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Abstract 

Understanding the nature of photoinduced processes in organic molecules is essential 

for the design and synthesis of compounds with desired photochemical properties. 

�is dissertation aims for gaining knowledge and mechanistic understanding of 

energy transfer in perylene-based systems. �e investigations were performed using 

isomeric Donor-bridge-Acceptor systems, where perylene was used as an acceptor. 

Identifying the correlations between the molecular structure of the dyads and their 

photophysical properties allowed to gain an in-depth understanding of the 

mechanistic differences present in those. Both Förster and Dexter types of energy 

transfer were shown to be highly sensitive towards relative molecular orientations. 

�is work shows the first experimental proof of triplet-to-singlet energy transfer that 

was verified within the theoretical framework of Förster formalism. 

�is thesis also demonstrates a new solubilising strategy for rylene-based 

chromophores using bay-alkylation of perylene. �is allowed us to obtain soluble 

quaterrylene and subsequently form superradiant near-infrared J-aggregates. �e 

delocalized nature of excited states in J-aggregates allowed to overcome the energy 

gap law and gain high fluorescence in the near-infrared region of the electromagnetic 

spectrum. �at opens a previously unexplored pathway towards highly emissive near-

infrared chromophores, where emission efficiency was restricted by the framework 

of the energy gap law. 

�e research results presented in this thesis contribute to the understanding of the 

fundamental photophysics behind processes such as multiplicity conversion, 

directional energy funnelling, switching between the energy transfer pathways and 

aggregation-induced enhanced emission. Such advanced molecular functions are of 

practical importance in smart materials of the future. 
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Chapter 1  

Introduction 

“If you want to find the secrets of the universe, think in terms of energy, frequency and vibration.” 

― Nikola Tesla 

�e projected population growth is expected to fla1en around 2100 at ca. 11 billion 

people according to the predictions of the UN Population Division [[5]]. It is therefore 

reasonable to presume that the energy demand will grow in relation to the expanding 

population. In the light of these predictions and in consideration with the human 

environmental impact, many countries are implementing net-zero agendas by 2050 

[6]. Integrating higher shares of variable renewable energy (VRE) technologies, is 

essential for decarbonising the power sector while continuing to meet the growing 

energy demand. Sustainable energy production goes hand in hand with sustainable 

energy consumption, thus allowing the users to implement smart ways of energy use. 

1.1. Electricity and Light 

“<ere are two ways of spreading light: to be the candle or the mirror that reflects it.” 

― Francis Bacon 

As of today, electricity only accounts for a fiUh of the total final energy consumption, 

however its share is rising rapidly [7]. According to the IEA Sustainable Development 

Scenario (SDS), electricity could surpass oil as the main energy source by 2040 [8]. 

�e electricity demand increases by roughly 50% in just 20 years in all scenarios of 

the IEA World Energy Outlook [8, 9]. About 20% of the consumed electricity is used 

for lighting purposes [10], thus making efficient light sources a good example of 

sustainable energy consumption. In response to that, the light sources have 

undergone a rapid technological evolution. In 2015 LED sources accounted for 15% of 

global light source sales, while in 2020 51% of the light sources sold globally were 

LED-based [11]. �e rapid evolution of OLED technologies has paved the way to 

market and establish themselves in electronic devices. Despite the rapid progress, 

technological advancement in LED technology is expected to plateau soon [11], 

whereas OLEDs still have vast potential. However, to become commercially desirable, 

they must overcome limitations including relatively short lifetimes and high costs 

[12]. Approaching such research challenges requires a fundamental understanding of 

the mechanisms of light-induced processes at the molecular level. 
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Light 

Light is a synchronised combination of two oscillating fields, one electrical and one 

magnetic propagating through space perpendicularly as graphically exemplified in 

Figure 1. Being a subject to the wave-particle duality, light is characterized by 

discrete energy packets, photons (or quanta). �e energy of a photon is described by 

its frequency (or wavelength). �e term visible light refers to the tiny fraction of the 

electromagnetic spectrum that can be perceived by the human eye which is typically 

in the range of 400 nm to 750 nm. Molecules interact with light, which forms the basis 

of light sources and solar cells for instance. It is therefore of fundamental importance 

to learn to control the absorption and emission of light by organic molecules. 

 

Figure 1. An electromagnetic spectrum consists of an oscillating magnetic field (blue) and an oscillating 
electric field (red) perpendicularly propagating through space in the same direction. <e spatial period λ, 
also called wavelength. 

1.2. Defining research questions 

Molecules can emit light either by fluorescence or by phosphorescence. Fluorescence 

comes from the excited singlet states and phosphorescence occurs from the excited 

triplet states. In light sources, fluorescence is preferred to phosphorescence as it 

occurs significantly faster. It is possible to transfer the energy from triplets to singlets 

using spin conversion methods (triplet harvesting) that are discussed in Section 2.3. 

Methods of spin conversion are of interest fundamentally, but also for the design and 

production of molecules with precise function. For instance, triplet harvesting is of 

practical importance in the field of organic light-emi1ing diodes (OLEDs) where 

electrically excited molecules undergo a charge recombination process [13, 14]. 

Charge recombination results in a statistical mixture of 25% of the excited molecules 

being in the singlet states and 75% of the excited molecules being in the triplet states. 
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Due to the slow emission from the excited triplet states, a significant efficiency roll-

off is observed in OLEDs [13, 14], thus making triplet harvesting strategies an 

important topic for research in photochemistry. 

Another research topic to explore is making efficient light-emi1ing molecules in the 

near-infrared (NIR) region of the electromagnetic spectrum. �e current progress in 

this area is limited by the framework of the energy gap law. According to Kasha’s 

rule, the light emission in any molecule always comes from the lowest excited state 

of a given multiplicity [15]. �e absorption and the emission in the NIR regime are 

associated with the photons of lower energy, meaning that the energy gap between 

the excited state and non-excited (ground) state is small. Reducing the energy gap 

between the ground state and the excited state results in an exponentially increased 

probability for the molecule to return to the ground state without photon emission. 

Developing strategies for overcoming the energy gap law is therefore essential for 

being able to achieve high emission quantum yields in the NIR region of the 

electromagnetic spectrum [16]. �is is of particular interest for OLEDs [17], 

bioimaging [18] photodetection [19], and solar energy harvesting [20]. 

�e research challenges mentioned in this section highlight the need for theoretical 

and experimental methods that can aid in a greater understanding of the fundamental 

processes involved in light-ma1er interactions. Such methods could equip scientists 

with relevant strategies in making materials for efficient light-harvesting, energy 

conversion and especially within the spectral regions where it is of most relevance. 

1.3. Research hypotheses and goals 

�e research presented in this thesis started with one hypothesis. �e research 

hypothesis addressed the probability of the energy transfer from the excited triplet 

state to the excited singlet state, potentially enhancing the rate of emission. 

Experiments showing triplet-to-singlet energy transfer were reported in the 60s [21, 

22] using freely diffusing donors and acceptors. However, the probability of the 

energy transfer is sometimes discussed within the angular momentum conservation 

[23]. Testing this hypothesis could be done using a molecular dyad of a specific design 

that can potentially perform intramolecular triplet-to-singlet energy transfer. 

Performing energy transfer within the molecule allows executing the experiments in 

a controlled way by linking the experiment and the theory. �is is important not only 

from a fundamental perspective but also can potentially address the charge 

recombination in OLEDs that was mentioned in the previous section. �is hypothesis 

is addressed in Paper II and Paper III. 
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Based on the observations made in Paper II and Paper III, new research interest has 

emerged. �e new theory suggested that the general photophysics of perylene 

derivatives can be modulated in relation to the derivatisation position. �is is 

investigated in Paper I, where a series of positional isomers of phenylperylene were 

synthesised and studied using optical spectroscopy. 

Finally, based on earlier reports showing that the bay-alkylation of perylene results 

in increased solubility [24] another research interest emerged. �e bay-alkylation of 

perylene was explored as a solubilising strategy that could enable the making of 

extended rylene-based chromophores. �e results of this research are discussed in 

Paper IV that demonstrates the synthesis of a soluble quaterrylene and explores its 

ability to form J-aggregates. 

Concluding to the overall aim, this dissertation seeks to expand the fundamental 

understanding of the photophysical processes that occur in organic chromophores. 

By a1empting to establish the correlations between the chemical structure and the 

intrinsic molecular properties of rylene based chromophores, this thesis strives to 

identify important parameters in making efficient light-emi1ing molecules and 

excitation energy transport systems. �erefore, the long-term goal of this research 

can be seen in the framework of the Sustainable Goals Development (Goal 7: Clean 

and affordable energy) as adopted by the UN Agenda 2030 [25]. 
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Chapter 2  

Background and methods 

�is chapter describes the core concepts that are necessary to understand the 

photophysical processes in organic molecules. Section 2.1 describes electronic and 

vibrational states in organic molecules. Section 2.2 covers photoinduced processes, 

providing the basics of fluorescence and phosphorescence, whereas Section 2.3 

describes the experimental methods that were used to study them. Section 2.4 

discusses energy transfer mechanisms and details the spin states involved. In Section 

2.5 quantum-mechanical computational methods are described in brief. Finally, 

Section 2.6 covers the fundamentals of the NMR spectroscopy techniques that are 

described in this thesis. 

2.1. Electronic and vibrational states in organic molecules 

Understanding the nature of the electronic states in organic molecules is essential for 

making molecules with desired photochemical properties. To describe these electronic 

states, the behaviour of the smallest components in the molecules should be addressed 

first. 

