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Abstract 
 

The accelerating depletion of fossil-fuel resources underscores the urgency of 

transitioning toward renewable energy technologies. Among these, the photochemical 

conversion of solar energy into chemical reactions particularly towards the generation of 

hydrogen, offers a sustainable pathway for long-term energy storage. Achieving this 

requires efficient photoactive materials capable of harvesting sunlight and driving 

otherwise unfavorable chemical transformations. 

This thesis contributes to the goal by developing and characterizing organic boron-based 

photoactive complexes as sustainable alternatives to precious-metal chromophores 

which have been employed in photocatalysis. Rigid O- and N-donor ligand frameworks, 

including oxygen-bridged architectures, are shown to support strong absorption features, 

enhanced conjugation, and well-defined charge-transfer transitions. These structural 

elements enable boron chromophores to access long-lived emissive states and exhibit 

high photostability, highlighting their potential in light-harvesting and photochemical 

applications.  

Complementary studies focus on first-row transition-metal photophysics, particularly 

cobalt (III) complexes. Although CoIII typically suffers from ultrafast non-radiative decay, 

it is demonstrated in this thesis that strategic ligand design can stabilize higher-energy 

charge-transfer excited states, yielding CoIII complexes with observable low-temperature 

emission and distinct excited-state manifolds. These results provide new insight into how 

ligand field strength and coordination rigidity modulate 3d-metal photophysics. 

Since the low temperature emissive complexes pose a serious concern of practical 

applicability, a further component of this work examines light-induced ligand-centered 

radicals in cobalt systems. Through combined spectroscopic, electrochemical, and 

computational analysis, the formation of a cobalt-stabilized aminyl radical is revealed, a 

rare example of a photochemically accessible ligand radical in a first-row metal complex. 

This pathway demonstrates how tailored coordination environments can redirect 

photoexcitation away from metal-centered decay toward productive ligand-localized 

redox chemistry. 

Collectively, the boron chromophores, emissive CoIII complexes, and photogenerated 

ligand radicals presented in this thesis showcase how rational ligand and structural design 

can overcome inherent limitations of first-row elements. The resulting insights offer new 

strategies for developing sustainable, efficient photoactive systems for solar-energy 

conversion and photochemical reactivity.  
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Kurzzusammenfassung 
 

Die fortschreitende Erschöpfung fossiler Energieressourcen verdeutlicht die Dringlichkeit 

eines Übergangs zu erneuerbaren Energiequellen. Unter diesen bietet die 

photochemische Umwandlung von Sonnenenergie in chemische Reaktionen, 

insbesondere zur Erzeugung von Wasserstoff, einen vielversprechenden Ansatz für eine 

langfristige Energiespeicherung. Dies erfordert hocheffiziente photoaktive Materialien, 

die in der Lage sind, Sonnenlicht zu absorbieren und energetisch ungünstige chemische 

Umwandlungen anzutreiben. 

Diese Arbeit trägt zu diesem Ziel bei, indem organische, bor-basierte photoaktive 

Komplexe als nachhaltige Alternativen zu edelmetallhaltigen Chromophoren entwickelt 

und charakterisiert werden, die bisher in der Photokatalyse eingesetzt wurden. Starre O- 

und N-Donor-Ligandengerüste, einschließlich sauerstoffverbrückter Architekturen, zeigen 

ausgeprägte Absorptionsbanden, erweiterte Konjugation und klar definierte 

Ladungstransferübergänge. Diese strukturellen Merkmale ermöglichen den Bor-

Chromophoren den Zugang zu langlebigen emissiven Zuständen bei gleichzeitig hoher 

Photostabilität und unterstreichen ihr Potenzial für Lichternte- und photochemische 

Anwendungen. 

Komplementäre Studien konzentrieren sich auf die Photophysik von 

Übergangsmetallkomplexen der ersten Reihe, insbesondere CoIII-Systemen. Obwohl CoIII-

Komplexe typischerweise unter ultraschneller nicht-radiativer Desaktivierung leiden, wird 

in dieser Arbeit gezeigt, dass durch gezielte Ligandgestaltung höherenergetische 

Ladungstransferzustände stabilisiert werden können, wodurch CoIII-Komplexe mit 

nachweisbarer Emission bei tiefen Temperaturen und klar abgegrenzten angeregten 

Zuständen zugänglich werden. Diese Ergebnisse liefern neue Einblicke, wie 

Ligandenfeldstärke und Koordinationsrigidität die Photophysik von 3d-Metallen 

beeinflussen. 

Da die Tieftemperatur-Emission die praktische Anwendbarkeit einschränkt, widmet sich 

ein weiterer Teil dieser Arbeit lichtinduzierten ligandenzentrierten Radikalen in 

Cobaltsystemen. Kombinierte spektroskopische, elektrochemische und 

computergestützte Analysen belegen die Bildung eines cobaltstabilisierten 

Aminylradikals, ein seltenes Beispiel für ein photochemisch zugängliches Ligandenradikal 

in einem Übergangsmetallkomplex der ersten Reihe. Dieser Reaktionsweg zeigt, wie 

maßgeschneiderte Koordinationsumgebungen Photoanregung von metallzentrierter 

Desaktivierung hin zu ligandlokalisierter Redoxchemie umlenken können. 
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Insgesamt verdeutlichen die untersuchten Bor-Chromophore, emissiven CoIII-Komplexe 

und lichtinduzierten Ligandenradikale, wie rationales Liganden- und Strukturdesign 

inhärente Einschränkungen von Elementen der ersten Reihe überwinden kann. Die 

gewonnenen Erkenntnisse eröffnen neue Strategien für die Entwicklung nachhaltiger und 

effizienter photoaktiver Systeme zur solaren Energieumwandlung und photochemischen 

Reaktivität. 
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Chapter 1: Introduction 
 

Motivation 
 

Over the past several centuries, humanity has become increasingly dependent on 

fossil fuels as its primary energy source. This sustained and intensive reliance has been 

accompanied by far-reaching consequences. Fossil fuels when burnt emit greenhouse 

gases like CO2. These can trap heat in the atmosphere which leads to increased surface 

temperatures. Recent research provides compelling evidence that anthropogenic climate 

change is intensifying extreme weather events across the globe, with particularly severe 

impacts in vulnerable regions. Variability and long-term shifts in Arctic climate strongly 

influence extreme winter weather patterns in mid-latitude regions such as the United 

States, challenging the misconception that warming solely reduces cold extremes.1 

Complementarily, clear upward trends in the frequency, duration, and severity of regional 

heatwaves, a finding consistent with global-scale observational datasets has also been 

reported in the recent years.2 

Several studies highlight the increasing persistence and extremity of summertime 

weather regimes. Pfleiderer et al. reported in 2019 that in a 2 °C warmer world, summer 

weather patterns tend to lock into prolonged states, amplifying the risk of heatwaves and 

droughts.3 Similarly, Fischer and Knutti quantified in 2015, the anthropogenic contribution 

to the growing occurrence of both heavy-precipitation and high-temperature extremes, 

demonstrating that human influence is now detectable in a wide range of climate 

anomalies.4 The spatial distribution and underlying drivers of extreme precipitation 

changes are examined by Pfahl et al., who attribute regional heterogeneity to 

thermodynamic and dynamic factors that shape future rainfall intensification.5 This is 

further supported by the recent work of Liu et al., showing that the global warming 

amplifies day-to-day temperature variability in mid- to low-latitude regions, making 

climatic conditions more volatile and less predictable.6 

Beyond global patterns, regional analyses reveal severe socio-economic 

consequences of climate extremes. Ayugi et al. review the history and impacts of 

meteorological droughts across Africa, documenting rising frequency, widespread 

agricultural losses, and increasing human vulnerability.7 The situation is acute in South 

Asia, where rapidly intensifying climate-driven disasters have been reported. Khan and Liu 

(2025) emphasize the need for coordinated action in Pakistan as the country faces 

recurrent floods and climate-induced hazards,6 while reports from Waqas argues that 

Pakistan’s catastrophic floods are rooted in broader climate injustice, with 

disproportionate burdens falling on low-emission countries.6,8,9 
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Together, these studies form a consistent scientific consensus that the climate 

change is increasing the frequency, intensity, and persistence of extreme weather events, 

with the most severe consequences occurring in tropical and developing regions. This 

growing instability underscores the urgent need for sustainable energy technologies, 

resilient materials, and low-carbon solutions such as wind, solar, hydro, geothermal and 

biomass. Hydrogen as a fuel should be considered as a green alternative to the existing 

fossil fuel-based industry as it only forms water as a by product upon combustion.  

