits.
The latter is statistically superior for strongly correlated or asymmetric parameters, but
the extra work inevitably inflates the wall-clock time. TAPAS can also perform Bayesian
MCMC sampling, but those runtimes are not included here because they exceed even the
F-test and serve a different diagnostic purpose.

We evaluated the programs on two pre-processed pump—probe data sets: The RB NIR
set recorded on a coarse wavelength grid that contains three sequential kinetic components,
the slowest of which is effectively infinite, and the RB vis set recorded on a fine grid
that requires four components (again with one infinite lifetime) together with wavelength-
dependent weighting and CA modelling. On the first dataset, we used poor initial guesses
while on the second dataset, the initial parameters are closer to the expected lifetimes. Each
sequential-decay model was fitted five times with every program to average out variability
from caching and operating-system scheduling. Wherever possible, we matched the initial
parameter guesses, kinetic scheme, weighting strategy, and convergence tolerances across
the three interfaces. All runs were performed on a Windows 11 workstation equipped with
an Intel Core i5-9500 CPU (3.00 GHz, six physical cores) and 16 GB of DDR4-2667 RAM.

Because Glotaran is operated through a GUI, we could only record the overall wall-time
(button click — “Finished”). This value includes plotting, repainting, disk 1/0O, and other
GUI overhead. The underlying fit and error estimation steps are therefore somewhat faster
than the figures we report.

A.6.1 NIR Dataset: Performance and Fit Statistics

The three programs were supplied with identical kinetic schemes and identical initial
parameter guesses (see Figures A.33 to A.35). KiMoPack offers two flavors of the
sequential model, consecutive and full consecutive. consecutive performs most of
the optimization with a faster parallel-decay model and switches to the true sequential
rate equations only in the final refinement step, whereas full consecutive works with
the genuine sequential equations throughout, mirroring the strategy used by TAPAS.
Although the two KiMoPack options converge to essentially the same parameter values,
the consecutive route triggered floating-point overflows during the error calculation,
producing unrealistically wide confidence intervals. In addition, its parallel-model shortcut
cannot be applied when fitting more elaborate target schemes. For completeness, we list
timings for both KiMoPack variants.
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Figure A.33: Analysis scheme from Glotaran used for fitting of the NIR dataset.

- J

(Figure A.34: Script used for NIR sequential fitting and error estimation using KiMoPack.)
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(_ Figure A.35: Fitting parameter widget of TAPAS used for the NIR sequential fit. )
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Table A.4 lists the wall-times recorded in the five replicate runs together with their
averages. For TAPAS and KiMoPack two numbers are reported: the first is the time
parameter optimization and caching and the second is the additional time needed to
compute the parameter uncertainties. For Glotaran, only a single, approximate figure is
given with the total wall-time from pressing Run to completion since its GUI makes it
impractical to separate optimization, error calculation, and plotting overhead.

Table A.4: Runtimes for optimization and uncertainty estimation in five replicate fits
of the NIR data set.
Software Runl/ Run2/ Run3/ Run4/ Run 5/ Average
s s s s s /s
TAPAS 1.1.4 0.54 + 0.53 + 0.56 + 0.56 + 0.55 + 0.55 +
0.16 0.17 0.16 0.16 0.15 0.16
Glotaran 1.5.1 2.86 2.89 2.68 2.74 2.82 2.80
KiMoPack 7.12.9 1.70 + 1.63 + 1.93 + 1.71 + 1.97 + 1.79 +
(consecutive) 43.97 45.12 43.67 56.51 43.61 46.58
KiMoPack 7.12.9 11.83 + 11.87+ 1190 + 11.65+ 1220+ 11.89 +
\(fulliconsecutive) 116.46 119.01 122.45 120.78 116.23 118.99

TAPAS exports each lifetime already in the form 7 + 04, (one-sigma, 68 % coverage).
Glotaran, in contrast, prints the rate constants k together with their standard errors oy
(see Figure A.36). The corresponding lifetime uncertainty is obtained by ordinary error
propagation

at Ok
O'-,-:‘ak O'k:P (A22)

so that 7 £+ 04, can be reported on the same basis. KiMoPack, run with
confidence_level = 0.68, returns the lower and upper profile-likelihood limits directly
(Figures A.36 to A.38), giving the desired 68 % confidence interval without further
conversion. The results are summarized in Table A.5.

(Table A.5: Parameter estimates and lo uncertainties (=~ 68 % confidence interval)\
calculated by different software.
Software T1/ps To /DS
TAPAS 1.14 639 £1 2421+ 9
Glotaran 1.5.1 63.9 £ 0.13 2421 £ 1.1
KiMoPack 7.12.9 63.9 + 44 /- 28 242.1 + 1600 / - 137
(consecutive)
KiMoPack 7.12.9 63.8 429 /-25 242.8 + 234 /- 22.2
L (full _consecutive)
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Figure A.36: Glotaran overview output after a successful fit using the analysis scheme
(in Figure A.33.
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Figure A.37: Console output of KiMoPack after analyzing the NIR dataset
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Figure A.38: Console output of KiMoPack after analyzing the NIR dataset with a
\conﬁdence interval of 0.68 using the full-consecutive model.
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A.6.2 Vis Dataset: Performance and Fit Statistics

We followed the same workflow as in Appendix A.6.1. For the vis data set, we additionally
enabled CA modeling in Glotaran and TAPAS (KiMoPack does not offer this feature in
its core distribution) and applied zero-weighting to the 353-495 nm region to suppress
strong scattered-light artifacts. Figures A.39 to A.41 illustrate the input dialogs and
model definitions, and Table A.6 report the timing benchmarks and the fitted parameters
with theuncertainties. It is worth noting that the discrepancy in the fast component
between KiMoPack and TAPAS/Glotaran is entirely due to the lack of CA modeling which
is compensated by 7.
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Figure A.39: Analysis scheme from Glotaran used for fitting of the vis dataset including
(& weight and CA parameter (CohSpec).
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( Figure A .41: Fitting parameter widget of TAPAS used for the NIR sequential fit. )
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A.6. Comparison TAPAS, Glotaran and KiMoPack

Table A.6: Runtimes for optimization and uncertainty estimation in five replicate ﬁt;
of the vis data set.
Software Runl/ Run2/ Run3/ Run4/ Run 5/ Average
s S S s S /s
TAPAS 1.14 1.61 + 1.83 + 1.62 + 1.59 + 1.62 + 1.65 +
1.08 1.09 1.07 1.09 1.09 1.08
Glotaran 1.5.1 12.92 12.31 11.89 12.08 12.32 12.30
KiMoPack 7.12.9 3.42 + 3.74 + 3.92 + 3.75 + 3.98 + 3.76 +
(consecutive) 579.19 545.15 553.21 556.73 581.81 563.22
KiMoPack 7.12.9 1223 + 1195+ 1199+ 1153+ 11494 11.84 +
\(fulliconsecutive) 464.31 468.71 468.35 466.22 465.28 466.57

Table A.7: Parameter estimates and lo uncertainties (= 68 % confidence interval)
calculated by different software.

~

KiMoPack 7.12.9
(consecutive)

0.5+30.5/ — 0.5

Software T1/ps T2/ DS 73/PS
TAPAS 1.14 21+04 69.2£3 209.0 £ 20
Glotaran 1.5.1 2.0 £0.009 69.1 £0.1 209.1 £ 0.5

68.2+30.2/ — 47.8

235.8 4+ 0o/ — 137.4

KiMoPack 7.12.9 0.4+0.1/—0.2 68.1 4+ 3.6/ — 3.7 236.6 +40.4/ — 334
L (full _consecutive) )
( Residual Sum of Squares progression Number of iterations: 5 \

Final residual standard error: 0.000408418

100 #HEAE Results for Global Analysis_d1_datasstl &%

100 Estimated Kinetic parameters: 0.507071, 0.014453%, 0.00472303, 1.00000e-08
Standard errors: 0.00230938, 1.37787e-05, 1.24684e-05, 1.00000

18
Estimated Irf parameters: 0.1458452, 0.0821817
1poss Standard errors: 0.000185205, 0.000109956

3
]
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Figure A.42: Glotaran overview output after a successful fit using the analysis scheme
(in Figure A.39.
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Figure A.43: Console output of KiMoPack after analyzing the vis dataset with a
\Conﬁdence interval of 0.68 using the consecutive model.

J

Figure A.44: Console output of KiMoPack after analyzing the vis dataset with a
\conﬁdence interval of 0.68 using the full-consecutive model. )
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A.6.3 Discussion

On both data sets, TAPAS outperformed the other packages by factors of 2—20x in wall-
time, with the exact speed-up depending on model complexity, grid density, and the
quality of the initial guesses. This improvement arises primarily from TAPAS’s JAX
implementation which uses XLA compilation and just-in-time execution to accelerate the
calculations.

All three programs produced parameter values that agree within their statistical uncer-
tainties. The only clear divergence appears in the vis data set, where KiMoPack assigns a
shorter lifetime to the fastest component. This difference is explained by the absence of
CA modeling in KiMoPack, which forces the first lifetime to absorb the uncorrected signal.
The remaining lifetimes, including the slow tail, differ only within the reported error bars.

