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Abstract 

For the targeted optimization of emissive transition metal complexes, it is essential to 

systematically and reliably predict photophysical properties. Quantum chemical 

characterization of previously analyzed compounds aids in understanding structure-

property relationships, while comparison with experimental data validates the 

predictive power of theoretical models for analogous systems. This acquired 

knowledge can then be applied to design new photoactive complexes with enhanced 

properties before experimental methods are accessible. 

This work applies this fundamental approach to highly luminescent chromium 

complexes—referred to as molecular rubies—focusing on the synthesis, analysis, and 

optimization of photophysical properties. Since the discovery of the [Cr(ddpd)2]
3+ 

complex in 2015, molecular rubies have become a pioneering class in 3d-metal 

photochemistry, recognized for their outstanding near-infrared luminescence 

efficiency, high photostability, and chemical versatility. Building on the design 

principles of [Cr(ddpd)2]3+, numerous derivatives demonstrate significant potential 

for applications in optical sensing, photocatalysis, and circularly polarized emission. 

However, a systematic approach to the targeted modification of optical properties, 

such as shifting emission into the visible range, has been lacking for spin-flip systems 

like molecular rubies. Through quantum chemically supported structural design, this 

work achieves an increase in emission energy, leading to the synthesis of the first 

molecular chromium(III) complex with visible-light luminescence, high quantum yield 

of 20%, and millisecond-scale excited-state lifetime. The red phosphorescence of 

[Cr(bpmp)2]3+ can be reversibly switched on and off by pH regulation, enabling 

sensory applications like ratiometric optical pH measurements in combination with a 

pH-insensitive dye. The elevated energy of the photoactive state expands the 

applicability of molecular rubies in photocatalysis, as it allows the activation of a 

broader substrate scope. With the efficient sensitization of anthracenes for triplet-

triplet annihilation photon upconversion and cycloadditions via a previously 

underexplored doublet-triplet energy transfer, this work demonstrates that molecular 

rubies are a viable alternative to precious metal complexes in selected photochemical 

systems. 

The improved redox behavior of [Cr(bpmp)2]3+, with a favorable ligand-centered 

reduction, results in a high oxidation potential in the excited state, rendering it 



 

particularly attractive for photoredox catalysis. The metal-centered nature of spin-flip 

states generally enables largely independent optimization of electrochemical and 

optical properties, as proven in this work through the controlled adjustment of the 

ground-state redox potential via peripheral substituents in the analogous complexes 

[Cr(ddpdX)2]3+ (X = CF3, OMe, NMe2). 

In contrast to charge-transfer states, which follow well-established design rules such 

as substitution effects, metal-centered spin-flip states have, to date, been tunable only 

through qualitative criteria. Predicting spin-flip energies depends critically on 

interelectronic interactions and metal-ligand bond covalency, as described by the 

nephelauxetic effect. Based on the isostructural complex series [Cr(ddpd)2]3+, 

[Cr(bpmp)2]
3+, [Cr(bpop)2]

3+ and [Cr(bptp)2]
3+ with variations in the ligand 

backbone, this work provides unprecedented insights into the energies and dynamics 

of spin-flip states and reveals the influence of structural and electronic factors on their 

emission. It highlights how spin-orbit coupling of heavier atoms, Jahn-Teller 

distortions of excited states, and thermally activated multiphonon relaxation can 

promote non-radiative decay in molecular rubies and thus give valuable design criteria 

for future systems. 

In addition to enhancing photophysical properties, this work focuses on developing 

new synthetic methods, particularly for heteroleptic molecular rubies. The complexes 

[CrLXLY]3+ (LX, LY = ddpd, bpmp, bptp), combined with their computational analysis, 

provide insights into spin-flip energy correlations based on an additive nephelauxetic 

effect of ligands, which allows for a precise prediction and fine-tuning of emission in 

analogous systems through strategic ligand pairing.  

Finally, the study investigates the potential of additives such as Lewis acids for flexible 

modification of the optical properties in the complexes [Cr(ddad)2]3+ and 

[Cr(bptp)(ddad)]3+, which feature free donor sites, and introduces a design strategy 

for red-shifting spin-allowed absorption in molecular rubies. 

In summary, this work builds a deeper understanding of spin-flip system photophysics 

through spectroscopic, electrochemical, and theoretical investigations of new and 

established chromium(III) complexes. By optimizing optical and electrochemical 

properties and assessing potential applications, it substantiates the viability of this 

class of compounds as a competitive and complementary alternative to noble metal 

complexes in photochemistry. 

 

 

 

 



   

Kurzzusammenfassung 

Für die gezielte Optimierung emissiver Übergangsmetallkomplexe ist es von zentraler 

Bedeutung, photophysikalische Eigenschaften systematisch und zuverlässig 

vorhersagen zu können. Die quantenchemische Beschreibung bereits charakterisierter 

Verbindungen erleichtert das Verständnis von Struktur-Eigenschafts-Beziehungen, 

während der Vergleich mit experimentellen Daten die Vorhersagekraft des 

theoretischen Modells für analoge Systeme validiert. Das gewonnene Wissen kann 

dann für das Design neuer photoaktiver Komplexe mit verbesserten Eigenschaften 

genutzt werden, noch bevor ein experimenteller Zugang besteht. 

Diese Arbeit wendet diesen Ansatz auf stark lumineszierende Chrom-Komplexe  

– sogenannte Molekulare Rubine – an, mit besonderem Fokus auf Synthese, Analyse 

und Optimierung photophysikalischer Eigenschaften. Seit der Entdeckung des 

Komplexes [Cr(ddpd)2]3+ im Jahr 2015 haben sich Molekulare Rubine als 

Pionierklasse in der Photochemie der 3d-Metalle etabliert, bekannt für ihre 

herausragende Lumineszenzeffizienz im NIR-Bereich, hohe Photostabilität und 

chemische Vielseitigkeit. Aufbauend auf dem Designprinzip von [Cr(ddpd)2]3+ bieten 

viele dieser Verbindungen großes Potenzial für Anwendungen in optischer Sensorik, 

Photokatalyse und zirkular polarisierter Emission. 

Ein systematischer Ansatz zur gezielten Modifikation optischer Eigenschaften, wie der 

Verschiebung der Emission in den sichtbaren Bereich, fehlte bisher für Spin-Flip-

Systeme wie die Molekularen Rubine. Durch quantenchemisch gestütztes 

Strukturdesign wurde in dieser Arbeit die Emissionsenergie erhöht und der erste 

molekulare Chrom(III)-Komplex mit Lumineszenz im sichtbaren Spektralbereich, bei 

gleichzeitig hoher Quantenausbeute von 20% und Lebensdauer im Millisekunden-

bereich, synthetisiert. Die rote Phosphoreszenz von [Cr(bpmp)2]3+ lässt sich durch pH-

Regulierung reversibel an- und ausschalten und ermöglicht sensorische Anwendungen 

wie ratiometrische optische pH-Messungen in Kombination mit einem pH-

unempfindlichen Farbstoff. Die erhöhte Energie des photoaktiven Zustands erweitert 

die Einsatzmöglichkeiten molekularer Rubine in der Photokatalyse, da sie die 

Aktivierung eines breiteren Substratspektrums erlaubt. Mit der effizienten 

Sensibilisierung von Anthracenen für Triplett-Triplett-Annihilation-Photonenhoch-

konversion und Cycloadditionen über einen bislang wenig erforschten Dublett-

Triplett-Energietransfer zeigt diese Arbeit, dass Molekulare Rubine eine Alternative 

zu Edelmetallkomplexen in ausgewählten photochemischen Systemen darstellen. 



 

Das verbesserte Redoxverhalten von [Cr(bpmp)2]3+, mit bevorzugt liganden-

zentrierter Reduktion, führt zu einem hohen Oxidationspotential im angeregten 

Zustand und macht diese Verbindung besonders attraktiv für Anwendungen in der 

Photoredoxkatalyse. Die metallzentrierte Natur der Spin-Flip-Zustände ermöglicht 

generell eine weitgehend unabhängige Optimierung der elektrochemischen und 

optischen Eigenschaften, was in dieser Arbeit durch die kontrollierte Verschiebung des 

Grundzustandsredoxpotentials mithilfe von Peripheriesubstituenten mit den analogen 

Komplexen [Cr(ddpdX)2]3+ (X = CF3, OMe, NMe2) bewiesen wird. 

Im Gegensatz zu ladungsseparierten Charge-Transfer-Zuständen, die etablierten 

Designregeln wie Substitutionseffekten folgen, können metallzentrierte Spin-Flip-

Zustände bisher nur nach qualitativen Kriterien getunt werden. Für die Vorhersage 

von Spin-Flip-Energien sind interelektronische Wechselwirkungen und die Metall-

Ligand-Bindungskovalenz, beschrieben durch den nephelauxetischen Effekt, 

entscheidend. Anhand der isostrukturellen Komplexserie [Cr(ddpd)2]3+, 

[Cr(bpmp)2]
3+, [Cr(bpop)2]

3+ und [Cr(bptp)2]
3+ mit unterschiedlichem Liganden-

Rückgrat liefert diese Arbeit neue Einblicke in die Energien und Dynamiken von Spin-

Flip-Zuständen und zeigt den Einfluss struktureller und elektronischer Faktoren auf 

deren Emission. Es wird verdeutlicht, wie die Spin-Bahn-Kopplung schwerer Atome, 

Jahn-Teller-Verzerrungen angeregter Zustände und thermisch aktivierte 

Multiphonon-Relaxation den strahlungslosen Zerfall in Molekularen Rubinen fördern 

können und somit wertvolle Designkriterien für zukünftige Systeme liefern. 

Neben der Verbesserung photophysikalischer Eigenschaften konzentriert sich diese 

Arbeit auf die Entwicklung neuer Synthesemethoden, insbesondere für 

heteroleptische Molekulare Rubine. Die Komplexe [CrLXLY]3+ (LX, LY = ddpd, bpmp, 

bptp) bieten zusammen mit ihrer computergestützten Beschreibung Einblicke in Spin-

Flip-Energie-Korrelationen auf Basis eines additiven nephelauxetischen Effekts der 

Liganden, was künftig eine präzisere Vorhersage und Feinabstimmung der Emission 

analoger Systeme durch gezielte Ligandenpaarungen erlaubt. 

Abschließend wird untersucht inwiefern Additive wie Lewis-Säuren die optischen 

Eigenschaften der Komplexe [Cr(ddad)2]3+ und [Cr(bptp)(ddad)]3+ mit freien 

Donorstellen flexibel modifizieren können und eine Designstrategie zur 

Rotverschiebung der spin-erlaubten Absorption in Molekularen Rubinen vorgestellt. 

Zusammenfassend baut diese Arbeit durch spektroskopische, elektrochemische und 

theoretische Untersuchung neuer und bekannter Chrom(III)-Komplexe ein tieferes 

Verständnis der Photophysik von Spin-Flip Systemen auf. Durch die Optimierung 

optischer und elektrochemischer Eigenschaften sowie der Prüfung auf Anwendungen 

untermauert sie das Potenzial dieser Substanzklasse als konkurrenzfähige und 

ergänzende Alternative zu Edelmetallkomplexen in der Photochemie. 
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1 Introduction 

 

In a world where climate change, resource scarcity, and environmental degradation 

are ever-present challenges, the need for sustainable scientific solutions has never 

been more urgent.1,2 Today, around 80% of global energy consumption still relies on 

fossil fuels, such as oil, gas, and coal.3–5 These finite resources contribute extensively 

to greenhouse gas emissions and environmental harm, from pollution to ecosystem 

disruption.6,7 In response, the United Nations Sustainable Development Goals (SDGs) 

call for a shift toward renewable energy and sustainable resource management by 

2030.8 Addressing these pressing global challenges requires a paradigm change that 

demands transformative advances in materials science and energy technology. Among 

promising solutions, harnessing sunlight, a nearly limitless and renewable source of 

energy, presents a compelling approach, enabling the generation of electricity and 

driving chemical reactions with minimal environmental impact.9–12 

Photochemistry, the study of light-induced chemical processes, stands at the forefront 

of this transition.13 Solar-driven chemical reactions offer a pathway to reduce 

dependence on fossil fuels while enabling unique transformations that conventional 

methods cannot achieve.14–16 Transition metal complexes (TMCs), which consist of a 

transition metal core coordinated by ligands, have emerged as essential tools in light-

based applications, offering a diverse range of photophysical properties and chemical 

versatility.17–22 These characteristics arise from the interactions between the metal 

center and its ligands, allowing for precise tuning of properties for specific energy-

conversion applications. 

Traditionally, research on photoactive TMCs has concentrated on complexes of 

precious and rare-earth metals, such as ruthenium, iridium, and europium, valued for 

their favorable excited-state properties (Fig. 1.1). Pioneer systems like [Ru(bpy)3]2+ 

(bpy = 2,2‘-bipyridine) and fac-Ir(ppy)3 (ppy = 2-phenylpyridine) and their analogues 

have become foundational in applications ranging from basic photophysical studies23–

25 and photocatalysis26–30 to organic light-emitting diodes (OLEDs)31–33, dye-sensitized 

solar cells (DSSCs)34–36, and even medical techniques37–40 such as photodynamic 

therapy (PDT). However, the widespread industrial adoption of these precious metals 

is limited by high costs, scarcity, and the significant environmental impact associated 

1  



 

with their extraction.41,42 As of 2023, ruthenium’s market price reached $15,100 per 

kilogram, while iridium, one of the rarest elements, commanded $148,000 per 

kilogram (by comparison, chromium: $12.1).43 Beyond these economic limitations, 

mining these metals is highly resource-intensive and environmentally damaging, 

making their large-scale use for sustainable applications impractical.44,45 

In response to these limitations, research has turned toward TMCs based on earth-

abundant metals like chromium, iron, and copper (Fig. 1.1). These metals are not only 

more affordable and accessible but also offer unique reactivities and mechanisms that 

have become a focus of scientific inquiry in photochemistry. While the shift to earth-

abundant TMCs poses challenges—particularly in achieving the necessary 

photostability and long excited-state lifetimes—significant progress is being made 

through innovations in ligand design and photophysical optimization.46–56 

Chromium(III) complexes, in particular, have demonstrated considerable 

photostability and luminescence, positioning them as promising alternatives to 

precious metal-based complexes.57–60 

This work focuses on pseudooctahedral chromium(III) compounds, specifically 

examining a class of representatives that show great promise in advancing the 

transition to earth-abundant metals. The following sections provide a general 

overview of relevant photophysical processes and place these systems within the 

broader context of photoactive TMCs, before highlighting their specific properties and 

potential for future applications. 

 

Fig. 1.1 Schematic representation of Earth as a time-critical clock, highlighting 

photochemically relevant precious and rare-earth metals in the shadow and earth-

abundant metals in sunlight, with examples illustrating greater and lesser 

sustainability.  



 

 

Photoactive states are fundamental to the optical and photocatalytic applications of 

TMCs, opening reaction pathways that are inaccessible by thermal activation. 

Following excitation, the dynamic processes on the excited state energy surface of a 

molecule, leading to a (de)population of the photoactive states, play a decisive role in 

the applicability of a TMC. The decay mechanisms of the excited states (ESs) back to 

the ground state (GS) can generally be categorized into non-radiative (NR) decay 

pathways and photoluminescence (PL), with the latter further subdivided into 

fluorescence (F) and phosphorescence (P). As will be discussed, the kinetics of 

competing NR processes and PL are determined by the energy landscape and the 

structures of the GS and ESs, and can, in principle, be controlled by chemical design. 

Depending on the shift of electron density relative to the GS, the electronic structure 

of the ES can be classified into charge-transfer (CT) transitions and more localized 

metal-centered (MC) or inter- and intra-ligand charge-transfer (ILCT) transitions. 

The following section provides an overview of typical ES decay mechanisms in TMCs 

relevant to this work, with a focus on pseudooctahedral chromium(III) TMCs as well-

explored examples. The intrinsic challenges to be addressed, including the specific 

requirements on the ligand for achieving PL in 3dn systems (n ≠ 0, 10), are outlined, 

along with strategies to mitigate NR decay and promote PL. Finally, a benchmark 

system will be presented, illustrating how a detailed understanding of the 

photophysics of a TMC can be used to minimize NR pathways and enhance PL. 

 

Similar to radiative processes (absorption, emission), the rate constants of NR 

processes depend on the overlap integral between the vibrational wave functions of 

the two electronic states involved (Franck-Condon factors).61,62 To develop TMCs with 

photochemically exploitable ESs, it is thus essential to suppress rapid NR relaxation 

via low-energy, distorted ESs with strong vibronic coupling to the GS, i.e. ESs 

featuring different occupancy of antibonding MC orbitals relative to the GS.50 

However, for 3d TMCs, this presents a significant challenge in terms of ligand design, 

due to the weaker intrinsic LF strength compared to their heavier homologs.54 This 

primogenic effect refers to the radial contraction of orbitals in the first p-, d-, and f-

shell (2p, 3d, 4f), which lack nodes in the radial distribution function and are 

influenced by a higher effective nuclear charge.63 As a result, the reduced overlap 

between the contracted 3d metal orbitals and ligand orbitals leads to weaker LF 

strength and lower MC state energies compared to analogous 4d/5d TMCs.64 This is 



 

exemplified by the photodynamics of the low spin d6 complex [Fe(bpy)3]2+ and its 

heavier homologue [Ru(bpy)3]2+. While [Ru(bpy)3]2+ exhibits strong P from a 3MLCT 

state (λP = 620 nm) with a long ES lifetime (LT) in the nanosecond range65,66, 

[Fe(bpy)3]
2+ is non-luminescent and suffers from fast NR decay via distorted 

low-energy 3/5MC states.24,47,67–69 

While interconfigurational MC states typically promote NR pathways and are 

considered detrimental to PL in TMCs (such as MLCT systems), MC states can also be 

the source of PL.70 In pseudooctahedral chromium(III) TMCs, the desired PL originates 

from intraconfigurational MC states of 2E/2T1 parentage.71 Since these spin-flip (SF) 

states are derived from the same t2g
3 electron configuration as the GS (4A2), there is 

minimal change in the bonding situation during the transition, resulting in minor 

geometric reorganization.72 Consequently, the SF states are nested, featuring 

relatively low vibrational overlap with the GS, which makes them less prone for NR 

decay via surface crossing (weak-coupling limit, Fig. 1.2a).57,61 

However, interconfigurational MC states can also play a significant role in the 

dynamics of NR processes of excited chromium(III) TMCs. To allow slow P to compete 

kinetically, it is necessary that the LF-dependent 4T2 state is not energetically 

accessible from the nearly LF-independent 2E/2T1 states. Due to the asymmetric 

occupation of (antibonding) orbitals, the 4T2 state undergoes Jahn-Teller (JT) 

distortion and has a rather flat ES potential surface with a minimum that is 

horizontally displaced from the GS.72,73 This leads to substantial vibronic coupling with 

the GS, resulting in rapid NR deactivation (strong-coupling limit, Fig. 1.2b) or ligand 

dissociation.57,61 

 

Fig. 1.2 Anharmonic potential energy wells with vibrational wave functions showing the a) the 

weak-coupling limit between a nested 2MC state and the 4GS and b) the strong-

coupling limit between a distorted 4MC state and the 4GS.61 



 

Even in chromium(III) TMCs with traditionally strong field ligands, such as 

[Cr(tpy)2]3+ (tpy = 2,2‘:6‘,2‘‘-terpyridine), PL efficiency is poor due to an insufficient 

LF strength, which results in a small energy gap between the excited doublet and 

relaxed quartet states.72,74 This enables thermally activated back-intersystem crossing 

(back-ISC) from the 2E/2T1 manifold to the 4T2 state, facilitating NR decay via surface 

crossing and leading to low photostability in these TMCs (Fig. 1.3a).70,75 Among 

chromium(III) polypyridyl TMCs incorporating five-ring chelates, [Cr(phen)3]
3+ (phen 

= 1,10-phenanthroline) exhibits the highest quantum yield (QY) in deaerated solution 

(ΦP = 1.2%, 1 M HCl).74 

Another factor limiting PL in pseudooctahedral chromium(III) TMCs involves ES 

distortions within the emissive SF states caused by symmetry effects. In tris(bidentate) 

TMCs, such as [Cr(bpy)3]
3+ and [Cr(phen)3]

3+, local symmetry lowering from Oh to 

D3h point group through trigonal distortion of the first coordination sphere in the 

doublet ESs mixes the 4A2 (Oh) and the 4T2 (Oh) states, giving a destabilized 4E' (D3h) 

GS and a stabilized 4E'' (D3h) ES (Fig. 1.3b).72,73 These states exhibit a reduced quartet-

doublet energy gap and different relaxed geometries, facilitating efficient NR 

deactivation through surface crossing.76,77 

 

Fig. 1.3 Relevant decay pathways of excited chromium(III) complexes, including: a) thermally 

activated back-ISC to the distorted 4T2 state, b) trigonal distortion leading to surface 

crossing with the GS, c) intramolecular ENT to high-energy X-H oscillators, d) 

intermolecular ENT to triplet oxygen and solvent molecules, and PL, along with 

representative TMC examples.76 



 

Due to the local inversion symmetry in pseudooctahedral chromium(III) TMCs, their 

SF transition obeys both the spin selection rule and Laporte’s rule78, leading to low 

overall radiative rate constants.79 As a result, SF states are highly sensitive to 

intermolecular and intramolecular quenching processes due to their long ES LT.56,70 In 

contrast, 3MLCT emitters, such as [Ru(bpy)3]2+, experience higher radiative rates, as 

their emission is limited solely by the spin selection rule, which is further weakened 

by the high spin-orbit coupling (SOC) of the heavy element.24,65,80  

The relatively low emission energy of photoactive chromium(III) systems (typically 

12,800–15,000 cm–1)59 facilitates quenching via intramolecular energy transfer (ENT) 

to vibrational overtones (fourth or fifth overtone) of X–H oscillators (X = C, N, O) 

with frequencies above 3000 cm–1 (Fig. 1.3c).70,81 For this inductive resonant 

mechanism to be effective, the oscillators must be in the vicinity of the metal center, 

and the overtone (fourth or fifth) should exhibit substantial spectral overlap with the 

TMC’s emission band.73,82 Due to the distance dependence d–6 of the corresponding 

rate constant, the closest alpha C–H oscillators in chromium(III) complexes with 

pyridine ligands are typically the most relevant for the multiphonon relaxation.76 

Solvent molecules, salt additives, counterions, or triplet oxygen can also significantly 

influence the PL properties of chromium(III) TMCs through intermolecular ENT 

(Fig. 1.3d).70,81 The quenching efficiency via solvent overtones or triplet oxygen 

depends on the accessibility of the metal center by the energy acceptor. Salt additives 

or counterions can protect the metal center by occupying binding pockets between the 

ligands or forming contact ion pairs.83,84 Additionally, filled binding pockets can 

rigidify the system, inhibiting distortional NR pathways and improving PL efficiency.85 

Chromium(III) emitters are particularly susceptible to quenching via Dexter-type ENT 

with triplet oxygen, a process facilitated by their long ES LT and favorable spin 

statistics, which predict that 4/6 (67%) of encounter complexes lead to productive 

singlet oxygen generation.86,87 

 

To achieve strong PL in TMCs, it is essential to minimize NR processes, as outlined in 

