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Abstract

Light as a driving force for chemical transformations has been of interest in chemistry
for over a century. The energy of an absorbed photon promotes a molecule into its
excited state, from which various pathways exist for utilizing the photon energy. Mani-
fold light-to-chemical energy conversion mechanisms are employed in modern research
fields such as photo(redox) catalysis, waste water treatment, bio-medical research or
industrial synthesis. An important property of a molecule in its excited state is the spin
multiplicity, which can change from a singlet ground state to a triplet in the excited state.
Triplet states possess two highly beneficial properties: 1) Kinetic advantages owing to
inherently longer lifetimes and ii) higher cage escape quantum yields in photoredox
reactions. Both have been exploited for achieving high efficiencies in photochemical
mechanisms, photocatalysis or technological devices. Excited triplet states are the focus
of this work, including various ways of accessing them and their use in photochemistry.

Chapter 2] presents triplet photochemistry in aqueous solutions, establishing light-driven
systems in the most environmentally friendly solvent, which is challenging for photo-
chemical processes. The first project focuses on enhancing the efficiency of a photo-
catalytic mechanism by combining advantageous properties of metal-based complexes
as sensitizers (visible light absorption, fast intersystem crossing) and organic chro-
mophores as photoredox catalysts (long triplet lifetimes, efficient cage escape) in two-
component catalyst systems. The two-component approach makes this mechanism
highly flexible, which is shown by the elucidation of several combinations of metal
complexes (iridium- or ruthenium-based) and organic chromophores (naphthalene, p-
terphenyl or pyrene derivatives). Out of the tested combinations, one was identified
with a substantially increased cage escape quantum yield for generating the key inter-
mediate, compared to using the metal catalyst alone. In the second project, a purely
organic triplet photocatalyst for challenging light-driven reactions in aqueous solution
is investigated. Structural modification enables enhanced intersystem crossing in the
SO,-bridged terphenyl derivative SO,TDS, derived from a pure singlet chromophore.
Detailed spectroscopic studies revealed the properties of the triplet excited state and
its ability to activate substrates via two different bimolecular photochemical quenching
processes: electron transfer and triplet-triplet energy transfer. The spectroscopic re-
sults were complemented by photocatalytic test reactions, providing clear evidence for
the dual reactivity. The third project presents an underexplored pathway for switching
between two fundamentally different photochemical quenching mechanisms (electron
or energy transfer) through replacing metal-based complexes by their dyad congeners.
Molecular dyads are covalently linked bichromophores, which in the context of this
work consist of a metal complex and an organic chromophore, combining advantageous
properties of both subunits in one molecule. The long-lived triplet excited state of the
dyad is located on the organic subunit, which results in a drastically modified excited
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state reactivity compared to the conventional metal-based complex. Quenching of the
triplet excited state with the dicationic phosphonium compound P—H?*, a pure singlet
state chromophore upon direct excitation, occurred through an electron transfer path-
way for the metal complexes, whereas the dyads selectively populate the triplet excited
state via an energy transfer. The triplet excited state of P—H?>" undergoes triplet-triplet
annihilation upconversion, which is a unique phenomenon in water. Initial experiments
using an iridium-based metal catalyst or dyad further explore this concept for switch-
ing the quenching mechanism. The final section focuses on recombination as an ad-
ditional pathway to produce triplet excited species, besides intersystem crossing and
triplet-triplet energy transfer. Recombination is usually an unwanted side reaction di-
rectly leading to the ground state, unless sufficient energy is released, which induces
population of the triplet excited state. Spectroscopic experiments strongly support an
underexplored recombination-based triplet formation pathway for the previously intro-
duced P—H** combined with a suitable reductive quencher.

Chapter 3| deals with chromophores and their triplet photochemistry in organic solvents
or matrices. Insights into their excited state properties enabled applications for versatile
purposes. The first project in this chapter provides an in-depth spectroscopic analysis
of a molybdenum(0) carbonyl complex with a triplet excited state suitable for bimolec-
ular energy and electron transfer reactions as well as upconversion. This highlights the
potential of more abundant second-row transition metals to replace precious metals in
light-driven mechanisms. The second project presents a system for blue-to-UV pho-
ton upconversion, with literature-known TADF-emitters as sensitizers and triisopropyl-
acetylene (TIPS) substituted benzene derivatives as annihilator structures. Depending
on the number and pattern of the TIPS substitution, the excited state properties change
significantly, in particular the triplet state energies. Theoretical calculations (DFT and
TD-DFT) allowed the prediction of the triplet energies and substantiate experimental
findings. The last project in this thesis presents two heteroleptic platinum(Il) com-
plexes. Their specific ligand design provides unique properties such as a long-lived,
purely ligand-centered triplet excited state, which was characterized in different sol-
vents and a PMMA matrix. Both complexes were employed in triplet-triplet energy
transfer quenching experiments and as sensitizers for isomerization reactions.

All projects in this dissertation rely on triplet excited states as key intermediates ac-
cessed through different pathways and exploited for the two main photochemical pro-
cesses, electron and triplet-triplet energy transfer. Detailed mechanistic investigations
of the triplet excited states allowed in-depth analyses of the various triplet formation
processes and the efficient usage in bimolecular photochemical processes. This thesis
thus contributes to a better mechanistic understanding of photochemical processes in-
volving triplet states with implications for photocatalysis, upconversion, devices relying
on changes of the spin multiplicity and light-to-energy conversion systems in general.
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Kurzzusammenfassung

Die Ausnutzung von Licht als Triebkraft fiir chemische Umwandlungen ist in der
Chemie bereits seit iiber einem Jahrhundert von Interesse. Mit der Energie eines ab-
sorbierten Photons wird ein Molekiil in den angeregten Zustand versetzt, welcher iiber
unterschiedliche Prozesse die Nutzung der Photonenenergie ermoglicht. Vielfiltige
Moglichkeiten fiir die Umwandlung von Photonenenergie in chemische Energie werden
in modernen Forschungsfeldern, wie beispielsweise Photo(redox)katalyse, Abwasser-
aufbereitung, biomedizinische Forschung oder industrielle Synthese herangezogen. Eine
wichtige Eigenschaft von Molekiilen im angeregten Zustand ist die Multiplizitit, welche
sich ausgehend von einem Singulett-Grundzustand zu einem Triplett im angeregten Zu-
stand dndern kann. Triplett angeregte Zustinde besitzen zwei hochst vorteilhafte Eigen-
schaften: i) Einen kinetischen Vorteil auf Grund der intrinsisch ldngeren Lebenszeit und
ii) eine hohere “cage escape” (engl. fiir Dissoziation aus der gemeinsamen Losungsmit-
telhiille) Quantenausbeute in Photoredoxreaktionen. Beide Effekte wurden fiir das Er-
reichen hoherer Effizienzen in photochemischen Mechanismen, in der Photokatalyse
oder bei technologischen Bauelementen angewendet. Solche angeregten Triplett-Zu-
stinde, sowie unterschiedliche Moglichkeiten diese zu erzeugen und deren Ausnutzung
fiir photochemische Mechanismen stehen im Fokus dieser Arbeit.

Kapitel 2| behandelt photochemische Phidnomene in wissrigen Losungen, wobei licht-
getriebenen Systemen im umweltfreundlichsten Losungsmittel etabliert werden, welches
besonders herausfordernd fiir photochemische Prozesse ist. Das erste Projekt fokussiert
sich auf die Effizienzsteigerung eines Photokatalysemechanismus durch die Kombi-
nation vorteilhafter Eigenschaften von metallbasierten Komplexen als Sensibilisatoren
(Absorption von sichtbarem Licht und schnelles “intersystem crossing”, deutsch: In-
terkombination) mit organischen Chromophoren als Photoredox-Katalysatoren (lange
Triplett Lebenszeit, effizienter “cage escape”-Schritt). Der Zweikomponenten-Ansatz
fiir diesen Mechanismus bringt eine hohe Flexibilitdt mit sich, was durch die Unter-
suchung verschiedener Kombinationen von Metallkomplexen (Iridium- oder Ruthenium
basiert) mit organischen Chromophoren (Naphthalin-, p-Terphenyl- oder Pyren-Derivate)
gezeigt wird. Aus den verschiedenen getesteten Kombinationen wurde eine mit wesent-
lich hoherer Quantenausbeute fiir die Bildung des Schliisselintermediates identifiziert,
was durch einen Vergleich mit dem herkdmmlichen metallbasierten Katalysator deutlich
wird. Im zweiten Projekt wird ein rein organischer Triplett-Photokatalysator fiir heraus-
fordernde, lichtgetriebene Reaktionen in wissrigen Losungen untersucht. Eine struk-
turelle Anderung ermoglicht “intersystem crossing” im SO,-iiberbriickten Terphenyl-
derivat SO,TDS, welches von einem reinen Singulett Chromophor abgeleitet ist. De-
taillierte spektroskopische Studien geben tiefe Einblicke in die Eigenschaften des an-
geregten Triplett-Zustands und dessen Fihigkeit, Substrate iiber zwei unterschiedliche
photochemische Abfangprozesse zu aktivieren: Elektronen- und Triplett-Triplett-



Energietransfer. Die spektroskopischen Resultate wurden bekriftigt durch photokat-
alytische Testreaktionen, welche einen klaren Nachweis der dualen Reaktivitit erbrin-
gen. Das dritte Projekt stellt eine wenig untersuchte Methode vor, bei der durch Er-
setzen eines metallbasierten Komplexes mit der zugehorigen Dyade zwischen funda-
mental unterschiedlichen photochemischen Abfangreaktionen (Elektronen- oder Ener-
gietransfer) differenziert wird. Molekulare Dyaden sind kovalent verbundene Bichro-
mophore, welche im Rahmen dieser Arbeit aus einem Metallkomplex und einem organ-
ischen Chromophor bestehen, wodurch die vorteilhaften Eigenschaften beider Unterein-
heiten in einem Molekiil vereint werden. Der langlebige angeregte Triplett-Zustand der
Dyade befindet sich auf der organischen Untereinheit, was zu drastischen Verdanderun-
gen der Reaktivitit im angeregten Zustand fiihrt im Vergleich zum herkdmmlichen Met-
allkomplex. Das Abfangen der angeregten Triplett-Zustinde mit der dikationischen
Phosphonium Verbindung P—H?*, ein reiner Singulett-Chromophor nach direkter An-
regung, fiihrt zu einem Elektronentransfer im Fall des Metallkomplexes, wogegen die
Dyaden selektiv den Triplett-Zustand iiber einen Energietransfer erzeugen. P—H>* im
angeregten Triplett-Zustand durchliuft einen Aufwirtskonversionsmechanismus tiiber
Triplett-Triplett Annihilierung in Wasser, was in diesem Losungsmittel hochst selten
stattfindet. Weitere explorative Untersuchungen mit Iridium-basierten Metallkomplexen
und Dyaden bestitigen das Konzept des Mechanismus-Schaltens (Elektronen- oder En-
ergietransfer). Der letzte Abschnitt stellt die Rekombination als zusétzliche Moglichkeit
Triplett-Zustinde in wissriger Losung zu erzeugen vor. Ublicherweise stellen Rekombi-
nationsprozesse eine ungewollte Nebenreaktion dar, welche direkt und unproduktiv den
Grundzustand erzeugen. Wenn allerdings ausreichend Energie frei wird, so kann die
Besetzung des Triplett-Zustands induziert werden. Spektroskopische Experimente un-
termauern diesen rekombinationsinduzierten Triplett-Bildungsmechanismus, mit dem
bereits vorgestellten P—H** in Kombination mit geeigneten reduktiven Abfangreagen-
zien.

Kapitel [3] bezieht sich auf Chromophore und deren Triplett-Photochemie in organis-
chen Losungsmitteln oder Matrizen. Einblicke in die Eigenschaften der angeregten
Zustande legen den Grundstein fiir eine breite Palette von Anwendungen. Das er-
ste Projekt in diesem Kapitel beschreibt eine detallierte Analyse eines Molybdén(0)-
Carbonyl-Komplexes mit einem angeregten Triplett-Zustand, der sich fiir bimoleku-
lare Energie- und Elektronentransfermechanismen sowie fiir die Aufwértskonversion
eignet. Diese Studie unterstreicht das Potential von hiufig auf der Erde vorkommenden
Ubergangsmetallen der zweiten Reihe als Alternative fiir seltene Metalle in lichtgetriebe-
nen Mechanismen. Das zweite Projekt stellt ein System fiir die blau-zu-UV Aufwiértkon-
version vor, das sich aus einem literaturbekannten TADF-Chromophor als Sensibil-
isator und triisopropyl-acetylen substituierten Benzolderivaten als Annihilatoren zusam-
mensetzt. In Abhéngigkeit von der Anzahl und der Anordnung der Substituenten ver-
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dndern sich die Eigenschaften der angeregten Zustidnde grundlegend; insbesondere dn-
dern sich die Energien der angeregten Triplett-Zustinde. Theoretische Berechnungen
(DFT und TD-DFT) erméglichen die Vorhersage der Triplettenergien und bestétigen die
experimentellen Resultate. Das letzte Projekt dieser Arbeit stellt zwei heteroleptische
Platin(IT)-Komplexe vor. Das spezielle Ligandendesign begiinstigt besondere Eigen-
schaften, wie beispielsweise den langlebigen, rein ligandenbasierten angeregten Triplett-
Zustand, der in unterschiedlichen Losungsmitteln und PMMA-Matrix charakterisiert
wurde. Die Komplexe wurden in Triplett-Triplett-Energietransfer Abfangexperimenten
und als Sensibilisatoren fiir [somerisierungsreaktionen eingesetzt.

Alle Projekte dieser Dissertation beziehen sich auf angeregte Triplett-Zustidnde als
Schliisselintermediate, die durch unterschiedliche Wege zugénglich gemacht werden
und fiir die zwei wichtigsten photochemischen Prozesse — Elektronen- und Energi-
etransfer — genutzt werden. Detaillierte mechanistische Untersuchungen dieser Triplett-
Zustiande erlauben aussagekriftige Analysen der unterschiedlichen Triplett-Bildungs-
mechanismen sowie deren effiziente Nutzung in bimolekularen chemischen Prozessen.
Daher trigt diese Doktorarbeit zu einem besseren mechanistischen Verstindnis von
photochemischen Prozessen mit angeregten Triplett-Zustdnden bei, was Anwendungs-
moglichkeiten bietet und direkte Auswirkungen auf die Gebiete Photokatalyse, Tech-
nologien, bei denen Spinmultiplizitits-Anderungen eine Rolle spielen, oder Aufwiirt-
skonversion hat und im Allgemeinen bei der Umwandlung von Licht in andere En-
ergieformen von besonderer Bedeutung ist.
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1  Introduction

1.1 Motivation of the thesis

In photochemistry, interactions between light and molecules are investigated. On a
molecular level, those interactions are electronic transitions, which classify those mole-
cules as chromophores. Transitions within a certain energy range are responsible for
colors resulting from absorption, transmission or emission processes. After absorption,
the energy of visible photons is often transformed in fast decay processes into vibra-
tional energy, finally converting the photon energy into heat. Specific chromophores are
promoted into photoactive excited states. This excited state “’stores” the energy of the
light for a certain period of time, the lifetime of an excited state. Decay of the excited
state entails the release of the stored energy, which can be implemented via various
pathways. This property makes excited states highly interesting and the focus of inves-
tigation for photochemistry and all related fields.

Utilizing the energy of visible photons has intrigued researchers since the beginning
of the 20th century™ and since then the number and complexity of investigated pho-
toresponsible systems or chromophores have increased drastically.'***! Based on funda-
mental photochemical principles, the results of such research have conceptualized and
optimized broadly used technological devices in the form of, for example, (O)LEDs
and solar cells.'”*! Besides that, photochemistry is relevant in medicinal and biological
fields. Within the challenging cellular or aqueous environments chromophores are used
for bio-imaging and microscopy techniques or in photo-dynamic therapy (PDT).[10714]
Another large field of photochemistry is associated to synthesis driven by photocatalysts
or photocatalytic systems.!!>!%! [n addition to laboratory syntheses!"!8! photochem-
istry has been implemented in selected industrial steps out of which probably the most
famous example is the production of the anti-malaria drug artemisinin by Sanofi.!”!
Every individual application and technology framework comes with specific and in-
creasingly complex requirements, thereby making photochemistry a diverse and highly
relevant field of research.

Photochemistry is often correlated to sustainability and/or ”green” chemistry. Histori-
cally this linkage has been justified by considering the possibility of driving chemical
reactions with light, ideally with light from the sun, instead of fossil fuels.'! In the
1990s the term “green chemistry” was defined more strictly and general principles were
developed by P. T. Anastas and J. C. Warner (later N. Eghbali).[2%2!l Their concept is
a holistic viewpoint on chemical processes, and sustainability within this framework
considers aspects throughout an entire process including experiment design, atom econ-
omy, waste disposal, energy consumption, solvent dsisopsal or recycling, to name a few.
Photochemistry intrinsically agrees well with several of those principles and is therefore



a reasonnable starting point for improvement and development of strategies aiming at a
broader implementation of sustainability in chemistry. 28211221

Possible developments targetting aspects of the technological fields and sustainability
in general are: 1) Transition to solvents that are classified as ”green”, such as water (Fig-
ure[l). Besides being considered sustainable,2324 aqueous systems are also interesting
for bio-medicinal applications operating in highly complex aqueous environments, /#4720
i1) Replacing photocatalysts and complexes based on precious metals with either earth-
abundant metals or purely organic chromophores (Figure|[I). Metal-based chromophores
often contain ruthenium, iridium or osmium with limited availability on Earth. Replac-
ing them is therefore interesting from an economic point of view and in a long-term per-
spective most likely inevitable.!!227:291 jii) Increase the overall efficiency of light-driven
mechanisms (Figure [I)). Efficiency includes several aspects such as energy conversion,
photon usage or side product elimination. Those considerations can be decisive for fu-
ture implementation of photochemistry in industrial and large-scale procedures.[195931]
iv) Development of novel (multiple photon) mechanisms and strategies for highly spec-
ified applications in increasingly complex and challenging systems (Figure [I)). Sophis-
ticated mechanisms target the optimization of catalytic cycles®2 or for combining the
energy of two (or more) photons, such as in sensitized triplet-triplet annihilation up-
conversion (STTA UC). For example mercury-containing UV lamps can be avoided by
using blue-to-UV upconversion systems, thereby completely eliminating the hazards
entailing the production, use and disposal of such light sources.[*3]

To meet such requirements and as prerequisites for implementing photon-based tech-
nologies, the underlying processes and mechanisms must be understood in detail. For
such insights optical spectroscopic methods are key and within this dissertation, tran-
sient absorption (TA) spectroscopy on nanosecon-to-millisecond timescales is the method
of choice for providing information about chromophores in their excited stated and
diffusion-based processes on a temporal and spectral resolution.

Combined with theoretical considerations and test reactions, such investigations have
the potential to substantially optimize photochemistry and photochemical processes for
example by increased efficiencies,****8! or identification of key reactive species!®>*2,
One fundamental aspect of photochemistry is the spin multiplicity of a chromophore
in its excited state. Most organic molecules and the metal complexes that are relevant
within the framework of this dissertation exist in a singlet ground state. Exceptions for
singlet ground-states are some d-metal complexes™**¢! or oxygenZ!,
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Figure 1: Illustration of triplet excited states, different methods of accessing them (left part), the
fundamental quenching steps and possible research areas. The right side of the figure illustrates
examples for different fields of application. The arrows indicate the direct (black) or indirect
(gray) connection of the individual fields. See text for further explanations.

After light absorption and population of the singlet excited state, the multiplicity can
change under certain conditions into a triplet multiplicity through intersystem crossing
(ISC, Figure |1} left part).#8¥2 ISC and including triplet excited states had a substan-
tial impact on OLEDs, making devices of the 2nd to 4th OLED generation intrinsically
more efficient by up to 75 %.”5% For bimolecular, diffusion-based processes, triplet
species have substantial advantages (Figure|[I] green circle) with respect to kinetics and
the overall efficiency of the quenchingprocess (cage escape). In a broader perspec-
tive, those improvements are transfered to all following processes and finally to the
applications resulting in more efficient conditions for example in photo(redox) catalysis
or multiphoton mechanisms such as sensitized triplet-triplet annihilation upconversion
(sTTA UC). The figure also illustrates the pronounced interdisciplinarity of photochem-
istry, especially when triplet species are invovled. For example, thermally-activated
delayed fluorescence (TADF) emitters are employed in OLEDs!"®!! " in photo(redox)
catalysis!®PI521 and as sensitizers in STTA UC schemes. 2253

Accessing triplet excited states together with their inherent advantages, however, re-
quires certain molecular properties or (and) specific conditions of the chromophore’s
direct environment (p. ex. solvent, additives). Intramolecular prerequisites for ISC
include heavy atoms, a high spin-orbit coupling or charge separation (Figure [1| Mecha-
nisms for triplet generation).!12°154531 Several intermolecular processes are employed to
obtain triplet excited states, among which sensitization and recombination are relevant
for this thesis (external heavy atom effects or singlet fission are beyond the scope of this
thesis). BE0S657]



1.2 Principles of photochemistry

This second section establishes important fundamental concepts and principles, which
lay the grounds for the projects presented in the thesis. Some links and references to
current literature are provided, this however will be the focus of Section @

1.2.1  Energy diagrams and transitions

The transitions that are important for photochemistry and for this work are generally
within the energy range of visible photons (400 nm to 750 nm corresponds to 3.1 eV to
1.7 eV) with some extensions into parts of the ultra violet (UV) energy regime (~300 nm
to 400 nm corresponds to 3.1 eV to 4.1eV). In visible light spectroscopy transitions be-
tween states of different electronic (bold, horizontal lines in Figure @) and vibrational
(thin, horizontal lines in Figure |2)) energies (vibronic transitions) are analyzed. Such en-
ergy schemes are simplified representations of the energy potentials resulting from so-
lutions of the time-independent Schrédinger equation, assuming no interaction between
the nucleus and electrons (Born-Oppenheimer-approximation). 228221 A transition de-
scribes an electron changing its energy level, e.g. it is promoted into a higher-lying state
upon applying an external stimulus. Consequently, transitions are time-dependent and
described in quantum mechanics by perturbation theory.*>?I The transitions illustrated
in the energy diagram in Figure [2] are based on the following approximation (similar to
the Born-Oppenheimer- approximation): It is assumed, that the electronic transition to a
different energy level is very fast compared to the nuclear movement. Consequently, the
transition occurs within one nuclear framework (vertical transition), which adjusts to
the new electronic state only after the transition is finished (Franck-Condon-principle).
A transition is only possible if the overlap integral of the wavefunctions of the two
involved energy states is non-zero. For that reason, transitions into higher vibrational
levels of an electronic state at often more intense than the transition to the vibrational
ground state. The squared overlap integral (Franck-Condon-factor) is one of the three
factors, contributing to the probability, and therefore intensity of a transition. The other
two factors are the transition dipole moment and the electron spin, which both also
have to be non-zero for a transition to occur. The latter has to be preserved within the
Franck-Condon-principle and spin changes are strictly forbidden, exceptions to this rule
are discussed in the next section (Section [1.2.2)).H#958601
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Figure 2: Simplified energy diagram of a molecule in its singlet ground state, the excitation and
relaxation processes. The general rate constants and examples for their usual magnitudes282°l
are given in the table.

The transitions in Figure [2] illustrate the basic processes for a compound with a sin-
glet ground state. The absorption of a photon promotes an electron into the first (blue),
second (violet) or higher-lying orbital, thereby reaching a singlet excited state, which
depends on the energy of the photon. The first electronically excited state (S;) decays
via fluorescence from its vibrational ground state (green arrows). The gray arrows indi-
cate vibrational, non-radiative decay to the respective vibrational ground state (Kasha’s
rule). Internal conversion (IC, orange) is the non-radiative transition between electronic
states without changing the spin multiplicity. To obtain a full image of the excited state
transitions, the figure also shows the multiplicity-changing (back)intersystem crossing
((DISC, pink), which is isoenergetic and non-radiative. The transitions shown include
triplet excited states (here T, and T,) and the molecular prerequisites for those transi-
tions are detailed in Section Within the triplet manifold the same non-radiative
pathways, internal conversion (IC, orange) and vibrational relaxation (gray) are com-
mon. The radiative decay from the electronic state, back to the ground state involves
also a change in multiplicity and is called phosphorescence (red). #8281

In optical absorption spectroscopy, vertical transitions for the excitation starting form
the vibrational ground state (Sy) are resolved, providing information about the energy
that required for the transition (wavelength) and the probability of the transition to occur
(intensity). The Beer-Lambert law in the following equation [I| gives a linear realtion be-
tween the absorbance (A) at a given wavelength and the path length of the light through
the solution (d), the concentration of the chromophore (¢) and the molar extinction co-
efficient (), wich is a characteristic parameter for a chromophore: 827!

Azlg%decxs (1)

For the physical measurement of the absorbance (A) the decadic logarithm of the origi-
nal excitation light-intensity (/y) divided by the light intensity after passing through the
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sample (/) is plotted against the wavelength (optical density can also be employed to
replace the term absorption)?*®!. The molar extinction coefficient connects the physical
measurement to quantum mechanics. ¢ is proportional to the oscillator strength of the
transition, and consequently can be correlated to the transition dipole moment.[#828]
The molar extinction coefficient is also useful for calculating the fluorescence decay
rates from the excited state back to the ground state.”” A Strickler—Berg analysis con-
nects the energy of a transition and the extinction coefficient to its decay rates. Estima-
tions of the excited state decay rates with the (simplified) Strickler-Berg analysis/#861021
have been employed for the project discussed in Section [2.2] and the corresponding
publication./¢3l

Insights into the absoption properties and lifetimes of the electronically excited states
are provided by transient absorption (TA) spectroscopy. A TA spectrum shows the dif-
ference absorption spectrum between the ground state and the excited state and conse-
quently the derived values are the difference in optical density (AOD) and the difference
extinction coefficient (A¢).

1.2.2  Intersystem crossing

The transitions discussed in the previous section would not explain a change in spin mul-
tiplicity, because the transition moment between two states of orthogonal spin vanishes
and the transition is therefore spin forbidden.*®! Intersystem crossing, however, does
require a spin contribution and an extension of the descriptive methods used so far. The
most famous integration of spin-contributions into vibronic tranisiton is probably spin-
orbit coupling. This contribution is derived by coupling the spin and orbital magnetic
moments, representing the magnetic field experienced by the electron. A generalized
form of the resulting Hamiltonian H for spin-orbit coupling is given in the following
equation involving the interaction of operators for the spin § and orbit ! angular momen-
tum, and the spin-orbit coupling constant ( :[#2=8l

Hso = (lx3 )

A direct derivation from this equation is the heavy atom effect. ( is a constant origi-
nating from magnetic field parameters, including atomic number and the charge of the
nucleus that is experienced by the electron. The fact that ( is proportional to the fourth
power of the atomic number (~ Z*) increases the effect of heavy atoms on the hamilto-
nian (Hso ~ Z*) thereby making intersystem crossing more allowed for heavier atoms
Generally, sulfur is already considered a heavy atom and therefore held responsible for

'The heavy-atom effect is divided into internal and external contributions. Within the framework of
this thesis, mostly the internal heavy atom effect will be relevant.



enhanced intersystem crossing in sulfur-containing compounds. For halogens, the effect
becomes increasingly stronger going down in the periodic table (Cl<Br<<I).[6064]

A second rule that is related to equation [2is the El Sayed rule, which states that ISC is
efficient if the involved orbitals change their type. In other words, a change in spin is
only allowed if the orbital angular momentum also changes. The textbook examples for
such transitions are carbonyls involving a multiplicity change, which is possible owing
to a transition between orthogonal orbitals 'nm —2 77 and ‘77w —3 n7.5263 Qualita-
tively, this observation can be rationalized considering the angular momentum operator
(1), which couples only the orthogonal contributions of involved orbitals. For ketones,
those are exactly the transitions mentioned before. This consideration is also the expla-
nation for intersystem crossing involving the d-orbitals in transition metal complexes.

Other quantum mechanical considerations, which explain ISC, are spin-spin coupling
and hyperfine couplings. Spin-spin couplings (dipole interaction between electronic
spins) involve just electronic spin components.*®l Hyperfine coupling (dipole-dipole
interaction of nuclear and electronic spin) is considered in ISC processes that involve
charge transfer (CT) in collision-based bimolecular processes or in charge-transfer ex-
cited states of donor-acceptor structured molecules (Section|[1.2.5]). 6067

1.2.3 Rate constants and lifetimes

The lifetime (7) of a species, decaying according to a first-order process, is defined as
the time required for the initial concentration (N) to be reduced to 7 = N/e. The general
relation between a lifetime of a process and the rate constant is: 4828

3)

The lifetimes measured by optical methods are usually a combination of all possible
process. As a consequence, a fluorescence lifetime (7) consists of the following pro-
cesses: the isolated fluorescence (k{}), non-radiative decay (ky,) and ISC (kisc). The rate

constant, derived from lifetime measurements is kjg: 4828270
1 1
To = =~ )
ki + ko + kisc K
With the fluorescence quantum yield, the k:g can be calculated (¢pg = k:g X Tp, See

Section for more information and reference [48]). The decay rate for the isolated
fluorescence can be Bimolecular processes, such as energy or electron transfer, also
have an impact on the lifetime. The quenching process is thus a further possible decay
pathway, which depends on the concentration of the quencher molecule ([Q]):
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The same principles and considerations hold true for the decay of species with a triplet
multiplicity (lifetime: 7r), except the indices are related to triplet based processes with
the isolated phosphorescence decay rate (kg), the rate for non-radiative decay (k,,), (the
decay rate for the unquenched process, kt). The lifetime for triplet decay including a
quencher is:

1 1
RS A Far + Kg[Q] kit + Kq[Q]

(6)

7T

Those equations give information about a quenching process at one certain quencher
concentration. To analyze bimolecular quenching processes in a reliable way, Stern—
Volmer-quenching experiments are performed.#2285°

1.24  Bimolecular quenching

Stern—Volmer:

A Stern—Volmer analysis gives information about a single-step bimolecular quenching
process between a chromophore in its excited state and a quencher molecule. Besides
the quenching rate constant (k) this type of study can provide also information about the
static or dynamic nature of the mechanism.[°®®I For this thesis, Stern—Volmer-studies
are employed for electron or energy transfer quenching and depending on the under-
lying mechanism the general quenching rate constant (kq) is related to the respective
mechanism (krrer for triplet-triplet energy transfer and kgr for electron transfer, the
mechanisms and thermodynamic requirements are detailed later in this section).
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Figure 3: Schematic Stern—Volmer plots in different quenching scenarios for lifetime-based
(10/7, red) or emission intensity- based (F, /F, blue) data: For purely dynamic quenching and
static quenching the respective key mechanistic steps are shown using a chromophore (C) and a
quencher (Q). The equations allow to calculate the involved variables. For more information see
text below.

The dynamic or diffusional quenching mechanism (left part of Figure |3)) is operating
if only the excited state of the chromophore (*C) interacts with the quencher. In the
examplary mechanism shown, the excited quencher (*Q) is produced (equations and
principle are equally valid for photon induced electron transfer). An equal decrease
in lifetime and emission intensity (7o/7 or F/F) can be measured. According to the
Stern—Volmer- equation, the detected decrease can be fitted in a linear plot with the

slope Ky out of which the quenching rate k, for the system under investigation can be

extracted;[4828108170]
- 1
0 kR
Dok gy
ko-+kq[Q]

kq[Q]
ko

=1 + Toqu[Q] =1 + st[Q] (7)

In static quenching, the lifetime is unchanged upon quencher addition, but the emission
intensity is reduced. This intensity decrease is caused by preassociation, which results
in an equilibrium between free chromophor molecules (C) in solution and the coordi-
nated version chromophor - quencher ([C Q]). For this boundary case, the emission of
free chromophores (C) is completely unaffected by the quencher (no change in lifetime,
indicated by the green lightning in the figure), whereas chromophores coordinated to the
quencher do not decay in a radiative process after excitation (no emission, gray arrow
in the figure). As a result, the number of free, emissive chromophores — and therefore
the emission intensity — changes with quencher concentration due to the prassociation
process. The slope of the intensity-based Stern—Volmer plot gives the association con-
stant Kg, whereas the lifetime-based plot remains unchanged. Most systems feature a
combination of static and dynamic quenching. In this case, the emission intensity-based
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Stern—Volmer plot can be fitted quadratically with respect to the quencher concentration
([Q]), and combined with the linear lifetime-based plot, all characteristic variables (kgy
and K) can be determined.[°8%]

Efficiency and quantum yield:

The efficiency (1) of a photokinetic step is defined as the rate constant of one step (ky) in
relation to the sum of all rate constants for all possible competing processes originating
from the excited state (equation [8).%8] The quenching efficiency provides information
on the ratio of initiating species that is collides with a quencher and therefore depends
on the quencher concentration. Using the Stern—Volmer-equation (7), equation [§|can be
rearranged to equation [9] and this method for calculating the efficiency of a quenching
step 1s used in Section|1.2.5}

Fx
x — 8
To— T
n=- ©)
To

In addition to the quenching efficiency, also success of the quenching (’efficiency for
quenching-product formation”) must be taken into account, i.e. the ratio between col-
lisions of the quencher and the initiating species and generated desired product. This
consideration takes into account that several quenching pathways are possible, out of
which not all are productive (more explanations in Section

The quantum yield (¢4, equation provides information about the fraction of photons
that induce a process (x) out of all absorbed photons, in other words, the absorption
efficiency (¢as) multiplied by the efficiency of a process: 4528l

# processes

¢x ~ ¢abs X T (10)

~ #absorbed photons

For a quantum yield after consecutive photoninduced processes the efficiencies of the
individual steps are multiplied (as an example see quantum yield for upconversion equa-
tion [I4]in Section [I.3.5). The distinction between quantum yield and efficiencies is of
great importance: A quantum yield is related to the photons invested in a light-induced
process (e.g. ¢cg in Section m takes absorption and sensitizaiton into account).l>*!
Efficiency on the other hand is only related to one quenching and/or formation step (see
above). In bimolecular processes, high efficiencies are prerequisite for high quantum
yields. This becomes relevant in the following section (Section [I.2.5]) and the distinc-
tion will also be made for the project presented in Section[2.3]

2Both efficiencies are referred to in Section as quenching efficiency (141 and 74;) and cage escape
efficiencies (ncg; and 7cg»).
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In addition to the quantum yield, the energy ratio comparing the energy of a photon with
the energy of the reaction-initiating species is also important. For a quantitative compar-
ison, the energy of the photon (in eV) will be compared to the redox potential provided
by the reactive species to drive the reaction (measured as potentials relative to the normal
hydrogen electrode, V vs NHE), which will be referred to as efficiency of input-photon
energy usage. Those comparisons will be especially important for Section Even
though the values of the redox potentials depend on the reference electrode, thereby
making the value change depending on the employed reference, this comparison is use-
ful and possible for the following two reasons: i) The normal hydrgen electrode was
defined as reference point for several energetic and electrochemical considerations.!™!
i1) To determine the redox potential of compounds, they have to be measured against
an electrode, which in literature is often not the normal hydrogen electrode. Compar-
ing the efficiency of input-photon energy usage between two compounds, requires the
potentials to be referenced against the same reference. For this thesis the reference will
be the normal hydrogen electrode, see i1). This comparison would also be possible with
respect to a different electrode, which would only change the absolut values, but not the
relative “ranking” of the compared compounds.

Energy transfer quenching:

There are three fundamental pathways for energy transfer processes between an excited
chromophore and a quencher: Emission - reabsorption, Dexter energy transfer!2272 and
Forster resonance energy transfer (FRET)!2741 out of which the two latter are relevant
for the thesis and schematically illustrated in Figure

During a reabsorption (sometimes trivial energy transfer) the excited chromophore
emits a photon, which is absorbed by a second molecule. 8!

FRET Dexter mechanism
dipole-dipole interactions electron exchange
Erel Erel
S £/(ED) 1/\
—_— E e — _1_
| I L i
] 1 1] 4] 1
\ I I | ( I I |
'ED* + EA ED + 'EA* 3ED -+ EA ED ... 3EA
% ; overlap of pgp nga > 0 A) collision complex, distance (ED-EA) <1 nm
Q/ *T distance (EIZE)I-DE/-s?O nm — 100 nm =>orbital overlap

=> individual spin systems

Figure 4: Mechanistic scheme for Forster resonance energy transfer (FRET, left) and Dexter
energy transfer (right). The red arrows indicate the fundamental step between energy donor (ED)
and acceptor (EA): electron exchange for Dexter, resonance for FRET. Interactions between ED
and EA are highlighted in blue: orbital overlap for Dexter, transition dipole moments for FRET.
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FRET is a radiationless dipole-(induced)dipole interaction between an excited energy
donor and an acceptor in the ground state (Figure [} left part). For a successful FRET,
the orientational factor of the transition dipole moments must be unequal zero (indicated
by the blue arrows in the figure), and because molecular rotations are fast in solution,
this contribution is an averaged value.”! Immediately after the energy transfer the ac-
ceptor is vibronically excited, which decays fast to the lowest vibratory level (gray, wavy
arrow in the figure). Owing to the fact, that FRET is a long-range (0 nm to 100 nm)52¢8]
resonance-based interaction between excited donor and acceptor, the two molecules are
considered individual spin systems. The individual spins are conserved throughout the
process and for that reason, FRET is observed almost exclusively for singlet-singlet
energy transfer.[#?!

As a consequence, FRET occurs with a high likelihood if the overlap integral of the
energy donor emission and absorption of the energy acceptor is non-zero. This consid-
eration indicates that the energy for excitation of EA must be equal or smaller than the
Eqo of ED for a successfull FRET.

The Dexter mechanism describes a triplet-triplet energy transfer. The energy donor and
acceptor have to be in close proximity, such that their orbitals overlap (collision complex
ED- - -EA) and an electron exchange is possible (red arrows in Figure right). Owing
to the orbital overlap between donor and acceptor, conservation of the total spin becomes
relevant (opposed to the individual spins in FRET), which makes this mechanism well
suited for triplet-triplet energy transfer. The relevant spectral overlap therefore includes
the phosphorence spectrum of the *ED and the singlet to triplet absorption of EA.[225
The feasibility for a Dexter-type energy transfer is estimated thermodynamically using
the triplet energies of donor and acceptor (see relative energies in Figure [4)[22!:

AFEr = Er(EA) — Fr(ED) (11)

The rate constant for triplet-triplet energy transfer (krrer) can be described as a Boltz-
mann distribution with respect to the energy difference (A Et) and the rate constant for
diffusion.

For AFEr < 0 the energy transfer is thermodynamically feasible and krrgr is close to
the diffusion limit. For the opposite case AFEt > 0, the energy transfer becomes slow
and quickly drops below the diffusion limit. For A Ep = 0, krrer should be exactly half
the diffusion rate constant, 222268721

Such considerations allow the relative estimation of the excited state energies based on
quenching experiments. More sophisticated models of the Boltzmann distribution allow
the corrections for experimental variances from the ideal assumptions (e.g. substantial
structural differences between singlet and triplet structures).[#2221727771
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Electron transfer quenching:

Reductive quenching Oxidative quenching
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Figure 5: Mechanistic schemes for reductive (left) and oxidative (right) electron transfer (ET)
quenching of triplet-excited molecules. Either of the molecules, acceptor (A) or donor (D), can
be excited, thereby facilitating the electron transfer.

In their excited state, chromophores are both better oxidizing and reducing agents and
the quenching process depends to a great extent on the thermodynamics (Figure [5] the
spin contributions are discussed in detail in Section[1.2.5)).5%%51The thermodynamic fea-
sibility of a photoinduced electron transfer reaction is derived from the Rehm—Weller
equation, which correlates AGgr to the rate constant (kgr) and is given by: 07871

AGgr = By (D**%) — Ereg(AY*7) — Ego — w (12)

Eo and E4 are the respective ground state oxidation and reduction potentials of the
electron donor (D) or acceptor (A), Ey is the excited state energy and w is an electro-
static term, representing a solvent-dependency. w depends on the charge of reactants and
products and the dielectric constant of the solvent (inverse relation). The first contribu-
tion to w becomes zero if an uncharged species is involved in the process and the second
becomes small (<0.1 eV) in highly polar solvents (like water).[°! As for collision-based
energy transfer, the quenching rate (kgr) can be correlated to the Gibbs free energy of
the electron transfer (AGEgr) in a Rehm—Weller plot. Those plots allow determining
unknown redox potentials by comparative quenching experiments. 72782l

For quenching rates at the diffusion limit (kgr = kqier), the driving force for the electron
transfer is smaller than zero (AGgr < 0). For small and slightly positive driving forces
(~ —0.1 < AGEr < 0.3) rate constants can differ by orders of magnitude (below the
diffusion limit) of the employed solvent.[78:3]

1.2.5  Advantages of triplet excited states

Kinetic advantage:

For an efficient photochemical reaction, it is essential that the excited state has a suffi-
ciently long lifetime in order to encounter a suitable reaction partner in solution. The
likelihood of an encounter increases with the lifetime of the excited species. This quali-
tative consideration is rationalized by considering the efficiency of a quenching process
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("likelihood of an encounter” 77, Equation[J)) and the lifetime of a species in the presence
of a quencher (solving Equation (7| for 7):

To— i+iQ[Ql 1
— —TO — 1 - 13
Ta 70 1 + TokolQ] (13

The quenching efficiency 7 can be expressed as a function of the quencher concentration
([Q]) at a given quenching rate (kq = 6.5 x 10° M~ s7!, diffusion limit in water)*! and
To. Figure [6]is a simulation for quenching efficiencies 7q basd on equation [T3] with
respect to the concentration of the quencher, assuming a diffusion limited porcess. The
differently colored curves represent different lifetimes () of the excited state.

The benefits of dyad-based long triplet excited state lifetimes were utiliztd by the Kerzig
group in two recent publications. Taylor-made dyads allowed an efficient photocat-
alytic sensitization of *O,, which has an intrinsically low solubility under standard
conditions.294884] Thegse studies contain similar kinetic simulations, however the effi-
ciency 7, was plotted as a function of 7 at a fixed O, concentration (in water 0.27 mm )8!
for different quenching rate constants.[2%54]

The possibility to work at low quencher concentrations and at the same time at high
14 enabled by a long lifetime of the excited state is essential in several diffusion-based
photochemical processes and applications, such as sTTA (avoiding filter effects, Section
[[.3.5), limited solubility (Section [I.3.T)), or overall reaction efficiency (high 7 is the
prerequisite for a high ¢yc). Moreover, the study presented in Section and the
corresponding reference [85]] provides experimental data for nearly identical quenching
rate constants at inherently different lifetimes of the sensitizer, which is of great benefit
for the subsequent upconversion mechanism.

1.0+
/ﬁ z, =100 s
7, =10 us
. 7,=1ps
= 7,=0.1ps
7,=0.01 ps
k,= 6.5 x10° M-1s~"
0.0

02 04 06 08 10
[Q] / mM

Figure 6: Simulation of 74 (equation depending on the concentration of a quencher [Q]
according to equationwith kq=6.5x10"M1s7L.
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As for the rate constants, 7, is a general term for any quenching process. The quench-
ing mechanism is implied by the index if the quenching mechanism is known (7gy for
electron transfer, nrrer for triplet-triplet energy transfer).

Cage escape efficiency of ET reactions:

The previous section (|1.2.4) sets the thermodynamic framework for electron transfer re-
actions and describes the kinetics of the bimolecular quenching step. In this section, the
focus is laid on the quenching product and the efficiency of its formation (cage escape
efficiency). As indicated by the equations (Section|[I.2.3)), the rate constants of all possi-
ble decay pathways contribute to the lifetime of an excited state. In other words, usually
several processes are present and therefore possible unproductive competing decay path-
ways. The observed mechanism depends on thermodynamics and fast kinetics in favour
of one quenching process. This section details how radical pair ISC and efficiency of
dissociation from the solvent cage can influence the kinetics and rate constants in ther-
modynamically feasible reductive photon-induced electron transfer reactions (Section
. The general concept is equally applicable to oxidizing reactions./¢!
Figure[7|presents key mechanistic steps and intermediates for an electron transfer quench-
ing in more detailE] The reactants are a photocatalyst (PC) in its triplet excited state and
a quencher that acts as an electron donor (D) in its ground state.

In a diffusion-based process, °PC is quenched by electron transfer from D forming a
spin-correlated radical pair (Figure[7)). This step greatly benefits from a long lifetime of
the triplet excited state as detailed in the previous section (kinetic advantage). Within the
spin-correlated pair, the spins are not considered separate anymore but can be described
in a total spin momentum. Respecting spin conservation, the correlated radical pair
has the same multiplicity as the excited state of the photocatalyst, which is a triplet
C[PC™---D™]).

3Sometimes, more intermediates are included in the electron transfer mechanism,®®! such as the sol-
vent separated (ion)pair (PC and D share one spin momentum but are separated by one layer of solvent
molecules) or the encounter complex (PC and D are in direct contact share one spin momentum and a
shovent shell, but the electron transfer has not occurred yet). Those intermediates are not considered in
the discussion of the mechanism. Generally, their initial multiplicity is also a triplet (conservation of the
spin). With heavy atoms present, ISC into the single manifold is facilitated thereby making unproductive
pathways available.
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Figure 7: Schematic reaction mechanism for photoinduced electron transfer. Molecules in-
volved are a photocatalyst (PC), an electron donor (D) and a photosensitizer (PS). The black ar-
rows indicate the mechanistic steps, which occur regardless of PC multiplicity (diffusion-based
encounter, kqifr; electron transfer, kgt; cage escape, kcg). The green arrows and box highlight
the processes, that are relevant for a PC without intrinsic ISC: In this case, radical pair ISC is
slow and unproductive recombination within the singlet multiplicity become irrelevant. The blue
arrows and box highlight the processes that are relevant for a PC with intrinic ISC based on a
heavy atom: Within the radical pair, ISC is fast and unproductive pathways via singlet species
become detrimental side reactions.

Three possible processes can follow the formation of the spin-correlated radical pair and
the initial electron transfer: 1) Dissociation of the spin-correlated radical pair forming
the PC ground state and releasing the donor. This is a spin-forbidden process, therefore
slow and non-competitive (green dotted arrow 3kygr) ii) Intersystem crossing to the
essentially energetically equal singlet radical pair, '[PC""- - -D"*] (kisc blue or dotted
green round arrows in Figure[7). The efficiency of this process (¢1sc) depends on the two
reactants, which can enable fast ISC (see also Section[I.2.1)). For heavy atom-containing
PCs, often metal catalysts, radical pair ISC is still efficient and the dissociation from the
resulting singlet manifold is spin allowed, and therefore a main competing pathway
(blue arrow). For PCs without heavy atoms present, often organic chromophores, ISC
is slow in the solvent cage and the dissociation would involve spin-forbidden processes.
Consequently, this pathway is also slow and non-competitive. iii) The desired release
of the free, uncorrelated ions, which is possible from both triplet and singlet manifold
(cage escape, kcg). Since recombination of single radical pairs is a competitive process
(*kwer > kcp), the cage escape efficiency is inherently lower compared to that of the
triplet radical pairs, 628657

The described processes within the spin-correlated radical pair usually take place at
shot (< 1ns time scales).l®*®1l Diffusion-based recombination between the free ions
is also a possible and unproductive pathway but in applications has mostly only minor
contributions. The radical ions are usually consumed rapidly in the following reaction
(for the D) or regeneration steps (for the PC™).[808722]
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The competing pathways originating from the singlet manifold of the spin-correlated
radical pair are only possible for efficient ISC in the spin-correlated radical pair. This
can be found especially if heavy atoms are involved in the PC, such as for ruthenium-,
iridium-, or osmium-based metal complexes but also for heavy atom containing quen-
chers.[B792831° A high ¢cg can be achieved by eliminating such pathways and avoiding
the direct influence of heavy atoms in reaction intermediates. This has been done by
Neumann et al. by designing a molecular dyad with a ruthenium-based metal complex,
a xylene spacer and an anthracene organic chromophore. That way, the ruthenium part
of the molecule provided a high ¢;5c and favourable energetics ensured fast energy
transfer to the anthracene moiety. Sufficient spatial separation between ruthenium and
the triplet reaction center located on the anthracene was provided by the xylene bridge,
which enabledan increased ¢cg.*?! A bimolecular approach is discussed in [2.1{ with the
corresponding publication. 5!
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1.3  Current literature and applications of triplets
1.3.1  Photochemistry in water

The solvent choice is an important factor in solution-based photochemistry. To intro-
duce a ”green” chemistry aspect, life cycle analyses help to classify and rank solvents
regarding their sustainability.[2123°4] [ jterature provides several possibilities for replac-
ing (halogenated) organic solvents with more sustainable alternatives including super-
critical carbon dioxide, ionic liquids or liquid polymers to name a few.232

According to green chemistry principles, water fulfills several sustainability criteria of
a solvent.2129 In literature it is discussed whether or not water can be classified as
even “the greenest” solvent.[2324°6] However, inherent properties of water prevent its
broad usage in synthesis and industry. The high polar and protic nature of water is re-
sponsible for precipitation or aggregation of apolar chemicals, and some reaction types,
catalysts or intermediates do not tolerate water because reactands and intermediates
decompose.®”l An important factor in industry is the heat capacity of water resulting
in high costs for heating or cooling.2!23] A clear advantage of water is its non-toxic
nature, which is in line with the principle of utilizing safe solvents.!*!! However, if pol-
luted throughout a chemical reaction, careful efforts and regulations for recycling and
purification are required. Despite those challenges, water is a cost-efficient, broadly
available, non-flammable and non-volatile solvent, which makes the solvent interesting
for synthesis. 23124581

A second field for photochemistry in water is the relevance of chromophores in bio-
logical environments. For applications, such as bio-imaging, photodynamic therapy or
the release of biologically active compounds, the photosensitizers and photoactive com-
pounds have to be compatible with the aqueous and cellular environments.

In the following, four photochemistry-specific aspects are elaborated that need to be
taken into account for photochemistry in water and sometimes even result in improved
reactivities or reaction conditions (e.g. Section[2.1.2)):

i) The high polarity of water has a major impact on photochemical properties of
chromophores®! (Section[2.1.1)) and their reactivities.1%100 Stabilizing charged com-
pounds and intermediates leads to competing or preferred electron transfer reactivity
over energy transfer mechanisms.[228610210931 Degpite this, photocatalytic energy trans-
fer reactions are still possible and successful in water.[2%¢31%2] Modification of the elec-
tron transfer reactivity was explored by Nauman and Goez, who discovered a higher
redox potential of ruthenium-based photocatalysts using water as a solvent compared to
acetonitrile. /8!

i1) To ensure water solubility, apolar compounds can be substituted with ionic groups,
which in some cases change the redox potentials and reactivities in ground and excited
state.[2219471061 Thig holds especially true for aromatic hydrocarbon derivatives. 2%l
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Further options to enable water-solubility are supramolecular environments, such as
micelles!®MY7HIL o cyclodextrin(-related) molecules/22H21130

iii) Water molecules can act as quenchers for excited organic molecules, particularly
for emission energy regimes above 600 nm (below 2.1eV). In 2021, Maillard et al.
identified resonant energy transfer (FRET) to O—H vibrations as mainly responsible for
the quenching effects.!'*! The emission quenching can be utilized for determining the
water content within organic solvents.''>! A more direct impact of water molecules is
their property to act as possible ligands for metal-based chromophores. In d-block metal
complexes such coordination effects can be avoided by chelating ligands.'*! Another
exapmple for quenching processes by solvents is excited Cu(phen),". Planarization in
the excited state allow nucleophilic solvents, such as acetonitrile to quench the excited
state. More bulky substituents in the 2-postition of the ligands prevent this process, and
hence prohibit quenching processes by nucleophilic solvents.#L7

iv) Diffusion-based reactions and their rate constants are influenced by the ionic
strenghth of a solution, which qualitatively speaking is a measure for the concentration
and charge number of dissolved ions. For bimolecular reactions between two ions with
a charge of the same sign, a high ionic strength is beneficial due to better stabilization
and reduced Coulombic repulsion. For bimolecular reactions between two oppositely
charged ions, a high ionic strength can stabilize the individual ions thereby solwing
the quenching processes down.!!'811 Sych effects can be utilized to influence reaction
rates by intensionally adding or omitting charged species (Section [2.1)). 53663l

Water therefore has the capacity to be employed as a “green” solvent. The “green”
solvent was explored for laboratory-scale synthetic chemistry[2203831201 " for the decom-
position of quarternary ammonium compounds in water!’?! or in hydrogen generation
reactions!"!!.  Section [2| presents four systems for photochemistry in water, making
use of the solvation of highly charged species (Section [2.1)), utilizing the “green” sol-
vent for photochemical transformations (Section [2.2)), achieving reactivity control with
molecular dyads (Section[2.3) or investigating a recombination induced tripet formation
mechanism (Section [2.4).
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1.3.2  Combining properties of metal complexes and organic chromophores

The previous Sections [1.2.4]and [1.2.5| show several concepts for improving efficiencies
in photon-driven bimolecular reactions: long excited state lifetimes and high cage es-
cape efficiencies are beneficial and both can be achieved by employing a catalytically
active species with a long-lived triplet excited state. The second aspect of efficiency is
energy-related — efficient conversion of the energy of the input photon — and also taken
into account for the overall efficiency of a process. This section provides general con-
siderations and strategies towards achieving highly efficient photochemistry concerning
cage escape and energy conversion.

General properties of metal complexes and organic chromophores:

Photosensitizers (PSs) or photocatalysts (PCs) can be subdivided into two general groups,
depending on whether they are metal-based or purely organic. The following sections
cover the general properties of the two chromophore classes and show how the ben-
eficial properties can be combined and utilized for applications. One aspect that will
be addressed is the efficiency of converting the energy of the photons used to drive a
reaction into redox potentials for substrate activation. The two values that are com-
pared are the redox potential in V vs NHE and the energy of the initiating photons (eV).
The photon energy is usually obtained from the peak wavelength of LEDs[628122] or
the wavelength of a laser’®!. If the excitation light involves broad-band excitation, the

Eyo was used as initial energy repleacing the excitation energy.[3%1231124]
Metal complex Organic chromophore Combination
Mc oc MC + OC
N e 0¢
~ ,
<\|\|‘| ~ _oc- [E
~ | N
_/ MC
M = d-block metal OC = aromatic Elongation of 7
with MLCT states hydrocarbon Higher 7erand 7rer
IE tuning
Vis-light absorption UV-light absorption Vis-light absorption
Hsc high #sc low (g high) Hsc high
wshort“zr (€1 ps) Jong“z (>10 pus) Jong“z (>10 ps) |

Figure 8: Key properties of the excited states of metal complexes (MCs) and organic chro-
mophores (OCs) together with the combined properties of the two. The right part of the figure
highlights a possible reaction scheme combining MC and OC as well as the resulting advantages
and options for optimizing catalytic schemes.

Metal complexes (MCs, Figure @, left part), for this thesis, address d-block metal-
containing photo(redox) catalysts with visible light absorption. Especially 4d and 5d
MCs, such as ruthenium-, iridium- or osmium-containing complexes, provide high
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¢1sc (close to unity)'23! due to the heavy atom effect, and absorption bands in the vis-
ible region (often charge-transfer bands from metal-to-ligand charge transfer, MLCT).
Generally, those properties make them very well-suited for visible-light photo(redox)
catalysis and applications in optical devices. However, the high ¢sc also enables radi-
cal pair ISC, lowering ¢cg (Figure[7). 8987921 Comparatively short triplet lifetimes often
require high quencher concentrations to obtain high efficiencies (compare Figure [6)).
Further aspects come into play when considering sustainability. The availability espe-
cially of ruthenium, iridium and osmium on Earth is low, which makes them precious
metals that should either be replaced or employed in the lowest possible concentrations
for widespread usage. Charged ruthenium, iridium, osmium or copper-based MCs are
water solublelB#192U26127] 4nq can in principle be used as photo(redox) catalysts in the
“green” solvent.

Throughout the process of excitation upto obtaining the reactive species, energy gets
lost. The conversion of the initial photon energy into redox potential that is available for
the chemical reaction is often around 50 % or lower (Table [1|lists some examples).!12%!

Table 1: Comparison of photon energy (hvexc) to redox potential (E7 /o) provided for chemical
reductions using metal-based catalysts.

hvexe/ nm (Ey, / eV)  rective species (E1/ / Vvs NHE) 17 = L reference

Eny
460 (2.70) [Ru(bpy);]* (—1.30)* 0.48  [81]
405 (3.06) Ir(ppy)s] (—1.49)>¢ 049  [104,/129]
405 (3.06) Ir(sppy);]T (—1.65)>¢ 0.54  [104,/129]

aReduction potential. "Calculated from V vs SCE by adding 0.24 VIl ¢Excited-state oxidation
potential.

In summary, desired properties of an MC for efficient photo(redox) catalysis are the
visible light absorption and the high ¢sc, while the lifetime, conversion of the input
photon energy and cage escape efficiency can be improved.

Organic chromophore (OC, Figure |8) middle part) generally is a broad term including
purely aromatic hydrocarbons,P%123124] naryral and nature-derived compounds/©#39131
or specially designed chromophores®2¢!1321 - OCs are employed as replacements for
noble-metal photocatalysts,!Z8285213351351 which is often also based on the popula-
tion of triplet excited states due to heavy atom effects,!2¢1381 or structural motifs! !
such as carbonyl groups!!#®! or charge transfer states (CT, in TADF emitters,212#1321401
acridinium and phenoxazine dyes, B34 oreanic dyads! #2142 or certain BODIPY-
dyes144) " The absence of heavy atoms makes high cage escape efficiencies via a
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triplet excited OC feasible because within the radical pair, intersystem crossing is a
slow process (Figure [7).2] Organic chromophores, however, frequently suffer from
poor conversion efficiencies of the input photon energy into redox power and from low
stabilities in electron transfer reactions.**!%] Furthermore, water-solubility is often a
property that needs to be introduced by suitable ionic groups to an OC, thereby modify-
ing the properties of the excited state.[2663]

Table 2: Comparison of photon energy (hv) with the redox potential (Ey /) provided for chem-
ical reductions for organic chromophores.

hv/nm (Ey, /eV) radical anion (Ey/ / Vvs NHE) 7= En  reference

Ehy
< 310 (> 3.99) p-terphenyl™ (—2.39)>¢ <0.59  [63,/123]
<438 (> 2.83)* perylene’™ (—1.43)>¢ <0.51°  [30,48,/124]
390 (3.18) SO,TDS ¢ (—1.75) 0.55 [63]
525 (2.36) *EosinY (—0.91)"¢ 0.39 [65,146]

2Eq. °Calculated from V vs SCE by adding 0.24 VIZ1 | ¢Reduction potential. ¢For structure and
more details see Section[2.2]and corresponding reference[63]]. “Excited state oxidation potential,
measured in MeOH.

To optimize photo(redox) catalysis, OCs need to be identified that complement the pre-
viously established properties of the MCs (visible-light absorptivity and high ¢sc).
Consequently, suitable OCs have a long lifetime of the triplet excited state (71), no
pronounced heavy atom effect for high cage escape efficiencies in ET reactions and
possibly high redox potentials for efficient usage of the initial photon energy. Such
properties can often be found in aromatic hydrocarbons such as naphthalene, perylene
or p-terphenyl (Section @ and Table @) Those, however, are not water-soluble and to
ensure catalysis in this ”green” solvent, ionic groups can be introduced into the organic
structures. This again has an impact on the redox potentials and energies of the excited
state (Section [2.1)).

The two previous paragraphs set the frame for taking the best out of the MC and OC
properties aiming at efficient photo(redox) catalysis (Figure [8] right part). An ideal
system combines a metal complex with visible light absorptivity and highly efficient
intersystem crossing with an organic chromophore with a long triplet lifetime and a
high redox potential. For a successful catalysis, the energy levels and redox potentials
of the excited states of MC and OC need to be respected: i) To ensure fast energy
transfer from *MC to the OC, the triplet energy of *OC needs to be slightly below that
of the metal complex (Section [1.2.4] energy transfer quenching). ii) Overall energy
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loss can be avoided by choosing OCs with highly energetic radicals (or radical ions)!¢!
(Section or the triplet species’®®®l iii) Ideally, back electron or energy transfer
processes are thermodynamically disfavored and therefore slow, avoiding competing
and unproductive reactions.

This thesis presents two strategies to combine MC and OC. The corresponding previous
work is presented in the following two paragraphs of this section, and the further devel-
opment and novel findings of this strategy are presented in Sections and[2.3]

Bimolecular strategy:

This section focuses on a bimolecular approach towards combining the beneficial prop-
erties of metal complexes and organic chromophores. From a mechanistic point of
view, the catalytic steps are distributed over the individual compounds, MC and OC:
A visible-light absorbing MC with quantitative ISC is excited into the triplet state and
sensitizes an OC via TTET to the long-lived *OC. This key species was employed in
substantially different catalytic pathways in literature as illustrated in Figure

In 2017, Kerzig and Goez®! presented an aqueous system with a ruthenium-based pho-
tosensitizer and a water-soluble pyrene-carboxylate as an organic chromophore (Figure
@ a)). After green-light excitation and sensitization, the *OC was reduced by a sacrifi-
cial electron donor. The resulting radical species was excited by a second green photon,
which induced the release of a solvated electron as reactive species regenerating the
pyrene derivative. Incorporating the organic chromophore significantly increased the
quantum Yyield for hydrated electron generation compared to a system with only the
metal complex present.[2H#]

A similar catalytic system in organic solvents employing a ruthenium-based metal com-
plex and pyrene as organic chromophore was presented by Konig et al.''>Y! Later, Moore
et al.""*2! published mechanistic studies for the same combination of MC and OC (Fig-
ure[9] b)). The species for substrate activation in this system is the reduced chromophore
(OC™), whereas the system from Kerzig and Goez released a solvated electron. The dif-
ference between the mechanisms of Konig and Moore is the reduction step of *OC. In
Ko6nigs mechanism (green arrow in the figure) an electron transfer from a sacrificial
electron donor was proposed, which, however, is thermodynamically disfavored. This
lead to a two-photon based upconversion mechanism being proposed and investigated
later.SO05T1 Moore presents a thermodynamically feasible reduction of *OC (violet ar-

“This thesis only takes mechanisms into account that rely on a long-lived OC species. There are
several more two-photon-based strategies producing highly reactive radical species out of which the two
most important ones are briefly explained for a clear distinction: A) The Z-scheme is a concept based
on processes within photosynthesis and involves a photocatalyst as a reducing sensitizer for an OC. The
OC" is excited by a second photon and generates the reactive species *0OC". 32131l B) The ConPET
mechanism involves only one chromophore that, after excitation, is reduced by a sacrificial electron
donor and then excited by a second photon. This mechanism also generates an excited radical species,
relying however, on only one chromophore. /14711481
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rows) by incorporating a reduced form of the ruthenium-based metal complex. As a
consequence, a “MC is quenched, either by energy transfer to the OC (TTET), or by
electron transfer from a sacrificial electron donor (ET). The latter produces in the re-
duced ruthenium species (MC™), which again can reduce the *OC to the OC'~ that is
then used for substrate activation.

a) Hydrated electrons b) Organic solvents c) Upconversion
Konig, et al. Angew. Chem Int. Ed.
2017, 56, 8544-8549.
Kerzig, Goez, Chem. Sci. Wenger, et al. Chem. Sci.
2016, 7, 3862-3868. Moore, et al. Angew. Chem. Int. Ed 2021, 12, 9922-9933.
2020, 59, 9522-9526.
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Figure 9: Reaction schemes and key components of bimolecular catalytic systems combining
metal catalysts and organic chromophores with the relevant publications (MC: metal complex,
OC: organic chromophore, D: electron donor). a) Presents a biphotonic mechanism for the
production of hydrated electrons using the ascorbate dianion (Ascz‘) as an electron donor.”! b)
Mechanism in organic solvents, with a (initially regarded as monophotonic 201311 biphotonic
mechanism and N, N-diisopropylethylamine (DIPEA) as an electron donor.!22] ¢) Upconversion
mechanism with iridium-based MC preventing competing reactions with N,N-dimethylaniline
(DMA) as an electron donor.>”!

Finally, an upconversion-based mechanism in organic solution has been discovered by
Glaser, Kerzig and Wenger including a pyrene-based organic chromophore (Figure [9]
¢)).°2l This case already differs slightly from the catalytic mechanisms before, because
the reduction of the organic chromophore to obtain OC™™ occurs from the singlet excited
state instead of the triplet. The triplet excited organic chromophore in this case is clas-
sified as an annihilator (A, the detailed mechanism of STTA UC is further explained in

Section [1.3.5)).

One possible drawback of such elaborate catalytic systems is the occurance of various
unproductive decay pathways originating from the involvement of two photoactive chro-
mophores and several steps until the reactive species is obtained. This, however, can be
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addressed by detailed analysis of the unproductive quenching pathways2°38571 and the
production of the radical species could be identified as the most productive pathway. 27!
Careful choice of the involved chromophores with special emphasis on the respective
excited state energies, potentials and quenching rates further supports this bimolecular
approach (see Section [2.1).

This bimolecular strategy has the potential for highly efficient catalytic systems con-
cerning the overall energy conversion and cage escape yields. The mechanisms pre-
sented in Figure |§] were optimized for a “green” production of solvated electrons,™! or
studies combined with reactivity tests were the focus of the respective publications. 122120l
Considering the energy of the input photon in relation to the potential of the reactive in-
termediate, however, those mechanisms could still be improved.

Table 3: Comparison of photon energy (hv) with the oxidation potential (Ey/2) provided for
reduction reactions relying on sensitization-initiated electron transfer reacitions (see Figure E[)

hv/nm (Ey, /eV) rective species (Ei, / Vvs NHE) 7= L Figure@

Ehu
2 x 532 (4.66) e g (—2.77) 0.59 a)BILI8]
2 x 450 (5.51) Py (—1.86) 034 b2
2 x 477 (5.20) Bupy*~ (—1.86) 036 ¢l

To optimize the usage of the input photon energy, one-photon-driven reaction mech-
anisms (instead of using two photons, see Figure [J) and the choice of the reactive
radical can be considered. Therefore, the scope of OCs is extended to water-soluble
p-terphenyl, naphthalene and pyrene derivatives (specific energy considerations are pre-
sented in Sections[2.1] [2.3]and corresponding publications). Such aromatic hydrocarbon-
chromophores can be excited directly and after reduction, the reactive radical species
catalyzes ET reactions (Table[2).2%3] With a potential of Fq > —2.39 V vs NHE, the
radical anion of p-terphenyl was used for CO, reduction and successfully employed for
the synthesis of non-natural amino acids.!?22!>2 Table [2| shows the low efficiencies in
photon energy to reactive radical conversion after direct excitation. The potential of the
radical is also provided by reducing the triplet excited state, which can be obtained by
triplet energy transfer from a suitable iridium-based metal complex (Table [I). In this
sensitized strategy, the excitation energy is a blue photon (2.75eV), which produces a
reducing species with £/, = —1.96 V vs NHE resulting in an efficiency of 71 % for the
energy conversion (see also Section [2.1)).
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Molecular dyads:

Molecular dyads within the frame of this thesis are bichromophores consisting of a metal
complex linked to an organic chromophore: One of the ligands is covalently attached
to an organic unit as shown in Figure [10] (there are also metal-based triads and tetrads
respectively substituted with two or three organic chromophores®421531) - Similar to
the previous section, the purpose of this design principle is to utilize the advantages of
both subunits, which are visible light absorption and high ¢s¢ for the MC and the long
triplet lifetime (Sections [I.2.2] and [1.2.5). The benefits of molecular dyads compared

to their metal complex congeners have been exploited in rare-metal complexes such

as Ru-basedBHB4100  Og-hased 12310071621 [r_haged! 10371001 o earth-abundant 3d metal
) [I674170]

complexes (including copper-based, iron-based or chromium-based dyads
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Figure 10: Principle of molecular dyads (left) and examples for ruthenium-based dyads with
different lifetimes (right). The left side represents the general idea of molecular dyads including
a metal center, which is attached to an organic chromophore for extension of the triplet excited
state lifetime, resulting in higher efficiencies for energy and electron transfer reactions. The right
side shows the chemical structures of Rubpy ([a] from references [[84} 85]]) and derived dyads
by attaching pyrene or anthracene ([b] reference [159]). Below the structures are the resulting
lifetimes together with the corresponding energy diagrams.

As indicated earlier, the choice of organic chromophore has a great impact on the ener-
getics and therefore the reactivity of the molecular dyad (Figure energy diagrams):
For similar triplet energies of MC and OC (A E7 < 0.2eV), an equilibrium between the
’MC and *OC can be observed.® For an OC (or ligandsphere) with high differences in
triplet energy to the MC, this back energy transfer can not be observed, thereby elimi-
nating one deactivation pathway and elongating the lifetime of the excited state.!1>4171
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This, however, also entails a loss in energy and depending on the demands for the dyad,
optimization on minimum energy loss or lifetime extension can be achieved.

Similar to the sections above, water solubility and challenges combined with this sol-
vent are discussed briefly for molecular dyads. For an increasing size of the organic sub-
stituent(s), the water solubility decreases. However, high concentrations of long-lived
dyads are often not required, especially when employed as catalysts, and can lead to
lifetime-lowering self-quenching effects.’®! The di-cationic nature of ruthenium-based
dyads with small organic chromophores provides sufficient water solubility — in par-
ticular when CI” counter ions are employed — to allow photochemistry in the “green”
solvent. Several dyads have already been developed and investigated for usage in aque-
ous solutions. [B483021155]

The fact that the triplet excited state is localized on the organic chromophore leads to
modified redox properties in the excited state, besides the lifetime elongation. So far,
mostly the lifetime extension was utilized, however, changed redox properties allow the
differentiation between inherently different quenching pathways. This effect is detailed
in Section [2.3|and the corresponding reference [85].
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1.3.3  Reactivity control

Mechanistic, thermodynamic and kinetic considerations in the previous sections illus-
trate versatile possibilities for triplet excited state photochemistry. Advantages of triplet
excited states and the differentiation between two fundamental quenching steps, namely
electron transfer or energy transfer, are discussed. This section presents photocatalysis
and corresponding studies to achieve different reactivities and reaction products in (syn-
thetic) photoredox catalysis or photochemistry in general.

Photosensitizer as a mechanistic switch:

Photoinduced reactions are highly responsive to their surroundings and modified reac-
tivity can be achieved by chosing different reaction conditions or a different photosen-
sitizer, for example switching between two different metal-based complexes.™”! The
photosensitizer change often requires adaptation and optimization of the reaction con-
ditions and examples, where only the photocatalyst or catalytic system, is exchanged
are scarce.l'’®/l By changing the metal catalyst from copper-based to osmium-based
using the same organic chromophore (di-cyanoanthracene, DCA), Glaser and Wenger
were able to differentiate between oxidative and reductive substrate activation in red
light-driven photocatalysis (Figure left part)E] For the copper-based photocatalysis,
DCA was reduced (ET) and the resulting DCA™ intermediate was activated with a sec-
ond photon, producing the highly reducing reactive species *DCA™". In the osmium-
based photocatalytic system, DCA was sensitized (TTET) and a subsequent upcon-
version mechanism produced 'DCA*, with an oxidative reactivity towards substrates.
This mechanistic change was found using acetonitrile as a solvent and the upconversion
mechanism was optimized for higher efficiency using dichloromethane as solvent.[2%3!
Section[2.1|presents an electron transfer to energy transfer reactivity switch by exchang-
ing a ruthenium-based metal catalyst for its dyad derivative (see Figure [I0). Such
examples for reactivity changes®2573883 require detailed mechanistic analyses of the
individual systems and thereby contribute generally to a deeper understanding of pho-
tocatalytic mechanisms.

>The mechanism shown in Figureis predominantly observed in acetonitrile. A minor fraction of an
energy transfer from *[Cu]** followed by the reduction of °DCA with DIPEA leads to the DCA"", which
is equally excited by the second photon.
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Isomerization reactions:

An extension within this subsection are energy transfer-based cis/trans-isomerization
reactions (Figure [TT] right part). Irradiation reactions do not lead to different products
(as seen before), but to different ratios of the cis/trans isomers. This product distribution
is due to the fact that the triplet energy of the cis-isomer is above that of the trans-
isomer. Depending on the photosensitizer’s triplet energy relative to the two isomers,
the corresponding quenching rates differ. Two scenarios are relevant for isomerization
reactions:

a) The triplet energy of the sensitizer is close to that of the lower energy isomer,
(Figure [IT} PC1 and the trans-isomer). Quenching with the cis-isomer (higher triplet
energy) is therefore slow, which leads to a selective activation of the trans-isomer and
an accumulation of the energetically higher-lying cis-isomer (cis/trans>1).

b) The triplet energy of the photosensitizer is greater than that of both isomers (PC2).

Sensitization by the triplet excited PC2 occurs with similar rate constants and in irradi-
ation reactions this leads to a 1:1 cis/trans ratio.
In these scenarios, reactivity control is considered regarding the isomeric ratio, which
depends on the chosen sensitizer and the related triplet energy.[22421921 A5 a conse-
quence, the product ratio in irradiation reactions, after reaching an equilibrium (photo-
stationary state), provides information about the triplet energy of the photosensitizer
(Section [3.3|and reference [172]).[12102)

Reductive Oxidative E. Isomerization
substrate activation? substrate activation 3
b) E; (PC2)
{_~[IDcA"] cis
3 2+ / sTTA
[Cu*] DCA* +D** 30s] 2 x 3DCA
\ ISC ET Zx\ Isc TTET DCA a) ET(PC$\
frans low TTET
[Cu? DCA+D [Os] 2 x DCA siow
" —fast TTET
Cc
D = DIPEA, electron d =DC.
electron donor DCA R/\/R TTET R/E . R/\/R
N cis_/ trans
a)PC1 N
b) PC2 ~1

Figure 11: Examples for reactivity switch based on changed photosensitizer. Left part: Com-
parison of catalytic mechanisms with a copper-based metal complex ([Cu?*)) for reductive sub-
strate activation (via *DCA""; a) this mechanism is predominantly observed in acetonitrile) to
an osmium-based metal complex ([Osz+]) for oxidative substrate activation (via IDCA*).BMB]
Right part: comparison of triplet energies of two photocatalysts (PC1 and PC2) for cis/trans iso-
merization reactions together with the resulting distribution of isomers after an energy transfer-
based isomerization reaction.
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Influence of reaction conditions:

Driving reactions with light via photocatalysts in their excited states is highly depen-
dent on the rate constants of the quenching steps. To achieve high selectivity, sup-
pression of competing reactions is key, which on the other hand can also be viewed
as possibility towards versatility: The choice of additives in solutions enables differ-
ent quenching pathways and products and allows one photocatalyst to be employed in
electron or energy transfer reactions, as shown by the examples in Figure [I2} With a
suitable sacrificial electron donor, *[Ru(bpy);]** is reduced and employed in electron
transfer reactions. Goez and Naumann performed successful pinacol coupling reactions
of aromatic ketones and aldehydes (S = benzaldehyde, more examples in the publica-
tion), which were activated by the reduced ruthenium-based complex.[®!! On the other
hand, in the absence of an electron donor the same 3[Ru(bpy)3]2+ can be used for TTET
followed by an annihilation process, both in aqueous solution (see figure)!>® and or-
ganic solvents!**3!, In 2023, Zysmann-Colman et al. published a sulfone-bridged TADF
emitter (pDTCz-DPmS) and showed highly versatile reactivity, including triplet-triplet
energy transfer, oxidative and reductive substrate activation and dual catalysis with a
nickel-based co-catalyst.'#?! Unlike this direct comparison showing the versatility of a
photocatalyst within one study, mostly unrelated publications employ one photocatalyst
for different reactivities according to their individual requirements e.g. organic chro-
mophores (Section [37‘63“30‘174=175], other TADF emitters2122132] o earth-abundant
metal complexes (Section [3.1]).[17E4176]

triplet-triplet energy electron transfer quenching(®!
transfer quenching!® S
= Z “NA
g S 'N\(Tj@ D =[Asc?JorDIPEA

a- b <

annihilator Q* _ ,L b : 3 D (I)
PC g for L Pe N 5= ©)
or N\ PC = Rub
ISC  TTET cis-stilbene o ied IS¢ - OH O
PC Q o0 PC S P= O OH
Ni\g 2//:\N
trans-stilbene lEu " " ‘E" s —P
‘Bu Bu

PC = pDTCz-DPmS

Figure 12: Examples for reactivity switches based on changed additives using [Ru(bpy)g,]2+
(dark green) or pDTCz-DPmS (light green) as photocatalysts (PC). Left part: Triplet-triplet
energy transfer-based mechanism. The quencher is either an annihilator structure (Q=anthracene
carboxylate) and upconversion was observerd!!2%! or trans-stilbene (an energy acceptor), which
isomerized to the cis-product.l!32! Right part: Electron transfer-based mechanism using either
the ascorbate dianion (Ascz_)[gl] or DIPEA32] 35 a sacrificial electron donor and benzaldehyde
(and derivatives) as substrates (S) for pinacol coupling reactions.[811132]
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Further interesting possibilities to change between reaction products were identified
when considering the excitation light, which are discussed briefly.”! In the first study,
high light intensities enabling two photon-based reactions are distinguished from lower
light intensities inducing one photon-driven reactions. Switching the light intensity
allowed Kerzig and Wenger to control the reaction products, which resulted from a
two photon-based reaction mechanism (reactive species: hydrated electrons) or from
one photon-based reaction mechanisms (reactive species: triplet excited state of the
photosensitizer)."”/! The following two publications revealed different reactivities upon
changing the excitation wavelength between blue and green photons. 8121 Schmer-
mund et al. observed that depending on the excitation wavelength different transitions
are enabled (n—7* for green photons and m — 7* for blue photons), which yielded dif-
ferent substrate activation energies and thus reaction products.''”®! Finally, Gosh and
Konig investigated different reactivities after irradiation with blue or green LEDs using
a rhodamin catalyst. The selective absorption of a blue photon by a reaction interme-
diate allowed the activation of that intermediate under blue-light irradiation, whereas
this second activation was prohibited using green photons. The differentiation between
the intermediate (green light-driven) and the excited intermediate (blue light-driven) for
substrate activation also lead to two different reaction products."'”?! Often more than
one parameter needs to be changed in order to obtain high selectivity towards different
reaction products.”=8! Typical examples are the temperature!8%8!l " or additives and
co-catalysts,[4463174]

Replacing photocatalysts based on precious metals is of great interest, for sustainability
reasons and because of the high costs that are related to such metals (especially for large-
scale usage).l2128] Several examples of organic and earth-abundant metal catalysts for
successful replacement of precious-metal catalysts have been published. 132844176182l
Examples for versatile photocatalysis at different reaction conditions, in therms of dif-
ferent quencher molecules are presented in purely organic catalyses in Sections
and and Section |3.1|introduces a versatile catalyst based on a more earth-abundant
metal.
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1.3.4  Back electron transfer-induced triplet formation

For chromophores with singlet excited state reactivity, electron transfer quenching can
occur equivalent to the mechanism described in Section[I.2.4] producing the one-electron
reduced (or oxidized) photocatalyst and electron donor or acceptor species, respectively.
Unlike the unproductive recombination processes introduced previously (Section [1.2.5]
Figure[7), following the electron transfer, a recombination-based pathway can take place
producing a triplet excited species, which would not be possible without the recombina-
tion step.[BORUEMS3N Tn monomolecular systems (often dyad-like donor-acceptor com-
pounds) the intersystem crossing is caused throughout the recombination process by
couplings, which enable El-Sayed allowed transitions!!®**! or hyperfine couplings./®"
For bimolecular systems, ISC is often enhanced by electron transfer and explored in
combination with magnetic field effects, which enhance the hyperfine couplings.[2%1]
Figure [[3|provides a clearer picture of the overall process and the spin-multiplicities in-
cluded. An additional intermediate, the encounter complex, was included in the mecha-
nistic scheme compared to the mechanism described earlier in Figure [7| 291851861 [ prin-
ciple, the reaction pathway proceeds similar to that described earlier (Figure[7)), except
for the fact that the excited chromophore starts in a singlet excited state (Figure[13)): In
a diffusion-based step, the excited photocatalyst (PC) and donor (D) form an encounter
complex in a singlet multiplicity because of the spin conservation ('[PC- - - D]*). Elec-
tron transfer leads to the spin-correlated radical pair again with a singlet multiplicity
('[PC™- - -D™]). Typically, without a heavy atom present, the spin-correlated pair re-
combines and decays into the ground state PC and D or cage escape forms the desired
radical species (compare Section [I.2.5)). Despite the lack of a heavy atom, intersystem
crossing can take place, such that the nearly isoenergetic triplet radical pair is formed

C[PC™---D™*]). Under certain conditions, back electron transfer is followed by the
release of the two molecules into the solution, populating the triplet state of the PC
Cpaiss) POOTITET]
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Figure 13: Reaction scheme and energetics of a back electron transfer (bET) or recombination
induced triplet formation together with the frontier orbitals representing the spin multiplicities.
Direct excitation of a photocatalyst (PC) into the singlet excited state is followed by electron
transfer quenching with an electron donor (D). The green box highlights the thermodynamic
requirements for the formation of *PC. Differences to the electron transfer mechanism in Figure
are discussed in the text.

This process is only observed if certain criteria are met. The most important argument
is the thermodynamic feasibility of the recombination: The energy released upon re-
combination to form the triplet species (AGpgr = Er — Eox(D) — Eq(PC)) can be
expressed as a rearrangement of the Rehm—Weller derived equation (Equation and
therefore |Eo(D)| + |Ea(PC)| > FE7.1%81 Depending on the individual triplet ener-
gies, either the quencher molecule or the photocatalyst can be promoted into the triplet
excited state, 26188

Solvent properties, such as reorganization energies, polarity or viscosity impact the sta-
bilization energies of the intermediate!®”183] and dissociation rate constants/¢78588201
The recombination-induced ISC is enabled by hyperfine coupling effects or by ultrafast
heavy atom induced spin-orbit coupling.[C”U82101 For systems in organic solution, ISC
of chromophores was enhanced by such effects on nano-second and sub-nano-second
timescales and were combined with magnetic field effects.PUISIIEMSOIIN Section
presents a bimolecular aqueous system, with a pure singlet chromophore, which shows
strong triplet signals after a recombination process.
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1.3.5  Sensitized triplet-triplet annihilation

General mechanism and parameters:

In sSTTA UC schemes, the energy of two low-energy photons is combined to produce one
photon of higher energy (Figure [[4). Such mechanisms consist of two chromophores:
A photosensitizer (PS), which absorbs the low-energy photons and forms efficiently the
triplet excited state (high ¢1sc). The second chromophore is an annihilator molecule
(An), which quenches the *PS via triplet-triplet energy transfer. If two *An encounter,
they form an encounter complex with the three possible spin-states '(An- - - An)*, triplet
3(An- - -An) and quintet 5(An- - - An), each with a statistical likelyhood of 1/9, 3/9 or
5/9, respectively (f: spin statistical factor). Theoretically, only the singulet encounter
pair produces the wanted delayed emission from the 'An*, thereby liming the overall
quantum efficiency of the process to 0.11.[7OBIPZN The quintet encounter compex
dissociates back into the individual triplets, becuase disfavourable energetics prevent
access to the quintett states of one individual annihilator.!"®*!°3] For favorable energet-
ics and molecular prerequisits in the annihilator, the triplet encounter pair *(An- - - An)
also contributes to the delayed emission via ISC from higher excited triplet states to the
singlet multiplicity, and depending on their coupling interaction and orientation, they
can contribute to increasing the spin statistical limit above 0.11.231221 That way, the
theoretical limit of the upconversion quantum yield (¢yc) can be surpassed.P76124196]

The quantum yield of an STTA UC process is usually determined experimentally using
a reference compound. Its biphotonic nature inherently limits the overall quantum yield
of STTA UC to a maximum of ¢yc=0.5 compared to the direct emission of the reference
compound. The quantum yield can also be considered as the product of the quantum
yields of all steps involved, which results in the following equation: 7619271

duc = f X ¢isc X Or1ET X OTTA X OF (14)

¢uc 1s the upconversion quantum yield, ¢iscis the quantum yield for ISC of the sensi-
tizer, ¢rrer 1s the quantum yield for the energy transfer, ¢rra is the quantum yield for
the annihilation process and ¢ is the fluorescence quantum yiled of the directly excited
annihilator (color-code identical to Figure [14).
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Figure 14: Energy scheme of the sSTTA UC mechanism for a photosensitizer (PS) and annihi-
lator (An) including a scale for the relative energies. The scale contains markings for the triplet
energy of the annihilator (Et), the singlet energy of the annihiator (Es) and the double triplet
energy of the annihilator (2x(ET)), see text for further explanation. Key parameters for every
individual step are the intersystem crossing quantum yield of the sensitizer (¢;sc), the quantum
yields for energy transfer (¢rrer), the quantum yield for annihilation (¢tra) and the fluores-
cence of the singlet-excited annihilator (¢p).

Three out of the five factors from equation (14 (f, ¢1sc and ¢r) are inherent properties of
annihilator and sensitizer. Triplet-triplet energy transfer is the first bimolecular step of
an upconversion scheme, and the efficiency of this step is essential for the entire mech-
anism. For a high ¢rrer the concentration of the annihilator must be chosen sufficiently
high and/or the triplet excited state of the sensitizer must be long-lived (Equation (13)).
High annihilator concentrations however, cause filter effects, which can be detrimental
for the efficiency of an sSTTA UC system.[217%1 Ag a result long lifetimes of the triplet-
excited sensitizer are essential in order to work at high energy transfer efficiencies and
at the same time low annihilator concentrations (Section [[.2.5and Figure [6).

The thermodynamic prerequisite for the annihilator is the relation of triplet and singlet
energy. For a successfull triplet-triplet energy transfer, the annihilator’s triplet energy
should be below that of the sensitizer. Additionally, the energy of two triplet excited
states must be above the singlet excited state of the annihilator (i.e. 2 x Fp > Eg).[701°2l
The annihilation process is highly dependent on the concentration of 3An also from a ki-
netic point of view, because two triplet-excited annihilators are required for annihilation.
At low light intensities, the concentration of 3An is also low, which is why the observed
upconversion signals depend quadratically on [*An]. The quadratic dependency in the
low-power excitation regimes is often used and accepted as confirmation for the bipho-
tonic nature of the annihilation process. 2244839207 At higher light intensities the con-
centration of *An is sufficiently high and the ¢yc depends linearly on the light intensity.
Qualitatively speaking, under those conditions the concentration of *An is considered
“constant” and every newly formed *An annihilates, which is why the formation of the
encounter complex only depends on the formation of one new >An. 19419519
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sTTA UC in organic solvents:

The concept of combining the energy of two low energy photons to obtain one photon
of higher energy is known since the second half of the 20th century”101221 and since
then has found its place in many research fields such as improving the efficiency of
solar devices!®2%20U " chemical syntheses®2282%21 combined with supramolecular envi-
ronments and/or in bio-medicinal applications!!U161:2031

Those applications and technologies benefit from advantages of the sSTTA UC mecha-
nism e.g. the penetration depth of lower energy excitation light (especially red-to-blue
upconversion for bio-medical applications within the biological window”161170204] gee
also next section), milder reaction conditions and selectivity (compared to direct excita-
tion, utilizing low energy photons allows selectivity because usually 'A* reacts directly
as sensitizer®*?’! or as FRET-donor!*?!) or avoiding hazardous and inefficient UV lamps
by directly applying blue-to-UV upconversion in solution!**!,

General requirements for sensitizers are efficient ISC after photon absorption, suf-
ficiently long lifetime of the triplet excited state (Section [I.2.5]), possibly low filter ef-
fects for the upconverted light,B#76192193) 4nd within a sustainability-framework replac-
ing precious-metal photosensitizers by organic chromophores or earth-abundan metals.
TADF emitters’®*>3 and several metal complexes™3107702051 have met such require-
ments and the molybdenum-complex presented in Section 44] is a further step to-
wards replacing rare metals.

Requirements for annihilator compounds are the energy gap between singlet and
triplet energy (2 x Er > Ly see Figure and a low tendency for excimer formation.
Finding such properties in possible annihilator structures is non-trivial, however com-
pared to aqueous systems several organic chromophores have been identified as suitable
annihilator compounds.’?%®! Excimer formation is successfully avoided by substituting
the aromatic hydrocarbons with alkyl or TIPS groups./?072%l This however leads to a
(substantial)®#21% Jowering in the energies of the annihilator’s excited triplet states. Be-
ing aware of such effects and building on previous studies, allows a rational approach
towards annihilator design. Section [3.2] provides detailed insights into DFT-based, en-
ergetic considerations for the design of a blue-to-UVB annihilator.
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sTTA UC in water:

The first STTA UC system in pure water was published by El Roz and Castellano in
2017.159 Since then only four more systems in pure water have been developed[] The
annihilator strctures consist of an organic chromophore (naphthalene, anthracene or
pyrene) substituted with ionic groups to provide water solubility (Figure/[15).[102155156213]
The reason for such few sTTA systems in water is related to the inherent solvent prop-
erties as discussed previously (Section|1.3.1]) and out of those the following are relevant
for sTTA:

i) The high polarity of water promotes competing ET reactions[86, |156] limiting
the initial TTET step (red circle in Figure [I4). Thus the accumulation of a sufficiently
high concentration of triplet excited annihilators is prohibited, which is a key factor for
successful upconversion systems. 7122l

i1) Excimer formation as competing mechanism is more efficient in polar solvents
and makes the wanted sSTTA mechanism inefficient.l**! In organic solvents, excimers
can often be avoided by substituting the annihilators with aliphatic or TIPS groups (pre-
vious paragraph). For aqueous solutions, annihilator structures are decorated with ionic
groups to provide water solubility. This does not prevent excimer formation and for
several possible annihilator structures, excimer formation was the main observed mech-
anism instead of the wanted upconversion. Kerzig and Wenger!!>>! and a few years later
Pfund et al.''%2! have tested several water-soluble naphthalene, biphenyl, anthracene and
terphenyl derivatives, out of which three were identefied for efficient upconversion. All
other tested annihilators showed an over all low (or no) upconverted emission due to
side reactions such as excimer formation or competing ET reactivity.

iii) Limited solubility of the anihilator can set an upper limit for the maximum
concentration."!%?! Long lifetimes of the sensitizers are therefore highly desirable to
ensure efficient energy transfer quenching (Section [[.2.5|and Figure [6).

®If supramolecular environments or molecular assemblise like micelles or nanoparticles are involved
the number of successfull systems becomes much lager,[0l1072032111212]
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Figure 15: Annihilator structures for sTTA UC systems in pure water, together with the rele-
vant publications. The boxes highlight annihilator structures that were employed in substrate
activation reactions owing to their reducing properties in the singlet excited state together with
the excited state potential (*Eqy).

Some of the aqueous sTTA UC systems have been employed in substrate reduction (ET)
reactions using the singlet excited annihilator as catalytically active species in dehalo-
genation reactions!!%21531 and decomposition of a quarternary ammonium compounds 2,
Three of the annihilator structures in Figure[I5|were employed in sSTTA UC-driven pho-
tocatalytic electron transfer reactions for pollutant degradation and provide highly re-
ducing properties (< —2.0 V vs NHE) from the singlet excited state. However, oxidative
properties in this context have not been reported so far and will be addressed in Section

and reference [85]

STTA UC-systems that are compatible with water can be employed for waste-water
treatment!'*2 and a second huge field of applications is located in bio-medicinal con-
texts. PDT,'*12] bioimaging,"®’! and photon-triggered processes®>38! within this context
are limited by the absorption of tissues, and only light within the ’biological window”
(>>600nm) can pass this barrier and therefore be employed for those purposes.[2%!
Photons within this range carry energies below 2.0eV, which is the thermodynamic
limit for one-photon applications. The annihilator structurepresented in Section [2.3| has
a tripelt energy, which is well-suited for potential applications within the biological
window”.
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1.4  Outline of the projects

This thesis is divided into two main chapters out of which the first presents triplet pho-
tochemistry in aqueous environments and the second chapter focuses on systems in
organic solvents.

Water is a highly polar and protic solvent and it possesses advantages like non-toxicity,
low price and ubiquitous availability. However, water as a solvent provides general
challenges like insolubility, aggregation or incompatible reaction conditions, which are
added to the photochemistry-specific problems, solvatochromism, modified excited-
state decay pathways and the fact that water itself can act as a quencher! 4!,

The first project in Section presents a concept towards the efficiency increase of a
photocatalytic mechanism. Beneficial properties of iridium- and ruthenium-based metal
complexes (MCs), such as visible light absorption and fast, quantitative ISC, are com-
bined with the long triplet excited state lifetimes of organic chromophores (OCs). In the
investigated bimolecular mechanism, an organic chromophore is sensitized via triplet-
triplet energy transfer (TTET) from the tripet excited metal complex. This step is fol-
lowed by a reductive electron transfer (ET) to the triplet excited OC. That way, the
one-electron reduced intermediate (OC™) is formed, which is capable of activating sub-
strates. The modular design of this concept allows the combination of different MCs
and OCs enabling optimization of the catalytic system. Two criteria are considered for
the effectiveness of this mechanistic strategy. One is the efficient conversion of pho-
ton energy into energy available for substrate activation. The second aspect is a high
quantum yield for the conversion of absorbed photons into catalytically active species.
Beneficial Coulombic interactions paved the way for identifying a highly efficient MC
- OC combination with a cage escape efficiency of close to unity for the reactive OC
species.

The second project in Section focuses on a detailed spectroscopic analysis of a
water-soluble, purely organic chromophore with triplet reactivity (SO,TDS). ISC in this
molecule is enabled by introducing an SO,-bridge into a formerly pure singlet chro-
mophore. Detailed spectroscopic analyses and NMR scale irradiation experiments con-
firm the dual TTET and ET reactivity of the SO,TDS triplet.

In the third aqueous system (Section [2.3), ruthenium-based molecular dyads enable
the identification of a novel, highly oxidizing annihilator structure in water. Molecu-
lar dyads are bichromophores, consisting of a metal complex (ruthenium-based) with
a covalently linked organic chromophore (pyrene), thereby combining the benefits of
the two entities within one molecule. The long-lived triplet state of the dyads origi-
nates from a fast intramolecular energy transfer to the lower-lying triplet of the pyrene
subunit. The resulting lifetime elongation drastically increases the efficiency of the de-
sired quenching step at low quencher concentrations, which is highly relevant for sTTA
systems. Furthermore, a fundamentally different reactivity of the triplet excited metal
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complex (ET) compared to the dyad (TTET) was observed. The energy transfer quench-
ing pathway allowed the implementation of P—H** in an sTTA scheme, thereby adding
the compound to the very limited number of annihilator structures for STTA in water. In
contrast, the more redox-active metal complexes undergo electron transfer quenching.
That way, employing a ruthenium-based dyad or the metal complex congener facitilates
a reactivity switch (TTET vs ET). Initial experiments to further investigate this concept
employing iridium-based complexes and dyads are presented at the end of this section.
The fourth and final aqueous system (Section [2.4)) sheds light on a bimolecular path-
way to access triplet excited species in molecules without inherent ISC. The annihilator
structure of the previous project (P—H?") is highly oxidizing in its singlet excited state
and can be reduced by weak electron donors. Fast recombination of the photo-induced
electron transfer products (oxidized donor and reduced chromophore) is usually an un-
productive and detrimental pathway. In this case, however, recombination with suitable
electron donors releases sufficient energy to populate the triplet excited state, which can
be observed on nanosecond-toicrosecond timescales. Initial experiments confirm this
triplet-forming mechanism and possibly reveal an underexplored pathway for reactivity
control and triplet formation.

The second main chapter (Chapter 3 is divided into three sections each containing one
project on triplet photochemistry in organic environments. The three sections present
ns-TA spectroscopy for an earth-abundant molybdenum complex replacing precious
ruthenium complexes, DFT-calculations guiding the design of annihilator structures and
ns-TA spectroscopy of Pt(II)-based chromophores for OLED applications.
Section3.T|focuses on a molybdenum(0) complex capable of replacing ruthenium com-
plexes. The ruthenium and the molybdenum complexes are isoelectronic and using ns-
transient absorption spectroscopy, combined with theoretical calculations, the molyb-
denum triplet excited state was identified and characterized. This triplet excited molyb-
denum complex sensitizes a literature-known annihilator, thereby replacing a Ru-based
sensitizer in an STTA UC scheme. Furthermore, the complex was employed in an elec-
tron transfer driven dehalogenation reaction, as an example for the versatile usage of the
molybdenum complex for electron or energy transfer reactions.

The second project (Section presents DFT calculations supporting the design and
experimental results for annihilator compounds in a blue photon-driven sTTA UC sys-
tem generating UVB light. Such high-energy-producing multiphoton mechanisms are
highly relevant for activating substrates under mild reaction conditions. The annihila-
tor structures under investigation were tris-isopropyl acetylene (TIPS) substituted ben-
zenes. The triplet energies of differently substituted benzenes were calculated, which
allowed the prediction of the most promising molecules to guide synthesis.

Finally, in Section [3.3|the excited states of two heteroleptic platinum complexes, which
were designed as blue-emitting chromophores for OLEDs, were spectroscopically ana-
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lyzed. The ligand-centered triplet nature was confirmed in a polymer matrix as well as in
solution and a specially designed cyclometallating ligand containing a spirobifluorene-
unit introduced unexpected excited state properties. Beyond spectroscopy, both com-
plexes were also employed in a sample energy transfer photocatalytic reaction (TTET).

All projects are focused on triplet excited species, different access (ISC, sensitiza-
tion or recombination) and decay pathways (energy and electron transfer or annihila-
tion) and their individual characterization. The detailed analysis of each chromophore
or chromophore system is essential for individual optimization and effective usage in
photo(redox) catalysis. The projects also show the interplay of theoretical calcula-
tions (DFT), spectroscopic measurements and experiments as synergistic methods for
obtaining a deep mechanistic understanding. The insights gained throughout the the-
sis are relevant for many photochemistry-related fields, including biological systems
(sTTA schemes in water), catalysis and sustainability (aqueous systems, reactivity con-
trol, purely organic catalysis and earth-abundant metal complexes) and even for light-
emitting devices (platinum complexes for OLEDs).
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2 Photochemistry of triplet states in aqueous solution

This chapter presents four triplet-photochemistry projects realized in aqueous solution.
In Section [2.1] a catalytic concept combining energy and electron transfer is explored
using combinations of iridium- or ruthenium-based metal complexes and naphthalene,
p-terphenyl, or pyrene derived organic chromophores. Section [2.2] introduces a purely
organic compound with triplet-based photo(redox) chemistry. Section [2.3] combines
metal complex and organic chromophore in one compound (dyad), which besides the
increased triplet lifetime also introduces a modified reactivity. In the last section (Sec-
tion [2.4) recombination is explored as a way to access the triplet excited state in a
chromophore that normally only populates the singlet excited state.

2.1 Sensitization-initiated electron transfer

This section presents different bimolecular systems consisting of iridium- and ruthe-
nium-based MCs combined with different OCs exploring a combined TTET and ET
mechanism. Figure [16|provides the general catalytic cycle (as already discussed in Sec-
tion [1.2), which will be referred to throughout this section. The goal of this concept is
to make use of the visible light absorption and fast ISC of MCs in combination with the
long lifetime of the *OCs. This key intermediate is obtained via TTET from the triplet
excited metal-based complexes. In previous work (Section [1.2)),BS71220S00511 yarious
pathways for a combined TTET and ET for photoredox catalytic cycles have been in-
vestigated. Most of these examples rely on multi-photonic mechanisms, whereas for
this dissertation the focus is turned to a one-photon mechanism and towards increasing
the efficiency of the catalytic cycle.

The first section (Section introduces a blue-light driven catalytic system combin-
ing Ir-based photosensitizers with charged naphthalene and p-terphenyl derivatives (as
OCs) in aqueous solution. In the presence of a sacrificial electron donor (D), this combi-
nation of catalysts allows the formation of highly reactive radical anions (OC™"), aiming
at an efficient usage of the photon energy provided by the input light. A high conver-
sion of the photon energy into redox potential available for substrate activation requires
careful selection of the individual components (MC, OC and D) for thermodynamically
feasible ("downhill”’) energy and electron transfer steps, while minimizing the energetic
loss throughout the overall process.

In the second part (Section [2.1.2), the same mechanistic concept is employed in a sim-
ilar system with a Ru-based sensitizer and pyrene tetrasulfonate (PTS) as organic chro-
mophore, in a green-light driven catalysis. The overall quantum yield of the sensitization-
initiated electron transfer mechanism exceeds the quantum yield of the direct pathway
with only the MC as photocatalyst, which is shown spectroscopically and in model re-
actions.
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High cage escape efficiencies and ultimately quantum yields in the individual catalytic
steps is achieved by exploiting static quenching caused by the Coulombic interactions
between the dicationic ruthenium complex and a tetra-anionic pyrene derivative.

3 D
mc 3oc ket _p-+
MC metal complex
hv ocC organic chromophore
ISC krTeT oc~ D electron donor
S substrate
s P product
S — P

Figure 16: General scheme for a sensitization-initiated electron transfer mechanism. The cat-
alytic cycle consists of a metal-based complex (MC) and an organic chromophore (OC). The
individual steps include: excitation and ISC of the MC, TTET (red) to the OC, reduction of the
OC (ET, blue) and then the substrate activation step (kq, green).

2.1.1  Sensitization-initiated electron transfer with blue light

Photons in a wavelength range from 400 nm to 450 nm are the most energetic visi-
ble photons, contain energies between 3.09¢eV to 2.76 eV and are assigned the colors
blue and viole{} 2152161 Tn efficient systems, the photon energy is converted to over
50 % into reduction or oxidation potential for substrate activation (compare Section
1.3.2).12%1 For blue light, this translates to potentials in the range of 1.3 V vs NHE to
1.5 V vs NHE. As sensitizers, iridium-based complexes with high triplet energies of
2.5eV to 2.9eV and fast and quantitative ISC were chosen as sensitizers for photoredox
catalysis with blue light.[192217218] The OCs should possess a triplet energy close to that
of the Ir-sensitizer, a long 71 and a high reduction potential, which makes naphthalene
(Er = 2.62eVE) and p-terphenyl (Er = 2.50 eV ) derivatives the most promising
candidates.['2193] After the energy transfer step (compare Figure [16)), a sacrificial elec-
tron donor reduces the triplet OC to the OC™. For the catalytic systems presented in
this section, the water-soluble ascorbate monoanion (HAsc™) was selected as a suitable
electron donor. The reduction potential of ascorbate is highly dependent on the pH of
the solution since the dianion in alkaline surroundings is much more reducing compared
to HAsc—,[203201 which is present at pH ~ 7. To maintain a constant pH (at 7.2), all
experiments were performed in a buffered solution, which also maintained a constant
ionic strength (Section[I.2).

"Depending on the reference, the assignemnts of colors to wavelength ranges differs slightly. Visible
light up to 420 nm to 430 nm is usually classified as violet and blue photons reach ~500 nm.[712151216]
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Figure 17: Iridium-based MC and terphenyl or naphthalene-based organic chromophores in-
vestigated in this study for a sensitization-initiated electron transfer to generate highly reactive
radical anion species for substrate activation.

All uncharged chromophores were substituted with ionic groups to ensure a reasonable
solubility in water, while for the overall charged (heteroleptic) complexes conventional
counter ions were sufficient (Na*, CI” or PF;). Structures of all metal complexes and
organic chromophores together with their abbreviation are displayed in Figure[I7] Intro-
ducing ionic groups results in redox potential shifts and modified triplet energies when
comparing a substituted chromophore to its uncharged congener. The key photophys-
ical properties of both substituted and unsubstituted chromophores are listed in Table
Determining exact redox potentials in an aqueous solution is challenging because
of the self-oxidation and -reduction of the solvent.'??! Thus DFT calculations provided
theoretical Et and the potentials were estimated based on comparative quenching exper-
iments (details are provided in Section[I.2.4] Section[6.2]and the supporting information
of reference [|63]).

The conversion of the energy of the input photon into redox potential for substrate acti-
vation is comparatively high (Section[I.2). Test reactions can be driven using LEDs with
a peak wavelength of 440 nm, which corresponds to 2.82 eV. The potentials of the radi-
cal anion intermediates for substrate activation are all estimated at —2.0 V vs NHE (Ta-
ble d)). This corresponds to an efficiency of at least 70 %, which is above the efficiency
of the two photon-driven mechanisms (Section and above the efficiency when MC
or OC is used as a single photocatalyst.
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Table 4: Key photophysical parameters of iridium-based metal complexes and the OCs, naph-
thalene and p-terphenyl (derivatives), in aqueous solution at room temperature. Listed are the
triplet energy (Et), the triplet lifetime (71), the ground and excited state reduction potential

(Ered)-

OC or MC Er/eV  7rlus  Ewq (CY7) 1 Eeq CCICT)/
V vs NHE V vs NHE
Ir(ppy); [1O4218] 2.50 1.9 —1.96 0.54
p-terpheny] #8123 2.50 - —2.39° —0.13
naphthalene 2.62? - —2.34148 0.26
[Ir(sppy); ] (102104 2.65 1.66 - -
TDSI63! be 260  ~100 < —1.88 0.81
[Ir(Fsppy),]> 102104 276 217 ; _
2-NMS 2.50¢ 14 > —2.4¢ > 0.14¢
2-NMA 2.58¢ 16° > —2.4° > 0.14¢
1-NMA 2.62¢ 13 > —2.5¢ > 0.14¢
[Ir(C"N),bpy]** 1127 291 35 —0.78 2211 -
[Ir(dF(CF;)ppy),dtbpy]* 12217 5 68 2.3 —1.13 1.45
TDC® 2.52f - - -
TMA® 2.48" - - -
TMCP 2.30" - - -

aMeasured in acetonitrile, calculated from V vs SCE by addition of 0.24 V.IZ11 ®Determined
in this project. °DFT calculations (B3LYP/6-31+G(d,p)) by Jun.-Prof. C. Kerzig. 9DFT
calculations (B3LYP/6-311+G(d,p)). “Lower limits for potentials in water for exact derivation
see Section 'DFT calculations (B3LYP/6-31+G(d,p)).