TAPAS computes first-order standard errors during a single optimization pass. These
uncertainties match the confidence intervals obtained with KiMoPack’s profile-likelihood
procedure, even though the KiMoPack routine requires roughly 500 times more wall
time. The KiMoPack intervals are about twice as wide because they account for the full
correlation among parameters. Glotaran reports much narrower errors. Those values are
unrealistically small on dense time grids because Glotaran treats every time point as an
independent observation. TAPAS corrects this problem by scaling the covariance matrix
with an effective sample size derived from the integrated autocorrelation of the residuals.
(Compare Section 3.4.3 in the main manuscript and Appendix A.4)

Only TAPAS presents the complete correlation matrix. In the NIR experiment, the
correlation coefficient between the first two lifetimes is -0.86. This strong anticorrelation
explains why very different lifetime pairs (e.g. 64 ps and 242 ps versus 80 ps and 163 ps)
yield fits of virtually identical quality (r*: 0.999, RMSE(AA): 8.5 — 8.9 x 107°). Without
access to correlation information, the confidence intervals supplied by all three programs
would overestimate the level of robustness.
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(_ Figure B.1: Crystals of III under VIS (left side) and UV (right side) irradiation. )
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C.1 Additional Experimental Information

4 )
S Figure C.1: PMMA film of 1 under UV light. )
4 N

Figure C.2: Microcuvette with homebuilt opening to control the atmosphere within
\the cuvette. )
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C.2 Transient Absorption Data

C.2.1 Analysis of 2

The analysis of the fs TA experiments of 2 in MeCN (Aexc = 350 nm) are shown in
Figure C.3. The procedure is the same as described in the main manuscript. In
Figure C.3 A the background corrected 2D hyperspectrum is depicted. A sequential fit
at 500 nm (Figure C.3 B) required 3 components with lifetimes of 270 fs, 4 ps and a
lifetime longer than our measurement window of 2 ns (r? = 0.99). Global fitting over the
whole spectral range gave comparable lifetimes of 370 fs (red) and 5.6 ps (blue) and a
coefficient of determination of 0.98. The corresponding EADS are shown in Figure C.3
C.
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Figure C.3: (A) fs TA-hyperspectrum of 2 in acetonitrile after excitation at 350 nm.
The background is corrected to account for the overlying emission starting around 550 nm.
The delay time between pump and probe beam within the first two ps are displayed with
a linear scale followed by a logarithmic scale until the end of the measurement window
of 2 ns. (B) Kinetic trace of (A) at 500 nm with the corresponding local exponential
fit (straight) and the underlying three sequential exponential functions (dotted). (C)
Evolution associated spectra of the global analysis of (A). Red corresponds to the first
(component, blue to the second and green represents the long-lived third component.

J

C.2.2 Analysis of the IRF and Solvent Response

Figure C.4 presents the fs TA data of pure acetonitrile under the same experimental
conditions as for the ultrafast experiments of 1 and 2. In Figure C.4 A, the 2D spectrum
is depicted while the kinetic trace at 500 nm as well as the fit is shown in Figure C.4 B.
Here, we find a main component decaying with 90 fs and a second weak decay of 900 fs
(r? = 0.96). The same results can be reproduced by global fitting giving lifetimes of 140 fs
and 900 fs (r? = 0.91). The corresponding EADS with the first component in red and
the second component in blue is shown in Figure C.4 C. Since MeCN does not absorb
the excitation wavelength, we contribute these signals to the IRF, solvent response and
coherent artifacts.
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Figure C.4: (A) fs TA-hyperspectrum of acetonitrile after excitation at 350 nm. The
delay time between pump and probe beam within the first two ps are displayed with a
linear scale followed by a logarithmic scale until the end of the measurement window
of 2 ns. (B) Kinetic trace of (A) at 500 nm with the corresponding local exponential
fit (straight) and the underlying three sequential exponential functions (dotted). (C)
Evolution associated spectra of the global analysis of (A). Red corresponds to the first
(140 fs) and blue to the second component (900 fs).

J

C.2.3 Fitting Model and Variability

Local and global fitting analysis was performed using a sequential model with three
components A — B — C convoluted with the instrument response function (IRF). The
IRF was modeled with a Gaussian function and C was set to a non-decaying constant
term. Table C.1 lists the statistical 1 o uncertainties obtained from the Jacobian together
with the Pearson correlation coefficients that most affect those uncertainties. Global
fitting tightens the confidence intervals relative to the local fits, but strong anti-correlation
between the IRF width and the fastest time constant 7; (up to —0.75) remains unavoidable
because the IRF (~ 200 fs FWHM) is of the same order as 1. This coupling implies that
the practical uncertainty of 77 is somewhat larger than its formal 1 o value, whereas 75 is
less affected. Accordingly, we estimate the uncertainty of the relevant ISC parameter
extracted from global analysis at a conservative 10 to 15 %.

Table C.1: Parameter uncertainties and parameter—parameter correlations of the local
(500 nm) and global fits of the TA data.
Compound Fit eE] T2 IRF—T 717
corr. corr.
1 (TBA),[(Wels)Ig) local 55 % 15 % -70 % 40 %
1 (TBA)2[(WeIg)I] global 12 % 6 % -70 % 24 %
2 (TBA)[(Welg)(TFA)g]  local 23 % 30 % -60 % 55 %
2 (TBA)y[(Wsls)(TFA)g]  global 5% 7% -50 % 50 %
Acetonitrile local 8 % 11 % -75 % 55 %
Acetonitrile global 4 % 7% -60 % 30 %

-
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C.2.4 Analysis of the long-lived Component with ns-TA

In Table Table C.2, the monoexponential fits of the kinetic traces at 500 nm of Figure 5.3
A of the main manuscript are shown.

N
Table C.2: Monoexponential fits of 1 and 2 at different oxygen concentrations corre-

sponding to Figure 5.3 A in the main manuscript. Errors are estimated to be within

10 %.

Compound T0%02) TB%O02) 7 (21 % 7 (100 %
/ 1S / Bs Oz) /s Og) /s
1 (TBA)s[(Wels)ls] 22 1.1 0.43 0.09
2 (TBA)[(Wels)(TFA))] 33 2.7 1.13 0.24
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C.3 Emission Data at 295 K and Oxygen Quenching

In Figure C.5 the emission lifetime traces of 1 and 2 in MeCN at different oxygen concen-
trations are depicted (Aexe = 375 nm, Aey = 680 nm). They were fitted monoexponentially
giving lifetimes shown in Table C.3. The corresponding emission spectra are shown
inFigure C.6.
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Golumn blue) at different oxygen concentrations.
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\ Figure C.6: Emission Spectra of 1 and 2 at different oxygen concentrations. )

(Table C.3: Table S3.1. Monoexponential lifetime fits of 1 and 2 at different oxyger?
concentrations. Errors are estimated to be within 5 %.
Compound 7(0%02) [ us T7(8%02) [ us 7(21%0s2) / us 7(100 % Os) / us
1 26.8 1.08 0.51 0.09
(TBA)2[(Wels)le]
2 38.67 2.49 1.66 0.26
((TBA)o[(Wels)(TFA)g] )
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C.4 Analysis of the T-Dependent Emission Data of
1 in Solution

In Figure C.7, the lifetimes and emission spectra of 1 in MeCN as a function of tem-
perature are displayed as well as the phase transition at 228 K with a dashed line. In
Figure C.7 A, the lifetimes were fitted with two components showing a clear biexponential
decay in the solid state which transitions to the expected monoexponential decay above
the melting point. The emission spectra in Figure C.7 B show an emission maximum of
700 nm in the liquid state and a maximum centered at 685 nm when frozen. Beside that
shift of 40 meV at the phase transition, the spectral characteristics resemble the dynamics
found in a PMMA matrix. Although a blueshift of the emission maximum can be expected
due to a decreased stabilization of the triplet in the solid state, the drastic changes in
the emission lifetime are unlikely to only originate from the different state of matter. A
possible explanation could be a dynamic equilibrium which is disturbed and eventually
frozen while falling below the melting point. Especially the apical ligands are only weakly
bound to the [Wglg]*™ core and can be exchanged easily with silver carboxylates under
the formation of Agl.'”?”% Recently, we synthesized the cationic [(Wglg)(CH3CN)g]**
and [(Welg)I(CH3CN);]*", proving that acetonitrile can also stabilize the cluster with
a suitable counter ion.”” Although (TBA),[(WsIs)I] would be the thermodynamic sta-
ble configuration, (TBA)[(Wgls)I5(CH3CN)] + (TBA)I or even [(Wglg)ly(CH3CN)o] + 2
(TBA)I could be kinetically trapped at the phase transition leading to a drastic quenching
of the lifetimes.
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Figure C.7: (A) Biexponential and average lifetimes of 1 in MeCN extracted at different
temperatures. The gray area represents the phase transition of MeCN at 228K. (B)
Corresponding emission spectra at each temperature step. The dashed line marks the
\emission maximum. Y,

This interpretation would have multiple consequences. First, the resulting biexponential
lifetimes in the frozen state would change when changing the temperature gradient used
to freeze the sample. Second, the addition of (TBA)I should reduce the biexponential
behavior according to Le Chatelier’s principle and third, the different binding situation
of TFA in 2 should also change the dynamic exchange reactions. Figure C.8 A shows
the biexponential lifetime of 1 at room temperature and 77 K as a function of addition of
(TBA)I. In the upper panel at room temperature, we found the expected monoexponential
lifetime of 26 ps which is stable against small amounts of additional (TBA)IL If frozen with
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liquid nitrogen, we again find a biexponential behavior resulting in an overall lower average
lifetime of 24 ps, although the lifetimes and amplitudes are slightly different compared to
the experiments performed in a cryostat. Upon addition of large amounts of (TBA)I (e.g.
1000 : 1 or higher) at room temperature, we detect an increased quenching introduced by
(TBA)I leading to a lifetime drop by 12 % to 23 ps. Besides that, we find no additional
influence of (TBA)I at room temperature, which can also be seen in the emission spectra
in Figure C.8 B. This changes drastically at 77 K. Here we find that the addition of
(TBA)I (1000 equivalents) reduces the biexponential behavior and leads to an increase in
lifetime. This is consistent with our hypothesis, that exchanged or missing apical iodide is
not only the cause of the different dynamics observed below the melting point but also
can be addressed with competing ligands. This is supported by the small changes in the
emission spectra in Figure C.8 B at 77 K which point to a different composition of frozen
cluster species because of different (TBA)I amounts.

