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I 

Abstract: 

Singlet fission (SF) is a process where two triplet charge-carriers are generated from 

one photoexcited singlet state. This opens up the possibility to increase the efficiency 

limit for single-junction solar cells by one third from 33% to 44%. In this work, the 

long-lasting question of the effect of competing pathways on the efficiency of SF is 

addressed by time-resolved spectroscopy and a novel global fit approach. This is 

demonstrated on two examples. First, SF is established in a new class of molecules, 

the tetraazaperopyrenes. Here, substituent-dependent factors, namely excimer 

formation as well as vibronic and spin-orbit coupling, are identified to be decisive for 

SF efficiency. Subsequently, solutions of (hetero-) acenes are investigated, in which 

comparisons between ambient conditions and deaerated solutions highlight the 

importance of molecular oxygen for SF: A new, sequential mechanism including 

atmospheric oxygen as a catalyst is resolved, which allows for a step-wise doubling of 

triplet states even at low chromophore concentrations. In concentrated solutions, 

diffusion-controlled SF outcompetes other reaction pathways resulting in triplet yields 

close to 200%. The absence of any intermediate species emphasises the efficiency of 

this process. 

Kurzzusammenfassung: 

Singulettspaltung (SF) ist ein Prozess, durch den zwei Triplett-Ladungsträger aus 

einem angeregten Singulettzustand erzeugt werden. Diese Ladungsträgerverviel-

fachung birgt das Potential, das theoretische Effizienzlimit für Solarzellen um ein 

Drittel von 33% auf 44% zu steigern. Die vorliegende Arbeit beschäftigt sich mit der 

Frage, welchen Einfluss Konkurrenzprozesse auf die Effizienz von SF haben. Hierfür 

wird zeitaufgelöste Spektroskopie und ein neuer Ansatz für eine globale Anpassung 

verwendet. Die Herangehensweise wird an zwei Beispielen demonstriert. Zunächst 

wird SF in einer neuen Klasse von Molekülen, den Tetraazaperopyrenen, 

nachgewiesen. Für diese werden drei von den Substituenten beeinflusste Faktoren 

identifiziert, welche von entscheidender Bedeutung für die Effizienz von SF sind. 

Diese sind die Bildung von Exzimerzuständen sowie vibronische und Spin-Bahn-

Kopplung. Im Anschluss daran werden Lösungen von (Hetero-) Acenen untersucht, 

für welche der Vergleich zwischen Umgebungs- und sauerstofffreien Bedingungen die 

Signifikanz von molekularem Sauerstoff herausstellt: Ein neuer, sequentieller SF 

Mechanismus mit Luftsauerstoff als Katalysator wird aufgeklärt, welcher zu einer 

schrittweisen Verdoppelung der Triplettzustände führt. In konzentrierten Lösungen 

übertrifft diffusionskontrollierte SF andere Reaktionswege, was zu Triplettausbeuten 

von knapp 200% führt. Die Abwesenheit von Intermediaten unterstreicht die Effizienz 

dieses Prozesses. 
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1 Motivation 

Out of the ten years with the highest average temperature in Germany, nine occurred 

since the start of the 21st century.1 This clearly shows the impact of climate change. In 

order to combat this, Germany and 194 other countries signed the Paris Agreement in 

2015, in which they commit themselves to limit global warming to 1.5 °C above pre-

industrial levels.2 This aim can only be achieved if energy production is shifted to 

carbon-neutral, renewable sources. Hereof, a promising candidate is photovoltaics, 

whose contribution to the total power consumption in Germany has increased 

drastically from 0.2% in 2005 to 8.2% in 2019 (Figure 1.1).3 Over the same time 

period, the cost of solar modules has decreased by about 75 %. Combined with the 

increasing scarcity and bad image of fossil fuels, prices of power generated by 

photovoltaics have become competitive. A decisive parameter in photovoltaics is the 

conversion efficiency, with modern commercially available solar cells averaging about 

17.5%.4 While technological improvements result in a steady increase of this number, 

there is a physical limitation. This is based on the bandgap of the utilised 

semiconductors, of which the most widespread is silicon. Here, the energy difference 

between valence and conduction band amounts to 1.12 eV, allowing for about 80 % of 

the solar spectrum to be covered (Figure 1.2). However, incident photons with an 

energy exceeding the band gap will result in excess heat being generated in the 

semiconductor due to thermalization. 

Figure 1.1: The share of photovoltaics in the total power consumption in Germany shows 

a steady increase from 0.2 % in 2005 to 8.2 % in 2019 (blue line). Simultaneously, the 

average price for rooftop photovoltaic systems (orange line) decreased from 4700 to 

1080 €/kWp, which contributes to the increasing competitiveness of power generated by 

photovoltaics.3-4 
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This is the main contributor to the so-called Shockley-Queisser limit, i.e., the 

maximum conversion efficiency of 33% for silicon-based solar cells.5 Charge-carrier 

multiplication processes, during which a high-energy photon is converted into two 

charge carriers of lower energy, are envisioned to overcome these thermalization 

losses. A prominent example of this is singlet fission (SF).6-7 Here, an incident energy-

rich photon promotes an organic chromophore to its excited singlet state. Upon 

interaction with a second chromophore, two triplet excitons of lower energy are 

created. Subsequently, these electron-hole pairs are separated to generate two free 

charge carriers, which can be transferred to a semiconductor. In consequence, SF 

allows to efficiently harvest the blue part of the solar spectrum hence mitigating 

thermalization losses and raising the Shockley-Queisser limit by one third to 44% 

under ideal circumstances.8 The feasibility of this approach has been proven 

experimentally with reported photon-to-electron conversion rates exceeding 100%.9-10 

In order to achieve efficient SF, triplet has to outcompete other reaction channels of 

the excited chromophore 𝐴∗, which can be broadly categorised into intra- and 

intermolecular pathways (Figure 1.3). Intramolecular processes only contain the 

excited chromophore as an active species. Consequently, they are molecule-specific, 

and their timescales can in general not be significantly altered without chemical 

modification. Examples are re-formation of the ground state via non-radiative 

transitions or fluorescence, both of which typically occur on the nanosecond timescale. 

Figure 1.2: Loss channels leading to efficiency losses in solar cells. Low-energy photons 

are not absorbed by silicon. In contrast, high-energy photons result in excess energy 

being deposited into the semiconductor, which is dissipated as heat. This thermalization 

is the main loss channel for silicon solar cells, which leads to an upper efficiency limit of 

33%. Reprinted with permission from ref. 11. Copyright © 2017, Macmillan Publishers 

Limited. 
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In addition, the excited chromophore may undergo intersystem crossing (ISC), 

resulting in a single triplet exciton. Finally, a photoreaction may occur, which can be 

completed on the sub-picosecond timescale, as exemplified by the photoisomerization 

of retinal.12 In turn, intermolecular pathways require an interaction between two 

reactants. If a reaction system contains only the chromophore itself as a reactive 

species, possible bimolecular channels competing with SF are either dimerization or 

excimer formation. However, when working under ambient conditions, interactions of 

the chromophore with molecular oxygen have to be considered. Most notably for this 

work, this includes the sensitisation of molecular oxygen from its triplet ground state 

(3O2) to the reactive singlet oxygen species (1O2).
13-14 Crucial parameters for the rates 

of intermolecular pathways are on the one hand the concentration of the reactants and 

on the other hand inter-chromophore geometry. The effects of both parameters further 

depend on the physical state of the reaction system. 

Figure 1.3: Overview of selected pathways of an excited chromophore 𝑨∗ competing with 

SF, grouped into intra- and intermolecular processes. Examples for intramolecular 

pathways are the re-formation of the ground state 𝑨 either via non-radiative relaxation 

or fluorescence. In addition, the chromophore can undergo ISC, resulting in a triplet 

chromophore 3A. Finally, the reactant may undergo a photochemical reaction to a 

different molecular species. Intermolecular pathways include the reversible formation of 

a weakly-bound excimer state (𝑨𝑨)∗. Unlike for dimerization, no new covalent bonds are 

formed. The final intermolecular pathway includes atmospheric molecular oxygen (3O2). 

Upon interaction with the excited chromophore, 𝑨𝟑  and a reactive singlet oxygen species 

(1O2) are generated. 



1 Motivation 
 

 

4 

In the solid state, the densely packed chromophores are within contact distance. Thus, 

an efficient interaction of reactants and in consequence high rates are expected. 

However, the individual chromophores in a molecular crystal are immobilized with a 

well-defined inter-chromophore geometry. Thus, if this geometry is unfavourable, 

processes can be decelerated or even inhibited. In contrast, dissolved reactants possess 

more degrees of freedom. Consequently, they can orientate themselves in a favourable 

geometry before a reaction occurs. However, the frequency of chromophore 

interactions is governed by diffusion, which may allow intramolecular pathways to 

become competitive. 

The effects of these general implications have been observed in SF. For example, sub-

ps rate constants were observed for SF in crystalline samples15-18 with them being 

highly dependent on the inter-chromophore geometry.19-21 In addition, depending on 

the packing motif, excimer formation is encourage or prevented as a competing 

pathway.22-24 In solution, SF is diffusion-controlled, which necessitates a careful 

evaluation of competing intramolecular processes.25-27 Furthermore, it has been shown 

that the effect of molecular oxygen on chromophore dynamics should not be 

underestimated, as it opens up additional pathways.28-29 This stresses that in order to 

achieve efficient SF, a careful optimisation of molecular properties and experimental 

parameters is required.  

In this thesis, time-resolved spectroscopy is employed to investigate ultrafast SF 

dynamics in solution and solid state. Competitive processes reducing SF efficiencies 

are identified. In an effort to increase the overall triplet yield, possibilities on how to 

avoid them are suggested. The thesis is subdivided into the following chapters: 

 In chapter 2, fundamentals of SF are explained and crucial variables 

responsible for an efficient triplet generation pointed out. This is followed by 

examples of how these features can be tuned to achieve highest efficiencies. 

 Chapter 3 details the sample preparation and main experimental techniques 

used throughout this thesis. Special focus is laid on the processing and analysis 

of the multidimensional transient absorption data. A global multiexponential 

fit approach is developed and applied to disentangle the non-trivial 

photophysics of SF. 
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 Chapter 4 establishes ultrafast SF in a new class of molecules. First, 

investigations of dilute solutions are carried out to gain insight into spectral 

features of electronic species and intramolecular processes. This knowledge is 

used to identify the coherent formation of the correlated triplet pair and its 

subsequent dissociation in solid state. In addition, connections between 

efficient SF and competing excimer formation as well as vibronic coupling are 

drawn. 

 In chapter 5, solution-based SF is investigated. It is demonstrated that at low 

to intermediate chromophore concentrations, molecular oxygen can be used as 

a catalyst to greatly enhance triplet yields in a sequential SF process. In 

addition, high chromophore concentrations are demonstrated to outcompete 

intramolecular deactivation pathways, leading to quantitative SF.  

 The observations made for the different reaction systems will be summarized 

in chapter 6. Decisive parameters for efficient SF are pointed out and potential 

improvements for future development are suggested. 
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2 Photophysics of Singlet Fission 

2.1 Introduction and Basic Concepts 

SF describes the conversion of one singlet exciton into two triplet excitons. During 

this process, the overall spin is conserved, allowing for SF to occur on ultrafast 

timescales. SF was originally invoked as the reverse process of triplet-fusion to explain 

unexpectedly low fluorescence quantum yields in anthracene and tetracene crystals.30-

31 However, despite SF being demonstrated in other materials such as perylene19 and 

a polydiacetylene,32 the interest in this unique phenomenon slowly faded away. This 

changed in 2006, when Hanna and Nozik published a study in which the use of SF in 

photovoltaics was pointed out.8 Based on SF being a multiple exciton generation 

process, they calculated that the combination of an organic SF material with silicon 

solar cells may increase the Shockley-Queisser efficiency limit for single-junction 

solar cells5 by one third from 33 to 44%. This prospect led to a massive increase in 

research interest, which was summarized in a seminal review of Smith and Michl in 

2010.6 Here, the authors presented the state-of-the art understanding of the SF 

mechanism as well as design guidelines for efficient SF chromophores. While this 

review was published ten years ago, many of its core statements still hold true. Since 

then, progress on SF has been summarized in a number of reviews focusing on 

different aspects of SF, e.g. its theoretical modelling33, applications in photovoltaic 

devices,11 mechanistic studies,34-36 or design principles of chromophores.37-38  

Early reports on the SF mechanism in (poly-) crystalline solids authored by Merrifield 

suggested the presence of an intermediate triplet pair (1 𝑇𝑇).39 This multiexciton state 

describes two triplet states located on neighbouring chromophores, which are 

electronically coupled to yield an overall singlet spin state. Upon separation of the 

correlated triplet pair, two independent (“free”) triplet states are generated (Figure 

2.1a): 

𝑆1 + 𝑆0 ⇋ (1 𝑇𝑇) ⇌ 𝑇1 + 𝑇1 Eq. 1 
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While this model experienced widespread acceptance, varying interpretations on the 

nature of the intermediate required a more detailed description of the process. In 

consequence, Scholes proposed an extended perspective on the correlated triplet pair.40 

He suggested to discern between two different types of triplet pairs: First, the 

correlated triplet pair (𝑇𝑇)1  is formed, which is characterised by a significant orbital 

overlap of the constituent triplets. Upon electronic decoherence, e.g., due to spatial 

separation or coupling to the phonon bath, a second triplet pair, labelled (𝑇 ∙∙∙ 𝑇), is 

formed. While not necessarily being located on adjacent chromophores anymore, the 

spins of both constituent triplets remain entangled. Finally, as soon as spin 

thermalization occurs, two separate (“free”) triplets 𝑇1 are generated. Following this 

approach, the SF mechanism is written as 

𝑆1 + 𝑆0 ⇋ (1 𝑇𝑇) ⇋ (𝑇 ∙∙∙ 𝑇) ⇌ 𝑇1 + 𝑇1 Eq. 2 

Since its inception, the validity of this model has been experimentally verified on 

several occasions.28-29, 34, 41-42 This also raises the question as to which state constitutes 

the formal “end” of SF. The importance is seen for a variety of polycyclic aromats, 

which exhibit a formation of the (1 𝑇𝑇) state on timescales below 100 fs, but in some 

cases also a rapid recombination to the excited singlet.7, 15-16, 21, 41, 43-46 Thus, it is most 

sensible to define SF not as the formation of (1 𝑇𝑇) but of (𝑇 ∙∙∙ 𝑇), as the latter lacks 

the strong inter-chromophore coupling.40 However, especially for older reports, this 

definition is not always adhered to. A further, recently emerged aspect of SF deals with 

the overall spin of the correlated triplet pair. Due to the interaction of the spins of the 

two constituent triplets, different overall spin states can be generated. The origins as 

well as the implications of this effect will be discussed in more detail in section 2.1.2.  

A crucial prerequisite for SF to occur is the adherence to the law of the conservation 

of energy (Figure 2.1b). This means, that the energy of the excited singlet has to be 

equal or higher than twice the energy of the triplet state, leading to the energy matching 

criterion 

𝛥𝐸SF = 𝐸(𝑆1) − 2 𝐸(𝑇1) ≥ 0 Eq. 3 
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Figure 2.1: a) Schematic representation of SF. Upon photoexcitation, the locally excited 

singlet (𝑺𝟏, red) interacts with a ground state chromophore to generate the correlated 

triplet pair ( (𝟏 𝑻𝑻), yellow). After decorrelation, two free triplets (𝑻𝟏, blue) are 

generated. b) During SF, the energy conservation law has to be adhered to. 

Consequently, the energy of the excited singlet must be equal or higher than two times 

the triplet state. 

However, the efficiency of SF does not exclusively hinge on large values for Δ𝐸SF, 

which can be seen in two selected examples. In a tetracene derivative, (1 𝑇𝑇) is formed 

coherently despite an endothermic SF energy balance.47 Contrarily, low SF rates are 

observed in rubrene despite favourable energetics.46 In order to understand this 

seemingly contradictory behaviour, two closely connected properties have to be 

considered: the electronic coupling between 𝑆1+𝑆0 (in the following labelled 𝑆1𝑆0) 

and (1 𝑇𝑇) (section 2.1.1) as well as vibrational dynamics (section 2.1.3). 

While an efficient formation of the correlated triplet pair outcompetes other loss 

channels like emission or non-radiative relaxation, it does not automatically result in 

a high yield of free triplets due to the reversibility of the process. Thus, an equilibrium 

between 𝑆1𝑆0 and (1 𝑇𝑇) is formed. In consequence, delayed fluorescence is 

introduced as an additional loss channel.28-29, 48 Additionally, a weak direct 

photoluminescence from (1 𝑇𝑇) has been reported, which may lower the triplet yield.47 

Furthermore, the two constituent triplets of any of the two triplet pairs may undergo 

triplet-triplet annihilation (TTA).21, 29 This results in the loss of a triplet excitation, 

effectively halving the overall yield. In total, both processes demonstrate the 
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importance of efficiently separating the correlated triplet pair. This can be difficult to 

achieve in molecular crystals, as the chromophores possess a fixed structure with a 

well-defined geometry. In consequence, the separation of (1 𝑇𝑇) is driven by the 

diffusion of its constituent triplets. This may, however, be hindered by the energetic 

stabilisation of the correlated triplet pair with regard to the free triplets (cf. section 

2.1.2) or low-lying trap states.47 In contrast, solution-based SF enables the 

chromophores to diffuse apart immediately after SF occurs and to overcome the 

binding energy by collisions with solvent molecules. Depending on the strength of its 

stabilisation, (1 𝑇𝑇) may be detected as a short-lived intermediate.25-26 However, the 

viability of SF becomes strongly dependent on the timescales of competing processes 

which deactivate the excited state. A more detailed discussion of diffusion-controlled 

SF in solution will be made in section 2.1.4.  

While so far, SF has been described as an intermolecular process between two 

separated molecules, it is also possible to design molecules with two or more 

chromophores. This approach retains short inter-chromophore distances as found in 

molecular crystals, allowing for intramolecular SF (iSF) to occur. In addition, due to 

the variety of possible chemical modifications, important parameters for SF such as 

electronic coupling or inter-chromophore geometry can be finely tuned. This 

substantially increased the understanding e.g. of the separation of (1 𝑇𝑇) and the role 

of charge transfer (CT) states in SF. Observations of iSF and the ensuing conclusions 

will be reviewed in section 2.2.3. 

2.1.1 Electronic Coupling 

As mentioned in the previous section, the electronic coupling between 𝑆1𝑆0 and (1 𝑇𝑇) 

significantly influences SF dynamics. Its importance can be derived by prevalent 

models predicting reaction rates. According to Fermi’s golden rule, the transition rate 

between two electronic states is directly proportional to the square of their electronic 

coupling.49 For SF, the states in question are the initial 𝑆1𝑆0 and (1 𝑇𝑇). In a diabatic 

framework, their coupling strength is obtained as the off-diagonal element of the 
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electronic Hamiltonian and correlates to the overlap of their respective 

wavefunctions.33 However, it has been demonstrated that higher order perturbations, 

i.e., superexchange coupling involving a virtual CT state, have to be considered to 

accurately predict SF rates (Figure 2.2).21, 50 This second-order perturbation has been 

proposed to allow for efficient SF despite unfavourable alignment of singlet and triplet 

energy levels.20, 51-52 In some studies, the CT state has been observed as a real 

intermediate within the SF mechanism.53-55 Pinpointing the exact role of CT states in 

SF is still an active field of research.36 

Figure 2.2: Electronic coupling between states involved in SF. In a direct coupling 

model, the excited singlet state |𝑺𝟎𝑺𝟏⟩ is only connected to the correlated triplet pair 

|𝟏𝑻𝑻⟩. However, it has been shown that the involvement of superexchange contributions 

via CT states (|𝟏𝑪𝑨⟩, |𝟏𝑨𝑪⟩) has to be considered to accurately predict SF rates. 

Reprinted with permission from ref. 33. Copyright © 2018, American Chemical Society. 

2.1.2 Electronic Structure of the Correlated Triplet Pair 

The significance of electronic coupling values hinges on the correct modelling of the 

involved states. While this can be readily achieved for 𝑆1𝑆0, new approaches are 

needed for (𝑇𝑇)1 . In a first-order approximation, (𝑇𝑇)1  can be viewed as a doubly 

excited state involving four electrons in total. As such, spin-interactions play an 

important role in deriving the electronic structure. Two common methods to construct 

the wavefunction of (1 𝑇𝑇) are the 9- and 16-spin state approach. Both procedures as 

well as their limitations will be briefly discussed at this point, while comprehensive 

explanations can be found in the literature.6, 33-35, 37, 39-40  
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The 9-spin state approach was originally proposed by Merrifield to explain TTA in 

oligoacene crystals.39 Here, the correlated triplet pair is constructed as a linear 

combination of its two constituent triplet states. This yields nine orthonormal spin 

functions, in which the individual triplets couple to varying spin states. In total, these 

include one singlet (𝑇𝑇)1 , three triplet (𝑇𝑇)3  and five quintet states (𝑇𝑇)5 .37 While 

in general, the singlet state will be of the lowest energy, the respective energy between 

the different spin states is determined by the strength of inter-triplet coupling. In 

systems with weak triplet interactions, the individual spin states become energetically 

close. In contrast, a strongly coupled system will result in a stabilisation of the singlet 

state and introduce a binding energy for the triplet pair, which has to be overcome for 

free triplet states to be generated. This poses a dilemma for SF, given that the previous 

step, the formation of the correlated triplet pair, is also more efficient for strongly 

coupled systems. Thus, a delicate balance of the inter-triplet interactions must be 

found, which is one of the biggest challenges in SF.  

The main limitation of the 9-spin state approach arises from its negligence of coherent 

contributions within the triplet pair, i.e., its lacking representation of wave-function 

overlap. In consequence, inter-molecular two-electron exchange integrals are non-

existent, leading to erroneous energies for the correlated triplet pair.34 This inaccuracy 

is addressed in the 16-spin state approach. Here, the triplet pair is viewed as being 

comprised of four electrons located on two sites A and B. Thus, using the common 

notation of |𝛼⟩ and |𝛽⟩ for spin-up and spin-down one-electron eigenstates, 

respectively, 16 different permutations are obtained as |𝛼𝛼𝛼𝛼⟩, |𝛼𝛼𝛼𝛽⟩ … |𝛽𝛽𝛽𝛽⟩ 

(Figure 2.3a). While these product states are no eigenstates of the four-electron spin 

operator, they represent a suitable basis set to construct the six spin eigenstates of the 

correlated triplet pair.40 Of these pure spin wavefunctions, total multiplicities account 

for two singlet (|𝑆1⟩, |𝑆2⟩), three triplet (|𝑇1⟩, |𝑇2⟩, |𝑇3⟩) and one quintet state |𝑄⟩ 

(Figure 2.3b). Given that only |𝑆1⟩ and |𝑄⟩ will be relevant in the ensuing discussion 

of SF, the reader is referred to a recent review by Musser et al. for a detailed description 

for all six eigenstates.35 
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Figure 2.3: a) Four-electron product states used as a basis for the description of the 

eigenstates of the correlated triplet pair. |𝛼⟩ and |𝛽⟩ denote the spin-up and spin-down 

one-electron eigenstates. b) Relative energies of the four-electron states. |𝑆1⟩= (𝑇𝑇)1  and 

|𝑄⟩= (𝑇𝑇)5  are described as a combination of a pair of triplet excitations. Considering 

the exchange interactions, (𝑇𝑇)1  experiences a stabilisation of 6 J with regard to the 

energy of the two free triplet states 2𝐸𝑇 .Adapted with permission from ref. 35. Copyright 

© 2019, Annual Reviews, Inc. 

In the framework of a weak interaction between the electrons at the sites A and B, the 

expressions for |𝑆1⟩ and |𝑄⟩ can be described as a combination of a pair of triplet 

excitations, showing the connection between this and the 9-spin state approach. 

Furthermore, both states, that is  |𝑆1⟩ = (𝑇𝑇)1  and |𝑄⟩ = (𝑇𝑇)5 , possess the same 

energy of two times the isolated triplet state (2𝐸𝑇). However, if the interaction between 

the two constituent triplets is considered, the degeneracy between (𝑇𝑇)1  and (𝑇𝑇)5  

is lifted. In the absence of spin-orbit coupling and external magnetic fields, the ensuing 

fine-structure originates from exchange interaction, characterised by the parameter 𝐽. 

Here, a stabilisation of (𝑇𝑇)1  by 6 𝐽 is expected, whereas (𝑇𝑇)5  remains unaffected 

at an energy of 2𝐸𝑇. This energy difference constitutes the previously mentioned 

binding energy of (1 𝑇𝑇). Recent studies quantified its value to be on the order of 

10 meV.56-58 While the 16-spin state approach depicts the nature of the correlated 
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triplet pair and its stabilisation with regard to the two free triplet states more accurate 

than the 9-spin state approach, it still is not without flaw.  

For example, geometric relaxation or mixing with CT states is not considered, which 

may affect the relative and absolute energies of (𝑇𝑇)1  and (𝑇𝑇)5 . First experimental 

evidence of the (𝑇𝑇)5  was presented simultaneously by Weiss et al. and Tayebjee et 

al. with both studies employing time-resolved electron spin resonance (tr-ESR) 

experiments. 59-60 This method takes advantage of the Zeeman-effect, i.e., the splitting 

of states with a multiplicity 𝑆 > 0 into 2𝑆 + 1 sublevels in the presence of a static 

magnetic field and probes the transitions between those states at varying delays after 

optical excitation. Weiss et al. investigated thin-films of a tetracene derivative, for 

which SF has been demonstrated.47, 59 At room temperature, the observed tr-ESR signal 

originates from the individual triplets of (1 𝑇𝑇) (Figure 2.4). In contrast, an additional 

signal was observed at low temperatures (10 K), which the authors attributed to the 

strongly exchange-coupled quintet state, proving the mutual existence of (𝑇𝑇)1  and 

(𝑇𝑇)5  states within the SF mechanism. Similar observations have been made by 

Tayebjee et al. in pentacene dimers linked by two and three phenylene moieties, 

respectively (BP2 and BP3).60 At early times after optical excitation (20-100 ns), the 

ESR signal of BP3 is dominated by transitions within the quintet manifold  

Figure 2.4: a) The signal obtained by time-resolved electron spin resonance (tr-ESR) in 

a tetracene thin film at room temperature shows a characteristic structure which 

originates from the constituent triplets of (𝑇𝑇)1 . b) In contrast, experiments carried out 

at low temperatures (10 K) exhibit an additional signal, which is assigned to the strongly 

exchange-coupled (𝑇𝑇)5 . Reprinted with permission from ref. 61. Copyright © 2016, 

Nature Publishing Group. 
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. In turn, after several microseconds the signal is described as a combination of the 

(𝑇𝑇)5  and dissociated triplets. For BP2, a stronger coupling of the triplet pair is 

observed, which the authors attributed to the shorter phenyl bridge. Here, no signal of 

the dissociated triplets is observed, as the triplet pair remains weakly coupled even on 

the microsecond timescale. This observation reiterates the non-trivial task of tuning 

the inter-triplet coupling to simultaneously allow for efficient SF and dissociation of 

the triplet pair, and is reinforced by a study conducted by Basel et al. on an adamantyl-

linked pentacene dimer.62 This linker breaks the conjugation and thus reduces the 

coupling between the individual chromophores while still allowing SF to occur. 

Expectedly, tr-ESR experiments demonstrated the same behaviour that was observed 

for BP3, i.e., the decorrelation of (𝑇𝑇)5  into two free triplets. The dissociation of the 

quintet state into free triplets was also investigated by Lubert-Perquel et al, who 

applied angular-resolved tr-ESR experiments on highly ordered pentacene film to 

elucidate the influence of intermolecular geometries.61 This allowed the authors to 

identify the parallel packing motif within the herringbone crystal structure as 

beneficial for the generation of free triplet states. In contrast, the edge-on motif 

resulted in the eventual recombination of the triplet pair. Furthermore, a very recent 

study revealed the importance of terahertz motions on the dissociation of the correlated 

triplet pair, highlighting the importance of vibrational motions on the SF process.63 

2.1.3 Vibrational Dynamics 

Descriptions of the electronic structure of (𝑇𝑇)1  typically apply the Born-

Oppenheimer approximation, i.e., nuclear motions are neglected. However, recent 

reports emphasise the effect of vibrational dynamics on SF. While it has become 

consensus that they can play a crucial role in the coherent formation of the triplet pair, 

the respective explanations are varying. In order to understand implications of 

commonly employed experimental techniques, the fundamentals of vibrational 

coherence spectroscopy (VCS) will be discussed briefly. A comprehensive description 

of VCS techniques and the underlying principles can be found in the literature.64 

Furthermore, as VCS shares several aspects with transient absorption (TA) 
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spectroscopy, the reader is referred to section 3.2.2. One technique applied in VCS is 

impulsive vibrational spectroscopy (IVS). Here, the sample is initially excited by an 

ultrashort (≈10 fs) laser pulse, which possesses a broad spectrum due to the Heisenberg 

uncertainty principle. Thus, several vibrational sub-levels of the excited states can be 

populated simultaneously. This introduces a coherent superposition of vibrational 

quantum states, in short vibrational coherence, both in the ground and excited state 

(Figure 2.5). The vibrational coherence is subsequently interrogated by a spectrally 

broad probe pulse after a set time delay 𝜏 and results in periodic oscillations within the 

transient absorption kinetics, with their frequencies corresponding to Raman modes of 

the respective electronic state. From this measurement, dephasing times, modulations 

of the amplitudes or frequency shifts can be extracted, which complement population 

dynamics. However, the simultaneous presence of modes originating from ground and 

excited state often hinders a straightforward assignment of vibrational modes to 

electronic states, prompting the need for more complex experiments. One example to 

extract the pure contributions of the excited state vibrations is pump-IVS. Here, a third 

pulse is introduced with its wavelength being tuned to be resonant solely to an 

absorption feature of the excited state. In consequence, the excited state population is 

depleted and its contribution to the vibrational coherence is removed. Thus, the 

differences observed between IVS and pump-IVS measurements directly relates to 

vibrations originating from the excited state.  