Section 1.2.1, through structural design and environmental control. Addressing the 

inherent challenges of 3d TMCs, i.e. their intrinsically weaker LF strength, typically 

involves two primary strategies. The first strategy focuses on systems with 3d0 or 3d10 

electronic configurations, where low-lying MC states are absent. The second approach, 

applicable to the other 3dn configurations (n = 1–9), aims to generate a strong LF to 

raise the energy of detrimental MC states and to increase rigidity in order to minimize 

JT distortions.88 The latter approach was successfully implemented in the complex 



 

[Cr(ddpd)2]3+ (ddpd = N,N’-dimethyl-N,N’-di(pyridin-2-yl)pyridine-2,6-diamine, 

Fig. 1.5), representing a conceptual breakthrough in 3d metal photochemistry.70 This 

system exhibtis exceptional photochemical properties, including strong P with a long 

ES LT (τP = 1120 μs) and a high QY (ΦP = 13.7%) in deaerated solution.84,87 

In [Cr(ddpd)2]
3+, the strong LF necessary to separate the emissive 2E/2T1 states from 

the 4T2 state is provided by the six-membered chelate rings formed by expanding the 

tpy-like ligand with NMe groups. The electron-rich ddpd ligand coordinates with 

nearly perfect octahedral local symmetry, featuring N–Cr–N bite angles close to 90°, 

resulting in optimized metal-ligand orbital overlap and strong Cr–N σ-bonds.57,73 

According to the Tanabe-Sugano (TS) diagram for an octahedral ML6 system 

(Fig. 1.4), the LF strength reaches the second quartet-doublet crossing point (4T2/
2T2), 

effectively preventing NR decay via thermally activated back-ISC.89–91 The rigidity of 

the tridentate ddpd ligand, with its NMe-bridged architecture, further prevents 

trigonal distortion. These structural properties of [Cr(ddpd)2]3+ effectively suppress 

large-amplitude motions in the ESs, resulting in an exceptionally long ES LT.79 

 

Fig. 1.4 Simplified TS diagram for octahedral complexes featuring d3 electronic configuration 

(C/B = 4) with exemplary microstates showing the energy dependence of the MC 

states from the LF strength. Critical quartet-doublet crossing points are highlighted by 

a circle and a square, respectively.90,91 

In addition to preventing the depopulation of photoactive states, it is crucial to ensure 

their efficient population while avoiding additional loss channels to achieve high 

overall PL efficiency. In [Cr(ddpd)2]3+, following excitation of the 4T2 and 4LMCT 

states in the visible region (λexc = 435 nm), this is realized through ultrafast ISC 

(τISC < 200 fs) from vibrationally hot 4T2 states to the 2T2 state, effectively 

outcompeting F or nuclear distortions of the 4T2 state (Fig. 1.5).89 The rapid ISC is 

driven by the high density of doublet states near the second quartet-doublet crossing 



 

point, coupled with SOC, enhanced by spin-vibronic interactions.92 Following ISC, 

internal conversion (IC) and vibrational cooling (VC) within the doublet manifold 

occur (τIC/VC = 3.2 ps), both proceeding faster than the 2T2→
4T2 back-ISC, ensuring an 

efficient population of the emissive ES.70 

The thermally equilibrated 2T1 and 2E derived ESs of [Cr(ddpd)2]
3+ produce strong 

dual P in the near-infrared (NIR) spectral region (λP = 738, 775 nm, Fig. 1.5) at room 

temperature (RT). Because the d-electron configuration is preserved in the SF 

transitions, the involved states share a similar equilibrium geometry, resulting in sharp 

emission bands (FWHM = 420 cm–1).87 In addition to P, weak F (λF = 500 nm) with 

a relatively large Stokes shift (2400 cm–1)93 originating from the distorted 4T2 state is 

also observed in [Cr(ddpd)2]
3+. The low QY of residual F (ΦF = 0.01%) indicates 

efficient depopulation of the 4T2 state by ultrafast ISC.79 

The doublet states of [Cr(ddpd)2]3+ are also detectable via absorption spectroscopy 

(Fig. 1.5), revealing the lifting of degeneracy in the lower D2 symmetry due to 

π-bonding of the pyridyl donors. The NIR absorption spectrum of [Cr(ddpd)2]
3+ shows 

at least three weak bands (λmax = 697, 736, 776 nm), attributable to five spin- and 

Laporte-forbidden 4A2→
2E/2T1 transitions.87 Multireference calculations with 

perturbation correction (CASSCF(7,12) NEVPT2) at the DFT-optimized 4A2 geometry 

place the lowest 2T1(1) microstate below the lowest 2E(1) microstate (contrary to the 

TS diagram for an octahedral d3 system), likely due to the greater flexibility of the 

asymmetric occupation of the split t2g orbital set in the 2T1 microstate.89 

 

Fig. 1.5 Normalized (NIR) absorption (blue), P (red) and F (green) spectra of [Cr(ddpd)2]3+ 

with chemical structure and Jablonski-diagram, showing relevant relaxation pathways 

and exemplary microstate configurations of the involved electronic states.94 



 

The PL performance of [Cr(ddpd)2]3+ can be significantly enhanced through 

quantitative deuteration of the ddpd ligand, which reduces the NR relaxation decay 

via multiphonon relaxation (τP = 1800 μs, ΦP = 22.0%).76 Replacing C–H oscillators 

(≈ 3100 cm–1) with C–D oscillators (≈ 2300 cm–1) lowers the fundamental vibrational 

mode, restricting resonant ENT to higher vibrational overtones (ν0→ν6). The reduced 

extinction coefficient of the higher C–D overtone (ν6), compared to possible C–H 

overtones (ν4+ν5), decreases the spectral overlap with the emission band, reducing PL 

quenching.70 In deuterated solvents, intermolecular ENT is further minimized, leading 

to record LTs and QYs (τP = 2300 μs, ΦP = 30.1%).76 The influence of the solvent 

depends on its stretching vibrations and the counterion of the complex salt.73 

 

The electronic nature of the emissive ESs has a decisive influence on the photophysical 

properties of TMCs, including their ES LT, emission bandwidths, tunability, 

photostability, and electron transfer efficiency.94 Since different applications have 

varying requirements, CT and SF systems, with their fundamentally distinct ES 

characteristics, are suited for different uses. For instance, while longer ES LTs are 

generally preferred for photocatalysis to enhance quenching efficiency, shorter LTs 

are more desirable in imaging techniques and OLEDs to reduce photodegradation and 

optimize performance.26,31,32,95 From an electronic perspective, CT transitions can be 

described as intramolecular redox processes, with the redistribution of electron 

density over large parts of the molecule, whereas SF transitions are rather localized 

at the metal center. Regardless of the electronic nature, both CT and SF complexes 

share two fundamental requirements for achieving PL: after spin-allowed excitation, 

efficient ISC/IC should facilitate the population of the photoactive ESs, while a strong 

LF should prevent their depopulation via low-energy, distorted MC states. 

The next section elucidates the fundamental photochemical properties and 

distinctions between CT and SF emitters, supplemented by selected examples of 3d 

TMCs, and explores the specific challenges they face in meeting the summarized PL 

requirements. The photophysical advantages of both emitter classes are thoroughly 

compared, with a particular focus on tuning their ES properties. To provide a 

comprehensive comparison with [Cr(ddpd)2]3+ discussed in the previous section, the 

photophysics of the 3MLCT benchmark system [Ru(bpy)3]2+ are introduced in detail. 



 

 

In CT transitions, the shift of electron density from weakly bonding to antibonding 

orbitals, combined with the Coulomb interaction between separated charges, results 

in weak geometric ES distortion. When projected onto a single distortional coordinate, 

this manifests as a (relatively small) horizontal displacement of the potential energy 

minimum relative to the GS, which enhances vibronic coupling and leads to broad 

absorption and emission bands (strong coupling limit).94 Unlike SF transitions, CT 

transitions are parity-allowed and have larger transition dipole moments, leading to 

higher molar absorption coefficients (ε = 102–106 M–1 cm–1) and higher radiative rates 

(kP = 104–106 s–1).96,97 Strong absorption is advantageous for applications requiring 

high brightness (e.g., DSSCs) or high concentrations of the excited photosensitizer 

(e.g., photocatalysis).26,34 Notably, CT emission can occur as both P and F, whereas SF 

emission is inherently linked to P. As exemplified later in LMCT emitters, rapid F offers 

a strategy to make PL competitive with NR processes.51 

Prominent CT complexes, such as [Ru(bpy)3]2+ and fac-Ir(ppy)3 are well-established 

in numerous applications including photocatalysis (Ru, Ir)29,30, DSSCs (Ru)34, and 

phosphorescent OLEDs (Ir)31,33 due to their favorable optical properties.57 Their heavy 

metal centers offer two advantages: they accelerate spin-forbidden processes (ISC, P) 

due to their large SOC and shift detrimental MC states to higher energies through 

their strong intrinsic LFs, thus enhancing overall photostability and efficiency. 

In [Ru(bpy)3]2+, the pivotal photoactive 3MLCT state is populated after 1MLCT 

excitation using blue light (λexc = 450 nm), followed by ultrafast quantitative ISC 

(τISC = 15±10 fs, Fig. 1.6).98,99 During and after VC (τVC < 300 fs)99–101 within the 

triplet manifold, red P (λP = 620 nm) is observed, with a high QY (ΦP = 9.5%)102 and 

ES LT (τP = 0.81 μs)103. At lower temperatures (77 K), the PL efficiency improves 

(τP = 5 μs), with the temperature dependence being attributed to thermally activated 

IC processes from the 3MLCT state to the distorted and substitutionally labile 3T1 state, 

followed by surface crossing to the GS.68,104 Different JT isomers featuring, elongated 

Ru–N bonds, are related to the NR decay pathways through 3ES/1GS minimum energy 

crossing points (MECPs) and enable ES photochemical reactions.105–107 

Analogous to SF systems, thermally activated NR relaxation via interconfigurational 

MC states becomes more relevant as LF strength decreases. For example, in 

[Ru(tpy)2]2+, being emissive only at lower temperatures, a lower-energy 3T1 state goes 

hand in hand with a reduced activation barrier for IC (3MLCT→3T1), facilitating NR 

deactivation.69,108 Transitioning to a 3d metal in [Fe(bpy)3]2+, the LF is further 

weakened by the primogenic effect, resulting in 3/5MC states lower in energy than the 
3MLCT state. This opens up a fast relaxation cascade through IC into the 3MC state, 

 



 

 

Fig. 1.6 Normalized absorption (blue) and P (red) spectra of [Ru(bpy)3]2+ with chemical 

structure and Jablonski-diagram, showing relevant relaxation pathways and 

exemplary microstate configurations of the involved electronic states.94 

followed by ISC into the high-spin 5MC state (<50 fs)109,110, which decays via spin 

crossover to the GS with a temperature-dependent time constant (≈ 650 ps).111,112 

In the pursuit of luminescent iron(II) TMCs, strongly σ-donating N-heterocyclic 

carbene (NHC) and σ-donating/π-accepting mesoionic carbene ligands have been 

used to raise the energy of detrimental 3/5MC states.113–117 However, iron(II) TMCs 

such as [Fe(pbmi)2]2+ (τP = 9 ps, Fig. 1.7)  and [Fe(btz)3]2+ (τP = 528 ps, Fig. 1.7) 

exhibit ES LTs sufficient for certain applications, such as DSSCs, yet do not show 

detectable PL.118,119 The first emissive mononuclear iron(II) complex Fe(pphen)2 

(Fig. 1.7), incorporating a 9-phenylphenanthroline ligand, shows PL in the NIR II 

spectral range (λP = 1170–1230 nm, τP = 1 ns).120 

CT complexes based on chromium(0) can also exhibit emission when stabilized by 

strong π-accepting ligands such as carbonyls or isocyanides.52,121–123 The arylisocyanide 

ligand in Cr(LNC,tBu) (Fig. 1.7) enables 3MLCT emission with a notable LT 

(λP = 630 nm, ΦP = 0.001%, τP = 2.2 ns), which is remarkable given that analogous 

iron(II) TMCs are generally nonluminescent.124 The strong LF, pronounced 

metal-ligand bond covalency, and protection of the metal center by the sterically 

demanding ligand backbone, make PL a competitive relaxation process in the 

chromium(0) system.125 The ES LT of the TMC is sufficient for bimolecular reactions, 

including ENT for sensitizing triplet-triplet annihilation (TTA) upconversion (UC).126 

This design concept, employing strong isocyanide ligands, has been extended to 

manganese(I), yielding [Mn(LNC,bi)3]+ (Fig. 1.7) and its tridentate analog, which 



 

display blue-shifted PL (λP = 478, 525 nm) compared to chromium(0) systems due to 

the higher oxidation state.127 Although the QYs  are relatively low (ΦP = 0.03, 0.05%) 

owing to energy dissipation via nuclear motions, the LTs are long enough for 

bimolecular ENT reactions (τP = 0.74, 1.73 ns), including TTA UC.51 

PL from LMCT states in 3d TMCs can be achieved upon formal oxidation of the 

aforementioned iron(II) complex to [Fe(btz)3]
3+ (λF = 600 nm, ΦF = 0.03%, 

τF = 100 ps, Fig. 1.7).128 In this system, the interplay of a high radiative rate for spin-

allowed F and a significantly large 2LMCT→4T1 activation barrier, which hinders NR 

decay via ISC to the lower-energy, JT-distorted 4T1 state, enables 2LMCT emission. The 

more rigid anionic ligand in [Fe(PhB(MeIm)3)2]+ (λF = 655 nm, ΦF = 2%, τF = 2.0 ns, 

Fig. 1.7) induces an even stronger LF, further destabilizing the detrimental 4/6MC 

states and resulting in enhanced PL efficiency.129 

 

Fig. 1.7 Chemical structures of selected 3d metal based CT complexes with arrows indicating 

if PL is detectable.118–120,124,127–131 



 

A common strategy for circumventing NR deactivation via MC states in CT complexes 

involves the use of d0 or d10 electronic configurations with an empty or completely 

filled shell.132–135 For 3d metals, MC states are absent in tetrahedral copper(I) 

complexes of the type [Cu(phenR2)2]
+ (R = H, Me, nBu, tBu, Ph, Fig. 1.7).130,131 In these 

systems, second-order JT distortions, including ES flattening driven by a formally 

oxidized copper(II) center in the MLCT state, become relevant alongside PL and can 

be sterically hindered by introducing rigid substituents.136,137 With a small singlet-

triplet energy gap (<1000 cm–1) and a low P rate, these TMCs exhibits either 3MLCT 

P or thermally activated delayed F (TADF) from a 1MLCT state following back-ISC, 

depending on the temperature.138,139 

 

SF transitions involve only a change in electron spin within a constant d-electron 

configuration, resulting in minimal alteration to the electronic structure. Compared to 

CT states, SF states exhibit less distortion, with potential wells that are nested with 

respect to the GS, which generally helps to decelerate NR processes.94 As 

demonstrated in [Cr(ddpd)2]3+ (Section 1.2.2), this results in sharp emission bands 

due to dominant FC factors from lower vibronic levels.73 In accordance with Laporte’s 

Rule, SF transitions in centrosymmetric coordination environments exhibit low 

radiative rates (kP = 20-200 s–1).59,70 Combined with low NR rates, this leads to long 

ES LTs, making SF emitters highly efficient for applications such as optical sensing 

and photocatalysis.50,54,56,60 

The electronic occupation in SF states distinguishes between spin-unpaired and spin-

paired microstates (of different 2E or 2T1 parentage for d3 systems, Fig. 1.4). Spin-

unpaired microstates are characterized by symmetric orbital occupation and differ 

from the GS only by a flipping of a single electron spin. Population of the more 

distorted spin-paired microstates with asymmetric orbital occupation may lead to ES 

JT distortion if the SF involves antibonding orbitals (e.g., in nickel(II) systems).70 

However, if the SF occurs in non-bonding orbitals, as in chromium(III) systems, the 

SF states exhibit only slight geometric distinctions.79 

Pseudooctahedral chromium(III) TMCs, such as [Cr(ddpd)2]3+, represent the most 

extensively studied class of SF emitters and will be discussed further in Section 1.4. 

Generally, TMCs with d2, d3, d4 or d8 electronic configurations can give rise to SF ESs. 

However, these d-orbital occupancies pose challenges for certain metals in low or high 

oxidation states, as low-lying distorted CT states may come into play.70 For example, 

vanadium(II) and manganese(IV) ions also exhibit d3 electronic configuration, but PL 

efficiency is quite poor in most corresponding TMCs due to rapid deactivation via 



 

MLCT and LMCT states, respectively.140,141 Consequently, SF emitters beyond the d3 

electronic configuration and +III oxidation state remain rare. This issue has been 

addressed by using ligands with strong electron-donating or electron-withdrawing 

groups to shift detrimental CT states to higher energies.50,54 

In the vanadium(II) complex mer-[V(ddpd)2]
2+ (Fig. 1.8), the absence of SF emission 

is attributed to the mixing of low-energy 2MLCT states with the SF states, leading to 

ES distortion and efficient NR relaxation. The system demonstrates that the LC π* 

orbitals are even too low in energy when coordinating the electron-rich ddpd ligand 

on the electron-rich metal.140 

The oxidized vanadium(III) complex mer-[V(ddpd)2]
3+ (Fig. 1.8), with a d2 electronic 

configuration, exhibits weak 1E/1T2→
3T1 P in the NIR-II region (λP = 982, 1088, 

1109 nm, ΦP = 0.00018%), representing the first 3d TMC emitting in this spectral 

range (>1000 nm) at RT in solution.142 Additionally, the TMC displays strong blue F 

(λP = 396 nm, ΦF = 2.1%) from a 3LMCT state under these conditions. The 

observation of dual emission is mechanistically explained by a high F rate and 

inefficient ISC from initially populated triplet ESs to the singlet ESs, allowing 

concurrent IC into the 3LMCT state. While multiphonon relaxation slightly impacts the 

photodynamics of the TMC, the low ISC rate, due to a low density of singlet acceptor 

states in the triplet energy region, may account for the poor P efficiency.70 

In comparison, the heteroleptic TMC mer-VCl3(ddpd) (Fig. 1.8), with a higher ISC 

efficiency attributed to the heavy atom effect of chloride, exclusively shows P 

(λP = 1102, 1219, 1256 nm, τP = 0.5 μs).143 Ligand deuteration further increases the 

ES LT (τP = 3.4 μs), indicating that multiphonon relaxation involving C−H oscillators 

is a significant NR pathway in this system. Additionally, a large GS splitting, as 

evidenced by the appearance of multiple 1E/1T2 → 3T1 emission band maxima, reduces 

the energy gap between the emissive ESs and the GS, thereby facilitating NR 

deactivation in agreement with the energy gap law.61 

The hexacarbene manganese(IV) complex [Mn(PhB(MeIm)3)2]2+ (Fig. 1.8) also 

exhibits both discussed PL types, showing long-lived 2E/2T1→
4A2 P in the NIR 

(λP = 814 nm) and green 4LMCT F (λF = 600–750 nm).144 The red-shifted P compared 

to many chromium(III) emitters reflects the high degree of metal-ligand bond 

covalency between the highly charged metal ion and the anionic ligand.51,70 The 

assignment of pure SF character to the P contrasts with the PL observed in the second 

NIR II emissive manganese(IV) complex [Mn(dgpy)2]4+ (Fig. 1.8), which has 

dominant 2LMCT character with only a small SF contribution.141 

SF emission from pseudooctahedral TMCs with low-spin d4 electronic configuration 

has not been reported to date. Challenges for these systems include the need for a 



 

high LF strength (ΔO > 38 B)90,91 as well as efficient population of the potentially 

emissive 1T2/1E states. Since the 3E state is rapidly deactivated through a relaxation 

cascade via the lower-lying 5E state, analogous to iron(II) systems,145 populating the 

emissive ES must follow an alternative excitation route (e.g., through CT states). 

Additionally, the degenerate 3T1 GS can undergo JT distortion, similar to the d2 

electronic configuration in vanadium(III) systems, thereby facilitating NR decay.70 

In pseudooctahedral TMCs with a d8 electronic configuration, such as nickel(II) 

systems, the SF transition occurs in the antibonding eg orbitals, giving rise to spin-

paired and unpaired microstates of 1E parentage. As previously discussed, the 

population of the JT distorted spin-paired microstate can facilitate NR relaxation to 

the 3A2 GS. To date, SF emission with nickel(II) has not been achieved, primarily 

because the detrimental 3T2 and 1E state are not sufficiently separated by a strong LF 

(ΔO = 17–18 B).70 Moving to even stronger ligands than ddpd, such as CN–, forces the 

d8 system into a square planar coordination geometry in [Ni(CN)4]2–, where SF states 

are absent, rendering the TMC diamagnetic.146 

 

Fig. 1.8 Chemical structures of selected 3d metal based SF complexes with arrows indicating 

if PL is detectable.140–144 

 

The energy of the emissive ESs strongly correlates with ES dynamics and is a crucial 

parameter in determining the overall PL efficiency of a TMC. The example of 

photoactive [Mn(PhB(MeIm)3)2]2+ (Fig. 1.8), which exhibits SF emission in the NIR 

(λP = 814 nm), demonstrates that relying solely on simple LF theory is insufficient for 



 

deriving general emission energy trends.144 Considering the Racah parameters for free 

Mn4+ (B0 = 1064 cm–1) and Cr3+ (B0 = 918 cm–1) ions,147 one might expect higher PL 

energies for the manganese(IV) complex compared to most chromium(III) TMCs; 

however, the opposite is observed.70 Indeed, metal-ligand bond covalency and 

interelectronic repulsion of d-electrons play a significant role for SF energies, factors 

that can theoretically be tuned to control PL properties. Depending on the electronic 

nature of the ESs, different approaches can be applied for tuning emission energies.94 

To a first approximation, the energy of CT transitions depends on the energy 

difference between the MC and LC donor and acceptor orbitals, according to 

Koopmann’s theorem.148 CT energies can thus be adjusted by ligand design, such as 

incorporating electron-donating or electron-withdrawing groups or modifying the 

aromatic system.149,150 Alternatively, changing the metal center alters the energies of 

the involved d-orbitals, thereby affecting CT energies.151,152 For example, [Os(bpy)3]
2+ 

(λP = 730 nm) shows red-shifted 3MLCT P relative to [Ru(bpy)3]2+ due to higher-

energy 5d donor orbitals, while mer–Ir(ppy)3 (λP = 550 nm) exhibits blue-shifted 
3MLCT P owing to the higher metal charge and higher-energy π-accepting LC orbitals 

(Fig. 1.9).30,153,154 In general, the electronic structures of the metal and ligand are 

coupled, such that ligand modifications also influence MC orbital energies and vice 

versa.94,152 Additionally, in systems with high electron correlation, the transition 

energy can deviate significantly from the energy difference of the orbitals involved, 

complicating predictions based on orbital energies alone.155–157 Owing to the charge-

separated nature of CT states with dipole moments significantly different from the GS, 

CT energies can be influenced by the surrounding matrix (e.g., solvatochromism).158–

163 As a result of various tuning options available, the emission of CT emitters, such as 

iridium(III) TMCs, can be adjusted across a wide range of the visible spectrum.40 

 

Fig. 1.9 Normalized emission spectra of selected a) CT and b) SF systems to illustrate strategies 

to shift emission energies relative to [Ru(bpy)3]2+ and [Cr(ddpd)2]3+ (gray).94 



 

Tuning the energy of SF states is less straightforward than for CT states. Since SF 

transitions do not involve charge separation and the electronic structure changes only 

slightly, with localization at the metal center, traditional strategies such as ligand 

substitution or altering the solvent environment have minimal impact on SF energies. 