 

Hydrogen as a fuel 
 

 Hydrogen is the most abundant element in the entire Universe comprising of 

about 90 percent but this stellar fuel is only available on Earth for about 0.75 percent of 

the mass fraction.10 This creates an industrial bottleneck as it is one of the building blocks 

for the synthesis of basic chemicals like ammonia and methanol. From an energetic point 

of view, hydrogen also has the highest gravimetric heating value of 119 MJ/kg which 

generates further interest in it as a fuel.11,12 Coupling this with zero emission of green 

house gases makes it the ideal source for all energy demands but the problem lies in the 

scarcity of hydrogen in its purest form on Earth.13 It is mainly found on either as water, or 

as hydrocarbons and the extraction process from these resources raises the question of 

sustainability once more. Accordingly, the sustainability of hydrogen is determined by its 

primary energy source and the method used for its production. Current classifications 

distinguish between grey hydrogen, generated from fossil hydrocarbons; blue hydrogen, 

also derived from fossil fuels but coupled with carbon-capture and storage technologies; 

turquoise hydrogen, produced via thermal methane splitting; and green hydrogen, 

obtained through water electrolysis or other processes powered by renewable energy 

sources.14 As of 2025, more classifications of hydrogen has been available as noted in table 

1.15   

Table 1. Classification of sustainability of hydrogen by colors.15  

 Color Hydrogen produced from 

Overall 

common 

understanding 

Green Solar, wind and water power16–21 

Grey Steam reforming of natural gas with CO2 emissions20,22 

Blue Steam reforming of natural gas with preventing measure 

for emissions23,24 

Turquoise Pyrolysis of natural gas17,25 

Coal based 

hydrogen 

Brown Gasification of lignite19 

Black Gasificiation of black coal19 
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Nuclear 

Powered 

hydrogen 

Pink Electrolysis using energy from power plants19,22,26  

Purple Combined chemothermal energy from power plants19,22,26 

Red High temperature catalytic splitting of water based on 

nuclear power19,22,26 

Other 

introduced 

colors 

Yellow Electrolysis using mixed carbon electrical grid27,28 

White Naturally occurring hydrogen19,26 

Orange Conversion of biomass29 

 

 Although green hydrogen yields no greenhouse gas emissions and provides 

cleanest generation of hydrogen, grey hydrogen still dominates around 90 percent of the 

share of the overall hydrogen production.20,22 A possible green source of hydrogen 

production was proposed via photocatalytic reactions where light is used to reduce 

protons.12 

 

Solar Energy 

 

Figure 1. Sunlight powers the splitting of water into O₂, H⁺, and e⁻, which are then used to reduce CO₂ to 

carbohydrates.30,31 

Sorting available energy resources by abundancy, solar energy is the most 

abundant as Earth receives it at a rate of approximately 100,000 TW (terawatt) while we 

use only approximately 15 TW.30,32–34 Developing effective ways to harness and store this 

immense energy flux for practical use remains one of the defining scientific challenges of 

our time. It is widely recognized that no single technology can meet future global energy 

demands; instead, a diversified portfolio of sustainable solutions will be necessary, one of 

them being photovoltaics.35 The major challenges for large scale deployment of these 

include storage, availability and accessibility.36 Concentrated solar power plants (CSP) are 
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quite efficient but are prone  to varying solar radiation flux. CSP plants rely solely on direct 

normal irradiance, their design and evaluation demand clear-sky irradiation models.37 

Another approach is to capture solar energy using tailored photochemical reactions, 

enabled by newly designed compounds that replicate the sophisticated light-driven 

processes long perfected by plants.38 During photosynthesis, solar energy is captured and 

used to extract four electrons and four protons from water, releasing oxygen. These 

photochemically generated redox equivalents enable the subsequent reduction of CO₂ 

into carbohydrate products. The process can be viewed as form of hydrogen storage 

through synthesis of organic molecules which store solar energy in their chemical bonds 

(Figure. 1). 30,31 Photochemical systems can drive inherently endergonic transformations, 

most notably water oxidation and proton reduction by using photon energy to generate 

high-energy charge-separated states ultimately leading to green hydrogen 

production.30,33,39,40  

 

Photocatalytic Water-Splitting 
 
 Building on this natural blueprint, artificial photocatalytic systems seek to emulate 

the core principles of the photosynthesis, using light-driven charge separation to promote 

energy-intensive redox reactions. Among these, the photocatalytic splitting of water into 

hydrogen and oxygen has emerged as a central benchmark, offering a direct route to 

solar-to-chemical energy conversion through the green hydrogen production.11,41–48 This 

can be done with homogenous as well as heterogeneous systems, which involves the 

formation of electron-hole pairs through direct excitation or photosensitization of 

semiconductor.49 Most of the homogeneous systems use a multimolecular approach 

involving a photosensitizer (PS), an electron relay (R), a sacrificial electron donor (D) and 

a water reduction catalyst (WRC). The PS after the absorption of light can either convert 

the absorbed energy into light by photoluminescence (knr) or the energy can be used for 

photoreactions before being converted into photoluminescence (Figure. 2). From this 

excited state it can either undergo an energy transfer or an electron transfer to the 

substrate (S). 
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Figure 2: Schematic Representation Of The Energy-Level Landscape Highlighting Radiative Emission, 

Nonradiative Relaxation, And Photochemical Reactivity From An Electronically Excited State 

 

 

Figure 3: Schematic representation of the two pathways of photocatalysis. 

 

The latter can happen via two reaction pathways, either the reductive or the oxidative 

quenching pathway. In the oxidative quenching pathway, the excited photosensitizer 

(PS*) first transfers an electron to the water-reduction catalyst (WRC), after which it is 

regenerated by accepting an electron from the electron donor (ED). In contrast, in the 

reductive quenching pathway, the excited PS* is initially reduced by the ED and then 

delivers this electron to the WRC. Ruthenium tris bipyridine [Ru(bpy)3]2+,   even from the 

onset of the topic and remains to this day the most investigated PS and is mostly 

associated with the oxidative quenching mechanism.50,51 Ruthenium tris bipyrazine  

[Ru(bpz)3]2+ on the other hand was reported as a good candidate for the reductive 

mechanism.52,53 The key factor in determining the effectiveness of the PS is its excited 
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state lifetime. If the excited state does not survive long enough before the collision with 

the substrates, no reaction can be expected to take place as no electron transfer is 

expected. Other than lifetime PS depends on how quickly it can encounter the substrate 

and since these encounters occur by random motion in solution, the diffusion constant 

(D) becomes a key kinetic parameter.54 Diffusion is strongly depends on the viscosity (η) 

of the solvent according to the Stokes-Einstein-Sutherland equation for laminar solvents: 

 

𝐷 =
𝑘B𝑇

6𝜋𝜂𝑟
    Eq 1.1  

 

Where 𝑘Bis the Boltzmann constant, 𝑇 is temperature, 𝜂 is the solvent viscosity, 𝑟 is the 

hydrodynamic radius of the diffusing species. The factors in this equation can be used to 

fine tune the performance of the catalytic systems. Since most of these factors are well 

within experimental control the focus is on the PS and lifetimes.  

 

Photosensitizers 
 

 The design and selection of an effective photosensitizer become critical, as its 

photophysical properties control the very core of modern photochemistry and water 

splitting reactions.  The first model systems were available since 1977, making use of 

acridine yellow as the photosensitizer.55 They were soon followed by transition metal 

photosensitisers based on ruthenium, chromium, rhodium, osmium, metallo porphyrins 

and metallophthalocyanines which showed remarkable visible light absorption, excited 

state properties, kinetic requirements and redox potentials.51,56–58  Organic 

photosensitizers like 2,4,6- triphenylpyrylium tetrafluoroborate (TPT) were used for 

photo-induced electron transfer reactions where its strong oxidizing power in both 

excited singlet and triplet states allowed for the easy generation of radical cations even 

from substrates with high oxidation potentials.59 Organometallic compounds due to their 

high photostability and flexible range of excited-state redox potentials became more 

popular. In this thesis, a compact review on organic photosenisitizers will be followed on 

by a review on organometallic photosensitizers. 