Figure 2.5: Basic principle of vibrational coherence spectroscopy (VCS). Upon 

excitation with an ultrashort laser pulse, vibrational sub-levels in (a) ground and (b) 

excited state are populated impulsively. c) After a set time delay 𝝉, this vibrational 

coherence is probed by a third pulse. Reprinted with permission from ref. 64. Copyright 

© 2018, Springer Nature Switzerland AG. 
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This method has been employed in an early study of Musser et al., in which the authors 

report vibrational coherences in (𝑇𝑇)1  in a triisopropylsilyl-ethynyl substituted 

pentacene (TIPS-Pn) thin film.65 Given the unlikeliness of a spontaneously generated 

coherence in the correlated triplet pair, they conclude that the vibrational coherence 

has to originate from 𝑆1 and is passed on via a conical intersection. In addition, the 

authors identified particular modes driving the excited state population to the conical 

intersection. (Figure 2.6). This concept was later expanded on with the identification 

of different types of vibrational modes first allowing for achieving the suitable inter-

chromophore geometry (“tuning mode”) followed by another mode driving SF itself 

(“coupling mode”).66-67 In addition, vibrational modes have been reported to increase 

the electronic coupling between 𝑆1𝑆0 and (𝑇𝑇)1 .44, 68-69 This is based on the additional 

vibrational energy compensating the energy mismatch between the excited singlet and 

triplet pair, leading to an increased density of states and consequently transition 

probability. Furthermore, molecular vibrations may alter the inter-chromophore 

geometry. The possible implications have been shown by Miyata et al., who 

demonstrated a coherent formation of (𝑇𝑇)1  in rubrene despite a vanishing coupling 

value at relaxed geometry (Figure 2.7).46 

Figure 2.6: The excitation of a triisopropylsilyl-ethynyl substituted pentacene (TIPS-Pn) 

thin film by an ultrashort laser pulse generates a vibrational coherence in 𝑺𝟏, which is 

passed on to (𝑻𝑻)𝟏  via a conical intersection. Reprinted with permission from ref. 65. 

Copyright © 2015, Nature Publishing Group. 



2.1 Introduction and Basic Concepts 
 

 

18 

This was attributed to an antisymmetric torsional mode of the tetracene backbone 

breaking the inter-chromophore symmetry.  

A commonality of the aforementioned studies is their usage of acenes and their 

derivatives. Thus, it is not known whether vibronic coupling is specific to this class of 

molecules or a common element of SF. This will be addressed in the discussion on 

vibrational dynamics in TAPPs (section 4.2), which provides new insights on the 

generality of vibronic coupling with regard to SF. 

Figure 2.7: a) In rubrene crystals, the aromatic systems of the individual chromophores 

are shifted along the long axis of the molecule. b) Due to the molecular symmetry, this 

results in a vanishing coupling value between the excited singlet and (𝑻𝑻)𝟏 . However, 

antisymmetric torsional modes within the tetracene backbone break the symmetry, 

resulting in non-zero coupling values. Reprinted with permission from ref. 46. Copyright 

© 2017, Nature Publishing Group. 

2.1.4 Diffusion-Controlled Singlet Fission 

As depicted in Figure 2.1, SF is not a unidirectional process but contains several 

reversible sub-steps. In addition, even if chromophores exhibit high triplet yields, they 

can be diminished considerably by TTA. Both issues are mitigated in solution-based 

SF. Here, generated triplet chromophores start to diffuse apart immediately after SF, 

lessening the reversibility of SF. In addition, the weak binding energy of (𝑇𝑇)1  

(≈10 meV, vide supra) can be overcome by collisions between chromophore and 

solvent molecules. Due to diffusion being significant slower than SF itself, the former 

becomes the rate-determining step. Nonetheless, it has been shown that the reaction 

rates in concentrated solutions result in diffusion-controlled SF with triplet yields up 

to 200%.26 In addition, the group of Friend suggested the presence of an excimer 
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intermediate based on the occurrence of a red-shifted emission in concentrated 

solutions.25-26 This was, however, disputed by Dover et al., who assigned the excimer 

to a trap state (Figure 2.8).70 In general, only few studies exist on diffusion-controlled 

SF in solution, which focus on molecules based on tetracene or pentacene.25-27, 71 Thus, 

in order to work towards a general mechanism for SF in solution, especially with 

regard to the disputed presence of an excimer intermediate, concentration dependent 

dynamics of a tetrachlorinated phenazinothiadiazole in solution will be investigated 

(section 5.2). 

Figure 2.8: The schematic representation of the potential energy surface for SF in a 

tetracene derivative assigns the excimer observed in experiments to a trap state. Thus, it 

does not possess enough energy to dissociate into two separated triplet states. Reprinted 

with permission from ref. 70. Copyright © 2018, Nature Publishing Group. 
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2.2 Materials for Singlet Fission 

2.2.1 Diradical Character of Singlet Fission Chromophores 

The viability of SF is influenced by a plenitude of molecular and environmental 

parameters as described in section 2.1. In consequence, predicting efficient SF is no 

trivial task. Nonetheless, the energy matching condition (Eq. 3) helps to screen 

possible candidates. However, while 𝑆1 energy is readily accessible via optical 

spectroscopy, determining the energy of 𝑇1 is more challenging due to it being a dark 

state. In consequence, Δ𝐸𝑆𝐹 is often quantified by open-shell quantum chemical 

calculations of the participating energy levels. In an effort to establish a clear 

relationship between chemical concepts and energy levels, Nakano and co-workers 

pioneered the diradical character approach. In several reports since 2011, he and co-

workers established a connection between the diradical character of a chromophore 

and its 𝑇1 energy.38, 72-79 Within the spin-projected, unrestricted Hartree-Fock method, 

the multiradical character 𝑦𝑖 is defined as the occupation number of the 𝑖th unoccupied 

natural orbital (LUNO), given by 

𝑦𝑖 = 1 − 2
𝑁𝑖

1 + 𝑁𝑖
2 Eq. 4 

with 𝑁𝑖 referring to the orbital overlap of the highest occupied natural orbital (HONO) 

and the respective LUNO+𝑖.72 Most important for SF are the di- and tetraradical 

character, denoted as 𝑦0 and 𝑦1, respectively, which correlate with the energies of the 

first and second triplet state. This has been modelled initially for a symmetric, linear 

H4 molecule with varying interatomic distances.72 The advantage of choosing this 

simple system is that the application of the full configuration interaction method is 

feasible, which yields exact results for molecular properties. Based on this model, the 

feasibility of SF is assessed on the 𝑦0-𝑦1 plane. The defining parameter is the energy 

efficiency 𝜂, which the authors defined as  

𝜂 =
2𝐸(𝑇1) − 𝐸(𝑆1)

𝐸(𝑆1)
 Eq. 5 
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This simple model correctly predicts SF in several known SF chromophores (Figure 

2.9). Thus, a design strategy for molecules capable of SF was established: 

Chromophores should have an intermediate diradical character (0.1 < 𝑦0 < 0.4), which 

enables SF without generating excess energy. In addition, a low tetraradical character 

is favourable to avoid TTA. The main benefit of this approach is that it provides a 

readily accessible tool to assess the 𝑇1 energy by applying “typical” chemical concepts. 

For example, the stabilisation of a diradical can be visualized by resonance structures. 

As larger aromatic systems allow for a higher degree of delocalisation, the diradical 

character will increase accordingly. Furthermore, diradicaloid resonance structures 

may include the formation of extra Clar-sextets, resulting in additional stabilisation 

(Figure 2.10). In contrast, the influence of heteroatoms such as nitrogen does not allow 

for a straightforward prediction. On the one hand, nitrogen tends to stabilise radicals 

by hyperconjugation, while on the other hand its higher electronegativity compared to 

carbon reduces the overall aromaticity. Based on the diradical character view, a wide 

variety of potential chromophores was screened computationally.38, 73-82 In an early 

study, larger polycyclic aromatic hydrocarbons (PAHs) such as oligorylenes were 

investigated.74 Here, suitable conditions were predicted for terrylene, which was later 

proven experimentally.83 

Figure 2.9: Energy efficiency 𝜂 of SF with regard to the diradical (𝑦0) and tetraradical 

character (𝑦1), calculated based on a linear H4 model on full CI level. Darker regions 

correspond to higher efficiencies, i.e., less excess energy. Labelled symbols represent 

calculated values for 𝑦0 and 𝑦1 for known SF chromophores (A1 (1,3-

diphenylisobenzofuran), A2 (tetracene), A3 (pentacene), B1 (zeaxanthin), C1 (zethrene), 

C2 (terrylene), C3 (bisanthene)), calculated at the PUHF/6-31G* level of approximation. 

Respective molecular structures are indicated. Dashed and solid lines correspond to 

changes of the symmetry within 𝑆1. Reprinted with permission from ref. 38. © 2018 

Elsevier B.V. 
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Figure 2.10: Selected resonance structures of tetraaza-pentacene. The formation of 

additional Clar-sextets (highlighted in bold) result in a stabilisation of the diradicaloid 

structures, decreasing the 𝑇1 energy. Nitrogen substitution has two contrasting effects. 

On the one hand, the lone electron pair of nitrogen tends to stabilise radicals by 

hyperconjugation. On the other hand, the higher electronegativity results in a reduced 

aromaticity of the -system. 

In addition, studies on the effect of the introduction of heteroatoms to the aromatic 

core were carried out. Chen et al. suggested that the substitution of an aromatic carbon 

by a 𝑠𝑝2-hybridised nitrogen slightly reduces 𝑦0 due to a higher localisation of electron 

density at the nitrogen atoms,84 which was corroborated by a later report of Ito et al.76 

In consequence, this approach was recommended to increase the energy efficiency in 

chromophores exhibiting exothermic SF such as pentacene. Indeed, Herz et al. has 

shown an acceleration of SF dynamics by a factor of two in aza-derivatives of 

pentacene, which may originate from a more suitable energy level alignment.15 

Furthermore, the (𝛽, 𝛽)-connection of a thiophene moiety to a terminal benzene unit 

in anthracene and tetracene was predicted to significantly increase the 𝑦0 (Figure 

2.11).84 The effect of introducing both sulphur and nitrogen to the aromatic core was 

investigated in a combined experimental and theoretical by a cooperation of Buckup 

and co-workers and the group of Prof. Dreuw (Universität Heidelberg).21 As predicted, 

it was demonstrated that in tetracene, substituting a terminal benzene unit by a 

thiadiazole increases 𝑦0, changing SF energetics from being endo- to exothermic. 

Moreover, further aza-substitution slightly decreases 𝑦0, thus increasing the energy 

efficiency. Both approaches combined clearly show the ability to fine-tune SF by 

chemical modifications of the aromatic core. A further proposition to adjust 𝑦0 in 

PAHs includes a twist of the aromatic plane.78 This is achieved by the introduction of 

halide substituents, with the resulting in steric pressure deforming the aromatic system. 

Thus, the aromaticity decreases and diradical resonance structures become 
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unfavourable. Experimentally, the only report regarding SF in core-twisted 

chromophores covers bromine-substituted perylene-diimides (PDIs).22 However, as 

this study focused on the long-time dynamics of triplets, no definitive conclusions for 

the effects of -plane twisting on the early dynamics of SF can be drawn. Thus, further 

research is warranted in this regard, which could include structurally similar bay-

substituted TAPPs.85 

Figure 2.11: Heteroacene chromophores modelled by Chen et al. with regard to their 

feasibility for SF. The study clearly shows the influence of the incorporation of nitrogen 

and sulphur atoms to the aromatic core on the energetics of SF. Reprinted with 

permission from ref. 84. Copyright © 2014, American Chemical Society. 

2.2.2 Intermolecular Singlet Fission 

2.2.2.1 Acenes 

SF has been demonstrated first in anthracene and tetracene.30-31, 86 Taking the diradical 

model described in section 2.2.1 into account, this is not surprising as the acene motif 

allows for the stabilisation of diradical resonance structures (cf. Figure 2.10). In 

addition, acenes exhibit a systematic shift upon increasing the size of the aromatic 

system, notably including an increase of the singlet-triplet energy gap.87-88 The 

implications of this can be clearly seen for SF in anthracene, tetracene, and pentacene 

(Figure 2.12). In the former case, SF only occurs out of higher sublevels within the 

first excited singlet state due to Δ𝐸SF < 0.30 In tetracene, SF is only slightly 
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endothermic with Δ𝐸SF ≈ 0, leading to high efficiencies and SF time constants of 80-

90 ps.89-91 Finally, pentacene exhibits quantitative SF on the sub-ps timescale due to 

Δ𝐸SF > 0.18 In consequence, pentacene and its derivatives have become model 

systems for SF.15-18, 26, 29, 37, 54, 62, 92-104 However, the application of pentacene itself is 

impeded by its low solubility as well as its photochemical instability in the presence 

of oxygen (Figure 2.13a).105 Both issues are addressed by introducing 

triisopropylsilyl-ethynyl (TIPS-ethynyl) sidechains: The sterically demanding TIPS 

group reduces -interactions in solid state and consequently improves solubility. 

The additional stabilisation of the lowest occupied molecular orbital (LUMO) further 

results in an excellent photostability in solution (Figure 2.13b).106 In combination with 

the relative energy of 𝑆1 and 𝑇1, this allows for the sensitisation of molecular oxygen, 

whose the implications will be discussed in section 5.1. The effects of other chemical 

modifications of acenes on SF have been explored both theoretically84, 107-109 and 

experimentally.15-16, 41, 45, 110-111 For example, the aza-substitution of aromatic CH 

group accelerates the SF dynamics by a factor of two, which has been attributed to an 

enhanced intermolecular coupling.15-16 In addition, halogenation of the aromatic core 

has been suggested as a tool to achieve favourable morphologies by promoting solid-

state order in the molecular crystal.110 Both approaches combined were investigated 

by Alagna et al. in a tetrachloro-phenazinothiadiazole.21 In this class of molecules, a 

terminal benzene unit of TIPS- substituted tetracene (TIPS-Tn) is formally substituted 

by a thiadiazole. 

Figure 2.12: Molecular structures of acene-based chromophores investigated with 

regard to SF. 
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In addition, two aromatic CH groups are replaced by a nitrogen. These substitutions 

lead to a decrease of the energy of 𝑇1 compared to TIPS-Tn, resulting in more 

favourable SF energetics. In consequence, dynamics are accelerated from the pico- to 

femtosecond timescale and quantitative SF is achieved.21 This study further unveiled 

the coupling between 𝑆1𝑆0 and (𝑇𝑇)1  to be the determining factor for SF and its 

sensitivity to inter-chromophore geometry. In addition, valuable insight into the 

availability of the triplets is gained: While a quantitative SF has been established, TTA 

effectively halves the number of triplets on the nanosecond timescale. This stresses the 

importance of finding an efficient way to separate the generated triplet pair.  

Figure 2.13: UV/Vis spectra of a) pentacene (Pn) and b) TIPS-Pentacene (TIPS-Pn) in 

THF before and after irradiation for 2 h. While the change in the spectrum of Pn points 

towards a photodegradation, TIPS-Pn exhibits an excellent photostability. 

2.2.2.2 Rylene-Based Molecules 

Besides the acene family, rylene-based chromophores have emerged as suitable SF 

candidates. Rylenes are best known in their use as industrial dyes due to their high 

extinction coefficients and photostability.112 These optical properties, combined with 

their electron accepting ability, are also sought-after in the field of organic electronics, 

which led to rylenes becoming an actively researched group of molecules.113-115 With 

regard to SF, especially PDIs (Figure 2.14) exhibit suitable properties including their 

favourable 𝑆1 and 𝑇1 energies as well as their slip-stacked packing motif.19-20, 22, 43, 51-

52, 116 Furthermore, the feasibility of SF in the chemically similar peropyrenes23-24 as 

well as higher rylene homologues, i.e., terrylenes,51, 53, 83 has been assessed. The 

earliest report of SF in rylenes is from Albrecht et al., who studied two different crystal 
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structures of perylene, i.e., 𝛼- and 𝛽-perylene.19 This study elucidated the interplay 

between the excimer state and SF. In 𝛼-perylene, the chromophores stack in a face-to-

face arrangement, which benefits the formation of the excimer state. Here, the 

stabilisation experienced due to the delocalisation of the photoexcitation results in the 

excimer state being lower than 2𝐸(𝑇1), thus hindering efficient SF. Nonetheless, SF 

was observed upon increasing the excitation energy, resulting in a more energy-rich 

excimer state proposed as SF precursor. In contrast, the edge-on geometry in 𝛽-

perylene crystals hinders efficient excimer formation. Thus, SF was observed at 

significantly lower excitation energies. This early study reveals important information 

for the correlation between excimer formation and SF in perylenes: SF may occur out 

of an excimer state if its energy exceeds 𝐸(2𝑇1). If this condition is not fulfilled, the 

excimer acts as a trap state, inhibiting SF. This has been supported by subsequent 

experimental observations, which indicate efficient SF for PDIs for which excimer 

formation is absent. Eaton et al. investigated a core-substituted PDI, which exhibits a 

triplet yield of 140%116 This value is surpassed by N-substituted PDIs, for which Le et 

al. reported triplet yields up to 178%.20, 52 Aulin et al. even reported quantitative SF 

for the same compound using a different approach to calculate the triplet yield.43 This 

high efficiency is especially remarkable regarding the presence of a thermal barrier of 

≈190 meV. It was proposed that the ability of the chromophores to overcome the 

activation barrier is based on superexchange coupling via a virtual CT state with the 

strength of the coupling strongly depending on inter-chromophore geometry.51 Felter 

et al. investigated a set of excimer-forming PDIs with bromide substituents in the bay-

positions.22 

Figure 2.14: Molecular structures of rylene-based classes of chromophores investigated 

with regard to SF. 



2.2 Materials for Singlet Fission 
 

 

28 

This chemical modification results in a twist of the aromatic system due to the steric 

hinderance of the halide substituents (Figure 2.15). Upon decreasing the planarity of 

the aromatic system, a decrease in excimer formation is observed, which in turn 

increases SF efficiency. Thus, a direct competition between excimer formation and SF 

could be established. The promising results regarding SF in perylene and its 

derivatives also sparked interest in a similar class of molecules, peropyrenes, which 

can be viewed as a symmetrical extension of the aromatic system of perylene.23-24 

Here, no SF is observed despite Δ𝐸SF > 0 in solution. This has been attributed to an 

efficient formation of an excimer trap state outcompeting SF. In the present work, 

TAPPs are suggested as a new class of chromophores (chapter 4). In total, four selected 

TAPP derivatives will be investigated, which contain a perfluorated alkyl sidechain to 

enhance solubility. In addition, halide substituents are introduced which have shown 

to systematically tune the physical properties of the chromophores.117 

Figure 2.15: Upon bay-substitution, PDIs exhibit a twist of the aromatic system due to 

the steric hindrance introduced by the halide substituents. This leads to a disfavoured 

excimer formation with regard to the unsubstituted, planar molecule and consequently 

higher SF yields. Reprinted with permission from ref. 22. Copyright © 2019, AIP 

Publishing. 

2.2.3 Intramolecular Singlet Fission 

A major drawback of intermolecular SF in solid state is the lack of tuneability, given 

that chromophores crystallise in well-defined intermolecular geometries. However, the 

versatility of chemical synthesis allows known SF chromophores to be connected by 

specifically designed linker moieties. These targeted modifications of either the 

chromophores themselves or the linker enable gradual variations of molecular 
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properties. In consequence, iSF presents a great tool to unveil the influence of e.g. 

electronic coupling or inter-chromophore geometry while keeping other parameters 

constant. 

The first group of molecules for which iSF was reported are phenylene-linked 

tetracene dimers.118-119 Here, connecting the tetracene moieties at the para position of 

the linker resulted in weak (≈3%) SF, which was completely absent in the meta-

derivatives. This study reveals an important feature of iSF. Due to the spatial 

separation, the -systems of the individual tetracene subunits cannot overlap. 

Consequently, the electronic coupling of the chromophores has to occur via 

conjugation including the linker itself. This rationalises the absence of iSF for the 

meta-derivative, in which the tetracene moieties are cross-conjugated. The simple 

phenylene-linker, however, does not allow to synthesise the ortho-isomer, as the steric 

hinderance between the chromophores becomes too high. This problem can be 

addressed by introducing an additional ethynyl-bridge between the central phenylene 

and the chromophores. This connection pattern has been investigated by Buckup and 

co-workers with tetraaza-pentacene moieties used as active SF chromophores.29 In this 

study, the ortho and meta regioisomers (o-TTPn and m-TTPn) as well as the point-

symmetric trimer (t-TTPn) were investigated. While all three compounds exhibit iSF, 

the rate in o-TTPn is one order of magnitude faster compared to m-TTPn and t-TTPn. 

In turn, iSF dynamics in the latter are accelerated by one third compared to m-TTPn, 

which are attributed to an increased interaction probability given the doubled amount 

of available reaction partners. While a triplet yield of 160-180% was achieved for all 

compounds, TTA diminished the number of free triplet states on the nanosecond 

timescale (Figure 2.16). These results are corroborated by a study of Zirzlmeier et al., 

who investigated identically linked pentacene dimers.100 In addition, they identified 

the main coupling pathways to be -stacking and linear conjugation for the ortho and 

para isomer, respectively. In turn, the comparatively low yields in the meta dimer were 

explained by a limited coupling due to the cross-conjugation of the individual 

chromophores. Both studies highlight the delicate balance required for efficient iSF: 

A strong electronic coupling between the two chromophores accelerates iSF while 

simultaneously benefitting TTA.  
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Figure 2.16: Population dynamics for ethynyl-phenylene linked tetraaza-pentacene 

(TTPn) oligomers. A high triplet yield (>160%) is observed in all three compounds. The 

respective rate is fastest in o-TTPn, followed by t-TTPn and m-TTPn. TTA diminishes the 

yield of free triplet states in all three oligomers on the nanosecond timescale. Reprinted 

with permission from ref. 29. Copyright © 2019, American Chemical Society. 

This is in line with the predictions derived from the modelled electronic structure of 

(𝑇𝑇)1  (cf. section 2.1.2). Based on this knowledge, Basel et al. replaced the central 

phenylene by an adamantyl subunit.62 Both linkers result in almost the same inter-

chromophore geomtery (Figure 2.17). However, as the adamantyl-linked 

chromophores are not conjugated, the electronic coupling is reduced significantly. 

Despite this resulting in iSF dynamics being slowed down by up to two orders of 

magnitude compared to conjugated linkers, a high triplet yield (188%) was observed. 

In addition, the weaker coupling allowed for an efficient decoherence of the triplet 

pair. Another approach to tune the inter-chromophore electronic coupling was reported 

by Fuemmeler et al. in a series of directly linked pentacene derivatives.68 By 

introducing varying substituents, the dihedral angle between the chromophores was 

gradually altered. 
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Figure 2.17: A comparison of the structure of a) an ethynyl-phenylene linker and b) an 

ethynyl-adamantyl linker shows that c) both result in an almost identical inter-

chromophore geometry. However, the adamantyl subunit does not allows for a 

conjugation of the chromophores, significantly reducing the electronic coupling. Adapted 

with permission from ref. 120. Copyright © 2018 Wiley‐ VCH Verlag GmbH & Co. 

KGaA. 

This systematically decreased the iSF rate, in agreement with their predictions for a 

direct-coupling mechanism. Simultaneously, the triplet recombination rate decreased, 

reinforcing that both iSF and TTA depend on the strength of the electronic coupling. 

This is corroborated by a report of Sanders et al., in which the electronic coupling 

between two pentacene chromophores is systematically varied by the length of the 

linker (Figure 2.18).99 While all three compounds exhibit a quantitative formation of 

the triplet pair, its lifetime is extended drastically from 0.45 to 270 ns with increasing 

chromophore separation. Efficient SF in the face of a weak electronic coupling 

between 𝑆1 and (𝑇𝑇)1  was further reported by Busby et al., who investigated iSF in 

donor-acceptor materials.121 Here, high triplet yields up to 170% were reported, which 

were suggested to originate from a the involvement of a virtual CT state. 

Figure 2.18: The variation of the length of the phenylene-based linker has strong 

implications for the recombination of the triplet pair. Regardless of linker size, a 

quantitative formation of the triplet pair is observed. In turn, its lifetime increases 

drastically from 0.45 to 270 ns upon increasing the distance between the pentacene 

moieties. Reprinted with permission from ref. 99. Copyright © 2015, American Chemical 

Society. 
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The connection between CT states and SF has been the study of several reports over 

the last year. Given that iSF can be monitored in solution, a variation of the solvent 

presents an easy way to change the polarity and thus directly affect the energy of the 

CT state. This approach was applied in a study conducted by Zirzlmeier et al., who 

observed an increase of the triplet quantum yield in a phenylene-linked pentacene 

dimer from 126% to 145% with increasing solvent polarity.100Thus, they suggested 

that a mixing of the excited singlet state with the CT state allows for the activation 

barrier for iSF to be surpassed. However, the authors were not able to determine 

whether the CT state participates as a virtual or intermediate state. This was addressed 

in two consecutive studies of Lukman et al.55, 122 Here, the authors investigated two 

covalently linked pentacene dimers with TIPS-ethynyl (DP-TIPS) and mesitylene 

(DP-Mes) side groups, respectively. Due to the steric hindrance of the chromophores, 

the chromophores adopt an almost orthogonal orientation and thus are expected to have 

a negligible electronic coupling. Nonetheless, iSF with high triplet yields (>120%) was 

demonstrated in both compounds. Intriguingly, DP-Mes exhibits a systematic decrease 

of the yield with increasing solvent polarity, while the opposite is observed for 

DP-TIPS. The authors attributed this effect to different iSF mechanisms for both 

compounds (Figure 2.19). Upon photoexcitation, DP-TIPS mainly populates a CT 

intermediate, whose energy can be tuned by varying solvent polarity. Consequently, 

more polar solvents favour the population of the CT state and thus the subsequent iSF. 

In turn, an increasingly polar environment favours the formation of the solvent-

stabilised singlet 𝑆stab in DP-Mes, whereas CT-mediated iSF becomes less prevalent. 

Thus, the authors concluded that seemingly slight chemical modifications can have 

strong implications for the iSF mechanism. A similar dependence of solvent polarity 

on iSF yields has been established for an adamantyl-linked pentacene dimer.123 Here, 

a weak triplet pair formation (18%) was observed in the non-polar solvent 

cyclohexane, whereas a quantitative process occurs in benzonitrile. This reinforces the 

importance of CT mediations in molecules without strong electronic coupling. 

Intriguingly, Alagna et al. recently observed efficient iSF in a set of directly linked 

azaarene-dimers which possess an orthogonal orientation of the aromatic systems.28 
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Figure 2.19: Comparison of the iSF mechanism in directly linked pentacene dimers with 

a) TIPS (DP-TIPS) and b) mesitylene substituents (DP-Mes). In DP-TIPS, a solvent-

stabilised CT state is populated directly, which subsequently forms the correlated triplet 

pair. In turn, iSF in DP-Mes occurs via a virtual CT state. This allows for the formation 

of a solvent-stabilised excited singlet state to compete with iSF. Reprinted with 

permission from ref. 55 under the terms of the Creative Commons CC BY license. 

While this study focused on the effects of chemical modification on iSF, 

aforementioned reports imply that the high efficiencies for the formation of the triplet 

pair originate from a CT mediated process. Due to the commonly observed 

recombination of the triplet pair generated via iSF, avoiding TTA to allow for an 

efficient extraction of free triplets is crucial for eventual applications. To a certain 

degree, this problem is already addressed when moving from typical solution-based 

iSF studies to the solid state. Here, the presence of neighbouring molecules means that 

the correlated triplet pair is no longer confined to a single molecule. Instead, the 

intermolecular transfer of the constituent triplets aids the decorrelation process. This 

has been demonstrated by Korovina et al., who investigated the ortho regioisomer of 

a tetracene dimer using an ethynyl-phenylene linker.124 In this molecule, the tetracene 

moieties adopt an almost parallel orientation, which allows for a strong overlap of both 

-systems. In consequence, an ultrafast (2 ps) and quantitative formation of (𝑇𝑇)1  

was observed in solution. However, due to the spatial confinement, the correlated 
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triplet pair in an isolated molecule exhibits a short lifetime of 500 ps. In contrast, an 

amorphous film of the dimer allows for an energy transfer to neighbouring molecules, 

which resulted in a triplet yield of 156%. For comparison, an identically prepared film 

of the monomer exhibits a triplet yield of only 90%. These results illustrate on the one 

hand the importance of intermolecular triplet transfer in order to efficiently separate 

the correlated triplet pair. On the other hand, the pre-orientation within the iSF 

compound itself clearly benefits the triplet yield even in disordered materials. Similar 

observations have been made in other studies.125-127  

As a final part on iSF, three selected examples of recent advances in the design of 

chromophores and/or linkers are discussed. Antiaromats were proposed to be suitable 

SF candidates as early as 2012 due to their unique properties resulting in a high 

diradical character at a small size of the chromophore.73 This assumption was proven 

correct in 2017, when Wu et al. demonstrated SF in a dibenzopentalene (Figure 

2.20).126 Given the small size of the system compared to other molecules exhibiting 

iSF, it is most remarkable that an efficient formation of the correlated triplet pair is 

observed. While a rapid triplet recombination is observed in solution, efficient triplet 

exciton diffusion results in a free triplet yield of 142%. 