Schrödinger equation, stationary states 

Organic molecules are comprised of atomic assemblies and atoms consist of positively 

charged nuclei, neutrons that have no electrical charge, and negatively charged 

electrons. Electrons resemble photons in their behaviour, meaning that they can be 

described both as particles and as waves. Due to the wave-particle duality, electrons 

and photons cannot be described in terms of classical mechanics, raising the need for 

quantum-mechanical description. An organic molecule could be therefore seen as a 

quantum system that is formed by the quantum-size particles (electrons). �e 

quantum systems (molecules) thus require a quantum-theoretical description Most 

generally, this description is provided by the time-dependent Schrödinger equation, 

shown in Equation 2.1a, 

ℏ
i

�
�� ���� = 
����� (2.1a) 

where, ℏ is reduced Planck constant, the constant i  is the imaginary unit, the wave 

function ���� = ��
��, 
����, �� depends, apart from the time, on the coordinates of 

the electrons 
�� and of the nuclei 
���� in the molecule (three coordinates per 

particle). �e quantum-mechanical Hamiltonian operator 
� is a differential operator 

that corresponds to the total energy of the system, including kinetic energy and 
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potential energy. �e interpretation of � is probabilistic: |�����| describes the 

probability of finding one electron each at the positions given by 
�� and the nuclei at 

the positions given by 
���� . Equation 2.1a can describe any process involving the 

molecule. However, of particular interest are so-called stationary states where |�����| 
is time-independent. �e stationary states, also referred to as quantum states are 

limited to a set of discrete energy levels �, that could be defined by the time-

independent Schrödinger equation [26] that reads, 


�� = �� (2.1b) 

Solving Equation 2.1b amounts to finding both those values for the energy � for 

which the equation has proper solutions � and to find the corresponding �. �e 

� values (eigenvalues) are then the possible energy levels of the molecule and � the 

corresponding eigenfunctions (states). 

�e wave function � = ��
��, 
����� describes both electrons and nuclei as quantum-

mechanical objects. However, since the nuclei are heavier than the electrons by a 

factor of ~105, their quantum character is considerably less distinct. Furthermore, the 

electrons will follow changes in the motion of the nuclei nearly immediately. 

�erefore, most quantum-chemical interpretations employ the zero-order Born-

Oppenheimer approximation (BOA) [27], where the nuclei are described as classical 

charged particles at fixed positions. �is approximation simplifies the description of 

the molecule because geometry parameters have fixed values in the zero-order BOA, 

whereas they follow a probability distribution in the full quantum-mechanical 

description. 

Gantum numbers, spin 

�e stationary states of a system are commonly characterized with the help of 

quantum numbers. For example, for a single electron in an atom, there are four 

quantum numbers that are used to determine the energy, total angular momentum 

and its orientation, and spin. �e principal quantum number ��� has an integer value 

starting from 1, � = 1, 2, 3 … and is related to the energy of the state. �e second 

quantum number ��� is used to describe the angular momentum of the atomic orbital 

where the electron is located. �e angular momentum values start from 0, � =
0, 1, 2, 3 … , � − 1. �en, each atomic orbital in their � and � states can be oriented in 

different directions that are described by the third quantum number, which is a 

magnetic quantum number  � = 0, ±1, ±2 … , ±�. Finally, the fourth quantum 

number is used to describe the direction of the electron spin angular momentum. �e 

spin of an electron is 1/2 and it can be oriented in two different directions, which are 

usually denoted as  # = +1/2 or  # = −1/2 or with ↑ or ↓, respectively [28-31]. 
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Qantum numbers can be specified both for individual electrons and for the molecule 

as a whole. An important example for the la1er is the total electron spin % of the 

molecule momentum [32, 33]. For a molecule with 2& electrons, the possible total 

spin quantum numbers are % = 0,1,2,3 … , &. �e spin multiplicity (') is the number 

of possible spin states for the respective electronic state can be expressed by 

Equation 2.2, 

' = 2% + 1 (2.2) 

States of ' = 1, 2, 3, 4, 5 are called singlets, doublets, triplets, quartets, quintets 

respectively (abbreviated as S, D, T, Q correspondingly). In most cases the ground 

state of a molecule has zero net spin �% = 0�, due to paired spins of the electrons on 

the same orbital (Pauli principle). �is explains why most of the molecules have 

singlet ground state configuration (S0) with molecular oxygen (O2) being a notable 

exception [29]. Spin states will be discussed extensively in this thesis. 

Orbitals 

If there were no mutual repulsion between the electrons, they would move 

independently of each other and could be investigated and described one by one. �e 

possible one-electron wave functions are called orbitals. An orbital is a stationary state 

(or an approximation thereof) of a one-electron system, and thus can be described by 

the time-independent one-electron Schrödinger equation (Equation 2.1b) for the 

given arrangement of the nuclei. For an electron in an atom, it is called atomic orbital 

(AO), and for an electron in a molecule it is called molecular orbital (MO) [34]. Wave 

functions with orbital angular momentum � = 0, 1, 2, 3 … are described as 

*, +, ,, -orbitals. �e * orbitals are spherically symmetric while others �+, ,, -� have 

specific angular orientations. �e structure of some AOs is shown in Figure 2. 

 

Figure 2. <e 1s orbital (red), the 2p orbitals (yellow), the 3d orbitals (blue). Image source: [35]. 
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�e orbitals are filled with electrons according to the Au^au principle, meaning that 

orbitals with the lowest energy are filled first. Each orbital can contain a maximum of 

two electrons, and according to the Pauli exclusion principle [36], these electrons 

should have opposite spins, in that case, spins are considered paired. However, if there 

is more than one orbital of the same energy level, the orbitals will be filled with one 

electron each as far as possible, as postulated by Hund’s rule. In this case, all electrons 

would have the same spin, and the spins are considered unpaired. 

�e many-electron wave function is rather complex and difficult to determine. 

Determining eigenvalues and eigenfunctions is usually done for each electron 

independently under a single-electron approximation. Of particular interest are the 

so-called frontier orbitals, i.e. the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO). An excitation (i.e. HOMO to LUMO 

transition) can be described in the way that one (or more) of the electrons is promoted 

into one or more of the unoccupied orbitals; the excitation energy can then be 

determined from the differences between the respective orbital energies. Although 

the orbital picture is based on the idea of non-interacting electrons it proves a good 

starting point for a qualitative understanding in real atoms and molecules (where 

electron-electron repulsion is present) as well. Furthermore, suitable types of orbitals 

can be defined exactly for systems with interacting electrons and can be used as tools 

for quantitative investigations. For instance, excitations can still be described as an 

electron moving from one orbital to a higher one; however, the excitation energy will 

no longer follow from the orbital energies. �erefore, the qualitative description of 

electronic transitions is commonly done using energy states. 

Molecular vibrations 

�e nuclei in a molecule are not at rest but vibrate around their equilibrium positions. 

�e molecular vibrations are quantized, which has two consequences. First, the nuclei 

can never be fully at rest. Even in the lowest energy state, they perform so-called zero-

point vibrations, which make a positive contribution to the total energy of the 

molecule. Second, the possible levels for the vibrational energy are discrete, where the 

spacing between the vibrational energy levels is much smaller than the electronic 

excitation energies. As a consequence of these molecular vibrations, for each 

electronic state of the molecule there exists a series of vibrational levels that are 

associated with that state. 

2.2. Photoinduced processes in organic molecules 

Light-matter interaction 

�e electrons in atoms and molecules can interact with electromagnetic radiation. �e 

radiation can induce an electronic transition if it perturbs the electron wave function 
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of an atom or a molecule in such a way that it converts to another wave function. For 

instance, an electronic transition can occur when a molecule absorbs a photon. A 

molecule that has absorbed a photon, changes its configuration, leaving one electron 

in the ground state (also denoted as a hole) and another electron is promoted to the 

(higher energy) excited state. Such an electron-hole pair is also called an exciton. A 

full-fledged description of such interactions goes beyond quantum mechanics and a 

requires quantum electrodynamical (QED) description [37]. QED description is 

significantly more complex and thus is beyond the scope of this thesis. An adequate 

description of electron-photon interactions can be accomplished using quantum 

mechanics. In this case, the light is described as an electromagnetic field that oscillates 

with the frequency of the photon as represented in Figure 1. To describe the photon 

absorption, one starts with the molecule in its ground state. As the external electric 

field (of the photon) is applied, the wave function of the electron generally undergoes 

just small temporary changes. However, if the photon energy matches the energy 

difference (∆�) between the ground state and some of the excited states of the 

molecule, the photon frequency / fulfils the Bohr frequency condition which is given 

by Equation 2.3, 

∆� = ℎ/ (2.3) 

where, ℎ is Planck’s constant and / is frequency. �e wave function is then in 

resonance with the oscillating field, similar to a pendulum that is pushed periodically 

with its resonance frequency. In this case, there is a finite probability that the system 

converts from its ground state to the respective excited state. 

Transition dipole moment 

�e Bohr frequency condition as stated in Equation 2.3 is necessary but is not 

sufficient on its own for an absorption process. In addition, initial and final electronic 

states must suit an excitation by an electric field. �is condition can be formulated 

mathematically with the help of the transition dipole moment 1�→  between the 

initial and final states, and is given by Equation 2.4, 

1�→3 = 4〈���,�|Σ78|���,3〉 (2.4) 

where, 4 is the elementary charge, ���,� and ���,3 are the electronic wave functions 

of the corresponding states, Σ78 is the sum of the vectors that define the positions of 

the electrons. For an absorption process to be possible at all 1�→  must be non-zero; 

the absorption probability is proportional to 1�→ . In addition to this, the 

orientation of the oscillating electric field must not be orthogonal to '�→ . However, 

for molecules in solution or in the gas phase whose orientation is randomly 

distributed and permanently changing, this implies no restriction. �e requirement 
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that 1�→  is non-zero implies a number of rules that define which transitions are 

likely in a given system and which are not. 

Selection rules 

Selection rules are used to predict the probability and the intensity of the electronic 

transitions. �ese rules are crucial both to comprehend the behaviour of a given 

system and to design systems with specific properties. Selection rules are used to 

predict the intensity of electronic transitions and are typically discussed within the 

framework of symmetry and spin. 

Symmetry. If the molecule under consideration has a centre of inversion, then all of 

its eigenstates are either symmetric (even parity) or antisymmetric (odd parity). In 

this case, '�→  can only be non-zero for states with different parities, i.e. radiative 

transitions are only possible from a symmetric to an antisymmetric state or vice versa, 

not between two symmetric or two antisymmetric states. In practice, the symmetry-

forbidden transition can still occur, however at considerably lower rates than 

symmetry-allowed transitions. �is phenomenon is called vibronic coupling 

(vibrational and electronic), and it is neglected within the BOA. Vibronic coupling 

arises because the vibrations of appropriate symmetry lead to an admixture of the 

‘forbidden’ excited state by some ‘allowed’ state. 