Instead, SF transition energies depend on varying exchange interactions between 

electrons in the involved states.94 This non-classical interaction arises from the 

antisymmetry requirement for a fermionic wavefunction and is based on electronic 

Coulomb interaction. Classically, electrons in states with higher total spin avoid each 

other more effectively, resulting in a reduced interelectronic repulsion and lower 

energies compared to states of lower multiplicity but identical orbital occupancy 

(Hund’s rule).148 Thus, tuning SF transitions requires considering the effects of a so-

called exchange term, which consistently stabilizes the GS relative to ESs of lower 

multiplicity, though to varying degrees. 

In LF theory, interelectronic repulsion in the nearly degenerate d-orbitals of a TMC is 

quantified by the Racah parameters B and C, which account for Coulomb and 

exchange interactions. In a free ion in the gas phase, interelectronic repulsion is 

maximized due to the electrons occupying contracted d-orbitals resulting from a high 

effective nuclear charge, expressed by the highest value B0 for the Racah parameter 

B. This situation often fails to predict SF energies of complexes or solids accurately. 

Upon forming a covalent bond with ligands, the d-orbitals expand due to ligand orbital 

admixture and the reduction in the effective nuclear charge through dative bonding. 

The resulting decrease in interelectronic repulsion and the Racah parameter B relative 

to the free metal ion is known as the nephelauxetic effect, understood as an expansion 

of the electron cloud onto the ligand (Fig. 1.10). This effect represents the transition 

from M–L bonds of an electrostatic nature in crystal field theory to more covalent 

 

 

Fig. 1.10 Simplified illustration of the nephelauxetic effect, showing the expansion of a MC 

d-orbital, leading to reduced interelectronic interactions and a shift in SF bands. 



 

bonding described in LF theory. The degree of this cloud-expanding effect, quantified 

by the nephelauxetic parameter β (ratio B/B0), could be expressed in a nephelauxetic 

series of metals and simple ligands and depends on the effective nuclear charge of the 

metal ion and the electronegativity of the ligand donor atoms.164–166 However, this 

data, based mainly on monodentate ligands, has limited predictive power when 

applied to photoactive TMCs with more complex multidentate ligand scaffolds.88 

The key strategy for tuning SF energies in a TMC is to control the nephelauxetic effect 

by modifying M–L bond covalency and the size of the d-orbitals. Generally, the 

electronic structure of MC ESs in TMCs is determined by the ratio between LF splitting 

Δ0 and the Racah parameter B.166 Thus, the nephelauxetic effect can also be crucial for 

CT emitters, as it allows control over the relative energies of CT and 

interconfigurational MC states (e.g., chromium(0) and manganese(I) systems).124,127 

For stronger CT emission, an increase in M–L bond covalency, in addition to a stronger 

LF, can lift dark MC states above CT states, reducing NR processes.88 In TMCs with π 

donor ligands, the competition between decreasing the LF and increasing the M–L 

bond covalency can destabilize MC ESs relative to CT ESs, though this effect is 

insufficient to significantly extend the LT of the latter.167,168 

SF transitions are typically found in the NIR-I (750–1000 nm) to NIR-II (1000–

1700 nm) spectral regions and are generally lower in energy than CT transitions.52,70 

Blue-shifting SF energies into the visible range is challenging compared to tuning CT 

energies. Metals in high oxidation states required for this purpose often give rise to 

closely lying dark LMCT states and/or form highly covalent M–L bonds, resulting in 

lower overall SF energies (e.g, manganese(IV)).94,144 As will be discussed for 

chromium(III) TMCs, lowering SF energies by increasing the Racah parameter B can 

introduce challenges with the energy gap law and enhanced multiphonon relaxation, 

leading to low PL efficencies.57,61 

The TS diagram for octahedral d³ systems (Fig. 1.4) shows that MC states exhibit 

different functional dependencies on the ratio Δ0/B.90,91 While the energy of the lowest 
4T2 state corresponds to Δ0, the SF states 2E/2T1 are only weakly dependent on Δ0 and 

are primarily influenced by the Racah parameters B and C (eq. 1.1–1.3).79 For perfectly 

octahedral chromium(III) systems (BO = 918 cm–1), assuming C/B = 4, LF theory 

predicts a theoretical emission energy maximum at 559 nm. Achieving a blue shift of 

SF emission towards this intrinsic upper limit into the red spectral region (>725 nm), 

however, has so far been achieved at the expense of PL efficiency.70 In red-emissive 

complexes, such as [Cr(en)3]3+ (λP = 670 nm, Fig. 1.11), with ligands that 

predominantly influence the σ-system, the LF strength and the rigidity are too weak 

to suppress NR deactivation pathways.169 Transitioning to σ-donating and π-accepting 

polypyridine ligands strengthens the emission by widening the 4T2 to 2E/2T1 energy 



 

gap but decreases the Racah parameter B.88 The PL of the respective chromium(III) 

complexes typically falls within a relatively narrow spectral window in the NIR I (725–

780 nm) because the first coordination sphere of six pyridines is largely preserved. 
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Substitution of donor atoms by replacing three of the six pyridine units with stronger 

σ- and π-donating carbanionic phenyl rings, as in fac-Cr(ppy)3 (λP = 910 nm, 

ΦP = 0.03%, Fig. 1.11), creates a more covalent bonding situation (Fig. 1.9).170 

Despite the stronger LF compared to structurally related [Cr(bpy)3]3+ (λP = 727 nm, 

ΦP = 0.09%), the PL efficiency of the neutral TMC is lower, attributed to enhanced 

multiphonon relaxation due to the lower emission energy, trigonal distortion, and 

self-quenching via intermolecular π–π and CH–π interactions.70 

Further red-shifting of SF energies into the NIR-II region was achieved in [Cr(dpc)2]+ 

(λP = 1067 nm, Fig. 1.11) by incorporating the anionic dpc ligand with a carbazolato 

backbone.171 Similar to fac-Cr(ppy)3, the combination of π-accepting pyridines with 

π-donating amides/phenyls induces a push-pull effect of π density, increasing bond 

covalency compared to purely pyridine-based TMCs.170 However, nearby 2LMCT states 

cause ES distortion and likely enhanced multiphonon relaxation in [Cr(dpc)2]+, 

resulting in weak PL detectable only at low temperatures in frozen solution 

(ΦP < 0.00089%).  

The influence of ligand backbone substitutions on SF energies was investigated in a 

series of chromium(III) complexes [Cr(bpiR1,R2)]+ (R1 = H; R2 = H, OMe and R1 = Me, 

Et, OMe, NMe2; R2 = H, Fig. 1.11) with isoindoline-based ligands.172,173 Upon 

substitution on the pyridine moieties, the PL of the TMCs could be tuned between 777 

and 970 nm, with the PL efficiency strongly influenced by the energy gap law.61 

Despite some LMCT character, SF energies increase linearly with an increasing 

nephelauxetic parameter β, forming a consistent trend with the PL maxima of 

fac-Cr(ppy)3 and [Cr(dpc)2]+.88 

The aforementioned studies addressed the nephelauxtetic effect using pyridine, 

phenyl and amine ligands. In addition, the cyclometalated TMCs fac-Cr(C^N)3 and 

fac-Cr(C^P)3 (Fig. 1.11) adjusted M–L bond covalency by employing amine and 



 

phosphine donors.174 Both complexes exhibit SF emission in the NIR region (λP = 765, 

866 nm), although NR deactivation via intermolecular interactions (solid state) and 

flexible chelate rings (solution) limit PL performance. Considering the SF energies of 

[Cr(bpy)3]
3+ and fac-Cr(ppy)3, these results establish a nephelauxetic series 

NR3 < PR3 ≅ py < Ph– for chromium(III) TMCs.169,170 

 

Fig. 1.11 Luminescent chromium(III) complexes arranged by increasing emission energy (low-

energy maximum). The donor atoms of the ligands are color-coded based on their 

electronic properties (purple: σ-donor, blue and green: σ-donor/π-acceptor; red: σ-

donor/π-donor).87,169–174 

 

Inspired by the gemstone ruby (Al2O3:Cr3+), the most prominent example of a SF 

emitter, which led to the development of the first laser, pseudooctahedral 

chromium(III) TMCs have been proposed as promising photoactive complexes.175 

These molecular alternatives offer intrinsic advantages over their solid-state 

counterpart, including tunability, sensitivity, and solubility, making them suitable for 

applications in homogeneous photocatalysis, optical sensing, photon upconversion 

(UC) and circularly polarized luminescence.50,56,60,70,79 However, as discussed in 

Section 1.2.1, the PL efficiency of many chromium(III) TMCs is limited by rapid NR 

decay (ΦP < 0.15%), hindering their use in optical applications.70,74 This limitation 

was overcome with the discovery of [Cr(ddpd)2]3+, which exhibits intense, sharp dual 



 

SF emission with ES LTs and QYs an order of magnitude higher than previously 

reported chromium(III) compounds.87 As highlighted in Section 1.2.2, the structural 

key to these exceptional photochemical properties lies in the design of the tridentate 

ddpd ligand, which prevents trigonal distortion and forms six-membered chelate rings 

with optimized N–Cr–N bite angles.73 [Cr(ddpd)2]3+ demonstrates that the 

photochemical properties of a TMC can be controlled through a structure-property 

design approach. 

Building on its remarkable optical properties, [Cr(ddpd)2]
3+ became the first member 

of a family of strongly emissive chromium(III) TMCs featuring this structural motif, 

giving rise to the term “molecular rubies”.73,79 This chapter summarizes the progress 

in the field of molecular rubies, focusing on structure-property design concepts aimed 

at modifying their GS and ES characteristics. It concludes with an overview of selected 

emission- and quenching-based applications enabled by the unique properties of this 

innovative compound class, highlighting their untapped potential. 

 

To distinguish molecular rubies from other chromium(III) emitters, several key 

defining properties can be identified.79 Structurally, molecular rubies incorporate 

rigid, tridentate six-membered chelators that form strong σ-bonds with the metal, 

creating a strong LF close to the second doublet/quartet crossing point in the TS 

diagram.90,91 This configuration prevents the repopulation of the deactivating 4T2 state 

and promotes effective population of the emissive 2E/2T1 states. Rapid ISC further 

ensures that the system does not remain in the detrimental 4T2 state long enough for 

significant nuclear motion beyond the FC geometry. These structural and dynamic 

features result in strong PL with a long ES LT at RT, characterizing molecular rubies. 

Introducing bulky substituents in the periphery of the ddpd ligand, as in the series 

[Cr(ddpd5R)]3+ (R = Me, Mes, Tripp, Fig. 1.12), protects the chromium(III) center 

from triplet oxygen quenching via Dexter-type ENT.176 By incorporating sterically 

demanding aryl substituents, the PL performance under aerated conditions improves 

by nearly an order of magnitude (R = Tripp, ΦP = 5.1%, τP = 518 us) compared to 

the parent compound [Cr(ddpd)2]3+ (ΦP = 0.8%, τP = 52 us),84 without affecting the 

PL energy. Due to the localized nature of SF states, shielding effects are easier to 

achieve in SF systems than in CT systems, where the ES character is more delocalized. 

Another TMC that meets the criteria for molecular rubies, is [Cr(H2tpda)2]3+ (H2tpda 

= 2,6-bis(2-pyridylamino)pyridine, λP = 738, 782 nm, Fig. 1.12), which exhibits 

emission energies similar to [Cr(ddpd)2]3+.87,177 Due to the short distances between 

the highly charged metal center and the bridging NH groups, this complex is acidic 



 

(pKa = 8.8) and can be reversibly deprotonated into a non-emissive species in 

solution. In the solid state, and presumably in solution, counterions coordinate to the 

NH groups via hydrogen bonds, reducing oxygen sensitivity by protecting the metal 

center. The pronounced acidity of [Cr(H2tpda)2]
3+ further facilitates rapid NH/ND 

exchange in D2O, which enhances PL efficiency by reducing multiphonon relaxation. 

In [Cr(dqp)2]
3+ (dqp = 2,6-di(quinolin-8-yl)pyridine, λP = 724, 747 nm, Fig. 1.12), 

which features the rigid dqp ligand, the SF energies are more significantly modified 

than in the previous examples.178 Due to the lower metal-ligand bond covalency, the 

two emission maxima are hypsochromically shifted relative to [Cr(ddpd)2]
3+.87 The 

differing impacts of LF strength ΔO and the Racah parameter B on the doublet energies 

(eq. 1.1–1.2) are reflected in the larger separation of the 2E/2T1 bands. Functionalizing 

the ligand periphery in [Cr(dqpR)2]
3+ (R = OMe, Br, CCH, Fig. 1.12), enhances the 

nephelauxetic effect relative to the unsubstituted TMC, with the methoxy group 

exerting the strongest influence on the π-system (λP = 727, 759 nm).179 

In heteroleptic molecular rubies such as [Cr(ddpd)(dqp)]3+ (λP = 728, 762 nm, 

Fig. 1.12) and [Cr(dqp)(dqpOMe)]3+ (λP = 725, 752 nm, Fig. 1.12), the SF energies lie 

between those of their respective homoleptic counterparts.180 Predicting PL energies  

 

 

Fig. 1.12 Chemical structures of selected molecular rubies. 



 

in these systems based on additive nephelauxetic effects of the ligands seems feasible, 

similar to the general approximation of LF strength in heteroleptic TMCs using 

increment rules derived from their homoleptic analogs.166 Despite their lower 

symmetry, which should lift Laporte’s rule, the radiative rates of the heteroleptic TMCs 

are not significantly increased, while NR rates are higher than in the homoleptic 

species.79 In contrast, incorporating single six-membered chelators in 

[Cr(ddpd)(tpyR)]3+ (R = H, COOEt, τP = 1000, 980 μs, ΦP = 0.06, 0.14%, Fig. 1.12) 

and [Cr(dqp)(tpy)]3+ (τP = 578 μs, ΦP = 0.2%, Fig. 1.12) markedly enhances PL 

efficiency compared to the homoleptic five-membered chelating systems.181 

The inclusion of monodentate ligands in Cr(CN)3(ddpd) (τP = 79 μs, Fig. 1.12) and 

Cr(CN)3(dqp) (τP = 13 μs, Fig. 1.12), which induce large Δ0/B values, also results in 

PL, particularly at lower temperatures.182 Replacing cyanide with halides as weaker 

ligands increases NR decay via back-ISC, making the emission undetectable at RT. 

The introduction of an an inversion center in molecular rubies, as realized in 

[Cr(tpe)2]
3+ (tpe = 1,1,1-tris(pyrid-2-yl)ethane), by using tripodal ligands, 

significantly reduces radiative rates (Fig. 1.12).83 In the centrosymmetric complex, 

Laporte’s rule applies more stringently compared to meridionally coordinated TMCs, 

resulting in an unprecedented ES LT (τP = 4500 μs). Due to the required activation of 

ungerade parity vibrational modes to allow PL, the emission band is asymmetric and 

features fine structure. However, the long ES LT and inversion symmetry go hand in 

hand with a high oxygen sensitivity of PL efficiency and low extinction coefficients for 

the 4A2→
4T2 MC absorption (ε < 50 cm–1). Additionally, LMCT bands in [Cr(tpe)2]

3+ 

are shifted to higher energies compared to [Cr(ddpd)2]
3+.87 Consequently, 

photocatalytic applications that rely on visible-light excitation to avoid substrate 

absorption require high efficiency, particularly at low catalyst concentrations and 

short optical path lengths.183 

 

Molecular rubies are highly suitable for optical sensing applications due to their dual, 

sharp PL in the NIR region, characterized by long ES LTs, high QYs, excitability in the 

visible region, and excellent thermal and (photo)chemical stability.60,70,79  

Given that the energy difference between the 2E and 2T1 states in [Cr(ddpd)2]3+ 

(ΔE = 660 cm–1) lies within the thermal energy range, the intensity ratio of the two 

emission bands, reflecting a Boltzmann distribution, can be used for ratiometric 

optical temperature measurements in solution, nanoparticles, and micelles within the 

temperature range of 210 – 373 K (Fig. 1.13).184 The narrow bandwidth, long ES LT, 

and large energy separation between excitation and emission simplify the spectral 



 

distinction of scattered excitation light and background F and enable combination 

with other visible light-absorbing/emitting probes. 

The high sensitivity of PL to the presence of triplet oxygen allows molecular rubies to 

function as oxygen sensors when the emission is quantified relative to an oxygen-

insensitive emissive compound.79 Nanosensors embedding [Cr(ddpd)2]
3+ have 

successfully demonstrated simultaneous ratiometric optical measurement of 

temperature, oxygen partial pressure, and pH, covering biologically and 

physiologically relevant ranges.185 For this purpose, biocompatible polystyrene 

nanocarriers doped with the molecular ruby and an inert reference dye were 

covalently labeled with pH-sensitive fluorescein, creating a sensing system that 

operates under single-wavelength excitation. 

The emission bands of [Cr(ddpd)2]
3+ and [Cr(H2tpda)2]

3+ exhibit a linear pressure-

induced redshift in both solid state and solution (up to –14.8 cm–1 kbar–1), making 

them suitable for optical pressure sensing in various media (Fig. 1.13).92 The pressure 

sensitivity of molecular rubies exceeds that of the traditional ruby (–0.8 cm–1 kbar–1), 

which can be attributed to the greater structural reorganization in molecular materials 

compared to the oxide.186 Calculations on [Cr(ddpd)2]3+ indicate that the most 

significant structural changes under hydrostatic pressure are the compression of the 

CrN6 coordination polyhedron and the planarization of the central pyridines.187 

Notably, the pressure response of the 2T1 state is higher than that of the 2E state 

(–14.1 and –7.7 cm–1 kbar–1, solid state), likely due to the stronger π interaction of the 

doubly occupied orbital with the pyridine donors.79 

A structural feature of molecular rubies with meridionally coordinating ligands, which 

form 6-membered chelate rings, is their inherent helical chirality, leading to (P,P) and 

(M,M) enantiomers. The compound class holds significant potential for circularly 

polarized luminescence (CPL), as they exhibit a high excess of single-handed polarized 

light due to the magnetically dipole-allowed (ΔS ≠ 0) and electrically dipole-

forbidden (ΔL = 0) nature of their SF transitions.79 To achieve chiral resolution, 

racemic mixtures of [Cr(ddpd)2]3+ and [Cr(dqpR)2]3+ (R = H, OMe, Br, CCH) were 

separated into enantiopure materials using chiral high-performance liquid 

chromatography (HPLC).178,179,188 The enantiomerically enriched samples display dual 

CPL with impressive dissymmetry factors (|𝑔lum| ≤ 0.2), among the highest reported 

for d-block TMCs. Combined with their high QY and photochemical stability, 

molecular rubies are promising candidates for applications in chiral optoelectronics 

and photonics. 



 

 

Fig. 1.13 Normalized variable-temperature emission spectra of [Cr(ddpd)2](BF4)3 in air 

saturated H2O and b) normalized pressure-dependent emission spectra of 

[Cr(ddpd)2](BF4)3 x 3 CH3CN for a solid sample.92,184 

 

Due to their long ES LTs, molecular rubies efficiently participate in homogeneous 

energy transfer (ENT) or photoinduced electron transfer (PET) reactions, even at lower 

quenching rates.56 The kinetic and thermodynamic preference for either quenching 

pathway depends on the relative rates, driving forces, and is determined by the ES 

energies for ENT and GS/ES redox potentials (vs. FcH/FcH+ in this work) for PET, as 

well as the reorganization energies of the donor/acceptor.24,189 

For PET, the ES redox potential of the TMC is crucial and can be estimated from its 

GS redox potential and the transition energy between GS and ES at zero vibrational 

levels (Rehm-Weller equation).61,62,190 While the ES redox properties of CT sensitizers 

can be understood using an electron/hole formalism, the potential in SF sensitizers 

with intraconfigurational ES nature is governed by electron exchange interactions.191 

Typically, an excited molecule acts as both a stronger oxidant and reductant; however, 

for molecular rubies, only the reductive pathway is relevant due to the unfeasibility of 

CrIV/CrIII oxidation in typical ligand environment.56 Since the lowest SF transitions of 

molecular rubies with pyridine ligands occur in a similar energy range, the GS 

potential primarily determines their oxidative strength in the ESs.79 In PET catalysis, 

a MC reduction, as observed in [Cr(ddpd)2]3+ (E0 = –1.11 V)87, leading to a 

substitutionally labile high-spin chromium(II) species (at RT), is less favorable than a 

predominantly LC reduction, as enforced in [Cr(dqp)2]3+ (E0 = –0.80 V)178 and 

[Cr(tpe)2]3+ (E0 = –0.88 V)83, as the reduced species should be substitutionally stable 

under the catalytic conditions. 



 

Centrosymmetric [Cr(tpe)2]3+ (E* = 0.87 V) features a non-innocent ligand 

facilitating LC reduction by the coplanar orientation of the trans-coordinated 

pyridines.83 The TMC catalyzes the visible-light-driven radical cation [4+2] 

cycloaddition of trans-anethole and 2,3-dimethyl-1,3-butadiene with quantitative 

conversion under aerated conditions (Fig. 1.14).183 Surpassing the prominent 

photocatalyst [Ru(bpz)3]
2+ in photostability, reversible redox chemistry, and ES LT, 

the molecular ruby demonstrates exceptional performance and reusability in this 

photoreaction. The mechanism is initiated by the reductive quenching of the excited 

sensitizer by trans-anethole. In the presence of oxygen as a redox mediator, non-

geminate back ET is minimized due to rapid photocatalyst regeneration, while the 

lower ENT quenching rate to triplet oxygen renders this side reaction negligible. 

Similarly, under oxygenated conditions, [Cr(dqp)2]
3+ (E* = 0.86 V) catalyzes aerobic 

bromination of methoxyaryls, oxygenation of 1,1,2,2-tetraphenylethylene, and 

aerobic hydroxylation of arylboronic acids.191 In contrast, the vinylation of 

N-phenylpyrrolidine proceeds without requiring oxygen in catalyst regeneration. The 

efficiency of these reactions generally benefit from the long ES LTs of the molecular 

rubies, which compensate for the relatively low thermodynamic driving force of PET. 

Due to their relatively low SF energies, resulting in minimal spectral overlap, 

molecular rubies can sensitize only few substrates through dynamic ENT.56 However, 

substrate activation can be achieved indirectly after prior singlet oxygen formation via 

Dexter-type ENT. Singlet oxygen sensitized by [Cr(ddpd)2]3+ can, for example, serve 

as a reagent for the α-cyanation of tertiary aliphatic amines with Me3SiCN, yielding α-

aminonitriles.192 Since amine oxidation by [Cr(ddpd)2]
3+ is thermodynamically 

unfeasible, the reaction proceeds with high selectivity via singlet oxygen sensitization, 

followed by selective C–H bond activation. The catalysis benefits from the high 

quantum efficiency of singlet oxygen formation (Φ(1O2) = 61%), with the long ES LT 

of the sensitizer more than compensating for the low oxygen quenching rate.87  

Photon UC offers a solution to the challenge of low ES energies of energy donors to 

sensitize photoreactions, providing the acceptor has a sufficiently long ES LT. 