Figure 2.20: a) Within the structure of the antiaromatic dibenzopentalene, two separate 

conjugated structures can be separated, indicated by purple and blue colours. The short 

intermolecular distances (b) allow for an efficient triplet exciton diffusion in solid state 

(c), which allows for an efficient separation of the correlated triplet pair generated via 

iSF. Reprinted with permission from ref. 126. Copyright © 2017 Wiley‐ VCH Verlag 

GmbH & Co. KGaA. 
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Korovina et al. investigated a series of bridged perylene oligomers, for which an 

endothermic energy balance is expected for iSF. Nonetheless, the formation of a 

separated triplet pair was observed for longer oligomers, which the authors attributed 

to the decoupling of the correlated triplet pair due to rotational diffusion along the axis 

of the linker.127 Thus, this study invokes the separation of the correlated triplet pair in 

supramolecular structures via dynamic conformational changes. Finally, Yamakado et 

al. investigated a set of acene dimers linked by a cyclooctatetraene (COT) moiety 

(Figure 2.21).128 For tetracene and pentacene as active chromophores, fast (<5 ps) and 

efficient iSF was reported with reported triplet pair yields of 180% and 200%, 

respectively. The exact mechanism is interesting due to the conformational flexibility 

of the COT linker. While higher acene substituents favour the bent geometry in both 

ground and excited singlet state, planarization was observed for naphthalene and 

anthracene. 

Figure 2.21: a) Acene-based dimers connected via a cyclooctatetraene moiety exhibit a 

bent ground state geometry. b) Upon photoexcitation, planarization is dominant for 

naphthalene and anthracene chromophores, while efficient SF is observed for higher 

acene homologues, i.e., tetracene and pentacene. Reprinted with permission from ref. 

128. Copyright © 2018 Wiley‐ VCH Verlag GmbH & Co. KGaA. 
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Thus, given the known influence of external stimuli such as mechanical force or 

hydrostatic pressure on COT conformations, the authors suggested that iSF dynamics 

may be selectively switched on or off by those factors. 

2.2.3.1 Singlet Fission in Polymers 

SF in polymers can be viewed as a special case of iSF. While several reports on iSF in 

polymers exist, the discussion will be limited to new insights on the iSF process.6, 32, 

129-136 Pace et al. studied the influence of local microstructures on the decorrelation of 

the triplet pair in poly(benzothiophene dioxide).130 While in solution, individual chains 

exhibited a free triplet yield of 4%, this value was increased by a factor of six in thin 

films. The authors attributed this effect to the presence of different intra- and interchain 

microstructures. While intrachain excitations result in a rapid recombination of (𝑇𝑇)1 , 

suitable interchain reaction sites allow for its efficient decorrelation (Figure 2.22). 

Another approach to efficiently separate (𝑇𝑇)1  was presented by Musser et al., who 

assessed the heavy-atom effect on iSF dynamics.131 

Figure 2.22: Schematic representation of microstructures in poly(benzothiophene 

dioxide) leading to different iSF dynamics. Blue highlighted regions denote a delocalised 

singlet excitation, while purple areas represent triplet excitons. Upon intrachain 

excitations (i), a correlated triplet pair is generated which rapidly recombines. In 

contrast, interchain excitations (ii) allow for the formation of free triplet states. Adapted 

with permission from ref. 132. Copyright © 2017, American Chemical Society. 
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Three conjugated polymers were investigated, which contained thiophene, 

selenophene and tellurophene subunits, respectively. The authors demonstrated that 

the formation of the triplet pair is basically unaffected by the heteroatom. In turn, it 

was shown that the heavier selenium and tellurium atoms allowed for a faster 

decorrelation of the triplet pair, which was assigned to enhanced spin-orbit coupling. 

Thus, heavy-atom substitution was suggested as an additional concept allowing for the 

efficient generation of free triplet states. Finally, Pun et al. reported the successful 

triplet energy transfer of polytetracene to various acceptor molecules.129 Notably, this 

constitutes the first example for a successful extraction of free triplet states generated 

by iSF. 
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3 Experimental Methods 

3.1 Sample Preparation 

The tetrachloro-phenazinothiadiazole (TDCl4, Figure 2.12) as well as the TAPP 

derivatives (TAPP-H, TAPP-Cl, TAPP-Br, and TAPP-I, Figure 4.1) were synthesised 

by the groups of Prof. Bunz and Prof. Gade (both Universität Heidelberg), 

respectively, following procedures described in the literature.137-140 TIPS-Pn was 

purchased from Sigma-Aldrich (≥99%) and used without further purification. 

Depending on the experiment, the compounds were dissolved either in acetonitrile 

(Sigma-Aldrich, ≥99.8%), tetrahydrofuran (THF, Sigma-Aldrich, inhibitor-free, 

≥99.9%) or toluene (Sigma-Aldrich, ≥99.9%). Stationary optical spectra were 

measured in fused silica cuvettes with a pathlength of 10 µm (Starna, Type 48/Q) for 

concentrations c > 2 mM and 2 mm (Hellma) for c ≤ 2 mM. The respective cuvettes 

were used for all subsequent experiments.  

UV-VIS spectra were measured in a UV-2600 absorption spectrometer (Shimadzu). 

For TDCl4 in toluene, a molar extinction coefficient of 670 = 16773 M-1 cm-1 at 

670 nm was determined using a sample with a well-defined concentration of 

30 mg ml-1. The extinction coefficient was used to obtain the exact molar 

concentration of all other samples. The concentrations of TAPP-H, TAPP-Cl, 

TAPP-Br, and TAPP-I in acetonitrile were determined to be 13.7, 9.5, 6.9 and 5.8 M, 

respectively, using the extinction coefficients reported previously.117 In addition, 

stationary absorption spectra were measured before and after light irradiation to assess 

the photo-stability of the samples. No indications of photodegradation were observed. 

Deaerated solutions were prepared using a freeze-pump-thaw method in a home-built 

setup. Initially, the sample was frozen using liquid nitrogen. Subsequently, a 

turbomolecular pump was used to evacuate the flask until a constant pressure was 

observed. At this point, the sample was vented with dry N2. The cycle was repeated 

three to five times until a pressure below 5 x 10—5 mbar was achieved. The TAPP-Cl 

and TAPP-Br thin film samples were prepared by Vaishnavi Rao (Prof. Zaumseil, 

Universität Heidelberg) on pre-cut glass substrates with a thickness of 0.5 mm. On top 
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of the substrate, a 50 nm thick layer of cross-linked benzocyclobutene (BCB, Dow 

CYCLOTENE 3022-35) was used to create a homogeneous surface. This was achieved 

by diluting a BCB precursor with mesitylene in a volumetric ratio of 1:6. The solution 

was deposited via spin-coating (500 rpm for 3 s followed by 8000 rpm for 60 s) and 

cross-linked for 60 s at 290°C in a nitrogen glovebox. Solutions of TAPP-Cl and 

TAPP-Br were prepared by dissolving the respective compound in o-xylene (Sigma-

Aldrich, anhydrous, 97%) with a concentration of 5 mg/ml. To avoid aggregation, the 

solutions were sonicated for 5 min and heated at 110°C for 15 min. The thin films were 

prepared via zone-casting.141 Here, the glass/BCB substrates were heated to 130°C and 

films with ribbon-like features were obtained. UV/Vis spectra of thin films were 

measured using a Cary 6000i absorption spectrometer (Agilent).  
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3.2 Experimental Details 

3.2.1 Emission Measurements 

Stationary emission measurements in dilute solution (<0.1 mM) were carried out in a 

JASCO FP 8200 spectrofluorometer using a 1 cm quartz cuvette. Samples were 

excited at their most red-shifted absorption feature. For concentrated solutions, a 

LifeSpec II lifetime spectrometer from Edinburgh Instruments was used. Here, a right-

angle geometry was adopted in order to minimise inner filter effects. For this, cuvettes 

were placed at 45° regarding the incident excitation beam and the collection optics. 

Three separate diode lasers (Edinburgh Instruments) with wavelengths of 375 (EPL-

375), 475 (EPL-475), and 635 nm (EPL-635), pulse durations of 100 ps, and selectable 

repetition rates (20 kHz to 20 MHz) were available as excitation. Hereof, the most 

suitable source regarding the absorption spectrum of the respective chromophore was 

selected. Obtained emission spectra were corrected for instrumental factors with the 

correction function supplied by the manufacturer and converted to cross-section for 

stimulated emission (SE) by multiplication with 4.142 

Emission lifetime measurements of dissolved chromophores were carried out within 

the same LifeSpec II setup via time-correlated single photon counting (TCSPC). The 

repetition rate was set under consideration of the time scale of the emission decay 

(<100 ns) and typically amounted to 5 MHz. Furthermore, in order to avoid a pile-up 

effect, the intensity of the excitation beam was adjusted so that the stop rate amounted 

to ≈0.2% of the repetition rate. The instrument response was obtained by inserting a 

dispersive element into the beam path.  

Emission spectra and decay of thin films were obtained with the collaboration of Felix 

Berger using a home-built setup in the group of Prof. Zaumseil (Universität 

Heidelberg). Using the spectrally filtered output of a pulsed supercontinuum laser 

source (Fianium WhiteLase SC400, 20 MHz repetition rate, ≈10 ps pulse width), the 

samples were excited at 450 nm. A 20× objective was used to focus the excitation 

beam and to collect the photoluminescence. In order to spectrally resolve the emitted 
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light, it was dispersed by an Acton SpectraPro SP2358 spectrograph (grating 

150 lines mm-1) and detected by a liquid nitrogen cooled InGaAs line camera 

(Princeton Instruments OMA V). Scattered light of the excitation beam was blocked 

by a longpass filter (495 nm cut-on wavelength). Time-resolved emission 

measurements were realised by focusing the output of the spectrograph onto a silicon 

avalanche photodiode (Micro Photon Devices). Respective decay traces were obtained 

using PicoHarp 300 (PicoQuant) single photon counting electronics. 

3.2.2 Transient Absorption 

Fundamental femtosecond pulses were obtained from a regenerative Ti:Sa amplified 

laser system (Coherent Astrella). The generated pulses possess a temporal width of 

70 fs (FWHM) and an energy of 1.5 mJ at a repetition rate of 4 kHz. Hereof, 0.65 mJ 

were routed to an optical parametric amplifier (TOPAS Prime, Light Conversion), 

which was used to generate the femtosecond pump pulses. The pulses typically do not 

exhibit a significant temporal broadening, as exemplified for a wavelength of 422 nm 

(Figure 3.1). TA measurements were carried out using two commercially available 

setups located within the same housing, which allows for a shared optical pathway. 

For probe delays up to 8 ns (“short-time” setup), a HELIOS Fire setup from Ultrafast 

Systems was used (Figure 3.2a). 

Figure 3.1: a) Autocorrelation trace and b) spectrum of a pump pulse with a centre 

wavelength of 422 nm (blue squares). The respective Gaussian fits (orange lines) show a 

FWHM of 73.0 fs in the temporal and 10.5 nm in the spectral domain. 
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“Long-time” measurements up to 400 µs were carried out using an EOS Fire setup 

(Ultrafast Systems, Figure 3.2b). For both setups, the pump pulses initially pass 

through a chopper before being routed to a concave mirror, which focuses the beam 

onto the sample cell with an approximate spot size of 0.3 mm. In contrast, generation 

and delay of probe pulses differ between both setups. In order to generate the probe 

delay in the short-time setup, a part of the fundamental beam (≈0.1 mJ) is routed 

through a mechanical delay stage. Using this method, a minimal time step of 13 fs is 

achieved. Subsequently, the fundamental beam is focused onto a sapphire substrate. 

Due to self-modulation, a linearly polarized continuum is generated which covers a 

spectral window ranging from 440 to 760 nm. After collimation, the probe beam is 

focused onto the sample cell using parabolic mirrors. An average pump-probe cross-

correlation with an FWHM of ≤100 fs across the full spectral window is achieved (cf. 

section 3.3.2). For solution measurements, the relative polarisation of pump and probe 

beams was set to 54.7° (“magic angle”) in order to account for molecular reorientation 

dynamics.143 Thin film measurements were carried out with a parallel relative 

polarisation.  

Figure 3.2: Schematic representation of the experimental setup for a) short and b) long-

time TA measurements. Both setups share the pathway for the pump pulse but differ in 

white light generation and realisation of probe delay. In the short-time setup, the 

fundamental beam is routed through a mechanical delay stage, allowing for time steps of 

up to 13 fs. Subsequently, a supercontinuum is generated by focusing the beam onto a 

sapphire substrate, resulting in a spectral window ranging from 440 to 760 nm. An 

instrument response of ≈100 fs is achieved over the whole spectral range.  The long-time 

setup utilises a supercontinuum laser with a spectral window from 350 to 900 nm and an 

electronically generated pump-probe delay. The instrument response of ≈350 ps is mainly 

determined by the pulse duration of the supercontinuum laser. 
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In the long-time setup, the probe pulse is generated by a supercontinuum laser with a 

spectral window from 350 to 900 nm and a repetition rate of 2 kHz. The pump-probe 

delay was achieved electronically. Due to the timing jitter between pump and probe 

pulse as well as the pulse duration of the supercontinuum laser, the instrument response 

amounts to ≈350 ps.  
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3.3 Data Processing and Analysis for Transient Absorption 

Measurements 

In TA, a small fraction of chromophores is excited at a specific wavelength by an 

ultrashort (<100 fs) pump pulse. Subsequently, the absorption of the excited sample is 

interrogated by a spectrally broad probe pulse arriving with a defined time-shift 𝜏 

(probe delay) regarding the pump pulse. By comparing the obtained spectrum with the 

ground state absorption, a difference spectrum Δ𝐴(𝜆, 𝜏) is obtained which consists 

purely of contributions of the excited sample. According to Lambert-Beers law, the 

difference spectrum is calculated as  

ΔA(𝜆, 𝜏) = − log (
𝐼(𝜆, 𝜏)on
𝐼(𝜆, 𝜏)off

) Eq. 6 

Here, 𝐼(𝜆, 𝜏)on and 𝐼(𝜆, 𝜏)off represent the wavelength dependent intensity of the probe 

pulse with and without excitation, respectively. Experimentally, Δ𝐴 is obtained by 

introducing a chopper in the beam path of the pump, which blocks every second pulse. 

By varying the probe delay, snapshots of the excited state spectrum at the given probe 

delay, called transient spectra, are obtained. Akin to e.g. cameras, a high density of 

snapshots in a given time window allows for a continuous depiction of occurring 

processes. The spectral features themselves can be separated into two groups, i.e., 

sequential and coherent contributions, also called coherent artefact (CA). The former 

constitutes the molecular response, which describes the interaction of the probe pulse 

with the photoexcited chromophore. In turn, coherent contributions are observed even 

in transparent media, e.g. the solvent or glass substrate. They originate from nonlinear 

interactions between pump and probe pulse around time-zero, i.e., the temporal 

overlap of both pulses. The effects of sequential and coherent contributions on the TA 

signal will be discussed in the following section. 
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3.3.1 Sequential and Coherent Contributions to the TA Signal 

Sequential Contributions. 

In a photostable chromophore, three distinct sequential contributions to the transient 

spectrum can be discerned. First, the chromophore population in the excited state 

reduces the number of chromophores in the ground state. Thus, a higher fraction of the 

initial probe intensity arrives at the detector. This manifests itself in the transient 

spectrum as a negative ground state bleach (GSB), mirroring the spectral profile of 

the ground-state absorption (Figure 3.3). Second, the probe pulse may induce the 

emission of a photon by stimulated emission (SE). Thus, the number of incoming 

photons reaching the detector is increased. Consequently, a negative signal is observed 

in the transient spectrum. Due to SE and GSB having the same Einstein coefficients, 

the transition probabilities are identical.144 The final contribution to the transient 

spectrum is excited state absorption (ESA). Here, the excited chromophore absorbs a 

photon and is subsequently promoted to an even higher excited state. As this results in 

a reduced number of photons reaching the detector, ESA corresponds to a positive 

signal. This allows for TA to monitor states which are optically inaccessible from the 

ground state (“dark” states). This is exemplified by triplet states, whose optical 

excitation constitutes a spin-forbidden transition. However, the initial photoexcited 

state can undergo a photophysical process, e.g. ISC or SF, generating a triplet. This 

emerging species can be probed in the same way as a singlet state, i.e., promoting the 

chromophore to a higher level within the triplet manifold. Here, the spin is conserved, 

and the transition is optically allowed, resulting in a characteristic ESA signal. 

Coherent Contributions. 

While sequential contributions require the excitation of a chromophore, coherent 

contributions are observed even in a transparent medium. In order to explain this 

phenomenon, three nonlinear effects have to be considered, which are two-photon 

absorption (TPA), stimulated Raman amplification (SRA) and cross-phase modulation 

(CPM).145-146 TPA describes the simultaneous absorption of a pump and probe photon. 
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Figure 3.3: a) Upon photoexcitation of the chromophore by the pump pulse, three distinct 

processes generate characteristic spectral features in the transient spectrum. Due to the 

population of the excited state, the number of ground-state chromophores is reduced. 

Thus, more probe intensity is transmitted, resulting in a negative ground-state bleach 

(GSB) signal mirroring the absorption features. Furthermore, an incident photon can 

incite stimulated emission (SE), which doubles the number of detected photons. 

Consequently, SE manifests itself as a negative contribution mirroring the spontaneous 

emission spectrum. Finally, the photon may interact with an excited chromophore and 

promote it to an even higher excited state. This process is called excited state absorption 

(ESA). A simulation of the spectral features arising from the three aforementioned 

processes and the resulting transient spectrum is depicted in panel b. 

A prerequisite for it to occur is the presence of a suitable transition corresponding to 

the sum of the energy of both photons. TPA is typically only observed for near-UV 

pulses in organic solvents.145, 147 Thus, given the excitation wavelengths used in this 

work exclusively exceed 450 nm, its contribution can be disregarded. The second 

coherent contribution, SRA, is based on Raman scattering. Initially, the pump pulse 

populates a virtual energy level. Subsequently, the probe pulse may stimulate an 

emission back to different vibrational sub-levels of the electronic ground state. This 

results in an increase of the number of photons, which appears as a negative 

contribution in the TA signal. Individual vibrational sub-levels can be identified by the 

characteristic spectral shift of the emitted photons with regard to the pump wavelength. 
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This effect can clearly be seen in the transient spectrum at time-zero of acetonitrile for 

a pump wavelength of 470 nm (Figure 3.4). Here, spectral dips are observed at 505, 

527 and 547 nm, corresponding to a Stokes-shift of about 1500, 2300 and 3000 cm-1, 

respectively. These values correlate perfectly with reported Raman spectra of 

acetonitrile.148 Due to the short lifetime of virtual states, the temporal shape of the SRA 

signal can be expressed as a Gaussian function 

Δ𝐴SRA(𝑡) = 𝑎SRA 𝑒
−2(

𝑡−𝑡0
𝜎
)
2

 Eq. 7 

with the amplitude 𝑎SRA , pump-probe cross-correlation 𝜎, and the time-zero offset 𝑡0. 

The third component within the CA is CPM. It originates from the modulation of the 

refractive index of the solvent by the intense pump pulse. In consequence, this results 

in a non-linear frequency shift of the probe pulse. The temporal evolution of the CPM 

can be approximated as145 

Δ𝐴CPM(𝑡) = 𝑎CPM(𝑡 − 𝑡0) e
−2(

𝑡−𝑡0
𝜎
)
2

× (𝑡 − 𝑡0 − 𝜏GVD) e
−2(

𝑡−𝑡0−𝜏GVD
𝜎

)
2

 Eq. 8 

with the amplitude 𝑎CPM and the wavelength-dependent group velocity dispersion 

𝜏GVD. In total, the CA can be described as the sum of SRA and CPM.  

Figure 3.4: Transient spectrum of acetonitrile at time-zero for an excitation wavelength 

of 470 nm (red line). The spectrum clearly shows pronounced local minima at 505, 527 

and 547 nm (black lines). Their spectral shift with regard to the excitation wavelength 

amounts to 1500, 2300 and 3000 cm-1, respectively. As this coincides with reported values 

for Raman signals of acetonitrile, the spectral dips are assigned to SRA. 
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3.3.2 Dispersion Correction 

Raw TA data exhibits a wavelength dependent shift in the onset of the transient signal. 

This effect originates from the chromatic dispersion of the broad probe pulse: If light 

travels through a medium with a refraction index higher than one, its propagation speed 

is reduced. In addition, due to the wavelength dependence of the refraction index, the 

propagation speed of blue-shifted wavelengths is affected more strongly. This 

introduces a so-called chirp to the probe pulse, which describes a decrease of 

wavelengths within the envelope of the pulse and increases the overall pulse duration. 

While the use of reflective optics greatly reduces the amount of chirp imprinted on the 

probe pulse, the dispersion introduced by the sample itself cannot be removed. In TA 

measurements, the chirp results in a wavelength dependent shift of time-zero. While 

the dispersion curve could in principle be determined from the sample data itself, it is 

typically obtained from measurements of the pure solvent, or a blank substrate. If the 

experimental parameters are kept constant, the obtained dispersion curve is directly 

transferrable to the measurement of the sample. Two main benefits of this approach 

are, on the one hand, that any unwanted sequential contributions of the solvent or 

substrate are identified. On the other hand, the CA can be fitted to precisely determine 

the pump-probe cross-correlation and thus time resolution of the experiment as well 

as the shape of the CA. This method is demonstrated for TAPP-Cl in acetonitrile 

(Figure 3.5a). In a first step, the CA of the pure solvent is modelled as the sum of a 

Gaussian function and its first five derivatives with time-zero 𝑡0 and pump-probe 

cross-correlation 𝜎 as fitting parameters (Figure 3.5b). This approach perfectly 

describes the solvent signal over the whole spectral range, allowing to extract the 

FWHM of the pump-probe cross correlation (Figure 3.5c). This shows that the 

experimental time resolution is <100 fs over the whole spectrum, except for a few 

outliers at the blue edge. In addition, the wavelength dependent 𝑡0 is fitted with a 

second order polynomial function to obtain the dispersion curve (Figure 3.5d), which 

is subsequently used to correct the timescale of the raw TA data (Figure 3.5e). The 

presented example clearly illustrates the feasibility of the approach. 
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Figure 3.5: a) Raw 2D TA data of TAPP-Cl in acetonitrile. The chromatic dispersion 

results in a wavelength-dependent shift of the temporal overlap of pump and probe pulse 

(black line). The shape of the dispersion curve can be obtained by fitting the coherent 

artefact in the pure solvent. b) CA at selected probe wavelengths with respective fit traces 

obtained by modelling the signal as the sum of a Gaussian and its first five derivatives. A 

perfect fit is achieved over the whole spectral range. c) Barring a few outliers at the blue 

edge of the spectrum, the FWHM of the pump-probe cross-correlation lies below 100 fs 

over the spectral range, representing the temporal resolution of the measurement. d) The 

extracted fit outputs for time-zero are fitted with a 2nd degree polynomial function to 

obtain the dispersion curve. e) The corresponding dispersion corrected 2D TA data 

exhibits a uniform onset at 𝑡0 = 0, proving the feasibility of the approach. 

3.3.3 Global Analysis 

Fitting and interpreting TA data allows for the identification of a reaction scheme and 

rate constants of its comprising steps. This can be done either by fitting single 

transients by themselves or the whole 2D matrix itself, i.e., a global analysis. Hereof, 

the latter is preferable, as it typically leads to more accurate data, and allows for the 

extraction of spectra of individual species. In the following, a method to globally 

analyse the TA data will be discussed. Initially, the correct temporal evolution of the 

TA signal has to be obtained, for which reaction kinetics have to be considered. For 
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photophysical processes, reactions typically follow first order or, given the low 

fraction of excited chromophores, pseudo-first order kinetics.149-150  

Thus, regardless of number and combination of consecutive and parallel pathways 

present in the overall reaction scheme, the population dynamics can be described as 

the sum of 𝑛 exponential decays.149 However, it has to be taken into account that the 

excitation of the chromophores does not occur instantaneously but over a timespan 

defined by the temporal width of the pump pulse. Thus, the exponential decay is 

convoluted with the instrument response 𝜎. Assuming a Gaussian shape, an analytical 

solution is available with the result formally corresponding to a probability density 

function. Thus, for a reaction system with 𝑛 exponential decays and respective rate 

constants 𝑘𝑖 and amplitudes 𝑎𝑖, the TA signal for a single wavelength corresponds to 

Δ𝐴(𝑡) =∑𝑎𝑖 exp [
1

2
(𝑘𝑖 𝜎)

2 − 𝑘𝑖(𝑡 − 𝑡0)] ⋅

𝑛

𝑖

erfc [
1

√2
(𝑘𝑖  𝜎 −

𝑡 − 𝑡0
𝜎
)] 

=∑𝑎𝑖 ⋅ 𝑒𝑖

𝑛

𝑖

 

Eq. 9 

It is noted that this approach does not include coherent contributions to the signal. 

However, for the sake of readability and conciseness, the corresponding term will be 

omitted. A comprehensive description is made in the appendix, section A. Using 

matrix notation, Eq. 9 can be rewritten as 

ΔA(t) =∑𝑎𝑖 ⋅ 𝑒𝑖 = (𝑎1  𝑎2  ⋯  𝑎𝑛)(

𝑒1
𝑒2
⋮
𝑒𝑛

)

𝑛

𝑖=1

= �⃗� ⋅ 𝑒 Eq. 10 

Thus, the vectors �⃗� and 𝑒 contain the individual preexponential factors and exponential 

decay, respectively. However, experimentally not only a single wavelength but a broad 

spectral range is probed, resulting in a 2D matrix (TA) for the TA signal. Thus, �⃗� is be 
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expanded including one pre-exponential factor for each of the 𝑤 wavelengths, 

resulting in matrix A: 

𝐓𝐀 =∑∑𝑎𝑗,𝑖(𝜆)

𝑤

𝑗=1

⋅ 𝑒𝑖(𝑡) = (

𝑎1,1 ⋯ 𝑎1,𝑛
⋮ ⋱ ⋮
𝑎𝑤,1 ⋯ 𝑎𝑤,𝑛

)(

𝑒1
⋮
𝑒𝑛
)

𝑛

𝑖=1

= 𝑨 ⋅ 𝑒 Eq. 11 

While this expression is analytically correct, it requires an infinitesimal difference 

between the scanned probe delays, which cannot be achieved. Consequently, 𝑒 is 

rewritten as a matrix E for the T probe delays: 

𝐓𝐀 =∑∑∑𝑎𝑗,𝑖

𝑇

𝑙=1

𝑤

𝑗=1

⋅ 𝑒𝑖,𝑙 = (

𝑎1,1 ⋯ 𝑎1,𝑛
⋮ ⋱ ⋮
𝑎𝑤,1 ⋯ 𝑎𝑤,𝑛

)(

𝑒1,1 ⋯ 𝑒1,𝑇
⋮ ⋱ ⋮
𝑒𝑛,1 ⋯ 𝑒𝑛,𝑇

) = 𝑨 ⋅ 𝑬

𝑛

𝑖=1

 Eq. 12 

This expression can be used to globally fit the experimentally obtained data. The 

columns in the resulting matrix A contain the spectral information of the 

preexponential factors for each of the 𝑛 exponential decays and are called decay 

associated difference spectra (DADS). While these DADS represent the best 

mathematical description of the experimental data, they do not inherently possess 

physical meaning due to the contributions within the preexponential factor. As the TA 

signal is detected by observing optical transitions within the excited state manifold, 𝑎 

is proportional to the extinction coefficient 𝜖 of a given species and its concentration 

𝑐. Thus, for a total of 𝑠 species, Eq. 12 can be rewritten as 

                    𝐓𝐀 =∑∑∑∑ 𝜖𝑗,𝑚 ⋅

𝑠

𝑚=1

𝑐𝑚,𝑖

𝑇

𝑙=1

𝑤

𝑗=1

⋅ 𝑒𝑖,𝑙

𝑛

𝑖=1

 

Eq. 13 

= (

𝜖1,1 ⋯ 𝜖1,𝑠
⋮ ⋱ ⋮

 𝜖𝑤,1 ⋯ 𝜖𝑤,𝑠
)(

𝑐1,1 ⋯ 𝑐1,𝑛
⋮ ⋱ ⋮
𝑐𝑠,1 ⋯ 𝑐𝑠,𝑛

)(

𝑒1,1 ⋯ 𝑒1,𝑇
⋮ ⋱ ⋮
𝑒𝑛,1 ⋯ 𝑒𝑛,𝑇

) = 𝑺 ⋅ 𝑪 ⋅ 𝑬 
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Here, the columns of S correspond to the absorption spectrum of the individual species, 

which are called species associated difference spectra (SADS). Comparing the 

coefficient matrices of Eq. 12 and Eq. 13 and yields 

𝑨 = 𝑺 ⋅ 𝑪 Eq. 14 

where the concentration matrix C depends on the underlying kinetic model. In order to 

demonstrate this, a system with the three species X, Y and Z is considered. In principle, 

two different types of coupled reaction systems are possible: A two-step sequential 

decay of an initial species and a simultaneous formation of Y and Z.  