In case of 2, we find no significant biexponential character at 77 K in solution with a
monoexponential decay of 40 ps, which only differs by 5 % compared to the experiments in
PMMA. This leads us to the conclusion that TFA- is less susceptible to exchange reactions
compared to I-, probably due to its bidentate nature.
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Figure C.8: (A) Lifetimes of 1 in solution at room temperature (upper panel) and
77 K (lower panel) as a function of equivalents of (TBA)IL. (B) Corresponding emission
\spectra.
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C.5 T-Dependent Emission Data of 1 and 2 in
PMMA

To extract the emission maximum and FWHM at every temperature step for 1 and 2, a
single Gaussian function was fitted at every temperature. Although this did not fit the
emission well over the whole spectral range, especially at higher temperatures, it gives a
systematic measure of the emission maximum and FWHM values. The results are shown
in Figure C.9.
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Figure C.9: Emission maximum (A) and FWHM (B) of 1 and 2 at every temperature
step extracted from Figure 5.4 A from the main manuscript. The values were extracted
by fitting a single Gaussian to each emission peak.
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C.5.1 Variability of the Lifetime Fits

The relative parameter uncertainties of the fitted models are summarized in Table C.4.
They were estimated by the covariance matrices provided by the python module Imfit.

(Table C.4: Parameter uncertainties of the T-dependent lifetime fit estimated from th;
covariance matrices for 1 and 2.

Model Cluster F;s FEi3 Ei4 1 T T3 T4

On 1 2%  23% - 1% 9% 25% -

bn 1 fixed  24% 2% 1% 4% 9% 20 %

On 2 8% 4% - 1% 2% 2% -
\qﬁn 2 fixed 9% 12% 1% 4% 2% 31% )

We used a python implementation of the Markov chain Monte Carlo (MCMC) called
emcee’™ to study the posterior distributions of the fitting parameters and to extract
correlations between those. Figures C.10 to C.13 shows the results of the MCMC study
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using a corner plot representation.*®’ Here, the histograms on the diagonal axis show the
marginalized distribution of each parameter (uncertainty) and the standard deviation
of the noise o separately, while the other plots depict the joint distribution of a pair
of parameters (correlation). We find negative correlations between the splitting of each
sublevel and the corresponding lifetime for both models. This is especially true for the
highest sublevel which is also reflected in the high uncertainty values in Table C.4. This
can be rationalized by the lack of datapoints above 340 K. In the ¢, model, we determine
additionally high negative correlation between 71 and 75 mainly because of the proximity in
energy and lifetime. We could not find a correlation between the noise level and parameter
estimates. Based on this analysis, the values for the energy splitting and sublevel lifetimes
should be understood as rough estimates especially for 1.
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Figure C.10: Corner Plots of the MCMC posterior parameter distribution of the
lifetime fits of 1 using the ¢, model. On the diagonal axis the marginalized distribution
(uncertainty) of each parameter including the noise ¢ is shown in a histogram while the
\other plots show the correlation of two parameter sets.
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Figure C.11: Corner Plots of the MCMC posterior parameter distribution of the
lifetime fits of 2 using the ¢, model. On the diagonal axis the marginalized distribution
(uncertainty) of each parameter including the noise ¢ is shown in a histogram while the
\other plots show the correlation of two parameter sets.
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Figure C.12: Corner Plots of the MCMC posterior parameter distribution of the
lifetime fits of 1 using the ¢, model. On the diagonal axis the marginalized distribution
(uncertainty) of each parameter including the noise ¢ is shown in a histogram while the
@ther plots show the correlation of two parameter sets.
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lifetime fits of 2 using the ¢, model. On the diagonal axis the marginalized distribution
(uncertainty) of each parameter including the noise ¢ is shown in a histogram while the
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C.5.2 Fitting Results of the Spectral Emission Fits

4 N\
Table C.5: Fitting results of the T-dependent spectral measurements for 1 and 2.

Parameter names refer to equations Equations C.1 to C.4.
FWHMS kﬁroadening

Model Cluster E;/eV Eo/eV Esz/eV E4/eV ko/Hz ks/Hz ks/Hz /| meV / meV
Pn 1 1.78 1.78 196 - 26 32 - 177 8
On, 1 1.63 1.78 1.78 193 26 10000 11000 165 9
©On 2 1.87 1.82 201 - 4 7 - 177 9
On 2 173 1.8 183 195 15 332 1000 155 11

“FWHMj refers to the theoretical FWHM at 0K, and Eproadening 1S the proportionality constant of

KDoppler broadening (see Equation C.4). )

( R
Table C.6: Fitting results of the T-dependent spectral measurements for 1 and 2. E,

refers to the emission maximum, and FWHM,k represents the temperature-dependent

broadening according to Equation C.4.
FWHM,x FWHM,7x FWHMoox FWHMs00k

Model Cluster Ei/um Es/nm Eg/nm E4/nm  / meV / meV / meV / meV
©n 1 698 697 630 - 193 247 290 315
o, 1 759 695 697 641 183 244 292 321
©n 2 664 682 615 - 195 256 304 333
\@’n 2 718 659 678 637 177 252 311 346 )

C.5.3 Variability of the Spectral Emission Fits

The fits of the models on the spectral emission shape are analyzed as above. The calculated
uncertainties of every E, value are smaller than 1 % while the difference between the
radiative rates Aky, can have larger uncertainties. The relative parameter uncertainties
are summarized in Table C.7.

N
Table C.7: Parameter uncertainties of the T-dependent spectral fit estimated from the

covariance matrices for 1 and 2. .
FWHMS kbroadening

Model Cluster E1,4 Aklz Ak13 Ak14 /meV /meV
On 1 <1% 20 % 20 % - <1% <1%
On 1 <1% 2% 10% 15% <1% <1%
©On 2 <1% 3% 3% - <1% <1%
On 2 <1% 2% 2% 5% <1% <1%

“FWHMj refers to the theoretical FWHM at 0K, and Kproadening 1S the proportionality constant of

\Doppler broadening (see Equation C.4).

J

As discussed above in the analysis of the lifetime fits, we explore the posterior parameter
distribution using MCMC. The corner plot representation of the analysis is shown in
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Figures C.14 to C.17. We find strong negative correlation between the initial FWHM
and the FWHM broadening factor which is expected. These values are of limited interest,
and they do not strongly affect the estimation of the other parameters. For some fits,
an increased correlation between Energy positions F, and the corresponding rates can
be found, also reflected in the uncertainty estimates in Table C.7. Especially, a strong
correlation between the rates of the second and third sublevel in the ¢, model of 1 can be
found. Based on these results, the parameter estimates of the emissive rates and FWHM
broadening should be handled with caution while the relaxation Energies of each sublevel
are more stable.
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Figure C.14: Corner Plots of the MCMC posterior parameter distribution of the
spectral emission fits of 1 using the , model. On the diagonal axis the marginalized
distribution (uncertainty) of each parameter including the noise o is shown in a histogram
(while the other plots show the correlation of two parameter sets. )
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C.6 Additional Information on the ¢, /¢, model

C.6.1 Model Assumptions and Comparison

The models irrespective of the number of sublevels assume that at every temperature, every
emissive sublevel is in a Boltzmann equilibrium. Additionally, the spectral shape of the
phosphorescence of every sublevel is similar and constant at a given temperature and may
only vary in their peak position F,. In its initial implementation by Azumi and colleagues,
it was further assumed that the emission spectrum is independent of the temperature,
meaning that the FWHM is constant over the whole temperature range.*'” As mentioned
by Kitamura and coworkers, this is not warranted and temperature dependent spectral
broadening should be considered.”” Therefore, in their model implementation, they kept
the FWHM constant for every sublevel at a given temperature but allowed a variation with
temperature. However, they did not mention restrictions or a temperature dependence of
the broadening. In our implementation of the ¢, /¢, model, we assumed a homogeneous
Doppler broadening leading to a monotonous increase in FWHM proportional to v/T.

The degrees of degeneracy used for Equation 5.2 in the main manuscript are based on
the assumed geometries by the ¢, /¢, models. They are summarized in Table C.8.