Spin. �e transition '�→  can be non-zero only if m and n are in the same spin state, 

i.e. have the same multiplicity and the same orientation of the total electron spin. 

Electronic transitions between the states of the same multiplicity are referred to as 

spin-allowed transitions. �is spin selection rule is valid to the extent to which spin 

and orbital functions can be separated. Deviations from this can induce transitions 

between states of different multiplicity, i.e. spin-forbidden transitions that arise due to 

the spin-orbit coupling (SOC) [38]. SOC is a relativistic effect that results from the 

interaction of the spin magnetic moment with the magnetic moment induced by its 

orbiting in the nuclear electrostatic field [39]. High SOC is usually observed in 

elements with high nuclear charge (where relativistic effects are strongest) and hence 

is sometimes denoted as ‘heavy-atom effect’. SOC is essential in photochemistry 

allowing spin-forbidden processes such as phosphorescence to take place in organic 

molecules. �e symmetry selection rule applies to radiative processes, whereas the 

spin selection rule applies to both radiative and non-radiative processes that are 

outlined below. 

Radiative and non-radiative transitions 

�e absorption process discussed above is an example of a radiative transition, where 

the electronic transition is accompanied by the absorption or emission of a photon. 

While radiative transitions are at the heart of photochemistry, an important role is 

also played by non-radiative transitions, which use other mechanisms than photon 
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absorption or emission. For instance, an organic molecule that has absorbed a photon 

is subsequently promoted to the excited state and then can return to the ground state 

configuration through radiative or non-radiative decay. 

Radiative decay occurs when a photon is emi1ed from the excited molecular state and 

the molecule returns to the ground state configuration. If the decay originates from 

the excited singlet state the process is then referred to as fluorescence, whereas if the 

decay originates from the excited triplet state the processes is denoted as 

phosphorescence. 

Non-radiative decay occurs without photon emission and has several possible 

mechanisms. On the one hand, a system can convert to an isoenergetic vibrational 

level of another electronic state. On the other hand, a system can convert to a lower 

vibrational level belonging to the same electronic state. In this case, the released 

energy is dissipated e.g. by collisions with other molecules. Other potential 

mechanisms of non-radiative decay involve external conversion (i.e heat dissipation), 

Förster energy transfer, etc. 

We have now summarized the typical photophysical processes that occur in organic 

molecules in consideration with the transition type and the spin states involved. Such 

processes are most oUen depicted using a Perrin-Jabłoński diagram shown in Figure 

3. �e diagram is followed by a brief description of the processes and their 

corresponding rates. 

 

Figure 3. Perrin-Jabłoński diagram illustrating common photophysical processes. Molecular electronic 
states are shown in black solid horizontal lines (i.e. S0, S1, etc.). <e radiative transitions are shown with 
straight arrows, absorption – orange, fluorescence – blue and phosphorescence – red. Non-radiative 
processes are depicted using wiggly arrows, where intersystem crossing (ISC) is green, vibrational 
relaxation (VR) is yellow and internal conversion (IC) is purple. 
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Absorption. It is considered that at room temperature most molecules are in the lowest 

vibrational level of their ground state (S0). �e absorption of a photon, therefore, starts 

from this level. Absorption of a photon occurs very fast, ca. 10-15 s. 

Internal conversion (IC) is a spin-allowed radiationless transition that occurs between 

two isoenergetic states of the same multiplicity. For instance, IC conversion between 

S1 ← S2, as well as T1 ← T2 occurs very fast, ca. 10-12-10-10 s and is regarded as an 

irreversible process because it is associated with an entropy increase. Additionally, 

the following process (vibrational relaxation) is very fast in solution. 

Intersystem crossing (ISC) is a spin-forbidden isoenergetic radiationless transition 

between two electronic states of different multiplicity. ISC typically takes place from 

the excited singlet state to the excited triplet state and can be induced by high spin-

orbit coupling. �e rate of ISC depends on strength of spin-orbit coupling and 

typically lies within ca. 10-13-10-6 s. �e reverse process is also possible and can occur 

in two distinct ways. �e transition can take place from the excited triplet state T1 to 

the isoenergetic vibrational level of S0 followed by vibrational relaxation. ISC is also 

considered to be an irreversible process because it is associated with an entropy 

increase (high density of the vibrational levels in the final lower energy electronic 

state). Moreover, the vibrational relaxation (vide infra) following ISC occurs very fast 

in solution. However, under certain conditions reverse ISC (RISC) is possible and will 

be discussed in more detail in Section 2.4. 

Vibrational relaxation (VR) also called vibrational cooling covers all processes by 

which excess vibrational energy that a molecule has acquired by a vibronic transition 

(IC or ISC) is transferred to the surrounding media. Vibrational relaxation occurs very 

fast in solution, within ca. 10-13 to 10-15 s. 

Fluorescence and phosphorescence. As mentioned above, emission is a radiative decay 

that can occur either by fluorescence or by phosphorescence. Fluorescence is a spin-

allowed process originating from an excited singlet state, and occurs on a fast time 

scale, ca. 10-10-10-7 s. In contrast, phosphorescence is a spin-forbidden process 

originating from an excited triplet state and occurs at a much slower rate ca. 10-3-101 s 

as compared to fluorescence. According to Kasha’s rule [15], emission starts from the 

vibrationally relaxed state of the respective electronic level. 

2.3. Experimental analysis of the photoinduced processes 

�is section describes experimental methods that were used to investigate steady-

state absorption and emission in molecules that were studied in this thesis. 

Absorption of a molecule is commonly expressed through Beer-Lambert-Bouguer law, 

shown in Equation 2.5, 
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: �;� = <�;�=� (2.5) 

where, : �;� is the absorbance, <�;� is the molar absorptivity, = is the molar 

concentration of the sample and � is the pathlength. In practice, the detector inside 

the UV spectrophotometer compares the light that comes through a sample to a light 

that comes through a reference. �is is referred to as transmi1ance in Equation 2.6, 

> = ?
?@

 (2.6) 

where, > is the transmi1ance, A0 the intensity of light transmi1ed through the 

reference and A the intensity of the light transmi1ed through the sample. �e detector 

transfers the transmi1ance data to the computer that expresses the sample 

absorbance, formulated by Equation 2.7, 

: = log E ?@
?  F (2.7) 

Knowing the absorption properties of a molecule it is possible to determine its 

extinction coefficient <�;� at a given wavelength. Using the Equation 2.5, <�;� can 

be determined in solutions of known concentration. 

He instrumental setup used for the absorption measurements 

Steady-state absorption measurements are usually done using a spectrophotometer. 

�e schematic diagram of a dual-beam UV-Vis spectrophotometer is shown in Figure 

4. 

 

Figure 4. Schematic diagram of a UV-VIS spectrophotometer. 

Most of the common spectrophotometers use a dual-beam design. Polychromatic light 

is obtained by means of deuterium arc lamps within the ultraviolet range (ca. 190 nm 

to 320 nm) and tungsten filament lamps cover visible to near-infrared range (ca. 320 

nm to 2500 nm) of the electromagnetic spectrum. Inside the monochromator the white 

light is dispersed into its constitutional waves by a diffraction grating. �e wavelength 

is selected by passing to an exit slit before reaching the sample and the reference. 

�ereaUer, light reaches the detector where it is converted into an electrical signal. 

Photomultiplier tube (PMT) detectors are commonly used in spectrophotometry. �e 

acquired data is then converted to an absorption spectrum by a computer. 



Background and methods 

 

14 

He instrumental setup used for the emission measurement 

�e emission spectrum reflects the photon energies that are emi1ed by a molecule 

making the transition from the excited state to the ground state. Steady-state emission 

measurements are typically performed using a spectrofluorometer. �e 

spectrofluorometer can record emission or excitation spectra, depending on which 

mode is used. During the acquisition of the emission spectrum, the grating in the 

excitation monochromator is fixed (λexc is fixed), whereas the grating in the emission 

monochromator is rotated to scan the emission wavelength (λem is scanned). �e 

instrumental design of a spectrofluorometer recording emission spectrum is shown 

in Figure 5. 

 

Figure 5. <e instrumental design of a spectrofluorometer recording emission spectrum. 

On the contrary, during the acquisition of the excitation spectrum the grating in the 

excitation monochromator is rotated to scan the excitation wavelength (λexc is 

scanned), whereas the grating in the emission monochromator is static (λem is fixed). 

In this way, the spectrum gives information about the wavelengths at which a sample 

will absorb so as to emit at the single emission wavelength chosen for observation. 

�e excitation spectrum is superimposable of the absorption spectrum. �e 

instrumental design of a spectrofluorometer recording the excitation spectrum is 

shown in Figure 6. 

 

Figure 6. <e instrumental design of a spectrofluorometer recording excitation spectrum. 
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2.3.1. Time-resolved measurements 

�is section describes experimental methods that were used to record time-resolved 

emission in molecules that were studied in this thesis. 

�e fluorescence lifetime τF is used to describe the average time that a population of 

molecules spend in an excited singlet state before the decay. �e Time-Correlated 

Single Photon Counting (TCSPC) technique is commonly used to determine the 

fluorescence lifetimes. TCSPC is a digital counting technique, counting photons that 

are time-correlated in relation to a short excitation light pulse. In TCSPC the sample 

is repetitively excited using a pulsed light source with a high repetition rate. �e time 

between excitation (start) and the first photon reaching the detector (stop) is then 

plo1ed in a histogram where the x-axis shows time from pulse to detection, and the 

y-axis shows a number of photons. In certain cases, an instrument response function 

(IRF) has to be recorded in the course of the measurement. �e laser pulse and 

instrument response are recorded from a sca1ering sample and then IRF is 

deconvoluted from the fluorescent decay that is mathematically fi1ed to obtain the 

average lifetime of fluorescence. An example of a fluorescent emission lifetime (τF) 

measurement is shown in Figure 7a. 