Two-step sequential decay (𝐗 
 𝒌𝟏  
→   𝐘 

𝒌𝟐  
→  𝐙). In the first case, species X is initially 

excited by the pump pulse and subsequently reacts to an intermediate species Y with 

the rate constant 𝑘1. This is followed by the conversion of Y to the final species Z with 

𝑘2. The final species is assumed to be either a species with its lifetime exceeding the 

observed temporal range or the ground state. The respective time dependent 

concentrations are determined by solving the corresponding set of differential 

equations, yielding the following solutions: 

[𝑋] = [𝑋]0 𝑒
−𝑘1𝑡 

[𝑌] = [𝑋]0  
𝑘1

𝑘2 − 𝑘1
 ( 𝑒−𝑘1𝑡 −  𝑒−𝑘2𝑡) 

[𝑍] = [𝑋]0  (1 −
𝑘2 𝑒

−𝑘1𝑡 − 𝑘1 𝑒
−𝑘2𝑡

𝑘2 − 𝑘1
 )  

Eq. 15 

In matrix notation, this can be expressed as 

(

 

[𝑋]

[𝑌]

[𝑍])

 = [𝑋]0

(

  
 

1 0 0
𝑘1

𝑘2 − 𝑘1
−

𝑘1
𝑘2 − 𝑘1

0

−
𝑘2

𝑘2 − 𝑘1

𝑘1
𝑘2 − 𝑘1

1

 

)

  
 
(

 𝑒−𝑘1𝑡

 𝑒−𝑘2𝑡

1

) = 𝑪𝒔 ⋅ 𝑬 Eq. 16 
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This shows that the concentrations of the individual components only depend on the 

product of the scalar initial concentration of A and preexponential coefficients. The 

resulting matrix 𝑪𝒔 is a 3x3 square matrix. Thus, the matrix for the excited species S 

can be obtained by right multiplying both sides of Eq. 9 with the inverted concentration 

matrix 𝑪𝒔
−𝟏, resulting in 𝑺 = 𝑨 ⋅ 𝑪𝒔

−𝟏.  

Parallel decay (𝐗 
 𝒌𝟏  
→   𝐘;  𝐗 

𝒌𝟐  
→  𝐙). For a parallel reaction, a single exponential decay 

of A is observed, which comprises the sum of 𝑘1 and 𝑘2. Species Y and Z again 

represent a long-lived species or the ground state. Both are formed with the same rate 

and their concentration is only dependent on the ratio between 𝑘1 and 𝑘2. The 

corresponding time dependent concentrations are 

(

 

[𝑋]

[𝑌]

[𝑍])

 = [𝑋]0

(

  
 

1 0

−
𝑘1

𝑘2 + 𝑘1

𝑘1
𝑘2 + 𝑘1

−
𝑘2

𝑘2 + 𝑘1

𝑘2
𝑘2 + 𝑘1

 

)

  
 
(
 𝑒−(𝑘1+𝑘2)𝑡

1
) = 𝑪𝒑 ⋅ 𝑬 Eq. 17 

In contrast to the sequential model, 𝑪𝒑 is not a square matrix and thus cannot be 

inverted. Thus, to solve Eq. 9 for 𝑺, both sides are first multiplied from the right with 

the transposed matrix 𝑪𝒑
𝑻.  

𝑨 ⋅ 𝑪𝒑
𝑻 = 𝑺 ⋅ (𝑪𝒑𝑪𝒑

𝑻) Eq. 18 

The product matrix (𝑪𝒑𝑪𝒑
𝑻) is a square matrix and thus invertible. Consequently, 𝑺 is 

obtained as 

𝑺 = 𝑨 ⋅ 𝑪𝒑
𝑻 ⋅ (𝑪𝒑𝑪𝒑

𝑻)
−𝟏

 Eq. 19 
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4 Ultrafast Singlet Fission in Tetraazaperopyrene 

Thin Films 

Investigating SF in new materials allows for the distinction between chromophore-

specific properties and general characteristics of SF. A promising new class of 

molecules are TAPPs, as their large aromatic system suggests that they should exhibit 

a significant diradical character (cf. section 2.2.1). In addition, they pack in a slip-

stacked geometry, which allows for a crucial overlap of the orbitals.21, 116 

Furthermore, reports on PDIs  as well as heteroacenes show that aza-substitution has 

a favourable effect on energetics and dynamics of SF (cf. section 2.2.2).15-16, 21, 29 Thus, 

it is a valid assumption that SF is feasible in the TAPPs. A further benefit of the TAPPs 

is that their physical properties can be systematically tuned by substitutions of the 

aromatic core,85, 117, 137-138, 151-154 which makes them viable for a wide range of 

applications ranging from fluorescence markers138, 152 to n-channel semiconductors.117, 

137, 151  

In this chapter, special focus is laid onto core-halogenated TAPPs and their 

unsubstituted counterpart (Figure 4.1). Initially, measurements of dilute solutions of 

TAPP-X are evaluated to determine photophysical properties and dynamics of isolated 

chromophores (section 4.1). This provides additional insight on the previously 

observed ISC process117 as well as on characteristic spectral properties of electronic 

species in the singlet and triplet manifold. In addition, clear trends between 

substituents and photophysical properties are established. Subsequently, 

photophysical processes in TAPP-Cl and TAPP-Br thin films are probed and discussed 

(section 4.2). Both chromophores exhibit a face-to-face packing with a short 

interplanar distance of 3.38 and 3.39 Å, respectively, and an almost equal horizontal 

and vertical displacement.117 Thus, the effects of changes in the electronic properties 

can be studied while reducing geometrical factors to a minimum. Coherent formation 

of the correlated triplet pair is demonstrated, and influences of competing excimer 

formation and vibrational dynamics on SF are elucidated. 
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Figure 4.1: Molecular structure of TAPPs investigated in this work. 
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4.1 Intersystem Crossing in Dilute Solutions of TAPP-X 

4.1.1 Substitution and Solvent Effects on Stationary Spectra 

In a first step, the stationary absorption and emission spectra of dilute solutions of 

TAPP-X in acetonitrile are evaluated. The spectra for all four chromophores show a 

pronounced vibronic progression with three distinctive peaks. Regardless of 

substitution, a separation of ≈1450 cm-1 is observed for all compounds (Figure 4.2a). 

This suggests that the vibrational mode responsible for the spacing is not related to a 

vibration including the substituents, as their weight differences should result in a 

significant change of vibrational frequency. In turn, the similarity of the spectra points 

towards a vibration involving the aromatic core. This is supported by HREELS 

measurements and quantum chemical calculations, which assign this mode to an 

asymmetric C-N stretching vibration.117, 138 While the vibrational progression does not 

change for different substituents, a systematic red-shift of the absorption maximum 

from 435 nm for TAPP-H to 488 nm for TAPP-I is observed. 

Figure 4.2: a) The stationary absorption spectra of TAPP-X in acetonitrile exhibit a 

systematic red-shift with increasing substituent weight due to the destabilisation of the 

LUMO by the halide substituents. Regardless of substitution, three vibronic peaks are 

identified with a separation of ≈1450 cm-1, which originates from the asymmetric C-N 

stretch vibration.117, 138 Quantum chemical calculations allow for an assignment of initial 

and final state to the 𝑺𝟎 and 𝑺𝟏, respectively. b) The emission spectra mirror the 

absorption spectra with the same separation of the vibronic peaks, indicating a rigid 

molecular structure as well as a similar potential curve. This is supported by quantum 

chemical calculations, which predict the 0-0 transition to be dominant.154-155 Reprinted 

with permission from ref. 155. Copyright © 2020, American Chemical Society. 
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This behaviour is rationalized by the interaction of the substituents with the aromatic 

system. As halides are -donors, they destabilize the frontier orbitals, i.e., HOMO and 

LUMO. However, the HOMO energy is increased disproportionally due to a negligible 

contribution of the substituents on the LUMO.117 This results in a lower HOMO-

LUMO gap and consequently in the observed red-shift. The stationary emission 

spectra mirror the pronounced vibronic progression of the absorption spectrum and the 

separation of the vibronic peaks does not change (Figure 4.2b). This is in agreement 

with quantum chemical calculations, which predict a similar vibrational spectrum for 

the ground and first excited state.155 An additional similarity is the low Stokes shift, 

which increases systematically from 364 to 650 cm-1 for TAPP-H and TAPP-I, 

respectively (Table 4-1). In general, the properties of the stationary spectra point 

towards a rigid molecular structure with similar potential curves for ground and first 

excited state. This is in agreement with studies on the hydrocarbon analogue of the 

TAPPs, peropyrene,156 and confirmed by a computational study of the absorption and 

emission spectra using time-dependent DFT.154 Here, it is demonstrated that TAPP-X 

has a strong allowed 0-0 transition. Furthermore, the initial and final electronic state 

has been identified to be the 𝑆0 and 𝑆1, respectively. In order to elaborate on the nature 

of the excited state, TAPP-X was dissolved in solvents with different polarities, i.e., 

relative permittivity 𝜖𝑅. Here, no systematic change in the position of absorption and 

emission maxima is observed (see appendix section B.1). Thus, a CT character of the 

excited chromophore, as observed e.g. in TAPPs with thiophene substituents,151 is 

excluded. Instead, the results point towards an equally nonpolar nature of both ground 

and excited state, in agreement with reports on peropyrene.23 This insensitivity on 

solvent polarity is further predicted by quantum chemical calculations.155 

Table 4-1: Absorption and emission maxima and Stokes shift for TAPP-X. 

Chromophore abs / nm Em / nm Stokes shift /cm-1 

TAPP-H 435 442 364 

TAPP-Cl 466 476 450 

TAPP-Br 471 482 484 

TAPP-I 488 504 650 
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4.1.2 Substitution Effect on Intramolecular Dynamics 

Temporal Evolution of Transient Spectra. 

All four molecules exhibit a similar temporal evolution of the transient spectra (Figure 

4.3). Initially, a negative signal is observed, located in the same spectral region as 

stationary absorption and emission spectra. Thus, it is assigned to a combination of 

GSB and SE. Furthermore, a broad ESA band is observed, which exhibits the same 

dependence as the absorption spectrum, i.e., a systematic red-shift with increasing 

substituent weight. Its maximum shifts from 620 to 740 nm for TAPP-H and TAPP-I, 

respectively. This signal as well as the SE vanishes completely on the nanosecond 

timescale. In line with the emission decay (see appendix section B.2), the transients 

disclose a systematic acceleration of the decay of the initial species for the halogenated 

compounds (Figure 4.3). Concomitantly, a non-decaying, blue-shifted ESA band with 

its blue edge overlapping with GSB emerges, which remains as a non-decaying offset. 

For all compounds, a transient isosbestic point is observed, which exhibits a systematic 

red-shift of 20 nm upon increasing substituent weight, moving from 530 nm (TAPP-H) 

to 590 nm (TAPP-I). This is indicative of a direct state-to-state conversion. The 

emerging signal possesses two separate peaks for all chromophores but TAPP-I, for 

which a broad signal without a well-defined maximum is observed. The latter points 

towards a flatter potential surface with a small sub-level separation. Similar to the 

initial ESA, a red-shift for the offset is observed, albeit less pronounced, with the 

maximum moving from 510 nm (TAPP-H) to 530 nm (TAPP-Br). Alongside the 

spectral changes, the relative signal intensity of the offset with regard to the initial 

ESA increases. A qualitative comparison of the strength for both ESA can be made by 

comparing the maxima of the initial ESA and the offset. Here, a weak relative signal 

intensity of 5.5% and 14% is observed at latest probe delays for TAPP-H and 

TAPP-Cl, respectively, whereas TAPP-Br (41%) and TAPP-I (29%) exhibit a 

significantly higher ratio. In general, this change in relative intensity could be either 

related to a change in population density or a variation of extinction coefficients. Yet, 

the main contribution becomes apparent when considering the fluorescence quantum 

yields of the TAPPs. 
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Figure 4.3: Transient spectra at selected probe delays (left) and selected kinetics with fit 

traces (right) for (a,b) TAPP-H, (c,d) TAPP-Cl, (e,f) TAPP-Br and (g,h) TAPP-I in 

acetonitrile. A similar temporal evolution of the transient spectra is observed for all four 

compounds. Initially, a blue-shifted negative signal, attributed to a combination of GSB 

and SE, as well as red-shifted ESA is observed. SE and ESA decay on the nanosecond 

timescale. Simultaneously, a second ESA band emerges, overlapping with the GSB. Two 

distinct peaks are identified with the exception of TAPP-I, for which a broad signal is 

observed. The formation of the emerging ESA displays an acceleration with increasing 

substituent size and its spectral features remain as a non-decaying offset. Reprinted with 

permission from ref. 155. Copyright © 2020, American Chemical Society. 

A high quantum yield correlates to a loss in excited state chromophores, directly 

competing with the formation of the second ESA. Thus, an inverse dependence of 

quantum yield and relative intensity of the latter is expected. This behaviour is 

qualitatively observed for all compounds but TAPP-I. This deviation can be explained 

by the broad signal, which suggests an even distribution of oscillator strength over a 

wide spectral range. Thus, a comparison of the integrated ESA bands would be 

advisable. This is, however, not advisable in this case due to (i) the overlap of the ESA 

with GSB, and (ii) the red-shifted part ESA band of TAPP-I exceeding the range of 

spectral window. 
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Characterisation and Quantification of Intramolecular Dynamics by Global Analysis. 

The evolution of the transient spectra is quantified by applying a global 

multiexponential decay fit to all datasets (Table 4-2). While only one additional 

distinct set of spectral features is observed besides the initial ESA, two exponential 

decays are required to obtain a satisfactory fit result. The first time constant, 𝜏1, 

corresponds to a homogeneous loss of signal intensity, which is most pronounced for 

TAPP-H. In addition, no changes in the spectral shape are observed. Within the three 

halogenated compounds, a systematic decrease of 𝜏1 with increasing substituent 

weight from (635 ± 29) ps to (2.36 ± 0.88) ps for TAPP-Cl and TAPP-I, respectively, 

is observed. This trend does not continue for the unsubstituted TAPP-H, for which a 

value of (59.6 ± 0.3) ps is obtained. The second time constant, 2, describes the 

transition between the initial ESA band and the non-decaying offset. The obtained 

values are in good agreement with the emission decay. Consequently, a direct 

connection between both is drawn, i.e., that 𝜏2 relates to the decay of the only emissive 

species. Furthermore, long-time TA measurements were carried out in order to gain 

insight on the dynamics of the offset spectrum. The temporal resolution of the 

experimental setup used for these measurements is not sufficient to resolve 𝜏1 for all 

compounds as well as 𝜏2 for TAPP-Br and TAPP-I. In turn, it allows to monitor the 

dynamics of the second ESA on the microsecond timescale, for which a homogeneous 

decay is observed in all compounds (see appendix section B.3). This is quantified by 

global mono- (TAPP-Br, TAPP-I) and biexponential (TAPP-H, TAPP-Cl) decay fit. 

For the latter two, the results show a good agreement between the first exponential 

component and 𝜏2 obtained by short-time TA measurements as well as emission decay 

(Table 4-2). Thus, the first fitted time constant of the long-time TA measurements is 

assigned to 𝜏2. The decay of the second ESA on the microsecond timescale, labelled 

3, is identical for all halogenated compounds (≈270 ns) and about twice as fast for 

TAPP-H (159 ± 5 ns). In order to identify the mechanism underlying the observed 

dynamics, electronic species have to be identified. As the excitation takes place at the 

lowest absorption band visible in the UV/Vis spectrum, the initial species is assigned 

to 𝑆1, which is supported by quantum chemical calculations.154 Given that 𝜏1 is not 
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related to any spectral changes but a homogeneous decrease in signal intensity, it is 

assigned to a structural relaxation process. This is accompanied by a redistribution of 

oscillator strength, which is responsible for the variation in signal intensity. In turn, 𝜏2 

relates to a significant change in the transient spectrum, indicating the formation of a 

different electronic species. Based on the absent SE in the transient spectrum denoting 

an optically dark state and its long lifetime (>100 ns), this species is assigned to the 

triplet manifold. Given that in dilute solution, only intramolecular reaction pathways 

are to be considered, it can only be generated via ISC. 

Table 4-2: Time constants for TAPP-X in acetonitrile, obtained by short and long-time 

TA measurements. 

Chromophore 
Short-time TA (0-8 ns) Long-time TA (0-3 µs) 

1 / ps 2 / ps 2 / ns 3 / ns

TAPP-H 59.6 ± 0.3 2037 ± 7 2.38 ± 0.06 159 ± 5 

TAPP-Cl 635 ± 29 2093 ± 14 2.42 ± 0.01 281 ± 2 

TAPP-Br 81.5 ± 1.9 375 ± 3 n. a. 268 ± 1 

TAPP-I 2.36 ± 0.88 29.0 ± 0.8 n. a. 275 ± 1 

Influence of 𝑆1 − 𝑇2 Energy Detuning on Intersystem Crossing Rates. 

As evidenced by the global fit (Table 4-2), the halogenated TAPPs show a systematic 

decrease of the corresponding time constant with substituent size for halogenated 

TAPP-X. This is corroborated by fluorescence quantum yields, which clearly show 

that the dominant decay channel switches from a radiative (TAPP-Cl) to a 

non-radiative pathway (TAPP-I). 

A possible explanation for the observed acceleration is an increasing probability of 

ISC due to the internal heavy-atom effect. However, if the observations would be 

based purely on increased spin-orbit coupling, TAPP-H should exhibit a significantly 

slower time constant, given that the heaviest atom in the molecule is fluorine. In 

contrast, the time constant for ISC is even slightly lower for TAPP-H in comparison 

with TAPP-Cl. Thus, further molecular parameters have to be considered. One 

conceivable property is the energy detuning between energy levels in the singlet and 

triplet manifold. They can be estimated as vertical transition energies obtained by 
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single-point DFT calculations using a COSMO model to simulate acetonitrile at the 

optimised geometry of 𝑆1.
155 The results suggest that for all four TAPPs, the 

energetically closest triplet state to 𝑆1 is the second triplet state, 𝑇2. Within the 

accuracy of the method, this transition is predicted to be endothermic by the same 

amount of 50 meV for TAPP-H and TAPP-Cl. Thus, the energetics of the 𝑆1 − 𝑇2 

transitions is determined to be the crucial factor for both molecules, outweighing the 

expected increase of spin-orbit coupling. In addition, a systematic decrease of the 

𝑆1 – 𝑇2 energy gap is predicted within the halogenated TAPPs with it becoming 

positive by 10 meV for TAPP-I. Thus, the 𝑆1 − 𝑇2 detuning correlates with the 

observed acceleration of ISC (Figure 4.4a). In summary, the positive feedback 

regarding more favourable energetics and increased spin-orbit coupling for heavier 

halide substituents perfectly explain the observed increase of ISC rates. The 

involvement of 𝑇2 would suggest an IC process to 𝑇1 according to Kasha’s rule.157 

Consequently, an additional time constant for the ESA band assigned to the triplet 

manifold is expected. However, the fastest observed ISC time constant of 29 ps for 

TAPP-I is still significantly slower than typical time constants for IC. For example, 

pyrene exhibits a time constant of 400 fs for the IC from the 𝑆6 to 𝑆1.
158 Thus, the fast 

transition of the 𝑇2 to 𝑇1 is not expected to be resolvable with regard to the timescale 

of ISC. 

 

4.1.3 Identification of Spectral Features of Singlet and Triplet 

Species 

With the identification of the triplet formation process, a comprehensive kinetic model 

presents itself for all four TAPPs (Figure 4.4b). Upon irradiation, the first excited 

singlet state 𝑆1
′  is populated in the Franck-Condon region. Subsequently, a structural 

relaxation with a concomitant redistribution of oscillator strength takes place, resulting 

in 𝑆1. Due to energetic proximity, the singlet crosses to 𝑇2, which undergoes rapid IC 

to 𝑇1. As the timescale of IC is much shorter than ISC, only the lowest triplet state is 
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observed. Finally, a slow relaxation of 𝑇1 occurs on the microsecond timescale. Thus, 

the observed kinetics depict a sequential model with three steps: 

𝑆1
′
  𝜏1  
→  𝑆1

  𝜏2  
→  𝑇1

  𝜏3  
→  𝑆0 Eq. 20 

Using the approach outlined in section 3.3.3, the corresponding coefficient matrix was 

formulated and applied to the fit results to obtain the SADS of the respective TAPP-X 

(Figure 4.4c to e). Here, a red-shift of 𝑆1
′  with increasing substituent size is observed, 

in agreement with the transient spectra at early probe delays (vide supra). Analogous 

to the stationary spectra, the origin of this shift is assigned to the expansion of the -

system by the halide substituents, which decrease the energy gaps between electronic 

states. As expected, the structurally relaxed 𝑆1 exhibits the same spectral features as 

its predecessor, albeit with its amplitude lowered by about one third. This is compatible 

with the observed loss of signal intensity related to 𝜏1. For TAPP-H and TAPP-Cl, 

results from both short- and long-time measurements agree perfectly, showing the 

transferability between both experimental setups. The final SADS are assigned to 𝑇1. 

They represent the offset for the short-time and a decaying component in long-time 

TA measurements, respectively. In line with the 𝑆1 SADS, a great agreement is 

achieved between short- and long-time measurements. With the exception of the broad 

absorption peak observed for TAPP-I, the 𝑇1 SADS show two vibronic peaks, which 

exhibit a slight red-shift for heavier substituents (vide supra). 
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Figure 4.4: a) The inverse of 𝜏2, i.e., the ISC rate, correlates with the energy detuning 

between 𝑆1 and 𝑇2, indicating a direct transition between both states. This suggests that 

enhanced spin-orbit coupling is not the singular effect for the observed acceleration of 

ISC. In turn, the similar energy detuning of TAPP-H and TAPP-Cl explains their similar 

time constants. b) Proposed kinetic model for TAPP-X. Upon irradiation, the respective 

chromophore is excited to 𝑆1
′  in the Franck-Condon region. This is followed by a 

structural relaxation to 𝑆1. Subsequently, the excited singlet crosses to the energetically 

close 𝑇2. In a fast IC process, the lowest state in the triplet manifold, 𝑇1, is populated. As 

this occurs on significantly faster timescales compared to ISC, it is not resolved 

experimentally. Finally, 𝑇1 relaxes to the ground state on the microsecond timescale. This 

sequential kinetic model is used to determine the SADS of electronic species for both short 

(solid lines) and long-time TA measurements (dashed lines). Given the great agreement, 

they are described simultaneously. SADS are normalised for the maximum of the 𝑆1
′  SADS 

to allow for a better comparison. c) 𝑆1
′  exhibits a strong contribution of GSB and SE, as 

well as a red-shifted absorption feature. In accordance to stationary absorption spectra, 

the latter is systematically red-shifted with substituent weight. d) 𝑆1 possesses the same 

spectral features as its predecessor, albeit with its intensity being reduced by about one 

third. e) Within the 𝑇1 SADS, two vibronic peaks are observed for TAPP-H, TAPP-Cl and 

TAPP-Br, which exhibit a slight red-shift with increasing substituent weight. In contrast, 

a broad signal is observed for TAPP-I, which suggests a flat potential surface. The SADS 

show a great agreement regardless of the monitored time window. Adapted with 

permission from ref. 155. Copyright © 2020, American Chemical Society. 
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4.1.4 Conclusion 

First, the missing dependence of stationary spectra on solvent polarity indicates that 

𝑆1 does not possess CT character. It is, however, noted that a delocalised excitation in 

the densely packed solid state might result in intermolecular CT states. Second, distinct 

spectral features of 𝑆1 and 𝑇1 have been identified, which are crucial electronic species 

in the SF mechanism and thus may contribute to its identification. Finally, 

intramolecular photophysical processes, i.e., structural relaxation and ISC, and their 

respective timescales have been determined. The trends observed for ISC within the 

four investigated TAPPs allows for the conclusion that the photoexcited 𝑆1 crosses to 

the energetically close 𝑇2. The acceleration of this process with increasing substituent 

size is attributed to a combination of energetic detuning, and the heavy-atom effect. 

The proximity of 𝑆1 and 𝑇2 further suggests that TTA may potentially reduce triplet 

yields achieved by SF. In addition, the time constants (>80 ps) of the photophysical 

processes are unlikely to compete with an efficient SF on a picosecond timescale. A 

final aspect to be considered in the subsequent thin-film studies is the potential 

influence of the heavy-atom effect on SF. As observed in previous studies, this may 

aid in the separation of the correlated triplet pair into free triplets.131 Overall, the 

obtained results yield important pieces of information used for the disentanglement of 

the dynamics of TAPP-Cl and TAPP-Br thin films discussed in the next section. 
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4.2 Coherent Triplet Formation in Halogenated 

Tetraazaperopyrenes 

4.2.1 Aggregation Effects on Stationary Spectra of TAPP-Cl and 

TAPP-Br 

The stationary spectra of TAPP-Cl and TAPP-Br thin films show characteristic 

differences in comparison to the respective spectra in solution (Figure 4.5). For both 

compounds, a red-shift of the absorption maximum to 509 and 517 nm is observed, 

amounting to an energy difference 225 and 234 meV for TAPP-Cl and TAPP-Br, 

respectively. In addition, the absorption band experiences a broadening of the 

absorption band, weakening the pronounced vibronic structure. Both effects are 

attributed to the formation of J-aggregates in solid state.159 Nevertheless, the three 

vibronic peaks observed in solution can still be distinguished on solid state. However, 

the separation of the vibronic peaks previously attributed to the C-N stretching mode 

is varied. For the first two vibronic peaks, the separation increases from ≈1450 cm-1 in 

solution to 1675 and 1622 cm-1 for TAPP-Cl and TAPP-Br thin films, respectively. A 

qualitatively comparable shift of this mode has been observed for TAPP-Cl and 

TAPP-Br multilayers.117 Thus, this observation is attributed to the interaction of the 

aromatic systems within the molecular crystals, which change the vibrational 

frequency. In addition, the separation between the second and third vibronic peak is 

significantly lower at 1150 and 1062 cm-1 for TAPP-Cl and TAPP-Br, respectively. 

This effect can be rationalised by an increased anharmonicity in the solid state. Like 

the ground-state absorption, the stationary emission spectra exhibit a red-shift and a 

broadening of the peaks compared to solution measurements. Furthermore, the relative 

intensity of the second vibronic peak with respect to the emission maximum is 

increased significantly. In TAPP-Br thin films, this ratio is roughly doubled from 0.45 

to 0.87. For TAPP-Cl, the fourfold increase from 0.51 to 2 results in the second 

vibronic peak becoming the dominant transition.  
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Figure 4.5: The stationary absorption (solid lines) and emission spectra (dashed lines) 

of a) TAPP-Cl and b) TAPP-Br show significant differences between measurements in 

thin film and solution. In general, a red-shift combined with a broadening of the vibronic 

peaks is observed. Both effects are attributed to -interactions in the solid state. The 

separation of the first and second vibronic peaks is increased from ≈1450 cm-1 to 1675 

and 1622 cm-1 for TAPP-Cl and TAPP-Br, respectively. This is consistent with the 

observed shift of the C-N stretching vibration to higher energies in multilayers of the 

respective compound.117 Reprinted with permission from ref. 155. Copyright © 2020, 

American Chemical Society. 

4.2.2 Time-Resolved Measurements 

Long-lived Emissive Species Evidenced by Time-Resolved Emission. 

The observations for the stationary emission spectra are complemented by TCSPC 

measurements. Here, the emission decay at the blue edge of the emission spectra for 

both TAPP-Cl and TAPP-Br follow the shape of the instrument response function 

(IRF, Figure 4.6). Thus, an emission decay faster than the temporal resolution of the 

setup is indicated. In turn, a long-lived component is observed at higher emission 

wavelengths. This implies the presence of a red-shifted emissive species decaying on 

a longer timescale than prompt fluorescence. This second component is more 

pronounced for TAPP-Cl, which speaks for a higher population of the second emissive 

species.  
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Figure 4.6: The time-resolved emission traces of a) TAPP-Cl and b) TAPP-Br show a 

decay faster than the temporal resolution of the setup. At higher wavelengths, an 

additional long-lived component is observed, indicating the presence of an additional 

emission band overlapping with prompt fluorescence. For the emission wavelength of 

620 nm, a biexponential fit shows a stronger relative contribution of the red-shifted 

component for TAPP-Cl (76.8%) compared to TAPP-Br (36.6%). The proposed presence 

of a red-shifted emissive species agrees with the observed increased intensity in the 

stationary emission spectra at higher wavelengths (Figure 4.5). Reprinted with 

permission from ref. 155. Copyright © 2020, American Chemical Society. 

The observed effects are quantified by a biexponential fit (Table 4-3). For TAPP-Cl, 

an increase of the time constants obtained for emission wavelengths of 565 and 620 nm 

is observed. This is accompanied by a significant increase of the amplitude of the 

long-lived component, which rises from 42.3% to 76.8%. Both findings agree with the 

presence of an additional emission band overlapping with the red tail of prompt 

fluorescence. For TAPP-Br, only the highest monitored wavelength (620 nm) allows 

for an identification of the long-lived component. In addition, its relative amplitude 

(36.6%) is significantly weaker compared to TAPP-Cl. This agrees with the observed 

increased ratio of the vibronic peaks in the stationary emission spectra, suggesting a 

higher contribution of the red-shifted species in TAPP-Cl. 

Table 4-3: Results for a biexponential fit of TCSPC traces of TAPP-Cl and TAPP-Br thin 

films. Values in brackets indicate the normalized amplitude of the time constant. 