N
Table C.8: Degree of degeneracy for the sublevels according to the geometry assumed
by the ¢,, and ¢, models.
v, Model ¢, Model
Degree of degeneracy g, Degree of degeneracy g,
n=1 n=2 n=3 n=1 n=2 n=3 n=4
\3 (Tew) 2 (Ey) 3 (Thu) 2 (Ey) 1 (By) 2 (Ey) 3 (T1a) )

C.6.2 Derivation of the Spectral Fit

Based on the calculated zero-magnetic-field splitting of the sublevels and the ¢, /¢, model,
the emission spectra of Figure 5.4 A can be simulated with the following equation

I(E,T) =Y kn*G(E — E,) « P(T,AEy,), (C.1)

where each sublevel n contributes with the product of the emissive rate constant kn
relative to ¢; or ¢y, the normalized gaussian function G(E — E,,) and the probability of
overcoming the energy barrier AEy, due to thermal energy P(T"). G(E — E,) and P(T)
are defined as follows:

' ) (E — BE,)?
G(E - E,,n) = e  FWHM? C.2
) = it o7 2
7AEln
P(T,n)=¢ kT (C.3)
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with F and T being the spectral energy and temperature. E, and FWHM(¢,) describe
the emission maximum energy and full width at half maximum of ¢, /¢, respectively.
AE;, refers to the energy difference between ¢ or ¢; and ¢, or ¢, (e.g AE;;=0) similar
to Equation 5.2 in the main manuscript. The FWHM for every sublevel is kept constant
at a given temperature and a homogenous Doppler broadening (o< VT ) is assumed, leading
to the following model of the FWHM:

FWHM = FWHMn + kbroadening : ﬁ (C4>
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C.7.1 Optimized Geometries for the SOC2 and SOC3 states of 1

- 2
Chart C.1: Distortions found in the SOC2 (A) and SOC3 (B) geometry (W = purple,

I = green) compared to SOCO geometry (W = red, I = yellow.

A B
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C.7.2 Eigenvectors of the SOCO0-3 matrices of 1

-
Table C.9: Eigenvectors of the SOC0O matrices for 1.
SOCo Energy AFEq, State Mixing®
(eV) (meV)

R S M, %

0 0 - 0 0 0 94 %

1 2.86 0 1 1 0 47%
1 1 -1 47 %
1 1 1 5%

2 2.86 0.2 1 1 1 42%
1 1 -1 42 %
1 0 0 15%

3 2.86 0.4 1 1 0 80 %
1 1 -1 10%
1 1 1 10%

4 2.90 38 3 1 0 39%
2 1 1 15%
2 1 -1 15%
2 1 0 10%

%R represents the root or index of the non-relativistic state, S denotes the spin and Mg corresponds
kto the spin magnetic number.

J
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-

%R represents the root or index of the non-relativistic state, S denotes the spin and Mg corresponds
to the spin magnetic number.

-
Table C.10: Eigenvectors of the SOC1 matrices for 1.
SOC1 Energy AFE;, State Mixing®
(eV) (meV)
R S M, %
0 0 - 0 0 0 94 %
1 1.99 0 1 1 0 64 %
1 1 1 16 %
1 1 —1 16 %
2 2.00 4 1 1 1 48 %
1 1 —1 48 %
2 0 0 2%
3 2.01 16 1 1 1 32 %
1 1 -1 32%
1 1 0 30 %
4 2.34 350 1 0 0 84 %
2 1 1 4%
2 1 —1 4%
3 1 0 3%

J

Table C.11: Eigenvectors of the SOC2 matrices for 1.

SOC2 Energy AFEq, State Mixing®
(eV) (meV)

R S M, %

0 0 - 0 0 0 94 %

1 1.98 0 1 1 0 36 %
1 1 1 30 %
1 1 -1 30%

2 1.98 4 1 1 1 48 %
1 1 -1 48 %
1 1 0 1%

3 1.99 14 1 1 0 58 %
1 1 -1 19%
1 1 1 19%

4 2.32 347 1 0 0 86 %
4 1 1 2%
4 1 -1 2%
3 1 —1 2%

%R represents the root or state index, S denotes the spin, and Mg corresponds to the spin magnetic
\number.

J
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g Table C.12: Eigenvectors of the SOC3 matrices for 1. h
SOC3 Energy AFE;, State Mixing®
(eV) (meV)

R S Mg %

0 0 — 0 0 0 94 %

1 2.00 0 1 1 0 64 %
1 1 1 16 %
1 1 -1 16 %

2 2.00 4 1 1 1 48 %
1 1 -1 48 %
2 0 0 2%

3 2.02 17 1 1 1 32 %
1 1 -1 32%
1 1 0 30 %

4 2.35 349 1 0 0 84 %
2 1 1 4%
2 1 -1 4%
3 1 0 3%

“R represents the root or index of the non-relativistic state, S denotes the spin, and Mg corresponds
\to the spin magnetic number. )
4 N

Table C.13: Cartesian coordinates in A of the optimized SOCO geometry of 1.

I 10.51409878302265 15.03847191756634 0.20347215420503
I 10.12102030888199 15.72163732445811 4.03836786959419
I 7.42518882839472 13.56627602624270 2.10682590902797
I 9.64682752085683 18.65374628557627 1.42637117379342
I 6.95029126355422 16.49975576133775 -0.50378650106645
I 6.54443941312038 20.38568655447897 -0.21446926213751
I 3.89436113455103 14.31160799344930 0.59300176901459
I 7.67278943436324 13.38331413275191 6.00675996831038
I 10.32286314852287 19.45733600960282 5.19930388700604
I 4.09618936426873 18.04731646015082 1.75394844815905
I 4.57038983560981 15.11522275012976 4.36593817886835
I 7.26692645527650 17.26921484447534 6.29608943552474
I 6.79203384644629 20.20269412266689 3.68548588976401
I 3.70311862892982 18.73053309986188 5.58886078456506
\\% 8.45854515954427 16.15213162137497 1.82792755938521
W% 6.88423643389314 18.27125509617078 1.66145510835013
W 5.83350767679465 15.86534758524160 1.98307706456901
W 8.38370974379449 17.90360992949121 3.80922976458479
W 7.33298247202941 15.49771120546363 4.13085176656154
kVV 5.75868054814480 17.61683127950862 3.9643890319203’9
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4 )
Table C.14: Cartesian coordinates in A of the optimized SOC1 geometry of 1.
I 10.52738571216460 15.03239448699424 0.19596483000912
I 10.12636263723803 15.71876019465783 4.02794051447128
I 7.41907068390729 13.57544490923704 2.11372300086308
I 9.63765341750521 18.65192873860963 1.43300572202866
I 6.96280120508602 16.49421233864647 -0.50703267362456
I 6.59509949593212 20.43390557502452 -0.16470320253365
I 3.89522268213675 14.25877794042944 0.65601854982862
I 7.60447368798389 13.34663789357841 5.97288499569907
I 10.30136831976004 19.52405804948257 5.14629255456436
I 4.06378786867142 18.02220649499691 1.44190591213995
I 4.54750679722975 15.17904158704813 4.39069847656751
I 7.54607792801706 17.16590923383515 6.42210170423598
I 6.73142560382292 20.18136639692413 3.72316630568370
I 3.64832222674874 18.75488176432787 5.63400847355186
W 8.46977559918278 16.14574065151214 1.81926756208626
W% 6.87484700819918 18.26811748671446 1.65156188072237
w 5.82774382695162 15.87201764360003 1.97150303397368
w 8.38702881987432 17.89724729502251 3.82026583687782
w 7.34066977640725 15.50192845572710 4.14100916002821
\W 5.66557670318063 17.66512286363069 4.03351736282649)
4 I
Table C.15: Cartesian coordinates in A of the optimized SOC2 geometry of 1.
I 10.50897902495057 15.04008846342761 0.16748395085157
I 10.14492102633883 15.70762046346178 4.01026823585061
I 7.41711174881893 13.57594501848987 2.10583320485055
I 9.63427372788446 18.65409613134115 1.42778195983372
I 6.94219200359880 16.50475057087487 -0.49348625399788
I 6.60441440910880 20.43942391134083 -0.14959775072309
I 3.89988777800718 14.24719440004639 0.67722078617179
I 7.62908483879891 13.35289951279238 5.98714237472682
I 10.31492405809041 19.49930927382655 5.17106154924143
I 4.04975940601002 18.01513902936544 1.37277695642215
I 4.55309107310486 15.17901095413045 4.39432770878174
I 7.45711269893598 17.19714948245275 6.38770550839196
I 6.73969174202670 20.18063825207384 3.72393803824824
I 3.62493620205682 18.76721177190653 5.59226221413980
W 8.46782638218377 16.14689798613635 1.81614452944396
A\ 6.86411529717155 18.26868362734729 1.67137554341840
\W% 5.82273557244438 15.88335884968404 1.98991965010687
W 8.41121588679456 17.89341251212783 3.81916300220026
W 7.35975442126326 15.48555273368033 4.14044826589033
L W 5.72617270241077 17.65131705549272 4.11133052615056)
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4 R
Table C.16: Cartesian coordinates in A of the optimized SOC3 geometry of 1.