[Ir(sppy)3]3' and TDS:

The first investigated catalytic system for sensitization-initiated electron transfer in aque-
ous solution consisted of [Ir(sppy);]>~ and TDS. This one-photon-driven mechanism
generates the TDS"™ radical anion, which provides a potential of —1.88V vs NHE.!24!
The system shows a good usage of the input photon energy of >>50% comparing
the estimated reduction potential of TDS™ (—1.88 V vs NHE) to that of a blue pho-
ton (~2.8eV). Catalysis and spectroscopy were performed in an aqueous potassium
acetate buffer solution to maintain a constant pH and a high ionic strength (unless in-
dicated otherwise, S0 mM). All elementary reaction steps of the catalytic cycle were

47



analyzed using transient absorption spectroscopy and together with the corresponding
kinetic data, the quenching rates revealed the general feasibility of the mechanism (Fig-
ure [18). The rate constants of all key steps are below the diffusion limit in water (ki
= 6.5x 10° M~! s71).[48] This can be attributed to the Coulombic repulsion between the
anionic metal complex and organic chromophore."™8! The TTET from *[Ir(sppy);]*~
to TDS also suffers from a comparatively small driving force (~0.05eV in Table H)),
which is a further cause for a comparatively small quenching rate constant (krrgr =
1.5x 103 M~ !s7!, Table . The rate constants of all wanted quenching pathways al-
lowed optimization of the concentration of each component for maximum overall effi-
ciency.

Spectroscopic analysis of the possible competing mechanistic pathways (Figure|18| gray
arrows and entries Table [5|two bottom entries) revealed that 3 [Ir(sppy)3]3’ is reduced by
HAsc™ under selected conditions, and this pathway therefore has no relevant impact
on the overall reaction progress. Also, possible energy or electron transfer quenching
of *TDS and ACP would be thermodynamically disfavoured (Er(ACP) = 3.2eV)[222,
In contrast, the highest bimolecular quenching rate constant in our investigated system
was found for the excited state quenching of *[Ir(sppy);]>~ by the substrate acetophenone
(ACP). Despite the quenching being fast, this step is unproductive due to recombination
(Appendix, Figures 2]|to 44) but eventually converts a certain amount of ACP into the
pinacol product. In general, recombination in electron transfer reactions via triplet ex-
cited photocatalysts containing, in this case iridium, is facilitated by to the heavy atom
as detailed in Section ??. This is in line with 'H NMR data, where the control experi-
ment employing only the Ir-catalyst without TDS showed a ~ 30 % product formation.
Empolying the full catalytic system with *[Ir(sppy)s;]>~ and TDS and thereby avoiding
recombination enabled by the influence of iridium heavy atom yielded almost full con-
version and close to quantitative product formation (~ 90 % product formation, Figure

43).
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Figure 18: Top left displays the catalytic cycle and the involved chromophores ([Ir(sppy)3]3’
and TDS) and quenchers (HAsc™ and ACP) are displayed in the black box. The color-coded
quenching plots for krrer, ket and kq are listed in Table E] (original data in Figures . The
gray arrows 1) and 2) indicate possible competitive quenching pathways of the species involved,
which are also addressed in Table[5|and Figure

Table 5: Rate constants for the different elementary steps investigated in a sensitization-initiated
electron transfer mechanism using [Ir(sppy)3]3‘ and TDS.

Elementary reaction step kqy/M's™! Figure

3 3 TTET 3 -, 3 ]
[Ir(sppy)s;]” + TDS [Ir(sppy)s;]™ + "TDS 1.5 x108 18

ET

'TDS + HAsce —— TDS™™ + HAsc’ 9.0 x 107 18

TDS™ + ACP TDS + ACP™ 5.0 x107 18

3 3 ET 4 ]
[Ir(sppy);]” + HAsc™ — [Ir(sppy);]” + HAsc’ 1.1 x106 45

ET
*[Ir(sppy);])> + ACP [Ir(sppy)s]* + ACP*~ 2.5 x10° 42

In summary, these results highlight the general feasibility of the single-photon driven
combined TTET and ET with an iridium-based sensitizer under blue light irradiation
(LED, 440 nm; E}, = 2.82eV) and TDS™ as catalytically active intermediate (F, =
-1.99V vs NHE) with a generally high conversion of the energy of the input photon
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(n ~ 0.7). Further improvements in this system can be achieved by increasing the en-
ergy transfer rate of the initial step and suppressing the direct and unproductive quench-
ing of the triplet excited photosensitizer.

Enhanced Coulombic interaction between iridium-based metal complexes and or-
ganic chromophores:

Two main strategies were pursued to overcome the challenges identified in the pre-
vious system and to enhance the overall performance of the Ir-complex-based TTET-
ET mechanism. The first modification of the system aimed for higher energy transfer
rate constants (krrer) by inverting the Coulombic repulsion and introducing attractive
Coulomb interactions between MC and OC. This possibility was investigated using the
established [Ir(sppy)3]3’ and the fluorinated [Ir(Fsppy)3]3’ as MC in combination with
cationic OCs such as the naphthalene derivatives 1-TMN or 2-TMN. For comparing the
Coulombic interactions in the TTET step, the anionic 2-NMS was employed as refer-
ence OC. The alternative option is to inverse the overall charges by using a cationic MC
([Ir(C"N),bpy]** or [Ir(dF(CF)ppy),dtbpy]*) together with an anionic OC (TDC, TMC,
TDS and for comparison TMA). This second strategy involved the usage of surfactants
(DTAC, SDS and TX-100)22221 which served for multiple purposes: Besides reducing
the Coulombic repulsion between chromophores with charge of equal sign, the surfac-
tants were also intended to reduce the direct quenching of the MC by the substrate and
improve the solubility of the water-soluble organic chromophore.

All of the proposed pathways were unsuccessful, mostly for system-inherent reasons.
The initial step for the two cationic amine-derivatives of naphthalene proceeded as ex-
pected and TA spectroscopy revealed the triplet species using either *[Ir(sppy)s;]> or
3[Ir(Fsppy);]>~ as MC. In accordance with the triplet energies (Table 4) of the two sen-
sitizers, the rate constant for energy transfer differed. Using *[Ir(sppy)s;]°~ as sensitizer
(Et = 2.65eV)!1%2! resulted in a lower rate constant compared to using [Ir(Fsppy)3]3_
(Er =2.75e V)12 a5 3 sensitizer, at otherwise identical conditions. Hence, [Ir(Fsppy)s]*~
was selected as sensitizer for the following investigations. The improved Coulombic
interaction for TTET was found with the fluorinated Ir-catalyst and the expected in-
crease in quenching rate, comparing the triplet energy transfer rate with 2-NMS (krrgr =
1.7 x 10° M~ s71) to that with 2-NMA (krrer = 6.3 x 10° M~! s7!, original data in Fig-
ure @7). The key difference between those two naphthalene derivatives is their overall
charge and thus either repulsive (for 2-NMS) or attractive (for 2-NMA) Coulombic in-
teractions towards the negatively charged [Ir(Fsppy);]>~ as MC. The almost identical
triplet energies (Table ) of the two naphthalenes lead to identical thermodynamic pre-
requisites for the energy transfer. Consequently, the observed krrgr for 2-NMA exceed-
ing that of 2-NMS is mainly attributed to the Coulombic interactions. However, the sub-
sequent reduction using Asc’” as a suitable electron donor, did not result in the formation
of a long-lived radical species. Despite the detectable reductive quenching of 32-NMA
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by Asc”” in time-resolved spectroscopy, only traces of the one electron reduced species
were detected. In protic solvents, unsubstituted naphthalene radical anions are rapidly
protonated, resulting in a fast decay of the reactive intermediate and subsequently in a
decomposition of the naphthalene-derived OC.[22222] A similar decomposition might
be possible for napthalene derivatives in an aqueous solution (spectroscopic data in the
appendix Section [6.2.6).

As a consequence, improving the p-terphenyl derivatives (Figure was considered
including studies with surfactant molecules and cationic iridium sensitizers. For all
approaches using p-terphenyl-derivatives as OC, solubility or aggregation issues pre-
vented a successful application in the catalytic system. The surfactants (DTAC, SDS or
TX-100) were added, which however also precipitated eventually or caused unwanted
side reactions. Even with two ionic substituents the water-solubility of the terphenyl
derivatives is limited to small (~<10 mM) concentrations. These restrictions caused by
the system design prevented a successful investigation of an improved catalytic com-
bination with iridium sensitizers and charged organic chromophores under conditions
suitable for photocatalysis.

This blue light-driven mechanism is generally feasible as evidenced by the results of this
section and especially using the combination of [Ir(sppy); ] as MC and TDS as OC. Fur-
thermore, this mechanism provides highly reactive radical species (the respective OC™)
transforming the energy of the catalytic photon efficiently into redox potentials, which
can be used for substrate activation. Systemic challenges, which lower the efficiency of
the catalytic mechanism can be overcome by testing further combinations of MC and
OC or by optimizing the combination of OC and surfactant.

Author contributions: M.-S. Bertrams synthesized and characterized TDS, performed
the optical spectroscopy and irradiation experiments for the [Ir(sppy);]>” — TDS system.
Parts of this system were already analyzed during the master thesis of M.-S. Bertrams,
supervised by C. Kerzig. M.-S. Bertrams supervised, supported and assisted the syn-
thesis and investigation of the naphthalene-derived OCs (performed by A. Konig) and
the amino- and carboxy p-terphenyl derivatives (performed by J. Fetzer). A. S. Sell
provided the [Ir(C"N),bpy]**. C. Kerzig conceptualized the project idea and provided
overall guidance throughout the project realization.
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2.1.2  Sensitization-initiated electron transfer with green light

This section presents:

Efficient Energy and Electron Transfer Photocatalysis with a Coulombic Dyad
Matthias Schmitz, Maria-Sophie Bertrams, Arne C. Sell, Felix Glaser, Christoph Kerzig,
manuscript under revision.

The blue light-driven system achieved an efficient conversion from photon energy into
reduction power. Unproductive competing reactions and decomposition effects however
hampered a further optimizataion of the system. To further pursue the concept of effi-
cient energy conversion via the sensitization-initiated electron transfer mechanism, an
alternative system with ruthenium instead of iridium complexes combined with charged
pyrene derivative was considered, avoiding the drawbacks observed in the iridium-
catalyzed systems. Tris-(1,10-phenanthroline)ruthenium(Il) ([Ru(phen)3]2+) was used
as a well-known sensitizer. For the organic counterpart the tetraanionic pyrene-1,3,6,8-
tetrasulfonate (PTS) was chosen because of its water solubility and the suitable energies
and potentials, which are expected to fulfill the thermodynamic prerequisites (see the
following section) for a successful realization of the catalytic scheme (chemical struc-
tures are shown below in Figure [I9).

[Ru(phen),]?* PTS HAsc-

Figure 19: Compounds and abbreviations employed for the green light driven TTET and ET
catalytic mechanism (exact mechanism is detailed in Figure . [Ru(phen)3]2+ was chosen as
MC, PTS as OC and the sacrificial electron donor is HAsc™. For more details see reference [|36].

Thermodynamic considerations:

The triplet energy of *[Ru(phen);]** is sufficiently high for an exergonic TTET to pyrene
and its sulfonated derivative PTS (A FErter < 0eV). Decoration of the OC with sul-
fonate groups reduces the triplet energy, which increases the energy gap between *MC
and *OC and as a consequence the thermodynamic driving force for the triplet energy
transfer from *[Ru(phen);]** to PTS. The larger energetic difference between the triplet
excited state energies also impede the back energy transfer from *PTS to [Ru(phen);]**,
which is possible for unsubstituted pyrene (Supporting information of!*! and molecular

dyads in Section [2.3)), but largely prohibited with PTS as an energy acceptor.
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Similar to the blue-photon driven Ir-based catalytic systems (previously discussed in
Section[2.3)), HAsc™ was used as a sacrificial electron donor. HAsc™ has a sufficiently low
reduction potential (0.72 V vs NHE)2?! such that the reduction of both *[Ru(phen);]**
and °PTS are thermodynamically feasible (Table @, which was not the case for the
previously discussed Ir-based systems (Table [5). This competing reaction has to be
considered in the overall analysis of the different pathways in the catalytic mechanism.
The reduction potentials for PTS in the ground and excited state were estimated based
on several quenching experiments performed within this project and a more detailed
discussion is provided in the appendix (Section|[6.3)).

Table 6: Key photophysical parameters of [Ru(phen)3]2+ as a metal-based sensitizer and pyrene
and derived organic chromophores. Listed are the triplet energy (Et), the triplet lifetime (7r),
the ground and excited state reduction potential (Eyeq).

chromophore Evr/eV  7rlus  Ewd (CY7) 1 Eeq CCICT)/
(C, OC or MC) V vs NHE V vs NHE
[Ru(phen);]*"#81 2,19 1.09 —1.11* 1.08
pyrene!#8184] 2.09 180 —1.85° 0.25
PTS® 1.8 355 ~ —0.8 ~1.0
PMSEE 2.06¢ 477°¢ - -

#Measured in acetonitrile, calculated from V vs SCE by addition of 0.24 V. dThis work, see
Table[12] “in DMF.

Finally, the efficiency of converting the energy of the input photon is considered. The
test reactions were performed using a 525 nm LED corresponding to 2.36 eV. Compared
to the redox potential of PTS, the energy conversion is below 50 %, which is compara-
tively low Future deveopments including PMS might achieve higher efficiencies in this
context. The choice for [Ru(phen);]** and PTS was based on optimizing towards high
efficiency of each reaction step and cage escape quantum efficiencies close to unity were
achieved, thereby making this system highly successful and efficient in various electron
transfer test reactions.

Mechanistic investigations on TTET:
The enhanced interaction between [Ru(phen)3]2+ and PTS becomes apparent in com-
bined static and dynamic quenching and was established by two key observations in

$Taking into account the triplet energy of *PTS, sensitization could generally be possible at wave-
lengths below 525 nm. 30!
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kinetic quenching experiments. Firstly, the kinetic emission traces of *[Ru(phen);]**
decreased in both lifetime (dynamic queching, Figure [20| orange arrow) and relative in-
tensity (static queching, Figure 20 green arrow) upon increasing concentrations of PTS
in the solution. The resulting krrer = 2.5 x 10! M~! s7! is above the diffusion limit for
bimolecular quenching in H,O (kg = 6.5 x 10° M~ s71) 481 Secondly, analysis of the
isolated formation kinetics of *PTS at the isosbestic point, Ap.x = 496 nm, (TA spec-
trum in Figure [21| and reference [36] Figure 3c) revealed an essentially instantaneous
signal increase after the laser pulse, which became more pronounced with increasing
PTS concentrations. This observation implies an ultrafast process, which is caused by
static quenching, therefore independent from the lifetime and can only be resolved in-
directly on the ns-timescale!™. Further rise of the *PTS concentration can be resolved
on the ns-timescale and corresponds to the concentration-dependent lifetime decrease
of S[Ru(phen)3]2+ detected via the emission kinetics. Hence, besides the abovemention-
nend static quenching, this observation represents the dynamic fraction of the quenching
process. A detailed discussion can be found in reference [36]]. The fast energy transfer,
enabled by combined static and dynamic quenching, paved the way for a highly efficient
energy transfer (nrrer ~ 1) even at the very low PTS concentration of 120 uM. In ad-
dition to the detailed quenching analysis, the absolute concentration of *PTS after static
and dynamic processes can be determined with the Ae of *PTS (Supporting Information
of reference [36] in Section[6.7). Quantitative measurements with respect to the number
of photons absorbed by the sensitizer, the quantum yield of the energy transfer step with
120 uM PTS yielded a nearly quantitative ¢rrgr ~ 1.15¢

A static 40 B Coulombic
— 0.2 o mteractlons 88%
g & static
8 w20 s T~
3 YT
" 01 (gq N * TTET [Ru(phen);]?* + 3PTS
(ﬂg \ \m " o ) R/\(jj N )
: NS 3

~ [Ru(phen),;]** PTS

0-0‘_‘ 30 uM ® 120 uM

0 6
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Figure 20: A: Kinetically resolved emission quenching of 3[Ru(phen)3]2+ with increasing con-
centrations of PTS. The green arrow indicates the static component and the orange arrow in-
dicates the dynamic component (same color code throughout the figure). The inset shows
the Stern—Volmer plot with the expected upward curvature for combined static and dynamic
quenching. B: Scheme of the triplet-triplet energy transfer together with the concentrations of
[Ru(phen)3]2Jr and PTS, which were employed for further investigations and the respective con-
tributions of static and dynamic quenching. Figure adapted from Figure 3 in reference [36].
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Mechanistic investigations on ET:

The next step, following TTET from [Ru(phen);]** to PTS, involves reductive quench-
ing of *PTS by the sacrificial electron donor HAsc™. As discussed previously (in the
paragraph Thermodynamic considerations, Table[6),! the reductive quenching of both
PTS and *[Ru(phen);]** by HAsc™ is thermodynamically feasible thereby making the
direct reduction of *[Ru(phen);]** a competing step, which extends the catalytic cycle
as shown in Figure

Excited state quenching experiments even revealed a quenching rate constant for the
electron transfer kgr, = 4.5 x 108 M~! s™'for ’[Ru(phen);]** exceeding that for *PTS (kgr:
=0.23 x 108 M~ s71)3¢1 by about one order of magnitude (Figure 21/ and Table (7). The
static quenching between *[Ru(phen);]** and PTS, however prevents the electron trans-
fer quenching between 3[Ru(phen)3]2+ and HAsc™.

Under the conditions used in model photoreactions, the formation of the radical anion
(PTS™) is about five times more efficient in the system with PTS compared to using
only [Ru(phen);]**. Two key features explain this, at first glance counter-intuitive (con-
sidering the electron transfer rate constants), ﬁndingﬂ One is the increase in triplet
lifetime by over two orders of magnitude for PTS compared to 3[Ru(phen)3]2+ (Table
[6), which makes the reductive quenching at the concentration used for photocatalysis
(10mM HAsc”) much more efficient (174, = 0.86 and 7q; ~ 1, Figure 21). This find-
ing establishes experimentally the previously discussed kinetic advantage originating
from an increase in lifetime (Section[I.2.5]). The second important difference is the sig-
nificantly higher cage escape efficiency for the electron transfer step, under the chosen
conditions, and the PTS™™ formation (1cg; ~ 1.0), which is much lower for [Ru(phen);]*
(nce2 =0.21). The heavy atom effect introduced by ruthenium in the MC, which is useful
for the fast and quantitative ISC after excitation, makes an unproductive back electron
transfer feasible, yielding the overall unproductive return to the photocatalyst ground
state, instead of the desired reduced species. The smaller heavy atom effect and over-
all less effective (b)ISC in PTS compared to ruthenium-based sensitizers is expected to
contribute to the higher cage escape in this case (Section [1.2.5)).[%2!

9Section provides a more detailed discussion regarding the efficiencies for quenching, product
formation and the quantum yield.
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Figure 21: Catalytic cycle for ruthenium-based combined TTET and ET mechanism compared
to direct reductive quenching of the sensitizer together with the decisive efficiencies. The con-
centration of each compound is given below. The right side shows the calibrated TA spectra of
all species involved. (Measurements and calculations for the Ae of 3[Ru(phen)3]2+, 3PTS and
[Ru(phen);]" and the cage escape efficiencies are described in the Appendix (Section . Fig-
ure adapted from Figure 7 in reference[36]).

Table 7: Quenching rates (kq), quenching efficiencies (14) and cage escape efficiencies (7)cE)
for the TTET and ET steps of the catalytic cycle shown in Figure @

kq /108 M~ s7! Tq TCE

TTET® 250 1 1
ET1 0.23% 1° 0.97°
ET2 4.5° 0.86* 0.21*

4Data and measurements in Section "Data and measurements in reference[36].

The exact analysis of the reaction mechanism and especially the cage escape efficien-
cies required knowledge of the concentrations of all involved intermediates at the cho-
sen reaction conditions (Figure 21] lower left) and therefore the Ac of every species
involved, which was determined using different methods of transient absorption mea-
surements (based on the Beer-Lambert law, Section . For *PTS Ae was deter-
mined by relative actinometry using [Ru(bpy);]** as a reference compound, which then
allowed to derive the absolute concentration of *PTS after sensitization and the effi-
ciency for TTET (Appendix, Section [6.7). An indirect method was chosen for Ae of
[Ru(phen);]*. Methylviologen (MV?*) is a highly reactive oxidizing quencher, capa-
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ble to accept an electron from [Ru(phen);]” to recover [Ru(phen)3]2+. Based on the
extinction coefficients for the reduced MV*22%! this species was used to determine the
extinction coefficient of [Ru(phen);]*. In a following experiment, the corresponding
¢ce was determined. The detailed calculations are in the Appendix (Section and
as well as in reference [36]).

Photocatalytic dehalogenation 100 .
o /./.
< 759 /. u full system
N 0.3 mol% [Ru(phen);]?* N B
JI \j 1.2 mol% PTS JI \] > 504 / e no PTS
~ 10 mM NaHAsc P s no LED
Br SN 525 nm LED D™ N 8 25
10mm D20, Argon p 2 e
ol J—

0 1 ‘/h 2 3
Figure 22: Reaction scheme and conditions for the debromination of bromo-pyrazin (S) under
green light LED irradiation. The right side shows the reaction progression comparing the full
system (blue) to that without PTS (light blue). Without the LED, no conversion is observed
(black). Figure adapted from Figure 7 in reference [36], see below.

To evaluate the system also for photocatalytic applications, an NMR-scale debromi-
nation reaction was investigated (Figures [22] and [51). In the full system, the product
formation is much faster in the beginning and leads to nearly full conversion after 3 h.
In contrast, using only the ruthenium as photoredox catalyst, the product formation is
less efficient and after 3 h only ~20 % of the product is formed. This is in good agree-
ment with the improvement expected from the ¢cg for reductive quenching by HAsc™,
and the according data can be found in reference [36].

57



Reprinted from M. Schmitz, M.-S. Bertrams, A. C. Sell, F. Glaser, C. Kerzig, J. Am.
Chem. Soc., 2024, publication is currently under revision.*®! The supporting informa-
tion can be found in Section

Author contributions: M.-S. Bertrams determined the Ae and the ¢¢g for [Ru(phen)]",
the Ae of *PTS, and the kq for the excited-state quenching of PTS by HAsc, results
are found in the section above and the corresponding data in the Appendix (Section
[6.3). The irradiation reaction with bromopyrazine was performed and analyzed by M.-
S. Bertrams (see also Section [6.3). M. Schmitz performed all experiments involving the
characterization of the system, investigations related to the ¢ of TTET, the quenching
experiments with the substrate and Ae and ¢cg for PTS™. M. Schmitz performed the
experimtents and spectroscopy for O, sensitization and corresponding catalytic applica-
tions as well as the irradiation experiments for the pinacol coupling. F. Glaser provided
the ruthenium-PMS salt. C. Kerzig conceived the project and provided general guid-
ance.
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Abstract: Photocatalysis holds great promise for changing the way value-added molecules are
currently prepared. However, many photocatalytic reactions suffer from quantum yields well
below 10 %, hampering the transition from lab-scale reactions to large-scale or even industrial
applications. Molecular dyads can be designed such that the beneficial properties of inorganic
and organic chromophores are combined, resulting in milder reaction conditions and improved
quantum yields of photocatalytic reactions. We have developed a novel approach for obtaining
the advantages of molecular dyads without the time- and resource-consuming synthesis of these
tailored photocatalysts. Simply by mixing a cationic ruthenium complex with an anionic pyrene
derivative in water a salt bichromophore is produced owing to electrostatic interactions. The
long-lived organic triplet state is obtained by static and quantitative energy transfer from the
preorganized ruthenium complex. We exploited this so-called Coulombic dyad for energy
transfer catalysis with similar reactivity and even higher photostability compared to a
molecular dyad and reference photosensitizers in several photooxygenations. In addition, it
was shown that this system can also be used to maximize the quantum yield of photoredox
reactions. This is due to an intrinsically higher cage escape quantum yield after photoinduced
electron transfer for purely organic compounds compared to heavy atom-containing molecules.
The combination of laboratory-scale as well as mechanistic irradiation experiments with
detailed spectroscopic investigations provided deep mechanistic insights into this easy-to-use

photocatalyst class.
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Introduction

Catalytic transformations of small molecules via photoredox'™ and energy transfer’”’ catalysis
represent a rapidly growing research field.®® Scientists from several disciplines actively

contributed to this impressive development and recent breakthroughs in the sub-disciplines

t’10—15 16-18

mechanism developmen reaction engineering'®~'® and photocatalyst design!°~¢ have been
achieved. However, many or even most of the photocatalytic reactions reported so far have to
rely on several hours of irradiation using high-power LEDs for transforming milligram
quantities of given substrates, which already implies very low overall quantum yields. The
reaction quantum yield is frequently overlooked in the design of novel photoreactions but this
parameter will likely play a key role in the further development of industrially scalable
photoreactions.?” Deep mechanistic investigations using transient absorption (TA) spectroscopy
are a powerful tool not only to differentiate between different mechanistic scenarios but also to

optimize reaction steps and the overall reaction quantum yield.?832

Metal complexes having 4d® or 5d° valence electron configurations with corresponding metal-
to-ligand charge transfer (MLCT) states are among the most-investigated photocatalysts as a
result of their beneficial properties including visible-light absorptivity, quantitative triplet
formation and tunability.?*3-33 However, their triplet state lifetimes are frequently too short for
quantitative quenching via energy transfer (EnT) or electron transfer (ET) with a substrate or
additive in a catalytic cycle.3®3” Additionally, ET quenching suffers from unproductive in-cage
recombination due to the heavy-atom effect and concomitant radical-pair intersystem crossing
(ISC).3* These issues reduce the achievable quantum yields for many photoreactions
drastically, given that productive onward reactions of the initial photoinduced ET reaction
products can only occur after their escape from the so-called solvent cage.*’ Tailor-made
molecular dyads consisting of a metal complex (MC) unit and a covalently linked organic
chromophore (OC)***3 have the potential to solve these efficiency problems owing to the long-
lived and heavy-atom free organic triplet being accessible after intramolecular energy transfer
(iEnT) from the photoexcited metal complex. Significantly improved quantum yields for EnT
and ET key reaction steps in photocatalysis were observed when comparing dyads and parent

36,38,49-58

metal complexes, but the required multi-step syntheses of these improved

bichromophoric photocatalysts hamper their broader usage.

Attractive and repulsive Coulombic interactions are among the most fundamental non-covalent
interactions and it comes to no surprise that they have been used extensively to control the

outcome of chemical reactions. Exploiting photocatalyst—quencher’®"° Coulombic interactions
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is a well-established strategy for improving the efficiency of photochemical key steps and the
reaction performance accordingly, either by accelerated diffusion between oppositely charged

species or by static quenching owing to pre-aggregation. Furthermore, underexplored

71-175 61,76-79

counterion as well as ion-pairing effects received some attention from the
photochemistry community in recent years. Herein, we demonstrate that the favorable
properties of MC—OC dyads can be obtained by exploiting Coulombic attraction between
commercially available ionic chromophores. As we will show, these readily accessible
Coulombic dyads clearly outperform the catalytic reactivity of the parent ruthenium(II) and also
osmium(II) complexes. Using several spectroscopic techniques and test reactions, we compare
all key properties of a molecular and a Coulombic dyad based on a ruthenium-tris(diimine) unit
as MC and a pyrene moiety as OC (Figure 1). Despite the ongoing development in preparing
photoactive complexes based on Earth-abundant metals and recent breakthroughs in this
field, 202224268081 precious 4d® and 5d° metal complexes will most likely stay the workhorses
for most photoreactions in the near future. Concepts significantly improving the performance
of precious photoactive metal complexes that are easy to implement would thus have far-

reaching implications.

Molecular dyad Coulombic dyad

\ \ Coulomblc
{EnT 1 attractlon
n

@m N VS_ow £oc

govalent/ @ this work\E{

lj visible light absorptivity sz
[j quantitative triplet formation
™  longlivedtripletoc [
(photo)stability
B4 commercially available |Zr
Erefficient EnT and ET catalysis

Figure 1 Comparison of key properties of well-known, tailor-made molecular metal complex—organic
chromophore (MC—-OC) dyads and novel Coulombic dyads prepared by mixing commercially available
chromophore-containing salts.
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Results and Discussion
Dyad Design

Guided by our recent studies with a water-soluble molecular dyad comprising a ruthenium-
tris(phenanthroline) (Ruphen) complex and a pyrene moiety,’**® hereafter referred to as
RuphenPy (see Figure 2), we aimed at mimicking its photophysical and photochemical

properties through intermolecular interactions without the necessity of a multi-step synthesis.

@ I {q .
[Ru(phen),(phenpy)]*
RuphenPy Ruphen PTS

-
LX)

el (10* M'cm™)
N
Rk 2
v/
pa|easl

Figure 2 Molecular structures of the main compounds of this study, together with corresponding abbreviations,
UV-vis absorption (solid line) and normalized emission spectra (dotted line). The spectra of the metal complexes
(as chloride salts) and the pyrene-derivative (as sodium salt) were recorded in water. The excitation wavelength
for laser flash photolysis measurements (solid vertical line, Aexe = 532 nm) and the emission spectrum of the LED
used for lab-scale irradiation experiments (dotted green line, Aexemax = 525 nm) are highlighted in the spectrum.

Dicationic Ruphen is intrinsically suitable for using Coulombic interactions — as numerous
photoactive Ru, Ir and Os complexes are — to accelerate diffusion or to form a supramolecular
complex with a negatively charged OC salt. Regarding the triplet energy-matched pyrene-based
acceptor,*®°8648288 the tetrasodium salt of pyrene-1,3,6,8-tetrasulfonic acid (PTS), a low-cost
and commercially available compound with four negative charges, emerges as a well-suited
aggregation counterpart for Ruphen. PTS has been used in different fields, including the
formation of charge transfer (CT) complexes,®® aggregation with enzymes,” integration into
2D metal-organic frameworks,”' and participation in self-assembling supramolecular systems.’?
All of these applications exploit the high charge density of PTS. In addition, PTS is also widely

9293 along with various other pyrene-based fluorophores.”

used as a fluorescence probe,
Considering the typically low pK, of aromatic sulfonic acids in water,” and the absence of pH-

dependent changes in the UV-Vis spectrum of PTS (section S2.4), it is very likely that PTS is
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exclusively present in its fully deprotonated state, maximizing the attractive Coulombic
interactions with a positively charged sensitizer. Moreover, the water-soluble chloride salt of
the ruthenium complex is commercially available, allowing straightforward preparation of a

Coulombic dyad of Ruphen and PTS by simply dissolving both salts in water.
Steady-State Absorption and Emission Properties

Ruphen exhibits a 'MLCT absorption band in the visible region along with a *MLCT emission
peaking at Amax ~ 594 nm.”® In the molecular dyad RuphenPy, the MLCT absorption and
emission bands exhibit a slight red shift compared to those of Ruphen. This shift is due to
minor changes in the SMLCT state energies caused by the covalently bound chromophore. The
RuphenPy absorption spectrum is basically a superposition of the Ruphen and pyrene ground
state absorption bands, confirming the presence of both chromophores (see Figure 2).%¢
Dissolved PTS shows a characteristic fine-structured pyrene '(m-m)* absorption band®**’
located at the low-energy end of the UV spectrum. It also exhibits a fluorescence spectrum with
a Stokes-shifted fluorescence profile that accurately reflects the absorption features.”> Due to
the presence of four sulfonic acid groups, the absorption and emission characteristics of PTS
show a prominent red shift compared to the spectra of unmodified pyrene, which implies lower
excited-state energies for PTS. Upon the addition of PTS to a solution containing Ruphen, a
slight spectral broadening and a red shift of the MLCT absorption band become apparent, while
solubility issues do not occur for micromolar and lower millimolar concentrations. This initial
observation is a first indication of ground state aggregation involving both chromophores,

which will be discussed in the next subsection.
Ground State Association and Energy Transfer between Ruphen and PTS

In the molecular dyad RuphenPy (see Figure 2 for its structure), the organic triplet state is
produced through a sub-nanosecond intramolecular energy transfer from the MLCT state as

36 This transfer leads to the formation of a *(n-m)* state almost exclusively

the energy donor.
localized on the pyrene moiety. To explore whether a similar phenomenon in the Ruphen—PTS
pair takes place, a classical Stern—Volmer experiment was performed investigating the
quenching of the emissive *MLCT state upon the addition of PTS (see Figure 3 (a)). The
experiments reveal a shortening of the MLCT lifetime and a simultaneous decrease in the
initial emission intensity. The shorter lifetime of the *MLCT state is attributed to dynamic, i.e.

diffusion-based, quenching between dicationic *Ruphen and tetraanionic PTS. The calculated

quenching rate constant, kq = 2.5-10'° M~!s™!, significantly exceeds the conventional diffusion
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limit in an aqueous medium, which is calculated for uncharged reaction partners with identical
molecular radii (6.5-10° M~'s™")*’. This pronounced difference is rationalized by Coulombic
attraction between Ruphen and PTS, which effectively accelerates the dynamic quenching
process. For entirely diffusion-controlled quenching, the amount of *MLCT states generated
following laser pulses of constant energy would remain constant regardless of the amount of
quencher present, leading to identical initial emission amplitudes. However, we observed a
decrease in the initial emission amplitude that correlates with the PTS concentration, indicating
the occurrence of quasi-instantaneous (on a sub-ns timescale) static quenching. In molecular
dyads, spatial proximity is ensured through covalent bonds, which enable rapid intramolecular
energy transfer processes. A similar process with predominantly static quenching is seemingly

achieved through strong attractive interactions®®%’

in the Coulombic dyad, resulting in intra-
ion-pair energy transfer. Comparative investigations with pyrene monosulfonic acid (PMS,
monoanionic) and uncharged pyrene (see SI, section S4) showed less pronounced static
quenching and the complete absence of static quenching, respectively. These observations
indicate that electrostatic interactions are in charge for the prominent static quenching

phenomenon.

To provide clear evidence for ion-pairing, an NMR titration'®*!°! experiment (see section S2.1
in the SI) was carried out, which revealed that Ruphen and PTS aggregate predominantly in a
1:1 ratio. Based on this result and considering that the Ruphen molar absorption coefficient is
essentially identical in the aggregate at our excitation wavelengths (see also section S2.2 of the
SI), we employed the conventional equation for quantifying static quenching® in combination
with the initial emission intensity, which leads to an association constant of Ks = 6.1-10* M.
Gratifyingly, both static and dynamic quenching contributions show a linear trend in the Stern—
Volmer plot (see inset in Figure 3 (a)). Moreover, a textbook-like quadratic trend is evident
when the total emission intensity is used as the basis for the Stern—Volmer plot, as illustrated
by the black curve. This result is consistent with the expected behavior for mixed dynamic and
static quenching.”® The quadratic dependency is also obtained in steady-state emission
quenching measurements, as explained in more detail in the SI (section S2.3). However, to
separate the effects of static and dynamic quenching, it is mandatory to utilize time-resolved
measurements. The high constants for dynamic and static quenching enable almost quantitative
quenching (> 95%) of 3Ruphen already at PTS concentrations as low as 90 uM (88% static

quenching, 9% dynamic quenching).
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Detailed TA studies with our nanosecond laser flash photolysis (LFP) setup’? (see SI for details)
were carried out to obtain clear evidence for the underlying quenching mechanism and to
exclude undesired reaction pathways. After complete quenching, the TA spectrum exhibit the
characteristic features of the PTS triplet state (see Figure 3 (b)).'">"'® The formation of PTS-
derived radical ions that could result from photoinduced electron transfer quenching can be
excluded with the literature-known reference spectra.!?!% The same results are obtained for
the molecular dyad RuphenPy, where the (n-m)* state is populated with a time constant of 25
ps after selective excitation of the Ru complex unit.3® Figure 3 (c) shows the TA data sets
monitored at the isosbestic point of Ruphen and its triplet *Ruphen (496 nm), allowing the
observation of the newly formed species PTS in isolation. Within the instrument response
function (~10 ns), an increase in the transient absorption signal of PTS can be detected due to
the productive static quenching process. This is followed by a much slower increase in
absorption attributed to the 3PTS formation via dynamic quenching. The relative contributions
of dynamic and static quenching to the formation of *PTS closely mirror their roles in the
overall emission quenching efficiencies (section S8.3), suggesting a highly efficient energy

transfer mechanism from 3Ruphen to PTS. Quantitative LFP measurements®'%

using the
molar absorption coefficients of the excited states indicate that this initial energy transfer
process proceeds with a near-quantitative efficiencyof 0.94 (corresponding to a quantum yield
of 0.91) under our conditions using 120 uM of PTS (see sections S7 and S8.1 in the SI).
Millimolar concentrations of a pyrene derivative would be required without exploiting
attractive electrostatic interactions and the resulting ion-pairing for achieving similar

efficiencies.**%’

The pyrene triplet state has an elongated triplet lifetime due to the much lower spin-orbit
coupling compared to the ruthenium complex.®’ For the molecular dyad, a lifetime of the mainly
pyrene-localized triplet on the order of 50 us is achieved (see ref. 3¢ and Figure 4). However,
for PTS, an even longer triplet lifetime, of 355 ps is detected (Figure 4). In the molecular dyad,
the energy difference between the *(m-m)* and MLCT states is only about 0.1 eV, resulting
in a thermally activated intramolecular back energy transfer, depopulation the 3(n-m)* state on
a microsecond timescale. PTS, on the other hand, bears four sulfonate groups, significantly
lowering its triplet energy as confirmed by 77 K phosphorescence measurements of PTS, which
gave a triplet energy of 1.80 eV (see SI, section S10.1), and DFT calculations that predict the
PTS triplet at 1.85 eV (see SI, section S10.2). This leads to an energy difference of almost 0.4
eV between *Ruphen and *PTS, rendering uphill back energy transfer inefficient under the

given conditions (see also section S8.3.2).!°¢17 Consequently, an almost purely pyrene-
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localized triplet is present in the Coulombic dyad, while the molecular dyad under study serves
as a triplet reservoir.>®*® The formation of the pyrene triplets for the molecular or the Coulombic
dyad is briefly summarized in Figure 3 (d). After visible-light excitation, the ruthenium
complex units undergo quantitative ISC. Subsequently, quenching efficiencies of up to 100%
can be achieved either by intramolecular energy transfer (RuphenPy) or by highly efficient
ion-pair and additional intermolecular dynamic energy transfer processes (Coulombic dyad).
Hence, almost every photon harvested by the ruthenium complex leads to the generation of a
long-lived organic triplet state, which would not be possible with harmful UV light sources

upon direct pyrene excitation owing to inefficient ISC and side reactions.’”10:103
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Figure 3 Investigations on the quenching mechanism of the photoexcited metal complex. (a) Main plot: time-
resolved emission traces of Ruphen (30 uM) with increasing PTS concentrations (30 uM steps) in Ar-saturated
water with their corresponding lifetimes after laser excitation (A = 532 nm, ~5 ns pulses, 50 mJ). Inset: Stern—
Volmer-plots for static quenching (intensity / at ¢ = 0 ps), dynamic quenching (z) and total emission quenching
(F). (b) Transient absorption spectra of *Ruphen (c(Ruphen) = 30 uM, orange, delay 50 ns), *RuphenPy
(c(RuphenPy) = 30 uM, blue, delay 50 ns) and *PTS (c(PTS) = 30 uM, c(Ruphen) = 30 uM, cyan, delay 5 pus)
after laser excitation (A = 532 nm) in Ar-saturated water. (c) Main plot: time-resolved transient absorption traces
of the same solutions as in (a) at A¢« = 496 nm with an indication of sub-ns static energy transfer (dark green
arrows). Inset: PTS concentration-dependent total transient absorption signals at A¢ = 496 nm with respective
contributions of static quenching (dark green arrows) and dynamic quenching (light green box). See text for further
details. (d) Simplified energy diagram demonstrating the formation of long-lived organic triplet states in ruthenium
complex-pyrene dyads.
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Exploiting the Long *PTS Lifetime for Photooxygenations

For excited-state quenching to be efficient, the product of the quenching rate kq, the unquenched
lifetime 7 of the excited state and the quencher concentration [Q] should be as high as possible.
If 7 is already very high, high quenching efficiencies are possible even with relatively small
values of kq or [Q]. This is demonstrated by the example of the quencher oxygen in air-saturated
water, which is present in a very small concentration (0.27 mM O in neat water at 25°C, see
sections S.3.2 and S5.2.4 kinetic simulations)”’. The relatively short unquenched triplet lifetime
of Ruphen, 1.1 ps, leads to a maximum oxygen quenching efficiency 7 on the order of 50%
under our conditions.*® In contrast, the dyads, which are characterized by much longer triplet
lifetimes, exhibit remarkable quenching efficiencies approaching quantitative values even when
non-diffusion controlled quenching processes are considered. The experimentally measured

quenching efficiencies in air-saturated water are shown in Figure 4.
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Figure 4 Normalized time-resolved transient absorption traces of the same solutions as in Figure 3 (b) in Ar- or
air-saturated water with their corresponding lifetimes and calculated efficiencies for quenching by dissolved
oxygen. Complete raw data sets for the long-lived triplets can be found in Figure S62.

Quenching the triplet states of Ruphen or pyrene derivatives through Dexter energy transfer
with triplet oxygen results in the generation of singlet oxygen ('02),*¢ an impactful species for
chemical synthesis, in medicine or the environment.!®-!'* Due to the very short lifetime and
the near-zero phosphorescence quantum yield of 'O, in water, it is difficult to detect and
quantify this species spectroscopically.!!> However, there are multiple techniques available to
confirm the presence of singlet oxygen in solution.''” The RNO method, as developed by

Kralji¢ and Mohsni,''® offers a reliable and specific way of detecting 'O in aqueous
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environments. Briefly, in this approach a nitrosyl compound (V,N-dimethyl-4-nitrosoaniline,
RNO) undergoes oxidation to generate the corresponding nitro compound, which is facilitated
by imidazole acting as a catalyst. The reduction in the RNO concentration can be quantified
through UV-vis spectroscopy and is directly proportional to the rate of 'O, formation.
Consequently, this method enables a direct comparative analysis between the dyads regarding
their 'O production capabilities (see also section S3.1 of the SI). In a recent comparative study,
we already investigated Ruphen and the molecular dyad RuphenPy employing the RNO
method*® and observed a threefold 'O, quantum yield increase for RuphenPy. This quantum
yield increase is more pronounced compared to what would be expected from the oxygen
quenching efficiencies (Figure 4). This discrepancy is likely a result of the higher redox
reactivity of Ruphen’®'"’ facilitating additional electron transfer quenching pathways with
dissolved oxygen that are less favored for a purely pyrene localized triplet. Interestingly, the
!0, assay revealed that the Coulombic dyad possesses essentially the same 'O, formation
efficiency as the molecular dyad RuphenPy (SI, section S3.1). These experiments further
substantiate that the addition of an oppositely charged organic acceptor to an ionic metal
complex sensitizer can lead to superior photochemical properties resembling those of more

sophisticated dyads with covalent linkage of the two chromophores.

The outstanding ability of the Coulombic dyad to efficiently produce singlet oxygen in air-
saturated water prompted us to perform photooxygenation reactions of the promising platform
chemical 5-(hydroxymethyl)furan-2-carbaldehyde (5-HMF), which can be obtained from
sugars.!!®11% The 5S-HMF photooxidation yields the potential polymer precursor 5-hydroxy-5-
(hydroxymethyl)-furan-2(5H)-one,**!?* and the valuable C; building block formic acid as a by-
product in a 1:1 ratio. For a meaningful comparison with the molecular dyad, PTS was used
for the Coulombic dyad at the same concentration as Ruphen (60 uM), resulting in 92%
3Ruphen quenching even without a PTS excess. It was further shown that a catalyst loading of
only 0.2 mol% of the Coulombic dyad gives suitable conversion rates for our comparative
experiments, which is discussed in more detail in the SI (section S5.2.1). Using only Ruphen
(see Figure 5 (a), left panel) at a substrate concentration of 30 mM, a yield of 61% (with the
same conversion) is achieved after 5 h of 525 nm LED irradiation. Under identical conditions,
the molecular dyad RuphenPy exhibits a higher initial product formation rate than Ruphen,
but this advantage rapidly diminishes. After 5 h of irradiation, the molecular dyad reaches a
yield of 58% at a substrate conversion of 65%. The initially increased product formation rate is
consistent with previous 'O, assay results and is in line with expectations.>* However, the lower

performance of the molecular dyad under prolonged irradiation time indicates a limited
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photostability of this tailor-made molecule, which is corroborated by comparative UV-vis
measurements (SI, section S3.4). In welcome contrast, the Coulombic dyad maintains a high
product formation rate such that the reaction approaches complete conversion after just 5 h,
yielding a yield of 93% and a corresponding turnover number (TON) of 465. Control
experiments conducted in the absence of light or any constituent of the catalytic system,
including oxygen, do not yield any product formation. For comparison, traditional organic
photocatalysts for singlet oxygen generation, such as rose bengal, methylene blue, and eosin
Y,!27128 were employed in the experiments. However, their performance was notably lower,
with yields below 20% following irradiation under our standardized conditions (yellow, pink
and pale blue traces in Figure 5 (b)), despite their considerably higher extinction coefficients in
the green spectral region compared to the employed ruthenium complexes. This discrepancy is

attributed to the comparatively low (photo)stability of these organic photocatalysts under our

conditions (see section S3.4 for details).

Moreover, it was observed that the reaction rate in D20, where the lifetime of 'O, is about
twenty times longer, is almost identical to that in H>O (see SI, section S5.2.2).!?° This
observation rules out the [2+2] cycloaddition between 'O, and 5-HMTF as the rate-determining
step of the reaction. Alternatively, it seems plausible that the oxygen uptake rate in water serves
as a limiting factor for the reaction rate. In this context, LFP was used to estimate the oxygen
concentration during the ongoing reaction (see SI, section S5.2.3). An equilibrium oxygen
concentration is assumed to be reached, which is primarily influenced by the uptake of oxygen
from the atmosphere and its depletion as a result of the photoreaction. This analysis yields an
“in operando” oxygen concentration of 0.16 mM for the use of the Coulombic dyad and
0.23 mM for Ruphen, which is in line with the observed faster conversion rate for the former.
At an effective concentration of dissolved oxygen during irradiation as low as 0.16 mM, the
quenching efficiency of 3PTS still exceeds 90%. Thus, the Coulombic dyad maintains a high

performance even at very low quencher concentrations.

Under conditions of much higher substrate concentration (0.33 M instead of 30 mM 5-HMF),
the Coulombic dyad shows an impressive TON of 3000 (Figure 5 (c)). Remarkably, by
increasing the concentration of inexpensive PTS while keeping all other conditions identical, a
TON of 5400 with respect to the ruthenium catalyst was reached, which represents a 4.2-fold
increase compared to what was obtained with conventional Ruphen. The molecular dyad gives
a slightly higher TON (1700) than Ruphen, indicating that dyad degradation (likely via !05) is

slower at very high substrate concentrations. Encouraged by this comparison, we successfully

69



-12-

realized the first gram-scale S-HMF photooxidation with the Coulombic dyad in neat water,
employing only 1.1 mg Ruphen per gram of the value-added product.'*® Moreover, sunlight
was used for sensitizer excitation (see SI, section S5.2.5). In this photoreaction, we observed a
2.4-fold increase in the reaction yield (84% vs 35%) when using the Coulombic dyad instead
of Ruphen, demonstrating that the easy-to-use Coulombic dyad approach is also attractive

under reaction conditions with broadband excitation.

A variety of products can be obtained starting from 5-HMF.!"” When the photooxygenation
process is carried out under alkaline conditions, it leads to in situ ring opening of 5-hydroxy-5-
(hydroxymethyl)-furan-2(5H)-one, forming (Z)-5-hydroxy-4-keto-2-pentenoic acid (see SI,
section S5.2.8).3¢ This product has direct potential as a monomeric building block for
biopolymers. Interestingly, under alkaline conditions, the Coulombic dyad shows the same
performance as under neutral-to-acidic conditions, which implies that the novel dyad approach
can be exploited regardless of the pH value of the solution. All these results not only confirm
the possibility to mimic the photophysical advantages of a molecular dyad by adding the
oppositely charged pyrene PTS to Ruphen solutions, but they also highlight that achieving
much higher reaction rates and TONs in practical applications are feasible by adding an
inexpensive additive (PTS, less than 0.3 € per mmol"*' as sodium salt) to a precious

photocatalyst (Ruphen, 32 € per mmol'*' as chloride salt).
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Figure 5 5-HMF photooxygenation in water. (a) Mechanism for conventional, less efficient (left) and improved,
efficient (right) generation of singlet oxygen in air-saturated water and (b) reaction equation for the 5-HMF test
reaction. Main plot: time-resolved product yield (lactone) during irradiation experiments (LED with Amax exe = 525
nm) with a solution of 5-HMF (30 mM), 0.2 mol% catalyst (orange: Ruphen, blue: RuphenPy, cyan: Ruphen
and PTS, magenta: rose bengal, pale blue: methylene blue, yellow: eosin Y, black: PTS) in air-saturated water at

20 °C. (¢) Product yields and the resulting TON after 23 h of irradiation with a higher substrate concentration (0.33
M).

Next, we extended our investigations to the synthesis of a sulfoxide in water. The sulfoxide
moiety is a highly important group in organic and medical chemistry.'* One elegant and
selective way of forming this functional group from the respective thioether is the reaction with
10,.133 We selected the photooxygenation of thioanisole (TAN) as a test reaction, which cannot
be carried out in water at room temperature for solubility reasons,'**!3 but, as we found, the

limited water solubility of TAN can be addressed by increasing the temperature of the reaction
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mixture to 50 °C. The obtained product shows a better water solubility than TAN at room
temperature and it can be quantified via '"H NMR spectroscopy under the chosen conditions
(see section S5.3). Temperature variations lead to pronounced changes in the unquenched and
oxygen-quenched lifetimes of triplet states, which consequently results in different oxygen
quenching efficiencies. Complementary quenching studies at an elevated temperature of 50 °C
revealed that the quenching efficiencies of *PTS and *RuphenPy by O remain remarkably
high at 99% and 90%, respectively. In contrast, the quenching efficiency of Ruphen drops to
43% (see SI, section S3.3). In the course of the photooxygenation of TAN (Figure 6), a
flattening in the reaction progress curve is evident when Ruphen and RuphenPy are used as
photocatalysts, indicating incomplete conversion most likely as a result of catalyst
photodegradation. This phenomenon is most pronounced for Ruphen and related photoactive
metal complexes, for which photodegradation is known to proceed in a thermally activated
manner via a metal-centered excited state.'3"13 In stark contrast, the Coulombic dyad shows a
yield exceeding 90% and no discernible signs of degradation within the system. We attribute
this resistance to the rapid and quantitative quenching of *Ruphen by PTS, effectively
preventing thermally activated degradation. The improved stability of the catalytic system at
higher temperatures is also important for applications on larger scales, when heating can be a
side effect of intense photoirradiation. The photooxygenation results at elevated temperatures
thus revealed another advantage of Coulombic dyads over conventional metal complexes and

molecular dyads.
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Figure 6 Time-resolved product yields for the formation of methyl phenyl sulfoxide from TAN (30 mM in total)
with 0.2 mol% catalyst (orange: Ruphen, blue: RuphenPy, cyan: Ruphen and PTS) and LED irradiation (Amax,exc
= 525 nm) in air-saturated water at 50 °C. See text for details.

Improving the Electron Transfer Reactivity with Coulombic Dyads

Building on the substantial improvements of the photooxygenation efficiencies described in the
preceding section and encouraged by reports dealing with improved electron transfer

photoreactivity of molecular dyads,’®>!-3

we explored whether the Ruphen—PTS pair is a
superior catalyst for photoreductions. After excitation of the sensitizer Ruphen, the resulting
SMLCT state can be reductively quenched by the ascorbate monoanion HAsc™. This electron
transfer quenching process yields Ruphen’ and HAsc" as a spin-correlated radical pair within
the so-called solvent cage, which is born in the same spin state as the photoexcited precursor,
i.e. in a triplet state.’®!3%"1%! Direct geminate recombination is spin-forbidden for a triplet pair,
which can enable quantitative cage escape yielding the desired “free” radicals/radical ions that
initiate photoreactions.***!:142143 However, the high spin-orbit coupling caused by the heavy
atom ruthenium induces radical-pair ISC, and the singlet pair so obtained undergoes highly
efficient in-cage recombination. This mechanism is the reason for the frequently observed very
low cage escape quantum yields for photoinduced electron transfer reactions with 4d and 5d
metal complexes.?34?4414 In the case of the reductive quenching of Ruphen (see Figure 7 (a))
by HAsc™, Ruphen'!%5!% is produced with a cage escape quantum yield of 0.21 under our
conditions (SI, section S8.2). This means that unproductive back electron transfer within the
solvent cage dominates. The cage escape quantum yields were determined using the carefully
calibrated absorption spectra of the respective species (see sections S7 and S8 for further

explanations), which are displayed in Figure 7 (b). As we found, *PTS generated by
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sensitization with Ruphen with a nearly quantitative yield can also be effectively reduced by
HAsc™ in an aqueous environment, giving rise to PTS®™.!147 PTS*~ exhibits a characteristic
absorption maximum at 510 nm with an extinction coefficient of 29000 M~'em™" (SI, section
S7.5). An outstanding cage-escape quantum yield close to unity (within the experimental error)
was determined for this process. In contrast to Ruphen, PTS lacks a comparable heavy atom,
making the rate of radical-pair ISC negligible, thereby ensuring a maximized quantum yield for

cage escape.

To test whether the divergent cage escape yields are accompanied by an improved
photocatalytic reactivity of the Coulombic dyad, the reductive dehalogenation of 2-
bromopyrazine (2-BP) was selected as the first benchmark reaction.'*® Under our standardized
conditions, we used 10 mM 2-BP and one equivalent of NaHAsc, which is a common electron
donor in aqueous photocatalytic cycles.!%14*-152 The ascorbate monoanion is a reversible
electron donor, ensuring that significant HAsc™ decomposition does not occur, and the stable
ascorbyl radical undergoes disproportionation partially regenerating HAsc™.'>> Hence, an
NaHAsc excess is not required. Under these specific conditions and in the absence of PTS, the
triplet state of pure Ruphen is reductively quenched with an efficiency of 0.84 (kq = 4.5-10%
M-!s7!, section S6.1). Taking the low cage-escape quantum yield of only 0.21 into account, a
theoretical Ruphen™ quantum yield of 0.18 is predicted, which is in close agreement with the
measured total quantum yield of 0.16, as demonstrated in Figure 7 (d). In stark contrast, when
the Coulombic dyad is used through the addition of PTS, the quenching of the *Ruphen occurs
predominantly by an energy transfer to give *PTS because dynamic quenching by HAse™ cannot
compete with static quenching by PTS. Although *PTS is reduced by HAse¢™ with a lower rate
constant (kg = 2.3-107 M~'s™!, section S6.2) than *Ruphen, quantitative quenching is possible
owing to the much longer unquenched triplet lifetime of the organic chromophore. Combined
with the high cage escape yield for this step, an overall quantum yield for the formation of
PTS*™ as high as 0.97 (expected relative error below 20%) is achieved. No electron transfer
from PTS*” to the Ruphen ground state was observed, indicating that the reduction potential
of PTS® is below that of Ruphen®™. The addition of high salt concentrations might attenuate
the attractive interactions within the Coulombic dyad due to salt effects.®*!>* However, under
our conditions with moderate salt concentrations (c(NaHAsc) = 10 mM)), the static and dynamic
quenching of *Ruphen by PTS is hardly affected such that PTS®~ quantum yields close to unity
are within reach despite the seemingly complicated mechanism (Figure 7 (a)). Additional
experiments addressing the effect of external salt additives on the formation efficiencies of both

3PTS and PTS*™ were carried out with different NaCl concentrations (section S8.3.3). The
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relative efficiency decrease is below 40% even at NaCl concentrations as high as 100 mM,
implying that the Coulombic dyad approach is also useful for photocatalytic reactions that have
to rely on ionic additives. Next, the reactions between the radical ions Ruphen®™ or PTS*™ and
the substrate 2-BP were analyzed. After the 2-BP reduction by one of those radicals, a very
rapid cleavage of the halide and the formation of a pyrazine c-radical is expected to occur,!*®
which in turn abstracts an hydrogen atom from HAsc™ or its oxidized products.'*> Ruphen®~
reacts with a rate constant of kq ~ 3-10° M~'s™!, which corresponds to essentially complete
quenching considering the Ruphen®™ lifetime of about 200 s at a chosen concentration of ¢(2-
BP) = 10 mM. In line with the lower redox potential, PTS®" is slowly intercepted by 2-BP at a
rate of kq ~ 4-10°> M~'s™!. Taking its prolonged lifetime exceeding 800 us, an efficiency of the
2-BP activation by PTS®™ of 75% is calculated at the initial 2-BP concentration (10 mM). When
comparing the efficiencies of the individual steps in both catalytic cycles (Figure 7 (a)), the
non-quantitative quenching of *Ruphen by HAsc™ and the non-quantitative quenching of
PTS®™ by 2-BP almost cancel each other out, so that the performance of the two photoredox
cycles is mainly determined by the cage escape efficiencies of the photoreduction steps. The
time-resolved yields of the lab-scale reaction confirm the trend previously characterized
through LFP measurements. In the presence of Ruphen only, the dehalogenation of 2-BP is
quite slow, resulting in a yield of 16% after 3 h of irradiation. Gratifyingly, when utilizing the
Coulombic dyad, a yield as high as 94% is achieved after the same irradiation duration (Figure
7 (c)). The slightly higher efficiency increase when using PTS (compared to what can be
estimated from the LFP studies in water) can be explained by the fact that DO was used as the
solvent for the irradiation experiments, whereas the mechanistic studies were carried out in
H>O. This remarkable reaction quantum yield enhancement clearly demonstrates the
advantages of a Coulombic dyad, which are simply achieved through the addition of an

inexpensive additive.
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Figure 7 Mechanistic studies and irradiation experiments for a photoredox test reaction. (a) Mechanism for
inefficient (left) and efficient (right) reductive dehalogenation of 2-BP. (b) Calibrated transient absorption spectra
of 3Ruphen (orange), *PTS (cyan), Ruphen®~ (ochre) and PTS®™ (petrol,) after laser excitation (532 nm) in Ar-
saturated water. See Sl for details regarding the spectral calibration. (c) Reaction equation with pertinent conditions
and time-resolved product yield of the dehalogenation of 2-BP (10 mM) with 0.3 mol% Ruphen (orange)/0.3
mol% Ruphen and 1.2 mol% PTS (cyan)/1.2 mol% PTS (black) upon LED irradiation (Amax,cxe = 525 nm) in Ar-
saturated water (D,0) at 20 °C. (d) Transient absorption traces monitoring the concentrations of key species of
solutions containing Ruphen (30 uM, Agt = 455 nm, orange), Ruphen and NaHAsc (30 pM and 10 mM,
respectively, Agt =496 nm, ocher), Ruphen, PTS and NaHAsc (30 pM, 120 uM and 10 mM, Aget = 510 nm, petrol)
after the laser pulse (Aexe = 532 nm). Red boxes indicate the maximum TA values used for quantum yield
determinations of Ruphen®™ or PTS®™~ formation.

Finally, the Coulombic dyad was employed for pinacol coupling reactions'>*~'3® of fluorinated
benzaldehyde derivatives. The catalytic cycle of reductive substrate activation is the same as

above for the 2-BP dehalogenation,!%%!%

and the electron transfer from Ruphen®™ or PTS*™ to
the model substrate 2-fluorobenzaldehyde (2-FBA) exhibits similar efficiency values (see SI,
sections S6.5 and S6.6) approaching quantitative quenching. The exclusive presence of the
pinacol product produced by dimerization of one-electron reduced substrate molecules is
confirmed by both 'H NMR and !°F NMR analyses after the reaction. Ruphen irradiation in
the presence of ascorbate led to yields ranging from 25% to 35% for the different derivatives,
while the Coulombic dyad gave remarkable results ranging from 70% yield to quantitative

conversion.
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It is worth mentioning that successful transformations of practically water-insoluble
benzaldehyde derivatives bearing a CF3 group are feasible through the utilization of the
promising food additive hydroxypropyl-f-cyclodextrin (HPCD), which seemingly does not
interfere with the Coulombic dyad and the catalytic cycle. This cyclic sugar possesses the ability
to encapsulate hydrophobic substances within its interior, thereby facilitating their
solubilization in water.'*%!6® A dynamic equilibrium exists between the encapsulated and “free”
forms of the substrates in solution. The reaction of the aldehyde with the activated catalysts
Ruphen®” or PTS*™ likely occurs with the non-complexed substrate present in solution. The
highly hydrophobic pinacol product is also encapsulated within HPCD, which avoids solubility
issues throughout the photoreaction. Hence, the Coulombic dyad has been effectively employed
for pinacol coupling reactions — even with water-insoluble carbonyl compounds — resulting in
significantly enhanced reaction kinetics and a much more efficient use of the precious

ruthenium sensitizer.
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Figure 8 (a) Pinacol coupling of different benzaldehyde derivatives in neat D>O or D,O containing HPCD. (b)
Time-resolved product yield of the pinacol coupling of 2-FBA (10 mM) with 0.3 mol% Ruphen (orange)/0.3
mol% Ruphen and 1.2 mol% PTS (cyan)/1.2 mol% PTS (black) upon LED irradiation (Amax.exc = 525 nm) in Ar-
saturated D,O at 20 °C.

It seems natural to assume that a delicate balance between the solvent and both ionic
chromophores is essential for realizing dyad properties without a covalent bond. In a recent
study in which we focused on upconversion with [Ru(phen)s]*" and the oppositely charged
mediator pyrene-1-sulfonate (PMS), we did not observe static (i.e. dyad-like) energy transfer
in DMF, neither upon mixing commercially available salts nor by using the synthesized salt
[Ru(phen);](PMS), lacking non-chromophoric counterions.** However, when dichloromethane
is used as the solvent, that [Ru(phen);]J(PMS): salt undergoes highly efficient static formation
of long-lived *PMS upon selective excitation of the ruthenium unit in the visible (see SI, section
S9.2). These findings unambiguously establish that Coulombic dyads are more than a lab
curiosity in aqueous solutions. To demonstrate that the Coulombic dyad concept is not limited

to ruthenium sensitizers in combination with pyrene derivatives, initial investigations with a
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dicationic osmium sensitizer were carried out. Highly efficient and predominantly static energy
transfer quenching was observed with [Os(phen);]*" and the anionic triplet energy-matched
perylene-3,4,9,10-tetracarboxylate (section S9.1 of the SI). An impressive energy transfer
reactivity improvement by as much as a factor of 15 was observed for this Coulombic dyad
compared to [Os(phen);]** alone (SI, Figure S56), which we attribute to the even shorter
unquenched lifetime of the photoexcited metal complex in this case. Considering that numerous
photoactive metal complexes are cationic in nature, the experiments of this section illustrate the

potential of Coulombic dyads for versatile photochemical applications in different solvents.

Conclusions

In summary, we have demonstrated that efficient inorganic-organic hybrid photocatalysts with
photochemical properties reminiscent of tailor-made bichromophores are formed simply by
mixing commercially available salts in aqueous solution. As a result of Coulombic attraction,
the organic triplet is produced with efficiencies close to unity upon visible-light excitation of a
photoactive metal complex and a subsequent Dexter-type energy transfer. Compared to the
triplet-excited metal complex, the organic triplet so obtained undergoes highly efficient energy
and electron transfer key reaction steps owing to its longer lifetime and inherently more efficient
cage escape yields. Both lab-scale irradiation experiments and detailed spectroscopic
investigations highlight the beneficial properties of Coulombic dyads as easy-to-prepare
catalysts with improved reaction quantum yields. Initial studies with other chromophore
combinations and in other solvents imply that Coulombic dyads can be developed into a
versatile catalyst class for efficient applications in the greater context of photochemical energy

conversion.
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sets, quantum-mechanical calculations and details about the irradiation experiments.
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2.2 Organic photo(redox) catalyst with triplet-mediated energy and electron
transfer reactivity

This section presents:

Converting p-terphenyl into a novel organo-catalyst for LED-driven energy and
electron transfer photoreactions in water

Maria-Sophie Bertrams, Christoph Kerzig, Chem. Commun., 2021, 57, 6752-6755.

Slightly modifying the reaction conditions for the synthesis of TDS (Section[2.1.1) leads
to an additional SO,-bridge within the terphenyl backbone and the compound SO,TDS
was isolated as sodium salt (structure in Figure .[63J Compared to the linear TDS, the
SO,-bridge lowers the symmetry substantially for SO,TDS, which results in a lowered
oscillator strenght at the bathochromically shifted E transition. Those findings ratio-
nalize the increase in the fluorescence lifetime (7o)*! (Section and therefore a
deceleration of the fluorescence rate constant (kg ), enabling further photophysical re-
laxation processes such as the pupulation of the triplet excited state. In addition, DFT
calculations revealed orbital contributions of the heteroatom containing SO,-bridge to
the LUMO as well as spin density located on the terphenyl backbone and the bridge in
the triplet excited state. Transient absorption spectroscopy revealed a long-lived species
after direct excitation of SO,TDS at 355 nm, which is identified as the corresponding
3S0,TDS based on DFT calculations and TTET quenching experiments. The useful
properties of *SO,TDS were further explored spectroscopically for energy and elec-
tron transfer reactivity and successfully employed in laboratory scaled TTET and ET
photocatalytic reactions (catalytic cycles in Figure 23)). For the latter, the ascorbate
monoanion, Vitamin C, was used as a sacrificial electron donor. Every key intermediate
of both reaction mechanisms was observed spectroscopically allowing the proposal of a
reaction mechanism substantiated by the spectroscopic data. Finally, the organic photo-
catalyst can sensitize stilbene-derivatives regardless of their charge and furthermore is
active for both energy and electron transfer in micellar environments.
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Figure 23: Key aspects of the water-soluble organic triplet chromophore SO,TDS, together with
all relevant chemical structures for photocatalysis and the two catalyitc mechanisms for energy
and electron transfer.

The symmetry lowering and heteroatom-cotaining SO,-bridge enabled ISC in SO,TDS.
This purely organic photo(redox) catalyst offered the possibility to perform light-driven
reactions involving a triplet-excited state aqueous environments.

Reproduced from reference: M.-S. Bertrams, C. Kerzig, Chem. Comm., 2021, 57, 6752-
6755 with permission form the Royal Society of Chemistry.

The reference and can be found in the following pages and under reference [63]]. The ar-
ticle is licensed under CC BY-NC 3.0 (https://creativecommons.org/licenses/by-nc/3.0/).
The supporting information can be found in Section [6.8]

Author contributions: M.-S. Bertrams performed the synthesis, optical spectroscopy
measurements and irradiation reactions. M.-S. Bertrams provided the graphs for the
main paper and prepared the initial draft of the supporting information document. C.
Kerzig conceived the project and provided general guidance.
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p-Terphenyl is a potent photoredox catalyst under UV-irradiation.
Aiming for more sustainable reaction conditions, we added two
sulfonate groups to this key structure to achieve water solubility
and incorporated an SO,-bridge thereby shifting the absorption
spectrum towards the visible. The resulting photocatalyst shows
unexpected triplet reactivity in several test reactions.

Owing to the rapid development of photo(redox) catalysis with
low-energy photons in recent years, numerous light-driven
reactions became feasible under particularly mild conditions,
which keeps fascinating many scientists.’™ Despite fulfilling
several sustainable chemistry criteria,®” most of these photo-
reactions do not have the potential of being the ideal example
in a green chemistry textbook. The two main drawbacks of a
great many photocatalytic applications are the extensive usage
of catalysts derived from precious metals and/or their incom-
patibility with green solvents such as water, either due to
solubility or (photo-)stability issues. Addressing the former,
several researchers focused on developing organo-catalysts,®*®
which frequently compete with their inorganic congeners.
p-Terphenyl belongs to the most highly reactive organo-
photocatalysts even able to activate carbon dioxide for versatile
organic transformations,"”” " but this reactivity comes at a
price: excitation of p-terphenyl unavoidably requires hazardous
UVB/C-light (see spectra in Fig. 1), usually provided by mercury-
based light sources or by employing high-power Xe arc lamps
that convert electricity to UV-light below 320 nm with a lousy
efficiency. Commercial ready-to-use LEDs are not available with
intense UVB/C output.*® Considering that, shifting the absorp-
tion spectrum of p-terphenyl towards the UVA or even the
visible range, where environmentally friendly LEDs efficiently
emit, is highly desirable. As we will show, double sulfonation of
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Converting p-terphenyl into a novel
organo-catalyst for LED-driven energy and
electron transfer photoreactions in waterf:

and Christoph Kerzig 2 *

p-terphenyl and the addition of an SO, (sulfone)-unit to bridge
two adjacent phenyl rings results in a highly interesting deri-
vative (hereafter abbreviated as SO,TDS, see Fig. 1 for the
structure), which is readily accessible from inexpensive starting
materials in a single synthetic step (synthetic protocols can be
found in the ESI).>' Not only does SO,TDS strongly absorb
in the near UV region, but it is also highly water-soluble
(as opposed to p-terphenyl) laying the grounds for LED-driven
photocatalysis in the “greenest” solvent.”””>* What is more, the
sulfone-bridge converts p-terphenyl into a triplet chromophore
opening up additional electron®® and energy®® transfer path-
ways that are unavailable for the parent compound.>” Based on
these findings, we have successfully employed SO,TDS as a

p-terphenyl

o\\s”o
,o,sso,_

molar absorptivity
— - —norm. luminescence

S Aexe = 255 nm

x Yo Aexe =340 nm
300 400 500 600
Alnm

Fig. 1 Color-coded structures of p-terphenyl and the water-soluble
derivatives (sodium salts) used in this study (top), calibrated absorption
and normalized emission spectra, together with LED (390 nm and 370 nm)
output spectra (main plot), as well as fluorescence lifetime measurements
(inset; excitation occurred at 313 nm). For details, see text and ESL.i
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novel organo-catalyst for pinacol coupling,
11,2631 and dechlorination®® photoreactions.

Fig. 1 enlarges on the ground-state absorption and fluores-
cence properties of SO,TDS in comparison to two reference
compounds, conventional p-terphenyl as well as p-terphenyl-
4,4"-disulfonate (TDS). Except for showing moderately red-
shifted (~15 nm) spectra, the water-soluble TDS behaves
almost identically as its lipophilic role model. Both compounds
are essentially pure singlet-state chromophores with fluores-
cence quantum yields close to unity and emission lifetimes on
the order of 1 ns (Table 1). The sulfone bridge in SO,TDS,
however, completely changes the photophysical properties as
our comparative study reveals: the absorption spectrum of
SO,TDS exhibits a band in the UVA with an onset at about
390 nm, blue fluorescence with a five-fold longer lifetime was
detected and the emission quantum yield is half of that
determined for the reference terphenyls (Table 1). Interestingly,
the excited-singlet state energy of SO,TDS is reduced by about
0.6 eV (and the computed HOMO-LUMO gap accordingly)*
compared to that of p-terphenyl while the DFT-calculated triplet
energies remain almost unmodified (Table 1).

The observed fluorescence lifetime elongation for SO,TDS
seems surprising at first glance, but this can be rationalized in
the framework of the well-known Strickler-Berg equation.**?*
According to the simplified work form of this equation, the
radiative decay rate constant k; depends on the intensity of the
long-wavelength absorption band times the squared energy of
the excited singlet state (E,,). Lowering the symmetry by
introducing the sulfone bridge results in a substantial decrease
of the oscillator strength f of the HOMO-LUMO transition, as
indicated by the much lower molar absorption coefficients of
SO,TDS at the long-wavelength band (Fig. 1), which is also in
line with our DFT*" calculations. The substantial f decrease and
the reduced E,  for SO,TDS compared to TDS thus combine to
decelerate k¢ drastically. With the experimental fluorescence
quantum yields and emission lifetimes from Table 1, k¢ values
of 9.8 x 10® s™* (TDS) and 9.2 x 10’ s* (SO,TDS) are obtained
for the water-soluble terphenyl derivatives. This deceleration of
ke opens up the possibility of other photophysical processes
than fluorescence for singlet-excited SO,TDS.

Assuming that radiationless deactivation directly to the
ground state does not contribute to the excited-singlet state
decay, we estimate an upper limit for the intersystem crossing
ISC quantum yield of TDS as low as 2% (¢isc = 1 — ¢r), with a
concomitant kigc being slower than 2 x 107 s~'. Hence, the

tion

Table 1 Pertinent photophysical parameters for the terphenyl derivatives
under study. For further explanations, see ESI

p-Terphenyl  TDS SO,TDS
Exc.-singlet energy (E o)/eV 3.99¢ 3.75° 3.37°
Fluorescence quantum yield (¢y) 0.94%" 0.98 0.48
Fluorescence lifetime (t5)/ns 0.9”7 1.0 5.2
ISC quantum yield (¢sc) <0.06 <0.02 ~0.34°
Triplet energy (Er)/eV 2.53% 2.60 2.47

“ In cyclohexane. ? In water. ¢ Triplet lifetime, >100 ps.?!

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Top: Schematic representation of the triplet state formation of
SO,TDS as well as the electron (ET) and energy (TTET) transfer reactions
with 350, TDS that have been studied in detail. Bottom: Transient absorp-
tion spectra of long-lived intermediates accessible upon pulsed (355 nm)
excitation (and subsequent triplet quenching) of SO,TDS (main plot).
Shown are color-coded spectra of 3SO,TDS (blue), the radical anion
SO,TDS*~ (orange) and the triplet of 1,5-naphthalenedisulfonate (*NDS,
green). Representative decay traces of 350,TDS without (blue) and with
0.2 mM of 3-fluorocinnamate (red) are displayed in the inset.?!

hetero/heavy atoms of the terminal sulfonate groups do not
promote ISC. Our DFT calculations,** however, predict sub-
stantial orbital coefficients (LUMO) and spin densities on the
sulfone bridge of SO,TDS, which might be beneficial for triplet
formation. Indeed, a long-lived species (see Fig. 2, blue data
sets) with a transient absorption spectrum resembling that of
the p-terphenyl triplet®> was clearly observed upon direct
SO,TDS excitation. This SO,TDS-derived species reacts with a
fluorocinnamate (F-Cin in Fig. 2; triplet energy, ~2.4 eV)*® in a
diffusion controlled fashion and it is quenched by a well-
characterized water-soluble naphthalene (NDS, triplet energy,
2.58 eV)*® thereby producing *NDS (Fig. 2, green spectrum).
These results provide clear evidence for the formation of
3S0,TDS after SO,TDS excitation, and the observed triplet-triplet
energy transfer TTET kinetics support the DFT-calculated triplet
energy (2.47 eV, see Table 1).>' Quantitative laser flash photolysis
(LFP) experiments using ruthenium(tris)bipyridine and NDS*® as
standards revealed an ISC quantum yield on the order of 35%,
corresponding to a kigc of 7 x 107 s~ . All these findings highlight
the importance of the sulfone bridge for the conversion of
p-terphenyl into a chromophore with a readily available
triplet state.

Having observed TTET donor reactivityy, we now turn to
exploring electron transfer ET processes with *SO,TDS as the key
species. The p-terphenyl radical anion produced by excited-singlet
state reduction with amines was exploited for photoreactions in

Chem. Commun., 2021, 57, 6752-6755 | 67533
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organic solvents,”” but a triplet-state photoreduction would have
inherent efficiency advantages.”>”” In the presence of the potent
electron donor ascorbate HAsc™ (vitamin C) in neutral solution, we
detected rapid *SO,TDS quenching to yield a new species with an
additional band in the red/NIR*® (Fig. 2, orange spectrum). This
species can be assigned to the radical anion SO,TDS* ", and its
reduction potential, which is hardly accessible in water, is esti-
mated to amount to —1.75 V vs. NHE, corresponding to ~—2 V vs.
SCE*'

Guided by recent photocatalytic pinacol couplings in the
context of sustainable chemistry, either carried out in organic
solvents (ACN or DMF) with organo-catalysts**° or in the green
solvent water®” with Ru catalysts, we aimed to combine the best
of both approaches by employing our water-soluble SO,TDS as
catalyst. LFP studies with acetophenone ACP as model sub-
strate and our SO,TDS/HAsc™ system allowed us to directly
monitor the first step of the desired reaction, namely the
acetophenone radical anion® formation by the reaction with
SO,TDS® 2! These mechanistic investigations prompted us to
study the photocatalytic ACP pinacol coupling in NMR-scale
experiments using an inexpensive 390 nm LED. Gratifyingly,
SO,TDS (2 mol%) in combination with HAsc™ as a cheap
sacrificial donor (1.33 equiv.) gave excellent results (92% yield).
Control experiments corroborate the need for our complete
catalytic system and light (see Fig. 3). Further mechanistic
investigations demonstrate that reductive singlet-state quenching
of excited SO,TDS by HAsc™ is unimportant under our reaction
conditions,* so pinpoint *SO,TDS as key species.

Next, we replaced ACP by the substrate anisaldehyde. However,
we observed solubility problems, slow substrate consumption
upon LED irradiation and the undesired formation of the mono-
meric alcohol (resulting from the low local radical concentration).
As we found, anionic SO,TDS is strongly bound to the surface of
cationic DTAC micelles,”> and HAsc™ is known to allow fast
reactions at the water-micelle interface.*’ These observations pave

= di/ meso
50,1057 50,108 . N
o o . o e
AWIRPS QI TIPS (. 1 1L
noutral water! O o o M
omn | J ChAcD
ACP observed at 445 nm dil meso of
15mMm ja LFP. / |
2
SO,TDS | NaHAsc LED Yield _oP
1| 2mol% | 20mM 390 nm 2% 3
2 - 20 mM 390 nm 2% T
3| 2mol% - 390 nm 1%
4] 2mol% [ 20mm - 0% 4, |
Reference compound: chloroacetate (CI-AcO”) W 2 16

5 /ppm

2mol% 5mol% 10 mol% o SO,TDS 2mol%
- smM smMm 4h; rt; 390 nm,
2%bn 52%6  83% 20 mM NaHAsc
12h 17h 18h |Fc Micelles (SDS) 5 mM

15mM  Pinacolyield 85%

o so,T0s

0,
Further Micelles (DTAC)
substrates: Pinacol yield
N7 2| imadiation time
(=10 mM NakASe)

Fig. 3 Reaction scheme with conditions, key intermediate (ketyl radical
anion) and control experiments for the LED-induced (390 nm) pinacol
coupling with the photoredox catalyst SO,TDS in neutral Ar-saturated
water. Shown are yields obtained by quantitative NMR experiments. ACP
was irradiated in neat water, whereas for the other substrates the beneficial
effects of micelles have been investigated and exploited.?! [a] Side product
formation. [b] Incomplete conversion.
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the way for the combination of micellar catalysis®**™** with
organo-photocatalysis. Irradiating anisaldehyde with our catalytic
system under micellar conditions gave the desired pinacol in a
good yield (83% with 10 mol% SO,TDS, Fig. 3). Furthermore, the
micellar approach with SDS as anionic surfactant was highly
beneficial for the photochemical pinacol coupling of an almost
water-insoluble acetophenone derivative (lower right part of
Fig. 3). In this case, SDS micelles do not interact with our catalytic
system,”"*® but they serve as an efficient reservoir for hydrophobic
substances in our reaction mixture.

To carry out photoreactions that unavoidably require triplet-
excited catalysts, we turned to double bond isomeriza-
tions.”**"**** We have chosen the cinnamate F-Cin as initial
substrate, since we have already detected TTET quenching with
this olefinic compound via LFP (see inset of Fig. 2). Our
NMR-scale studies indicate the existence of a photostationary
state (71% cis isomer) upon 2 h of photo-irradiation in the
presence of 2 mol% SO,TDS (Fig. 4). Neither TDS (0% cis) nor a
water-soluble benzophenone®?° derivative (27% cis) catalyze
this test reaction efficiently (Fig. 4), highlighting the impor-
tance of both triplet formation and sufficient catalyst absorp-
tion in the near UV. Given that previous F-Cin isomerization
reactions had to rely on tailor-made Ir catalysts,®*® the
SO,TDS-catalyzed reaction represents an elegant organo-
photocatalytic alternative. Similar results with the cis isomers
as main products were obtained for a cationic as well as a
neutral olefin under our standard conditions (Fig. 4, bottom).
Therefore, we conclude that charged and uncharged substrates
can be converted similarly without detrimental aggregation
phenomena, which implies a versatile usage of our water-
soluble catalyst. Quantitative NMR experiments show side
product formation only in the case of the neutral cinnamyl
alcohol. Again, the addition of DTAC has proven successful for
suppressing side reactions such that the absolute yield of the
cis isomer was increased significantly (35% vs. 51%).>

To improve the reaction rate we employed a 370 nm instead
of a 390 nm LED (compare, spectral overlap in Fig. 1) for the
F-Cin isomerization with a catalyst loading of 1% only. We

TFA
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2mnt —d

_— trans cis ==
2 |
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2 SO,TDS 390 nm 71129 bt e -
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Fig. 4 cis—trans Isomerization with olefinic substrates using the LED-driven
photocatalytic system (SO,TDS) in Ar-saturated water?! Several control
experiments are displayed for the substrate trans-3-fluorocinnamate. [a] Side
product formation.
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found a cis isomer yield of 63% after 30 minutes of photo-
irradiation (0% without catalyst).”" Highly attractive reaction
durations with SO,TDS are thus within easy reach, while
maintaining acceptable product yields. Moreover, this experi-
ment substantiates the high photostability of our novel organo-
catalyst with achievable turnover numbers approaching those
observed with photoactive metal complexes. Finally, we
selected an additional olefin, trans-3-(4-pyridyl)acrylic acid, as
well as a water-soluble benzyl chloride® and tested the photo-
catalytic performance of SO,TDS in comparison to five com-
mercial photocatalysts that are sufficiently soluble under
our conditions and known for triplet reactivity (see ESIL#
Section 6.6). To our delight, SO,TDS is the only compound
catalyzing both the isomerization and the dechlorination effi-
ciently owing to its unique photophysical, photochemical and
redox properties presented herein.

In summary, we have identified and characterized an inex-
pensive photocatalyst being capable of transforming several
substrates in a very sustainable manner. Sustainability is
addressed in our study (i) by avoiding mercury-based UV light
sources, (ii) by relying on catalytic mechanisms with a
catalyst lacking precious metals and (iii) by using water as the
“greenest’” solvent, either without additives or in the presence
of micelles to improve the substrate’s solubility and the reac-
tion’s selectivity. Our study might thus contribute to the
ongoing rethinking of using more environmentally friendly
reaction conditions. The combination of meaningful spectro-
scopic techniques with preparative as well as mechanistic
irradiation experiments revealed the importance of the triplet-
excited catalyst and allowed us to distinguish between different
catalytic mechanisms. Moreover, based on our photophysical
results, incorporating SO,-units into other organic chromo-
phores seems to be a promising strategy to facilitate intersys-
tem crossing of otherwise triplet-inactive molecules.
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2.3  Dyads as mechanistic switch between energy and electron transfer

This section highlights the modified excited state (redox) properties in molecular dyads
compared to their parent metal complexes, enabling the identification and characteri-
zation of a novel annihilator structure. In the first project (Section [2.3.1)) the reactivity
of ruthenium-based metal complexes is compared to their dyad congeners. The sec-
ond project (Section extends the principle of a modified reactivity by exchanging
metal complexes for dyad derivatives to iridium-based chromophores.

2.3.1 Ruthenium-based dyads

This section presents:

Triplet quenching pathway control with molecular dyads enables the identification
of a highly oxidizing annihilator class

Maria-Sophie Bertrams, Katharina Hermainski, Jean-Marc Morsdorf, Joachim Ball-
mann, Christoph Kerzig, Chem. Sci., 2023, 14, 8583-8591.

Two water-soluble ruthenium-complex-pyrene dyads were developed and characterized
in the Kerzig group, both extending the lifetime of the original ruthenium complexes
by over one order of magnitude, which makes them promising sensitizers for TTET
and 'O, generation.’ The water-soluble chromophores P—H** and derivatives*” do
not undergo ISC after direct excitation and sensitization is required to obtain the triplet
(chemical structures in Figure[24] A)).

A) B)

Ligand MC [MCJ?* + P-H [MCP** + P-H
bpy [Ru(bpy)s)?* 0.04
phen [Ru(phen);]2*

Ligand Dyad

bpy [RubpyPyJ?*
phen [RuphenPy]?*

0.02
[=]
o
< 0.00 /

500 600 700 highly
Al'nm oxidizing

3dyad]?* + P-H2*—"EL » [dyad]e* + *» 1*p_H2+

Figure 24: Summary of photosensitizers as mechanistic switch between energy and electron
transfer. Part A) presents the structures of metal complexes (MC), the dyads and the annihilators.
The general reaction equations for quenching of the triplet excited states of the MCs (ET, blue)
and dyads (TTET, red) are shown, together with the corresponding transient absorption spectra.

Using *[Ru(bpy);]** and *[Ru(phen);]** as photosensitizers results in the ET species
and TA spectra show the bleach of the corresponding oxidized [Ru]** and the bands of
the reduced annihilator species P—H"". For the dyads, the spin densities in the triplet
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excited state are mainly localized on the pyrene ligand. This results in much milder
excited-state potentials and in contrast to the metal complexes, ET is thermodynamically
unfavorable, which enables a TTET-based sensitization of the annihilators. Time-gated
emission spectra of the Ru-dyads and P—H?* showed delayed emission of '*P—H?* orig-
inating from an sTTA UC mechanism, which was supported by indicative kinetic and
excitation power-dependent measurements (Figure B)). Finally, P—H** was inves-
tigated regarding the oxidative properties of the singlet excited state and compariative
quenching studies allowed an estimation of the corresponding highly oxidizing excited
state potential. With —2.3 V vs NHE provided by the "*P—H?*, even the oxidation of
chloride was feasible.[?>228] Two derivatives of the annihilator core structure, one fluoro-
and one chloro-substituted, were explored in the same study and similar findings were
made for all three compounds.

Reproduced from reference: M.-S. Bertrams, K. Hermainski, J.-M. Morsdorf, J. Ball-
mann, C. Kerzig, Chem. Sci., 2023, 14, 8583-8591 with permission form the Royal
Society of Chemistry.

The reference and can be found in the following pages and under reference [85]]. The ar-
ticle is licensed under CC BY-NC 3.0 (https://creativecommons.org/licenses/by-nc/3.0/).
The supporting information can be found in Section [6.9]

Author contributions: M.-S. Bertrams performed the optical spectroscopy measurements
(absorption, emission and ns-TA), provided the graphs for the main paper and wrote the
supporitng information. K. Hermainski synthesized the Ru-dyads and within her Bach-
elor thesis performed additional spectroscopy under the guidance of M.-S. Bertrams.
J.-M. Morsdorf under the supervision of J. Ballmann performed the synthesis and char-
acterization of the three annihilator structures and provided the respective parts for the
main paper and supporting information. C. Kerzig provided helpful discussions, con-
ceptualized the study and wrote the main paper.
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we exclusively observed photoinduced electron transfer photochemistry with commercial organic
photosensitizers and photoactive metal complexes. In contrast, the corresponding pyrene dyads of the
tested ruthenium complexes with the very same metal complex units efficiently sensitize the P-X2*
triplets. The long-lived and comparatively redox-inert pyrene donor triplet in the dyads thus provides an
efficient access to acceptor triplet states that are otherwise very tricky to obtain. This dyad-enabled
control over the quenching pathway allowed us to explore the P-X?* photochemistry in detail using
laser flash photolysis. The P=X2* triplet undergoes annihilation producing the corresponding excited
singlet, which is an extremely strong oxidant (+2.3 V vs. NHE) as demonstrated by halide quenching
experiments. This behavior was observed for three P?* derivatives allowing us to add a novel basic
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Introduction

The excitation energies and (excited-)state redox properties of
photoactive metal complexes can be tuned over wide windows
by ligand modifications.'™ This modularity allows the prepa-
ration of tailor-made photocatalysts or photosensitizers for
a given light-driven application. It seems natural to assume that
even more pronounced changes in photoreactivity are within
reach when so-called molecular dyads or bichromophores are
employed, in which metal complexes are covalently linked with
organic chromophores.”* In such dyads the beneficial prop-
erties of both inorganic and organic photoactive compounds
are frequently combined, e.g. visible-light absorptivity and
quantitative intersystem crossing of the former and long-lived
triplet states of the latter.'>'® Furthermore, the organic chro-
mophores (OC) can possess completely different redox proper-
ties than the metal complexes (MC)* such that dyads with
lowest excited states that are OC-centered offer more
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pronounced variations of the photoredox properties than those
obtained by conventional ligand modification. This extended
photoredox and triplet reactivity control for selective photore-
actions with molecular dyads is underexplored, presumably
because most studies have focused on inherent photophysical
dyad properties.

Most MC-OC dyads known to date are based on ruthenium
complexes with covalently connected aromatic hydrocarbons
(arenes),*'*2° but there are also many examples with other 4d/
5d (ref. 21-23) and even some dyads with non-precious 3d (ref.
24-26) metals. Dyads of the type MC-OC have been successfully
employed for increasing the energy transfer (EnT)*** or elec-
tron transfer (ET)**** reactivity compared to conventional metal
complexes (see Fig. 1). The long-lived triplet states of these
monometallic dyads have been successfully exploited for
sensing® and imaging®* applications, photodynamic therapy,*
photon upconversion®**® and, in some cases, for photocatalytic
key reaction steps.?”?*33241 Despite the popularity of these
compounds it seems that relatively easily accessible dyads have
a hidden application potential in controlling the quenching
pathway and the bimolecular photoreactivity. The above-
mentioned triplet lifetime increase that is accessible in well-
designed dyads is of particular importance for systems in
which the energy or electron acceptor concentration is inher-
ently low. This holds true for annihilators in aqueous photon
upconversion (UC) systems. The first bimolecular photoreaction
in a sensitized triplet-triplet annihilation upconversion pair is
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Fig. 1 Triplet lifetime elongation in molecular dyads with covalently
connected organic chromophores is well established to increase the
efficiency of energy or electron transfer (ne1 or net) reactions. In this
work, switching of the quenching mechanism when comparing dyad
and parent ruthenium complex was observed and exploited for the
identification of the first highly oxidizing annihilator in water.

an EnT between the excited sensitizer (usually in a triplet
state)® and the annihilator molecule in its ground state. Only
a few annihilator structures for UC in neat water have been
identified so far.>”**** In addition to solubility, aggregation or
excimer formation issues, one main reason for this situation is
that highly polar water as the solvent favors ET over EnT reac-
tions owing to the stabilization of (radical) ions.*»**

As we will show using laser flash photolysis (LFP) as key
method, the reduced redox reactivity of arene-localized triplets
produced in a water-soluble Ru-containing dyad previously
developed in one of our groups enables selective EnT quench-
ing, whereas the parent Ru complexes exclusively operate via ET
under otherwise identical conditions (Fig. 1). This dyad-
induced quenching pathway switch allowed us to identify
a novel annihilator class — the recently discovered dicationic
phosphonium-bridged ladder stilbenes (P-X>*)* with
unmatched properties for aqueous This
compound class with previously unknown triplet photochem-
istry is not only sufficiently water-soluble but it has also very
high emission quantum yields. These properties are highly
beneficial for (aqueous) photon upconversion systems**** and
we speculate that the bulky iso-propyl groups prevent the
formation of undesired excimers® during the triplet-triplet
annihilation (TTA) step. Two dyads, three reference complexes
and three P-X>" derivatives are analyzed in detail to establish

upconversion.
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the reactivity switch approach and the novel annihilator class
with some generality. While the previously known aqueous
annihilators are strong photoreductants (lower part of
Fig. 1),** initial photoreactivity studies of the singlet-excited
P-X>" annihilators show that they are strong photooxidants
with excited-state reduction potentials of up to +2.3 V vs. NHE
and sufficiently long lifetimes for bimolecular reactions. This
unique combination could result in novel photooxidation
applications in water.

Results and discussion

The annihilators P-X>" (X = H, Cl, F) were synthesized as
described in Fig. 2. Employing appropriately substituted 2,2
dibromotolanes as starting materials, the corresponding dili-
thiated intermediates were generated in situ via bromine-
lithium exchange, which proceeds smoothly upon treatment
with n-BuLi at —20 °C. The resulting intermediates were
quenched with chloro di(iso-propyl)phosphine at —40 °C to
afford the required diphosphinotolane precursors (prec-P-X).
For the unsubstituted derivative (X = H), prec-X-H and the
target compound P-H*" have been reported previously,” but
a significantly more complicated synthesis of P-H>" (starting
from prec-X-H) has been employed originally. In our first
report,”” P-H>" was prepared using a three-step approach via (i)
twofold cyclization of prec-P-H followed by (ii) a one-electron
oxidation step to afford a radical cation and (iii) a second one-
electron oxidation step. Here, it is shown that these three
steps can be combined to a one-pot procedure using hexa-
chloroethane (C,Clg) as an oxidant (see Fig. 2). Only tetra-
chloroethylene (C,Cl,) is generated as by-product, while the
products (P-X>") precipitate from the reaction mixture. All three
derivatives were characterized comprehensively (see ESI for
details, Sections S2 and S47), not only NMR spectroscopically in
D,0 solution, but also via single crystal X-ray diffraction in the
solid state. The dicationic core in P-X>" (X = H, CI, F) is basically
isostructural in all three compounds, although a different
stacking pattern (see ESIf for additional ORTEP plots) is
observed in P-F*" (brick layer stacking) in comparison to P-H*"
and P-CI** (herringbone stacking), which may be related to the
nature of the co-crystallized solvent (P-F>*: MeOH, P-H>* and P-
CI”*: H,0). Hence, all compounds were finely ground and
rigorously dried (i.e. the co-crystallized solvents were removed)
prior to the photochemical studies.

Initial UV/vis absorption studies in neutral air-saturated
water indicated the decomposition of all P-X>" derivatives on
a timescale of several hours. However, as we found, P-X*"
solutions that are acidified with H,SO, (50 mM) are bench-
stable allowing us to reliably investigate their photophysical
and photochemical properties. Calibrated UV/vis absorption
and normalized emission spectra of the annihilators in this
medium are summarized in Fig. 3 (right part). All derivatives
have an intense long-wavelength absorption band in the violet/
blue spectral region, while they show greenish emission with
lifetimes on the order of 15 ns in argon-saturated solution. The
energy of the first excited singlet is lower for the halogen-
substituted derivatives by 0.10 eV to 0.15 eV compared to the

© 2023 The Author(s). Published by the Royal Society of Chemwsgg
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Fig.2 Top: Synthesis of annihilators P—H2*, P=F2* and P=CI?* (X = H, Cl, F). Bottom: ORTEP plots of the dications in P=H?*, P=F2* and P-CI?*
(hydrogen atoms, Cl™ counter ions and co-crystallized solvents omitted for clarity, see ESIt for details).

parent compound (P-H>"). All derivatives are excellent emitters
with fluorescence quantum yields approaching 90%, making
them an ideal candidate for a potential annihilator

I Photosensitizers |

N’\ ligand complex

( o bpy Ru(bpy)?*
- , \N phen Ru(phen),2*

NJ bpz Ru(bpz);2*

chromophore. Control experiments with freshly prepared
solutions in neat MilliQ water at pH ~ 7 established that H,SO,
does not affect the photophysical properties. In welcome
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Fig. 3 Left and bottom: Ruthenium complexes and dyads with the respective ligands used as photosensitizers (PS), for more details see ref. 4, 19
and 27. Right: Novel annihilator structure (P~H?**)* and derivatives (P—F?*, P—CI?*), their calibrated UV/vis absorption and emission spectra and
basic photophysical characteristics in Ar-saturated 50 mM H,SO, (see ESIT for details).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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contrast, the kinetic salt effect resulting from the H,SO,
dissociation products is regarded to accelerate the bimolecular
photoreactions between the cationic species in the sTTA
mechanism.

The fluorescence quantum yields (Fig. 3, @q) close to unity
imply highly inefficient intersystem crossing ISC, and indeed we
did not detect any long-lived species with our transient
absorption setup (see ESI for details, Section S8.5t) upon direct
excitation of P-X* with 355 nm pulses of ~10 ns duration.
Previous DFT calculations on the basic structure P-H>" (ref. 47)
and additional calculations (see ESI, Section S5f) with
a computational method that has been quite useful for the
prediction of triplet energies for organic
chromophores®” allowed us to conclude that the P-X*" triplet
energy levels are in the range from 1.50 eV to 1.75 eV. With the
aim in mind to sensitize the P-X*" triplets with low-energy
photons, we selected tris(diimine)ruthenium(u)-based chromo-
phores as they provide a sufficiently high triplet energy and they
can be selectively excited with a frequency-doubled Nd:YAG
laser (532 nm) in the presence of ground-state P-X*'. The
commercially available ruthenium complexes Ru(bpy);>',
Ru(phen);>" and Ru(bpz),>* as well as the recently prepared
dyads*” RubpyPy>" and RuphenPy** were used in this study (see
left part of Fig. 3 for the structures).

Comparative Stern-Volmer studies with Ru(bpy),>* and the
corresponding dyad RubpyPy** using P-H** as the quencher
gave linear lifetime-based plots as displayed in Fig. 4 (left part).
The Stern-Volmer constant with the latter was higher by a factor
of 36, which can be traced to the much longer unquenched
triplet lifetime of the dyad (see Table 1 for details). Transient
absorption (TA) spectra recorded right after complete quench-
ing of the respective sensitizer triplet are shown in the right part
of Fig. 4. These spectra look completely different with

accurate
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a pronounced bleach below 500 nm and a TA maximum at
~570 nm (Ru(bpy);>"), or with two maxima at ~470 and
~630 nm (RubpyPy*"). The characteristic negative band in the
former (emission-corrected) spectrum has to be due to a redox
reaction of Ru(bpy);>* as both the oxidized and reduced species
of this metal complex show negative difference spectra in this
region,” " and the ground state of the quencher P-H*" does not
absorb between 500 and 460 nm (see Fig. 3). Owing to (i) the
facile reduction of P-H*" in organic solvents,"” which is certainly
feasible when conventional photoexcited ruthenium complexes
such as Ru(bpy),>* or Ru(phen);*" are used, (ii) the character-
istic bleach below 500 nm that has also been observed upon
chemical oxidation of Ru(bpy);>* (see ESI, Fig. $217) and (iii) the
fact that the remaining absorption features in the visible region
are in line with the bands predicted by DFT calculations for P-
H™" (ESIf), we conclude that P-H"" and Ru(bpy);** are the only
primary quenching products. Furthermore, an absorption
spectrum of the chemically prepared P-H'" in MeOH (where it is
sufficiently stable) is in very good agreement with the spectrum
of the photoinduced ET product above 500 nm (ESI, Fig. S227),
where the ruthenium complexes do not show clear absorption
bands. In contrast, the red spectrum that was recorded right
after *RubpyPy”* quenching with P-H** does not show negative
signals and both absorption bands decay with wavelength-
independent and almost pure first-order kinetics on a time-
scale of a few hundreds of microseconds. We assigned this
spectrum to the triplet of P-H>*, which is further substantiated
by DFT calculations (ESIT) and delayed emission measurements
(see below). Time-resolved measurements at selected wave-
lengths (Fig. 4, central part) clearly demonstrated that both
photoproducts are directly formed from the different triplet-
excited sensitizers. For the kinetic trace showing the *P-H>"
formation, a spectral separation had to be carried out because
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Fig. 4 Left panel: Stern—Volmer plots for the triplet quenching with P=H?* using 3RubpyPy?* (red fit) and Ru(bpy)s>* (blue fit) as photosen-
sitizers; Central panel: Kinetic sensitizer emission traces (upper for *Ru(bpy)s>* in gray, concentration 30 pM Ay = 532 nm, 42 mJ and lower for
SRubpyPy?* in black, concentration 31 uM, Ae,e = 532 nm, 42 mJ) with P—H?* (2.0 mM with Ru(bpy)s>*, 0.5 mM with RubpyPy?*), together with
the formation kinetics of the quenching products (blue trace corresponds to the one electron reduced P—H* after ET, red trace corresponds to
the *P—H?* after EnT); Right panel: TA spectra of the triplet excited photosensitizer (upper, gray spectrum >Ru(bpy)s>*, and lower, black spectrum
SRubpyPy?*) and *P-H?* (red, lower graph) after EnT or P—H'* and Ru(bpy)s** (blue, upper graph) after ET. All measurements were carried out in

50 mM H,SO,. Further explanations are given in the text and ESI.¥
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Table 1 Key reactivity properties for all ruthenium photosensitizers with the quencher P—H?* in 50 mM H,SO4. For more detail, see text and ESI

PS RuphenpPy*" RubpyPy** Ru(bpz),** Ru(phen);* Ru(bpy);**
ErleV ~2.0% ~2.0% 2.16" 2.19” 2.12°

To/us 43.1° 15.0° 0.55%¢ 1.09° 0.59°

kg/10°M st 1.44 £ 0.01° 1.50 + 0.09° 0.09 + 0.02%%¢ 1.39 + 0.05" 1.05 + 0.10"
E([PS]*/*[PS]*) V vs. NHE >—0.5 >-0.5 —0.06" —0.69" —-0.59"

“ Estimated to be slightly lower than for *pyrene.’>>”  Taken from ref. 1. ¢ Estimated relative error below 5%. ¢ In neat water due to protonation of
the PS. ¢ EnT./ ET. ¢ Estimated rate constant in 50 mM H,S0,, 0.25 x 10° M * s %, " Recalculated vs. NHE from values in V vs. SCE** see ESI for

details.

the sensitizer triplet (which has a triplet pyrene signature)®”
absorbs more strongly that *P-H>" throughout the TA spectrum.
Qualitatively identical results have been observed with the
phenanthroline-containing dyad and the purely inorganic
counterpart Ru(phen);>*, i.e. P-H>" triplet formation with the
dyad and oxidative quenching with the conventional metal
complex (ESIf). Second-order rate constants and inherent
sensitizer properties under our conditions are summarized in
Table 1. The results presented in this paragraph unambiguously
establish that a photoexcited dyad can enable a completely
different quenching mechanism compared to that observed for
the parent metal complex. Clearly, the pyrene-localized triplets
in the dyads are less reducing than the MLCT triplet states of
the corresponding metal complexes, laying the grounds for the
observed effects.

Further evidence for our spectral assignment is provided by
experiments with Ru(bpz);>*. This metal complex is known to
be less reducing in its excited state (compare, excited-state
oxidation potentials in Table 1), while maintaining a high
triplet energy. We clearly observed *P-H>" (ESI, Fig. $297) but
a very high concentration of the tailor-made annihilator had to
be used owing to the short *Ru(bpz);>" lifetime (see also the
efficiency discussion in the next paragraph). Moreover, we
tested several additional photosensitizers that should have the
potential to produce *P-H>", based on their triplet energies,
absorption properties at our laser wavelength (532 nm) and
solubility properties. Electron transfer quenching was clearly
demonstrated (see ESI for details, Section S7.8f) with four
commercially available photosensitizers (two metal complexes
and two organic dyes) and a tailor-made ruthenium complex-
anthracene dyad. We, therefore, speculate that the P-H>" triplet
and its annihilator properties would have been overlooked
without the ruthenium complex-pyrene dyads, highlighting
their unique energy transfer capability. The second-order rate
constants for the EnT reactions are comparable for both dyads
(~1.5 x 10° M~* s7). For Ru(bpz);**, however, that reaction is
about six times slower even after salt effect corrections (H,SO,
could not be used owing to Ru(bpz);>* protonation,®* see ESIT
for details). More pronounced coulombic repulsion between the
cationic energy donor Ru(bpz);>* and P-H>" might explain these
observations.* ET quenching with Ru(bpy)s>* and Ru(phen);*
occurs with diffusion-controlled rates taking coulombic inter-
actions into account.

The efficiencies of the photoreactions employing P-H*" as
quencher and the corresponding mechanisms are visualized in

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fig. 5. Using our Stern-Volmer quenching data sets (ESI,
Section S71) and the well-known photokinetic equations,* we
simulated the P-H>" concentration-dependent quenching effi-
ciencies. Owing to the long unquenched triplet lifetimes of the
dyads, the P-H”>* concentrations required for >90% quenching
are below 400 puM. In contrast, the EnT efficiency with
Ru(bpz);>* is slightly below 25% at the highest experimental P-
H>" concentration employed (about 5.5 mM, see Fig. 5). Effi-
cient EnT quenching (>90%) with Ru(bpz),** would require
unreasonably high P-H”>' concentrations exceeding 0.2 M,
which would correspond to P-H>* amounts of almost 100 mg
per mL of the chloride salt. The quenching efficiencies with
*Ru(bpy);>* and *Ru(phen);>", which transfer a single electron
to P-H>" rather than the triplet energy, are in-between the
extreme kinetic scenarios of highly efficient and highly ineffi-
cient quenching.

Fig. 6 focuses on the triplet of P-H*" and its decay via
annihilation. Time-gated emission measurements upon 532 nm
laser excitation were carried out with RuphenPy®" in the pres-
ence of P-H>" (left part of Fig. 6). With an integration window of
150 ps duration starting shortly after the excitation pulse, we
clearly detected some unquenched *RuphenPy®* emission
peaking at ~605 nm. In addition, we observed an emission

[PS] + p-er ENTOrET,

50 mM H,SO,
1.0
c
Itl — RuphenPy**
© 05 59° Rubpypy”
- e
= Ru(bpz),"[a]
w '_[- Ru(phen).”*
= 1= Rugbpy),”
0.04—
T T T
0 2 o/mM 4 6

Fig. 5 Comparative quenching efficiency analysis for EnT (color-
coded bullets) or ET (color-coded squares) between the excited
photosensitizers at a constant concentration of 50 mM H,SO4 ([al in
H,O due to sensitizer protonation in acidic solution).
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Fig. 6 Reaction scheme (top) of STTA with RuphenPy?* as PS (30 uM) and P~H?* (0.5 mM) as annihilator. Left: Time-gated emission spectra
(excitation at 2 = 532 nm) of RuphenPy?* and *P—H?"* (black, time delay 300 ns integrated over 150 ps), the isolated *P—H?** spectrum after
STTA (blue, time delay 15 ps integrated over 150 ps) and a P-H?* solution without the photosensitizer (gray) as control measurement (time delay
500 ns integrated over 150 ps). Right: Normalized kinetic traces (excitation at 2 = 532 nm) of *RuphenPy?* emission with P=H?* (black, Aget = 600
nm), formation of SP—H?* absorption (red, Aget = 475 nm, corrected kinetic trace, for details see ESIt) and the formation and decay of P2t

emission after sSTTA (blue, Ager = 500 nm).

band with a maximum at ~495 nm. This band resembles that of
singlet-excited P-H>" in strongly diluted solution taking filter
effects into account (see also ESI, Fig. S4171), and it shows the
non-linear power dependence being typical for the UC mecha-
nism under study (ESI, Fig. S38f). A time-gated emission
measurement with a longer delay between green laser pulse and
detection window allowed us to (blue spectrum in Fig. 6) detect
the greenish emission in isolation, whereas a control experi-
ment in the absence of the sensitizer did not yield any delayed
emission. The fact that a pure annihilator emission spectrum
could be obtained without contaminations by the emissive
ruthenium complex indicates that back energy transfer from
*P-H"" to the sensitizer ground state does not take place. This
observation implies a pronounced triplet energy difference of at
least 0.2 eV, allowing us to set an upper limit for the P-H*"
triplet energy of 1.8 eV (in line with the DFT calculations
mentioned above). More evidence for sensitized TTA was ob-
tained from kinetic absorption and emission measurements
monitoring the sensitizer triplet, *P-H>" and the annihilation
product "P-H>"* under identical conditions (right part of Fig. 6).
Both annihilator-derived species reach their maximum inten-
sities at about 4 ps after the green laser pulse. As a result of the
bimolecular nature of the annihilation process, the rise and fall
of the singlet emission intensity (blue) are in a quadratic rela-
tion to concentration-dependent signals of the precursor *P-H>"
(red), resulting in the characteristic behavior displayed in
Fig. 6.5>%* All these results unambiguously establish that *P-H>*"
acts as annihilator in neat water.