 

Figure 7. a). <e fluorescent emission decay (blue), monoexponential fit (black) and IRF (grey), reproduced 
from [3], b). TRES maps of peri-DBA and ortho-DBA recorded in toluene, reproduced from [2]. 

TCSPC allows employing another technique that is called Time-Resolved Emission 

Spectroscopy (TRES). TRES is a technique that measures fluorescence decay at 

incremental wavelengths across the emission spectrum of a sample. A three-

dimensional plot of intensity versus time versus wavelength is obtained. If a sample 

contains multiple emi1ers with overlapping spectra but different lifetimes, the 

individual spectra of these components can be separated using TRES. An example of 

the TRES spectra is shown in Figure 7b. 
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2.3.2. Gantum yields and rates determination 

�e quantum yield is normally used to describe the efficacy of a process in a system. 

�e quantum yield ФH of a photoinduced process is typically used to describe the 

number of events &H per number of absorbed photons in a system at a given 

wavelength ; and can be expressed using Equation 2.8, 

ФH �;� = IJ
IK

 (2.8) 

�is generic form could be then expanded further to calculate the efficiency of 

radiative processes (i.e. luminescence) as well as non-radiative processes (i.e. ISC, 

energy transfer, etc). �e fluorescence quantum yield �ФL� describes the relationship 

between absorbed and emi1ed photons in a given system and is calculated using 

Equation 2.9, 

ФL = IMN.  KOPQPRS
ITUS.  KOPQPRS

 (2.9) 

where, &�3.  VWX�X�# is the number of emi1ed photons and &YZ#.  VWX�X�# is the number 

of absorbed photons. �e ФL can be also expressed in rate constants as shown in 

Equation 2.10, because all the processes have first-order kinetics, 

ФL = [\
[\]∑ [_`

 (2.10) 

where aL is the rate constant of radiative relaxation (fluorescence) and aIb is the rate 

of all non-radiative relaxation processes. In cases when non-radiative decay is 

significantly lower than radiative decay, the values ФL can approach to unity (i.e. 

perylene). 

Experimental determination of ФL could be done either using the absolute method or 

the relative method. �e absolute method uses an instrumental module, such as 

integrating sphere, that allows to determine ФL directly in the course of the 

experiment. �e relative method requires a reference compound with known ФL , with 

absorption and emission properties in a similar spectral region as the studied sample. 

�e fluorescence quantum yield of a sample could then be determined using 

Equation 2.11, 

ФL�*� = ФL�7� �Sc de ?e LS
�ec dS ?S Le   (2.11) 

where, �*� is the sample and �7� is the reference, ФL�f� is the fluorescence quantum 

yield, �8  is the refractive index of the solvent,  :8 is the absorption at the excitation 

wavelength,  A8 is the excitation intensity, g8 is the integrated emission intensity. 
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Qantum yields can be also used to determine radiative and non-radiative rates. For 

instance, if the ФL is known for a molecule with fluorescence lifetime τF, the radiative 

rate aL can be expressed as shown in Equation 2.12, 

aL = Ф\
h\

 (2.12) 

Where fluorescence lifetime is then described using Equation 2.13, 

τL = j
[\][_`

 (2.13) 

whereas Equation 2.14 shows how the non-radiative rate could be determined, 

aIb = jkФ\
h\

 (2.14) 
�e efficiency of the energy transfer event can also be expressed as a quantum yield. 

�is is usually calculated by relating the probability of the energy transfer event per 

donor excitation event as shown in Equation 2.20. 

2.4 Energy transfer and spin conversion methods 

Excitation energy transfer events are essential processes in both natural and artificial 

light-harvesting systems [40, 41]. For instance, light-harvesting complexes contained 

in the antenna of photosynthetic organisms collect solar energy that is then 

transported to the reaction centre through a complex sequence of synchronised 

energy transfer events [41-43]. �e direct funnelling of the energy observed in 

photosynthesis serves as a basis for creating artificial photosynthetic systems [44]. 

Energy transfer processes are isoenergetic, meaning that the energy lost by the donor 

reappears in the acceptor. If the excitation energy of the acceptor is below that of the 

donor, the isoenergetic vibrational level of the acceptor will be populated initially, 

followed by rapid excess energy dissipation to the medium. Energy transfer can occur 

by the radiative pathway or by the non-radiative pathway. �e radiative energy 

transfer proceeds through electromagnetic radiation, a photon that is emi1ed by the 

excited donor is then absorbed by the ground state acceptor. �is is a dominant 

process of energy transfer in dilute gases and interstellar space [45, 46]. Non-radiative 

energy transfer occurs without the emission of a photon and typically takes place 

between isoenergetic vibrational levels in the donor-acceptor pairs. It is important to 

note that although the energy transfer mechanisms that are described below are non-

radiative themselves, they are usually followed by photon emission, a radiative decay. 

If the energy transfer takes place between the states of different multiplicity, the 

process is sometimes referred to as spin conversion. Triplet-to-singlet spin 

conversions (triplet harvesting) are of particular interest in photochemistry due to the 
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reasons that were covered in Section 1.2. �e following subsections describe three 

methods that could be used for triplet-to-singlet energy transfer. 

2.4.1 Förster Resonance Energy Transfer 

Förster resonance energy transfer (FRET), sometimes also denoted as Coulombic 

mechanism or resonance energy transfer (RET) or electronic energy transfer (EET) is 

a mechanism describing energy transfer between two chromophores introduced by 

�eodore Förster in 1948 [47]. In FRET, the excitation energy is transferred from the 

excited donor chromophore to the acceptor chromophore through a dipole-dipole 

coupling [47]. No photon emission occurs during the transfer, therefore FRET is 

treated as a non-radiative mechanism of energy transfer [48]. Although, the FRET 

mechanism is oUen discussed using a notion of a virtual photon to illustrate the 

process [49]. A virtual photon is a temporary quantum fluctuation that exhibits 

certain characteristics of an ordinary free particle [50]. Recent interpretations of the 

mechanism show that radiationless FRET and radiative energy transfer could be seen 

as asymptotes of a single unified mechanism when analysed using quantum 

electrodynamical calculations [49, 51, 52]. Pictorial representation of FRET is shown 

in Figure 8. 

 

Figure 8. Schematic diagram of Coulombic interactions in FRET mechanism. 

�e energy transfer efficiency is inversely proportional to the sixth power of the 

distance between donor and acceptor, making FRET extremely sensitive to the small 

changes in the distance [53] as can be seen from Equation 2.15, 

ФLblm = j
j]�nop b@⁄ �r (2.15) 

where, 7sd is the distance between the donor and the acceptor, tu named critical 

transfer distance, is the distance in which energy transfer has 50% efficiency (meaning 

that half of the donor molecules decay through intrinsic pathways and half by energy 

transfer to the acceptor molecules). Due to its high distance sensitivity, FRET is widely 

used to determine the exact distances between the fluorescent markers in biological 

systems, denoting FRET as a ‘molecular ruler’ or a ‘spectroscopical ruler’ [53-55]. 
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�e probability and efficiency of FRET depend on several parameters: 1) the distance 

between the donor and the acceptor, 2) the spectral overlap between the donor 

emission and the acceptor absorption, 3) the relative orientation of the donor emission 

dipole moment and the acceptor absorption dipole moment, and 4) the strength of the 

transition dipole moments of the donor and the acceptor. �ese parameters are 

included in the time-dependent analysis of FRET, where the rate is used to evaluate 

the efficiency. �e rate of Förster-type energy transfer is a function of the donor 

emission and the acceptor absorption v8��, and can be expressed using Equation 2.16, 

aLblm�7sd� = as
u.�jjrwc

�x nopr v8�� (2.16) 

where as is the radiative rate constant of the donor in the absence of acceptor, � is 

the refractive index of the medium, 7sd is the donor−acceptor distance, y� describes 

the relative orientation of the transition dipoles of the donor and the acceptor and v8�� 

stands for spectral overlap integral. �e spectral overlap integral is calculated using 

Equation 2.17, 

v8�� = z gs�;�{c
{| <d�;�;}d; (2.17) 

where gs is the area normalized emission of the donor and <d is the molar absorptivity 

of the acceptor. Pictorial exemplification of spectral overlap integral �v8��� is shown 

in Figure 9, where the distance between the absorption and the emission maxima in 

the molecule is called Stokes shiU. With a good spectral overlap and appropriate 

molecular properties, the 1 7sd�⁄   distance dependence enables the energy transfer to 

occur efficiently over distances up to 10 nm [53, 56]. Although, Monte Carlo 

simulations show that the usable range of FRET can be extended up to 20 nm if 

multiple acceptors are used and the orientation factor is high [57]. �e correlation 

between the rate of FRET and the size of spectral overlap integral is essential and is 

exemplified in Paper III. 
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Figure 9. Spectral overlap integral (Jint) is shown in grey. <e distance between absorption and emission 
maxima in the molecule is called Stokes shiN. 

As covered in Section 2.1 the alignment of the transition dipole moment of the 

electron with the electric field of the electromagnetic wave has to take place for a 

transition event to occur. Similarly in FRET, the alignment between the transition 

dipole moments of the donor and the acceptor must be in place for a successful 

excitation energy transfer event. �e orientation factor y considers the directional 

orientation of the dipole-dipole interaction and is represented using a spherical model 

in Figure 10. It is usually assumed that both donor and acceptor undergo rapid 

Brownian rotation during the transfer event. Averaging all the possible orientations 

of the transition dipoles gives y� = 2/3, which is used as a common value for 

molecules freely diffusing in solution. However, if the directional orientation of the 

chromophores is fixed (i.e., by means of a rigid linker) the orientation factor can be 

calculated using Equation 2.18, 

y� = �cos �m − 3 cos �s cos �d�� (2.18) 

where, �m, �s and �d is the angle between the vectors �⃗s and �⃗d, �⃗s and 7⃗, and �⃗d 

and 7⃗, respectively (where �⃗ is the transition dipole moment). If the orientation of the 

vectors is orthogonal, meaning that �s = 0 and �m = �d = 90°, the y� = 0. It is 

considered that the energy transfer event is not possible when the orientation factor 

is zero, since the dipoles seemingly have no interaction. However, there are examples 

showing the high quantum yield of FRET in dyads with orthogonal chromophore 

placing (orthogonal transition dipoles) [58-61]. 
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Figure 10. Graphical representation of the orientation factor kappa squared. 