I 10.52679561045318 15.03358605078175 0.19589510543466
I 10.12650620072251 15.71890135393289 4.02782498549781
I 7.41907033837782 13.57553461133979 2.11333903783289
I 9.63723246498221 18.65278738437124 1.43378488676591
I 6.96241200287767 16.49428837183643 -0.50680417261076
I 6.59416089267519 20.43271646724594 -0.16684565027807
I 3.89528098301892 14.25839477667693 0.65611882628100
I 7.60629549343272 13.34545701767922 5.97256642004991
I 10.30180928628762 19.52207689877469 5.14857736818093
I 4.06290568171603 18.02211638470659 1.44371118443695
I 4.54831910151454 15.17846231674968 4.39114978087431
I 7.54239568137980 17.16564816206722 6.42195841854580
I 6.73346886589011 20.18228886998781 3.72154247237317
I 3.64969274907505 18.75648452090796 5.63225891208607
W% 8.46956001748266 16.14625651671996 1.81950680134102
W% 6.87430350036185 18.26853684952030 1.65116701376172
W% 5.82735171804911 15.87220257775240 1.97163225749458
W% 8.38698235381535 17.89727103999266 3.82117328567431
W 7.34107243039201 15.50108908401826 4.14165775517855

L W 5.66658462749533 17.66560074493761 4.03288531107910)

4 )

Table C.17: Structural parameters in A of the optimized SOC0, SOC1, SOC2 and

SOC3 geometries of 1.
Distances in A SOCO0 SOC1 SOC2 SOC3
W-W average 2.6452 2.6837 2.6841 2.6839
W-W min 2.6450 2.6335 2.6222 2.6341
W-W max 2.6455 2.7396 2.7632 2.7388
W-Tinner average 2.7988 2.8254 2.8042 2.8253
W-Tipner min 2.7984 2.7492 2.7511 2.7504
W-Tipner max 2.7993 3.0807 2.8956 3.0784
W-I,pical average 2.8470 2.8343 2.8343 2.8341
W-Tapical min 2.8468 2.7962 2.8024 2.7957

L W-TIapical max 2.8472 2.8475 2.8477 2.8472 y
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C.7.3 Optimized Geometries for the Sy and T; states of 2

- ™
Chart C.2: Distortions found in the 77 geometry (W = purple, I = green, C = light

gray, O = pink) compared to Sy geometry (W = red, I = yellow, C = dark gray, O =
orange). Fluorine atoms are omitted for clarity.
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Table C.18: Cartesian coordinates in A of the optimized Sy geometry of 2.

\W 1.43535822261459 0.34368398027799 1.16731691661541
\W% -0.01980848108324 -1.80435013857941 0.55600365561818
\%W% -1.21134735691340 0.43127372730314 1.36208970771758
I 2.79287651654736 -2.01382519865113 0.38154066834231
I 0.21606526274075 -1.07633055238847 3.24978980380333
I 0.25455766433193 2.71508769526192 2.09753407948120
I 2.81879061092566 1.82717080869732 -0.79432802313493
O 3.13637620496732 0.69168888926466 2.36801484885251
(@ 3.31536901269670 1.06067455902001 3.57659666976323
O 2.51698085521143 1.34350473004459 4.43782271105440
C 4.83320003662091 1.12812008170849 3.89817972600455
F 5.46411508156469 1.99726202894874 3.09482835155112
F 5.42079989362914 -0.06600471036528 3.73177446376704
F 5.06606261966084 1.51083149268614 5.15362758685136
O 0.03675516427401 -3.85052207681359 1.09399560312678
(@ -0.52917150871450 -4.53764760506169 2.00660356038509
O -1.31399196532418 -4.20956861092149 2.86647296632497
C -0.07919250952608 -6.02160883054888 1.92196403564589
F -0.64884889880009 -6.77570730480577 2.86241533677687
F -0.39597273234195 -6.56036049863146 0.73557452040699
F 1.24844245872655 -6.13778531101321 2.07041005991159
O -2.68419755170348 0.89737433139014 2.79549078756252
C -2.65433123148445 1.26964175161517 4.01658703201633
O -1.71782042153757 1.46660874431881 4.75322854049113
C -4.09718483093659 1.48629262754734 4.54784427389841
F -4.72502329460631 2.45265185934631 3.85996981484624
F -4.11248443324853 1.84317764296706 5.83200810161958
F -4.83558301785910 0.37399199417018 4.43509027297521
\W% -1.43536221413462 -0.34368357305982 -1.16731307764444
\%W% 0.01980391450641 1.80435128593728 -0.55599943286558
\%W% 1.21134349684642 -0.43127307366725 -1.36208562463083
I -2.79288078209530 2.01382441071866 -0.38153350434539
I -0.21606872925268 1.07633190766972 -3.24978494949548
I -0.25456288329436 -2.71508711376782 -2.09752903820659
I -2.81879602134063 -1.82716853838420 0.79433118710521
O -3.13637363832371 -0.69168900630156 -2.36801639737692
C -3.31535730876878 -1.06067535402855 -3.57659879995543
O -2.51696339564787 -1.34349616170035 -4.43782230736204
C -4.83318610661349 -1.12813255851245 -3.89818927903420
F -5.46410177247272 -1.99727126085756 -3.09483492695811
F -5.42079236294494 0.06599087117264 -3.73179606311685
F -5.06604044026736 -1.51085438111281 -5.15363520165576
O -0.03675732499961 3.85052317967194 -1.09398951429001
C 0.52916803658785 4.53764536761797 -2.00660062640540
O 1.31398469617036 4.20956293358228 -2.86647171829192
C 0.07918885103210 6.02160673115613 -1.92196537726855
F 0.64886770462118 6.77570947194166 -2.86239930313339
F 0.39593731172377 6.56035539697069 -0.73556637106980
F -1.24844303795877 6.13778092537809 -2.07044513941470
O 2.68419591193027 -0.89737217116947 -2.79548599929444
C 2.65432775908005 -1.26964222928880 -4.01658135918194
O 1.71781579337198 -1.46661604916623 -4.75321902708458
(@ 4.09718114312602 -1.48628030549730 -4.54784348855036
F 4.72504599913847 -2.45260690426472 -3.85994790598648
F 4.11247845768917 -1.84319987693186 -5.83199771352421
\F 4.83555557185840 -0.37396003089400 —4.43512511323670/
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-

N

Table C.19: Cartesian coordinates in A of the optimized Ty geometry of 2.

ﬂjﬂj'ﬁOOOO"ﬂ'ﬂ"ﬂQOOO’ﬂ"U"leOOO’_‘HHHQQQ’H'@WQOOO"U’@’ﬂOOOO’ﬂﬂjﬂonQor—u—u—cHééé

-

1.40944827849183
-0.03065856292294
-1.24937210496657

2.77857587698001

0.42058618573276

0.15837196479311

2.80612457262711

3.07309733386996

3.20157312810654

2.35744405883513

4.69968568351920

5.26812450375408

5.37437640374640

4.86965838910280
-0.03618923290362
-0.67225213758653
-1.47748237570756
-0.30811384884682
-0.92486961173269
-0.65606159904928

1.00876603850979
-2.66031910517404
-2.54880337895292
-1.55163109606000
-3.94346507874395
-4.61417438480755
-3.85525064371469
-4.68013664040781
-1.42421137900590
-0.00207002709109

1.21003509024400
-2.84163569079120
-0.18606109898257
-0.26476216098524
-2.87252182491969
-3.06511887005791
-3.19710103939893
-2.35800917841641
-4.69301918666075
-5.23841148389395
-5.38875280827055
-4.86270284356491

0.02466951133186

0.61372143224402

1.36101399929919

0.26501426637623

0.86382225871797

0.64332877066159
-1.05425526167185

2.66656219594165

2.59166038716292

1.61875248870865

4.00790218732006

4.67267478025991

3.96354769554469

4.72887517340651

0.32992321336323
-1.79937263827109
0.41414223344245
-2.00980260860493
-1.28090773431972
2.73191836733587
1.81723575031530
0.74575982707131
1.19401521049833
1.47355945325566
1.39018930395362
2.26837162939087
0.23896248287258
1.84476118241556
-3.85251654884165
-4.53242453299321
-4.17452133457761
-6.03537790315265
-6.76531281056191
-6.52074117283727
-6.22529975712305
0.86334238534564
1.22553122443929
1.41322302613632
1.43499709980726
2.40484136376107
1.77695308505147
0.32031093077988
-0.32010435282223
1.78443061065199
-0.43711227196654
2.13284219649638
1.07732701529276
-2.72227860518761
-1.74612410117811
-0.74882774162335
-1.11699821837816
-1.29574174635101
-1.34417725402536
-2.24723748093957
-0.20758080039748
-1.77913290697439
3.82675969380464
4.50150535541873
4.13717249685879
6.00683344840217
6.73797126415555
6.48391130078803
6.20453506147090
-0.90418429555806
-1.26221443824750
-1.46133273145444
-1.45324480667047
-2.41714186813503
-1.79175531435517
-0.32986023702813

1.16991488173629
0.54968338943503
1.48952891668598
0.37110568900087
3.29372553295073
2.07491253245906
-0.76646019697292
2.40388229825260
3.58969433049784
4.41318443357327
3.93755043849218
3.10100659574693
3.83044711969953
5.17580756921484
1.06360785909176
1.93296395342609
2.76524115050471
1.82597796194895
2.75105135839633
0.62667380640237
1.96989313273982
2.96393807210867
4.18428579736588
4.84427849245410
4.82694752444660
4.19267021072170
6.10881066978462
4.75285968461140
-1.17898659529481
-0.57133051013366
-1.36379814750861
-0.74985576786413
-3.25625609585307
-2.08376589781438
0.78830882827792
-2.43279394959816
-3.64532436227131
-4.50112150122464
-3.98390183017880
-3.15994336577616
-3.85145190886032
-95.22930596339079
-1.11430659855406
-2.01989495786201
-2.90187657250782
-1.89325537446020
-2.82915083674671
-0.70056054128246
-2.00566352248227
-2.82797851386919
-4.04878291667262
-4.74341309768264
-4.65077191860936
-4.00049637092263
-5.93617233110333

—4.55133258452905)
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Table C.20: Structural parameters in A of the optimized Sy and T} geometries of 2.