To test whether the dyad quenching pathway control holds
also true for the two halogen-substituted annihilators P-X>" (X
= Cl, F), comparative experiments with Ru(phen);** and
*RuphenPy** were carried out (see ESI, Sections S7.5 and $8.4%).
In the presence of the conventional metal complex, we clearly
observed the signatures of the radical cations P-X"" in the TA
spectra (intense band at ~590 nm) along with the Ru(phen);>"

Chem. Sci.

bleach below 500 nm. Employing the dyads as sensitizers,
however, a positive TA band could be observed below 500 nm,
which we ascribe to *P-X**. That assignment is again substan-
tiated by delayed annihilator emission for both derivatives 'P-
X>"*, which was only detectable in the presence of the dyad.
Based on these findings, dicationic phosphonium-bridged
ladder stilbenes can be regarded as a new annihilator class.
Furthermore, these experiments imply that the quenching
pathway control with molecular dyads might well be developed
into a versatile method for the generation of triplets and/or
radical ions that cannot be formed with well-established
sensitizers.

Having established that 'P-X*>"* is accessible via STTA with
two low-energy photons, we next turned to the photochemical
reactivity of this species. The ET quenching observations with
the commercial ruthenium complexes with their well-known
redox properties indicate that P-X>" is reduced at a potential
between —0.6 and —0.1 vs. NHE in water (compare, Table 1). In
consequence, the annihilators must be highly oxidizing in their
singlet-excited states, taking their S; energies of ~2.7 eV into
account (see Fig. 3). Owing to the observed instability of the
chemically prepared P-X"" in water and the inherent difficulties
associated with (reductive) cyclic voltammetry in aqueous
solvents,®® the P-X>" reduction potentials could not be
measured directly. Alternatively, we estimated the P-X**
reduction potentials both in the ground states and in the first
excited singlet states with several reference reactions and
chromophores possessing well-defined potentials in water. The
previously identified aqueous annihilators MAMA" (a cationic
anthracene derivative) and 1,5-naphthalenedisulfonate are
relatively strong oxidants in their excited singlet states with
excited-state reduction potentials of +1.6 and +1.9 V vs. NHE,
respectively (see Table 2 for details). As test reactions, we
selected the chloride/bromide oxidation to the respective
halogen atom.*® To study the quenching kinetics in a direct

© 2023 The Author(s). Published by the Royal Society of Chemftl)g
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Table 2 Reactivity studies via halide quenching with the new annihilators as well as known annihilator structures and Ru(bpy)s>* as reference
compounds. All quenching rate constants k4 were measured at identical ionic strength (aqueous 50 mM H,SO,), except for 1,5-NDS? ¢

2+ 2+

Ru(bpy),>* MAMA"* 1,5-NDS>~ p-CI** P-F P-H
kg(Cl)10° Mt st No quenching <0.1 No quenching” 0.60 £ 0.01 0.45 £ 0.02 5.10 & 0.18
kg(Br)10* M st No quenching 4.05 £ 0.09 8.06 £ 0.17 (6.68 + 0.17)* 102 +2 104 + 1 122 +1
EgoleV 2.12° 3.18° 3.87° 2.66 2.71 2.81
E(PC/PC") V vs. NHE -1.3" -1.74 -1.97° ~—0.5 ~—0.5" ~—0.5"
E(*PC/PC"") V vs. NHE 0.8 1.6 1.9 ~2.2/ ~2.2 ~2.3

“In 50 mM NaOH (in H,0). ” Taken from ref. 70. © Taken from ref. 44. ¢ Estimated from 9-methyl-anthracene.” ° Taken from ref. 45 and 71.
/ Estimated from quenching studies, see text for details. Reference values: E(Cl/~) = 2.4 V vs. NHE® and E(Br” ") = 1.8 V vs. NHE.%%

manner without potentially disturbing effects on triplet decay
rates or annihilation rate constants, we directly produced the
emissive singlet states of the annihilator molecules (i.e. without
sensitizers, see ESIT for details). Averaging several potentials
from the literature estimated or determined for aqueous solu-
tion,*” we took a reference potential of +2.4 V vs. NHE for the
chloride oxidation and +1.8 V vs. NHE for bromide (the latter
value was also used in a recent study addressing the Br—
oxidation in water).®® As another test system, we investigated the
weakly oxidizing *Ru(bpy);>*, which, as we found, does not react
with both halide ions under our conditions (Table 2). During
the emission quenching studies presented below, high salt or
H,SO, concentrations were added to minimize kinetic salt
effects on one hand and coulombic effects on the diffusion on
the other.

Interestingly, P-H>" is the only compound being able to
oxidize chloride in its excited state rapidly with a quenching rate
constant of ~5 x 10° M~ s" (Fig. 7). The other excited P-X**
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Fig. 7 Main: Color-coded Stern—Volmer (SV) plots for the singlet-
state chloride quenching of the new annihilators and two literature-
known aqueous annihilators (1,5-NDS? (ref. 45) and MAMA™ (ref. 44),
together with the structures and excited-state potentials); inset (gray):
selected kinetic traces for 'P-H2"* quenching with increasing
concentrations of Cl~ (added to the solutions as NaCl, see ESI7 for all
data sets). The downward curvature of the SV plots at higher quencher
concentrations is due to the kinetic salt effect. The linear regions have
been used for the kinetic analysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry

derivatives quench slower by one order of magnitude and the
seemingly less oxidizing 1,5-NDS>~, whose generation requires
one UVB photon or two blue photons,* is not quenched by
chloride at all. The less challenging bromide oxidation is
diffusion controlled (~10'" M~ s7") for all excited P-X**
derivatives, while quenching with the reference compounds
occurs with about 20 times slower rate constants. The observed
trends are in perfect accordance with halide oxidation and other
potential quenching pathways are thus seen to be unimportant.
The well-established relation between the second-order rate
constants and the Gibbs energy of photoinduced electron
transfer®”® allows us to estimate the excited state reduction
potentials of the novel photoactive compounds E(*PC/PC"").
E(*PC/PC"") has to be higher than 2 V due to the rapid bromide
and detectable chloride oxidation, and we estimate 2.3 V vs.
NHE for the most highly oxidizing 'P-H*** (see Table 2 for all
potentials). The very high potential for 'P-H>** is further
corroborated by kinetic experiments with 1,5-NDS*~ acting as
quencher. The oxidation of the latter requires 2.03 V vs. NHE”
and we observed diffusion-controlled quenching (ESI, page
S40t), which is in perfect accordance with the annihilator's
redox potential estimated via halide quenching. This
outstanding reactivity for photochemical oxidations is compa-
rable with that observed for the famous acridinium
photocatalysts.””*

Initial LFP experiments employing RuphenPy*" as sensitizer
and P-H>" as annihilator indicate that green-light driven chlo-
ride oxidation is indeed feasible via STTA in water (see ESI for
details, Section $9.4t). These results demonstrate that the new
annihilator class has the potential to be integrated in upcon-
version schemes for challenging oxidative bond activation
reactions, even in aqueous solution. This is an important
finding considering that most known upconversion-driven
photoreactions have to rely on a reductive substrate activation
step,®*”*7® and the lack of highly oxidizing annihilator mole-
cules likely contributed to this situation.

Conclusions

As has emerged from this work, molecular dyads that are easily
accessible can be exploited for the efficient generation of
quencher-derived triplets, while the parent metal complexes
and widely used organic photosensitizers exclusively generate
electron transfer products. This quenching pathway
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manipulation (thermodynamics), in combination with the very
long triplet lifetimes (kinetics) of the dyads, paved the way for
the identification of a novel annihilator class in water with
unmatched photoredox properties. We believe that this
extended dyad-induced reactivity switching will find further
useful applications in the broad photochemistry field, espe-
cially (i) with regard to triplet properties of highly redox-active
or charged chromophores, and (ii) for controlling the reaction
pathways in photocatalysis. The latter idea would be most
promising with metal complexes possessing even higher triplet
energies and excited-state oxidation as well as reduction
potentials accordingly. Owing to the rather low triplet energy of
the dicationic phosphonium-bridged ladder stilbenes (about
1.6 eV), sensitization with lower-energy photons approaching
the biological window seems to be within reach. We are
currently working on identifying such systems which would
have potential applications in red-light driven photocatalysis in
water or biochemical applications.
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2.3.2  Iridium-based dyads

In the previous section, the excited triplet stats of ruthenium-based complexes reduce a
quencher via ET, whereas the dyads sensitize that quencher into its triplet excited state.
Compared to the metal complexes congeners, the dyads provided an extended excited
triplet state lifetime and caused a change in the excited-state quenching mechanism.
In investigations with iridium-based metal complexes and dyads a similar mechanistic
switch was investigated aiming at the change between TTET and the oxidation of the
quencher.

Two Ir-complexes and dyads containing the same 5-(pyrene-1-yl)1,10-phenanthroline
ligand as was used for the Ru-dyads were synthesized and explored in a proof-of-
concept” study (for synthesis and characterization see appendix, Section[6.9)). The metal
complexes and dyads were isolated as PFg-salts and for solubility reasons, the following

studies are performed mainly in acetonitrilem
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Figure 25: Structures of iridium-based complexes and dyads together with their UV-
Vis spectra.  All chromophores were dissolved in acetonitrile ([Ir(ppy),phen]*, 23.7 uMm;

[Ir(dF(CF3)ppy),phen]*, 8.9 um; [Ir(ppy),Py]*, 8.9 um; [Ir(dF(CF3)ppy),Py]*, 10 um).

Similar to the ruthenium-based dyads,’®*! the UV-Vis spectra of the dyads show addi-
tional pyrene-derived signals in the UVA spectral region (Figure [25). Similar to the
ruthenium-based dyads, the two chromophores can therefore be considered indepen-
dently in the ground state and the delocalization of the ligand 7-system is only very

10This study is placed in the chapter containing triplet photochemistry in aqueous solution, despite the
fact that the main results of this section were achieved in acetonitrile. The concept for a reactivity switch
by exchanging metal complex for dyad is derived from findings in aqueous solution in the previous section
(Section and therefore the two sections are thematically in close relation. Furthermore, initial data
acquired in aqueous solution and water acetonitrile mixtures indicate that in principle the dyads and metal
complexes can be employed using water as a solvent (see Section[6.4.3]in the appendix). An exchange of
the counter ion PF¢ to Cl” could provide sufficient water solubility./>4!
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small.’**!One important difference between the Ru-based and the Ir-based dyads is the
difference in triplet energies (AET, see also Table [§)) between the pyrene-substituted
ligand and the metal complex, which is significantly higher for the iridium-based dyads
(AEr > 0.4 eV, Figure 26) compared to ruthenium-based dyads (AEt ~ 0.1eV). As a
consequence, a thermal repopulation of the metal-based triplet state is not possible and
no delayed emission based on the so-called reservoir effect is occurring. The choice
of the two remaining ligands for the Ir-dyads was based on the different excited state
potentials of the literature known Ir-complexes without pyrene substitution,***21 and
the expected difference in excited-state potentials between the MC and that of the cor-
responding dyad.

Simplified energy schemes for dyads

Ir-dyads: Ru-dyads:
7 =80-120 ps 7 =10-50 ps
34 3Ir] 3 [Ru]
3
% 2 - \ 3(7['75*) AET > 2] _MLCT\\?’(";_;-[*) AET
g 3 =
w . 2 z w 1 2 z
0 0

Figure 26: Simplified energy scheme for Ir-dyads (left) compared to Ru-dyads (right)!’®* em-
phasizing the different AET between the pyrene-based triplets abbreviated as (7 — 7*) and the
complex-based triplets.

Transient absorption spectroscopy and analysis of the excited state:

Transient absorption spectroscopy on nano and microsecond time scales of both com-
plexes and dyads reveals a long-lived (7r = 118 us for 3[Ir(dF(CF;)ppy),Py]" and 7 =
81.3 us for *[Ir(ppy),Py]*, Table [8| and Figure non-luminescent triplet state, which
is formed immediately after excitation and with bands that highly resemble those of the
Ru-dyads. Those findings suggest a fast intramolecular energy transfer from the *[Ir]
to the pyrene, and due to the lack of thermal repopulation pathway (compare reservoir
effect in the Ru-dyads®*!), delayed emission is eliminated. Hence, the the excited-state
lifetimes of iridium-based dyads the exceed those of the Ru-dyads.
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Figure 27: Transient absorption spectra (integrated over 100 ns) and kinetic traces at different
detection wavelengths (provided as insets) of the iridium-based metal complexes**?! and dyads
(structures in Figure[25). The different traces of the insets are color-coded in the corresponding
panels. All spectra were measured in deaerated acetonitrile (5 min degassed under argon bub-
bling) and excitation occurred by a pulsed 355 nm laser (10 mJ to 15 mJ).

Spectroscopy and thermodynamic considerations for electron and energy transfer
reactivity:

The reactivity change was so far only observed in preliminary measurements using N,N-
dimethylaniline (DMA, 1.05 V vs NHE,28233 calculated from V vs SCE, measured
in MeCN), methoxypehnol (MeOPhOH, 1.29 V vs NHE, calculated from V vs SCE,
measured in MeCN:AcOH, 8:1[224231 or MeCN:MeOH, 7:3[23¢1), or trans-anethol (1.34
V vs NHE, 241 calculated from V vs SCE, measured in MeCN) as electron donors.

For the non-fluorinated iridium-based complex and dyad, the (estimated) potentials dif-
fer only by ~0.2 V vs NHE, compared to the fluorinated version with a difference of
~1.0 V vs NHE (Table . The quenching experiments of the *[Ir(ppy),phen]* with
the three electron donors in acetonitrile were unsuccessful, which is confirmed by the
weak driving force for the electron transfer reaction (AG ~ 0, see Table [§] and poten-
tials for the electron donors). The deprotonated methoxyphenolate is a strong reductant
(Ereq = 0.4 V vs NHE, in aqueous solution, pH 13.5)"°! and was capable of reducing
3[Ir(ppy),phen]*. Quenching studies with methoxyphenolate resulted in the expected
bands for the electron transfer species in the transient absorption spectrum. The compar-
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atively low potential of methoxyphenolate indicates that likely both, the non-fluorinated
dyad and metal complex are reduced, which is due to the the small difference in the
excited state potentials (Table[8]). Therefore, following experiments focus on the fluori-
nated metal complex and dyad, with a higher difference in the excited state potentials.

Table 8: Photophysical parameters of iridium-based metal complexes and dyads including the
triplet excited state energy (Et), the lifetime of the triplet excited state (7T), the reduction po-
tential (Eeq (CY*7)) and the excited state reduction potential (Eeq GC/Cy).

chromophore Evr/eV  7rlus  Ewd (CY7) 1 Eeq CCICT)/
(C, MC or dyad) V vs NHE V vs NHE?
(Ir(ppy),phen]* 2.4b¢ 0.74 —1.14¢ 1.26
[I(dF(CEy)ppy),phen]*  2.6¢  2.59 > e ~1.6
[Ir(ppy).Pyl* 2.0f 81.3 ~ —18 ~18
[1r(dF(CFs)ppy),Pyl* 2.0f 118 ~ 1 ~1t

ACalculated with FEeq (3C/C") = Erq + E7. PFrom 77K measurements, see Appendix.
°References [106, [230]. YLigand reduction in MeCN, reference [106, 229]. °Reference [230],
ligand reduction in MeCN, calculated from V vs SCE by adding 0.24 VI3l TEgstimated to be
slightly lower than for *pyrene.[*384] ¢Egtimated potentials based on quenching experiments, for
details, see Appendix [6.4.5]

N,N-Dimethylaniline quenches the triplet excited *[Ir(dF(CF;)ppy),phen]*, and a tran-
sient absorption spectrum detected 4.0 us after the laser pulse shows the characteristic
absorption bands of DMA ™ .[2%238] Fyrthermore two additional bands arise, which are
similar to the structurally related one-electron reduced Ir-complexes!?*®! and therefore
attributed to the corresponding reduced [Ir(dF(CF;)ppy),phen]’.

Opposite to these findings, the *[Ir(dF(CF;)ppy),Py]* appears to be mostly unaffected
by the presence of the reductive quencher (Figure [28)). Further excited state quenching
studies with methoxyphenol and trans-anethol are presented in the appendix (Section
confirming those observations: No effect for the 3 [Ir(dF(CF;)ppy),Py]" and elec-
tron transfer quenching for *[Ir(dF(CF;)ppy),phen]* and .

The observed quenching and corresponding spectra agree well with literature redox po-
tentials and the triplet energies of the fluorinated iridium-based metal complex. Reduc-
tion of the triplet excited [Ir(dF(CF;)ppy),phen]” is thermodynamically feasible (Table
with a Gibbs free energy of AG < 0 (Section [1.2.4] and equation with all of
the quenchers (DMA, 1.05 V vs NHE®8233l: methoxypehnole, 1.29 V vs NHE[234-23¢];
trans-anethol 1.34 V vs NHE2#!). Quenching of *[Ir(dF(CF;)ppy),Py]" with either of
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the three quenchers does not result in the expected one electron oxidized absorption
bands for the sacrificial donors (Figure bottom panel and Figures [55] and [56]in the
Appendix [6.9). Consequently, the excited state potential of the dyad lies well below that
of the unsubstituted metal complex. More details for the calculation of the potential of
the dyad can be found in the Appendix (Section[6.9).

0.15mM
004 50Ir(dF (CF);ppy);phen]* + DMA ———> [Ir(dF(CF);ppy),phen] + DMA**
o 0.021
(@)
<
0.00
delay time 4 us
-0.02 4 ——delay time 20 ns
400 500 600
Al nm
0.06 1 delay time
20 us
——50 us
——100 ps
A 0.03 700 ps
o
<
0.00
3[Ir(dF(CF)sppy),Py]* + DMA —&—> no reaction
1.7 mM

400 500 600
Al nm

Figure 28: Comparative TA spectra, using 355 nm excitation, for excited state quenching with
DMA of 3[Ir(dF(CF;)ppy),phen]* (top) and *[Ir(dF(CF;)ppy),Py]" (bottom), together with the
reaction equations and concentrations of the reductive quencher. The gray spectrum in the top
panel displays *[Ir(dF(CF;)ppy),phen]* without DMA for reference.

This project is still under further investigation. Up to now, the transient absorption
data of the fluorinated complex and dyad in acetonitrile confirmed i) the formation of
a pyrene-centered, long-lived triplet excited state, and ii) a different reactivity towards
excited state quenching via electron transfer with DMA, MePhOH and frans-anethol be-
tween the fluorinated pyrene-decorated and unmodified Ir-complex. These results exem-
plify that also with iridium-based complexes and dyads, modified reaction mechanism
upon changing the sensitizer is possible. Controlling electron transfer reactivity while
mainitainig high triplet energies and lifetimes might be important in multi-component
photocatalytic reactions.

Author contribution: M.-S. Bertrams conceptualized the project and dyad design, chose
possible quencher compounds and reactions and performed additional spectroscopy. R.
Full performed synthesis and spectroscopy under the supervision of M.-S. Bertrams. C.
Kerzig provided general guidance.
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24  Back electron transfer-induced triplet formation

In this section, further spectroscopic findings of the previously (Section [2.2) investi-
gated P—H?" as a novel, water-soluble annihilator structure!®! are presented. Opposed
to the sensitized triplet formation via molecular dyads, this section is based on direct ex-
citation of P—H?* and a triplet formation originating from a recombination mechanism,
as presented in Section(1.3.4

Direct excitation of P—H”* generates the singlet excited state, which decays via fluo-
rescence in a high quantum yield (¢ = 87 %)!®>!, and no triplet signatures are observed
(Figure gray data). After chloride or bromide quenching of 1>X<P—H2+ usually, the
spectroscopic signatures of the one-electron reduced P—H'™" are expected. The charac-
teristic transient absorption bands are known from the electron transfer reactions with
S[Ru(bpy)3]2+ and 3[Ru(phen)g]2+ (Section and reference[|85]], MCs as sensitizers).
However, time-gated transient absorption spectra (Figure 29] green spectra) showed
a long-lived species (~100 ps time range) with absorption bands identical to *P—H?*",
which was observed after sensitization by the Ru-based dyads (Section and refer-
ence[85]). Moreover, delayed emission was observed in the presence of both of the
halogenide quenchers (Figure green spectra in the lower right panel), which hints
towards an underlying annihilation process, similar to the sensitization of *P—H?** with
the ruthenium-based dyads. Only P—H?" in solution, lacking additional halogenides or
sensitizers, did not show any signals the delayed transient absorption and emission (gray
spectra of the figure). In a more detailed study, the increase in signal intensity of the
triplet excited state (derived from time-resolved transient absorption spectroscopy) and
the quenching efficiency of the singlet (derived from time-resolved emission quenching)
were plotted with respect to the concentration of NaBr (Section [6.5.2] and Figure [60).
The two parameters, representing singlet quenching and triplet formation, are almost
identical with increasing quencher concentrations indicating a strong correlation.

The above observations strongly suggest that the quenching of '*P—H** with CI” or
Br is followed by fast in-cage recombination of the two radical species (Section [I.3.4))
yielding the triplet of the chromophore, which is a rare mechanism, especially in highly
polar solvents such as water.®*°% In initial experiments, the formation of an intermedi-
ate P—H'" is observed (Section |6.5|and Figure .

"'"The notation for the singlet excited state in this section differs from all previous and following sec-
tions. Usually, a singlet chromophore is noted as 'C*. In the case of P—H>*, however, the notation is
modified to "*C (i. e. "*P—H?") for a clear separation of the excited state from the charge.
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Figure 29: Spectroscopy for chloride (light green) or bromide (green) quenching of lep—H2+,
The concentration of the halogenides was chosen, such that the quenching efficiency is equal
for both halogenides (ngtr = 0.45). The left side shows the kinetic traces detected at 471 nm at
a short (upper) and long (lower) timescale. The upper right side shows the TA spectrum after
4.0 us with either of the halogenides (same color code as kinetic traces) or without a quencher
(gray). The lower right spectrum shows the delayed emission spectra of P—H?* with or without
quencher, same color code as for the TA spectra.

Thermodynamic and mechanistic considerations:

encounter spin-correlated
Erel complex radical pairs
D
TP-H2 |Eox(D)I + |Epeq(P-H>)| > E¢
b [p-H2...D) X
&\7‘1[P—H"... D**] _ kisc 3[P-H**...D**]

Koer 3[P-H2*... D] \4‘
> — GP_H2+

[P-H"] +[D"]
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|Eo(D)] * |Eyeq(P-H2")| < Ey

D

1kbET jkbET:L\

AN

D i *D
v

P-H2* — spin-allowed=> fast ---+ spin-forbidden=»slow

Figure 30: Reaction scheme for quenching of lep—H2+ by an electron donor (D). For a detailed
discussion of the reaction mechanism see Sections [I.2.5]and [[.3.:4] and the text. The green and
turquoise boxes highlight the possible final quenching products, depending on the ratio of the
triplet energy of P—H>" and the combined reduction and oxidation potentials of the two involved
molecules.

Figure [30] shows the detailed reaction pathway including the relevant intermediates and
reaction steps. The singlet excited '*P—H?" is quenched by a sacrificial electron donor
(D, kgigr and kgr) to form the spin-correlated radical pair in a singlet multiplicity (spin
conservation). ISC into the triplet multiplicity can take place followed by cage escape
of the radical species from both multiplicities (cg and turquoise box in Figure [30).
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A favorable combination of ground state redox potentials and triplet energy allows the
population of the *P—H?** (kpgr and green box in Figure :“88]

|Eox(D)| + | Erea(P-H*)| > Ex(*P-H*) (15)

To test this hypothesis, different quencher molecules (Cl°, Br', I', HAsc™ and methanol,
see Table [9) with inherently different potentials were employed as sacrificial electron
donors (D). According to the calculations in Table[9] only chloride and bromide popu-
late the triplet excited state efficiently, as shown in Figure[29] The ascorbate monoanion
selectively produces the one-electron-reduced species P—H'™, as expected from its po-
tential (Table [9] and Figure [58|in Section [6.5.1)). For iodide as an electron donor, the
redox potential and triplet energy are very close, which allows no exact prediction for
the quenching mechanism. This is also reflected in the spectroscopic findings and the
observed bands, which do not allow a clear assignment of the observed species (Sec-
tion . Finally, from a purely thermodynamic point of view, quenching of '*P—H?**
with methanol should result in the triplet excited state. However, the corresponding
experiments only show signals corresponding to P—H"* (Figure [58). In contrast to bro-
mide and chloride, MeOH does not introduce a (pronounced) heavy atom effect. This
finding indicates a general contribution of heavy atoms to the ISC in addition to the
back electron transfer. As mentionned in Section the heavy atom effect becomes
more effective for higher atomic numbers.[®*¢*l Therefore, supproting experiments, on
the influence of different concentrations of NaBr on the triplet lifetime or comparative
studies with NaCl and CsCl, confirm the absence of a strong external heavy atom effect
(spectroscopy and more detailed discussion in the appendix, Section [6.5.3). Hence, the
contributions of heavy atoms to the ISC is highly effective within the spin-correlated
radical pair and throughout the recombination.
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Table 9: Potentials of reductive quenchers (D) and thermodynamic considerations for the fea-
sibility of the recombination-induced triplet formation using P—H* asa photocatalyst (Figure

B0).

D E(D) |Eox(D)| + | Era(P-H?Y)|  AGgpr®  expected product®
/ V vs NHE / V vs NHE? / eV

Cl 2.409 2.90 0.01 Sp—H**

Br~ 1.80¢ 2.30 —0.51 Sp—H**

MeOH ~1.5 ~2.0 ~ —0.28 P-H™

I 1.20¢ 1.80 —1.01 mixed

HAsc™ 0.72f 1.22 —1.59 P-H™

ap 4(P-H**) = —0.5 V vs NHE taken from reference [85]. "Based on equation |12] for photon-
induced electron transfer with Egy = 2.81¢eV.[52l ¢Baged on equation and ET(SP—H2+) =
1.7e VI8 dTaken from references [85, 93]. ®Taken from references [240, 241] and calculated
from V vs SCE by addition of 0.24 V. fTaken from references [219, 228].

With the previous considerations — thermodynamics and influence of heavy atoms — at
hand, the intensities of the spectra and kinetic traces in Figure 29 can be discussed. The
concentrations of CI” and Br~ were chosen such, that both quench the singlet excited
state with an efficiency of 7, = 45 %. Consequently, a similar signal intensity and
concentration of *P—H?* is expected. However, the spectra and kinetic traces for the Br~
quenching show a higher signal intensity than for the CI".

One possible explanation is provided when considering heavy atom effects for the triplet
formation. The heavy atom effect on ISC is more pronounced for Br™ than for CI", which
results in a higher signal intensity for the triplet (i.e. higher triplet concentration, Section
1.2.2).189641 A further explanation is provided by the slightly endothermic nature of the
cloride oxidation reaction (see Table [9), which could lead to an enhanced dissociation
from the encounter complex ('kgis, Figure . This competing mechanism would lead
to an overall decreased concentration of 1[P—H'_- --D™] and as a reslut a decreased
triplet concentration.

For a complete picture of the mechanism, further transient absorption measurements at
shorter timescales (fs-TA) are expected to provide more detailed information. Absorp-
tion bands of the short-lived spin-correlated radical pair should be visible on shorter
timescales and under optimized conditions.”®” Time-gated TA spectra, 100 ns and 4 s
after the laser pulse, indicate signlas derived from the reduced P—H™" after quenching
of the singlet excited state with CI” (Section[6.5] and Figure [57).

To summarize this project, recombination can be considered an unproductive decay
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pathway to the photosensitizer and quencher ground state. However, chosing the right
conditions and with a detailed understanding of the mechanisms such processes be-
come highly relevant for improving efficiencies of for example solar devices.*2182] Fyr-
thermore, the results presented in this section contribute to a general understanding of
photon-driven pathways to obtain triplet excited states from pure singlet chromophores.

Author contribution: M.-S. Bertrams discovered the unexpected triplet formation, per-
formed the spectroscopy measurements and data analysis. C. Kerzig provided support.
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3 Photochemistry of triplet states in organic solvents

The second main chapter of this dissertation comprises cooperative projects, focussing
on photochemical systems in organic environments. The three different projects all
utilize triplet excited species as main intermediates for their light-driven reactivities. In
the first project (Section a molybdenum(0) complex with a *MLCT is characterized
in detail. The complex has a straightforward synthesis and to highlight its versatile
usability, the complex is explored to replace noble-metal complexes in an sTTA UC
application and an ET reaction. The second project (Section explores annihilator
structures for STTA UC to generate photons in the high-energy UVB region. Annihilator
structures with the required properties in their excited states were identified by DFT
calculations and the predicted properties were in good agreement with the experimental
results. In the last project (Section [3.3)), platinum(II) complexes, designed to access
high triplet energies for blue-light OLED applications, are explored as triplet sensitizers
for energy transfer and in a cis/trans-isomerization reaction.

3.1  Molybdenum complex as triplet sensitizer for upconversion and as photore-
dox catalyst

This section presents:

Stable Molybdenum(0) Carbonyl Complex for Upconversion and Photoredox Catal-
ysis

Winald R. Kitzmann, Maria-Sophie Bertrams, Pit Boden, Alexander C. Fischer, René

Klauer, Johannes Sutter, Robert Naumann, Christoph Forster, Gereon Niedner-Schat-

teburg, Nicolas H. Bings, Johannes Hunger, Christoph Kerzig, Katja Heinze, J. Am.

Chem. Soc., 2023, 145, 16597-16609.

The new heteroleptic molybdenum(0) complex prepared in the group of Prof. Heinze
features highly interesting photochemical and physical properties in an easily accessible
earth-abundant metal complex (structure in Figure 31). After excitation, the complex
undergoes efficient ISC and the resulting long-lived "MLCT is characterized using time-
resolved spectroscopy combined with DFT calculations. !
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Figure 31: Structures of the molybdenum(0) complex ([Mo(CO)stpe]) under investigation and
9,10-diphenylanthracene (DPA), which functioned as annihilator. The right part of the figure is
a schematic illustration of the excited state of the molybdenum(0) complex and the correlated
reactivities. The red arrow indicates the energy transfer quenching pathway, established via an
STTA UC scheme. The blue arrow represents the oxidative electron transfer quenching pathway
using the 3[Mo] as electron donor, which was implemented in a dehalogenation reaction of
chloropyrazine (Cl-Pz). a) For catalyst regeneration and as a hydride donor a benzoimidazoline
derivative was used.#4]

Relative actinometry using °[Ru(bpy);]** as a reference compound allowed the cali-
bration of triplet spectrum of *[Mo(CO);tpe]. The calibrated spectrum, corresponding
measurements and a detailed description of the methodology can be found in reference
[44]] and the supporting information thereof (Section [6.10)). Stability measurements in
acetonitrile indicated a higher stability by two orders of magnitude under cw-laser irra-
diation (A\exe = 514 nm) compared to [Ru(bpy)3]2+. This finding together with the long
SMLCT lifetime (7 = 355 ns in THF) are promising results for possible photochemical
applications, such as sTTA UC.

Energy transfer reactivity of the triplet excited [Mo(CO)stpe] was established in a green-
to-blue sTTA UC system (Figure |31}, red arrow). The molybdenum(0) complex replaced
a well-established ruthenium complex™?! as a photosensitizer. After energy transfer
to the annihilator (DPA), the corresponding transient absorption spectrum was mea-
sured together with characteristic kinetic traces and emission spectra for an annihilation
process (Figure [32). 31732421 T addition to the energy transfer reactivity, the molybde-
num(0) complex was employed as a reducing electron transfer photocatalyst in a sample
dehalogenation reaction of chloropyrazine using a zole derivative as a sacrificial elec-
tron donor to regenerate the photocatalyst (Figure 31} blue arrow).

Further data, which was not included in the final publication* is in line with the pub-
lished results and typical kinetic and spectral features confirm the STTA UC mechanism
(right part of Figure [32): 376243

Part a) of Figure [32|illustrates the decreasing emission lifetime of >[Mo(CO);tpe] upon
addition of the quencher DPA (black trace without DPA and blue trace with DPA, 3 mMm).
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The green trace corresponds to the newly formed *DPA and is representative of its direct
formation due to triplet-triplet energy transfer.®>! The corresponding transient absorp-
tion spectra can be found in part b) of the figure.

Formation of 'DPA* requires two molecules of *DPA, and this correlation is found in
typical kinetic traces comparing the formation and decay of the two species (Figure [32]
¢)). As expected, the upconverted emission of 'DPA* (light green trace) has a temporal
delay to the formation of the *DPA (dark green trace) and both kinetic traces reach
their maximum at the same time. In line with the quadratic dependence between the
triplet and the singlet excited annihilator (Section [I.3.5] for explanation) the decrease
of the upconverted emission is faster compared to the decay of the triplet.'***! Time-
gated emission spectra (part d) of the figure) with different delay times allow to isolate
the emission of 'DPA* after upconversion. With only the sensitizer present and directly
after the laser pulse (black spectrum) the emission originating from the *[Mo(CO)stpe] is
observed. After a time delay (1 us) and identical integration time, the spectrum displays
only a minor remainder of the emission (gray spectrum), which is in accordance with
the unquenched lifetime of the complex (354 ns, THF). Upon the addition of DPA and
employing identical measurement conditions (delay 1 us integration time 10 ps) results
in the green spectrum corresponding to the upconverted 'DPA* emission. Parts c) and
d) of Figure [32] are indicative of an STTA UC mechanism and similar data sets can be
found in upconversion literature. 238312101
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Figure 32: Time-gated spectra and kinetic traces of the sTTA UC system consisting of the
Mo(0)-complex as sensitizer and DPA (3 mM) as annihilator (structures in Figure @ a) Emis-
sion traces of the unquenched complex (black) and the shorter lifetime upon DPA addition (blue),
together with the absorption trace of the newly formed species DPA (green). b) TA spectra of
3[Mo(CO)3tpe] (black, delay 100 ns) as well as of 3[Mo(CO)3tpe] with DPA added (blue, delay
100 ns) and the *DPA (green, delay 1.0 pus). The asterisk marks scattered light from the excita-
tion laser. ¢) The formation and decay of DPA (dark green) and the formation and decay of the
upconverted 'DPA* (light green). d) Spectrum for the delayed emission of 'DPA* generated via
STTA UC (light green, normalized, delay 1.0 ps) and the emission spectra of a solution without
the annihilator directly after the laser pulse (black, peak at 532 nm originates from the scattered
excitation laser) and again after 1.0 pus, where almost the entire emission of 3[MO(CO)3tp6] has
decayed. Figure reproduced and extended from Figures S82 and S83 in the supporoting infor-
mation (Section@) of reference [44]].

For electron transfer reactivity, the triplet excited molybdenum(0) complex was em-
ployed as photoredox catalyst in a dehalogenation reaction of chloropyrazine (mech-
anistic scheme in Figure @ After substrate activation, the oxidized version of the
metal complex is reduced to its original form by phenylbenzoimidazoline derivative.
A detailed mechanistic analysis is provided in the following publication™*!, including
Stern—Volmer emission quenching studies, cyclic voltammetry and photocatalytic irra-
diation experiments. Additional data from transient absorption spectroscopy support
the oxidation of *[Mo(CO);tpe] by electron transfer to chloropyrazin (Figure Sec-
tion[6.6). After the quenching step the TA spectrum shows a band which corresponds to
the [Mo]" and persists over a longer time scale than the triplet excited state.

Overall, the novel molybdenum(0) complex was successfully employed as a photo(redox)
catalyst for TTET or ET photochemistry. The earth-abundand metal complex is a
promising alternative for ruthenium-based (precious metal) photon-induced processes.
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Reprinted with permission from W. R. Kitzmann, M.-S. Bertrams, P. Boden, A. Fischer,
R. Klauer, J. Sutter, R. Naumann, C. Forster, G. Niedner-Schatteburg, N. H. Bings, J.
Hunger, C. Kerzig, K.Heinze, J. Am. Chem. Soc. 2023, 145, 30, 16597-16609. Copy-
right 2023 American Chemical Society.

The reference is attached in the following pages and can be cited corresponding to ref-
erence[44]] and the supporting information can be found in Section

Author contributions: M.-S. Bertrams performed the upconversion and ns-TA measure-
ments. Data analysis and contribution to the manuscript were supervised by C. Kerzig.
W. R. Kitzmann conceptualized the study, performed the syntheses, characterization
(IR, absorption, luminescence), electrochemical analysis, photostability, photocatalytic
irradiation experiments, assisted in upconversion and TA measurements and wrote the
manuscript. P. Boden performed step-scan IR experiments, supervised by G. Niedner-
Schatteburg. A. Fischer optimized the synthesis and crystallization of the Mo-complex.
R. Klauer performed the ICP-MS supervised by N. Bings. J. Sutter and J. Hunger per-
formed the fs-time-resolved vis-pump IR-probe experiments and analyzed the data. R.
Naumann performed the fs-TA experiments and analyzed the data. C. Forster solved
and refined the crystal structure. K. Heinze supervised the entire study and revised the
manuscript.
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ABSTRACT: Photoactive complexes with earth-abundant metals have

-> 2-Step synthesis

attracted increasing interest in the recent years fueled by the promise of N

sustainable photochemistry. However, sophisticated ligands with { Y Y NI

complicated syntheses are oftentimes required to enable photoactivity 4| J/ -> High photostability
with nonprecious metals. Here, we combine a cheap metal with simple Mo

ligands to easily access a photoactive complex. Specifically, we synthesize ,,C/ E\C . - sTTA-upconversion
the molybdenum(0) carbonyl complex Mo(CO),(tpe) featuring the 0” l(')‘ ~o

tripodal ligand 1,1,1-tris(pyrid-2-yl)ethane (tpe) in two steps with a high )
overall yield. The complex shows intense deep-red phosphorescence with *mMLCT -> Photoredox catalysis
excited state lifetimes of several hundred nanoseconds. Time-resolved T=354ns

infrared spectroscopy and laser flash photolysis reveal a triplet metal-to-

ligand charge-transfer ((MLCT) state as the lowest excited state. Temperature-dependent luminescence complemented by density
functional theory (DFT) calculations suggest thermal deactivation of the MLCT state via higher lying metal-centered states in
analogy to the well-known photophysics of [Ru(bpy);]**. Importantly, we found that the title compound is very photostable due to
the lack of labilized Mo—CO bonds (as caused by trans-coordinated CO) in the facial configuration of the ligands. Finally, we show
the versatility of the molybdenum(0) complex in two applications: (1) green-to-blue photon upconversion via a triplet—triplet
annihilation mechanism and (2) photoredox catalysis for a green-light-driven dehalogenation reaction. Overall, our results establish
tripodal carbonyl complexes as a promising design strategy to access stable photoactive complexes of nonprecious metals avoiding
tedious multistep syntheses.

H INTRODUCTION properties even with simple polypyridyl ligands, [Ru(bpy);]**
(bpy = 2,2'-bipyridine) being the prime example.**~°

The development of photoactive metal complexes with earth-
However, the high cost and limited abundance of these metals

abundant metals holds great promise to enable sustainable

photocatalysis, (solar) energy conversion, and light-emitting discourage widespread applications. As such, photoactive
diodes (LEDs).'™ Hence, considerable efforts have been complexes that combine earth-abundant metal centers with
undertaken to explore this compound class in the recent simple ligands are highly desirable but generally challenging to
56 - . . P . . :

years™ with creative designs utilizing excited states of different design.

characters like metal-to-ligand charge transfer (MLCT),’ Earth-abundant molybdenum(0) shares the 4d® electronic
ligand-to-metal charge transfer (LMCT), Iigand-to-ligax;(g configuration with ruthenium(II), which makes it an attractive
charge transfer (LL’(EE‘_)hand metal—celr:t_elrfd (MC) states, ' substitute for the precious metal ion. Recent studies
Fovegl[:§g zirconfum, 032 vanadlﬁxﬁ, » Cglsr_o;;uum, successfully installed long-lived triplet metal-to-ligand charge-
tron, . Danganese, cobalt, ‘4 4 4SOPPED molybde- transfer (*MLCT) states in molybdenum(0) complexes using
num,” "~ and zinc as metal centers” "~ among others.

multidentate isonitrile ligands. For example, complex A

However, elaborate ligand scaffolds are often required to (Scheme 1) showed intense green luminescence and also

unlock the desired long-lived excited states for photoactivity
with earth-abundant metals. While the investigation of these
complexes broadens our general understanding of the
underlying photophysics, their lengthy syntheses impose a
limitation on the sustainability and the overall discovery
process of new compounds.®

In contrast, complexes of precious metals such as ruthenium-
(11), iridium(III), or osmium(II) show very favorable optical
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Scheme 1. Structures of Representative Examples of Emissive Molybdenum(0) Complexes from the Literature (A—E) and of

the Compounds Investigated in This Work (1 and 2)
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proved to be a strong photoreductant that can drive
demanding redox-neutral photocatalytic transformations.**"

The excited state energy could be lowered by ligand
modification and the resulting complex B (Scheme 1) enabled
efficient photon upconversion.*>** However, while these
multidentate isonitrile complexes possess remarkable proper-
ties and provide valuable photophysical insights, they require
laborious syntheses of 7—10 steps.*"

In principle, carbonyl ligands in combination with suitable
coligands present a simple alternative to isonitriles as they
show similar bonding properties and their complexes are easily
accessible from homoleptic metal precursors M(CO),.”* In
fact, early studies on molybdenum(0) complexes of the type
Mo(CO)4(LAL) with bidentate poly(pyridyl) coligands LAL
like 2 (Scheme 1) found a weak red phosphorescence from
SMLCT states.*>** Similarly, weak red-to-near infrared (NIR)
emission was detected from solid complex C (Scheme 1)
employing a bidentate mesoionic carbene coligand.*"**** With
a bidentate N-heterocyclic carbene coligand (complex D,
Scheme 1), emission in solution was achieved at 681 nm and
the complex could be used as a photoredox catalyst.*®
However, high-energy blue light was necessary to drive the
catalytic reactions,”® which likely makes the complex more
prone to photodegradation.

A high photostability is generally desirable for photocatalysts
and photosensitizers. In this regard, tetracarbonyl complexes
with bidentate coligands are disadvantageous as their two
trans-CO ligands are labilized via the trans influence, which
facilitates dissociation.”” This situation can be avoided with
tripodal coligands. However, reports on photoactivity from

these systems are scarce with the tropylium complex E
(Scheme 1) being one of the few examples. E shows yellow
SMLCT phosphorescence and undergoes photoreduction in
ethanol.*® Other studies using tripodal tris(pyridyl)-type
coligands of the type Py;X with different bridging groups X
= CH, P, Al, In, and Sn have so far focused on structural
properties and thermal re'clctivi'cy.”_63

To fill this gap, we herein report the photoactive
molybdenum(0) tricarbonyl complex 1 (Scheme 1) featuring
the tripodal ligand 1,1,1-tris(pyrid-2-yl)ethane (tpe) and
reinvestigate Mo(bpy)(CO), 2 for comparison. Complex 1 is
available in two steps from commercial starting materials with a
high overall yield (78%). The complex exhibits intense deep-
red luminescence with excited state lifetimes of several
hundred nanoseconds, which is comparable to [Ru(bpy);]*
and two orders of magnitude longer than the lifetimes of 2.
Remarkably, 1 shows a higher photostability than the
benchmark complex [Ru(bpy);]** under irradiation with
green light. Finally, we demonstrate the use of 1 as a sensitizer
in green-to-blue photon upconversion with 9,10-diphenylan-
thracene (DPA) and as a photoreductant in green-light-driven
photoredox catalysis as a proof of principle.

B RESULTS AND DISCUSSION

Synthesis. The ligand tpe (tpe = 1,1,1-tris(pyrid-2-
yl)ethane) was synthesized according to a literature procedure
from commercially available 2-fluoropyridine and 2-ethyl-
pyridine (78% yield).”* The complex Mo(CO);(tpe) 1 was
obtained in a quantitative yield as bright red needles by heating
commercial Mo(CO), and tpe in mesitylene/diglyme in a
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microwave for 10 min (Scheme 2, Supporting Information (SI)
Route A). This procedure guarantees short reaction times and

Scheme 2. Synthetic Route to 1

Mo(CO)e Mesitylene/diglyme WY
+ microwave (300 W) O
i | 150 °C, 10 min
N N -3¢0 e
N >99 % O//’C 'cc‘:; C\\\O
(-
1

avoids sublimation of Mo(CO)4 that reduces yields when
heated under reflux (SI Route B). The identity of the complex
was confirmed by 'H NMR spectroscopy, mass spectrometry,
and elemental analysis (see SI Figures S1 and S2). Mo(bpy)-
(CO), 2 Jas synthesized according to a published
procedure.” While 1 and 2 can be handled under air as
solids, the complexes decompose over time in solution under
ambient conditions.

IR Spectroscopy, Crystal Structure, and Redox
Chemistry. The facial coordination of the tpe ligand in 1
was confirmed by infrared (IR) spectroscopy. Compound 1
shows two intense absorption bands at 1777 and 1898 cm™
(Figure S3), which can be assigned to C—O stretchlng
vibrations of E and A, symmetry in the Cs, point group ® The
IR bands further agree well with literature values for
Mo(CO);(tris(pyrid-2-yl)methane).>”

The solid-state structure of 1 was elucidated using X-ray
diffraction. Single crystals were obtained by recrystallization of
1 from hot DMF. Compound 1 crystallizes in the space group
Cc (Figure 1 and Table S2 in the SI). The average Mo—C and

Figure 1. Molecular structure of 1 in the crystal in (a) side view and
(b) top view visualizing the 7—r interactions between neighboring
molecules with the distance between centroids d = 3.652(9) A.
Thermal ellipsoids are displayed at 50% probability. Hydrogen atoms
are omitted for clarity.

Mo—N bond lengths were determined to be 1.95 and 2.24 A,
respectively, and agree with an optimized geometry obtained
from density functional theory (DFT) calculations (B3LYP/
D3BJ/ZORA/TZVP/CPCM(MeCN), see SI Tables S2 and
S3). In the crystal, each molecule shows strong 7—rx
interactions® to two of its neighbors (centroid distance d =
3.652(9) A, Figure 1b).

For comparison, literature-known 2 features similar Mo—C
and Mo—N bond lengths in the solid state, except for the two
trans Mo—CO bonds, which are elongated to 2.04 A due to the
trans influence.””®” This is also well reproduced by a DFT-
optimized geometry of 2 (Figure S4 and Table S4).

16599

In solution, 1 shows a reversible and an irreversible
oxidation wave with E;, = +0.17 to +0.30 V and E,, =
+0.82 to +1.20 V vs SCE depending on the solvent (Tables 1

Table 1. Electrochemical Data of 1, 2, and B with Half-Wave
Potentials E,/, and Peak Potentials of Irreversible Waves

Epa

complex/solvent  E, ,,/V (Mo"?) E,,/V (Mo E,/V  ref
1/MeCN +0.17 +0.82 this work
1/DCM +0.17 +1.20 +1.36 this work
1/DMF +0.25 +1.03 this work
1/DMSO +0.30 +1.01 this work
1/THF +0.25 +1.04 this work
2/MeCN +0.64"¢ +1.17° 68
B/THF +0.10 43

“All potentlals vs SCE. Electrolyte: 0.1 M ["Bu,N][PF] if not stated
otherwise. “Electrolyte: 0.1 M ["Bu,N][BF,]. “Peak potential of
irreversible waves.

and S1, and Figures S5—S14). The potential of the reversible
oxidation of 1 is thus in between the oxidation waves of B
(+0.10 V vs SCE in THF)* and 2 (+0.64 V vs SCE in MeCN,
irrev).%® The redox events found for 1 are attributed to metal-
centered oxidations (Mo"® and Mo'!). The reduction of the
pyridine units occurs outside the solvent windows (ca. —1.6 V
vs SCE).

We were able to chemically oxidize 1 to 1% using
ferrocenium hexafluorophosphate. The absorption spectrum
of 1% shows excellent agreement with time-dependent DFT
(TD-DFT) calculations performed on an optimized geometry
of low-spin [Mo'(CO),(tpe)]* with an oxidized metal atom
(Figure S15). This supports our previous assignment of the
reversible oxidation wave found by cyclic voltammetry as being
metal-centered (Mo"?).

Optical Spectroscopy. UV/vis absorption spectra of 1
were recorded in several solvents (Figure 2) and molar
absorption coefficients of 1 were determined in DMSO, DMF,
THF, DCM, and MeCN with an uncertainty of 3.5% (Table 2,
see the SI for details).

The spectra contain up to four absorption bands at around
450, 300, 250, and 220 nm (Table 2). To assign the
transitions, TD-DFT calculations (B3LYP/D3BJ/TZVP/

/10° M em™’

E(30) / keal mol™
40 4 DMSO
45 — DMF
* —
304 40 THF
20 4
10 4
0 T T T T
200 300 400 500 600
Al nm

Figure 2. UV/vis absorption spectra of 1 in various solvents at room
temperature. Inset: empirical solvent polarity parameter Er(30)*
plotted against energy at the band maxima of the two lowest-energy
MLCT absorptions; gray lines are linear fits. The dark gray points are
taken from absorption spectra in other solvents (Figures $23—528).

https://doi.org/10.1021/jacs.3c03832

J. Am. Chem. Soc. 2023, 145, 16597~ W66I925



Journal of the American Chemical Society

pubs.acs.org/JACS

Table 2. Absorption Band Maxima A,,,, and Molar Absorption Coefficients £ of 1 and 2 in Different Media at Room
Temperature, if not Stated Otherwise, with Assignments Drawn from Charge Transfer Number Analyses’® of TD-DFT

Calculations
1
Amae/nm (£/10° M~' cm™')

medium MLCT (Mo—tpe) MLCT (Mo—CO) n—m*
MeCN 439 (8.86) 289 (7.55) 264 (9.99) 249 (19.4) 209 (40.5)
DMSO 442 (8.43) 291 (6.85) 266 (9.15)
DMF 447 (9.20) 293 (7.44) 273 (9.70)
DCM 454 (8.06) 295 (5.89) 266 (8.94) 250 (16.7)
THE 473 (11.1) 299 (7.99) 265 (12.9) 251 (21.7)

2-MeTHF 479 301 266 250

2,5-Me,THF 484 303
benzene 486 301
toluene 491 304
xylenes 493
mesitylene 495 304

2-MeTHF (77 K) 451

KBr pellet 450"

2
Ama/nm (€/10° M~! em™)

medium MLCT (Mo—bpy) n—n* n—n*

MeCN 447 (421) 390 (3.72) 294 (25.8) 256 (28.6)

THF 474 (5.24) 390 (3.88) 348 (4.80) 299 (35.6) 259 (34.8)

benzene 494 (5.04) 393 (3.85) 355 (4.85) 301 (33.1)

“Experimental uncertainty +3.5%. *Determined from absorptance measurements of 1 (0.0055 w%) diluted in KBr (Figure S16). “Shoulder.

ZORA/CPCM (MeCN)) were performed on an optimized
geometry of 1 and analyzed with regards to the different
contributions to each transition using the TheoDORE package
(Figures S18, $69, and $70).”" The lowest-energy absorption
around 450 nm is thus assigned to a 'MLCT(Mo + CO —
tpe) transition. The contribution of carbonyl ligands is
attributed to the strong covalency of the Mo—CO bonds.
The two absorption bands at 300 and 250 nm correspond to
'MLCT(Mo—CO) transitions and the high-energy band at
209 nm in MeCN is attributed to ligand-centered '(7—z*)
transitions.

Complex 2 absorbs strongly in the blue and UV spectral
region in MeCN, THF, and benzene (Table 2 and Figures
$36—S538). For 2, the lowest-energy transition at 474—494 nm
mostly features (Mo + CO)—bpy character (Figure S69),
while the Mo—CO transitions are obscured by intense ligand-
centered 7—7* absorptions (<300 nm).

The 'MLCT absorption bands of 1 and 2 show strong
solvatochromic shifts that can be linearly correlated with the
empirical solvent polarity parameter E;(30)% (see the inset in
Figures 2 and S42). In fact, the solvent sensitivity of the lowest
energy 'MLCT absorption in 1 and 2 is almost identical
(Figure $42).”" Negative solvatochromism indicates a higher
polarity of the ground state (GS) compared to the 'MLCT
excited state. The GS is stabilized in a more polar solvent
environment, which leads to an increased energy of the
electronic transition.”> The Mo—CO bands in 1 are more
sensitive to the solvent compared to the (Mo + CO)—tpe
absorptions, presumably due to a higher change in dipole
moments between ground and excited states in this case.

Excitation of 1 in solution with UV/vis light yields a strong
red emission peak at 720 nm (Figure 3 and Table 3), which we
assign to a *MLCT state (see below). Excitation spectra follow
the corresponding absorption spectra, which underlines that

16600

Solvent (4_,./nm)

exc’

DMSO (442)
—— DMF (447)
——THF (473)
—— DCM (453)
——— MeCN (438)

norm. Intensity
1.

0.5+ —— 2-MeTHF (479)
e 2-MeTHF 77 K (447)
- solid (420)
0.0 - T T T L
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21 nm

Figure 3. Emission spectra of 1 in various solvents and in the solid
state (at 20 °C, if not stated otherwise). Emission spectra in other
solvents can be found in the SI, Figures S24—S28.

the emissive lowest excited state is efficiently populated after
high-energy excitation (Figures S18—528).

Complex 2 shows a single emission band in the NIR region
at 820—840 nm in MeCN, THF, and benzene solution (Table
3 and Figures S36—538). This contradicts an earlier study that
reported a dual emission at 578 and 773 nm in benzene
solution for 2 and for complexes of the type M(CO),(LAL)
(M = Cr, Mo, and W) in general®® These results were
rationalized with two emissive *MLCT states with strongly
differing excited state distortions. As we were able to fully
reproduce the emission band profile of a suitable organic
standard dye with our setup (A, = 700 nm, Figure $43),” we
propose a single radiative *MLCT—'GS transition for 2 in
solution, instead.

https://doi.org/10.1021/jacs.3c03832
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Table 3. Luminescence Data of 1 and 2 in Various Media
with Emission Maximum A4, Emission Lifetime 7, Emission
Quantum Yield ®, and Radiative Rate k, = ®/7

com-

plex medium Aew/nm  7/ns” /%" k/10* s7'¢
1 MeCN 735 127 0.13” 1.0
1 d;-MeCN 134

1 DMSO 719 184 0.23" 13
1 DMF 715 215 0.26" 12
1 DCM 735 146 045" 3.1
1 THF 715 355° 0.66" 19
1 dg-THE 378

1 2-MeTHF 712 412 0.79” 1.9
1 2,5-Me, THE 712 460 0917 22
1 benzene 718 411 124 29
1 toluene 712 457 124 2.6
1 xylene 716 478 1.0¢ 2.1
1 mesitylene 717 471 1.0 2.1
1 2-MeTHF (77 K) 625 27,600

1 2-MeTHF (143K) 712 2900

1 solid 616 79¢ 1.0" 13
1 solid (77 K) 634 14”

2 MeCN 840 0.58" 0.003" 5.1/
2 THF 820 0.9V 0.009" 9.9/
2 benzene 820 1.2 0012 10

“Estimated error: +5%. P Absolute values determined using an
integrating sphere setup. “The lifetime in THF is unaffected by the
presence of the stabilizer dibutylhydroxytoluene (BHT). “Determined
relative to [Ru(bpy);]Cl, in aerated water (see the SI for details).
“Amplitude-weighted average lifetime obtained from a triexponential
fit with 7, = 23 ns (63%), 7, = 115 ns (31%), and 7 = 456 ns (6%).
TEstimated error: +10%.

In deaerated solutions, 1 displayed monoexponential
luminescence decays with long lifetimes of up to 478 ns
depending on the solvent (Table 3 and Figure $32), which (in
addition to triplet—triplet energy transfer experiments
discussed below) warrant an assignment as phosphorescence.
Consequently, the luminescence lifetime decreased after
opening a sample of 1 in MeCN to air due to dynamic
quenching with 30, (Figure S$33). In contrast to 1, the
emission of 2 is only short-lived with lifetimes of 0.58—1.2 ns
in MeCN, THF, and benzene solution (Table 3 and Figures
S39—S41). In the solid state, the luminescence decay of 1 was
fitted with three exponential functions with an amplitude-
weighted average lifetime of 79 ns (Table 3 and Figure S34).

According to DFT calculations (B3LYP/D3BJ/ZORA/
TZVP/CPCM(MeCN), see the SI for details), the emissive
lowest excited state in 1 is best described as a *MLCT state
with the radical anion localized on one pyridyl moiety (Figure
S74). In its fully relaxed geometry, the *MLCT state is
predicted at an energy of 2.01 eV (616 nm) relative to the 'GS
(Figure S73). It features a geometry with elongated Mo'~CO
bonds (two bonds +0.04 A and one bond +0.09 A) due to the
reduced z-backbonding and a contracted MoI—NPy, bond to
the pyridyl radical anion (—0.10 A) due to the Coulomb
attraction (Table S10). The emission energy was calculated as
the energy difference between the relaxed *MLCT state and
the 'GS with *MLCT geometry (Franck—Condon point for
emission, Figure S73) to be 1.67 eV and is in excellent
agreement with the emission band maximum in MeCN at
1.69 eV (735 nm, Table 3 and Figure 3). A second excited
state of MC character (tyy — ¢, excitation) is located at 2.17

16601

eV (572 nm) above the 'GS (Figure S73). The large
contribution of Mo—CO orbitals results in a bent CO
coordination with an angle £(Mo—C—0) of 135° (Figure
S74 and Table S10), suggesting a high covalency of the Mo—
CO bond. In 2, two Mo—CO bonds are already elongated in
the 'GS due to the trans influence (+0.07 A, Table S10). The
SMLCT state energy of 2 (1.87 eV) is lower than that for 1
because the spin density is delocalized over the bpy ligand
(Figure S74). The two Mo—CO bonds trans to (bpy®)~ are
elongated (+0.09 A, Table S10). We were able to optimize a
3MC state of 2 at relatively high energy (2.20 eV) that features
two bent Mo—CO bonds (166°, Figure S73). In this state,
which we refer to as MC,, there are z-bonding interactions
between Mo and the CO ligands trans to bpy (Figure S75),
which result in relatively short Mo—CO"™™ bond lengths
(2.02 A, Table S10). Relaxed surface scans with one Mo—
CO"™CO bond elongated reveal a change from *MLCT to
SMC character at distances d larger than 2.5 A. This o-
antibonding 3MC character provides a channel for CO
dissociation from the *MLCT state. Although not a minimum
on the triplet potential energy surface, this MC; state with
d(Mo—CO) = 2.555 A (Figure S78) is used in the discussion
later on. The energies of high-spin *MC states were calculated
at 4.07 and 4.14 eV for 1 and 2, respectively, which makes
them irrelevant for the photophysics following low-energy
'MLCT excitation (Figures $73 and S$74 and Table $10).

In solution, 1 showed a high phosphorescence quantum
yield @ with 1.2% being the highest value obtained in
deaerated toluene (Table 3). The quantum yields decreased
with increasing polarity of the solvent (Figure S31) reaching
0.13% in MeCN (Table 3). To the best of our knowledge, the
phosphorescence lifetimes and quantum yields of 1 are the
highest measured for zero-valent molybdenum carbonyl
complexes so far*"*>**”* and are comparable to those of B
(® = 1.5%, 7 = 56 ns in deaerated toluene).* In contrast, the
quantum yields of 2 in MeCN, THF, and benzene were found
to be very low (0.003—0.012%, Table 3).

Upon cooling of a solution of 1 in 2-MeTHF to 77 K, the
'MLCT(Mo + CO—tpe) absorption band is blue-shifted from
479 to 451 nm (+1300 cm™, Figure $23). Similarly, the
emission band shifts from 712 to 628 nm (+1900 cm™") and
sharpens (Figure S$23). This pronounced shift is known as
rigidochromism and commonly observed for MLCT states in
carbonyl complexes.”*”® The spectral changes are not caused
by the lower temperature but the rigidity of the environment as
demonstrated by the similarity of the emission bands of solid 1
at room temperature and 1 in frozen 2-MeTHF solution at
77 K (Figure 3). The emission lifetime of 1 dramatically
increased to 27.6 ys in frozen solution at 77 K (Figure S35),
which hints to a thermally activated nonradiative decay
pathway. An impressive luminescence quantum yield of 14%
was determined for solid 1 at 77 K.

The typical deactivation pathway in d°>MLCT emitters is
thermally activated nonradiative relaxation via the *MC
states.*”””7® To investigate this path, we measured the
phosphorescence lifetimes of 1 in MeCN, THF, and benzene
as well as of 2 in MeCN at different temperatures (Figures
S44—S49). The luminescence lifetimes decreased with
increasing temperatures due to facilitated thermal population
of the detrimental *MC state. A simple but well-established
three parameter model**””* was used to fit the data (Figures

S47 and $49 and Table SS). For 1, this approach yielded an

https://doi.org/10.1021/jacs.3c03832
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energy barrier AE of 1600 cm™ for the *MLCT—’MC
conversion in all three solvents, which is in excellent agreement
with the calculated value of 1400 cm™ obtained from a DFT-
optimized *MLCT—*MC transition state *TS (Figure S73).
The geometry of the >TS features a significantly bent Mo—CO
bond (146°) and is thus close to the MC geometry (135°).
Consequently, the activation energy for repopulating the
SMLCT state from the MC state in 1 is small (E(’TS)—
ECMC) ~ 100 cm™') and the assumption of a thermal
equilibrium between both states made for the model used
above is justified.

For 2, an energy barrier AE of 800 cm™ was found
experimentally for the *MLCT—>MC conversion (Figures S48
and $49 and Table S5), which is significantly lower than in 1.
This explains why the excited state lifetimes of 2 are two orders
of magnitude shorter than those in 1. Another reason is the
faster deactivation of low-energy excited states according to the
energy gap law. The low AE also suggests that the *MC, state
that was computationally accessible for 2 and lies 2600 cm™
above the MLCT state is unlikely to be responsible for the fast
nonradiative deactivation. Unfortunately, we were not able to
optimize the geometry of the lower-energy MC; state as
outlined above.

Compared to 1 and 2, [Ru(bpy);]** has a significantly
higher activation energy of 3600 cm™" for the *MLCT—*MC
conversion, which is qualitatively in line with its higher
luminescence quantum yield and lifetime (® = 9.5%, 7 = 806
ns in deaerated MeCN).”%07%2

Time-Resolved Spectroscopy. To further investigate the
long-lived excited state in 1, transient absorption (TA) spectra
were recorded using laser flash photolysis with 532 nm pulses
of ~10 ns duration in THF (black trace in Figure 4a). The ns-
TA spectrum was calibrated using the TA signal of an
isoabsorptive [Ru(bpy);]Cl, solution in water and its differ-
ential molar absorption coefficient Ae(45S nm) = —10,100
M~ em™! (see the SI for details, Figures S50 and S51).%7%°

After pulsed laser excitation, 1 shows an intense GS bleach
at 476 nm (Ae = —8400 M~ cm™) and four excited state
absorption bands (275, 328, 375, and 700 nm, see Figure 4a)
in THEF. All TA bands decay monoexponentially with a time
constant of (354 + 3) ns (Figure 4b), which perfectly matches
the luminescence lifetime of 1 in THF (355 ns, Table 3).
Using femtosecond laser pulses at 480 nm, ultrafast dynamics
like the 'MLCT—’MLCT intersystem crossing (ISC) or
vibrational cooling could not be resolved (Figure SSS) and can
therefore be considered faster than the time resolution of the
experiment (0.5 J)S)’ similar to the fast and efficient ISC in
[Ru(bpy), """

By adding the steady state absorption spectrum in THF
(Figure 2) to the calibrated TA spectrum (Figure 4a), we
isolated the pure absorption spectrum of the long-lived excited
state of 1 (Figure 4c). The excited state features five
absorption bands (Table S6) that match very well with the
TD-DFT calculated oscillator strengths of the optimized
SMLCT state, supporting the previous assignment of the
excited state character (Figures $52, 53, S71, and S72). The
nature of the electronic transitions in the SMLCT state was
further elucidated using a charge transfer number analysis’®
(Figure 4c and Table S6). Compared to the 'GS, the "MLCT
transitions (Mo'—=pyy; py, = unreduced part of the tpe ligand)
in the SMLCT state of 1 are blue-shifted with a band maximum
at 375 nm. This is expected considering the lower electron
density at the formally oxidized Mo' center. Lower energy

1
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Figure 4. TA studies on 1 in deaerated THF at 20 °C. (a) UV/vis-ns-
TA spectrum (black line, 4., = 532 nm, delay: 10 ns, integration time:
110 ns) is calibrated using [Ru(bpy);]Cl, in water as a reference (see
the SI for details), and the vis/NIR-fs-TA spectrum (gray line, A, =
480 nm, integration time: 7.8 ns) is scaled to fit to the calibrated
spectrum at 532 nm. (b) Kinetic traces of the ns-TA at selected
wavelengths. (c) Absorption spectrum of the MLCT state of 1 in
THF (see the main text for details). The sticks represent oscillator
strengths f of the DFT-optimized *MLCT state calculated using TD-
DFT (B3LYP/D3B]/ZORA/TZVP/CPCM(THF), see also Figures
$52 and S72). The colors of the sticks indicate the dominant
character of the transition derived from a charge transfer number’’
analysis (py” = pyridine-centered radical anion, py, = unreduced part
of the tpe ligand).

bands arise from transitions involving the ligand-centered
radical anion py* (ie., LMCT, LL'CT, and LC(py*)
transitions) with additional MC transitions placed at >2000
nm by TD-DFT calculations (Figure S52).

https://doi.org/10.1021/jacs.3c03832

J. Am. Chem. Soc. 2023, 145, 165971 66}928



Journal of the American Chemical Society

pubs.acs.org/JACS

In addition to UV—visible spectroscopy, the intense C=0
stretching vibrations in carbonyl complexes present excellent
probes for excited states. To confirm that the long-lived excited
state in 1 is a *MLCT state, we recorded ns-step-scan FTIR
spectra in d¢-DMSO and in a KBr pellet (Figures S56—562). In
the 'GS, 1 shows two intense IR absorption bands of the C—O
stretching vibrations at 1777 and 1898 cm™ (E and A4, in C;,
symmetry) in DMSO. After pulsed excitation at $32 nm, a GS
bleach as well as three new absorption bands (1829, 1870, and
1975 cm™) emerge. The splitting of the E band confirms the
reduction in symmetry in the excited state. All IR features
decay with a common time constant of 150 ns (Figure S61)
that is consistent with the emission lifetime of 184 ns (Table
3). The excited state IR spectrum (Figure S62) can be
reasonably described by DFT calculations of 1 in a relaxed
MLCT geometry with CO bands at 1850, 1881, and
2012 cm™’, confirming the experimental hypsochromic shifts
and the splitting of the E band. This supports the MLCT
assignment of the long-lived excited state. In an ultrafast fs-vis-
pump-IR-probe experiment, the *"MLCT bands already appear
1 ps after photoexcitation, confirming the population of the
long-lived MLCT state via rapid ISC (see the SI for details,
Figures $63—S65). This also confirms the data from vis/NIR-
fs-TA spectroscopy.

Stability. Transition metal carbonyl complexes are well
known for their thermal and photochemical decarbonylation
reactions, which is exploited in CO-releasing molecules for
therapeutic treatments.”® However, for other light-driven
applications like photon upconversion or photocatalysis, a
high photostability is desirable.

When stored in the dark, a solution of 1 in deaerated THF is
stable at room temperature as demonstrated by the long half-
life of 158 days determined by UV/vis absorption spectroscopy
(Figure S66).

To probe the photostability of 1 and 2, we irradiated
isoabsorptive solutions (A = 0.16) of the complexes in THF
and MeCN with a green cw-laser (514 nm, 827 mW, 20 °C).
For comparison, we also measured the photodegradation of
[Ru(bpy);][PFs], in MeCN. During irradiation, we monitored
the luminescence intensity, which we assume to be propor-
tional to the concentration of the complexes (Figures S, S67,
and $68, and Table S9). We obtained the absolute photo-
degradation quantum yields @y, from the experimental
parameters according to a procedure adapted from previous
reports (see the SI for details).*

The photodegradation quantum yields @, are summarized
in Table 4. The values for 2 in THF and the ruthenium
complex are in line with previous literature reports.’>*
Interestingly, 1 in MeCN appears to be one and two orders
of magnitude more photostable than 2 and [Ru(bpy);]**,
respectively. In THF, 1 shows a lower stability than in MeCN,
which is possibly due to its longer excited state lifetime and
lower cage-escape yield in this solvent. We attribute the overall
higher photodegradation quantum yields of 2 compared to 1 to
the trans-Mo—CO bonds in 2 that labilize each other as they
compete for the same d-orbitals, which weakens their z-
backbonding (trans influence).”” The difference in photo-
stability becomes more apparent when comparing dissociation
rate constants that can be estimated using kgegr = Pyeqe/7 and
take the excited state lifetime 7 into account: While
decomposition of 2 is very fast with kg = 65,000—
93,000 s™!, 1 decomposes up to three orders of magnitude
slower with rate constants of 12—79 s~ (Table 4). Hence,

1
2

[Ru(bpy)s]**

T - T T 1
0 30 60 90 120
t/ min

Figure S. Photostability of 1 (black), 2 (red), and [Ru(bpy);][PF4],
(blue) in deaerated THF (solid lines) and deaerated MeCN (dotted
lines) under irradiation with a green cw-laser (4., = 514 nm, P = 827
mW) at 20 °C. The concentration changes Ac were derived from
photoluminescence measurements (see the SI for details, Figures S67
and S68 and Table S9).

Table 4. Quantum Yields @, and Rate Constants kg, of
Photodegradation for 1, 2, and [Ru(bpy);]** in Deaerated
MeCN and THF

MeCN THEF
complex Dyeg,/ % Kaeg:/ st Dyege/ % Kaege/ 57!
1 0.00015 12 0.0028 79
2 0.0054 93,000 0.0059 65,000
[Ru(bpy);]** 0.022 270"

“Kgegr = Patege/ 7 bCalculated using 7 = 806 ns.”

avoiding trans-CO bonds is a useful strategy to significantly
increase photostability.

In the following study, we discuss potential dissociation
pathways to explain the difference in stability between 1 and 2.
To assess barriers for CO dissociation, we calculated potential
energy wells for 1 and 2 in their respective 'GS, MLCT, and
3MC states using DFT (Figures S76—S79 and Table S11).

In the 'GS, the barriers for thermal dissociation of CO trans
to a pyridyl unit are comparable in 1 (20,700 cm™") and 2
(19,500 cm™), while the two trans-CO ligands in 2 are
labilized yielding a much lower energy barrier of 12,100 cm™,
which suggests a lower thermal stability of 2 compared to 1
(Table S11).

Photoinduced ligand loss in transition metal carbonyl
complexes usually occurs via their MC states,* but direct
ligand dissociation from *MLCT states has been reported as
well.”°~°> While in 1 and 2, photoexcitation initially leads to
the population of MLCT states, their lowest-energy triplet
states have MC character at long Mo—CO bond lengths
(Figures $76—S79), which makes dissociation from *MC states
more likely. We estimate the energy barrier for CO
dissociation on the triplet potential energy surface as the
difference between the energy of the *MC state at an infinite
Mo—CO bond length and the energy at the minimum of the
SMLCT potential well (Figures S76—S79 and Table S11), so
the MLCT—>MC conversion is included in this barrier. For
the trans-pyridyl CO ligands, this again yields comparable
values of 10,300, and 9900 cm™' for 1 and 2, respectively
(Table S11). However, the trans-CO bonds in 2 are much
more labile yielding a barrier for dissociation of 7400 cm™
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(Table S11). Overall, this demonstrates that the reason for the
high photostability in 1 in fact lies in its lack of trans-CO
bonds.

Photon Upconversion. As a first application of the long-
lived MLCT excited state of 1, we explored sensitized triplet—
triplet annihilation (sTTA) upconversion (UC). In sTTA-UC
processes, the energy of a sensitizer’s triplet state is transferred
to a suitable (organic) acceptor via a Dexter energy transfer
(kprer)- Upon collision of two acceptors in their triplet states,
the triplets can annihilate (TTA), which returns one acceptor
to its GS and raises the other one to a high-energy singlet state.
This singlet state can then show delayed anti-Stokes-shifted
fluorescence and hence is called upconverted emission."”*"*

As an acceptor, we chose DPA, which dynamically quenches
the MLCT state of 1 at a nearly diffusion-limited rate of krgr
= 1.5 x 10° M™" s7" in THF at 20 °C (Figures S80 and S81).
This is almost one order of magnitude faster than the
quenching of B with DPA,*® which we attribute to the better
orbital overlap between excited 1 and DPA due to the more
compact ligand design and less steric shielding in 1.

The formation of *DPA from photoexcited 1 (1%, SMLCT
state) was confirmed by TA spectroscopy following laser flash
photolysis. The buildup of *DPA mirrors the decay of the
SMLCT emission of 1 (Figure S82a). After full decay of the
SMLCT state (ca. 1 pus), >DPA was detected via its
characteristic TA band at 445 nm (Figure $82b).”>%° The
decay of the DPA absorption signal was fitted using a
previously reported model that considers the mixed first-order
(kne) ?nd second-order (kpp,) deactivation processes (Figure
$83).”

The upconverted 'DPA emission at 435 nm was detected
after excitation of a solution of 1 and DPA (10 mM) in THF at
514 nm (Figure 6a). The reduced lifetime of SS ns revealed a
quenching efficiency of 85%. A DPA concentration of 10 mM
was chosen as it marked the sweet spot between efficient
quenching and detrimental reabsorption of DPA fluorescence
(Figure S84). In accordance with a two-photon process of the
proposed TTA-UC mechanism, we found a quadratic increase
of the emission intensity at low excitation power densities,
which changed to a linear dependence above a threshold
intensity of 0.09 W cm ™ (Figure 6b). The UC quantum yield
@y reaches a plateau value of 12% (max. S0%) at high laser
power densities (Figure 6¢, see the SI for details). his value is
close to the theoretical maximum of 20% that is obtained when
assuming that all steps in the STTA-UC process (ISC, TTET,
TTA, fluorescence) occur with unity quantum yields.”> No UC
emission was found without the sensitizer 1 or without DPA
(Figure S85). The photon-UC is also operative with excitation
using a green LED (525 nm, Kessil lamp), highlighting the
viability of the UC system even at very low-power densities
(Figure S8S).

Photoredox Catalysis. The promising redox and optical
properties of 1 with its long-lived *MLCT state outlined above
motivated us to explore the photocatalytic capabilities of this
complex as a proof of principle.

The energy of the SMLCT state Ey, is estimated to be
1.85 eV from low-temperature emission spectra and quenching
experiments in MeCN (see the SI for details). The excited
state reduction potential can be calculated using eq 1
(Coulomb term omitted) as —1.68 V vs SCE, suggesting a
strong photoreducing power of 1.

E(1/1*) = E(1"/1) — Ey, (1)

a)norm. /

425 450 475 500 525
A/ nm

C) Dy ! %

12 :_;2,._...*_._ -

9 Y ¢UC,max= 12 %

b)norm. /¢

T 1

10 20 30
P/W cm™
Figure 6. Photon upconversion experiments using 1 in THF in the
presence of 10 mM DPA and excitation at 514 nm with a cw-laser
(As14 = 0.10, laser spot size: 3 mm?). (a) Spectra of the upconverted
DPA fluorescence at different laser power densities P. Inset:
photograph of the green excitation light and blue upconverted
emission. (b) Doubly logarithmic plot of the integrated upconverted
fluorescence intensity Iy vs laser power density P. I, is the threshold
intensity. (c) Relative upconversion quantum yield ®yc vs laser
power density P.

w
O 000 — 00 4o,

0.0101 1 10
P/W cm™

As a test reaction, we selected the dehalogenation of
chloropyrazine, which can also be performed by the one-
electron-reduced form of [Ru(bpy);]** (E([Ru(bpy);]**/*) =
—1.29 V vs SCE.”® In fact, the luminescence of 1 in MeCN is
quenched by the substrate with a rate constant k; of 3.9 X
10® M™' s7! (Figure S86). The triplet energy of chloropyrazine
is expected to be >>2.5 eV*° and thus way above the estimated
SMLCT energy of 1 (1.85 eV). Hence, triplet—triplet energy
transfer can be excluded as a quenching mechanism, leaving
photoinduced electron transfer as the most plausible
alternative. The photoredox reaction with the substrate
produces 1" that needs to be reduced by a sacrificial donor
to regenerate the catalyst 1. The high potential for the 1*/1
couple at +0.17 V vs SCE in MeCN requires a strong reductant
for this step. We chose the previously reported benzimidazo-
line derivative BIH (Scheme 3) for which a suitable reduction
potential of +0.13 V vs SCE has been reported in THE.” The
oxidized donor BIH®* can undergo a second oxidation after
deprotonation to BI® with a potential of —1.7 V vs SCE.”'%°
On a side note, the final groduct BI" can be recycled to
resynthesize the donor BIH.” We confirmed that BIH is able
to regenerate 1 from 1° in MeCN prepared by chemical
oxidation (Figure S87) and does not quench the MLCT state
of 1.

After we have assessed the required elementary steps of a
potential catalytic cycle, we attempted the dehalogenation of
chloropyrazine employing 1 mol % 1 in MeCN, 1 equiv BIH,
and a green LED as an excitation source at 20.0 °C (Scheme
3a and Table S12). Yields and conversions were determined
using '"H NMR spectroscopy with mesitylene as an internal
standard. Under these conditions we obtained pyrazine in a
yield of 80% after 24 h. Control experiments confirmed that

https://doi.org/10.1021/jacs.3c03832
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Scheme 3. Application of 1 in Photoredox Catalysis”
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“(a) Overview of the reaction conditions. (b) Proposed mechanism
for the dehalogenation of chloropyrazine with 1 in green-light-driven
photoredox catalysis.

catalysts, sacrificial donors, and light were necessary for the
reaction to occur (Table S12 entries 2—4).

Based on our results, we propose the mechanism in Scheme
3b. After photoexcitation of 1 and ultrafast ISC to the MLCT
state (1*), the complex reduces the substrate. The one-
electron-reduced substrate dissociates into a pyrazyl o-radical
and a chloride ion. The product forms via H-atom transfer
from BIH to the o-radical. Meanwhile, BIH reduces the
oxidized catalyst 1* forming 1 and BIH®**. The latter radical
cation can be deprotonated by a base such as BIH or the
pyrazine to the radical BI, which can in turn reduce the
substrate and 1*. Since the photocatalytic conversion to the
product is rather slow, we conclude that a conceivable
photoinitiated radical chain mechanism only plays a minor
role (Scheme S1).

Bl CONCLUSIONS

By combining tripodal tpe with carbonyl ligands, we obtained
the simple photoactive molybdenum(0) complex Mo-
(CO);(tpe) that emits deep-red phosphorescence at 720 nm
with a lifetime of up to ca. 500 ns in solution at room
temperature.

Time-resolved electronic and vibrational spectroscopy in
combination with DFT/TD-DFT calculations showed that the
emissive state is of "MLCT character populated after ultrafast
ISC. Thermal deactivation occurs via a distorted *MC state
with a barrier of 1600 cm™ as revealed by temperature-
dependent luminescence and DFT calculations. This *MC
state possesses a bent CO ligand instead of a strongly
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weakened linearly coordinated CO ligand, which would be
prone to dissociation. The complex is very photostable under
irradiation with a green laser with a photodecomposition
quantum yield of merely 0.00015%. This is two orders of
magnitude lower than that of [Ru(bpy);]**. Compared to
Mo(bpy)(CO),, the estimated rate constant for photo-
degradation of the tripodal complex is almost three orders of
magnitude lower. We attribute this gain in stability to the lack
of trans-CO bonds in the facial ligand configuration, which
avoids additional Mo—C bond elongation in ground and
excited states.

DFT calculations on Mo(CO)4(tpe) match experimental
data exceptionally well, including the energies of CO stretching
vibrations and absorption spectra of the ground and *MLCT
states, the SMLCT—MC energy barrier, and emission energy.

The new complex served as a sensitizer in green-to-blue
photon upconversion with DPA and achieved a high
upconversion quantum efficiency of 12% close to the
theoretical limit of ca. 19% (max. 50%). Even a cheap low-
power LED sufficed to drive the upconversion process.
Mo(CO)(tpe) successfully acts as a photoredox catalyst in
the dehalogenation of chloropyrazine using a recyclable
benzimidazoline™ derivative as a sacrificial donor.

Despite the rich literature on carbonyl com-
plexes, #9376 7LI0L102 heir facial coordination with tripodal
ligands remained underexplored for photochemical applica-
tions so far. Following this promising design strategy, our
results delineate how to access photoactive complexes while
avoiding precious metals and elaborate ligand syntheses alike.
In addition, the exceptional agreement of measured and
calculated properties allows for the in silico exploration of the
chemical space to predict promising synthetic targets. Overall,
we hope that this study can guide future research toward more
sustainable photochemistry.
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3.2  Theoretical calculations supporting annihilator design and experimental
findings

This section presents:

Blue-to-UVB Upconversion, Solvent Sensitization and Challenging Bond Activa-
tion Enabled by a Benzene-Based Annihilator

Till J. B. Zihringer, Julian A. Moghtader, Maria-Sophie Bertrams, Bibhisan Roy, Masa-
nori Uji, Nobohiro Yanai, Christoph Kerzig,

Angew. Chem. Int. Ed., 2023, 62, €202215340.

This section introduces an sTTA UC scheme, which produces singlet excited states sig-
nificantly beyond 4.0 eV by combining the energy of two blue photons. Surpassing this
barrier is challenging and highly dependent on carefully matched energies of the anni-
hilator and the sensitizer to reduce energy losses and on the singlet and triplet energies
of the annihilator (2 x Ey > Eg, Section[I.3.5]for detailed explanation). The highly op-
timized system presented here consists of a TADF emitter as photosensitizer (4CzIPN)
and an annihilator structure (bTIPS-Bz Figure [33) with triplet and singlet state ener-
gies that allow sTTA UC with visible light and avoid electron transfer. Additionally,
high efficiency and selectivity for the annihilation - upconversion process are desir-
able, outcompeting undesired pathways such as excimer formation. In general, excimer
formation can be avoided by substituting annihilator compounds with bulky aliphatic
groups!2HP820212432351 1 with triisopropyl-ethynyl (TIPS-ethynyl) units.[207:208]

PS = small An =
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photo sensitizer| singlet-triplet annihilator §_)\_<
energy gap FRET e
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Figure 33: Compounds of the blue-to-UVB sTTA UC scheme including the photosensitizer,
4CzIPN and the annihilator bTIPS-Bz. The right part illustrates the blue photon-driven sTTA
mechanism, which is capable of generating UVB photons for activation of inert carbonyls via
FRET.

Furthermore, the TIPS-ethynyl groups likely induce a significant reduction of the triplet
energy comparing the substituted to the unsubstituted annihilators, owing to the exten-
sion of the m-system.[222072082101 Consequently, to achieve the energetic prerequisites
with upconverted emissions well beyond 4.0eV, smaller conjugated systems than the
known TIPS-ethynyl-substituted naphthalene and anthracene derivatives!2®22%] seem
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promising. The selection of compounds fulfilling all requirements is very limited and
TIPS decorated biphenyl and benzene structures are a promising choice. Both structures
were successfully used as annihilators with different patterns for mono- or multi-TIPS
substitution.[23219 For the benzene-based annihilators, the triplet energy of different
TIPS-ethynyl-substitution patterns was estimated by DFT calculations. These results
were used as guidance to preselect suitable structures (Figure [34] and Table [I0), which
were then synthetized for sSTTA UC in solution.

s TMS
©/TIPS TIPS = TIPS

™S §—s\|/—<
TIPS )\
benzene (Bz) TIPS-Bz tTIPS-Bz
TMS-Bz tTMS-Bz TIPS
L ,
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Figure 34: Benzene-based structures with different substitution patterns of TMS or TIPS
groups. The calculated triplet energies of the different molecules are summarized in Table @}

The general conditions for the calculations were chosen according to previous calcu-
lations tackling similar problems.[27631%21 Besides the differently substituted benzene
derivatives the triplet energy of the unsubstituted version was calculated and compared
to the experimentally determined triplet energy®*®! of benzene to obtain a general cor-
rection factor for the calculated data. For tTIPS-Bz, the iso-propyl substituents intro-
duce several degrees of freedom resulting in increased computational effort compared
to smaller substituents. Replacing iso-propyl with methyl resulted in almost identical
triplet energies (difference between methyl and iso-propyl AE ~ 0.01eV). No op-
timized structure was obtained for tTIPS-Bz, and based on the previous findings its
triplet energy was extrapolated from the tTMS-Bz derivative.

Two unpublished structures — the ortho- and meta- substituted benzene — were calcu-
lated, again resulting in nearly identical Et (AE ~ 0.01¢eV) for the TMS or TIPS, too
high for fast sensitization with the photosensitizer 4CzIPN (Figure [33)). The small dif-
ference in triplet energy comparing the TMS to the TIPS substituents is in line with the
conclusions and results from the publication.!*?! Spin density plots of the triplet states of
TIPS-ethynyl substituted annihilators also mostly show no (or little) spin density located
on the alkyl groups. 222101

Three of the benzene derivatives (TIPS-Bz, bTIPS-BZ and tTIPS-Bz) were synthesized
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for an investigation in a light-driven sTTA UC mechanism using the literature-known
blue-light absorbing sensitizer 4CzIPN (Er = 2.72 eV)3321% (Figure [33|for structure and
reaction scheme). The spectroscopic measurements confirmed the DFT predictions of
the triplet energies™! and as suggested by the calculation (Table [L0), the triplet energy
of the sensitizer was only sufficient to sensitize bTIPS-Bz.

Table 10: DFT calculated and corrected triplet energies (Et) of benzene and the TIPS- and
TMS-ethynyl substituted derivatives. The corresponding structures are presented in Figure [34]
This table is an extension with additional data to Table S1 in the supporting information (Section

@ of reference [33]].

Compound Er/eV (DFT)* Er/eV (Lit)* Er/eV (corr.)*

Benzene (Bz) 3.83 3.90246] 3.83
TIPS-Bz 3.01 3.06
TMS-Bz 3.02 3.07
bTIPS-Bz 2.53 2.57
bTMS-Bz 2.54 2.58
°bTIPS-Bz 2.71 2.76
°bTMS-Bz 2.72 2.77
"bTIPS-Bz 2.90 2.96
"KL TMS-Bz 2.91 2.97
tTIPS-Bz - 2.974
tTMS-Bz 2.92 2.98

ADFT calculations at B3LYP/6-311+G(d,p) level of theory. "Experimental triplet energy. SAll
values scaled by a factor of 1.02 based on the difference between calculated and measured triplet
energy of benzene. YEstimated from the triplet energy of tTMS-Bz based on the comparison of
the energies of the mono and bis substituted TIPS and TMS derivatives (energy difference = 0.01
eV).

This sensitizer - annihilator combination allowed the successful upconversion to UVB
photons using blue light irradiation with a quantum yield close to ¢yc ~1%. The
upconversion system was employed in a FRET-activated Norrish I reaction of UVB
absorbing carbonyls, thereby replacing UV-lamps for direct excitation with blue light-
emitting LEDs.[54]
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Abstract: Several energy-demanding photoreactions re-
quire harsh UV light from inefficient light sources. The
conversion of low-energy visible light to high-energy
singlet states via triplet-triplet annihilation upconversion
(TTA-UC) could offer a solution for driving such
reactions under mild conditions. We present the first
annihilator with an emission maximum in the UVB
region that, combined with an organic sensitizer, is
suitable for blue-to-UVB upconversion. The annihilator
singlet was successfully employed as an energy donor in
subsequent FRET activations of aliphatic carbonyls.
This hitherto unreported UC-FRET reaction sequence
was directly monitored using laser spectroscopy and
applied to mechanistic irradiation experiments demon-
strating the feasibility of Norrish chemistry. Our results
provide clear evidence for a novel blue light-driven
substrate or solvent activation strategy, which is impor-
tant in the context of developing more sustainable light-
to-chemical energy conversion systems. )

Introduction

Highly energetic photons with wavelengths in the UVB
region (280-315nm) are unavoidably required to initiate
numerous useful photochemical reactions!? and to detoxify
many pollutants photochemically.®* However, two main
drawbacks render the broad usage of UVB-driven reactions
somewhat cumbersome. Firstly, UVB light is practically not
contained in the solar spectrum and the generation of UVB
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photons typically requires mercury lamps,*! excimer-based
lamps,® or the high-energy tail of xenon arc lamps!“—all of
them suffer from rather short lifespans well below 2000 h
and electricity-to-UVB conversion efficiencies close to zero.
Secondly, conventional glassware used in chemical laborato-
ries has a low UVB transparency, which is why more
expensive quartz glass is required for conventional UVB
photochemistry.

In principle, the energy of two visible photons efficiently
generated by long-lived LEDs can be pooled to achieve
similar reactivities as obtained by direct UVB excitation.
Among all known photon pooling or two-photon
mechanisms,”"!) upconversion via sensitized triplet-triplet
annihilation (TTA-UC) provides the most attractive alter-
native to direct high-energy one-photon excitation, because
TTA-UC can be employed to convert two low-energy
photons at moderate photon fluxes into one highly energetic
singlet-excited state.'>*! The latter can either emit one
photon of higher energy or directly activate a compound
being inert under one-photon conditions at the given
excitation wavelength. This strategy has already been
exploited for a variety of selective photoreactions upon
excitation with inexpensive diode-based continuous wave
(cw) light sources,” including isomerizations, ")
dehalogenations,?*") cycloadditions,?"*! c-C
coupling®**3 and cyclization®™ reactions as well as
polymerizations.®%=") While all these UC-driven reactions
are elegant, in particular when red/NIR photons with high
penetration depth are used,”**"! they can likely be initiated
by LEDs in a direct manner. Efficient high-power LEDs are
available with numerous visible and some UVA (315-
400 nm) peak wavelengths, but efficient ready-to-use LEDs
with UVB emission do not exist for technical reasons.!*!)
Consequently, it is highly desirable to develop visible light-
driven UC systems that are capable of producing UVB
photons to potentially replace harmful and inefficient light
sources.

The first visible light-driven TTA-UC system with
pronounced UV emission was reported in 2009.*2 The
interest in this methodology recently received a boost by
some applications under remarkably mild conditions and
pioneering observations such as the blue-light driven photo-
catalytic activation of aryl bromides,* water splitting,“*!
the quantitative decomposition of a typical water
pollutant,” and the development of systems with very high
quantum yields for UVA generation.**8! Nevertheless, only
a few basic structures for UV annihilators have been
identified until now (biphenyl,*~*"! PPO and strongly related
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terphenyl,****  quarterphenyl,>
[28,37.46,51, 54,59—61]) and all

heterocycles, #4524
pyrenel***¥ as well as naphthalene
these annihilators mainly show UVA and violet emission
with either a negligible fraction of emitted UVB!*Y photons
or no UVB emission at all. The identification of an
annihilator with dominant UVB emission and the concom-
itant high excited singlet state energy well beyond 4 eV
could expand the toolbox of photochemists drastically, given
that Vis-to-UV upconversion holds great promise for
energy-demanding photochemical applications.** Herein,
we present the first compound that deserves the label UVB
annihilator: Its emission peaks in the UVB region at 309 nm,
about half of the photons emitted via fluorescence lie in the
UVB range (Figure 1) and, in combination with a suitable
blue light-absorbing sensitizer, blue-to-UV upconversion
can be observed with diode-based light sources. The
resulting upconversion system was characterized by in-depth
mechanistic studies using several spectroscopic techniques
and employed for an underexplored upconversion-Forster
resonance energy transfer (UC-FRET)®®! reaction se-
quence. As we will show by meaningful proof-of-concept
experiments, this novel strategy can not only be exploited
for solvent excitation—a typical approach in synthetic UVB
photochemistry>! _but also for high-energy carbonyl

photochemistry. 56!

Results and Discussion

Chemical intuition suggests that reducing the conjugated n-
system from biphenyl to benzene would increase the
annihilator’s singlet-excited state energy and shift its peak
emission from the UVA into the high-energy UVB region.
However, the triplet of unsubstituted benzene at 3.9 eV""! is
inaccessible in blue light-driven upconversion schemes as
the input photon energy is on the order of 2.7 eV in this
case. Modifications on the annihilator scaffolds with the
protection group TIPS-ethynyl (triisopropylsilylethynyl)
have shown to lower the triplet energy substantially while

Thls work: Kerzig 2022:  Yanai 2016: Yanai 2021:
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Figure 1. Structures and emission spectra of recently used annihilators
for blue-to-UV upconversion. This work: Novel benzene-based annihila-
tor (bTIPS-Bz) suitable for blue-to-UVB upconversion that has been
successfully employed as an energy donor in a subsequent FRET
activation of UVB-absorbing carbonyls.

Angew. Chem. Int. Ed. 2023, 62, 202215340 (2 of 8)

Research Articles

Angewandte

intemationalditlony Chermie

maintaining relatively high energies of the upconverted
emission.***7"Y Hence, we speculated that benzene would
follow a similar trend although previous calculations
predicted a very pronounced HOMO-LUMO gap
decrease.™ Our DFT calculations of several benzene
derivatives with different TIPS-ethynyl substitution patterns
provided initial information about the triplet energies (Fig-
ure 2B, see Section S3 of the Supporting Information for
details). While the calculated triplet energies of single-
substituted TIPS-Bz (3.06 ¢V) and symmetrical threefold
substituted tTIPS-Bz (2.97 eV) still exceed our input energy
limit, the twofold substitution (bTIPS-Bz), however, yielded
a rather low triplet energy of 2.57 eV. For that reason, we
synthesized bTIPS-Bz (and reference compounds) via a
Sonogashira coupling reaction (see Supporting Information
for details, Section S2). The absorption and normalized
emission spectra are shown in Figure 2C. As expected, the
two TIPS-ethynyl substituents on benzene cause a red-shift
of the absorption and emission peaks (compare Figure S5).
Gratifyingly, the emission spectrum of bTIPS-Bz peaks in
the UVB, about half of all emitted photons are in the UVB
range, and its singlet-excited state energy is as high as
4.15 eV, corresponding to a photon energy of 299 nm. Owing
to the superincrease of the molar absorptivity (Figure S5),
the fluorescence rate constant of bTIPS-Bz is increased
drastically compared to that of benzene.™™ In direct
consequence, (i) the fluorescence lifetime in solution (Fig-
ure S14) is shortened from 30 ns (benzene) to 3.2 ns (bTIPS-
Bz) and (ii) the fluorescence quantum yield reaches an
attractive value of @y =0.48 for bTIPS-Bz, compared to
@ =0.07 for benzene.”™ From 77K phosphorescence
measurements, we obtained a triplet energy of 2.64 eV for
bTIPS-Bz (Figure S17), which is in very good agreement
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Figure 2. A) Structures of TIPS-Bz, tTIPS-Bz and Bz. B) Energy diagram
visualizing the lowest triplet-excited state energies of 4CzIPN, unsub-
stituted benzene, and TIPS-ethinyl substituted benzenes. C) Structures,
absorption (solid line), and normalized emission (dotted line) spectra
of bTIPS-Bz and 4CzIPN in cyclohexane. The excitation wavelengths
(445 nm and 447 nm) used for upconversion measurements are
indicated by blue vertical lines.
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with that estimated by DFT calculations. Given that
isoenergetic and even slightly uphill sensitization is
feasible,***) TTA-UC with bTIPS-Bz as annihilator is
clearly within reach using blue photons.

For this study, we have chosen the well-known carbazoyl
dicyanobenzene-based TADF emitter 4CzIPN (Figure 2B
and C) as the triplet sensitizer. In addition to OLED
applications,®™ 4CzIPN has been successfully employed in
energy transfer catalysis!®®*! and TTA-UC schemes.*"*>*"]
Its high triplet energy (2.72 eV in cyclohexane), high triplet
formation yield (about 70%)®® and strong absorptivity in
the blue make it ideal for our blue light-driven upconversion
system.”” For solubility reasons, toluene was used as co-
solvent (10 vol. %), which does not negatively affect the
pertinent properties of our photoactive compounds (see
ref. [50] and Figures S6/S14). The combined key properties
of both 4CzIPN and bTIPS-Bz are summarized in Figur-
es2B and C. Transient absorption (TA) and emission
spectroscopy using laser flash photolysis (LFP) were
performed with a 355 nm laser (&5 ns pulse duration) to
investigate the upconversion system in detail. The initial
energy transfer from *4CzIPN to bTIPS-Bz proceeds with a
quenching rate constant of kppr=62x10"M"'s™" (Fig-
ure 3A), which is not only in line with the rather small
triplet energy difference between *bTIPS-Bz and *4CzIPN
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Figure 3. Mechanistic LFP experiments with 355 nm laser pulses of
a5 ns duration. If not stated otherwise 20 yM 4CzIPN and 10 mM
bTIPS-Bz in Ar-saturated cyclohexane:toluene (9:1) were used.

A) Luminescence quenching experiments of 4CzIPN (detection wave-
length, 477 nm) at different annihilator concentrations. Inset: corre-
sponding Stern—Volmer plot. B) Transient absorption spectra of only
4CzIPN (cyan) recorded 1 ps after the laser pulse and combined with
bTIPS-Bz after 6 s (purple) and oscillator strength of *bTIPS-Bz
computed by TD-DFT. Inset: Computed spin density of the triplet state
of bTIPS-Bz with ., oer of the predicted main absorption bands.

C) Normalized time-gated (delay, 6 ps; integration over 500 ps)
emission spectra of the complete upconversion system (pink), only
4CzIPN (cyan), and only bTIPS-Bz (dark blue). Inset: Time-resolved
upconversion emission plotted logarithmically at different sensitizer
concentrations under pulsed excitation at 445 nm. D) Time-resolved
emission (319 nm) and transient absorption (342 nm) traces upon
excitation of the UC system. The asterisk marks laser stray light.
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but also sufficiently rapid for efficient quenching (> 85 %) of
*4CzIPN at moderate concentrations (>9 mM). In contrast,
no quenching of the other TIPS-ethynyl substituted ben-
zenes—TIPS-Bz and tTIPS-Bz—was observed, highlighting
the unique photochemical properties of bTIPS-Bz. Further
TA measurements were carried out to monitor the quench-
ing product. The *4CzIPN quenching by bTIPS-Bz gave rise
to a TA spectrum with a pronounced absorption band
peaking at 348 nm (purple spectrum in Figure 3B) that
completely returns to baseline (Figure S18) with wave-
length-independent kinetics and a much longer lifetime
(=120 ps) compared to *4CzIPN alone (7.9 ps, see Fig-
ure S12 and corresponding discussion for further explana-
tions). TD-DFT calculations on ‘bTIPS-Bz predict an
intense absorption peak at 360 nm matching our experi-
ments well (see calculated transitions in Figure 3B and
Section S3 of the Supporting Information for details). We,
therefore, assign the spectrum displayed in Figure 3B
(purple) to *bTIPS-Bz generated through triplet-triplet
energy transfer TTET.

Having established sensitized annihilator triplet forma-
tion, we next examined the TTA step. Three solutions
containing either bTIPS-Bz, 4CzIPN, or both in combina-
tion were prepared and investigated using time-gated
emission spectroscopy. The detection window after 355 nm
excitation was selected such that direct sensitizer and
annihilator emission can be excluded. Out of the three
solutions, only that with 4CzIPN and bTIPS-Bz shows the
expected singlet emission in the UV (Figure 3C) providing
evidence for delayed annihilator emission, which has to be a
result of TTA. The similar triplet energies imply the
possibility of back-energy transfer in the triplet manifold.
Kinetic emission traces monitoring delayed 'bTIPS-Bz*
emission at 350 nm with increasing sensitizer concentration
confirm a back-TTET (Figure 3C, inset), as indicated by the
delayed emission lifetime decrease.”*®*! Moreover, we
observed that the triplet lifetime of *bTIPS-Bz correlates
with the weak elongated 4CzIPN emission from back-TTET
(Figure S13), and we attribute the remaining spectral
emission of 4CzIPN in Figure 3C to this energy transfer
equilibrium %!

More direct evidence for the UV emission originating
from TTA-UC is given in Figure 3D. Kinetic traces simulta-
neously monitoring *bTIPS-Bz (absorption at 342 nm) and
'bTIPS-Bz* (emission at 319 nm) show that both reach a
maximum at =6 ps. Owing to the bimolecular nature of the
annihilation process, the rise and fall of the singlet emission
intensity are in a quadratic relation to the triplet concen-
tration [*bTIPS-Bz], resulting in the characteristic behavior
displayed in Figure 3D.’Y) We then characterized the
efficiency of this novel blue-to-UVB TTA-UC scheme with
two blue diode-based cw lasers at either 447 nm or 445 nm
(see Supporting Information for detailed descriptions of
both setups). We found that a sensitizer concentration of
44 um gave a good compromise between the overall
quantum yield and the threshold intensity /. Although
higher sensitizer concentrations are regarded to be benefi-
cial for lowering 7, i.e., for achieving high quantum yields
at low light intensities, we found a higher ;, at 88 um (see
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Figure S7). This observation is most likely a result of back-
TTET with sensitizer ground state molecules as an addi-
tional deactivation pathway of the annihilator triplet.

The main plot in Figure 4A collates the upconverted
emission with increasing laser intensity (10-800 mW) peak-
ing at 318 nm with intense emission in the UVB region. The
higher annihilator concentration causes filter effects of the
annihilator emission in its absorption-emission overlap
region (compare spectra in Figures 2C and 4A), thereby
shifting the apparent emission maximum. However, the
absorption of the 'bTIPS-Bz*-emitted photons by additives
in solution could occur below 310 nm—it would simply
compete with annihilator self-absorption. Using the ob-
served UC emission maximum in combination with the
absorption maximum of 4CzIPN (435 nm), the anti-Stokes
shift amounts to 1.04 eV."! A frequently employed but less
conservative anti-Stokes shift determination would yield a
value as high as 1.24 eV, taking the excitation wavelength
(447 nm) and the bTIPS-Bz emission peak in the absence of
inner filter effects (309 nm). Regardless of the actual
method, the anti-Stokes shift of our system is among the
largest reported so far for visible light-driven UC
schemes.[72.82.’~)37100]

Figures 4B and C focus on power-dependent UC meas-
urements. The achievable upconversion quantum yields ®@y¢
at the highest laser intensities amount to values close to 1 %
(with a theoretical maximum of 50 %) using both 447 nm
and 445 nm excitation. A rather low I, of 471 mWcm ™2 was
determined (using the 445nm setup with higher beam
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Figure 4. Photon upconversion studies with deoxygenated solutions
containing 44 or 88 pM 4CzIPN and 10 mM bTIPS-Bz in cyclohexane:
toluene (9:1) using a cw laser for excitation at 447 nm or 445 nm.

A) Power-dependent spectra of the normalized upconverted emission.
Inset: Photostability measurement at different sensitizer concentrations
at a cw laser power of 471 mW cm 2. B) External upconversion
quantum yield, @, plotted against the laser power (with 44 pM
4CzIPN). C) Normalized UC emission plotted against the laser power
on a double-logarithmic scale (with 44 uM 4CzIPN). The threshold
intensity I, was determined from the crossing point. See Supporting
Information for details.

Angew. Chem. Int. Ed. 2023, 62, 202215340 (4 of 8)

Research Articles

Angewandte

intemationalditlony Chermie

quality), enabling decent UC efficiencies already with
commercially available blue LEDs (Figure S15). Moreover,
irradiating the UC system at the threshold intensity shows
only minor degradation over one hour (Figure 4A, inset).
Higher sensitizer concentrations (88 um) seem to be benefi-
cial for the photostability of this system. A more systematic
understanding of the factors governing efficient upconver-
sion into the UV region seems to be required, considering
the typically poor performance parameters of most known
Vis-to-UV UC systems.* ™™ The most straightforward
future strategies for developing Vis-to-UVB UC systems
with higher overall quantum yields are to increase the
anninilator emission quantum yield (48%) by up to a factor
of two and to avoid back-TTET with sensitizers possessing
higher tripler energies that could also result in UC systems
operating at lower annihilator concentrations (i.e., with less
pronounced filter effects). Nevertheless, the promising
efficiency and long-term stability led us to speculate that our
unprecedented UC system with pronounced UVB emission
could perhaps drive energy-demanding reactions that usually
require high-energy UVB light sources, either with the
singlet-excited annihilator as reacting key species or via an
emission-reabsorption sequence.!'””