 

 

Organic photosensitizers 
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 Organic dyes offer several inherent advantages including structural tunability, high 

molar extinction coefficients, and metal free composition, which adds to their economic 

benefits. However, critical limitations of most organic chromophores are very weak spin-

orbit coupling, dominant singlet excited state behaviour and inefficient population of 

triplet states. Triplet states are generally preferred for photochemistry due to their longer 

lifetimes. Consequently, a major focus in the design of organic photosensitizers has been 

on the enhancement of triplet state population to enable effective charge transfer 

reactions in photocatalytic systems.60 

 

Figure 4: Selected examples of triplet-state sensitizers modified via halogenation (a,b) and charge-

recombination donor-acceptor dyad (c,d).60 

 Several synthetic strategies were used to address this challenge. One widely used 

approach is the “heavy atom” effect, where heavier halogens are applied to increase the 

spin-orbit coupling and promote intersystem crossing (ISC). This strategy has been 

successfully used in Xanthene based dyes as well as BODIPY derivatives.60–62 Although this 

strategy reduces the fluorescence quantum yields, the complexes are turned into efficient 

triplet photosensitizers capable of driving photocatalytic reactions. Xanthene based dyes 

such eosin Y and rose Bengal are among the most widely studied systems for 

photocatalytic hydrogen evolution reaction (HER) and are often combined with 

cobaloxime or nickel as catalysts in presence of sacrificial donors.60,63–69 One downside to 

this strategy is the reduced photostability.60,70,71  
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Figure 5: Energy diagram for triplet excited state formation (T1) initiated by photo-induced electron transfer 

(PET) and mediated by charge recombination by either radical-pair intersystem crossing (RP-ISC) or spin-

orbit charge transfer intersystem crossing (SOCT-ISC) to undergo phosphorescence (PH) (FL-fluoresecence, 

IC-internal conversion).60 

An alternative strategy involves donor-acceptor architectures that generate triplet 

states through charge-recombination pathways. In these systems, photoexcitation 

produces a charge-transfer state that undergoes radical-pair intersystem crossing or spin-

orbit charge transfer ISC, eventually leading to triplet state formation even in the absence 

of the heavy halogens (Figure. 5).60 Therefore, heavy-atom-free cationic organic dyes  

were examined as photosensitizers, a typical example being the class of acridinium 

dyes.72–76 BODIPY based dyads and phenoxazine containing chromophores also use the 

same strategy to exhibit long lived triplet states and highly reducing excited state 

potentials.77–79 These designs avoid reliance on heavy elements while maintaining strong 

photoredox activity. 

Despite these advances, many organic photosensitizers exhibit limited water 

solubility and rely on sacrificial electron donors which restricts practical applicability. 

Additionally, most systems still require relatively high-energy visible or UV light to access 

sufficiently energetic excited states. On the other hand, organometallic photosensitizers 

mostly have a significant absorption profile lying in the visible region. This is where 

organometallic sensitizers have an advantage over the organic photosensitizers.  
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Organometallic photosensitizers 
   

 

Figure 6: Ruthenium based photosensitizers.80 

  To examine the photophysical properties of organometallic photosensitizers in 

greater detail, the discussion begins with using ruthenium polypyridyl complexes as model 

photosensitizers. The complexes upon excitation by light, an electron from its ground 

state (GS) is excited to a singlet metal- to-ligand charge transfer (1MLCT) state. Once this 

charge separated state is formed, an electron transfer from the filled t2g-based d- orbital 

of the metal gets transferred into the empty π*- orbitals of the ligands. This is followed 

by a fast intersystem crossing (ISC, spin change involved) to a triplet metal -to-ligand 

charge transfer (3MLCT) state in the case of most transition metal complexes.81 From this 

point it can either relax into the ground state non radiatively (knr) via internal conversion 

(IC, no spin change involved) to a metal centered (MC) state or radiatively (kr) via spin -

allowed fluorescence. As the internal conversion from the 3MLCT to the 1GS is a spin 

forbidden transition, these states usually exhibit long lifetimes which could be exploited 

for energy transfer or electron transfer reactions. If not exploited for its reactivity, this 

state can relax back into the ground state through phosphorescence.  

The possibilities discussed above, that is the two relaxation pathways, either 

involving long lived phosphorescence or relaxation into the MC states can be observed in 

different ruthenium polypyidyl complexes. The first can be experimentally observed in 

[Ru(bpy)3]2+ whereas the relaxation pathway involving the internal conversion from 
3MLCT to 3MC is found in the [Ru(tpy)2]2+ (Figure 7).82,83 [Ru(bpy)3]2+ upon 455 nm 

excitation exhibits phosphorescence in solution at a wavelength of  620 nm. It also 

displays an emission quantum yield (Φem) of 0.018 under aerated conditions at room 

temperature. Much of the emission here is assumed to be quenched by oxygen as the 

deaerated solution displays a Φem of 0.095 in acetonitrile.80,82 Emission lifetime 

investigations through time correlated single photon count (TCSPC) at room temperature 
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(r.t.) (850 ns) and at 77 K (5 µs) show significant differences indicating that a thermally 

activated non-radiative deactivation plays a significant role.80,82,83 

 

 

Figure 7: Excited state dynamics of tris(2,2’- bipyridine)ruthenium(II) [Ru(bpy)3]2+ (left) and bis( 2,2′:6′,2″-

terpyridine) ruthenium(II) [Ru(tpy2)] 2+ (right).80 

The potential energy surface of the 3MC state is significantly displaced along the Ru-N 

bond length coordinate, accounting for its large nonradiative decay rate. This 

displacement arises from population of σ-antibonding eg* orbitals, which leads to 

elongation of the Ru-N bonds (Figure 7). As a consequence, the 3MC state is 

substitutionally labile. Moreover, 3MC surface intersects with GS surface at a minimum-

energy crossing point (MECP), providing an additional efficient pathway for nonradiative 

deactivation. Hence, a horizontal shift toward larger geometric distortions or a vertical 

shift towards lower energies will reduce the activation barrier, thereby facilitating 

deactivation of the 3MC state via the MECP towards  the GS. This mechanism is particularly 

pronounced in the related complex [Ru(tpy2)] 2+ (tpy = 2,2′:6′,2″-terpyridine). The main 

difference between the two complexes is the strength of the ligand field of the repective 

ligands. [Ru(tpy2)]2+ possesses a weaker ligand field and correspondingly lower-lying 3MC 

states. As a result, thermal population of the 3MC state is facile, enabling efficient 
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nonradiative decay through the MECP. Consequently, [Ru(tpy)2]2+ exhibits significant 

phosphorescence only at low temperatures.80,83,84 

 

Figure 8: Microstate schemes for ground state, 3MLCT and 3MC for [Ru(bpy)3]2+.80 

 The same tris(bipyridine) ligand when complexated with lighter 3d transition 

metals exhibits further deterioration of the above condition, not due to the geometric 

distortion and associated metal-ligand bond elongation, but rather because of the 

intrinsically weaker ligand field splitting of 3d-metals. Tris (2,2’- bipyridine)iron(II) 

([Fe(bpy)3]2+) for example, displays similar excited state dynamics until the transition to 

the 3MLCT state, but later relaxes into the 3MC and then further into the 5MC pathways 

as compared to the ruthenium polypyridyl complexes.85–87 This behaviour arises from the 

weaker ligand field splitting imposed by Fe2+, which places the metal eg* orbitals below 

the πL* of the ligand, thereby providing an efficient non-radiative decay for the 3MLCT 

state (Figure 9). The weaker ligand field splitting by the 3d transition metal is a 

consequence of the primogenic effect.85,88 When moving from the 3d to 4d and 5d 

transition metals, the metal d orbitals are more spatially extended and more covalent in 

character. Since the 3MC orbitals are metal centered, their energies are increased 

significantly and at the same time destabilize eg* orbitals higher as well placing them 

above the energies of ligand π* orbitals.  