Molecular rubies like [Cr(ddpd)2]3+ meet this requirement and can also function as 

energy acceptors, making UC particularly feasible at short donor-acceptor distances.79 

The hetero-oligometallic sensitizer-activator assembly [Cr(ddpd)2][Yb(dpa)3] exhibits 

chromium(III) SF emission in the solid state after excitation of two lanthanide ions 

(2F7/2→
2F5/2), followed by cooperative ENT to the 3d TMC.193 In this assembly, the 

biphotonic UC process is structurally facilitated by each activator cation being 

surrounded by five sensitizer anions, enabling efficient static ENT. Additionally, the 

downshifting back-ENT 2E/2T1(Cr3+)→2F5/2(Yb3+) (Dexter and Förster mechanism) are 

diminished in this system through the spatial separation of the metal centers. 



 

 

Fig. 1.14 Proposed mechanism for the visible light-driven radical cation [4+2] cycloaddition 

of trans-anethole (tAn) and 2,3-dimethyl-1,3-butadiene (DMB) to the Diels-Alder 

product (DAP) using the photocatalyst [Cr(tpe)2]3+ (PC).183 

 

 



 

 

 

 

 



 

2 Motivation and Aim of the Work 

Molecular rubies possess remarkable photophysical properties, positioning them as 

promising candidates for applications in optical sensing, photocatalysis, photon 

upconversion and circularly polarized emission.50,56,60,70 However, the relationship 

between these properties and their underlying geometric and electronic structure is 

not yet fully understood, a gap that must be addressed for the ongoing development 

and sustainable use of these 3d transition metal complexes. In particular, tuning 

emission energies across the high-energy NIR region, as well as deeper understanding 

of excited state dynamics remain underexplored.88 Additionally, current 

representatives of the compound class exhibit limited diversity in their optical 

properties, such as emission in the non-visible range and the need for blue-light 

excitation, restricting their broader applicability.79 

This research is motivated by the need to address these challenges and push the 

boundaries of molecular ruby design. The work is divided into six projects, each 

contributing to the overarching goal of controlling spin-flip energies and excited state 

redox potentials. The primary objectives are to develop new molecular rubies with 

enhanced photophysical properties, understand these properties through detailed 

structure-property analysis, and to increase accessibility by establishing new synthetic 

pathways. By integrating computational methods, this research ultimately aims to 

improve the predictive power for tuning photochemical properties, enabling targeted 

design of these photoactive compounds for a broader range of applications. 

Photoactive compounds based on rare metals like ruthenium(II) achieve strong red 

emission and are widely employed, particularly in biosensing.61 However, no 

molecular example among the more abundant chromium(III) complexes has yet 

combined the benefits of spin-flip systems with strong visible light emission.94 Existing 

molecular rubies typically emit in the NIR region due to a pronounced nephelauxetic 

effect, while visible-light emitting chromium(III) complexes suffer from poor quantum 

yields.70,79 Guided by quantum chemical predictions, this work seeks to overcome this 

limitation by increasing spin-flip energies in molecular rubies while maintaining high 

luminescence efficiency (Fig. 2.1a, Section 3.2). Additionally, it aims to enhance 

electrochemical properties by designing an electron-poor complex with a high excited-

state potential to expand the applicability of molecular rubies in photoredox catalysis. 
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First-row transition metal complexes are rarely used for photon upconversion 

compared to their heavier, less abundant counterparts, primarily due to lower 

emission energies and shorter excited-state lifetimes, resulting in inefficient energy 

transfer.194,195 The developed molecular ruby, with its sufficient excited-state energy, 

is expected to enable the sensitization of anthracenes for triplet-triplet annihilation 

photon upconversion (Fig. 2.1b, Section 3.3). A follow-up project aims to efficiently 

convert low-energy green photons into anti-Stokes shifted blue photons via an 

underexplored energy transfer mechanism using a 3d metal complex. Besides 

appearing as delayed fluorescence, the upconverted energy is intended to drive 

chemical transformations of sterically less-hindered anthracenes. 

For broader applications in photoredox catalysis, it is essential to diversify both the 

optical and electrochemical properties of molecular rubies.56,60 This work focuses on 

modifying the ground state reduction potential of molecular rubies by introducing 

electron-donating or electron-withdrawing groups in the ligand periphery (Fig. 2.1c, 

Section 3.4). The goal is to determine to what extent their redox behaviour can be 

tuned independently of their luminescence properties enabling selective optimization 

for photoredox applications while preserving optical functionality. 

 

Fig. 2.1 Schematic illustration of aims of the work including a) achieving visible-light emission, 

b) upconverting light via sensitized triplet-triplet annihilation and c) modifying 

ground state redox potentials—all focused on molecular rubies. 

A structure-based approach to control excited-state energies and dynamics is crucial 

for tailoring the properties of photoactive compounds to specific applications. Unlike 

charge-transfer energies with well-established correlations, tuning spin-flip energies 

presents a greater challenge due to the significant influence of Pauli repulsion and the 

nephelauxetic effect,  and is hence less explored.88,94 This work centers on analyzing 

structure-property relationships to uncover structural and electronic key factors 

governing the energies, population, and non-radiative decay of the emissive states in 



 

molecular rubies (Fig. 2.2a, Section 3.5). The insights gained from the study of an 

isostructural series of chromium(III) complexes with tridentate ligands aim to provide 

a consistent picture of excited state dynamics and to inform future design strategies 

for optimizing the excited-state thermodynamics and kinetics of this compound class. 

Beyond improving optical and electrochemical properties, expanding the accessibility 

of photoactive compounds is essential for their widespread application. However, 

particularly for heteroleptic molecular rubies, generalized synthetic methods are 

lacking, as key reagents are often incompatible with ligands of differing 

basicity.180,181,196 Another objective of this work is the development and optimization 

of a versatile synthetic route allowing for the efficient preparation of heteroleptic 

molecular rubies (Fig. 2.2b, Section 3.6). Furthermore, it seeks to determine whether 

the spin-flip energies of heteroleptic chromium(III) complexes can be predicted from 

their respective homoleptic counterparts. Establishing semi-quantitative correlations 

would enable spin-flip energy tuning via strategic ligand combinations, thus 

broadening the availability of photoactive compounds with diverse optical properties. 

A common limitation of many existing molecular rubies is their incompatibility with 

post-synthetic modifications to flexibly adjust photophysical properties.56,79 This work 

further intend to explore the effect of adduct formation with electrophilic species, such 

as Lewis acids, on the doublet energies of molecular rubies with free electron pairs at 

the ligand periphery. Additionally, it seeks to enhance absorption properties by red-

shifting the lowest-energy spin-allowed transitions, with the aim of broadening the 

applicability of molecular rubies in light-harvesting systems (Fig. 2.2c, Section 3.7). 

 

Fig. 2.2 Schematic illustration of aims of the work including a) investigating structure-

property relationships, b) expanding accessibility and tuning optical properties and 

c) red-shifting absorption and post-synthetic tuning of optical properties—all focused 

on molecular rubies.



  

 

 

 

 

 

 

 

 

 

 

 



  

3 Results and Discussion 

 

The majority of the research findings presented in this work have either been 

published or submitted to peer-reviewed scientific journals. In the subsequent 

sections, these publications are reprinted alongside discussion of unpublished results. 

Molecular rubies, recognized for their exceptional luminescence performance, exhibit 

significant potential as optical materials, particularly in applications targeting non-

visible emission.92,178,179,184,185,188 The study “Strongly Red-Emissive Molecular Ruby 

[Cr(bpmp)2]
3+ surpasses [Ru(bpy)3]

2+” (Section 3.2) focuses on increasing spin-flip 

energies of molecular rubies by mitigating the nephelauxetic effect. Guided by 

quantum chemical design, this was achieved by developing [Cr(bpmp)2]3+ (bpmp = 

2,6-bis(2-pyridylmethyl)pyridine, Fig. 3.1), wherein N-methyl groups were formally 

replaced by methylene bridges. The resulting complex displays red phosphorescence 

at 709 nm, with a record quantum yield of 16.0% and a lifetime of 1500 μs in acidic 

aqueous solution at room temperature. Emission from the lower-energy, weakly 

distorted ²T₁ state is observed upon cooling in the solid state, which is prone to non-

radiative decay at room temperature. Deuteration at the pyridine α positions closest 

to the metal center further enhances the quantum yield and lifetime up to 25% and 

2500 μs. In the presence of proton acceptors, the complex (pKₐ = 8.6) is reversibly 

deprotonated to a non-emissive species, enabling environment-dependent switchable 

emission and ratiometric optical pH measurements when combined with a 

pH-independent emitter. The electron-deficient ligand facilitates ligand-centered 

reduction, giving the system strong excited-state oxidation power of 0.94 V vs. 

FcH/FcH+, as demonstrated by emission quenching experiments with azulene. 

Additionally, dynamic anion coordination to the acidic bridges reduces quenching by 

oxygen via energy transfer, thus improving oxygen insensitivity. These features 

position [Cr(bpmp)2]3+ as an efficient, earth-abundant alternative to precious metal 

compounds, with promising applications in luminescent materials and photocatalysis. 

Due to their long excited state lifetimes, molecular rubies are particularly appealing 

as sensitizers for energy transfer-driven reactions, primary for substrates excitable in 

the NIR range, such as triplet oxygen.192,193,197 The study "Efficient Triplet-Triplet 

Annihilation Upconversion Sensitized by a Chromium(III) Complex via an Underexplored 
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Energy Transfer Mechanism" (Section 3.3), leverages the increased spin-flip energy of 

[Cr(bpmp)2]3+ to sensitize organic substrates for photon upconversion. This second-

generation molecular ruby enables efficient green-to-blue upconversion with 

anthracenes as annihilators, achieving 12.0% efficiency with DPA (DPA = 9,10-

diphenylanthracene, Fig. 3.1), thereby surpassing [Ru(bpy)3]2+ (ΦUC = 0.9%).198 The 

high efficiency is driven by an effective doublet-triplet energy transfer (Φ3DPA = 92%), 

facilitated by matching donor emission/acceptor absorption and the long excited state 

lifetime of the molecular ruby, which compensates for the inherently low energy 

transfer rate. The long-lived excited spin-flip emitter and 3DPA form an excited-state 

equilibrium, leading to both delayed annihilator fluorescence and delayed sensitizer 

phosphorescence. With sterically less-hindered anthracenes, the sensitizer facilitates 

[4+4] photodimerization under green light irradiation, a reaction typically requiring 

UV light excitation in the absence of a sensitizer. However, the low absorbance of the 

sensitizer necessitates high excitation power, limiting its efficiency at lower intensities. 

Overall, this study highlights the potential of chromium-based systems in challenging 

optical applications traditionally dominated by precious metal complexes. 

The long excited-state lifetimes of molecular rubies make them highly effective for 

photoredox catalysis, with the excited-state redox potential being in principle tunable 

over a broad range through ligand design.183,191,199,200 The study “Decoupled 

Enhancement of Electrochemical Properties in Molecular Rubies”  (Section 3.4) 

addresses the influence of electron-donating or electron-withdrawing substituents in 

the ligand periphery on the electrochemical properties of molecular rubies. In the 

complex series [Cr(ddpdX)2]
3+ (Fig. 3.1), the potential for reversible ground-state 

reduction shifts by ±0.1 V relative to [Cr(ddpd)2]
3+ (E0 = –0.99, –1.11, –1.19 V vs. 

FcH/FcH+, X = CF₃, H, OMe)87, with reductions occurring predominantly ligand-

centered as electron deficiency rises. In contrast, exclusively the electron-rich 

substituted complexes (X = OMe, NMe2) show reduced emission energies (em = 786, 

809 nm) and luminescence efficiency with a more pronounced nephelauxetic effect. 

In these systems, the substituent with +M effect exert a dominant influence on the 

metal’s t2g orbitals, raising the 4LMCT states and causing a hypsochromic shift in the 

lowest-energy spin-allowed absorption band. The findings underscore the potential of 

molecular rubies in photoredox applications, demonstrating that their electrochemical 

properties can be fine-tuned without compromising their optical properties. 

Design principles based on ligand field strength and metal-ligand bond covalency 

provide general guidelines for enhancing luminescence efficiency or red-shifting the 

emission of chromium(III) systems.88,170–174 The study "Bridge Editing of Spin-Flip 

Emitters gives Insight into Excited State Energies and Dynamics" (Section 3.5) 

disentangles the structural and electronic factors that govern the dynamics and spin-

flip energies of molecular rubies. Investigation of the isostructural series 



 

[Cr(ddpd)2]3+, [Cr(bpmp)2]3+, [Cr(bpop)2]3+ and [Cr(bptp)2]3+ (bpop = 2,6-

bis(pyridin-2-yloxy)pyridine, bptp = 2,6-bis(pyridin-2-ylthio)pyridine, Fig. 3.1) 

revealed that the bridging groups between pyridines induce significant geometry 

variations in chelate ring conformation and pyridine orientation. As confirmed by 

computational bridging-group alteration at fixed geometries, these structural 

distinctions play a more substantial role in modulating spin-flip energies than primary 

electronic effects. Additional calculations on the reference system [Cr(py)6]
3+ 

identified the Cr–N bond lengths as the dominant factor for the nephelauxetic effect. 

A comparison of spectroscopically deviated energies for all five lowest 2E/2T1-derived 

states with calculated values yielded a common scaling factor of 0.89, allowing for 

detailed doublet state assignments. While all complexes within the nephelauxetic 

series [Cr(ddpd)2]3+ > [Cr(bpop)2]3+ > [Cr(bptp)2]3+ > [Cr(bpmp)2]3+ undergo fast 

ISC to the doublet manifold, the sulfur-bridged system exhibits poor luminescence 

efficiency and photostability, likely due to facilitated thermally activated back-ISC to 

distorted quartet levels (internal heavy atom effect of sulfur) and enhanced 

multiphonon relaxation. This study combines dynamic considerations beyond Franck-

Condon geometries with detailed structure-property analyses, providing a framework 

of future design concepts for molecular rubies with enhanced performance. 

The synthetic options for molecular rubies are often system-specific due to the distinct 

electronic demands of the ligands and precursor compounds. Homoleptic complexes 

with electron-rich ligands can be prepared via labile chromium(II) species, while 

heteroleptic systems require formation of chromium(III) triflato intermediates using 

HOTf or AgOTf as halide abstraction agents from halido precursors.83,87,178,180,181,196 The 

project "Factorizing the Nephelauxetic Effect in Heteroleptic Molecular Rubies" 

(Section 3.6) describes a versatile synthetic route for heteroleptic molecular rubies, 

tolerating polypyridine ligands with varying redox properties and basicities. Using this 

approach, polypyridine ligands could be coordinated to the metal center in any 

sequence, giving access to the product series [CrLXLY]3+ (LX, LY = ddpd, bpmp, bptp, 

Fig. 3.1). Spectroscopic analysis revealed that the spin-flip emission and absorption 

energies of the structurally related heteroleptic complexes fall between those of their 

homoleptic counterparts, suggesting an additive nephelauxetic effect of the 

constituent ligands. Deconvolution fits allowed experimental determination of the five 

lowest doublet microstate energies, which are consistent with the calculated values, 

corrected by a common empirical scaling factor of 0.88. This study establishes semi-

quantitative relationships for spin-flip emission energies in heteroleptic molecular 

rubies and strengthens confidence in computational predictions for these systems. It 

also broadens the experimental accessibility of molecular rubies with tunable 

photophysical properties through targeted ligand combinations. 



 

Photoactive compounds with functional groups offer attractive prospects for flexible 

modification, enabling in situ tuning of optical and electrochemical properties.47,201,202 

The project "Post-Synthetic Excited State Manipulation in Molecular Rubies" 

(Section 3.7) explores the modification of excited state energies in molecular rubies 

via electrophilic additives. In the presented complex [Cr(ddad)2]3+ (ddad = N,N’-

dimethyl-N,N’-di(pyridin-2-yl)pyrazine-2,6-diamine, Fig. 3.1), which incorporates a 

pyrazine moiety within the ligand framework, the Lewis acids BF3 and B(C6F5)3 do not 

alter the absorption and emission properties, due to the low basicity of pyrazine in the 

highly charged system. Independent multireference calculations suggest that adduct 

formation with H+, CH3
+ and BF3, interacting primarily with the σ-system, has a 

negligible influence on the two lowest doublet energies. Both homoleptic 

[Cr(ddad)2]3+ and heteroleptic [Cr(bptp)(ddad)]3+ (Fig. 3.1) exhibit intense red-

shifted absorption bands with maxima at 491 (ε = 2050 M–1 cm–1) and 502 nm 

(ε = 1250 M–1 cm–1), respectively, corresponding to ILCT transitions into low-energy 

π* orbitals of the pyrazine moiety. Electrochemically, [Cr(ddad)2]3+ undergoes quasi-

reversible ligand-centered reduction at an elevated potential (E0 = –0.87 V vs. 

FcH/FcH+) relative to [Cr(ddpd)2]3+, though accompanied by potential side reactions 

such as proton-coupled electron transfer. This study presents a design strategy for 

lowering the energy of spin-allowed absorption of molecular rubies while enhancing 

their electrochemical properties for photocatalysis. 

 

Fig. 3.1 Molecular structures of the compounds investigated in this work.  
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Achieving higher emission energies in spin-flip emitters, extending into the visible 

range, presents significant application potential in fields like biosensing and 

photocatalysis, yet remains challenging due to the need to address interelectronic 

repulsion and the nephelauxetic effect. Guided by quantum chemical predictions, 

targeted ligand design enabled red phosphorescence in a molecular chromium(III) 

complex, coupled with a record-breaking photoluminescence performance at room 

temperature in solution. The photophysical, electrochemical, and acid-base properties 

of the responsible molecular ruby [Cr(bpmp)2]3+ surpass those of traditional precious 

metal-based ruthenium(II) charge-transfer complexes, underscoring the bright future 

of this emerging class of compounds. 

 

F. Reichenauer carried out the syntheses, characterization of ground state properties, 

steady-state spectroscopic experiments, and quantum chemical calculations. C. Wang 

and U. Resch-Genger conducted time-resolved emission and quantum yield 

measurements. C. Förster solved and refined the single crystal structures and 

contributed to the quantum chemical calculations. P. Boden, G. Niedner-Schatteburg 

and M. Gerhards recorded step-scan IR spectra and low-temperature emission spectra 

https://pubs.acs.org/doi/10.1021/jacs.1c05971


 

in the solid state. N. Ugur, R. Báez-Cruz and C. Ramanan performed transient 

absorption measurements, while J. Kalmbach and M. Seitz did the overtone analysis. 

L. M. Carrella and E. Rentschler conducted magnetic measurements. K. Heinze 

conceived and supervised the project and wrote the manuscript with contributions 

from all authors. 
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The application scope of triplet-triplet annihilation upconversion has, to date, been 

primarily limited to precious metal complexes due to insufficiently high excited-state 

energies or photoluminescence performance of many spin-flip complexes. Here, the 

blue-shifted emission, long excited-state lifetime, and green-light excitability of the 

molecular ruby [Cr(bpmp)2]
3+ were harnessed for efficient sensitization of 

anthracenes via an underexplored doublet-triplet energy transfer, achieving green-to-

blue photon upconversion. Furthermore, sterically accessible anthracenes undergo 

subsequent photochemical reactions, collectively underscoring the potential of earth-

abundant metal complexes as versatile photocatalytic systems. 

 

C. Wang and U. Resch-Genger conducted absorption as well as steady-state and time-

resolved luminescence measurements. F. Reichenauer synthesized the 

photosensitizer, performed DFT calculations, and investigated the anthracene 

photoreaction via NMR spectroscopy. W. Kitzmann and F. Reichenauer prepared 

samples for the transient absorption studies and provided assistance during the 

measurements conducted by C. Kerzig. The project was conceptualized and designed 
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by C. Wang, K. Heinze and U. Resch-Genger, who wrote the manuscript with 

contributions of all authors. 
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Due to their long excited-state lifetimes, reaching up to the millisecond range, spin-

flip (SF) chromium(III) complexes serve as efficient alternatives to ruthenium- and 

iridium-based systems as photooxidants.50,56,59,60,79 Notable examples include 

complexes with bpy-type ligands, such as [Cr(dmcbpy)3]3+ or [Cr(Ph₂phen)₃]³⁺, and 

molecular rubies with emission energies between 720 and 780 nm 

(Scheme 3.1).183,191,199,200,205–208 Since the SF energies across these systems are rather 

similar, their ground-state potential becomes the key factor for applications in 

photoredox catalysis.83,87,178,209 While the corresponding excited state potential in 

charge-transfer (CT) systems can be estimated using an electron/hole formalism, 

determining this parameter in SF systems is more challenging, as it primarily depends 

on variations in exchange interactions among the involved states.191 

The electronic situation of the reduced chromium complex plays a crucial role in the 

thermodynamics and kinetics of the electron transfer process.56 Among the relevant 

systems, the localization of spin density in the dicationic species varies significantly. 

Complexes with electron-rich ligands, such as [Cr(ddpd)₂]³⁺, undergo metal-centered 

(MC) reduction, forming a labile high-spin chromium(II) species at room 

temperature.87,210 In contrast, one-electron reductions of more electron-poor systems, 

like [Cr(tpe)2]³⁺ (Scheme 3.1), are ligand-centered (LC), resulting in an 

antiferromagnetically coupled chromium(III) and a ligand radical anion.211–213 This 

extension of the excited-state wave function onto the ligand leads to strong electronic 

coupling between donor and acceptor, kinetically facilitating bimolecular reactions 

with substrates in solution.214–217 

Unlike emission energy tuning, the ground-state potential in SF systems follows more 

predictable trends, allowing for systematic redox potential modification.88,94 

Substitution effects, as the introduction of electron-withdrawing groups can raise 

reduction potentials.60 However, the ligand must not become excessively electron-

poor, as this can hinder the formation of stable coordination bonds. Additionally, in a 

photoredox catalytic cycle, the sensitizer should be reoxidizable, a process that 

becomes increasingly challenging as the ground state potential rises.56 

In CT systems, ligand substitutions inherently affect both electrochemical and optical 

properties due to the charge-separated excited state nature.30,218 In contrast, in SF 

systems, featuring localized, MC excited states, the optical properties are less sensitive 

to structural modifications within the ligand peripherie.94 This makes SF systems 

particularly suited for selectively enhancing electrochemical properties for photoredox 

catalysis, while leaving the optical characteristics, relevant for sensor applications, 



 

largely unaffected. However, specifically for molecular rubies, the potential for 

independently enhancing the redox behavior remains largely untapped. 

This study closes that gap by investigating how strongly ground-state redox properties 

in molecular rubies can be modified independently of their optical properties through 

peripheral ligand modification. Substituted complexes [Cr(ddpdX)2]
3+ (X = CF3, OMe, 

NMe2, Scheme 3.1), structurally derived from the parent complex [Cr(ddpd)2]
3+ 

(X = H), were synthesized and analyzed using UV/Vis/NIR absorption and emission 

spectroscopy, cyclic voltammetry and quantum chemical multireference calculations. 

The results provide quantitative insights into the systematic optimization of molecular 

rubies for both photoredox catalysis and optical applications. 

 

Scheme 3.1 Molecular structures of chromium(III) photo catalysts with emission wavelengths 

(nm) and excited state [Cr]3+/2+ redox potentials (italic, V vs. FcH/FcH+).83,87,178,209 

This project incorporates parts of the bachelor thesis cited in ref. [219]. 

Supporting Information for this project can be found on pp. 229. 