We proposed that the high singlet-excited state energy
of bTIPS-Bz could be exploited for a subsequent FRET
activation of relatively inert substances (Figure SA) with a
rich UV photochemistry. UC-FRET reaction sequences
have been suggested with less energetic excited states of the
energy acceptor that would be accessible with efficient
LEDs 1%l but in our high-energy case, such an alter-
native does not exist. For our study, we chose pinacolone
(PC) and acetone (AC)—both absorb only below 320 nm
and thus usually require harmful UVB light sources for
excitation. Figure 5B visualizes the spectral overlap between
the bTIPS-Bz emission and the absorption of the carbonyl
compounds. Although the molar absorption coefficients of
such aliphatic carbonyls are rather low due to the symmetry-
forbidden nature of the nn* transitions, the pronounced
spectral overlap suggests that non-radiative energy transfer
via the FRET mechanism is still feasible, whose efficiency
linearly depends on the spectral overlap integrals.'™ NMR-
scale and mechanistic LFP experiments were conducted to
monitor the UC-FRET sequence. Figure SE shows kinetic
traces of the bTIPS-Bz emission at 318 nm with increasing
PC and AC concentrations. While the formation and decay
rates of the singlet emission signals are essentially unaf-
fected by the addition of the carbonyl compound, the overall
emission intensity is reduced drastically. This contrasts
strongly with time-resolved measurements of the bTIPS-Bz
triplet state where no change with the addition of PC or AC
(neither in concentration nor in lifetime) is observed (Fig-
ure S8). Thus, the initial amount of 'bTIPS-Bz* produced
via annihilation has to be unaffected by the addition of the
carbonyls and we conclude that the attenuated UC emission
signal must originate from direct excited-singlet state
quenching!®! (most likely via FRET) or reabsorption effects.
An estimation of the latter, i.e., reabsorbed photons by the
carbonyls through radiative energy transfer, revealed that
non-radiative excited state quenching is the main pathway at
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Figure 5. A) Upconversion mechanism and subsequent FRET sensitization of pinacolone resulting in a Norrish type | reaction and formation of
isobutylene. B) Absorption spectra (solid line) of pinacolone (dark red), acetone (green), and normalized emission (dotted line) of bTIPS-Bz in
cyclohexane with the spectral overlap being highlighted. Inset: Stern—Volmer plot corresponding to quenching of upconverted bTIPS-Bz emission
by the carbonyl compounds. C) NMR scale experiment of 100 pM 4CzIPN, 10 mM bTIPS-Bz, and 100 mM pinacolone in Ar-saturated cyclohexane:
toluene (9:1) with control experiments before and after 30 min irradiation at 447 nm with 1.1 W. Shown are the "H NMR signals of isobutylene as a
stable product of the UC-FRET-driven Norrish reaction. D) Comparison of FRET efficiencies between pinacolone and acetone. E) and F)
Mechanistic LFP experiments with 355 nm laser pulses of 10 ns duration of 20 yM 4CzIPN and 10 mM bTIPS-Bz in Ar-saturated cyclohexane:
toluene (9:1) with different concentrations of pinacolone and acetone used for the Stern-Volmer plots in the inset of panel B). E) Time-resolved
emission at 318 nm. F) Normalized time-gated (delay, 6 ps; integration over 500 ps) emission spectra.

our detection wavelength used in Figure SE (see Supporting
Information Section S6). Further time-gated spectra of the
UV emission yielded a very similar decrease in intensity
(Figure 5F). Moreover, the signal intensity in the region
above 330 nm (where the carbonyls do not absorb) is almost
equally reduced compared to the emission peak (318 nm)
(Figure S9). All these findings are in perfect accordance
with a FRET process between 'bTIPS-Bz* and the carbonyls
being the main quenching mechanism of the upconverted
emission. Similar quenching experiments were also per-
formed with a cw laser (447 nm) to demonstrate the
feasibility of this energy transfer sequence with a non-pulsed
visible light source (Figure S10). Next, we investigated the
energy transfer efficiency in detail. In principle FRET is still
feasible at larger molecular distances (up to 100 nm), mean-
ing that the energy transfer rate can exceed the classical
diffusion limit for collision-induced quenching. As a result
of the low molar absorption coefficients of the carbonyls, we
pre-calculated rather small Forster distances of 0.7 nm and
0.8nm for AC and PC (Section S1.8 of the Supporting
Information), suggesting that the quenching constant will be
close to or slightly higher than the diffusion-controlled rate
constant in cyclohexane (kgz=6.7x10° M 's™).l% The
'HbTIPS-Bz* emission intensity from either kinetic measure-
ments (filled circle, raw data from Figure SE) or time-gated
spectra (open circle, raw data from Figure 5F) are plotted
against the carbonyl concentration in a Stern—Volmer graph

Angew. Chem. Int. Ed. 2023, 62, 202215340 (5 of 8)

(Figure 5B, inset). Conventional Stern-Volmer analyses
gave quenching constants kpgpr of 5.0x10°M™'s™ for AC
and 1.0x 10" m~'s™" for PC, respectively (Figure SD). Direct
fluorescence lifetime quenching experiments upon UVB
excitation of bTIPS-Bz with different acetone concentra-
tions gave a similar result (kprpr=6.4x10°M~'s™!, see Fig-
ure S11 and corresponding discussion in the Supporting
Information). The ratios of the energy transfer rate con-
stants and the corresponding spectral overlap integrals Jpc
and J,¢ are practically identical, providing further evidence
for the novel blue-to-UVB UC-FRET reaction sequence.
Efficient photoredox reactions between the high-energy
annihilator singlet and the carbonyl compounds or the
sensitizer itself can be excluded as we could not detect any
signatures of radical ions (Figures S8 and S18 in the
Supporting Information).

The diverse photochemistry of carbonyl compounds is
well described in the literature.">*®) Acetone almost
quantitatively produces a highly energetic triplet state
(triplet energy, ~3.5eV) upon direct excitation, which
explains its dual use as solvent and sensitizer in conventional
UVB photoreactions. Monitoring the acetone triplet pro-
duced via UC-FRET by spectroscopic methods is very
challenging owing to its rather slow formation and the
relatively high concentrations of potential triplet energy
acceptors in our system. However, pinacolone undergoes
efficient Norrish type I fragmentation generating a more
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stabilized carbon-centered radical (Figure SA)!"*! compared
to that formed by acetone. This isobutyl radical is hard to
track spectroscopically, but isobutylene as its stable dispro-
portionation product!"”! (Figure 5A) is sufficiently soluble in
our mixture and possesses a characteristic 'HNMR
spectrum.'®! We, therefore, performed several NMR-scale
irradiation experiments with PC. Irradiating the whole UC
system together with 100 mm PC using our cw laser
(447 nm) for 30 min resulted in the formation of new peaks
in the NMR spectrum that unambiguously correspond to
isobutylene (Figure 5C, see Section S8.2 for details). Control
experiments with either annihilator or sensitizer missing did
not show any evidence for product generation. To demon-
strate that this high-energy Norrish chemistry is also viable
with commercial blue LEDs, the same irradiation experi-
ment was carried out with two blue LEDs (440 nm). Similar
amounts of isobutylene were detected (Figure S29), confirm-
ing the promising performance parameters and the potential
of our UC system for future lab-scale applications without
UVB lamps.

Finally, we turned to the substrate dibenzyl ketone,
which is known to undergo efficient Norrish fragmentation
under UV photolysis (1<325nm) and subsequent C—C
bond formation of the resulting radicals.! The coupling
product dibenzyl has been observed clearly employing our
UC-FRET strategy with blue LEDs (Figures S31-S33). This
coupling reaction under mercury-free and very mild con-
ditions highlights that more synthetically useful photoreac-
tions are generally feasible employing our new approach.

Conclusion

In summary, we have demonstrated that UVB emitters can
be incorporated in blue light-driven upconversion schemes.
Reaching the UVB region with blue input photons for the
first time is certainly beyond a pushing-the-limits study
because this technology enables unreported substrate and
solvent activation strategies that cannot be carried out with
efficient and sustainable light sources in a direct manner.
Our mechanistic investigations provide unambiguous evi-
dence for a hitherto unreported blue-to-UVB UC-FRET
sequence expanding the applicability of upconversion for
driving challenging chemical reactions. These key findings
pave the way for exploiting the full potential of this
attractive two-photon mechanism in light-driven bond
activation. The incorporation of such high-energy upconver-
sion systems in solid or gel-like environments for large-scale
applications might represent the next challenge and even
LED-driven UVA-to-UVC upconversion systems, which
have the potential to replace mercury lamps completely,
seem to be within reach based on our results. The latter
would require further efforts in developing both novel
annihilators and energy-matched sensitizers that are highly
photostable. For that, a deeper understanding of
TTA!%12 s required, and regarding sensitizer develop-
ment, the upconversion community will strongly benefit
from the recent progress in Dexter energy transfer
Catalysis.[lﬂ).ll}llﬁ]
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3.3 Insights into properties of triplet excited ligand-centered states in heterolep-
tic platinum(II) complexes

This section presents:

Cyclometalated Spirobifluorene Imidazolydiene Platinum(II) Complexes with Pre-
dominant *L.C Emissive Character and High Photoluminescence Quantum Yields
Tim Riesebeck, Maria-Sophie Bertrams, Sergej Stipurin, Kai Konowski, Christoph Kerzig,
Thomas Strassner, Inorg. Chem., 2022, 61, 15499-15509.

In this last section, the excited triplet states of two heteroleptic platinum(Il) complexes
are characterized in different solvents and in a PMMA matrix with a special focus on
the lifetimes, reactivities and excited state energies. One of the ligands was designed
to achieve a high AF between the ground and the excited state to generate blue pho-
tons (~2.8eV).[L22] This ligand consists of an imidazole unit covalently linked to a
spirobifluorene, thereby providing two cyclometallating carbenes (C”C*py,,—NHC lig-
and, structure in Figure left part). Spirobifluorene motifs are known for their large
HOMO-LUMO gap providing the prerequisites for a high Et in the complex. The two
heteroleptic complexes differ in the choice of the second bidentate ligand, which is ei-
ther an acetylacetonate ligand or a mesitylene substituted derivative.

spirobifluorene O Q 3LC ci\s
O’% R SP(I)] s{ O-Cle ©M//
X /O
52

trans

IP(IN)] 5
" zj;j [PL(I)] OO0 o>

Figure 35: Structures of the Pt(I) complexes, featuring the C/\C*SpirO—NHC ligand and the
secdond acetylacetonate derived ligand on the left part of the figure. The right part is a schematic
illustration of the investigated energy transfer reactivity of the 3LC excited state, which was
explored by sesnitizing p-terphenyl or a cis/trans ismoerization.

hv,1SC

Transient absorption and emission spectroscopy combined with DFT calculations re-
vealed a triplet nature of the purely ligand-centered excited state ('LC), located on the
CAC*SpirO—NHC ligand. Time-resolved measurements resulted in lifetimes around 30 ps
for both complexes. Spectroscopic data and DFT results reveal a minor influence of the
acetylacetonate (-derived) ligand on the excited state. Opposite to that, in previous stud-
ies on platinum(Il) complexes lacking the spirobifluorene motive on the NHC ligand,
the excited state was partially located on the acetylacetonato ligand and its substitution
(methyl, mesityl or duryl) allowed to modify the excited state properties.[247248]
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The long-lived triplet of both complexes was employed as sensitizer for TTET to p-
terphenyl, which has a known triplet energy (2.5eV at 77 K)E82%21 gpectrum of the
triplet excited state!!*2%! The nearly identical krrgr (~2 x 108 M~ s7!) for the quench-
ing of both *Pt(I) complexes with p-terphenyl, a cis/trans-isomerization reaction, to-
gether with 77 K emission measurements resulted in almost identical triplet energy
(E1 ~ 2.5eV) for both complexes (Figure {35} right part).

These findings confirm the minor influence of the acetylactonato (derived) ligand on the
excited state, which is in line with the DFT calculations. Their blue-turquoise-colored
emission makes both complexes suitable candidates for blue-turquoise OLED applica-
tions.

Reprinted with permission from T. Riesebeck, M.-S. Bertrams, S. Stipurin, K. Konowski,
C. Kerzig, T. Strassner, Inorg. Chem. 2022, 61, 39, 15499-15509. Copyright 2022
American Chemical Society.

The reference is attached in the following pages and can be cited corresponding to ref-
erencel|172] and the supporting information can be found in Section

Author contributions: M.-S. Bertrams performed the optical spectroscopy measurements,
which include the ¢, excited state kinetic measurements, TA and emission spectroscopy

(see publication Figure 6), energy transfer to p-terphenyl, and wrote the corresponding

section of the publication. The SI provides the corresponding experiments for the sec-

ond Pt-complex as well as the cis/frans-isomerization experiments performed and writ-

ten by M.-S. Bertrams. This contribution was supervised and reviewed by C. Kerzig.

Synthesis, UV Vis spectroscopy and DFT calculations were performed by T. Riesebeck,

who also wrote the corresponding parts in the main publication and SI and for the X-

ray data. T. Risebeck was supervised by T. Strassner. S. Stipurin and K. Konowski

performed and analyzed X-ray diffractometry measurements.
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ABSTRACT: Two novel bidentate CAC*;, cyclometalated
platinum(II) complexes comprising a spiro-conjugated bifluorene
ligand and different f-diketonate auxiliary ligands are synthesized
and characterized. Their preparation employs a robust and
elaborate synthetic protocol commencing with an N-heterocyclic
carbene precursor. Structural characterization by means of NMR
techniques and solid-state structures validate the proposed and
herein presented molecular scaffolds. Photophysical studies,
including laser flash photolysis methods, reveal an almost
exclusively ligand-centered triplet state, governed by the
CAC*io—NHC ligand. The high triplet energies and the long
triplet lifetimes in the order of 30 us in solution make the
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complexes good candidates for light-emitting diode-driven photocatalysis, as initial energy transfer experiments reveal. In-depth
time-dependent density functional theory investigations are in excellent accordance with our spectroscopic findings. The title
compounds are highly emissive in the bluish-green color region with quantum yields of up to 87% in solid-state measurements.

H INTRODUCTION

Currently, luminescent metal complexes are the subject of
intensified research efforts as materials for optoelectronic
devices. Such metal complexes typically possess high emission
quantum yields and sufficiently long-lived excited states due to
heavy metal atom-induced intersystem crossing processes.
Chemists can modify the structural design and thus rigorously
tweak their photophysical properties. This qualifies these
materials for application in organic light-emitting diodes
(OLEDS)]_15 and other technologies, for example, chemo-
and oxygen sensors."*™>* Novel technologies of this kind
represent an imperative contribution of the scientific
community to make climate change a success story since
energy consumption can be drastically lowered utilizing (opto-
)electronic devices based on (metal-)organic compounds.
Recently, purely organic emitters based on spiro-conjugated
donor—acceptor systems demonstrated excellent emissive
properties, especially in the urgently sought-after blue-color
spectrum. Organic spiro-conjugated emitters exploit small
singlet—triplet energy gaps which permit reverse intersystem
crossing (RISC) leading to a luminescence mechanism called
thermally activated delayed fluorescence (TADF).**™*° State-
of-the-art TADF OLED emitters have proven to be at least as
compatible as established phosphorescent OLED (PhOLED)
emitters. However, long delayed fluorescence lifetimes due to
slow RISC events render efficiency and long-term stability at
© 2022 The Authors. Published by

American Chemical Society
15499

~7 ACS Publications

higher brightness problematic.>’*> To address this issue,
scientists rationalized the use of metal-based TADF emitters
which eventually show decreased lifetimes of excited states
because of increased spin—orbit coupling (SOC).>*~*" Next to
widely explored Ir(Ill) complexes,"** square-planar Pt(II)
complexes have drawn significant attention onto their
capability to act as promising phosphorescent emitters in
OLEDs due to large SOC and fast radiative transitions which
affords quantum efficiencies of up to 100% for electro-
luminescence.”® A smaller ligand sphere of square-planar Pt(1I)
complexes compared to that of Ir(IIl) complexes renders
Pt(II) complexes more suitable for vacuum deposition
techniques with respect to device fabrication.** Bidentate
square-planar Pt(II) complexes were successfully synthesized
by multiple research groups and showcased impressive
luminescent properties.* =" Tackling the issue of establishing
stable blue phosphorescent emitters, molecular design
strategies have comprised strong-field bidentate cyclometalated
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Figure 1. Reaction conditions for the synthesis of ligand precursors and Pt(II) complexes. (i) Imidazole, K,CO3, cat. Cul, DMF, 160 °C. (ii) Mel,
THE, 90 °C. (iii) Ag,O, rt. (iv) Pt(COD)CL,, rt to 115 °C. (v) Sodium acetylacetonate, SO °C or 1,3-bis(2,4,6-trimethylphenyl)propane-1,3-dione,

potassium tert-butoxide, 50 °C.

N-heterocyclic carbene ligands (NHC),"*¢ thereby avoiding
population of thermal deactivation through energetically low-
lying metal-centered (MC) d—d states which form a significant
non-radiative decay channel.® Typically, the population of d—d
states is concomitant with severe geometrical distortions. Since
most of the literature-known phosphorescent Pt(II) complexes
demonstrate mixed-ligand-centered (LC) z—z* and metal-to-
ligand charge transfer character (MLCT), the population of
d—d states poses a problem for the design of blue
phosphorescent bidentate cyclometalated CAC* imidazolyli-
dene Pt(II) complexes.”” As a consequence, research efforts
focused on tridentate®> ™ and tetradentate***>**~* phos-
phorescent metal complexes with the aim to increase the
rigidity of the ligand sphere of such complexes and prevent
deformations in the excited state. Alternatively, employing
ligands possessing large LC 7—n* energy gaps and strong o-
donating NHC ligands could effectlvely avoid the population
of undesired MC d—d states as well>> On the other hand,
fabrication of OLEDs consists of multiple layers which ideally
provide efficient electron and hole transport, while the main
emitting molecule remains embedded in a host matrix.’ The
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) level of these materials
generally has to match certain requirements depending on the
properties of the emitter. Energy transfer from the phosphor to
the triplet state of the host leads to efficiency loss. Therefore,
the host material should have a higher triplet energy E; than
the phosphor which it accommodates.® In particular, reports of
efficient host materials for blue phosphors remain scarce.
However, some researchers reported potential host materials
with suitable Ex (~3.0 eV) for blue emitters. Their reported
molecular design has repeatedly been reported to consist of
spirobifluorene and sglroxanthene units displaying large
HOMO-LUMO gaps.” " Due to their large band gaps,
such spiro-conjugated molecules could also act as excellent
ligands for the design of blue phosphorescent emitters.
Phosphorescent metal complexes which bear such inherent
electron-donating (or hole-transporting) functional groups
have been referred to as bipolar phosphors.®””® Steric
bulkiness defined by the orthogonal spiro center can effectively
suppress undesired intermolecular stacking (7—7 or Pt—Pt
interactions) which diminishes photophysical efficiency. In this
context, van Pee and Catinat patented a tris homoleptic CAN
Ir(IlI) complex based on a spirobifluorene pyrazolyl motif.”*
Related work”> from Yun et al. reported Ir(IIl) based on 9,9-
dimethylfluorene as blue dopants for PhOLEDs. In this work,
we convey the synthesis and photophysical properties of two
novel bidentate cyclometalated CAC*, imidazolylidene
Pt(II) complexes 4a and 4b based on spirobifluorene in an

15500

effort to combine the well-established photophysics of
spirobifluorene with strong-field cyclometalated CAC* NHC
ligands at a platinum center. Transient spectroscopic experi-
ments and time-dependent density functional theory [(TD-
)DFT] calculations were conducted in order to rationalize
their absorbing and emissive photophysical behavior.

B RESULTS AND DISCUSSION

Synthesis. The synthesis of the herein described emitter
commenced from commercially available 2-bromo-9,9’-spirobi-
[9H-fluorene] (1) (compare Figure 1). Ligand-free Ullmann
coupling conditions with imidazole provided the desired
coupling product 2 with 48% yield after removal of the
solvent and subsequent column chromatography with a
mixture of dichloromethane (DCM) and 5% of methanol.
Subsequent methylation of the imine nitrogen atom of the
imidazole moiety with excess iodomethane yielded the
respective imidazolium salt 3 in high yield (95%). With this
precursor in hand, the syntheses of platinum complexes 4a and
4b were carried out in accordance with previous protocols,
developed in our laboratories.* Imidazolium salt 3 reacted with
silver(I) oxide, resulting in its silver(I)carbene complex.
Transmetalation with Pt(COD)Cl, and subsequent cyclo-
metalation at elevated temperature furnished the CAC*-
platinum intermediate which was either treated with sodium
acetylacetonate without prior deprotonation to afford 4a or
with 1,3-bis(2,4,6-trimethylphenyl)propane-1,3-dione and a
base to afford 4b.

Structural Characterization. All compounds were ana-
lyzed by 'H NMR, “C NMR, electrospray ionization-high-
resolution mass spectrometry, and elemental analysis.
Furthermore, the obtained Pt complexes were analyzed using
*Pt-NMR and 2D-NMR techniques to facilitate the assign-
ment of relevant signals (Figures S1—S20). The proton
spectrum of 2 indicated that the NCHN signal appears as a
singlet which is covered by further aromatic signals in the area
between 8.5 and 8.3 ppm. The Cgy, is clearly observable at 65
ppm in the *C spectrum of 2 and for the precursor 3. The
NCHN signal, however, is clearly shifted down-field to 9.5
ppm, which is comparable to that of structurally related
motifs.** Successful formation of the carbene—metal bond of 3
with respect to the Pt complexes 4a and 4b is confirmed by
disappearance of the previously observed NCHN signal in the
proton NMR of 3. Singlets at —3324 and —3336 ppm in the
Pt NMR of 4a and 4b and the typical '"H—'"Pt hetero-
coupling in the proton spectra indicate the formation of the
desired complexes.

https://doi.org/10.1021/acs.inorgchem.2c02141

Inorg. Chem. 2022, 61, 15499~ 155[951
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Solid-state structures could be measured for 4a and 4b.
Single crystals were grown by slow diffusion of n-heptane into
a concentrated solution of the Pt complexes in DCM. The
acetylacetonate containing Pt complex 4a crystallizes in the
triclinic crystal system with an assigned P1 space group,
whereas 4b prefers to crystallize in a monoclinic P2,/n system.
A Pt(1)—C(1) bond length of 1.946 A is measured in Pt
complex 4a and 1.944 A in complex 4b (see Figures 2 and 3).

Figure 2. Depiction of the solid-state structure of compound 4a.
Thermal ellipsoids at 50% probability. Selected bond lengths [A] and
angles [°] for 4a: Pt(1)—C(1) 1.946(3), Pt(1)—C(3) 1.983 (5),
Pt(1)—0(1) 2.090(3), Pt(1)—O(2) 2.046(2), C(5)—C(6) 1.352(8),
C(1)=Pt(1)-C(3) 79.7(1), O(1)=Pt(1)-0(2) 90.0(1), O(1)—
Pt(1)—C(1)-N(1) 7.8(4), C(1)-N(2)—C(2)—C(3) —0.7(4), and
C(10)—C(9)—C(23)—C(11) 56.1(1).

Figure 3. Depiction of the solid-state structure of compound 4b.
Thermal ellipsoids at 50% probability. Selected bond lengths [A] and
angles [°] for 4b: Pt(1)—C(1) 1.944(2), Pt(1)—C(3) 1.987 (2),
Pt(1)—0(1) 2.094(1), Pt(1)—0(2) 2.050(1), C(5)—C(6) 1.341(3),
C(1)-Pt(1)—C(3) 80.07(8), O(1)—Pt(1)—O(2) 89.45(5), O(1)—
Pt(1)—C(1)-N(1) 6.9(2), C(1)-N(2)-C(2)-C(3) —1.2(2), and
C(10)—C(9)—C(23)—C(11) 49.3(3).

The Pt(1)—C(3) bond in 4a is 1.983 A long, while the same
bond measures 1.987 A in 4b. These values and the Pt—O
bonds are within the same range as those of related structural
motifs.”> The C(5)—C(6) bond measures 1.353 A (1.341 A)
and indicates double bond character in both complexes.
Additionally, selected bond angles and dihedral angles in both
complexes are indicative of a slightly distorted square-planar
coordination geometry around the platinum central atom. For

example, in complex 4a, the C(1)—Pt(1)—O(1) bond angle
measures 79.7° and the O(1)—Pt(1)—O(2) 90.0° and,
respectively, for 4b, 80.07 and 89.45°. The planarity of the
complexes is further confirmed by the dihedral angle between
the two ligands attached to the platinum metal center, O(1)—
Pt(1)—C(1)—N(1) 7.8° for 4a and O(1)—Pt(1)—C(1)—N(1)
6.9° for 4b. The closest Pt—Pt distance observed in the
packing diagram measures 3.458 A for complex 4a. The Pt—Pt
distance in 4b measures 9.150 A (see Figures S21 and $22). In
the solid state, the quasi-orthogonal spirobifluorene forces the
CAC* ligand to overlap with the auxiliary acetylacetonate
ligand which results in a short Pt—Pt distance of only 3.458 A,
which could be indicative of weak Pt—Pt interactions since the
value is slightly below the sum of the van der Waals radii. In
contrast, the bulky mesityl groups of the auxiliary ligand in 4b
and the orthogonally positioned spirobifluorene unit of the
CAC* ligand result in a more distorted solid-state structure and
a large Pt—Pt distance of 9.150 A. Thermogravimetric analysis
was carried out with a heat rate of § K/min and suggested that
4b with the bulky mesityl-substituted $-diketonate ligand leads
to increased thermal stability. Mass loss in 4b can be observed
at temperatures above 300 °C, whereas a mass loss of 5% can
be already observed starting at 150 °C for complex 4a (Figures
$23 and S24).

Basic Photophysics and Characterization of Poly-
(methylmethacrylate) Films. Furthermore, quantum yield,
color coordinates, and emission lifetimes were determined for
the complexes in poly(methylmethacrylate) (PMMA) films.
The absorption measurements were performed in DCM
solutions with an analyte concentration of 5 X 10~ mol-L™
(Figure 4). Both spectra are nearly identical with stronger
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Figure 4. UV/vis absorption spectra of the precursor 3 and its
respective platinum complexes 4a and 4b recorded in DCM solutions
(¢ =5 107° M) in a quartz glass cuvette (4 = 1 cm) at room
temperature.

absorption observed for complex 4b due to its mesityl-
substituted acetylacetonate auxiliary ligand. The first two weak
absorption bands appear close to the UV/vis border at 345—
375 nm. Two additional stronger transitions are observed
between 300 and 325 nm. The absorption band at 325 nm is
more pronounced compared to the transition at 300 nm for

https://doi.org/10.1021/acs.inorgchem.2c02141
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both complexes. The strongest absorption band is observed at
265 nm.

Additionally, the absorption spectrum of ligand 3 was
measured. The transitions at lower wavelengths are in good
accordance with those of the Pt complexes 4a and 4b;
however, the two transitions ranging from 345 to 375 nm
cannot be observed for ligand 3.

The solid-state emission spectra were recorded in PMMA
(for results in solution, see the next section and Supporting
Information) matrices which were prepared prior to the
measurements with 2 wt % emitter load, effectively mimicking
the amorphous environment of PhOLEDs.”* The obtained
emission spectra are depicted in Figure 5. Contrary to our
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Figure S. Emission spectra of complexes 4a and 4b in a PMMA
matrix (2 wt % emitter load) at room temperature. Dashed lines:
emission spectra of 4a and 4b measured at 77 K in a glassy matrix (2-
MeTHEF) with a concentration of $ X 107 M in an argon atmosphere.

expectations, both spectra are virtually identical, almost
solvent-/matrix-independent and they show equal emission
maxima at 478 nm. Two further weaker emission bands are
observed at 515 and 550 nm displaying a profound vibrational
fine structure which suggests a ligand-centered (°LC) z—n*
transition in the emissive state.

Additionally, emission spectra were recorded at 77 K in
proper glassy matrices of 2-methyltetrahydrofuran (2-MeTHF)
in an argon atmosphere. The spectra of both complexes display
identical emissive behavior at low temperature. In comparison
to the room temperature measurements, emission spectra at 77
K only slightly differ. The emission bands are more resolved,
and a small hypsochromic shift of 6 nm can be observed.

Both complexes demonstrate high photoluminescence
quantum yields of 81 and 87%, respectively. Their
Commission internationale de I'éclairage (CIE) coordinates
of (0.218; 0.482) and (0.216; 0.480) render both complexes
bluish-green emitters. The excited-state lifetimes of both
complexes are too long for a conventional time-correlated
single photon counting (TCSPC) setup with laser diodes
pulsed at very high frequencies, which is why these quantities
have been measured using laser flash photolysis (LFP, see
below and the Experimental Section for details). Emission
lifetime measurements in the solid state revealed that the
photo-excited complexes have biexponential decay traces (see
Supporting Information, Figures S26 and S27), which is most

likely due to self-quenching in the PMMA films. At the lowest
laser power employed, 4a has an amplitude-weighted average
excited-state lifetime of 52.1 us and 4b 38.8 us. These
comparatively long decay times also indicate that the effect of
SOC between the metal center and ligand is small which
causes a small zero-field splitting which is a typical feature of
’LC emissive states in metal complexes.” The low non-
radiative decay rates k,, further suggest that the population of
undesired d—d-states and thus molecular distortions are
effectively suppressed. This permits radiative decay which is
reflected in the high quantum yields of both complexes. In
comparison to previous imidazole-based cyclometalated
platinum(II) complexes, the spirobifluorene-substituted com-
plexes presented herein show identical emission independently
of the auxiliary ligand. Previously, the introduction of mesityl-
substituted acetylacetonate ligands leads to a bathochromic
shift of the emission maximum wavelength concomitant with
significant increase in quantum yield.”* This known effect of
the auxiliary ligand is completely shut off for the spirobi-
fluorene-derived Pt(IT) complexes 4a and 4b. This observation
is indicative of a photophysical profile which is predominantly
governed by the novel CAC*,,,,—NHC ligand (Table 1).

Table 1. Photoluminescence Data of 4a and 4b”

[ fem” 7o K/ Ky
(%) (nm) CIE %y (us)  (103s7")  (103-s7)
4 81 478 0218; 52.1 15.5 3.65
0.482
4 87 478 0216; 388 224 335
0.480

“PL in a PMMA matrix (2 wt % emitter load, Ag,. = 305 nm). “PLQY
at room temperature and A, = 305 nm. “Emission wavelength with
maximum intensity at room temperature. 9CIE color coordinates.
“Amplitude-averaged experimental 7, measured upon 355 nm
excitation using 10 ns pulses (7.5 mJ pulse energy). Tk, = ®/z,. Sk,
=(1 - ®)/z,

Time-Resolved Optical Spectroscopy and Applica-
tions in Solution. The excited states of complexes 4a and 4b
were investigated by the LFP monitoring of both transient
absorption (TA) and emission signals upon 35S nm excitation
with laser pulses of ~10 ns duration’® in different environ-
ments (DCM, THF, and PMMA). Additional quenching
experiments with a literature-known triplet energy acceptor (p-
terphenyl”’) allowed us to obtain clear evidence for the triplet
nature of both excited Pt(II) complexes and their high triplet
energies.

Similar to the emission spectra (previous section Figures 5
and S25), the TA spectra of both Pt(II) complexes in THF are
nearly identical considering the shifts and relative intensities of
the absorption (emission) bands. These excited species are
also very long-lived in solution (averaged from three
independent kinetic measurements as displayed in Figure 6:
364 + 1.7 ps for 4a and 31.9 + 0.9 us for 4b), compared to
most of their structural congeners.” In contrast to the
experiments in PMMA films, the kinetic emission traces
obtained for the complexes in solution possess clear first-order
decays. The TA and emission lifetime measurements of Figure
6 allow us to draw two main conclusions: First, both emission
and absorption lifetimes for one complex are essentially
identical, which is a strong indicator for only one excited
species. Second, the similar lifetimes of both complexes further
confirm the minor influence originating from the substituents

https://doi.org/10.1021/acs.inorgchem.2c02141
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Figure 6. Spectra (top) and excited-state decay (bottom) of 4a (red) and 4b (blue), normalized to 1 (4a) or 0.5 (4b) for a clear distinction
between the two complexes. The relative intensities were maintained within the spectra and kinetic traces (for original TA spectra, compare Figures
$32 and S33). Upper panel: TA (left) and emission spectra (right) of 4a (red) and 4b (blue) in deoxygenated THF after 355 nm pulsed laser
excitation. Lower panel: decay traces at selected wavelengths (upper and middle panel for TA, lower panel for emission), with color-coded

monoexponential fitting functions and resulting lifetimes.

of the f-diketonate ligands on the excited state of 4a or 4b (see
also the previous section and spin densities in Figure 10 for 4a
and Figure S37 for 4b). Spectral and kinetic data in PMMA
(Supporting Information Figures S25—527, $32, and S33 and
Table S1) lead to similar results, that is, nearly identical TA
and emission spectra, which can be assigned to one long-lived
excited species in each of the complexes. Consistent with
expectation, the excited-state lifetimes for 4a and 4b are longer
in the solid matrix compared to those in liquid THF (by about
40 and 20%, respectively). However, we regard the kinetic
results obtained in THF as more reliable owing to their clear
first-order decays under our laser excitation conditions. Both
complexes showed pronounced photodecomposition during
the laser measurements in DCM, but these undesired effects
are completely absent in THF, which was confirmed by control
UV/vis measurements before and after the LFP experiments.

The solvent has essentially no effect on the excited-state
properties since emission spectra in DCM, THF, and PMMA
(Figure S25, recorded on the same fluorimeter under identical
conditions, no decomposition throughout the measurement)
do not show any solvatochromic shifts for 4a and 4b. This is
also in line with the lowest excited states being ligand-centered
rather than charge-transfer states.

From the maximum of the emission spectra, the lower limit
for the excited-state energy of 4a and 4b can be estimated with
~2.5 eV, thereby making a triplet—triplet energy transfer
(TTET) to p-terphenyl (triplet energy: Ep = 2.5 eV)”’
thermodynamically feasible.”””® This TTET from >[4a] to p-
terphenyl was observed spectroscopically (Figure 7 for 4a and
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Figure 7. Reaction scheme of TTET from 3[4a] to p-terphenyl. TA
spectra of *[4a] (red trace, time delay 20 ns) and *p-terphenyl after
TTET (green trace, time delay 16 ys). Inset: emission decay of *[4a]
with 1 mM p-terphenyl (red trace) and corresponding *p-terphenyl
formation (green trace). The boxes indicate the delay time for the
detection of the *p-terphenyl spectrum.

Figure S30 for 4b): The emission lifetime decreases
(compared to the lifetime without the quencher present,
Figure 6), and a new absorption signal arises within the same
timeframe (inset Figure 7). The TA spectrum of the newly
formed species can be unambiguously assigned to p-

https://doi.org/10.1021/acs.inorgchem.2c02141
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terphenyl.”””**® The TTET rate constants with p-terphenyl as

the energy acceptor were estimated from Stern—Volmer
analyses, and they are essentially identical for both complexes
(~2 x 10® M~ s71). Hence, steric effects of the different -
diketonate auxiliary ligands do not significantly affect the
donor—acceptor orbital overlap, further confirming the very
similar excited-state character of both compounds with mainly
CAC* o~ NHC-localized triplets (see also DFT calculations
below).

—— 4a Experimental r1.0
—— 4a Calculated/B3LYP
1.04
0.8
0.8
£
w o
° Los $
N 0.6 @
T =
S
£ 2
204 o4
. @
o
0.2 4 0.2
0.0 T 0.0
250 300 350 400 450

wavelength / nm

Figure 8. Comparison of the experimental (blue) and calculated (red,
0.333 eV half-width) absorbance spectrum of 4a. Transitions are
represented by oscillator strengths (black) as obtained from the
calculations.

The high triplet energy of both complexes was further
confirmed in an LED (370 nm)-driven irradiation reaction
using 4a or 4b as the photocatalyst for the cis—trans
isomerization of methyl cinnamate (Figure S31 and Table
S2), which is known to proceed via TTET.%*"**

In the photostationary state, the cis—trans ratio is close to
1:1; therefore, the Er of 4a and 4b seems to surpass that of
both cinnamate isomers (i.e,, amounts to >2.4 eV’’), resulting
in similar rates for the cis-to-trans and the trans-to-cis
conversion via energy transfer.”****> These initill NMR-
scale irradiation experiments in DCM gave turnover numbers
for both photosensitizers in the order of 40. These results are
quite promising considering the much lower photostability of
the complexes in this solvent compared to THF (see above).
The LFP and NMR-scale energy transfer experiments of this
section indicate that the novel Pt complexes might as well be
employed as photosensitizers for energy transfer photo-
catalysis.** ™%

Quantum Chemical Calculations. DFT and TD-DFT
calculations were carried out in order to provide a more
profound understanding of the photophysical behavior of both
Pt complexes presented herein.

For this purpose, the Gaussian16 program package as
utilized. The calculations were carried out using the hybrid
functionals B3LYP’"~** and PBE0”*° together with the triple-
zeta 6-311G*"7" basis set and dispersion correction
(D3B)).'°%'%" Additionally, Pt was described by a
LANL2DZ'?7'% effective core potential. The combination
of PBE0/6-311G* yielded slightly but not significantly better
results for the bond lengths and angles when compared with
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Figure 9. NTO analysis (isoval: MO = 0.04) of complex 4a for the
transitions (a—e) labeled in Figure 8.

the experimentally measured solid-state structure. However,
based on comparison with the experimental absorbance
spectra, the combination of B3LYP/6-311G* afforded slightly
better results than PBEO. The frontier molecular orbitals of 4a
and 4b are given in Figures S34 and S35 and the excited-state
spin densities in Figures S36 and S37.

To gain deeper insights into the absorption processes of
both Pt complexes, (TD-)DFT calculations of the ground-state
structure of 4a were carried out in DCM to simulate the
absorbance spectrum and attribute orbital transitions to the
experimentally observed absorption bands. Figure 8 compares
the experimentally obtained spectrum with the simulated
spectrum (see Figure S38 for 4b). Of the first two low-energy
bands at 350 and 360 nm, only the one at 350 nm is resolved
in good correspondence. The remaining higher-energy bands
are represented well by transitions b and c. The broadest and
most intense absorbance band at 260 nm can be described by
strongest transitions d and e which are red-shifted by
approximately 20 nm in the simulated spectrum.

For better visualization, the corresponding natural transition
orbitals (NTOs) were calculated (Figures 9 and S39 for 4b).

https://doi.org/10.1021/acs.inorgchem.2c02141
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HOMO

Figure 10. Calculated frontier molecular orbitals for the ground state (left and center, isoval: MO

LUMO

spin density

0.03) and spin density for the

thermodynamically favored excited state (right, isoval: density = 0.002) for complex 4a.

Transition a is assigned to the low-energy band at 350 nm
which is mainly a result of a charge transfer which takes places
from orbitals located on the cyclometalated ligand with metal
contribution to orbitals which are also located on the CAC*
ligand. Therefore, this transition can be defined as an
intraligand charge transfer (ILCT) mixed with a metal to
ligand charge transfer (MLCT).

Transitions b and ¢ are mainly characterized by charge
transfers from orbitals which are located all over the in-plane
conjugated parts of the complex, while the perpendicular
fluorene unit connected with the spiro-C atom does not
participate in these charge transfer processes. The opposite is
observed for transitions d and e. Here, charge transfer occurs
from the perpendicularly arranged fluorene unit to the
cyclometalated part of the ligand (ILCT) alongside the
contribution of the metal center (MLCT). Almost exclusive
ILCT is observed for transition e. All transitions seem to be
little influenced by the auxiliary acetylacetonate ligand. The
emissive process was modeled by plotting the frontier
molecular orbitals of the ground state and the spin density
of the excited triplet state (Figure 10 for 4a and Figures S35
and S37 for 4b). The HOMO is distributed over the CAC*
ligand and the metal with little electron density remaining on
the perpendicular fluorene motif. The LUMO is spread over
the entire molecule except for the perpendicularly connected
fluorene unit. The spin density in the emissive state is solely
located on the cyclometalated ligand and the metal. Exactly the
same spin density distribution is observed for complex 4b.
Consequently, the emissive state can be ascribed as an *LCcacs
(ligand-centered) state with little contribution of the metal
center. The auxiliary ligand plays no role in the emissive
process which explains why equal photophysical data is
obtained for both complexes (vide supra).

B CONCLUSIONS

Two novel phosphorescent CAC* cyclometalated Pt(II)
complexes with an adjacent spirobifluorene motif were
synthesized, characterized, and reported in this paper. Both
complexes feature high quantum yields of up to 87% and
showcase identical photophysical properties which is a result of
a pronounced *LCcac+ state, effectively avoiding the
population of undesired d—d states and thereto related
molecular distortions. TA measurements of both complexes
further indicate that the dominant emissive process in both
complexes originates from a long-lived ligand-centered triplet
state with a high triplet energy of about 2.5 eV. Additional
energy transfer experiments with p-terphenyl and a cinnamate
as the olefinic substrate provide further experimental evidence
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of the triplet character of the emissive species. DFT and TD-
DFT calculations are in good agreement with experimental
results and emphasize the strongly dominating influence of the
cyclometalated spiro-conjugated NHC ligand.
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4  Conclusion and future perspectives

This chapter summarizes the most important results and major aspects from the thesis.
Possible future developements that can be pursued based on this thesis are presented.

4.1 Photochemistry of triplet excited states in aqueous solution

Four completely different photochemical mechanisms have been investigated in aque-
ous solutions, with emphasis on utilizing and combining the properties of involved chro-
mophores and their triplet excited states efficiently. The triplet species were accessed
via different inter- and intramolecular pathways, which could be analyzed using sev-
eral spectroscopic techniques. Mechanistic evidence and versatile test reactions in the
”green” but demanding solvent water demonstrate the general relevance. Based on these
results, possible future developments and applications of the investigated systems are

suggested (Figure [36).

4.1.1 Sensitization-initiated electron transfer

Systems reported in the literature>71221501 have established that the general concept of

combined energy and electron transfer mechanisms bears great potential. So far, mostly
the energy of two photons was converted into chemical energy to drive photoreactions
using this strategy.[PR72Z0IN Section [2.1| shows the “proof-of-concept” for a one-
photon-driven version of the mechanism (for general catalytic mechanism see Figure
A) with iridium-based metal complexes. A second system using a ruthenium-based
metal complex as a photosensitizer relies on this mechanism and clearly establishes
the benefits of combining a metal complex with an organic chromophore in a catalytic
scheme.
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Figure 36: Schematic summary of the four projects realized in aqueous solution discussed in
this thesis. Highlighted in color are the relevant triplet excited species (green boxes) and/or are
the key pathways and mechanisms discussed in this thesis.

Sensitization-initiated electron transfer with blue light:

In the blue light-driven catalysis, water-soluble Ir-based metal complexes were com-
bined with ionic naphthalene or p-terphenyl derivatives as OC. Some system-inherent
challenges were encountered throughout investigating the individual MC - OC combi-
nations.

[Ir(sppy)s;]>~ as MC with TDS as OC was the most promising out of all blue light-driven
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systems. The general principle for this mechanism was established by the triplet-triplet
energy transfer from *[Ir(sppy);]> to TDS and the sensitized *TDS was subsequently re-
duced to the catalytically active intermediate TDS™". Besides demonstrating the general
feasibility of the one-photon driven mechanism, this MC - OC combination provides
a high conversion of the energy of the input-photon into redox potential available for
substrate activation. However, the *[Ir(sppy);]>~ was also quenched by the substrate,
thereby competing unproductively with the desired energy transfer to TDS.

To realize the concept in a more convincing manner, the Coulombic interaction be-
tween MC and OC was sought to be beneficial, and anionic Ir-complexes were com-
bined with cationic naphthalene derivatives. A higher TTET rate constant for energy
transfer from *MC to the OC was found. Howeyver, the reactive intermediates of the
cationic naphthalenes were not stable in protic environments. Further attempts involv-
ing surfactants resulted in precipitation of the surfactant molecules with different OCs.
Future perspectives on this blue light-driven mechanism therefore can include different
supra-molecular environments (e.g. cyclodextrines!*®!) or new combinations of Ir-based
MC and naphthalene-based OC (Ir-complex as cation and naphthalene as anion). The
identification of a system driven by blue photons is desirable as higher potentials can be
achieved compared to the ruthenium-based system (see below).

Sensitization-initiated electron transfer with green light:

The second version of this mechanism involved a Ru-based cationic MC combined with
a tetraanionic OC (PTS), which is highly soluble in water.*®! Beneficial static quenching
effects paved the way for highly efficient sensitization to obtain the *OC. The following
redictive electron transfer was nearly quantitative and the reactive intermediate PTS™™
was obtained with a cage escape quantum yield close to unity, rendering competing
reactions irrelevant. In a sample dehalogenation reaction, a substantially higher prod-
uct formation was observed for the combined [Ru(phen)3]2+ - PTS system compared to
[Ru(phen);]** alone. The one-photon-driven catalytic mechanism presented here can be
further established in organic solvents in the future, and high redox potentials of the cat-
alytic species can be obtained for different pyrene derivatives (such as the monoanionic
pyrene, PMS).

4.1.2  Organic photo(redox) catalysis with triplet-mediated energy and electron
transfer reactivity

In this section (Section[2.2)) a water-soluble organic photo(redox) catalyst with a versa-
tile triplet reactivity was presented (Figure [36] B). The introduction of an SO,-bridge
in the p-terphenyl-backbone enabled ISC and the triplet excited state was studied spec-
troscopically. The energy and electron transfer reactivity was observed in spectroscopic
quenching studies and in NMR scale reactions. The photocatalytic sample reactions
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were succssfully carried out in aqueous solution with a purely organic catalyst driven
by LEDs. Energy transfer reactivity was demonstrated in cis/trans isomerizations of
differently charged cinnamic acid derivatives and the electron transfer reactivity was
shown in pinacol coupling reactions. Both reaction types tolerated micellar environ-
ments, which can be used for activating water-insoluble substrates.

This organic, water-soluble photo(redox)catalyst contributes towards realizing sustain-
able principles in (photo)chemistry by replacing metal-based photocatalysts.

4.1.3 Dyads as mechanistic switch between energy and electron transfer

This section (Section [2.3) presented a two-photon sTTA system in aqueous solution.
The pure singlet chromophore P—H** was sensitized into its triplet excited state by
suitable molecular dyads as photosensitizers. *P—H?* was additionally identified as an
annihilator in aqueous solution. Unlike the energy transfer quenching with the triplet
excited dyads, the parent metal complexes, from which the dyads were derived, were
oxidized by the annihilator. Two properties of the dyads, that are not found in the metal
complexes cause the different reactivities: i) The elongated triplet excited state life-
time allowed the usage of small annihilator concentrations for efficient energy transfer.
i1) The pyrene-based triplet excited state of the dyads is less redox reactive than the
parent metal complex.

The annihilator is highly oxidizing in its singlet excited state, which, besides its wa-
ter solubility, is a remarkable property. Other sTTA UC systems in aqueous solution,
which were exploited for photochemical reactions, produced highly reducing singlet
excited states.[1%2133] Fyrthermore, the low triplet energy of the annihilator should al-
low sensitization with a red light-absorbing photosensitzier, which makes the system
interesting for applications with excitation wavelengths in the biological window.

The general concept of switching the reactivity by introducing an organic chromophore
into a metal complex is also promising for further investigations. Initial experiments
with Ir-based metal complexes and derived dyads show strongly divergent ET vs TTET
reactivities, which could be used for switching between TTET and sensitizer reduction.

4.14  Back electron transfer-induced triplet formation

The last system in aqueous solution (Section [2.4)) introduced a rarely observed pathway
towards triplet formation.P%!8] After an initial electron transfer between the singlet-
excited chromophore ("*P—H?*) and a suitable heavy atom-containing electron donor,
the radical species of chromophore and quencher are still in close proximity within the
solvent cage. Favorable thermodynamic prerequisites allow recombination to populate
the triplet excited state of the chromophore. Such recombination processes yielding
the triplet of the chromophore have been observed mainly in organic solventsP18]
and for mono-molecular structures!'*?!. The high polarity of water usually supports the
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electron transfer pathway resulting in the diffusion of the two radicals into solution.®!
However, with the chosen quencher (chloride and bromide), initial experiments point
towards *P—H?* formation based on a recombination process of the spin-correlated rad-
ical pair ’[P—H"*..D""].

Further experiments to support this pathway are still required, as well as possibly ex-
tending this underexplored triplet-producing pathway to other chromophores and sol-
vents. The investigation of such mechanisms is of great interest to avoid unproductive
recombination pathways in photochemical devices.®%!'%2I Changing the multiplicity of a
chromophore in its excited state is an intresting strategy in photochemistry and expand-
ing the established mechanisms is highly desirable.

4.2  Photochemistry of triplet excited states in organic solvents

The contributions to all projects realized in organic solvents (discussed in Section
provided insights into the key triplet excited species. Different analysis methods (tran-
sient absorption spectroscopy, DFT calculations and lab-scale test reactions) contributed
to a better understanding of the respective triplet excited states and the application of
the individual triplet species in photo(redox) catalysis or photon-induced mechanisms.

A) Molybdenum complex as B) DFT calculations C) Pt-complexes for
triplet sensitizer for sTTA and ET support annihilator design OLEDs with 3LC-state PS = photosensitizer
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An . o
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Figure 37: Schematic summary of the three projects realized in organic solvents. Highlighted
in color are the relevant triplet excited species (green boxes) and/or the key pathways and mech-
anisms discussed in this thesis.

4.2.1 Molybdenum complex as triplet sensitizer for upconversion and as pho-
toredox catalyst

The long-lived SMLCT excited state of a molybdenum(0)-complex (Section and
Figure[37, A) was analyzed in detail using quantitative transient absorption techniques.
In an approach towards replacing precious ruthenium(II) metal sensitizers, this isoelec-
tronic Mo(0)-complex was employed in an sSTTA UC scheme with a benchmark annihi-
lator compound and in an electron transfer test reaction. This study contributes to the
general understanding of excited-states and related properties in earth-abundant metal
complexes in a pioneering study.
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4.2.2  Theoretical calculations supporting annihilator design and experimental
findings

The first UVB-light emitting sTTA UC scheme with an unprecedented excited-singlet
state energy significantly beyond 4.0 eV was identified (Section [3.2] Figure B) and
the annihilator design was guided by DFT calculations, which allowed a preselection of
the most promising annihilator structures. The predicted energies of the most promis-
ing annihilator candidates were reproduced experimentally. With the full upconversion
system, an STTA UC-FRET mechanism was implemented, activating highly inert sub-
strates. This complex mechanism paves the way for replacing the highly energetic and
harmful light of mercury lamps for substrate activation by combining the energy of two
blue photons form efficient LEDs.

4.2.3 Insights into properties of ligand-centered triplet excited states in het-
eroleptic platinum(II) complexes

Aiming at high triplet energies for blue light-emitting excited states, two spirobifluorene
imidazolylidene platinum(II)-complexes (ET ~ 2.5eV) with different acetylacetonate
ligands were designed and synthesized with OLED applications in mind (Section
Figure[37} C)."72! Transient absorption spectroscopy allowed the characterization of the
long-lived ligand-centered triplet excited state of both platinum(II) complexes and the
minor influence of the acetylacetonate ligand on the lowest excited species. Quenching
experiments and energy transfer isomerization reactions further confirmed the highly
similar reactivity and nearly identical triplet energies for both complexes. The design of
the spirobifluorene-imidazolydene ligand and combined with the acetylacetonate ligand
provide the unique properties of the long-lived *LC state. This design concept could
stimulate further development of such ligand-systems as evidenced by the subsequent
study, published by the group of Prof. Strassner in 2023.[2>1

This thesis presents triplet excited states in various forms. Different possibilities of
inter- (sensitization, recombination) and intramolecular (ISC, intramolecular energy
transfer) pathways for accessing the triplet species and their reactivities (ET, TTET,
sTTA) are investigated and discussed in detail. The combination of steady-state and
time-resolved optical spectroscopy with laboratory-scale test reactions allows a gen-
eral understanding of the individual photosensitizer, photocatalyst (catalytic system) or
chromophore in general. In summary, this thesis contributes to a better understanding
as well as an improved performance of photochemical reactions, reaction sequences,
processes and devices relying on triplet states and the (inter)conversion of spin states
with implications for various research fields.
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6  Appendix

The Appendix summarizes general experimental details of chemicals, instrumentation
and experimental set ups. Furthermore, the Supporting Information for the publications
that were discussed throughout the thesis are provided (Sections[6.7}{6.12). The first sec-
tion (Section [6.1)) gives general details on the instrumentation used for all unpublished
projects. Section [6.2] contains synthetic procedures and additional data referenced in
Section Section contains thermodynamic considerations and additional data
referenced in Section Section contains synthesis and anayltical data for the
iridium-based metal comlexes and dyads discussed in Section [2.3.2] together with ad-
ditional spectroscopic experiments. Section [6.5] provides additional spectroscopy for
Section 2.4

6.1  General experimental details for unpublished data

The methods and instrumentation within this section were used for analysis and spec-
troscopic measurements of the presented unpublished data in Section and
Sections [2.1] 3.1 and [3.2] present additional data for already-published projects (refer-
ences [33, 36, |44] respectively) and experimental details are listed in the corresponding

supporting information (Sections 6.10|and [6.TT).

Chemicals:
The chemicals and solvents for individual projects are listed in the corresponding sec-
tions of the Appendix (Sections [6.2] [6.9) and [6.5). MilliQ water for spectroscopy and
synthesis was used with a specific resistance 18.2 M{2 cm. Argon was used from Nippon
Gases (5.0).

Steady-state measurements:

Absorption spectra were measured with a LAMBDA 365 from Perkin Elmer. Emis-
sion spectra were measured with a FL. 6500 from Perkin Elmer and corrected for the
wavelength-dependent sensitivity of the emission spectrometer. Unless noted other-
wise, the absorbance was adjusted below 0.1 at the excitation wavelengths and in the
overlap area of emission and absorption spectra to avoid filter effects.

Time-resolved measurements:

Laser flash photolysis (LFP) measurements were performed using an LP980-KS ap-
paratus from Edinburgh Instruments. Two laseres (Nd:YAG laser from Quantel, QS-
mart 450 or Lithron, Nano LG 300-10) were employed as excitation source using their
frequency-doubled (532 nm) or -tripled (355 nm) output, both with a pulse duration of
~ 5ns and a frequency of 10 Hz. Typical pulse energies were 10 mJ, unless indicated
otherwise in the figure captions. A beam expander (Thorlabs) was used to ensure ho-
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mogeneous excitation in the detection volume. Kinetic traces were recorded at a single
wavelength with a photomultiplier tube and for measuring transient absorption or emis-
sion spectra an iCCD camera from Andor was used. All TA spectra were integrated
over 100ns. Single-wavelength kinetics were recorded using a photomultiplier from
Hamamatsu (R298). The temperature was maintained at 20 °C using a cuvette holder
that allows temperature control unless indicated otherwise.

For fluorescence lifetimes a mini-7 from Edinburgh Instruments (time-correlated sin-
gle photon counting TCSPC technique) was used. Excitation was performed whith a
pulsed LED (EPLED-300, pulse-width 1020.0 ps, average power 40 uW, A\exc=293 nm)
or different lasers (EPL-374, pulse-width 58.3 ps, average power 5 mW, Aex.=371nm,
EPL-450, pulse-width 74.5 ps, average power 5 mW, \.,.=446 nm) and for the detection
the built-in band-pass filters were used.

Programs used within the framework of this thesis:

* Data from UV-Vis, fluorescence, TCSPC and transient absorption measurements
were plotted with OriginPro9.0.

* MestReNova version 14.3.2-32681 was used for NMR data
» Graphs of this thesis were created using powerpoint

* This thesis was written in I£[[EX using my personally developed script and the
biblatex usepackage for organizing the references

DFT calculations:

For the DFT calculations (structure optimization and frequency analyses), the Gaus-
sian 09 spftwarepackage was used with the B3LYP functional and basis set either 6-
311+G(d,p) or 6-31+G(d,p).**?! The minimum structure was confirmed by the lack
of negative vibrational frequencies. After optimizing the singlet ground states, the
strucutres were used to calculate the triplet excited state. The triplet energies were
obtained by comparing the energies of the optimized ground states to those of the cor-
responding triplet states.[*]

H NMR spectroscopy and mass spectrometry:

An Avance II 400 multi-nuclear magnetic resonance spectrometer (Bruker, analytic
measuring technique, Karlsruhe, Germany) was used for measuring NMR spectra. The
solvents used were acetonitrile-d, (MeCN-d3), chloroform-d (CDCls), dimethyl sulfoxide-
d¢ (DMSO-dg), water-d, (D,0). Non-deuterated solvent signals were used to calibrate
the '"H NMR sepctral®?! and the chemical shifts are given in § / ppm. The coupling
constants J are given in Hz.

Mass spectrometry was performed on a G6545A Q-ToF (Agilent GmbH, Waldbronn,
Germany) using electrospray ionization (ESI).
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For all synthetized compunds the '"H NMR-data is given below the synthetic procedure.
The iridium-based dyads are not literature-known, and for that reason also ESI-MS data
is provided.

6.2  Additional data and supporting Information for Sensitization-initiated elec-
tron transfer with blue light (Section [2.1.1)

6.2.1  General experimental details

Chemicals:

Unless indicated otherwise, chemicals for optical spectroscopy were used as obtained
from the supplier (in the highest available purity) without further purification: Ace-
tone (Acros, 99.8 %); 4-Amino-p-terphenyl (TCI, >97 %); Amberlite (IRA-410, Sigma-
Aldrich); 4-Bromo-p-terphenyl (BLD Pharm, 98 %); n-Buthyllithium (Acros, 2.5M in
hexane); Diethyl ether (dry, Sigma-Aldrich, 99.5 %); Dry ice (Enotech, 99.7 %) N,N-
Dimethyl-1-naphthylamine (Alfa Aesar, 99 %); N,N-Dimethyl-2-naphthylamine (TCI,
98 %); Disodium decahydrate carbonate (Sigma-Aldrich, >99 %); Ethanol (EtOH,
Sigma-Aldrich, 99.5 %); hydrochloric acid (HCl, VWR, AnalaR NORMA PUR, 37 %);
Iodomethane (VWR BDH Chemicals, 99 %); [Ir(dF(CF;)ppy).dtbpy]PF, (Sigma-Aldrich);
Methyl #-butyl ether (tech.); Methyl trifluoromethanesulfonate (Sigma-Aldrich, >98 %);
Monosodium ascorbate (Sigma-Aldrich, >98 %); Sodiumhydroxide (NaOH, Sigma-
Aldrich, 97 %); Sodium naphthalene-2-sulfonate (Sigma-Aldrich, >95 %); [1,17:4°,17-
Terphenyl]-4,4"-

dicarboxylic acid (TDS, BLD Pharm, 95 %); Tetrahydrofourane (THF, dry , Honeywell
Chromasolv Plus, >99 %).

The sodium salts of [Ir(sppy);]°~ and [Ir(Fsppy);]*>~ were still available from a former
study.[02]

6.2.2  Synthesis and characterization

Synthesis of N, N, N-trimethylnaphthyline-1-ammonium chloride (1-NMA):

The synthesis was performed according to a literature-known procedure.!>*! A schlenk
flask was sealed with a septum cap and evacuated and flushed with argon three times.
Under inert conditions, diethyl ether (dry, 20 mL) and N,N-dimethyl-1-naphthylamine
(1.0mL, 6.1 mmol, 1.0 eq.) were added to the flask. The reaction mixture was stirred un-
der an argon atmosphere and cooled to 0 °C. Methyl trifluoromethanesulfonate (2.0 mL,
18.3 mmol, 3.0 eq.) was added dropwise under constant stirring, which induced the for-
mation of a precipitate. The reaction mixture was stirred for 1.5h at 0 °C. The cooling
bath was removed and the reaction mixture was stirred for 2.0 h at room temperature.
The precipitate was filtered, washed with pre-cooled (~ 10 °C) diethyl ether (2 x 5 mL).
The filtrate was redissolved in ethanol (25 mL) and applied to an ion exchange column
(Amberlite IRA-410). Ethanol was used to flush the compound from the column and the
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solvent was removed under reduced pressure. Recrystallization from acetone yielded 1-
NMA (515.7mg, 2.3 mmol, 38 %) as a colorless powder.

'H NMR (D,0, 400 MHz), § / ppm: 8.4 (dg, J = 9.1, 1.0 Hz, 1H), 8.1 (ddt, .J = 7.1,
6.4, 0.9 Hz, 2H), 8.0 (ddd, J = 8.8, 6.9, 1.5 Hz, 1H), 7.7 (ddd, J = 8.0, 6.9, 0.9 Hz, 1H),
7.6 (t, J = 8.2 Hz, 1H), 3.9 (s, 9H).

Synthesis of N, N, N-trimethylnaphthyline-2-ammonium chloride (2-NMA):

The synthesis was performed according to a literature-known procedure.!>*! A schlenk
flask was sealed with a septum cap and evacuated and flushed with argon three times.
Under inert conditions, diethyl ether (dry, 20 mL) and N,N-dimethyl-2-naphthylamine
(500 mg, 2.9 mmol, 1.0 eq.) were added to the flask. The reaction mixture was stirred
under argon and cooled to 0 °C. Methyl trifluoromethanesulfonate (0.6 mL, 4.9 mmol,
1.7 eq.) was added dropwise under constant stirring, which induced the formation of
a precipitate. The reaction mixture was stirred for 1.5h at 0 °C. The cooling bath was
removed and the reaction mixture was stirred for 2.0 h at room temperature. The pre-
cipitate was filtered, washed with pre-cooled (~ 10 °C) diethyl ether (2 x SmL). The
filtrate was redissolved in ethanol (25 mL) and applied to an ion exchange column (Am-
berlite IRA-410). Ethanol was used to flush the compound from the column and the
solvent was removed under reduced pressure. Recrystallization from acetone yielded
2-NMA (231.6 mg, 1.0 mmol, 36 %) as a light-brown powder.

'H NMR (D,0, 400 MHz), § / ppm: 8.4 (d, J = 2.9 Hz, 1H), 8.2 (d, J = 9.3 Hz, 1H),
8.05 (m,2H), 7.9 (dd, J = 9.3, 2.8 Hz, 1H), 7.7 (m, 2H), 3.7 (s, 9H).

Synthesis of [1,1’:4’1”-terphenyl]-4-carboxylic acid (TMC):

The synthesis was performed according to a literature-known procedure."'%! A schlenk
flask was sealed with a septum cap and evacuated and flushed with argon three times.
Dry THF (30mL) and 4-bromo-p-terphenyl (1.00 g, 3.23 mmol, 1.0 eq.) were added
to the flask and the reaction mixture was kept under inert conditions. The reaction
mixture was cooled to —78 °C under constant stirring. n-Butyllithium dissolved in hex-
ane (2.5M, 1.42mL, 3.56 mmol, 1.1 eq.) was added dropwise. CO, from dry ice was
bubbled through the reaction solution for 60 min. The cooling bath was removed and
after reaching room temperature, aqueous HCL (4 mL, 10 wt%) was added. MTBE
(15 mL) was heated to 40 °C and added to the mixture to suspend the crude product.
The mixture was filtered, leaving the raw product as filtrate, which was washed with
cold MTBE (15 mL). The product was dried under reduced pressure yielding TMC as a
colorless solid (479 mg, 1.75 mmol, 54 %).
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'H NMR (DMSO-ds, 400 MHz), & / ppm: 8.04 (d, J = 8.0 Hz, 2H), 7.83 (m, 6H), 7.73
(d, J =8.0Hz, 2H), 7.49 (t, J =7.56 Hz, 2H), 7.40 (t, J = 4.0 Hz, 1H).

Synthesis of N,N,N-trimethyl-[1,1’:4°1”-terphenyl]-4-ammonium iodide (TMA):

The procedure was adapted from a patent.l?>! A pressure vial was equipped with a stir-
ring bar, [1,17:4°,1”-terphenyl]-4-amine (300 mg, 1.09 mmol, 1.0 eq.) and iodomethane
(8 mL) were added and the vial was sealed. The reaction mixture was stirred and heated
to 80 °C for 16 h. The reaction mixture was cooled to room temperature and the residue
was washed with diethyl ether (50 mL). The isolated solid was a mixture of the starting
material and the mono-, di-, and three-times-methylated amine starting material. The
target compound TMA was identified using mass spectrometry and by comparing 'H
NMR data from the patent!>>! with the measured 'H NMR data in the same solvent,
showing some impurities, likely originating form the mono- and di-methyl derivatives.

'H NMR (DMSO-ds, 400 MHz), § / ppm: 8.05 (d, J = 9.4 Hz, 2H), 7.98 (d, J = 9.4
Hz, 2H), 7.86 (d, J = 8.7 Hz, 2H), 7.80 (d, J = 8.7 Hz, 2H), 7.76-7.70 (m, 17H), 7.62
(m, 1H), 7.53-7.46 (m, 6H), 7.41 (m, 2H), 7.38 (d, J =7.5 Hz, 2H), 7.28 (d, J = 8.7 Hz,
4H), 3.65 (s, 9H).

ESI-MS: m/z for [M"] C3,Hp,NyIr* calculated: 288.1747, found: 288.1749.
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6.2.3  UV-Visspectra of iridium-based complexes and naphthalene- and p-terphenyl-
based organic chromophores

—— 2-NMA (30 uM in NaOH 50 mM)

0.41 1-NMA (20 yM in NaOH 50 mM)
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Figure 38: UV-Vis spectra of all naphthalene- and p-terphenyl-based organic chromophores
(upper and middle panel) and of the iridium-based metal complexes. The concentrations
and solvents are color-coded and given in the figure. The molar extinction coefficients
of the iridium-based complexes match those found in the literature ([Ir(sppy)3]3_, (102i129]
[Ir(Fsppy); 1>~ 22 [1r(C"N),bpy]**, 1270 [1r(dF(CF)3ppy),dtpy] 1201).

Figure [38]| presents the UV-Vis spectra of the iridium-based metal catalysts and organic
chromophores for the blue-light-driven combined electron and energy transfer catalytic
cycle. The organic chromophores do not absorb above 350 nm. All of the sensitizers
(Figure 38 bottom panel) absorb in the visible region above 400 nm. As a consequence,
the laser exctiation at 355 nm is selective towards the iridium-based sensitizers.
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6.2.4  Potentials of water-soluble naphthalenes and terphenyls

The potentials of the water-soluble naphthalene and p-terphenyl derivatives have been
rationalized using equation [I2] which connects the rate constant for electron transfer
ke to the free energy of the process. Quenching rates slightly below the diffusion limit
(6.5x10° M7 s7! in water [48]) are caused by a slightly endergonic ET process.[8U8!
Consequently, Table [ lists only lower limits for the ground-state potentials assuming a
AG =0 and the literature-known potential for E(Asc’™) =0.14 V vs NHE for the po-
tential of the electron donor.B219256] Eor 3TDS, the reduction was achieved with Asc™")
=0.72 V vs NHE.[18]

Table 11: Parameters for calculating the potential of water-soluble naphthalenes, based on equa-

tion

chromophore kgt / Er/eVi  E.q (C/CHPy
(C, naphthalene) 10°M~!s7! V vs NHE
TDS® 0.09¢ 2.60¢ <—-19
2-NMS 1.7 2.50 —2.36
2-NMA 6.3 2.58 —2.44
1-NMA 4.2 2.62 —2.48

4DFT calculations (B3LYP/6-311+G(d,p)). PEstimated using equation with AG = 0 and,
Eox(Asc™7) = 0.14 V vs NHEBRDIZOI gee text for explaination. “Reduction of the triplet
excited state with Eox(HAsc™™) =0.72 V vs NHEM8!, dDFT calculations (B3LYP/6-31+G(d,p)).

In the estimation for the potentials in Tableionic effects are not taken into account, ¢3!
which would be an attractive Coulombic interaction between the cationic naphthalene
derivatives and the Asc*. For TDS the electron transfer quenching is well below the
diffusion limit, which could be due to the ionic repulsion between the reactands. As-
suming AG = 0, leads to the potential listed in the table. However, due to the low kg,
and despite the Coulombic repulsion, AG is probably slightly positive. Considering
the electronic repulsion and the low kg this potential is to be considered a lower limit.
Generally, the potential of naphthalene is below that of p-terphenyl, and this is reflected
in the calculated potentials for the ionic derivatives.*¥! Eventually, more quenching ex-
periments are required for an exact estimation of the potentials.
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6.2.5  Excited state kinetics and transient absorption spectra for catalytic mech-

anism in Figure
=3
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Figure 39: Spectroscopic data for TTET between 3[Ir(sppy)3]3’ and TDS* ([Ir(sppy)3]3’,
50 uM) in KOAc (50 mMm). Left: TA spectra of *[Ir(sppy);]°~ (black) and *TDS?™ (red, 2.5 um).
Right: The kinetic traces for the emission decay of 3[Ir(sppy)3]3’ (black, measured at Ager =
550 nm) and formation of 3STDS* (red, measured at \ger = 457 nm) at identical conditions as the
TA spectra. The additional gray decay traces present the lifetime of 3[Ir(sppy)3]3_ at increasing
concentrations of TDS. The resulting Stern—Volmer plot together with the krrgT is shown in the
lower panel on the right.

ET 0.124 —— 3 0.124
S £ 0.09- -
DS~ 5 e delay for TA spectrum of|"'TDS
0.09- B =
,0.03 =

e /
S% 0.00 _f delay for TA spectrum of [TDS "~

0.06- 0 2 6 8

AOD

AOD

4
t/us

0.03 151

0.00 . . ‘ et 5]
400 500 600 700

Alnm 0

= 7 a1t
key = 9.0 x 10" M's

3 6
c(HAsc') / mM

Figure 40: Spectroscopic data for ET between *TDS and HAsc™ (10 mM) using [Ir(sppy)3]3’
(50 um), TDS (3.0mM) in KOAc (100mM). Right: TA spectra of 3TDS (red, delay 5.5 us)
and TDS"™ (blue, 2.5 uM). Left: The kinetic traces for the decay of 3TDS (red, measured at
Adet = 457 nm) and formation of STDS™ (blue) were measured at identical conditions as the TA
spectra. The additional gray decay traces show the lifetime of 3TDS at increasing concentrations
of HAsc™. The resulting Stern—Volmer plot together with the kgt is shown at the lower panel on
the right.
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Figure 41: Decay traces of TDS"™ (green, measured at Ageq = 440nm) and at increasing ACP
concentrations using [Ir(sppy)3]3‘ (40 um), TDS (4.0 mM), HAsc (30 mM), KOAc (30 mM). The
observed quenching rates are plotted below against the respective ACP concentrations and the
slope of the linear fit yields the overall quenching rate constant for the substrate activation step.
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Figure 42: Steady-state quenching of >[Ir(sppy);]>~ with ACP measured with three different
excitation wavelengths. The averaged kq = 2.5 X 10° Mm~!'s7! (using 71 = 1.7 ps) outcompetes all
other possible and investigated processes (Table E[)

Figure 42| provides the quenching studies of *[Ir(sppy);]>~ with ACP. The correspond-
ing quenching rate (kq = 2.5 x 10° M~' s7!) exceeds that for the desired energy transfer
between “[Ir(sppy)s]°~ and TDS (krrer = 1.5 x 108 M~ s, Table [5). Considering the
combined TTET and ET mechanism (Figure [18)), this is a competing quenching step.
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Figure 43: '"H NMR data for irradiation experiments for pinacol coupling of acetophenone
(ACP) with the full catalytic system a) or without TDS b) under otherwise identical conditions.

Comparative '"H NMR experiments showed a fast conversion of ACP to the pinacol
product (pinacol yield of 72 % after 1 h) when using the full catalytic system In the
control experiment without TDS present, a considerable amount of the pinacol product
is formed (pinacol yield of 27 % after 1 h), making the full system twice as efficient (by
about ~60 %) as the system without TDS. Longer irradiation times resulted in product
decomposition for the sample reaction with the full catalytic system (after 2 h, conver-
sion of 100 %, pinacol yield of 89 %). In the control reaction with only the iridium-
catalyst present no decomposition was observed, however a product yield of under 50 %
was observed (after 2 h, conversion of 40 %, pinacol yield of 40 %). A reasonable expla-
nation for the much slower proceeding of the reaction without TDS present is provided
in Figure 4] The figure illustrates the spin allowed bET using the iridium-based com-
plex as photocatalyst as opposed to the TDS™™ generated via seneitization and electron
transfer (see also Section[[.2.5] Cage escape efficiency of ET reactions).

12A pinacol coupling requires two substrate molecules to form one product, which would result in a
maximum product yield of 50 %. The yield of the pinacol was multiplied by 2 such that a possible yield
of 100 % can be achieved.
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Figure 44: The blue box shows the mechanism for the quenching of TDS"™ with ACP producing
the wanted ACP"", which then further reacts with a second ACP"” to the pinacol product. The
red box shows the proposed reaction for 3[Ir(sppy)3]3‘ with ACP, which is also an ET reaction
producing the oxidized sensitizer and ACP*~. Owing to the heavy atom effect, the bET reaction
(red arrow) is not strictly spin forbidden.

Unwanted side reaction 2) quenching of the iridium-based metal complex with the
electron donor:
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Figure 45: Kinetic traces of 3[Ir(sppy)3]3‘ (black) and 3[Ir(sppy)3]3‘ with HAsc™ (60 mM, blue).
For both kinetic traces were measured using a KOAc (200 mM) solution of Irsppy (50 um).

The quenching of *[Ir(sppy);]*~ with HAsc™ indicated as an unwanted quenching reac-
tion 2) in Figure 18| and Table [3]is slow. Figure 45| shows the lifetime measurements of
unquenched *[Ir(sppy);]’~ and the lifetime in the presence of the electron donor HAsc".
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Figure 46: Kinetic decay traces for triplet excited state quenching of 3[Ir(sppy)3]3_ (left, 20 um)
and 3[Ir(Fsppy)3]3’ (right, 20 uM) in NaOH (150 mMm). 3[Ir(sppy)3]3’ was quenched with 10 mM
NaHAsc (blue) and IrFsppy was quenched with 5 mM (red) and 50 mM (light red) NaHAsc.
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The triplet excited states of [Ir(sppy)s]°~ and [Ir(Fsppy)s;]’~ were also quenched with
ascorbate as an electron donor under basic conditions (NaOH, 150 mM). For the re-
duction of the naphthalene derivatives, the Asc®™ is required, which is present at high
pH. However, the iridium-based complexes are reduced by this species as well, thereby
introducing a competing reaction, slightly below the diffusion limit (kgr([Ir(sppy)s;]*)
~4.8x 108 M s, kpr([Ir(Fsppy)s]°) ~ 6 x 103 M~' s71).

6.2.6  Spectroscopic data for MC-OC systems with enhanced Coulombic inter-
actions:

Stern—Volmer-plots for triplet-triplet energy transfer rates comparing Coulombic
attraction and repulsion with water-soluble naphthalene derivatives:

Coulombic attraction Coulombic repulsion
¥{Ir(Fsppy)s*~ + 2-NMA* ——— [Ir(Fsppy)]*~ + *2-NMA* | 3[Ir(Fsppy)s]*~ + 2-NMS- [Ir(Fsppy)s]*~ + *2-NMS~
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Figure 47: Stern—Volmer-plots for quenching of the anionic *[Ir(Fsppy);]>~ with water-soluble
naphthalenes. Excitation of [Ir(Fsppy)3]3_ (20 uM) occurred at 375nm. The corresponding
Stern—Volmer plots are provided as inset.

Coulombic attraction to the cationic 2-NMA result in a higer triplet energy transfer rate
constant, compared to the anionic 2-NMS. This beneficial Coulombic effect has been
exploited for the sensitization-initiated electron transfer with the ruthenium-based metal
catalyst (Section [2.1.2]).
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Transient absorption spectroscopy with kationic naphthalenes as OC:

r(sppy)s*]+ 2-NMA —=—  [ir(sppy),]* +[2-NMA
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Figure 48: Spectroscopic data for formation of *2-NMA after TTET from > [Ir(Fsppy)3]3_ in
aqueous NaOH (50 mM). Left: Transient absorption spectrum of 32-NMA after a time delay
of 1.7 us with the kinetic decay at a long timescale as inset. Right: Kinetic decay trace of
3[Ir(Fsppy)3]3_ with 2-NMA (4 mM) present (black) together with the formation kinetic of the
32-NMA detected at 413 nm. The solution was excited using a pulsed laser (355 nm).

The right part of figure 48| displays the transient absorption spectrum of *2-NMA after
TTET with * [Ir(Fsppy)3]3_ (concentration of the sensitizer was chosen such, that an
the absorption at the excitation wavelength amounts to 0.1 ~40uM). The shape and
shift of the spectrum suits well with that observed for *TDS (Figure and with that
espectedfrom literature!!429 " In the left part of the figure, the kinetic trace of the
sensitizer (black) decays on the same time scale as the time resolved transient absorption
trace of new species (*2-NMA, red) forms, thereby indicating the direct quenching and

energy transfer.
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Figure 49: Spectroscopic data for formation of 2-NMA after ET from Asc?” in aqueous NaOH
(50 mMm). Left: Transient absorption spectra of 2-NMA (compare Figure 48] red) and the spec-
trum detected after the electron transfer (blue, delay = 7 us). Right: Kinetic traces of the un-
quenched 32-NMA (red) and the kinetic after addition of Asc> (1.0 mM, blue).The solution was
excited using a pulsed laser (355 nm).

The transient absorption sepctra and kinetic traces in Figure 49| highlight the electron
transfer step to obtain 2-NMA™. The same solution as for Figure was used for
the spectroscopy with Asc®™ (1.0mM) added (blue data set). After quenching of *2-
NMA with the electron donor, the transient absorption spectrum shows a species with
a maximum below 400 nm, which corresponds to the oxidized species of ascorbate
(Asc™).I2271 The absorpion band between 400 nm to 500 nm could correspond to the
broad absorption that would be expected from the radical anion22#225 (Figure [40)). Fur-
ther quenching experiments with a possible susbtrate were not perfromed because 1) the
blue kinetic decay trace indicates that this species is not long lived and therefore not
ideal for the sensitization-initiated electron transfer and ii) the weak intensity of this
band, together with decomposition throughout the measurement strongly suggest that
the species formed is not stable under the selected conditions. This is likely be due
to decomposition processes, which are known for napthalene radical anions innprotic
solvents, (224222
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6.3  Additional data and Supporting Informtation for sensitization-initiated elec-
tron transfer with green light (Section [2.1.2)

The potentials of PTS were rationalized using the Rehm—Weller equation, which links
the rate constant for electron transfer kgt to the free energy. Quenching rates slightly
below the diffusion limit (6.5x10° M~! s7! in water “*1) correspond to a slightly ender-
gonic ET process.[®%81I The potential listed in Table @is derived using the table below:

Table 12: Parameters (kg for quenching of 3PTS with an electron donor (D) and the correspond-
ing redox potentials) for calculating the potential of water-soluble pyrene derivatives, based on

Equation[12]

electron donor (D) ket/ E(D'/D)/ E.q (PTS/PTS™)*/
10°m s Vys NHE V vs NHE

HAsc™ 2.3 0.720H3] —1.08

DMA ~?2 1.0500233 —0.72

2 Calculated using Equation lower limit for potential calculated from AG = 0, see text for
explaination. Calculated from V vs SCE (in MeCN) by adding 0.24V vs NHE.[/1

The electron transfer rate is significantly below the diffusion limit for the reductive
quenching of *PTS with ascorbate. Therefore, the assumption of AG = 0 is an over-
estimation of the potential. The quenching rate constant for DMA was only estimated
(see experiments for deriving Ae(PTS™) in reference [36]]). Considering both aspects,
a reduction potential of E.q(PTS/PTS™) ~ —0.9V vs NHE was assumed.
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Figure 50: Reaction scheme with the observed ET step highlighted with a red box. The stock
solution contained [Ru(phen);]** (30 M) and PTS (120 ;M) in water. Upper left shows quench-
ing of 3PTS with HAsc™ and below the formation PTS™™ (lower left). The top right part of the
figure shows the Stern-Volmer plot and the efficiency of the PTS™™ formation. In the lower right
part the TA spectra of 3PTS (same solution without HAsc™, delay 2.0 ps) and PTS™™ (5.08 mMm

HAsc™, delay 20 ps).
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Figure 51: Original '"H NMR data for the debromination reaction of bromo-pyrazine with the
full system (left, blue data), without PTS (middle, red data) or without [Ru(phen)3]2+ (right,
black data). All experiments were conducted under identical conditions and the signals for the
starting material, Br-Pz, were marked with a green box, and the debrominated product singlet
was marked with a purple box. The signal for the reference compound dimethyl sulfone (DMS)
is marked with a gray box.
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6.4  Additional data and Supporting Information for Iridium-based dyads (Sec-

tion

6.4.1  General experimental details

Chemicals:

Acetonitrile (MeCN, VWR, LC MS grade, 100 %); ammoniumhexafluorophosphate
(Thermo Scientific, 99.5 %); dichloromethane (Fisher Scientific, > 99.8 %); diethyl
ether (VWR, > 99 %); 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine (BLD Pharm,
97 %); ethylene glycol (Carl Roth, > 99 %); iridium(III)chloride (BLD Pharm, 98 %);
2-methoxyethanol (Thermo Scientific, 99.3 %); 2-methyltetrahydrofuoran stab.
(2-MeTHEF, Alfa Aesar, 98 %); 1,10-phenanthroline (Sigma-Aldrich , > 99 %); 2-phenyl-
pyridine (TCI, > 98 %); sodium sulfate (Acros, 99 %).
5-(Pyren-1-yl)-1,10-phenanthroline was available from previous studies. 548!

General details on spectroscopic measurements:

77 K measurements were performed in 2-MeTHF using the LFP set up. For spec-
troscopic transient absorption and emission measurements, the following concentra-
tions were chosen, to ensure an optical density of 0.1-0.2 at the excitation wavelength
(355nm): [Ir(ppy),phen]” 19 um to 24 uMm [Ir(dF(CF;)ppy),phen]” 12 um to 17 uM to
ensure an absorbance between 0.15-0.2 at the excitation wavelength (355 nm).

6.4.2  Synthesis and characterization

Synthesis of tetrakis-(2-phenylpyridine)-bis-(;.~chloro)-diiridium(IIT):

The synthesis was performed according to the general literature-known procedure from
reference [232]]. A mixture of water (10 mL) and 2-methoxyethanol (34 mL) was stirred
for 1 h and argon was bubbled through the solvent mixture and the argon atmosphere
was maintained throughout the synthesis. Iridium(III)chloride (348.5 mg, 1.1 mmol, 1.0
eq.) and 2-phenylpyridine (341.5mg, 2.2 mmol, 2.0 eq.) were added. The reaction
mixture was, stirred, heated to 120 °C and refluxed (16h). The reaction mixture was
allowed to cool to room temperature and the argon atmosphere was removed. The reac-
tion mixture was filtered and the residue was washed with water (3 x 8 mL) and diethyl
ether (3 x 5mL) and let to dry yielding the pure product 404 mg (34 % of the theoretical
yield), which was used without further purification.

'H NMR (CDCls, 400 MHz), 6 / ppm: 9.25 (d, 4H), 7.8 (m, 4H), 7.75 (m, 4H), 7.5 (m,
4H), 6.74 (m, 8H), 6.6 (m, 4H), 5.8 (d, 4H).
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Synthesis of [(1,10-phenanthroline)-bis-(2-phenylpyridine)-iridium(III)]hexa-
fluorophosphate ([Ir(ppy),phen]®):

The synthesis was adapted from the general literature-known procedure from the refer-
ence [232]. Argon was bubbled through ethylene glycol (8§ mL) for 1.0 h. Tetrakis-(2-
phenylpyridine)-bis-(p-chloro)-diiridium(IIT) (160 mg, 0.16 mmol, 1.0 eq.) and 1,10-
phenanthroline (58.0 mg, 0.32 mmol, 2.0 eq.) were added and the argon atmosphere
was maintained throughout the synthesis. The reaction mixture was heated to 150 °C
and stirred for 16 h. The argon atmosphere was removed, the mixture was allowed to
cool to room temperature and water (15.0 mL) was added. The reaction mixture was
extracted with diethyl ether (3 x 20mL). To the aqueous phase, an aqueous solution
of ammoniumhexafluorophosphate (saturated) was added until no precipitation was ob-
served (10 mL). The precipitate was filtered off and the pure product was obtained after
ether diffusion yielding 92 mg (84 % of the theoretical yield). The compound was ob-
tained pure, according to 'H NMR.

'"H NMR (MeCN-ds, 400 MHz), 6 / ppm: 8.6 (d, 2H), 8.3 (d, 2H), 8.25 (d, 2H), 8.0 (d,
2H), 7.7 (m, 6H), 7.1 (t, 2H), 7.0 (t, 2H), 6.9 (t, 2H), 6.4 (d, 2H).

ESI-MS: m/z for [M*] C3,H,,N It calculated: 679.1601, found: 679.1603.

Synthesis of [(5-(Pyren-1-yl)-1,10-phenanthroline)-bis-(2-phenylpyridine)
iridium(III)]-hexafluorophosphate ([Ir(ppy),Py]"):

The synthesis was adapted from the general procedure known from the literatur
Argon was bubbled through ethylene glycol (8 mL) for 1.0 h and the argon atmosphere
was maintained throughout the synthesis. Tetrakis-(2-phenylpyridine)-bis-(p-chloro)-
diiridium(IIl) (120mg, 0.11 mmol, 1.0 eq.) and 5-(pyren-1-yl)-1,10-phenanthroline
(88.0mg, 0.22mmol, 2.0 eq.) were added to the solvent under constant argon flow.
The reaction mixture was heated to 150 °C and stirred for 16 h. The argon atmo-
sphere was removed, the mixture was allowed to cool to room temperature and water
(15 mL) was added. The reaction mixture was extracted with dichloromethane (20 mL).
Dichloromethane was dried over MgSO, and the solvent was removed under reduced
pressure. The residue was redissolved in acetonitrile (10 mL) and an aqueous solution
of ammoniumhexafluorophosphate (saturated) was added until no further precipitation
was observed (10 mL). The precipitate was filtered off, washed with MilliQ water (3
x 5mL) and dried to yield 81.8 mg (82 % of the theoretical yield). The compound was
obtained pure, according to 'H NMR.

e.[232]

'H NMR (MeCN-ds, 400 MHz), § / ppm: 8.66 (m, 1H), 8.47-8.23 (m, 8H), 8.16-7.97
(m, 6H), 7.87-7.80 (m, SH), 7.70-7.66 (m, 2H), 7.54-7.47 (m, 2H), 7.07-6.92 (m, 6H),
6.45-6.40 (m, 2H).
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ESI-MS: m/z for [M*] CsoH3,N4Ir* calculated: 879.2227, found: 879.2232.

Synthesis of tetrakis-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine-bis-(;:.-chloro)-
diiridium(III):

The synthesis was performed according to the general literature-known procedure from
reference [232,258], using iridium(IIT)chloride (350 mg, 1.1 mmol, 1.0 eq.) and 2-(2,4-
difluoro-phenyl)-5-(trifluormethyl)pyridin (570 mg, 2.2 mmol, 2.0 eq.). After synthesis
and purification according to the literature,/**?! 630 mg, (38 % of the theoretical yield)
of the yellow solid was isolated.

'H NMR (CDCl;, 400 MHz), § / ppm: 9.50 (d, 4H), 8.5 (m, 4H), 8.00 (m, 4H), 6.45
(m, 4H), 5.1 (m, 4H).

Synthesis of [(1,10-phenantrolin)-bis-(2,4-difluorophenyl)-5-(trifluoromethyl)
pyridine)-iridium(III) Jhexafluorophosphat ([Ir(dF(CF;)ppy),phen]*):

The synthesis was adapted from the general literature-known procedure that can be
found in references [232, 258|]. Argon was bubbled through ethylene glycol (8 mL)
for 1.0h and the argon atmosphere was maintained throughout the synthesis. Zetrakis-
(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine-bis-(p-chloro)-diiridium(IIT) (200 mg,
0.13 mmol, 1.0 eq.) and 1,10-phenanthroline (47.0 mg, 0.26 mmol, 2.0 eq.) were added
to the solvent under constant argon flow. The reaction mixture was heated to 150 °C
and stirred for 16 h. The argon atmosphere was removed, the mixture was allowed to
cool to room temperature and water (15 mL) was added. The reaction mixture was
extracted with diethyl ether (3 x 20mL). To the aqueous phase, an aqueous solution
of ammoniumhexafluorophosphate (saturated) was added until no further precipitation
was observed (10 mL). The precipitate was filtered off, rinsed with water (5.0 mL) and
the raw product was redissolved in acetonitrile (5.0 mL). Ether diffusion afforded the
pure product (98 mg, 85 % of the theoretical yield). The compound was obtained pure
according to '"H NMR.

'H NMR (MeCN-ds, 400 MHz), § / ppm: 8.75 (d, 2H), 8.5 (m, 2H), 8.4 (d, 2H), 8.3 (s,
2H), 8.1 (d, 2H), 7.9 (m, 2H), 7.5 (s, 2H), 6.75 (m, 2H), 5.9 (m, 2H).

ESI-MS: m/z for [M*]C3¢H sF,(N4Ir* calculated: 887.0972, found: 887.0984.
Synthesis of [(5-(Pyren-1-yl)-1,10-phenanthroline)-bis-(2,4-difluorophenyl)-5-(tri-
fluoromethyl)pyridine)-iridium(III) Jhexafluorophosphat ([Ir(dF(CF;)ppy),Py]"):

The synthesis was adapted from the general literature-known procedure that can be
found in reference [232]. Argon was bubbled through ethylene glycol (8 mL) for 1.0 h.
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Tetrakis-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine-bis-(p-chloro)-diiridium(IIT)
(194mg, 0.13mmol, 1.0 eq.) and 5-(pyren-1-yl)-1,10-phenanthroline (100 mg,
0.26 mmol, 2.0 eq., available from a previous study®>!) were added to the solvent under
constant argon flow. The reaction mixture was heated to 150 °C and stirred for 16 h. The
reaction mixture was allowed to cool to room temperature and water (15 mL) and ace-
tonitrile (10 mL) were added. The reaction mixture was extracted with dichloromethane
(3 x 20mL). To the aqueous phase, an aqueous solution of ammoniumhexafluorophos-
phate (saturated) was added until no precipitation was observed (10 mL). The solvent
was removed under reduced pressure and the residue was chopped using a pestle and a
mortar. The residue was suspended in water (5 mL) and the suspension was sonicated
for 1 h. The mixture was filtered and the filtrate was washed with water (3 x 5mL)
and dried to yield 110 mg (77 % of the theoretical yield). According to 'H NMR, the
compound contained <10 % of an impurity

'TH NMR (MeCN-d3, 400 MHz), § / ppm: 8.81-8.79 (m, 1H), 8.53-8.36 (m, 7H), 8.31-
7.96 (m, 10H), 7.74-7.73 (m, 1H), 7.68-7.55 (m, 3H), 6.87-6.78 (dd, 2H), 6.04-5.96 (m,
2H).

ESI-MS: m/z for [M*] Cs,HysFoN,Ir" calculated: 1087.1598, found: 1087.1619.

6.4.3  UV-Vis spectra in aqueous solution

[Ir(ppy),phen]”
s [Ir(ppy).PyI"
g —— [I(dF(CF,)ppy),phen]’
P
S 051 —— [IdF(CF,)ppy),Pyl"
3
’&
0.0 . T T
300 400 500 600
Al nm

Figure 52: UV-Vis spectra of the iririum-based metal complexes and dyads in aque-
ous solution (all saturated). The fluorinated complex was measured in pure wa-
ter (black, [Ir(dF(CF;)ppy),phen]®), water with 10% MeCN (blue, [Ir(ppy),phen]; red,
[Ir(dF(CF;)ppy),Py]") or water with 20 % MeCN (turquoise, [Ir(ppy),Py]").

The UV-Vis spectra of the PF¢-salts of the iridium-based metal complexes and dyads
in Figure are recorded either in neat water ([Ir(dF(CF;)ppy),phen]”) or in a water
acetonitrile mixture ([Ir(ppy),phen]” and both iridium-based dyads). Using CI™ as coun-
terion instead of PFg, is expected to increase the water solubility. This measurement is
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intended to demonstrate that water as a solvent is possible for the sensitizers presented
in Section Exact concentrations have not been determined, as all solutions were
saturated.

6.4.4 Lifetimes of the excited states and E1 energies

The triplet energies of the two complexes were determined differently (Figure[S3)). The
emission spectrum of [Ir(ppy),phen]” is broad and for that reason, the excited state
energy was estimated at 10 % intensity compared to the maximum on the low-energy
side of the spectrum. At low temperature (77 K) the spectrum shifts significantly. Such
shifts have been observed for this complex and are characteristic of a charge transfer
character of the excited state.!'"®! The emission spectrum of the fluorinated complex also
shows a slightly blurred fine structure at room temperature, which becomes more refined
at 77 K. The triplet energy was therefore taken from the sharp emission maximum of
the 77 K measurement.
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Figure 53: Absorption and normalized emission spectra at room temperature (light, dot-
ted spectra) and at 77 K (light, solid spectra) and Et of the iridium-based metal complexes
[Ir(ppy),phen]™ (blue spectra, left side) and [Ir(dF(CF;)ppy),phen]® (red spectra, right). The
emission spectra were recorded using a pulsed laser (355nm, 10mJ) for excitation Left:
[Ir(ppy),phen]™ (19 uMm) was dissolved in acetonitrile for the absorption spectrum. The emission
spectrum at room temperature (16 uM [Ir(ppy),phen]” in acetonitrile) was recorded 20 ns after
the laser pulse and integrated over 600 ns. The emission spectrum at 77 K was measured 100 ns
after the laser pulse and integrated over 5.0 ps. Right: [Ir(dF(CF;)ppy),phen]* (15 um) was dis-
solved in acetonitrile for the absorption spectrum. The emission spectrum at room temperature
(15 uM in acetonitrile) was recorded 20 ns after the laser pulse and integrated over 100 ns. The
emission spectrum at 77 K was measured 100 ns after the laser pulse and integrated over 1.0 us
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Table 13: Summary of the lifetimes (7r) and energies (Et) of the triplet excited states of the
iridium-based metal complexes and dyads.

complex 71/ pus? Er/eV
[Ir(ppy),phen]* 0.744+0.02  2.4°
[Ir(dF(CF3)ppy),phen]* 2.59 £0.2 2.6°
[Ir(ppy),phenPy]* 81.3+4.7  ~2.0¢
[Ir(dF(CF)ppy),phenPy]* 118 ~2.0¢

2 Details for lifetimes are given in the text below and corresponding figures. ° Triplet energy
from wavelength at 10 % intensity of the emission maximum at room temperature. ¢ Triplet
energy from maximum at 77 K. 4 Triplet energy slightly below pyrene.[#884]

The lifetimes of the two iridium complexes were determined as average out of one
emission trace and three absorption traces and agree well with the lifetimes reported
in literature.*2'23% No emission was observed for the dyads and therefore the lifetime
of [Ir(ppy),Py]" was averaged from three absorption decays. The substantial lifetime
increase for both dyads is highly sensitive to small amounts of quencher molecules and
oxygen could be a suitable quencher. For that reason, the quality of argon bubbling and
its influence on the lifetime was investigated. Measuring the excited state lifetime of
*[Ir(dF(CF;)ppy),Py]" after different times of argon bubbling showed equal lifetimes af-
ter 5 min and 7 min. As a result, the atmosphere was sufficiently inert for measurements
after 5 min of argon bubbling and this time was used as a standard for all measurements
in this project.
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Figure 54: Additional kinetic decay traces excited states of the iridium-based chromophores
(see also Figure 27). For the metal complexes, Ir(ppy),phen* and [Ir(dF(CF;)ppy),phen]* up-
perand middle pannel the kinetic decay of the emission is displayed detected (emission spectra
in Figure[53)). For the fluorinated dyad, the lifetime was determined after different times of argon
bubbling (color-coded in the figure). For masurement conditions see transient absorption data in
Figure 27, because the same solutions were used for the measurements.

6.4.5 Energetic considerations for potentials of the dyads

The estimation for the potential of the iridium-based dyads (Eq([Ir—Py]*/ [Ir—Py]O)) 18
based on equation [I2]together with the following assumptions:

i) The most reducing electron donor is DMA with a potential of 1.05 V vs NHE,
which is consequently used as E, (D/D™) for calculating the lower limit for the reduc-
tion potential of the dyads.

i1) The energy of the triplet excited state is estimated to be slightly below that of
Spyrene™® 84 and therefore Er =2.0eV.

iii) Owing to the fact, that no reductive quenching was observed (Figures 28] [55]and
[56)), the driving force for this reaction has to be zero or positive. Since this is only an
estimation for the limiting case, it is assumed that AG = 0.

Assumptions 1)-iii) applied to equation results in a ground state potential of
Ered([lr~Py]+/[Ir4Py]O) ~ —1 V vs NHE and an excited state potential of
FErea* ClIr—Py]*/[Ir—Py]% ~ 1 V vs NHE.
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6.4.6  Additional quenching experiments

3[Ir(dF(CF3)ppy),phen]* + MeOPhOH —— [Ir(dF(CF;)ppy),phen]® + MeOPhO**
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Figure 55: TA spectra of 3[Ilr(dF(CF3)ppy)2phen]Jr (upper) and 3[Ir(dF(CF3)ppy)2Py]+ (lower)
in MeCN with MeOPhOH (0.14 mM for the metal complex and 0.82 mM for the dyad) including
the corresponding delay times and quencher concentrations. A 355 nm pulsed laser was used for
excitation at 10 mJ to 15 mlJ.

After quenching the fluorinated *MC and *dyad (Figure with MeOPhOH the TA-
spectra show a new species forming for the MC, whereas the dyad seems to be unaf-
fected by the quencher (no new species observed in the delayed TA spectra). The newly
formed species can be assigned to the MeOPhOH 12222601 and the reduced iridium!#*”!,
After oxidation, the radical cation MeOPhOH™ (A, = 440nm) can be deprotonated
to form the radical species MeOPhO™ (A = 410nm), in MeCN.[2272811 Most likely,
both species are in equilibrium under the chosen conditions, however, this needs further
confirmation.
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Figure 56: TA spectra of *[Ir(dF(CF;)ppy),phen]* (upper) and *[Ir(dF(CF;)ppy),Py]" (lower) in
MeCN with trans-anethole (0.63 mM for the metal catalyst and 11.5 mM for the dyad) including
the corresponding delay times and quencher concentrations. A 355 nm pulsed laser was used for

excitation at 10 mJ to 15 mJ.
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6.5 Additional data and Supporting Information for back electron transfer-
induced triplet formation (Section

The solutions for transient absorption measurements were prepared such, that the optical
density of P—H*" at the excitation wavelength is between 0.1-0.15, which corresponds
to concentrations from 30uM to SO0uM. For comparative studies in Figures (60}
[61] [62] and [63] one stock solution was employed throughout the measurements for the
individual data sets within the respective figures.
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Figure 57: Kinetic trace for P—H?* and NaCl (identical to Figure and TA spectra at different
delay times (red 0.1 ps and purple 4.0 ps) and the subtracted spectrum (blue).

Figure 57| shows time-gated ns-transient absorption data for quenching of '*P—H?*
with NaCl. After a long delay time (4 ps) the expected bands for the triplet species are
observed (red spectrum in Figure [57] and compare Section [2.3)). Shortly after the laser
pulse (0.1 ps), the bands in the spectrum (violet spectrum in Figure [57) differ slightly
and subtraction (blue) of the two results in a broad absorption band around 650 nm. In
this area, the spectral features for the one-electron-reduced P—H'" are expected. The
initial emission from the singlet excited state is intense (¢r = 87 %!*!) and probably
causes the slightly negativepart of the subtraction (400 nm to 500 nm).
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6.5.1 Additional transient absorption spectra with reductive quenchers

scaled 0.3

8 o
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Figure 58: Control quenching experiments of l*p—H%* with different electron donors. The
upper panel shows: red spectrum for P—H>* in water in the presence of NaHAsc (1 mM) excited
with 355 nm (pulse energy ~10 mJ, time delay 150 ns); green spectrum for P—H?* in methanol
(MeOH) and excited with 355 nm (pulse energy ~ 20 mJ, time delay 500 ns); blue spectrum for
P—H?* in water in the presence of Nal (5 mM) and excited with 355 nm (pulse energy ~10mlJ,
time delay 100 ns). The lower panel shows reference spectra of the triplet °P—H>* (see Figure
for details) in red, the radical spectrum P—H'" and [Ru(bpy);]" [a] in blue, or the measured
spectrum from spectro-electro chemistry in light blue [b] see Section @ for details.

The spectra in Figure |[58|show additional ns-TA data for the quenching of singlet excited
P—H?* (see also Tabl. For the quenching with NaHAsc and MeOH (red and green
spectrum), the expected bands between 450 nm to 650 nm can be observed. The time
delay (150 ns) in the case of ascorbate quenching is comparatively short and remaining
singlet emission (¢r = 87 %) is still present causing the negative signal at 500 nm in
the red spectrum. Quenching with iodine shows a broad and intense absorption between
350 nm to 500 nm. Those signals could arise from iodide-derived species (I, I, or
I;), which show intense (Ae ~750M~! cm™! to 8600 M~! cm™') bands in that spectral
region. As a consequence, the identification of the comparatively weak signals origi-
nating from the one-electron-reduced P—H'* can not be assigned unambiguously. The
exact assignment of those quenching products requires further investigations.
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6.5.2  Additional data for triplet formation after reductive quenching with Br~

1.0- ; ——P-H* + 0 mM NaBr
P-H?" + 30 mM NaBr

absorption

250 300 350 400 450 500
Al nm
Figure 59: UV-Vis control measurements for quenching reactions displayed in Figure The

spectra show P—H** (27 um) in aqueous H,SO, (50 mM) without (black) or with NaBr (30 mM,
green) added.

The UV-Vis spectra displayed in Figure [59] are identical, regardless of the concentra-
tion of quencher added. As a consequence, preassociation effects or reactions from the
ground state can be neglected.
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Figure 60: Measurements comparing the formation of 3P—H?* to the efficiency of the singlet
quenching. P—H?* was excited directly (355nm, 7 mJ). a) Shows a transient absorption spec-
trum with 30 mM NaBr present after 2.0 us time delay. b) Shows the kinetic decay of Sp—H*
on a long time scale at Age¢ = 435 nm (emission quenching data are in the supporting informa-
tion of reference [|85]] and Section @]} ¢) Black and green data points are derived from kinetic
quenching studies of the singlet excited '*P—H?* and the original kinetic traces can be found in
Section The red data set is derived from averaging the signal intensity of *P—H?* in part
d) (1.0ps to 2.0ps, black rechtangle) at increasing quencher concentration. d) Kinetic traces
detected at A\gey = 435 nm between 1.0 us to 7.0 us. The black rechtangle indicates the data used
for averaging the AOD (part c)) at increasing NaBr concentration.

Figure |60| shows the transient absorption spectrum and the decay of *P—H** (parts a)
and b)) after recombination-induced triplet formation (similar to the data in Figure [29).
Part c) of the figure shows the Stern—Volmer plot for singlet quenching with increasing
NaBr concentrations (black data points, (79/7) — 1), the derived quenching efficiency
(green data points, 17(1 — 7 /7)) and the increase of the signal intensity of *P—H>" at A
=435 nm (red data points, AOD(normalized)). A correlation of singlet quenching effi-
ciency (green data points) and triplet formation (red data points) shows nearly identical
behaviour for the different NaBr concentrations, confirming a direct correlation between
the two processes, singlet quenching and triplet formation. Part d) shows the original
kinetic TA traces detected at A4, = 435 nm and for increasing NaBr concentration and
the black box indicates the window (1.0 us to 2.0 us) that was employed for data aver-
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aging. The effect of the bromide concentration on the triplet lifetime is detailed in the
following section and Figure

6.5.3  Additional quenching experiments related to the external heavy atom ef-
fect

Spectroscopy with NaBr as quencher for '*P—H>*:

m
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Figure 61: Effects of bromide concentration on *P—H?* part a) and on the upconverted emission
part b). The solutions contained P—H?* (0mM) in H,SO, (50 mM) and NaBr (9.98 mM, blue data
or 19.7 mM, red data). The laser intensity was adjusted such that for both bromide concentrations
the triplet concentration is initially identical (37.8 mJ for the blue data set and 22.2 mJ for the red
data set). a) Presents the kinetic decay of 3SP—H?" at the two bromide concentrations for a short
(upper) and long (lower) time scale. b) Presents the delayed emission spectra for both bromide
concentrations, detected 500 ns after the laser pulse and integrated over 1.4 ms.

The effects of heavy atoms on the triplet decay and upconverted emission are addressed
in Figure Part a) presents kinetic traces of *P—H?* next to the intensity of the up-
converted emission (Iyc) of l%pP—H?* after annihilation in part b) for two different Br~
concentrations. To minimize the effects of the annihilation process firstly high excita-
tion energies were chosen such that the annihilation-derived kinetic effects are nearly
identical. Furthermore, the excitation intensities were adjusted to provide identical con-
centration of the ’P—H?*. An external heavy atom effect would impact ISC as well as the
reverse process (bISC). Hence, the decay of the triplet species exposed to higher heavy
atom concentrations should be faster. The kinetic traces in part a) of Figure[61]are essen-
tially identical on short and on long time scales indicating that *P—H*" is not impacted
by the concentration of bromide ions in solution at the chosen conditions, which is not
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in line with a supposed heavy atom effect. In contrast to that, the upconverted emission
originating form the "*P—H?"* is diminished significanlty at the high bromide concen-
tration. This effect is likely caused by quenching effects of the upconverted emission by
bromide ions. The ratio of the upconversion emission intensities (%) s ~
0.5, which is similar to the lifetime-based ratio resulting from the singlet excited state
quenching after direct excitation (based on Figure[60]in part ¢), kq = 1.22 x 1010 M~! 5!
the ratio of lifetimes amounts to ~ 0.6)[7]

Both measurements confirm that mainly the singlet excited state is affected by the heavy

atom, whereas the triplet decay remains unchanged.

Spectroscopy with NaCl or CsCl as quencher for '*P—H**:
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Figure 62: Kinetic traces (left side) and the resulting Stern—Volmer plot (right side) for the
quenching of '*P—H?* with different CsCl concentrations.

Figure [62{shows the Stern—Volmer plot and corresponding kinetic data for quenching of
4P—H* with CsCl. The resulting quenching rate kq=5.0%10®M~'s7! is alomst identi-
cal to the quenching with NaCl (kq = 5.1 x 10® M~! s7").[5] Hence, the initial quenching
step is neary unaffected by the heavier counterion. Only the first four data points were
used for the fitting, because at higher concentrations, ionic effects impede the linear-
ity of the plot. Similar effects were encountered for the Stern—Volmer plot with NaCl

(Section[6.9)).185)

3The signal intensity of the upconverted emission and the corresponding integral are based on the
measurement presented in part b) of Figure The measurement for those spectra was optimized to ex-
clude any residual emission from direct excitation (delay 500 ns). As a consequence some of the initially
formed upconversion emission is cut off. The ratio of upconversion emission at different bromide con-
centrations is therefore an estimated value and its purpose is to provide a rough estimate for comparison
with ratio of the derived lifetimes for singlet quenching after direct excitation.
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Figure 63: Comparison of '*P—H?** quenching with NaCl or CsCl. The aqueous solutions
(H,S0,4, 50 mM) contained P—H** (O mMm,black trance in a)) and NaCl (98.0 mM, blue traces)
or CsCl1 (90.0 mM, red traces). Part a) presents the quenching of '*P—H?* with the two chloride
salts, resulting essentially identical lifetimes (7(NaCl) = 10.2ns, 7(CsCl) = 10.3 ns). Parts b)
and c) present the traces for P—H>* decay of the two solutions after excitation with a 355 nm
pulsed laser (41.7 mJ). The kinetic traces show the triplet at a short (left, b)) or long (right, c))
time scale.