Molecule Wavelength / nm 𝝉𝟏 / ps 𝝉𝟐 / ps 

TAPP-Cl 
565 39.2±0.5 (57.7) 257±2 (42.3) 

620 127±11 (23.2) 595±11 (76.8) 

TAPP-Br 620 41.8±1.0 (63.4) 234±8 (36.6) 
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Spectral Evolution of Transient Spectra. 

In the following, short-time TA measurements are discussed. Due to the intense pump 

scattering around the excitation wavelength, i.e., 515 and 520 nm for TAPP-Cl and 

TAPP-Br, respectively, the spectral region ±10 nm is removed. The transient spectra 

of both compounds share similar spectral features at earliest probe delays (Figure 4.7). 

For both molecules, an intense negative signal is observed, which coincides with the 

emission band and is consequently assigned to SE. Besides that, two distinct ESA 

bands are present, one of which is located in the red part of the probed spectral window 

(>630 nm). Here, a broad peak is observed with its maximum at 690 and 710 nm for 

TAPP-Cl and TAPP-Br, respectively. This corresponds to a bathochromic shift of 

50 meV for the brominated TAPP. The second ESA band is blue-shifted exhibits a 

narrow lineshape and overcompensates the expected GSB. Its maximum shifts from 

489 nm (TAPP-Cl) to 498 nm (TAPP-Br), which amounts to the same value observed 

for the broad ESA band. In addition, the relative intensity of the narrow ESA with 

regard to the red-shifted feature increases from 36% (TAPP-Cl) to 62% (TAPP-Br). 

Within the first 5 ps after photoexcitation, a significant decrease in signal intensity is 

observed over the whole spectral range. While this decay is homogeneous for both 

ESA bands, the SE retains a higher signal intensity around 610 and 615 nm for 

TAPP-Cl and TAPP-Br, respectively. Following the initial fast decay, the red-shifted 

ESA continues losing intensity until it is almost completely vanished at a probe delay 

of 100 ps. In contrast, the signal for narrow ESA peak remains constant at about one 

third of its initial intensity. Furthermore, an additional weak ESA at 465 nm becomes 

apparent in the transient spectra for TAPP-Br. At this exact spectral location, a local 

maximum of the GSB is present at earliest probe delays. Consequently, it is assumed 

that this feature originates from the same transition corresponding to the peak at 

498 nm, albeit initially overcompensated by GSB. A similar feature is vaguely 

discernible in the transient spectrum of TAPP-Cl. However, it is located at the blue 

edge of the spectral range and cannot be discerned reliably. Moving to later probe 

delays, no additional evolution of the transient spectra is observed for TAPP-Cl. 

Hence, the weak, blue-shifted ESA signal remains as a non-decaying offset on the 

monitored timescale.  
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Figure 4.7: Transient spectra at selected probe delays (left) and transients (right) for 

(a,c) TAPP-Cl and (b,d) TAPP-Br. Both molecules show a strong contribution of SE at 

early probe delays. In addition, two positive features are present: A broad ESA at high 

wavelengths, and a narrow, blue-shifted ESA overcompensating the GSB. Within the 

initial 5 ps, a significant decrease in signal intensity is observed. This decay is equally 

strong for the ESA bands. In contrast, the SE features retains more of its original intensity 

at wavelengths around 610 and 615 nm for TAPP-Cl and TAPP-Br, respectively. The red-

shifted ESA subsequently decays almost completely until a probe delay of 100 ps. On the 

same timescale, the narrow ESA peak retains about one third of its initial intensity. No 

further evolution is apparent for TAPP-Cl. In contrast, a weak homogeneous decrease 

occurs in TAPP-Br. For both compounds, a non-decaying offset is observed, with a 

stronger signal intensity for TAPP-Br. Reprinted with permission from ref. 155. 

Copyright © 2020, American Chemical Society. 

In turn, a further homogeneous decrease of the transient spectrum is observed for 

TAPP-Br. Nonetheless, the intensity of the signal remains above that of TAPP-Cl. In 

consequence, reliable long-time TA data could only be collected for TAPP-Br (see 

appendix section C.1). As suggested by the non-decaying offset in short-time 

measurements, both SE and the red-shifted ESA only possess a weak intensity on this 

timescale. In contrast, the two vibronic peaks of the blue-shifted ESA are clearly 

discerned at early probe delays (1 ns) and exhibit a homogeneous decay on the 

microsecond timescale. The qualitative observations of the transient spectra are 

complemented by a global multiexponential fit (Table 4-4). For the short-time TA data, 

a biexponential decay fit with an offset is used for TAPP-Cl. In turn, three exponential 

decays and an offset are required for a satisfactory fit of TAPP-Br. The long-time 

dynamics of TAPP-Br indicate biexponential decay. 
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Table 4-4: Time constants obtained by a global multiexponential fit of the short- and 

long-time TA data.  

Molecule 
Short-time (0-8 ns) Long-time (0-1 µs)

1 / ps 2 / ps 3 / ps 4 / ns 5 / ns

TAPP-Cl 1.77 ± 0.01 13.4 ± 0.07 n.a. n.a. n.a. 

TAPP-Br 1.12 ± 0.01 9.55 ± 0.10 ps 531 ± 16 12.5 ± 0.4 165 ± 3 

4.2.3 Vibrational Coherence in TAPP-Br 

An additional feature observed for short (<9 ps) probe delays at selected probe 

wavelengths is the presence of periodic variations in signal intensity. These features 

correspond to a vibrational coherence, i.e., the oscillation of a vibrational wavepacket 

generated by the pump pulse (cf. section 2.1.3). The oscillatory features can be clearly 

discerned in measurements with small steps of the probe delay (see appendix section 

C.2). However, their weak intensity in TAPP-Cl significantly hampers their 

interpretation. Thus, the ensuing discussion will be based on measurements of 

TAPP-Br. In order to extract the frequencies of the periodic oscillations, a fast Fourier 

transform (FFT) was carried out on the residuals of a global biexponential with an 

offset. Residuals for probe delays <200 fs were omitted to avoid artefacts from the 

coherent spike. The resulting 2D matrix, allows for an analysis of vibrational 

frequencies over the whole spectral range (Figure 4.8a). An immediate observation is 

that the oscillatory features exhibit their strongest intensity close to the excitation 

wavelength. Additionally, frequencies of five major vibrations are identified at 20, 50, 

125, 150, and 205 cm-1. In order to screen for a possible wavelength dependent shift 

of these modes, spectral cuts at selected probe wavelengths are analysed (Figure 4.8b). 

However, neither of the vibrational frequencies exhibit a shift. In a subsequent step, 

the temporal evolution of the amplitude of the individual contributions is to be 

analysed. This allows to link individual oscillations to population dynamics of 

electronic states.47  
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Modelling of Oscillatory Features. 

A typical approach for that would be a sliding-window FFT. This is, however, not 

feasible in this case due to the long oscillation period of the 20 cm-1 mode with regard 

to its dephasing time: Within the observed time window of 9 ps, the initially strong 

intensity of this mode decreases almost completely, suggesting a dephasing time of 

about 2 ps (Figure 4.8c). Thus, the amplitude decreases significantly even within one 

oscillation period (1.67 ps). This severely limits the meaningfulness of a sliding-

window FFT. Thus, the experimental signal intensity with regard to the probe delay 𝑡 

is modelled explicitly. Besides the contributions of the oscillatory components Δ𝐴Osc,𝑖, 

the model includes contributions of the exponential population decay Δ𝐴Exp, a non-

decaying offset Δ𝐴Off as well as a combination of cross-phase modulation Δ𝐴CPM and 

stimulated Raman amplification Δ𝐴SRA to describe the coherent artefact Δ𝐴CA (cf. 

section 3.3.1). The fit was carried out for the probe wavelength of 495 nm, as it exhibits 

the most pronounced oscillatory features. The exponential population decay is 

modelled straightforward as a monoexponential decay with the time constant 𝜏𝑑𝑒𝑐. The 

width of the pump pulse 𝜎 is accounted for by the analytical solution for the 

convolution of an exponential decay and a Gaussian (cf. section 3.3.3). The offset is 

modelled as  

Δ𝐴Off(𝑡) = erfc (−
𝑡

𝜎
) Eq. 21 

The coherent artefact is treated as a combination of CPM and SRA. Here, two more 

parameters are introduced, i.e., the group velocity dispersion 𝜏GVD and the SRA gain 

𝜏SRA. 

Δ𝐴CA(𝑡) = Δ𝐴CPM(𝑡) + Δ𝐴SRA(𝑡) 

             = 𝑡𝑒−2(
𝑡
𝜎
)
2

∙ (𝑡 − 𝜏GVD) 𝑒
−2(

𝑡−𝜏GVD
𝜎

)
2

+ 𝑒−2(
𝑡−𝜏SRA
𝜎

)
2

 

Eq. 22 
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For the oscillatory component, each of the five major contributions is modelled as a 

sinusoidal with an individual angular frequency 𝜔𝑖 and phase shift Φ𝑖. In order to 

attribute for the dephasing of the vibrational coherences, the sinusoidal is multiplied 

with an exponential decay with the dephasing time constant 𝜏dep,𝑖. Finally, the 

instrument response is accounted for by an additional multiplication with the error 

function including the width of the excitation pulse, 𝜎. Consequently, the oscillatory 

contributions Δ𝐴Osc of the signal are described as 

Δ𝐴Osc(𝑡) =∑[sin (𝜔𝑖𝑡 + 𝜙𝑖) × e
−
𝑡
𝜏dep,𝑖 × erfc (

𝜎

2𝜏dep,i
−
𝑡

𝜎
)]

5

𝑖=1

 Eq. 23 

In total, the experimental signal is modelled as the sum of all individual contributions: 

Δ𝐴(𝑡) = Δ𝐴EXP(𝑡) + Δ𝐴OFF(𝑡) + Δ𝐴CA(𝑡) + Δ𝐴Osc(𝑡) Eq. 24 

The fit accurately reproduces the experimental transient at a probe wavelength of 

495 nm (Figure 4.8c). In addition, the residuals exhibit no periodic structure (Figure 

4.8d), proving that no further vibrational mode is present for the given experimental 

resolution. While all results are collected in the appendix (section C.2), characteristic 

quantities will be discussed in detail. The time constant for the exponential population 

decay amounts to 𝜏𝑑𝑒𝑐 = 1.88 ps, which is reasonably close to the time constant 

obtained by a global fit (1.12 ps, vide supra). The discrepancy is not unexpected, as 

the initial population decay coincides with the decreasing part of the first oscillation 

period of the 20 cm-1 mode. Consequently, a fit purely based on population dynamics 

will assume a faster time constant. In addition, the fit allows for the extraction of the 

individual vibrational modes of the oscillatory component (Figure 4.8e). The obtained 

frequencies of 19.9, 52.5, 126, 143, and 206 cm-1 perfectly coincide with the major 

contributions observed in the FFT spectra. The four vibrations with the lowest energies 

exhibit an expected decrease of dephasing times from 2.73 ± 0.15 ps to 

1.30 ± 0.40 ps.160 Contrarily, the vibrational mode at 206 cm-1 contradicts the trend 

with a dephasing time of 2.73 ± 1.20 ps. However, given the low amplitude and 

consequently high error margin, no unambiguous statement can be made in this case.  
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Figure 4.8: a) The spectrally resolved 2D-FFT of the residuals of a global fit of a TA 

measurement of a TAPP-Br thin film with a narrow time window (0-9 ps) and small steps 

of the probe delay (see appendix section C.2) exhibits five major contributions around 

20, 50, 125, 150, and 205 cm-1. They exhibit the strongest intensity close to the excitation 

wavelength (520 nm). b) Spectral cuts at selected probe wavelength show constant 

frequencies over the whole spectral range. c) The transient at 495 nm is fitted using a 

model containing a physical description of the coherent artefact, a monoexponential 

decay with offset, and five sinusoidals to account for oscillatory components. d) The 

residuals of the fit show no periodic structure, proving that no further vibrational mode 

is present for the given experimental resolution. e) The individual oscillatory components 

show an acceleration of their dephasing time for all but the 205 cm-1 mode. The deviation 

for the latter originates from its low amplitude, thus making it prone to error. Reprinted 

with permission from ref. 155. Copyright © 2020, American Chemical Society. 

Distinction Between Intra- and Intermolecular Modes. 

In the following, the distinction of inter- and intramolecular vibrational modes is 

addressed. In this context, a near-resonant IVS measurement of a dilute solution of 

TAPP-Br in acetonitrile was carried out. As demonstrated in section 4.1, no 

interactions with other chromophores are present under these experimental conditions. 

Thus, any observed vibrational modes can be assigned straightforward to an 

intramolecular mode.  
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For the experiment, an experimental setup differing from those described in section 

3.2 was used, which is described in detail elsewhere.161-162 In short, the setup consists 

of two home-built non-collinear optical parametric amplifiers (NOPA) with centre 

wavelengths of 521 and 625 nm, and pulse durations (FWHM) of 21.6 and 24 fs, 

respectively (see appendix section C.3). The blue-shifted NOPA was used to excite the 

sample near-resonant, while the latter acts as a probe pulse. Due to the spectral width 

of the latter, transients in the range of 590 to 660 nm can be extracted (Figure 4.9a). 

Here, a clearly visible vibrational coherence as well as a weak contribution of an 

exponential decay can be discerned. The latter was fitted with a monoexponential tail 

fit at probe delays >130 fs to avoid contributions of the intense coherent artefact. The 

fit trace was subtracted to obtain the pure oscillatory components in the residuals, 

which dephases within the observed timescale of 3 ps and is most pronounced in the 

blue and red wings of the probe spectrum (Figure 4.9b). The corresponding vibrational 

frequencies were obtained by applying an FFT on the residuals (Figure 4.9c-g). 

Regardless of probe wavelength, the most intense signal is observed at 380 cm-1. This 

peak is assigned to the C-C≡N bending vibration of the solvent acetonitrile.148 For 

probe wavelengths of 590, 650, and 660 nm, no further vibrational modes are 

observed. In turn, two additional signals are present for 600 and 610 nm, located at 

185 and 260 cm-1. Comparing the FFT spectrum of the dilute solution with the results 

obtained for solid state, a distinct lack of low-frequency modes becomes apparent. This 

is attributed here to a fast dephasing due to solute-solvent interactions. In general, the 

only common Raman mode for both solution and solid-state measurements is located 

around 200 cm-1: For solutions, a frequency of 185 cm-1 is observed, whereas a similar 

value of 205 cm-1 is observed in thin films. This shift of vibrational modes to higher 

frequencies in solid state resembles the observations made for the stationary absorption 

spectra (vide supra). Thus, the observed frequencies in both dilute solution and thin 

film are assigned to originate from the same intramolecular mode.  
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Figure 4.9: a) Transients at selected probe wavelengths for a near-resonant IVS 

measurement of a dilute solution of TAPP-Br in acetonitrile show an oscillatory feature, 

which is more pronounced at the wings of the probe spectrum. A monoexponential tail fit 

is applied for probe delays >130 fs, to avoid artefacts from the intense coherent artefact. 

b) Subtracting the exponential fit from the transients clearly depicts the periodic 

oscillations in the signal. c-g) An FFT is performed for the residuals of the individual 

transients to obtain the respective vibrational spectra. For all wavelength, a strong 

contribution of the 380 cm-1 mode is observed, which is assigned to the C-C≡N bending 

vibration of acetonitrile. In addition, two additional signals at 185 and 260 cm-1 are 

discerned at probe wavelengths of 600 and 610 nm. h) A comparison of the vibrational 

spectra obtained in solution and solid state allows for the assignment of the signal at 

205 cm-1 to an intramolecular mode. This is reinforced by a quantum chemical modelling 

of the TAPP-Br monomer.155 The calculations further suggest the modes at 110 and 

140 cm-1 be of intramolecular origin, whereas the two remaining vibrational modes (20 

and 126 cm-1) are only active in the solid state and hence correspond to intermolecular 

modes. Reprinted with permission from ref. 155. Copyright © 2020, American Chemical 

Society. 

In order to further elucidate the origin of vibrational modes, a comparison with Raman 

frequencies for a TAPP-Br monomer obtained by quantum chemical calculations is 

made (Figure 4.9h).155 Here, major contributions at 110, 140, and 205 cm-1 are 

observed, which coincide with the experimental spectrum. Consequently, these modes 

are assigned to be of intramolecular origin. In contrast, the calculated frequencies of 

40 and 90 cm-1 do not directly match with an experimentally observed frequency.  
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However, as the former (40 cm-1) is only located 12 cm-1 below an intense signal in 

the experimental spectrum, they are assumed to represent the same vibrational mode. 

The 90 cm-1 mode though is in a region with a distinct lack of experimental signal 

intensity. Consequently, the most probable explanation is that this mode is inhibited in 

solid state due to the rigid orientation of chromophores in the molecular crystal. 

Further differences between experimental and calculated spectra are found at 20 and 

126 cm-1, for which no counterpart is observed in the modelled spectrum. This 

indicates that the origin of both modes are inter-chromophore interactions. In total, of 

the five major contributions to the vibrational coherence observed in thin films of 

TAPP-Br, three are assigned to intramolecular modes (50, 140, and 205 cm-1). The two 

remaining vibrational modes (20 and 126 cm-1) are only active in the solid state and 

hence correspond to intermolecular modes. 

4.2.4 Identification of Electronic Species and Kinetic Model 

Initial Superposition of Singlet and Triplet Spectral Features. 

In the following, the electronic species involved in the dynamics are unveiled. For this, 

the transient spectra obtained in thin film are compared to the results obtained in dilute 

solution (vide supra). For early probe delays, the latter exhibits a single broad ESA 

band assigned to 𝑆1, which is located in the red part of the probe spectrum. The same 

observation is made in solid state. However, an additional blue-shifted ESA is 

observed simultaneously. Intriguingly, its spectral location coincides with the 𝑇1 ESA 

identified in solution. This becomes even more apparent when comparing the transient 

spectra, corrected for the negative signal contributions of GSB and SE, with the 

corresponding corrected 𝑆1 and 𝑇1 SADS (Figure 4.10): Especially for TAPP-Br, the 

blue-shifted features are identical except for a slight blue-shift of 150 meV in solid 

state. Thus, the spectral features of the early transient spectra are attributed to a 

combination of singlet and triplet ESA. Analogous to solution measurements, the 

former is assigned to the first excited singlet state. As both spectral features are present 

at earliest probe delays, they have to be formed either coherently upon photoexcitation 

or faster than the temporal resolution of the setup, i.e., with a time constant below 
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90 fs. For the singlet species, this is not unexpected as it represents the product spin-

allowed photoexcitation of the ground state. In contrast, as shown by previous 

measurements, the formation of a triplet state via ISC occurs on the nanosecond 

timescale. This process is not expected to accelerate by several orders of magnitude in 

solid state and, consequently, the triplet ESA does not originate from 𝑇1 generated by 

an intramolecular process. In turn, the observations point towards the ultrafast 

formation of a correlated triplet pair state, denoted as (𝑇𝑇)1 . This assignment is in 

agreement with previous reports for coherent (𝑇𝑇)1  formation in hexacene,44 

rubrene,45-46 and TIPS-Pn derivatives via SF.41-42 Most notably, ultrafast SF on the sub-

200 fs timescale has been observed for polycrystalline thin films of a perylene diimide 

derivative.43 This molecule is structurally similar to TAPP-Br, as both aromatic 

systems share the perylene motif. In addition, perylene diimides typically exhibit the 

same slip-stacked crystal structure116, 163 also observed for TAPPs.117, 137-138 The 

possible presence of an ultrafast SF process is further evaluated using computed values 

for the energy levels of 𝑆1 and 𝑇1 of TAPP-Cl and TAPP-Br monomers.155 A 

comparison of the vertical excitation energy of 𝑆1 with two times the 𝑇1 excitation 

energy formally results in an excess energy of 240 and 160 meV for TAPP-Cl and 

TAPP-Br, respectively. 

Figure 4.10: Transient spectra at earliest probe delays of a) TAPP-Cl and b) TAPP-Br 

exhibit a striking similarity with the respective corrected 𝑆1 and 𝑇1 SADS. This indicates 

the presence of a singlet and triplet species immediately upon photoexcitation. As ISC is 

unlikely to be accelerated by several orders of magnitude, the triplet species in thin films 

is assigned to a coherently formed (𝑇𝑇)1 , generated via an ultrafast SF process. 

Reprinted with permission from ref. 155. Copyright © 2020, American Chemical Society. 
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However, this calculation does not consider the stabilisation due to --stacking 

(Figure 4.5, page 68), which is typically stronger for the excited singlet.164 The 

lowering of the 𝑆1 energy level strongly influences SF and has in fact been identified 

as the main reason for the absence of efficient SF in peropyrene and its 

2,9-disubstituted counterparts.23-24 In order to account for the expected stabilisation, 

the shift between the absorption maximum in solution and thin film is considered. As 

this directly relates to the 𝑆0 − 𝑆1 excitation, the energy difference is subtracted from 

the calculated SF energy balance. Consequently, a slightly exothermic SF process 

(15 meV) is expected for TAPP-Cl. In contrast, TAPP-Br exhibits an endothermic 

energy balance of 74 meV. However, given that a possible stabilisation of 𝑇1 is 

neglected, this result corresponds to a “worst case”. In addition, a coherent formation 

of a triplet pair state has been observed in TIPS-Tn, which exhibits a negative energy 

balance for SF.47, 86 Thus, a slight endothermicity does not contradict an ultrafast triplet 

formation in TAPP-Br. In conclusion, the transient spectrum at earlies probe delays is 

assigned to a combination of spectral features originating from 𝑆1 and (𝑇𝑇)1 . Given 

that the latter depicts a triplet pair located on two neighbouring chromophores, the 

excited singlet state will be referred to as 𝑆1𝑆0 to allow for a formally correct treatment 

and to account for the delocalisation of the excitation. 

Singlet-Singlet Annihilation. 

Both ESA bands exhibit a significant loss of signal intensity within the first 5 ps with 

the corresponding time constant 𝜏1 (Table 4-4). In principle, this could be explained 

by an independent decay of the respective populations. However, as the TA data was 

analysed globally, this necessitates the unlikely assumption of both processes 

coincidentally having an identical time constant for both processes. Thus, 𝑆1𝑆0 and 

(𝑇𝑇)1  can be viewed as being interlinked. This connection can either be rationalised 

by a superposition of singlet and triplet wavefunctions or a rapid interconversion of 

both species, which cannot be discerned with the given experimental setup.29 For either 

of both possibilities, the sharp and homogeneous drop in signal intensity implies a 

relaxation of a part of excited state population to the ground state, which directly 
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affects both spectral features. In accordance with previous reports as well as the 

observed acceleration of the signal decay with increasing excitation intensities (see 

appendix section C.4), the underlying process is assigned to singlet-singlet-

annihilation (SSA).23, 116 Intriguingly, the SE signal in the spectral region around 610 

and 615 nm for TAPP-Cl and TAPP-Br, respectively, retains more of its intensity 

compared to lower wavelengths. This is corroborated by the emission decay, for which 

the red-shifted wavelengths exhibit a long-lived component, whereas a decay within 

the IRF is observed at the blue edge of the respective emission spectrum (Figure 4.6). 

In accordance with observations for the structurally similar peropyrene23 and perylene 

diimides, 51, 165 this spectral feature is assigned to an excimer. Excimer states have been 

shown to originate from a recombination of the triplet pair, i.e., triplet fusion.166 

Furthermore, they are discussed to be generated competitively to the triplet pair and 

act as a trap state, hindering efficient SF due to their energetic stabilisation.51, 70, 165 

The present results seem to agree with the latter, as the intensity of its emission 

correlates with the intensity of the triplet signal in TA. In addition, due to the almost 

isoenergetic energy balance, the expected energetic stabilisation accompanying the 

excimer formation results in an unfavourable shift of energy levels for SF. Thus, 

excimer formation can be viewed as a competing reaction channel to SF in TAPPs. 

While the presence of this excimer can be established confidently, open questions 

remain with regard to its formation pathway. On the one hand, it is conceivable that 

the excimer is generated competitively to SSA and involves an excited singlet and a 

neighbouring ground state chromophore. On the other hand, excimer states could be 

generated as a product of SSA. However, experimental observations favour the first 

mechanism given the sharp drop in intensity. Finally, it is also possible that a 

combination of both pathways is observed. 

Identification of Triplet Pair Intermediates via Derivative Spectroscopy. 

In contrast to the initial homogeneous evolution of the ESA features, 𝜏2 characterises 

the almost complete decay of the 𝑆1𝑆0 signal while the triplet ESA retains its intensity. 

This suggests that the rapid interconversion between excited singlet and triplet pair is 

suspended. Hence, this process is assigned to the electronic decorrelation of (𝑇𝑇)1 . 
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The loss of singlet intensity suggests that upon decorrelation, the triplet manifold is 

populated almost exclusively. Possible products of the electronic decorrelation are 

either the spin-entangled (𝑇⋯𝑇) or a pair of independent triplet states (2 𝑇1). Both 

typically exhibit the same spectral features.34 Thus, in order to gain further information 

on the present species, subsequent dynamics of the triplet signal in TAPP-Br are 

considered. Here, the triplet signal evolves with one addition time constant (𝜏3) in 

short-time TA measurements as well as two additional time constants on the 

nanosecond timescale (𝜏4, 𝜏5). These complex dynamics are not expected for free 

triplet states, for which a relaxation to the ground state via either triplet-triplet-

annihilation (TTA) or ISC would be expected.29 Thus, the product of electronic 

decorrelation is assigned to the spin-entangled (𝑇⋯𝑇). The subsequent evolution of 

the triplet signal exhibits a slight but notable narrowing of the ESA as well as a red-

shift. This visibility of this effect is amplified by using derivative spectroscopy, which 

has the added benefit of discriminating the overlapping negative signal of the GSB. In 

this approach, transient spectra at selected probe delays are numerically derived with 

respect to the probe wavelength. Consequently, the maximum of an ESA band 

corresponds to a zero-crossing in its first derivative. In addition, the extrema of the 

first derivative correspond to the steepest gradient of the peak. Thus, the difference 

between the maximum and minimum of the derivative is used as an estimate for the 

peak width. Due to the low signal intensity in TAPP-Cl, this approach is only carried 

out for TAPP-Br (Figure 4.11). In addition, the spectral data was smoothed using a 

Savitsky-Golay filter in order to decrease the noise level of the data. Here, the 

maximum shifts from 497 nm at 1 ps probe delay to 501 nm at 7800 ps probe delay. 

The red-shift of the triplet ESA means that less energy is required for the probed 

transition. For the given case, the red-shift corresponds to a decrease of transition 

energy of ≈20 meV. This slight energetic shift is assigned to the spin-dephasing of 

(𝑇⋯𝑇) and the corresponding loss of stabilisation due to the spin-pairing. This is 

corroborated by the narrowing of the ESA band from 100 meV at 1 ps probe delay to 

60 meV at 7800 ps probe delay, which is attributed to an increased localisation of the 

excitation. Thus, the process characterised by 𝜏3 is assigned to the spin-dephasing of 

(𝑇⋯𝑇). The ensuing free triplets subsequently undergo a biexponential decay to the 
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ground state on the microsecond timescale. This is supported by the long-time 

dynamics, for which neither a red-shift nor a narrowing of the triplet signal is observed, 

indicating the presence of only one electronic state. 

Figure 4.11: a) Smoothed transient spectra at selected probe delays and b) their 

derivative with regard to wavelength allow for an enhanced visibility of the observed red-

shift and narrowing of the triplet ESA. c) The maximum intensity shifts from 497 nm at 

1 ps probe delay to 501 nm at the end of the observed time window (7800 ps), 

corresponding to an energy of 20 meV. d) The spectral width of the signal is obtained as 

the difference in energy between the minimum and maximum of the derivative, which 

depict the steepest gradients of the peak. Here, a systematic narrowing from 100 meV at 

earliest probe delays to ≈60 meV at late probe delays can be discerned. Both observations 

point towards the spin dephasing of (𝑇⋯𝑇): The loss of stabilisation energy due to spin 

pairing results in the ESA requiring less energy, resulting in the red-shift. Simultaneously, 

the triplet excitation becomes more localised, resulting in less inter-chromophore 

interactions and hence the narrowing of the signal. Adapted with permission from ref. 

155. Copyright © 2020, American Chemical Society. 

4.2.5 Discussion of the Kinetic Model 

Based on the previous discussion, a kinetic model for the dynamics of TAPP-Br in thin 

films is put forward (Figure 4.12a). Upon photoexcitation, the mutually interlinked 

𝑆1𝑆0 and (𝑇𝑇)1  are formed. They either exist in a rapidly equilibrium or as 

superimposed wavefunctions. An initial loss in signal intensity with the corresponding 

time constant 𝜏1  is observed, which is assigned to SSA and excimer formation. The 
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excimer undergoes a radiative relaxation to the ground state, which is identified both 

in stationary emission and SE decay. Simultaneously, the electronic decorrelation of 

(𝑇𝑇)1  is observed, characterised by 𝜏2. After electronic decorrelation, the triplet pair 

remains as a spin-correlated (𝑇⋯𝑇). With the time constant 𝜏3, the triplet pair 

separates into two individual triplets, which is accompanied by a red-shift and 

narrowing of the triplet ESA. The free triplets exhibit a biexponential relaxation on the 

microsecond timescale (𝜏4, 𝜏5).  

Population Dynamics. 