 

The ligands ddpdX (LX, X = CF3, OMe, NMe2) substituted at the central pyridine were 

synthesized by reacting 2,6-dihalogenated-4-X-pyridines with 2-methylaminopyridine 

(Scheme 3.2). As expected, the efficiency of this reaction decreased with the declining 

electrophilicity of the 4-substituted pyridine (92%, 38%, <10%). To counteract the 

unfavorable electronic effects, LNMe2 was synthesized at elevated temperatures using 



 

an excess of nucleophile and auxiliary base. However, due to purification issues, this 

ligand could not be isolated by chromatography in pure form. The three pincer ligands 

L
X were characterized by ESI+ mass spectrometry (Fig. S1–3), 1H/19F/13C NMR 

(Fig. S4–15), and IR spectroscopy (Fig. S16–18). The purity of the ligands LCF3 and 

L
OMe was additionally confirmed by elemental analysis. 

The orange-colored complex salts [Cr(ddpdX)2](OTf)3 ([1
X

](OTf)3, X = CF3, OMe, 

NMe2) were synthesized by heating a solution of anhydrous chromium(III) triflate and 

the corresponding ligand LX in 71%, 51%, and 32% yields, respectively (Scheme 3.2), 

thereby demonstrating the robustness of the known synthetic approach across ligands 

with varying electronic demands (Section 6.4). The composition and purity of the 

compounds were verified by ESI+ mass spectrometry (Fig. S19–21), IR spectroscopy 

(Fig. S22–24), optical spectroscopy (Fig. S27–29) and elemental analysis (X = CF3, 

OMe). Slow diffusion of diethyl ether into acetonitrile solutions of [1
X

](OTf)3 

(X = CF3, OMe) at 5 °C produced single crystals suitable for XRD analysis. The 

structures confirmed the constitution and meridional configuration of the complex 

cations, with a highly octahedral CrN6 core and N-Cr-N bond angles close to 90/180°, 

consistent with the unsubstituted parent compound [1
H

](OTf)3.84,87 Following the 

discussion of the syntheses, the effect of peripheral substitution on the optical and 

redox properties of the molecular rubies will be examined next. 

 

Scheme 3.2 Synthesis of the pyridine substituted ligands L
X and their corresponding 

homoleptic chromium(III) complexes [1
X
](OTf)3. 

 

The absorption spectra of the complexes [1
X

]
3+ resemble those of [1

H

]
3+, 

characterized by intense LMCT and ILCT bands in the UV region (Fig. 3.2).87 The 

lowest energy band in the visible range, corresponding to 4A2→
4LMCT and 4A2→

4T2 

transitions, shows a significant hypsochromic shift with increasing electron-donating 

properties of the substituents (450, 411, 392 nm, X = CF3, OMe, NMe2). Notably, in 

[1
CF3

]
3+, the lowest spin-allowed transitions contain large 4A2→

4ILCT (NMe→Py) 

contributions, confirming high electron deficiency of the substituted central pyridine.  



 

 

Fig. 3.2 UV/Vis/NIR absorption spectra (black, red), excitation spectra (λem = 776, 786 and 

810 nm, green) and normalized emission spectra (λexc = 450, 411 and 392 nm, purple) 

of a) [1
CF3

]
3+, b) [1

OMe
]

3+ and c) [1
NMe2

]
3+ in deaerated CH3CN at room temperature, 

TD-DFT calculated oscillator strengths (blue sticks) and difference electron densities 

of three low-energy transitions of 4LMCT and 4MC character. The regions of the spin-

forbidden absorption bands, the lowest energy spin allowed/LMCT absorption band 

and the excitation spectrum are scaled with the indicated factors.  



 

TD-DFT calculations further reveal that metal-ligand π-interactions in [1
OMe

]
3+ and 

[1
NMe2

]
3+ raise the LMCT states by increasing the energy of t2g orbitals, compensating 

for the electron rich nature of the respective ligands (Fig. S27–29, Table S1–3). The 

weaker Laporte-forbidden MC transitions, largely obscured by LMCT/ILCT bands,  

exhibit less sensitivity to the substitution, with a slight bathochromic shift in [1
NMe2

]
3+ 

attributed to π-backbonding. In the NIR region, three sharp, low-intensity bands at 

770, 737, and 698 nm, 778, 734, and 695 nm, and 798, 738, and 698 nm for X = CF3, 

OMe, and NMe2, respectively, are detectable. These characteristic bands are assigned 

to the spin- and Laporte-forbidden 4A2→
2E/2T1 transitions. The averaged energies of 

the SF bands indicate a more pronounced nephelauxetic effect in [1
OMe

]
3+ and 

[1
NMe2

]
3+, likely due to enhanced π-interactions between ligand and MC t2g orbitals. 

Excitation of acetonitrile solutions of [1
X

]
3+ at room temperature results in strong dual 

emission peaking at 777/738, 786/736, and 809/739 nm for X = CF3, OMe, and 

NMe2, respectively (Fig. 3.2). The small Stokes shifts of the phosphorescence bands 

relative to the NIR absorption bands confirm minimal geometric reorganization of the 

respective states. The excitation spectra closely match the absorption spectra in the 

region of the lowest spin-allowed transitions, indicating efficient population transfer 

from the 4LMCT/4T2 manifold to the emissive states via ISC and IC, with minimal loss 

channels. The variation in relative SF absorption and emission energies across the 

complex series suggest a symmetry-dependent influence of the peripheral substituent 

on doublet energies, which is also reflected in the intensity ratios of dual emission at 

room temperature. 

 

Fig. 3.3 Simplified (non-quantitative) MO diagram of the MC 3d orbitals in the complex series 

[1
X
]

3+ (X = CF3, OMe, NMe2), illustrating that the spin-paired 2T1 state (black and pale 

gray electrons) is relatively stabilized compared to the 4A2 ground state (black and 

gray electrons) due to the energetic elevation of the dxz orbital, resulting from 

antibonding π interactions with the central pyridines, which vary depending on the 

peripheral substituent. 



 

CASSCF(7,12) calculations reproduced the doublet energy trends (Table S4), 

confirming lower averaged energies for [1
OMe

]
3+ and [1

NMe2

]
3+, with the largest energy 

separation between microstates in [1
NMe2

]
3+. According to the computation, the 

generally stronger influence of peripheral substituents on the energy of the spin-paired 
2T1 state is due to the highest t2g orbital perpendicular to the central pyridines 

(Fig. 3.3). This orbital is energetically raised by π* interactions with the +M 

substituents, which leads to a slight destabilization of the 4A2 ground state relative to 

the 2T1 state, in which this orbital is unoccupied. 

The photoluminescence quantum yields and lifetimes for [1
X

]
3+ (X = CF3, OMe) in 

deoxygenated acetonitrile at room temperature were determined to be 12.4% and 

9.3%, and 1210 μs and 1040 μs, respectively. These high values are comparable to 

other molecular rubies, with [1
OMe

]
3+ showing a slightly higher non-radiative rate 

within the investigated complex series (Table 3.1), consistent with the energy gap law 

and increased multiphonon relaxation.61,76,79 Overall, the spectroscopic data confirm 

that peripheral substitution exerts a smaller influence on the optical properties of 

these systems, with a maximum shift of 540 cm–1, compared to modifications within 

the chelate ring (max. shift = 1200 cm–1, Section 3.5).176,178,220 

 

The electrochemical properties of the complexes [1
X

]
3+ (X = CF3, OMe) were 

investigated using cyclic and square wave voltammetry (Fig. 3.4, Fig. S30-31). These 

measurements reveal reversible reduction waves at –0.99 V and –1.19 V vs. FcH/FcH+, 

showing that the ground-state potential within this series can be shifted by 

approximately ±0.1 V relative to [1
H

]
3+ through simple ligand modification 

(Table 3.1). The data further confirm the expected trend based on the electron-

donating and electron-withdrawing effects of the substituents. Similar to [1H

]
2+, the 

calculated spin density of the reduced low-spin species 3[1OMe]2+ indicates a MC 

reduction of the corresponding tricationic complex.210 In contrast, the spin density in 
3[1CF3]2+ differs significantly (Fig. 3.4), suggesting an antiferromagnetically coupled 

chromium(III) center and a central pyridine delocalized radical anion. The reduction 

of the electron-deficient complex [1
CF3

]
3⁺ thus exhibits significant ligand character, 

similar to bpy-type chromium(III) systems.211–213 This desirable electron density shift, 

along with the higher reduction potential relative to [1
H

]
3+, demonstrates that the 

electrochemical properties of molecular rubies can be systematically improved upon 

introducing peripheral substituents at the ligand. 



 

 

Fig. 3.4 Cyclic voltammograms of [1
H
]

3+ (black)87, [1
CF3

]
3+ (blue) and [1

OMe
]

3+ (green) in 

CH3CN (peak potentials referenced against FcH/FcH+) with calculated spin density 

plots (contour value: 0.005 a.u.) of the thermodynamically most stable dicationic and 

tricationic species and Mullikin spin populations at the metal center (italic). 

 

The spectroscopic and voltammetric measurements clarify that the ground-state 

potentials (∼0.20 V) within this complex series are more strongly influenced by ligand 

modification than the doublet energies (∼0.02 eV). Based on these parameters, the 

excited-state potentials of [1
CF3

]
3+ and [1

OMe

]
3+ were estimated at 0.69 and 0.49 V vs. 

FcH/FcH+, considering the maxima of the higher energy emission bands.190 The 

bimolecular reactivities of the complexes [1
X

]
3+ (X = H, CF₃, OMe) were assessed 

through emission quenching experiments with trans-anethole (E0 = 0.73 V vs. 

FcH/FcH+).206 Due to the high triplet energy of the substrate (ET = 2.52 eV),221 energy 

transfer is thermodynamically unfeasible, but electron transfer via thermal activation 

of higher-energy states of 2E/2T1 parentage is plausible, particularly for [1
CF3

]
3+. Stern-

Volmer analysis revealed a significantly higher bimolecular quenching rate and Stern-



 

Volmer constant for [1
CF3

]
3+ compared to [1

H

]
3+ and [1

OMe

]
3+ (Table 3.1, Fig. S32), 

attributable to the increased thermodynamic driving force for electron transfer. 

However, the quenching efficiency is considerably lower than in [Cr(tpe)2]
3+ and 

[Cr(ddad)₂]3+ (Section 3.7 and 6.6), both of which exhibit increased excited-state 

potentials (E* = 0.87 and 0.80 V vs. FcH/FcH+).83,183 Evidently, the potentially 

reactive higher-energy doublet states in the studied systems are insufficiently 

populated at room temperature to effectively contribute to the quenching process. 

 

Table 3.1 Photo and redox properties of [1
X
]

3+ (X = H, CF3, OMe) with wavelengths λabs for 

the lowest-energy spin-allowed and spin-forbidden absorption bands, emission 

wavelengths λem, photoluminescence lifetime τ and quantum yield Ф in CH3CN under 

dearated conditions. Also listed are radiative and non-radiative rate constants kr and 

knr, ground state and excited state reduction potentials E0 and E* and Stern-Volmer 

and bimolecular rate constants KSV and kq for quenching with trans-anethole.79 

[1
X
]

3+
 

λabs / 
nm 

λem / 
nm 

τ / μs Ф / % 
kr / 
s–1 

knr / 
s–1 

E0 
[Cr]3+/2+ 

/ V 

E* 
[Cr]3+/2+ 

/ V 

KSV / 
M–1 

kq / 
103 

M–1 s–1 

[1
H
]

3+87,183
 

436, 
697, 
736, 
771 

738, 
775 

1140 13.7 120 760 –1.11 0.57 0.23 0.20 

[1
CF3

]
3+

 

450, 
770, 
737, 
698 

738, 
777 

1210 12.4 100 730 –0.99 0.69 4.7 3.9 

[1
OMe

]
3+

 

411, 
695, 
734, 
778 

736, 
786 

1040 9.3 90 870 –1.19 0.49 0.074 0.071 

 

 

 

 

 

  



 

 

To modulate the electrochemical properties of molecular rubies, the complex series 

[1
X

]
3+ (X = CF3, OMe, NMe2), incorporating electron-donating and electron-

withdrawing groups, was investigated. The substituted ligands LX and complex salts 

[1
X

](OTf)3 were synthesized in an analogous manner, facilitating an efficient 

screening process. Spectroscopic measurements of the chromium(III) compounds 

showed that the doublet energies and luminescence efficiency were not significantly 

affected by the ligand modifications (Fig. 3.5a,b), with only minor deviations in 

emission energy (∼0.02 eV) and comparable luminescence lifetimes and quantum 

yields for [1
X

]
3+ (X = CF3, OMe) relative to the parent compound (X = H).87 Notably, 

in [1
NMe2

]
3+, the low-energy spin-flip absorption and emission bands exhibit a stronger 

bathochromic shift (∼0.07 eV) due to a pronounced nephelauxetic effect. High-level 

quantum chemical calculations clarified that the higher sensitivity of the 2T1 energy, 

compared to the 2E energy, to peripheral substitution can be attributed to the 

asymmetric orbital occupation, which leads to a slight stabilization of the 2T1 state 

relative to both the ground and spin-unpaired 2E states. 

The redox properties of [1X

]
3+ (X = H, CF3, OMe) show a more substantial response 

to the peripheral substitution (Fig. 3.5c), with ground-state potentials shifting by 

approximately 0.20 V. Additionally, the reduction in the more electron-deficient 

system [1
CF3

]
3+ was found to be largely LC. Emission quenching experiments with 

trans-anethole demonstrated the varying oxidation power within the [1
X

]
3+ complex 

series (X = H, CF3, OMe). While quenching efficiencies are relatively low, the study 

highlights the potential of peripheral substitution in molecular rubies as design 

strategy for photoredox catalysis. In this context, the effects of single and double 

substitution at the terminal pyridines could be considered and potentially exploited in 

future. However, the ability to enhance electrochemical properties largely 

independent of optical characteristics presents a promising pathway for optimizing 

these highly luminescent compounds for photocatalytic applications while preserving 

their optical functionality. 

 

 

 

  



 

 

 

 

 

 

 

 

Fig. 3.5 Summarizing data showing a) NIR absorption spectra, b) normalized emission spectra 

(λexc = 450, 411 and 392 nm) and c) reduction waves of [1
H
]

3+ (black),87 [1
CF3

]
3+ 

(blue), [1
OMe

]
3+ (green) and [1

NMe2
]

3+ (red) in deaerated CH3CN at room temperature. 

For clarity, the absorption spectra of [1
X
]

3+ (X = OMe, H, CF3) were shifted vertically 

by +0.15, +0.30 and +0.45 M–1 cm–1, respectively. 

 

 

 

 

 

  



 

 

Authors: Florian Reichenauer, Robert Naumann, Christoph Förster, Winald R. 

Kitzmann, Antti-Pekka M. Reponen, Sascha Feldmann, Katja Heinze*. 

* = Corresponding author. 

Chem. Sci. 2024, 143, accepted. DOI: 10.1039/D4SC05860G. 

 

Although photoactive chromium(III) complexes now hold significant potential in 

optical sensing and photocatalysis, unlike charge-transfer complexes, they lack 

established design principles for tuning excited-state energies and dynamics. 

Investigation of a series of isostructural complexes goes beyond broad guidelines, 

isolating structural and electronic features that determine spin-flip energies and the 

nephelauxetic effect in molecular rubies. The computational supported analysis of 

structure-property relationships provides insights into non-radiative decay processes 

in these systems, influenced by spin-orbit coupling, excited-state Jahn-Teller 

distortions, and (thermally activated) multiphonon relaxation, thus supporting future 

design strategies for optimized molecular rubies. 
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With the growing interest in luminescent chromium(III) complexes as efficient red-to-

near-infrared spin-flip emitters and photocatalysts, the demand for diverse 

photochemical properties has also increased. The optical property tuning of spin-flip 

emitters was explored through a series of heteroleptic molecular rubies prepared via 

a novel synthetic approach. The spin-flip energies of these three complexes, when 

compared to their homoleptic counterparts, support the presence of an additive 

nephelauxetic effect among ligands in chromium(III) complexes, providing a 

foundation for systematic predictions of emission energies in related systems. 

 

F. Reichenauer performed the syntheses and spectroscopic characterizations as well 

as the quantum chemical calculations. D. Zorn optimized and performed the HPLC 

purifications. F. Reichenauer and R. Naumann measured and interpreted the emission 

data. C. Förster solved and refined the single crystal structures and assisted with the 

quantum chemical calculations. K. Heinze conceived and designed the project. 

K. Heinze wrote the manuscript with contributions of all authors. K. Heinze 

supervised and C. Förster co-supervised the project. 
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The design principle of molecular rubies provide a reliable framework for developing 

highly emissive, earth-abundant chromium(III) complexes with diverse optical and 

electrochemical properties.79,87 Based on this concept, numerous molecular rubies with 

promising application potential in photocatalysis, sensing, upconversion and circularly 

polarized emission have been developed.92,178,179,183–185,188,191–193,199,200 The remarkable 

photoluminescence efficiency of these compounds is significantly influenced by 

external factors, such as the solvent or oxygen presence.76,83,84,176 In contrast, their 

emission energies, due to the localized spin-flip (SF) nature, are less sensitive to 

environmental conditions (solid or solution) compared to charge transfer (CT) 

transitions, which involve a large change in the electric dipole moment.94,159 

Nevertheless, the energies of SF states in molecular rubies can be modulated not only 

through modifications in the primary coordination sphere but also by external factors, 

such as thermodynamic variables.88 While temperature effects primarily influence the 

population of closely lying doublet states, [Cr(ddpd)₂]³⁺ (Scheme 3.3) has 

demonstrated a bathochromic shift in SF emission bands under hydrostatic 

pressure.92,184 This effect is more pronounced than in the gemstone ruby and is 

attributed to more sensitive pressure-induced changes in the coordination geometry 

and metal-ligand π-overlap, affecting bond covalency and the nephelauxetic effect.187 

Beyond ligand-based control of emission energies, which has gained considerable 

attention over the last decade, the second coordination sphere can also impact the 

optical properties of molecular rubies.88 Counterions, salt additives and acids can 

shield the metal center from triplet oxygen or solvent molecules, thereby enhancing 

luminescence performance, as demonstrated for acidic [Cr(H2tpda)2]3+ and 

[Cr(tpe)2]3+ (Scheme 3.3).83,177 Switching counterions in [Cr(ddpd)₂]³⁺ affects oxygen 

sensitivity as well as quantum yield and lifetime under oxygen-free conditions in 

different matrix environments.84 However, this effect is less pronounced compared to 

iridium(III) 3MLCT emitters due to the MC excited state nature.223 Post-synthetic 

excited-state tuning through manipulations of a coordinated functional ligand in the 

second coordination sphere using (Lewis) acids has, in contrast to CT systems, not yet 

been explored in this compound class.224 Given that known molecular rubies are 

coordinatively saturated, it is unlikely they can leverage acid-base adduct formation 

to modify photophysical properties for optical applications. 

In addition to emission properties, absorption characteristics play a critical role for the 

applicability of photoactive compounds, particularly in catalytic systems.25,225–227 For a 

strong required absorption in the visible range, pseudo-octahedral molecular rubies 



 

like [Cr(dqp)2]3+ (Scheme 3.3) rely on LMCT excitation, as their Laporte-forbidden 

MC transitions suffer from low extinction coefficients.83,87,178 However, in most 

electron-rich representatives, the corresponding LMCT bands are lying in the deep 

blue spectral region, thus strongly overlapping with the absorption of many relevant 

organic substrates, limiting their potential in photocatalysis.56,79 

This study explores whether the optical properties of molecular rubies can be tuned 

through in situ binding of additives in first coordination sphere. Moreover, it addresses 

the challenge of achieving bathochromic shifts in absorption maxima in these 

compounds by ligand design, extending into the green spectral region. To this end, 

the complexes [Cr(ddad)₂]³⁺ and [Cr(bptp)(ddad)]³⁺ (Scheme 3.3), featuring 

potential coordination sites at the central pyrazine unit, were synthesized and 

characterized electrochemically and spectroscopically in the absence and presence of 

Lewis acids. The results, obtained through UV/Vis/NIR absorption, emission, and 

(spectro)-electrochemical measurements, as well as quantum chemical multireference 

calculations aim to elucidate external SF energy tuning effects and advance design 

strategies for these promising transition metal complexes. 

 

Scheme 3.3 Molecular structures of selected highly emissive chromium(III) complexes with 

emission (nm) and absorption wavelengths (italic, nm) with molar extinction 

coefficients (in brackets, italic, M–1 cm–1).83,87,177,178 

This project incorporates parts of the bachelor thesis cited in ref. [228]. 

Supporting Information for this project can be found on pp. 351. 



 

 

The tridentate ligand ddad (LN) was prepared analogously to the known pincer ligand 

ddpd (LNMe) by reacting electrophilic 2,6-dichloropyrazine with 2-methylamino-

pyridine, yielding 64% (Scheme 3.4).229 The pyrazine-based compound was fully 

characterized using elemental analysis, ESI+ mass spectrometry (Fig. S1), 1H/13C NMR 

(Fig. S2–6), IR (Fig. S7) and optical spectroscopy (Fig. S9) as well as single-crystal X-

ray diffraction (Fig. S8). As expected, the crystallographic data revealed structural 

parameters similar to those of L
NMe, with C–NMe–C angles of 122.7° (122.9°), 

however, both ligands crystallize in different space groups.73 

The homoleptic complex salt [Cr(ddad)2](OTf)3 ([3
N

](OTf)3) was synthesized 

according to an established procedure (Section 6.4) in 63% yield, using anhydrous 

chromium(III) triflate as the precursor (Scheme 3.4a). For preparation of the 

heteroleptic complex salt [Cr(bptp)(ddad)](OTf)3 ([3
N,S

](OTf)3), a stepwise synthesis 

route (analogous to Section 6.5) was followed, passing the intermediates CrCl3(ddad) 

(1N, 81%) and Cr(ddad)(OTf)3 (2N, 89%) (Scheme 3.4b). These neutral complexes 

were analyzed by ESI+ mass spectrometry (Fig. S.10–11), IR spectroscopy (Fig. S12–

13), and single crystal X-ray diffraction (Fig. S14–15), which revealed meridional 

coordination of the monodentate ligands around the metal center, preorganizing the 

configuration of the heteroleptic bis(tridentate) complex. The target complex was 

obtained by heating a precursor solution with the known ligand bptp (LS) in 30% 

yield. The composition of [3
N,S

](OTf)3 and [3
N

](OTf)3 was verified by ESI+ mass 

spectrometry (Fig. S16–17), IR (Fig. S18–19), and optical spectroscopy (Fig. S23–

24), and the purity of the latter was further evidenced by elemental analysis. No 

contamination by homoleptic complexes was detected in bulk material of [3
N,S

](OTf)3. 

X-ray diffraction analysis of single crystals (Fig. S20–21), obtained from acetonitrile 

solutions at 5 °C, reveals structural differences between the complex cations [3
N

]
3+, 

[3
N,S

]
3+ and [Cr(bptp)2]3+ ([1

S

]
3+, Section 3.5) (Fig. S22, Table S1). The average Cr–

N bond distances in [3
N,S

]
3+ (2.063 Å) fall between those of the homoleptic systems 

[3
N

]
3+ (2.035 Å) and [1

S

]
3+ (2.081 Å). However, the Cr–N bond lengths d within the 

CrN6 core of [3
N,S

]
3+ are not uniform, being longer toward the ligand LS (2.087 A) 

than toward LN (2.039 A), consistent with the homoleptic complexes. Additionally, 

the intraligand N–Cr–N angles α and γ of 171.2/179.0° (trans) and 85.6/89.5° (cis) 

for the donor atoms of the ligands LN/L
S in [3

N,S

]
3+ closely resemble those of [3

N

]
3+ 

(170.4 and 85.3°) and [1
S

]
3+ (177.8 and 89.6°). Thus, the geometry of the heteroleptic 

complex can be seen as superposition of the respective homoleptic counterparts, with 

the ligands behaving structurally independently. As known from structure-property 

investigations (Section 3.5), the geometric distinctions of molecular rubies play a 

crucial role for their optical properties, which are discussed next. 