In Figure the kinetic traces of *P—H?* are compared, for an increased heavy atom
effect introduced by the counter ion of the quencher. This was realized by employing
chloride as sodium or caesium salt and the respective concentration was adjusted such
that the initial singlet quenching efficiency is identical (see part a) of the figure). For
measuring the kinetic traces of *P—H** both samples were excited using the same laser
intensity (41.7 mJ) at 355 nm and detected under identical conditions. The relative in-
tensity of the signals are shown at a short time scale (part b) of the figure) as well as the
decay over a long periode of time (part c) of the figure). Both are essentially identical
again indicating no effect of the heavier counterion.
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6.6  Additional data and Supporting Information for Molybdenum complex as
triplet sensitizer for upconversion and as photoredox catalyst (Section
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Figure 64: Overview of spectroscopic data for oxicative electron transfer reactivity of
3 [Mo(CO)stpe]. The upper pannel presents the absorption spectra of molybdenum(0) (blue),
the oxidized molybdenum(I) (violet) and the subtraction of the two to simulate the expected
bands in transient absorption spectroscopy (red). In the middle and lower pannel, the transient
absorptopn spectra and kinetic traces of unquenched 3[Mo(CO)3tpe] (blue) in acetonitrile and a
solution of the complex with chloropyrazine (Pz-Cl, 48 mM, turquoise) added are shown. Both
solutions were excited using a pulsed laser (532 nm) with 23 mJ pulse energy. The TA spectra
(middle pannel) are recorded 20 ns for the 3[MO(CO)3tpe] or 3 us (red box) for the quenched so-

lution. The corresponding kinetic decay traces in the lowest pannel follow the same color code.

Figure [64] presents additional transient absorption spectra supporting the electron trans-
fer reactivity of *[Mo(CO)stpe]. The simulated TA-spectrum (upper pannel, red) derived
from UV-Vis data of molybdenum(0) and spectr-electro chemistry of the oxidized form
predicts a broad bleach from 400 nm to 500 nm for the TA spectrum of the oxidized
complex (spectra taken from reference [44]], Section [3.1]and the corresponding supprot-
ing information, Section [6.10). The kinetic traces (lowest pannel) confirm the inital
quenching of the triplet excited molybdenum(0) (7=124 ns) upon addition of chloropy-
razine (7=38ns). Additionally, the turquoise trace (soution with the quencher added)
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does not return to zero indicating the formation of a new and longe-lived species. A
transient absorption spectrum of this species is shown in the middel pannel (turquoise
spectrum, delay 3 us, red box), which coincides with the band of the simulated TA-
spectrum. The spectrum of *[Mo(CO)stpe] (blue spectrum in the middel pannel) is
provided for comparison.
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6.7  Supporting Information for Sensitization-initiated electron transfer with
green light (Section 2.1.2)
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S1 General experimental details and methods

Materials

Unless noted otherwise, all chemicals for optical spectroscopy and irradiation experiments were
obtained commercially in high purity and used as received (acetonitrile, 99.9%, VWR Chemicals;
bis(2,2’-bipyridine)(5-pyrenyl-1,10-phenanthroline)ruthenium(Il) ~ dichloride =~ (RuphenPy), still
available from a former project'; 2-bromopyrazine (2-BP), 98%, BLDpharm; chloroform, 99.5%,
Titolchimica; chloroform-d;, 99.8%, Deutero; deuterium oxide, 99.9%, Deutero; N,N-dimethyl-4-
nitrosoaniline, 98%, Fisher Scientific; dichloromethane, 99.8%, fisher scientific; dimethyl sulfone, 98%,
Sigma-Aldrich; eosin Y disodium salt, >98%, Alfa Aesar; ethanol, absolute, VWR Chemicals; ethyl
acetate, >99.8%, Fisher Scientific; ethylene glycol, 299%, Carl Roth; 2-fluorobenzaldehyde (2-FBA),
97%, Sigma-Aldrich; 4-fluorobenzaldehyde, 98%, Sigma-Aldrich; 5-(hydroxymethyl)furfural, 98%,
abcr (5-HMF); hydroxypropyl-f-cyclodextrin (HPCD), TCI; imidazole, >98%, TCI; maleic acid,
>99%, TCI; methlyl phenyl sulfoxide, >97%, Sigma-Aldrich; methyl viologen dichloride hydrate, 98%,
Sigma-Aldrich; methylene blue, >97%, Sigma-Aldrich; 3,4,9,10-perylenetetracarboxylic 3,4:9,10-
dianhydride, 97%, Sigma-Aldrich; potassium hexachloroosmate(IV), >99%, Sigma-Aldrich; potassium
hydroxide, 85-100%, Honeywell; pyrene (Py), 98%, Fisher Scientific; 1-pyrenemonosulfonic acid
monosodium salt (PMS), >97%, Sigma-Aldrich; 1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt
hydrate (PTS), >98%, Sigma-Aldrich; rose bengal disodium salt, 95%, Sigma-Aldrich;
[Ru(phen);](PMS),, still available from a former project?; sodium L-ascorbate (NaHAsc), 98%, Sigma-
Aldrich; sodium chloride, >99.5%, Fisher Scientific; sodium hydroxide, >98%, Sigma-Aldrich; sodium
sulfate, 99%, Acros Organics; sulfuric acid, 98%, Sigma-Aldrich; thioanisole (TAN), >99%, TCI,
trifluoroacetic acid, 99%, Acros Organics; 2-(trifluoromethyl)benzaldehyde, 98%, Sigma-Aldrich; 4-
(trifluoromethyl)benzaldehyde, 98%, Sigma-Aldrich;  tris(bipyridine)ruthenium(Il)  chloride
hexahydrate (Rubpy), 99.95%, Sigma-Aldrich; tris(1,10-phenanthroline)ruthenium(Il) dichloride
hydrate, 98%, Sigma-Aldrich (Ruphen)). Aqueous solutions were prepared using ultrapure Millipore
MilliQ water with a specific resistance of 18.2 MQ cm (20 °C). Prior to all spectroscopic measurements

and irradiation experiments under oxygen-free conditions, argon from Nippon Gases (5.0) was bubbled
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through the sample solutions for at least 10 minutes to remove dissolved oxygen. Unless otherwise
stated, the solutions for optical spectroscopy were sealed in 10 mm pathlength cuvettes (quartz glass)

equipped with septum caps.

Steady-state measurements

Absorption spectra were recorded using a Perkin Elmer LAMBDA 365 instrument. Emission
measurements were performed with a Perkin Elmer FL-6500 spectrometer. This instrument provides
reliable values (i.e. sensitivity-corrected spectra) up to 660 nm. All steady-state absorption and emission
measurements were carried out at room temperature (20 + 2 °C). Very low concentrations of the emitting

substances were used to avoid filter effects.
Laser flash photolysis

For the recording of transient absorption spectra or time-resolved absorption or emission traces, an
LP980KS setup from Edinburgh Instruments was used with either an Nd:YAG laser from Litron (Nano
LG 300-10) with frequency-tripled output (355 nm) or an Nd:YAG laser from Quantel (Q-smart 450)
with frequency-doubled output (532 nm). For both lasers, the laser pulse duration was about 10 ns and
the pulse frequency was 10 Hz. The excitation energy was adjusted with a mechanical attenuator (Litron)
or by modifying the Q-switch delay (Quantel). Pulse energy measurements were conducted using a
pyroelectric detector equipped with a broadband absorber sourced from gentec-eo (QE25LPS-MB-
QED-DO). Unless otherwise specified, the intensity when using 532 nm as the excitation wavelength
was ~50 mJ per laser pulse. To ensure a uniform excitation throughout the detection volume, beam
expanders (Thorlabs) were employed. The beam diameter in front of the cuvette window was
approximately 1.2 cm (Litron) and 0.8 cm (Quantel). This allowed accurate determination of the
concentrations of the excited states in the cuvette and provided reliable kinetic analyses. Transient
absorption spectra were detected using an iCCD camera from Andor. Unless otherwise stated, transient
absorption spectra were integrated over 100 ns. Single-wavelength kinetics were recorded using a
Hamamatsu photomultiplier tube (R928). Spectroscopic experiments were performed using a
temperature-controlled cell holder. Unless otherwise stated, LFP measurements were performed at
20 °C.

77 K phosphorescence measurements

The 77 K measurements were performed with the LP980KS setup, replacing the standard cuvette holder
with a dewar containing a 4 mm thick sample glass tube surrounded by liquid nitrogen (L-G03 Liquid
Nitrogen EPR Dewar).

LED irradiation experiments

Application-related irradiation experiments were conducted with a 525 nm LED (Kessil Science,

PR160L) with 100% output power. The emission spectrum is shown in Figure S1.
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Figure S1 Emission spectrum of the used 525 nm LED. The spectrum was measured by irradiation a water-
containing cuvette in the FL-6500 instrument, recording the Rayleigh scattered light. The light source was installed
in a 90° angle with respect to the detector.

NMR spectroscopy

NMR spectroscopic studies were performed on a 300 MHz Avance III HD multi nuclear magnetic
resonance spectrometer (Bruker, analytic measuring technique, Karlsruhe, Germany). The solvents were
chloroform-d; and water-d, (Deutero GmbH, Kastellaun, Germany). The 'H NMR spectra were
calibrated using the residual non-deuterated solvent.> In '’F NMR spctroscopy, chemical shifts were
referenced to trifluoroacetate (6 = -76.2 ppm).** Chemical shifts are given as J values in ppm and all
coupling constants are given in Hertz (Hz). All conversions and product yields were determined by 'H

NMR using an internal standard (see section S5).

Quantum chemical computations

Density Functional Theory (DFT) calculations were performed using the program Orca 5.0.4.° Unless
otherwise stated, the functional B3LYP and the basis set def2-SVP were used for the computations.
After each geometry optimization, vibration frequencies were calculated. For PTS®™, atom-pairwise
dispersion correction with the Becke—Johnson damping scheme (D3BJ) was included.” In every case,
no imaginary vibration frequencies were obtained, indicating convergence on minimum structures. The
lowest triplet states were calculated starting from the energy-minimized singlet ground state geometries.
Triplet state energies were determined by comparing the energies of the optimized structures of the
singlet ground state and triplet state for each compound.®’ To determine electronic excitation energies
and oscillator strengths of the lowest 30 transitions (unless otherwise stated), TD-DFT calculations were
performed with previously geometry-optimized structures at the same level of theory. Additional single-
point calculations were carried out to obtain the spin densities of the optimized triplet states based on
Mulliken population analyses. The structures, and spin densities (iso value: 0.005) were displayed using
the software Avogadro1.2.0.'° The color code for the atoms in the ball and stick representation is as

follows: carbon (black), hydrogen (white), oxygen (red), sulfur (yellow). In the depiction of spin
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densities, blue-colored surfaces denote positive spin densities, whereas red-colored surfaces denote

negative spin densities.

S2 Additional steady-state experiments

S2.1 NMR titration experiment with Ruphen and PTS

The ground state association between Ruphen and PTS was investigated by '"H NMR spectroscopy.
Similar to the absorbance changes in the UV-vis study shown below (see Figure S5), changes in the
chemical shift of the signals of Ruphen occur when PTS is added. In a so-called NMR titration, PTS
(guest compound) was added in varying amounts at a constant Ruphen concentration (0.5 mM, host
compound). The corresponding "H NMR spectra are shown in Figure S2. It can clearly be seen that the
chemical shifts of PTS, which can be regarded as the mean value of all PTS molecules, shift with
changing PTS concentrations. The chemical shifts of the signals of Ruphen (d,—d4) for different

PTS:Ruphen ratios are shown in Figure S3.

c( )=0.5mMin D,O
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3 a4
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Figure S2 'H NMR spectra of Ruphen (signals labeled with &—ds) in the presence of PTS at different
concentrations in D,O at 20 °C.
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Figure S3 Chemical shifts of the 'H NMR spectra of Ruphen (signals labeled with 6,—-ds) at different guest:host
ratios (c(PTS)/c(Ruphen)) in D0 at 20 °C.

The well-established program BindFitV0.5'"""” from the Thordarson group was used to analyze the data.
This allows the selection of different fitting models, allowing a distinction between a 1:1, 1:2 or 2:1
aggregation (host:guest) as well as mixed aggregation models.'" A 1:2 aggregation (Ruphen:PTS) is
not considered meaningful due to the very high charge of PTS with -4 compared to Ruphen with +2.

Initially, a fit based on a 1:1 aggregation model was made, which results in an inappropriate fit with
large errors. According to the recommendations of the Thordarson group,'* the fit as well as the raw and

metadata can be accessed via the following link:

http://app.supramolecular.org/bindfit/view/b82a6c82-38b2-4ad3-8d00-09acabeb23fb

In contrast, a fit based on a mixed 1:1 and 2:1 aggregation model (see also Figure S4) provides a very

good agreement with the measurement data:

http://app.supramolecular.org/bindfit/view/d4144d5b-5cdf-499¢c-9823-a922e965eb18

The corresponding complexation constants of the 1:1 and 2:1 association are:
Ki=Q2.2+1L1)10*M!

K =375 M".
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K21

Figure S4 Schematic representation of 1:1 and 2:1 (host:guest) complexation between Ruphen (host) and PTS
(guest) in aqueous solution.

Ky is 3 orders of magnitude higher than K>;. This already implies that the 1:1 association is much more
significant than the 2:1 association. Via the links shown above, the proportion of free Ruphen,
(Ruphen)(PTS) and (Ruphen),(PTS) can also be displayed in the form of a mole fraction. For each
host:guest ratio, a 2:1 aggregate is present less than 1%, which means that it has practically no relevance.
In contrast, at PTS:Ruphen ratios of 1 and 2, 70% and 90%, respectively, of the Ruphen molecules are
in a 1:1 aggregate with PTS, which is consistent with the results of the static quenching efficiency of
the LFP studies (see main part, Figure 3 (a)). K1 and Ks are of the same order of magnitude, with K1,
being lower by a factor of 2.7. This difference can be explained by the fact that the concentrations of
chromophores in the NMR titration were higher, which results in an intrinsically higher salt effect.
Additionally, the experiments were performed in D,O, whereas in the LFP studies the experiments were

performed in MilliQ water.
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S2.2 Benesi—Hildebrand plot for Ruphen and PTS
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Figure S5 UV-vis spectra of aqueous solutions with different PTS concentrations in the presence of a constant
Ruphen concentration (30 uM). Insets: Benesi—Hildebrand-type plots based on the changes in the absorbance at
448 nm and 474 nm.

A bathochromic shift of the MLCT absorption band with an isosbestic point at 4 = 460 nm indicates a
ground state interaction between the inorganic and organic chromophore. The differences in the
absorbance of the different solutions at the laser excitation wavelength 532 nm are well below 5%,
which means that no correction factors are necessary when performing quantitative measurements using

the LFP setup.

The Benesi—Hildebrand-type'® plots show a linear trend for the wavelengths at which the largest change
in absorbance can be seen (448 and 474 nm), supporting the outcomes of the 'H NMR titration (see
section S2.1), which indicate a 1:1 complexation between Ruphen and PTS. The obtained values for
the association constant are of the same order of magnitude as for the laser measurements and the NMR
titration experiment. However, we regard the NMR method'"'> shown in section S2.1 as more
meaningful given that some simplifications in the Benesi—Hildebrand analysis are made that rely on a

clear excess of one component.
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S2.3 Steady-state emission quenching of *Ruphen by PTS
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Figure S6 (a) Main plot: Stationary emission of *Ruphen (c(Ruphen) = 30 uM, Aexc = 460 nm) in Ar-saturated
water in the presence of PTS at different concentrations. Inset: Corresponding Stern—Volmer plot based on the
reduced emission intensity (integral from 525 to 660 nm). (b) Main plot: Comparison of quenching efficiencies
obtained from total time-resolved emission intensity (cyan, see Figure 3 (a) in the main part) and steady-state
emission (black). Inset: The corresponding Stern—Volmer plot with its characteristic quadratic concentration
dependence.'®

The steady-state and kinetic emission measurements provide comparable Stern—Volmer plots and an
almost identical quenching efficiency of *Ruphen in the presence of PTS. Therefore, time-resolved
measurements are essential for a clear separation of static and dynamic quenching (see Figure 3 (a) in

the main part and the corresponding discussion for further details).

S2.4 pH-dependent ground state absorption spectrum of PTS

1.0 PTSinH,0
—pH=7
----pH=1
(c(H,S0,) = 0.09 M)
wmnn pH = 13
(c(NaOH) = 0.1 M)

0.5

0.0+

300 400 500
Alnm
Figure S7 Ground state absorption spectrum of PTS in water (¢(PTS) = 24 uM) at different pH values. At a pH
of 1, the UV-vis spectrum is unchanged compared to neutral or alkaline conditions, indicating that PTS is present

in the fully deprotonated form under acidic conditions in water, i.e. also during the 5-HMF oxidation, in which
the pH is gradually reduced as a result of formic acid release.'
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S3 Additional experiments for determining the quenching
efficiency by oxygen and stability measurements

S3.1 Singlet oxygen assay according to the RNO method

RuphenPy ' Rug 1
1.0 110 1.04 + 1.08
108 ; <106 -
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< | Alnm < Alnm
0.51 irradiation time| 0.5 irradiation time
—0s 0s
—10s —10s
20s 20s
0.0 100e 0.0 100s 0.00 ="
400 500 6 400 500 600 0 25 5 75
Alnm Alnm tls

Figure S8 (left, middle) UV-vis spectra of air-saturated aqueous solutions of RNO (140 uM), imidazole (8 mM)
and the respective sensitizer (system) (60 pM) before and during irradiation (LED, Aexemax = 525 nm). (right)
Changes in the absorption band at 440 nm during irradiation with their respective slope.
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YRNO : +RNO o4
\ <092 / +PTS <092
\ oso ﬂ / 00
o : I 0.8
420 440 of I / iz 440 460)
0.5 \ Jdm ) <os Al ( / 21nm
\ irradiation time i y‘l \ \/ irradiation time
\ —omin v ——0min
\\ & min ——6min
0.0 —— 0.0
400 500 600 400 500 600
Alnm Alnm

Figure S9 UV-vis spectra of control experiments for the 'O, assay in water before and after irradiation. The same
concentrations and LED intensity were used as in the experiments shown in Figure S8.

The RNO method initially developed by Kralji¢ and Mohsni is a reliable method to selectively observe
'0, formation in water.? After 'O, is generated, a corresponding endoperoxide is formed together with
imidazole, which selectively oxidizes the RNO, in this case N,N-dimethyl-4-nitrosoaniline, to the
corresponding nitro compound. The decrease of the RNO compound can be observed via the decrease
of'its absorption band at 440 nm. Thus, the relative rate of decrease of the absorption band can be directly
related to the relative rates of 'O, formation. To allow a direct comparison of the results of the 'O assay
with those of the 5-HMF photooxygenation, the same catalyst concentrations were used. Cuvettes with
a path length of 0.2 cm were chosen to perform the measurement in the linear range of the absorbance
measurement of the spectrometer. The cuvette was filled with 550 pL of air-saturated solution and
tightly sealed with a teflon stopper. To ensure the same photon flux, each cuvette was irradiated frontally
with a 525 nm LED located at a distance of 10 cm and set at 25% power. After an irradiation period of

10 seconds, a UV-vis spectrum was recorded in each case. A low overall conversion was selected in
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order to remain within the linear range of the reaction progress and to ensure an approximately constant
oxygen concentration. The decrease of the absorption band at 440 nm could be clearly observed for the
complete photocatalysis systems. In addition, the control experiments show that no conversion of RNO

is found in the absence of the sensitizer or imidazole, so that interfering side reactions can be excluded.

S3.2 Kinetic simulation of the lifetime dependency of quenching efficiency

1.0

¢(0,) = 0.27 mM
0.8k, =5-10"M"'s"
k,=1-10°M"s"
0.64k,=0.5-10°M"s"

k =01-10"M's

7 (triplet quenching)

0.4
0.2
7 504us
0.0+ rrerrr— T T
1E-8 1E-7 1E-6 1E-5 1E-4
T /s

0,triplet

Figure S10 Simulated quenching efficiencies at a standardized quencher concentration of 0.27 mM (which
corresponds to the solubility of dissolved oxygen in air-saturated water®') as a function of the unquenched lifetime
of the photosensitizer using four different quenching rate constants. The simulation is based on well-known kinetic
equations for bimolecular quenching of excited states.?

The solubility of dissolved oxygen and various other potential energy acceptors in aqueous solutions is
typically low. This characteristic combined with short excited-state lifetimes often leads to inefficient
energy transfer processes and low quantum yields of many reactions. Figure S10 presents a kinetic
simulation that demonstrates the necessity of extended triplet lifetimes for sensitizers in reactions that
cannot be performed at high concentrations of acceptor and substrate. Even when utilizing sensitizers
like Ruphen (with a triplet lifetime of 1.1 pus) with second-order rate constants approaching the diffusion
limit, the quenching efficiencies remain below 60% for sensitizing oxygen. In contrast, employing long-
lived triplet-excited species as sensitizers enables energy transfer with efficiencies close to unity, even
at considerably slower bimolecular rate constants. Furthermore, in this regard, the Coulombic dyad
outperforms the molecular dyad, due to the higher triplet lifetime achieved in the Coulomb-matched pair
resulting from less back energy transfer (AEt = 0.4 eV) to the inorganic chromophore, as already

explained in the main paper.
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S3.3 Oxygen quenching efficiency at 50 °C
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Figure S11 Time-resolved absorption measurements to determine the lifetimes of the triplet excited Ruphen (top
left), RuphenPy (top right) and PTS (bottom) at 20 °C and 50 °C in air- or Ar-saturated solutions with the
corresponding quenching efficiencies by molecular oxygen.

The lifetimes of *Ruphen and *RuphenPy show a pronounced temperature dependence. In the case of
*Ruphen, thermally activated population of the *MC state can take place, which reduces the lifetime of
the *MLCT state.> For *RuphenPy it is known that deactivation via the metal complex unit is more

efficient at elevated temperatures.' In contrast, the lifetime of 3PTS seems to be more robust towards

increased temperatures.

Since *Ruphen has a lifetime of only about 300 ns at 50 °C, the quenching efficiency by dissolved Oz
drops below 50%. Despite suffering from a high lifetime reduction, the quenching efficiency of
*RuphenPy by O, is with 90% still very high. Since a lifetime of more than 100 ps is achieved for *PTS

even at elevated temperatures, the quenching efficiency by O stays close to 100%, making *PTS an

attractive energy transfer catalyst.

The quenching efficiency of *Ruphen by PTS also depends on temperature. For a PTS concentration
of 60 uM, *Ruphen is quenched with an efficiency as high as 92% at 20 °C and 83% at 50 °C, which

globally has little effect on the overall quantum yield of the reaction.
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S3.4 Comparison of expected and observed performance for photocatalytic
10, formation and photostability measurements

Table S1 Expected and observed performance for 'O, formation in water with the photocatalysts used
(see also Figure 5 (b) in the main part, ++ means excellent, whereas -- means poor) based on the molar
extinction coefficient at the LED peak wavelength (&s2s am), the unquenched triplet lifetime (zr), the
intersystem crossing quantum yield (®sc), the quenching efficiency by dissolved oxygen ('7q,02) and

the quantum yield of singlet oxygen formation (D).

Expected Observed
erformance | performance
Compound | &s25m T,0 Disc M40, (N P in'0, P in'0,
formation formation
Ruphen - 1.10 ps™ ~1 ~0.54 | ~0.25* - +
RuphenPy - 50.4 ps® ~1 ~1 ~0.60' + +
Ruphen B [a] - 1M N le]
and PTS 355 ps 1 1 0.60 + ++
eosin Y [ ~190 pus® | ~0.8% ~10 ~0.57% + --
methylene | 400 us? | ~052% |~ | ~0.52% + -
blue
rose bengal | ++ | ~104 us* | ~0.86%! ~11 ~0.76* ++ -

[a] From this work; [b] Assuming kq = 1-10° M's™ as a lower limit and ¢(O) = 0.27 mM?*'; [c] From
this work, same result compared to the dyad, see section S3.1

1.0 c(Ruphen) = 60 pM 1.0 y) =60 M o5
¢(Me,SO,) =5 mM cMe,SO,)=5mM oz
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Figure S12 UV-vis spectra (recorded in 2 mm quartz glass cuvettes) of the solutions used for photocatalysis before
and after 2.5 h of irradiation (525 nm LED) under the standard reaction conditions (see Figure 5 (b) in the main
part and section S5.1) using the catalysts Ruphen and PTS (top left), RuphenPy (top right) and rose bengal
(bottom).

233



-15-

As demonstrated in Figure S12, there are only minor changes in the characteristic MLCT band of
Ruphen and the n-n* band of PTS in the UV-vis spectrum during irradiation, which demonstrates the

high photostability of the Coulombic dyad.

In contrast, more pronounced changes in the MLCT band and a disappearance of the characteristic m-m*
band of pyrene (in the form of a shoulder marked with a red arrow) are observed for the molecular dyad
RuphenPy. More than half of the absorption intensity observed for the freshly prepared reaction mixture
at 340 nm is attributed to the absorption of the molecular dyad (Figure S12 top right, inset). As we found,
the observed decrease of the absorption by 50% after irradiation is a result of two effects: First, a minor
absorption decrease at 340 nm can be expected owing to the conversion of ~40% 5-HMF into a less-
absorbing product. Second, a substantial amount of the dyad photocatalyst has vanished. A careful
analysis allows us to set a lower limit for this photodegradation process — more than 50 % of the

molecular dyad molecules underwent degradation after 2.5 h of green-light irradiation.

For all organic sensitizers, we observed pronounced changes of their intense colors with the naked eye
after a few minutes of photoirradiation. The organic photocatalyst rose bengal shows a very poor
photostability, which can be observed by the complete disappearance of the characteristic absorption
band after 2.5 h of irradiation. The low photostabilities of the molecular dyad and the organic
photocatalyst explain the lower experimental 'O, formation performance compared to the expectations

based on literature values (see Table S1 and Figure 5 (b) in the main part).
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S4 Influence of Coulombic interactions on static quenching and
quenching efficiency
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Figure S13 Elucidation of charge effects for static energy transfer in solution between *Ruphen and differently
charged pyrene derivatives. (a) Molecular structures of PTS, PMS and Py. (b) Main plot: UV-vis spectra of
solutions containing Ruphen (30 pM) and the corresponding pyrene derivative (¢ = 0, 30, 60, 90, 120 uM) in
Argon-saturated water (1b and 2b) or acetonitrile (3b). Inset: Enlarged image to show the absorbance at the
excitation wavelength. (c) Main plot: Respective time-resolved emission after laser excitation (Aexc = 532 nm) with
arrows indicating static energy transfer for (I1c) and (2c). Inset: Stern—Volmer plots for static and/or dynamic
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quenching. (d) Main plot: Time-resolved transient absorption a detection wavelength, which was chosen such that
there is both a clear ground state bleach due to *Ruphen formation after the laser pulse (lexc = 532 nm) and a
strongly pronounced excited state absorption due to the respective pyrene triplet after the quenching process.
Arrows indicate static quenching for (1d) and (2d). Inset: TA spectra for c(pyrene derivative) = 0 uM (*Ruphen
is formed only, delay = 50 ns) and c(pyrene derivative) = 30 uM (1d) or 120 uM (2d, 3d) (showing the pyrene
triplet, (1d) delay = 2 us, (2d) delay = 2 ps, (3d) delay = 3 ps). (e) Proportion of static and dynamic quenching of
3Ruphen (c(Ruphen) = 30 pM) by PTS (cyan, in water), PMS (brown, in water) or Py (purple, in acetonitrile)
for different quencher concentrations in Ar-saturated solution.

The extent to which Coulombic interactions have an influence on static quenching was investigated. For
this purpose, in comparison to the tetrasulfonated pyrene (PTS), the monosulfonated pyrene (PMS) was
used as well. Since sulfonic acids are typically very strong acids, these compounds most likely exist as
tetra- and monoanions in neutral water respectively. In addition, unsubstituted pyrene (Py) and the PFs
salt (for solubility reasons) of Ruphen were investigated in acetonitrile, to observe the quenching

behavior in the absence of Coulombic interactions between the photosensitizer and the quencher.

Initially, the changes in UV-vis spectra (part b of Figure S13) were observed with increasing quencher
concentrations. In the case of charged quenchers, slight spectral changes are seen in the region of the
MLCT absorption bands, indicating complexation between the two chromophores. In the absence of
Coulombic attraction, such a change is not present. For the subsequent laser measurements, the
absorbances at the excitation wavelength are relevant. For the solutions with PTS, the absorbance varies
by less than 5%. For the solutions with PMS and Py, the absorbance of the Ru complex remains almost

constant at 532 nm.

Using the time-resolved emission at 600 nm after the laser pulse (part ¢ of Figure S13), the
phosphorescence of *Ruphen and thus its quenching by the pyrene derivatives can be observed. Based
on the initial amplitude under otherwise identical conditions, the static quenching as a result of the
complexation between the inorganic and organic chromophore can be quantified. Very pronounced
static quenching is observed for the tetraanion PTS, yielding a complexation constant of 6.1-10* M,
In addition, dynamic quenching with a quenching constant of 2.5-10'"* M's™ is well above the diffusion
limit in water (6.5-10° M's™" at 20 °C)*', which can also be attributed to attractive interactions between
Ruphen and PTS. Weak static quenching is observable for PMS, resulting in a complexation constant
of 1.8:10> M™". Dynamic quenching occurs with a constant of 8.7-10°M™'s™'. When quenching *Ruphen
by Py in acetonitrile (whose viscosity is about 2.5 times lower compared to water, allowing much faster
diffusion-based reaction rates), no decrease in initial amplitude is seen, excluding static quenching. The

constant of dynamic quenching was estimated to 5.9-10° M~'s™".

Additional time-resolved measurements of the transient absorption signals were performed (part d of
Figure S13). Here, the detection wavelength was chosen such that both *PTS and *Ruphen give clear
signals (excited state absorption of *PTS and ground state bleach of *Ruphen). When PTS is used as a

quencher, the quasi-instantaneous formation of *PTS (in static quenching typically on a sub-ns time
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scale) is very clearly seen under the simultaneous recovery of the Ruphen ground state (i.e. the expected
Ruphen ground state bleach cannot be observed). In the case of the monoanion PMS, static quenching
occurs to a smaller extent. This leads to the fact that with increasing PMS concentration less *Ruphen
and *PMS is formed initially. In total, this results in slightly more positive transient absorption signals.
For the uncharged quencher, that the initial transient absorption is independent of the Py concentration,

which also indicates the absence of static quenching.

The summary of the quenching efficiencies for the pyrene derivatives and the differentiation into static
and dynamic contributions (part e of Figure S13) allows two conclusions: i) The overall quenching
efficiency under the chosen conditions increases with increasing Coulombic interaction and ii) the
proportion of static quenching is more pronounced in the presence of attractive Coulombic interactions.
It can be concluded that Coulombic interactions are in charge for the pronounced static quenching and

the beneficial properties of our Coulombic dyad consisting of *Ruphen and PTS.
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SS Irradiation experiments

S5.1 General procedure

For photooxygenations, a cylindrical glass vessel with a total volume of 20 mL and a diameter of 2.3 cm
was used. It was filled with 5 mL of the respective reaction solution and closed with a septum. A water
bath was used to ensure a constant reaction temperature (room temperature). For reactions at 50 °C, the
water bath was kept at this temperature using a hot plate. The irradiation was carried out with a 525
LED, which was located at a distance of one centimeter from the reaction vessel and operated at 100%
power. The gas space of the reaction vessel was connected via a cannula to a pressure-controlled vacuum
pump (Biichi V-500 vacuum pump and Biichi Vacuum Controller V-800) and a slight vacuum of 25 +
10 mbar below the ambient pressure was adjusted. A second cannula, which reaches to the bottom of
the reaction vessel and is connected to the outside air, ensures a constant air flow and thus a constant

oxygen concentration (see Figure S14).

Figure S14 Reaction setup used for photooxygenations.

The reactions were carried out in MilliQ water. For reaction control, '"H NMR spectra were recorded
from a mixture of 0.25 mL reaction solution and 0.35 mL D,O. A very intense signal is obtained for
water, centered at 4.79 ppm and extending approximately from 5.2—4.2 ppm. This has been cut out for

clarity in the "H NMR spectra shown.
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Debromation and Pinacol coupling reactions were performed in septum-sealed NMR tubes filled with
0.7 mL reaction solution under an argon atmosphere. The NMR tube was also placed in a water bath for
maintaining the temperature during irradiation. Only one NMR tube was irradiated with one LED at a

time.

To quantify the reactant and products, the corresponding signals were compared to the signal from the

internal standard.

S5.2 Photooxygenation of 5S-HMF

5-HMF is one of the most promising platform chemicals derived from sugars, which can be processed

into building blocks for biopolymers, biofuels, fine chemicals or large-scale chemicals.>>**

]

0.2 mol% Ruphen OH
)\O/\ 0.2 mol% PTS oﬁu\ + i
—_—
H \ / OH H,0, air = OH H OH
5-HMF 525 nm, via '0,
30 mM

Irradiation time

°" | L0 |

1h

°" IIII | \

11 10 9 8 7 6 4 3 2 1 0
0/ ppm

Figure S15 Reaction equation of 5-HMF photooxygenation with the corresponding "H NMR spectra
and assignment of reactant and product signals (color-coded) after different irradiation times (525 nm
LED). The signal marked with an asterisk (*) corresponds to the internal standard dimethyl sulfone (¢ =
5 mM).

Figure S15 shows the photooxygenation of 5-HMF with the corresponding '"H NMR spectra under
optimized conditions. A clean and nearly complete conversion of 5-HMF to the two products is obtained
in this reaction. The signals could be clearly assigned to the products.'* In the absence of a suitable
sensitizer, neither product formation nor substrate conversion are observed. For the time and catalyst
dependent product yields, see Figure 5 (b) of the main part. Ruphen and PTS are so low in concentration

that they are not visible in the NMR. Additionally, no by-products could be observed.
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Formic acid: "H NMR (300 MHz, H;0+D;0): 6 [ppm] = 8.22 (s, 1H).
5-Hydroxy-5-(hydroxymethyl)furan-2(5H)-one: '"H NMR (300 MHz, H,0+D,0): J [ppm] = 7.46 (d, J
=5.8 Hz, 1H), 6.32 (d, /= 5.7 Hz, 1H), 3.83 (s, 2H).

S5.2.1 Variation of catalyst loading and excitation wavelength

20] * c(Ruphen) = ¢(PTS) =120 um .
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Figure S16 Comparison of the reaction rates for the photooxygenation of 5-HMF with different Ruphen and PTS
concentrations in air-saturated solution.

In the molecular dyad, the inorganic and organic chromophore are present in a 1:1 ratio. To have a direct
comparison with the Coulombic dyad, Ruphen and PTS were also used at the same concentration for
most experiments. At twice the sensitizer concentration, twice as many photons from the light source
are absorbed, which can be assumed given the layer thickness used and the moderate absorbance at the
excitation wavelength. Since twice the amount of *Ruphen (and therefore *PTS) is obtained in the
process as well, it is ultimately assumed that the rate of 'O, formation is twice as high. Additionally,
when the PTS concentration is increased from 30 pM to 60 pM, the quenching efficiency of *Ruphen
by PTS is slightly increased (from just below 80% to over 90%). When the catalyst concentrations are
increased from 30 to 60 uM, the reaction rate is increased by 25%. When the catalyst concentrations are
further doubled, there is very little increase in reaction rate. At a concentration of 60 pM the upper limit
of the reaction rate seems to be reached. Therefore, this concentration was chosen for the irradiation
reactions. Based on this result it is assumed that with this catalyst concentration the oxygen uptake rate

of the solution is the rate determining step of the photooxygenation.
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S5.2.2 Comparison of H2O and D:O as solvent
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Figure S17 Product formation rates during the photooxygenation of 5-HMF with Ruphen and PTS in air-
saturated H,O or D,O.

Furthermore, it was tested whether the [2+4] cycloaddition was the rate-determining step in the reaction.
A catalyst loading was selected at which the rate is not yet limited by the oxygen uptake into the solution.
In D0, '0, has a lifetime that is about twenty times longer than in HO (~67 ps vs ~3.5 ps).* If the
reaction rate is limited by the [2+4] cycloaddition, a much higher reaction rate would be observed in
D;0. Since an almost identical reaction rate is obtained, it is assumed that 5-HMF reacts very rapidly

with '0,. Thus, the reaction is likely limited by the rate of oxygen uptake into solution.

S5.2.3 Determination of oxygen concentration during irradiation
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Figure S18 Time-resolved absorbance measurements of aqueous reaction solutions containing 5-HMF (30 mM)
and dimethyl sulfone (5 mM) with the catalysts Ruphen (60 uM) (a) and Ruphen (60 uM) and PTS (60 uM) (b),
respectively, before and after irradiation (10 min with 525 nm LED) in air- and argon-saturated solution and “in
operando”. Details and calculations are presented in the text.

Assuming that the oxygen uptake into the solution is the rate-determining step during the

photooxygenation of S-HMF, the question arises as to what equilibrium concentration of oxygen is
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reached (in operando). For this purpose, a cuvette (1 cm layer thickness, 3.5 mL total volume) containing
3.0 mL of reaction solution was irradiated for 10 minutes with a 525 nm LED in the same way as in the
general procedure, passing air through it with a canula. Before irradiation, the lifetime of the triplet state
in air- and Ar-saturated solution was determined via time-resolved absorption measurements.
Immediately after the LED was turned off, the air flow was interrupted and the lifetime of *Ruphen or
*PTS was determined again. Together with the lifetime measurements in air- and Ar-saturated solution

after irradiation, the oxygen concentration in operando can be estimated.

The lifetimes of the triplet states of Ruphen and PTS are slightly lower in the reaction solution than in
the pure solvent. Also, after irradiation, the lifetimes in Ar-saturated solution are noticeably lower than
before irradiation. In the case of PTS, the decrease in lifetime is particularly pronounced. It is
conceivable that a certain pH dependence or ionic strength due to the formic acid produced has an
influence on the lifetime.*® Nevertheless, the determined PTS lifetime of about 100 ps in this case is

sufficiently high for an efficient reaction.

The rate constant of the quenching of the triplet state in the reaction solution after irradiation can be
determined from the corresponding lifetimes in air- and Ar-saturated solution. For this purpose, the
rearranged Stern—Volmer equation is required. A maximum O, concentration of 0.27 mM in air-

saturated water is assumed.?' The same color code as in Figure S18 is used in the following equations,

z-1

ka = 027 mM) -

Assuming that the same rate constant is present in operando, the equilibrium concentration of oxygen

can be calculated.

-—1
¢(02)in operando = L &

q

The oxygen concentration when PTS is used is significantly lower (0.16 mM) than when Ruphen alone
is used (0.23 mM), indicating faster O, conversion, which is consistent with the higher rate of 'O,

formation.

Due to the fact that the triplet lifetimes are shorter in the actual reaction mixture and a lower oxygen
concentration is present, the quenching efficiency for the triplet state decreases. This can be calculated

with the knowledge of kq, 7 and ¢(O2)in operando-

1
1+ kq * 7 ¢(02)in operando

n=1-

For Ruphen, a low quenching efficiency of 46% is calculated. The triplet state of PTS, on the other
hand, is still quenched almost quantitatively with 93%, although both the lifetime and the quencher
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concentration have decreased. The relationship between quencher concentration and quenching
efficiency is shown for the two triplet states with the observed lifetimes and values for kq in a simulation
(Figure S19).

S5.2.4 Kinetic simulation for quenching efficiency depending on quencher concentration

1.0
0.8+ 7, =924 ps
k,=9810°M's"
0.6
S
0.4-
7, =923 ns
0.2+ k,=4.110°M"s"
0.0 T T T
0.0 0.1 0.2 0.3 0.4
c(Q)/ mM

Figure S19 Kinetic simulation for the quenching efficiency 7 of *PTS and *Ruphen depending on the quencher
concentration for the values of kq and 7y obtained in the irradiation experiment in section S5.2.3 (¢(5-HMF) =
30 mM, c(dimethylsulfone) = 5 mM, c¢(Ruphen) = 60 uM and ¢(PTS) = 60 uM, 10 minutes of irradiation with
Aexe,max = 525 nm).

Figure S19 clearly shows the importance of a long triplet lifetime when quenchers can only be used in
a low concentration. The 100-fold higher lifetime of *PTS leads to a relatively constant quenching
efficiency above 90% in the range in which the oxygen concentration varies during irradiation. Even at
a concentration of ¢(Q) = 50 uM, an efficiency of over 80% is possible. In contrast, for much shorter
lifetimes, as is the case for *Ruphen, the quenching efficiency is sensitively dependent on the quencher

concentration. A decrease of ¢(Q) leads to a significant reduction of 7.
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S5.2.5 Photooxygenation with sunlight

o
A ? OH [o]

AT o o |
H \ / OH 5 h, H;0, air p— OH H OH

5-HMF via'0,

30 mM 2% ( ) 35% ( )

&
before irradiation | I ]

after irradiation
Ruphen I

after irradiation
Ruphen and PTS . I 1

T T T T T T T T T T T T

12 11 10 9 8 7 6 4 3 2 1 0
0/ ppm

Figure S20 Reaction equation of 5-HMF photooxygenation with the corresponding '"H NMR spectra and
assignment of reactant and product signals after irradiation with sunlight for 5 h. The signal marked with an asterisk
(*) corresponds to the internal standard dimethyl sulfone (¢ =5 mM).

The reaction vessel, which was placed in a water bath, was irradiated with sunlight without being sealed.
Oxygen input from the surrounding air was ensured by stirring vigorously with a stirring bar driven by
a magnetic stirring plate. Due to the irradiation with the (almost) complete solar spectrum, the reaction
temperature (25-30 °C) was slightly above room temperature (typically 20 °C). A 400 nm long pass
filter was placed in front of the reaction vessel to avoid direct excitation of PTS by solar UV radiation.

The solar irradiation was carried out on 05/31/2023 between 9:30 am and 2:30 pm in Mainz.
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S5.2.6 Gram-scale photooxygenation

Q o. 0.018 mol% Ruphen OH )
0.072mol% PTS | g O,
W\ J ov— > on |
H,0, air — H OH
5-HMF 525 nm, via '0
053 M 2 90% 90%
29
*
Irradiation time
0h l 1

24 h | |

Lo s J ]

11 10 9 8 7 6 5 4 3 2 1 0
S/ ppm

Figure S21 Reaction equation of 5-HMF photooxygenation with the corresponding 'H NMR spectra and
assignment of reactant and product signals (color-coded) after different irradiation times (525 nm LED). The signal
marked with an asterisk (¥) corresponds to the internal standard dimethyl sulfone (¢ = 81 mM).

The set-up used for the photooxygenation of 5-HMF on a gram-scale was similar to that shown in Figure
S14, except that a 50 mL round bottom flask was used as the reaction vessel. After complete conversion,
the solution was saturated with NaCl and extracted 8 times with 15 mL ethyl acetate each. The collected
organic phases were dried with sodium sulfate and then filtered. The solvent was removed under reduced
pressure. This yielded 1.57 g of a yellow oil containing 75 wt. % of 5-hydroxy-5-(hydroxymethyl)furan-
2(5H)-one, as well as internal standard and formic acid (determined by "H NMR). Further attempts to

separate this mixture were not carried out.

S5.2.7 Control experiments

Table S2 Control experiments for the photooxygenation of 5-HMF with Ruphen and PTS after 5 h of
irradiation in air-saturated water.

Ruphen (60 uM) | PTS (60 uM) ’ Air | TIrradiation (525nm | Conversion/% | Yield /%!
LED)
+ + + + 99 93
+ - + + 61 61
- + + + 0 0
+ + _[b] + 1 0
+ + + - 2 0

[Yield of the lactone. ™ Argon instead of air was bubbled through the solution.
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S5.2.8 Photooxygenation under alkaline conditions

o 0.2 mol% Ruphen
(o) 0.2 mol% PTS

H \ / H 60 mM NaOH, air

525 nm, wa‘O;

5-HMF 5h,92% (92%) 98% 6%
30 mM

Irradiation time
0Oh

*

4/ ppm

Figure S22 Reaction equation of 5-HMF photooxygenation under basic conditions with the corresponding 'H
NMR spectra (in D20O) and assignment of reactant and product signals after different irradiation times (525 nm
LED). The signal marked with an asterisk (*) corresponds to the internal standard dimethyl sulfone (¢ = 5 mM).

By simply switching to alkaline pH conditions (compare with Figure S15), a completely different C5
building block can be obtained, which can serve as a monomer for biobased polymers.'** Even under
these conditions, a highly efficient reaction with the Coulombic dyad is possible. In addition to formic
acid as a co-product, maleic acid was clearly identified by the addition of a commercially available
sample. Since it is a diprotic acid, the '"H NMR signal of maleic acid is strongly dependent on the pH of
the solution. The fact that the yield of formic acid exceeds the conversion suggests that the ring-opened
product is further oxidized, leading to the release of another equivalent formic acid and maleic acid.!
After 5 h of irradiation, hardly any signals of the ring-opened product are observed in the 'H NMR
spectrum. This is due to oligomerization and decomposition of this compound, which leads to
broadening of the NMR signals.' The decrease of the monomer can be inhibited by cooling the reaction

mixture.!

cis-5-Hydroxy-4-keto-2-pentenoic acid: "H NMR (300 MHz, HO+D0): 6 [ppm] = 6.46 (d, J = 12.2
Hz, 1H), 6.18 (d, /= 12.1 Hz, 1H), 4.42 (s, 2H).
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S5.3 Photooxygenation of TAN

S 0.2 mol% Ruphen ﬂ
N 0.2mol% PTS S
—_— ~N
H,0, air

525 nm, via 10,

TAN 0
"30 mM" s0°c 01
Irradiation time ’
0 min
*
30 min
A
*
60 min T l
1 10 9 8 7 6 4 3 2 1 0
J/ppm

Figure S23 Reaction equation of TAN photooxygenation in air-saturated water at 50 °C with the corresponding
"H NMR spectra (in D,0) and assignment of reactant and product signals after different irradiation times (525 nm
LED). The signal marked with an asterisk (*) corresponds to the internal standard dimethyl sulfone (¢ =15 mM).

Water can only solve a small amount of TAN at room temperature. At higher temperatures, a sufficiently
high concentration can be achieved so that efficient photocatalysis is possible. The product is much
better soluble in water than the reactant, so that this can be reliably observed in the "H NMR spectrum.
The reaction mixture thus consists of a suspension of the aqueous solution and the undissolved TAN.
The air flow through the solution ensures constant mixing and thus a high contact surface between the
liquid components, so that a steady concentration of TAN is reached in the reaction solution.

Since no reference 'H NMR for methyl phenyl sulfoxide in pure water is known in the literature, we
recorded one with a commercially available sample (see Figure S63). The signals of the reference
substance match perfectly those recorded in the irradiation reaction. Since no other signals are observed,
it is assumed that TAN is selectively converted to methyl phenyl sulfoxide. The corresponding sulfone,
which can be obtained during the conversion of TAN, is not observed.’’

After 60 min of irradiation, a yield of 91% is already achieved. In the case of the 5-HMF
photooxygenation, only a yield of 44% was observed after this time. The reaction rate was significantly
influenced by the oxygen uptake rate in solution, such that a higher reaction rate is not plausible. The
reaction rate, which is about twice as high, can be explained by the fact that two TAN molecules can be
oxidized with one 'O, molecule. 'O, reacts with a TAN molecule to form a persulfoxide, which is able
to oxidize a further sulfide to a sulfoxide, resulting in a total of two equivalents of the sulfoxide.***' A

temperature effect probably plays a minor role.

Methyl phenyl sulfoxide: '"H NMR (300 MHz, H,0+D,0): § [ppm] = 7.75-7.61 (m, 5H), 2.88 (s, 3H).
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S5.4 Debromination of 2-BP

S5.4.1 LED irradiation

0.3 mol% Ruphen

N
I N 1 2 mol% PTS
N/ 10 mM NaHAsc

Br| D,0, 180 min, 525 nm D
2-BP Ar-saturated 96% 94%
10 mM
. D,0 *
Irradiation time
0 min
[ I A l
*
NaHAsc
30 min L Lo
%
60 min l. L )
180 min l
2 1 10 9 8 7 6 5 4 3 2 1 0
o/ ppm

Figure S24 Reaction equation of the photocatalyzed dehalogenation of 2-BP in Ar-saturated D,O with the
corresponding '"H NMR spectra and assignment of reactant and product signals after different irradiation times
(525 nm LED). The signal marked with an asterisk (*) corresponds to the internal standard dimethyl sulfone (¢ =
2 mM).

Dehalogenation of 2-BP yields pyrazine, which shows a sharp singlet at 8.63 ppm in the '"H NMR

spectrum in D,0.*>%

During the irradiation reaction, the total integral of reactant and product signals in the "H NMR remains
the same, indicating an equal number of 'H atoms in both molecules. Therefore, it is assumed that the
resulting sigma radical is saturated with a deuterium atom after bromide cleavage. Presumably, the
sigma radical at the aromatic structure abstracts a hydrogen atom from ascorbate, which has exchanged
the most reactive, in other words most acidic, 'H atoms for D atoms with the solvent D,0.* The *Jup

coupling in pyrazine is in fact very low, making the signal appear as a sharp singlet.*’

Pyrazine-d1: "H NMR (300 MHz, D,0): J [ppm] = 8.63 (s, 3H).
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0.3 mol% RuphenPy N\
E j\ 10 mM NaHAsc [ /j\
Br 525 nm, D,0 N" D

2-BP Ar-saturated 4%
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Figure S25 Reaction equation with pertinent conditions and time-resolved product yield of the dehalogenation of
2-BP (10 mM) with 0.3 mol% RuphenPy upon LED irradiation (Amaxexc = 525 nm) in Ar-saturated water at 20 °C
(see also Figure 7 (c) of the main part) for related experiments.

S5.4.2 Irradiation using sunlight

o Ruphen

O, e L

10 mM NaHAsc

D,
2-BP Ar saturated 14% (70%)
10 mM 14% (70%)
D,0 [
before irradiation IJ_l I A l
;'_' %
NaHAsc
after irradiation
Ruph
i il Ll
*
after irradiation
Ruphen and PTS
P 1%
2 11 10 9 8 7 6 5 4 3 2 1 0
J/ppm

Figure S26 Reaction equation of the photocatalyzed dehalogenation of 2-BP in Ar-saturated D,O at RT with the
corresponding 'H NMR spectra and assignment of reactant and product signals in the absence or presence of PTS
before and after exposing the solution to sunlight. The signal marked with an asterisk (*) corresponds to the internal
standard dimethyl sulfone (¢ = 2 mM).

Due to the irradiation with the (almost) complete solar spectrum, the reaction temperature (25-30 °C)

was slightly above room temperature (typically 20 °C). A 400 nm long pass filter was placed in front of
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the reaction vessel to avoid direct excitation of PTS by solar UV radiation. The solar irradiation was

carried out on 06/16/2023 between 10:30 am and 2:30 pm in Mainz.

S5.4.3 Control experiments

Table S3 Control experiments for the dehalogenation of 2-BP with Ruphen, PTS and NaHAsc after
3 h of irradiation in Ar-saturated D,O.

Ruphen (30 ’ PTS (120 ’ NaHAsc ‘ Irradiation Conversion/ % | Yield /%
uM) uM) (10mM) | (525 nm LED)
+ + + + 96 94
+ - + + 22 16
- + + + 0 0
+ + - + 0 0
+ + + - 0 0

SS.5 Pinacol coupling of 2-FBA

S5.5.1 LED irradiation

(0] H
0.3 mol% Ruphen
F 1.2 mol% PTS D/L and meso
10 mM NaHAsc
D,0, 5 h, 525 nm
2-FBA Ar-saturated
10 mM ~100% ~100%
Irradiation time D,0 o |MF ‘
o | | ] T
A |
[ J £
T [19F
NaHAsc A
2_5 h I J i 1o ’ J/‘:;m . ) ’
L i, x A
T «  [OF
JU\ AN
53 62 62 Em 720 £
5h I I 3/ ppm
2AAA l
12 1 10 9 8 7 6 5 4 3 2 1 0

d/ppm

Figure S27 Main plot: Reaction equation of the photocatalyzed pinacol coupling of 2-FBA in Ar-saturated D,O
at RT with the corresponding "H NMR spectra and assignment of reactant and product signals after different
irradiation times (525 nm LED). The signal marked with an asterisk (*) corresponds to the internal standard
dimethyl sulfone (c = 3 mM). Insets on the right: Corresponding '°F NMR spectra.

The C atom at which the C-C bond linkage between two 2-FBA molecules takes place is prochiral. In

other words, two stereocenters are formed in the molecule after bond formation. Since working in an
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otherwise achiral environment, an equal distribution of R and S centers in the product is expected. When
two R or two S centers are formed, it is also referred to as the D or L compound. If there is one S and
one R center each, the molecule is achiral. These two forms are summarized as meso compounds. In the
achiral setting, the chiral D/L compounds give the identical signal in NMR. Furthermore, the D/L and
the meso compounds are diastereomeric to each other and therefore give a separate signal. The
coexistence of two diastereomeric compounds in a 1:1 ratio is observable from the two singlets at 5.29

and 5.26 ppm. The same can be observed in '°’F NMR, supporting the proposed mechanism.

1,2-bis(2-Fluorophenyl)ethane-1,2-diol: '"H NMR (300 MHz, D,0): 6 [ppm] = 7.52-6.88 (m, 16H, from
D/L and meso), 5.29 (s, 2H, from meso or D/L), 5.26 (s, 2H, from meso or D/L).

F NMR (282 MHz, D,0): ¢ [ppm] = -119.06 (m, 2F, from meso or D/L), -119.87 (m, 2F, from meso
or D/L).

Since no reference '"H NMR in water is known in the literature, the reaction solution was extracted with
chloroform, the solvent of the extract was removed under reduced pressure, and a '"H NMR spectrum of
the residues was measured in chloroform-d,. This gives almost perfectly the chemical shifts of both the

D/L and meso pinacol products described in the literature.*®

In the context of pinacol coupling, a non-linear or even quadratic correlation between the overall reaction
rate and the concentration of the 2-FBA radical (anion) is expected. Based on our quantitative LFP
measurements (section S8), reaction rates being faster by one order of magnitude could in principle
result with the Coulombic dyad. However, the substantial but less pronounced difference in reaction
rates, a factor of 3.3 within the first hour of photoirradiation (Figure 8 (b) in the main part), can be
attributed to the slow decomposition of PTS in this particular example as confirmed by NMR
experiments. Nevertheless, the catalyst decomposition products do not cause significant problems and

the addition of inexpensive PTS evidently leads to a reactivity boost.

cocl,

74 72 70 68 66 64 62 60 58 56 54 52 50
o /ppm

Figure S28 Main plot: 'H NMR spectrum in CDCl; of the extracted reaction mixture containing the
photoproduct(s) of the 2-FBA pinacol coupling reaction (from Figure S27), showing the signals of the pinacol
product. Inset: Corresponding '°F NMR spectrum.
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1,2-bis(2-Fluorophenyl)ethane-1,2-diol: '"H NMR (300 MHz, CDCls): 6 [ppm] = 7.49-7.44 and 7.26—
7.03 and 6.96-6.91 (m, 16H, from D/L and meso), 5.39 (s, 2H, from meso or D/L), 5.17 (s, 2H, from
meso or D/L).

F NMR (282 MHz, CDCls): 6 [ppm] = -118.82 (m, 2F, from meso or D/L), -119.21 (m, 2F, from meso
or D/L).

S5.5.2 Irradiation using sunlight

O, H
0.3 mol% Ruphen
F
12 mM NaHAsc
D,0,4h
2-FBA air-saturated and sealed
10 mM 65% (100%) 35% (95%)
D,0 *
before irradiation ‘
Ty
ﬁ_’ *
NaHAsc
after irradiation J‘
Ruphen l AAA“ 1 L ‘il
*
after irradiation l
Ruphen and PTS S o ka ﬁ| J
12 10 8 6 4 2 0

J/ppm

Figure S29 Reaction equation of the photocatalyzed pinacol coupling of 2-FBA in air-saturated D,O with the
corresponding "H NMR spectra and assignment of reactant and product signals in the absence or presence of PTS
before and after placing the solution in the sun. The signal marked with an asterisk (*) corresponds to the internal
standard dimethyl sulfone (¢ = 3 mM).

The pinacol coupling of 2-FBA was performed under sunlight conditions. For this purpose, the reaction
solution was irradiated with sunlight for 4 h. A 400 nm long pass filter was placed in front of the reaction
vessel to avoid direct excitation of PTS by solar UV radiation. In addition, dissolved oxygen was not
removed from the solution. Instead, 0.2 equivalents of additional NaHAsc were added because it has
the ability to react readily with dissolved oxygen, giving a similar result like purging the solution with
Argon gas.*” Due to the irradiation with the (almost) complete solar spectrum, the reaction temperature
(25-30 °C) was slightly above room temperature (typically 20 °C). The solar irradiation was carried out

on 04/04/2023 between 8:30 am and 12:30 pm in Mainz.
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S5.6 Additional pinacol coupling reactions

[0} H F
0.3 mol% Ruphen OH
( )
O
10 mM NaHAsc
D,0, 4 h, 525 nm F OH
Ar-saturated
F 35% (70%) 35%(70%) " Dy and meso
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Figure S30 Reaction equation of the photocatalyzed pinacol coupling of 4-fluorobenzaldehyde (4-FBA) in Ar-
saturated DO at RT with the corresponding 'H NMR spectra and assignment of reactant and product signals after
4 h of irradiation (525 nm LED). The signal marked with an asterisk (*) corresponds to the internal standard
dimethyl sulfone (¢ =2 mM).

Since no reference spectrum of the pinacol product in D;O exists in literature, the reaction mixture
containing PTS was extracted with chloroform after irradiation. The solvent of the extract was removed
under reduced pressure and a 'H and a '°F NMR spectrum in chloroform-d; was measured from the
residue. The signals of the obtained product are identical to the literature-known signals of 1,2-bis(4-

fluorophenyl)ethane-1,2-diol.**

1,2-bis(4-Fluorophenyl)ethane-1,2-diol: '"H NMR (300 MHz, D,0): J [ppm] = 7.96-7.86 (m, 4H, from
meso and D/L), 7.45-6.87 (m, 12H, from meso and D/L), 4.84 (s, 2H, from meso or D/L), 4.82 (s, 2H,
from meso or D/L).

F NMR (282 MHz, D,0): 6 [ppm] = -115.45 (m, 2F, from meso or D/L), -115.69 (m, 2F, from meso
or D/L).
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Figure S31 Main plot: 'H NMR spectrum in CDCl; of the extracted reaction mixture containing the
photoproduct(s) of 4-FBA (from Figure S30), showing the signals of the pinacol product. Inset: Corresponding
F NMR spectrum.

1,2-bis(4-Fluorophenyl)ethane-1,2-diol: '"H NMR (300 MHz, CDCls): J [ppm] = 7.22-6.85 (m, 16H,
from D/L and meso), 4.84 (s, 2H, from meso or D/L), 4.64 (s, 2H, from meso or D/L).
F NMR (282 MHz, CDCl3): ¢ [ppm] = -114.21 (m, 4F, from meso and D/L).

[¢) H CF3
0.3 mol% Ruphen OH
( )
" SO
10 mM NaHAsc
D,0, 2 h, 525 nm FiC OH
Ar-saturated
CFy 20 mM HPCD 25% (98%) pIL and meso
4-TFMBA 25% ( )
10mM oo
%
before irradiation H PCD
Ruphen l
A " -
%
before irradiation
Ruphen and PTS Ll L
N -
L«
after irradiation
Ruphen I l
%
after irradiation
Ruphen and PTS ) \l
2 11 10 9 8 7 6 5 4 3 2 1 0
9/ ppm

Figure S32 Reaction equation of the photocatalyzed pinacol coupling of 4-TFMBA in Ar-saturated DO with
20 mM HPCD at RT with the corresponding 'H NMR spectra and assignment of reactant and product signals after
2 h of irradiation (525 nm LED). The signal marked with an asterisk (*) corresponds to the internal standard
dimethyl sulfone (¢ =2 mM).
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Due to the low solubility of 4-trifluoromethyl benzaldehyde (4-TFMBA) in pure water, hydroxypropyl-
p-cyclodextrin (HPCD, 20 mM) was added, which is capable of incorporating the reactant. Thus, all
components were present in dissolved form. The signals of the benzylic H atoms can be seen at 5.01 ppm

and 4.96 ppm and they are superimposed by those of HPCD (compare, lower spectrum in Figure S32).

Since no reference spectrum of the pinacol product in D,O exists in literature, the reaction mixture
containing PTS was extracted with chloroform after irradiation. The solvent of the extract was removed
under reduced pressure and a 'H and a '’F NMR spectrum in chloroform-d; was measured from the
residue. The signals of the obtained product are identical to the literature known signals of 1,2-bis(4-

(trifluoromethyl)phenyl)ethane-1,2-diol.***°

1,2-bis(4-(Trifluoromethyl)phenyl)ethane-1,2-diol: '"H NMR (300 MHz, D,0): ¢ [ppm] = 7.67-7.37
(m, 16H, from meso and D/L), 5.01 (s, 2H, from meso or D/L), 4.96 (s, 2H, from meso or D/L).
F NMR (282 MHz, D;0): 6 [ppm] = -62.81 — -62.97 (m, 12F, from D/L and meso).

OH
ISF
O OH
FsC

D/IL and meso

-63.0 -63.1 -63.2 -63.3 -63.4 -63.5 -63.6
i w 5/ ppm
A
75 7.0 65 6.0 5.5 5.0
6/ ppm

Figure S33 Main plot: 'H NMR spectrum in CDCI; of the extracted reaction mixture containing 4-TFMBA after
irradiation (from Figure S32), showing the signals of the pinacol product. Inset: Corresponding '’F NMR spectrum.

1,2-bis(4-(Trifluoromethyl)phenyl)ethane-1,2-diol: "H NMR (300 MHz, CDCls): J [ppm] = 7.59-7.21
(m, 16H, from meso and D/L), 4.98 (s, 2H, from meso or D/L), 4.77 (s, 2H, from meso or D/L).

F NMR (282 MHz, CDCl:): 0 [ppm] = -63.29 (s, 6F, from meso or D/L), -63.32 (s, 6F, from meso or
D/L).
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Figure S34 Reaction equation of the photocatalyzed pinacol coupling of 2-TFMBA in Ar-saturated D,O with
30 mM HPCD at RT with the corresponding 'H NMR spectra and assignment of reactant and product signals after
2 h of irradiation (525 nm LED). The signal marked with an asterisk (*) corresponds to the internal standard
dimethyl sulfone (¢ =2 mM).

For solubility reasons, the reaction was carried out with 30 mM of HPCD. Since no reference spectrum
of the pinacol product in D,O exists in literature, the reaction mixture containing PTS was extracted
with chloroform after irradiation. The solvent of the extract was removed under reduced pressure and a
'H and a 'F NMR spectrum in chloroform-d; was measured from the residue. The signals of the obtained
product are identical to the literature known signals of 1,2-bis(2-(trifluoromethyl)phenyl)ethane-1,2-

diol 51,52

1,2-bis(2-(Trifluoromethyl)phenyl)ethane-1,2-diol: 'H NMR (300 MHz, D,0): J [ppm] = 7.88-7.42
(m, 16H, from meso and D/L), 5.44-5.39 (m, 4H, from meso and D/L).
F NMR (282 MHz, D,0): § [ppm] = -58.77 — -59.14 (m, 12F, from D/L and meso).
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Figure S35 Main plot: "H NMR spectrum in CDCl; of the extracted reaction mixture containing 2-TFMBA after
irradiation (from Figure S34), showing the signals of the pinacol product. Inset: Corresponding '’F NMR spectrum.

1,2-bis(2-(Trifluoromethyl)phenyl)ethane-1,2-diol: "H NMR (300 MHz, CDCls): J [ppm] = 7.95-7.89
(m, 4H, from meso and D/L), 7.71-7.33 (m, 12H, from meso and D/L), 5.45 (s, 2H, (m, 2F, from meso
or D/L), 5.38 (s, 2H, from meso or D/L).

F NMR (282 MHz, CDCl:): 0 [ppm] = -58.38 (s, 6F, from meso or D/L), -58.39 (s, 6F, from meso or
D/L).
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S6 Stern—Volmer quenching experiments

S6.1 Quenching of *Ruphen by HAs¢™
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Figure S36 Main plot: Time-resolved emission traces of *Ruphen (c(Ruphen) = 30 uM) upon 532 nm laser
excitation in the Stern—Volmer quenching experiment with NaHAsc in Ar-saturated water. Inset: Corresponding

Stern—Volmer plot.

In the Stern—Volmer plot in Figure S36, a deviation from the linear behavior can be seen above a
concentration of ¢(NaHAsc) = 7.5 mM. This can be attributed to the kinetic salt effect, which leads to a
slight decrease (for the used concentrations) in the quenching rate between the differently charged ions

Ruphen and HAsc™ with increasing NaHAsc concentration (respectively increasing ionic strength).

S6.2 Quenching of *PTS by HAsc™
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Figure S37 Main plot: Transient absorption traces of *PTS (c(Ruphen) = 30 uM, ¢(PTS) = 120 uM) in the Stern—
Volmer quenching experiment with NaHAsc in Ar-saturated water upon 532 nm laser excitation. Inset:
Corresponding Stern—Volmer plot. The traces of the quenched samples were fitted with a biexponential function
and the faster component was used for the Stern—Volmer analysis.
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In this case, the consequence of the kinetic salt effect can also be observed. With increasing NaHAsc
concentration (increasing ionic strength), the quenching rate between the identically charged *PTS and
HAsc™ increases slightly (for the used concentrations). At the detection wavelength, the quenching
product PTS*™ also absorbs. Thus, the signal is a superposition of *PTS decay and PTS®~ formation.
The traces of the quenched samples were fitted with a biexponential function and the faster component

was used for the Stern—Volmer analysis.

S6.3 Quenching of Ruphen® by 2-BP
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Ruphen” +2-BP - Ruphen + 2-BP" i
60 5 1 n
Ky, ~2.8 10° M’
E 8 k,~210°M"s"
2 404 “
3 (Y
T4 | :
£ _
“ 20 -
04
L : : bl 14 : , : :
0 4 8 12 16 0 50 100 150 200
tips ¢(2-FBA) / uM

Figure S38 (a) Transient absorption traces of Ruphen®~ (c(Ruphen) = 30 uM, c¢(NaHAsc) = 10 mM) in the
Stern—Volmer quenching experiment with 2-BP in Ar-saturated water upon 532 nm laser excitation. (b)
Corresponding Stern—Volmer plot.

The decay traces of Ruphen®™ and PTS®™ in the transient absorption measurements are not perfectly
monoexponential. The shown lifetimes are averaged values based on a biexponential fit. A Stern-Volmer

plot was created with the averaged lifetimes to estimate Ksv and k.

259



-41-

S6.4 Quenching of PTS"~ by 2-BP

101 PTS™ +2-BP — +2-BP"

— 0.8 e 810 A e

E . alk~410°M's!

© 0.6 -

I Y2 .

§ 0.4
1

P 2 4 6 8 10
0.2+ c(2-BP) / mM
0.0 - : .

0 1 2 3
t/ms

Figure S39 Main plot: Transient absorption traces of PTS®~ (c(Ruphen) = 30 uM, c(PTS) = 120 uM, c(NaHAsc)
= 10 mM) in the Stern—Volmer quenching experiment with 2-BP in Ar-saturated water upon 532 nm laser
excitation. Inset: Corresponding Stern—Volmer plot.

S6.5 Quenching of Ruphen™ by 2-FBA
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Figure S40 (a) Transient absorption traces of Ruphen®” (c(Ruphen) = 30 uM, ¢(NaHAsc) = 10 mM) in the
Stern—Volmer quenching experiment with 2-FBA in Ar-saturated water upon 532 nm laser excitation. (b)
Corresponding Stern—Volmer plot. The underlying lifetimes are mean values based on a biexponential fit.
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S6.6 Quenching of PTS™ by 2-FBA
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Figure S41 Main plot: Transient absorption traces of PTS®~ (c(Ruphen) = 30 uM, c(PTS) = 120 uM, c(NaHAsc)
= 10 mM) in the Stern—Volmer quenching experiment with 2-FBA in Ar-saturated water upon 532 nm laser
excitation. Inset: Corresponding Stern—Volmer plot.
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S7 Determination of extinction coefficients

S7.1 Extinction coefficient of PTS in water
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Figure S42 Beer—Lambert plot (inset) with the corresponding UV-vis spectra for the determination of the
extinction coefficient of PTS at A =355 nm in pure water (cuvette path length: 1.0 cm).

The measured extinction coefficient of PTS in water at 355 nm of 32 300 M~'em™ is in good agreement
with that from literature.’® The extinction coefficients of Ruphen and RuphenPy in water presented in

the main part (Figure 2) were taken from a recent study from our group.'

S7.2 *Ruphen difference extinction coefficient in water
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Figure S43 (a) UV-vis spectra of solutions containing Rubpy or Ruphen in Ar-saturated water. Corresponding
time-resolved kinetic absorption traces (A¢e = 455 nm) of the ground state bleach of Rubpy (b) and Ruphen (c)
after 355 nm pulses of different laser intensities.

The difference extinction coefficient of *Ruphen at 455 nm was determined using the well-known

difference extinction coefficient of ‘Rubpy at the same wavelength ( Ae 3Rubpy 455 nm =

—10100 M'em™).3%7
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According to the Beer—Lambert law, the observed transient absorption signal is proportional to the
concentration of excited triplet states multiplied by the difference extinction coefficient and the optical
path length (AA; « Ag, - ¢ - d). The solutions of Rubpy and Ruphen in water have the same absorption
at the excitation wavelength (dexe = 355 nm) to ensure the same concentration of excited triplet states
after the laser pulse (assuming quantitative triplet formation for both complexes). The maximum
transient absorption value immediately after the laser pulse at one specific laser intensity AAg 455 nmn

was determined via an exponential fit of the form

t
AAyss nmn(t) = AAosssnmn "€ *

Since cuvettes of identical design were used, the layer thickness d is also identical.

Agys5 nmn ( 3Ruphen) is then given by the formula

AAg,455 nm,n( 3Ruphen)

A“"/]SS mn,n( 3Ruphen) = AS/ISS nm( 3Rubpy)-

3
AAg 455 nm,n( “Rubpy)

The values obtained are displayed in Table S4.

Table S4 Maximum transient absorption values after laser pulses with different intensities for solutions
containing Rubpy or Ruphen in water, together with the calculated difference extinction coefficient for
3

Ruphen.

Entry n (approx. ) ) ) 3
laser intenSity per AA[)ASS nm,n( SRUbPY) AA(),/LSS nm,n( jRuphen) Aéxi—ﬁﬁ nm,ng R}llphen)
pulse / mJ) /M em
1(2.2) -0.01215 -0.01957 16268
2(4.1) -0.02194 -0.03403 15666
3(5.9) -0.03043 -0.04892 16237
4(7.6) -0.03624 -0.05612 15641
5(9.2) -0.03923 0.06221 16016
6(10.2) -0.04141 -0.06534 15937
7 (10.9) -0.04256 -0.0676 16042

The difference extinction coefficient was determined by averaging:

A5 nm( *Ruphen) = 2+ 31 Azs5 0 *Ruphen) = 15972 M~lem™ ~ 16000 M~ cm ™.

S7.3 *PTS difference extinction coefficient in water

The difference extinction coefficient of *PTS was determined in the same way as for *Ruphen using

Rubpy as reference. Low intensities of the UV laser were used to avoid decomposition of PTS.** PTS

has an ISC quantum yield of ®;gc(PTS) = 0.53.% Thus, a factor of ﬁ must also be taken into account

when calculating Aggss nmn ( 3pTS). %
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Figure S44 (a) UV-vis spectra of solutions containing Rubpy or PTS in Ar-saturated aqueous solution. (b) Time-
resolved kinetic absorption traces (Aaet = 455 nm) of the ground state bleach of Rubpy (c) and the excited-state
absorption of PTS after different laser excitation intensities (dexe = 355 nm).

Table S5 Maximum transient absorption values after laser pulses with different intensities for solutions
containing Rubpy or PTS in water, together with the calculated difference extinction coefficient for

*PTS.

Entry n (approx. laser

. 3
intensity per pulse / Aésss nmn( “PTS)

A/10,455 nm,n( 3RUbPY) AAUASS nm,n( BPTS)

mJ) ];‘\/IilCn’lil
1 (0.56) -0.00286 0.00194 12943
2 (1.10) -0.00517 0.00341 12583
3(1.61) -0.00771 0.00506 12517

3
Agyss am( 3PTS) = -ZAgm amn(PPTS) = 12681 M~ tem™ ~ 12700 M~1cm™!
1

[SSEE

Via the TA spectrum of PTS, the difference extinction coefficient at an arbitrary wavelength is thus

accessible. A value of A€ sprg 455, = 20000 M~tcm™! is obtained, which is in agreement with

literature data (A€ 3prg 425 nm Lic = 19400 M~1em™1).%¢
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S7.4 Ruphen™ difference extinction coefficient in water
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Figure S45 (a) Main plot: Transient absorption trace of a solution containing Ruphen (30 pM) and NaHAsc
(10 mM) in Ar-saturated water after the laser pulse (dexe = 532 nm). Inset: Measurement of the transient absorption
on a longer time scale. (b) Main plot: Transient absorptions at 496 nm and 606 nm of a solution containing Ruphen
(30 uM), NaHAsc (10 mM) and MV?* (200 uM) in Ar-saturated water after the laser pulse. Inset: Measurement
of the transient absorption at 606 nm on a longer time scale. (c) Transient absorption spectra of the solutions
without (ochre, delay 2 ps) and with MV?* (blue, delay 10 ps).

Methyl viologen (MV?"), which is easily reduced and whose reduced form (MV**) has a well-known
difference extinction coefficient in water (Aggpgnm(MV*H) = 13700 M~tem™1),*® was used to
determine the extinction coefficient of Ruphen®”. First, Ruphen®” was generated by reductive
quenching of *Ruphen by NaHAsc. This was then trapped by MV?", leading to the formation of MV™,
whose signatures are clearly seen in the TA spectrum. The concentration of MV** was chosen
sufficiently low so that no additional salt effects affect the initial quenching and that the quenching of

*Ruphen by MV?*" is assumed to be negligible.

An efficiency of 100% is assumed for the thermal electron transfer step yielding MV"" through the
reaction between Ruphen®~ and MV**. Thus, the extinction coefficient Ag45o6 nm (Ruphen®™) can be

determined as follows.

Aeg06 nm(MV**)  0.0107 13700 M~*em™?
AAgoe nm(MV*Y) = 0.0130 0.99

=11390 M~'cm™! =~ 11400 M~'cm™!

The obtained difference extinction coefficient is in good agreement with a literature value obtained in a

solvent mixture of water and acetonitrile.>’

The ascorbate-derived radical has a weak absorption band at 360 nm but it is essentially transparent at
wavelengths > 400 nm, which is why we did not show the calibrated spectra in the UV region (main

paper, Figure 7 (b)).%
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S7.5 Estimation of the difference extinction coefficient of PTS™
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Figure S46 (a) Transient absorption traces at various wavelengths of a solution containing Ruphen (30 uM), PTS
(120 pM) and NaHAsc (10 mM) in Ar-saturated water after laser excitation (Aexe = 532 nm). (b) Transient
absorption traces at various wavelengths of a solution containing Ruphen (30 uM), PTS (120 uM) and DMA (5
mM) in Ar-saturated water after laser excitation (dexe = 532 nm). (c) Transient absorption spectra of the solutions
(with NaHAsc: 20 ps delay (normalized), with DMA: 5 ps delay) and the difference spectrum showing the signals
for DMA®*.

In this study using the Coulombic dyad in an efficient photoredox scheme, HAsc™ was used as a
reductive quencher.®' It is well known that the quencher-derived radical HAsc® rapidly deprotonates and

%2 The deprotonated species and the products of the disproportionation do not or

then disproportionates.
barely absorb in the measurement window shown.®® Therefore, the species formed in this photoinduced
electron transfer reaction, which absorbs over the whole visible range with a pronounced maximum at

510 nm and further maxima at ~600 nm and ~700 nm, can be attributed to PTS*™.6>%*

N,N-dimethylaniline (DMA) is a common reductive quencher primarily in acetonitrile,*" but it also

has a sufficient solubility in water. Quenching of *PTS by DMA is highly efficient and yields PTS"".

For DMA*®*, the transient absorption spectrum and the extinction coefficient at 465 nm in neutral water
are known.®*’ Since the PTS species formed absorbs in the entire measurement window, it is not
possible to detect DMA*®" in isolation. According to literature data, DMAA®* does not absorb above 550
nm.”’ That means, that the isolated observation of PTS*7is possible at 600 nm. Normalizing the
spectrum of PTS™ above 600 nm using HAsc™ as reductive electron donor (petrol spectrum in Figure
S46 (c)) to that of PTS™ using DMA as reductive electron donor (black spectrum in Figure S46 (c))
reveals a difference between the two spectra for the wavelength range below 550 nm. The difference of
the two normalized spectra results in a TA spectrum matching that of DMA®* in water.®” When *PTS is
quenched by DMA, PTS*™ and DMA*" are formed in a 1:1 ratio and consequently their concentrations
are equal. With the knowledge of Ag, g5 nm (DMA™) = 4500 M~1cm™,% the concentration of both radical
intermediates can be determined. Using the Beer—Lambert law and the difference absorption of PTS®™

then allows the calculation of the difference extinction coefficient of PTS®™.

In the time-resolved transient absorption, the decrease in 3PTS can be observed at 425 nm, which is

almost completely quenched 5 ps after the laser pulse. Thereafter, the TA signatures of PTS®™ and
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DMA"" are present. The simultaneous decrease of the transient absorptions at all detection wavelengths
indicates a relatively fast back electron transfer between the pentaanionic PTS®” and the monocationic

DMA"*".

The absorption of DMA®* cannot be observed in isolation at 465 nm. On the other hand, the absorption
of the PTS*™ radical at 600 nm can be observed in isolation. Using the transient absorptions obtained
upon quenching by HAsc", the ratio of the absorptions of PTS®*™ at 465 nm and 600 nm can be calculated
(indicated with gray boxes in Figure S46 (a) and (b)). This can be used to estimate which value of the
transient absorption is caused by DMA*®" at 465 nm (layer thickness: 1 cm).

AAugs nm (PTS + HAsc™)

AA DMA'*) = AA PT DMA) — AA PT DMA) -
s65nm ) 465 nm (PTS + ) 600 nm (PTS + ) Aoy (PTS + HASC)

0.00560

= (0.00946 —0.00788 - 00128

)cm‘1 =0.00601 cm™*

Based on the knowledge of Agsgs nm (DMA®*) = 4500 M~*cm™?, the concentration of DMA*" can

be calculated.

AA 465 nm (DMA™) — 0.00601 cm™t

DMA"*) = =
o( ) = Reresnm (DMA™) ~ 4500 M-Tcm T

=1.33uM

Since the concentration of PTS*™ has to be identical to that of DMA®" (as mentioned earlier in this

section), the difference extinction coefficient of PTS®™ can be determined.

AAgoo nm (PTS + DMA) _0.00788 cm™!

- =592 M—l -1 & M—l -1
c(PTS™) 133 1M 5925 cm 6000 cm

Aggoo nm (PTS™) =

For the difference extinction coefficient at 510 nm, this gives:

Bsio o (PTS + HASCT) 0\ 0.0615

—_— = 28828 M~lcm™! ~ 29000 M~'cm™*
AAgo0 nin (PTS + HAsc™) 0.0128 cm cm

Aeg10 nm (PTS™™) = Aggop nm (PTS™) +
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S8 Determination of efficiencies

S8.1 Energy transfer efficiency of the initial step
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Figure S47 Transient absorption traces at 455 nm of a solution containing Ruphen (30 uM) (a) or Ruphen (30
puM) and PTS (120 uM) (b) in Ar-saturated water after laser excitation (Aexe = 532 nm, 28 mJ (black) and 17 mJ
(gray) per laser pulse). (c) Corresponding kinetic emission traces at 600 nm.

With the known extinction coefficients Ae 3Ruphen,455 nm and Ae 3prs,455 nm (S€€ sections 7.2 and

S7.3), the efficiency of the central energy transfer step ng,r can be determined. The concentration of
formed *Ruphen and PTS is accessible from the transient absorption signals at 455 nm (see Figure

S47). The measurement was performed with two laser intensities.

First, the initial concentration of *Ruphen was determined after laser excitation in the absence of PTS
after laser excitation. The maximum value of transient absorption A4y of *Ruphen was determined via
an exponential fit (see Figure S47 (a)). In the presence of PTS, after completed quenching, the transient
absorption at 455 nm can be assigned to *PTS (A4 averaged value in cyan box). In addition, the
quenching efficiency 7, is required, which can be accessed via the kinetic emission of *Ruphen at 600

nm. Thus, the EnT efficiency for the formation of *PTS can be calculated with the formula

AA :‘PTS,/L 55nm
(3( 3PTS) Ae 3PTS,455 nm 949%
NEnT = — = - = (0
" c(Ruphen)- 7, 440 Ruphen 55 nm
Ae3 77q

Ruphen,455 nm

With both laser intensities used, an EnT efficiency of 94% was obtained. Thus, it can be concluded that
PTS is sensitized to the triplet excited state with approximately quantitative efficiency upon quenching

of *Ruphen.
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S8.2 Cage escape efficiency for the reduction of *Ruphen by HAsc™

-50-

(@ (b)
feia) ,\ =
— 0.00 0.00
c(Ruphen™) 0.024 c(Ruphen™)
- 4 0.2
5 0.02 Tz — Ruphen ° 3 ——Ruphen
£ {' Ruphen + HAsc™ E -0.044 E? Ruphen + HAsc
< E Eot
8 -0.04 §°-' 7,=0.84 2 0,06, g 7,=0.84
= “o0 b " o0
0 2
E -0.06+ . _ tlus .0.084 L 0 2 tlus
0 2 4 6 0 2 4 6
t/ps t/ps

Figure S48 Main plot: Transient absorption traces for a solution containing Ruphen (30 pM) and NaHAsc
(10 mM) at 455 nm or 496 nm after the laser pulse (Aexe = 532 nm, ~25 mJ (a) or ~38 mJ (b) per laser pulse). Inset:
Corresponding time resolved emission traces.

To determine the cage escape efficiency for the reduction of *Ruphen with HAsc™, it can be exploited
that both *Ruphen and the quenching product Ruphen®™ are observable in isolation at 455 nm and
496 nm at their respective isosbestic points (see Figure 7 (b) in the main part). The efficiency

Neg( 3Ruphen, HAsc™) is determined in the same way as for the determination of the EnT efficiency

(section S8.1).

3 —
Ner . ( ’Ruphen, HAsc™) = — = -
CEn c( “Ruphen) . ”q,n AAL), 3Ruphen,455 nm,n .

: 7
. n
Ae '{RuphenASS nm,n a

Table S6 Maximum transient absorption values after laser pulses with different intensities for solutions
containing Ruphen and NaHAsc in water, together with the calculated cage escape efficiency.

Entry n (approx.
Ncgn( *Ruphen, HAsc™)

laser intenSity per AAU, :{Rupln-n,»’lﬁﬁ nmn
pulse / mJ)
1(25) 0.00800 -0.0640 0.209
2 (38) 0.0102 -0.0840 0.203

£ (0.209+0.203) _
> =

On average, a cage escape efficiency o 0.206 = 0.21 was determined.
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S8.3 Cage escape efficiency for the reduction of *PTS by HAsc™

— 0.06

£

[ =

e c(PTS")

'?_ 0.04-

5 /EI

0.04

0.02 £ 003

< s 002

2 ;' 0.01
0.00 0.00

Figure S49 Main plot: Transient absorption traces of a solution containing Ruphen (30 pM) and PTS (120 pM)
(cyan) or Ruphen (30 uM), PTS (120 pM) and NaHAsc (10 mM) (petrol) in Ar-saturated water after the laser
pulse (Aexe = 532 nm). Inset: Transient absorption traces of the same solutions (black: without NaHAse, gray: with
NaHAsc) at 425 nm.

The cage escape efficiency for the reductive quenching of *PTS by HAs¢™ was determined in a manner
similar to that between *Ruphen and HAsc™ (section S8.2). The concentration of *PTS can be
determined with the solution excluding NaHAsc based on the kinetic absorbance at 455 nm. After the

addition of HAsc™, the determination of the concentration of PTS®™ at 510 nm is possible.

: ) AAprs+- 510 nm 0.0615 cm™*
3 _ c(PTS™ Agprs- 510 nm 29000 M~Tcm=T
PTS,HAsc™ ) = — = = =108 =1
UCE( ) C( 4hpTS) . 7]q A/l(), 3PTS,425 nm 0.0391 Cm_l
Ae 3pTS,425 nm ‘ nq 20000 M—lcm_l

The extinction coefficients determined in this study are expected to have an estimated relative error of
10%. With the pure numbers a quantum yield of 1.08 is obtained, which is not plausible. However, it
can be concluded that quenching *PTS by HAs¢™ leads approximately quantitatively to the formation of
PTS*~, which is more efficient by a factor of 5 compared to the quenching of *Ruphen by HAsc™. This
is in agreement with the observations made in the lab-scale irradiation experiment for pinacol coupling

of 2-FBA and the 2-BP dehalogenation.
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S8.3 Additional investigations

S8.3.1 Static and dynamic quenching observed by time-resolved emission and absorption
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dynamic
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Figure S50 Comparison between the contribution of static and dynamic quenching for the total quenching
efficiency based on time-resolved emission (black and gray, raw data sets are displayed in Figure 3 (a) in the main
part) and for the quantum yield of *PTS formation based on transient absorption measurements (blue and cyan,
based on the raw data sets from Figure 3 (c) in the main part, the quenching efficiency and the efficiency for *PTS
formation determined in section S8.1 for ¢(PTS) = 120 uM).

The contributions of static and dynamic quenching to the quantum yield of *PTS formation from
*Ruphen quenching observed by transient absorption closely mirrors the contributions of static and
dynamic quenching in the overall quenching efficiency determined by time-resolved emission (see
Figure S50). Regardless of the PTS concentration, the desired EnT is the main quenching pathway
contributing to about 90 % of the observed quenching. This minor discrepancy is within the experimental

error, taking the challenges in the calibration of excited-state absorption spectra into account.
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S8.3.2 Estimation of the back energy transfer rate between *PTS and Ruphen
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Figure S51 Main plot: Time-resolved absorption traces of *PTS at different concentrations of Ruphen in Ar-
saturated water after laser excitation (Aexc = 532 nm). Inset: Estimated quenching rate of *PTS by Ruphen using a
linear fit according to the rearranged Stern—Volmer equation.
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S8.3.3 Ionic strength dependent formation of the key species PTS and PTS™
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Figure S52 (a) Time-resolved absorption traces of a solution containing Ruphen in air-saturated water (orange)
or Ruphen and PTS at different NaCl concentrations in Ar-saturated water (blue) after laser excitation (Aexe = 532
nm). The initial value A4, after the laser pulse is indicated by arrows. (b) Transient absorption spectra of the
solutions used in (a) with Ruphen and PTS at a NaCl concentration of 0 mM and 100 mM after laser excitation
(Aexe = 532 nm). (c) Time-resolved absorption traces of a solution containing Ruphen, PTS and NaHAsc at
different NaCl concentrations in Ar-saturated water after laser excitation (Aexe = 532 nm). (d) Transient absorption
spectra of the solutions used in (c) at a NaCl concentration of 0 mM and 100 mM after laser excitation (Aexe = 532
nm). (¢) Relative concentrations of the key species *PTS and PTS™ after laser excitation at different NaCl
concentrations based on the measured Admax (mean value within the gray boxes in (a) and (c)).

The following analysis is based on the assumption that the molar absorption coefficients of *PTS and

PTS" do not depend on the NaCl concentration. The spectral shapes and peak positions of the absorption
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bands of these species are hardly affected. These observations might indicate that the molar absorption
coefficients remain identical, too. For the quenching of *Ruphen by PTS, the total quenching efficiency
(1), the static quenching efficiency (77qswt) and the dynamic quenching efficiency (77q.ayn) for the selected
NaCl concentrations can be calculated using the quenching efficiency at ¢(NaCl) = 0 mM as a reference
(7g.0 mmNact = 0.97, from the Stern—Vomer analysis shown in Figure 3 (a) in the main part) and the values
AAmax and A4 shown in Figure S52 (a) (c(Ruphen) =30 uM, ¢(PTS) =120 uM):

AAmax,X mM NacCl

n =1, ’
q,XmM NaCl q,0 mM NaCl AAmax,O mM Nacl

_ AAO,X mM NaCl — AAO,Ruphen
ﬂq,stat,X mM NaCl — 77q,o mM NaCl A/

max,X mM NaCl — AAO,Ruphen

Mg x mM Nacl — "g,stat,Xx mM Nacl

nq,dyn,x mM NaCl = 1-—
nq,stat,X mM NaCl

These formulas fulfill the general expression for the overall quenching efficiency in the case of mixed

dynamic and static quenching:*®

nq,X mM NacCl = nq,stat,X mM NacCl + (1 - nq,stat,X mM NaCl) ’ nq,dyn,X mM NacCl

The resulting quenching efficiencies for the used NaCl concentrations are shown in Figure S53.

1.00{ g
H
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Figure S53 The overall (black), dynamic (red) and static (blue) quenching efficiency of *Ruphen by PTS at
different NaCl concentrations in water determined by the maximum (gray box in Figure S52 (a)) and initial value
AAy (after the laser pulse, see Figure S52 (a)). See text for details.

The overall quenching efficiency of *Ruphen by PTS for c(Ruphen) = 30 pM and ¢(PTS) = 120 uM
in water is reduced from 97% at ¢(NaCl) = 0 mM to 71% at ¢(NaCl) = 100 mM (see Figure S53). The

efficiency of static quenching is reduced to 25%. In contrast, there is only a slight decrease in the

dynamic quenching efficiency to 61%.
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9 Identification of other Coulombic dyads

9.1 Osmium-based Coulombic dyad

eOC CO_\4_

1 ~] Coulombic Oe
\' 47 attraction ‘

N
():5) static e @
EnT 0 CO;

o4 Perylene-3,4,9,10-
[Os(phen)s] tetracarboxylate
Osphen PTC

Figure S54 Structures and abbreviations of a further Coulombic dyad in water, which is based on the highly
efficient and static Dexter energy transfer, forming a long-lived organic triplet.

50+ Ayer = 542 NM
254
0
S, _25_3Osphen
E -50 'PTC static quenching
delay 0 us é 0
-75+ 25
delay 1 ps J 260” 400 600
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Figure S55 Transient absorption spectra of a solution containing c¢(Osphen) = 16 uM without (red: delay 0 ps,
pale red: delay 1 ps) or with ¢(PTC) = 30 uM (green, 1 ps delay) after selective Osphen laser excitation (Aexe =
532 nm). Inset: Time-resolved absorption at 542 nm of the same solutions shown in the main graph.

The observed transient absorption spectrum in the presence of PTC as energy acceptor is similar to the
spectrum obtained for the triplet state of perylene,” indicating an efficient energy transfer yielding
*PTC. Due to the short unquenched lifetime of *Osphen, the quenching process by PTC mainly takes

place in a static manner, which is indicated by the kinetic traces in the inset of Figure S55.
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Figure S56 Reaction scheme of the less efficient formation of 'O> without and the much more efficient formation
of !0, with the energy acceptor PTC. (bottom, left) Time-resolved emission of an Ar- or air-saturated aqueous
solution containing ¢(Osphen) = 16 pM (red) and time-resolved absorption of a solution containing additionally
¢(PTC) = 150 uM (green) under similar conditions. (bottom, right) Results of an 'O, assay displaying different
!0, formation rates for an aqueous solution containing ¢(Osphen) = 15 uM without (red) or with ¢(PTC) = 45 uM

(green).

The low unquenched lifetime of *Osphen in pure water of about 77 ns leads to a very low quenching
efficiency by molecular oxygen of only 0.073 in air-saturated water, as shown in Figure S56. In contrast,
almost all of the sensitized *PTC is effectively quenched by molecular oxygen, since its lifetime is more
than three orders of magnitude higher. A specific comparative assay for 'O, formation rates>” performed
in the presence of ¢(PTC) at 45 uM revealed a remarkable 15.5-fold increase compared to the presence
of only Osphen as photosensitizer. A quenching efficiency of 0.40 is achieved for *Osphen with the
PTC concentration used, whereby static quenching dominates. In the present case, the overall quenching
efficiency for the reaction with molecular oxygen increases from 0.073 to 0.40, which in principle results
in a 5.5-fold increase. The significantly greater difference observed in the 'O, assay is due to differences
in the inherent quantum yield f4, which displays the proportion of 'O; that is formed by the quenching
process with molecular oxygen.” It is assumed that in the case of the purely organic *PTC mainly an
energy transfer takes place with the formation of 'O, and in the case of the metal complex *Osphen

mainly an electron transfer takes place,® forming O,*". This mechanistic change would explain the

significant improvement in the formation of 'O, when using PTC.
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Synthesis of Tris(1,10-phenanthroline)osmium(II) dichloride (Osphen)

Osphen was prepared by a modified procedure of Constable et al.”' 1,10-
Phenanthroline monohydrate (0.20 g, 1.00 mmol, 3.0 eq), potassium-
hexachloroosmat(IV) (0.16 g, 0.33 mmol, 1.0 eq.) and ethylene glycol (100 ml)
were added to a three-necked 250 ml round-bottom flask equipped with a dimroth

condenser. Argon was bubbled though the solution for 30 minutes to remove any
dissolved oxygen. The solution was then heated at reflux for 2 h. After cooling to room temperature, the
reaction mixture was poured into 100 ml of an aqueous solution containing
ammoniumhexafluorophosphate (1.00 g, 6.10 mmol, 18.0 eq.) and stirred for 15 minutes. A black
precipitate formed, which was filtered off, washed several times with MilliQ water and dried under

vacuum to yield a black solid (0.29 g, 0.28 mmol, 85%).

Anion exchange was carried out with the ion exchange resin Amberlite IRA-410. 50 g of this resin was
first washed several times with 40 ml ethanol until the wash solution remained clear. The resin then
swelled in ethanol in a glass column for 24 hours. To condition the resin for chloride, it was rinsed four
times with 40 ml of an aqueous 10 mM NaCl solution, with the aqueous solution remaining on the
column for one hour for each run. The column was then washed three times with 40 ml methanol. The
PFs salt (65 mg, 0.064 mmol) was dissolved in 15 ml methanol and filled into the column. After 2 h, the
solution was drained and rinsed five times with 30 ml methanol each, resulting in a clear and colorless
solution in the last washing step. The combined organic phases were evaporated to dryness under
reduced pressure. This yielded a black solid (51 mg, 0.064 mmol, 100%).

"H NMR (300 MHz, D;0): 6 [ppm] = 8.35 (dd, J=8.3, 1.2 Hz, 6H), 8.21 (s, 6H), 8.00 (dd, J= 5.4, 1.2
Hz, 6H), 7.51 (dd, J = 8.3, 5.4 Hz, 6H).

UV-sis spectrum in H;O (rel. absorbance): 1 [nm] = 560 (0.049), 478 (0.17), 432 (0.18), 316 (0.058),
264 (1.0).

The NMR and UV-vis data sets are in agreement with the literature.”

Synthesis of 3,4,9,10-Prylenetetracarboxylic acid tetrapotassium salt (PTC)

@o c o PTC was prepared by a modified procedure of Wang et al.”® In a 250 ml round-
2 2

OO bottom flask equipped with a dimroth condenser, 3,4,9,10-perylenetetracarboxylic
‘ 4K® acid dianhydride (1.98 g, 5.1 mmol, 1.0 eq) was added to 75 ml water followed by the
OO addition of potassium hydroxide (1.12 g, 20.4 mmol, 4.0 eq). The reaction solution
eozc coze was heated for 18 h under reflux. After heating, the initially red suspension yielded a
PTC yellow-red, clear solution. The solvent was removed under reduced pressure and the

orange solid was washed three times with 60 ml abs. ethanol each time. The solid was dried under
reduced pressure. This yielded 2.70 g of an orange solid (2.70 g, 4.7 mmol, 93%).
"H NMR (300 MHz, D,0): ¢ [ppm] = 8.40 (d, J= 7.9 Hz, 4H), 7.79 (d, J = 7.8 Hz, 4H).
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UV-vis spectrum in H,O (rel. absorbance): 1 [nm] =439 (0.81), 466 (1.0).

The NMR and UV-vis data sets are in agreement with the literature.”

9.2 Ruthenium-based Coulombic dyad in an organic solvent

\,/\\'(/'?'2*. Q. I”

. O]
! : ] Coulombic

N
\qu = attraction ‘O‘
u

k static O

in DCM

Figure S57 Structures and abbreviations of another Coulombic dyad in dichloromethane, which is based on the
highly efficient and static Dexter energy transfer, forming a long-lived organic triplet.

a b 150
(o (b), .0 (©) ——
I [Ru(phen),(PMS)
\ 100 g
08 \ Ru(phen),J(PF,),
06 SR H ‘ e 504,
o S0.05{ | | b "\
< —— [Ru(phen),}(PMS), ~
0.4 A £ E o W" A
\5 \
02 Jpe =532 M -50 N/ fntdove
elay 200 ns|
0.0 > 100 |foc = 5320m int 100 ns
300 400 500 600 0 1 300 400 500 600 700
Alnm t/ps Al nm
(d)
) e) ®
1.04 ——[Rulphen) J(PF))
Pt —— [Ru(phen),J(PMS) —— [Ru(phen),](PMS),
0.10 0.10 ’ [Rll(phen)j]iPMSy:
foos — o ;
e —— [Ru(phen),](PMS), 50 054 £ 0.5 detayons
< bl <2 int 200 ns
< e delay 200 ns
0. Ve R nt100 s
/" Jype =532 0M
-0.051 V A4 = 5320 0.0
) 1 0 20 40 60 80 300 400 500 600 700
tlps tips Alnm

Figure S58 Spectroscopic features of the [Ru(phen)3](PMS): salt (blue) compared to the parent complex Ruphen
(orange) in Ar-purged dichloromethane. Unless otherwise specified, the parameters and settings of the
measurements shown in one graph are identical. (a) UV-vis spectra, recorded in 2 mm cuvettes. (b) Time-resolved
emission. (c) Transient absorption spectra. (d) Transient absorption traces. (¢) Transient absorption traces. (f)
Spectral emission. See text for further details.

The spectroscopic features of the Coulombic dyad salt [Ru(phen);J(PMS); (still available from a former
project?) in dichloromethane are strikingly similar to those reported for the well-known molecular dyad
consisting of a Ruphen covalently linked to pyrene.' Both chromophores Ruphen and PMS are only in

close contact due to Coulombic interactions. Those are much weaker compared to Ruphen and PTS
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(charges: +2 and -1), but in the apolar solvent dichloromethane sufficiently strong to lead to a high
binding constant. For a concentration of 50 uM Ruphen and 100 pM PMS, resulting from the
stoichiometry of the respective salt, the following observations can be made:

The MLCT band in the ground state absorption spectrum (a) of the Coulombic dyad is red-shifted
compared to the parent complex, indicating a ground state association of Ruphen and PMS in solution.
In the time-resolved emission (b), a nearly quantitative quenching of the prompt *Ruphen emission can
be observed, indicating a static and ultrafast energy transfer to PMS. The resulting transient absorption
spectrum (c) clearly shows the formation of *PMS as a result of the quenching process. The time-
resolved absorption (d) underlines the sub-ns formation of *PMS. *PMS has a lifetime of 10.6 ps under
the shown conditions (e). The organic triplet state is in thermal equilibrium with the *Ruphen state,
which is demonstrated by the spectral emission impressively (f). Only the emission of Ruphen can be
seen there and essentially no emission of "PMS* or excimers like '(PMS),*, which is typically seen in
the presence of *PMS in sTTA studies.? This indicates that the depopulation of *PMS is mainly driven
by the thermal equilibrium with the *Ruphen state, as is also observed in molecular dyads, and

highlights the importance of the lower triplet energy of PTS to achieve maximum triplet lifetimes."
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S10 Miscellaneous

S10.1 77 K phosphorescence spectrum of PTS
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Figure S59 77 K phosphorescence spectrum of *PTS (¢(PTS) = 20 uM) in an ethanol-methanol (4:1) solvent
mixture after laser excitation (Aexe = 355 nm, delay: 500 ns, integration time: 1 ms). The triplet state energy was

estimated from the emission maximum at 690 nm.

S10.2 DFT calculations

Table S7 Predicted triplet-state energies based on DFT calculations (B3LYP/def2-SVP level of

theory).
compound \ Er/eV
Py (charge: 0) 2.08
PMS (charge: -1) 1.99
PTS (charge: -4) 1.85

The literature value for pyrene of 2.09 eV?*' is approximately reproduced, which implies a sufficient

reliability of the employed method.
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Compound structure structure spin density
P S, state T, state T, state
Py
(%
PMS
(%
®
PTS
(¥

For PMC and PTS, spin density is also located on the substituents, which is in line with the decreased

triplet state energy compared to Py. Total number of spin populations for each triplet state: 2.000.

structure spin density
D, state D, state

PTS._ ﬁ

B3LYP/def2-TZVP/D3BJ level of theory

.

In the reduced species PTS®, the unpaired electron is located on the pyrene moiety, near the binding
sites of the electron-withdrawing sulfonate groups. Total number of spin populations for the doublet
state: 1.000.
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Figure S60 Experimental transient absorption spectra of the triplet states of the pyrene species reported herein in
acetonitrile (Py) or water (PMC, PTS) after laser excitation (Aexe = 532 nm, delay 2 ps (PTS and PMS), delay 3
ps (Py)) in the presence of Ruphen as the sensitizer (¢(Ruphen) = 30 uM, concentration of pyrene derivatives:

120 uM (Py and PMS) or 30 uM (PTS)) in combination with the calculated oscillator strengths from TD-DFT
calculations (B3LYP/def2-SVP level of theory).
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Figure S61 Experimental transient absorption spectrum of the reduced species PTS®™ in water after laser
excitation (Aexc = 532 nm, delay 16 ps) in the presence of ¢(Ruphen) = 30 uM ¢(PTS) = 120 uM and ¢(NaHAsc)
= 10 mM, in combination with the calculated oscillator strengths from TD-DFT calculations (B3LYP/def2-
TZVP/D3BJ level of theory, lowest 50 transitions calculated).

S10.3 Supplementary data
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Figure S62 Entire normalized transient absorption traces which are shown incompletely in Figure 4 of the main
part of the manuscript.
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S10.4 NMR spectrum of methyl phenyl sulfoxide
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Figure S63 'H NMR spectrum of methyl phenyl sulfoxide in D,O.
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1 Experimental section

1.1 General experimental details

All chemicals for optical for optical spectroscopy, preparative experiments and photocatalysis
were obtained commercially in high purity and used without further purification (Table S 1).

Table S 1 List of substances used throughout the project, together with their purities and manufacturers.

Compound Purity / % Manufacturer
acetophenone (ACP) >99 Aldrich
anisaldehyde >99 TCI
4-benzoylbenzoic acid 99 Aldrich
4-(chloromethyl)benzoic acid >98 TCI
trans-cinnamylalcohol 98 Aldrich
dodecyltrimethylammonium chloride (DTAC) 99 Aldrich
eosinY 100 weight % Alfa Aesar
trans-3-fluorocinnamic acid (F-Cin) 98 Aldrich
fuming sulfuric acid 95-99 | Fisher Scientific
trans-N-methylcinnamylamine 95 ChemBridge
4-methoxybenzyl alcohol 98 Aldrich
potassium acetate 97 | Acros Organics
1-pyrenecarboxylic acid 97 Sigma Aldrich
trans-3-(4-pyridyl)acrylic acid 97 Alfa Aesar
sodium ascorbate (NaHAsc) >99 Aldrich
sodium chloroaceate 98 Aldrich
sodium dodecyl sulfate (SDS) 99 Abcr
sodium hydroxide >98 Aldrich
sodium 1,5-naphtalenedisulfonate (NDS) 98 TCI
sodium phosphate dibasic >99 Aldrich
sodium phosphate monobasic monohydrate >99 Aldrich
sulfuric acid >95 | Acros Organics
riboflavin (vitamin B2) >98 Sigma Aldrich
p-terphenyl >99 | Acros Organics
trifluoro acetic acid (TFA) 99 Fluorochem
4-(trifluoromehyl)-acetophenone (CFs-ACP) 98 Abcr
(R/S)(1-[4-(trifluoromethyl)phenyl]ethanol 96 Alfa Aesar
tris(2,2"-bipyridyl)dichlororuthenium(ll) - 6 H.O (Rubpy) 99.9 Sigma Aldrich

The solvent used for all synthetic reaction steps, optical spectroscopy and irradiation
experiments was ultrapure Millipor MilliQ water (specific resistance 18.2 MQ cm). Acetonitrile
(99.9 %, VWR) and MeOH (>99.8%, HPLC grade from Fisher Chemicals) were used for
purification purposes. The solutions for optical spectroscopy, except indicated otherwise,
were purged with argon (4.8, PanGas or 5.0, Nippon Gases) or high-quality nitrogen from the
general nitrogen supply of the university for 5 minutes before the measurements and sealed
under inert gas (1 atm) in septum cap cuvettes.

NMR spectra of SO.TDS and TDS were recorded on a Bruker Avance Ill 500 MHz or a
Bruker Avance 11 400 MHz at 298 K and for the irradiation experiments Bruker Avance I/l HD
300 MHz and Bruker Avance Il 400 MHz instruments were used. The deuterated solvents for
NMR experiments were used as follows: D-O from Cambridge Isotope Laboratories, Inc.
(99.5 %) or from DEUTERO (99.9 %), DMSO-ds from Cambridge Isotope Laboratories, Inc.
(99.5 %, ®C NMR) and NaOD solution (40 wt% in D20 99.5 %) from Aldrich. '"H NMR spectra
in D2O were referenced using the solvent peak (6 = 4.79 ppm).! 3C NMR spectra measured
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in DMSO-ds or D,O were referenced using the solvent peak of DMSO-ds (6 = 39.39 ppm).’
TFA was used as reference compound for '°F NMR spectroscopy (6 = —76.2 ppm).?
ESI mass spectra were recorded on a Di-ESI-MS 8030 Plus instrument (Shimadzu).