 

Figure 9: Excited state dynamics for [Fe(bpy)3]2+  (left) and microstate scheme for its ground state, 3MLCT, 
3MC and 5MC.80,85–87 

The consequences of all the above-mentioned effects can be experimentally observed in 

[Fe(bpy)3]2+, where the 3MLCT state is very short lived (≈ 50 fs) at room temperature in 
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solution.86 This comparison underscores the intrinsic difficulty of realizing luminescent 3d 

metal complexes due to low-energy, distorted and non-emissive metal-centered 

states.85,86,89 

  The energies of the 3MC and the 5MC increase with an increasing ratio between 

ligand-field strength (Dq) to the Racah-parameter (B). The energy of the 5MC state is more 

affected as it involves two electrons being placed in eg* orbitals, and this causes further 

displacement of 5MC energy well along the horizontal axis of nuclear coordinates. Hence, 

altering the ligand field strength can be a key strategy for achieving room-temperature 

emission in 3d transition metals from 3MLCT states.86 This can be achieved via multiple 

methods. McCusker and coworkers employed ligands that improved the coordination 

symmetry by using a homoleptic iron (II) complex ([Fe(dcpp)]2+) with 2,6-bis(2-

carboxypyridyl)pyridine as the ligand. The bridging carboxy groups helped in achieving a 

near perfect octahedral geometry.90 The electron withdrawing effect of the carboxy 

groups added to the increased π -accepting properties as well. Heinze and coworkers tried 

to introduce a push pull system to decrease the 1/3MLCT manifold while simultaneously 

increasing the 3MC and 5MC energies facilitated by the improved bite angles.91 

Computational work which followed these works suggested the replacement of the 

pyridine units with cyclometalating phenyl unit or NHC would prove helpful in imposing a 

stronger ligand field.92  

NHC and cyclometalating ligands 

 

Figure 10: Effects of increasing donor strength on the ligand field splitting.93 

As the use of strong π -acceptors increases the stability of the t2g orbitals, the 

other option would be to destabilize the eg* orbitals with strong σ-donating ligands like 

imidazolylidenes. The interaction between a carbene ligand and a metal center can 
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generally be described in terms of σ- and π-contributions. The σ-interaction arises from 

the overlap of the ligand σ-orbital with metal-centered orbitals. Owing to symmetry 

considerations, this interaction is restricted to the antibonding eg* orbitals (Figure 10), 

resulting in the formation of σ-bonds between the metal and the ligand. Like pyridine 

units commonly employed in photoactive complexes, N-heterocyclic carbenes (NHCs) act 

as neutral two-electron donor ligands. However, because carbon is less electronegative 

than nitrogen, the carbene lone pair has higher energy, leading to increased metal-ligand 

covalency for C-donor ligands compared to N-donors.94 This enhanced σ-donation 

destabilizes the eg* orbitals and consequently raises the energy of metal-centered (MC) 

excited states. This idea was first put into use by Wärnmark and coworkers obtaining long-

lived 3MLCT excited states and inspired many to follow.95–99 CNHC-Npyridine-CNHC manifold 

provides strong σ-donating properties but their π -accepting properties remain modest. 

This was further improved by introducing benzimidazolylidene and replacing the 

imidazolylidene moieties.100 Iron NHC complexes have also been evaluated as 

photocatalysts for proton reduction, achieving turnover numbers of upto 10, in 

comparison to approximately 30 for analogous noble-metal photosensitizers.101 Further 

increase of the number of carbene units had also resulted in increased lifetimes.98 All six 

coordinations with  carbenes provided the best results with lifetimes of up-to 0.5 ns.102 π 

-Interactions play a comparatively minor role in NHC-metal bonding but are nonetheless 

noteworthy. Electron density from the nitrogen lone pairs within the NHC framework is 

donated into the empty pz orbital of the carbene carbon (Figure 10), generating a partially 

occupied π-orbital that can weakly interact with the metal center. Despite this minor π -

donating contribution, back-donation from the metal into the vacant π-acceptor orbitals 

of the carbene dominates, resulting in an overall π-accepting character of NHC ligands.103 

While discussing the π-acceptor properties, its also important to consider the π - donating 

contributions of the cyclometalating ligands. These complexes feature anionic carbon 

atoms bound to the metal center. Compared to the neutral charged carbene donors, the 

lone pairs on the anionic carbon atoms are higher in energy resulting in a more 

pronounced metal-carbon covalent bond. This further destabilizes the eg* orbitals (Figure 

10).104 In ruthenium and iridium cyclometalated complexes with N^C^N and N^N^N ligand 

systems , it was also observed that the t2g ground state was destabilized by the phenyl π 

orbital interaction with the t2g orbital.105–107 However, this was not the case in 3d transition 

metals, namely iron when both the central coordinating moieties were phenyl groups. 

This is due to the higher electron density along the central metal atom and the σ- donating 

phenyl carbon axis which causes the elongation of the metal-carbon bonds enabling low 

lying MC states to come into effect once more.108 A simple solution to this problem would 

be to exchange the position of the central phenyl to the peripheral coordination spots on 

one of the ligands while keeping the other same.108 This resulted in one of the first long-

lived MLCT emission lifetimes reported for 3d6 transition metals at 2.4 ns in the NIR 
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region.109 With these considerable advancements that had been availed in iron(II) 

complexes, it would be noteworthy to take a look into the photophysics of cobalt(III) 

complexes as they also have a d6 electron configuration. 

 

Cobalt based photosensitizers 
  

  Focus of photochemical research has slowly shifted to lighter transition metals in 

the recent years.80,110,111 This is mostly motivated by the low cost and high abundance of 

such materials as compared to the precious metals.112 Aside from the economic benefits 

these complexes offer much more in terms of fundamental understanding of 

photophysics in transition metals.113–118 Much of the photophysical research on transition 

metals with d6 configuration has been concentrated on RuII, IrIII and FeII while isoelectronic 

CoIII still remains underexplored. 

 

Figure 11:  Molecular structures of previously investigated pertinent cobalt complexes.118–123 

 

 Until now there are only five known examples of CoIII complexes which are known 

to display photoactive behaviour and has been employed in photochemical applications 

(Figure 11).119–123 Several studies have demonstrated that CoIII complexes can exhibit 

unexpected emissive behaviour. For example, Zysman-Colman and co-workers (Figure 

10a) identified blue emission associated with ligand-to-metal charge-transfer (LMCT) 
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excited states, while Persson and co-workers reported markedly red-shifted emission 

originating from a 3MC state (Figure 11b).120,122 These observations are striking in light of 

the generally short-lived excited states typical of first-row transition-metal complexes, as 

the cobalt systems display excited-state lifetimes extending into the nanosecond and even 

microsecond regime. Although emissive metal-to-ligand charge-transfer (MLCT) states 

comparable to those found in RuII and IrIII complexes have not yet been realized for CoIII, 

the unusually long-lived excited states of these complexes have already been harnessed 

for photoinduced electron-transfer (PET) processes (Figure 11c), as shown in subsequent 

studies by Wenger and co-workers.121 Similar observations for PET have been observed in 

cyclometallated CoIII complexes by using just visible green light as well (Figure 11d).123 This 

new type of photoreactivity has been suggested and proved for CoIII complexes by 

McCusker and co-workers by making use of inverted Marcus theory.119 The relationship 

between ligand-field strength and excited-state lifetime can be rationalized  using 

concepts derived from Marcus theory. It is most commonly applied to electron transfer 

processes but can also constitute a particular case of nonradiative decay theory within it 

and hence applicable to wider class of processes governing excited-state relaxation. 124 

Eq1.2 describe the general correlation between, activation energy (ΔG‡), reorganization 

energy (λ) and ground state recovery (ΔGo). 125–127 An interesting output of this equation 

is that (λ + ΔGo) is quadratic in nature, which means that if ΔGo is lesser than – λ, ΔG‡ 

increases again. This region where ΔG‡ increases again is termed as the Marcus inverted 

region as it behaves opposite to intuition.  
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 ∆𝐺‡ =
(λ+ΔGo)2

4λ
     Eq 1.2  

   

 

Figure 12: Potential energy wells of a) Marcus normal region and b) Marcus inverted region.119  

 Applying this theory to excited state mechanics yields the conclusion that 

increasing the ligand field leads to the fast excited state relaxation times in the Marcus 

normal region (Figure 12a). While stronger ligand fields are needed to access highly 

energetic excited states for demanding photocatalytic reactions, they simultaneously 

tend to shorten excited state lifetimes due to the inverse relationship between driving 

force and lifetime. Studies of ligand field strength of cobalt complexes cites that 

[Co(en)3]3+ has field strength that is 0.6 V higher than that of Co(acac)3, and also 

experiences a lifetime that is almost 100 times higher than Co(acac)3.128,129 Hence it was 

hypothesized that photophysics of CoIII complexes would be occuring in the Marcus 

inverted region. [Co(bpy)3]3+ exhibits excited state lifetimes of 5.0 ns and was henceforth 

tested in catalyzing oxidative C(sp2)–N coupling of aryl amides with challenging sterically 

hindered aryl boronic acids.119 These new advances are quite remarkable but still the need 

for more easily accessible systems based on Earth-abundant metals need to be prioritized. 