 

 

Scheme 3.4 Synthesis of the pyrazine-based ligand LN and its corresponding a) homoleptic 

and b) heteroleptic chromium(III) complexes [3
N
](OTf)3 and [3

N,S
](OTf)3, the 

latter incorporating the ligand LS. 

 

To better understand the absorption properties of the chromium(III) complexes, the 

optical properties of the ligand LN were examined (Fig. S9). The compound exhibits a 

weak low-energy S0→S1 absorption band around 442 nm (10 M–1 cm–1) with mixed 

NMe→pyrazine CT and pyrazine-localized π-π* character, as indicated by TD-DFT 

calculations. Excitation into these bands more efficiently leads to broad S1→S0 

emission peaking at 535 nm, compared to higher-energy excitations. These optical 

data confirm the presence of low-lying π* orbitals in the pyrazine unit, which are also 

expected to contribute to the low-energy region of the respective molecular rubies. 

Indeed, the UV/Vis/NIR absorption spectra of [3
N

]
3+ and [3

N,S

]
3+ are characterized by 

low-energy spin-allowed absorption bands at 491 (2050 M–1 cm–1) and 502 nm 

(1250 M–1 cm–1), tailing into the green spectral region (Fig. 3.6). These maxima are 

bathochromically shifted on average by 2300 and 2800 cm–1 relative to the absorption 

of [Cr(ddpd)2]
3+87, [Cr(tpe)2]

3+83 and [Cr(dqp)2]
3+178 employed in photocatalysis 

(Scheme 3.3) and are primarily ascribable to 4A2→
4ILCT (NMe/Pz→Pz) transitions 

into pyrazine π* orbitals (Fig. S23–24, Table S2–3). At higher energies, TD-DFT 

calculations locate the lowest 4A2→
4LMCT and MC 4A2→

4T2 transitions for [3
N

]
3+ 

(434.6 and 420.2 nm) and [3
N,S

]
3+ (452.7 and 438.5 nm), which are rather similar to 

[Cr(ddpd)2]3+ ([1
H

]
3+, 434.6 and 420.3 nm). Thus, the ligand field strength in this 

complex series remains largely unaffected by the π-donor/π-acceptor properties of the 

pyrazine unit and is only reduced in presence of the weaker ligand LS. 



 

In the NIR region, the absorption spectra show three characteristic SF bands 

corresponding to Laporte- and spin-forbidden 4A2→
2E/2T1 transitions at 773, 742, and 

703 nm for [3
N

]
3+, and 749, 729, and 691 nm for [3

N,S

]
3+ (Fig. 3.6). To extract the 

energies of the five lowest-energy doublet states, the baseline-corrected spectral bands 

were fitted with five Voigt functions (Fig. S25–26, Section 3.5). The experimentally 

derived energies align well with the microstate energies obtained from CASSCF(7,12) 

calculations after correction with a common empirical scaling factor of 0.88 

(Table S3–4). Additionally, the calculations accurately reproduce the relative energy 

trends, including the lifting of the degeneracy (ΔE(#5–#1)) and the differences 

between the highest SF states (ΔE(#2–#1)). Based on the consistency between 

experiment and theory, the SF energies of structurally related molecular rubies can be 

reliably predicted at this level of theory (Section 3.6). 

Upon irradiation at room temperature, acetonitrile solutions of [3
N

]
3+ and [3

N,S

]
3+ 

exhibit dual 2E/2T1→
4A2 phosphorescence with maxima at 779/743 nm and 

756/730 nm, respectively (Fig. 3.6). The emission maxima closely match the energies 

of the SF absorption bands, aside from small Stokes shifts of 100/20 cm⁻¹ and 

120/20 cm⁻¹ (2E/2T1). The minimal discrepancy between the lower-energy emission 

and the second-lowest absorption band supports the assignment of these sharp bands 

to genuine SF transitions of 2E parentage. According to the excitation spectra, the 

emissive states of both complexes can be efficiently populated by low-energy 
4A2→

4ILCT excitation as well as higher-energy UV absorption. 

Notably, the spectroscopic measurements demonstrate that the metal-ligand bond 

covalency in [3
N

]
3+, relative to [1

NMe

]
3+, is not significantly affected by the 

pyridine/pyrazine exchange, analogous to the ligand field strength. However, 

modification of the bridging group in [3
N,S

]
3+ results in a significant shift in SF 

energies, falling almost exactly between those of the homoleptic counterparts. For the 

investigated complex series, this semi-quantitative correlation supports the 

assumption of an additive nephelauxetic effect of the ligands, likely due to the 

structural independence of the individual polypyridine ligands (Section 3.6). 

The photoluminescence lifetime and quantum yield of [3
N,S

]
3+ (τ = 21.9 μs, 

Ф = 0.22%) are also intermediate between those of [3
N

]
3+ and [1

S

]
3+ (τ = 966 and 

1.65 μs, Ф = 12.5 and 0.01%). While the radiative rates are similar across the 

complex series (kr = 130, 100, 60 cm⁻1), the non-radiative rates (knr = 910, 45560, 

606000 cm⁻1) are strongly influenced by the type of bridging unit. Analogous to other 

molecular rubies, the increased non-radiative decay can be attributed to back-

intersystem crossing to distorted excited quartet states promoted by heavier atoms 

(sulfur) and multiphonon relaxation via resonant energy transfer (Section 3.5).  

 



 

To assess the photostability of pyrazine-bearing [3
N

]
3+ relative to [1

H

]
3+, solutions of 

the complexes in deoxygenated water and acetonitrile were irradiated at 460 nm 

under high light intensities. Under these conditions, [3
N

]
3+ shows significant 

photolysis, particularly in water, as evidenced by changes in absorption, emission, and 

excitation spectra (Fig. S27). The changes in the absorption profile, including the rise 

of bands at 363/267 nm and the decrease in luminescence intensity, are consistent 

with dissociation of the ddad ligand. In contrast, the optical properties of [1H

]
3+ show 

a weaker response after identical irradiation periods in both solvents. However, the 

photoreaction rates of the investigated complexes are not directly comparable due to 

differing changes in absorption during the experiment. 

 

Fig. 3.6 UV/Vis/NIR absorption spectra (black, red), excitation spectra (λem = 778 and 

756 nm, green) and normalized emission spectra (λexc = 493 and 503 nm, purple) of 

a) [3
N
]

3+ and b) [3
N,S

]
3+ in deaerated CH3CN at room temperature, TD-DFT calculated 

oscillator strengths (blue sticks) and difference electron densities of three low-energy 

transitions of 4ILCT, 4LMCT and 4MC character. The regions of the spin-forbidden 

absorption bands, the lowest energy spin allowed/LMCT absorption band and the 

excitation spectrum are scaled with the indicated factors. 



 

 

The influence of pyrazine incorporation on the electrochemical properties of 

molecular rubies was investigated for [3
N

]
3+ using cyclic voltammetry (Fig. S28) and 

square-wave voltammetry (Fig. S29). These measurements reveal a higher ground-

state potential of –0.87 V vs. FcH/FcH⁺ compared to [1
H

]
3+ (E0 = –1.11 V vs. 

FcH/FcH+) and its substituted homologues (Section 3.4). The TD-DFT calculated spin 

density of low-spin [3
N

]
2+ shows that the anodically shifted reversible reduction 

occurs ligand-centered, attributed to low-energy π* orbitals of the pyrazine unit. The 

increased excited-state potential (E* = 0.80 V vs. FcH/FcH⁺) was probed via 

quenching experiments using trans-anethol as substrate, giving a Stern-Volmer 

constant of 64 M–1 and a bimolecular quenching rate of 67 x 103 M–1 s–1 (Section 3.4). 

To experimentally confirm the reduction site in [3
N

]
3+, spectro-electrochemical 

measurements were performed in the range of the reduction wave from 0.3 to –1.0 V. 

Most notably, with decreasing potential, broad low-energy absorption bands emerge 

in the red region around 600 nm and in the NIR, ranging from 700 nm to beyond 

1000 nm (measuring limit) (Fig. 3.7a). These bands are assignable to π-π* transitions 

of the coordinated (pyrazine) radical ligands, analogous to those observed in 

[Cr(tpe)2]3+ and [Cr(dqp)2]3+.83,191 TD-DFT-calculated transitions of geometry-

optimized 3[3N]2+ satisfactorily reproduce the obtained (estimated) absorption 

maxima, further supporting the ligand-centered reduction hypothesis.  

 

Fig. 3.7 UV/Vis/NIR absorption spectra of [3
N
]

3+ in deaerated CH3CN during 

electroreduction within the potential ranges of a) 0.3 to –1.0 V and b) –1.0 to 0.3 V 

(vs. Ag pseudo-reference), with TD-DFT calculated oscillator strengths for species a) 
4[3N]3+ (red sticks) and b) 3[3N]2+ (blue sticks). Insets show the cyclic voltammogram 

with the corresponding potential ranges and step width (±0.1 V). 



 

Upon reoxidation, the long-wavelength absorption tail diminishes in favor of a band 

at 880 nm, which subsequently decreases with increasing potential (Fig. 3.7b). The 

appearance of these intermediate absorption bands and the absence of isosbestic 

points indicate side product formation. A proton-coupled electron transfer 

mechanism, as suggested for iridium complexes with bpy ligands substituted in the 

para-position to the donor atoms, might be a plausible explanation for these 

observations.230 The original spectrum of [3
N

]
3+ is only partially restored after a redox 

cycle, supporting that follow-up reactions are involved in the electroreduction process. 

 

The post-synthetic tuning of excited state energies was investigated by titrating 

solutions of BF3 and B(C6F5)3 in deaerated acetonitrile into a solution of [3
N

]
3+ in the 

same solvent. The effect of the Lewis acids on the optical properties of the complex 

was monitored using UV/Vis/NIR absorption, emission, and excitation spectroscopy 

(Fig. 3.8). Even after the addition of 100 equivalents of the additives, no significant 

changes in the normalized spectra were observed. Since coordination of the pyrazine 

unit to the electrophiles is expected to induce a noticeable shift in the low-energy ILCT 

absorption band, the spectra suggest that no adduct formation occurs between the 

Lewis acids and the complex under dynamic solution conditions. This is likely due to 

the reduced nucleophilicity of the free pyrazine donor atom, a consequence of the 

electron-withdrawing effect of the highly charged chromium(III) cation. 

 

Fig. 3.8 UV/Vis/NIR absorption spectra, excitation spectra (λem = 779 nm) and emission 

spectra (λexc = 493 nm) of [3
N
]

3+ in deaerated CH3CN during titration with a) BF3 and 

b) B(C6F5)3 solutions, recorded before (red) and after addition of 0.01, 0.1, 1, 10 (each 

gray) and 100 (blue) equivalents of the Lewis acids. 



 

To evaluate the general influence of dative pyrazine bonding on the doublet state 

energies of [3
N

]
3+ and [3

N,S

]
3+, CASCF(7,12) calculations were conducted for various 

adducts with H+, CH3
+ and BF3. The screening results indicate that the energies of the 

two lowest microstates (2T1/
2E parentage), corresponding to the dual emission bands, 

are altered by a maximum of 10 cm–1 due to BF3 binding in the ligand periphery 

(Table S3), while the higher-energy microstates are more strongly affected, with shifts 

between 10 and 100 cm–1. Covalent bonding with the cationic species H+ and CH3
+, 

results in shifts of 10–40 cm–1 in the lowest doublet energies, which is thus predicted 

to be slightly higher than the effect of the neutral Lewis acid BF3. These computational 

findings demonstrate that the localized SF states of molecular rubies are minimally 

affected by functional groups that interact exclusively through the σ-system, in 

contrast to the more significant influence of substituents with +M effect (Section 3.4). 

 

To improve the optical excitability of molecular rubies under low-energy light and to 

investigate the effect of Lewis acid-base adduct formation on their spin-flip energies, 

the complexes [3
N

]
3+ and [3

N,S

]
3+ were prepared. Structural analysis of the complex 

cations reveals that the geometry of [3
N,S

]
3+ can be interpreted as a superposition of 

its homoleptic parent complexes, including the Cr–N bond lengths, which primarily 

govern the nephelauxetic effect. These structural features are reflected in the NIR 

absorption and emission spectra, with spin-flip energies of [3
N,S

]
3+ close to the average 

of those of [3
N

]
3+ and [1

S

]
3+ (Fig. 3.9a,b). The deconvoluted energies of the five spin-

flip states of 2E/2T1 parentage for both molecular rubies align well with the theoretical 

values, with discrepancies similar to those observed in structurally related complexes 

(Sections 3.5 and 3.6). The derived correlations allow for correct scaling of calculated 

emission energies of analogue systems and hence for reliable predictions. 

Importantly, the lowest intense spin-allowed absorption bands of [3
N

]
3+ and [3

N,S

]
3+, 

at 492 and 502 nm respectively, are significantly red-shifted compared to other 

molecular rubies (Fig. 3.9c), corresponding to ILCT transitions into pyrazine π* 

orbitals.83,87,177,178 However, the excited state energies of [3
N

]
3+ in solution could not 

be tuned with the Lewis acids BF3 or B(C6F5)3, likely due to the absence of adduct 

formation, attributed to the low basicity of the pyrazine donor. Electrochemical 

studies of [3
N

]
3+ indicate that incorporating an electron-poor pyrazine heteroaromatic 

unit in the ligand framework induces a more pronounced anodic shift in the ground-

state potential than ligand backbone substitution (Section 3.4). The reduction may 

involve side reactions like proton-coupled electron transfer. Overall, this work offers 

valuable insights and design concepts for the development of photoactive systems with 

enhanced photophysical properties for broader application in photocatalysis. 



 

 

 

 

 

 

 

 

Fig. 3.9 Summarizing data showing a) baseline corrected NIR absorption spectra, b) 

normalized emission spectra (λexc = 450, 493 and 503 nm) and c) UV/Vis absorption 

spectra of [1
S
]

3+ (blue, Section 3.5), [3
N
]

3+ (red) and [3
N,S

]
3+ (green) in deaerated 

CH3CN at room temperature. For clarity, the NIR and UV/Vis absorption spectra of 

[3
N,S

]
3+ and [1

S
]

3+ were shifted vertically by +0.30 and +2000, and +0.50 and 

+4000 M–1 cm–1, respectively. 

 

 

 

 



 

4 Conclusion and Outlook 

Highly luminescent chromium(III) complexes present a competitive and 

complementary alternative to charge-transfer complexes based on precious or noble 

metals, such as ruthenium(II), for applications in optical sensing, circularly polarized 

emission and photocatalysis.50,56,60,70,79 Extensive research has aimed to understand 

and improve their photophysical properties, addressing initial applications, yet has 

encountered intrinsic disadvantages of spin-flip systems compared to charge-transfer 

systems.94 The findings of this work provide strategies to bridge this gap for molecular 

rubies, broadening their application potential by enhancing and diversifying their 

photochemical properties, deepening the understanding of spin-flip energy tuning and 

excited state dynamics, and improving synthetic accessibility. 

Each project in this work involves detailed spectroscopic, electrochemical, and 

computational characterization of the synthesized molecular rubies to establish a clear 

comprehension of the relationship between their underlying structure and (enhanced) 

photophysical properties (Section 3.1). The insights gained from this work offer future 

studies design strategies for developing sustainable 3d transition metal complexes 

with targeted photophysical properties for a variety of advanced technologies. 

Enhancing the photochemical properties of chromium(III) complexes by increasing 

emission energies has been challenging due to the lack of established design principles 

for spin-flip states.88,94 This work demonstrates that quantum chemical predictions of 

spin-flip energies enable the targeted design of molecular rubies emitting in the red 

spectral region (Section 3.2). The blue-shifted phosphorescence of [Cr(bpmp)2]3+ at 

709 nm highlights that the nephelauxetic effect in structurally related systems can be 

effectively addressed through bridging group modification (Fig. 4.1a). The impact of 

partial deuteration further confirms that isotopic substitution of key oscillators is a 

viable strategy for improving the luminescence efficiency of photoactive compounds. 

The first study underscores the potential of chromium(III) complexes, particularly 

[Cr(bpmp)2]3+, as sustainable alternatives to ruthenium(II) systems in photoredox 

catalysis, offering superior photophysical properties, including high redox potential, 

strong red luminescence, and long excited state lifetimes. Although reversible ground-

state deprotonation enables ratiometric optical pH sensing, the pH sensitivity limits 

[Cr(bpmp)2]3+ to neutral and acidic environments. This limitation can be addressed 

4  



 

through ligand design, i.e. substituting the methylene bridges with carbonyl groups, 

thereby expanding the applicability of these systems to more diverse conditions. 

The increased emission energy of [Cr(bpmp)2]
3+ highlights its potential for direct 

activation of organic substrates via energy transfer, while other molecular rubies rely 

on this mechanism to generate singlet oxygen as a reaction initiator (Section 3.4).192 

The complex efficiently sensitizes anthracenes for triplet-triplet annihilation 

upconversion, reinforcing the ability of first-row transition metals to replace precious 

metals like ruthenium in photocatalytic processes. Green-to-blue photon upconversion 

with a quantum yield of 12.0% was achieved using diphenylanthracene as the 

annihilator, with efficient doublet-triplet energy transfer being the key to this high 

performance (Fig. 4.1b). These results emphasize the advantage of long excited-state 

lifetimes, which compensate for low energy transfer rates in photocatalytic systems. 

Furthermore, [Cr(bpmp)2]
3+ successfully initiates [4+4] cycloaddition reactions of 

sterically less-hindered anthracenes under green light excitation. The high power 

densities required for efficient upconversion necessitate improvements in sensitizer 

absorbance, i.e. through incorporating low-energy LMCT states. Overall, this study 

provides compelling evidence for the use of earth-abundant metals in advanced 

photochemical applications, reducing reliance on precious metals. 

The excited-state potential of a photosensitizer is the crucial parameter of a 

photoredox catalytic cycle.56 Modulating this thermodynamic quantity in charge 

transfer systems through ligand functionalization is well-established, typically 

affecting emission energies.30,218 This work demonstrates the significant potential of 

molecular rubies in photochemical applications, showing that their electrochemical 

properties can be tuned largely independently of their spin-flip energies (Section 3.4). 

Peripheral substitution in the series [Cr(ddpdX)2]
3+ shifts the ground-state potential 

by ±0.1 V (X = CF3, OMe) relative to [Cr(ddpd)2]3+ (Fig. 4.1c), with reductions 

becoming increasingly ligand-centered as electron deficiency rises. In contrast, the 

spin-flip energies and luminescence efficiency are only slightly affected by the 

substituents with +M effect (X = OMe, NMe2), underscoring the robustness of the 

molecular ruby design. Importantly, ligands and complexes can be synthesized in an 

analogous fashion, which allows for efficient screening. This study highlights the 

versatility of molecular rubies, demonstrating their capacity for selective optimization 

in photoredox applications without compromising optical functionality. 

Optimizing the optical properties of photoactive compounds for specific applications 

fundamentally depends on controlling the thermodynamics and kinetics of their 

excited states. While previous studies provided general guidelines for reducing non-



 

radiative decay or bathochromically shifting emission bands in molecular rubies, this 

work offers unprecedented insights into spin-flip energy tuning and excited-state 

dynamics in these systems (Section 3.5).76,84,88,171,172 By examining the nephelauxetic 

series [Cr(ddpd)2]
3+ > [Cr(bpop)2]

3+ > [Cr(bptp)2]
3+ > [Cr(bpmp)2]

3+, this work 

elucidates how structural and electronic features of the ligand backbone precisely 

modulate the photophysical properties of molecular rubies. The first experimental 

determination of the energies of the five lowest 2T1/
2E-derived states enables 

straightforward scaling of computational values, facilitating reliable predictions in 

these systems (Fig. 4.1d). A structure-property analysis on the reference system 

[Cr(py)6]
3+ identified Cr–N bond lengths as the key factor in controlling the 

nephelauxetic effect. Additionally, this project highlights the detrimental effects of 

multiphonon relaxation and heavy atoms on luminescence efficiency and 

photostability, emphasizing the importance of considering dynamic effects beyond 

Franck-Condon geometries when designing new photoactive systems. 

The differing electronic demands of polypyridine ligands have historically limited the 

transferability of synthetic routes across molecular rubies, leaving the optical 

properties of heteroleptic representatives largely unexplored.180–182,196 This work 

developed a versatile synthetic route, giving access to heteroleptic molecular rubies 

with unique optical properties (Section 3.6). The complexes [CrLXLY]3+ (LX, 

LY = ddpd, bpmp, bptp) were prepared sequentially from both possible reaction paths 

via tris(triflato) chromium(III) intermediates, conveniently formed by introducing 

TMSOTf as a halide scavenger for the parent trichlorido chromium(III) precursors. 

The spin-flip energies of the heteroleptic complexes, which fall between those of their 

homoleptic counterparts, demonstrate that the nephelauxetic effects of the present 

ligands add up in a semi-quantitative fashion (Fig. 4.1e), analogous to ligand field 

strength correlations using increment rules.166 Computational analysis, corrected by a 

common empirical scaling factor, accurately reproduced the experimental results, 

providing a reliable framework for predicting spin-flip energies in molecular rubies. 

This work expands accessibility to molecular rubies with diverse photophysical 

properties, offering new opportunities for optical and photocatalytic applications 

through strategic ligand combinations. 

The concept of modifying the photophysical properties of molecular rubies post-

synthetically is particularly valuable, as it eliminates the need for developing new 

synthetic routes for ligands (Section 3.7). In [Cr(ddad)2]3+, the excited state energies 

remain unaffected by the presence of Lewis acids BF3 and B(C6F5)3, likely due to the 

reduced donor ability of the pyrazine unit, demonstrating the significant electronic 

influence exerted by the charged metal center. Both [Cr(ddad)2]3+ and 

[Cr(bptp)(ddad)]3+ exhibit intense absorption bands at 491 and 502 nm, respectively, 

corresponding to ILCT transitions into low-energy π* orbitals of the pyrazine 



 

(Fig. 4.1f). This work thus gives a design strategy at hand for achieving red-shifted, 

spin-allowed absorption in molecular rubies, beneficial for photocatalysis and 

light-harvesting applications.25,225–227 The geometry of [Cr(bptp)(ddad)]³⁺ reflects the 

additive effect of combining structurally related ligands, resulting in intermediate 

spin-flip energies with respect to the homoleptic complexes. This demonstrates that 

the structural independence of the ligands translates into an additive influence on 

electronic properties, such as the nephelauxetic effect. 

 

Fig. 4.1 Overview of the results from this work, covering the chemical structures of the 

investigated compounds, key spectra and voltammograms in the background, and a 

schematic representation of the main findings. 



  

5 References 

[1] J. Rockström, W. Steffen, K. Noone, A. Persson, F. S. Chapin, E. F. Lambin, T. 