Steady-state measurements
Absorption spectra were recorded using a Cary 5000 spectrophotometer from Varian or a
LAMBDA 365 from Perkin Elmer. Emission measurements were carried out with a Fluorolog-
3-22 from Horiba Jobin-Yvon or a FL-6500 from Perkin Elmer. All steady-state absorption
and emission measurements were performed at room temperature (295 + 2 K) and the
emission spectra were corrected for the wavelength-dependent sensitivity of the respective
emission spectrometer. Very low concentrations of the emissive compounds were employed
to avoid filter effects.?
Eoo energies were determined from the intersections of the respective absorption and
emission spectra. The fluorescence quantum yields were measured against known
standard compounds (p-terphenyl in cyclohexane® for TDS and anthracene in EtOH?® for
SO,TDS). To avoid filter effects,® the absorption was adjusted below 0.1 at the excitation
wavelengths and in the overlap region of absorption and luminescence spectra. Emission
spectra were measured at three different excitation wavelengths, out of which the average
value was calculated. Finally, two correction factors were included: i) different refractive
indices of the solvents and ii) different optical densities at the excitation wavelengths such
that the following well-known formula (Eqn. 1)® was used to determine the fluorescence
quantum vyields (¢ ... quantum yield, / ... integrated luminescence intensity, 4 ... optical
density at the excitation wavelength and n ... refractive index of the solvent; subscript “r”
refers to the parameters of the reference compound):
1 A, n?
¢ = ¢r LA
(Eqn. 1)
The fluorescence quantum yields so obtained are 0.98 + 0.01 (TDS) and 0.48 + 0.01
(802TDS), both in argon-saturated aqueous solution.

Time-resolved measurements

The fluorescence lifetimes of TDS and SO,TDS were recorded on a LifeSpec Il spectrometer
from Edinburgh Instruments (time-correlated single photon counting TCSPC technique) with
a pulsed LED peaking at 313 nm as a light source.

For the laser flash photolysis (LFP) measurements an LP920-KS apparatus form Edinburgh
Instruments was used. The energy of the 355 nm laser pulse (frequency-tripled Nd:YAG
laser from Quantel with ~10 ns pulses) was modified by the Q-switch delay (5 mJ to 12 mJ).
Kinetic traces were recorded at a single wavelength with a photomultiplier tube and for
measuring transient absorption (TA) spectra an iCCD camera from Andor was employed.
Depending on the signal-to-noise ratio, TA spectra were time-integrated between 10 and 100
ns. The SO,TDS concentrations for LFP measurements were adjusted such that the
absorptions of the aqueous solutions were between 0.03 and 0.1 at the laser wavelength 355
nm, corresponding to SO,TDS concentrations between 6 pM und 18 pM. Control laser
experiments on all suitable quenchers/substrates upon 355 nm excitation in the absence of
S0O,TDS did not yield any quencher-/substrate-derived signals in the transient absorption
traces.

The rate constants k for the pertinent decay processes of the singlet excited states of TDS
and SO.TDS (fluorescence and intersystem crossing) were calculated with the following
formula (z5; ... lifetime of the excited singlet state and ¢,...quantum yield of the decay
process under study):?
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b

ke = Ts1
(Eqgn. 2)

To determine quenching rate constants, Stern-Volmer analyses of the quenching
experiments were performed. The 7,/7 values from LFP or TCSPC studies were plotted
against the concentration of the quencher. A linear fit with the intersection fixed at 1 yielded
the Stern-Volmer constant (Ksv) and division by the known 7, lifetime of the respective
excited state under given conditions resulted in the bimolecular quenching rate constant.® Al
lifetimes used for kinetic analyses of bimolecular reactions were measured under pseudo
first-order conditions and these lifetimes were derived by monoexponential fits. Examples are
given in Figs. S4 c)and S 6 b) (inset).

1.2 Synthetic procedures and characterization data

Disodium p-terphenyldisulfonate (TDS)

The synthesis of TDS has been reported recently by us,* because we investigated its
properties for photon upconversion in water. However, we largely reproduce the synthetic
procedure in the following paragraph for clarity.

w05 YA sorne

H2S04 (95 %, 8.0 mL, 143 mmol, 7.1 eq.) was heated to 110 °C and p-terphenyl (4.60 g, 20.0
mmol, 1.0 eq.) was added portion-wise. After stirring for 4.5 h at 160 °C, the reaction mixture
was allowed to cool to rt. H,O (100 mL) was poured into the reaction mixture and the solution
was filtered over Celite. The filtrate was adjusted to pH 6-7 (ag. NaOH, 1.75 M) and a
precipitate formed. This mixture was then heated to 95 °C and upon addition of HO (1.0 L) a
dim solution was obtained which was stirred overnight at 95 °C. Cooling to rt initiated
precipitation of the product, which was filtered off and dried in vacuo yielding TDS as an off-
white powder (6.86 g, 15.8 mmol, 79%). 'H NMR data obtained in DO are in agreement with
those presented in ref.5.

Further purification for optical spectroscopy was performed by dissolving a small amount of
the crude product (100 mg, 230 umol) in MilliQ water (10 mL) and heating to 95 °C until a
clear solution was obtained. After cooling to rt a precipitate formed, which was filtered,
washed with MilliQ water, and dried in vacuo to give TDS as a white solid (65 mg, 150 umol,
65%).

For the NMR spectra of TDS, see Figs. S 23 — S 25.

"H NMR (500 MHz, 298 K, D,0): 6 = 7.93 — 7.88 (m, 12H) ppm.

"H NMR (500 MHz, 298 K, DMSO-ds): 6 = 7.78 (s, 4H), 7.69 (s, 8H) ppm.

BC{'H} NMR (126 MHz, 298 K, DMSO-ds): 6 = 147.5, 139.5, 138.8, 127.2, 126.2, 125.9 ppm.
ESI-MS (m/z): calcd. for C1gH1206S2 ([M-2Na*]): 194.0; found: 194.0.

Sulfone-bridged TDS (SO.TDS)

Q4

O
2 S 9
- 8 16 o -
Na" "0;S 10 O SO3™ Na"
47 PN,
&5 1211 M

A round bottom flask equipped with a magnetic stirring bar was evacuated and dried, sealed
with a septum cap, and kept under inert atmosphere. Fuming sulfuric acid (1.0 ml, 18.8
mmol, 28.8 eq.) was added into the flask. p-Terphenyl (150 mg, 0.7 mmol, 1.0 eq.) was
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added portion-wise under N flow and the mixture was stirred for 3 h at 50 °C. After the
reaction mixture was cooled to rt, MilliQ water (4.0 mL, cooled to ~10°C) was poured into the
reaction mixture, the solution was filtered over Celite and washed with 1.0 mL of MilliQ water.
The filtrate was adjusted to a pH of 6-7 (aq. NaOH, 3.0 M) and precipitation of a colourless
solid was initiated. After 4 days of precipitation the solid was filtered off and washed with ice-
cooled (0 °C) MilliQ water (2.0 mL) yielding an off-white solid (213 mg, 57 %). The reaction
was carried out several times with similar yields. Further purification was performed by
suspending 200 mg of the solid raw product in a 15 mL mixture of H,O and MeOH (1:2) and
after vigorous stirring for 30 min the solid was filtered off. The mother liquor was evaporated,
and the white solid so obtained was dried at 35 °C under reduced pressure yielding a white
solid (120 mg, 60 %; overall yield 34 %). NMR signals have been assigned using 2D NMR
spectra (see Figs. S 26 — S 29).

H NMR (500 MHz, 298 K, D,O): & = 8.18 (d, 1H, Jux = 1.8 Hz, H2), 8.05 (dd, 1H, Ju = 8.1
Hz, Jun = 1.8 Hz, H6), 7.98 (pseudo-s, 1H, H9), 7.88 (d, 1H, Ju: = 8.1 Hz, H5), 7.83 (m, 2H,
H14), 7.81 (m, 1H, H11), 7.75 (d, 1H, H12), 7.64 (m, 2H, H15) ppm.

13C {'H}NMR (126 MHz, 298 K, D20): & = 145.4 (C3), 142.8 (C16), 142.3 (C13), 140.4 (C10),
136.9 (C7), 136.4 (C4), 133.3 (C11), 133.2 (C1), 132.2 (C6), 129.5 (C8), 127.1 (C15), 126.3
(C14), 123.1 (C12), 122,9 (C5), 120.4 (C9), 119.4 (C2) ppm.

3C {"H}NMR (100 MHz, 298 K, DMSO-ds): 6 = 150.6, 148.3, 142.4, 138.5, 137.8, 136.9,
132.9, 131.6, 130.7, 129.5, 126.5, 126.4, 123.6, 122.8, 120.0, 118.8 ppm.

ESI-MS (m/z): calcd. for C1sH1008S3 ([M-2Na]): 225.0; found: 225.0.

Elemental analysis of TDS and SO.TDS could not be carried out owing to incomplete
combustion of the salts. However, quantitative NMR experiments indicate that the water
content of both terphenyl-derived compounds is below 10%.

2 Singlet and triplet excited states of SO.TDS

2.1 Singlet quenching of SO TDS

To ensure that the triplet state is the key species for the photocatalytic activity of SO,TDS,
additional singlet quenching experiments were performed (Fig. S 1). The radical anion
SO,TDS*~ for the mechanistic studies on pinacol coupling reactions was generated through
triplet state quenching by HAsc™ (see main paper and Section 3), but the driving force for the
corresponding 'SO,TDS* reduction is much higher. Hence, we also investigated the
quenching behaviour of 'SO.TDS* in the presence of HAsc™ (Fig. S 1). Our measurements of
the singlet lifetime with increasing HAsc™ concentrations yielded a linear Stern-Volmer plot
and a diffusion-controlled quenching rate constant taking Coulombic repulsion into account
(2.2 x 10° M~'s™"). Owing to the short lifetime of 'SO,TDS* (as opposed to *SO,TDS), the
actual efficiency of reductive singlet state quenching is below 20 % under the conditions
employed for photocatalysis experiments (HAsc™ concentrations between 10 mM and 20
mM). On the other hand, triplet quenching by HAsc™ already occurs with an efficiency close
to unity (> 99 %) at quencher concentrations as low as 0.3 mM. In addition to the kinetics that
predict a predominant triplet photoreduction under our conditions, the small fraction of
reductive singlet state quenching does not necessarily contribute to the overall formation of
SO,TDS*, given that the inherent yield of photoinduced electron transfer reactions with
singlet states is usually low as a result of unproductive in-cage recombination.®® Quantitative
LFP experiments monitoring the SO,TDS*~ formation with different HAsc™ concentrations (up
to 20 mM) did not show a signal increase at higher quencher concentrations (i.e., under
conditions with quantitative triplet quenching and additional singlet quenching). We,
therefore, exclude productive quenching of 'SO,TDS* by HAsc™ in our system and the
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catalyst triplet is indeed the key species (see main paper and Section 3.1 for its productive
quenching by HAsc"™).

Similar kinetic estimations and control experiments with the model substrate F-Cin revealed
that 380,TDS is the key species for the lab-scale isomerization reactions as well.
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Fig. S 1 Lifetime changes of 'SO2TDS* (lexc = 313 nm and Adet = 420 nm) in aqueous phosphate buffer (20 mM at
pH 7.2) with increasing (lighter green) HAsc™ (sodium salt) concentrations. Inset: corresponding Stern-Volmer plot
(same color code) and resulting quenching rate constant.

2.2 Triplet lifetime

In bimolecular quenching reactions with charged species, the concentration of ions in
solution can modify the rate constant significantly. This so-called kinetic salt effect can be
approximated by the Brgnsted-Bjerrum equation and several studies address this effect in
literature,®'® but it is only valid at rather low ionic strengths of the solutions. For the LFP
quenching experiments (see following sections), the solutions were usually prepared in
phosphate buffer, such that the addition of the (ionic) quencher would not modify the ionic
strength drastically, and the electron or energy transfer rate constant is not influenced by this
effect. As expected, the lifetimes of 380,TDS also varied depending on the ionic strength
(concentration of phosphate buffer and SO.TDS itself) of the solution. Furthermore, with a
long integration time and suppressing the detection of prompt fluorescence by a sufficiently
long delay time, we detected delayed 'SO,TDS* fluorescence in the time-gated emission
spectra. This finding is indicative for triplet-triplet annihilation (TTA) of two 380,TDS species
thereby adding a second order decay pathway, which is, however, rather inefficient under our
conditions.

Both effects complicate the exact determination of the triplet lifetime. Keeping this in mind,
the respective 1, values were determined individually before starting the LFP quenching
experiments. Moreover, for all LFP experiments that required more than one sample, stock
solutions containing the buffer and SO.TDS (and HAsc™ for Section 3.2) were used such that
the ionic strength within one series of measurements remained as equal as possible.

All unquenched triplet lifetimes that were measured throughout the LFP experiments
exceeded 100 s, which is why this value is given as lower limit for the lifetime of *SO.TDS
(Table 1 of the main paper).
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2.3 LFP quenching studies with NDS

NDS is a known water-soluble triplet energy acceptor and has been investigated thoroughly
concerning its triplet-triplet absorption spectrum, triplet energy and extinction coefficients.*'6-
8 For a detailed analysis of the formed species observed in the TA spectrum upon 355 nm
excitation of SO,TDS, we performed LFP quenching experiments with NDS (Figs. S 2 and S
4). DFT calculations predict that the triplet energies are close (Sections 4 and 5) and
therefore a triplet-triplet energy transfer (TTET) is thermodynamically possible. Initially we
observed the decrease of the *SO,TDS lifetime with increasing NDS concentrations and from
the obtained data we performed a Stern-Volmer analysis and calculated a krrer of 7.3 x 108
M-'s™' (Fig. S 2 b), c)). This TTET rate constant is three orders of magnitude below the
diffusion limit (~ 5 x 10° M~'s™"; for uncharged species)® and a brief discussion of the TTET
kinetics is given in Section 5. For the TA spectrum of 3NDS measured after TTET from
380,TDS, see main paper and Fig. S 4.

NDS
3 so,TDs _Mv(355nm) 350,TDS L» 3NDS + SO,TDS
ISC
b) c) 180
SO;
£0024 bbb L bl i
< » ki i 120 Ge
? o - so;
" - l\:.o NDS
g 0.014 o :
9 Mb““"‘“r‘“* " .
"'r : ‘ ‘ kTTET =7.3x108M"1s!
0.0015 . y : 0 . .
0.0 25 50 75 0.00 0.05 0.10
tlus c/M

Fig. S 2 LFP quenching of 3802TDS with NDS: a) Reaction scheme with excitation wavelength (355 nm, 8 mJ)
and the observed quenching reaction indicated by the red arrows. b) Kinetic traces monitoring 380.TDS at 487
nm without NDS (blue) and with increasing NDS concentrations (high concentrations correspond to lighter green).
c) Stern-Volmer plot, together with the resulting quenching constant krter. For a TA spectrum of the quenching
product 3NDS, see main paper or Fig. S 4. All solutions (10 mM phosphate buffer at pH 7.2) were degassed with
Ar for 5 min.

2.4 LFP quenching studies with F-Cin

Having established the optical properties of the 3SO,TDS species with LFP studies, we
further investigated the quenching of this triplet excited state by F-Cin. In the irradiation
experiments we observed a cis/trans isomerization leading to a photostationary state (see
main paper and Section 6.5). Previously (Section 2.1), we established that 'SO,TDS* is not
quenched by F-Cin employed at concentrations of a few mM, which is why the triplet excited
state was suggested to initiate the isomerization with a TTET as the underlying mechanism.
LPF quenching studies confirmed this hypothesis and efficient triplet quenching was indeed
observed: The lifetime of 380,TDS (after direct excitation of SO.TDS at 355 nm and ISC, see
Fig. S 3) was monitored at the absorption maximum (A«t = 485 nm) in the absence of a
quencher (blue trace) and with increasing quencher concentration (F-Cin, red traces, Fig. S 3
c). The lifetimes were analysed using a Stern-Volmer plot and a rate constant for the TTET
(krrer = 1.8 x 10° M~'s™") close to the diffusion limit was extracted. Additional TA spectra after
a time delay of 6 ys did not show any absorbing species, which is in line with complete
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380,TDS quenching (see black trace in the inset of Fig. S 3 c)). The expected quencher-
derived product, 3F-Cin, could not be detected, indicating that the triplet of this olefinic
substrate is a short-lived species. Similar observations have been made for (perpendicular)
triplets of other compounds containing isomerizable double bonds.®

a)

3
S0,TDS hv (355nm) 3SOQTDS {R@/\LNCOZ

+ S0,TDS
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b) c)
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[¢e]
<
1
500 3
e T
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Fig. S 3 LFP quenching of 3802TDS with F-Cin: a) Scheme of the reaction sequence under investigation with the
observed quenching reaction highlighted with red arrows. b) Stern-Volmer plot of the quenching experiments with
increasing F-Cin concentrations (lighter color). ¢) Main plot: Kinetic traces (excitation at Aexc = 355nm, 9 mJ)
detected at Adet = 485 nm of the unquenched (blue) 3802TDS with increasing F-Cin concentrations (high
concentrations correspond to lighter color). Inset: TA spectra of 3802TDS with 0.5 mM F-Cin measured after a
time delay of 50 ns (blue) and 6.0 ps (black). All agueous solutions (50 mM phosphate buffer at pH 7.2) were
degassed with Ar for 5 min prior to the experiments.

2.5 ISC quantum yield of SO, TDS

The unknown ISC quantum yield (¢;sc) of SO.TDS was estimated with a Rubpy (ruthenium-
tris(2,2’-bipyridin)) reference sample (¢;sc = 1) employing relative actinometry.'®?' Both
solutions were adjusted to an absorption of about 0.1 at the excitation wavelength (Aexc = 355
nm, slight differences will be considered later in this section) ensuring practically identical
concentrations of (singlet) excited states right after the laser pulse. The exact triplet state
concentrations can be calculated with the Beer-Lambert law using the TA absorption
signal(s), but this is only possible for compounds with known extinction coefficients of the
triplet-excited species. For Rubpy the Ag (i.e. the difference extinction coefficient between
ground and triplet state) at Aqet = 455 nm is literature known (—10 100 M~'cm~"),%22% whereas
such data set for 380,TDS is unavailable as this species has not been observed so far. For
converting *SO,TDS into an intermediate that can be quantified, we used NDS present at
high concentrations as triplet energy acceptor with a known Ae = 9900 M-'cm™" at Aget = 445
nm.'® We established that NDS does not absorb at the excitation wavelength'® (lex. = 355
nm; compare, absorption spectra shown in Section 6.2) but quenches 3S0,TDS such that the
detected *NDS in solution can only originate from a TTET (Scheme S1).
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366 nm

1 Rubpy 3Rubpy Ae (RUbpY, Aget = 455nm) = -10 100 M-'cm"!
Dsc =1.0 Ae (3NDS, Ager = 445nm) = 9900 M-'cm-!
NDS
366 nm TTET
2 SO, TDS _— 1s0,TDS 3s0,TDS ¥> S0,TDS + 3NDS
n=1

Scheme S1 Reaction scheme for relative actinometry with the Rubpy (1) reference system and the solution with
S0.TDS and NDS (2) as triplet energy acceptor with known extinction coefficient of the triplet excited state. The
unknown ¢;sc is highlighted in green.

With that methodology, we can assume that the initial concentration of *SO.TDS right after
ISC equals the 3NDS concentration (after quenching) under the given conditions ensuring
quantitative TTET (> 99 %). This not only allows the indirect calculation of the quantum yield
of 380,TDS but also the determination of the extinction coefficient of that species:

The ratio of the triplet quantum yields equals the ratio of the concentrations of the triplet
excited species, which again can be determined using the Beer-Lambert law. Thus, the
following equation (Eqn. 3) can be used for estimating ¢;sc of SO.TDS:

S0,TDS

IsC _ [3S0,TDS] _ [3NDS] S0,TDS _ ¢Rubpy [3NDS]

¢IRSqupy [3Rubpy] [3Rubpy] ISC 1SC [3Rubpy]
(Eqgn. 3)

The values for the optical densities AOD were obtained directly from the kinetic transient
absorption traces (Fig. S 4 arrows in b) and c)). As already seen in Eqn. 1 for a related
method, a correction for the known, but slightly different (ground-state) absorptions at the
excitation wavelength was considered. The final value for ¢5c of SO.TDS including the
correction factor (x 1.11) amounts to 34.4 %.

Assuming that [*SO,TDS]=[*NDS] we were able to estimate an extinction coefficient of triplet-
excited SO,TDS at the detection wavelength 487 nm: Ae = 20 900 M-'cm~".

b) 0.00
a)
without NDS, At =100 ns 001
0024 _ 100 mM NDS, At = 10 ps g
: 2 as reference
Rubpy only
0.02
«—— AOD=-0.024
0 1 2 3 4 5
8 t/us
<0.014
AOD = 0.009

0.00 T T
400 500
A /nm

4
t/us

Fig. S 4 Quantitative LFP measurements for calculating ¢;sc and Ae of 3802TDS. The excitation wavelength for
all spectra and kinetic traces was Zexc = 355 nm with a constant laser energy of 8 mJ. The solutions were
prepared in aqueous NaOH (10 mM) and purged for 5 min with Ar: a) TA spectrum of 3802TDS (purple, 100 ns
time delay) without NDS and in the presence of 100 mM NDS (blue, 10 ps time delay). b) Kinetic trace monitoring
the Rubpy bleach recovery at 455 nm. c) Kinetic traces upon excitation of SO2TDS in the presence of NDS (100
mM, same solution as in part a) of the Fig.) detected at 487 nm (purple trace, 380.TDS decay) and at 445 nm
(blue trace, 3NDS formation). The AOD values used for the quantum yield calculations were taken from the kinetic
traces. Arrows in b) and c) point to the positions that were selected to determine those values. For further
explanations, see text.
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3 SO02TDS radical anion

3.1 Radical anion formation

Besides the observed TTET donor reactivity, our catalyst shows electron transfer reactivity in
the presence of the reductive quencher ascorbate HAsc™ (see main paper). The
corresponding LFP studies confirming reductive triplet state quenching and the formation of
SO,TDS*~ are presented in this section. Upon excitation (355 nm) 3SO,TDS is formed, which
is subsequently reduced by HAsc™ as sacrificial donor forming the radical anion as indicated
by the characteristic spectrum displayed in part a) of Fig. S 5 (purple spectrum). This
spectrum shows two absorption maxima (Amax = 485 nm and 700 nm) of similar intensities
and the additional absorption band in the red/NIR region (compared to 3SO.TDS) is
indicative of radical anion formation.?* The formation rate constant for this species was
determined by monitoring the 3SO,TDS lifetime decrease upon HAsc™ addition followed by a
Stern-Volmer analysis. Both species, the triplet and the radical anion show an absorption
band with a maximum around 485 nm but with different extinction coefficients, which is why
the kinetic traces of the triplet do not entirely decrease back to the baseline after the
quenching process. A rate constant slightly below the diffusion limit (9.7 x 102 M-'s™") was
determined at the detection wavelength 485 nm (triplet decay). As a further control
experiment, we monitored the formation kinetics of the radical anion at 700 nm (Fig. S 5 c¢),
top), which gave practically the same rate constant for reductive quenching as observed at
485 nm. However, owing to the higher sensitivity of the employed TA instrument at the latter
detection wavelength and the resulting much better data quality, we used the kinetic traces
recorded at 485 nm for the Stern-Vomer analysis presented in part b) of Fig. S 5.
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Fig. S 5 LFP experiments on the formation of SO2TDS*~ (lexc = 355 nm, 6 mJ): a) TA spectrum of the radical
anion (aq. solution with SO2TDS, 5 mM HAsc™ and 10 mM phosphate buffer at pH 7.2, 5 ps time delay) in purple
with 3S0,TDS (grey dashed line) for comparison as well as the detection wavelengths of the kinetic traces
displayed in part c) of the Fig. b) Stern-Volmer plot and resulting rate constant of the electron transfer (ET)
reaction. c) Bottom: Kinetic traces of triplet quenching at Adet= 485 nm with increasing concentrations of HAsc™
(color code as in b)) as well as the unquenched ftriplet lifetime (grey trace). Top: Sample kinetic trace showing
radical anion formation at Adet = 700 nm, same color code as in b). Only one trace in the presence of HAsc™ is
shown for clarity. For further explanations, see text.
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3.2 Radical anion quenching by ACP

For the final confirmation of the reaction mechanism and SO.TDS*~ as catalytically active
species, we aimed to find spectroscopic evidence of the intermediate produced by the
reaction between ACP and the SO.TDS radical anion. The TA spectrum of the expected
intermediate, the ACP*~ species,?*?® is well known at basic pH. However, under our usual
reaction conditions (neutral solution) ACP*~is in a fast equilibrium with the protonated ketyl
radical ACPH* (pK, = 9.6 25%, part a) of Fig. S 6). The latter is thus the predominant species
at pH ~7. This neutral ACP-derived radical absorbs in the UV region (< 350 nm) overlapping
with HAsc™ and corresponding quenching or related decomposition products,’® as well as
with SO.TDS. Thus, detection of the ACP*~ or ACPH?® is not possible under the standard
reaction conditions of the irradiation experiments. Initially, we analyzed the bimolecular
quenching of the SO.TDS radical anion by ACP at pH 7 yielding the expected linear Stern-
Volmer plot and a rate constant of 4.9 x 10° M~'s™" (Fig. S 7). The TA spectra completely
return to the baseline in the visible region (Fig. S 6 b) and Fig. S 7 b)), as expected for the
formation of ACPH® as final quenching product (compare, Fig. S 6 a)). This situation
changes completely at pH 12; under these conditions, the delayed TA spectra show a new
absorption band at 445 nm (Fig. S 6 c)), which corresponds to the ACP radical anion as the
product of the reaction with SO, TDS*~. Because of a noticeable extinction coefficient of
Asc?~, which is the predominant ascorbate species at pH 12,'® at our laser wavelength (355
nm), we reduced the overall ascorbate concentration for these measurements on alkaline
solutions, and we were indeed able to observe the reaction sequence presented in Fig. S 6
a).

ACP

HAsc™/ =
355 . (
a)  s0,10s "M s56,1ps 5 s s0,TDS
Isc -HAsc'/
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Fig. S 6 Detection of the ACP radical anion?2¢ with pH-dependent LFP experiments: a) Reaction sequence at
pH 7 (HAsc™) and pH 12 (Asc?"), molecular structure of the ACP radical anion intermediate (red frame), and the
pKa for the equilibrium with the protonated ketyl radical. b) Main plot: TA spectrum of SO.TDS*~ at pH 7 (grey)
and TA spectra under the same conditions but with ACP (15 mM) added and measured at different delay times
(dark blue to light blue). Inset: Kinetic traces monitoring S02TDS*~ with (light grey, red line indicates a
monoexponential fit) and without ACP (dark gray) with the detection delay times (vertical lines) of the TA spectra
in the same color code as in the main plot. c) TA spectrum of SO2.TDS*~ at pH 12 in grey and TA spectra under
the same conditions with ACP added, but at different delay times (dark green, 30 ps and light green, 60 ps). In
addition to the SO2.TDS*~ absorption bands at 488 nm and 700 nm, we observed a new species in the green
spectra with a maximum at 445 nm (red frame), which corresponds to the ACP radical anion. Inset: Kinetic traces
monitoring SO2TDS*~ (dark grey) and its quenching by ACP (light grey). Ascorbate-derived species do not absorb
above 400 nm. The initial fast signal decay at 485 nm is due to SO2TDS triplet quenching. Triplet quenching is
well-separated from SO2TDS*~ quenching in neutral solution (i.e., under the conditions of Fig. S 7 as well),
whereas both quenching processes cannot be separated in alkaline solution. See text for details.
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The fact that the SO.TDS*~ absorption bands persist to some extent in the green spectra of
part c) in Fig. S 6 (i.e., in the presence of ACP) implies a reversibility of the electron transfer
between SO, TDS*~ and ACP.

ACP

355 nm HAsc™ o g .
a) S0,TDS — > 350,TDS ——» SO,TDS S0,TDS + ACP
Isc -HAsc',

Adet = 488 nm
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no .
— At=40ps; " —_
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D © 00000 0.005 0.010 0.015
2 c/ 3
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Fig. S 7 Kinetic studies on the reaction between SO.TDS*~ and ACP: a) Reaction scheme with the observed
quenching step highlighted by red arrows. b) Main plot: TA spectrum of the radical anion (blue trace, time delay 2
us, without ACP) and after the addition of 15 mM ACP (black trace, time delay 40 ps; ACP-derived quenching
products cannot be observed at neutral pH, which is in perfect agreement with ACP radical anion protonation as
displayed in Fig. S 6 a) with the detection wavelengths as vertical lines. Inset: Stern-Volmer analysis of the
S0,TDS*~ quenching detected at Adet = 488 nm (kq = 4.9 x 10® M~'s™"). ¢) Main plot: Stern-Volmer plot and
corresponding kinetic traces (inset) detected at Adet = 700 nm (kq = 4.8 x 10° M-"s~"). All solutions were prepared
in aq. phosphate buffer (200 mM, pH 7.2) and a standardized HAsc™ concentration (5.0 mM) was employed.

4 Quantum-mechanical computations

All DFT calculations were carried out with the Gaussian 09 software package? using the
B3LYP functional in combination with the 6-31+G(d,p) basis set. The solvation model was
IEFPCM with water as solvent. The geometry optimizations of p-terphenyl and the
derivatives under study were accompanied by frequency analyses. The optimized structures
used for further computations did not show negative vibrational frequencies, indicating
convergence on minimum structures. The frontier orbitals of the singlet ground states were
obtained by additional single-point calculations with population analyses, and time-
dependent DFT computations with identical functional and basis were used to calculate
vertical excitation energies as well as oscillator strengths.

Starting from the energy-minimized singlet ground state geometries, the corresponding
lowest triplet states and radical anions were calculated. The triplet state energies were
determined simply by comparing the energies of both optimized structures (i.e., singlet
ground state and triplet state) for a given compound.'?-30 QOptimized structures, frontier
orbitals and spin densities for the relevant intermediates derived from p-terphenyl, TDS and
SO,TDS are displayed in Fig. S 8 and Fig. S 9. Pertinent energies are summarized in Table
S 2. All results clearly indicate that the computed and experimental (see main paper)
properties for p-terphenyl and TDS are almost identical. Computationally, SO,TDS shows
substantial differences in terms of spin density and orbital coefficient distributions, orbital
energies as well as vertical excitation energies. The smaller HOMO-LUMO gap for SO.TDS
(and the lower Epp accordingly) can be explained by a significant LUMO stabilization owing
to the sulfone group, as our comparative orbital energy analysis revealed.
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Table S 2 Pertinent computed energies (in eV) and oscillator strengths for TDS and SO2TDS relative to those of
the parent compound p-terphenyl.

p-terphenyl TDS AE(TDS)!®! SO,TDS AE (SO,TDS)

Eo,o (DFT) 12! 4.17 4.02 -0.15 3.56 —0.61

Eoo (exp.) ™! 3.99 3.75 —-0.24 3.37 -0.62

AE (HOMO-LUMO) 9l 4.61 4.49 -0.12 4.10 -0.51
f(HOMO-LUMO) [ 1.06 1.38 +0.32 0.66 —-0.40
Er 2.621 2.60 —0.02 2.47 —0.15

[a] Vertical excitation energies. [b] Experimental results, see Fig. 1 and Table 1 of the main paper for
details. [c] HOMO-LUMO gap. [d] Oscillator strength of the HOMO-LUMO transition. [e] Comparison
with p-terphenyl. [f] Experimental triplet energy, 2.53 eV.3
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Fig. S 8 Left: Optimized structures of the ground states as well as the lowest triplet states of SO.TDS (a), TDS
(b) and p-terphenyl (c) at the B3LYP/6-31+G(d,p) level of theory and the solvation model IEFPCM for water,
together with their corresponding energy differences. Right: Frontier orbitals of the ground states using the same
computational method. See text for details.
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Fig. S 9 Computed spin densities (B3LYP/6-31+G(d,p), solvation model IEFPCM for water) for the optimized
radical anion (left) and triplet (right) structures of SO2TDS (a), TDS (b) and p-terphenyl (c). Blue color represents
positive spin densities, whereas green represents negative spin densities. See text for details.

5 Energetic considerations

The energies of the excited singlet states were determined experimentally from the
intersections of the absorption and fluorescence spectra of the respective terphenyl
derivatives (Table 1 of the main paper). The predicted energies from DFT calculations
(compare, Table S 2 in Section 4) are too high by about 0.2 eV, but they clearly support the
experimentally observed trends. In principle, the triplet energies can be extracted from low-
temperature emission spectra, but the low ISC quantum yield of TDS and the poor glass
formation ability of water hamper such triplet energy determinations.

To obtain the triplet energy (Et) of our catalyst SO.TDS, we took the DFT calculated Er
(2.47 eV) and considered the results of our quenching experiments with well-characterized
energy acceptors. Dexter energy transfer (TTET) reactions can proceed with diffusion-
controlled kinetics for Er(donor)>Er(acceptor), or they can proceed in an activation-controlled
fashion with rate constants significantly below the diffusion limit.3! From the quenching with
NDS (Ex(NDS) = 2.58 eV)* as acceptor we determined a rate constant for the energy
transfer three orders of magnitude below the diffusion limit (see Section 2.3) indicating an
“uphill” energy transfer, which is endergonic by 0.11 eV based on our DTF calculations. The
relation between the triplet energy difference and the (uphill) Dexter energy transfer kinetics
is well established.'®3* Assuming 1 x 10° M~'s™" as the diffusion rate constant for the reaction
between two dianionic species in our reaction medium and the above-mentioned AEr (0.11
eV), an energy transfer rate of 1.1 x 10’ M~'s™" can be calculated, which is very close to the
experimental value (7.3 x 108 M~'s™).

Moreover, the LFP quenching studies with F-Cin also confirm the Er(SO.TDS) obtained from
DFT calculations. The triplet energy of F-Cin is on the order of 2.4 eV.3%* Hence, the energy
transfer from 3SO,TDS to F-Cin is exergonic by about 0.1 eV, and we indeed observed
diffusion-controlled energy transfer kinetics (see Section 2.4). All these experimental results
strongly support the calculated Er(SO.TDS) = 2.47 eV, and this value was used for an
estimation of the SO,TDS reduction potential, as described in the next paragraphs.
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The redox potential for the reduction of SO, TDS was not measured directly due to the
difficulties associated with (reductive) cyclic voltammetry in water. However, we estimated
that quantity using a comparative method. We rely on studies concerning the Rehm-Weller
equation, which describes the relation between the energetics of a photoinduced electron
transfer reaction and the corresponding rate constant.?®% Our LFP investigations gave a ket
for the reduction of 380,TDS with HAsc™ of about 1 x 10° M~'s™" (see Section 3.1). The
reductive quenching of singlet-excited SO.TDS by HAsc™ (Fig. S 1), which has to be strongly
exergonic owing to the high singlet-state energy of SO.TDS, is more than twice as fast and
we regard that value (2.2 x 10° M-'s™") as the diffusion limit for a reaction between a
dianionic compound and a monoanionic quencher.'%7

Electron transfer reactions with rate constants slightly below the diffusion limit, as measured
for the reduction of 380,TDS, usually have a driving force approaching zero, i.e. AG ~ 0
eV.353%3% This Gibbs energy for photoinduced electron transfer reactions (with triplet-excited
states) is composed of four energies/potentials of the reactants and described by the
following formula:®3%

AG = Ey;3(D) — E1j2(A) — Er(A) + Ecou
(Eqn. 4)

With AG as the Gibbs energy, E; /, as the redox potential of the electron donor (D, HAsc™) or
acceptor (A, SO,TDS), the triplet energy of the acceptor E-(A) as well as a coulomb term
Ecouw (Which is very close to zero due to the involvement of the uncharged HAsc® and the
highly polar solvent water).>'® With the previous assumption of AG = 0 eV, Er(SO.TDS) =
2.47 eV, Ei2 (HAsc/HAsc®) = 0.72 V vs. NHE* and after rearranging (Eqn. 4), the reduction
potential of SO.TDS can be estimated: it amounts to —1.75 V vs NHE. This estimation does
only depend on a redox potential of a well-investigated reference system (ascorbate in
water), excited-state energies and rate constants that have been directly measured in water.
We, therefore, regard our comparative procedure as more reliable than measuring the
presumably highly solvent dependent reduction potential of SO.TDS in an organic solvent.
Interestingly, the SOMO of the p-terphenyl radical anion (redox potential, —2.39 V vs. NHE)*'
is higher in energy than that of SO,TDS*~ by about 0.7 V. The relative SOMO energies of
radical anions should reflect their electron donating abilities. Given that, these DFT-
calculated properties of the radical anions support the redox potential estimations. The latter
predict SO,TDS*~ to be less reactive by 0.64 V compared to the p-terphenyl radical anion, as
presented above. This reactivity difference seems reasonable considering the electron-
withdrawing effects of the sulfur-containing groups in SO.TDS.

6 Irradiation experiments

6.1 Experimental setup

All irradiation experiments were performed under inert atmosphere, either in sealed NMR
tubes (solvent D,O) or in substance vials under Ar atmosphere (solvent H.O). The
quantitative analyses of the NMR spectra for the irradiation experiments were carried out by
adding well-defined amounts of reference compounds (sodium chloroacetate, trifluoroacetic
acid or potassium acetate). Some of the products formed throughout the irradiation
experiments are more hydrophobic than the starting compounds and precipitated in our
system, thereby hampering a reliable analysis. To avoid solubility-related errors in the NMR
analysis originating from such precipitations, several reactions were performed using micelle-
forming surfactants (SDS or DTAC). The characteristic NMR signals of the cis isomers
formed during the isomerization reactions (Section 6.5) allowed straightforward product
identification and quantification. The identification of the desired pinacol products (Section
-S15-
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6.4) as well as the differentiation between pinacol and monomeric alcohol was carried out
with reference spectra from the literature*3842 or with authentic reference substances. Details
concerning our photoirradiation setup and product analyses are given below.

Preparation of sealed substance vials (Fig. S 10 a)): The reaction mixtures (substrate, 50
mM phosphate buffer, reference compound, DTAC if necessary, SO.TDS) were dissolved in
H20 (3.0 - 4.0 mL), purged with Ar for 3 min within a substance vial, which was sealed using
a septum cap. Throughout the irradiation, the vials were connected to the Schlenk line and
kept under a constant Ar pressure. The vials were kept in a water bath to ensure ambient
temperature, stirred with a magnetic stirrer, and placed closely to the LED. For the NMR
measurements, small samples of the reaction mixture were removed and 10 vol. % D20 (with
TFA as reference for '°F NMR measurements) were added.

Preparation of sealed NMR tubes (Fig. S 10 b)): The reaction mixtures (substrate, 50 mM
phosphate buffer, reference compound, additives such as DTAC or SDS) were dissolved in
D20 (2.5 mL). The resulting solution was used to prepare two septum-sealed Schlenk flasks
(1.0 mL), and SO,TDS was added to one of them. The reaction mixtures were degassed by
two freeze-pump-thaw cycles using Ar as inert gas, liquid N2 for cooling and Schlenk line
vacuum (down to 0.5 mbar). Under a flow of Ar gas, NaHAsc was added and after a final
freeze-pump-thaw cycle, the Schlenk flask was set under an Ar atmosphere. The NMR tubes
were evacuated and flushed with Ar three times. An aliquot of the reaction mixture (0.5 mL)
was transferred into the prepared NMR tubes, which then were sealed either with a septum
cap or melted off after oxygen removal. To maintain the Ar atmosphere throughout the
reaction time, the septum-sealed NMR tubes were connected to the Schlenk line and kept
under a constant Ar pressure. During the NMR measurements, the tubes had to be
disconnected from the Schlenk line for a short time (max. 20 min). Overnight irradiation
experiments were carried out with an Ar gas reservoir to maintain the inert atmosphere. Two
NMR tubes were placed in a water bath closely to the LED during photoirradiation, as
displayed in Fig. S 10 b).

LED (390 nm)

—

———
‘ water bath

~ .
magnetic stire’

Nk

Fig. S 10 Experimental setup for the photoreactions performed in substance vials a) or in NMR tubes b). The
samples were placed in custom-made holders (a2 or b3) in front of the 390 nm (or 370 nm) LED. The water bath
provided ambient temperature and for longer reaction times (> 2h) the cooling fan was used in addition. a)
Substance vials sealed with a septum cap (a1) and equipped with a stirring bar (red circle). The vials have been
connected to a Schlenk line (Ar). b) NMR tubes sealed with a septum cap and connected to a Schlenk line (b1) or
flame-sealed under vacuum (b2).
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6.2 Additional UV-Vis spectra

The following three figures display the absorption spectra of the compounds used for the
NMR-scale reactions, pinacol coupling or dechlorination (Fig. S 11) and isomerization
reactions (Fig. S 12), as well as the compounds relevant for optical spectroscopy (Fig. S 13).
The buffer systems/concentrations were chosen to resemble the respective conditions of the
sample reactions or LFP measurements. All compounds are fully transparent in the emission
range of the 390 nm LED used for photocatalysis and at 355 nm, the excitation wavelength
for LFP experiments. The only exception is the ascorbate dianion (Fig. S 13) with a very low
molar absorption coefficient at 355 nm,' which was therefore used in low concentrations (for
further explanations, see Section 3 and Fig. S 6).

2
____ 4-chloromethyl
benzoic acid
anisaldehyde
-~ — ACP
'E CF5-ACP
(&)
= 4
<
o
-
N
~
@
\\
0 T T
250 300 350

Al nm

Fig. S 11 Absorption spectra of the carbonyl compounds for the pinacol coupling reactions, measured in 50 mM
phosphate buffer (pH 7.2) and the substrate used for the dechlorination, measured in 10 mM NazHPOa4.
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5 F-Cin
] —— N-methylcinnamylamine
—— cinnamyl alcohol

—~~
‘TE —— trans-3-(4-pyridyl)acrylic acid
(&)
=
<
O 14
—
N
~
@

0 T .

250 300 350
Al nm

Fig. S 12 Absorption spectra of the substrates used for the isomerization reactions (F-Cin and cinnamyl alcohol
in 50 mM phosphate buffer at pH 7.2; N-methylcinnamylamine in 10 mM NaH2POs; trans-3-(pyridyl)acrylic acid in
10 mM NazHPOs).

1.5
—— HAsc™
— Asc?2”
) — NDS
5 104
=
<
o
= 0.5
0.0 T . r > : ,
250 300 350 400

Al nm

Fig. S 13 Absorption spectra of NDS, ascorbate monoanion (pH 7.6) and dianion (pH 12.7).
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6.3 Interactions with DTAC and SDS micelles

24n ——50,TDS
' ——S0,TDS + DTAC
SO,TDS + SDS

<3
3
>
(o]
=
3
7 5N
A
T3 A
/l ANERN
/ NN\
/\(\ \\\\\
0 T — S \l\;_.
300 400 500
Alnm

Fig. S 14 Comparison of absorption and emission spectra of aqueous solutions containing SO2.TDS (80 uM) in
neat water (purple), with DTAC (48 mM, turquois) and with SDS (25 mM, pink). The absorption and emission
spectra have been scaled such that the long wavelength absorption bands and the emission bands are at the
same intensity.

Both absorption and emission spectra of SO.TDS in the presence of DTAC employed at
concentrations well above its critical micelle concentration** show pronounced changes as
compared to the spectra in neat water (Fig. S 14). Specifically, the emission spectrum is
blue-shifted in the presence of cationic DTAC micelles and the main UV absorption bands
are less intense. Moreover, the fluorescence lifetime of singlet-excited SO.TDS decreases
significantly from 5.2 ns to 3.3 ns upon DTAC addition.

These effects clearly indicate an interaction between the catalyst molecules and DTAC
micelles. We speculate that the SO.TDS molecules are located in close proximity to the
cationic head groups as a result of Coulombic attraction. In the case of anionic SDS micelles,
absorption and emission spectra remained unmodified, and interactions with SO.TDS as
observed for DTAC micelles are less likely. This can be explained by the Coulombic
repulsion between the negatively charged head groups of the SDS molecules/micelles and
the doubly negatively charged SO,TDS. Micelles in solution are not a static construct but are
in a dynamic equilibrium with their environment. Consequently, all molecules in a micellar
solution take part in this equilibrium and micelles can act as a dynamic reservoir for catalyst
molecules, substrates or products. For the electron transfer reactions (pinacol coupling with
CF3-ACP) with a microheterogeneous environment of SDS micelles, this effect has proven
useful.

The concentration of micelles in solution was estimated using the following equation
([mic]...concentration of micelles, [surfactant]...weight-in concentration of either SDS or

DTAC, cmc...critical micelle concentration, N,g,...aggregation number):*

[surfactant] — cmc

Nagg

(Eqn. 5)

[mic] =

The values for cmc (cmc(DTAC) = 22 mM, cmc(SDS) = 8 mM) and N,gg (Nagg(DTAC) = 60,
N,g5(SDS) = 60) were taken from ref.*3,
-S19-

308



6.4 Additional data and details for pinacol coupling reactions

Acetophenone (ACP)

Most results of the pinacol coupling with ACP as starting material are discussed in the main
paper. Control experiments confirm that the entire catalytic system is required for the
reaction to occur successfully. Besides the reaction scheme and selected 'H NMR spectra
(for all control experiments, see Fig. 3 of the main paper), Fig. S 15 shows a plot with the
temporal evolution of the 'H NMR signals of the product (blue) and consumption of the
starting material (red) during photoirradiation, together with a fit curve to guide the eye. For
this analysis, we used the integrated methyl '"H NMR peaks corresponding to ACP and the
dl/meso forms of the product (same color code for all parts of Fig. S 15). The plot does not
show a lag phase, which can be seen in the region below 5 h. This observation indicates a
direct reaction of SO, TDS*~ with ACP (and not with catalyst-derived decomposition products)
and thus provides additional evidence for the proposed reaction mechanism (see main paper
and Section 3.2).

_ BB AN ey
20 h; LED (390nm) @*m () Son
no SO,TDS; NakiPor 18 mit
(black trace) J _ 15 fmeso
I Y | 1004
20 h; LED (390 nm) .
/./H
o o\° ° L //////
L i - N e
4 o S e
- © e ACP
3.5 h; LED (390 nm) g E 504 // ® pinacol (complete system)
J = 8 , RN pinacol (without SO,TDS)
c = -
[ Y R Jﬁ, J T8 /
E®©
= o N
t=0h o< S/
/
/
ik A 01 } : : !
— 0 5 10 15 20
8.0 7.5 7.0 6.5 4.0 2.5 2.0 1.5
5 /opm t/'h

Fig. S 15 Additional experiments on the pinacol coupling reaction of ACP. The reaction scheme includes the
pertinent conditions. The time-dependent conversion of the ACP (red trace) and the formation of the pinacol
product (blue trace) was obtained from quantitative NMR experiments by analyzing the color-coded methyl
signals. The black data set corresponds to the control experiment, which was irradiated under the same reaction

conditions, but lacking SO2TDS and yields practically no pinacol product. For further information, see main paper
and text.

Anisaldehyde

This substrate was chosen because of the electron-donating effect of the methoxy
substituent, which makes the one-electron reduction of the carbonyl group more difficult.
Without the supramolecular environment, only traces of the desired pinacol were observed
after 12 h of irradiation, as well as partial precipitation of the product. The consumption of
anisaldehyde in this irradiation experiment (without DTAC micelles) is almost 50 % after
12 h, but side product formation and only about 2% of the pinacol were observed (NMR
spectrum 1, signals in the blue frame in Fig. S 16). Also, the signals of the pinacol product
and the reduced alcohol overlap. Related experiments (higher catalyst loading) with DTAC
micelles resulted in a high yield of the pinacol after 18 h of irradiation.

The table in Fig. S 16 lists our reaction conditions. The ascorbate concentrations were
increased at higher catalyst loadings. It is worth mentioning that all end-point NMR spectra
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still showed signals corresponding to the ascorbate (not shown here). We conclude that for
all reactions this compound was added in excess and therefore it is unlikely that different
ascorbate concentrations are responsible for the observed results.

The "H NMR spectra of the irradiation experiment without DTAC showed several overlapping
peaks of different intensities (Fig. S 16, spectrum 1, product mixture [a]). The comparison to
spectra from literature allowed us to identify the two main products. The two most intense
doublets of similar intensity in the aromatic region correspond to the reduced alcohol (4-
methoxybenzylalcohol),*> which is an undesired side product in our case. The second
compound is the desired pinacol product,®® which is formed as dl/meso mixture. As expected,
four doublets can be seen in the corresponding 'H NMR spectrum, out of which three are
overlapping with the starting material or the reduced (monomeric) alcohol. This irradiation
experiment resulted in a conversion of 44 % (Fig. S 16, table, entry 1), which slightly differs
from the yield of detected (side) products. An explanation for this effect is provided by the
decreased water solubility of the pinacol product, which resulted in precipitation in the NMR
tube.

To confirm the pinacol formation for the reactions with DTAC micelles (and to exclude
alcohol formation), a '"H NMR spectrum (not shown) of the reduced alcohol was recorded
under the corresponding reaction conditions. The additional signals so obtained did not
overlap with those of the successful pinacol reactions (Fig. S 16, spectra 2 and 3) but they
did show the expected signals (two doublets with identical intensities) of the reduced
(monomeric) alcohol. We, therefore, conclude that the micellar approach is indeed useful for
increasing the selectivity for pinacol formation.

product mixturel?!
1) H Il
= H S0,TDS,
rj/% micelles (DTAC) ' OH 0
—_— H
~o neutral water, rt 0
o

OH

J— 2) 10 mM dl/ meso

#| SO,TDS/mM | HAsc™ /mM | micelles (DTAC)/ mM | 390 nm | yield (conv.) / %
3) 1 2 mol% 10 - 12h 2 (44)
PR
2 5 mol% 15 5mM 17h 52 (52)
3 10 mol% 20 5mM 18 h 83 (87)
4
S G ) 4 20 5mM 18 h 13 (25)
5 10 mol% 20 5mM - 0(0)
5) pinacol product = yield
- conversion of starting material= conv.
9.6 8.0 7.4 6.8

& /ppm

Fig. S 16 Pinacol coupling of anisaldehyde. The reaction scheme contains general experimental conditions and
the structure of the (diastereomeric) pinacol product. The table below lists all (control) experiments performed and
the corresponding "H NMR spectra show conversion / product formation under the respective reaction conditions.
For the quantitative NMR analysis, the aromatic protons were used (same color code as in the reaction scheme).
Entry 1 corresponds to the irradiation without the micellar environment, which also explains the shifted signals in
the "H NMR spectrum. [a] For further information, see text.
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4-(Trifluoromethyl)acetophenone (CF3;-ACP)

Exact conditions of the pinacol coupling of CF3-ACP and corresponding control experiments
are given in the reaction scheme and in the table presented in Fig. S 17. The irradiation
experiments without microheterogeneous environment were performed in non-deuterated
water using '°F NMR spectroscopy for the quantitative analysis (see Section 6.1 for details).
Owing to the broad water signal, the corresponding 'H NMR spectra were not used for the
evaluation of the reaction outcome. Full conversion was observed ('°F NMR) after 5 h of
irradiation, but merely half of the expected integrals were found in the product peaks (spectra
3) and 4)). We ascribe this effect, combined with the turbidity of the solution, to the low
solubility of the pinacol product. To improve the solubility of the reaction product for a reliable
quantification, we performed additional experiments with SDS micelles in the reaction
mixture (see main paper). The irradiation experiments with SDS micelles were performed in
D.0 and quantified using the 'H NMR spectra (spectra 1) and 2)). To verify the success of
the coupling reaction, we added the reduced alcohol (1-(4-(trifluoromethyl)phenyl)ethanol)
into the NMR tube containing solution 1. The corresponding '°F NMR spectrum (Fig. S 17
bottom, right) shows an additional, distinct, and non-overlapping signal (a similar observation
was made for '"H NMR, spectra are not shown) confirming the formation of the desired
pinacol product as the result of our photoreaction.

H
H S0,TDS, CF,4
0 micelles (SDS), NaHAsc OH O
F1C neutral water, rt o
T
15 mM d// meso
#| SO,TDS/mM | NaHAsc/mM | micelles (SDS)/mM | 390 nm | yield / %
1 2 mol% 20 mM 5mM 4h 85
2 2 mol% 20 mM 5mM - 0
3 2 mol% 20 mM - 5h 47 /©)\3H
4 2mol% 20 mM - - o \
AcO” reference o
— 1) with
1-(4-Trifluoromethyl)
1) 3) L phenyl-ethanol
TFA reference
—
2) 4) 1) JUL
8.5 8.0 75 7.0 3.0 25 2.0 Tes w0 e @1 s | a8
5 /ppm ('H NMR, D,0) 5 /ppm (**F NMR, H;0) 5 /ppm (**F NMR, D,0)

Fig. § 17 Pinacol coupling of CF3-ACP. Reaction scheme and table with conditions of the (control) experiments
as well as the desired coupling product. The corresponding NMR spectra show the signals used for the
quantitative analysis with the same color code as in the scheme. NMR spectra: Left, '"H NMR spectra of reactions
1) and 2) in D20 with acetate as reference compound for quantifications. Middle, '®F NMR spectra of 3) and 4) in
H20 with TFA as reference. Right, comparison of the '°F NMR spectra of the pinacol product with that of the
reduced monomeric alcohol (R/S)(1-(4-(trifluoromethyl)phenyl)ethanol). For further explanations, see text.
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6.5 Additional data and details for isomerization reactions

Unless indicated otherwise, we did not observe substrate-derived side products or turbid
solutions after irradiation. Hence, the NMR quantifications of the cis-trans ratios directly
reflect the yields of the desired cis isomers.

370 nm driven isomerization of F-Cin

F. N coz- SO,TDS 1 mol%
\©/\/ H20 30 min; rt; 370 nm
NaOH 50 mM
10 mM trans

cis / trans

19
TEA F |63/37
/ H |62/38 AcO'\
after 30 min “
370 nm “
- Mo
without N H
irradiation
P -~ e ~—~»JL~—
& /ppm 3 /ppm

Fig. S 18 Reaction scheme for the F-Cin isomerization reaction under 370 nm LED irradiation employing a lower
catalyst loading, together with the corresponding '°F and 'H NMR spectra and the quantitative evaluation. The
signals used for the quantitative analysis are color-coded. This reaction was performed in NaOH to improve the
solubility of both substrate and product.
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N-Methylcinnamylamine (protonated)

S SOZTDS 2 mol%

©/\/\“2 D,0; 2 h; rt; 390 nm ©/?

NaH,PO,4 50 mM H,
10 mM trans

Ao
after 3h .
390 nm LED cis / trans
CH, | 70/30
without
irradiation

7A5 7AD 6.5 5 0 15 4.0 lﬁ
5 /ppm

CH |76/24

Fig. S 19 Reaction scheme of the N-methylcinnamylamine isomerization, '"H NMR spectra and the corresponding
quantitative analysis. The proton signals used for the evaluation of the NMR spectra are color-coded with the
corresponding product protons in the reaction scheme. The pH of the solution was adjusted to ~4 using NaH2PO4
in order to convert the substrate into its protonated water-soluble form.

Cinnamyl alcohol without DTAC

©/§/\OH S0,TDS 2 mol% M ©/I
e —
water; 2.5 h; rt; 390 nm
NaH,PO, 25 mM

10 mM Na;HPO,4 25 mM trans

ClACO — |

| cis / trans (cis %)
0,
after 2.5 h CH, | 57743 (34 %)
390nm LED CH | 59/41 (36 %)
. "
side product(s)

without
irradiation

. - .

& /ppm

Fig. S 20 Reaction scheme and conditions for the isomerization reaction of cinnamyl alcohol, as well as '"H NMR
spectra and the corresponding quantitative analysis with the absolute cis yield given in brackets. The signals used
for the quantitative evaluation are color-coded with the product protons in the reaction scheme. Highlighted with
the red frame are the signals of the undesired side product(s) that formed during the reaction. The singlet next to
the reference peak is an impurity in the starting material and not involved in the reaction (integral remains
identical).
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Cinnamyl alcohol with DTAC micelles

The addition of DTAC leads to an increase of the absolute cis yield of the isomerization
reaction by suppressing side reactions, as the quantitative analyses of our comparative
photoreactions shown in Figs. S 20 and S 21 unambiguously demonstrate.

HH
N o H
@/\/\OH S0,TDS 2 mol% WOH . ©/j:
water; 2.5 h; rt; 390 nm H H 'OH
DTAC micelles 5 mM H

cis

10 mM NaH,PO4 25 mM trans
Na;HPO4 25 mM

| cis / trans (cis %)
after 2 h -
390nm LED CH, | 59/41 (52 %)
,J CH | 62/38 (50 %)

AcO~

without
irradiation Jh‘ H ﬂ,J

P ——n
75 7.0 6.5 6.0 55 45 4.0 35 20

& /ppm

Fig. S 21 Reaction scheme and conditions for the cinnamyl alcohol isomerization with DTAC addition, as well as
"H NMR spectra and the corresponding quantitative analysis with the absolute cis yield given in brackets. The
signals used for the quantitative evaluation are color-coded with the product protons in the reaction scheme. The
reference signal overlaps slightly with the DTAC signals, which should not affect the quantitative analysis as both
species are not involved in the reaction.

6.6 Benchmark reactions for comparison of water-soluble photocatalysts

For both reaction types, electron and energy transfer, we have chosen one reference
reaction to compare SO,TDS with other water-soluble photocatalysts (compare, Table S 3)
that are known for triplet reactivity.

For the electron transfer, a dechlorination reaction of 4-(chloromethyl)benzoic acid was
investigated, yielding either the deuterated monomer or a dimeric dibenzyl-like product (left
part of Fig. S 22). The NMR-based analysis of the reaction outcome and the differentiation
between both products is straightforward, as described recently.®* The sample 'H NMR
spectrum before the irradiation (0 h) also shows peaks corresponding to the photocatalyst
Rubpy, which are marked with asterisks.

Both isomers cis- and trans-3-(4-pyridyl)acrylate show isolated signals in the '"H NMR spectra
and therefore all signal integrals were considered for the quantification of the cis isomer as
reaction product (right part of Fig. S 22).
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1) Dechlorination — electron transfer

NazHPO, 65 mM

NaHAsc 20 mM

15mM
starting material

co;
SalPOU
g NS
“oc

€Oz ref. 10 mM e,
L —LLS
cl t;D;0; 5h; 390 nm D,

monomer

ref. AcO™

2) cis/trans — Isomerization — energy transfer

10 mm
dimer.

pe
Sh _—JL_ 2h

H “ *= Rubpy
oh * * *

8.6 81 7.6
5/ppm

ol

NagHPO,

50 mM

catalyst 2mol

ref.

H H H H
10mM Hj@/g(co,- h Mwu
PR
N. COo;™
rt; D;0; 2h; 390 nm Ns Z 2
cis

trans.

ref. AcO™

N

20 85

7.0 6.5 6.0 2.0
5/ppm

Fig. S 22 Reaction schemes including the pertinent conditions for dechlorination 1) and isomerization 2) reaction.
Several water-soluble photocatalysts have been tested with a 2 mol% catalyst loading (red frame, for details see
Table S 3). The lower part shows representative sample "H NMR spectra before (0 h) and after (electron transfer,
5h, Rubpy as catalyst; energy transfer, 2h, SO2TDS as catalyst) irradiation. For both reaction types 1) and 2), the
substrate signals used for quantification are highlighted in blue, whereas product signals are highlighted in green.

The results obtained for the two reactions and different catalysts are summarized in Table S
3. Under the selected sustainable reaction conditions with neutral water as solvent, and a
390 nm LED as energy source, only SO,TDS is a suitable and efficient photocatalyst for both

reaction types.

Table S 3 Results of the dechlorination 1) and isomerization 2) reactions (for conditions see Fig. S 22 using
different water-soluble photocatalysts. Color code: >70% green; 30-70% orange; <20% red.

photocatalyst 1) electron transfer!! 2) energy transfer®
% dichlorination (% dimer) % cis isomer

Rubpy 84 (72) 16

eosinY 17 (4) 11

4-benzoylbenzoic acid 11 (3)

riboflavin (vit. B2) 10 (2) 81

1-pyrenecarboxylic acid®

- 8 (1) 5

SO,TDS 93 (68) 71

12l Poor solubility under the given reaction conditions, which was improved by addition of NaOD ! Carried out with

the setup shown in Fig. S 10 b).
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7 NMR spectra of TDS and SO.TDS
7.1 'Hand '*C NMR spectra of TDS

793

788

—7.93
88

s L)oo

8.05 8.00 7.95 7.85 7.80 7.75

7.90
f1 (ppm)

95 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 15 1.0 05
f1 (ppm)

Fig. S 23 'H NMR spectrum of TDS in D20.

77
789

o8- Lo

110 105 100 95 9.0 85 80 75 7.0 6.5 6.0

Fig. S 24 'H NMR spectrum of TDS in DMSO-de.
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Fig. S 25 '3C NMR spectrum of TDS in DMSO-dbs.
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7.2 'H, 3C and 2D ('H, 3C) NMR spectra of SO.TDS

9.0 85 8.0 75 7.0 65 60 55 5.0 45 4.0 35 3.0
f1 (ppm)

Fig. S 26 'H NMR spectrum of SO.TDS in D20 with DMSO-ds added as reference for '*C NMR (see Figs. S 28 —
S 29).

— 150 58
—148.28
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13848
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Fig. S 27 '3C NMR spectrum of SO2TDS in neat DMSO-ds.
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Fig. S 28 HMQC spectrum of S0O2TDS in D20 with DMSO-ds added as reference.
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Fig. S 29 HMBC spectrum of SO2TDS in D20 with DMSO-ds added as reference.
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1. General experimental details

1.1 Chemicals

Unless indicated otherwise, chemicals for optical spectroscopy were used as obtained from the
supplier (in the highest available purity) without further purification: Ethanol absolute (VWR, >99 %);
9-(methylaminomethyl)anthracene (Sigma-Aldrich, 99 %); Eosin Y disodium salt (Alfa Aesar, 100
weight %); Erythrosin B disodium salt (TCl, >95 %); NaBr (Merck, extra pure 99 %); NaCl (Fisher
Chemicals, 299.5 %); NaOH (Sigma Aldrich, 298 %); perylene (Thermo Scientific, >98 %); disodium 1,5-
naphthalenedisulfonate hydrate (TCl, >98 %); PbO, (Acros Organic, >97 %); Tris(4,7-diphenyl-1,10-
phenanthroline)ruthenium dichloride (Ru(dpp)s*, Alfa Aesar); Tris(2,2’-bipyridin)ruthenium
dichloride x 6 H,O (Ru(bpy)s**, Sigma-Aldirch, 99.95 %); Tris(1,10-phenanthroline)ruthenium
dichloride x H,O (Ru(phen)s?, Sigma-Aldrich, 97 %); Sulfuric acid (Carl Roth, 96 %, VLS| grade).

Tis(1,10-phenanthroline)osmium(ll) hexafluorophosphate (Os(phen)s?*)! was synthetized according
to a literature procedure. The dyads Ru(bpy)s—xy;—Ant?* (as nitrate salt)?, bis(2,2'-bipyridine)(5-
pyrenyl-1,10-phenanthroline)ruthenium(ll) chloride (RubpyPy?*)® and bis(1,10-phenanthroline)(5-
pyrenyl-1,10-phenanthroline)ruthenium(ll)  chloride  (RuphenPy?*)®* as well as tris(2,2’-
bipyrazine)ruthenium dihexafluorophosphate (Ru(bpz):**)* were available from recent studies.

The solvent used for optical spectroscopy was 50 mM H,SO,4 in aqueous solution with ultrapure
Millipor MilliQ water (specific resistance 18.2 MQ cm). All solutions for optical spectroscopy were
purged with argon (Nippon Gases 5.0) for at least 10 minutes before the measurements and sealed
under inert gas in 1.0 cm pathlength septum cap cuvettes (quartz glass).

1.2 Steady-state measurements

Absorption spectra were recorded using a LAMBDA 365 from Perkin Elmer. Emission spectra for the
quantum yield determination were measured using a FL 6500 from Perkin Elmer. All steady-state
absorption and emission measurements were performed at room temperature (295 * 2 K) and the
emission spectra were corrected for the wavelength-dependent sensitivity of the emission
spectrometer. Very low concentrations of the emissive compounds were employed to avoid filter
effects. The Eqpo energies were determined from the intersections of the absorption and emission
spectra. The fluorescence quantum yields were measured against a known standard compound
(perylene in ethanol®). To avoid filter effects, the absorbance was adjusted below 0.1 at the
excitation wavelengths and in the overlap area of emission and absorption spectra. The quantum
yield was then determined according to Equation S 1° with @ .. quantum yield, / ... integrated
luminescence intensity, A ... optical density at the excitation wavelength, and n ... refractive indices
of the used solvents. All variables with the index ref correspond to the reference compounds.

A
D= Qe x —x = x L
Iy A Mref

Equation S 1

1.3 Time-resolved measurements

The fluorescence lifetimes of the three annihilator compounds in 50 mM H,SO, were recorded with a

mini-t spectrometer from Edinburgh Instruments (time-correlated single photon counting TCSPC

technique), with a pulsed LED (EPLED-300, pulse-width 1020.0 ps, average power 40 pW, Aexc = 293

nm) or different lasers (EPL-375, pulse-width 58.3 ps, average power 5 mW, Adexc = 371 nm; EPL-450,

pulse-width 74.5 ps, average power 5 mW, Ade. = 446 nm) for excitation and the built-in band-pass
S3
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filters for detection. For the detection of the 1,5-NDS?*" lifetime, a 345 nm long-pass filter from
Newport was used. The concentrations of all solutions were adjusted such that the optical density at
the excitation wavelength was between 0.1 and 0.2.

For the laser flash photolysis (LFP) measurements an LP980-KS apparatus form Edinburgh
Instruments was used. The energy of the 532 nm laser pulse (frequency-doubled Nd:YAG laser from
Quantel with ~10 ns pulses) was modified by the Q-switch delay (50 ps — 150 us, corresponding to
energies between 50 mJ and 2.4 mJ, further details are given in the figure captions of the ESI). A
beam expander (Thorlabs) was used to ensure homogenous excitation in the detection volume
(beam diameter in front of the cuvette window, 0.8 cm). Kinetic traces were recorded at a single
wavelength with a photomultiplier tube and for measuring transient absorption (TA) or (delayed)
emission spectra an iCCD camera from Andor was employed. All TA spectra were time-integrated for
100 ns. The concentrations of the sensitizers were adjusted such that optical densities at the
excitation wavelength between 0.017 and 0.034 resulted (except for Figure S 37, where higher
concentrations were used). Exact concentrations are given in the figure captions.

To determine quenching rate constants, Stern—Volmer analyses of the quenching experiments were
performed. The 7,/t values from LFP or TCSPC studies were plotted against the quencher
concentration. A linear fit with the intersection fixed at 1 yielded the Stern—Volmer constant (Ksy)
and division by the known 7, lifetime of the respective excited state under given conditions resulted
in the bimolecular quenching rate constant.’

2 =1+Ksy[Q =1+ kqo[Ql
Equation S 2

The simulated curves for the quenching efficiencies as a function of the quencher concentrations
(Figure 5, main paper) were calculated using deviations of the Stern—Volmer equation. The
previously determined quenching rate constants (kq) and lifetimes without quencher present (o)
allowed us to calculate the lifetimes at different quencher concentrations according to Equation S 3,
which is a rearrangement of the Stern—Volmer equation (Equation S 2).

1
T=g——
™ +kgx[Q]
Equation S 3

The efficiency of the resulting lifetimes was calculated using Equation S 4, which can also be derived
from Equation S 2.

Tg— T

n= o

Equation S 4

1.4 Calculations of excited-state redox potentials
The thermodynamic feasibility of a photo-induced redox reaction (Gibbs energy of photoinduced
electron transfer) can be predicted using the following equation®

AG%r = E(D**%) — E(AY*") — Exo — @

Equation S 5
S4
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with E(D**/°) ... oxidation potential of an electron donor, E (A%*") ... reduction potential of an electron
acceptor, Eop ... the excited state energy of the donor or acceptor, and @ ... the Coulomb-term
representative for the Coulombic interactions between two ions, which was neglected in the
calculation because the corresponding values are small in water®. Potentials from literature were
often given vs. SCE and could be adjusted to values vs. NHE by the addition of 0.24 V.” The empirical
correlation between AG%r and the observed quenching rate constants was exploited to estimate
redox potentials that could not be measured in aqueous solution.®®

2. Synthetic procedures

2.1 General remarks

All experiments were conducted under an atmosphere of dry and oxygen-free argon by using
standard Schlenk techniques. Argon 5.0 was used and further dried by passing over a column of
phosphorus pentoxide. Glassware was heated to 130°C overnight and evacuated while still hot.
Dichloromethane, diethylether and pentane were purified using an MBraun Solvent Purification
System. Deuterated solvents were dried over sodium (C¢Ds, toluene-ds) or over calcium hydride
(CD,Cly) and distilled prior to use. Chlorodiisopropylphosphine was purified by simple distillation and
stored in a Teflon-valve ampule. All other chemicals for synthesis were purchased from commercial
suppliers and used as received. 2,2’-Dibromo-tolane’, 2,2’-dibromo-4,4’-difuorotolane!! and 2,2’-
dibromo-4,4’-dichlorotolane!? were prepared according to literature-known procedures.

One and two dimensional *H, *3C, °F and 3!P NMR spectra were recorded on a Bruker Avance DRX
300, a Bruker Avance 11 400 MHz or on a Bruker Avance 600 Ill spectrometer. Unless noted otherwise,
all X-nuclei spectra were recorded with H broadband or composite pulse decoupling. Residual
(undeuterated) solvent served as reference for *H and *C NMR spectra. Chemical shifts & are given in
parts per million (ppm), coupling constants J in Hertz (Hz). Signal multiplicities are stated by common
abbreviations (e.g. s — singlet, d — doublet, dd — doublet of doublets).

Mass spectra were recorded at the Department of Organic Chemistry at Heidelberg University on a
JEOL JMS-700 magnetic sector by liquid injection FD ionization (LIFDI) technique.

Elemental analyses were carried out at the Department of Inorganic Chemistry at Heidelberg
University on an Elementar vario MICRO Cube.

2.2 Synthesis of 2,2’-bis(diisopropylphosphino)tolane derivatives
Br Br, 1) "BuLi, Et,0, Pr, Pr,

. -20°Cto 0°C .
X Q _ O X 2) CIPPry, Et,0, X Q - O X
—40°C to -20°C,

X=H,F Cl _20°C for 2d X=H,F CI
General procedure: A Schlenk flask was charged with the 2,2’-dibromotolane derivative (1.0 eq, X =
H, F, Cl) and dissolved in anhydrous Et,0. The clear solution was cooled to —20°C and "BuLi (2.5 M in
hexane, 2.0 eq) was added dropwise over 10 min. The solution was stirred for 20 min at —20°C and
then placed in an ice bath at 0°C. After 15 min the solution was cooled to —40°C and neat
chlorodiisopropylphosphine (2.1 eq) was added dropwise. The mixture was allowed to warm to
—20°C and stirred at this temperature for 2d. The resulting suspension (LiCl precipitate) was filtered
over a silica plug under inert atmosphere and the plug was washed with Et,0O, while the filtrate was
kept in an ice-bath at 0°C. The filtrate was evaporated under reduced pressure and the residue was
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taken up in pentane and filtered over Celite to remove residual amounts of LiCl. The clear filtrate was
concentrated under vacuum and the solution was kept at —40°C for crystallization. After 12h, the
ensuing colorless crystals were filtered off, washed with a small amount of cold pentane and dried in
vacuum. The products are air- and temperature-sensitive, but may be stored indefinitely under an
inert atmosphere at -40°C.

Derivative with X=H: This derivative has been reported previously, but the experimental procedure
provided here has been improved significantly. The following amounts were used: 4.0g 2,2’-
dibromotolane (11.9 mmol, 1.0 eq) in 120 ml Et,0, 9.6 ml "BuLi (2.5 M in hexane, 23.6 mmol, 2.0 eq),
4 ml chlorodiisopropylphosphine (25.1 mmol, 2.1 eq). In the silica filtration step, 200 ml Et,0 were
needed for washing the silica plug. The product was obtained in 82% vyield (4.0 g, 9.8 mmol). The
analytical data are in accordance with literature values. *H NMR (600 MHz, CD,Cl,, 22°C): & (in ppm) =
7.67-7.63 (m, 2H), 7.49-7.45 (m, 2H), 7.36-7.31 (m, 4H), 2.27 (septd, Ju.1 = 7.0 Hz, Ju.p = 1.7 Hz, 4H),
1.16 (dd, Jun = 7.0 Hz, Jup = 14.5 Hz, 12H), 0.96 (dd, Jun = 7.0 Hz, Jup = 11.9 Hz, 12H). BC{*H} NMR
(151 MHz, CD,Cly, 22°C): & (in ppm) = 139.0 (d, Jep = 22.0 Hz, Cy), 133.5 (d, Jer = 2.8 Hz, CH), 133.3 (d,
Jep =4.5Hz, CH), 131.1 (d, Jcr = 28.0 Hz, Cg), 128.8 (s, CH), 127.9 (d, Jcr = 1.6 Hz, CH), 95.2 (dd, Jc.
p=7.0Hz, Jop=2.6Hz, Cq), 23.9 (d, Jep=13.8 Hz, CH), 20.4 (d, Jep=18.4 Hz, CHs), 19.7 (d, Je
p=10.9 Hz, CHs). 3P{*H} NMR (243 MHz, CD,Cl,, 22°C): & (in ppm) = 4.9 (s). MS (LIFDI, toluene): Calcd.
for CyeH3eP2: 410.2292, found: 410.2 [M]*. Anal. calcd. for CxsHs6P, (410.52 g/mol): C 76.07, H 8.84,
found: C 75.89, H 9.25.

Derivative with X=F: The following amounts were used: 0.6 g 2,2’-dibromo-4,4’-difuorotolane (1.6
mmol, 1.0 eq) in 40 ml of Et,O0, 1.3 ml "BuLi (2.5M in hexane, 3.2 mmol, 2.0 eq), 5.4 ul
chlorodiisopropylphosphine (3.4 mmol, 2.1 eq). In the silica filtration step, 50 ml Et,0 were used for
washing the silica plug. The product was obtained in 68% yield (0.5 g, 1.1 mmol). *H NMR (600 MHz,
CeDs, 22°C): 6 (in ppm) = 7.67-7.64 (m, 2H), 7.12 (d, Ju.u = 9.1 Hz, 2H), 6.65 (td, J = 8.3 Hz, J = 2.6 Hz,
2H), 1.93 (sept, Juw = 6.9 Hz, 4H), 1.08 (dd, Jur = 14.4 Hz, Jun = 7.0 Hz, 12H), 0.86 (dd, Jur = 11.8 Hz, Ju.
n = 6.9 Hz, 12H). 3C{*H} NMR (151 MHz, CsDs, 22°C): & (in ppm) = 162.2 (d, Ycr = 252 Hz, Cy), 142.5
(dd, J = 26.4 Hz, J = 4.9 Hz, Cy), 135.0 (dd, *Jcr = 7.8 Hz, 3Jcp = 4.6 Hz, CH), 127.4 (dd, J =29.7 Hz, J =
3.0 Hz, Cq), 119.4 (d, Ycr = 20.6 Hz, CH), 116.0 (d, Ycr = 22.1 Hz, CH), 93.9 (d, 3Jcr = 4.9 Hz, Cy), 23.8
(d, Yep = 15.3 Hz, CH), 20.0 (d, Ycp = 18.3 Hz, CHs), 19.4 (d, Zecp = 11.0 Hz, CHs). *F{*H} NMR (376
MHz, C¢Ds, 22°C): 6 (in ppm) = —111.8 (m). 3!P{*H} NMR (243 MHz, CsDs, 22°C): & (in ppm) = 3.9 (s).
MS (El+): Calcd. for CayeHssF2P2: 446.2098, found: 446.2089 [M*]. Anal. calcd. for CysHsaF2P;
(446.50 g/mol): C 69.94, H 7.68, found: C 69.87, H 7.94.

Derivative with X=Cl: The following amounts were used: 2.5g 2,2’-dibromo-4,4’-dichlorotolane
(5.0 mmol, 1.0eq) in 120 ml Et,0, 4.0 ml "Buli (2.5M in hexane, 10.0 mmol, 2.0 eq), 1.7 ml
chlorodiisopropylphosphine (10.5 mmol, 2.1 eq). In the silica filtration step, 200 ml Et,O were used
for washing the silica plug. The product was obtained in 80% yield (1.9 g, 3.9 mmol). *H NMR (400
MHz, C¢Dg, 22°C): & (in ppm) = 7.57 (dd, J = 8.3 Hz, J = 2.8 Hz, 2H), 7.45 (t, J = 2.1 Hz, 2H), 6.95 (dd, J =
8.3 Hz, J = 2.2 Hz, 2H), 1.92 (hept, J = 6.9 Hz, 4H), 1.05 (dd, J = 14.5 Hz, J = 7.0 Hz, 12 H), 0.85 (dd, J =
11.8 Hz, J = 6.9 Hz, 12H). 3'P{*H} NMR (162 MHz, CsD¢, 22°C): & (in ppm) = 4.6 (s). MS (EI+): Calcd. for
Ca6H34P2Cly: 478.1507, found: 478.1530 [M*]. Anal. calcd for CysH34P2Cl, (479.40 g/mol): C 64.14, H
7.15, found: C 64.08, H 7.39.
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2.3 Synthesis of phosphonium-bridged ladder stilbene derivatives

(Prz lPrz ’Pl’z
C,Clg, CH,Cly, rt, 12h
X=H,F Cl 'Pry 2¢i°

General procedure for the oxidative cyclization with hexachloroethane (X = H, F, Cl): Solid
hexachloroethane (1.0 eq) was added to a solution of the 4,4’-substituted (X = H, F, Cl) 2,2"-
bis(diisopropylphosphino)tolane (1.0 eq) in 50 ml CH,Cl; under an inert atmosphere and the resulting
solution was stirred overnight at room temperature. The resulting precipitate was filtered off (in air)
and washed with 10 ml CH,Cl,. The solid was further washed with a solution of three drops NEtz in 10
mL CHyCl,, followed by washing with 10 ml CHCls. The solid was dissolved in methanol and
crystallized by layering the solution with an equal amount of Et,O. After a few days, the crystalline
yellow product was collected via filtration and dried in vacuum. The fluorescent products were
obtained as air-stable (in the solid state) and water-soluble solids.

Derivative with X = H (P-H*): The following amounts were used: 288 mg hexachloroethane (1.22
mmol, 1.0 eq), 500 mg 2,2’-bis(diisopropylphosphino)tolane (1.22 mmol, 1.0 eq). The product was
obtained in 97% vyield (572 mg, 1.19 mmol). A tree-step synthesis of this compound has been
reported previously.’® The analytical data are accordance with the literature values. 'H NMR (D0,
600 MHz, 22°C): & (in ppm) = 8.24-8.21 (m, 2H), 8.03-8.00 (m, 2H), 7.96-7.95 (m, 2H), 7.87-7.86 (m,
2H), 3.69-3.65 (m, 4H), 1.44-1.39 (m, 12H), 1.37-1.33(m, 12H). 3C{*H, 3P} NMR (D,0, 75 MHz, 25°C):
& (in ppm) = 146.7-146.2 (m, Cy), 138.5 (t, ) = 12.7 Hz, Cy), 136.9 (s, CH), 134.1 (t, ) = 5.5 Hz, CH), 132.4
(t,J =5.7 Hz, CH), 127.3 (t, ) = 3.5 Hz, CH), 120.2-119.5 (m, C,), 22.6-22.2 (m, CH), 15.2 (bs, CHs), 14.6
(bs, CHs). 3'P{*H} NMR (D,0, 243 MHz, 22°C): 6 (in ppm) = 58.4 (s). MS (ESI+): Calcd. for CaH3,0P;*:
427.2314, found: 427.2315 [M+OH]*. Anal. calcd. for CxH36CloP> (481.42 g/mol): C 64.87, H 7.54,
found: C 64.15, H 7.46.

Derivative with X = F (P-F?*): The following amounts were used: 264 mg hexachloroethane
(1.12 mmol, 1.0 eq), 500 mg 2,2’-bis(diisopropylphosphino)-4,4’-difluorotolane (1.12 mmol, 1.0 eq).
The product was obtained in 95% yield (475 mg, 1.06 mmol). *H NMR (400 MHz, D,0, 22°C): 6 (in
ppm) = 8.04 - 8.00 (m, 2H), 7.90 (dt, J = 8.0 Hz J = 3.8 Hz, 2H), 7.69 (td, J = 8.6 Hz, J = 2.4 Hz, 2H), 3.62
(sept, Jun = 7.2 Hz, 4H), 1.40 - 1.26 (m, 24H). C{*H} NMR (151 MHz, D,0, 22°C): & (in ppm) = 167.7 -
165.9 (m, C,), 148.1 - 147.6 (m, Cy), 137.5 - 137.3 (m, C;), 131.9 (dt, /= 9.0 Hz, J=4.0 Hz), 126.4 (d, J =
22.9 Hz, CH), 125.5 (d, /= 9.0 Hz), 125.1 (t, J = 6.2 Hz, CH), 125.0 - 124.8 (m, CH), 25.4 — 25.0 (m, CH),
17.5 (dt, J = 87.4 Hz, J = 1.4 Hz, CHs). 1*F{*H} NMR (376 MHz, D,0, 22°C): & (in ppm) =-103.7 (t, /= 3.5
Hz). 3P{*H} NMR (162 MHz, D,0,22°C): & (in ppm) = 60.1 (s). MS (ESI+): Calcd. for CieHasF,Pa:
445.2020, found: 445.2018 [M-H]*, calcd. for CasH3sF2OP,: 463.2126, found: 463.2123 [M+OH]*. Anal.
calcd. for Cy6H30Cl2F2P2 x 2 H,0 (553.43 g/mol) C 56.43, H 6.92, found: C 56.35, H 7.19.

Derivative with X = Cl (P-CI*): The following amounts were used: 232 mg hexachloroethane (0.98
mmol, 1.0 eq). 470 mg 2,2’-bis(diisopropylphosphino)-4,4’-dichlorotolane (0.98 mmol, 1.0 eq). The
product was obtained in 87% yield (470 mg, 0.85 mmol). 'H NMR (400 MHz, D,0, 22°C): & (in ppm) =
8.25 (dt, J = 8.3 Hz, J = 2.1 Hz, 2H), 7.98 — 7.96 (m, 2H), 7.84 (dd, J = 8.3 Hz, J = 3.1 Hz, 2H), 3.62 (sept,
J=7.2 Hz, 4H), 1.40 - 1.26 (m, 24H). 3C{*H} NMR (101 MHz, D,0, 22°C): & (in ppm) = 145.7 (d, } = 73.5
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Hz, C4), 139.1 (t, J = 7.7 Hz), 137.0 — 136.7 (m), 134.2 (t, J = 6.0 Hz, CH), 128.3 (t, J = 3.8 Hz, CH), 122.1
(d, ) =91.6 Hz, Cg), 23.2 — 22.3 (m, CH), 15.3 (s, CH3), 14.7 (s, CHs).3*P{*H} NMR (162 MHz, D,0,22°C):
6 (in ppm) = 60.1 (s). MS (ESI+): Calcd. for CaH33CloP2 [M-H] *: 477.1435, found: 477.1430. Calcd. for
Ca6H35Cl,OP, [M+0OH]*: 495.1540, found: 495.1533. Anal. Calcd. for CaH34Cl,P, x 3 H,0 (446 g/mol) C
51.67, H 6.67. Found: C52.09, H 6.54.

3. NMR spectra of the annihilators P-H?*, P-F**, P-CI**
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Figure S1 H NMR spectrum of P-H2*(600 MHz, D,0, 295 K).
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Figure S 2 3C{*H} NMR spectrum of P-H?* (151 MHz, D,0, 295 K).
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Figure S 3 31P{1H} NMR spectrum of P-H?* (243 MHz, D,0, 295 K).
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Figure S 4 'H NMR spectrum of P-F2*(400 MHz, D,0, 295 K).
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Figure S5 13C{'H} NMR spectrum of P-F2* (151 MHz, D,0, 295 K).
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Figure S 6 3'P{'H} NMR spectrum of P-F2* (162 MHz, D,0, 295 K).
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Figure S 7 *F{*H} NMR spectrum of P-F?*(376 MHz, D,0, 295 K).

S11

333



iy T
i 58 g 2
915 9:0 BjS 5:0 7:5 7:0 615 GtO SIS 5:0 415 4.0 315 3'0 2'5 2'0 115 ljD 0'5 0:0 '

1 (ppm)
Figure S 8 'H NMR spectrum of P-CI>*(400 MHz, D,0, 295 K).
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Figure S 9 3C{'H} NMR spectrum of P-CI>* (101 MHz, D,0, 295 K).
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Figure S 10 3'P{*H} NMR spectrum of P-F2*(162 MHz, D,0, 295 K).

4. X-Ray crystal structure determinations

Crystal data and details of the structure determinations are compiled in Table S 1. Full shells of
intensity data were collected at low temperature with an Agilent Technologies Supernova-E CCD
diffractometer (Mo-K,, or Cu-K, radiation, microfocus X-ray tube, multilayer mirror optics). Detector
frames (typically @-, occasionally ¢-scans, scan width 0.5° for Mo and 1.0° for Cu) were integrated by
profile fitting.#*>® Data were corrected for air and detector absorption, Lorentz and polarization
effects!>!® and scaled essentially by application of appropriate spherical harmonic functions.?>181%
Absorption by the crystal was treated numerically (Gaussian grid).'>2° An illumination correction was
performed as part of the numerical absorption correction.!’*® Using Olex2%, the structures were
solved with SHELXT?? (intrinsic phasing) and refined with SHELXL?®* by full-matrix least squares
methods based on F? against all unique reflections. All non-hydrogen atoms were given anisotropic
displacement parameters. Hydrogen atoms were generally input at calculated positions and refined
with a riding model. The H,O hydrogen atoms in X = Cl - 1.5 H,0 were located in the difference
Fourier map and refined (in part by applying a SADI restraint)

CCDC 2224633 and 2224634 contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallographic Data Centre's and FIZ
Karlsruhe’s joint Access Service via https://www.ccdc.cam.ac.uk.
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Table S 1 Crystal data and details of the structure determinations for X=F - 4 MeOH and X = Cl - 1.5 H,0.

Compound

X=F -4MeOH

X=Cl-1.5H0

Empirical Formula

Formula Weight

Crystal system

Space group

alA

b /A

c/A

al®

B

»

VA2

V4

FOOO

d. /IMg-m~3

4 /mm-!

max, min transmission factors
X-ray radiation, A /A

data collect. temperature /K
Orange /°

index ranges h, k, |
reflections measured

unique [Ring

observed [/ > 2o(/)]
parameters refined [restraints]
GooF on P2

R indices [/ > 25(/)] R1, wR2
R indices (all data) R, wR2
difference density: max, min /e-A-

deposition number CCDC

C26H34Cl2F2P2, 4 (H3COH)
645.54

monoclinic

P 24lc
7.68726(3)
16.93199(8)
13.38321(7)
90
94.5657(4)
90
1736.440(14)
2

688

1.235

2.900

1.000, 0.625
Cu-K,, 1.54184
120(1)
42t071.1
19, +20, 16
95360

3356 [0.0315]
3239

199 [0]

1.069

0.0269, 0.0730
0.0277,0.0736
0.33,-0.23
2224633

2 (C26H34ClsP2), 3 (H20)
1154.59

Triclinic

P-1

11.9371(8)
15.3069(7)
17.4558(6)
78.259(4
76.680(4
69.650(5
2883.3(3
2

1212

1.330

0.541

1.000, 0.745

Mo-K,, 0.71073
120(1)

241034.2

+18, 124, 26 to +27
92290

22576 [0.0886]
14083

644 [1]

1.041

0.0571, 0.1081
0.1079, 0.1304
0.69, -0.48
2224634

)
)
)
)
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Figure S 11 ORTEP plot of the molecular structure of X = F - 4 MeOH (displacement ellipsoids drawn at 50% probability, CH
and CH; hydrogen atoms omitted for clarity, only two of the four co-crystallized MeOH molecules are shown for clarity).
Selected bond lengths (A) and angles (°): P-C1 1.7984(12), P-C7 1.7964(12), C1-C1’ 1.358(2), C1-C2 1.4663(16), C2-C7’
1.4118(17), C7-P-C1 93.04(6), C1'-C1-P 108.56(11), C1'-C1-C2 117.16(13), C2-C1-P 134.27(9), C7-C2-C1 111.59(10),
C2’-C7-P 109.55(9).

Figure S 12 Packing diagram of X = F - 4 MeOH (hydrogen atoms omitted for clarity, view along the b axis).
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Ci2

Figure S 13 ORTEP plot of the molecular structure of X = Cl - 1.5 H,0 (displacement ellipsoids drawn at 50% probability, CH
and CH3 hydrogen atoms omitted for clarity, only one independent molecule and two out of three co-crystallized water
molecules are shown for clarity). Selected bond lengths (A) and angles (°): P1-C1 1.802(2), P2-C2 1.796(2), P1-C8
1.8031(19), P2-C10 1.8069(19), C1-C2 1.366(3), C1-P1-C8 92.40(9), C2-P2-C10 92.38(9), C1-C2-C3 116.66(17), C2-C1-C9
115.97(17), C2-C1-P1 109.12(14), C1-C2-P2 109.76(14). For the two other half-molecules in the asymmetric unit (each
completed to a full molecule by symmetry), very similar metrical parameters were found.

Figure S 14 Packing diagram of X=Cl - 1.5 H,0 (hydrogen atoms omitted for clarity, view along the a axis).

S16

338



5. DFT calculations

The DFT calculations for structure optimization and frequency analysis were carried out with the
Gaussian 09 software package?* using the B3LYP functional combined with the 6-311++G(d,p) basis
set and the iefpcm model with water as the solvent. No negative vibrational frequencies were
observed in the optimized structures indicating the successful convergence on minimum structures.
Initially, P-H** was optimized in its singlet ground state. This structure served as the starting point for
the corresponding triplet state calculations and those for the one electron reduced species. The
calculated triplet energy, E7(DFT), was determined by comparing the energies of the optimized
singlet ground state to that of the corresponding triplet state (Figure S 15), which has been done
successfully in previous studies. %

Time-dependent DFT calculations with identical functional and basis set (30 states) were used to
calculate the vertical excitation energies for simulating the triplet-triplet absorption spectrum and
that of the radical cation. The predicted transitions and their oscillator strengths are displayed in
Figure S 16 and Figure S 17. The spin density maps of both species are plotted as insets in the
corresponding spectrum, and they were obtained by single point calculations.

P-H? P-H
ground state lowest triplet state
9 E;=16eV ;

> oy o

‘/‘ ‘/J 2 ‘/ ‘J Y *)

BN et

Figure S 15 Optimized structures of the P-H?* ground state and the lowest triplet state together with their energy
difference, calculated using the B3LYP functional and the 6-311++G(d,p) basis set.

1.0

AOD (normalized)
g
(pazijewlou) yibuas Joje||1oso

0.044

500 600 700
Alnm

Figure S 16 Spectrum of 3P-H2* (black) together with the predicted transitions (blue), calculated using TD-DFT with the
B3LYP functional and the 6-311++G(d,p) basis set. The inset displays the corresponding spin density map.
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Figure S 17 Spectrum of P-H** (black) together with the predicted transitions (blue), calculated using TD-DFT with the B3LYP
functional and the 6-311++G(d,p) basis set. The experimental absorption signals above 530 nm correspond to the pure
P-H** spectrum. The spectrum below 530 nm is a superposition of P-H** and Ru(bpy)s3* (with P-H2* and Ru(bpy)s 2* serving
as baseline). The inset displays the spin density map calculated for P-H**.

6. Quantum yield and lifetime measurements of the annihilators

The lifetimes of the three annihilator compounds were determined in 50 mM H,SO4 using the mini-t
apparatus (compare, Section 1). To obtain a high accuracy, the lifetimes were measured under
different excitation and detection conditions. The measurements were performed under air and after
10 minutes of argon purging.

P-H* was exited with the EPL-375 nm and the EPLED-300 nm using filters F3 and F4 of the mini-t,
P-F?* and P-CI** were excited with the EPL-375 nm using filters F3 and F4, and EPL-450 nm using filter
F4. The resulting lifetimes were averaged and summarized in Table S 2. One sample measurement of
each annihilator compound is shown in Figure S 18.

Table S 2 Summary of the annihilator lifetimes in 50 mM H,SO, in air-saturated solution and after 10 min of purging with
argon.

P_H2+[a] P_F2+[b] P_c|2+[b]
To/ ns (purged) 14.7 £ 0.09 16.4+0.04 11.4+0.4
To/ ns (air) 14.5+0.05 16.2+0.1 11.3+0.01

[al gveraged from measurements upon excitation at 371 nm or 293 nm using filters F3 and F4.
bl averaged from measurements upon excitation at 371 nm using filters F3 or F4 and upon excitation at 446 nm using filter

F4.
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Figure S 18 Left: Emission spectra together with the detection window of the band-pass filters that were used for the
lifetime measurements. Right: Sample lifetime measurements of all three annihilator compounds. For each annihilator the
sample data set for the excitation with the LED-375 nm combined with detection filter F4 under air and argon are shown.

The fluorescence quantum yields of the annihilator compounds were determined in Ar-saturated
50 mM H,S0s. An Ar-saturated solution of perylene in ethanol (reference quantum vyield, 0.92)° was
employed as reference. The relative quantum yields were measured at three excitation wavelengths
and the absolute values were determined according to Equation S 1 out of those three
measurements.

Table S 3 Summary of fluorescence quantum yields of all annihilator compounds in 50 mM H,SO4 after 10 min degassing
with argon. The given values are averaged from measurements at three different excitation wavelengths: 380 nm, 408 nm
and 418 nm.

Reference compound P-H* P-F** P-CI%*

perylene in ethanol 0.87 +£0.019 0.85+0.020 0.87+0.023

7. Additional energy- and electron transfer experiments

7.1 Fitting of kinetic absorption and separation of formation and decay kinetics

The quenching rate constants for ET or EnT from the Ru photosensitizers were determined with
Stern—Volmer plots. The corresponding kinetic traces were detected at two or three different
wavelengths and from the resulting quenching rate constants (kq) the averaged values are given in
the main paper.

The formation of a new species after electron or energy transfer quenching is usually observed at a
wavelength where only the newly formed species absorbs, or at an isosbestic point. The TA spectra
of the triplet-excited dyads and follow-up species overlap over the entire spectrum and
consequently, the kinetic absorption traces always show two superimposed species: Initially the
unquenched dyad triplet, which is converted into the less absorbing 3P-H?*. Those kinetic traces were
fitted using a biexponential function (Figure S 23, detection wavelength 486 nm) to obtain the dyad
triplet lifetime under given conditions.
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Because the formation kinetics of the EnT product cannot be measured isolated from the initial
sensitizer triplet, the contribution of the sensitizer was subtracted from the biexponential decay
trace. This was done by normalizing the (isolated) emission kinetic of the sensitizer at a given
quencher concentration to the kinetic trace of the absorption at the same quencher concentration.
Using the “subtract” function in the program Origin 9, the emission data (Figure S 19, red trace) was
subtracted from the absorption data (violet trace), allowing to extract the formation kinetic (blue
trace) out of the original absorption trace. A similar separation was carried out for the 3Ru(phen)s?*
quenching with P-H?** displayed in Figure S24.

——°RuphenPy + 0.5 mM P-H**
(4,,. =475 nm; original)

abs

——°RuphenPy + 0.5 mM P-H*"
(4, = 600 nm)
subtraction; formation of °P-H**

or AOD (normalized)

em

/

0 t/ us 30
Figure S 19 Example for the process of isolating the formation kinetics of a species (blue trace) from the recorded
absorption trace (violet) by subtracting the corresponding emission kinetic trace (red).
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7.2 Ru(bpy)s?* and P-H*
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Figure S 20 Stern—Volmer ET quenching of 3Ru(bpy)s2* by P-H2*: The samples with 35 uM Ru(bpy)s?* in 50 mM H,SO4 were
excited at 532 nm using an average pulse energy of 7.5 mJ. The main plots show the kinetic traces at three different
detection wavelengths (sensitizer emission at 600 nm, absorption at 455 nm and 475 nm; for the transient absorption (TA)
spectra of the sensitizer triplet and the quenching products, see Figure 4 of the main paper), the insets show the
corresponding Stern—Volmer plots including the quenching rate constants (k).

For a more reliable assignment of the TA bands after ET from 3Ru(bpy);?* to P-H*, we independently
oxidized Ru(bpy)s?* (32 uM) using an acidic (H,SO, 11.0 mL, 0.7 M) solution with PbO, (excess)
added.?® A simulated AOD spectrum of the oxidized Ru(bpy)s** (Figure S 21, lower part) shows a
bleach in the very same spectral region as has been observed in a delayed TA spectrum of Ru(bpy)s?*
and P-H?* (same figure, middle part). For the assighment of the resulting reduced P-H** species, a
UV/vis absorption spectrum of the chemically prepared P-H**** was recorded in MeOH (H,0 is
impossible for stability reasons) were performed and the resulting spectrum was compared to the
delayed TA spectra, which were measured after ET from 3Ru(bpy)s?* or Ru(phen)s?* (Figure S 22). The
overlap of all three (scaled) spectra is excellent for wavelengths above 550 nm (at lower
wavelengths, the uncorrected bleach of the oxidized ruthenium species superimposes the spectrum;
furthermore, the TA spectra have a P-H?* baseline, whereas the P-H** spectrum was recorded with a
solvent baseline, which is why the spectra cannot be compared below 450 nm).
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Figure S 21 Upper: Calibrated absorption spectra of Ru(bpy)s3* and Ru(bpy)s?*. Middle: Delayed TA spectrum after ET from
3Ru(bpy)s?* to P-HZ* (for experimental conditions, see Figure 4 of the main paper). Lower: Spectral difference between
Ru(bpy)s3* and Ru(bpy)s2*. The red line serves as a visual aid to follow the bleach observed in the delayed TA spectrum.

OD or AOD (scaled TA spectra)
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'
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Figure S 22 Overlaid spectra of chemically generated P-H** (chemically prepared as in ref.13 and with chloride counter ion,
the solvent MeOH was refluxed over Mg, distilled and degassed prior to use), and TA spectra after ET from triplet excited
Ru-sensitizer (3Ru(bpy)s2* or 3Ru(phen)s?*) to P-H2*; for experimental conditions see main part Figure 4, and Figure S 24.
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7.3 RubpyPy? and P-H?*
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Figure S 23 Stern—Volmer ET quenching of 3RubpyPy?* by P-H2*: The samples with 35 uM RubpyPy?* in 50 mM H,SO, were
excited at 532 nm using an average pulse energy of 8.4 mJ. The main plots show the kinetic traces at three different
detection wavelengths (sensitizer emission at 600 nm, absorption at 515 nm and 486 nm; data sets at the latter wavelength
were fitted carefully such that the resulting annihilator-derived offsets do not contribute to the initial kinetics; for TA
spectra see Figure 4 of the main paper), the insets show the corresponding Stern—Volmer plots including the quenching rate
constants (kq).

7.4 Ru(phen);?* and P-H*
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Figure S 24 Electron transfer reactivity of 3Ru(phen)s?* with P-H2*, after 532 nm excitation (19.8 mJ) Left: TA spectra of
3Ru(phen)s?* (grey, time delay 200 ns) and of oxidized Ru(phen)s;3* and 1.2 mM P-H** after the electron transfer (blue, time
delay 2 ps). Right: Kinetic traces of 3Ru(phen)s?* (dark grey) and the formation of P-H** (blue, subtracted kinetic trace).
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Figure S 25 Stern—Volmer ET quenching of 3Ru(phen)s;?* by P-H?*: The samples with 24 uM Ru(phen)s2* in 50 mM H,SO4
were excited at 532 nm using an average pulse energy of 14.6 mJ. The main plots show the kinetic traces at three different
detection wavelengths (sensitizer emission at 600 nm, absorption at 450 nm and 470 nm, for corresponding TA spectra see
Figure S 24), the insets show the resulting Stern—Volmer plots including the quenching rate constants (k).

7.5 Ru(phen)s?* and P-F* or P-CI*
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Figure S 26 Quenching of 3Ru(phen)s2* by P-CI>* (blue) and P-F2* (green, same color-code throughout the figure, all
measured with Aexc = 532 nm, 25 mJ) with preliminary Stern—Volmer plots (left), the TA spectra of 3Ru(phen)s?* (black) and
with one of the annihilators present (all after a time delay of 2 ps). The right part of the figure contains the kinetic traces for
the quenching of 3Ru(phen)s2* with the two annihilators; the same solutions as for the TA spectra were used.
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7.6 RuphenPy? and P-H%*
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Figure S 27 Energy transfer reactivity of 3RuphenPy2* with P-H2* (initial concentrations 39 pM RuphenPy?*, 0.3 mM P-H2*)
after 532 nm excitation (14.6 mJ). Left: TA spectra of 3RuphenPy?* (black, time delay 100 ns) and 3P-H2* after the energy
transfer (red, time delay 15 ps). Right: Kinetic traces (Aexc= 532 nm, 8.4 mJ) of 3RuphenPy?* without (black) and with 0.3 mM

P-H2* added to the solution (red).
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Figure S 28 Stern—Volmer EnT quenching of 3RuphenPy?* with P-H2*: The samples with 39 pM RuphenPy2* in 50 mM H,S04
were excited at 532 nm using an average pulse energy of 8.4 mJ. The main plots show the kinetic traces at two different
detection wavelengths (absorption 515 nm and 481 nm, for corresponding TA spectra see Figure S 27), the insets show the
resulting Stern—Volmer plots including the quenching rate constants (k).
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7.7 Ru(bpz)s** and P-H**
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Figure S 29 Energy transfer reactivity of 3Ru(bpz)s?* (46 uM) with P-H2* (7.1 mM) after 532 nm excitation (25 mJ). TA
spectra of 3Ru(bpz)s?* (black, time delay 200 ns) and 3P-H2* (red, time delay 4 ps) after the energy transfer are shown.
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Figure S 30 Stern—Volmer EnT quenching of 3Ru(bpz)s2* by P-H2*: The samples with 20 uM Ru(bpz)s2* in H,0 were excited at
532 nm using an average pulse energy of 25 mJ. The main plots show the kinetic traces at two different detection
wavelengths (sensitizer emission at 600 nm and TA at 470 nm, corresponding TA spectra are shown in Figure S 29), the
insets show the resulting Stern—Volmer plots including the quenching rate constants (kg).

Non-coordinated heteroatoms of the bipyrazine ligands can be protonated, which leads to a shift in
the UV/vis absorption, and a change in optical properties.?’ For that reason, all measurements
involving Ru(bpz)s** were performed in neat H,O (MillliQ). To estimate the kinetic salt effect caused
by the addition of 50 mM H,SO4, which is present in all other solutions and serves as ionic strength
buffer due to the high degree of acid dissociation, we compared the EnT quenching constants of the
dyads RuphenPy?* and RubpyPy?" in pure water with those measured in 50 mM H,SO; (see main
paper Table 1). EnT between the two cationic species is faster in the acidic solution and the resulting

factor is similar.
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Table S 4 Rate constants (k) for EnT quenching of 3[Ru]?* with P-H2* in neat water and 50 mM H,SOs.

RuphenPy? RubpyPy?* Ru(bpz)s**
kq(Hz0) / 10° Ms™ 0.47 0.63 0.09
kq(H2504 50 mM) / 10° M1t 1.44 1.50 =0.25
factor 3.061 2.380 2720

lal k4 (H20) x factor = kq (H2504 50 mM)

7.8 Quenching studies with further photosensitizers

[b] averaged from dyads.

The following table contains the additional sensitizers that have been tested with the quencher P-H%,
along with their triplet energies and calculated quenching efficiencies under our experimental

conditions. Key observations are summarized and explained in more detail in the following
paragraphs. The concentrations of the metal-based sensitizers were chosen such that the absorption
at the excitation wavelength 532 nm was between 0.02-0.03 and for the organic dyes the absorption

was set to 0.2.

Table S 5 Literature known photosensitizers together with their triplet energies, the calculated efficiencies for the excited
state quenching with P-H?* (in Ar-saturated H,0) and the spectral changes observed after quenching.

Sensitizer!?! Er/ eV nq® ([P-H**] / mM) Observation®!

Os(phen);? 1.8%8 0.18 (5.0) ET, bleach indicating Os** formation
Rubpy-xy-Ant?* ~1.842 >0.99 (1.2) ET, bleach indicating Ru** formation
Ru(dpp)s®* 2.0-2.2% 0.74 (1.2) ET, bleach indicating Ru®* formation
Eosin Y (EY?) 1.9% >0.99 (0.6) ET, absorption of EY*~ and bleach for EY>
Erythrosin B 1.8-2.0% >0.99 (0.3) ET, absorption of ETB*~and bleach for ETB*

(ETB?)

[l For chemical structures of the sensitizers, corresponding spectra and kinetic traces see Figure S 31 - Figure S 35.
bl Under our experimental conditions: In Ar-saturated H,0, concentration of the quencher P-H2* is given in brackets.

Os(phen);?* + P-H?*

(*)

0D

W

Al

0 quencher
~—— 50 mM naphthalene

T 104 N 4

N AN NN

g S 'GPy 2
0s2+

S 1 SN NN

; 2 /Nl (- o 01

£ 05 S ¢}

S 2 2
hen),2* £

e Os(phen);

||E 4

< TA detection

Soo g '6

00 02 04 08 1.0 500 600 700

t/us

Alnm

norm. AA norm. AA AAOD

40 500 600 700 800
»/nm

Figure S 31 Left: Emission decay traces of 30Os(phen)s;?* without (black trace) and with 5.0 mM P-H2* (blue trace) together
with the structure of the sensitizer (all solutions were measured in Ar-saturated H,0, after excitation with 532 nm, 30 mJ);
Middle: TA spectrum of the Os(phen) 32* P-H2* (5.0 mM) solution after 600 ns time delay; Right: (*)Picture taken from ref. 32,
with the simulated (purple trace) and measured (green trace) spectrum of Os(bpy)s3+.

Excited 30s(phen)s?* is evidently quenched by P-H?*" and the TA spectrum after quenching shows a
bleach between 450-530 nm (Figure S 31). P-H?* does not absorb in that spectral region and the
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corresponding triplet would show a positive absorption band (main part, Figure 4). Therefore, the
bleach can be unambiguously assigned to the oxidized Os-species® (right part of Figure S 31)
originating from oxidative quenching of 30Os(phen)s** by P-H?* (ET reactivity).