\

-

Distances in A So T

W-W average 2.6602 2.6769
W-W min 2.6549 2.6117
W-W max 2.6659 2.7732
W-—Tinner average 2.8163 2.8238
W-ILipner min 2.8000 2.7743
W-Tiner max 2.8365 2.9861
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D.1 General

All reactions were run under inert gas (Ar) conditions. THF and n-hexane were taken
from a SPS-800 from MBraun. Chemicals were purchased from Acros, Sigma-Aldrich,
TCI Chemicals and fluorochem and used without further purification. NMR spectra were
recorded on a BRUKER Avance 400 and a Bruker Avance 700 at 400/700 MHz (*H NMR)
and 100/176 MHz (**C NMR). Chemical shifts for 'H NMR spectra are reported in ppm
relative to TMS using the residual signals of chloroform-d (¢ 7.26) and benzene-d6 (§
7.16) as reference. Chemical shifts for '3C NMR spectra are reported in ppm relative to
TMS using the signal of chloroform-d (§ 77.00) and benzene-d6 (6 128.1) as reference.
Mass spectra with high resolution were recorded on a maXis-4G-spectrometer from Bruker
Daltonics (ESI or APCI) with a TOF analyzer.

D.2 Synthesis

D.2.1 Heptacene-6,8,15,17-diquinone (1)

O @)
O O

Heptacene-6,8,15,17-diquinone was synthesized following Baxter et al.’®!

HRMS (APCI): [M+H]" calculated m/z 439.09649, measured m/z 439.09638

"H NMR (400.16 MHz, D5SO4): ¢ (ppm) 9.46 (s, 2H, H7), 9.18 (s, 4H, H5), 8.34-8.25
(m, 4H, H1), 8.06-7.98 (m, 4H, H2).

-

D.2.2 Tetra-6,8,15,17-TIPS-ethinyl Heptacene (Tetrol 2)

@ TIPS TIPS h

q TIPS TIPS )
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(Triisopropylsilyl)acetylene (333 nlL, 1.48 mmol, 13 eq.) was dissolved in 12 mL dry
n-hexane and n-BulLi (547 pL (2.5 M in n-hexane), 1.37 mmol, 12 eq.) was slowly added at
rt. After stirring for 1 h, 0.5 mL dry THF was added and afterwards heptacene-6,8,15,17-
diquinone (50.0 mg, 114 uM, 1 eq.). The mixture was heated and stirred at 50 °C for 20
h. The reaction was quenched with sat. aq. NH4ClI, the phases were separated, and the
organic phase dried over MgSQO,. After removing the solvent, the residue was purified by
column chromatography (DCM/EtOAC 19:1, Rf = 0.3). Tetrol 2 was isolated as a light
brown solid (24 mg, 20.5 uM, 18 %) that was not completely pure, but of sufficient quality
for the next step.

"H NMR (400.16 MHz, CDCl3): § (ppm) 8.74 (s, 2H, HT7), 8.60 (s, 4H, H5), 7.89-7.87
(m, 4H, H1), 7.55-7.51 (m, 4H, H2), 4.21 (br, 4H, OH), 1.09-1.04 (m, 84H, (CH;),CHSi).

BC NMR (176.09 MHz, C¢Dg): § (ppm) 138.5, 135.8, 133.3, 128.2, 127.2, 126.9,
126.4, 107.9 (Ar-C-C-TIPS), 90.5 (Ar-C-C-TIPS), 69.3 (C-OH), 18.9 ((CH3)2CHSi), 18.8
((CH3)oCHSi), 11.5 ((CHj3)CHSI)

HRMS (ESI): [M+Na|* calculated m/z 1189.67474, measured m/z 1189.67326

As a side product threefold substitution leads to triol 3 which was also isolated.

D.2.3 Tri-8,15,17-TIPS-ethinyl Heptacene-6-one (Triol 3)

@ TIPS TIPS )

J

Obtained as by-product in the synthesis of tetra-6,8,15,17-TTPS-ethinyl heptacene (DCM,
Rf = 0.2, 23 %).

'H NMR (400.16 MHz, 298.15 K, CDCl3]: § (ppm) 9.10 (s, 1H), 9.00 (s, 1H), 8.87
(s, 1H), 8.70 (s, 1H), 8.66 (2s, 2H), 8.03-8.01 (m, 1H), 7.96-7.92 (m, 3H), 7.64-7.60 (m,
1H), 7.58-7.51 (m, 3H), 3.26 (br, s, 1H, OH), 3.17 (br, s, 1H, OH), 2.97 (br, s, 1H, OH),
1.12-1.05 (m, 63H, (CH3),CHSI).

13C NMR (176.09 MHz, C¢Dg): § (ppm) 182.8, 144.7, 139.5, 139.3, 136.0, 135.8, 135.4,
133.4, 133.4, 132.9, 130.4, 130.0, 129.5, 129.1, 128.4, 128.3 (2C), 128.1, 127.5, 127.4, 127.1
(2C), 127.0, 126.6, 126.6, 126.2, 109.2 (2C), 108.7, 90.6, 90.0, 89.3, 69.2, 69.0, 67.2, 18.8,
114, 11.3

HRMS (ESI): [M+Na|* calculated m/z 1007.52566, measured m/z 1007.52548

D.2.4 Tetra-6,8,15,17-TIPS-ethynyl Heptacene (TIPS4Hep)

Tetra-6,8,15,17-TIPS-ethynyl heptacene tetrole 2 (48 mg, 41.1 uM, 1 eq.) was dissolved in
degassed THF (10 mL). Degassed (Ar bubbled) aq. HC1 (10 %, 0.5 mL) and SnCl, - 2 HyO
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@ TIPS TIPS )

9 TIPS TIPS )

(186 S5 mg, 824 nM, 20 eq.) was added and the reaction vessel was covered with aluminum
foil. The mixture was stirred at 30 °C for 3 h. Argon was bubbled through the solution
while the vessel is open to remove all the solvent in the absence of oxygen. Then a mixture
of n-hexane/DCM (9:1) was added and the mixture poured onto a thick silica plug (7
cm height) in the dark. More solvent (n-hexane/DCM (9:1)) was added (400 mL) and it
was quickly pushed through the plug via vacuum into an aluminum foil covered round
bottom flask. The solvent was quickly removed on a rotary evaporator and the resulting
light brown solid was quickly stored under Ar (19.9 mg, 44 %).

"H NMR (700.29 MHz, C¢Dg): ¢ (ppm) 10.14 (s, 2H, H7), 9.55 (s, 4H, H5), 8.00-7.99
(m, 4H, H1), 7.14-7.12 (m, 4H, H2), 1.46-1.45 (m, 84H, (CH;),CHS).

BC NMR (176.09 MHz, C¢Ds): ¢ (ppm) 133.5, 132.8, 131.0, 128.9 (C1), 127.3 (C5),
126.7 (C7), 126.7 (C2), 119.2 (C6), 109.2 (Ar-C-C-TIPS), 106.5 (Ar-C-C-TIPS), 194
((CH3),CHSI), 12.5 ((CH3),CHSI)

HRMS (APCI): [M+H]" calculated m/z 1099.68184, measured m/z 1099.68336

D.2.5 Monocarbonyl Heptacene COHep

-

J

The synthesis of heptacene mono carbonyl precursor COHep was performed following
the route of Gourdon et al.*™® The 'H NMR spectrum was consistent with that reported
by Gourdon et al.*™
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D.3 Crystallography

D.3.1 Tetra-6,8,15,17-TIPS-ethinyl Heptacene (TIPS4Hep)

- (100523)

™ PLATON-Jun 25 17:11:42 2023

-117 _JS070623

P12l/e1 R =0.02

RES= 0-121 X

Formula Cr4HggSiy
CCDC 2272243
Deale / gem™3 1.083

p/ mm~1 1.103
Formula weight 1099.944

Colour

clear colourless

Shape block-shaped
Size / mm? 0.19 x 0.19 x 0.15
T/K 150.01(10)
Crystal system monoclinic
Space group P2, /c
a/A 16.0576(1)
b/ A 15.3073(1)
c/A 14.9738(1)
a/® 90

g/e 113.644(1)
v/° 90

Vv /A3 3371.57(5)
Z 2

A 0.5
Wavelength / A 1.54184
Radiation type Cu Ka
Omin / ° 3.00

Omax / ° 79.94
Measured Refl’s 167341
Indep’t Refl’s 7360
Refl’s I > 20(I) 7215

Rint 0.0151
Parameters 794
Restraints 0

Largest Peak 0.2239
Deepest Hole —0.2160
GooF 1.0773
wRy (all data) 0.0472
wRs 0.0470

R; (all data) 0.0196

Ry 0.0192
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D.4 Additional Information

Figure D.1: a) Molecular structure of TIPS4Hep in the solid state, b) and c) side
view to emphasize the steric demand of the TIPS groups and the resulting distortion, d)
herringbone packing of TIPS4Hep. Anisotropic displacement parameters are depicted
(at the 50 % probability level, hydrogen atoms are omitted for clarity. )

( T T T T T N\

—— before irradiation
—— after irradiation (350-450 nm)

absorption intensity / a.u.

1 I 1 T 1 1
300 400 500 600 700 800
A/nm

Figure D.2: Absorption spectrum of the formation of heptacene Hep via mono carbonyl
@hoto precursor COHep in 2-MeTHF at 77 K inside a J.-Young tube. )
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—— Absorption
—— Emission

normalized intensity / a.u.