M. Lenton, M. Scheffer, C. Folke, H. J. Schellnhuber, B. Nykvist, C. A. de Wit, T. 

Hughes, S. van der Leeuw, H. Rodhe, S. Sörlin, P. K. Snyder, R. Costanza, U. 

Svedin, M. Falkenmark, L. Karlberg, R. W. Corell, V. J. Fabry, J. Hansen, B. 

Walker, D. Liverman, K. Richardson, P. Crutzen, J. A. Foley, Nature 2009, 461, 

472–475. 

[2] W. Steffen, K. Richardson, J. Rockström, S. E. Cornell, I. Fetzer, E. M. Bennett, 

R. Biggs, S. R. Carpenter, W. de Vries, C. A. de Wit, C. Folke, D. Gerten, J. 

Heinke, G. M. Mace, L. M. Persson, V. Ramanathan, B. Reyers, S. Sörlin, Science 

(N. Y.) 2015, 347, 1259855. 

[3] N. Armaroli, V. Balzani, Chem. - Asian J. 2011, 6, 768–784. 

[4] International Energy Agency, World Energy Outlook 2023, Paris, 2023. 

[5] D. Zhang, C. Rong, T. Ahmad, H. Xie, H. Zhu, X. Li, T. Wu, Eng. Rep. 2022, 

e12584. 

[6] Intergovernmental Panel on Climate Change, Climate Change 2022 – Impacts, 

Adaptation and Vulnerability, Cambridge University Press, 2023. 

[7] U. N. Environment, Global Environment Outlook – GEO-6: Healthy Planet, 

Healthy People, Cambridge University Press, 2019. 

[8] United Nations, Sustainable Development Goals, New York, 2015. 

[9] N. S. Lewis, D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 15729–

15735. 

[10] N. Armaroli, V. Balzani, Angew. Chem. Int. Ed. 2007, 46, 52–66. 

[11] P. K. Nayak, S. Mahesh, H. J. Snaith, D. Cahen, Nat. Rev. Mater. 2019, 4, 269–

285. 

[12] S. D. Tilley, M. Cornuz, K. Sivula, M. Grätzel, Angew. Chem. Int. Ed. 2010, 49, 

6405–6408. 

[13] N. J. Turro, V. Ramamurthy, J. C. Scaiano, Principles of Molecular 

Photochemistry. An Introduction, University Science Books, Sausalito, Calif., 

2009. 

[14] J. Twilton, C. Le, P. Zhang, M. H. Shaw, R. W. Evans, D. W. C. MacMillan, Nat. 

Rev. Chem. 2017, 1, 572. 

5  



 

[15] D. G. Nocera, Acc. Chem. Res. 2012, 45, 767–776. 

[16] D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res. 2009, 42, 1890–1898. 

[17] H. Yersin, Highly Efficient OLEDs with Phosphorescent Materials, Wiley, Hoboken, 

2007. 

[18] V. Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni, Chem. Rev. 1996, 96, 

759–834. 

[19] L. C.-C. Lee, K. K.-W. Lo, Chem. Rev. 2024, 124, 8825–9014. 

[20] F. Puntoriero, G. La Ganga, A. M. Cancelliere, S. Campagna, Curr. Opin. Green 

Sustainable Chem. 2022, 36, 100636. 

[21] M. DeRosa, Coord. Chem. Rev. 2002, 233-234, 351–371. 

[22] H. Kumagai, Y. Tamaki, O. Ishitani, Acc. Chem. Res. 2022, 55, 978–990. 

[23] J. K. McCusker, Acc. Chem. Res. 2003, 36, 876–887. 

[24] A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A. von Zelewsky, 

Coord. Chem. Rev. 1988, 84, 85–277. 

[25] K. Kalyanasundaram, Coord. Chem. Rev. 1982, 46, 159–244. 

[26] F. Glaser, O. S. Wenger, Coord. Chem. Rev. 2020, 405, 213129. 

[27] C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322–

5363. 

[28] W.-M. Cheng, R. Shang, ACS Catal. 2020, 10, 9170–9196. 

[29] L. Marzo, S. K. Pagire, O. Reiser, B. König, Angew. Chem. Int. Ed. 2018, 57, 

10034–10072. 

[30] D. M. Arias-Rotondo, J. K. McCusker, Chem. Soc. Rev. 2016, 45, 5803–5820. 

[31] H. Xu, R. Chen, Q. Sun, W. Lai, Q. Su, W. Huang, X. Liu, Chem. Soc. Rev. 2014, 

43, 3259–3302. 

[32] J.-H. Lee, C.-H. Chen, P.-H. Lee, H.-Y. Lin, M.-k. Leung, T.-L. Chiu, C.-F. Lin, J. 

Mater. Chem. C 2019, 7, 5874–5888. 

[33] H. Yersin, A. F. Rausch, R. Czerwieniec, T. Hofbeck, T. Fischer, Coord. Chem. 

Rev. 2011, 255, 2622–2652. 

[34] S. Zhang, X. Yang, Y. Numata, L. Han, Energy Environ. Sci. 2013, 6, 1443. 

[35] M. K. Nazeeruddin, E. Baranoff, M. Grätzel, Solar Energy 2011, 85, 1172–1178. 

[36] A. S. Polo, M. K. Itokazu, N. Y. Murakami Iha, Coord. Chem. Rev. 2004, 248, 

1343–1361. 

[37] L. C.-C. Lee, K. K.-W. Lo, J. Am. Chem. Soc. 2022, 144, 14420–14440. 

[38] K. K.-W. Lo, Acc. Chem. Res. 2020, 53, 32–44. 



 

[39] X.-D. Bi, R. Yang, Y.-C. Zhou, D. Chen, G.-K. Li, Y.-X. Guo, M.-F. Wang, D. Liu, 

F. Gao, Inorg. Chem. 2020, 59, 14920–14931. 

[40] Y. You, S. Cho, W. Nam, Inorg. Chem. 2014, 53, 1804–1815. 

[41] R. M. Izatt, S. R. Izatt, R. L. Bruening, N. E. Izatt, B. A. Moyer, Chem. Soc. Rev. 

2014, 43, 2451–2475. 

[42] M. Lancaster, Green Chemistry, Royal Society of Chemistry, Cambridge, 2007. 

[43] U.S. Geological Survey, Mineral Commodity Summaries 2024, Reston, 2024. 

[44] N. Haque, A. Hughes, S. Lim, C. Vernon, Resources 2014, 3, 614–635. 

[45] S. E. Manahan, Environmental chemistry, CRC Press Taylor & Francis Group, 

Boca Raton, London, New York, 2017. 

[46] C. Bizzarri, E. Spuling, D. M. Knoll, D. Volz, S. Bräse, Coord. Chem. Rev. 2018, 

373, 49–82. 

[47] J. K. McCusker, Science (N.Y.) 2019, 363, 484–488. 

[48] C. B. Larsen, O. S. Wenger, Chem. Eur. J. 2018, 24, 2039–2058. 

[49] B. M. Hockin, C. Li, N. Robertson, E. Zysman-Colman, Catal. Sci. Technol. 2019, 

9, 889–915. 

[50] O. S. Wenger, J. Am. Chem. Soc. 2018, 140, 13522–13533. 

[51] C. Wegeberg, O. S. Wenger, JACS Au 2021, 1, 1860–1876. 

[52] N. Sinha, O. S. Wenger, J. Am. Chem. Soc. 2023, 145, 4903–4920. 

[53] R. Mondal, A. K. Guin, G. Chakraborty, N. D. Paul, Org. Biomol. Chem. 2022, 

20, 296–328. 

[54] M. Dorn, N. R. East, C. Förster, W. R. Kitzmann, J. Moll, F. Reichenauer, T. 

Reuter, L. Stein, K. Heinze in Comprehensive Inorganic Chemistry III, Elsevier, 

Amsterdam, 2023, S. 707–788. 

[55] X. Li, Y. Xie, Z. Li, Chem. - Asian J. 2021, 16, 2817–2829. 

[56] C. Förster, K. Heinze, Chem. Phys. Rev. 2022, 3, 1543. 

[57] C. Förster, K. Heinze, Chem. Soc. Rev. 2020, 49, 1057–1070. 

[58] J.-R. Jiménez, B. Doistau, M. Poncet, C. Piguet, Coord. Chem. Rev. 2021, 434, 

213750. 

[59] P. A. Scattergood in Organometallic Chemistry (Eds.: N. J. Patmore, P. I. P. 

Elliott), Royal Society of Chemistry, Cambridge, 2020, S. 1–34. 

[60] L. A. Büldt, O. S. Wenger, Chem. Sci. 2017, 8, 7359–7367. 

[61] V. Balzani, P. Ceroni, A. Juris, Photochemistry and Photophysics. Concepts, 

Research, Applications, Wiley-VCH, Weinheim, 2014. 



 

[62] V. Balzani, S. Campagna, Photochemistry and Photophysics of Coordination 

Compounds I, Springer, Berlin, Heidelberg, 2007. 

[63] P. Pyykko, Chem. Rev. 1988, 88, 563–594. 

[64] M. Kaupp, J. Comput. Chem. 2007, 28, 320–325. 

[65] P. Dongare, B. D.B. Myron, L. Wang, D. W. Thompson, T. J. Meyer, Coord. Chem. 

Rev. 2017, 345, 86–107. 

[66] H. Ishida, S. Tobita, Y. Hasegawa, R. Katoh, K. Nozaki, Coord. Chem. Rev. 2010, 

254, 2449–2458. 

[67] O. S. Wenger, Chem. Eur. J. 2019, 25, 6043–6052. 

[68] Q. Sun, S. Mosquera-Vazquez, Y. Suffren, J. Hankache, N. Amstutz, L. M. 

Lawson Daku, E. Vauthey, A. Hauser, Coord. Chem. Rev. 2015, 282-283, 87–99. 

[69] A. Soupart, I. M. Dixon, F. Alary, J.-L. Heully, Theor. Chem. Acc. 2018, 137, 159. 

[70] W. R. Kitzmann, J. Moll, K. Heinze, Photochem. Photobiol. Sci. 2022, 21, 1309–

1331. 

[71] C. Degli Esposti, L. Bizzocchi, J. Chem. Educ. 2007, 84, 1316. 

[72] P. S. Wagenknecht, P. C. Ford, Coord. Chem. Rev. 2011, 255, 591–616. 

[73] S. Otto, M. Dorn, C. Förster, M. Bauer, M. Seitz, K. Heinze, Coord. Chem. Rev. 

2018, 359, 102–111. 

[74] N. Serpone, M. A. Jamieson, M. S. Henry, M. Z. Hoffman, F. Bolletta, M. Maestri, 

J. Am. Chem. Soc. 1979, 101, 2907–2916. 

[75] R. Ballardini, G. Varani, H. F. Wasgestian, L. Moggi, V. Balzani, J. Phys. Chem. 

1973, 77, 2947–2951. 

[76] C. Wang, S. Otto, M. Dorn, E. Kreidt, J. Lebon, L. Sršan, P. Di Martino-Fumo, M. 

Gerhards, U. Resch-Genger, M. Seitz, K. Heinze, Angew. Chem. Int. Ed. 2018, 

57, 1112–1116. 

[77] M. W. Perkovic, M. J. Heeg, J. F. Endicott, Inorg. Chem. 1991, 30, 3140–3147. 

[78] O. Laporte, W. F. Meggers, J. Opt. Soc. Am. 1925, 11, 459. 

[79] C. Förster, K. Heinze, Adv. Inorg. Chem. 2024, 83, 111–159. 

[80] G. D. Hager, G. A. Crosby, J. Am. Chem. Soc. 1975, 97, 7031–7037. 

[81] E. Kreidt, C. Kruck, M. Seitz in Handbook on the Physics and Chemistry of Rare 

Earths, Elsevier, Amsterdam, 2018, S. 35–79. 

[82] E. B. Sveshnikova, V. L. Ermolaev, Opt. Spectrosc. 2011, 111, 34–50. 

[83] S. Treiling, C. Wang, C. Förster, F. Reichenauer, J. Kalmbach, P. Boden, J. P. 

Harris, L. M. Carrella, E. Rentschler, U. Resch-Genger, C. Reber, M. Seitz, M. 

Gerhards, K. Heinze, Angew. Chem. Int. Ed. 2019, 58, 18075–18085. 



 

[84] C. Wang, W. R. Kitzmann, F. Weigert, C. Förster, X. Wang, K. Heinze, U. Resch‐

Genger, ChemPhotoChem 2022, 6, 113. 

[85] M. S. Henry, J. Am. Chem. Soc. 1977, 99, 6138–6139. 

[86] M. Z. Hoffman, F. Bolletta, L. Moggi, G. L. Hug, J. Phys. Chem. Rev. Data 1989, 

18, 219–543. 

[87] S. Otto, M. Grabolle, C. Förster, C. Kreitner, U. Resch-Genger, K. Heinze, Angew. 

Chem. Int. Ed. 2015, 54, 11572–11576. 

[88] N. Sinha, P. Yaltseva, O. S. Wenger, Angew. Chem. Int. Ed. 2023, 62, 

e202303864. 

[89] W. R. Kitzmann, C. Ramanan, R. Naumann, K. Heinze, Dalton Trans. 2022, 51, 

6519–6525. 

[90] Y. Tanabe, S. Sugano, J. Phys. Soc. Jpn. 1954, 9, 766–779. 

[91] Y. Tanabe, S. Sugano, J. Phys. Soc. Jpn. 1954, 9, 753–766. 

[92] S. Otto, J. P. Harris, K. Heinze, C. Reber, Angew. Chem. Int. Ed. 2018, 57, 

11069–11073. 

[93] S. Lenz, H. Bamberger, P. P. Hallmen, Y. Thiebes, S. Otto, K. Heinze, J. van 

Slageren, Phys. Chem. Chem. Phys. 2019, 21, 6976–6983. 

[94] W. R. Kitzmann, K. Heinze, Angew. Chem. Int. Ed. 2023, 62, e202213207. 

[95] A. C. Sell, J. C. Wetzel, M. Schmitz, A. W. Maijenburg, G. Woltersdorf, R. 

Naumann, C. Kerzig, Dalton Trans. 2022, 51, 10799–10808. 

[96] G. Baryshnikov, B. Minaev, H. Ågren, Chem. Rev. 2017, 117, 6500–6537. 

[97] D. M. Roundhill, Photochemistry and Photophysics of Metal Complexes, Springer, 

Boston, MA, 1994. 

[98] J. N. Demas, D. G. Taylor, Inorg. Chem. 1979, 18, 3177–3179. 

[99] A. Cannizzo, F. van Mourik, W. Gawelda, G. Zgrablic, C. Bressler, M. Chergui, 

Angew. Chem. 2006, 118, 3246–3248. 

[100] N. H. Damrauer, G. Cerullo, A. Yeh, T. R. Boussie, C. V. Shank, J. K. McCusker, 

Science (N. Y.) 1997, 275, 54–57. 

[101] A. T. Yeh, C. V. Shank, J. K. McCusker, Science (N. Y.) 2000, 289, 935–938. 

[102] K. Suzuki, A. Kobayashi, S. Kaneko, K. Takehira, T. Yoshihara, H. Ishida, Y. 

Shiina, S. Oishi, S. Tobita, Phys. Chem. Chem. Phys. 2009, 11, 9850–9860. 

[103] Z. Fang, A. Ito, S. Keinan, Z. Chen, Z. Watson, J. Rochette, Y. Kanai, D. Taylor, 

K. S. Schanze, T. J. Meyer, Inorg. Chem. 2013, 52, 8511–8520. 

[104] L. S. Forster, Coord. Chem. Rev. 2002, 227, 59–92. 



 

[105] A. Soupart, F. Alary, J.-L. Heully, P. I. P. Elliott, I. M. Dixon, Inorg. Chem. 2020, 

59, 14679–14695. 

[106] C. Kreitner, K. Heinze, Dalton Trans. 2016, 45, 13631–13647. 

[107] D. Hernández-Castillo, R. E. P. Nau, M.-A. Schmid, S. Tschierlei, S. Rau, L. 

González, Angew. Chem. Int. Ed. 2023, 62, e202308803. 

[108] A. Amini, A. Harriman, A. Mayeux, Phys. Chem. Chem. Phys. 2004, 6, 1157–

1164. 

[109] W. Zhang, R. Alonso-Mori, U. Bergmann, C. Bressler, M. Chollet, A. Galler, W. 

Gawelda, R. G. Hadt, R. W. Hartsock, T. Kroll, K. S. Kjær, K. Kubiček, H. T. 

Lemke, H. W. Liang, D. A. Meyer, M. M. Nielsen, C. Purser, J. S. Robinson, E. I. 

Solomon, Z. Sun, D. Sokaras, T. B. van Driel, G. Vankó, T.-C. Weng, D. Zhu, K. 

J. Gaffney, Nature 2014, 509, 345–348. 

[110] G. Auböck, M. Chergui, Nat. Chem. 2015, 7, 629–633. 

[111] A. Cannizzo, C. J. Milne, C. Consani, W. Gawelda, C. Bressler, F. van Mourik, 

M. Chergui, Coord. Chem. Rev. 2010, 254, 2677–2686. 

[112] M. C. Carey, S. L. Adelman, J. K. McCusker, Chem. Sci. 2019, 10, 134–144. 

[113] L. Liu, T. Duchanois, T. Etienne, A. Monari, M. Beley, X. Assfeld, S. Haacke, P. 

C. Gros, Phys. Chem. Chem. Phys. 2016, 18, 12550–12556. 

[114] T. Duchanois, T. Etienne, C. Cebrián, L. Liu, A. Monari, M. Beley, X. Assfeld, S. 

Haacke, P. C. Gros, Eur. J. Inorg. Chem. 2015, 2015, 2469–2477. 

[115] T. C. B. Harlang, Y. Liu, O. Gordivska, L. A. Fredin, C. S. Ponseca, P. Huang, P. 

Chábera, K. S. Kjaer, H. Mateos, J. Uhlig, R. Lomoth, R. Wallenberg, S. Styring, 

P. Persson, V. Sundström, K. Wärnmark, Nat. Chem. 2015, 7, 883–889. 

[116] P. Zimmer, L. Burkhardt, A. Friedrich, J. Steube, A. Neuba, R. Schepper, P. 

Müller, U. Flörke, M. Huber, S. Lochbrunner, M. Bauer, Inorg. Chem. 2018, 57, 

360–373. 

[117] D. Leshchev, T. C. B. Harlang, L. A. Fredin, D. Khakhulin, Y. Liu, E. Biasin, M. 

G. Laursen, G. E. Newby, K. Haldrup, M. M. Nielsen, K. Wärnmark, V. 

Sundström, P. Persson, K. S. Kjær, M. Wulff, Chem. Sci. 2018, 9, 405–414. 

[118] P. Chábera, K. S. Kjaer, O. Prakash, A. Honarfar, Y. Liu, L. A. Fredin, T. C. B. 

Harlang, S. Lidin, J. Uhlig, V. Sundström, R. Lomoth, P. Persson, K. Wärnmark, 

J. Phys. Chem. Lett. 2018, 9, 459–463. 

[119] Y. Liu, T. Harlang, S. E. Canton, P. Chábera, K. Suárez-Alcántara, A. Fleckhaus, 

D. A. Vithanage, E. Göransson, A. Corani, R. Lomoth, V. Sundström, K. 

Wärnmark, Chem. Commun. 2013, 49, 6412–6414. 

[120] W. Leis, M. A. Argüello Cordero, S. Lochbrunner, H. Schubert, A. Berkefeld, J. 

Am. Chem. Soc. 2022, 144, 1169–1173. 



 

[121] D. M. Manuta, A. J. Lees, Inorg. Chem. 1986, 25, 1354–1359. 

[122] A. J. Lees, Chem. Rev. 1987, 87, 711–743. 

[123] I. R. Farrell, P. Matousek, M. Towrie, A. W. Parker, D. C. Grills, M. W. George, 

A. Vlcek, Inorg. Chem. 2002, 41, 4318–4323. 

[124] L. A. Büldt, X. Guo, R. Vogel, A. Prescimone, O. S. Wenger, J. Am. Chem. Soc. 

2017, 139, 985–992. 

[125] L. A. Büldt, O. S. Wenger, Angew. Chem. Int. Ed. 2017, 56, 5676–5682. 

[126] P. Herr, F. Glaser, L. A. Büldt, C. B. Larsen, O. S. Wenger, J. Am. Chem. Soc. 

2019, 141, 14394–14402. 

[127] P. Herr, C. Kerzig, C. B. Larsen, D. Häussinger, O. S. Wenger, Nat. Chem. 2021, 

13, 956–962. 

[128] P. Chábera, Y. Liu, O. Prakash, E. Thyrhaug, A. E. Nahhas, A. Honarfar, S. Essén, 

L. A. Fredin, T. C. B. Harlang, K. S. Kjær, K. Handrup, F. Ericson, H. Tatsuno, K. 

Morgan, J. Schnadt, L. Häggström, T. Ericsson, A. Sobkowiak, S. Lidin, P. 

Huang, S. Styring, J. Uhlig, J. Bendix, R. Lomoth, V. Sundström, P. Persson, K. 

Wärnmark, Nature 2017, 543, 695–699. 

[129] K. S. Kjær, N. Kaul, O. Prakash, P. Chábera, N. W. Rosemann, A. Honarfar, O. 

Gordivska, L. A. Fredin, K.-E. Bergquist, L. Häggström, T. Ericsson, L. Lindh, A. 

Yartsev, S. Styring, P. Huang, J. Uhlig, J. Bendix, D. Strand, V. Sundström, P. 

Persson, R. Lomoth, K. Wärnmark, Science (N. Y.) 2019, 363, 249–253. 

[130] Y. Zhang, M. Schulz, M. Wächtler, M. Karnahl, B. Dietzek, Coord. Chem. Rev. 

2018, 356, 127–146. 

[131] M. W. Mara, K. A. Fransted, L. X. Chen, Coord. Chem. Rev. 2015, 282-283, 2–

18. 

[132] Y. Zhang, T. S. Lee, J. L. Petersen, C. Milsmann, J. Am. Chem. Soc. 2018, 140, 

5934–5947. 

[133] Y. Zhang, J. L. Petersen, C. Milsmann, J. Am. Chem. Soc. 2016, 138, 13115–

13118. 

[134] Y. Zhang, N. G. Akhmedov, J. L. Petersen, C. Milsmann, Chem. Eur. J. 2019, 25, 

3042–3052. 

[135] Y. Zhang, J. L. Petersen, C. Milsmann, Organometallics 2018, 37, 4488–4499. 

[136] M. Iwamura, S. Takeuchi, T. Tahara, Acc. Chem. Res. 2015, 48, 782–791. 

[137] L. Gimeno, B. T. Phelan, E. A. Sprague-Klein, T. Roisnel, E. Blart, C. Gourlaouen, 

L. X. Chen, Y. Pellegrin, Inorg. Chem. 2022, 61, 7296–7307. 

[138] R. Czerwieniec, M. J. Leitl, H. H.H. Homeier, H. Yersin, Coord. Chem. Rev. 2016, 

325, 2–28. 



 

[139] H. Yersin, R. Czerwieniec, M. Z. Shafikov, A. F. Suleymanova, ChemPhysChem 

2017, 18, 3508–3535. 

[140] M. Dorn, D. Hunger, C. Förster, R. Naumann, J. van Slageren, K. Heinze, Chem. 

Eur. J. 2023, 29, e202202898. 

[141] N. R. East, R. Naumann, C. Förster, C. Ramanan, G. Diezemann, K. Heinze, Nat. 