Rubpy-xy-Ant?* + P-H?*

0.04 ®
—— Rubpy-xy-Ant’* + 0 mM P-H?"; delay 1 us C b T&"i ) Rubpy-xy-Ant2*
oozd — Rubpy-xy-Ant** + 1.2 mM P-H*"; delay 4 ps ‘"/T\
.03 [
2
0.024
o T 0.020 = =
o Rubpy-xy-Ant™ + 1.2 mM P-H™, .
< 0.011 > 0.0154 il LU
A=570 nm n 0.0104 TA detection
" 3
0.00 e v < 0.0054
8 0.000 ekt
-0.01 T T T T B T T T T
400 500 600 700 0 1 2 3 4
Alnm t/us

Figure S 32: Left: TA spectra of 3Rubpy-xy-Ant2* (black)? and the sensitizer with 1.2 mM of P-H?* added (blue), after a 4 ps
time delay (after 532nm excitation, 30 ml); Upper right: Structure of the sensitizer; Lower right: TA measurement of the
sensitizer (green) with 1.2 mM of P-H2* detected at 570 nm.

The quenching product for the system 3Rubpy-xy-Ant?* (whose initial *MLCT is converted to triplet
anthracene on a sub-nanosecond timescale)? and P-H** has a broad absorption above 500 nm, which
strongly resembles the spectrum of the reduced P-H* species (Figure S 17 and Figure S 22 ). The
maximum at 570 nm is essentially identical to the one observed for electron transfer reactions with
3Ru(bpy)s?* (see main part Figure4) or 3Ru(phen)s** (Figure S 24). The absence of the 3P-H*
absorption maximum provided further evidence that the dyad 3Rubpy-xy-Ant?* reduces the P-H?* and
does not undergo energy transfer but rather an electron transfer as main quenching pathway.
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Figure S 33 Upper left: Emission decay of 3Ru(dpp)s?* without (black trace) and with 1.2 mM P-H?* added (after 532 nm
excitation, 30 mJ); same color code throughout the figure; Lower left: Absorption decay traces detected at 465 nm; Right:
TA spectra of 3Ru(dpp)s2* (black) and after the quenching with P-H2* (time delay10 ps indicated by red boxes in the kinetic
traces of the left part of the figure), together with the structure of the sensitizer.

The kinetic traces of absorption and emission show quenching of *Ru(dpp)s?* by P-H?*. The bleach at
465 nm in the TA spectrum after quenching can be assigned to the oxidized Ru-species (compare
Figure 4 main part and Figure S 24 and Figure S 21). This, together with the absence of the 3P-H*
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absorption band (expected in the same spectral region, around 470 nm), points to an electron
transfer reaction between *Ru(dpp)s:?* and P-H?".

EY?* + P-H*
= 003
0.05 z = a
2=463 nm ‘ ——EY® + 0 mM P-H", delay 200 ns 0.024 Pl
2 12
EY* + 0.6 mM P-H*, delay 2 ps 0.01] /‘7 TA detection
0,00 J—pmer™ ‘ A o 0.00- iy
a W™ ] 8 o1
o a
) ®
-0.05 €0y (*)
Br. O N O 0.000:
‘Na O () 0.075
Br Br
0.10 EY#* A o180
(EosinY) o 0.075
T T T T <
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Alnm 0.000:

Figure S 34 Left: TA spectrum of EY2™ (black, scaled, structure shown as inset) and post-quenching spectrum with P-H2* (0.6
mM, blue), after excitation with 532 nm, 30 mJ; Upper right: Kinetic absorption trace for the formation of the oxidized form
EY*; Lower right:(*) TA spectra at different delay times taken from33, which show the formation of EY*" in the presence of
an oxidative quencher (NB = nitrobenzene, in H,O:EtOH mixture).

The oxidized form of EY?~ shows two significant transient signatures: the bleach around 515 nm and a
new absorption band around 460 nm.3*3* Both bands are also observed in our quenching studies (left
part of Figure S 34) with P-H%, confirming an electron transfer between the excited EY? and P-H?*.

ETB> + P-H»
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Figure S 35 Left: TA spectra of ETB2~ without (black, scaled) and with (blue) P-H2* after quenching, in Ar-saturated H,0,
excitation with 532 nm pulses, 30 mJ; Right: Structure of the photosensitizer Erythrosin B (ETB2").

As observed for the structurally related EY?", the quenching product of 3ETB?~ with P-H?* shows the
ground state bleach (530 nm) and a new absorption band in the blue/green spectral region (480 nm).
Owing to the similarity of EY?~ and ETB? (identical structure, only the bromo substituents have been
replaced by iodine), and again the lack of the absorption band of 3P-H?* despite high quenching
efficiencies, we conclude that an electron transfer between the excited ETB?~ and P-H?* takes place.
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8. Additional sTTA experiments
8.1 RubpyPy* and P-H?**

2 x | 3RubpyPy?* + P-H?
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Figure S 36 Top: Reaction scheme of sTTA with RubpyPy?* (22 uM) and P-H2?* (1.2 mM). Left: Time-gated emission spectra
(excitation at A= 532 nm, 25 ml) of 3RubpyPy?* and 'P-H2** (black, delay 250 ns integrated over 300 ps), the isolated
spectrum after sTTA (blue, delay 7 ps integrated over 300 ps). The control measurement with only P-HZ* in solution after
532 nm excitation (no emission observed) is shown in Figure 6 of the main paper. Right: Relative kinetic traces (excitation at
A= 532nm, 27 mJ) of 3RubpyPy?* with 1.2 mM P-H?* (black, Aget = 600 nm), formation of 3P-H?* (red, Adet = 470 nm,
subtracted kinetic trace, for details see page S$19-S20) and the formation and decay of !P-H%* after sTTA (blue,
Adet =500 nm).

8.2 Ru(bpz)s** and P-H*

2 x | SRu(bpz)2* + P-Hz*l% 2 x| 3p_H2+| _TTA, | 1p_H2+
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Figure S 37 Top: Reaction scheme of sTTA with Ru(bpz);?* (80 uM) and P-H?* (8.3 mM) in neat water. Left: Time-gated
emission spectra (excitation at A =532 nm, 25 mJ) of 3Ru(bpz)s?* (black, delay 50 ns integrated over 100 ns), the isolated
spectrum after sTTA (blue, delay 6 ps integrated over 500 ps). Right: Normalized kinetic traces (excitation at A = 532 nm, 25
mJ) of 3Ru(bpz)s2* with 10 mM P-H2* (black, A4et = 600 nm) and formation of 3P-H2* (red, [a] Adet = 470 nm, subtracted kinetic
trace, for details see page $19-S20).
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8.3 RuphenPy? and P-H%*
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Figure S 38 Comparison of direct (reference, grey data sets for 26 pM RuphenPy?*) sensitizer emission and delayed
annihilator emission after sTTA (blue data sets, 26 UM RuphenPy?* and 511 uM P-H?*) at different excitation intensities.
Upper left: Normalized emission of the sensitizer RuphenPy?* as reference, almost linear intensity dependence (right plot,
the exponent of the power function is 0.89). Lower left: Normalized emission of 1P-HZ** after sTTA-UC. The intensity
dependence is almost quadratic (right plot, the exponent of the power function is 1.72).
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8.4 RuphenPy? and P-F* or P-CI*
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Figure S 39 Upper panel: Energy transfer quenching between 3RuphenPy?* (52 uM) and P-F2* after excitation at 4 = 532 nm
(46 mJ for spectra, 20 mJ for kinetics); left, kinetic traces of the 3RuphenPy?* emission with increasing P-F2* concentrations;
right, Stern—Volmer plot resulting in kq = 1.07 x 10° M-1s’.. Lower panel, left: TA spectra of 3RuphenPy?* and 3P-F?* before
and after EnT; right: Emission spectra of 3RuphenPy?* without P-F?* (time delay 50 ns, black), and 3RuphenPy?* with 0.27
mM P-F2* after 50 ns time delay (dark violet), and the isolated emission after sTTA, with a time delay of 50 ps (light violet).
All emission spectra were integrated over 200 ps.
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Figure S 40 Upper panel: Energy transfer quenching between 3RuphenPy?* (initial sensitizer concentration 17 pM) and
P-CI?* after excitation at A = 532 nm (25 mJ for spectra, 20 mJ for kinetics); left, kinetic traces of the 3RuphenPy?* emission
with increasing P-CI?* concentrations; right, Stern—Volmer plot resulting in kq = 1.30 x 10° M's1. Lower panel, left: TA
spectra of 3RuphenPy?* and 3P-CI?* (after EnT); right: Emission spectra of 3RuphenPy?* without P-CI>* (time delay 50 ns,
black) and the isolated emission after sTTA, with a time delay of 25 ps and with 0.3 mM P-CI?* (turquoise trace).

8.5 Comparison UC vs. direct emission
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Figure S 41 Comparative P-H** emission spectra upon direct excitation in diluted solution (blue spectrum, measured on
the FL6500; in 50 MM H3S04, Aexc = 386 nm, 1.9 pM P-H?*), and at the concentration used for sTTA (red spectrum, measured
on the FL6500; in 50 MM H;S04, Aexc = 355 nm, 1.2 mM P-H2*), together with the delayed emission after sTTA with the

corresponding sensitizer (green spectrum, measured on the LP980 setup (detection with iCCD camera, in 50 mM H,S04, Aexc
=532 nm, 8.4 mJ, 26 UM RubpyPy?* and 1.2 mM P-H2+).
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As a proof for no natural triplet formation, the annihilator structure was excited directly (355 nm)
and TA as well as delayed emission spectra were measured. Both did not show any signals, which is
why the observed emission with the complete UC system and the TA signals can only result from
sensitization. For comparison, the spectra after ET or EnT are given in Figure S 42.

10 —— RuphenPy?* + 0.3 mM P-H?* RuphenPy?" +0.51 mM P-H2*
—— Ru(phen),?* + 1.2 mM P-H?* Ru(phen),?* + 1.2 mM P-H*
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Figure S 42 Control measurements of the annihilator P-H2* without (gray spectrum, 355 nm excitation, 14 mJ) or with
either of the photosensitizers RuphenPy?* (red) or Ru(bpy)s?* (blue) in 50 mM H,SO4. Left: TA spectrum of only P-H2* with a
time delay of 100 ns (grey), and under sensitization conditions for the ET and EnT processes as detailed in Figure S 24 and
Figure S 27. Right: delayed emission spectra of the pure annihilator solution (gray, time delay 250 ns, integrated over 800
us, 355 nm excitation), a spectrum after sTTA (red, RuphenPy?* 26 uM, excitation at 532 nm with 8.4 mJ, time delay 20 ps,
integrated over 250 ps), and a spectrum of Ru(phen)s?* (24 uM) and 1.2 mM P-H2* after 532 nm excitation (integrated over
100 ps, time delay 100 ns).

9. (I as reductive quencher

This section contains the raw data sets and resulting Stern—Volmer plots for the chloride quenching
of directly excited water-soluble annihilators. The summary of the corresponding rate constants is
given in the main paper (Table 2). All experiments were conducted after 10 min purging with argon
gas.

The solutions for MAMA?, P-CI?*, P-F** and P-H?** were prepared in 50 mM H,S0,, thereby ensuring
identical ionic strengths of the solutions. For 1,5-NDS?*", we selected 50 mM NaOH to avoid the
protonation of sulfonate groups, which would change the redox potentials that are literature-known
for the dianion drastically. To get insights into the kinetic salt effects that strongly depend on the
charge of the ionic emitter, 1,5-NDS?>" was measured in pure H,0 and in 50 mM NaOH. The effective
Coulombic repulsion between the dianion 1,5-NDS*" and the chloride is reduced at higher ionic
strengths, which would accelerate the quenching kinetics. 1,5-NDS? is clearly not quenched by
chloride, regardless of the ionic strength of the solution.

At very high quencher concentrations, the Stern—Volmer plots show either a downward or an
upward curvature. This is due to additional kinetic salt effects caused by the ionic quencher, which
accelerate (e.g. in Figure S 53) or decelerate (e.g. in Figure S 43) the second-order rate constants,
depending on the charge of the emitter. For the rate constant determinations, only the linear regions
of the Stern—Volmer plots have been used.
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Figure S 43 Left: Kinetic emission traces of !P-H2** with increasing NaCl concentrations in 50 mM H,SO4, after 371 nm
excitation. Right: Resulting Stern—Volmer plot. See Figure S 18 for the spectrum of filter F3 in the detection path.

9.2 P-F* and P-CI*
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Figure S 44 Left: Stern-Volmer plot (upper) and sample kinetic traces (lower) for 1P-F2** quenching by NaCl in
50 mM H,SO4. Only two kinetic traces (without NaCl and with 198.1 mM NaCl) are shown for better visibility. Right:
Stern—Volmer plot (upper) and sample kinetic traces (lower) for P-CI?** quenching by NaCl in 50 mM H,SO4. Only two
kinetic traces (without NaCl and with 199.3 mM NacCl) are shown for better visibility. See Figure S 18 for the spectra of
filters F3 and F4 that were used in the detection path. Excitation occurred at 371 nm.
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9.3 Cl™-quenching with literature-known annihilators

@ 1,5-NDS?~ + 0 mM NaCl
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Figure S 45 Left: Kinetic emission traces of 1,5-NDS?* in 50 mM aqueous NaOH with (pink) and without (black) NaCl added.
Right: Kinetic emission traces of 1,5-NDS?* in pure H,0 without (black) and with different concentrations of NaCl (color-
coded data sets) added.
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Figure S 46 Kinetic emission traces of IMAMA** without (black) and with NaCl (different concentrations, color-coded)
added. The solutions were prepared in 50 mM H,S04 and excited at 371 nm.

9.4 CI” quenching after sTTA

Figure S 47 indicates that quenching with chloride ions is similarly possible after annihilation. All data
sets in the figure follow the same color code with the black spectra or kinetic traces referring to the
upconversion system without chloride ions as quencher, whereas the red spectra and kinetic traces
correspond to solutions with chloride as quencher added. The triplet is essentially unaffected by the
presence of the quencher (see kinetic traces on the left side of the figure, detection at 471 nm).
Similarly, the rise and decay kinetics of the delayed emission do not change upon NaCl addition
(lower right part of the figure). However, a significant decrease of the delayed emission intensity is
observed (upper right part of the figure). The impact of CI- on the emission intensity after sTTA
resembles that of the direct (lifetime) quenching of 'P-H?"*,
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Figure S 47 Quenching of chloride after sTTA: The two solutions, with chloride (red data) added as quencher or without the
quencher (black data) in 50 mM H,SO4, were investigated under identical measuring conditions (Ruphen* 30 uM, P-HZ*
540 uM, excited with 532 nm, 50 mJ). The kinetic traces of the 3P-H2* (left part, detection at 471 nm, compare TA-spectra of
Figure S 27) show an identical intensity regardless of the presence or absence of the quencher. The inset shows the kinetic
traces after subtraction of the initial sensitizer signals. Also, the duration of the delayed emission (kinetic traces lower right
part) is not affected by the presence or absence of NaCl. Upper right: Spectra of delayed P-H2** emission, delayed 10 us
and integrated over 70 ps.

10. Br™ as reductive quencher

This section contains the raw data sets and resulting Stern—Volmer plots for the bromide quenching
of directly excited, water-soluble annihilators. The singlet states of our novel annihilators 'P-H?"*, p-
F2** and P-CI*** are all quenched with diffusion-controlled kinetics by bromide, whereas the rate
constants of literature-known annihilators are clearly below the diffusion limit. The summary of the
corresponding rate constants is given in the main paper (Table 2). All experiments were conducted
after 10 min purging with argon gas. The same considerations as for chloride quenching (see above)
hold true regarding the selected additives and salt effects.

——IRF
6 {——P-H*+ omM NaBr
——P-H* + 0.48 mM NaBr
——P-H>+ 0.53 mM NaBr
——P-H*"+ 1.0 mM NaBr
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0 10 10 20 30
t/ns ¢(Br)/ mM

o

Figure S 48 Kinetic emission traces of !P-H2**(black) with increasing NaBr concentrations in 50 mM H,SO0a, after 371 nm
excitation. Right: Stern—Volmer plot of 1P-H2** quenching by NaBr together with the resulting quenching rate constant. See
Figure S 18 for the spectrum of filter F3 in the detection path.
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Figure S 49 Kinetic emission traces of P-F2**(black) with increasing NaBr concentrations in 50 mM H,SO,, after 371 nm
excitation. Right: Stern—Volmer plot of 1P-F2** quenching by NaBr together with the resulting quenching rate constant. See
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Figure S 18 for the spectrum of filter F4 in the detection path.
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Figure S 50 Kinetic emission traces of !P-CI2** (black) with increasing NaBr concentrations in 50 mM H,SOa, after 371 nm
excitation. Right: Stern—Volmer plot of !P-CI2** quenching by NaBr together with the resulting quenching rate constant. See
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Figure S 51 Kinetic emission traces of 11,5-NDS2* (black) in 50 mM NaOH with increasing NaBr concentrations, after
293 nm excitation using a 345 nm long-pass filter to exclude excitation stray light. Right: Stern—Volmer plot of 11,5-NDS2*
quenching by NaBr together with the resulting quenching rate constant.
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Figure S 52 Kinetic emission traces of '1,5NDS?* (black) in H,O with increasing NaBr concentrations, after 293 nm
excitation using a 345 nm long-pass filter to exclude excitation stray light. Right: Stern—Volmer plot of 11,5NDS?™*
quenching by NaBr together with the resulting quenching rate constant.
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Figure S 53 Kinetic emission traces of IMAMA** (black) with increasing NaBr concentrations in 50 mM H,SOa, after 371 nm
excitation. Right: Stern—Volmer plot of IMAMA** quenching by NaBr together with the resulting quenching rate constant.
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11. Quenching of P-H?*** with 1,5-NDS*

Further quenching experiments were performed for a more precise estimation of the (excited state)
reduction potential of P-H?**. The water-soluble naphthalene 1,5-NDS* with known oxidation
potential (E(NDS*7*) = 2.03 V vs. NHE®®) was used in acidic 1,5-NDS?* solution. However, the
solubility of 1,5-NDS?*" at 50 mM H,S04 is insufficient, which is why this quenching experiment was
performed in diluted sulfuric acid (1 mM, see Figure S 54).

——IRF
. ——0mM 1,5-NDS?
X 14 ——2.15mM 1,5-NDS?
5 ——5.12mM 1,5-NDS?
- 2% 10.0 mM 1,5-NDS?
S
-~ E 014
=
P
R
I
Q 0.01 4
=
0.001 H

ky=13 x 101 M5

5
¢(1,5-NDS?) / mM

Figure S 54 Kinetic traces of 'P-H>** without (black) and with 1,5-NDS?~ (different concentrations) after 371 nm excitation
in 1 mM H,S0,. Right: Corresponding Stern—Volmer-plot together with the resulting quenching rate constant.
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6.10  Supporting Information for Molybdenum complex as triplet sensitizer for
upconversion and as photoredox catalyst (Section3.1)
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1. Materials and Methods

General procedures. All reagents were used as received from commercial suppliers (ABCR, Acros
Organics, Alfa Aesar, Fischer, Sigma-Aldrich and TCl). Dry solvents were either obtained from Acros
Organics and degassed by purging with argon for 20 min or dried by distillation: Acetonitrile and
methylene chloride were distilled from CaH,. Diethylether was distilled from sodium. THF and toluene
were distilled from potassium. Air-sensitive substances were handled in a glovebox (MBraun).

UV-Vis spectra were recorded using a JASCO V770 spectrometer using 1.0 cm quartz cells with a PTFE
capping or with a Schott valve for measurements under inert conditions.

'H NMR spectra were recorded on a Bruker AV2-400 spectrometer at 400 MHz or on a Bruker AV300
spectrometer at 300 MHz (*H). All resonances are reported in ppm versus the solvent signal as an
internal standard (CDCls, 5 = 7.26; CD3CN, & = 1.94; d;-DMF, 6 = 8.93, 2.92, 2.75).1 (s) = singlet, (d) =
doublet, (t) = triplet, (q) = quartet, (m)=multiplet.

APCl mass spectra were recorded on an Agilent 6545 QTOF-MS spectrometer.

ATR-IR spectra were recorded with a Bruker ALPHA Il FT-IR spectrometer with a Platinum Di-ATR
module inside an argon filled glovebox.

Elemental analyses were performed by the central analytic service of the department of chemistry of
the University of Mainz using an Elementar vario EL Cube.

Electrochemical experiments were carried out on a BioLogic SP-200 voltammetric analyzer using
platinum wires as counter and working electrodes and 0.01 M Ag/AgNOs as the reference electrode.
The measurements were carried out at a scan rate of 100 mV s~ for cyclic voltammetry experiments
and at 50 mV s for square-wave voltammetry experiments using 0.1 M ["BusN][PFe] as the supporting
electrolyte. Potentials are referenced to the ferrocene/ferrocenium couple using ferrocene as an
internal standard and recalculated to a SCE reference according to Table S1.

Table S1: Potentials used to convert the reference of electrochemical data from vs. FcH/FcH* to vs.
SCE.

Solvent  conducting salt (0.1 M)  E(FcH/FcH') /Vvs. SCE  Ref.

MeCN  ["BuaN][PFe] +0.40 2
MeCN  ["BusN][BF4] +0.60 3
DCM ["BuaN][PFe] +0.46 2
DMF ["BusN][PFe] +0.45 2
DMSO  ["BusN][PF] +0.45 4
THF ["BusN][PFe] +0.56 2

X-Ray Diffraction

Intensity data for crystal structure determination were collected with a STADIVARI diffractometer from
STOE & CIE GmbH using Mo-Ka radiation (A = 0.71073 A). The diffraction frames were integrated using
the STOE X-Area software package® and were corrected for absorption with STOE LANAS of the STOE
X-Area software package.® The structures were solved with SHELXT® and refined by the full-matrix
method based on F? using the SHELXL® of the SHELX software package!® and the ShelXle graphical
interface.! All non-hydrogen atoms were refined anisotropically while the positions of all hydrogen
atoms were generated with appropriate geometric constraints and allowed to ride on their respective
parent atoms with fixed isotropic thermal parameters. Crystallographic data for the structures
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reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-2251140 for 1.

Emission and excitation spectra were recorded using an Edinburgh Instruments FLS1000
spectrofluorometer with a xenon lamp (Xe2) as excitation source. Luminescence lifetime
measurements on ns-timescale were determined with a time-correlated single-photon counting
system (TCSPC, FLS1000) in reverse mode using a picosecond-pulsed laser (NKT-FIU-6 SuperK Fianium
FIU-6) as excitation source. Luminescence lifetimes on ps-timescale were determined with a
multichannel scaling time-resolved single-photon counting (multichannel scaling, MCS, FLS1000)
system with a microsecond xenon flashlamp as excitation source (uF2). Measurements were
performed at 20.0°C in a Peltier-cooled holder if not stated otherwise. Low-temperature
measurements were performed in an Optistat-DN from Oxford Instruments at 77 K. Absolute
quantum yields were determined using an integrating sphere at room temperature or in a Cryosphere
at 77 K. Luminescence decays were fitted using the software Fluoracle (Edinburgh Instruments). The
photomultipliers N-G11 PMT-980 (250-980 nm), N-GO5exd high speed PMT and liquid nitrogen cooled
N-G09 PMT-1700 (500-1700 nm) were used for detection. Samples for measurements in absence of
oxygen were prepared in a glovebox using degassed solvents and measured in airtight cuvettes.

Determination of relative quantum yields using a reference

Isoabsorptive solutions of 1 in the deaerated solvent of interest and [Ru(bpy)s]Cl, in aerated water
were prepared. Emission spectra were recorded using excitation at the wavelength where both
samples are isoabsorptive (A = 0.001-0.05). Then the relative quantum yield of 1 was calculated using
Eq. S1:

By = o (B10) (s1)

IRy \NRy

Where Iwo and Ir, are the integrated emission intensities of the sample and the reference, respectively,
Nwo is the refractive index of the solvent used to dissolve 1 and ng, the refractive index of water. @k, is
the quantum yield of [Ru(bpy)s]Cl in aerated water determined absolutely using an integrating sphere
in the same setup (4.23 %, consistent with previous reports??).

Estimation of the triplet energy of 1

In literature the energy of triplet states is extracted from low-temperature phosphorescence spectra,
either taking the band maximum?®?® or the energy where the high energy tail hits 10 %.%* Due to the
pronounced rigidochromism of 1 which prohibits the use of emission spectra taken in frozen solution
for this purpose, luminescence spectra were recorded in 2-MeTHF at —130°C (143 K, Figure S29) just
above the glass point of the solvent. The band maximum lies at 712 nm (1.74 eV) and the high energy
tail at 10 % at 630 nm (1.97 eV). Both values do not seem to be good estimates for the 3MLCT energy
of 1. With a triplet energy at 1.74 eV an energy transfer equilibrium is expected with DPA (Er = 1.77
eV)® similar to a recently published Cr(lll) complex.'® However, such an equilibrium has not been
observed for 1/DPA (Figure 6a). A triplet energy of 1.97 eV derived from the high-energy tail of the
low-temperature emission on the other hand would enable energy transfer to trans-stilbene to induce
the trans-cis isomerization.’® However, we did not observe any quenching of the emission of 1 in MeCN
with trans-stilbene (65 mM) nor did we see the formation of cis-stilbene after irradiation of a solution
of 1 and trans-stilbene in MeCN with green light. Hence we estimate the 3MLCT state energy of 1 to be
in between both values and around 1.85 eV.

Ns-Transient Absorption spectroscopy
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For the laser flash photolysis (LFP) measurements an LP980-KS apparatus form Edinburgh Instruments
was used. The energy of the 532 nm laser pulse (frequency-doubled Nd:YAG laser from Quantel with
~10 ns pulses) was modified by the Q-switch delay (further details are given in the figure captions of
the Sl). Kinetic traces were recorded at a single wavelength with a photomultiplier tube and for
measuring transient absorption (TA) or (delayed) emission spectra an iCCD camera from Andor was
employed. All TA spectra were time-integrated for 100 ns if not stated otherwise. The concentrations
of the sensitizers were adjusted such that the optical density at the excitation wavelength is between
0.1 and 0.2. The LFP experiments were carried out at 20°C using a cuvette holder that permits
temperature control.

Fs-Transient absorption experiments were conducted using a Helios-Fire pump-probe setup from
Ultrafast Systems paired with a regeneratively amplified 1030 nm laser (Pharos, Light Conversion, 1030
nm, 200 fs, 200 W). The effective laser repetition rate of 1 kHz was set via an internal pulse picker. A
small portion of the 1030 nm fundamental was directed to the optical delay line and was subsequently
used to generate broadband probe light by focusing the beam onto a sapphire (vis/NIR range) crystal.
The pump pulse was generated with an optical parametric amplifier (Orpheus-F, Light Conversion). The
samples were measured in a 2 mm quartz cuvette under argon with excitation at 480 nm with 400 nJ
pulse energy.

Time-resolved step-scan FTIR spectroscopy

All the time-resolved FTIR experiments were performed with the FTIR spectrometer Bruker Vertex 80v,
operated in the step-scan mode. A liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector
(Kolmar Tech., Model KV100-1-B-7/190) with a rise time of 25 ns, connected to a fast preamplifier and
a 14-bit transient recorder board (Spectrum Germany, M314142, 400 MS/s), was used for signal
detection and processing. The laser setup used for the measurements includes a Q-switched Nd:YAG
laser (Innolas SpitLight Evo 1) generating pulses with a duration of about 6 ns at a repetition rate of
100 Hz. The second harmonic (532 nm) of the Nd:YAG laser was used directly for sample excitation.
The diameter of the VIS pump beam was limited to 9 mm and the laser power was attenuated to 1.5 m)J
and 1.0 mJ per shot for investigations on KBr pellets and solutions, respectively. The beam was directed
onto the sample and adjusted to have a maximal overlap with the IR beam of the spectrometer. The
sample chamber was equipped with anti-reflection-coated germanium filters to prevent the entrance
of laser radiation into the detector and interferometer compartments.

The KBr pellets were prepared as described in the section on luminescence spectroscopy, however,
with a smaller amount of sample of ca. 0.2 mg and 180 mg KBr. The strongest peak in the ground state
spectrum showed an absorption of about 0.6 OD with the mentioned concentration. The
measurements were performed at a constant temperature of 290 K or 20 K using a closed-cycle helium
cryostat (ARS Model DE-202A). The cryocooler was equipped with a pellet holder (copper) and CaF,
windows.

Step-scan investigations in solution were performed by dissolving the complex in argon purged DMSO-
d6 (2 mM, 0.2 OD for the strongest absorption peak) and using an optical cell (Specac Omni-Cell®) with
a thickness of 200 um.

The temporal resolution of the 14-bit transient recorder board was chosen to 50 ns and 10000 time
slices were recorded to cover a time range of 500 ps for investigations on KBr pellets. Measurements
on solutions were performed with a time resolution of 20 ns and 5000 time slices, covering a time span
of 100 ps. The time when the laser pulse reached the sample was set as zero point in all spectra. The
time delay between the start of the experiment and the laser pulse was controlled with a Stanford
Research Systems DG535 delay generator and set to 1.3 us before the laser excitation of the sample.

4
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The spectral region was limited by undersampling to 2634—0 cm™ with a spectral resolution of 4 cm™
(1481 interferogram points) and 8 cm™ (741 interferogram points) for measurements on solid samples
and solutions, respectively. An IR long pass filter (no IR transmission < 2400 cm™) prevented problems
when performing a Fourier transformation (i.e. no IR intensity outside the measured region should be
observed). FTIR ground state spectra were recorded systematically to check if there is no sample
degradation. Estimated uncertainties for the excited state lifetimes are on the order of 10%.

Fs-VIS-pump-IR-probe spectroscopy

Femtosecond VIS pump-IR probe experiments were based on a Ti:sapphire regenerative amplifier
(Spitfire Ace, Spectra-Physics) generating 800 nm pulses with a duration of ~35 fs at a repetition rate
of 1 kHz. A fraction of the 800 nm beam was used to generate 400 nm pulses with ~12 pJ pulse energy
via frequency doubling of the 800 nm light in a BBO crystal (B-BaB04). The 400 nm light was sent
through a delay stage to control the timing and focused into the sample to pump the sample.

A second part of the 800 nm light was used to generate signal and idler beams by pumping an optical
parametric amplifier (TOPAS Prime, Spectra-Physics). Signal and idler beams were recombined in a
NDFG (non-collinear difference frequency generation) stage based on a GaSe crystal to generate
tunable IR pulses (~100 fs). We used the front and the back reflection of the IR beam at a wedged CaF,
window to generate a reference and a probe beam, respectively. The probe beam was focused into
the sample using an off-axis parabolic mirror and spatially overlapped with the pump beam. After the
sample, the pump pulse was blocked. The probe beam was re-collimated and reference and probe
beams were focused onto the entrance slit of a monochromator (Triax 180, Horiba Scientific). To
resolve the probing frequency, v, both beams were spectrally dispersed using a grating with
150 grooves/mm onto two lines of a 2x32 pixel MCT (mercury cadmium telluride) line detector
(InfraRed Associates) resulting in a spectral resolution of ~5 cm™. The frequency dependent intensity
of the reference beam, Tref(v), was used to account for pulse-to-pulse energy fluctuations. The pump
beam was modulated using a mechanical chopper at 500 Hz to measure the pump-induced changes in
the frequency-dependent transmission of the probe beam, TP™P€(v), on a shot-to-shot basis. The
transmitted intensities were used to obtain the waiting time (t,,)-dependent transient absorption
spectra Aa using Eq. S2.

TProbe(y ¢ ) TEe (v tw)

Aa(v,t,) = —1In
( W) Tgrobe(v'tw) Tref(v.tw)

(s2)

Where subscripts ‘0’ denote the intensities in the absence of the pump pulse.

The KBr powder (180 mg) was homogeneously pestled with the sample (0.2 mg) and then pressed for
15 minutes at 10 t pressure using a hydraulic press (Perkin-Elmer) to form a pellet. The KBr pellet
containing the sample was held between two CaF, windows in a rotating cell to avoid
photodegradation. The saturated DMSO solutions were prepared in an argon-filled glovebox in a
sample chamber with a path length of 200 pm.

Determination of absolute decomposition quantum yields using continuous laser irradiation

The method to determine the absolute decomposition quantum yields @y was adapted from a
previously published procedure!’” using to the following setup: A 514 nm cw-laser (P = 827 mW,
emission spectrum: Figure S90) was used for irradiation of the isoabsorptive samples (As1s = 0.165,
sample volume: 2.5 mL) of 1 (23 uM) and 2 (51 uM) in unstabilized THF and [Ru(bpy)s][PFs]; in MeCN
(129 uM) under stirring in a temperature controlled cell-holder at 20°C for 2 h each (see Table S9 for
details), while measuring the emission intensity of the samples at their respective emission maxima
every 5 s. The emission intensity was assumed to be proportional to the concentration of the
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complexes under investigation. The photodegradation quantum yield @yeg is defined as the number
of decomposed molecules Ngegr divided by the number of absorbed photons Nas (Eq. S3).

— Ndegr
¢degr - Nabs (53)

The energy of one photon with a wavelength of 514 nm can be calculated using Eq. 4:

Esjy = % =3.8647-10"19] (s4)

The photon flux F of a cw-laser with a power P of 827 mW can be calculated using Eqg. S5 with Na being
the Avogadro number:

_ P
Es14'Ng

= 3.5534 % (s5)

Since the laser showed a warm-up period of ca. 30 s, we chose the time interval At between 90 and
80 % of the initial intensity values as the basis of our evaluation and assumed the absorbance to be
constant at the average value of the interval (As14,avg = 0.85:As14,0 = 0.14). In this time period the samples
absorbed Nabs photons (Eq. 6).

Ngps = (1 — 10™4s14av9) - F - At (S6)

The number of molecules Ngegr that decomposed after irradiation for the time At can be calculated
from the initial concentrations co with Eq. S7.

Ngegr = 0.1¢, (s7)

Now Eq. S3 can be used to calculate the photodegradation quantum yield. The results are summarized
in Table S10. UV/Vis absorption and emission spectra were recorded before and after the
photostability measurements (Figure S67—-68) to exclude the formation of emissive impurities.

Photon upconversion experiments

Prior to the upconversion experiments, yellow 9,10-diphenylanthracene was purified by sublimation
to yield a white solid. A stock solution of 1 in deaerated THF was prepared with an extinction of 0.1 at
520 nm. DPA was added to a part of this stock solution to yield concentrations of 10 mM. Photon
upconversion quantum yields @yc of 1/DPA in deaerated THF were determined relative to an
isoabsorptive sample of the stock solution of 1 without DPA. Both samples were excited using a green
cw-laser with adjustable power (514 nm, Pmax = 827 mW, Roithner Lasertechnik, beam size = 3.0 mm?,
emission spectrum: Figure S89) inside of a spectrometer (FLS1000) and emission spectra of the
upconverted blue emission (1/DPA) and red phosphorescence (1) were recorded using the same
spectrometer settings for each measurement. At intense laser powers, the emission signal was
attenuated using neutral density filters and the resulting spectra were corrected for the known
extinction profiles of the filters. Upconversion quantum yields were calculated using Eq. S8 (luc =
integrated upconverted emission, /v, = integrated emission of 1 without DPA, @y, = quantum yield of
1 without DPA determined as 0.62 % (Table 3)):

Puc =125 Dy (s8)

Mo

Spectra of the upconverted emission with a green LED as excitation source were recorded on a EL 6500
spectrometer from Perkin Elmer at 295+2 K and the emission spectra were corrected for the
wavelength dependent sensitivity of the emission specrometer. A 525 nm LED (Kessil Science, PR160L)

was used for excitation. This light source has four power settings (25%, 50%, 75% and 100%) and the
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average intensity (at 100% output power) is reported as 352 mW cm™ (measured from 1 cm
distance).®

Determination of Mo concentrations via ICP-MS

To accurately determine the extinction coefficients of 1 in solution, mass spectrometrical
determinations of the precise molybdenum concentrations in five different solvents (MeCN, DCM,
DMSO, THF, DMF) were performed by the Laboratory for Inorganic Trace Analysis and Plasma
Spectrometry, University of Mainz. The molybdenum concentrations were determined by microwave
assisted acid digestion and subsequent ICP-MS (inductively coupled plasma-mass spectrometry). Prior
to analysis, 5 mL of each filtered solution were pipetted into three PTFE digestion vessels together with
100 pL of a 50 mg L™ Rh solution as internal standard to compensate for analyte loss during evaporation
and digestion. A blank sample containing the pure solvent was prepared in the same way but without
the internal standard. The organic solvents were evaporated under reduced pressure using the
evaporation rotor MMR-12 together with the Ethos 2000plus microwave assisted digestion system
(Milestone Inc, Shelton, USA). After cooling to room temperature, 5 mL of nitric acid (70 % p.a. grade,
Fisher Scientific GmbH, Dreieich, Germany) and 2 mL of hydrogen peroxide (30 % p.a. grade, Carl
Roth GmbH, Karlsruhe, Germany) were added to each vessel. The subsequent digestions were
performed using the following two-step heating program: 1) Temperature ramp to 220 °C within 10
min (max. power 900 W). 2) Holding step at this temperature for 15 min (max. power 900 W). After
cooling to room temperature, the obtained colorless solutions were each diluted to 25 mL with
ultrapure water (Millipore, Merck KGaA, Darmstadt, Germany). ICP-MS measurements were
performed using an Agilent 7800 quadrupole MS together with a concentric MicroMist nebulizer and
a double pass spray chamber (all from Agilent Technologies, Santa Clara, USA). As calibration strategy,
external calibration was chosen due to Mo recovery rates of near 100 % in prior performed analyses.
For these experiments, the Mo complex was accurately weighted into a volumetric flask, filled up with
THF, and stored until the dissolution was optically completed. Decomposition of the complex would
not have effected these measurements. The optimum instrumental parameters of the ICP-MS method
were as follows: plasma power: 1550 W, plasma gas flow rate: 15 L min™, auxiliary gas flow rate: 0.9 L
min, nebulizer gas flow rate: 1.00 L min™, sampler and skimmer cone: Ni, monitored isotopes: **Mo*,
103Rh*, data acquisition: 0.1 s integration time, 10 replicates, 30 sweeps per replicate.

The resulting molybdenum concentrations were:
In MeCN: (0.993+0.032) ug/L (U; k=2)

In THF: (2.76520.098) ug/L (U; k=2)

In DCM: (7.49+0.24) pg/L (U; k=2)

In DMSO: (2.772+0.087) pg/L (U; k=2)

In DMF: (4.61+0.14) pg/L (U; k=2)

Quantum chemical calculations were performed using the quantum computing suite ORCA 4.2.1.%°
Geometry optimization was performed using (un-)restricted Kohn-Sham orbitals DFT (RKS/UKS) and
the B3LYP functional®®*! in combination with Ahlrichs’ split-valence triple-zeta basis set TZVP for all
atoms.??% Tight convergence criteria were chosen for DFT calculations (keywords tightscf and
tightopt).

All DFT calculations make use of the resolution of identity (Split-RI-J) approach for the Coulomb term
in combination with the chain-of-spheres approximation for the exchange term (keyword RIJCOSX). %%
The zeroth order regular approximation was used to describe relativistic effects in all calculations
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(keyword ZORA).? To account for solvent effects, a conductor-like screening model (keyword CPCM)
was used in all calculations.?’?® Atom-pairwise dispersion correction was performed with the Becke-
Johnson damping scheme (keyword D3BJ).2%3° A numerical frequency calculation confirmed that the
optimized geometry corresponds to a minimum structure. Explicit counter ions and/or solvent
molecules were not taken into account. 50-100 spin-allowed transitions were calculated by TD-DFT.
The charge transfer number analyses of the TD-DFT calculated transitions were done using TheoDORE
243

To identify a good guess for the optimization of 3MLCT—MC transition states, a nudged elastic band
calculation (NEB) was performed that optimized the minimum energy path between the 3MLCT and
3MC geometry. For the NEB calculations, 7 intermediate images were calculated with initial path
generation via the image dependent pair potential (IDPP) method3? and optimized using the Limited-
memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) algorithm.3* Default values were used for the
tolerance for the maximum component of the atomic force perpendicular to the path (1.0x107 Eh ag
1), its root-mean-square (5.0x10™ Eh ao™) and the spring constant (1.0x107 Eh ao2). The highest
energy image of the NEB calculation was used as a initial guess to optimize a transition state (OptTS).
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2. Synthetic Procedures
The ligand tpe was synthesized according to a literature procedure.*

Synthesis of Mo(CO)s(tpe) (1)

A) Mesitylene/diglyme, microwave, X Y 1 A
X X 150 °C, 10 min N|N N
LA, B) DMF, 90°C, 17 h Ny
Mo(CO) + N N > Vo
N VAN
L G~ c C“\o
(e}

Route A) Microwave

Mo(CO)s (30 mg, 0.11 mmol) and tpe (33 mg, 0.13 umol, 1.1 eq.) were suspended in a mixture of dry
mesitylene (3 mL) and diglyme (1.5 mL) in a 10 mL microwave tube under inert conditions. The reaction
mixture was heated to 150 °C with a microwave (300 W) under stirring for 10 min. After the reaction
cooled to room temperature, the product was isolated as red needles by filtration, washed with
petroleum ether (3x7 mL) and diethyl ether (3x10 mL). The bright red crystals were dried under
reduced pressure. Yield: 49.9 mg (0.113 mmol, >99 %).

Route B) Heating under reflux in a flask

Mo(CO)s (303 mg, 1.15 mmol) and tpe (300 mg, 1.15 mmol) were suspended in molecular sieve dried
DMF (20 mL) in a Schlenk flask equipped with an air cooler under inert conditions. The reaction mixture
was heated to 90 °C for 17 h. The solution turned red, small red crystals formed at the flask wall and a
small amount of colorless Mo(CO)e sublimed in the cooler. The flask was introduced in a glove box
where the deep red supernatant solution was removed with a syringe. The crystals were washed with
diethyl ether (4x10 mL), finely grounded using a mortar and washed again with diethyl ether (5x8 mL)
to remove residual free ligand. The bright red powder of 1 was dried under reduced pressure. Yield:
425 mg (0.963 mmol, 84 %).

H NMR (400 MHz, DMF-d;): 6/ppm = 9.26 (d, J = 5.5 Hz, 3H), 8.13 (d, J = 8.4 Hz, 3H), 8.08 — 7.98 (m,
3H), 7.41 (t, J = 6.4 Hz, 3H, ), 2.82 (s, 3H, CHs). MS (HR-APCI): calcd for [CaoH1sMoON:Os+H]*: m/z =

444.0246. Found: m/z =444.0253. Elem. anal. calcd for C;0H1sMoNsOs: C, 54.43; H, 3.43; N, 9.52. Found:

C, 54.40; H, 3.71; N, 9.53. IR (ATR): #//cm™= 1890 (s, v(C0O)), 1750 (s, v(CO)), 1729 (sh, v(CO)), 1589 (w),
1566 (w), 1457 (m), 1436 (m), 1395 (w), 1302 (w), 1288 (w), 1241 (w), 1166 (m), 1144 (w), 1115 (w),
1053 (m), 1020 (w), 999 (w), 966 (w), 899 (w), 888 (w), 849 (w), 771 (m), 754 (s), 709 (w), 659 (m), 645
(m), 624 (m), 581 (w), 556 (w), 523 (m), 505 (m), 484 (m), 451 (w), 429 (m), 418 (w), 408 (w). CV (THF,
vs. FcH/FcH*): E1/2/V = -0.31 (rev.), +0.48 (irrev.). CV (CHsCN, vs. FcH/FcH*): E12/V = -0.23 (rev.), +0.74
(irrev.). CV (DCM, vs. FcH/FcH'): E1/V = -0.29 (rev.), +0.74 (irrev.). CV (DMF, vs. FcH/FcH"): E1o/V =
-0.20 (rev.), +0.58 (irrev.). CV (DMSO, vs. FcH/FcH"): E1/»/V =-0.16 (rev.), +0.56 (irrev.). UV/Vis (CH3sCN):
Amax/nm (g/M™ cmt) = 209 (40 500), 249 (19 400), 289 (7570), 438 (8870). UV/Vis (THF): Amax/nm (&/M"
tem) = 251 (21 700), 265 (13 200, sh), 299 (7970), 474 (11 100). UV/Vis (DCM): Amax/nm (&/Mt cm™?)
=250 (16 700), 265 (9230, sh), 295 (5860), 455 (8060). UV/Vis (DMF): Amsx/nm (&/Mt cm™) = 273 (9940,
sh), 292 (7470), 447 (9200). UV/Vis (DMSO): Ama/nm (/M cm™) = 266 (9340, sh), 291 (6830), 442
(8440). UV/Vis (2-MeTHF): Amas/nm = 479, 301, 266, 250. UV/Vis (2,5-Me;THF): Ama/nm = 484, 303.
UV/Vis (Benzene): Amax/nm = 486, 301. UV/Vis (Toluene): Amax/nm=491, 304. UV/Vis (Xylene): Amax/nm
=493. UV/Vis (Mesitylene): Amax/nm = 495, 304. UV/Vis (2-MeTHF, 77 K): Amax/nm = 451. Absorptance
(KBr Pellet): Amax/nm = 450.
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Synthesis of Mo(CO)a4(bpy) (2)

The complex was synthesized following a literature procedure3® and was crystallized for purification by
storing a concentrated solution of 2 in MeCN/toluene (10/3, v/v) at =20 °C for 4 d. The *H NMR
spectrum of 2 in CD,Cl, agreed with literature values of chemical shifts.3®

Synthesis of sacrificial donor (BIH)

The synthesis of BIH was derived from a previously reported procedure with *H NMR spectra matching
those previously reported.?’

Step 1: 5,6-dimethoxy-2-phenyl-1H-benzo[d]imidazole (1)

MeO N02 CHO N828204 MeO N
+ [ — - \>*Ph
MeO NO, EtOH MeO ”
1

1,2-Dimethoxy-4,5-dinitrobenzene (6.38 g, 28 mmol) and Na,S,04 (11.4 g, 65.8 mmol, 2.35 eq) were
suspended in dry ethanol (250 mL) under inert conditions. Freshly distilled benzaldehyde (3.4 mL, 33
mmol, 1.18 eq.) was added dropwise under stirring. The yellow mixture was heated under reflux and
the reaction was followed via TLC. After 4 d the mixture had turned orange and additional
benzaldehyde (3.4 mL, 33 mmol) and Na,S,04 (11.4 g, 65.8 mmol) was added. After additional 6 d with
heating under reflux the suspension had turned yellow. The solvent was removed under reduced
pressure. The residue was dissolved in aqueous NH,OH solution (1 M, 170 mL) yielding a brownish red
solution and extracted with ethyl acetate (7x 150 mL). The combined organic layers were dried over
Na,S0,, filtered and the solvent was removed under reduced pressure to yield an orange solid (ca. 8.5
g). The crude product was recrystallized from ethyl acetate/petrol ether (27 mL/7.5 mL) under reflux.
After cooling back to room temperature a precipitate formed, that was filtered off and washed with
cold ethyl acetate (2x 2 mL) yielding 1.04 g (4.09 mmol) of I as an off-white powder. The filtrate was
concentrated under reduced pressure and the red to black solid was purified using column
chromatography (SiO,, petrol ether/ethyl acetate 8:2 - ethyl acetate) yielding two fractions with
protonated I (A: light blue solid, 1.7 g; B: light purple solid, 2.3 g, *H-NMR (400 MHz, CDsCN) §/ppm =
10.68 (s, 1H, broad), 8.38-7.82 (m, 2H), 7.85-7.24 (m, 3H), 7.12 (s, 2H, broad), 3.86 (s, 6H).). The two
fractions were deprotonated by vigorously stirring the solid in aqueous NaOH solution (1 M, 150 mL)
layered with ethyl acetate 100 mL. The aqueous phase was extracted with ethyl acetate (5x 50 mL).
The combined organic layers were dried over Na,SO,, filtered and the solvent was removed under
reduced pressure to yield | as a pale purple solid from fraction A (1.22 g, 4.8 mmol) and B (2.00 g, 7.9
mmol). The total yield of the reaction was 4.26 g (60 %).

14 NMR (400 MHz, CDsCN): 8/ppm = 8.13-7.97 (m, 2H), 7.59-7.39 (m, 3H), 7.12 (s, 2H), 3.86 (s, 6H).

Step 2: 5,6-dimethoxy-1,3-dimethyl-2-phenyl-1H-benzo[d]imidazol-3-ium iodide ([BI*]I")

MeO N\ EtOH  MeO N/+
D>=Ph 4 2Mel * 2NaOH —> Y—ph  +2H,0+2Nal
MeO N N

MeO
© \

I Bl

10
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1(1.88 g, 7.4 mmol), ground NaOH (355 mg, 8.88 mmol, 1.2 eq.), methyl iodide (1.4 mL, 22.2 mmol, 3.5
eq.) and dry ethanol (30 mL) were introduced to a sealed PTFE tube (inner diameter 2.5 cm, height 12
cm) with a stirring bar. The mixture was heated to 160°C over 15 h. After additional 8 h, the mixture
had cooled to room temperature. The product (off-white powder and red crystals) was filtered off,
washed with ethanol (20 mL) and diethyl ether (5 mL) and dried under air. Yield: 1.88 g (62 %).

The red crystals are likely the I3~ salt of the product, the formation of which can be avoided by using
fresh Mel.

*H NMR (400 MHz, DMSO-d¢) & 7.92-7.83 (m, 2H), 7.84-7.70 (m, 3H), 7.67 (s, 2H), 3.95 (s, 6H), 3.87
(s, 6H).

Step 3: 5,6-dimethoxy-1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH)

MeO N/+ DMF MeO N/
:@[ S—Ph + NaBH, —_ = j@ )>—Ph  +Nal +BH;,
N\ MeO N\

MeO
[BI*]I- BIH

In an open flask, [BI*]I” (523 mg, 1.27 mmol) was suspended in DMF (12 mL) forming an orange
suspension. NaBH, (144 mg, 3.66 mmol, 3 eq.) was added in portions under stirring. The suspension
initially lost color and after stirring for 30 min turned light yellow. The solvent was removed under
reduced pressure and the residue was dissolved in water/ethyl acetate (30 mL/20 mL). The organic
layer was separated and the aqueous phase was extracted with ethyl acetate (2x 15 mL). The combined
organic layers were washed with brine (5 mL), dried over Na,SOs, filtered and the solvent was removed
under reduced pressure. BIH was obtained as a crystalline white solid and was dried under reduced
pressure over night. Yield: 330 mg (92 %).

We chose this procedure because our starting material [BI*]I” did not fully dissolve in water as
described in the literature® leading to very low yields (<20 %) for the reduction to BIH in our
experiments.

The product should be stored under inert gas.

*H NMR (400 MHz, Chloroform-d) 6 7.61 —7.52 (m, 2H), 7.46 — 7.36 (m, 3H), 6.25 (s, 2H), 4.64 (s, 1H),
3.84 (s, 6H), 2.53 (s, 6H).
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3. NMR- and FTIR spectroscopy, APCI-MS, XRD
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Figure S1: *H NMR spectrum of 1 in DMF-d. The resonance at 8.03 ppm overlaps with a residual
signal of undeuterated DMF.
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Figure S2: APCI-MS spectrum of 1 in MeCN with comparison of experimental and calculated isotope
patterns of the [M+H]* peak.
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Figure S3: ATR-IR spectra of 1 as neat solid and in a KBr pellet.

Table S2: Summary of XRD data for 1.

Mo(CO)s(tpe) 1

Empirical formula
Formula weight

Crystal color / habit
T/K

Crystal dimensions / mm
Crystal system

Space group

a/A

b/A

c/A

a/°

8/°

v/e

v/ AR

z

F(000)

Density (calcd) / g cm™
Absorption coefficient p / mm™
Thetarange / °

Index ranges

Reflections collected
Independent reflections
Observed reflections
Parameters/restraints
Min. / max. transmission
Goodness-of-fit

Largest difference peak and hole / e A3

R (I>20(1))
R, (all data)
WR; (1>20(1))
WR; (all data)

C20H15sM0oN303
441.29
orange plate
120(2)

0.100 x 0.061 x 0.032
Monoclinic

Cc

16.928(2)
8.0401(11)
13.848(2)

90
108.570(11)
90

1786.6(4)

4

888

1.641

0.76

2.539 - 25.997
-19<h<20
-9<k<9
-16</<16
2808

2808

2808

247/14
0.1495 / 0.9897
1.001

4.286 /-1.412
0.0763
0.0944
0.1755
0.1844
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Table S3: Bond lengths / A and angles / deg of 1 determined from a crystal structure and an optimized
geometry calculated via density functional theory (B3LYP/D3BJ/ZORA/TZVP/CPCM(MeCN)). For the

numbering the reader is referred to Figure 1a.

Bond lengths Bond angles
XRD DFT XRD DFT
Mo-C* | 1.933(17) 1.954 | C*-Mo-C? 88.3(7) 86.85
Mo—C? | 1.949(16) 1.957 | C*-Mo-C3 88.4(6) 89.02
Mo—C? | 1.962(17) 1.958 | C>-Mo-C? 90.5(7) 88.25
Mo-N? | 2.211(14) 2.236 | C*-Mo-N? 97.5(6) 94.05
Mo-N* | 2.248(12) 2.243 | C-Mo—-N? | 173.0(6) 176.11
Mo-N3 | 2.258(13) 2.247 | C*-Mo-N? 93.4(6) 95.55
C-Mo—-N* | 174.8(7) 173.54
C*-Mo—N* 95.1(6) 97.97
C*-Mo—-N* 95.4(6) 95.4
N2 -Mo-N!? 78.8(5) 80.86
C:-Mo—-N3 95.2(6) 94.88
C>-Mo-N3? 95.9(6) 94.68
C-Mo-N3 | 172.8(6) 175.24
N’*-Mo-N?3 79.9(5) 81.47
N*-Mo-N?3 80.6(4) 80.49
14
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Figure S4: Crystal structure of 2 (from ref. 3¥) with atom numbering used in Table S4. Hydrogen atoms

omitted for clarity.

Table S4: Bond lengths / A and angles / deg of 2 determined from a crystal structure3 and an optimized
geometry calculated via density functional theory (B3LYP/D3BJ/ZORA/TZVP/CPCM(MeCN)).

o{\

N2

C3
C2

Bond lengths Bond angles
XRD DFT XRD DFT
Mo-C' | 1.952(4) 1.974 | C'-Mo-C? | 90.12(15) 90.65
Mo-C? | 1.962(3) 1.973 || C'-Mo-C3 | 85.14(15) 88.76
Mo-C3 | 2.056(3) 2.046 || C>-Mo-C3 | 88.35(14) 90.44
Mo-C* | 2.022(4) 2.050 || C'-Mo-N? | 99.13(12) 99.81
Mo—N!? 2.241(3) 2.235 | C>-Mo—-N? | 170.67(13) 169.49
Mo-N? | 2.249(3)  2.23 | C>-Mo-N? | 93.56(12) 88.77
C-Mo-N?* | 171.35(12) 172.98
C>-Mo-N* | 98.43(13) 96.37
C-Mo-N! | 93.79(12) 91.25
N*-Mo—-N? | 72.34(10) 73.17
C-Mo—C* | 84.26(15) 86.34
C-Mo—C* | 85.73(14) 90.68
C>-Mo—C* | 167.85(15) 174.98
C*~Mo-N? | 93.99(12) 91.02
C*~Mo-N* | 97.58(12) 93.49
15
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4. Cyclic voltammetry, square-wave voltammetry and chemical oxidation of 1

E/V vs. SCE
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Figure S5: Cyclic voltammogram of 1 in DMF (1 mM). The arrow denotes the scan direction. The
redox events are labeled with potentials vs. FcH/FcH".
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Figure S6: Square-wave voltammogram of 1 in DMF (1 mM). The arrows denote the scan direction.
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E !V vs. SCE
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Figure S7: Cyclic voltammogram of 1 in DMSO (1 mM). The redox events are labeled with potentials
vs. FcH/FcH*.
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Figure S8: Square-wave voltammogram of 1 in DMSO (1 mM). The arrows denote the scan direction.
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E/V vs. SCE
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E !V vs. FcH/FcH"

Figure S9: Cyclic voltammogram of 1 in THF (0.05 mM). The asterisk (*) marks an impurity in the
solvent. The arrow denote the scan direction. The redox events are labeled with potentials vs.
FcH/FcH*.
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Figure S10: Square-wave voltammogram of 1 in THF (0.05 mM). The arrows denote the scan
direction.
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E/V vs. SCE
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Figure S11: Cyclic voltammogram of 1 in MeCN (0.11 mM). The arrow denote the scan direction. The
redox events are labeled with potentials vs. FcH/FcH".
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Figure S12: Square-wave voltammogram of 1 in MeCN (0.11 mM). The arrows denote the scan
direction.
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E/V vs. SCE
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Figure S13: Cyclic voltammogram of 1 in DCM (0.27 mM). The arrow denote the scan direction. The
redox events are labeled with potentials vs. FcH/FcH".
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Figure S14: Square-wave voltammogram of 1 in DCM (0.27 mM) with FcH as internal standard. The
arrows denote the scan direction.
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Figure S15: UV/VIS absorption spectra of 1 and 1* (by oxidizing 1 with 1 eq. of [FcH][PF¢], c = 0.114 mM)
in MeCN with TD-DFT calculated oscillator strengths for 1 (red sticks) and low-spin 1* (blue sticks). The
spectrum of 1 was corrected for the absorption of ferrocene FcH.
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5. Absorption and emission spectroscopy, luminescence lifetimes, TD-DFT

Absorptance

0.00 1 — , , . . . . : :
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Figure S16: Absorptance spectrum of 1 (0.0055 w% diluted in KBr).
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Figure S17: Experimental UV/Vis absorption spectrum (black trace) and simulated spectrum (TDDFT,
Gaussian broadening with FWHM of 3500 cm™) of 1 in MeCN.
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Figure S18: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue
line) of 1 in MeCN at 293 K with TD-DFT calculated oscillator strengths (green and purple sticks,
B3LYP/D3BJ/ZORA/TZVP/CPCM(MeCN)). The colors of the sticks indicate the main contribution of the
transitions obtained using a charge transfer number analysis with TheoDORE.3!
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Figure S19: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue
line) of 1 in THF at 293 K with TD-DFT calculated oscillator strengths (black sticks,

B3LYP/D3BJ/ZORA/TZVP/CPCM(THF)).
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Figure S20: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue

line) of 1 in DMF at 293 K with TD-DFT calculated oscillator strengths (black sticks,
B3LYP/D3BJ/ZORA/TZVP/CPCM(DMF)).
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Figure S21: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue
line) of 1 in DCM at 293 K with TD-DFT calculated oscillator strengths (black sticks,
B3LYP/D3BJ/ZORA/TZVP/CPCM(DCM)).
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Figure S22: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue

line) of 1in DMSO at 293 K.
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Figure S23: UV/Vis absorption (black and grey traces), normalized emission (red and green traces) and

excitation spectra (blue and purple traces) of 1 in 2-MeTHF at 293 and 77 K.
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Figure S24: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue
line) of 1in 2,5-Me,THF at 293 K.
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Figure S25: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue
line) of 1 in benzene at 293 K.

26

391



i — A =491 nm
exc
— 1 =720 nm >
em et
o 0024 10 ®
F1.0 ¢
e 8
38 | £
2 5
2 3
0.01 - L 05 E
Tw
£
1 r o
C
0.00 4 0.0

T T ' 1 T T T T T ' T T T
300 400 500 600 700 800 900 1000 1100 1200
Alnm

Figure S26: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue
line) of 1 in toluene at 293 K.
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Figure S27: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue
line) of 1in xylenes (mixture of isomers) at 293 K. The band marked with an asterisk is caused by Raman

scattering.
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Figure S28: UV/Vis absorption (black line), normalized emission (red line) and excitation spectra (blue
line) of 1 in mesitylene at 293 K. The band marked with an asterisk is caused by Raman scattering.
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Figure $29: Normalized luminescence spectra of 1 in 2-MeTHF at 293 K (red) and 143 K (blue), Aexc =
474 nm. Inset: Luminescence decay at 720 nm after pulsed excitation at 450 nm with monoexponential
fit.
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Figure S30: Empirical solvent parameter E7(30)*® plotted against the energy of the emission band
maximum of 1 in various solvents.
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Figure S31: Emission quantum yield @of 1 in solution at room temperature plotted against the empiric
solvent polarity parameter E1(30)* with linear fit (red line). Estimated relative error: 5 %.
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Figure S32: Luminescence decay traces of 1 in various solvents recorded via TCSCP.
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Figure S33: Luminescence decay traces of 1 in deaerated MeCN and after opening the cuvette to air
recorded via TCSCP.
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Figure S34: Luminescence decay traces of 1 in the solid state recorded via TCSCP at 420 nm excitation
with high laser power (no filter) and reduced laser power (ND OD?2 filter, excitation intensity reduced
by a factor of 67).
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Figure S35: Luminescence decay trace of 1 in 2-MeTHF at 77 K with 447 nm excitation recorded via
MCS (black) with instrument response function (IRF, red).
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Figure S36: UV/Vis absorption (black line), emission (red line) and excitation spectra (blue line) of 2 in
MeCN at 293 K with TD-DFT calculated oscillator strengths (blue, green, red and yellow sticks,
B3LYP/D3BJ/ZORA/TZVP/CPCM(MeCN)). The colors of the sticks indicate the main contribution of the
transitions obtained using a charge transfer number analysis with TheoDORE.3!
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Figure S37: UV/Vis absorption (black line), emission (red line) and excitation spectra (blue line) of 2 in
THF at 293 K with TD-DFT calculated oscillator strengths (blue, green, red and yellow sticks,
B3LYP/D3BJ/ZORA/TZVP/CPCM(THF)). The colors of the sticks indicate the main contribution of the
transitions obtained using a charge transfer number analysis with TheoDORE.3!

32

397



359301

e/10°M ' em™
]
|

Ay =494 nm
— A = 800 nm

0

15
10 H
1 355
0 T T 1 m T
300 400 500 600 700 800 900 1000 1100 1200
Alnm

Figure S38: UV/Vis absorption (black line), emission (red line) and excitation spectra (blue line) of 2 in

benzene at 293 K.
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Figure S39: Luminescence decay trace of 2 in MeCN (293 K, Aexc = 454 nm, Aem = 800 nm) recorded via

TCSPC with instrument response function (IRF). Inset: Same data with logarithmic y-axis.
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Figure S40: Luminescence decay trace of 2 in THF (293 K, Aexc = 474 nm, Aem = 750 nm) recorded via
TCSPC with instrument response function (IRF). Inset: Same data with logarithmic y-axis.
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Figure S41: Luminescence decay trace of 2 in benzene at 293 K with 474 nm excitation recorded via
TCSPC with instrument response function (IRF). Inset: Same data with logarithmic y-axis.
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Figure S42: Empirical solvent polarity parameter E+(30)* plotted against energy of the lowest energy
MLCT absorption bands of 2 (red diamonds, data from %°) and 1 (black circles) with linear fits.
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Figure S43: Emission spectra of 4-dimethylamino-4’-nitro-stilbene (4,4’-DMANS) in o-dichlorobenzene
(1 mM, Aexc = 520 nm) measured with different photomultipliers as detectors (black and red traces) in
comparison with a literature spectrum (blue trace).’?
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Figure S44: Normalized temperature-dependent luminescence decays of 1 in THF with lifetimes 7 (Aex
=532 nm, Adem = 675 nm). Inset: Non-normalized data in linear scale.
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Figure S46: Normalized temperature-dependent luminescence decays of 1 in benzene with lifetimes 7
(Aexc = 486 NM, Aem = 718 nm).
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Figure S47: Observed rate constant kops of 1 in different solvents plotted against temperature with fit
curves. A three parameter model was used to fit the observed rate constant kops = 1/ 7 with the following

AE
kmrcTtkmc eXP(—kB—T)

1+exp(—kAB—ET

3MC states and further considers the excited state relaxation via the 3MLCT state (radiative and non-
radiative, kmict) and via the 3MC state (only non-radiative, kwc) as well as the energy barrier for

equation: Kkops = 48798 The model assumes thermally equilibrated 3MLCT and
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3MLCT->3MC conversion AE (Table S5).%% In the fit equation, T is the temperature and kg is the

Boltzmann constant.
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Figure S48: Temperature-dependent luminescence decays of 2 in MeCN with lifetimes 7 (Aexc = 445 nm,

Aem =800 nm).
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Figure S49: Observed rate constant kqbs 0f 2 in MeCN plotted against temperature with fit curve. A three
parameter model was used to fit the observed rate constant kobs

T T T T
280 290 300
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kmrcTtkmc eXp(—%)
1+exp(—%)
and further considers the excited state relaxation via the 3MLCT state (radiative and non-radiative,
kwier) and via the 3MC state (only non-radiative, kmc) as well as the energy barrier for 3SMLCT->3MC
conversion AE (Table S5).8 In the fit equation, T is the temperature and kg is the Boltzmann constant.

Kobs = 87980 The model assumes thermally equilibrated 3MLCT and *MC states

Table S5: Fit parameters for temperature dependent emission lifetimes data for 1 (Figure S47) and 2
(Figure S49). Radiative and non-radiative rates of the 3MLCT state kwicr, non-radiative relaxation rate
of the 3MC state kmc and energy barrier AE for the 3MLCT=>3MC conversion.'

Complex (Solvent) kmicr / 108572 kmc / 10° 57! AE / cm™

1 (MeCN) 3.0£0.3 1.7+0.4 1660+60

1 (THF) 1.1+0.1 5.2¥1.4 1620160

1 (Benzene) 1.0+0.1 5.611.1 169050

2 (MeCN) 11001200 32130 800+250
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6. Transient absorption spectroscopy

Calibration of transient absorption spectra using a standard

To calibrate the ns-TA spectrum of 1 in THF (As32 = 0.054, ¢ = 10 uM), we performed measurements
under identical conditions using an isoabsorptive solution of [Ru(bpy)s]Cl, (Ass> = 0.054, ¢ = 68 uM) at
the excitation wavelength 532 nm in water with its known difference absorption coefficient Ag455
nm) = -10100 M~ cm™.%"* The extinction coefficient of 1 in THF at 532 nm (&= 5270 M cm™) is
larger than for [Ru(bpy)s]Cl, (&£ =800 M~ cm™). This means that a larger fraction of the sample of 1
compared to [Ru(bpy)s]Cl; is excited with each laser pulse. This leads to saturation effects in the TA
signal for 1, i.e. the measured TA signal is underestimated. One solution to the problem is using a lower
laser intensity. However, this introduces large errors due to low signal to noise ratios.

Therefore, we opted to do record ns-TA decays of 1 and [Ru(bpy)s]Cl; at different laser intensities to
find the region where the TA signal is linearly dependent on the excitation power (16-108 mJ/pulse)
for the calibration. For each excitation power we averaged 7-21 kinetic traces of the TA signal at 455
nm (Figure S50). The kinetic traces were fitted using a monoexponential decay function yielding the
amplitudes Asi. Asie was plotted against the pulse energy / (Figure S51). In the absence of any external
effects like saturation at high pulse energies and noisy signals at low pulse energies, a linear
relationship is expected. The linear regimes in the plots were fitted with a linear fit with a fixed offset
of 0 (as no signal is expected at / = 0 mJ) yielding the fit functions Asimo(/) for 1 and Asiru(/) for
[Ru(bpy)s]Cl.. The difference extinction coefficient of 1 at 455 nm A&455 nm) can now be calculated
using A&(Mo,455 nm) = Ag(Ru,455 nm) - Asimo(/) / Afira(l) = —6500 M~ cm™ (Figure S51).
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Figure S50: Averaged kinetic traces of the transient absorption signal of a) [Ru(bpy)s]Cl, in water and
b) 1 in THF at 455 nm with Ae = 532 nm at different laser pulse energies I recorded for the calibration

of the TA spectrum of 1.
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Figure S51: Plot of the amplitudes As: of the monoexponentially fitted kinetic traces of the transient
absorption signal of 1 in THF (black squares) and [Ru(bpy)s]Clz in water (red circles) at different laser
intensities / (Aexc = 532 nm). Linear fits (solid lines) of the respective linear regimes of the data (filled
squares and filled circles) with a fixed offset of 0 are shown yielding the fit functions Asitmo(/) for 1 and
Asitra(l) for [Ru(bpy)s]Cl.. For 1 the data at low powers was used for the fit as non-linearity due to the
saturation of the transient absorption signal can be observed at high laser powers. For [Ru(bpy)s]Cl>
the values at high laser powers were used, as noise distorts the signals at low laser powers and no
saturation effects were observed at high laser powers. The fit equations can be used to calculate the
difference absorption coefficient of 1 in THF Ag(Mo,455 nm).

Table S6: Absorption band maxima Amax and extinction coefficients ¢of 1 in the 3MLCT state in THF with
assignments drawn from a TDDFT calculation (B3LYP/D3BJ/TZVP/CPCM(THF), TheoDORE analysis®!, py®
= pyridine centered radical anion, py, = unreduced part of the tpe ligand).

Amax /M &/ 10°M1cecm™  Assignment

700 1.5 LC(py®) + LL'CT(py*->CO)
470 2.8 LMCT(py*>Mo')
386 73 MLCT(Mo'->py.)
277 14.2 MLCT(Mo'->CO0)
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Figure S52: Absorption spectrum of the 3MLCT state of 1 in THF (see main text for details). The sticks
represent oscillator strengths f of the DFT-optimized 3MLCT state calculated using TDDFT
(B3LYP/D3BJ/ZORA/TZVP/CPCM(THF), simulated spectrum: Figure S53). The colors of the sticks indicate
the dominant character of the transition derived from a charge transfer number® analysis (py" =
pyridine centered radical anion, py, = unreduced part of the tpe ligand). The oscillator strength of the

MC transition at 2192 nm is too low to be visible with this axis scaling.
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Figure S53: Experimental and simulated (TDDFT, gaussian broadening with FWHM = 3500 cm™)

absorption spectra of 1 in the 3MLCT state in THF.
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Figure S54: Normalized Vis/NIR-fs-transient absorption spectra of 1 in THF at room temperature
(integration time: 7.8 ns) at different excitation wavelengths. The asterisk marks an artifact arising
from scattered excitation light.
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Figure S55: Vis/NIR-fs-transient absorption spectra of 1 in THF at room temperature (Aexc = 480 nm) at
different delay times t.
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7. ns-Step-scan FTIR spectroscopy

Step-scan FTIR spectroscopy of 1 was performed in a KBr pellet at 290 K and 20 K as well as in DMSO
solution at 290 K with pulsed laser excitation at 532 nm. For the comparison of experimental spectra
with DFT-calculated vibrational frequencies, a scaling factor of 0.985 was applied to the calculated
frequencies in order to provide the best match to the experiment.

In a KBr pellet

The difference spectra of 1 in KBr in Figure S56 show strong ground state bleaches that match the
steady-state absorption energies and several excited state absorption bands. Excited state lifetimes
were obtained from the step-scan data by considering the decay over time of the prominent positive
and negative bands in the difference spectra. At 290 K, a global biexponential fit was applied to four
bands at 1887, 1908, 1802 and 1773 cm™ (Figure S58 and Table S7). At 20 K, a similar procedure was
used for the four bands at 1957, 1886, 1851 and 1748 cm™, where a global triexponential fit was
applied. However, as the band at 1957 cm™ showed rather a biexponential decay, the amplitude As of
the third time constant was set to zero for this particular peak. An overview over this global
triexponential fit is presented in Figure S59a and the fit curves of the bands including the fit
components are plotted separately in Figures S59b-e.

In the difference spectra at 290 K and 20 K (Figure S56), there are two sharp positive bands at ca. 1887
and 1750 cm™ that suggest the presence of an excited state with only slightly shifted vibrational
energies. This is clearly visible in the excited state absorptions spectra that were generated by adding
a fraction of the ground state spectrum to the difference spectrum (Figure S57). The excited state
lifetimes at 290 K show a short-lived component of ca. 1.4 pus and a dominant, long-lived component
of 200 us, which is surprisingly long considering the luminescence lifetimes in the solid state are in the
ns-region. It is also unlikely that 1 in an electronically excited state with a shifted electron density
features the same vibrational spectrum as the ground state. Taken together, the data suggests that
coupling gives rise the observed shifts of the IR absorptions by a few wavenumbers. This could be due
to coupling of low energy excitations after local dissipation of the excitation excess energy (e.g.
thermally induced shifts of the vibrational bands) or intermolecular coupling of excited 1 with non-
excited 1, assuming that 1 is partially aggregated in KBr. A similar spectral pattern can be found in
previously reported step-scan IR spectra of group 6 carbonyl complexes.**> Further fs-time-resolved
IR spectroscopy in a KBr pellet support the assignment of the bands to occur from coupling (see S|
Section 8).

Less intense excited state absorptions of 1 in a KBr pellet at ca. 1960 and 1851 cm™ are assigned to the
3MLCT state with the help of DFT calculations (Figure S57). The shorter lifetime component of 11 s is
qualitatively in line with the luminescence lifetime of 29 us found for 1 in a KBr pellet at 5 K. However,
the contributions from coupling prevent a quantitative agreement.

In DMSO solution

In contrast to step-scan spectra of 1 obtained in the KBr pellet, the step-scan spectra of 1 in de-DMSO
solution show only the expected ground state bleaches at 1898 and 1774 cm™ as well as excited state
absorptions at 1975, 1869 and 1830 cm™ that match the DFT-calculated values (Figure S60 and S62).
Excited state lifetimes were obtained from the step-scan data by considering the decay over time of
the prominent positive and negative bands in the difference spectra. The step-scan decay curves
obtained in deaerated DMSO are very well described by a global monoexponential fit with a lifetime
of 150 ns (Figure S61). This value agrees with the luminescence lifetime of 184 ns found for 1 in DMSO
at 293 K (Table 3).

The step-scan data and results from DFT calculations are summarized in Table S8.
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Figure S56: Step-scan FTIR spectrum (Aex = 532 nm, 1 us integration) and ground state FTIR spectrum

of 1in a KBr pellet at 290 K (top) and at 20 K (bottom).
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Figure S57: Excited state IR absorption spectra generated from step-scan FTIR (Aex = 532 nm, 1 us
integration) and ground state FTIR spectra of 1 in a KBr pellet at 20 and 290 K with time constants of
the main components of the multiexponential fits for the respective bands. A contribution of 50% and
5% of the ground state spectrum was added to the step-scan difference spectrum at 290 and 20 K,

respectively. The sticks represent DFT-calculated IR absorptions of 1 in the relaxed 3MLCT state (energy
scaled by 0.985).
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Figure S58: Global biexponential fit and residuals of the ns-step-scan data of 1 (KBr pellet,
Aex =532 nm) at 290 K.
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Figure S59: a) Global triexponential fit and residuals of step-scan FTIR data of 1 (KBr pellet, Aex = 532 nm)
at 20 K. b—e) Plots of the underlying bi- (1957 cm™) or triexponential (1886, 1851 and 1748 cm™) fit
curves of the four bands, including their monoexponential components.

47

412



Table S7: Excited state lifetimes of 1 in KBr obtained by step-scan FTIR spectroscopy (Aexc =532 nm)
with time constants 7, 7 and z for the multi-exponential fits. The relative contributions for the excited
state absorption bands at 20 K are given in Figures S53b-e.

T/K n/us n/us /Us
(contribution) (contribution) (contribution)

290 1.4 (1%) 200 (99%) -

20 1.2 (1-19%) 11 (6-81%) 280 (0-92%)

0.5
——— step-scan FTIR, 532 nm, DMSO (Ar), 0 to 500 ns
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Figure S60: Step-scan FTIR spectrum (Aex = 532 nm, 500 ns integration) and ground state FTIR spectrum
of 1in deaerated ds-DMSO at 290 K.
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Figure S62: Excited state IR absorption spectrum generated from step-scan FTIR (Aex = 532 nm, 500 ns
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integration) and ground state FTIR spectra of 1 in de-DMSO at 290 K with the time constant of a global

monoexponential fit and DFT calculated IR intensities of the 'GS and 3MLCT states (pale blue and pale
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Table S8: Energies of the CO stretching vibrations of 1 in different environments with DFT calculated

values.

State Medium T/K v, o/ cm™ vs/cm™

'GS KBr 290 1758 1897

KBr 20 1756 1898

KBr (calcd.)? 1769, 1771 1896

de-DMSO 290 1775 1897

DMSO (calcd.)? 1751, 1753 1901

3MLCT ds-DMSO 290 1829, 1870 1975

DMSO (calcd.)’ 1850, 1881 1987

a The DFT-calculated vibrational frequencies were scaled by a factor of 0.975. b The DFT-calculated

vibrational frequencies were scaled by a factor of 0.985.
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8. Fs-VIS-pump-IR-probe spectroscopy

Fs-VIS-pump-IR-probe spectra, which probe the photophysical response analogously to ns-step-scan
FTIR spectroscopy, yet, with higher time-resolution, support the interpretation of the ns-step-scan FTIR
data in Section 7. The transient spectral signatures of the C-O vibrations of 1 in DMSO (Figure S63) are
consistent with those shown in Figure S60. The fs-VIS-pump-IR-probe spectra demonstrate that these
transient signals evolve nearly instantaneously after excitation (e.g. at tw = 1 ps) and are hardly altered
within 350 ps after photoexcitation, consistent the transient signals arising from the long-lived excited
state with little effects of vibrational cooling on this timescale.

Fs-VIS-pump-IR-probe spectroscopy on 1 in a rotating KBr pellet yielded difference spectra (Figure S64)
that are similar to the step-scan FTIR results (Figure S56). However, in the fs-VIS-pump-IR-probe
experiment the excited state absorptions assigned to the 3MLCT state (1955, 1853, 1835 cm™) are
much stronger, relative to the sharp positive bands close to the ground state bleaches, as compared
to the step-scan FTIR results. This further underpins the assignment of the latter bands originating
from coupling, as these intensities depend both on the sample preparation and the time-resolution of
the transient spectroscopy. The signals in Figure S64 decay biexponentially (71 = 14 ps, = 385 ps,
Figure S65). However, it is difficult to assign these time constants to specific relaxation processes.
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Figure S63: Fs-VIS-pump-IR-probe spectra of 1 (DMSO, room temperature, Aexc = 400 nm) at different
time delays ty.
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9. Stability in the dark and under irradiation
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Figure S66: a) Normalized UV/Vis absorption spectra of 1 in deaerated stabilized THF after storing the
solution in the dark at room temperature for 30 d in total. b) Normalized extinction of 1 in THF under
Argon at 474 nm after storing the solution in the dark for time periods t.

Table S9: Details of the photodecomposition quantum yield @ experiments with green laser
irradiation (Adexc = 514 nm, P = 827 mW).

Time At /s | Absorbed Initial Decomposed | @yeer / %
t(l/lo=0.8)— | Photons N, | concentration | molecules /
t(I/lo=0.9) | in At/ mmol / uM mmol
[Ru(bpy)s][PFs]> | 150 149 129 0.0321 0.022
(MeCN)
1 (MeCN) 5990¢ 6364 86 0.0093 0.00015
2 (MeCN) 720 692 150 0.0375 0.0054
1 (THF) 209 204 23 0.0057 0.0028
2 (THF) 221 219 51 0.0128 0.0059

a Time At = t(//lo = 0.913) — t(//lo = 0.957) was used because the luminescence intensity did not decay
to 0.8 /o during the duration of the experiment.
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Figure S67: Photostability experiments in deaearated THF of a) 1 and b) 2 with ODs14 = 0.165 under
continuous-wave irradiation with a green laser (514 nm, 0.827 W). Main plots: Normalized decay of
the luminescence intensity at a) 720 nm and b) 750 nm vs. irradiation time. Left insets: UV-Vis
absorption spectra before (black) and after irradiation (red). Top right insets: Emission decay trace with
lifetimes rbefore (black) and after irradiation (red). Bottom right inset: Emission spectra before (black)
and after irradiation (red).
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Figure S68: Photostability experiments in deaerated MeCN of a) 1, b) 2 and c) [Ru(bpy)s][PFe]> with
ODs14 = 0.165 under continuous-wave irradiation with a green laser (514 nm, 0.827 W). Main plots:
Normalized decay of the luminescence intensity at a) 730 nm, b) 750 nm and c) 620 nm vs. irradiation
time. Left insets: UV-Vis absorption spectra before (black) and after irradiation (red). Top right insets:
Emission decay trace with lifetimes zbefore (black) and after irradiation (red). Bottom right inset:

Emission spectra before (black) and after irradiation (red).
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10. Quantum chemical calculations
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Figure S70: Difference electron densities of TD-DFT calculated electronic transitions of 1 in the GS
(B3LYP/D3BJ/ZORA/TZVP/CPCM(MeCN), orange: positive, purple: negative; isosurface value = 0.005
a.u.) with transition wavelength in nm and oscillator strengths (in brackets).
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Figure S71: Difference electron densities of TD-DFT calculated electronic transitions of 1 in the 3MLCT
state (B3LYP/D3BJ/ZORA/TZVP/CPCM(MeCN), orange: positive, purple: negative; isosurface value =
0.005 a.u.) with transition wavelength in nm and oscillator strengths (in brackets).
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orbital diagram of 1 in the 3MLCT state with exemplary orbital pictures
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obtained from DFT calculations (B3LYP/D3BJ/ZORA/TZVP/CPCM(MeCN), isosurface value = 0.07 a.u.)

and electronic transitions.
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Figure S73: a) DFT-calculated energies (B3LYP/D3BJ/TZVP/CPCM(MeCN)) of different electronic states
of 1 and 2 (in their respective relaxed geometries, if not stated otherwise) relative to the respective
1GS. The 3MC; geometry was obtained in a geometry optimization where one Mo—CO"" hond length
was constrained to 2.555 A and does not correspond to an optimized minimum. b) Zoom to the triplet
states with energy differences in cm™ (in brackets). 3TS = 3MLCT->MC transition state, MECP =

MC
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Figure S74: DFT-optimized geometries and spin-densities (isosurface value = 0.02 a.u.) for ground and
excited states of 1 and 2. MECP = minimum energy crossing point with !GS. TS = transition state
between 3MLCT and 3MC. The 3MC; geometry of 2 does not correspond to an optimized minimum but
was obtained from a relaxed surface scan where one Mo—-CO™"™ bond length (dashed bond) was
constrained to 2.555 A.
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Table S10: DFT-calculated energies of ground and excited states of 1 and 2 (CPCM(MeCN)) relative to
their respective ground state energies (AG) in eV, Mo—CO bond lengths and Mo—C-0 bond angles (bold
values for significantly elongated or bent bonds).In 2 CO* and CO? are trans to the bpy ligand. The 3MC;
geometry was obtained in an geometry optimization where d(Mo—CO?) was constrained to 2.555 A
and does not correspond to an optimized minimum. MECP = minimum energy crossing point, TS =
transition state.

1
Electronic state AG/eV Ad/A angle / deg
(Geometry) cot co? co? co* | cot Cco? co® co*
1GS 0 1.958 1.957 1.954 180 178 179
1GS (3MLCT) 0.34
3MLCT 2.01 2.041 1.993 2.004 176 176 179
3MC 2.17 2.143 1.959 1.980 135 177 176
TS 3MLCT-MC 2.18 2.131 1973 1.982 146 177 176
MECP 'GS—MC 2.31 2.165 1.959 1.992 122 176 174
MC 4.06 2.274 2.045 2.031 129 179 178
2
1GS 0 1.974 1973 2.046 2.050 | 179 178 177 175
1GS (3MLCT) 0.47
3MLCT 1.87 2.069 2.061 2.056 2.061 | 179 178 178 180
“3MCy” 2.27 2.018 2.041 1.979 (2.555)| 178 178 178 176
3MC, 2.20 2.021 2.021 2.041 2.044 | 166 165 178 177
MECP 'GS—*MC; 2.50 2.027 2.027 2.042 2.034 | 160 157 176 177
SMC 4.14 2.345 2.055 2.102 2.100 | 128 179 179 178
a) b) @
e
2 2
SMLCT MC,
SOMO (0.05 a.u.) SOMO (0.05 a.u.)

Figure S75: Highest singly occupied molecular orbital (SOMO) of 2 in the optimized a) 3MLCT and b)
3MC; state.
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Figure S76: DFT-calculated potential energy curves of the 'GS (blue triangles), *MLCT (black diamonds)
and 3MC states (red circles) in 1 along one Mo—CO bond with energies AE relative to the fully relaxed

2
!GS and Morse potential fits* (solid lines, equation: AE = AE, + D, (1 —exp (—a(d - deq))) , AEo

= energy offset, D. = dissociation energy, o = stiffness of the potential, deq = equilibrium bond length).
The point at infinite distance corresponds to the sum of the energies of separately optimized
Mo(CO)s(bpy) and CO.
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Figure S77: DFT-calculated potential energy curves of the 'GS (blue triangles), *MLCT (black diamonds)

and 3MC; states (red circles) in 2 along one Mo—CO bond trans to a pyridyl moiety with energies AE

relative to the fully relaxed 'GS and Morse potential fits* (solid lines, equation: AE = AE, +
2

De (1 —exp (—a(d - deq))) , AEo = energy offset, D. = dissociation energy, o = stiffness of the

potential, deq = equilibrium bond length). The point at infinite distance corresponds to the sum of the
energies of separately optimized Mo(CO)s(bpy) and CO.
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Figure S78: DFT-calculated potential energy curves of the 'GS (blue triangles), *MLCT (black diamonds),
3MC; (green squares) and 3MC, states (red circles) in 2 along one Mo—CO bond trans to another CO
ligand with energies AE relative to the fully relaxed 'GS and Morse potential fits*® (solid lines, equation:

2
AE = AEy + D, (1 —exp (—a(d - deq))) , AEy = energy offset, D. = dissociation energy, o =
stiffness of the potential, deq = equilibrium bond length). Fit parameters in brackets are not meaningful

because of the lack of data points in the region of long Mo—CO bonds. The point at infinite distance
corresponds to the sum of the energies of separately optimized Mo(CO)s(bpy) and CO.
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Figure S79: DFT-calculated potential energy curves of the 'GS (blue triangles), 3MLCT (black diamonds)

3MC; (green squares) and 3MC; states (red circles) in 2 along the two Mo—CO bond trans to each other

with energies AE relative to the fully relaxed *GS and Morse potential fits*® (solid lines, equation: AE =
2

AEy + De (1 — exp (—a(d - deq))) , AEo = energy offset, D. = dissociation energy, a = stiffness of

the potential, deq = equilibrium bond length). Fit parameters in brackets are not meaningful because of

the lack of data points in the region of long Mo—CO bonds. The point at infinite distance corresponds

to the sum of the energies of separately optimized Mo(CO).(bpy) and 2x CO. Note the different y-axis
scaling compared to Figures S76-578.
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Table S11: Energy barriers in 103 cm™ for the dissociation of CO trans to a pyridyl moiety or a CO ligand
in the 1GS and on the triplet potential energy surface (*MLCT/3MC). The energy barriers were calculated
as E(ee) — E(min) where E(e°) is the sum of the energies of the dissociated molecules (for example
Mo(CO),(tpe) and CO for 1, see Figures S76-S79) and E(min) is the energy of the complexes at the
minimum of the lowest-energy potential energy well in a given multiplicity obtained by DFT

(CPCM(MeCN)). For the triplet manifold E(min) corresponds to the energy of the respective optimized
3MLCT states.

Electronic state 1 2 2 2
trans-Py trans-Py trans-CO trans-CO! and
trans-CO?
1GS 20.7 19.5 121 375
3MLCT/>MC 10.3 9.9 7.4 19.8
65

430



11. Photon upconversion with DPA
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Figure S80: Stern-Volmer plot of the luminescence lifetime quenching of photoexcited 1 with DPA in

THF (Aexc = 525 nm, Aem = 720 nm) with Stern-Volmer constant Ksy and triplet-triplet energy transfer
rate constant krrer.
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Figure S81: Decays of the transient absorption at 650 nm of 1 in THF with DPA at different
concentrations (Adexc = 532 nm). Inset: Stern-Volmer plot for quenching of 1 with DPA in THF based on
TA data at 650 nm with Stern-Volmer constant Ksy and triplet-triplet energy transfer rate constant krrer.
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Figure $82: a) 3MLCT luminescence decay of 1 and 3DPA growth after pulsed excitation (Ae« = 532 nm,
pulse energy = 8 mJ) of 1 with DPA (3 mM) in THF at room temperature. b) Transient absorption
spectrum of 3DPA measured after complete decay of the 3MLCT state of 1 (time delay marked with

boxes in top figure).
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Figure S83: Decay of the 3DPA transient absorption signal at 417 nm measured after pulsed excitation
of 1 at 532 nm with 3 mM DPA in THF with fit considering the mixed first and second order decay of
3DPA with the time constant of TTA (krra) and of the unquenched deactivation of >DPA (kn,).*’ The initial
concentration of 3DPA for the fit was determined from the 3DPA absorption spectrum in Figure $82

and the previously reported extinction coefficient at 445 nm.*
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Figure S84: Optimization studies with 1 in THF (Xe-lamp at 525 nm) to find the ideal DPA concentration
for more detailed UC experiments. a) UC emission spectra, b) integrated UC emission and c)
comparison of absorption and normalized UC emission spectra, at different DPA concentrations.
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Figure S85: Upconverted emission spectra of 1 with 5 mM DPA (quenching efficiency = 73 %) in THF at
different excitation power settings of a green LED (525 nm) and control experiment with no DPA and
100 % excitation power (blue trace). Left inset: Plot of the upconverted emission intensity at 430 nm
against relative excitation power P fitted with a power function and an exponent of 2.1. Right inset:
Doubly logarithmic plot of the upconverted emission intensity at 430 nm against relative excitation

power Py with linear fit.
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12. Catalysis
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Figure S86: Stern-Volmer quenching experiments of 1 in d3-MeCN with chloropyrazine. Luminescence
decay curves at 720 nm after pulsed excitation at 438 nm. Inset: Stern-Volmer plot with linear fit, Stern-

Volmer constant Ksy and quenching constant k.
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Figure S87: Regeneration of 1 (63 uM) after chemical oxidation with [FcH][PFs] by BIH. The absorbance

was corrected for dilution.

General procedure

A stock solution of 1 in ds-MeCN was prepared in an argon-filled glovebox. Chloropyrazine (2.72 uL),
BIH (8.66 mg) and mesitylene (10.3 uL, internal standard) were added to 3.5 mL of the stock solution
of 1 (87 uM). 0.5 mL of the solution are used to measure a *H NMR spectrum (400 MHz, D1 = 60 s,
Figure S88) and the remaining 3.0 mL are filled in an air-tight cuvette equipped with a stirring bar. The
solution was irradiated using focused green light of an LED (Amax = 522 nm, Prismatix UHP-T-520-DI, 2.2
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W, focus spot diameter ca. 0.8 cm, Figure S89) under stirring in a temperature controlled Peltier-holder
(Agilent Cary dual-cell holder) at 20.0°C. Conversion and yield were determined from *H-NMR spectra
recorded before and after the irradiation using the integrated resonances of chloropyrazine (8.65 ppm
(1H), 8.54 ppm (1H), 8.40 ppm (1H)), pyrazine (8.59 ppm, 4H) and mesitylene (6.80 ppm).

Table S12: Results and conditions of the photocatalysis experiments for the dehalogenation of 2-
chloropyrazine with 1 in MeCN at 20.0°C with excitation wavelength Aex and turn-over number TON.

1 mol% 1
BIH
green LED (522 nm)

N N
N N
N7 el N H

Entry 1/  2-Chloropyrazine BIH/ A /nm t/h Conversion

MeCN, -BI*CI-

uM / mM mM (Yield) / %
1° 87 8.7 8.7 520 24 82 (80)
2¢ - 8.7 8.7 520 24 traces
3¢ 87 8.7 = 520 24 0(0)
4b 87 8.7 8.7 - 24 0 (0)

a Reaction performed in an air-tight cuvette (3 mL). b Reaction performed in an NMR tube (0.5 mL).

N
®
N
N\
"1 [ J'C" BIH
N
520 nm
L&"y, LED N
1 * X
M ——— 1] [ ] BI
N/

MeO N/ H MeO N/
BIH = j@ Y—Ph BI' = j@ >—Ph
MeO N MeO N
\ \
Scheme S1: Alternative radical chain mechanism for the dehalogenation of chloropyrazine using 1 in
green light driven photoredox catalysis.
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Entry 1, all components

Entry 2, no catalyst

s
ul

87 86 8.5 8.4 8.7
5/ ppm

Entry 3, no BIH

Entry 4, no light

.

T T T
87 86 85 8.4 87
8/ ppm

Figure S88: *H NMR spectra (400 MHz) of catalysis experiments (Table S12) with 1 in CD:CN with

spectra before (top) and after irradiation (bottom).
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13. Emission spectra of excitation sources

1.0
nax = 922 NM

0.8

0.6

norm. /

0.4 1

0.2

0.0

T T T N T T T T T T T T T T T T T ' T T T !
440 460 480 500 520 540 560 580 600 620 640
A/ nm

Figure S89: Emission spectrum of the green LED used in the photocatalysis experiments.

1.0 1
Ay = 514 nm
£ 054
—
o]
c
0.0 o=
480 490 500 510 520 530 540 550
Alnm

Figure S90: Emission spectrum of the green cw-laser used for photostability and upconversion
experiments.
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13. DFT-optimized structures

1 (*GS, CPCM(MeCN))

»
N

WO, ORI OO PP, OO OOCOORPR OO ORPRORPROOOORONNNOOO

AP WNRREPO

.912377000
.950041000
.602615000
.053629000
.625729000
.089829000
.504487000
.108816000
.937397000
.858436000
.514255000
.617660000
.382372000
.215725000
.589094000
.574762000
.290412000
.576922000
.281712000
.367587000
.218210000
.514989000
.468863000
.064557000
.908306000
.147868000
.001045000
.459231000
.954610000
.457255000
.184780000
.048903000
.794165000
.352966000
.314270000
.658212000
.987973000
.857787000
.115279000
.135330000
.577735000
.621248000

®

NERENMNNMNNMNPOWRN

WkRrRRRMAPOCUVIOICTULEDWNRERWMNMNMNMNMNRERREREN

=

[}

.560776000
.087810000
.544275000
.377878000
.401017000
.570209000
.816836000
.075109000
.181164000
.377381000
.179958000
.076657000
.522774000
.950237000
.617677000
.061417000
.552299000
.935676000
.133407000
.761176000
.610792000
.638547000
.388794000
.259004000
.509046000
.742043000
.624801000
.924748000
.948858000
.549760000
.740627000
.872697000
.781418000
.708251000
.609783000
.386808000
.407767000
.221172000
.104999000
.281317000
.072143000
.119798000

73

AW WVWOOONNOOTOTOTUDEADUWWDRARDBDBNWPROOWMONNOOOOWOLDUIENUNNONNN

=
N ©®

.437414000
.240048000
.515465000
.377787000
.512247000
.330913000
.246963000
.514505000
.450959000
.799759000
.144747000
.739496000
.708742000
.178963000
.469292000
.525112000
.048557000
.563997000
.779839000
.009129000
.358761000
.375268000
.815099000
.407604000
.021471000
.046754000
.430078000
.399466000
.744731000
.727989000
.746271000
.118021000
.574199000
.578213000
.393682000
.062478000
.330750000
.942246000
.644307000
.544138000
.123592000
.610606000
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1 (*GS, CPCM(THF))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

AP WNRFRPRPRPOOOR

.910761000
.949183000
.602523000
.050695000
.625653000
.089081000
.504754000
.110147000
.939477000
.857934000
.513181000
.615914000
.382099000
.215773000
.588624000
.574184000
.289461000
.578671000
.282220000
.368464000
.219441000
.515399000
.468620000
.065795000
.906844000
.147496000
.001002000
.458853000
.954425000
.457197000
.184072000
.047882000
.793468000
.351643000
.314541000
.658815000
.987720000
.857284000
.115084000
.126153000
.572965000
.618469000

[ ]
OO NBEKRERNMNMNNREPOWEREN

WkRrRRPRRPRAPPOTCUVIICTULEAEDWNRERWMNMNMMNMNRERRERN

(ORI

OO r oo

.561691000
.089365000
.548254000
.377158000
.400658000
.570431000
.816836000
.075114000
.181194000
.377311000
.179811000
.076253000
.521987000
.949028000
.618210000
.062206000
.552215000
.934664000
.133637000
.760541000
.609460000
.638062000
.387949000
.259429000
.509927000
.741661000
.624414000
.924282000
.948584000
.550214000
.741632000
.874267000
.782212000
.709476000
.609474000
.385992000
.407285000
.219257000
.104617000
.278309000
.073991000
.126002000

74

N0 WVWOONNOTOOTOOTUDEDUWWDEARDBDNWPROOONNOOOWOOLDUUIERNUNNON~NN

=
N NO®

.436898000
.237262000
.512490000
.379902000
.512728000
.331171000
.247598000
.514308000
.450598000
.800012000
.145778000
.741038000
.709687000
.179955000
.470633000
.527208000
.048928000
.563727000
.779645000
.009877000
.360127000
.375979000
.817051000
.407154000
.020537000
.046968000
.430112000
.399655000
.744825000
.728214000
.746316000
.117632000
.574457000
.578541000
.394398000
.063606000
.331700000
.943128000
.644640000
.544929000
.118126000
.602121000
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1 (*GS, CPCM(DMF))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

AP WNRFRPPRPOOOR

.912380000
.950066000
.602639000
.053638000
.625761000
.089789000
.504432000
.108810000
.937423000
.858491000
.514168000
.617544000
.382350000
.215695000
.589049000
.574697000
.290367000
.576975000
.281695000
.367551000
.218160000
.514911000
.468776000
.064565000
.908290000
.147924000
.001120000
.459263000
.954671000
.457283000
.184824000
.049017000
.794151000
.352957000
.314387000
.658386000
.988052000
.857904000
.115290000
.134827000
.577813000
.621320000

[ ]
OO NRKERMNNMNNREPOWERN

WkRrRRPRRMAPPOCUVIITULEAEDWNREWMNMMNMNRERREREN

(ORI

OO r oo

.560781000
.087793000
.544248000
.377878000
.400988000
.570282000
.816784000
.075228000
.181357000
.377390000
.179986000
.076716000
.522723000
.950158000
.617749000
.061530000
.552275000
.935644000
.133442000
.761175000
.610758000
.638467000
.388616000
.259132000
.509239000
.742039000
.624835000
.924748000
.948805000
.549778000
.740622000
.872613000
.781464000
.708291000
.609841000
.386909000
.407829000
.221271000
.104997000
.280990000
.072096000
.119736000

75

AN 0WOWVWOONNOOTOOTOOTUDNDUWWEADBDBNWDROOWOONNOGOOOWOOUUIERERNUNNONNN

=
NN©®

.437503000
.240163000
.515456000
.377880000
.512167000
.330914000
.247079000
.514554000
.451013000
.799774000
.144698000
.739407000
.708730000
.178918000
.469254000
.525061000
.048529000
.563960000
.779888000
.009215000
.358837000
.375332000
.815133000
.407666000
.021553000
.046772000
.430150000
.399470000
.744762000
.727996000
.746299000
.118127000
.574131000
.578175000
.393504000
.062220000
.330581000
.942036000
.644325000
.544243000
.123723000
.610463000
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1 (*GS, CPCM(DMSO0))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

PWNRPPRPOO®OOR

.912361000
.950045000
.602610000
.053626000
.625738000
.089811000
.504449000
.108813000
.937415000
.858476000
.514191000
.617567000
.382367000
.215721000
.589064000
.574716000
.290379000
.576968000
.281698000
.367565000
.218182000
.514938000
.468806000
.064561000
.908299000
.147899000
.001068000
.459258000
.954644000
.457279000
.184802000
.048962000
.794144000
.352937000
.314352000
.658342000
.988020000
.857861000
.115297000
.135038000
.577762000
.621261000

[ ]
OO NBEKRERNMNMNNREPOWEREN

WkRrRRPRRAPNOITCUVVIITULEDWNREWMNMNMMNMNREREN

(ORI

OO r oo

.560772000
.087804000
.544259000
.377875000
.400990000
.570242000
.816811000
.075188000
.181285000
.377383000
.179997000
.076718000
.522720000
.950153000
.617748000
.061521000
.552299000
.935666000
.133431000
.761186000
.610781000
.638509000
.388698000
.259084000
.509157000
.742068000
.624853000
.924788000
.948863000
.549767000
.740626000
.872653000
.781453000
.708290000
.609822000
.386878000
.407801000
.221227000
.104986000
.281133000
.072112000
.119764000

76

AW WVWOONNOOTOOTOOUDEDUWWDEDBDBNWDROOWONNOOOWOOUUIELERNUNNON~NN

=
N NO®

.437471000
.240109000
.515480000
.377849000
.512204000
.330914000
.247041000
.514538000
.450994000
.799773000
.144720000
.739441000
.708748000
.178952000
.469281000
.525097000
.048534000
.563959000
.779873000
.009189000
.358818000
.375315000
.815132000
.407644000
.021518000
.046767000
.430135000
.399460000
.744749000
.727998000
.746277000
.118067000
.574137000
.578156000
.393555000
.062289000
.330641000
.942107000
.644325000
.544197000
.123657000
.610550000
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1 (*GS, CPCM(KBr))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

AP WNRFRPRPRPOOOR

.909899000
.948717000
.601826000
.048691000
.626284000
.089238000
.505049000
.111767000
.941790000
.857283000
.513651000
.616418000
.381992000
.215519000
.588875000
.574341000
.290017000
.578125000
.282859000
.369523000
.220785000
.515844000
.468524000
.067252000
.904968000
.146755000
.000325000
.457875000
.954031000
.456911000
.183872000
.047916000
.793276000
.351597000
.315097000
.659598000
.988447000
.858323000
.115090000
.119588000
.570667000
.614828000

[ ]
OO NRKEFNNMNNREPOWRN

WkRrRRPRRAPPOCUVUVIOITULEDWNREREWMNMMNMNRERREREN

(ORI

OO r oo

.561117000
.091024000
.549791000
.378960000
.400080000
.570331000
.815450000
.076357000
.183667000
.376820000
.179587000
.075528000
.520809000
.947156000
.618953000
.063264000
.551888000
.933419000
.133386000
.760226000
.608946000
.636548000
.385411000
.260630000
.512432000
.741347000
.624469000
.924318000
.947852000
.549906000
.741362000
.874292000
.781703000
.708909000
.608604000
.384816000
.406575000
.217978000
.103917000
.282803000
.075173000
.131500000

77

A0 00 WOONNOOTOOTOTUEPDUTWWRERPRANWPROOONNOODOGOOOWOOUIERLRNUNNUL-SNNN

=
N NO®

.436729000
.236153000
.507722000
.381400000
.512809000
.332304000
.248008000
.514421000
.450699000
.800302000
.147183000
.743194000
.709367000
.178771000
.470859000
.527074000
.050639000
.566111000
.779640000
.010510000
.361170000
.376517000
.818216000
.407060000
.020103000
.047074000
.430666000
.399124000
. 744724000
.728647000
.747415000
.119035000
.575845000
.580610000
.395262000
.064712000
.331990000
.942827000
.644830000
.545928000
.113339000
.590668000

442



1 (3MLCT, CPCM(MeCN))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

AWNRRROO®R

.870503000
.058645000
.611356000
.026666000
.646711000
.117240000
.492742000
.107558000
.938638000
.883603000
.549806000
.654403000
.424896000
.263443000
.632631000
.624243000
.321087000
.546428000
.259725000
.371128000
.226150000
.514746000
.477174000
.058337000
.915235000
.170199000
.019376000
.483199000
.976051000
.472774000
.158520000
.017076000
.766281000
.308179000
.349195000
.700551000
.004141000
.863607000
.149291000
.126156000
.795681000
.645228000

|
(ORI

OO NE NNNMNMNRPOWRN

[
[

[
[ORN]

P RPAPMOCUVODUDDNWNRPWNMNNNRRPRREN

|
w o

.563409000
.066319000
.517254000
.446135000
.337352000
.540483000
.814356000
.084460000
.188889000
.357728000
.190010000
.090705000
.539665000
.986869000
.602027000
.028730000
.578705000
.978294000
.118551000
.787795000
.648325000
.669399000
.447473000
.255860000
.498770000
.714308000
.589642000
.889279000
.935386000
.524034000
.719446000
.853036000
.790282000
.725355000
.585720000
.359190000
.391153000
.209093000
.096058000
.389282000
.938125000
.018512000

78

AN 0WOWVWOOONNOTOTOOTUDEADUIWWEARDNWDROOMONNOGOOOWOOUUIERNUNNONNN

=
Noo

.440183000
.126059000
.613091000
.434613000
.518423000
.310446000
.246972000
.512039000
.447978000
.789353000
.153791000
.742125000
.750491000
.245545000
.509286000
.588376000
.037305000
.543814000
.775278000
.011800000
.364938000
.376808000
.813693000
.402315000
.013017000
.027820000
.402257000
.389845000
.721915000
.708569000
.717836000
.079168000
.539196000
.525343000
.385041000
.056742000
.348707000
.976681000
.641290000
.584858000
.948324000
.768332000
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1 (3MLCT, CPCM(KBr))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

AP WNRFRPPRPOOOR

.874114000
.091145000
.611424000
.009492000
.629800000
.115186000
.506444000
.133062000
.968729000
.881312000
.563481000
.673074000
.435232000
.275993000
.649761000
.647737000
.325801000
.545306000
.268363000
.401908000
.264847000
.538488000
.502671000
.076508000
.898681000
.167338000
.015179000
.481868000
.972141000
.472864000
.145664000
.991926000
.753315000
.282296000
.343935000
.692074000
.987321000
.837791000
.151285000
.083620000
.843891000
.640493000

|
(ORI

o [

P RrPRMADMMOCUVVOUDEDWNRWNNNRPRRENDNLR

|
N ©

.528823000
.053122000
.491347000
.398620000
.307970000
.507154000
.808785000
.105740000
.214930000
.325791000
.183316000
.074144000
.546213000
.005569000
.581325000
.986327000
.599556000
.009825000
.100222000
.832039000
.717353000
.701713000
.497259000
.250203000
.480718000
.677048000
.544914000
.844777000
.910017000
.495366000
.702594000
.842450000
.767651000
.709841000
.558994000
.332723000
.356583000
.169855000
.074729000
.336523000
.893011000
.998259000

79

N WVWOONNOTOTOAUDEDUWWDRADNWPROONONNOOOOWOODUUIENUNNONNN

=
No o

.442021000
.058787000
.627239000
.445601000
.527725000
.312071000
.262609000
.523698000
.459545000
.792504000
.209687000
.812150000
.804244000
.314026000
.582535000
.690752000
.057206000
.549206000
.783449000
.031747000
.390477000
.394172000
.834914000
.410879000
.017574000
.027616000
.392330000
.399501000
.718990000
.705478000
.692430000
.038824000
.510308000
.480666000
.375716000
.047973000
.352668000
.991558000
.657962000
.595683000
.806703000
.783364000
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1 (3MLCT, CPCM(DMSO))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

AWNRRROO®R

.870503000
.058645000
.611356000
.026666000
.646711000
.117240000
.492742000
.107558000
.938638000
.883603000
.549806000
.654403000
.424896000
.263443000
.632631000
.624243000
.321087000
.546428000
.259725000
.371128000
.226150000
.514746000
.477174000
.058337000
.915235000
.170199000
.019376000
.483199000
.976051000
.472774000
.158520000
.017076000
.766281000
.308179000
.349195000
.700551000
.004141000
.863607000
.149291000
.126156000
.795681000
.645228000

|
(ORI

OO NE NNNMNREPOWERN

[
[

[
[ORN]

P RrRMADDoOoUVOUPRADWNRWNNNRRERPREREN

|
w o

.563409000
.066319000
.517254000
.446135000
.337352000
.540483000
.814356000
.084460000
.188889000
.357728000
.190010000
.090705000
.539665000
.986869000
.602027000
.028730000
.578705000
.978294000
.118551000
.787795000
.648325000
.669399000
.447473000
.255860000
.498770000
.714308000
.589642000
.889279000
.935386000
.524034000
.719446000
.853036000
.790282000
.725355000
.585720000
.359190000
.391153000
.209093000
.096058000
.389282000
.938125000
.018512000

80

AW WVWOOONNOTOTOTUDEDUWWDRARDBDNWPROOWMONNOOOOWOLDUIERNUNNONNN

=
No o

.440183000
.126059000
.613091000
.434613000
.518423000
.310446000
.246972000
.512039000
.447978000
.789353000
.153791000
.742125000
.750491000
.245545000
.509286000
.588376000
.037305000
.543814000
.775278000
.011800000
.364938000
.376808000
.813693000
.402315000
.013017000
.027820000
.402257000
.389845000
.721915000
.708569000
.717836000
.079168000
.539196000
.525343000
.385041000
.056742000
.348707000
.976681000
.641290000
.584858000
.948324000
.768332000
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1 (3MLCT, CPCM(THF))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

AP WNRFRPRPRPOOOR

.870497000
.090252000
.606764000
.009853000
.631525000
.119428000
.502719000
.127153000
.961751000
.882603000
.570560000
.681937000
.439100000
.278684000
.655525000
.654028000
.331940000
.538003000
.265988000
.395012000
.256568000
.532875000
.496740000
.071378000
.904003000
.167057000
.012502000
.482305000
.972418000
.474379000
.151113000
.998876000
.761647000
.293798000
.337083000
.682880000
.984563000
.834897000
.154489000
.089856000
.846888000
.636678000

|
(ORI

P ONRKEFNMNNMNNMNPEPOWERN

P RrRADMMOUVOUPRADWNRWNNNRRERREREN

|
w o

.540481000
.043911000
.503293000
.412242000
.317348000
.519658000
.817596000
.100001000
.204448000
.339845000
.169095000
.059631000
.560771000
.020554000
.566134000
.970114000
.586951000
.998465000
.108698000
.825839000
.705855000
.701421000
.495104000
.250414000
.479488000
.694335000
.563090000
.863564000
.926957000
.507130000
.710753000
.850735000
.774953000
.715466000
.563740000
.334629000
.364148000
.176541000
.088182000
.351488000
.884417000
.009586000

81

N0 WVWOOONNOTOTOOTUDEDUWWDEARDBDNWPROONONNOOOOWOOLDUIELEPNUNNO-N~NN

=
No o

.432579000
.059309000
.618371000
.433895000
.519791000
.300693000
.249281000
.511967000
.447443000
.781741000
.196995000
.799556000
.789630000
.297769000
.568236000
.675351000
.045767000
.538751000
.772116000
.018293000
.376207000
.382037000
.822648000
.398618000
.005060000
.015830000
.382137000
.386300000
.706526000
.698725000
.693972000
.042279000
.517709000
.493401000
.382045000
.059040000
.352831000
.991665000
.645486000
.584056000
.820349000
.775205000
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1 (3MC, CPCM(MeCN))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

AP WNREPNRPOOR

.910767000
. 888682000
.673570000
.256585000
.694632000
.113323000
.493920000
.139793000
.986048000
.853640000
.510747000
.621048000
.334894000
.135198000
.540242000
.493151000
.319956000
.516825000
.291062000
.372419000
.216599000
.504300000
.435416000
.094015000
.861555000
.134201000
.993451000
.408916000
.965989000
.472723000
.306884000
.248351000
.930061000
.580016000
.289401000
.636396000
.066175000
.020214000
.107932000
.539811000
.125076000
.731866000

[ ]
OO NRKERMNNMNNREPOWERLN

[

NRPRRPRPMMMMOCUODUPDEDWNRWNNNRERRRERREN

(ORI

[l

®

.579253000
.270616000
.434469000
.565770000
.481484000
.640925000
.786646000
.081811000
.206824000
.398962000
.160301000
.043932000
.452030000
.815514000
.690872000
.202368000
.463254000
.789201000
.157797000
.691298000
.495911000
.557587000
.248053000
.315092000
.616602000
.771945000
.694051000
.987325000
.915707000
.559176000
.663118000
.729521000
.701045000
.556836000
.623932000
.411614000
.500789000
.386691000
.113354000
.592033000
.281169000
.930696000

82

AN 0WOWVWOONNOOTOOTOOTUDE DU WWPRARDBDBNWDROOWOONNUOOWOLDUUIELENUNNOONON

=
N NOo

.458590000
.998006000
.472103000
.408595000
.417665000
.391711000
.258343000
.530354000
.466268000
.795419000
.131954000
.745020000
.569905000
.948888000
.327747000
.288430000
.134040000
.734890000
.784147000
.032049000
.385156000
.400556000
.850853000
.413562000
.020720000
.031722000
.472713000
.331179000
.716235000
.747541000
.915308000
.397667000
.755837000
.883938000
.415364000
.069716000
.216743000
.709171000
.618385000
.539852000
.595035000
.531211000
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1 (3MLCT-3MC transition state, CPCM(MeCN))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

A NNRFRPRPLO

.687140000
.706298000
.423261000
.997453000
.519284000
.303615000
.292242000
.975642000
.839067000
.054070000
.705038000
.810126000
.549550000
.363923000
.754141000
.719873000
.505308000
.341563000
.094461000
.195125000
.044306000
.310650000
.236431000
.078170000
.022610000
.339345000
.206476000
.609703000
.168529000
.661039000
.468681000
.412916000
.063158000
.690467000
.167786000
.547872000
.912409000
.864352000
.308844000
.261216000
.935638000
.443390000

-0.
-2.