14 1094 cm-! 1165
0/28 ‘
4—’

T T T T
900 1000 1100 1200 1300
Alnm

Figure D.3: Distances of vibrational progression of absorption and emission of
@IPS4Hep in n-hexane compared to each other. )
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D.4.1 Literature-Known Spectra of Heptacene Derivatives

-

\C’hemz'cal Society.
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------- Heptacene § (Hexane)
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Figure D.4: Absorption spectra of 7,16-silylethinylheptacene. Reprinted with permission
from J. Am. Chem. Soc. 2005, 127, 22, 8028-8029.'” Copyright 2005 American

J
12 - )
1 -
0.8
A 0.6
0.4
0.2 -
0 r T T T ]
600 700 800 800 1000 1100
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Figure D.5: Absorption spectra of two heptacene derivatives reported by Wudl et al.**?
\Reprinted with permission from John Wiley and Sons (License Number 5975811183536))
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Figure D.6: Reprinted with permission from J. Am. Chem. Soc. 2017, 139, 12,

4

43544423 Copyright 2017 American Chemical Society.
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Figure D.7: Reprinted with permission from J. Am. Chem.
(4435-4442.7"" Copyright 2017 American Chemical Society.
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2017, 139, 12,
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D.4.2 Steady State Absorption Spectroscopy

Absorption spectroscopy was performed on a Lambda 1050 spectrometer from PerkinElmer
with a PerkinElmer 3D WB Det module in the double beam modus. Temperature
dependent measurements were performed with an Ozford Optistat DN2 with a Mercury
1TC temperature controller. 110-QS cuvettes made of quartz glass from Hellma with a
light path of 10 mm were used. Typically, all samples were prepared in a glove box under
argon atmosphere. Liquid samples were prepared with concentrations of about 10 pmol/L.
The solvents applied were at least of HPLC grade and if necessary, they were dried by
common lab methods or were taken from a solvent purifications system (MBraun). If not
stated otherwise all spectra were recorded at room temperature (20 — 25 °C). For the
irradiation a medium pressure mercury vapor lamp (USHIO, USH-508S) combined with a
dichroic mirror was used.

Solvents in the Vis and NIR:

4 )

10 — Cuvette = — .

Benzene
95 — Chloroform
9 — DCM
8,5

8

7,5
7
6,5
6
5,5
5

Absorbance

4,5

4

3,5

3

2,5

2

1,5

-

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
Wavelength [nm]

L Figure D.8: Cuvette and various solvents in the Vis and NIR region. )

212



D.4. Additional Information SI for Chapter 6

4 A
10 — THF -
— Toluene ‘
9,5 |— CéF6
ccl4
° \
8,5 ‘
8 | ‘
7,5 | |
; I
6,5 | |
6 il
% 5,5
1 |
< 45 |
. ‘
3,5 I
3
2,5
: /
1,5
l“» W
1
0,5
o k _ L /)k P S s ; | : |
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
Wavelength [nm]
Figure D.9: Various solvents in the Vis and NIR region. Solvents without C-H bonds
k(CGFﬁ, CCly) are suitable for measurements up to 2000 nm (CgFg) and 2600 nm (CCl4))
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D.4.3 Fluorescence Spectroscopy

Steady-state spectra were measured on a Horiba Fluorolog-3 spectrofluorimeter equipped
with a 450 W xenon lamp for steady-state measurements. Emitted light was detected by
a Hamamatsu R13456 PMT (UV/vis/NIR, 200 nm < Ae;, < 1000 nm) or a Hamamatsu
H1033075 PMT (NIR, 900 nm < ¢y < 1700 nm) detector. A double grating monochro-
mator 320DFX (1200 grooves/nm, blazed at 330 nm or 600 grooves/nm, blazed at 750 nm)
was used for spectral selection in the excitation path, while in the visible and near infrared
emission path the single grating monochromators iHR550 (1200 grooves/mm, blazed at
500 nm; 950 grooves/mm, blazed at 900 nm; 1800 grooves/mm, blazed at 500 nm) and
iHR320 (600 grooves/mm, blazed at 1000 nm) were used. To avoid higher order excitation
light, long pass filter glass plates (Schott, 3 mm thickness) were used in the emission beam
path when needed. Excitation spectra were recorded using two gratings for the excitation
wavelength and later merged.

Measurements at 77 K were performed in regular borosilicate glass J. Young NMR tubes
(5 mm outer diameter). For cooling and spectrum detection the sample tube within a
quartz dewar (Horiba/PT1I) filled with liquid nitrogen was placed into the light path. If
necessary to reduce artifacts in the spectra from bubbles in the liquid nitrogen at least
two consecutive spectra were averaged.

Typically, all samples were prepared in a glove box under argon atmosphere. Liquid
samples were prepared with concentrations of about 10 pmol/L or with an absorbance
of around 0.1 and if further degassing was necessary, the samples were degassed prior to
measurement by at least three pump-freeze-thaw cycles. The solvents applied were at least
of HPLC grade and if necessary, they were dried by common lab methods or were taken
from a solvent purifications system (MBraun). If not mentioned otherwise a quadratic 1
cm suprasilO quartz cuvette was used for sample solutions measurements in the standard
cuvette-holders. If not stated otherwise all spectra were recorded at room temperature (20

95 °Q).

4 )

Figure D.10: Red coloring of a solution of TIPS4Hep in CCl; after attempted
fluorescence spectroscopy. Only the part where the excitation light beam hit the sample
\a red coloration is visible. )

214



D.4. Additional Information SI for Chapter 6

D.4.4 Transient Absorption Spectroscopy (TAS)

TAS measurements were performed on a HELIOS Fire fs TA spectrometer and EOS
Fire ns spectrometer, both from Ultrafast Systems. The one box femtosecond amplifier
Astrella-F-1K Ti:sapphire from Coherent was used to produce 90 fs laser pulses at 800 nm
and a repetition rate of 1 kHz. The fundamental beam was split into a probe and a pump
beam for the fs TAS experiments, while for the ns experiments, only the pump was used.
The wavelength of the pump was mixed to monochromatic 900 nm inside the Apollo-T
optical parametric amplifier from Ultrafast Systems using the second harmonic of the
idler. For the fs experiments, a whitelight continuum probe (WLC) from 340 to 640 nm,
420 to 780 nm and 820 to 1600 nm was generated by focussing the 800 nm probe beam
onto a CaFy plate, sapphire plate and proprietary plate similar to YAG, respectively. The
delay between pump and probe was controlled mechanically by a delay-line from Ultrafast
Systems. For the ns experiments, the delay was controlled electronically and a WLC from
380 to 850 nm and 750 to 1600 nm was generated within a photonic crystal fiber.

All samples were prepared under inert conditions in a glovebox. 2 mm quartz glass
cuvettes from Hellma were used equipped with a homebuilt screw cap to prevent oxygen
infiltration during the measurements. The samples were diluted to approximately 50 pM
(0.045 OD at 900 nm) and stirred during the experiments. For the fs TAS experiments,
0.9 1nJ per pulse were used while for the ns experiments, the pump power was increased
to 8 nJ per pulse to account for the weaker transient signals at longer delay times. We
could not observe any non-linear S14 effects or saturation at these experimental conditions.
Steady-state absorbance and emission spectra were taken before and after the experiments
to confirm that no degradation happened during the experiments.

The data were exported using the software Surface Xplorer from Ultrafast Systems.
Data processing, visualization and fitting were performed using Python 3.11 and libraries
such as Matplotlib, NumPy, SciPy and lmfit.*™

4 )
— T T T T 1Delaytimes
2F 4 — -490fs
M ok
oA, - 2ps
ON’J—?;,——— - vey=1 5ps
b - 10ps
-2 | — 25ps
8 - 50ps
€ — 75ps
z 4 4 — 100ps
g = 150 ps
~ 177 ps
-6 1 199 ps
249 ps
299 ps
—8r 1~ 351ps
397 ps
-10 1 1 1
1000 1200 1400
A/ nm
Figure D.11: NIR transient absorption spectra of Figure 6.5 A at selected delay
times of TIPS4Hep in CFg (Aexe = 900nm, 0.9 nJ / pulse).
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Figure D.12: Kinetic traces at 620 nm and 635 nm of Figure 6.5 A in the main
manuscript and their corresponding fits (Aexe = 900nm, 0.9 pJ / pulse). and their
corresponding fits at selected wavelengths. The residuals of the fits are displayed below
the graphs. At 635 nm, a sequential biexponential model is used as explained in the
\nain text. )
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Figure D.13: Calculated vertical electronic absorption spectrum of the 7} state of
J‘IPS4Hep (UB3LYP/6311+G**//UM06-2X /def2-SVP).
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D.4.5 Matrix Isolation

Experimental Details Matrix isolation experiments were performed using standard
techniques’1*? with a CTI Cryogenics 8200 compressor (Brooks Automation) combined
with a CCS-350R vacuum shroud (Janis Research) to achieve temperatures as low as 7 K.
The precursor COHep was put into a quartz tube that was resistively heated and the
sublimation product, heptacene, was deposited along with an excess of argon onto a cold
sapphire window (7 K). Argon 6.0 (Westfalen AG, 99.9999 %) flow was maintained at 2.0
scem using a mass flow controller (MKS mass flow PR400B). Quartz external windows
were used to measure UV-Vis spectra using a Perkin Elmer Lambda 1050 spectrometer.