Despite the kinetic model being identified, it cannot be used straightforward to extract 

the SADS of the involved species. This is due to the competing formation of excimer 

and (𝑇⋯𝑇). While both species are generated with a specific time constant, only the 

sum of both is observed experimentally. Thus, without further information, an 

unambiguous identification of the respective SADS cannot be realised. However, 

applying a two- and three-step sequential to TAPP-Cl and TAPP-Br, respectively, 

results in SADS consisting of spectral features of both triplet pair and excimer (Figure 

4.12b,c). For the first SADS, a significantly difference in relative amplitude of the 

(𝑇𝑇)1  signal with regard to the red-shifted singlet transition is observed. For 

TAPP-Br, a value of 60% is obtained, in contrast to 30% for TAPP-Cl. While this 

could be a result of the oscillator strength of the corresponding ESA being weaker for 

TAPP-Cl, this effect is unlikely to account for the doubled intensity in TAPP-Br. Thus, 

it is concluded that a significantly higher population is in the triplet manifold for 

TAPP-Br. The implications of this result will be discussed at a later point. For both 

compounds, the second SADS corresponds to the same loss of triplet signal intensity 

of two thirds with no observed spectral changes. In turn, a strong contribution of the 

excimer signal at 610 and 615 nm is observed for TAPP-Cl and TAPP-Br, 

respectively. This further corroborates the generation of the excimer simultaneous to 

SSA. 
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Figure 4.12: a) Kinetic model proposed for the dynamics of TAPP-Cl and TAPP-Br thin 

films. Upon photoexcitation, 𝑆1𝑆0 and (𝑇𝑇)1  are formed, interlinked either in a rapidly 

interconverting equilibrium or as a superposition of electronic states. Subsequently, 

competing SSA and excimer formation occur. The remaining  (𝑇𝑇)1  population exhibits 

electronic decorrelation to the spin-entangled (𝑇⋯𝑇). This is followed by spin-

decorrelation and relaxation of the free triplets 𝑇1 to the ground state. Due to the 

competing pathways, SADS of (𝑇𝑇)1  and excimer cannot be disentangled without further 

knowledge about the individual time constants. Thus, a two and three-step sequential 

model is applied for b) TAPP-Cl and c) TAPP-Br, respectively, which allows for the 

discussion of characteristic spectral features. Most notably, the relative intensity of the 

triplet signal in the first SADS is twice as high for TAPP-Br (60%) than for TAPP-Cl 

(30%). This suggests a higher population of the triplet manifold for TAPP-Br. SSA and 

excimer formation reduces the intensity of (𝑇𝑇)1  by two thirds for both compounds and 

the red-shifted excimer emission is clearly discerned in the SE. Subsequent SADS show 

the decay of the singlet signal and the decorrelation of the triplet pair. Reprinted with 

permission from ref. 155. Copyright © 2020, American Chemical Society. 

Additionally, the excimer signal is significantly stronger in TAPP-Cl compared to 

TAPP-Br, which is in accordance with the intensities observed in steady-state 

emission. The subsequent spectra, i.e., the offset for TAPP-Cl and the third SADS for 
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TAPP-Br, exhibit the previously discussed slight redshift and narrowing of the triplet 

signal. In turn, the SE as well as the red-shifted ESA vanish almost completely. The 

only remaining negative contribution is observed for the excimer emission. This is in 

agreement with the decorrelation of the triplet pair, resulting in the population moving 

almost completely to the triplet manifold. For TAPP-Br, the effect of the spin-

dephasing of (𝑇⋯𝑇) is represented in the offset. Here, the red-shift can be clearly 

discerned, which originates from the localisation of the triplet excitations.  

The overlapping spectral features in the SADS hinder the determination of the overall 

triplet yield. Typically, this is achieved by comparing the amplitudes of the SADS of 

triplet pair states and free triplets.21, 29 Here, assuming the same extinction coefficient 

for both species, the SADS of the latter is expected to be halved for quantitative SF. 

In the case of TAPP-Cl and TAPP-Br thin films, however, the spectral features of the 

triplet overlap with the GSB and as such are strongly influenced by the dynamics of 

singlet and excimer states. Consequently, a comparison of the triplet amplitudes would 

introduce an unknown error as the GSB exhibits an evolution on the same timescale 

as electronic decorrelation. Nonetheless, while the triplet yield cannot be determined 

quantitatively, the formation of free triplet states has been demonstrated. In addition, 

a qualitative comparison implies higher triplet yields for TAPP-Br compared to 

TAPP-Cl. 

Vibrational Dynamics. 

Having identified the kinetic model, the vibrational modes observed in TAPP-Br are 

to be assigned to the individual electronic states. Typical parameters to assign Raman 

modes to a ground or excited potential surface include the spectral dependence, 

dephasing times, frequencies and/or the phase of the oscillatory features.167 As shown 

by the fit of the transients (vide supra), all oscillations have their highest activities at 

early probe delays. Thus, they have to originate from an electronic state present at 

earliest probe delays, i.e., 𝑆1𝑆0 or (𝑇𝑇)1 . In addition, IVS measurements in solution 

allows for the assignment of the modes at 50, 140 and 205 cm-1 to intramolecular 

modes, whereas the modes at 20 and 126 cm-1 correspond to intermolecular vibrations. 

The intramolecular modes show an experimentally observed dephasing time (<2 ps) 
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within the decorrelation time of (𝑇𝑇)1  (9.55 ps). However, given their high activities 

in spectral regions which coincide with ground-state absorption as well as singlet and 

triplet ESA bands no unambiguous assignment can be made. This is supported by the 

variation in the phase of individual vibrational modes, which suggest that they do not 

originate from a single potential surface. However, the frequency range in which 

intramolecular modes are detected has been connected to the coherent formation of 

(𝑇𝑇)1 .34, 44, 46-47, 65-66, 68-69 A notable example is tetracene, for which vibronic coupling 

including a low-frequency mode results in efficient SF despite an endothermic energy 

balance.47 The intermolecular modes exhibit the same general behaviour as their 

intramolecular counterparts. Thus, they cannot be assigned to a single electronic state 

as well. In literature, intermolecular vibrations have been shown to be a key 

requirement for SF.46 Here, the packing motif in a molecular crystal of rubrene leads 

to a vanishingly small coupling between 𝑆1𝑆0 and (𝑇𝑇)1 . However, low-frequency 

lattice vibrations allow for a vibronic coupling of both states and accordingly SF. 

Given the examples from literature, it is assumed that intra- and intermolecular modes 

observed in TAPP-Cl and TAPP-Br play a similar crucial part in the coherent 

formation of (𝑇𝑇)1 . Nonetheless, in order to doubtlessly prove this assumption, more 

complex experiments are required which are sensitive exclusively to the excited state 

potential surface.64  

4.2.6 Conclusion 

In conclusion, TAPPs have been identified as suitable SF chromophores. The ultrafast 

triplet generation in thin films of TAPP-Cl and TAPP-Br contrasts reports on their 

formal parent compound, peropyrene,23-24 suggesting a more favourable energetic 

landscape. This proves the merit of aza-substitution of aromatic backbone with regard 

to SF, as previously observed for aza-pentacenes as well as phenazinothiadiazoles.15-

16, 21, 29  

In both TAPP-Cl and TAPP-Br, a formation of superimposed 𝑆1𝑆0 and (𝑇𝑇)1  is 

observed within the experimental resolution. Subsequently, a reduction of the excited 
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state population due to SSA occurs. The remaining (𝑇𝑇)1  population undergoes 

electronic dephasing to (𝑇⋯𝑇), followed by spin thermalization. Intriguingly, the 

triplet signal is more intense in TAPP-Br despite its higher Δ𝐸𝑆𝐹 compared to 

TAPP-Cl. Based on the experimental findings, three explanations present themselves.  

First, the dephasing of (𝑇𝑇)1  competes with excimer formation, which is more 

pronounced in TAPP-Cl compared to TAPP-Br. While it has been shown that SF may 

occur via an excimer intermediate in terrylene-diimide,53 it can be concluded that in 

the present case, the stabilisation of the excimer effectively inhibits SF. The enhanced 

excimer formation in TAPP-Cl may originate from increased CT contributions, as 

observed in other rylene-based chromophores.166, 168 

Second, periodic oscillations in the transients of both compounds unveils the presence 

of intermolecular, low-frequency vibrational modes, which correlate with the triplet 

signal intensity. On the one hand, this relation can be explained by an enhanced 

coupling to the phonon bath, which has been shown to aid in the decorrelation of 

(𝑇𝑇)1 .36 On the other hand, it may originate from morphological effects, i.e., the 

higher long-range order observed for the TAPP-Br thin film.155 

Finally, the halide substituent itself is considered. As demonstrated in section 4.1, a 

strong effect on triplet dynamics is expected due to the heavy-atom effect. In addition, 

spin-orbit coupling has previously been shown to aid in the decorrelation of (𝑇𝑇)1 ,131 

implying a decrease of the energy of (𝑇𝑇)5 . In consequence, the binding energy of 

the correlated triplet pair would be reduced. 
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5 Diffusion-Controlled Singlet Fission in Solution 

As demonstrated in the previous chapter, the close proximity of chromophores in solid 

state allows for the formation of triplet pairs on the sub-100 fs timescale. However, it 

has also become apparent that aggregation effects impair SF energetics. In addition, 

SSA and excimer formation constitute major loss channels. These issues are addressed 

in solution-based SF. Given a high solubility of the chromophore, aggregation is 

absent, and the decreased density of excited states effectively eliminates SSA. The role 

of an excimer as a SF intermediate is subject of ongoing discussion and will be 

addressed in the following chapter.25-27, 70  

A further benefit of measurements in solution is the easy control of reactants and their 

concentrations in solutions allows for a flexible variation of the reaction system. This 

is demonstrated in the first section of this chapter, where the influence of oxygen on 

chromophore dynamics is investigated. The photophysical effects of molecular oxygen 

have first been described in the context of fluorescence quenching169 with the 

underlying mechanism being the sensitization of the triplet ground state (3O2) to a 

singlet oxygen species (1O2) by the initially excited chromophore.170-171 This 

interaction has since been specifically used to generate 1O2.
13-14 Due to its high 

reactivity, 1O2 undergoes a variety of photophysical and –chemical reactions,13-14 with 

a notable example being its cycloaddition to acenes.105, 172-173 Given that the 

concentration of oxygen in organic solvents usually amounts to 1 to 3 mM,174-176 its 

effects are expected to be most pronounced at similar chromophore concentrations. 

TIPS-Pentacene (TIPS-Pn, Figure 5.1) is chosen as chromophore as the availability of 

studies involving it allows for experimental observations to be readily compared to 

reported observations. The experiments are repeated with TIPS-Tetracene (TIPS-Tn) 

and TDCl4 (Figure 5.1) to establish general characteristics of observed interactions.  

In the second part, effects of the variation of chromophore concentration are 

investigated. Given that a high concentration increases the probability of inter-

chromophore interactions, this allows for direct SF to occur efficiently.25-27 While in 

previous reports, an excimer intermediate has been identified, these observations were 
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exclusively made for hydrocarbon acene-based chromophores. Thus, TDCl4 is 

investigated, for which SF has been established in solid state.21 The inclusion of a 

chromophore with heteroatoms may yield insights on SF intermediates in solutions 

and the binding energy of (1 𝑇𝑇). 

Figure 5.1: Molecular structures of acene-based chromophores investigated with regard 

to their SF dynamics in solution. 
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5.1 Oxygen-Catalysed Triplet Formation in Acenes 

5.1.1 Concentration Dependence of Stationary Spectra 

The stationary absorption spectrum of TIPSPn in THF shows an absorption maximum 

at 640 nm (Figure 5.2a). Three additional vibronic peaks are identified at 590, 548 and 

510 nm, corresponding to a separation of ≈165 meV. An additional, weak absorption 

band is detected at 439 nm, which also exhibits a vibronic peak at 415 nm, mirroring 

the separation of the main absorption band. Varying the concentration in a range of 

0.01 to 100 mM shows a slight drop in relative intensity of the absorption maximum. 

This is attributed to the absorption exceeding the dynamic range of the spectrometer 

due to the high concentrations combined with a high extinction coefficient. The latter 

is determined to be 𝜖570nm = (2.22 ± 0.03) 104 l (mol cm)-1 at the second vibronic peak 

of the absorption maximum (570 nm). In contrast to the consistent shape of the steady-

state absorption, the emission band exhibits a spectral change with increasing 

concentration. In dilute solutions (0.01 mM), the emission spectrum mirrors the 

vibronic structure of the absorption spectrum with two peaks at 648 and 704 nm. Upon 

increasing the concentration two characteristics change significantly. First, an overall 

decrease in emission intensity is observed. This points towards the presence of a 

reaction pathway in concentrated solutions, which competes with the radiative decay. 

This effect will be explored in detail in section 5.2. Second, the relative intensity of 

the peak at 648 nm with regard to 704 nm decreases gradually from 2.5 (0.01 mM) to 

0.1 (100 mM). This spectral change originates from the small Stokes-shift, which 

results in a re-absorption of emitted photons. This effect can be modelled 

quantitatively using the previously determined extinction coefficient of TIPS-Pn. 

According to Lambert-Beer’s law, the transmitted intensity 𝐼1 is obtained as 

𝐼1 =
10𝜖𝜆⋅𝑐⋅𝑑

𝐼0
 Eq. 25 

with the wavelength dependent, molar extinction coefficient 𝜖𝜆 (vide supra), 

concentration 𝑐, path length 𝑑 and initial intensity 𝐼0. Using the experimental 
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parameters for a concentration of 50 mM and the emission spectrum obtained for dilute 

solution (0.01 mM) as 𝐼0, the corresponding experimental emission spectrum is 

accurately reproduced (Figure 5.2b). 

Figure 5.2: a) Concentration-dependent spectral changes of stationary absorption and 

emission spectra of TIPS-Pn, normalized at 590 and 720 nm, respectively. Stationary 

absorption spectra exhibit a relative decrease of the absorption maximum upon 

increasing the concentration. This is attributed to the absorption exceeding the dynamic 

range of the spectrometer. Otherwise, no spectral changes are observed. Stationary 

emission spectra in dilute solutions (0.01 mM) mirror the spectral shape of the 

corresponding absorption spectrum. In contrast, an overall decrease of emission intensity 

is observed (not shown) as well as a significant decrease of the relative intensity of the 

emission maximum. This observation originates from a re-absorption of emitted photons 

and can be modelled quantitatively as exemplified for a concentration of 50 mM in panel 

b. Reprinted with permission from ref. 104 under the terms of the Creative Commons CC 

BY license. 

5.1.2 Time-Resolved Spectroscopy Under Ambient and Oxygen-

Free Conditions 

In order to elucidate the dynamics of TIPS-Pn, long-time TA measurements were 

carried out, exemplified for a concentration of 0.5 mM under ambient conditions in 

Figure 5.3a. Directly upon photoexcitation, a structured ESA band is observed between 

350 and 580 nm. Its most intense peak is located at 445 nm and weaker features are 

visible at 510, 530 and 570 nm. Furthermore, a negative signal is present between 350 

and 680 nm, which is attributed to a combination of GSB and SE. At longer 

wavelengths, the red tail of the SE is overcompensated by a weak ESA. Within 50 ns, 

the signal decays while simultaneously undergoing a change in its spectral shape 

(Figure 5.3b). The emerging ESA possesses a maximum at 495 nm and a weaker signal 
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at 465 nm. The intensity of this spectrum increases until a probe delay of 400 µs before 

decaying homogeneously on the microsecond timescale.  

Upon deaerating the solution, the observed dynamics change considerably, especially 

at later probe delays (Figure 5.3c and d). While the initial transient spectrum exhibits 

the same spectral features and amplitudes, the intensity of the emerging ESA band 

significantly lower. This is also apparent when analysing both datasets with a global 

multiexponential fit. In order to achieve a satisfactory fit, three exponential decays and 

an offset are necessary for ambient conditions, whereas one fewer exponential decay 

is used for the fit of the deaerated sample (appendix section D.1).  

Figure 5.3: Comparison of TA results for 0.5 mM TIPS-Pn in THF under ambient 

conditions (a,b) and in a deaerated solution (c,d). The last transient spectrum in the 

deaerated solution is multiplied by 10 for enhanced visibility of its spectral features. Both 

measurements show an initial ESA band with its maximum at 445 nm as well as negative 

contributions of GSB and SE. Within 100 ns, ESA and SE decay while a second ESA band 

with its maximum at 495 nm emerges. The intensity of the emerging ESA is significantly 

stronger under ambient conditions. Furthermore, the transients unveil changes in the 

dynamics: Under ambient conditions, the second ESA increases until its maximum is 

reached at a probe delay of ≈400 ns. This feature is completely absent in deaerated 

solutions. Reprinted with permission from ref. 104 under the terms of the Creative 

Commons CC BY license. 
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In both measurements, the first time constant 𝜏1 relates to the decay of the initial 

spectrum. This time constant amounts to 12.3 ns under ambient conditions and a 

slightly higher 14.9 ns in the deaerated solution. The second time constant 𝜏2 = 242 ns 

is only present in the former case and corresponds to an increase of the second ESA 

band. Finally, the last time constant 𝜏3 is similar for ambient and deaerated conditions 

(1.88 and 2.83 µs, respectively). It is noted that although an additional time constant 

is required for the fit of the dataset obtained under ambient conditions, the transient 

spectra do not support the presence of an additional species compared to deaerated 

solution, as no additional spectral features are apparent. 

5.1.3 Oxygen-Catalysed Singlet Fission 

Identification of Electronic Species. 

In order to accurately interpret the observed differences in the dynamics for ambient 

and deaerated conditions, the nature and amount of involved species have to be 

identified. As previously established, two identical sets of spectral features and 

consequently two different species are observed in both measurements. In accordance 

with previous reports,26 the initial ESA which is present directly upon photoexcitation 

is assigned to 𝑆1. Its decay is accompanied with the loss of SE, as corroborated by 

time-resolved emission measurements (see appendix section D.1). This suggest that 𝑆1 

is converted to a non-emissive species. Due to its lifetime on the microsecond 

timescale as well as striking similarities between the ESA and spectral features 

described in the literature,26 the emerging species is assigned to 𝑇1. While the same 

electronic species are present under ambient conditions and in deaerated solutions, 

more complex dynamics are observed in the former case. In order to account for these 

differences, possible reaction pathways of 𝑆1 are considered. For the ensuing 

discussion, intra- and intermolecular mechanisms are discussed. Intramolecular 

reaction pathways include radiative (i.e. fluorescence) and non-radiative transitions to 

the ground state, as well as ISC to 𝑇1. These channels follow unimolecular reaction 

kinetics and as such their respective rates are concentration independent. Hence, they 

can be assumed to be transferrable in between both measurements. Intermolecular 
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reactions require an additional molecule as reaction partner for the excited 

chromophore. Therefore, as solutes are dispersed homogeneously in the solvent, 

diffusion has to occur prior to any reaction.  

In deaerated solutions, the only available reaction partner is another chromophore in 

the ground state. Consequently, an upper limit for the bimolecular diffusion rate can 

be estimated using the Einstein-Smoluchowski relation177 

𝑘𝐷 =
8𝑅𝑇

3𝜂
 Eq. 26 

with the ideal-gas constant 𝑅, temperature 𝑇 and solvent viscosity 𝜂For the given 

experimental parameters,178 this corresponds to 𝑘𝐷 = 1.36 × 1010 M-1 s-1 or, 

considering the chromophore concentration of 0.5 mM, 𝜏𝐷 = (𝑘𝐷 ⋅ 𝑐)
−1 = 147 ns. As 

the obtained value is an order of magnitude higher than the experimental time constant 

of 14.9 ns, inter-chromophore reactions represent a negligible fraction of singlet 

deactivation. Consequently, the observed triplets are predominantly formed via an 

intramolecular process, i.e. ISC. This is consistent with the low triplet signal intensity, 

given that ISC is a spin-forbidden process. Intriguingly, a faster singlet decay as well 

as a more intense triplet signal are observed under ambient conditions. Both results 

point towards an additional triplet formation process. In the following, the underlying 

mechanism will be drawn up and subsequently verified by experimental data. 

Oxygen-Mediated Triplet Formation in TIPS-Pn. 

As a starting point, the reactions of unsubstituted pentacene in aerated solutions are 

considered. As shown above, its UV/Vis spectrum readily degrades upon irradiation. 

This photodegradation has been reported to originate from the formation of an 

endoperoxide.105 The reaction mechanism includes the sensitisation of molecular 

oxygen in its triplet ground state (3O2) by the photoexcited pentacene, resulting in the 

highly reactive singlet oxygen species (1O2). The latter subsequently reacts with 

pentacene to yield the aforementioned endoperoxide. In TIPS-Pn, however, the 
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formation of an endoperoxide is impeded by the stabilisation of the LUMO due to the 

alkynyl substitution.106 Nonetheless, the sensitisation of 3O2 cannot be ruled out a 

priori, as 𝑆1 of TIPS-Pn is 1.94 eV above its ground state and as such is able to sensitise 

the 3O2→1O2 transition (0.97 eV).13, 104  

In addition, the low-lying 𝑇1 of TIPS-Pn (0.85 eV)104 allows for the excited 

chromophore to transfer only part of its energy to 3O2: 

𝑆1+
3𝑂2 → 𝑇1+

1𝑂2 Eq. 27 

This reaction is exothermic by 0.19 eV and the overall spin multiplicity is conserved. 

As such, an efficient energy transfer is expected. This intermolecular triplet formation 

mechanism constitutes a competing deactivation pathway for 𝑆1. Consequently, it 

accounts for the acceleration of the singlet decay under ambient conditions but does 

not explain the presence of the additional time constant corresponding to a delayed 

increase in triplet intensity. However, this can be rationalized by a subsequent reaction 

including 1O2 and a ground state chromophore:  

𝑆0+
1𝑂2 → 𝑇1+

3𝑂2 Eq. 28 

Here, the reactive singlet oxygen sensitizes a ground state chromophore to 𝑇1 with an 

excess energy of 0.13 eV. This reaction depicts the reaction of one excited and one 

ground state singlet yielding two triplet states, a key characteristic of SF. As the 

individual states are located on different moieties, this reaction is labelled 

heterogeneous SF. Both, the initial energy transfer as well as the subsequent 

heterogeneous SF, can be joined to obtain a two-step reaction model: 

𝑆1 + 𝑆0+
3𝑂2

𝑘𝐸𝑇  
→  𝑇1 + 𝑆0+

1𝑂2
𝑘ℎ𝑆𝐹  
→   𝑇1 + 𝑇1+

3𝑂2 Eq. 29 
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Hereof, two main results can be derived. First, oxygen is not consumed during the 

reaction but acts as a catalyst. Second, the initial reactants – one excited and one 

ground state chromophore – and the final products – two triplets – are equivalent to 

those of SF process. Consequently, both reaction steps combined represent a sequential 

SF process, with the rate constants 𝑘𝐸𝑇 and 𝑘ℎ𝑆𝐹 for the individual steps (Figure 5.4).  

Figure 5.4: Postulated catalytic cycle for sequential SF. Upon photoexcitation, the 

excited chromophore (𝑆1) transfers part of its energy to molecular oxygen in its ground 

state ( 3O2), resulting in a triplet chromophore (𝑇1) and a reactive singlet oxygen species 

( 1O2). In a second step, the latter undergoes heterogeneous SF with an additional ground 

state chromophore. This results in the catalyst, 3O2, being reformed as well as a second 

triplet chromophore. Adapted with permission from ref. 104 under the terms of the 

Creative Commons CC BY license. 

Effects of oxygen Concentration on Sequential Singlet Fission. 

In order to verify the mechanism, the bimolecular nature of both energy transfer as 

well as heterogeneous SF has to be considered. As such, they depend on the 

concentrations of the respective reactants. For the energy transfer, these are the excited 

chromophore and 3O2. However, only a small fraction of the chromophores is 

photoexcited and consequently a pseudo-first order reaction with respect to 3O2 is 

expected. Additionally, the energy transfer has to compete with other reaction 

pathways. Consequently, 𝑘𝐸𝑇 will not be observable individually but manifest itself as 

changes in the experimentally obtained 𝑘1, which is the sum of all singlet deactivation 

processes. For the subsequent reaction, heterogeneous SF, the concentration of 1O2 

will be significantly lower compared to its reaction partner, a ground state 

chromophore. Therefore, a pseudo-first order reaction rate is assumed as well, this time 

with respect to chromophore concentration. In conclusion, a linear dependence on 

concentration is expected for both steps, with the relevant dimension being 3O2 

concentration for energy transfer and the ground state chromophore concentration for 
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heterogeneous SF. In order to verify these assumptions, the effects of variations of 

oxygen and chromophore concentration on reaction kinetics are examined. 

The most extreme case of variations of oxygen concentration is represented by the 

complete absence of it, i.e. a deaerated solution. Here, energy transfer is non-existent. 

Exemplified for a chromophore concentration of 0.5 mM, this results in the mean rate 

decreasing from 𝑘1 = (81.1 ± 0.6) × 106 s-1 to 𝑘1
𝑑𝑒𝑎𝑒𝑟. = (67.1 ± 0.5) × 106 s-1. 

Considering the concentration of dissolved oxygen,176 the difference between both 

rates corresponds to a bimolecular rate constant of 𝑘𝐸𝑇 = (0.78±0.04) × 1010 (Ms)-1. 

While this rate is lower than the reported diffusion rate of oxygen of 

3.12 × 1010 (M s)-1,170 the latter represents an upper limit for a quantitative reaction. 

Therefore, the similarity of both rates leads to the conclusion that energy transfer and 

thus the formation of 1O2 is the additional reaction pathway responsible for the faster 

singlet deactivation under ambient conditions. As this first step is a prerequisite for 

heterogeneous SF to occur, 𝑘ℎ𝑆𝐹 cannot be observed in deaerated solutions. In turn, 

the triplet decay (𝑘3) is monitored for both measurements. Upon deaerating the 

solution, it decreases from 0.53 ± 0.03 to (0.35 ± 0.06) × 106 s-1, which will be 

discussed later.  

In a corroborating measurement, a 1.5 mM solution was enriched with oxygen by 

bubbling through pure O2 (Figure 5.5a,b). Compared to the same sample under 

ambient conditions, the maximum of the 𝑇1 signal is reached at earlier probe delays 

(95 ns versus 144 ns, respectively) and is more intense by a factor of 1.59 (Figure 

5.5c). In addition, an increase of 𝑘1 from (85.6 ± 0.1) × 106 s-1 to (120 ± 1) × 106 s-1 is 

observed. As the remaining experimental parameters are kept constant, the higher rate 

has to be linked to an acceleration of the energy transfer due to increased oxygen 

concentration. Furthermore, the second rate constant 𝑘2 remains constant at 19.5 ± 0.5 

and (20.3 ±0.4) × 106 s-1 for ambient and oxygen-enriched conditions, respectively. 

This is in accordance with the proposed mechanism, which predicts a dependence of 

𝑘2 on chromophore concentration only. The last difference observed for 

oxygen-enriched solution is the significant increase of the decay rate of the triplet 

signal, 𝑘3, from 0.74 ± 0.01 to (1.92 ± 0.04) × 106 s-1.  
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Figure 5.5: Transient spectra of 1.5 mM TIPS-Pn (a) under ambient conditions and (b) 

upon bubbling oxygen through the solution show a significantly higher amplitude for 

higher oxygen concentrations. c) The transients at a probe wavelength of 495 nm show 

that the maximum of the 𝑇1 signal is reached at earlier probe delays and that it decays 

faster for the oxygen-enriched sample. The latter is attributed to the paramagnetic 3O2 

species facilitating relaxation via ISC. d) The variation of chromophore concentration 

between 20 µM and 1.5 mM has no effect on 𝑘1, 𝑘1
𝑑𝑒𝑎𝑒𝑟. and 𝑘3 for which mean values of 

𝑘1=(85.7 ± 4.0)×106 s-1, 𝑘1
𝑑𝑒𝑎𝑒𝑟.=(66.9 ± 0.3)×106 s-1 and 𝑘3=(0.64 ± 0.11)×106 s-1 are 

obtained. In turn, k2 increases linearly for higher concentrations. This behaviour is in 

agreement with the proposed pseudo-first reaction order of heterogeneous SF. Adapted 

with permission from ref. 104 under the terms of the Creative Commons CC BY license. 

This continues the trend observed between oxygen-free and ambient conditions (vide 

supra): A higher oxygen concentration results in a faster triplet decay. This effect can 

be rationalized by the paramagnetic nature of ground-state molecular oxygen (3O2), 

which facilitates the spin-forbidden relaxation of 𝑇1 to the ground state via ISC.14 In 

order to evaluate the influence of chromophore concentration on rate constants, a range 

of 20 µM to 1.5 mM was examined. According to Eq. 26, this concentration regime is 

devoid of a significant amount of inter-chromophore reactions. In accordance with the 

proposed mechanism, 𝑘1 remains constant over the whole concentration range with a 

mean value of 𝑘1 = (85.7 ± 4.0) × 106 s-1 and 𝑘1
𝑑𝑒𝑎𝑒𝑟. = (66.9 ± 0.3) × 106 s-1 (Figure 

5.5d). In contrast, 𝑘2 shows a linear increase with chromophore concentration with a 
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bimolecular rate of (1.44 ± 0.19) × 1010 M-1 s-1. This is in agreement with the expected 

pseudo-first reaction order of heterogeneous SF and the diffusion rate of oxygen (vide 

supra). In conclusion, the presence of a sequential SF process has been established and 

the corresponding rate constants for energy transfer, 𝑘𝐸𝑇 and heterogeneous SF, 

𝑘ℎ𝑆𝐹 = 𝑘2, have been successfully extracted. With this in mind, rate laws for the 𝑆1 

and 𝑇1 species can be formulated and analytically integrated to obtain their 

time-dependent concentrations (see appendix section D.2). This allows to formulate 

the coefficient matrix with which the respective SADS can be obtained (Figure 5.6, cf. 

section 3.3.3). For both species, a perfect overlap of the SADS over the whole 

concentration range is observed. This further supports the proposed mechanism for 

sequential SF, as the SADS represent the absorption spectrum of the excited species, 

which does not change when varying the concentration. An incorrect kinetic model 

would lead to changes in the spectral shape or amplitude, as observed for a simple 

two-step sequential model (see appendix section D.2).  