Light induced radical reactions is a very well researched field but once again the research 

is heavily based on organic substrates which require high energy for their activation. 

Hence, once again the alternative would be to look into organometallic complexes which 

are capable of generating radicals.130 
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Organometallic radicals 

 

Figure 13: Stable aminyls radicals based on rhodium (a) and cobalt (b).131,132 

 In most transition-metal complexes that contain unpaired electrons, the spin 

density is largely localized on the d orbitals of the metal center with only limited extension 

on to the surrounding ligands. The cases where the radical instead resides on the ligands 

are much rarer. Semiquinone and phenoxyl based systems are known to form π-

delocalized radicals that coordinate to metals through oxygen atoms and play significant 

roles in biological and chemical processes.133,134 Another important class is the nitrogen 

based aminyl radical complexes. Aminyl radicals are normally short lived and very 

unstable species.135 The first metal stabilized aminyl radical was reported by Grützmacher 

and co-workers in 2005 (Figure 13a).131 These were used in hydride abstraction reactions 

featuring their ability to attack only selected substrates despite being a radical species. 

Spin density calculations attributed 54 % on the nitrogen atom and only about 30 % on 

the metal center. Similar complexes bearing on trop2NH ligand ([bis(5-H-

dibenzo[a,d]cyclohepten-5-yl)-amine]) were also investigated on rhodium and iridum as 

metal centers.136 More recently in 2017, Grützmacher and co-workers were able to 

translate this work onto cobalt as well (Figure 13b).132 
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Figure 14: Structures of ruthenium based mixed valence complexes.137,138 

   Mixed valence complexes are another class of complexes which upon oxidation 

could generate different radical states based on the redox activity of the metal center. 

Bis(terpyridine)ruthenium(II) complexes were modified with di-p-anisylamino group to 

unlock these mixed valence complexes (Figure 14a).138–140Assymetric complexes of 

ruthenium with cyclometalation on one side and further modified with the di-p-

anisylamino group were also inspected.137 The influence of cyclometalation resulted in 

reduced redox potentials as compared to the former set of complexes137,141. These 

complexes have found a lot of applications in molecular electronics.142 However, most of 

them require harsh oxidative conditions to function. Consequently, the photogeneration 

of such a radical state would give these complexes much better practical applicability. 

Furthermore, the economic aspects would benefit if these complexes could be 

synthesized out of Earth-abundant metals. As from previously discussed Co(trop2N)(PF6) 

complexes, it is possible for cobalt to stabilize radicals and use them for chemical 

applications. Combining these two ideas to synthesize a light induced radical system 

stabilized by cobalt as the metal center was the last objective of this dissertation and is 

further discussed in chapter 4.  
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Aim Of This Work 
 

 Climate change is driven primarily by greenhouse gas emissions from the 

combustion of fossil fuels, represents one of the most pressing global challenges of the 

21st century. The continued reliance on coal, oil and natural gas not only accelerate global 

warming but also increases air pollution, ecosystem degradation and depletion of 

resources. In response, the transition toward renewable energy resources has become a 

central scientific and technological priority. Renewable resources such as solar, wind and 

hydropower offer the possibility of drastically reducing carbon emission while providing a 

sustainable and virtually inexhaustible energy supply. Consequently, the development of 

efficient technologies for harvesting, converting and storing renewable energy is essential 

for achieving climate change targets and enabling a sustainable energy future. Therefore, 

in this thesis, the focus is on finding new alternatives for utilizing and converting sunlight 

into a usable driving force for electron transfer reactions. 

 Much of the photochemistry that has been done is based on organometallic 

complexes based on precious metals like ruthenium, iridium and platinum. These form a 

very small percentage on the Earth's crust and their extraction and refinement are equally 

challenging. However, photochemistry can still be done from Earth-abundant metals like 

iron and cobalt as well as purely organic substrates. Organic complexes are far cheaper to 

synthesize as compared to the precious metals and offer exceptional emissive properties 

that has been used in a lot of applications. However, they suffer some photodegradation 

under continuous use. Hence, one of the objectives of this thesis is to design and 

synthesize an organic photosensitizer that displays improved stability when compared to 

the already existing ones.   

 Increasing the photostability alone does not cover the difference in performance 

when compared to the heavier transition metal-based photosensitizers. Most of these 

photosensitizers show significant absorptions in the visible range while organic 

photosensitizers most often require high energy UV radiation to initiate their 

photochemistry. They are also much more photostable when compared to the organic 

photosensitizers. Therefore, for the later chapters of this thesis, the focus shifts to 

uncovering the excited state dynamics of complexes based on cobalt, a reasonably 

abundant metal in Earth’s crust. 
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Chapter 2: Emissive Oxygen Bridged 
Pyridine Phenolate Boron Complex 
 

 This chapter focuses on the synthesis, structural elucidation, and photophysical 

characterization of a novel oxygen-bridged diboron complex (BOB) supported by a rigid 

O^N^O ligand framework, together with its fluorinated monomeric analogue (BF) which 

is very similar to the already well documented 2,2′-(pyridine-2,6-diyl)diphenolate (dppy) 

systems. These two systems provide an instructive platform for examining how bridging 

versus monomeric coordination at boron influences molecular geometry, electronic 

structure, and excited-state behavior. The incorporation of an intramolecular oxygen 

bridge between two boron centers represents a comparably rare architectural motif. 

Single-crystal X-ray diffraction reveals pronounced geometric differences between the 

two architectures. The fluorinated monomer BF adopts a nearly ideal tetrahedral 

coordination environment at the boron center, with narrow angular distributions and 

bond lengths consistent with previously reported O^N^O-supported boron complexes, 

including closely related (dppy) systems. In contrast, the oxygen-bridged diboron complex 

BOB exhibits significantly distorted tetrahedral geometries at both boron centers. These 

distortions manifest as broader angular dispersions and slightly elongated bond lengths, 

arising from the geometric constraints imposed by the oxygen bridge. Electrochemical 

investigations further highlight the robustness of the oxygen-bridged framework. The BOB 

complex displays high stability over a wide electrochemical window and undergoes a 

quasi-reversible oxidation at +1.20 V versus Fc/Fc⁺. Photophysical studies reveal clear 

consequences of oxygen bridging on the optical properties. The diboron complex BOB 

exhibits bathochromically shifted and more intense absorption bands relative to BF, with 

prominent features observed at 400, 357, and 306 nm, compared to absorption maxima 

at 383 and 330 nm for the monomer. Both complexes emit in the visible region, with 

emission maxima at 483 nm for BOB and 474 nm for BF. Time-resolved emission 

spectroscopy demonstrates comparable excited-state lifetimes on the nanosecond 

timescale (3.57 ns for BOB and 3.89 ns for BF), accompanied by moderate 

photoluminescence quantum yields of 0.15 and 0.18, respectively. 

Overall, the results presented in this chapter establish oxygen-bridged diboron complexes 

as structurally distinctive yet underexplored photosensitizers. By directly comparing 

bridged and monomeric O^N^O-supported boron systems, this work provides 

fundamental insight into how framework connectivity and geometric constraint influence 

electronic structure and emissive behaviour. These findings lay the groundwork for future 

ligand design strategies aimed at optimizing boron-based chromophores for light-

harvesting, sensing, and photonic applications 
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Chapter 3: Low Temperature Emissive 
Cyclometalated Cobalt(III) Complexes 
 

 In this chapter, the synthesis and characterization of the cobalt(III) CCC-complexes 

[Co(RImP)2][PF6] with HMeImP = 1,1’-(1,3-phenylene)bis(3-methyl-1-imidazol-2-ylidene)) 

and R= Me, Et, iPr and nBu is presented. The ImP ligand classified as a strong donor ligand 

had already proven useful in generating photoactive complexes for FeII and FeIII.93,143,144 

Synthesis was based on methods developed by Hollis et al. via ligand activation with a 

zirconium reagent followed by transmetalation.145,146 Ground state characterization was 

done using standard spectroscopic techniques including NMR, CV, UV-Vis and SEC-UV-Vis. 