�e FRET efficiency or quantum yield of the energy transfer is the probability of the 

energy transfer occurring per donor excitation event. Knowing the rates of the other 

processes, the FRET efficiency can be determined using Equation 2.20, 

ФLblm = [\`��
[`o][\`��]∑ [_`

 (2.20) 

where, aLblm is the rate of energy transfer, abs is the radiative decay of the donor 

and aIb is the rate of any other relaxation pathway that is not energy transfer event 

[31, 62]. 

�e possibility of energy transfer by the FRET mechanism is sometimes discussed in 

terms of angular momentum conservation [23, 63-69]. Furthermore, this notion is also 

present in modern books on photochemistry [31, 34, 70]. Indeed, FRET predicts very 

short critical transfer distances t0 for singlet-triplet transfer to organic acceptor 

molecules that have very low singlet-triplet absorption coefficients [31]. However, 

FRET from triplet donors with high quantum yields of phosphorescence and good 

spectral overlap with absorption of the singlet state of the acceptor can be fairly 

efficient and have been demonstrated in the 1960s [21, 22]. Equation 2.21 

conceptualizes triplet-to-singlet energy transfer, 

�∗ � + : → � + :∗ j  (2.21) 
Förster derived the energy transfer mechanism based on the Coulombic interactions, 

and thus the spin of the states involved should be of no consequence as seen in 

Equation 2.16. �erefore, as long as long as the right part in Equation 2.16 is larger 

than 1, then triplet-to-singlet FRET outcompetes the radiative emission from the 

corresponding state. In this thesis, FRET mediated triplet-to-singlet energy transfer is 

addressed in Paper II and Paper III using perylene-based Donor-bridge-Acceptor 

systems. 
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2.4.2. Dexter-type energy transfer 

�e Dexter energy transfer, sometimes also denoted as a Dexter electron transfer is 

an energy transfer mechanism suggested by David Dexter in 1953 [71]. Similarly to 

FRET, Dexter-type energy transfer does not involve photon emission, and thus is 

regarded as a non-radiative energy transfer. It is treated as a synchronous dual 

exchange of electrons between the molecular orbitals of the donor (�) and those of 

the acceptor (:). �e exchange mechanism is based on the spin conservation rule, and 

therefore the spin-allowed processes could be singlet-singlet, shown in Equation 

2.22 or triplet-triplet energy transfers, shown in Equation 2.23, 

�∗ j + : → � + :∗ j  (2.22) 
�∗ � + : → � + :∗ �  (2.23) 

�e Dexter energy transfer by electron exchange requires an appreciable overlap of 

the molecular orbitals of � and :, so that the critical transfer distance becomes 

essentially equal to the sum of the van der Waals radii of � and :. �e electron density 

in the molecular orbital decreases exponentially with the distance from the nucleus, 

and thus the rate of energy transfer will decrease exponentially as well. �is distance 

dependence of the energy transfer rates �alm� could be described using Equation 

2.24, 

alm~v4�+�−�tsd� (2.24) 
where, tsd is the distance between the donor and the acceptor, v is the integrated 

spectral overlap integral between the � and : and � describes the sensitivity to the 

distance separation [70, 72]. Essentially, two molecules must be in close contact with 

each other for the energy transfer to occur by the Dexter mechanism. �is oUen 

occurs in solution when diffusing molecules collide [70, 73, 74]. 

Dexter mechanism of TET can be regarded as a double electron transfer process, one 

electron moves from the LUMO of the excited donor to the LUMO of the acceptor 

while the other electron moves from the acceptor HOMO to the donor HOMO. �e 

pictorial representation of Dexter-type energy transfer could be seen in Figure 11. 

 

Figure 11. Schematic diagram of simultaneous double electron transfer in Dexter-type energy transfer. 
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In its original formulation Dexter mechanism was described in terms of direct overlap 

between donor and acceptor orbitals, however this can be extended to coupling 

mediated by the intervening medium. For instance, Dexter-type energy transfer can 

still occur without direct overlap of donor and acceptor orbitals, but rather by means 

of a ‘conductive’ bridge, that covalently links donor and acceptor. Bridge-mediated 

Dexter-type energy transfer is also referred to as ‘through bond’ energy transfer as to 

distinguish it from the ‘through space’ transfer that is a result of direct orbital overlap. 

�e involvement of the bridge in Dexter energy transfer is oUen discussed in terms of 

hopping or superexchange mechanisms [75]. �rough bond interactions that take 

place via connecting units (bridges) are common in supramolecular structures [76-

81]. In the superexchange mechanism, the bridge energy is always higher than those 

of donor and acceptor, so the electron tunnels in a single step from donor to acceptor. 

On the other hand, in cases when the energy of the bridge is small, it acts as an 

intermediate step in transfer event being directly involved in the process. �is is 

referred to as the hopping mechanism. Finally, if there is a complete mixing among 

the donor-bridge-acceptor orbitals (large coupling limit), the bridge acts as an 

incoherent ‘molecular wire’ as could be seen in the case of conjugated conducting 

polymers [82]. Triplet energy transfer is oUen used in energy upconversion (Section 

2.4.4), preparative photochemistry and elucidation of the reaction mechanisms. 

Paper III addresses the interplay between Förster and Dexter Energy transfer 

mechanisms in isomeric Donor-bridge-Acceptor systems. 

2.4.3. Delayed fluorescence 

Delayed fluorescence describes an emission that has spectral characteristics of 

fluorescence but lifetimes much longer than that of prompt fluorescence. It typically 

occurs by the repopulation of the S1 state following the initial ISC to the T1 state. 

�ere are two types of delayed fluorescence; thermally activated delayed fluorescence 

(E-type delayed fluorescence) and triplet-triplet annihilation (P-type delayed 

fluorescence). 

Hermally activated delayed fluorescence (TADF) 

�ermally activated delayed fluorescence was first observed in eosin dye and was 

initially referred to as E-type delayed fluorescence [83]. Some organic dyes, for 

instance eosin and fluorescein demonstrate a small S1-T1 energy gap (∆E = 20-40 kJ 

mol-1). Light absorption by S1 in eosin is then followed by prompt emission competing 

with ISC to T1. By absorbing the nearby thermal energy, the eosin in its triplet state 

T1 can undergo reverse intersystem crossing (RISC) allowing to repopulate singlet 

state S1 which can then return to the ground state through fluorescent decay. �e 

TADF process is graphically exemplified using an energy diagram in Figure 12. 
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Figure 12. Energy diagram showing thermally activated delayed fluorescence. <ermal energy (+Q) is 
shown in brown. 

Normally, T1 to S1 delayed fluorescence is observed, however there are some 

exceptions. Xanthone demonstrates an ultrafast 1 ps ISC rate to the T2 that is nearly 

isoenergetic with S1. �e reverse intersystem crossing then occurs from T2 to S1 in 

competition with IC to T1. [84]. �e intensity of the TADF decreases strongly at 

reduced temperatures [85]. TADF did not get much a1ention until 2009 when Adachi 

and coworkers reported molecular design strategy for highly efficient green, orange 

and blue OLEDs using TADF [86-88]. �e field escalated quickly showing systems of 

nearly unity external quantum efficiency [89, 90]. �is approach towards OLEDs 

fabrication is sometimes referred to as the 3rd generation OLEDs aUer fluorescent and 

phosphorescent devices. 

Triplet-triplet annihilation 

TTA was initially denoted as P-type delayed fluorescence taking its name from pyrene 

[91] and later observed in many other aromatic compounds [92-94]. Parker and 

Hatchard in the 1960s established the field of sensitized triplet-triplet annihilation 

explaining the delayed fluorescence from anthracene and phenanthrene derivatives 

[83, 95-97]. 

TTA is a Dexter-type energy transfer mechanism that involves the recombination of 

two excited triplet states. �is can be a sensitized process, but here we consider the 

TTA event with respect to only the annihilator molecule. TTA can occur both 

intramolecularly and intermolecularly. �e recombination of two excited triplet states 

can result in higher excited singlet, triplet or quintet states. Taking into consideration 

the number of spin states in each possible configuration (singlet – 1, triplet – 3, quintet 

– 5), the plausibility of a singlet configuration is 1/9, triplet is 3/9 and quintet is 5/9 

[98, 99]. 
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�∗ � +  �∗ � ↔ ���� ∗ j → �∗ j + � j   2.25 

�∗ � +  �∗ � ↔ ���� ∗ � → ��∗ � +  � j → �∗ � +  � j  2.26 

�∗ � +  �∗ � ↔ ���� ∗ � → �∗ � + � j   2.27 

Several mechanisms can be envisaged for the relaxation of encounter complexes. 

Firstly, if the singlet encounter complex is formed, it can result in a higher singlet 

energy state � �∗� j  for one molecule and ground state configuration for the ‘donating’ 

molecule as shown in Equation 2.25. Secondly, for the triplet encounter complex the 

higher energy level formed would be the second triplet state ��∗ �  as illustrated in 

Equation 2.26. �irdly, for the quintet encounter complex it is the first quintet state 

� �∗ � � as seen in Equation 2.27. All scenarios above are reversible processes, the 

encounter complex of any multiplicity can dissociate into two excited triplet states. 

For most organic molecules, the quintet state is energetically inaccessible, and thus a 

quintet encounter complex is not likely to form [98, 99] We therefore consider only 4 

possible encounter complexes and their products. Importantly, the probability of 

formation of �∗ j  and ��∗ �  is also determined by the accessibility of higher energy 

states of either spin-multiplicity. In an ideal case ��∗ � will be inaccessible and �∗ j  will 

be accessible thus forming the basis for the spin-statistical limit of triplet-triplet 

annihilation photon upconversion (TTA-UC) [100]. TTA-UC is graphically 

exemplified using Jabłoński diagram in Figure 13 below. 