Figure 5.6: a) 𝑆1 and b) 𝑇1 SADS obtained by matrix algebra using the coefficient matrix 

obtained by integrating the rate laws for sequential SF, normalized for the maximum of 

the 𝑆1 SADS. For both species, the spectra overlap perfectly within the investigated 

concentration range. This further supports the validity of the proposed mechanism. 

Oxygen-mediated triplet formation in TIPS-Tn 

In contrast to TIPS-Pn, the energy levels of its shorter acene homologue, TIPS-Tn, 

does not allow for a sequential SF process. While the 𝑆1 − 𝑇1 energy gap (1.03 eV)21 

is sufficient to sensitize 3O2, the high 𝑇1 energy (1.40 eV)21 hinders heterogeneous SF. 

This effect can be seen by comparing TA measurements of 0.8 mM TIPS-Tn in 

deaerated solvent and under ambient conditions (Figure 5.7). In both cases, an initially 
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formed 𝑆1 ESA with peaks at 415 and 470 nm is observed. Within 50 ns, this ESA 

decays and a weak 𝑇1 ESA with its maximum centred at 510 nm is formed.25, 104 Under 

ambient conditions, this signal decays completely within 4 µs whereas it remains as a 

constant offset in a deaerated solution. A global biexponential fit shows a slight 

acceleration of the singlet decay from 13.3 ± 0.1 ns (deaerated) to 10.8 ±0.1 ns 

(ambient, Figure 5.7c), corresponding an increase of the reaction rate by 1.72 107 s-1. 

The acceleration of the singlet decay for ambient conditions is in accordance with the 

diffusion rate of molecular oxygen (vide supra). This indicates that the excited 

TIPS-Tn chromophore undergoes the same energy transfer process observed in 

TIPS-Pn.  

Figure 5.7: Transient spectra of 0.8 mM TIPS-Tn (a) under ambient conditions and (b) 

in a deaerated solution. In both cases, a transition of the initial 𝑆1 to 𝑇1 is observed within 

50 ns. c) The transients at the maximum of the 𝑆1 ESA (415 nm) show a faster decay rate 

under ambient conditions. The difference in rates is in agreement with the diffusion rate 

of oxygen, indicating an energy transfer from 𝑆1 to 3O2. d) 𝑆1 and 𝑇1 SADS for ambient 

and deaerated conditions, obtained by applying a sequential kinetic model. The spectra 

are normalized for the maximum of the 𝑆1 SADS and 𝑇1 SADS are multiplied by a factor 

of 5 to enhance visibility. While the spectral shape of both species remains identical for 

both measurements, the maximum of the 𝑇1 SADS is twice as high under ambient 

conditions. This is attributed to the additional triplet formation by energy transfer to 

oxygen. 
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In addition, the triplet signal decays with a time constant of 169 ± 6 ns under ambient 

conditions, while it remains as a non-decaying offset in deaerated solution. In contrast 

to TIPS-Pn, neither measurement shows a delayed increase of the triplet signal, which 

is characteristic for sequential SF. For both measurements, a sequential model was 

applied to obtain the SADS of the respective 𝑆1 and 𝑇1 (Figure 5.7d). Both species 

show an identical spectral shape, regardless of oxygen concentration. However, the 

relative intensity of the 𝑇1 with regard to the 𝑆1 SADS is twice as high under ambient 

conditions. This corresponds to the additional population of the triplet via the 

previously established energy transfer to 3O2. Furthermore, the difference in 𝑇1 decay 

shows that the oxygen concentration has an even stronger impact on triplet relaxation 

dynamics compared to TIPS-Pn. This is attributed to the energy of 𝑇1, which – in 

contrast to TIPS-Pn – is able to sensitize the 3O2→1O2 transition. 
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5.2 Competing Sequential and Direct Singlet Fission in 

TDCl4 

In the following, the validity of sequential SF is transferred from a pure hydrocarbon 

backbone to TDCl4. This molecule has been shown to undergo SF in thin films.21 In 

addition, quantum chemical calculations21 predict both steps of sequential SF, i.e. 

energy transfer and heterogeneous SF, to be exothermic by 30 and 80 meV, 

respectively. Initially, concentration dependent changes in stationary absorption and 

emission spectra are discussed. This is followed by a thorough analysis of short and 

long-time TA measurements for a concentrated sample of TDCl4 in toluene in order to 

identify spectral signatures of electronic species. Subsequently, concentration 

dependent changes in kinetics are investigated, whereby a broad concentration range 

from 0.1 to 115 mM is explored. In combination with previous results, this allows for 

a generalization of triplet formation processes in solution. 

5.2.1 Proof of Sequential Singlet Fission in TDCl4 

Concentration Effect on Stationary Spectra. 

The stationary absorption spectrum of TDCl4 shows two strong absorption bands 

located at 425 and 670 nm, respectively (Figure 5.8a). The latter shows three 

pronounced vibronic peaks at 670, 620 and 580 nm, corresponding to a separation of 

≈145 meV. In turn, the blue-shifted absorption feature possesses a maximum at 

425 nm and a shoulder at 380 nm. A molar extinction coefficient of 

670 = 16773 M-1 cm-1 was determined at 670 nm. The spectra show no spectral 

changes in a concentration range from 0.11 to 115 mM (Figure 5.8a inset). Thus, 

aggregation or self-interaction effects can be excluded. In turn, the stationary emission 

spectra exhibit a concentration dependence. In dilute solution (0.74 and 1.47 mM), a 

single broad, unstructured emission band with its maximum located at 730 nm is 

observed (Figure 5.8b). Upon increasing the concentration, emission quenching is 

observed with a concomitant change of the spectral shape, i.e. a red-shift of the 

maximum and the appearance of a local minimum at 720 nm. Both effects will be 

discussed at a later point. 
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Figure 5.8: a) Stationary absorption spectra of TDCl4 in toluene for concentrations 

ranging from 0.11 to 115 mM. Two strong absorption bands are observed at 425 and 

670 nm. The normalized absorption spectra in the inset indicates the absence of any 

aggregation or other self-interaction effects. The blue area represents the excitation 

spectrum for subsequent TA measurements, centred at 620 nm. b) The Stationary 

emission spectra (normalized for the emission maximum at lowest concentration) exhibit 

concentration dependent fluorescence quenching as well as the appearance of a local 

minimum at 720 nm. Reprinted with permission from ref. 179. Copyright © 2020, 

American Chemical Society. 

Transient Absorption Measurements of Concentrated Solutions. 

TA measurements of a 115 mM solution of TDCl4 in toluene were carried out in both 

the short (fs to ps) as well as the long-time (ns to µs) setup (Figure 5.9). The excitation 

wavelength was set to the second vibronic peak (620 nm), corresponding to an excess 

vibrational energy of ≈145 eV. First, spectral feature and dynamics observed in the 

short-time measurement will be discussed, followed by the results of long-time 

measurements. Upon photoexcitation, an intense ESA band with its maximum at 

540 nm is observed (Figure 5.9a). Additional, weaker features are visible at 640 and 

720 nm. The intense negative signal at 680 nm mirrors the stationary absorption 

spectrum and hence is assigned to GSB. In contrast, no negative signal is observed at 

the maximum of the emission band (730 nm). This conflicts with ground state 

absorption and SE inherently having the same Einstein coefficients and consequently 

the same transition probability at early probe delays.144 Therefore, the negative SE 

signal must be overcompensated by an overlapping ESA with stronger oscillator 

strength. Within 50 ps, the initial signal experiences a slight blue-shift of 2 nm while 

otherwise retaining its characteristic spectral features. A further evolution of the 
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transient spectra occurs on the nanosecond timescale (Figure 5.9c). Here, a strong 

decrease of signal intensity is observed. The remaining ESA strongly overlaps the 

initial ESA. However, two new and characteristic spectral features emerge at 570 

and 610 nm. During this spectral evolution, a transient isosbestic point is identified at 

610 nm, which is indicative of a direct state-to-state conversion. No further evolution 

is observed. The long-time measurement is not able to resolve the initial blue-shift due 

to its temporal resolution. However, the spectral features at early probe delays 

perfectly match the transient spectrum at 50 ps probe delay (Figure 5.9b). In addition, 

the broader spectral range of the long-time measurement allows for an identification 

of additional spectral features. These include two weak features around 410 and 

900 nm. The transition to the second ESA is observed on the same timescale as well 

(Figure 5.9d), with an additional isosbestic point being present at 420 nm. 

Furthermore, the extended time window shows that the offset of the short-time 

measurement decays completely on the microsecond timescale. In total, the dynamics 

from the femto- to microsecond timescale can be explained by three exponential 

decays (see appendix section E.1). The short-time measurement can be fitted globally 

with two time constants (𝜏1 and 𝜏2) and a non-decaying offset. The first time constant 

amounts to 𝜏1 = 6.23 ±0.16 ps and a value of 1.15 ±0.01 ns is obtained for 𝜏2. For the 

long-time measurement, a global biexponential decay is observed as well. Here, 𝜏1 

cannot be resolved due to the temporal resolution (≈300 ps). Thus, the first fitted time 

constant (1.18 ± 0.01 ns) corresponds to 𝜏2 observed in the short-time measurement. 

The final time constant 𝜏3 = 584 ± 9 ns is related to the complete decay of the signal. 

In addition, the time constant related to the loss of SE, 𝜏2, is in agreement with the 

observed emission decay 𝜏𝐸𝑚 = 1.46 ns, which remains constant over the whole 

emission band (vide infra). 
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Figure 5.9: (a,b) Transient spectra and (c,d) kinetic traces with respective fits of a 

115 mM solution of TDCl4 obtained by (left) short and (right) long-time TA 

measurements. a,c) Upon photoexcitation, a broad ESA with its maximum at 540 nm with 

weaker features at 640 and 720 nm is observed. Initially, a fast (<50 ps) shift of its 

maximum by 2 nm is observed while retaining its overall spectral shape. Despite a clearly 

visible GSB at 670 nm, no SE is present. This is attributed to the red-shifted ESA feature 

having a stronger oscillator strength, overcompensating the negative signal expected for 

SE. Within nanoseconds, the initial signal decays and gives rise to a second set of spectral 

features possessing characteristic peaks at 570 and 610 nm. The isosbestic point at 

610 nm indicates a direct state-to-state conversion. b,d) While the long-time TA 

measurement is not able to resolve the fast spectral shift of the initial ESA band, the 

broader spectral window allows for the identification of additional features at 410 and 

≈900 nm. In addition, a second isosbestic point is identified at 420 nm. The extended time 

window further shows the decay of the second ESA band on the microsecond timescale. 

Reprinted with permission from ref. 179. Copyright © 2020, American Chemical Society. 

Identification of Electronic Species. 

In order to assign the experimentally obtained time constants to physical processes, 

the characteristic spectral features of the transient spectra are to be assigned to 

electronic states. In general, as two significantly distinct sets of spectral features are 

observed, two electronic states are assumed. Based on selection rules, the initial ESA 

band is assigned to the first excited singlet state. In addition, the chromophores are 

expected to populate higher vibrational levels directly upon photoexcitation due to the 
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excitation at the second vibronic transition (vide supra). Thus, the initial transient 

spectrum is assigned to 𝑆1
∗. Due to collisions with surrounding solvent molecules, this 

species undergoes vibrational cooling with the corresponding time constant 𝜏1.
179 The 

product of this reaction, the relaxed 𝑆1, requires more energy for the 𝑆1 → 𝑆𝑛 

transition, resulting in the observed blue-shift of the spectrum. The second time 

constant 𝜏2 corresponds to significant spectral changes as well as loss of SE. Combined 

with the long lifetime of the emerging species, comparable to pentacene in benzene 

(300 ns),180 this points towards a optically dark state with a spin-forbidden relaxation 

pathway. Thus, the third species is assigned to 𝑇1. In conclusion, the dynamics of a 

highly concentrated solution of TDCl4 can be described as a three-step sequential 

reaction. Initially, 𝑆1
∗ undergoes vibrational cooling to the relaxed 𝑆1. This is followed 

by a direct conversion to 𝑇1. This model is applied to obtain the respective SADS 

(Figure 5.10a). 𝑆1 and 𝑇1 SADS for both short and long-time measurements show a 

great agreement. This demonstrates the high quality and reproducibility of 

experimental data across both setups.  

Figure 5.10: a) SADS obtained by applying a three-step sequential model to short (solid 

lines) and long-time measurements (dashed lines). The spectra are normalized for the 

maximum of the 𝑆1 SADS. Aside from slight deviations for the GSB, both measurements 

show a perfect overlap for both 𝑆1 and 𝑇1 SADS. b) A comparison of the 𝑇1 spectrum 

obtained in thin films of TDCl4 and GSB corrected triplet SADS (𝑇1
𝑐𝑜𝑟𝑟.). All spectra are 

normalized to their respective maximum. The corrected spectrum shares the same 

vibronic structure with thin film measurements. The small bathochromic shift of ≈15 nm 

is attributed to the formation of J-aggregates in solid state. Adapted with permission from 

ref. 179. Copyright © 2020, American Chemical Society. 
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The proposed model is further corroborated by a comparison of the GSB-corrected 𝑇1 

SADS to the triplet spectrum obtained in thin films of TDCl4 (Figure 5.10b).21 Both 

spectra exhibit three distinct vibronic transitions with a small bathochromic shift of 

≈15 nm for the measurement in solution. This is attributed to the formation of 

J-aggregates in solid state, as observed in stationary absorption spectra.21 This 

comparison reinforces the assignment of the long-living species to 𝑇1.  

5.2.2 Concentration Dependent Changes in Triplet Formation 

Dynamics 

Having identified the formation of 𝑇1, the underlying mechanism will be disclosed by 

variation of the chromophore concentration. To begin with, the possibility of 

sequential SF is considered. In section 5.1, it was established that energy transfer to 

3O2 is the first and thus crucial step. However, as this reaction hinges on diffusion, it 

naturally occurs relatively slow on the nanosecond timescale. Under ambient 

conditions, the diffusion time of oxygen in toluene amounts to 

𝜏𝐷 = (𝑘𝐷)
−1 = 16.1 ns.170, 174 This is significantly slower than the experimental time 

constant of 𝜏2 = 1.15 ±0.01 ns. Consequently, the characteristic delayed increase of 

the 𝑇1 signal is absent and sequential SF can be excluded. Another observation made 

in the TA measurements is the formation of 𝑇1 in a direct state-to-state conversion, as 

indicated by the isosbestic points in the transient spectra. A possible mechanism 

fulfilling this requirement would be ISC. Given that it is an intramolecular process, the 

corresponding rate constant should not depend on chromophore concentration. 

However, a clearly visible deceleration of the singlet decay is observed upon 

decreasing the concentration (Figure 5.11a,b). This suggests an intermolecular process 

being responsible for the triplet formation. In order to uncover the underlying 

mechanism, the long-time kinetics of TDCl4 are globally analysed, with chromophore 

concentrations ranging from 0.11 to 115 mM. A satisfactory depiction of the 

experimental data is achieved by carrying out a biexponential fit with offset for the 

most dilute solution (0.11 mM) and for concentrations exceeding 10 mM. In turn, an 

additional exponential decay was used in the range of 0.45 to 9.98 mM.  
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Figure 5.11: a) Transients of TDCl4 at the maximum of the 𝑇1 signal (570 nm) show a 

concentration dependent change in their kinetics. Upon increasing the concentration, the 

decay of the initial 𝑆1 signal is accelerated (see also panel b). In addition, for 

concentrations <10 mM, a delayed increase of the signal intensity is observed, which is 

characteristic for sequential SF. b) Corroborating the TA measurements, the 

time-resolved emission decay depicts the acceleration of 𝑆1 with the increasing 

concentration. c) The emission decay monitored over the whole emission band exhibits 

an identical behaviour. The absence of an additional long-lived component indicates the 

absence of an excimer state and that 𝑆1 is the only emissive species. Adapted with 

permission from ref. 179. Copyright © 2020, American Chemical Society. 

In order to avoid confusion with the results of short-time measurements, the respective 

rate constants obtained for long-time measurements are labelled 𝑘𝐴, 𝑘𝐵 and 𝑘𝐶. For 

the ensuing discussion of concentration dependent changes in the rate constants first, 

𝑘𝐴 and 𝑘𝐵 are discussed, followed by 𝑘𝐶. In addition, three concentration ranges are 

defined, i.e. low (≤2 mM), intermediate (2 mM < [TDCl4] ≤ 10mM) and concentrated 

(>10 mM).  

Sequential Singlet Fission at Low- to Intermediate Concentrations. 

For dilute solutions, a global analysis shows the same behaviour of TDCl4 compared 

to TIPS-Pn: The decay of the initial singlet, characterised by 𝑘𝐴, remains constant with 
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an average rate of (72.9 ± 2.1) × 106 s-1, while oxygen-mediated triplet formation (𝑘𝐵) 

is accelerated (Figure 5.12a). One exception is the most dilute solution (0.11 mM), for 

which 𝑘𝐵 is not observed, which will be discussed later. In addition, deaerating the 

solution results in a deceleration of the singlet decay as well as no observable 𝑇1 

intensity (see appendix section E.2). These findings indicate two things. First, the lack 

of triplet signal shows that ISC is negligible and the singlet decay rate in oxygen-free 

measurements corresponds to the relaxation of the excited 𝑆1 to its ground state via 

nonradiative transitions and fluorescence with the corresponding rate constant 𝑘𝑅. 

Second, the presence of sequential SF in TDCl4 is confirmed. Thus, the second 

experimentally obtained rate constant is assigned to heterogeneous SF: 𝑘𝐵 = 𝑘ℎ𝑆𝐹 . In 

addition, the difference of the rates for ambient and oxygen-free conditions allows for 

the extraction of the rate constant for energy transfer (vide supra), which amounts to 

𝑘𝐸𝑇 = (19.6 ± 0.5) × 106 s-1 under ambient conditions.181 This value is comparable to 

the TIPS-Pn as well as the literature value of 62.1 × 106 s-1.170, 181  

Direct Singlet Fission in Concentrated Solutions. 

In contrast, a global fit of concentrated solutions indicates a linear increase of 𝑘𝐴 with 

concentration (Figure 5.12a). This conflicts with the insensitivity of the singlet decay 

on chromophore concentrations previously established. In addition, 𝑘ℎ𝑆𝐹 vanishes 

completely. These observations can only be explained by a competing singlet decay 

channel being introduced in concentrated solutions. This additional pathway 

outcompetes the energy transfer of the excited chromophore to oxygen. Consequently, 

no 1O2 species is formed and as such a key reactant of heterogeneous SF is missing, 

inhibiting the reaction. Due to the concentration dependence, an intermolecular 

process governed by diffusion dynamics appears obvious. As stated previously, the 

diffusion rate of two identical chromophores can be approximated according to Eq. 26 

(page 95). For the given experimental parameters,182 a bimolecular rate constant of 

𝑘𝐷
𝑙𝑖𝑡 = 1.17 × 1010 M-1 s-1 is predicted. This is compared to a linear fit of 𝑘𝐴, obtained 

by short and long-time TA measurements as well as the emission decay (vide supra). 

Here, a value of 𝑘𝐷 = (0.72 ± 0.03) × 1010 M-1 s-1 is obtained, suggesting a good 
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reaction efficiency of (62 ± 2) %. Thus, a diffusion-controlled, intermolecular reaction 

is concluded as the additional reaction pathway at high concentrations. In order to 

identify the underlying mechanism, the relative intensities of the triplet signal at its 

maximum (570 nm, cf. Figure 5.11a) at a probe delay of 50 ns are investigated. For a 

concentration of 9.98 mM, the highest concentration for which heterogeneous SF is 

still observable, a value of 0.33 is observed. In contrast, a significant higher triplet 

intensity of 0.52 is obtained for the most concentrated solution (115 mM). Thus, the 

intermolecular reaction must have a triplet as its product. These conditions are fulfilled 

for a diffusion-controlled, direct SF process. For high concentrations, the diffusion rate 

can compete with other deactivation processes such as nonradiative relaxation or 

fluorescence. Thus, the fitted diffusion rate 𝑘𝑑𝑆𝐹 = 𝑘𝐷 is assigned to bimolecular, 

direct SF. Previously, this has been only observed for TIPS-Tn and TIPS-Pn, which 

do not possess heteroatoms in their aromatic backbone.25-26 In contrast to both of these 

acene derivatives, there is no hint of any intermediate triplet pair state. To extract the 

bimolecular rate constant for heterogeneous SF 𝑘ℎ𝑆𝐹, the intermediate concentration 

regime is considered. Here, the rate constants for energy transfer and direct SF are of 

the same magnitude. Consequently, both processes are observed simultaneously. 

However, 𝑘𝐸𝑇 is not dependent on chromophore concentration and as such, 𝑘ℎ𝑆𝐹 does 

not interfere with direct SF. Thus, 𝑘ℎ𝑆𝐹 is obtained as a linear fit of 𝑘𝐵 and amounts to 

(1.10 ± 0.06) × 1010 M-1 s-1. 

5.2.3 Unified Kinetic Model 

With all singlet decay mechanisms identified, a kinetic model is formulated (Figure 

5.12c) which expands the one presented in section 5.1. Upon photoexcitation, 𝑆1
∗ is 

formed. This undergoes vibrational cooling on the ps timescale and results in the 

vibrationally relaxed excited singlet 𝑆1. This singlet decays with the experimentally 

obtained rate constant 𝑘𝐴 via three competing pathways. First, the concentration 

independent relaxation to the ground state either via fluorescence or nonradiative 

transitions (𝑘𝑅). Second, a collision of 𝑆1 with a ground state chromophore yields two 

triplet states via direct SF (𝑘𝑑𝑆𝐹). This reaction is diffusion-controlled and thus 
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depends on chromophore concentration. As only a small fraction of molecules is 

excited, a pseudo-first reaction order is observed. In the final reaction pathway, 

sequential SF takes place. Initially, the excited chromophore sensitizes molecular 

oxygen in its triplet ground state with the rate constant 𝑘𝐸𝑇, resulting in a triplet 

chromophore and the reactive 1O2 species. The latter interacts with a ground-state 

chromophore in a heterogeneous SF process (𝑘ℎ𝑆𝐹), recovering 3O2 and resulting in an 

additional triplet chromophore.  

Figure 5.12: a) Rate constants obtained with short and long-time TA measurements as 

well as emission decay. In dilute solutions (≤2 mM), a constant singlet decay (𝑘𝐴) and a 

linearly increasing 𝑘ℎ𝑆𝐹 is observed, in agreement with sequential SF. In contrast, 𝑘𝐴 

increases linearly for concentrations >10 mM. This behaviour is attributed to a diffusion-

controlled, direct SF process. At intermediate concentrations (2 mM<[TDCl4]≤10 mM), 

both direct and sequential SF are observed simultaneously. Linear fits of 𝑘ℎ𝑆𝐹 and 𝑘𝐴 at 

high concentrations result in bimolecular rate constants 𝑘ℎ𝑆𝐹=(1.10 ± 0.06)×1010 M-1 s-1 

and 𝑘𝑑𝑆𝐹=(0.72 ± 0.03)×1010 M-1 s-1. b) Triplet yield for sequential and direct SF. 

Assuming a quantitative heterogeneous SF process, the triplet yield for sequential SF is 

obtained as the ratio between 𝑘𝐸𝑇 and the total singlet decay rate 𝑘𝐴, multiplied by a 

factor of two. Upon increasing the concentration, direct SF outcompetes energy transfer. 

Consequently, as the probability of this reaction increases, so does the triplet yield. At 

the highest measured concentration, a triplet yield of 189±5% is achieved. d,e) The SADS 

for d) 𝑆1 and e) 𝑇1 exhibit no systematic spectral changes upon varying the 

concentrations. This supports the proposed model including competing direct and 

heterogeneous SF. Adapted with permission from ref. 179. Copyright © 2020, American 

Chemical Society. 
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In conclusion, the total singlet decay rate 𝑘𝐴 is formulated as 

𝑘𝐴 = 𝑘𝑅 + 𝑘𝐸𝑇 + 𝑘𝑑𝑆𝐹[TDCl4] Eq. 30 

This allows to assess the probability of the individual singlet decay pathways, i.e. their 

quantum yields (Figure 5.12b). They are calculated as the ratio between the rate 

constant of the reaction in question and the total singlet decay rate. Consequently, the 

triplet yield can be estimated straightforward for direct SF: Due to two triplets being 

generated, the triplet yield equals to twice the quantum yield of this channel. In 

contrast, energy transfer does not immediately result in two triplet states. However, 

the long lifetime of 1O2 (26.7 µs in benzene),183 which significantly exceeds the triplet 

decay rate, suggests quantitative heterogeneous SF. Therefore, it is valid to assume 

that sequential SF results in two triplet states as well and consequently, its triplet yield 

can be assessed as twice the quantum yield of energy transfer. In addition, the 

time-dependent concentrations and corresponding coefficient matrix for the proposed 

kinetic model are formulated (see appendix section E.3) to obtain the SADS (Figure 

5.12d,e). In general, a good agreement of both 𝑆1 and 𝑇1 spectra is observed. While 

slight deviations are observed, they do not exhibit a systematic change with regard to 

concentration. Thus, the spectral differences are attributed to the strong spectral 

overlap of both species, which hinders the disentanglement. 

Triplet Quantum Yield. 

The quantum yields are important to discuss the behaviour of 𝑘𝐶. Excluding the most 

dilute solution, the latter shows a slight yet systematic increase from 1.45 to 

1.71 × 106 s-1 upon increasing the concentration from 0.45 to 115 mM. A higher triplet 

decay rate at higher concentrations initially suggests diffusion-controlled TTA. 

However, this bimolecular reaction would result in a squared dependence on 𝑇1 

concentration and as such conflicts with the observed monoexponential decay for all 

concentrations. Another consideration targets the way the triplets are generated. In the 

case of sequential SF, both triplets are generated far apart from each other. As such, 
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the only relaxation pathway is spin-forbidden ISC. In contrast, direct SF generates the 

triplets close to each other. Thus, a plausible explanation for the faster decay is that a 

weakly bound triplet excimer is generated. A stronger interaction is excluded, as no 

changes in the triplet spectra are observed upon varying the concentration. In 

consequence, the acceleration suggests that the triplet excimer exhibits a faster triplet 

decay compared to the isolated triplets. According to this hypothesis, the triplet decay 

rate 𝑘𝑇 can be formulated as the sum of the rates for the unimolecular decay channel 

𝑘𝑇,1 and the excimer decay rate 𝑘𝑇,2. These rates have to be weighted with the relative 

population of the generated triplet species, i.e. their quantum yield: 

𝑘𝑇 =
2𝑘𝐸𝑇
𝑘𝐴

⋅ 𝑘𝑇,1 +
2𝑘𝑑𝑆𝐹[TDCl4]

𝑘𝐴
⋅ 𝑘𝑇,2 Eq. 31 

Applying this function to the experimentally obtained triplet decay rates accurately fits 

the observed concentration dependence and yields values of 

𝑘𝑇,1 = (1.75 ± 0.14) × 106 s-1 and 𝑘𝑇,1 = (4.57 ± 0.42) × 106 s-1. A notable exception is 

the most dilute solution (0.11 mM), which will be explained in the following. 

Intriguingly, no heterogeneous SF is observed in this measurement, yet a notable 𝑇1 

signal is present. As stated previously, oxygen-free measurements show that ISC can 

be discarded as triplet formation mechanism. Thus, in combination with the expected 

negligible rate for direct SF at this low concentration, energy transfer is the only triplet 

formation mechanism. Consequently, 1O2 is generated and heterogeneous SF would in 

principle be feasible. However, the low chromophore concentration does not only 

affect direct but also heterogeneous SF: The bimolecular rate for 𝑘ℎ𝑆𝐹 predicts a rate 

of (0.12 ± 0.01) × 106 s-1, whereas a triplet decay rate of 1.23 × 106 s-1 is expected 

according to Eq. 31. Thus, heterogeneous SF becomes the rate determining step within 

the reaction mechanism. Furthermore, it is noted that the triplets generated by energy 

transfer are not influenced by this and expected to decay with 𝑘𝑇,1. However, the 

combination of the overall low 𝑇1 signal intensity and the superposition of 

heterogeneous SF and triplet decay means that this decay is not resolvable.  
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5.3 Conclusion 

The variation of the oxygen concentration constitutes the first report on the influence 

of molecular oxygen on SF dynamics. It was demonstrated that the individually well-

known processes13-14 of 3O2 sensitisation and excitation of a ground state chromophore 

by 1O2 can be combined to a two-step, sequential SF mechanism with O2 acting as 

catalyst. This allows for a moderate triplet yield of 40 % to be achieved, even at low 

to intermediate chromophore concentrations. The probability of this pathway can be 

selectively tuned by adjusting the O2 concentration. Furthermore, the energy 

requirements for the individual steps of sequential SF have been established. In order 

for energy transfer to occur, the 𝑆1 − 𝑇1 gap has to exceed the excitation energy of 3O2 

(0.97 eV). In turn, heterogeneous SF requires the 𝑇1 energy to be lower than 0.97 eV. 