Chem. 2024, 16, 827–834. 

[142] M. Dorn, J. Kalmbach, P. Boden, A. Päpcke, S. Gómez, C. Förster, F. Kuczelinis, 

L. M. Carrella, L. A. Büldt, N. H. Bings, E. Rentschler, S. Lochbrunner, L. 

González, M. Gerhards, M. Seitz, K. Heinze, J. Am. Chem. Soc. 2020, 142, 7947–

7955. 

[143] M. Dorn, J. Kalmbach, P. Boden, A. Kruse, C. Dab, C. Reber, G. Niedner-

Schatteburg, S. Lochbrunner, M. Gerhards, M. Seitz, K. Heinze, Chem. Sci. 

2021, 12, 10780–10790. 

[144] J. P. Harris, C. Reber, H. E. Colmer, T. A. Jackson, A. P. Forshaw, J. M. Smith, 

R. A. Kinney, J. Telser, Can. J. Chem. 2017, 95, 547–552. 

[145] P. Dierks, Y. Vukadinovic, M. Bauer, Inorg. Chem. Front. 2022, 9, 206–220. 

[146] J. J. Oppenheim, B. J. McNicholas, J. Miller, H. B. Gray, Inorg. Chem. 2019, 58, 

15202–15206. 

[147] A. B. P. Lever, A. B. P. Lever, Inorganic Electronic Spectroscopy, 2. Aufl., Elsevier, 

Amsterdam, 1984. 

[148] P. W. Atkins, R. Friedman, Molecular Quantum Mechanics, 5. Aufl., Oxford 

University Press, Oxford, New York, 2011. 

[149] D. B. Nemez, I. B. Lozada, J. D. Braun, J. A. G. Williams, D. E. Herbert, Inorg. 

Chem. 2022, 61, 13386–13398. 

[150] T. M. Stonelake, K. A. Phillips, H. Y. Otaif, Z. C. Edwardson, P. N. Horton, S. J. 

Coles, J. M. Beames, S. J. A. Pope, Inorg. Chem. 2020, 59, 2266–2277. 

[151] H. Xiang, J. Cheng, X. Ma, X. Zhou, J. J. Chruma, Chem. Soc. Rev. 2013, 42, 

6128–6185. 

[152] J. A. Treadway, G. F. Strouse, R. R. Ruminski, T. J. Meyer, Inorg. Chem. 2001, 

40, 4508–4509. 

[153] S. Sun, W. Sun, D. Mu, N. Jiang, X. Peng, Chem. Commun. 2015, 51, 2529–

2531. 

[154] M. S. Mehata, Y. Yang, Z.-J. Qu, J.-S. Chen, F.-J. Zhao, K.-L. Han, RSC Adv. 

2015, 5, 34094–34099. 

[155] C. J. Cramer, Essentials of Computational Chemistry, 2. Aufl., Wiley-VCH, 

Chichester, 2004. 

[156] K. Pierloot, S. Vancoillie, J. Chem. Phys. 2008, 128, 34104. 



 

[157] M. Reiher, A. Wolf, Relativistic Quantum Chemistry. The Fundamental Theory of 

Molecular Science, 2. Aufl., Wiley-VCH, Weinheim, 2015. 

[158] W. R. Kitzmann, M.-S. Bertrams, P. Boden, A. C. Fischer, R. Klauer, J. Sutter, R. 

Naumann, C. Förster, G. Niedner-Schatteburg, N. H. Bings, J. Hunger, C. Kerzig, 

K. Heinze, J. Am. Chem. Soc. 2023, 145, 16597–16609. 

[159] P. Chen, T. J. Meyer, Chem. Rev. 1998, 98, 1439–1478. 

[160] S. D. Helland, A. S. Chang, K. W. Lee, P. S. Hutchison, W. W. Brennessel, W. T. 

Eckenhoff, Inorg. Chem. 2020, 59, 705–716. 

[161] N. M. Ali, V. L. MacLeod, P. Jennison, I. V. Sazanovich, C. A. Hunter, J. A. 

Weinstein, M. D. Ward, Dalton Trans. 2012, 41, 2408. 

[162] E. M. Kober, B. P. Sullivan, T. J. Meyer, Inorg. Chem. 1984, 23, 2098–2104. 

[163] W. Kaim, S. Kohlmann, S. Ernst, B. Olbrich-Deussner, C. Bessenbacher, A. 

Schulz, J. Org. Chem. 1987, 321, 215–226. 

[164] C. E. Housecroft, A. G. Sharpe, Inorganic Chemistry, 4. Aufl., Pearson, London, 

2012. 

[165] J. E. Huheey, R. Keiter, E. A. Keiter, Anorganische Chemie, De Gruyter, Berlin, 

2003. 

[166] L. H. Gade, Koordinationschemie, John Wiley & Sons, Hoboken, 2012. 

[167] C. B. Larsen, J. D. Braun, I. B. Lozada, K. Kunnus, E. Biasin, C. Kolodziej, C. 

Burda, A. A. Cordones, K. J. Gaffney, D. E. Herbert, J. Am. Chem. Soc. 2021, 

143, 20645–20656. 

[168] M. E. Reinhard, B. K. Sidhu, I. B. Lozada, N. Powers-Riggs, R. J. Ortiz, H. Lim, 

R. Nickel, J. van Lierop, R. Alonso-Mori, M. Chollet, L. B. Gee, P. L. Kramer, T. 

Kroll, S. L. Raj, T. B. van Driel, A. A. Cordones, D. Sokaras, D. E. Herbert, K. J. 

Gaffney, J. Am. Chem. Soc. 2024, 146, 17908–17916. 

[169] A. D. Kirk, G. B. Porter, J. Phys. Chem. 1980, 84, 887–891. 

[170] L. Stein, P. Boden, R. Naumann, C. Förster, G. Niedner-Schatteburg, K. Heinze, 

Chem. Commun. 2022, 58, 3701–3704. 

[171] N. Sinha, J.-R. Jiménez, B. Pfund, A. Prescimone, C. Piguet, O. S. Wenger, 

Angew. Chem. Int. Ed. 2021, 60, 23722–23728. 

[172] N. Sawicka, C. J. Craze, P. N. Horton, S. J. Coles, E. Richards, S. J. A. Pope, 

Chem. Commun. 2022, 58, 5733–5736. 

[173] Y. Cheng, Q. Yang, J. He, W. Zou, K. Liao, X. Chang, C. Zou, W. Lu, Dalton Trans. 

2023, 52, 2561–2565. 

[174] L. Stein, C. Förster, K. Heinze, Organometallics 2024, 43, 1766–1774. 

[175] T. H. Maiman, Nature 1960, 187, 493–494. 



 

[176] L. Stein, C. Wang, C. Förster, U. Resch-Genger, K. Heinze, Dalton Trans. 2022, 

51, 17664–17670. 

[177] S. Otto, C. Förster, C. Wang, U. Resch-Genger, K. Heinze, Chem. Eur. J. 2018, 

24, 12555–12563. 

[178] J.-R. Jiménez, B. Doistau, C. M. Cruz, C. Besnard, J. M. Cuerva, A. G. Campaña, 

C. Piguet, J. Am. Chem. Soc. 2019, 141, 13244–13252. 

[179] J.-R. Jiménez, M. Poncet, S. Míguez-Lago, S. Grass, J. Lacour, C. Besnard, J. M. 

Cuerva, A. G. Campaña, C. Piguet, Angew. Chem. Int. Ed. 2021, 60, 10095–

10102. 

[180] J.-R. Jiménez, M. Poncet, B. Doistau, C. Besnard, C. Piguet, Dalton Trans. 2020, 

49, 13528–13532. 

[181] J.-R. Jiménez, B. Doistau, C. Besnard, C. Piguet, Chem. Commun. 2018, 54, 

13228–13231. 

[182] J. Chong, C. Besnard, C. M. Cruz, C. Piguet, J.-R. Jiménez, Dalton Trans. 2022, 

51, 4297–4309. 

[183] S. Sittel, R. Naumann, K. Heinze, Front. Chem. 2022, 10, 887439. 

[184] S. Otto, N. Scholz, T. Behnke, U. Resch-Genger, K. Heinze, Chem. Eur. J. 2017, 

23, 12131–12135. 

[185] C. Wang, S. Otto, M. Dorn, K. Heinze, U. Resch-Genger, Anal. Chem. 2019, 91, 

2337–2344. 

[186] R. A. Forman, G. J. Piermarini, J. D. Barnett, S. Block, Science (N. Y.) 1972, 

176, 284–285. 

[187] C. Förster, H. Osthues, D. Schwab, N. L. Doltsinis, K. Heinze, ChemPhysChem 

2023, 24, e202300165. 

[188] C. Dee, F. Zinna, W. R. Kitzmann, G. Pescitelli, K. Heinze, L. Di Bari, M. Seitz, 

Chem. Commun. 2019, 55, 13078–13081. 

[189] M. T. Indelli, F. Scandola, J. Phys. Chem. 1993, 97, 3328–3332. 

[190] D. Rehm, A. Weller, Isr. J. Chem. 1970, 8, 259–271. 

[191] T. H. Bürgin, F. Glaser, O. S. Wenger, J. Am. Chem. Soc. 2022, 144, 14181–

14194. 

[192] S. Otto, A. M. Nauth, E. Ermilov, N. Scholz, A. Friedrich, U. Resch‐Genger, S. 

Lochbrunner, T. Opatz, K. Heinze, ChemPhotoChem 2017, 1, 344–349. 

[193] J. Kalmbach, C. Wang, Y. You, C. Förster, H. Schubert, K. Heinze, U. Resch-

Genger, M. Seitz, Angew. Chem. Int. Ed. 2020, 59, 18804–18808. 

[194] T. N. Singh-Rachford, F. N. Castellano, Coord. Chem. Rev. 2010, 254, 2560–

2573. 



 

[195] V. Gray in Photochemistry (Eds.: A. Albini, S. Protti), Royal Society of Chemistry, 

Cambridge, 2019, S. 404–420. 

[196] D. Zare, B. Doistau, H. Nozary, C. Besnard, L. Guénée, Y. Suffren, A.-L. Pelé, A. 

Hauser, C. Piguet, Dalton Trans. 2017, 46, 8992–9009. 

[197] U. Basu, S. Otto, K. Heinze, G. Gasser, Eur. J. Inorg. Chem. 2019, 2019, 37–41. 

[198] S. Ji, W. Wu, W. Wu, H. Guo, J. Zhao, Angew. Chem. Int. Ed. 2011, 50, 1626–

1629. 

[199] S. Sittel, A. C. Sell, K. Hofmann, C. Wiedemann, J. P. Nau, C. Kerzig, G. 

Manolikakes, K. Heinze, ChemCatChem 2023, 15, 75. 

[200] C. Wang, H. Li, T. H. Bürgin, O. S. Wenger, Nat. Chem. 2024, 16, 1151–1159. 

[201] K. Kalyanasundaram, Coord. Chem. Rev. 1998, 177, 347–414. 

[202] R. D. Costa, E. Ortí, H. J. Bolink, F. Monti, G. Accorsi, N. Armaroli, Angew. Chem. 

Int. Ed. 2012, 51, 8178–8211. 

[203] F. Reichenauer, C. Wang, C. Förster, P. Boden, N. Ugur, R. Báez-Cruz, J. 

Kalmbach, L. M. Carrella, E. Rentschler, C. Ramanan, G. Niedner-Schatteburg, 

M. Gerhards, M. Seitz, U. Resch-Genger, K. Heinze, J. Am. Chem. Soc. 2021, 

143, 11843–11855. 

[204] C. Wang, F. Reichenauer, W. R. Kitzmann, C. Kerzig, K. Heinze, U. Resch-

Genger, Angew. Chem. Int. Ed. 2022, 61, e202202238. 

[205] R. F. Higgins, S. M. Fatur, S. G. Shepard, S. M. Stevenson, D. J. Boston, E. M. 

Ferreira, N. H. Damrauer, A. K. Rappé, M. P. Shores, J. Am. Chem. Soc. 2016, 

138, 5451–5464. 

[206] S. M. Stevenson, M. P. Shores, E. M. Ferreira, Angew. Chem. Int. Ed. 2015, 54, 

6506–6510. 

[207] R. F. Higgins, S. M. Fatur, N. H. Damrauer, E. M. Ferreira, A. K. Rappé, M. P. 

Shores, ACS Catal. 2018, 8, 9216–9225. 

[208] S. M. Stevenson, R. F. Higgins, M. P. Shores, E. M. Ferreira, Chem. Sci. 2017, 

8, 654–660. 

[209] A. M. McDaniel, H.-W. Tseng, N. H. Damrauer, M. P. Shores, Inorg. Chem. 2010, 

49, 7981–7991. 

[210] P. M. Becker, C. Förster, L. M. Carrella, P. Boden, D. Hunger, J. van Slageren, 

M. Gerhards, E. Rentschler, K. Heinze, Chem. Eur. J. 2020, 26, 7199–7204. 

[211] C. C. Scarborough, S. Sproules, T. Weyhermüller, S. DeBeer, K. Wieghardt, 

Inorg. Chem. 2011, 50, 12446–12462. 

[212] M. Wang, T. Weyhermüller, K. Wieghardt, Eur. J. Inorg. Chem. 2015, 2015, 

3246–3254. 



 

[213] C. C. Scarborough, K. M. Lancaster, S. DeBeer, T. Weyhermüller, S. Sproules, K. 

Wieghardt, Inorg. Chem. 2012, 51, 3718–3732. 

[214] E. J. Piechota, G. J. Meyer, J. Chem. Educ. 2019, 96, 2450–2466. 

[215] R. A. Marcus, Angew. Chem. Int. Ed. Engl. 1993, 32, 1111–1121. 

[216] C. C. Moser, J. M. Keske, K. Warncke, R. S. Farid, P. L. Dutton, Nature 1992, 

355, 796–802. 

[217] R. A. Marcus, N. Sutin, Biochim. Biophys. Acta, Bioener. 1985, 811, 265–322. 

[218] N. Kandoth, J. Pérez Hernández, E. Palomares, J. Lloret-Fillol, Sustainable 

Energy Fuels 2021, 5, 638–665. 

[219] A. P. Busch, Bachelorarbeit, Johannes Gutenberg-Universität Mainz, Mainz, 

2024. 

[220] R. W. Jones, A. J. Auty, G. Wu, P. Persson, M. V. Appleby, D. Chekulaev, C. R. 

Rice, J. A. Weinstein, P. I. P. Elliott, P. A. Scattergood, J. Am. Chem. Soc. 2023, 

145, 12081–12092. 

[221] M. Korff, T. O. Paulisch, F. Glorius, N. L. Doltsinis, B. Wünsch, Molecules 2022, 

27. 

[222] F. Reichenauer, R. Naumann, C. Förster, W. R. R. Kitzmann, A.-P. M. Reponen, 

S. Feldmann, K. Heinze, Chem. Sci. 2024. 

[223] D. Ma, L. Duan, Y. Wei, L. He, L. Wang, Y. Qiu, Chem. Commun. 2014, 50, 530–

532. 

[224] K. Witas, S. S. Nair, T. Maisuradze, L. Zedler, H. Schmidt, P. Garcia-Porta, A. S. 

J. Rein, T. Bolter, S. Rau, S. Kupfer, B. Dietzek-Ivanšić, D. U. Sorsche, J. Am. 

Chem. Soc. 2024, 146, 19710–19719. 

[225] X. Zhang, Y. Hou, X. Xiao, X. Chen, M. Hu, X. Geng, Z. Wang, J. Zhao, Coord. 

Chem. Rev. 2020, 417, 213371. 

[226] T. J. Meyer, Acc. Chem. Res. 1989, 22, 163–170. 

[227] T. Mirkovic, E. E. Ostroumov, J. M. Anna, R. van Grondelle, Govindjee, G. D. 

Scholes, Chem. Rev. 2017, 117, 249–293. 

[228] L. Leuschner, Bachelorarbeit, Johannes Gutenberg-Universität Mainz, Mainz, 

2021. 

[229] A. Breivogel, C. Förster, K. Heinze, Inorg. Chem. 2010, 49, 7052–7056. 

[230] T. U. Connell, C. L. Fraser, M. L. Czyz, Z. M. Smith, D. J. Hayne, E. H. Doeven, 

J. Agugiaro, D. J. D. Wilson, J. L. Adcock, A. D. Scully, D. E. Gómez, N. W. 

Barnett, A. Polyzos, P. S. Francis, J. Am. Chem. Soc. 2019, 141, 17646–17658. 

 



  

6 Appendix 

 

 

 

 

 

  

6  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

 



 

  



 

 

 

 

 

 

 

  



 

 

 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 



 

 

 

 

  



 

 

 

 

 

 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

 



 

  



 

 

 

 

 

 

 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 



 

 

  



 

 

 

 

 

 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

 

 

 

 

  



 

 

 

 

 

 

 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

  



 

 



 

7 Acknowledgements 

Mein erster großer Dank gilt meiner Doktormutter Prof. Dr. Katja Heinze. Unter Ihrer 

engagierten und zielstrebigen Betreuung konnte ich nicht nur meine Begeisterung für 

unsere Projekte intensivieren und fachlich dazulernen, sondern – was mindestens 

genauso wichtig ist – mich persönlich weiterentwickeln. Gerade die produktiven 

Teammeetings, für die Sie immer ein offenes Ohr hatten, haben meinen 

Forscherehrgeiz angetrieben und mich hinterher motiviert, aus Ihrer Bürotür nach 

dem Motto „Hinfallen, aufstehen, Krone richten, weitergehen“ stolzieren zu lassen. 

Meinen nächsten Dank möchte ich Prof. Dr. Carsten Streb widmen, zum einen für die 

Begutachtung meiner Dissertation und zum anderen für die schönen Grillfeiern mit 

Dir und Deiner Gruppe bei einer Partie „Cornhole“. 

Für eine tolle Zusammenarbeit und gegenseitige Unterstützung, stets begleitet von 

einem Schuss Albernheit, gewinnbringende fachliche Diskussionen, stets begleitet von 

ein bisschen Witz, und produktive Kritik, stets begleitet von einem Hauch Ironie, 

möchte ich mich zutiefst bei unserer gesamten Arbeitsgruppe bedanken. Durch Euren 

Einsatz und Euer Engagement zu gemeinsamen unvergesslichen Momenten innerhalb 

und außerhalb der Labormauern beizutragen, wie beispielsweise am Mittagstisch, 

wurde mein Arbeitsalltag versüßt. Danke aber vor allem für die großartige 

Atmosphäre und den Teamgeist, die es ein Leichteres gemacht haben, auch durch 

holprigere Zeiten zu gehen. Ein namentlicher Dank geht auch an die beiden Herren 

Lukas S. und Steven S. für das Korrekturlesen dieser Arbeit. 

Für eine produktive Zusammenarbeit an vielen spannenden Projekten möchte ich 

mich bei allen unseren Kooperationspartnern bedanken, darunter besonders Personen 

aus Arbeitsgruppen aus Berlin (Cui W.), Kaiserslautern (Pit B.) und Tübingen (Jens 

K.). Gerade diese Kooperationen haben mir in der Vergangenheit gezeigt, welch 

großartige Ergebnisse durch die Zusammenarbeit von Wissenschaftlern mit 

unterschiedlichen Forschungsschwerpunkten entstehen können. Darüber hinaus 

bedanke ich mich bei A. P. Busch und Lucas L., deren Bachelorarbeiten, sowie Tim H., 

dessen Modularbeit ich betreuen durfte. Neben den Lehrerfahrungen in Praktika 

konnte ich durch Euch wertvolle Einblicke in die Betreuung und Unterstützung 

wissenschaftlicher Arbeiten sammeln. 

 

  

7  



 

Mein herzlicher Dank gilt auch meiner Familie und meinen Freunden, die mir stets 

den Rücken gestärkt und mich ermutigt haben, meinen Weg zu gehen. Vielen Dank, 

dass Ihr stets an meiner Seite wart und mir in jeder Phase Rückhalt gegeben habt. 

Ein ganz besonderer Dank gebührt meiner Ehefrau Zahra, die mich von Anfang an auf 

dieser Reise mit viel Zuspruch und Verständnis unterstützt hat. Deine Geduld und 

Deine Zuversicht, aber auch Dein fachlicher Rat, haben mir besonders geholfen, mit 

Motivation und Stolz durch die Promotionszeit zu gehen. 

Vielen Dank Euch allen für Euren unschätzbaren Beitrag und Eure unermüdliche 

Unterstützung. 

 

 

 

 

 

 

 

 

 

 



 

8 About the Author 

 

 

 

 

 

  

8  



 

 

 

  



 

 

 

 

 

 

  



 

 

6) F. Reichenauer, D. Zorn, R. Naumann, C. Förster, K. Heinze*, 

Inorg. Chem. 2024, under revision. 

Factorizing the Nephelauxetic Effect in Heteroleptic Molecular Rubies. 

5) F. Reichenauer, R. Naumann, C. Förster, W. R. Kitzmann, A.-P. M. Reponen, S. 

Feldmann, K. Heinze*, 

Chem. Sci. 2024, accepted. DOI: 10.1039/D4SC05860G. 

Bridge Editing of Spin-Flip Emitters gives Insight into Excited State Energies and 

Dynamics. 

4) M. Dorn, N. R. East, C. Förster, W. R. Kitzmann, J. Moll, F. Reichenauer, T. 

Reuter, L. Stein, K. Heinze*, 

d-d and Charge Transfer Photochemistry of 3d Metal Complexes 

in Comprehensive Inorganic Chemistry III, 2023, 707–788. 

3) C. Wang, F. Reichenauer, W. R. Kitzmann, C. Kerzig*, K. Heinze*, U. Resch-

Genger*, 

Angew. Chem. Int. Ed. 2022, 61, e202202238. DOI: 10.1002/anie.202202238. 

Efficient Triplet-Triplet Annihilation Upconversion Sensitized by a Chromium(III) 

Complex via an Underexplored Energy Transfer Mechanism. 

2) F. Reichenauer, C. Wang, C. Förster, P. Boden, N. Ugur, R. Báez-Cruz, J. 

Kalmbach, L. M. Carrella, E. Rentschler, C. Ramanan, G. Niedner-Schatteburg, 

M. Gerhards, M. Seitz*, U. Resch-Genger* and K. Heinze*, 

J. Am. Chem. Soc. 2021, 143, 11843–11855. DOI: 10.1021/jacs.1c05971. 

Strongly Red-Emissive Molecular Ruby [Cr(bpmp)2]3+ surpasses [Ru(bpy)3]2+. 

1) S. Treiling, C. Wang, C. Förster, F. Reichenauer, J. Kalmbach, P. Boden, J. P. 

Harris, L. M. Carrella, E. Rentschler, U. Resch-Genger, C. Reber, M. Seitz, M. 

Gerhards, K. Heinze*, 

Angew. Chem. Int. Ed. 2019, 58, 18075–18085. DOI: 10/1002/anie.202202238. 

Efficient Triplet-Triplet Annihilation Upconversion Sensitized by a Chromium(III) 

Complex via an Underexplored Energy Transfer Mechanism. 
 

 

 

https://pubs.rsc.org/en/Content/ArticleLanding/2024/SC/D4SC05860G
https://onlinelibrary.wiley.com/doi/10.1002/anie.202202238
https://pubs.acs.org/doi/10.1021/jacs.1c05971
https://onlinelibrary.wiley.com/doi/10.1002/anie.202202238