They confirmed that the complex is in a low-spin d6 state, analogous to previously 

reported photoactive iron(II) complex.144 These complexes differ from them in that it does 

not exhibit room temperature emission, but shows phosphorescence at 77 K originating 

from the  3MC state. The low temperature emission is also accompanied by excited state 

lifetimes of 1-5 ns depending on the alkyl substituent used. Long excited state lifetimes is 

a unique property so far for those Co(III) complexes whose excited state dynamics lies in 

the Marcus inverted region unlike those for its iron counterparts.119  The strong donor 

properties of the cyclometalating functions as well as the inherently stronger ligand field 

splitting imposed the higher charge of the CoIII metal center compared to the isoelectronic 

FeII explain why the excited state dynamics lies in the Marcus inverted region. These 

claims are also backed by TD-DFT calculations. TD-DFT calculations explain the low 

temperature emission, which shows that the minimum energy crossing point to the 

ground-state is located only slightly above the MC energy. Therefore, the non radiative 

decay to the ground state is enabled. This pathway becomes inaccessible at 77 K due to 

the absence thermal relaxation pathways leading to the low temperature 3MC emission. 

Thus, the complex shows promising results for establishing a class of photoactive CoIII 

complexes. 
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Chapter 4: Photogeneration of Cobalt 
Stabilized Aminium Radical  
 

 The focus of this chapter is build on the results from chapter 3 and overcome the 

drawbacks of the parent [Co(ImP)2]+ system by functionalizing the backbone of the ImP 

ligand system with dimethylamino groups. Hence, this chapter details the synthesis, 

characterization and observed photoreactivity of the novel [Co(ImPNMe₂)2][BF4] complex. 

[Co(ImPNMe₂)2][BF4] undergoes a clean and fully reversible photooxidation upon mild UV 

irradiation or chemical oxidation. This process generates the dicationic species 

[Co(ImPNMe₂)]²⁺, featuring a ligand-centered aminium radical. 

A defining characteristic of this system is the extensive delocalization of the unpaired 

electron associated with the aminium radical. Spin density is distributed along the phenyl-

Co-phenyl axis rather than being localized at a single nitrogen atom, providing substantial 

stabilization of the open-shell state. The electronic structure of the radical species is 

further supported by complementary UV-Vis absorption spectroscopy, 

spectroelectrochemical UV-Vis measurements, X-ray absorption spectroscopy, and EPR 

spectroscopy. The number of unpaired electrons was estimated by employing evans NMR 

method. Formation of the aminium radical is accompanied by the appearance of two 

intense and well-defined absorption bands, which serve as convenient spectroscopic 

markers for monitoring the photo-redox process. The reversibility of these spectral 

changes makes the system particularly well suited for mechanistic investigations of light-

induced electron-transfer chemistry. 

Overall, this work establishes a rare example of a light-induced, ligand-centered radical in 

a cobalt complex and demonstrates how targeted ligand design can decouple redox 

activity from the metal center. These findings provide valuable insight into the 

stabilization and characterization of reactive open-shell intermediates and highlight the 

potential of such systems for photo-induced reactivity and future photocatalytic 

applications. 

Publication is reprinted from  https://doi.org/10.26434/chemrxiv-2026-7f3nd . This work 

is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 

International License. 
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Conclusion 
 

 The overall objective of this thesis is to find new alternatives for rare earth 

transition metal photosensitisizers. To accomplish this goal, organo-boron based 

photosensitizers were synthesized as this class of complexes have been known to display 

excellent photophysical properties. One of the main drawbacks of the already existing 

systems was their reduced photostability and solubility. To increase the photostability, a 

more rigid coordination environment had to be created around the boron center. This was 

accomplished by introducing an oxygen bridge between two boron centers. Introduction 

of tert-butyl groups to these scaffolds, not only increases their solubility, but also enforces 

a more stable coordination geometry as they interlocked the two units preventing isomer 

formation due to the rotation along oxygen bridge. The increased ground state stability 

was experimentally observed through cyclic voltammetry which provided insights into the 

redox stability of the complex. Excited state characterisation revealed the complexes 

photochemical performances were comparable to already existing systems. Hence, we 

successfully designed a more stable boron system with a new coordination framework. 

The complexes currently emit from a singlet state, but the lifetimes are still long enough 

to be potentially used in photochemical applications. The lifetimes could be further 

extended by introducing heavy atoms into the scaffold, but this could also lead to the 

reduction in the photostability. 

 To tackle the problem of photostability, it was deemed better to investigate 

organometallic photosensitizers. Hence a new cobalt based photosenistizer was 

synthesized and fully characterised. It was shown that these cobalt based 

photosenisitizers provided very long-lived excited states, emerging from a 3MC state. 

Further substitutions on the imidazole nitrogen of these complexes were carried out to 

see how this would affect the photophysical properties. Changing the imidazole alkyl 

group from a methyl substituent to butyl substituent increased the excited state lifetimes 

of the respective cobalt complexes that were synthesized. All the complexes synthesized 

were only emissive at 77 K. This meant that the practical applicability of these complexes 

would be limited. Hence it was evident that further improvements needed to be made on 

this system. The ImP ligand scaffold offers great potential in this regard as it has high 

customisability. Cyclometalated backbone of the ligand could still be functionalized to 

further tune the ground state as well as excited state properties. 

 Functionalizing the backbone of the ImP ligand with dimethylamine groups 

provided fascinating results. Drastic changes were already observable in ground state 

characterisation. It was found that the complex forms a radical species upon irradiation 

with UV-light in the presence of chlorinated species. Formation of the aminium radical 

was confirmed using a variety of spectroscopic techniques. The unique coordination 

environment of the ImP ligand scaffold in combination with the cobalt center provided 
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the radical to be delocalized along the phenyl-Co-phenyl axis. This hypothesis was 

supported by NMR and EPR spectroscopy. Spin density calculations further provided 

insight on the location of the unpaired electron density. This coincided with the atomic 

positions that were missing in the NMR spectra. Evans NMR measurements were used to 

quantify the number of unpaired electrons. Photooxidation, spectroelectrochemical 

oxidation as well as chemical oxidation yielded the same product. Transient absorption 

measurements gave further insights into the excited state dynamics. It was observed that 

this complex exhibits a different excited state pathway compared to the parent 

[Co(ImP)][PF6] complex. The presence of dimethylamino groups facilitates the relaxation 

into 3LC excited state after excitation, from which it was assumed that the radical 

formation is initiated. Kinetic studies of the radical formation revealed that the radical 

later undergoes protonation by abstracting a hydride from the solvent. This was also 

tested by acid titration of the base complex and checked if identical spectra were 

observable with UV-Vis spectroscopy. These findings pointed towards a highly reactive 

radical once formed and was tested for reactivity against electron donating substrates. 

Positive test reactions were found against hydride donors and mild oxidizing agents. These 

findings show the immense potential of this newly designed system, while at the same 

time, there is a lot of room for improvement. The protonation of the radical species 

prevents the active species from showcasing consistent reactivity. Further modifications 

of this system could be realized by introducing bulkier groups on the aminyl nitrogen 

which could prevent easy protonation of the radical species once its formed. It could also 

be used in tandem with bases that abstract the proton once its protonated. Therefore, 

future works should focus on exploring these strategies to unlock the full potential of 

these complexes. 
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Experimental Details 
 

General work techniques 

All reactions carried out under inert atmosphere were performed either in an argon-filled 

glovebox or using standard Schlenk techniques under a continuous argon flow. Vacuum 

(down to approximately 10−3 mbar) was generated using a rotary vane pump. Prior to use, 

glassware was dried under vacuum with a heat gun, then filled with argon and allowed to 

cool; this evacuation and argon refill cycle was repeated three times. Solid reagents were 

transferred under counter-flow conditions, whereas liquids were added via syringe 

through a septum. Dry solvents were dispensed from an MBraun SPS-800 solvent 

purification system and subsequently stored over 3 Å molecular sieves. Dry acetonitrile 

for spectroscopic measurements was prepared by passing the solvent through a column 

packed with MP Biomedicals MP Alumina N-Super I that had been activated at 150 °C for 

several days. Degassing of solvents and solutions was achieved either by bubbling argon 

through the liquid or by applying the freeze-pump-thaw procedure. In the latter method, 

the sample in a Schlenk flask was frozen in liquid nitrogen, evacuated to low pressure, and 

then thawed under static vacuum in a lukewarm water bath. This sequence was repeated 

until no pressure increase was observed upon refreezing. Unless otherwise stated, 

chemicals were used as received without additional purification. Solvents were of 

technical grade, except acetonitrile (HPLC grade) and those specifically used for 

spectroscopic measurements. Reactions were heated using oil baths or aluminum heating 

blocks, and the reported temperatures correspond to the set values. 