Given that chromophores fulfilling both requirements also automatically fulfil 

Δ𝐸𝑆𝐹 < 0, sequential SF is an easy method to screen possible SF chromophores. 

Furthermore, the stepwise generation of triplets results in them being spatially 

separated from each other. This reduces TTA and extends triplet lifetime.  

A variation of the concentration of TDCl4 has been shown to strongly affect the 

branching between individual reaction channels of the photoexcited state. While at low 

concentrations, intramolecular deactivation and sequential SF are prevalent, direct SF 

dominates in concentrated solutions. This leads to almost quantitative triplet yield of 

189±5 %. In addition, no excimer intermediate has been observed, in contrast to 

previous studies of hydrocarbon acene derivatives.25-27 This has two possible 

explanations, based on the discussion whether or not the excimer constitutes a trap 

state.70 If on the one hand, excimers do not fulfil the energy matching requirement, it 

is safe to say that they are not populated in TDCl4 given the high triplet yields. On the 

other hand, if SF in solution generally proceeds through an excimer intermediate, it is 

either extremely short-lived or non-emissive in TDCl4, hindering its detection. 

Regardless of which of both approaches is correct, the absence of an excimer state 

points towards a low binding energy of (𝑇𝑇)1 .
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6 Summary and Outlook 

6.1 Summary and Discussion 

This work establishes how competitive reaction pathways influence SF dynamics in 

consideration of the physical state of the reaction system. While the main goal in both 

solution and solid state is to increase the triplet yield by reducing possible deactivation 

channels, the approach is fundamentally different. In solid state, it has been shown that 

the main task is to effectively manage inter-chromophore interactions to allow for an 

efficient formation and subsequent separation of (𝑇𝑇)1 . In solution, SF depends on 

the concentration of the chromophore as well as molecular oxygen. The importance of 

the latter and how it can be used to increase the overall triplet yield has been 

demonstrated for the first time. High chromophore concentrations result in diffusion-

controlled SF, which efficiently outcompetes other reaction channels, thus leading to 

triplet yields close to 200%. This process has been shown to occur intermediate-free, 

refuting the general notion of excimer states as intermediates in solution-based SF. 

6.1.1 First Observation of Singlet Fission in Tetraazaperopyrenes 

The formation of (1 𝑇𝑇) on the sub-100 fs timescale for TAPP-Cl and TAPP-Br and 

its subsequent decorrelation proves the viability of SF in a new class of molecules. In 

consequence, aza-substitution is emphasised as a tool to achieve suitable molecular 

properties for SF.  

Dilute solutions of halogenated TAPPs and their unsubstituted counterpart allowed for 

the identification of spectral features of 𝑆1 and 𝑇1. Additionally, intramolecular 

reaction channels have been identified and evaluated, and the influence of 𝑆1 − 𝑇2 

energy detuning on the ISC rate has been unveiled. These findings have proven to be 

invaluable assets for the identification of SF in TAPP-Cl and TAPP-Br thin films. 

Here, aggregation effects in indicate a stabilisation of 𝑆1, in turn increasing Δ𝐸SF. 

Nonetheless, SF remains energetically feasible with it being more efficient in 

TAPP-Br. This contrasts expectations, given the more favourable energetics for 
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TAPP-Cl. However, three effects are unveiled which explain this behaviour. First, an 

increased excimer formation competing with SF is observed in TAPP-Cl. Second, the 

more pronounced vibrational dynamics in TAPP-Br may play a crucial role to 

overcome activation barriers and/or the decorrelation of (1 𝑇𝑇). Third, enhanced spin-

orbit coupling in TAPP-Br potentially lowers (5 𝑇𝑇), thus reducing the binding energy 

of (1 𝑇𝑇). 

6.1.2 Competing Oxygen-Catalysed and Direct Singlet Fission in 

Solution 

The until now neglected influence of oxygen on SF chromophores has great 

implications for overall SF dynamics. At a first glance, the inclusion of atmospheric 

oxygen only seems to open up a new deactivation pathway, as the excited chromophore 

sensitises the transition of 3O2 to 1O2. However, it has been demonstrated that the 

reactive singlet oxygen further interacts with a ground state chromophore in a 

heterogeneous SF process. Both steps combine to a two-step sequential SF process 

with oxygen acting as a catalyst. The feasibility of this novel mechanism has been 

shown for TIPS-Pn and for TDCl4, underlining its transferability. Under ambient 

conditions, a triplet yield of 40% is achieved even for low (<10 mM) chromophore 

concentrations, which can be tuned by a variation of the oxygen concentration. The 

main benefit of sequential SF is the spatial separation of the generated triplets. Thus, 

the reversibility of SF is circumvented and recombination processes like triplet-triplet-

annihilation are diminished.  

In contrast, a reaction system consisting purely of the chromophore and the solvent 

exhibits mainly intramolecular deactivation at low concentrations. However, 

increasing the chromophore concentration leads to more frequent interactions between 

excited and ground state chromophores. For concentrations >100 mM, this results in 

an almost quantitative SF process with triplet yields close to 200%. The excimer 

intermediate discussed in the literature25-27, 70 is not observed for TDCl4, speaking 

against its role as an intermediate in solution-based SF.   
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6.2 Outlook 

While excimer formation, vibronic coupling and heavy atom effect are all viable 

explanations for the more efficient SF in TAPP-Br compared to TAPP-Cl, it is 

improbable that a single contribution on its own is responsible for the observed 

dynamics. Instead, it is most likely that a combination of all three lead to the 

experimental findings. In consequence, further research focusing on a single aspect at 

a time may yield new insights on the SF mechanism. However, in order to disentangle 

the individual effects, further investigation is required. In a first step, singlet-singlet 

annihilation should be reduced to eliminate it as an interfering component in the 

dynamics. In principle, this can be achieved by lowering excitation densities.132 This 

approach was not feasible in the present work given the low optical density of the 

investigated thin films. As the preparation of the films is limited by the solubility of 

the chromophores, other preparation techniques such as chemical vapour deposition 

could be tested. A further advantage, especially when combined with thermal 

annealing, would be a higher crystallinity of the sample, which reduces pump 

scattering and increases long-range order. 

A method to hinder the excimer formation thus improving triplet yields is -plane 

twisting.22, 78 This structural motif has already been realised for bay-substituted TAPP 

derivatives, allowing for an easy access to suitable chromophores.85 In addition, 

increased solubility of these compounds eases the preparation of thin films with high 

optical densities. 

From the presented experimental results, it is ambiguous whether the activity of low-

frequency vibrational modes contributes to SF. This could be clarified e.g. by spatially 

resolved TA spectroscopy, which is able to selectively probe subdomains by reducing 

the spot size of pump and probe beams.184 Thus, possible effects of the increased long-

range order in TAPP-Br thin films would be mitigated. In addition, a differentiation 

between ground- and excited state vibrational modes would help to unveil the role of 

low-frequency, intermolecular vibrations in SF. Suitable experimental techniques for 

this are pump-IVS65 or 2D-electronic spectroscopy.67 
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Finally, in order to pinpoint the effects of spin-orbit coupling, it would be beneficial 

to additionally investigate TAPP-H and TAPP-I thin films. As exemplified by the 

analysis of intramolecular dynamics, this could help to establish clear trends, 

elucidating the possibly underestimated role of heavy-atom effect in SF.131 

Direct SF in solution has been shown to circumvent some of the issues encountered in 

solid state. For example, collisions between chromophore and solvent molecules 

provide enough energy to separate the correlated triplet pair, diminishing the 

probability of re-formation of the 𝑆1 state. However, the timescale of SF becomes 

highly dependent on diffusion rates. Thus, it would be beneficial to transfer advantages 

of solution-based, direct SF to the solid state. To a certain degree, this is achieved by 

intramolecular SF. Here, chemical modifications and linker design allow for an 

increased control of inter-chromophore geometry and electronic coupling. This 

concept can be envisioned to be transferred to sequential SF as an intramolecular 

catalytic cycle. Here, instead of a direct interaction of the individual chromophores, 

the linker takes on a more active part in the SF mechanism. Initially, a part of the 

excitation energy is transferred to it in a process akin to oxygen sensitisation. 

Subsequently, this energy is transferred to the second, spatially and electronically 

separated chromophore. While simple in theory, the demands for the electronic 

structure of the linker would be high. Given that it needs a triplet ground state, it 

requires two unpaired electrons. In addition, a suitable transition energy to an excited 

singlet state is needed. Designing such a linker would be a big obstacle to overcome, 

given that open-shell organic molecules are typically highly reactive. However, there 

are already promising reports on stable radical species enhancing SF.71 Thus, further 

investigations for sequential intramolecular SF could start at this point, e.g. by creating 

a dimer with two radical moieties. 
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Appendix 

A. Global Multiexponential Fit Including the Coherent 

Artefact 

As shown in Eq. 8, the physical description of coherent contributions to the TA signal 

requires three fitting parameters, i.e., time-zero 𝑡0, instrument response 𝜎 and group 

velocity dispersion 𝜏GVD. Of those three, only 𝜏GVD exhibits a wavelength dependence, 

meaning that one parameter is required per wavelength. This would significantly 

increase the computational requirements and the risk of overfitting emerges. In order 

to address this problem, the CA is modelled mathematically as the sum of a Gaussian 

and its first five derivatives: 

𝑔 = 𝑒−(
𝑡−𝑡0
2𝜎

)
2

 Eq. A1 

𝑔′ = −
1

𝜎2
 (𝑡 − 𝑡0) 𝑔0 Eq. A2 

𝑔′′ = −
𝑡

𝜎2
 (𝑔0 + (𝑡 − 𝑡0)𝑔1) Eq. A3 

𝑔′′′ = −
𝑡

𝜎2
 (2𝑔1 + (𝑡 − 𝑡0)𝑔2) Eq. A4 

𝑔𝐼𝑉 = −
𝑡

𝜎2
 (3𝑔2 + (𝑡 − 𝑡0)𝑔3) Eq. A5 

𝑔𝑉 = −
𝑡

𝜎2
 (4𝑔3 + (𝑡 − 𝑡0)𝑔4) Eq. A6 

Δ𝐴coh = 𝑏0𝑔 + 𝑏1𝑔
′ + 𝑏2𝑔

′′ + 𝑏3𝑔
′′′ + 𝑏4𝑔

𝐼𝑉 + 𝑏5𝑔
𝑉 Eq. A7 
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Thus, coherent contributions can be modelled using only 𝑡0 and 𝜎 as fitting parameters, 

which are shared with the fit of the sequential contribution. Using this approach, the 

TA signal of a single wavelength with 𝑛 exponential decays is given as 

𝛥𝐴(𝑡) =∑𝑎𝑖 ⋅ 𝑒𝑖 = (𝑏0⋯𝑏5  𝑎1  𝑎2  ⋯  𝑎𝑛)

(

 
 
 
 

𝑔
⋮
𝑔𝑉

𝑒1
𝑒2
⋮
𝑒𝑛)

 
 
 
 𝑛

𝑖=1

= �⃗� ⋅ 𝑒 Eq. A8 

Consequently, the 2D TA data spanning 𝑤 wavelengths, 𝑛 decays, and 𝑇 probe delays 

is described as (cf. section 3.3.3) 

𝐓𝐀 =∑∑∑𝑎𝑗,𝑖

𝑇

𝑙=1

𝑤

𝑗=1

⋅ 𝑒𝑖,𝑙

𝑛

𝑖=1

= (

𝑏1,0 ⋯ 𝑏5,1 𝑎1,1 ⋯ 𝑎1,𝑛
⋮ ⋱ ⋮ ⋮ ⋱ ⋮

𝑏𝑤,0 ⋯ 𝑏𝑤,5 𝑎𝑤,1 ⋯ 𝑎𝑤,𝑛

)

(

 
 
 

𝑔0,1 ⋯ 𝑔0,𝑇
⋮ ⋱ ⋮
𝑔5,1 ⋯ 𝑔5,𝑇
𝑒1,1 ⋯ 𝑒1,𝑇
⋮ ⋱ ⋮
𝑒𝑛,1 ⋯ 𝑒𝑛,𝑇)

 
 
 

 

Eq. A9 

DADS and time-dependent concentrations required for the interpretation of the kinetic 

model can be obtained as the columns and rows of the respective matrices. 
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B. Intersystem Crossing in Dilute Solutions of TAPP-X  

B.1 Solvent Effects on Absorption and Emission Spectra of TAPP-X 

Polar solvents allow for a stabilisation CT states. Thus, investigating the location of 

absorption and emission maxima for solvents with varying polarities allow for an 

estimation of CT character in the excited and/or ground state to be made. In the case 

of TAPP-X, no systematic trends are observed over a broad range of solvent polarity 

(Figure A1). In combination with the high symmetry of TAPP-X, it can be concluded 

that CT contributions are equally weak in both ground and excited state. 

Figure A1: The absorption and emission maxima for a) TAPP-H, b) TAPP-Cl, c) 

TAPP-Br and d) TAPP-I show no systematic change with regard to solvent polarity. Thus, 

it is concluded that both 𝑺𝟎 and 𝑺𝟏 are od an equally nonpolar nature. 
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B.2 Time-Resolved Emission of TAPP-X 

The time-resolved emission of TAPP-X shows a monoexponential decay for all four 

compounds (Figure A2). Fitting the emission decay yields similar time constants 𝜏𝐸𝑚 

for TAPP-H and TAPP-Cl (Table A1). In turn, upon increasing the substituent size, a 

significant decrease of the time constant from 2.32 ns (TAPP-Cl) to 48 ps (TAPP-I) is 

observed. For further analysis, the reported values for the fluorescence quantum 

yield117 are used to extract a radiative (𝜏𝑟𝑎𝑑) and non-radiative component (𝜏𝑛𝑜𝑛𝑟𝑎𝑑). 

A comparison with the literature shows a good agreement for TAPP-Cl and TAPP-Br 

and deviations for TAPP-H and TAPP-I. For the latter, this is attributed to the low 

quantum yield, as small errors in its detection propagate to large deviations of lifetimes 

due to the reciprocal relation between both quantities. In addition, the emission decay 

is close to the resolution limit of the experimental setup, making it prone to error. The 

deviation observed for TAPP-H most likely originates from the difference in the 

properties of solvent used. Intriguingly, while the solvent does not affect the stationary 

spectra, the emission decay for TAPP-H is accelerated by about one third from 3.1 ns 

to 2.1 ns in THF117 and acetonitrile, respectively. This suggests that radiative and non-

radiative decay channels are affected by the solvent to a varying extent. In contrast, 

the different solvent has almost no effect on the time constants for TAPP-Cl and 

TAPP-Br. 

Table A1: Emission lifetimes of TAPP-X in acetonitrile and reported with derived 

radiative and non-radiative time constants. 

Chromophore Em / ps Em
117 rad / ns nonrad / ns 

TAPP-H 2142 ± 3 0.51 4.20 4.37 

TAPP-Cl 2326 ± 3 0.78 2.98 10.6 

TAPP-Br 362 ± 6 0.12 3.02 0.41 

TAPP-I 48 ± 1 0.02 2.40 0.05 
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Figure A2: Time-resolved emission traces of TAPP-X at their respective emission 

maxima with monoexponential fit traces. While TAPP-H and TAPP-Cl exhibit almost the 

same decay time, a systematic increase of the decay is observed upon increasing the size 

of the halide substituent. All samples were excited at 375 nm. 

 

 

 

B.3 Long-Time Dynamics of Dilute TAPP-X Solutions 

Figure A3: a) Normalized long-time transients at indicated wavelengths with 

biexponential (TAPP-H and TAPP-Cl) and monoexponential (TAPP-Br, TAPP-I) fit 

traces for TAPP-X in acetonitrile. b) Normalised S1 SADS for TAPP-H and TAPP-Cl 

obtained by applying a sequential model. c) Normalised T1 SADS obtained by applying a 

sequential model. 
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C. Coherent Triplet Formation in Halogenated 

Tetraazaperopyrenes 

C.1 Long-Time Dynamics of TAPP-Br Thin Films 

 

Figure A4: The a) transient spectra and b) transients at selected probe wavelengths for 

the long-time TA measurements of TAPP-Br show a homogeneous, biexponential decay 

of the narrow ESA band. 

  



Appendix 
 

 

139 

C.2 Periodic Oscillations in Selected Transients 

Figure A5: Periodic oscillations observed in selected transients of a) TAPP-Cl and b) 

TAPP-Br thin films. Transients are normalized to enhance the visibility of oscillatory 

features. In both molecules, oscillations are most pronounced around the excitation 

wavelength (515 and 520 nm for TAPP-Cl and TAPP-Br, respectively). In general, a 

more intense signal is observed for TAPP-Br compared to TAPP-Cl. 

 

Table A2: Results of the exponential decay fit of the TAPP-Br transient at a probe 

wavelength of 495 nm. 

 / fs 𝝉𝐝𝐞𝐜 / ps Amplitude (Decay) Amplitude (Offset) 

104 1.88 1.73 0.89 

Table A3: Results of the coherent artefact parameters of the of the TAPP-Br transient at 

a probe wavelength of 495 nm. 

𝝉𝐆𝐕𝐃 / fs 𝝉𝐒𝐑𝐀 / fs Amplitude (CPM) Amplitude (SRA) 

77 120 47.8 1.93 

Table A4: Results of the oscillatory components of the TAPP-Br transient at a probe 

wavelength of 495 nm. 

�̃�/ cm 19.9 ± 0.1 52.5 ± 0.4 126 ± 1 143 ± 1 206 ± 2 

𝒌𝐝𝐞𝐩 / 1010 s-1 36.6 ± 2.0 60.2 ± 7.3 71.4 ± 9.7 76.9 ± 23.7 49.8 ± 29.7 

 /  0.52 ± 0.01 0.46 ± 0.03 0.29 ± 0.06 0.29 ± 0.11 0.00 ± 0.14 

Amplitude 0.27 0.12 0.14 0.07 0.02 

Rel. 

Amplitude 
1.00 0.44 0.53 0.25 0.08 
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C.3 Excitation Intensity Dependence  

If two excited singlets, 𝑆1 are generated in close vicinity, a mutual annihilation 

resulting in 𝑆𝑛 and 𝑆0 may occur. This process known as singlet-singlet-annihilation 

(SSA) can significantly reduce the number of excited chromophores in the sample. 

SSA can be identified by variations of the excitation intensity. As it directly correlates 

with the density of excited states, a high excitation intensity should result in a faster 

decay of the initially photoexcited state if SSA is present. As shown in Figure A6, this 

effect is observed in TAPP-Br thin film, demonstrating the presence of SSA.  

Figure A6: Normalized transients of a TAPP-Br thin film at 660 nm probe wavelength 

for varying pump pulse energies. The transients show an acceleration of the initial decay 

with increasing pump pulse energy. 
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C.4 Pulse Characterisation of the IVS-Experiment 

The IVS experiment carried out for dilute solutions of TAPP-Br in acetonitrile uses a 

different setup as described in section 3.2.2. It contains two home-built non-collinear 

optical parametric amplifiers (NOPA), which generate pump- and probe pulses, 

respectively. Spectra and autocorrelations of both NOPA outputs with respective 

FWHM are depicted in Figure A7. 

 

Figure A7: Pulse characterisation of the two home-built NOPAs used for the IVS 

experiment. 
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D. Oxygen-Catalysed Triplet Formation in Acenes 

D.1 Tabulated Time Constants 

Table A5: Tabulated time constants for TIPS-Pn in THF at varying concentrations. 

Obtained by global multiexponential fits of TA data. 

Concentration 

/mM 
𝝉𝟏 / ns 𝝉𝟐 / ns 𝝉𝟑 / µs 

0.02 11.5 ± 0.1 n.a. 2.02 ± 0.09 

0.10 10.6 ± 0.1 559 ± 45 1.53 ± 0.06 

0.16 11.9 ± 0.1 550 ± 39 1.51 ± 0.05 

0.50 12.3 ± 0.1 242 ± 4 1.88 ± 0.01 

0.50a 14.9 ± 0.1 n.a. 2.83 ± 0.05 

0.60 11.5 ± 0.1 108 ± 4 1.39 ± 0.01 

1.00 12.1 ± 0.1 53.7 ± 0.1 1.30 ± 0.01 

1.00a 15.0 ± 0.1 n.a. n.a. 

1.50 11.7 ± 0.1 51.3 ± 1.3 1.35 ± 0.01 

1.50b 8.34 ± 0.1 49.2 ± 1.0 0.52 ± 0.01 

6.00 10.7 ± 0.3 20.9 ± 1.5 1.46 ± 0.01 

10.0 7.54 ± 0.06 n.a. 1.29 ± 0.01 

13.0 8.61 ± 0.07 n.a. 1.53 ± 0.01 

15.0 6.70 ± 0.06 n.a. 1.35 ± 0.01 

23.0 7.40 ± 0.05 n.a. 2.39 ± 0.01 

53.0 2.14 ± 0.05 n.a. 1.46 ± 0.01 

146 0.76 ± 0.14 n.a. 1.48 ± 0.01 
a Deaerated solution b Oxygen-enriched solution 

Table A6: Tabulated emission decay time constants for TIPS-Pn in THF at varying 

concentrations. 

Concentration 

/mM 
𝝉𝑬𝒎 / ns 

0.50 12.0 

1.00 12.3 

2.00 11.7 

5.00 10.2 

10.0 8.30 

20.0 5.72 

60.0 2.22 
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D.2 Time-Dependent Concentrations for Sequential SF in TIPS-Pn 

In order to derive the analytical expressions for the time-dependent concentration of 

the individual species in sequential SF in TIPS-Pn, first the respective rate laws are 

devised, according to the model described in section 5.1.3. For the sake of conciseness 

and readability, the following definitions are applied: 𝑘𝐸𝑇 ≡ 𝑘𝐸𝑇
′ [ 𝑂3 2], 𝑘1 ≡ 𝑘𝑅 +

𝑘𝐸𝑇, 𝑘2 ≡ 𝑘ℎ𝑆𝐹[𝑆0]. This leads to the rate laws: 

𝑑[𝑆1]

𝑑𝑡
= −𝑘1𝑡 

𝑑[ 𝑂1 2]

𝑑𝑡
=   𝑘𝐸𝑇[𝑆1] − 𝑘2[ 𝑂

1
2] 

𝑑[𝑇1]𝑡𝑜𝑡𝑎𝑙
𝑑𝑡

= 𝑘𝐸𝑇[𝑆1] + 𝑘2[ 𝑂
1
2] − 𝑘3[𝑇1]𝑡𝑜𝑡𝑎𝑙 

In order to integrate these differential equations, following boundary conditions are 

applied: 

[𝑆1](0) = [𝑆1]0 

[ 𝑂1 2](0) = 0 

[𝑇1]𝑡𝑜𝑡𝑎𝑙(0) = 0 

Thus, the following time-dependent concentrations are obtained: 

[𝑆1](𝑡) = [𝑆1]0𝑒
−𝑘1𝑡 

[ 𝑂1 2](𝑡) = [𝑆1]0  
𝑘𝐸𝑇

𝑘1 − 𝑘2
{𝑒−𝑘2𝑡 − 𝑒−𝑘1𝑡} 

[𝑇1]𝑡𝑜𝑡𝑎𝑙(𝑡) = [𝑆1]0 {−
𝑘𝐸𝑇(𝑘1 − 2𝑘2)

(𝑘1 − 𝑘2)(𝑘1 − 𝑘3)
𝑒−𝑘1𝑡

−
𝑘𝐸𝑇𝑘2

(𝑘1 − 𝑘2)(𝑘2 − 𝑘3)
𝑒−𝑘2𝑡

+
𝑘𝐸𝑇(2𝑘2 − 𝑘3)

(𝑘2 − 𝑘3)(𝑘1 − 𝑘3)
𝑒−𝑘3𝑡} 
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The 𝑇1 SADS obtained using this model show a constant amplitude over the whole 

concentration range. In contrast, using a simple sequential model exhibits significant 

changes in the intensities of the final SADS upon variation of the concentration (Figure 

A8). This contrast the notion, that the SADS are attributed to a single electronic species 

with the same, invariant absorption spectrum. In consequence, a sequential kinetic 

model does not accurately describe the experimental results. 

Figure A8: The SADS obtained for a simple sequential model exhibit significant variation 

in the amplitude of the final species.  
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E. Competing Sequential and Direct Singlet Fission in 

TDCl4 

E.1 Tabulated Time Constants 

Table A7: Tabulated time constants for TDCl4 in toluene at varying concentrations. 

Obtained by global multiexponential fits of short-time TA data. 

Concentration 

/mM 
𝝉𝟏 / ps 𝝉𝟐 / ns 

10.2 5.36 ± 0.08 7.54 ± 0.08 

31.1 6.64 ± 0.05 4.80 ± 0.02 

60.6 6.53 ± 0.07 1.93 ± 0.01 

115 6.23 ± 0.16 1.15 ± 0.01 

Table A8: Tabulated time constants for TDCl4 in toluene at varying concentrations. 

Obtained by global multiexponential fits of long-time TA data. 

Concentration 

/mM 
𝝉𝟏 / ns 𝝉𝟐 / ns 𝝉𝟑 / µs 

0.11 13.8 ± 0.2 n.a. 2226 ± 909 

0.45 13.1 ± 0.1 240 ± 8 691 ± 15 

0.48 13.7 ± 0.1 211 ± 21 693 ± 47 

0.48a 18.7 ± 0.1 n.a. n.a. 

0.95 15.1 ± 0.5 51.5 ± 4.8 680 ± 33 

0.95a 18.8 ± 0.1 n.a. n.a. 

1.42 12.4 ± 0.1 63.1 ± 0.8 719 ± 4 

2.19 12.1 ± 0.1 40.9 ± 1.0 685 ± 5 

4.61 10.4 ± 0.2 13.6 ± 0.5 691 ± 4 

9.98 8.77 ± 0.24 14.9 ± 1.6 656 ± 8 

40.7 4.69 ± 0.06 n.a. 644 ± 7 

48.1 2.09 ± 0.06 n.a. 611 ± 8 

61.4 2.18 ± 0.12 n.a. 603 ± 26 

99.7 1.23 ± 0.06 n.a. 580 ± 5 

115 1.18 ± 0.03 n.a. 584 ± 9 
a Deaerated solution 
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Table A9: Tabulated emission decay time constants for TDCl4 in toluene at varying 

concentrations. 

Concentration 

/mM 
𝝉𝑬𝒎 / ns 

0.11 15.3 

0.19 14.9 

1.42 13.9 

9.98 8.97 

42.3 3.89 

61.4 2.69 

87.9 1.62 

114.75 1.46 

 

E.2 Oxygen-Dependent Triplet Formation 

Figure A9: Transient of TDCl4 in toluene at a probe wavelength of 570 ± 2 nm under 

ambient conditions (blue) and in a deaerated solution (orange). In an oxygen-free 

environment, no triplet formation is observable. 
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E.3 Time-Dependent Concentrations for Sequential and Direct 

Singlet Fission in TDCl4 

In the following, the analytical expressions for the time-dependent concentration of 

the individual species taking part in competing sequential and direct SF are derived 

(cf. Figure 5.12e). For the sake of conciseness and readability, the following definitions 

are applied: 𝑘𝐸𝑇 ≡ 𝑘𝐸𝑇
′ [ 𝑂3 2], 𝑘𝑑𝑆𝐹 = 𝑘𝑑𝑆𝐹

′ [𝑆0], 𝑘1 ≡ 𝑘𝑅 + 𝑘𝐸𝑇 + 𝑘𝑑𝑆𝐹, 𝑘2 ≡

𝑘ℎ𝑆𝐹[𝑆0]. 

𝑑[𝑆1]

𝑑𝑡
= −𝑘1𝑡 

𝑑[ 𝑂1 2]

𝑑𝑡
=   𝑘𝐸𝑇[𝑆1] − 𝑘2[ 𝑂

1
2] 

𝑑[𝑇1]𝑡𝑜𝑡𝑎𝑙
𝑑𝑡

= (𝑘𝐸𝑇 +
1
2⁄ 𝑘𝑑𝑆𝐹)[𝑆1] + 𝑘2[ 𝑂

1
2] − 𝑘3[𝑇1]𝑡𝑜𝑡𝑎𝑙 

In order to integrate these differential equations, following boundary conditions are 

applied: 

[𝑆1](0) = [𝑆1]0 

[ 𝑂1 2](0) = 0 

[𝑇1]𝑡𝑜𝑡𝑎𝑙(0) = 0 

Thus, the following time-dependent concentrations are obtained: 

[𝑆1](𝑡) = [𝑆1]0𝑒
−𝑘1𝑡 

[ 𝑂1 2](𝑡) = [𝑆1]0  
𝑘𝐸𝑇

𝑘1 − 𝑘2
{𝑒−𝑘2𝑡 − 𝑒−𝑘1𝑡} 

[𝑇1]𝑡𝑜𝑡𝑎𝑙(𝑡) = [𝑆1]0 {(−
(𝑘𝐸𝑇 + 2𝑘𝑑𝑆𝐹)

𝑘1 − 𝑘𝑇
+

𝑘𝐸𝑇𝑘2
(𝑘1 − 𝑘2)(𝑘1 − 𝑘3)

) 𝑒−𝑘1𝑡

−
𝑘𝐸𝑇𝑘2

(𝑘1 − 𝑘2)(𝑘2 − 𝑘3)
𝑒−𝑘2𝑡

+ (
(𝑘𝐸𝑇 + 2𝑘𝑑𝑆𝐹)

𝑘1 − 𝑘3
+

𝑘𝐸𝑇𝑘2
(𝑘2 − 𝑘3)(𝑘1 − 𝑘3)

) 𝑒−𝑘3𝑡}  
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