 

Figure 13. Jabłoński diagram showing sensitized TTA-UC. 

�e energetic requirements of the ideal scenario could be seen as a prerequisite for a 

successful TTA-UC annihilator. Photon upconversion through TTA is commonly used 

as a strategy for triplet harvesting and has been explored extensively in solar cells 

[100] and OLED systems [101]. Recent years have shown significant progress towards 

reaching the spin statistical limit of 50% [100, 102]. Recently, the precedents of 

exceeding the spin-statistical limit were rationalised [103]. 
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2.5 Gantum-mechanical calculations 

Qantum-mechanical calculations are oUen employed as a complement to 

experimental investigations, e.g. to predict structures and geometry of the molecules 

involved, excitation spectra and transition rates. Density-functional theory (DFT) is 

arguably the most common approach to quantum-mechanical modelling nowadays. 

�e DFT method is based on a theorem postulated by Hohenberg-Kohn, stating that 

all properties of a given system are determined unambiguously by its electron density 

[104]. Starting from this theorem, Kohn and Sham (KS) [105] developed a 

computational scheme where the density of the system is represented by a set of 

orbitals (KS orbitals). �is KS formalism involves the exchange and correlation (XC) 

energy of the system as a functional of its electron density. �e mathematical 

expression of this functional is unknown and has to be approximated to make the KS 

formalism into an applicable computational scheme. Today, a wide variety of XC 

functionals are available, which allow reliable yet economical calculations of 

electronic structures. 

In practical DFT calculations, a second approximation is necessary in addition to the 

choice of an approximate XC functional. �e KS orbitals need to be described by a 

finite set of parameters, which can be handled by the computer. To this purpose, the 

orbitals are approximated as a linear combination of predefined atomic-centred 

functions (basis functions) [106]. �e choice of a suitable basis set is a trade-off 

between numerical expenses and accuracy. 

�e geometry of the molecule, i.e. the set of coordinates for the nuclei, is specified in 

advance for a single DFT calculation. Typically, one needs to determine the 

equilibrium geometry of the molecule under investigation. �is means finding that 

geometry for which the total energy of the molecule is minimal. To this end, one starts 

with a DFT calculation for a reasonable guess geometry. Based on the result of this 

calculation, the guess for the geometry is refined. �is procedure is repeated until the 

geometry is sufficiently close to the equilibrium geometry. �e procedure described 

is denoted as geometry optimization. 

Standard KS-DFT describes only the ground state of the molecule and not its excited 

state. �is limitation has been overcome by Gross and Runge [107], who proved that 

KS-DFT can be generalized to the case of a time-dependent external potential. �us, 

the excitation of the molecule can be simulated by an oscillating external potential 

(modelling a photon), and the excited states of the molecule become available for DFT 

calculations [108]. 

A DFT or TD-DFT calculation as described above reflects the situation in the gas 

phase. However, solvent effects are known to have a substantial influence on the 
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properties of the molecule. It is possible to execute DFT calculations with 

consideration of at least some of the solvent effects, typically by some form of the 

self-consistent reaction field (SCRF) approach [109]. However, this significantly 

increases computational costs, and most oUen is disregarded. �is sometimes raises 

concern that the output data for the ideal gas phase is not descriptive enough. 

DFT calculations have been incorporated in several of the publications in this thesis. 

All of these calculations were performed using the Gaussian program package [110], 

using the Becke three-parameter (B3LYP) XC functional with Lee-Yang-Parr 

correlation [111-114] and the LANL2DZ basis set [115]. In Paper I and Paper III the 

ground state energies as well as the energies of the excited states in perylene-based 

molecules were determined using the B3LYP functional and LANL2DZ basis set. 

Furthermore, the Boltzmann probability density of the rotational degree of freedom 

in perylene acceptors was determined in Paper III using the Gaussian program 

package. �is was done by changing a dihedral angle between the perylene and the 

phenyl ring and calculating the energy of the new conformer in a single point 

calculation. �e probability density was then plo1ed against the energy of each 

conformer to derive the most plausible conformations of the molecules. Finally, the 

DFT method was used to determine the optimized geometry of dihexylquaterrylene 

in order to build the J-aggregate models for the diffusion coefficient simulation in the 

NMR study that is described in Paper IV. 

2.6 NMR spectroscopy methods 

Nuclear magnetic resonance is arguably the most common method of analysis in the 

toolkit of an organic chemist. Readers interested in the basic principles of the NMR 

methods are referred to the textbook [116]. In this thesis, 1D and 2D NMR methods 

were used for the structure determination and the diffusion NMR technique was used 

to estimate the physical size of the J-aggregates. All the NMR experiments in this 

thesis were carried out using 900 MHz, 800 MHz, 600 MHz and 400 MHz field strength 

spectrometers depending on the experiment. 

2.6.1 Spectral assignment using 1D/2D experiments 

To characterize the compounds synthesised in Paper II and Paper III, a set of 1H, 
13C and 31P NMR was performed. A set of 1D NMR measurements complemented by 

the HRMS results and single crystal X-ray data (only for peri-DBA) were used for the 

final structure determination. In Paper IV, in addition to 1D measurements, a set of 

2D experiments was performed. Homonuclear COSY and anti-Z-COSY [117] 

experiments were performed in order to evaluate short-range proton-proton 

couplings and determine the J-coupling networks. Short-range heteronuclear 
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correlations were evaluated by HSQC experiments. HSQC spectra are widely used for 

investigating one-bond heteronuclear couplings, such as 1H-13C, 1H-15N, 1H-31P, etc. 

Long-range correlations between 1H-13C were investigated by IMPACT-HMBC [118]. 

�e spin systems were identified with help of 2D-TOCSY experiments. TOCSY is a 

homonuclear experiment generally used for protons allowing to see correlations 

between spins that are connected by an unbroken chain of couplings. 2D NOESY 

experiments were done to be able to identify which homonuclear spins are close in 

space. In this way NOESY can be treated as a complementary experiment to COSY. 

Selective excitation 1D NOESY experiment was carried out to identify the interaction 

between particular aliphatic-aromatic protons. 1D NOESY experiment allows to set 

the excitation of a single site. 1D NOESY also provides a be1er signal to noise ratio as 

compared to 2D NOESY under shorter experiment times. Additionally, solvent and 

water peaks were suppressed using shaped pulse presaturation in order to obtain the 

spectra within a reasonable timeframe. 

2.6.2 Diffusion NMR to estimate the molecular size 

In Paper IV �e physical size of the J-aggregates was estimated using diffusion-

ordered spectroscopy (DOSY). DOSY allows performing both quantitative and 

qualitative types of analysis. �e individual diffusion coefficients for the diffusing 

species could be determined in the experiment as a quantitative measure. During the 

diffusion experiment, the smaller species ‘diffuse away’ faster leaving the larger 

species (diffusing slower) present in the spectrum for a longer time. �is can provide 

some qualitative insights into the composition of the investigated species. 

Measured diffusion coefficients 

�e diffusion experiments for the aggregates were performed at the detection limits 

of the 900 MHz NMR system (10-4 M in C2D2Cl4, 2 orders of magnitude higher than 

UV/Vis concentration). �e indications of an exchange between monomers and 

aggregates were observed at the given concentration, indicating that the formed 

aggregates are in dynamic equilibrium. Luckily, the exchange was slow enough thus 

enabling to determine individual diffusion coefficients for the fast-diffusing species 

(monomers) and for the slow-diffusing species (aggregates). As seen in Figure 14 the 

fast-diffusing species (monomers) demonstrate comparable diffusion rates at 10-4 M 

and 10-5 M, however the diffusion rates of the slow-diffusing species (aggregates) 

decrease as a function of concentration. �is indicates the formation of larger 

aggregates at higher concentrations, whereas the diffusion rates of the monomers are 

concentration independent. Furthermore, the results obtained when carrying out 

exchange suppression sequences further reassured the slow exchange. 
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Figure 14. <e experimental diffusion coefficients for the dihyxylquaterrylene monomers and aggregates. 

Simulated diffusion coefficients 

�e diffusion coefficients could be translated to the molecular size using several 

methods. Typically, the Einstein-Stokes equation is used to describe the diffusion of 

the spherical particles, however this is not a very likely arrangement for the J-

aggregates. Instead, J-aggregates are most-likely are in slip-stacked (staggered) 

orientation. �erefore, the diffusion coefficients for the J-aggregates were simulated 

using HYDRO++10 soUware [119, 120] that accounts for non-spherical J-aggregate 

geometry. �e aggregate models consisting of up to 60 units were built in order to 

simulate the diffusion coefficients that could be later compared with the experimental 

ones. �e experimental diffusion coefficients of the monomeric species were in good 

agreement with the simulated ones. �e experimental diffusion coefficients for the J-

aggregates match with the diffusion coefficient simulated for 14 units at 10-4 M 

concentration in C2D2Cl4. At the higher concentration (>10-4 M) the recorded value 

matched the simulation for 34 units. �ese results correlated well with those obtained 

by the spectroscopical analysis, 6 units at 10-6 M concentration. 
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Chapter 3  

Perylene as the common denominator 

In this chapter, the choice of perylene as a ‘parent chromophore’ for this thesis is 

discussed. Section 3.1 outlines a list of prerequisites a model system must meet to be 

relevant in answering the principal research questions formulated in this thesis. In 

this section, the choice of perylene as a model system is rationalised. Section 3.2 

covers a brief historic overview of perylene discovery and describes the generic 

chemical, and physical properties of the chromophore. Section 3.3. looks at the 

substitution pa1ern effect on the photophysics of perylene positional isomers. 

Section 3.4 describes the design rationale and convergent synthetic approach 

towards perylene-based molecular dyads followed by their spectroscopical 

evaluation. Section 3.5 is exploring bay-alkylation and longitudinal core expansion 

of perylene. Synthesis, photophysical evaluation and J-aggregation phenomena are 

discussed in this section as well. 