Results Heptacene was produced by heating the precursor at 280 °C, leading to
decarbonylation and its sublimation. It was thereby deposited on a sapphire window in
an excess of argon at 7 K and then characterized by UV-Vis spectroscopy. The UV-Vis
spectrum is in good agreement with previous reports on the generation of heptacene via
photochemical bisdecarbonylation of a bridged a-diketone precursor.**

4 )

325 Ar matrix (7 K)

e}
s~ CC0

T T T T T T T
200 300 400 500 600 700 800 900 nm 1000

Figure D.14: UV-Vis spectrum measured in solid argon at 7 K, showing the formation
@f heptacene generated from COHep.
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D.4.6 EPR

EPR experiments have been performed on a Bruker EMXmicro with PremiumX microwave
bridge.

(

Amplitude (a.u.)

02+

0.3

| | 1 1 1 1 1 1 1
324 326 328 330 332 334 336 338 340
Field (mT)

Figure D.15: EPR spectrum of radical cation of TIPS4Hep, oxidized by
\Ag[Al(OC(CFg)g,)d at rt in C6F6.

J
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D.5 Computations

D.5.1 TD-UDFT

Using the molecular crystal structure as initial guess, the structure of the singlet ground
state of TIPS4Hep was computed using Gaussian 16*** and the M06-2X*** functional
using the spinunrestricted treatment in conjunction with the def2-SVP basis set.*®” The
obtained structure was used for the subsequent geometry optimization of the lowest
energy triplet state of TIPS4Hep at UM06-2X/def2-SVP. Likewise, the geometry of the T}
state (1°Bg,) of heptacene was computed at the M06-2X /def2-SVP level. Computation
of harmonic vibrational frequencies confirmed that the triplet structures correspond to
minima. The excitation energies were calculated using the UB3LYP**%**" functional in
conjunction with the 6-3114+G** basis set.**

The electronic absorption spectrum of the lowest energy triplet state of heptacene was
computed previously using the PPP-MRSDCI approximation, and it was found that
double excitations are important for some of the excited states.”” As double excitations
are challenging to deal with in TDDFT, we computed parent heptacene for comparison. At
UB3LYP/6-3114+G**//M06-2X /def2SVP, the strong feature (oscillator strength f = 1.14)
is at 601 nm (2.06 eV) that agrees well with the previous PPP-MRSDCI and experimental
results (both 580 nm)****® despite some large de-excitation value associated with this
excited state. The corresponding excited triplet state of TIPS4Hep is at 703 nm (1.76
eV, f = 0.85) and has large de-excitation values. We think that the trend of bathochromic
shift of the intense band by around 0.2 eV observed in our experiment compared to that
of Mondal et al.**" due to the TIPS groups is nonetheless supported by the TD-DFT
calculations.

Lowest energy triplet state geometry of TIPS4Hep (UMO06-2X /def2-SVP)
176 SCF Done: E(UM062X) = -4032.99201873 A.U. after 7 cycles

-0.71065000  8.61455500 -0.37890800
-1.40662800  7.42785700 -0.31512700
-0.71849700  6.18213200 -0.24823700
0.71854100  6.18213000 -0.24817300
1.40668100  7.42785300 -0.31500200
0.71071300  8.61455300 -0.37884500
-1.39706100  4.94859800 -0.18263800
1.39709500  4.94859300 -0.18252100
0.72305600  3.72751600 -0.12115000
-0.72303300  3.72751700 -0.12120200
-1.43630500  2.46830400 -0.05706200
-0.72963200  1.23949000 -0.03116300
0.72963500  1.23948700 -0.03114400
1.43631700  2.46829900 -0.05698200
-2.48163800  4.94900100 -0.18296900
-1.24649200  9.55787100 -0.42960500
-2.49341100  7.42563200 -0.31510900
2.49346500  7.42562500 -0.31488900
1.24656200  9.55786700 -0.42949400
2.48167300  4.94899200 -0.18276000
-0.72963800 -1.23951200  0.03104400
-1.43631700 -2.46832300  0.05698200
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-5.35017700
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-6.54500300
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-3.72753500
-3.72754000
-2.46833200
-1.23951700
-4.94860700
-4.94861600
-6.18214400
-6.18213900
-7.42785500
-7.42562400
-8.61455000
-8.61455500
-7.42786400
-4.94900400
-4.94902000
-9.55785900
-9.55786800
-7.42564100
-0.00001700
-0.00002000
-0.00001000
-0.00000700
2.50391900
2.63141700
-2.50393500
-2.63142700
-2.50394900
-2.63145900
2.50390500
2.63141100
-2.97636300
2.97635400
-2.97630200
2.97633200
4.86993100
5.29605000
5.48520800
5.28890700
4.90394200
6.39047300
4.94949300
5.28665200
5.10758300
6.57559900
1.87268000
2.34483000
1.63656800
0.89919600
2.50441800
1.60068000
3.28275200
1.23205100
2.56479000
0.92852800
2.46096200
3.36741600
2.29766800
1.46444300

0.12122200
0.12117900
0.05691500
0.03103100
0.18275600
0.18265500
0.24840900
0.24846400
0.31546000
0.31543600
0.37935000
0.37929500
0.31535100
0.18308000
0.18289800
0.43012800
0.43003100
0.31524500
-0.00006400
-0.00006200
-0.00007000
-0.00007200
-0.01464700
0.03596600
0.01452900
-0.03611000
0.01440000
-0.03626500
-0.01449500
0.03614700
-0.08853800
0.08845000
-0.08854200
0.08844900
0.39116900
1.76234100
0.16415400
-0.37905400
1.93590400
1.83613000
2.58376000
-0.84090400
0.88224800
0.28752300
1.45786800
1.93618900
2.66929000
0.96077400
1.11376300
2.60953000
2.49819500
2.37266700
3.22160100
3.37046800
-1.64266400
-2.76458600
-1.76019800
-1.78847500
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-4.90767300
-6.27221400
-6.41122800
-8.46982500
-8.60340600
-8.34256600
-6.54499900
-5.99938400
-8.07351600
-6.10078300
-4.90769200
-6.27221600
-6.41127300
-8.46980000
-8.60342500
-8.34254100
-6.66667900
-8.05646300
-5.74142800
-6.80409500
-8.76086800
-8.50120300
-7.98548500
-4.76965100
-5.55657000
-6.20268100
-6.01638400
-5.45249900
-7.41258500
-5.35025800
-4.44510700
-5.40121200
-6.09005200
-7.79744600
-8.14812600
-7.37235500
6.01632800
7.41245200
5.45262800
5.35005200
7.79715300
7.37217600
8.14814000
4.44528800
6.09033100
5.40128000
6.66689500
5.74182000
8.05671800
6.80430100
4.77002400
6.20320300
5.55699200
8.76099800
7.98576700
8.50159600
6.54475600
8.07326800

3.44678600

2.96975800

4.38172100

1.57114000

3.24360100

1.94361100
-2.46069800
-3.36702800
-2.29734500
-1.46417400
-3.44643200
-2.96924000
-4.38132900
-1.57090000
-3.24328400
-1.94315100
-1.87280100
-2.34497200
-1.63686800
-0.89925000
-2.50443900
-1.60089600
-3.28296700
-1.23233900
-2.56516600
-0.92890600
-4.86993500
-5.29624100
-5.48514500
-5.28883200
-4.90418600
-6.39067500
-4.94976700
-5.28645200
-5.10759100
-6.57555300
-4.86994000
-5.48528400
-5.29593400
-5.28895100
-95.28683200
-6.57566200
-5.10761700
-4.90378000
-4.94934200
-6.39035000
-1.87261300
-1.63638500
-2.34477500
-0.89916900
-1.23187000
-0.92830000
-2.56455900
-2.50443400
-3.28266100
-1.60059700
-2.46113400
-2.29791700

-2.73154900
-3.75075800
-2.70107200
-1.04328600
-1.60174700
-2.76410000

1.64251200

2.76454500

1.76003400

1.78819600

2.73151400

3.75066800

2.70115700

1.04303000

1.60170900

2.76389100
-1.45809300
-1.93634300
-2.66955200
-0.96112000
-1.11389200
-2.60977400
-2.49823300
-2.37298900
-3.22174600
-3.37081700
-0.39102400
-1.76214200
-0.16393100

0.37925200
-1.93575000
-1.83579500
-2.58360400

0.84110100
-0.88207300
-0.28716200
-0.39139300
-0.16420100
-1.76268500

0.37869100

0.84094000
-0.28767700
-0.88213400
-1.93636800
-2.58398100
-1.83656100
-1.45775300
-2.66928900
-1.93590200
-0.96056900
-2.37277200
-3.37034500
-3.22170000
-1.11338100
-2.49797500
-2.60913000

1.64271200

1.76050800
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6.01628800
7.41239400
5.45258900
5.34999400
7.79709100
7.37209000
8.14809800
4.44526200
6.09031000
5.40120800
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-1.46460500
-1.57135900
-1.94393900
-3.24386400
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D.6 Experimental Spectra
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Figure D.16: 'H NMR of TIPS4Hep (700.29 MHz, C¢Dg).
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Figure D.19: '"H NMR of tetra-6,8,15,17-TIPS-ethinyl heptacene tetrol 2 (400.16 MHz,
\CDClg).
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Figure D.20: *C NMR of tetra-6,8,15,17-TIPS-ethinyl heptacene tetrol 2 (400.16 MHz,
(CDCly). )
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Figure D.21: 'H NMR of tri-8,15,17-TIPS-ethinyl heptacene-6-one triol 3 (400.16 MHz,
KCDClg).
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Figure D.22: 3C NMR of tri-8,15,17-TIPS-ethinyl heptacene-6-one triol 3 (400.16

(MHz, CDCly).
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Figure D.23
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