Analytical and spectroscopic methods 

Column chromatography 

Manual column chromatography was carried out using silica gel (60 Å pore size) or neutral 

alumina, depending on the separation requirements. Automated chromatographic 

separations were performed on a Teledyne Isco CombiFlash RF+ MPLC system with 

prepacked silica cartridges. Thin-layer chromatography on silica plates containing a 

fluorescent indicator was used to monitor fractions and to optimize suitable eluent 

systems. 

NMR spectroscopy 

NMR measurements were carried out on Bruker Avance 300 and 500 instruments, as well 

as on a Bruker Ascent 700 spectrometer. Chemical shifts are reported in ppm and coupling 

constants in Hz. The spectra were referenced to the residual proton signals of the 

respective deuterated solvents.147 

IR Spectroscopy 



EXPERIMENTAL DETAILS | 82 

 
 

 
82 

 

Infrared spectra were recorded on a Bruker Vertex 70 FT-IR spectrometer using the ATR 

accessory, allowing the samples to be measured directly without the need for an 

additional matrix or medium. 

Mass spectrometry 

Electrospray ionization (ESI) mass spectra were recorded on a Waters SYNAPT G2 

quadrupole time-of-flight (Q-TOF) mass spectrometer. Samples were analyzed from 

acetonitrile or water solutions with concentrations of approximately 10-5 M. 

Elemental analysis 

Elemental analyses were performed on an Elementar vario MicroCube analyzer to 

determine the carbon, hydrogen, nitrogen, and sulfur contents of the samples. 

Single-crystal X-ray diffraction 

Single-crystal X-ray diffraction data were collected on a Bruker SMART CCD area-detector 

diffractometer equipped with a graphite monochromator. Measurements were 

performed using Mo Kα radiation (λ = 0.71073 Å) at 120(2) K. 

Cyclic voltammetry 

Cyclic and square-wave voltammetry were carried out at room temperature in dry 

acetonitrile containing 0.1 M [(nBu)₄N][PF₆] as the supporting electrolyte and an analyte 

concentration of 1 mM. Measurements were performed under an argon atmosphere 

saturated with solvent vapor. A three-electrode setup was employed, consisting of a 1 

mm platinum disk working electrode, a platinum wire counter electrode (Metrohm), and 

a custom Ag/AgCl reference electrode, all connected to a Metrohm PGSTAT101 

potentiostat. Ferrocene was added after each experiment as an internal standard, and all 

reported potentials are referenced to the Fc⁰/⁺ redox couple. Data analysis was carried 

out using NOVA software (version 2.1.3). Electrochemical reversibility was evaluated 

according to the criteria described by Nicholson and using the Randles–Sevcik 

relationship.148–151 

UV-Vis absorption spectroscopy 

UV-Vis absorption spectra were collected using a Varian Cary 50 and a PerkinElmer 

Lambda 465 single-beam spectrophotometer. Measurements were performed in 

acetonitrile at concentrations of approximately 10-5 M using 10 mm quartz cuvettes. The 

exact concentrations were determined gravimetrically by weighing both solute and 

solvent, with the solvent volume calculated from its density. Extinction coefficients were 

obtained from Beer-Lambert analysis and plotted as a function of wavelength. 

Steady-state emission spectroscopy 

Samples for fluorescence measurements were degassed using the procedures described 

earlier. Emission spectra were recorded on an Edinburgh Instruments FLS1000 
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spectrometer equipped with single monochromators and a red-extended PMT-980 

detector. Low temperature emission spectra were recorded at 77 K. 

Time-correlated single-photon counting (TCSPC) 

Samples for lifetime measurements were prepared in the same way as for the steady-

state emission experiment. Time-correlated single-photon counting measurements were 

performed on a Horiba Ultima-01-DD system (Horiba Jobin Yvon GmbH). Excitation was 

carried out at 374 nm using a Horiba DD375L laser diode operated at repetition rates of 

up to 100 MHz. Emission decays were collected at the corresponding detection 

wavelengths. Photon arrival times were recorded in repetitive start-stop mode with a 

multi-channel analyzer until the most intense channel accumulated approximately 10000 

counts. The resulting decay curves were stored as histograms over 16383 channels 

spanning a total time window of 100 ns (6.4 ps per channel). Data analysis was carried out 

in EzTime (Horiba), using the instrument response function (IRF) measured at 374 nm with 

a LUDOX scattering solution in water. Decay curves were fitted using a mono- and 

progressively multi-exponential model, increasing the number of components until χ² 

dropped below 1.2. The quality of the fits was further assessed visually by inspection of 

the residuals to ensure random distribution around zero. 
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NMR 
2,6-bis(3,5-di-tert-butyl-2-methoxyphenyl)pyridine 

 

Figure S 1: 1H NMR of 2,6-bis(3,5-di-tert-butyl-2-methoxyphenyl)pyridine in CDCl3 
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Figure S 2: 13C NMR of 2,6-bis(3,5-di-tert-butyl-2-methoxyphenyl)pyridine in CDCl3 
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Figure S 3: 1H NMR of BOB in CDCl3 

 

Figure S 4: 13C NMR of BOB in CDCl3 
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Figure S 5: 11B NMR of BOB in CDCl3 
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Figure S 6: 1H NMR of BF in CDCl3 

 

 

Figure S 7: 13C NMR of BF on CDCl3 



APPENDIX | 96 

 
 

 
96 

 

 

Figure S 8: 11B NMR of BF on CDCl3 

 

Figure S 9: 19F NMR of BF on CDCl3  
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Quantum Yield 

  

Figure S 10: Absorption and emisson spectra of BOB, BF and anthracene to determine 

the quantum yield in DCM at the excitation wavelength of 340 nm. 

The emission quantum yields of the BOB and BF complexes were determined relative to 

anthracene in ethanol (Φstd = 0.27). All measurements were performed at room 

temperature using optically diluted solutions in 1 cm quartz cuvettes. The excitation 

wavelength was set to 340 nm. Integrated emission intensities were obtained by 

numerical integration of the baseline-corrected spectra between 360 and 650 nm, giving 

Ianthracene=2.10 x 107, IBF =6.48 x 107, and IBOB= 8.69 x 107. 

The absorbances at 340 nm were derived from Beer–Lambert’s law using experimentally 

determined molar absorption coefficients: ε = 2059 M-1 cm-1 (anthracene, EtOH), 14074 

M-1 cm-1 (BF, DCM), and 18691 M-1 cm-1 (BOB, DCM) at concentrations of 1.36 x 10-5 M, 

1.00 x 10-5 M, and 1.20 x 10-5 M, respectively. The corresponding absorbances were 

Aanth=0.0280, ABF= 0.1407, and ABOB= 0.2243. 
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Using these parameters, the relative quantum yields were obtained as 

Φ(BF, DCM) = 0.18 and Φ(BOB, DCM) = 0.15. 

 

TDDFT Investigation 
 

Computational Methods 

The Orca 5.0.3 program package was utilized for DFT and time dependent DFT (TD-

DFT) calculations of the two molecules.[36] Initially, the XRD structures were 

optimized utilizing the PBEh-3c composite method with the verytighopt convergence 

criterion. Frequency analysis confirmed the convergence into local minimum for both 

molecules. Subsequently, the vertical transitions were calculated using time TD-DFT. 

For this purpose, the TPSSh functional,[37] def2-TZVP basis set [38] as well as D4 

dispersion correction [39] and the conductor-like continuum model (CPCM)[40] for 

acetonitrile were used. To generate the theoretical spectra Gaussian broadening of 

the transitions with a standard deviation of 1200cm-1 and no arbitrary shift were 

applied. The transition density analysis was performed using the TheoDORE software 

package.[41] The Kohn-Sham orbital visualizations were produced with IboView. [42] 

 

Orbital structure and symmetry discussion 

Investigating the structures of the frontier orbitals most important for the strongest 

vertical transitions, a matching of one Kohn-Sham orbital of BF with two Kohn-Sham 

orbitals of BOB was identified. A listing of the identified orbitals exhibiting similar 

structures is curated in Table S1. Furthermore, visualizations of these orbitals can be 

found in 

Table S1: Listing of BF orbitals and the BOB orbitals exhibiting similar orbital structures. 