3.1. Perylene as a model system 

Unveiling the structure-to-properties correlations in organic chromophores requires 

a model system. �e model system should satisfy a set of defined prerequisites to be 

able to address the research questions raised in Section 1.2. A brief overview of the 

prerequisites towards the model system and desired molecular properties are outlined 

below: 

1. �e model compound should be soluble in most organic solvents, allowing 

solution-based photophysical and NMR studies, the results of which are oUen 

more facile to interpret than solid-state experiments. 

2. �e relation between absorbed and emi1ed photons is reflected through 

emission quantum yields. High quantum yields can provide high signal-to-

noise ratios that are beneficial to the instrumental methods of analysis. 

3. Ideally, the molecule under investigation will absorb in a spectral region where 

laser sources are available. Furthermore, commonly used detectors are oUen 

most efficient in the visible segment of the electromagnetic spectrum, and 

therefore a visible light emi1ing molecule is adequate for our purpose. 

Looking through the prism of these selection criteria, the a1ention was focused on 

the robust carbon-hydrogen framework of perylene. A versatile and soluble 

fluorescent chromophore with 4 nanoseconds excited state lifetime and emission 

quantum yield close to unity. Its aromatic network comprised of condensed phenyl 
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rings gives rise to a π-π* transition allowing us to work in the visible regime. It can 

offer a solid platform for investigating molecular properties and understanding the 

excited state interactions in composite chromophore assemblies. 

3.2. Discovery and basic properties of perylene 

History and nomenclature 

In the early 1900s, a Swiss chemist named Roland Scholl was working on arene 

coupling reactions. Using sulphuric acid in the presence of aluminium chloride, he 

synthesized helianthron [121] and also perylene from naphthalene [122] in 1910 as 

shown in Scheme 1. Later, in 1913 perylene was also synthesized from 1,1’-

binaphthalene [123]. Remarkably, the manufacturing process of perylene is basically 

unchanged since its discovery [124]. Emphasizing the relevance of Scholl’s chemistry 

today, more than a hundred years later, we implemented a slightly modified reaction 

procedure to synthesize a soluble bay-alkylated quaterrylene that is able to form 

superradiant NIR J-aggregates (discussed in Section 3.4). 

 

Scheme 1. Scholl reaction and perylene synthesis. 

Perylene is soluble in most organic solvents and has three individual potential 

reactive sites. Positions 1, 6, 7, 12 are also referred to as bay positions, positions 2, 5, 

8, 11 are also called ortho, and finally positions 3, 4, 9, 10 are labelled as peri positions 

as shown in Figure 15. All three positions could be functionalized through synthesis, 

however the reactivity of bay, ortho and peri regions varies. 
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Figure 15. Position numbering and region labelling in perylene. 

Reactivity 

�e reactivity of an organic molecule is oUen discussed in terms of energetics, 

electronic effects, steric effects, stereoelectronic effects and solvent effects. Some of 

these effects in relation to perylene are discussed below. 

Electronic effects are usually determined using the Mulliken population analysis. �e 

Mulliken method is used to estimate partial atomic charges in a molecule [125]. �e 

method is based on a linear combination of atomic orbitals (LCAO) introduced by 

Lennard-Jones [126]. �e Mulliken charges at ortho, peri and bay carbons of perylene 

are displayed in Figure 16. 

 

Figure 16. Mulliken charge distribution in ground state perylene as calculated in the Gaussian 16 program 
package. <e steric availability of each position is indicated. 

Steric effects. Steric factors play an important role in a predisposition towards certain 

reactions. �e bay positions in perylene are the most sterically hindered due to the 

proximity of the neighbouring bay hydrogen. On the contrary, the ortho region has 

the best steric availability having negligible interactions with peri and bay hydrogens. 

Peri positions are partially hindered by the neighbouring hydrogen. �e steric 

availability of each reactive site in perylene is indicated in Figure 16. 
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Stereoelectronic effects. �e spatial orientation of filled and unfilled orbitals influences 

molecular reactivity. In many cases, electron pairs in atomic or molecular orbitals that 

are involved in the making or breaking of bonds have an optimal geometrical 

alignment that is critical for a reaction to occur. �is alignment provides the best 

overall bonding of participating species during the reaction and reflects the fact that 

transition states having the greatest bonding energy have lower potential energies. 

�e electronic densities around different positions in perylene are graphically 

exemplified using HOMO/LUMO orbitals in Figure 17. 

 

Figure 17. HOMO-LUMO orbitals in perylene. Calculated in Gaussian 16, using B3LYP/LANL2DZ level. 

Reaction examples 

Most of the examples listed below were used in the synthesis of perylene derivatives 

studied in this thesis. Ortho positions are the least sterically hindered regions in 

perylene, and easily react in Friedel-CraUs alkylations [127]. Even bulky substituents 

can be tolerated, allowing to introduce tert-butyl groups for instance, whereas that is 

not the case for the bay positions. Direct tertraborylation of perylene can also be done 

in ortho positions [128]. Sterically hindered bay positions could be alkylated upon 

exposure to organolithium agents. �is applies to primary and secondary 

alkyllithiums, however tert-butyllithium (t-BuLi) will alkylate perylene in its peri 

position due to the steric hindrance of the bay region [24]. It is possible to expand the 

aromatic core using the Diels-Adler reaction, in that case the bay region acts as a 

diene [129]. Finally, peri positions readily undergo halogenation upon exposure to 

halogenated N-succinimides [130] allowing for a further functionalization in this 

position. Only a few examples are mentioned here, as the vastness of perylene 

chemistry deserves a book of its own. 

Optical properties 

Perylene has a very recognisable absorption spectrum that reaches a maximum at 

438 nm and has a characteristic vibronic pa1ern with the second and third vibronic 

bands at 412 nm and 391 nm respectively as could be seen in Figure 18. �e emission 

HOMO LUMO
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spectrum is nearly a mirror image of the absorption spectrum reaching a maximum 

at 443 nm with second and third vibronic band at 472 nm and 505 nm respectively. 

Perylene shows a Stokes’s shiU is 5 nm and a molar absorption coefficient reaching 

39000 M-1cm-1. Fluorescence quantum yield is close to unity in benzene (and toluene), 

showing excited state lifetimes of 4 ns. �e assignment of the electronic spectrum of 

perylene was done by Tanizaki et al. in 1978 [131]. 

 

Figure 18. Absorption (solid line) and emission (solid filled) spectra of perylene recorded in toluene. 

Physical properties 

�e crystal structure of perylene initially suggested planarity of the carbon skeleton 

and supposed that bay hydrogens may deviate from the general plane of symmetry. 

�e central hexagon does not possess benzoid properties and demonstrates unusually 

long bond lengths connecting the two naphthalene cores [132]. Initial investigations 

assumed that the carbon skeleton is not ideally planar, however the distortion is 

practically negligible and oUen the molecule is considered to be planar [133] as seen 

in Figure 19. Perylene varies in appearance from a bright yellow/orange to a brown 

powder depending on the purity. �e molecule has a melting point of 276-279˚C and 

sublimes at 350-400˚C, although purification of perylene via sublimation is usually 

performed under vacuum. 

 
Figure 19. <e crystal structure of perylene showing the planarity of the molecule. Single crystal data 
from CCDC, deposition number 198723. 
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Concluding this section one can say that unsubstituted perylene is a well-studied 

chromophore offering several synthetic strategies for derivatization. �e chemical, 

optical and physical properties of perylene fit perfectly to our prerequisites and 

therefore comprise a good model system for understanding the intrinsic 

photophysical properties and unveiling structure-to-properties correlations. Lack of 

systematic studies on structure-to-properties dependence as a function of substitution 

position in perylene has sparked the interest to investigate the photophysical effects 

that could arise in bay, ortho and peri substituted perylenes. Furthermore, nanosecond 

lifetime as well as nearly quantitative fluorescence quantum yields would make it a 

good acceptor molecule when harvesting light in the blue regime of the 

electromagnetic spectrum. 

In this thesis perylene-based chromophores were used in three separate pathways. 

Paper I investigates the substitution effect on general photophysics in positional 

isomers of perylene and evaluates their TTA-UC properties. In Paper II and Paper 

III perylene derivatives were used to make energy transfer systems for triplet 

harvesting in the deep-blue regime. In Paper IV twisted bay-alkylated perylene was 

used to make a soluble quaterrylene scaffold that forms superradiant J-aggregates 

with high emission efficiency in the NIR regime. �e following sections summarise 

these findings. 

3.3 Structure-to-properties correlations in phenylperylenes 

With the model system at a hand, we can begin explorations of structure-to-properties 

correlations in perylene derivatives. �is can be done by studying the photophysical 

properties of the perylene positional isomers. As it was covered in the previous 

section, perylene has three individual reactive sites, namely bay, ortho and peri. 

Functionalisation of perylene with the equivalent substituent in all three reactive sites 

would therefore result in three positional isomers. A phenyl substituent was chosen 

due to its near-zero Hammet value in any measurable position [134, 135]. �is ensures 

that observed luminescence effects in the studied compounds arise due to the 

positional variability and not because of electron donating or withdrawing effects. 

�ree regioisomers, namely 1-phenylperylene (1-PhPer), 2-phenylperylene (2-PhPer) 

and 3-phenylperylene (3-PhPer) were then synthesised as shown in Scheme 2. 
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Scheme 2. Synthesis of phenyl-substituted perylenes. Reactions conditions: a). PhLi, THF, -78 ˚C, b). (i) 
B2Pin2, dtbpy, [Ir(COD)2(OMe)2], THF, 80 ˚C, (ii) PhBr, Pd2(dba)3, RuPhos, K2CO3, PhMe, 100 ℃, c). (i) NBS, 
THF, RT, (ii) B2Pin2, KOAc, Pd(dppf)2Cl2, 1,4-dioxane, 70 ˚C, (iii) PhBr, Pd2(dba)3, RuPhos, K2CO3, PhMe, 
100 ℃. 