0.
-0.

1.
-1.
-0.

Q.

Q.

Q.
-3.
-4.
-1.
-1.
-2.
-3.
-2.
-2.

0.
-0.
-0.
-0.
-0.

Q.

Q.
.647926000
.569127000
.140963000
.790792000
.445903000
.570046000
.632942000
.642491000
.518987000
.560355000
.370328000
.413996000
.304721000
.000427000
.540307000
.454358000
.964183000

[

[ |

522478000
354623000
411996000
554096000
356650000
494047000
336036000
059049000
232090000
282643000
285246000
175613000
637919000
254083000
780841000
269357000
606734000
950524000
058290000
371558000
560986000
548054000
876090000
272768000
609058000

83

-0.
Q.
Q.
1.
2.

-1.

-3.

-4.

-2

-1.

-3.

-3.

-1

-1.

-2.

-0.

1
[

PR AONRNRRER

.050804000
.668021000
.133387000
.008116000
.985293000
.949015000
.156614000
.881823000
.941597000
.627226000
.708591000
.312181000
.193810000

395701000
952006000
945278000
682027000
257870000
636233000
377687000
020407000

.013356000

562877000
000587000
392864000

.387289000

948677000
086317000
700028000

.313693000
.453185000
.060440000
.239004000
.332060000
.889132000
.496922000
.741375000
.237717000
.201561000
.142862000
.044229000
.251586000
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1 (5MC, CPCM(MeCN))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

A WNRRR

.891861000
.828597000
.760698000
.181990000
.671774000
.066498000
.509325000
.140910000
.983313000
.849161000
.486870000
.596169000
.313358000
.109440000
.538246000
.488017000
.308580000
.511552000
.301058000
.372866000
.212231000
.507645000
.442010000
.105710000
.848214000
.113065000
.953115000
.388576000
.952683000
.500212000
.359223000
.302570000
.004322000
.670071000
.217924000
.544308000
.015606000
.966178000
.102297000
.383622000
.527706000
.825098000

[ ]
OO R R NMNMNNRPROWERN

[

NRRPREPAPMNOICTUVVOOCULUPEDWNNWNNNRRPRERPRN

(ORI

[l

®

.641618000
.384029000
.462575000
.442136000
.513935000
.725150000
.810253000
.970798000
.048537000
.452260000
.080088000
.951827000
.514389000
.879850000
.633919000
.148768000
.390155000
.706557000
.175965000
.584245000
.346785000
.514090000
.212877000
.258109000
.552563000
.834611000
.754244000
.049020000
.986860000
.593765000
.663548000
.732609000
.669015000
.505417000
.582912000
.344027000
.489572000
.366405000
.180180000
.333912000
.036932000
.902192000

84

N0 WOWOOONIOTOTOOTUDEA,DDNWDRERDNWPROOWMONNUOOWOODUUIELRNUNNOOONON

=
N NO®

.428057000
.989977000
.307627000
.428501000
.407083000
.388385000
.249610000
.508934000
.441069000
.759480000
.153126000
.785578000
.555198000
.926726000
.323396000
.284206000
.163615000
.792203000
.764647000
.023464000
.384788000
.392702000
.841812000
.386027000
.984231000
.974686000
.414673000
.276127000
.646787000
.733196000
.969264000
.454481000
.860736000
.027534000
.526929000
.222102000
.280018000
.781992000
.588058000
.555570000
.682036000
.247956000
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1 (MECP 1GS—*MC, CPCM(MeCN))

»
N

WA, AR, OO ERPRPOOCC R, OO OOCOORPROORPRORPRORPROOOORPROAONNNOOO

ANNRRROO®R

.891842000
.920481000
.653718000
.259846000
.652994000
.095228000
.486802000
.141561000
.990012000
.880332000
.475088000
.562373000
.368598000
.204752000
.552214000
.524914000
.270662000
.602843000
.271889000
.392671000
.255930000
.516489000
.456266000
.075603000
.891935000
.169831000
.037292000
.451843000
.990973000
.490792000
.273045000
.197967000
.853121000
.453132000
.337004000
.711011000
.052518000
.982425000
.120704000
.579066000
.872306000
.712812000

[ ]
OO NBEKRERNMNMNMNNREPOWEREN

NRPRRERPMAMAMMOIOCUVOUPDEDWNRWNNNRRERREREREN

(ORI

OO r oo

.529218000
.269924000
.376124000
.507705000
.464249000
.558918000
.816592000
.154768000
.295774000
.363876000
.248655000
.160653000
.458866000
.869920000
.703708000
.177418000
.579488000
.953497000
.142197000
.838231000
.718807000
.671396000
.394376000
.302861000
.557322000
.713140000
.614667000
.903954000
.882184000
.550480000
.701191000
.780276000
.778369000
.678374000
.683016000
.496863000
.503672000
.372426000
.080622000
.544961000
.298864000
.848960000

85

N NNOOTOOTOOTUDEADUWWRARDNONWPRONONNOOOOWOOLDUIELNUNNOOONON

=
NNO©®

.493186000
.867707000
.621917000
.450575000
.441186000
.349561000
.288107000
.564614000
.501917000
.821800000
.101018000
.674283000
.682330000
.144144000
.416272000
.444462000
.046635000
.561347000
.811174000
.071431000
.431305000
.437602000
.889624000
.441524000
.044891000
.061348000
.468900000
.391085000
.752483000
.739809000
.811784000
.267113000
.581157000
.621014000
.285543000
.891065000
.192180000
.724377000
.653452000
.568967000
.528333000
.775368000

450



Mo(CO)a(tpe) (*GS, CPCM(MeCN))

42

WO, OO RPRPOCFRP ORI OOCOORPROORPOORPRORPROOOOROONNNOO

WINORFROOO R

.892069000
.934577000
.061676000
.610388000
.059892000
.559561000
.179378000
.015488000
.810617000
.328682000
.402450000
. 243096000
.086062000
.427673000
.401275000
.123774000
.751283000
.328315000
.447290000
.308308000
.587025000
.544145000
.117481000
.862227000
.119203000
.010458000
.398642000
.931064000
.465764000
.224681000
.084415000
.872525000
.454628000
.227293000
.535658000
.932729000
.794396000
.997868000
.110821000
.518070000

.682523000
.069604000
.425576000
.493199000
.636307000
.908468000
.146478000
.243108000
.386206000
.141045000
.026332000
.495270000
.885254000
.628323000
.095228000
.489779000
.841986000
.179331000
.884670000
.768564000
.765011000
.543920000
.289405000
.496271000
.677101000
.550245000
.834153000
.869163000
.596637000
.766563000
.864291000
.830681000
.742980000
.702742000
.499835000
.516834000
.355805000
.121005000
.177941000
-0.961858000

OO NEKEFNNMNNRPOWEROR

o
R o

[
[ORE]

R RMAPPOCTUVVIITUDEDWNRWNNNRPRRERERERN

86

N0 WVWOoONNOTITOTUEDUTWWEARDRENWDROOWONNOOOWOLOUUIELENUNNLUNN

=
N ©®

.429123000
.282973000
.330209000
.517334000
.398167000
.255325000
.524686000
.459134000
.810371000
.248602000
.865446000
.776606000
.233211000
.565096000
.635018000
.137983000
.659297000
.781091000
.030326000
.386626000
.397223000
.849866000
.407103000
.011192000
.058160000
.420135000
.429279000
.754419000
.713501000
.701636000
.060320000
.519496000
.499065000
.360478000
.023161000
.331004000
.964694000
.687967000
.490580000
.219633000
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Mo(CO):(tpe) ((MC, CPCM(MeCN))

42

WO, OO RPRPOCFRP ORI OOCOORPROORPOORPRORPROOOOROONNNOO

AR RPRRROOR

.854104000
.774917000
.945994000
.632619000
.141749000
.472311000
.074267000
.905283000
.867342000
.562381000
.679550000
.384398000
.193051000
.603677000
.571782000
.360124000
.478157000
.260874000
.314516000
.152030000
.465604000
.409324000
.046003000
.914328000
.155552000
.002595000
.474316000
.958302000
.437226000
.114120000
.969831000
.689480000
.211281000
.402286000
.766203000
.023293000
.870478000
.139360000
.945769000
.907149000

OO NEKEFNNMNMNRPOWEROLR

o
R o

[
[ORE]

ORRPMAPPIOITUVVIOITUVUDEDWNRWNNNRPRREREN

.513054000
.969045000
.399402000
.347310000
.583460000
.731208000
.056760000
.195466000
.371677000
.214502000
.114238000
.461916000
.863590000
.693251000
.176598000
.540772000
.888115000
.110237000
.660142000
.471549000
.509721000
.202651000
.276566000
.586594000
.766766000
.662643000
.971534000
.961562000
.531081000
.750887000
.909696000
.783959000
.731991000
.574760000
.343332000
.344842000
.121215000
.091928000
.350289000
.641230000

87

ANV OVWOONNOOTTOTUEAEDNDUWWRAPRENWDROOWONNOOOWOLODUUIELENUNNOO-NN

=
N o

.446853000
.430305000
.363230000
.555684000
.405686000
.257555000
.524192000
.464158000
.824344000
.116835000
.704531000
.624186000
.038413000
.358358000
.333231000
.121786000
.707177000
.795587000
.007829000
.350218000
.370146000
.795005000
.427998000
.853755000
.083755000
.488592000
.413652000
.790635000
.754260000
.755769000
.121701000
.576607000
.567600000
.411961000
.079932000
.378017000
.009468000
.652179000
.548040000
.516305000
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2 (*GS, CPCM(MeCN))

42

P ORPOFRPROFRPROODOODOOPRPRORPROROOER OO O0OO0OON N 000 00 0

-2.
-5.
-3.
-1.
-3.

-1.

453722000
140594000
742561000
648979000
608755000

.438792000

159586000

.141841000
.292405000
.906817000
.133998000
.136903000
.935956000
.118015000
.305890000
.109651000
.103202000
.807478000
.566271000
.523331000
.126544000
.004835000
.029191000
.556827000
.231943000
.764741000
.160979000
.584146000
.615040000

.731020000
.121031000
.798647000
.155868000
.352107000
.698130000
.479282000
.714243000
.019952000
.549135000
.798226000
.816819000
.253314000
.397186000
.298797000
.795362000
.220667000
.639673000
.160931000
.103581000
.870550000
.133470000
.449538000
-1.013663000
-1.592496000
-1.405631000
-2.293242000
-0.633655000
-0.906547000

OO MNNNMNMAPAPWURAEDEWNMNOWOONWOWOR

()

88

NN WOWOWWOWOWOWNOAOTNOOTOTOOPRUPA,UUNPREPOANUVITOOWWOWU

.948522000
.155244000
.971819000
.499512000
.450872000
.985563000
.272576000
.069580000
.711855000
.370847000
.560747000
.309341000
.728785000
.338676000
.772811000
.103468000
.155604000
.806585000
.406269000
.729445000
.436449000
.228900000
.352382000
.864113000
.479984000
.692425000
.164794000
.887653000
.716842000
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2 (!GS, CPCM(THF))

42

P ORPOFRPROFRPROODOODOOPRPRORPROROOER OO O0OO0OON N 000 00 0

-2.
-5.
-3.
-1.
-3.

-1.

453287000
136939000
737623000
648200000
611154000

.439215000

158769000

.141726000
.291785000
.907666000
.136852000
.137617000
.937846000
.117564000
.304864000
.110410000
.104316000
.808527000
.568131000
.523945000
.127043000
.003963000
.027864000
.555529000
.229426000
.765494000
.162316000
.583622000
.614110000

.730676000
.114032000
.807154000
.148785000
.346966000
.697410000
.479089000
.710454000
.024577000
.553503000
.794720000
.815627000
.251436000
.395352000
.296354000
.793859000
.218752000
.639119000
.160488000
.103218000
.870855000
.134686000
.451542000
-1.012122000
-1.590110000
-1.404928000
-2.292432000
-0.633975000
-0.906961000

OO MNNNMAMAWUUEDEWNOWOONWOWO R

()

89

NNWOVWWwWoWwWOwWOoNOAOTNOTOOOPPRUPA,UuuNPRPRPROANUVITOOWWOWU

.948805000
.155290000
.977783000
.494149000
.453179000
.986792000
.271372000
.068501000
.714463000
.366929000
.562185000
.309422000
.729933000
.336247000
.769175000
.099895000
.149738000
.804395000
.403214000
.729813000
.437534000
.232734000
.358491000
.867902000
.485984000
.693153000
.165288000
.886271000
.713030000
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2 (3MLCT, CPCM(MeCN))

42

P ORPOFRPROFRPROODOODOOPRPRORPROROOER OO O0OO0OON N 000 00 0

-2.
-5.
-3.
-1.
-3.
-0.
-1.
-4.
-3.
-1.
-2.
-0.

1
()

O R OOONRKFR WNPRLR

427804000
216552000
754633000
622307000
147621000
466398000
187172000
218473000
299861000
888211000
887048000
141136000

.913779000
.082954000
.276394000
.060947000
.032888000
.763641000
.502385000
.490107000
.113750000
.971334000
.984612000
.527060000
.189386000
.801288000
.192165000
.598170000
.615473000

OO MNNNMAMAPWUELEDEWNOWOONWO WO R

.688399000
.132040000
.793399000
.013668000
.411962000
.653586000
.436287000
.673985000
.043434000
.597889000
.795918000
.761636000
.166287000
.379653000
.269338000
.821006000
.286890000
.685799000
.248814000
.072435000
.882464000
.136698000
.474967000
.001254000
.564131000
.438718000
.334013000
.690425000
.997449000

90

NN WOWOWWOOWOWOWNAOANOOTOOTOOPDPUPAUUNPDEPR,OAOANUIOOWWOW

.938762000
.293350000
.918719000
.336250000
.540739000
.922664000
.228710000
.155333000
.653593000
.282019000
.615522000
.226535000
.586510000
.303578000
.722010000
.162895000
.264362000
.867741000
.524290000
.750508000
.428864000
.279380000
.441091000
.896726000
.542154000
.674726000
.135908000
.841698000
.637024000

455



2 (3MLCT, CPCM(THF))

42

P ORPOFRPROFRPROODOODOOPRPRORPROROOER OO O0OO0OON N 000 00 0

-2.
-5.
-3.
-1.
-3.
-0.
-1.
-4.
-3.
-1
-2.
-0.

1
()

O R OOONRKFR WNPRLR

428630000
218155000
753149000
619150000
144376000
467323000
187908000
219685000
299433000

.886458000

885399000
140666000

.912590000
.083188000
.277632000
.059893000
.031637000
.761646000
.499627000
.488620000
.112601000
.970062000
.982904000
.526869000
.189399000
.800755000
.190773000
.597703000
.614557000

OO NNNPAPWUBRADWNOWOON WOWOOLR

.688716000
.135178000
.793171000
.017554000
.408894000
.653424000
.435975000
.676440000
.043216000
.600261000
.794395000
.759771000
.162770000
.377838000
.265997000
.821092000
.287200000
.687252000
.251513000
.073260000
.883175000
.137717000
.476788000
.000934000
.563482000
.439730000
.335796000
.691601000
.999489000

91

NN WOWOWWOWOWONAOAOTNOOTOTOOPUPA,UUNPREPPONUVIOOWWOWU

.939291000
.296122000
.918040000
.334350000
.545825000
.922330000
.228634000
.157070000
.653787000
.280272000
.619491000
.224079000
.582138000
.301119000
.717632000
.162973000
.264944000
.869237000
.527386000
.751596000
.429669000
.280389000
.443008000
.896778000
.542227000
.673581000
.133886000
.840789000
.635016000

456



2 (3MC,, CPCM(MeCN))

42

P ORPOFRPROFRPROODOODOOPRPRORPROROOER OO O0OO0OON N 000 00 0

-2.
-4.
-3.
-1.
-3.
-0.
-0.
-3.
-3.
.726982000

-1

-2.

Q.
.763722000
.323636000
.525182000
.323163000
.338081000
.002760000
.767667000
.690133000
.268626000
.100304000
.090590000
.639658000
.271626000
.641342000
.042461000
.415454000
.421893000

1
()

O NEFPOONNWNERLER

435310000
925818000
781255000
281307000
133236000
270011000
982805000
927992000
125656000

916773000
045135000

|
(O

O OO NNNPWUREDWNOWOONWOW

.731317000
.220831000
.987800000
.263111000
.207707000
.681119000
.429532000
.380584000
.271892000
.784509000
.679240000
.774743000
.227690000
.304192000
.190000000
.666843000
.042707000
.536797000
.024297000
.065165000
.863859000
.206723000
.581155000
.931210000
.449782000
.389719000
.277152000
.675640000
.988674000

92

NNWOVWoWwWwWwUwowooNOAOTNOTOTOOPRUPUuUNPRPRPROIANOOOOWSAOWUW

.949846000
.046779000
.189535000
.362573000
.694058000
.084873000
.299971000
.123520000
.839479000
.286652000
.695382000
.382498000
.825524000
.347443000
.761519000
.072034000
.063660000
.807822000
.371170000
.800381000
.545965000
.452982000
.664055000
.096355000
.805325000
.815327000
.284553000
.916118000
.674156000
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2 (3MC; with d(Mo—CO™") constrained to 2.555 A., CPCM(MeCN))

42

P ORPOFRPROFRPROODOODOOPRPRORPROROOER OO O0OO0OON N 000 00 0

-2.
-5.
-4.
-0.
-3.
-0.
-1.
-4.
-3.
-1.
-3.
-0.
-1.

=

O R OOONREFP WNEPR

490211824
229766675
085011820
994023478
761678700
536405810
264492320
223724523
488136926
438691121
273174543
210674459
020591880

.051229126
.247974582
.070127639
.077102202
.770351903
.541048294
.456872586
.069235964
.933006166
.967555626
.469964961
.137580270
.888043034
.292551944
.696487755
.739510930

OO R NMNNNPAPWUREARDMNWNOWOONWOWOR

.881383344
.290454808
.778899186
.175592653
.224167968
.837963828
.623258085
.849827440
.092941006
.657243435
.736165471
.940592999
.398761011
.476659077
.360135311
.839859347
.237919174
.719001607
.227825106
.188164329
.005307125
.230984811
.523649463
.883857242
.472460567
.257798757
.131991106
.476583910
.725903654

93

N WOoWWWOWONIOATNOOTOTOPRPUPRAUNPDPRROANOOOWRAOO

.210421019
.319176998
.203285581
.314605418
.737352452
.180189123
.469372325
.255966247
.905964704
.228843255
.814773194
.469187630
.918012482
.432203432
.842352307
.182974183
.185409457
.909151951
.485431266
.906430921
.594752936
.409077875
.517016804
.055905514
.671945092
.913474282
.402796018
.126975600
.986726166

458



2 (MECP 'GS-*MC,, CPCM(MeCN))

42

P ORPOFRPROFRPROODOODOOPRPRORPROROOER OO O0OO0OON N 000 00 0

-2.
-4.
-3.
-1.
-3.
-0.
-0.
-3.
-2.
.848901000

-1

-3.

Q.
.742778000
.302284000
.492509000
.284978000
.273804000
.978069000
.728397000
.695521000
.293654000
.181395000
.211995000
.730032000
.407415000
.599627000
.003275000
.414026000
.451303000

1
()

O NPFPOONRF WNPRR

562393000
966324000
570785000
392089000
318508000
250719000
988746000
940974000
932284000

056458000
053680000

|
(O

OO MNNNMNAPWUUREDNWNOWOONWOW

.719804000
.191852000
.926125000
.036365000
.670354000
.651363000
.443292000
.354956000
. 249824000
.607867000
.939259000
.782494000
.223580000
.379596000
.297475000
.769221000
.201426000
.595152000
.109146000
.056401000
.813688000
.065472000
.367153000
.077021000
.666483000
.447671000
.327806000
.660131000
.921075000

94

NN WOWOWWOWWOLWNIOAOTNOOCTOTOOPRPRUPAUNPREPRPRAOANOOOOWWOW

.878206000
.574199000
.893051000
.435672000
.277715000
.065136000
.346842000
.465290000
.600577000
.321739000
.429431000
.424137000
.839846000
.489683000
.951061000
.258487000
.342522000
.927524000
.532321000
.810418000
.500679000
.277312000
.386011000
.917766000
.521870000
.766276000
.247349000
.967536000
.810902000
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2 (5MC, CPCM(MeCN))

42

P ORPOFRPROFRPROODOODOOPRPRORPROROOER OO O0OO0OON N 000 00 0

-2.
-5.
-4.
-1.
-3.

-1.

362029000
232251000
196752000
463533000
576837000

.390884000

173020000

.121410000
.525713000
.786432000
.121975000
.045230000
.830781000
.207644000
.430873000
.188716000
.185947000
.865198000
.608603000
.564664000
.145985000
.985578000
.012912000
.499257000
.142203000
.846089000
.272752000
.620757000
.653378000

OO MNNNPAPWUELEDEWNOWOONWO WO R

.845079000
.417403000
.691233000
.038680000
.297563000
.713973000
.498876000
.317575000
.040499000
.671405000
.798547000
.823133000
.266369000
.371506000
.257450000
.746668000
.162391000
.620424000
.143479000
.065420000
.884189000
.105174000
.403296000
.014096000
.604388000
.389647000
.265584000
.606835000
.861544000

95

NNWOVWWwwowowoNOOTNOTCTOTOPUDPAUuINPR,PPoaNUVIOWSAU W

.923081000
.833392000
.061504000
.389744000
.549153000
.981269000
.238156000
.192525000
.722706000
.276375000
.633044000
.283619000
.684431000
.319684000
.743545000
.138796000
.206359000
.846329000
.468828000
.768532000
.432866000
.271237000
.422343000
.892516000
.533218000
.683981000
.151405000
.857936000
.659503000
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Mo(CO)s(bpy), trans-py vacancy (*GS, CPCM(MeCN))

42

P ORPRORFRPROCFRPROODOODOOPRPRORPROOR OR OO0OOONN O™

-2.
-3.
-1.
-3.
-0.
-1.
-3.
-1.
-3.
-0.
.982653000
.065117000
.238974000
.069775000
.057292000
.777541000
.539947000
.503195000
.133229000
.987186000
.984555000
.542292000
.194002000
.749132000
.137974000
.544201000
.555674000

1
()

P OPRPROOONEFRFR WNERLR

381003000
723516000
646023000
385864000
475714000
123317000
256931000
885347000
013072000
180293000

O OO NNNPWUREDWNONONWOWR

.632280000
. 802050000
.450611000
.550148000
.611803000
.368667000
.949747000
.788079000
.789757000
.735424000
.152720000
.331449000
.231111000
.755746000
.195085000
.604296000
.137957000
.043651000
.819725000
.155948000
.525154000
.981836000
.501312000
.440661000
.322657000
.737047000
.053355000

96

NNWVWWwWWwWwoWwOwWOoONOOTNOTOTOPUDPAUIPD,PAYNUVTOOWRA_WUV

.917731000
.137550000
.058362000
.252542000
.970435000
.237979000
.805948000
.140859000
.462444000
.286476000
.699062000
.320287000
.746648000
.091051000
.139745000
.801933000
.407335000
.732972000
.459364000
.340593000
.524791000
.994436000
.684277000
.753674000
.242412000
.867675000
.646396000
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Mo(CO)s(bpy), trans-CO vacancy (*GS, CPCM(MeCN))

42

P ORPRORFRPROCFRPROODOODOOPRPRORPROOR OR OO0OOONN O™

-2.
-5.
-4,
-3,
-0.
-1.
-4,
-3.
-3.
-0.
-1.

()

P OPRPROOONERWRLPRL

697585000
513920000
161354000
629386000
623629000
325911000
444508000
612930000
260078000
340182000
184643000

.949617000
.121933000
.995553000
.016269000
.712975000
.513918000
.392509000
.005441000
.938622000
.995871000
.501973000
.219618000
.862068000
.249403000
.737886000
.806908000

OO NEFEFNMNWWURAPDMWWWEONWWOLR

[
OO NRRRO

.943925000
.669400000
.852678000
.957152000
.715167000
.602102000
.103763000
.122324000
.187056000
.802911000
. 308906000
.271445000
.155212000
.587156000
.928353000
.460508000
.922414000
.035463000
.839918000
.007429000
.185073000
.112680000
.777854000
.351401000
.201017000
.473365000
.622736000

97

0000 W W WOOWOONONOOTUVIUE UIUUYIUIONOGOOOWRNO

.598248000
.084373000
.609897000
.730836000
.295480000
.763113000
.893378000
.341663000
.924314000
.562509000
.119207000
.382908000
.785044000
.988820000
.875864000
.748060000
.231588000
.878063000
.656197000
.247031000
.144968000
.963019000
.424273000
.069250000
.613835000
.452988000
.505038000
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Mo(CO)z(bpy), trans-CO*2 vacancy (*GS, CPCM(MeCN))

42

P ORPROFRPROFRPRODOODODROOCDRPROROR OO ONNOOO®

-2.
-5.
-4.
-0.
-1.
-4.
-3.
-0.
-1.

()

P ORFRPR OOONENERLRL

708072000
539174000
127413000
623320000
324984000
452422000
599908000
340088000
180655000

.942100000
.112544000
.983804000
.998672000
.701672000
.498040000
.389041000
.006067000
.941325000
.997152000
.511867000
.232024000
.851497000
.234833000
.730536000
.798033000

O NEFEFNWWURMDMNWWRONWOOLR

[ 1
OO NRRROO

.903600000
.791078000
. 888649000
.669302000
.564562000
.189830000
.132762000
.762868000
.240270000
.263918000
.148890000
.610837000
.977938000
.484891000
.974163000
.025229000
.825344000
.008191000
.199986000
.118471000
.772497000
.374203000
.227381000
.513151000
.679987000

98

0000 WWUWOOWMWMKWMNOCNGOTUVIOORUUUTUONOGORANO

.541168000
.219039000
.616891000
.238559000
.720397000
.969055000
.361621000
.508768000
.027086000
.373649000
.776675000
.022357000
.943830000
.782720000
.302453000
.870932000
.642172000
.250072000
.163530000
.962338000
.435417000
.050192000
.592418000
.415082000
.448395000
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Mo(CO)s(bpy), trans-py vacancy (3MC;, CPCM(MeCN))

42

P ORPRORFRPROCFRPROODOODOOPRPRORPROOR OR OO0OOONN O™

-2.
-4.
-1.
-3.
-0.
-1.
-3.
-1.
-3.
-0.
.839410000
.216666000
.417290000
.201848000
.197793000
. 885040000
.633126000
.597625000
.165543000
.998019000
.026999000
.492383000
.127780000
.836493000
.271441000
.607995000
.643060000

1
()

P ONOOONERFRFR WNERLR

333961000
294727000
504833000
559133000
354066000
124369000
591573000
811384000
092432000
042840000

1.830551000
.521643000
.187974000
.304986000
.726585000
.537430000
.892203000
.572824000
.785063000
.852615000
.299962000
.416130000
.321161000
.799345000
.217200000
.641610000
.147036000
.115612000
.889397000
.119451000
.405964000
-1.017648000
-1.624721000
-1.365342000
-2.242983000
-0.564918000
-0.798642000

1
o w

OO MNNNMPAAWUEDWNONONW

()

99

NN WOWWOoWOWONOONOOTOOTOPR,UPAD,UNPDPANNUVITOOWWW

.871106000
.999470000
.554446000
.415942000
.996229000
.216019000
.673718000
.375632000
.488579000
.329136000
.750813000
.374519000
.818648000
.141276000
.201888000
.832317000
.433444000
.743212000
.426298000
.237102000
.393486000
.846060000
.477074000
.630962000
.087380000
.807566000
.600656000
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Mo(CO)s(bpy), trans-CO vacancy (3MC,, CPCM(MeCN))

42

P ORPRORFRPROCFRPROODOODOOPRPRORPROOR OR OO0OOONN O™

-2.
-5.
-4.
-3.
-0.
-1.
-4.
-3.
-3.
-0.
-1.

=

P OPRPROOONEF WNLER

613380000
329865000
294219000
908756000
592325000
334320000
326960000
661927000
406358000
266416000
099417000

.024381000
.217276000
.076389000
.104862000
.772885000
.564567000
.434171000
.026972000
.917701000
.980628000
.442731000
.128267000
.946447000
.363773000
.780331000
.852428000

OO NEFEFNMNWWURAPDMWMNMWEONMNWWON

.102443000
.497861000
.906666000
.414957000
.781241000
.692115000
.070731000
.251432000
.933208000
.837069000
.368091000
.231275000
.081105000
.519360000
.814705000
.442053000
.879926000
.061400000
.915089000
.051582000
.238733000
.032566000
.701756000
.257310000
.098051000
.381642000
.515273000

100

0000 W WUWVWOWOKOUNOGONGOOTUVIULEA, UIUTUITOOUIOONO ORMOO

.684609000
.849997000
.667578000
.194923000
.302595000
.710819000
.775615000
.376184000
.268871000
.509154000
.071411000
.271685000
.632016000
.880866000
.719232000
.681403000
.154938000
.880174000
.648994000
.309168000
.258958000
.011071000
.513628000
.061767000
.598046000
.417102000
.439161000
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Mo(CO)z(bpy), trans-CO*2 vacancy (3MC,, CPCM(MeCN))

42 -2.659526000
-5.597499000
-4.482046000
-0.583631000
-1.294678000
-4.480185000
-3.767151000
-0.297070000
-1.135944000
.986246000
.161564000
.024019000
.039362000
.739432000
.533226000
.426871000
.038050000
.961823000
.018844000
.518886000
.229895000
-0.845622000
-1.237443000
-1.713232000
-2.780818000

()

P OFRPROCFP ORI OORFRPROORFRP OORFR, OOO0OO0ONN 00
P ONOOONR WNER

€O (*GS, CPCM(MeCN))
8 -3.907998000
6 -3.417512000

=

OO NEFEFNWWURAPNWWEONWDOO

.900420000
.926814000
.750230000
.661936000
.565491000
.245332000
.083633000
.754295000
.229180000
.255371000
.139451000
.603308000
.970514000
.478400000
.968729000
.019197000
.827987000
.001151000
.212090000
.105911000
.755391000
.365632000
.217454000
.510452000
.678452000

.407877000
.942488000

101

0000 W WWOOWOWMOKWNOGONGOUIaAR UTUTUTUONOPNNO

.527258000
.067559000
.759849000
.230695000
.698202000
.891876000
.412336000
.499266000
.011981000
.371622000
.775048000
.027603000
.954572000
.788164000
.312981000
.871148000
.645174000
.279318000
.216750000
.987706000
.480642000
.047346000
.585423000
.389978000
.402317000

.191220000
.289884000
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6.11  Supporting Information for Theoretical calculations supporting annihila-
tor design and experimental findings (Section
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1. General experimental details and methods
1.1 Materials

Unless specifically mentioned, all chemicals used for synthesis, irradiation experiments, or optical
spectroscopy were commercially obtained and used as received. Tetrahydrofuran, 99.7%, VWR,;
(triisopropylsilyl)acetylene, 97%, Alfa Aesar; bis(triphenylphosphine)palladium(ll) dichloride, 98%,
Acros Organics; copper(l) iodide, 99.9%, Alfa Aesar; triphenylphosphine, 99%, Sigma-Aldrich;
diisopropylamine, 99.9%, Sigma-Aldrich; 2,4,5,6-tetrafluoro-1,3-benzenedicarbonitrile, 97%, Alfa
Aesar; carbazole, 95%, Alfa Aesar; sodium-bis(trimethylsilyl)amide 2 M in THF, 99.7%, Alfa Aesar; p-
terphenyl, Alfa Aesar, 98%; 1,4-dibromobenzene, 98%, Alfa Aesar; bromobenzene, 99%, Sigma-
Aldrich; 1,3,5-tribromobenzene, 98%, Acros Organics; acetone, 99.9%, VWR Chromanorm;
cyclohexane, >99.5%, VWR Normapur; sodium sulfate, 99%, Acros Organics; diethyl ether, 99.5%,
VWR; pinacolone, 97%, Thermo Scientific; C¢D12, 99.5%, deutero; toluene-ds, 99.5%, deutero; CDCls,
99.8%, deutero; ethanol, 99.8%, VWR; coumarin 6, >98%, TCl; 1,2-diphenylethane, 98%, Thermo
Scientific; 1,3-diphenylacetone, 99%, Thermo Scientific; ultrapure Millipore MilliQ water with a
specific resistance of 18.2 MQ cm.

Argon from Nippon Gases (5.0) or Air Liquid Japan (6.0) was used for removing dissolved oxygen
before all experiments related to optical spectroscopy.

1.2 Steady-state measurements

Steady-state emission measurements at room temperature were performed using a Perkin Elmer FL-
6500 spectrometer. Absorption spectra were recorded with a Perkin ElImer LAMBDA 365 UV-Vis
spectrophotometer. All spectra were recorded at room temperature (295 + 3 K) using quartz glass
cuvettes. Emission spectra were corrected regarding the wavelength-dependent sensitivity of the
instrument. Emissive chemicals were employed in very low concentrations to eliminate filter effects.
Phosphorescence spectra at 77K were measured by using a JASCO FP-8700 spectrofluorometer.

1.3 Excitation light sources

The following light sources were employed for photon upconversion studies and application-related
irradiation experiments: (i) a 447 nm cw laser (Roithner Lasertechnik, optical output: up to 1.1 W,
with adjustable laser power and a beam size of ~0.10 cm?, (ii) a 445 nm diode laser (75 mW, RGB
Photonics), (iii) two 440 nm LEDs (Kessil Science, PR160L) with an average intensity reported as 352
mW cm? (1 cm distance). Emission spectra of the LED and the 447 nm cw laser were measured by
irradiating a water-containing cuvette in the FL-6500 instrument and recording the Rayleigh
scattering light; the spectra so obtained are shown in Figure S1.
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Figure S1. Emission spectra of the PR160L 440 nm LED from Kessil Science (blue), the 447 nm cw laser from Roithner
Lasertechnik (green) and the 445 nm diode laser from RGB Photonics (purple). The emission spectra were measured by
irradiating a water-containing cuvette in the emission spectrometer.

1.4 Determination of fluorescence quantum yields

The fluorescence quantum yield of bTIPS-Bz was determined in relation to a reference system ref (p-
terphenyl in cyclohexane, @= 0.93) by the comparison of their respective fluorescence emission
spectra. In equation (1) @ depicts the quantum vyield, I the fluorescence intensity integrated over
the wavenumber, A the absorption at the irradiation wavelength, and n the refractive index of the
solvent of the corresponding system taken from literature.lt! The fluorescence quantum yield for
bTIPS-Bz was measured at four different excitation wavelengths (265, 270, 275 and 285 nm) and
averaged over all results. Due to the high absorption coefficient of toluene below 300 nm, we could
not determine the fluorescence quantum yield in the solvent mixture cyclohexane/toluene (9:1).
However, we assume that the quantum yield is not significantly affected by the addition of 10%
toluene. This is corroborated by very similar excited-singlet state lifetimes in neat cyclohexane and
the above-mentioned solvent mixture containing toluene. The fluorescence quantum yield of 4CzIPN
in cyclohexane/toluene (9:1) was taken from the literature.’” The systems used to determine the
fluorescence quantum vyields were prepared with an optical density below 0.1 at the irradiation
wavelengths to circumvent filter effects.

I Aper n? (1)
OF = PFliref "7
o her A nly

1.5 Determination of the threshold intensity /w

For TTA-UC emission spectra, a 445 nm diode laser (75 mW, RGB Photonics) was used as the
excitation source. The laser power was controlled by combining the software (Ltune) and a variable
neutral density filter and measured using a PD300-UV photodiode sensor (OPHIR Photonics). The
laser beam was focused on a sample using a lens. The diameters of the laser beam (1/e?) were
measured at the sample position using a CCD beam profiler SP620 (OPHIR Photonics). A typical area
of the laser beam spot estimated from the diameter was 2.1 10 cm? The emitted light was
monitored by a multichannel detector MCPD-9800 (Otsuka Electronics). A 425 nm short-pass filter
was used between the sample and the detector. For Iy, measurements, the emitted light was focused
by an achromatic lens for detecting the upconverted emission from low excitation intensity. TTA-UC
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emission spectra above 300 nm were calibrated by using a standard xenon lamp L7810-03
(HAMAMATSU). The UC solutions have been prepared in an argon-filled glovebox.

1.6 Upconversion quantum yields

The upconversion quantum yield was determined from the ratios of (integrated) upconverted
photons and the integrated emission of reference systems with well-known quantum yields. For that
two different methods/setups were employed as detailed below.

(i) A 1 cm quartz cuvette containing an argon-saturated 4CzIPN solution (reference quantum vyield,
0.90)? in the absence of the annihilator was measured under identical conditions as the complete
upconversion system. The 447 nm cw laser was employed and installed at a 90° angle with respect to
the FL-6500 detector. The precise laser power was adjusted using a calibration sheet provided by the
manufacturer. In some measurements, a neutral density filter from Newport was used to attenuate
the luminescence signal in order to avoid over-saturation of the detector.

( A

-

cell length : 1mm )

Figure S2. 1 mm quartz cuvette used for photon upconversion studies.

(ii) A 1 mm quartz cuvette (Figure S2) containing a 50 uM coumarin 6 solution was measured under
identical conditions as the complete upconversion system. The 445 nm laser was employed and
controlled as described in Section 1.5. The UC solutions have been prepared in an argon-filled
glovebox. We measured the absolute fluorescence quantum vyield of Coumarin 6 in
cyclohexane:toluene (9:1) as 96.1% and used it for the calculation of @yc.

Duc = Dy (1'1—0-'“) (’S_td) (FLC) (M)z @)

1-1074%) \Iyc/ \Fsta/ \nsea

The overall quantum yield @yc was then determined according to equation (2). Where @, A, I, F, and
n represent quantum yield, absorbance at either 447 nm or 445 nm, excitation intensity, integrated
photoluminescence spectral profile, and solvent refractive index, respectively. The subscripts UC and
std denote the parameters of the upconversion and standard systems. Note that the theoretical
maximum of @yc is 50%.

1.7 Quenching rate constants

The triplet-triplet energy transfer constant, krrer, and FRET rates, kerer, were determined from
Stern—Volmer experiments. The lifetime of the delayed sensitizer emission was measured with
different concentrations cq of bTIPS-Bz and fitted in a Stern—Volmer plot according to equation (3).

4
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With the unquenched lifetime (7.9 ps), the quenching rate constant krrer was derived from the
corresponding Stern—Volmer constant Ksy.

The FRET rates with the acceptors acetone and pinacolone were obtained by two different methods:

Method A: Either the kinetic emission traces at 318 nm (see main paper, Figure 5E) between 0 us and
300 s or the spectral upconversion emission of bTIPS-Bz between 300 nm and 400 nm (delay: 6 ps,
integration over 500 us, see main paper, Figure 5F) with varying quencher concentration were
integrated and plotted in a Stern—Volmer graph. A linear fit was obtained by averaging the results of
both (spectral and kinetic) measurements for each concentration. The LFP setup with 355 nm
excitation described in Section 1.9 was used for these measurements.

Method B: The fluorescence lifetime (see Section 1.11 for the experimental setup) of bTIPS-Bz was
measured with different concentrations cq of acetone and fitted in a Stern—Volmer plot. Pinacolone
could not be studied with this method due to its high absorption at our excitation wavelengths and
resulting artifacts.

With the natural lifetime of bTIPS-Bz in Ar-saturated cyclohexane:toluene (9:1) (2.86 ns, see Figure
S14), the quenching rate constant kerer was derived from the corresponding Stern—Volmer constant
st.

To _ %o Fo @
T e =7 =1+ 70 kg cq=1+Ks ¢cq

1.8 Determination of FRET parameters
The spectral overlap integral J(A) between the absorption of the acceptors AC and PC with the

annihilator bTIPS-Bz emission was obtained from equation (4).?

JA) = f ea(M) A*Fp(1)dA (4)
0
With the molar absorption coefficient of the acceptor €a and the normalized fluorescence of the

donor Fop.
Jac =2.510% Mt cm™ nm?

Jpc=5.810%Mm?* cm™? nm?

The Forster radii, Ro, of AC or PC as acceptor and bTIPS-Bz as donor were calculated by the following
equation:?!
2 _4 EN 5)
Ry = 0.221(k*n*®pJ(1))s (in A)

With the orientation factor «, the refractive index n, the fluorescence quantum yield of bTIPS-Bz and
the respective spectral overlap integral J(A).

RU,AC =0.7 nm

Ro,pc =0.8nm
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1.9 Laser flash photolysis

The LP980KS setup from Edinburgh Instruments equipped with an Nd:YAG laser from Litron (Nano LG
300-10) was employed for transient absorption and time-resolved emission spectroscopy. The
frequency-tripled output with a wavelength of 355 nm served as the excitation source. The laser
pulse duration was ~5 ns and the pulse frequency was 10 Hz. The typical pulse energy used for
transient absorption and emission studies was 15 mJ. Detection of transient absorption spectra
occurred on an iCCD camera from Andor. Kinetic traces at selected wavelengths were recorded using
a photomultiplier tube. The spectroscopic experiments were performed at 293 K using a cuvette
holder that allows temperature control. If not stated otherwise the TA spectra were integrated over
100 ns.

1.10 Irradiation experiments

The deoxygenated solutions were irradiated in Teflon-sealed NMR tubes with either the 447 nm cw
laser or two 440 nm LEDs from Kessil (see excitation light sources for details) that were installed 90°
to each other (Figure S3). During the experiment the NMR tube was kept at a constant temperature
using a water bath in combination with a fan. Long-pass filters with a cut-off wavelength of 385 nm
were used to filter out high-energy photons that might be emitted from the LEDs.

Figure S3. Setup for the irradiation experiments using two blue LEDs.

1.11 Fluorescence lifetime measurements

The mini-tsetup from Edinburgh Instruments (time-correlated single photon counting (TCSPC)
technique) equipped with a pulsed LED (EPLED-300, excitation at ~293 nm) was employed for
fluorescence lifetime measurements of bTIPS-Bz at 293 K. Stray light was removed with a long-pass
filter with a cut-off wavelength of 320 nmfrom Newport and neutral density filters were used to
avoid oversaturation of the detector.

Time-resolved upconversion lifetime measurements (Figure 3C, main paper) were carried out by
using a time-correlated single-photon counting lifetime spectroscopy system, HAMAMATSU
Quantaurus-Tau C11367-21, C11567-02 and M12977-01. A xenon flashlamp (60W, pulse duration
<3 ps) equipped with a 445 nm band-pass filter served as light source. The solutions for these
measurements have been prepared in an argon-filled glovebox.
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1.12 Chromatography

For standard liquid column chromatography separation silica gel 60 M (0.040-0.063 mm Macherey-
Nagel GmbH & Co., Diren, Germany) was used. Thin layer chromatography (TLC) was performed
using “DC Kieselgel 60 F254” (Merck KGaA, Darmstadt, Germany) on aluminum and a UV lamp
(Benda, NU-4 KL, A = 254 nm and 365 nm, Wiesloch, Germany) was employed for detection. The
resulting R¢ values are given relative to the solvent.

1.13 NMR spectroscopy

For NMR spectroscopy a multinuclear magnetic resonance spectrometer of the type AV 11 400 (Bruker,
Karlsruhe, Germany) was employed. The chemical shifts are given as &-values in ppm and they were
referenced relative to the residue signal of the non-deuterated solvent. The following abbreviations
were used: singlet (s), doublet (d), multiplet (m), and the coupling constant (J).

1.14 Gas chromatography and mass spectrometry

Gas chromatography was performed on an Agilent 8890 GC using a HP 5MS Ul column (30 m x
0.25 mm x 0.25 um) and a flow of 1.2 ml/min helium. The flow was split to an FID and an Agilent
5977 GC/MSD. Injector temperature 250°C, MS source temperature 250 °C, transfer line
temperature 230 °C, quadrupole temperature 150 °C. Oven temperature program: Hold 40 °C for
2 min, heat at 50 °C to 320 °C and hold for 7.4 min.

1.15 Preparation of deoxygenated solutions for photon upconversion studies

Unless noted otherwise, the solutions for photon upconversion experiments were deoxygenated in
custom-made Schlenk-cuvettes? by five freeze-pump-thaw cycles using argon as an inert gas, liquid
N, for cooling, and Schlenk line vacuum (down to 0.2 mbar).

2. Synthetic procedures
2.1 Synthesis of TIPS-ethynyl-benzene derivatives

The TIPS-ethynyl-functionalized benzenes were synthesized according to the Sonogashira coupling
reaction analogous to the preparation of similar aromatic compounds.'>*! The exact quantities are
listed for each benzene derivative below. The bromobenzene, Pd(PPhs;),Cl;, Cul, PPhs, and dry THF
were added to a flame-dried round-bottom flask under argon flow. The flask was equipped with a
condenser column. Diisopropylamine was added to the solution under constant stirring. The flask
was then heated to 70°C and (triisopropylsilyl)acetylene was added dropwise to the mixture. The
mixture was held at 70°C for 12 h under argon atmosphere. The completion of the reaction was
tested with TLC. After cooling, the mixture was filtered and the solvent was removed under reduced
pressure. The residue was redissolved in chloroform and washed twice with deionized water and
twice with brine. The organic layer was dried with Na,SO4 and the solvent was removed under
reduced pressure. If not stated otherwise, the product was purified via column chromatography
(neat cyclohexane) and then if required recrystallized from ethanol/water (9:1). NMR spectra (see
below) of all TIPS-ethynyl-benzenes derivatives agree with those reported in the literature.!

1,4-bis((triisopropylsilyl)ethynyl)benzene (bTIPS-Bz). 1.418 g 1,4-dibromobenzene (4.30 mmol),
36.5 mg Pd(PPhs).Cl, (0.052 mmol), 26.2 mg Cul (0.14 mmol), 36.1 mg PPh; (0.14 mmol), 28 mL dry
THF, 13.5 mL diisopropylamine and 1.85 mL (triisopropylsilyl)acetylene (8.26 mmol); yield = 1.573 g,
3.59 mmol (84%) after column chromatography. Obtained as a colorless solid.

R¢(cyclohexane) = 0.5

GC-FID: purity > 99 %
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EI-MS (m/z): calculated for [M + H]": 438.314, found 438.350.
H NMR (400 MHz, CDCl3): 6 [ppm] = 7.39 (s, 4H), 1.13 (s, 42H);

13C NMR (400 MHz, CDCl3): 6 [ppm] = 131.9, 123.5, 106.8, 92.8, 18.8, 11.5.

((triisopropylsilyl)ethynyl)benzene (TIPS-Bz):) 675 mg bromobenzene (4.30 mmol), 18.26 mg
Pd(PPhs),Cl, (0.026 mmol), 13.1 mg Cul (0.069 mmol), 18 mg PPh; (0.069 mmol), 28 mL dry THF, 7 mL
diisopropylamine and 0.93 mL (triisopropylsilyl)acetylene (4.13 mmol); yield = 354 mg, 1.37 mmol
(32%).

[a] A colorless liquid was obtained from column chromatography, which was then distilled under
vacuum (102 mbar) at 80°C.

Re(cyclohexane) = 0.75
H NMR (400 MHz, CDCls): & [ppm] = 7.29-7.32 (m, 3H), 7.47-7.49 (m, 2H), 1.13 (pseudo-s, 21H);

13C NMR (400 MHz, CDCl3): 6 [ppm] = 132.2, 128.4, 128.32, 123.7, 107.2, 90.6, 18.8, 11.5.

~ A
o

1,3,5-tris((triisopropylsilyl)ethynyl)benzene (tTIPS-Bz): 1,322 g 1,3,5-tribromobenzene (4.30 mmol),
54.8 mg Pd(PPhs),Cl, (0.078 mmol), 39.3 mg Cul (0.21 mmol), 54.1 mg PPhs (0.21 mmol), 48 mL dry
THF, 20 mL diisopropylamine and 2.78 mL (triisopropylsilyl)acetylene (12.39 mmol); yield=2.38 g, 7.1
mmol (33%) after recrystallization. Obtained as a colorless solid.

R¢(cyclohexane) = 0.5
'H NMR (400 MHz, CDCl3): & [ppm)] = 7.47 (s, 3H), 1.13 (pseudo-s, 63H);

13C NMR (400 MHz, CDCl3): & [ppm] = 135.0, 124.0, 105.2, 92.1, 18.7, 11.3.
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2.2 Synthesis of 4CzIPN

The compound 4CzIPN was still available from our recent study.? It was purified by sublimation prior
to its use as sensitizer. The *H NMR spectrum agrees with that reported in the literature. !

H NMR (400 MHz, CDCl3): & [ppm] = 8.22(d, Ju = 8 Hz, 2H), 7.74-7.67 (m, 8H), 7.51-7.47 (m, 2H),
7.33 (d, Jun 8 Hz, 2H), 7.23-7.21 (m, 4H), 7.12-7.05 (m, 8H) 6.84-6.80 (m, 4H), 6.65-6.61 (m, 2H).
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3. DFT calculations

The DFT calculations for structure optimization and frequency analysis were carried out using the
Gaussian 09 software package!” with the B3LYP functional and the 6-311+G(d,p) basis set. No
negative vibrational frequencies were observed in the optimized structures indicating the successful
convergence on minimum structures. Initially, singlet ground states were optimized and the resulting
structures served as the starting point for the corresponding triplet state calculations. Spin densities
of the triplet states were obtained by single-point calculations following successful optimizations.
The calculated triplet energies, Ex(DFT), were determined by comparing the energies of the optimized
singlet ground states to those of the corresponding triplet states.!® The TIPS-ethynyl substituents add
numerous degrees of rotational freedom and consequently require huge computational effort. For
the initial screening of the annihilators used in this work, we replaced the TIPS-ethynyl by TMS-
ethynyl substituents simplifying the calculations significantly. We found similar Er values, deviating by
0.01 eV when comparing respective mono- and di-substituted TIPS-ethynyl and TMS-ethynyl. Based
on these results, the triplet energy for tTIPS-Bz (for which we could not obtain suitable optimized
structures and energies) was extrapolated from tTMS-Bz.

Time-dependent DFT calculations with identical functional and basis were used to calculate the
vertical excitation energies for simulating the triplet-triplet absorption spectrum of bTIPS-Bz. The
predicted transitions and their oscillator strengths are displayed in Figure 3B (main paper). The
calculated triplet absorption spectrum shows a global maximum at 361 nm, which is in good
agreement with the experimental triplet absorption spectrum peaking at 348 nm.

Table S1. Computed triplet energies (in eV or kJ/mol) for benzene and corresponding TIPS- or TMS-derivatives.

Compound Er(DFT)t Er (lit.)® Er(corr.)d Er(corr.)l
[eV] [eV] [eV] [k) mol™]
Benzene (Bz) 3.83 3.9 - -
TIPS-Bz 3.01 - 3.06 295
TMS-Bz 3.02 - 3.07 296
bTIPS-Bz 2.53 - 2.57 248
bTMS-Bz 2.54 - 2.58 249
tTIPS-Bz n.a. - 2.97 2874
tTMS-Bz 2.92 - 2.98 288

[a] DFT-calculated triplet energy at the B3LYP/6-311+G(d,p) level of theory. [b] Experimental triplet
energy from refl®., [c] Calculated triplet energy corrected by the underestimation factor from
benzene (i.e., calculated Er multiplied by 1.02). [d] Energies converted to ki/mol. [e] Estimated value
from comparison of TIPS and TMS derivatives.
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Figure S4. Optimized ground state (left) and lowest triplet state (right) structures of TIPS-Bz, TMS-Bz, bTIPS-Bz, bTMS-Bz

and tTMS-Bz with their calculated triplet energies, Ex(DFT).
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4. Photophysical
substituted benzenes
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Figure S5. Absorption (solid lines) and normalized photoluminescence (dotted lines) spectra of benzene (Bz) (panel A)&],
TIPS-Bz (panel B), bTIPS-Bz (panel C) and tTIPS-Bz (panel D) in cyclohexane. [a] Taken from ref.[10],
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Figure S6. Absorption (solid lines) and normalized photoluminescence (dotted lines) spectrum of bTIPS-Bz in
cyclohexane:toluene (9:1). The absorption spectrum could not be recorded below 280 nm owing to the toluene background

absorption.
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5. Threshold intensity measurements
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Figure S7. Normalized UC emission of deoxygenated solutions containing A) 44 or B) 88 uM 4CzIPN and 10 mM bTIPS-Bz in
cyclohexane:toluene (9:1) using a 445 nm cw laser for excitation. The UC signal was plotted against the laser power on a
double-logarithmic scale. The threshold intensity /i, was determined from the crossing point of the linear (slope ~1) and the
quadratic (slope ~2) fit.

6. Additional control experiments and spectroscopic measurements
of the UC-FRET sequence

A) B)
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o o
8: 8:’
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Figure S8. Kinetic traces of the bTIPS-Bz triplet state recorded at 342 nm after 355 nm excitation of 20 uM 4CzIPN and 10
mM bTIPS-Bz in Ar-saturated cyclohexane:toluene (9:1) with different concentrations of acetone (A) and pinacolone (B).
The measurements were recorded with the same solutions as in Figure 5 E/F of the main paper.

Figure S8 A/B show the kinetic traces of the bTIPS-Bz triplet state with increasing carbonyl (acetone
and pinacolone) concentrations. Only slight variances of the lifetime and concentration with no clear
trends are observed that most likely stem from minor laser fluctuations and/or residual oxygen
impurities. It can therefore be concluded that the triplet-triplet annihilation process is unaffected by
the addition of the carbonyls and thus the decreasing UC emission does not originate from
unproductive quenching of the sensitizer or annihilator triplet.
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Figure S9. Normalized time-gated (delay, 6 ps; integration over 500 ps) emission spectra after 355 nm laser excitation of 20
UM 4CzIPN and 10 mM bTIPS-Bz in Ar-saturated cyclohexane:toluene (9:1) with different concentrations of (A) pinacolone
and (B) acetone. The emission spectra were scaled to identical intensity at 340 nm.

The kinetic traces of the upconversion emission in Figure 5E (main paper) were recorded at a central
detection wavelength of 318 nm (monochromator slit width, 17 nm). This wavelength was selected
as it provides the best signal quality, being the maximum emission and avoids stray laser light (355
nm). However, at this wavelength the carbonyls acetone and pinacolone already show minor
absorption.

£315(AC) =2 M~ tecm™!
£315(PC) =5-M1cm™?

Calculating the absorption with the highest concentration used in Figure 5 E/F and the average
optical pathlength we obtain the following values:

Az15(AC) =2 M tcm™'-75mM - 0.5 cm = 0.075
A315(PC) =5-M~tcm™!:37.5mM - 0.5 cm = 0.094

These simple calculations suggest that less than 20% of the emission attenuation in Figure 5E is due
to reabsorption rather than FRET. This is further supported when the emission spectra with
increasing quencher concentrations are scaled to an identical intensity at a wavelength where the
carbonyl compounds do not absorb (shown in Figure S9).
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Figure S10. Normalized upconversion emission spectra of deoxygenated solutions containing 44 pM 4CzIPN and 10 mM
bTIPS-Bz in the absence and presence of 50 mM AC (A) or PC (B) in cyclohexane:toluene (9:1) using a cw laser for excitation
at 447 nm (laser power 100 mW).

Additional UC emission quenching experiments were performed with a cw laser for excitation at 447
nm. A solution containing 44 uM 4CzIPN and 10 mM bTIPS-Bz was irradiated in the absence and
presence of 50 mM AC (A) or PC (B) in cyclohexane:toluene (9:1) (Figure S10). The UC signal
decreases when the carbonyls are added and the quenching is about twice as efficient with PC
compared to AC. These qualitative results are in perfect agreement with the LFP measurements from
Figure 5 (main paper). However, we regard the LFP measurements as more reliable for extracting
quenching rate constants because of the observed Norrish fragmentation for PC under cw excitation
conditions (note that it takes about 1 min to record a spectrum displayed in Figure S10), which does
not take place upon excitation with a single 355 nm laser pulse.

k,=6.4110°M"s"
Ky, =18M"

100 3

counts

Figure S11. Lifetime-based fluorescence quenching experiments of 15 uM bTIPS-Bz with varying acetone concentrations in
air-saturated cyclohexane upon pulsed LED (293 nm, grey trace corresponds to IRF) excitation. Inset: Corresponding
Stern—Volmer plot.

Lifetime-based Stern—Volmer fluorescence quenching experiments of bTIPS-Bz were conducted with
varying acetone concentrations in neat and air-saturated cyclohexane (Figure S11). Oxygen removal
was not carried out to ensure exact concentrations of the volatile quencher. The quenching constant
kq = 6.41x10° M s was calculated using the Stern—Volmer equation (equation 3) and the
fluorescence lifetime of bTIPS-Bz (2.81 ns) in air-saturated cyclohexane. This slightly higher FRET rate
compared to the rate constant (kerer = 5.0x10° M s?) obtained by the UC-FRET sequence in Figure
5D of the main paper most likely stems from the different methods of preparation and the slightly
different solvent. We assume that the volatile acetone is removed in small amounts by the thorough
freeze-pump-thaw method that was carried out with the UC-FRET solutions in Figure 5E/F yielding a
slightly lower quenching efficiency.
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7. Additional spectroscopic data
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Figure S12. Time-resolved transient absorption measurements after 355 nm laser excitation of solutions containing 20 uM
4CzIPN in Ar-saturated cyclohexane:toluene (9:1) with different bTIPS-Bz concentrations recorded (A) at 342 nm (B) at
660 nm. The measurements were carried out with the same solutions as in Figure 3A (main paper).

The time-resolved transient absorption measurements in Figure S12 were carried out with the same
solutions as in Figure 3 of the main paper. The triplet concentration of bTIPS-Bz recorded at 342 nm
increases with increasing annihilator concentration, as expected (Figure S12A). At a given annihilator
concentration, the 3bTIPS-Bz formation occurs with slightly faster rate constants than the delayed
emission quenching of 4CzIPN (Figure 3A of the main paper). These minor discrepancies are
attributed to the subsequent 3bTIPS-Bz decay complicating the kinetics. Furthermore, the triplet
decay of 4CzIPN was recorded at 660 nm and shortens with increasing annihilator concentration.
However, the weak signal is superimposed with the strong absorption of the long-lived 3bTIPS-Bz
species (Figure S12B) (compare, the transient absorption spectra in Figure 3A of the main paper and
the predicted 3bTIPS-Bz transitions). The 4CzIPN triplet lifetime and its delayed emission (that allows
us to indirectly monitor triplet quenching without artifacts of quenching products as in Figure $12)
are known to be in excellent correlation and yields practically the same result.*" In line with that
observation, the 1o value in our solvent mixture (7.9 ps) is identical regardless of the detection
method (34CzIPN transient absorption at 660 nm or delayed emission at 477 nm). Hence, the
(delayed) luminescence lifetime of 4CzIPN was used for a straightforward kinetic analysis (Figure 3A
of the main paper).
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0.3+ 0.6
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-
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0.0 — 0.0
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Figure S13. Time-resolved transient absorption and emission measurements of a solution containing 20 uM 4CzIPN with 10
mM bTIPS-Bz in Ar-saturated cyclohexane:toluene 9:1 after excitation with 355 nm laser pulses. Purple curve: Triplet state
decay of bTIPS-Bz at 342 nm; cyan curve: Elongated emission of 4CzIPN as a result of back triplet-triplet energy transfer
monitored at 477 nm.
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Figure S14. Fluorescence lifetime measurements of 15 uM bTIPS-Bz in Ar-saturated neat cyclohexane (dark red) and in
cyclohexane:toluene (9:1) (dark blue). Grey trace corresponds to IRF.

Figure S14 displays the fluorescence lifetime measurement of 15 uM bTIPS-Bz in neat cyclohexane
(dark red) and in a solvent mixture of cyclohexane:toluene (9:1) (dark blue). With the addition of the
co-solvent toluene, the lifetime decreases from 3.17 ns to 2.86 ns. The fluorescence lifetime
measured in cyclohexane:toluene (9:1) was used to determine the FRET rate constant that is shown
in the Stern-Volmer plot (Figure 5B) of the main paper.
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Figure S15. Normalized photon upconversion emission with deoxygenated solutions containing 44 uM 4CzIPN and 10 mM
bTIPS-Bz in cyclohexane:toluene (9:1) using a blue LED (440 nm) as excitation source. Inset: Normalized upconversion
emission plotted against the relative LED power.
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Figure S16. Photon upconversion studies with deoxygenated solutions
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containing 44 uM 4CzIPN and 10 mM bTIPS-Bz in

cyclohexane:toluene (9:1) using a cw laser for excitation at 445 nm. A) Power-dependent spectra of the normalized
upconverted emission. B) External upconversion quantum yield, @y, plotted against the laser power density.
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Figure S17. Phosphorescence spectrum of 10 mM bTIPS-Bz recorded at 77K in 2-methyltetrahydrofuran.
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Figure S18. Transient absorption measurements of a solution containing 20 uM (A) or 40 uM (B) 4CzIPN with 10 mM bTIPS-
Bz in Ar-saturated cyclohexane:toluene (9:1) after excitation with 355 nm laser pulses. Insets: Kinetic measurements at

342 nm.

Figure S18 shows transient absorption spectra of the upconversion solution (4CzIPN—-bTIPS-Bz) with
detection window delays of 7, 100 and 700 ps. The strong absorption of triplet-excited bTIPS-Bz
peaking at 342 nm fully decays after 700 us (Inset). No spectroscopic signatures of long-lived species
that would originate from electron transfer (such as sensitizer bleach or radical ion absorption bands)
are detected. Even at higher concentrations of 4CzIPN (40 uM) (which strongly increases the signal
intensities and the probability for reactions between singlet-excited bTIPS-Bz and 4CzIPN) no new
species appear.
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8. NMR spectra and analytics
8.1 Spectra of benzene-derivatives and sensitizer
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Figure S19.'H NMR spectrum of 1,4-bis((triisopropylsilyl)ethynyl)benzene (bTIPS-Bz).
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Figure S20. 13C NMR spectrum of 1,4-bis((triisopropylsilyl)ethynyl)benzene (bTIPS-Bz).
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Figure S21. 'H NMR spectrum of triisopropyl(phenylethynyl)silane (TIPS-Bz).
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Figure S22. 13C NMR spectrum of triisopropyl(phenylethynyl)silane (TIPS-Bz).
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Figure S23. 'H NMR spectrum of 1,3,5-tris((triisopropylsilyl)ethynyl)benzene (tTIPS-Bz).
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Figure 24. 13C NMR spectrum of 1,3,5-tris((triisopropylsilyl)ethynyl)benzene (tTIPS-Bz).
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Figure S25. 'H NMR spectrum of 4CzIPN.

22

493



8.2 Irradiation experiments
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Figure S26. 'H NMR experiment of 100 uM 4CzIPN and 100 mM pinacolone in Ar-saturated cyclohexane:toluene (9:1)
before (top panel) and after (bottom panel) 30 min of irradiation at 447 nm with 1.1 W. Insets: *H NMR region of

isobutylene as a stable product of the UC-FRET-driven Norrish reaction. A) septet region; B) triplet region.

Figure S27. 'H NMR experiment of 10 mM bTIPS-Bz and 100 mM pinacolone in Ar-saturated cyclohexane:toluene (9:1)
before (top panel) and after (bottom panel) 30 min of irradiation at 447 nm with 1.1 W. Insets: *H NMR region of

isobutylene as a stable product of the UC-FRET-driven Norrish reaction. A) septet region; B) triplet region.
23

CeD1z

T T T T T
5.0 4.5 4.0 3.5 3.0 2.5

5 (ppm)

494



Bl
H H HecCH
3+d—|3

HgC/|\CH3

bTIPS-Bz

A

TUH0...,, 465 4,60
“&tpam)

’f

660

T T T T T T T T T T T T T T T T T

10 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 o

5 (ppm)
Figure S28. *H NMR experiment of 10 mM bTIPS-Bz, 100 uM 4CzIPN, and 100 mM pinacolone in Ar-saturated
cyclohexane:toluene (9:1) before (top panel) and after (bottom panel) 30 min of irradiation at 447 nm with 1.1 W. Insets: *H
NMR region of isobutylene as a stable product of the UC-FRET-driven Norrish reaction. A) septet region; B) triplet region.!12!

HH
HH o
H
HH
H
bTIPS- Bz PC
A B
1680 1670

i66..4.64 4.62 4.60 4.58 4‘55 -
3 i “&pem),

e

H H
isobutylene

468..

T T T ™ —
66 4.64 4.62 4.60 4.58

7.5 7.0 6.5 6.0 5.5 5.0 a5 4.0 35 3.0 25 2.0 1.5 1.0
& (ppm)

Figure S29. 'H NMR experiment of 10 mM bTIPS-Bz, 100 pM 4CzIPN, and 100 mM pinacolone in Ar-saturated
cyclohexane:toluene (9:1) before (top panel) and after (bottom panel) 1 h of irradiation at 440 nm with two LEDs. Insets: 'H
NMR region of isobutylene as a stable product of the UC-FRET-driven Norrish reaction. A) septet region; B) triplet region.!12]
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Figure S30. *H NMR experiment of 100 mM pinacolone in Ar-saturated cyclohexane before (top panel) and after (bottom
panel) 15 min of irradiation with a UV lamp (Benda, NU-4 KL, A = 254 nm). In contrast to the setup shown in Figure S3 with
direct NMR tube irradiation, a quartz cuvette has been used for these irradiation experiments to ensure that the UV
photons penetrate the reaction flask. Insets: *H NMR region of isobutylene as a stable product of the UC-FRET-driven
Norrish reaction. A) septet region; B) triplet region.[12]
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Figure S31. 'H NMR experiment of 10 mM bTIPS-Bz, 100 uM 4CzIPN, and 50 mM 1,3-diphenylacetone in Ar-saturated
cyclohexane:toluene (9:1) before (top panel) and after (bottom panel) 1 h of irradiation at 440 nm with two LEDs (with the
setup shown in Figure S3). Inset: *H NMR region of 1,2-diphenylethane as a stable product of the UC-FRET-driven Norrish
reaction.
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Figure $32. *H NMR experiment of 10 mM bTIPS-Bz with 50 mM 1,3-diphenylacetone (top panel) and 100 pM 4CzIPN with
50 mM 1,3-diphenylacetone (bottom panel) in Ar-saturated cyclohexane:toluene (9:1) after 1 h of irradiation at 440 nm
with two LEDs (control experiments). Inset: *H NMR region of 1,2-diphenylethane as a stable product of the UC-FRET-driven
Norrish reaction.
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Figure $33.'H NMR of 1,2-diphenylethane in cyclohexane:toluene (9:1). Insets: *H NMR region of benzylic hydrogens. A) *H
NMR spectra of irradiation and control experiments (taken from Figures S31 and S32). The signal was scaled to the benzylic
hydrogens of 1,3-diphenylacetone. B) 'H NMR of an authentic sample of the 1,2-diphenylethane reference.
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8.3 Gas chromatography and mass spectrometry
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Figure S34. GC analysis and EI-MS spectrum of bTIPS-Bz.
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General Procedures

All compounds were synthesized in flame dried Schlenk tubes under an atmosphere of
argon unless otherwise noted. Solvents of at least 99.0% purity were used in all reactions
in this study. Dimethylformamide (DMF) were dried using standard techniques and stored
over molecular sieve (3 A). Dichloro(cycloocta-1,5-diene)-platinum(ll) was prepared
according to a modified literature procedure.! Sodium (22)-4-oxo-2-penten-2-olate and
Bis-1,3-(2,4,6-trimethylphenyl)propan-1,3-dione were prepared according to literature
known methods.2 Further chemicals were obtained from common suppliers and used
without further purification. 'H, '3C and '95Pt spectra were acquired on Bruker Avance
300, Bruker DRX 500 and Bruker Avance 600 NMR spectrometers. 'H and '3C spectra
were referenced internally (H: 7.26, '3C 77.0 for CDCls; 'H: 2.50, 3C: 39.43 for DMSO-
ds). "°°Pt spectra were referenced externally by using potassium tetrachloro-platinate(ll)
in D20 (PtCls?: -1617.2). Chemical shifts are given in ppm, coupling constants in Hz.
Elemental analyses were performed by the microanalytical laboratory of our institute on
a FlashSmart elemental analyzer from thermoscientific. Melting points were determined
by using a Wagner and Munz PolyTherm A system and are not corrected. Electrospray
ionization MS spectra were recorded using a LC-MS coupled device by Hewlett Packard
(HPLC: 1100, mass detector: Esquire-LC, electronspray ionization).

Photoluminescence measurements

The 2 wt% emitter films were prepared by doctor blading a solution of an emitter in a 10
wt% PMMA solution in dichloromethane on a quartz substrate with a 60 um doctor blade.
The film was dried and the emission was measured under nitrogen atmosphere.
Excitation was conducted in a wavelength range of 250-400 nm (Xe lamp with a
monochromator), and the emission and quantum yields were measured with the absolute
photoluminescence quantum vyield spectrometer Quantaurus from Hamamatsu (model
C11347-01) utilizing an integrating sphere. Absorption spectra were measured on a
Perkin EImer Lambda 365 UV-vis spectrometer in dichloromethane solutions with an
analyte concentration of 5 x 10° mol/l. For measurements at 77 K an emitter was
dissolved in 2-methyltetrahydrofuran (5 x 10 mol/l) in a quartz cuvette. The solution was
degassed and the atmosphere was exchanged for argon. After freezing the prepared
sample, the cuvette was inserted in a quartz finger dewar containing liquid nitrogen.

Solid-state structure determination

Preliminary examination and data collection for single crystals of compound 4a and 4b
were carried out on a Bruker D8 VENTURE (KAPPA goniometer, PHOTON detector)
single crystal-diffractometer equipped with an Oxford Cryosystem (Cryostream 800)
cooling system at the window of a sealed x-ray tube using monochromated Mo-Kq (A =
0.71073 A) radiation (Incoatec 1uS3.0 microfocus source equipped with multilayer optics).
Intensity data were extracted using the APEX3 suite® including the SAINT software
package.* The reflections were merged and corrected from Lorentz, polarization and
decay effects and absorption correction was applied based on multiple scans.’ The
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structure was solved by a combination of dual space®, direct methods with the aid of
difference Fourier synthesis and were refined against all data using SHELXTL-XTMP?.
Hydrogen atoms were assigned to ideal positions using the SHELXTL-XTMP riding
model. All non-hydrogen atoms were refined with anisotropic displacement parameters.
Full-matrix least-squares refinements were carried out by minimizing Sw(F,2-F?)? with the
SHELXTL-XTMP weighting scheme. Neutral-atom scattering factors for all atoms and
anomalous dispersion corrections for the non-hydrogen atoms were taken from the
International Tables for Crystallography.® All calculations were performed with the APEX3
suite® including SAINT software package*, the HELX program package®, PLATON'? and
Mercury'.

Computational details

The Gaussian16'?> (Rev A.03) package was used to perform all quantum chemical
calculations employing standard functionals, basis sets and models. Detailed information
on the computational settings along with literature references can be found in the
respective sections below. All given ground state structures were verified as true minima
by vibrational frequency analysis and the absence of a single imaginary vibrational
frequencies and the absence of negative eigenvalues. UV/Vis spectra and electronic
transitions were calculated using TD-DFT methods (singlet, nstates=50, CPCM,
solvent=dichloromethane) as implemented in the Gaussian16 package. Calculated
geometries were visualized with GaussView's. The coordinates of the optimized
structures are given below.

Optical spectroscopy - Steady-state measurements (Mainz)

Absorption spectra were recorded using a LAMBDA 365 and emission spectroscopy was
carried out with a FL-6500 (both form Perkin Elmer). All steady-state absorption and
emission measurements were performed at room temperature (295 + 2 K) and the
emission spectra were corrected for the wavelength-dependent sensitivity of the emission
spectrometer. The fluorescence quantum yields in solution were measured against known
standard compounds (perylene in EtOH' and Irsppy in H20"9). To avoid filter effects, the
absorption was adjusted below 0.1 at the excitation wavelengths and in the overlap region
of absorption and luminescence spectra. Emission spectra were measured at three
different excitation wavelengths, out of which the average value was calculated. Finally,
two correction factors were included: i) different refractive indices of the solvents and ii)
different optical densities at the excitation wavelengths such that the following well-known
formula (Eqgn. 1)l" was used to determine the fluorescence quantum yields (¢ ... quantum
yield, 7/ ... integrated luminescence intensity, 4 ... optical density at the excitation
wavelength and n ... refractive index of the solvent; subscript “r” refers to the parameters
of the reference compound):
1A

b =¢r LA

Eqn. 1
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Laser flash photolysis (Mainz)

For the laser flash photolysis (LFP) measurements, an LP980-KS apparatus form
Edinburgh Instruments was used. As excitation source a frequency-tripled Nd:YAG laser
from Litron (Nano LG 300-10) with ~10 ns pulses and a pulse frequency of 10 Hz (unless
indicated otherwise) was used. The energy of the 355 nm laser pulse was modified to
intensities between 10 mJ and 15 mJ in solution (7.5-15 mJ for measurements in PMMA
matrix). Kinetic traces were recorded at a single wavelength with a photomultiplier tube,
and for measuring transient absorption (TA) and emission spectra, an iCCD camera from
Andor was employed. Unless stated otherwise, TA spectra were time-integrated for 100
ns and detected with a time delay of 10-30 ns (50 ns for PMMA) after the laser pulse. The
concentrations for LFP measurements were adjusted such that the solutions have
absorption values between 0.1 and 0.2 at the laser wavelength 355 nm using cuvettes
with 1 cm path length. Unless otherwise indicated, the LFP measurements were carried
out at 20°C employing a cuvette holder that allows precise temperature control using the
TC1 controller from Quantum North West.

Measurements in PMMA matrix were performed by employing a custom-made holder for
the quartz substrate (2 wt% Pt-complex in PMMA, identical samples were used for the
solid state photophysical characterization summarized in Table 1 of the main paper). The
position of the quartz substrate was adjusted carefully: i) the quartz substrate was
positioned at an angle such that possible reflections of the exciting laser-beam can be
controlled, ii) the excitation beam (355 nm) and the light originating from the probe lamp
were aligned to achieve a suitable beam overlap on the quartz substrate such that iii) the
probe light reaches the detector at an optimal position (see depiction below).

probe light

=
=
a
e
o ©
e
g a
[
oAk
- 8
[=1
(=]
<

Depiction of the experimental setup for LFP measurements: with PMMA films including the sample quartz substrate
(blue arrow, a) and the sample holder (blue arrow, b). The light paths are indicated by three arrows: violet arrow,
excitation laser beam; white arrow, light of the probe lamp; grey arrow, outgoing signal.
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Samples for spectroscopy in solution were degassed for 10 min with a gentle stream of
argon (Nippon Gases 5,0). Control absorption spectra ensured no changes in
concentration caused by the purging procedure. Degassing for about 30 min or preparing
the solutions with freeze-pump-thaw cycles did not increase the excited-state lifetimes,
indicating that our general procedure with 10 min argon purging was suitable for obtaining
reliable results.

Fitting of the kinetic traces was performed with the software package form Edinburgh
Instruments. Biexponential fitting functions were used for traces that showed systematic
derivations in the residuals of initial monoexponentional fits. The relative errors for all
lifetimes are estimated to be below 10%. In most cases, several kinetic traces or even
measurements at different detection wavelengths were averaged to obtain more reliable
results.

Irradiation experiments (Mainz)

For the cis-trans isomerization reaction, a stock solution containing trans-methyl-
cinnamate (51 mM) and the reference compound (dimethyl sulfone) was prepared in
DCM-d2. The stock solution was divided into three parts, one containing no photocatalyst,
and the other two containing either 4a or 4b (1 mol% of the substrate concentration). All
three solutions were degassed by four freeze-pump-thaw cycles followed by a transfer
into argon flushed NMR-tubes, which were sealed with a septum cap. Throughout the
irradiation, the NMR-tubes were positioned in front of a 370 nm LED from Kessil
(KSPR160L-370)."® The temperature was maintained by a water bath. The progress of
the reaction was tracked by 'H-NMR measurements on a Bruker Avance 300
spectrometer.

Electrochemistry

Cyclic voltammetry experiments were carried out using a Biologic SP-150 potentiostat in
degassed, dry DMF solutions, employing a platinum wire counter electrode, a glassy
carbon working electrode and a Ag/Ag* pseudo reference electrode. All complexes were
measured as 1 mM solutions along with 0.1 M supporting electrolyte (N(n-Bu)s+ClOa). For
the cyclovoltammetry we used a sweep rate of 100 mV/s, the DPV data were measured
at a sweep rate of 50 mV/s. All measurements were internally referenced against Fc/Fc*.
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Experimental procedures

1-(9,9"-spirobi[fluoren]-2-yl)-1H-imidazole (2)

N\
L)

2.18 g (5.41 mmol) 2-Bromo-9,9'-spirobi[9H-fluorene] (1), 0.442 g (6.49 mmol, 1.2 eq.)
imidazole, 0.972 g (7.03 mmol, 1.3 eq.) potassium carbonate and 0.195 g (1 mmol, 0.185
eq.) copper(l)iodide were placed in a flame-dried 25 ml Schlenk flask, equipped with a
reflux condenser. The atmosphere was exchanged with argon in three cycles. The solid
materials were dissolved in 7 ml dry, degassed DMF and the reaction was heated to 160
°C and stirred for 24 h. Subsequently, the solvent was removed in vacuo and the product
was purified by flash column chromatography with an eluent mixture of dichloromethane
with 5% methanol. The analytically pure product was obtained after drying in vacuo as
colorless solid (1 g, 48%).

M.p.: 185 °C

TH-NMR in DMSO-ds (300 MHz) & = 8.18 (d, J = 8.3 Hz, 1H), 8.12 = 7.97 (m, 4H), 7.74
(dd, J=8.3,2.1 Hz, 1H), 7.59 (t, J= 1.4 Hz, 1H), 7.48 —= 7.35 (m, 3H), 7.17 = 7.11 (m,
3H), 6.97 (s, 1H), 6.88 (d, J = 2.1 Hz, 1H), 6.66 (d, J = 7.6 Hz, 2H), 6.56 (d, J = 7.6 Hz,
1H) ppm.

3C-NMR in DMSO-ds (75 MHz) & = 149.7, 148.7, 147.6, 141.4, 140.2, 140.1, 136.6,
135.5, 129.7, 128.2, 128.1, 128.0, 123.5, 123.3, 121.9, 120.8, 120.7, 120.6, 118.1,
115.3, 65.6 ppm.

MS(ESI) calc’d [M+H]* 383.1543 Found: 383.1546
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1-(9,9"-spirobiffluoren]-2-yl)-3-methyl-1H-imidazol-3-ium iodide (3)
(?\1 /
3
N

Q0
s

In a 100 ml pressure tube, 1g (2.61 mmol) 1-(9,9'-spirobi[fluoren]-2-yl)-1H-imidazole (2)
were dissolved in 6 ml THF. Then, 0.2 ml (3.27 mmol, 1.25 eq.) iodomethane were added
to the solution via syringe. The tube was sealed and the reaction was stirred in air for 24
h at 90 °C. Afterwards, the reaction was allowed to cool down to room temperature and
diethyl ether was added until a light-orange solid precipitated. The solid was filtered and
washed excessively with THF and diethyl ether. The orange-colored product was dried in
vacuo (1.3 g, 95%).

M.p.: 275 °C

H-NMR in DMSO-ds (300 MHz) & = 9.54 (s, 1H), 8.34 (d, J = 8.3 Hz, 1H), 8.19 (t, J =
1.8 Hz, 1H), 8.15 (d, J = 7.6 Hz, 1H), 8.06 (d, J = 7.6 Hz, 2H), 7.85 (dd, J = 8.3, 2.1 Hz,
1H), 7.82 — 7.79 (m, 1H), 7.49 — 7.41 (m, 3H), 7.23 — 7.14 (m, 3H), 7.08 (d, J = 2.1 Hz,
1H), 6.67 (d, J = 7.5 Hz, 2H), 6.61 (d, J = 7.6 Hz, 1H), 3.79 (s, 3H) ppm.

13C-NMR in DMSO-ds (75 MHz) 5 = 150.0, 148.9, 147.1, 142.8, 141.4, 139.5, 136.1,
134.2, 130.0, 128.3, 128.2, 128.1, 124.0, 123.6, 123.5, 122.1, 122.0, 121.3, 120.9,
120.8, 116.9, 65.5, 35.8 ppm.

MS(ESI) calc’d [M-I]* 397.1699 Found: 397.1701
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[Acetylacetonato-«kO,kO'][1-(9,9"-spirobi[fluoren]-kC?) -3-methyl-1H-imidazolin-2-ylidene -
kC?Jplatinum(li) (4a)

[NS/\Pt/ © )
\O
o
20

In a flame-dried 100 ml Schlenk tube, 0.21 g (0.4 mmol) 1-(9,9'-spirobi[fluoren]-2-yl)-3-
methyl-1H-imidazol-3-ium iodide (3) and 0.046 g (0.2 mmol, 0.5 eq.) silver(l) oxide were
dissolved in 10 ml dry DMF and stirred at room temperature for 24 h in an argon
atmosphere. Then, 0.15 g (0.4 mmol, 1 eq.) Pt(COD)CI, were added and the reaction
was continued stirring for 24 h at room temperature. Subsequently, the reaction was
heated to 115 °C and stirred for further 24 h. Finally, the reaction was allowed to cool to
50 °C and 0.097 g (0.8 mmol, 2 eq.) sodium acetylacetonate were added to the reaction
mixture which was stirred at the same temperature for another 24 h. The solvent was
removed in vacuo and the crude product was taken up in dichloromethane and filtered
through a plug of Celite® and afterwards purified by flash column chromatography with an
eluent mixture of isohexanes and dichloromethane (1:1 v/v). The analytically pure product
was obtained as an orange solid after washing with pentane (3x5 ml) and drying in vacuo
(151 mg, 54%).

M.p.: >300 °C

H-NMR in Methylene Chloride-dz (600 MHz) & 8.24 (s, 1H), 7.90 (dt, J = 7.7, 0.9 Hz,
1H), 7.88 (dt, J = 7.7, 0.9 Hz, 2H), 7.39 — 7.33 (m, 3H), 7.12 (td, J = 7.5, 1.1 Hz, 2H),
7.04 (td, J = 7.4, 1.1 Hz, 1H), 6.98 (d, J = 2.2 Hz, 1H), 6.75 (dt, J = 7.6, 0.8 Hz, 2H),
6.71(d, J = 2.1 Hz, 1H), 6.61 (dt, J = 7.5, 0.8 Hz, 1H), 6.34 (s, 1H) 5.58 (s, 1H), 4.00 (s,
3H), 2.17 (s, 3H), 1.99 (s, 3H) ppm.

3C-NMR in Methylene Chloride-d2 (151 MHz) & 185.7, 185.6, 149.7, 149.3, 147.6,
144.6, 143.0, 142.3, 138.1, 128.3, 128.2, 128.1, 127.1, 124.5, 123.8, 123.5, 121.5,
120.6, 120.3, 114.9, 106.4, 102.4, 66.4, 35.3, 28.3, 28.2 ppm.

195pt-NMR in CDCls (64 MHz) & = -3424.80 ppm.
MS(ESI) calc’d [M+H]* 690.1715 Found: 690.1725

Anal. calc’d. for C3sH2sN202Pt: C 59.21%; H 3.80%, N 4.06% Found: C 59.51%; H
3.87%, N 3.85%
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[1,3-Bis(2,4,6-trimethylphenyl)propane-1,3-dionato-kO,kO'][1-(9,9"-spirobiffluoren]-kC?) -
3-methyl-1H-imidazolin-2-ylidene -«C?Jplatinum(ll) (4b)

v &
(N))\Pt/o

L (0
$
o R

In a flame-dried 100 ml Schlenk tube, 0.42 g (0.8 mmol) 1-(9,9'-spirobi[fluoren]-2-yl)-3-
methyl-1H-imidazol-3-ium iodide (3) and 0.092 g (0.4 mmol, 0.5 eq.) silver(l) oxide were
dissolved in 20 ml dry DMF and stirred at room temperature for 24 h in an argon
atmosphere. Then, 0.3 g (0.8 mmol, 1 eq.) Pt(COD)CI> were added and the reaction was
continued stirring for 24 h at room temperature. Subsequently, the reaction was heated
to 115 °C and stirred for further 24 h. Finally, the reaction was allowed to cool to 50 °C
and 0.493 g (1.6 mmol, 2 eq.) 1,3-bis(2,4,6-trimethylphenyl)propane-1,3-dione and 0.18
g (1.6 mmol, 2 eq.) potassium tert-butoxide were added to the reaction mixture which was
stirred at the same temperature for another 24 h. The solvent was removed in vacuo and
the crude product was taken up in dichloromethane and filtered through a plug of Celite®
and afterwards purified by flash column chromatography with an eluent mixture of
isohexanes and dichloromethane (2:1 v/v). The analytically pure product was obtained as
a yellow solid after washing with pentane (3x5 ml) and drying in vacuo (366 mg, 50%).

M.p.: >300 °C

TH-NMR in CDCl3 (300 MHz) & = 8.20 (s, 1H), 7.85 (d, J = 7.5 Hz, 2H), 7.73 (d, J= 7.5
Hz, 1H), 7.36 (td, J = 7.5, 1.0 Hz, 2H), 7.27 (td, J= 7.5, 1.0 Hz, 1H), 7.11 (td, J = 7.5,
1.0 Hz, 2H), 7.03 — 6.90 (m, 4H), 6.83 (s, 2H), 6.78 (d, J = 7.5 Hz, 2H), 6.66 — 6.57 (m,
2H), 6.34 (s, 1H), 5.71 (s, 1H), 3.88 (s, 3H), 2.45 (s, 6H), 2.37 (s, 3H), 2.34 (s, 6H), 2.29
(s, 3H) ppm.

13C-NMR in CDCls (75 MHz) 5 = 184.9, 184.7, 149.5, 149.0, 148.8, 147.0, 144.5, 142.6,
141.8, 139.9, 139.4, 138.2, 137.7, 137.5, 134.4, 133.8, 128.5, 128.2, 127.9, 127.7,
127.5,126.7, 124.5, 123.5, 123.5, 120.8, 120.1, 119.9, 114.7, 107.5, 106.4, 66.0, 35.1,
21.4, 21.3, 20.3, 19.7 ppm.

195pt-NMR in CDCl3 (64 MHz) & = -3366.55 ppm.
MS(ESI) calc’d [M+H]* 898.2967 Found: 898.2928

Anal. calc’d. for CsoH42N202Pt: C 66.88%; H 4.71%, N 3.12% Found: C 66.75%; H
4.64%, N 3.17%
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NMR Spectra
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Solid State Structure Details

Complex 4a

CCDC #

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

2179090

C34.50 H27 CI N2 02 Pt
732.12

150(2) K
0.71073 A
Triclinic

P-1
a=14.5200(8) A
b =15.3331(8) A
c = 15.8400(8) A
2797.6(3) A3

4

1.738 Mg/m3
5.147 mm-1
1436

0.199 x 0.122 x 0.073 mm3

2.523 to 28.323°.

-19<=h<=19, -20<=k<=20, -21<=I<=21

a= 85.780(2)°.
b= 65.603(2)°.

s-21

g = 61.794(2)°.
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Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Complex 4b

233175

13941 [R(int) = 0.0654]

99.9 %

Full-matrix least-squares on F2
13941/0/736

1.055

R1 =0.0240, wR2 = 0.0484

R1 =0.0350, wR2 = 0.0533
n/a

1.212 and -1.142 e.A-3

CCDC #
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

2179091

C50 H42 N2 O2 Pt
897.94

150(2) K

0.71073 A
Monoclinic

P241/n
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Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

a =15.5749(10) a=90°.

(10) A
b =17.3730(12) A b= 112.876(2)°.
(10) A

¢ = 15.7354(10)
3922.8(4) A3

4

1.520 Mg/m3
3.620 mm-1
1800

0.220 x 0.136 x 0.110 mm3
2.353 to 28.430°.

g =90°.

-20<=h<=20, -23<=k<=23, -20<=I<=20

291836

9746 [R(int) = 0.0362]

99.8 %

Full-matrix least-squares on F2
9746 /0/503

1.081

R1=0.0159, wR2 = 0.0396
R1=0.0192, wR2 = 0.0421
n/a

0.900 and -0.498 e.A-3
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Figure S21: Solid state packing of 4a. H-atoms are omitted for clearance.

Figure S$22: Solid state packing of 4b. H-atoms are omitted for clearance.
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Themogravimetric Analysis Data
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Figure $23: Thermogravimetric analysis of 4a recorded at a heat rate of 5K/min under an argon atmosphere.
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Figure S24: Thermogravimetric analysis of 4b recorded at a heat rate of 5K/min under an argon atmosphere.
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Additional Emission Measurements

The measurements of 4a and 4b in PMMA matrix were performed with the same quartz
substrates as used for quantum yield determination (with a Hamamatsu system, model
C11347-01, as described above). With the custom-made set-up (compare p. S-6
depiction of the experimental setup), all measurement modes could be performed like
those in solution, except kinetic absorption measurements (too low signal intensity).

Comparison of emission spectra — PMMA vs. solution: The emission spectra of 4a
and 4b were recorded in different solvents (THF and DCM) and in PMMA matrix. The
three different environments do not have any impact on the maxima of the spectra or their
relative intensities (Figure S25).

=478.8 nm)
max = 478.3 NmM)

0.04---

T T T T
500 5 600 700 500 600 700
Alnm Alnm

Figure $25: Emission spectra of 4a (left side, red) and 4b (right side, blue) in solution (THF, solid lines or DCM dashed
lines) and PMMA matrix (dotted lines). All spectra were recorded on the FL-6500 and excited at wavelengths between
300-355 nm

Comparison of emission lifetimes — PMMA vs. solution: The emission lifetimes of 4a
and 4b in PMMA are slightly longer compared to those measured in solution. For these
measurements, the best-fit function is biexponential, which is caused by effects
originating from the solid-state-nature of the PMMA matrix combined with the high
intensity of the 355 nm laser pulses. As an approximation for the excited-state lifetimes
10 of 4a and 4b in PMMA, the two lifetimes, from each fit were averaged, and weighted
according to their relative contribution (Figures S26 and S27 as well as Table S1).
Generally, the measurements in PMMA matrix were accompanied by scattering effects,
which could not be eliminated entirely (Figure S27). A slightly longer excited state lifetime
was observed for 4a, compared to that of 4b, which is in line with the results obtained in
solution.
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Figure $26: Kinetic emission data of 4a in PMMA matrix after 355 nm excitation. Upper panel: mono- (right) and
biexponential (left) fitting functions, plotted on a log-scale including the resulting lifetimes and their relative contributions.
Middle panel: mono- (right) and biexponential (left) fitting functions, plotted on a linear scale. Lower panel: Residuals
resulting from the fits displayed above.
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Figure S27: Kinetic emission data of 4b in PMMA matrix after 355 nm excitation. Upper panel: mono- (right) and
biexponential (left) fitting functions, plotted on a log-scale including the resulting lifetimes and their relative contributions.
Middle panel: mono- (right) and biexponential fitting functions, plotted on a linear scale. Lower panel: Residuals
resulting from the fits displayed above. *Asterisk indicates scattering light from the laser pulse.

For comparison, the emission lifetimes of 4a and 4b in THF solution are plotted on a log-
scale in Figure S28, including the corresponding residuals (for linear-scale kinetics see
main paper). In contrast to what has been described for the PMMA samples, we did not
observe any systematic deviations from monoexponential fitting functions of the kinetic
traces for the complexes in solution.
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Figure S28: Upper panel: Kinetic emission data of 4a (left) 4b (right) in THF on a log-scale (for linearly scaled plot see
Figure 6, main paper); Lower panel: Residuals resulting from the fits of the data sets shown above.

Table S1: Excited-state lifetimes of unquenched 4a and 4b in THF solution and PMMA matrix.

4a (Ager./ nm) 4b (Aget./ nm)
Tem. (PMMA) / us 52.1(480) @ 38.8 (480)
Tem. (THF) / ps 36.4 (478) 33.2 (477)

e Detected with a laser frequency of 1 Hz and at low laser intensities to avoid too high local excited state
concentrations that could result in a more pronounced biexponential decay owing to self-quenching.
Amplitude-weighted average excited-state lifetimes.

Temperature dependency of the emission spectra: In addition to the solvent
dependency, the emission of 4a and 4b, was investigated at different temperatures. For
both complexes, the position of the spectra and the relative intensities remain virtually
identical for temperatures between 5 °C and 30 °C (Figure S29). The temperature was
adjusted using the temperature-controlled cuvette holder of the LP980-KS setup.
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Figure S$29: Normalized emission spectra of 4a (left; red and grey curves; time delay after 355 nm laser excitation

100 ns, integrated over 30 ps) and 4b (right; blue and grey curves; time delay after 355 nm laser excitation 20 ns,
integrated over 150 ps) in degassed THF solution after 355 nm laser excitation.
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Energy transfer experiments
LFP measurements on the TTET with p-terphenyl
Both platinum(ll) complexes show TTET reactivity, and upon p-terphenyl addition the

corresponding 3p-terphenyl signature.’*'”® was observed in the TA spectra (see main
paper for 4a and Figure S30 for 4b).

; e TET s =
7 / NN
Y P —— (OO P
p-terphenyl
0.08 0.08
2 F
<% 2
0.06 ”__ 0.04 TA-detection window L
= 3
o
8 g

AOD

T fd T T
300 400 500 600 700
Alnm

Figure S30: Reaction scheme of TTET from 3[4b] to p-terphenyl. Main: TA spectra of 3[4b] (blue trace, time delay 20
ns) and 3p-terphenyl after TTET (green, time delay 15 ps), inset: emission decay of 3[4b] with 1mM p-terphenyl (blue
trace) and corresponding 3p-terphenyl formation (green trace).

Irradiation experiments

The cis-trans isomerization of methyl-cinnamate, catalyzed by either of the platinum(ll)
complexes (see Sl section General Procedures for details) was tracked using 'H-NMR
spectroscopy. For both complexes, cis-yields of about 43 % were observed after 1 hour
of 370 nm irradiation (Figure S31 and Table S2). A cis-trans-ratio of 1:1 was observed
after 1 hour of irradiation that did not change upon further irradiation. This implies the
presence of a photostationary state. Control experiments without the platinum sensitizers
did not show any conversion (left spectra in Figure S31).
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Figure S31: Reaction scheme and conditions for the isomerization reaction and "H-NMR spectra before (0 h) and after
1h of 370 nm LED irradiation. The color code indicates the protons that were assigned to the different isomers. For
quantitative analysis the integral of the reference (dimethyl sulfone at 2.94 ppm, marked with an asterisk) was compared
to the peaks corresponding to the trans-isomer (marked in green) or to the peaks of the cis-isomer (marked in orange).
For the cis-isomer, only the two high field signals (singlet at 3.70 ppm and doublet at 5.95 ppm) were considered, due
to overlapping signals at the low-field doublet (doublet at 6.94 ppm).

Table S2: Quantitative 'TH-NMR analysis of irradiation experiments (for reaction conditions see text and Fig. S31).

Time no catalyst (cis/trans®!) | 4a (cis/trans'®); cis yield®™) | 4b (cis/trans?); cis yield!™)
Oh (0/1) (0/1) (0/1)
1h (0/1) (50/50; 42%) (51/49; 44%)

leleis/trans corresponds to direct ratio of the integrated peaks; !*! corresponds to the absolute amount of
cis-isomer within the reaction solution.

Emission quantum yields in solution

The quantum yields of complexes 4a and 4b were determined in THF relative to literature-
known substances in solution (perylene in EtOH' and Irsppy in H2O'®). All spectra were
recorded at three different excitation wavelengths (355 nm, 360 nm and 370 nm); the
results of these triple determinations were averaged and are listed in Table S3. In solution
the quantum yields are lower compared to the results in PMMA matrix (compare main
paper). The quantum yields are very similar for both compounds, which is in line with all
other observations related to the excited state properties of the two platinum(ll)
complexes.
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Table $3: Relative quantum yield determination of 4a and 4b in deoxygenated THF solution vs. two reference
compounds.

Reference compound 4a 4b
vs perylene (in EtOH, 92 %)@ | 28.3 % (+ 0.6 %) 33.2 % (0.6 %)
vs Irsppy (in H20; 73 %) 29.1 % (£ 0.6 %) 34.1% (£ 0.1 %)

fal M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, Handbook of Photochemistry, 3 Ed., CRC Press, 2006.
bl C. Kerzig, X. Guo, O. S. Wenger, J. Am. Chem. Soc. 2019, 141, 2122-2127.

Additional Spectra in PMMA

0.04

300 400 500 600 700 400 500 . 700
3 Alnm
Alnm

Figure S32: Comparative spectra (TA, left and emission, right), of 4a in PMMA (red) or THF (grey). For
better comparison, the emission spectra (recorded with the LFP setup and an integration time of 50 us
for PMMA matrix and 160 ps for THF solution) were scaled.
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Figure S33: Comparative spectra (TA, left and emission, right), of 4b in PMMA (red) or THF (grey). For better
comparison, the emission spectra (recorded with the LFP setup and an integration time of 50 ps for PMMA matrix and
150 ps for THF solution) were scaled.
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Computational Details

HOMO LUMO ground state geometry

Figure S34: Calculated frontier molecular orbitals for the ground state of 4a (left and center, isoval: MO = 0.03).
Optimized geometry for the ground state of 4a (right).

HOMO LUMO ground state geometry

Figure S35: Calculated frontier molecular orbitals for the ground state of 4b (left and center, isoval: MO = 0.03).
Optimized geometry for the ground state of 4b (right).
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Figure S36: Calculated spin density of the triplet state of 4a (left, isoval: MO = 0.03, density = 0.002). Optimized
geometry for the excited triplet state of 4a (right).
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Figure S37: Calculated spin density of the triplet state of 4b (left, isoval: MO = 0.03, density = 0.002). Optimized
geometry for the excited triplet state of 4b (right).
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Figure S38: Comparison of experimental (blue) and calculated (red, 0.333 eV half-width) absorbance spectrum of 4b.
Transitions (a-f) are represented by oscillator strengths (black) as obtained from the calculations (cf. Figure S39).
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transition

a) 348 nm; f = 0.1626
HOMO = LUMO+1

b) 313 nm; f = 0.1638
HOMO-1 < LUMO+1

c) 304 nm; f = 0.2593
HOMO-3 - LUMO
HOMO - LUMO+3

d) 300 nm; f = 0.2808
HOMO-2 - LUMO
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e) 281 nm; f = 0.5648
HOMO-3 = LUMO+1
HOMO-2 - LUMO+1
HOMO = LUMO+1

f) 274 nm; = 0.2837
HOMO-2 - LUMO+2
HOMO-1 - LUMO+2
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Figure S$39: NTO analysis (isoval MO = 0.04) of complex 4b for the transitions (a-f) labeled in Figure S38.
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Figure S40: Comparison of experimental (blue) and, based on PBEO, calculated (red, 0.333 eV half-width) absorbance
spectrum of 4a. Transitions are represented by oscillator strengths (black) as obtained from the calculations.
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Electrochemistry
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Figure S41: Stacked cyclic voltammograms of complexes 4a (red) and 4b (blue) measured in deoxygenated DMF
solutions (1 mM analyte concentration) at room temperature and internally referenced against Fc/Fc*, based on the

obtained reference waves with ferrocene (cf. Fig. S41). Cyclic voltammograms were recorded at a sweep rate of 100
mV/s at room temperature.
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Figure S42: Differential pulse voltammograms of the first (quasi-reversible) reductive (left) and first (quasi-reversible)
oxidative (right) event of 4a referenced internally against Fc/Fc*. Voltammograms were recorded in deoxygenated
DMF solutions (1mM analyte) at room temperature with a sweep rate of 50 mV/s.
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Figure S43: Differential pulse voltammograms of the first (quasi-reversible) reductive (left) and first (quasi-reversible)
oxidative (right) event of 4b referenced internally against Fc/Fc*. Voltammograms were recorded in deoxygenated
DMF solutions (1mM analyte) at room temperature with a sweep rate of 50 mV/s.
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