Occupied BF 
orbital 

Occupied 
BOB orbital 

Unoccupied 
BF orbital 

Unoccupied 
BOB orbital 

138 271, 272 139 273, 274 

137 269, 270 140 275, 276 

136 167. 268   

 

Table S2: Relevant TD-DFT transitions together with the occupied Kohn-Sham orbital isosurfaces of BF- (80% 

Isosurfaces) and BOB-complex (60% Isosurfaces). Each column compares the orbital of the BF-complex with 
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the corresponding two orbitals of the BOB-compound. To simplify the graphics The tert-butyl groups of the 

BOB-complexare hidden for simplicity. 

 
BF-135 

 
BF-136 

 
BF-137 

 
BF-138 

 
 

BOB-267 
 

BOB-269 
 

BOB-271 

 
 

BOB-268 
 

BOB-270 
 

BOB-272 
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Table S3: Relevant TD-DFT transitions together with the occupied Kohn-Sham orbital isosurfaces of BF- (80% 

Isosurfaces) and BOB-complex (60% Isosurfaces). Each column compares the orbital of the BF-complex with 

the corresponding two orbitals of the BOB-compound. To simplify the graphics The tert-butyl groups of the 

BOB-complexare hidden for simplicity. 

 

 
BF-139 

 
BF-140 

 
BF-141 

 
BOB-273 

 
BOB-275  

 
BOB-274 

 
BOB-276  
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Absorption spectra analysis 

 
Figure S 11: Comparison between TD-DFT calculated and experimentally measured absorption spectra of 

BF- and BOB-complexes. TD-DFT calculated vertical transitions are shown as sticks reflecting the oscillator 

strength and shown as a spectrum with a broadening (fwhm) of 2825. 75 cm-1 as a dotted line in comparison 

to the experimental spectrum as a black solid line. The colors indicate different transition characters.  

Table 4: Collection of identified absorption bands, the most relevant corresponding TD-DFT states and the 

associated orbital transitions. Structural corresponding orbitals of BF and BOB are marked by the same color 

Band States Transitions Band States Transitions 

383 1 138 -> 139 (96%) 400 3 
 
 
4 

272 -> 274 (36%) 
271 -> 274 (34%) 
 
271 -> 274 (47%) 
271 -> 273 (38%) 

330 3 
 
 
4 
 
5 

137 -> 140 (54%) 
137 -> 139 (32%) 
 
137 -> 140 (93%) 
 
136 -> 139 (94%) 

357 13 
 
 
 
14 
 
 
 
 
 
15 
 
 
 
16 

270 -> 276 (28%) 
269 -> 275 (28%) 
271 -> 276 (18%) 
 
270 -> 276 (21%) 
269 -> 273 (16%) 
268 -> 274 (14%) 
271 -> 276 (12%) 
268 -> 273 (11%) 
 
268 -> 273 (41%) 
269 -> 275 (20%) 
268 -> 274 (14%) 
 
269 -> 275 (28%) 
268 -> 273 (25%) 
270 -> 276 (25%) 
268 -> 274 (13%) 

270 7 
 

135 -> 139 (64%) 
136 -> 140 (19%) 

306 22 267 -> 274 (87%) 
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8 
 
9 

 
135 -> 140 (82%) 
 
138 -> 141 (81%) 

Error! Reference source not found.1 displays the experimentally measured and 

theoretically calculated absorption spectra for BF- and BOB-complex. Each vertical 

transition is visually attributed to the different transition characters possible. In 

comparison to Figure 5, which only explains the major electronic transitions of the 

absorption spectra, all differentiated transition characters are listed in Error! Reference 

source not found.. 

A listing of the relevant TD-DFT states and the most significant Kohn-Sham orbitals of each 

vertical transition are provided in Table 4. Orbitals of BF and BOB identified to exhibit high 

similarity, as listed in Table S1, are highlighted in the same color. Using this highlighting 

of the orbital similarities, similarities of the 383 nm BF absorption band with the 400 nm 

BOB absorption band as well as the 330 nm BF absorption band with the 357 nm BOB 

absorption band can be easily verified. 
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Excitation Spectrum 

 

Figure S 12: Excitation Spectrum of 10µM solution of BOB and BF in DCM. 
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Cyclic Voltammetry 

 

Figure S 13: Cyclic voltammetry spectrum of BF complex in (1 mM solution in MeCN) with (nBu4N)(PF6) as the electrolyte 

at 0.1 V/s. 
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XRD 

BF 

C33H43BFNO2, Mr = 515.49 Da, colourless block, size 0.16 x 0.22 x 0.26 mm³, monoclinic 

space group P21 (4) with Z=2, a=11.6830(14), b=8.8066(10) Å, c=14.3903(17) Å, 

β=91.272(4)°, V=1480.2(3) Å³, Dc=1.157 g/cm³, µ=0.074 mm-1, F(000)=556, θmax=30.61°, 

reflections collected: 85999, independent reflections: 9073, Rint=0.0403, refinement 

converged at R1=0.0370 [I>2σ(I)], wR2=0.1066 [all data], min./max. ΔF: -0.18 eÅ³ (0.60 Å 

from C1) / 0.30 eÅ³ (0.79 Å from N1), CCDC No.: 2517569. 

The crystal was obtained from evaporation of a toluene solution. One tert-butyl group is 

found disordered over two positions. All affected carbon atoms could be refined 

anisotropically. All non-hydrogen-atoms are refined anisotropically, while the aromatic 

hydrogen atom positions were refined at idealized positions riding on the carbon atoms 

with isotropic displacement parameters Uiso(H)=1.2 Ueq(C) and C-H bond lengths of 

0.950 Å (HFIX 43). The methyl groups are idealized with tetrahedral angles in a combined 

rotating and rigid group refinement with the 1.5-fold isotropic displacement parameters 

of the equivalent Uij of the corresponding carbon atom at a distance of 0.98 Å (HFIX 137). 

 

BOB 

C66H86B2N2O5, C7H8, Mr = 1101.12 Da, yellow block, size 0.13 x 0.14 x 0.15 mm³, triclinic 

space group 𝑃1̅  (2) with Z=2, a=14.2416(4), b=16.0918(5) Å, c=16.3273(5) Å, 

α=102.8480(10)°, β=115.6810(10)°, γ=95.179(2)°, V=3212.71(17) Å³, Dc=1.138 g/cm³, 

Figure S 14: Crystal structure of BF. Anisotropic displacement ellipsoids drawn on a 50% probability level. 

Hydrogen atoms were omitted for clarity. 
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µ=0.069 mm-1, F(000)=1192, θmax=27.505°, reflections collected: 228724, independent 

reflections: 14723, Rint=0.0838, refinement converged at R1=0.0595 [I>2σ(I)], wR2=0.1647 

[all data], min./max. ΔF: -0.46 eÅ³ (1.35 Å from C2A) / 0.65 eÅ³ (0.90 Å from H29D), CCDC 

No.: 2516895. 

The crystal was obtained from 

evaporation of a toluene solution. One 

toluene molecule was incorporate in 

the asymmetric unit of the crystal 

structure. All affected carbon atoms 

could be refined anisotropically. All 

non-hydrogen-atoms are refined 

anisotropically, while the aromatic 

hydrogen atom positions were refined 

at idealized positions riding on the 

carbon atoms with isotropic 

displacement parameters Uiso(H)=1.2 

Ueq(C) and C-H bond lengths of 0.950 Å 

(HFIX 43). The methyl groups are 

idealized with tetrahedral angles in a 

combined rotating and rigid group refinement with the 1.5-fold isotropic displacement 

parameters of the equivalent Uij of the corresponding carbon atom at a distance of 0.98 Å 

(HFIX 137). 

 

Figure S 15: Asymmetric unit of the BOB single crystal 

structure. Anisotropic displacement ellipsoids drawn on a 

50% probability level. Hydrogen atoms were omitted for 

clarity. 



APPENDIX | 107 

 
 

 
107 

 

 

 

 

 

 

 

Figure S 16: Single crystal structure of BOB with anisotropic displacement ellipsoids drawn on a 

50% probability level and hydrogen atoms omitted for clarity. 
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A3. Supplementary information for the publication 
“Low temperature emissive cyclometalated cobalt 
complexes” 
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A4. Supplementary information for the publication 
“Photogeneration of cobalt stabilized aminium 
radical” 
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