�e bay-substituted molecule 1 was obtained by a direct use of phenyllithium. In the 

case of the ortho-substituted molecule 2, perylene was subjected to a direct 

pinacolation followed by Suzuki cross-coupling with 1-bromophenyl. To make the 

peri-derivative 3, perylene was halogenated using NBS and then converted to the 

corresponding borylated pinacol ester that was subjected to a Suzuki cross-coupling 

with 1-bromophenyl. Synthetic procedures are covered in Paper I, (Supplementary 

information, Section 4). 

Naturally, the synthesis was followed by a photophysical evaluation. �e absorption 

and emission spectra of phenyl-substituted perylenes are compared to unsubstituted 

perylene in Figure 20. 

 

Figure 20. UV-Visible absorption (solid line) and emission (solid filled, λexc = 410 nm) spectra of perylene 
derivatives in toluene. Structures of the compounds are displayed in the colour corresponding to their 
spectra. 
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Ortho-substitution seemingly has the least influence over the spectral features in 

perylene, as 2-phenylperylene shows only a 5 nm red-shiU of the absorption maxima 

and slightly lower emission quantum yields as compared to perylene. Peri-

substitution induces a bathochromic shiU of 10 nm in 3-phenylperylene when 

compared to perylene. �e emission quantum yield is comparable to that of perylene, 

although the absorption signal is broader. Molar absorption coefficients of 2 and 3 are 

comparable to that of perylene and the emission profile of both compounds are in a 

mirror relationship with the absorption signals. Notably, 1-phenylperylene shows 

prominent differences when compared to the other compounds in the series. �e 

absorption and emission spectra do not show a mirror relationship in the vibronic 

progression. �e intensity ratio in the vibrational ladders of the emission profile of 1, 

is significantly different to that of perylene, 2 and 3. �e intensity of the vibrational 

progression depends on Huang-Rhys factors, indicating considerable translation of 

the excited state potential from the Frank-Condon state to the geometry relaxed 

excited state. �is has been previously observed in other π-conjugated organic 

fluorophores [136]. Experimentally determined photophysical properties of the 

phenyl-substituted perylenes, as well as unsubstituted perylene are summarized in 

Table 1. 

Table 1. Experimentally determined photophysical properties of perylene derivatives. aValues are 
determined in toluene with λexc=410 nm, the value for the most intense peak is given. bValues are referenced 
using the reported value of perylene in benzene accurate to ±10 %, cValues are determined in toluene at 
375 nm. 

�e distinct spectral appearance of 1-PhPer also translates to a lowered emission 

quantum yield and a significantly decreased molar absorption coefficient. �e exact 

reasons for that are not yet established, but this could potentially be explained by the 

largely altered transition dipole vector of 1-PhPer as compared to 2-PhPer and 3-

PhPer. �e transition dipole density maps of the phenyl-substituted perylenes are 

shown in Figure 21. 

Compound 
λmax / nm 

(ε / 104 M-1 cm-1) 
λem

a / 
nm 

ФF
b / % τc / ns 

kr / 108 
s-1 

knr / 107 
s-1 

Perylene 438 (3.9) 443 99 3.8 2.6 0.3 

1 440 (1.8) 482 70 3.9 1.8 7.7 

2 443 (3.6) 447 93 3.9 2.4 1.8 

3 448 (3.7) 462 97 3.3 2.9 0.9 
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Figure 21. Transition dipole moment density maps for perylene, 1-PhPer, 2-PhPer, 3-PhPer. Excited state 
transitions are calculated based upon a singlet ground state. 

In perylene, the transition dipole moment vector is oriented along the long axis of the 

molecule [137]. �e vector orientation in 2-PhPer is similar to that of perylene. In 3-

PhPer longitudinal elongation of the aromatic system consequentially extends the 

transition dipole moment, thus resulting in a red-shiU as compared to perylene. 

Prominent electron delocalization extending to the phenyl ring in the bay position of 

perylene alters the vector direction from the long axis of the molecule. Even though, 

not being the aim of this particular study, consideration of the dipole moment 

orientation is of importance in energy transfer systems. It has been shown that strong 

electronic and vibrational mixing is achieved through co-aligned parallel transition 

dipole moments in perylene-terrylene diimide dyads resulting in ultrafast FRET rates 

(50 fs) [138]. Ultrafast energy transfer induced by the vibronic effect is also common 

in natural photosynthetic light-harvesting systems [139]. �e triplet energies of the 

phenylperylenes were assessed in terms of their applications in TTA-UC, concluding 

that the ortho-substituted isomer has the best characteristics in the investigated series. 

In conclusion, three positional isomers of perylene were synthesised and their 

photophysical properties were discussed in relation to the substitution position. �e 

correlations between the phenyl a1achment position, and alterations of the optical 

properties of the investigated perylenes were made. �e compounds in the series were 

analysed in terms of their applications in TTA-UC, however this will not be discussed 

here as it lies outside of the scope of this thesis. 

3.4 Molecular dyads for energy transfer 

Having established that the substitution position influences the general photophysics 

of perylene, it is time to explore how the substitution effect translates to the energy 

transfer systems where perylene is used as an acceptor. Section 3.4 summarises 
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results from Paper II and Paper III, where Subsection 3.4.1 covers the design 

rationale, retrosynthesis and convergent approach towards Donor-Bridge-Acceptor 

systems, and Subsection 3.4.2 describes the photophysics of the energy transfer 

mechanisms, rationalising their differences. 

3.4.1 Design and synthesis of isomeric DBA systems 

Concept. Intramolecular FRET-mediated triplet-to-singlet energy transfer in a Donor-

Bridge-Acceptor dyad can be conceptualized using Equation 3.1, 

�∗
 
3 + : 1 → � 3 + : 

∗
 
1   (3.1) 

For this to occur, a triplet donor (D) and a singlet acceptor (A) are required. �is 

concept with consideration to the energy levels of the donor and the acceptor 

counterparts are illustrated in Figure 22 using the Jabłoński diagram. For a successful 

triplet-to-singlet energy transfer, the Donor-Acceptor dyad must perform a sequence 

of four distinct photophysical processes. �e first process is the absorption of the 

photon (1) by the Donor chromophore, followed by an intersystem crossing (2) 

transferring the excitation energy to the excited triplet state. Next, the excitation 

energy should be transferred from the excited triplet state of the donor to the excited 

singlet state of the acceptor (3) using the FRET mechanism. Finally, the photon 

emission (4) from the excited singlet state of the acceptor finalises this sequence. 

 

Figure 22. Jabłoński diagram showing desired intramolecular triplet-to-singlet energy transfer. 

Building a model. �e model should satisfy several design criteria in order to fulfil 

the sequence successfully. Having perylene in one hand as a potent singlet acceptor 

we can then turn our a1ention to the donor moiety. What makes a good donor for 

this purpose? Firstly, the donor should have a high population of triplet states. �e 

population of triplet states is oUen achieved as a consequence of ISC that arises due 

to the high SOC effect that is a prominent feature of heavy atom complexes 

Furthermore, the energy of the triplet state of the donor should be isoenergetic to that 

of the acceptor for the FRET to occur. �at also aligns with the first design criterion, 
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(1) the donor emission should overlap with the acceptor absorption. A large spectral 

overlap integral is essential for the FRET efficiency as shown in Equation 2.16. 

Separating donor and acceptor in space could be done by a molecular linker. �e rigid 

linker of a defined length allows to evaluate the FRET efficiency in a consistent 

manner, thereby bringing us to the second design criterion, 

(2) the bridging unit should be of a rigid structure to avoid molecular flipping and to 

ensure the constant distance between the donor and the acceptor. 

Finally, the bridging unit should not contain any π electrons, minimizing the 

possibility for electron communication in the dyad. Furthermore, the length of the 

linker should be sufficient for separating the electron clouds of the donor and the 

acceptor, establishing the last design parameter as, 

(3) in order to mitigate the possibility of the Dexter triplet-triplet energy transfer 

between two chromophores the bridging unit should spatially separate the electronic 

clouds of the functional counterparts in the dyad. 

In consideration to the design criteria a Donor-Bridge-Acceptor system with the 

desired properties could be envisioned. An example of such system using two 

isomeric dyads is presented in a retrosynthetic fashion in Figure 23. An iridium 

complex of suitable energy is linked to perylene using the stiff core of 

bicyclo[2.2.2]octane as a bridging unit that is connected to perylene either peri or 

ortho positions. 

 

Figure 23. Potential DBA systems for triplet-to-singlet FRET presented in a brief retrosynthetic way. 

The Donor (D). An Ir (III) complex with microsecond lifetimes, suitable energy levels 

and emission quantum yield of 78% was chosen as the donor [140]. �e reported 

optical properties suggest a considerable spectral overlap between the emission of 4 

and perylene absorbance. �is satisfies design parameter (1) and ensures that v8��  
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component (Equation 2.17) is present. �e donor reference (D) was synthesised 

using a slightly modified literature procedure [140] as shown in Scheme 3. 

 

Scheme 3. Iridium (D) reference compound synthesis. Reaction conditions: a) tetrahydrothiophene, 2-
MeOEtOH, 130 ℃, 6 h; b) P(OPh)3, NaOAc, Decalin, MW 190 ℃, 1h; c) NaOAc, 20, Decalin, MW 190 ℃, 
6h. 

The Bridge (B). �e rigid framework of the bicyclo[2.2.2]octane allows for a free 

rotation only along the sigma bonds of the long axis in the molecule (para position 

sigma bonds). �is would keep the dyad’s functional counterparts at a defined 

constant distance from each other avoiding varying distances between donor and 

acceptor during FRET efficiency evaluation. Additionally, sigma bonds in the stiff 

frame of the bicyclo[2.2.2]octane allow to spatially separate the electron clouds of the 

functional counterparts within the dyad. With this, conditions (2) and (3) were also 

satisfied. 

 

Scheme 4. <e Bridge synthesis. Reaction conditions: a) LDA (2 M), Br(CH2)2Cl, DMPU/THF, -78 ℃, 12 h; 
then LDA (2 M), DMPU/THF, -78 ℃, 12 h; b) KOH, MeOH, reflux, 5 h; ca) HgO, I2, CHCl3, reflux, 6 h; cb) 
(Ir[dF(CF3)ppy]2(dtbpy))BF4, Cs2CO3, diethyl bromomalonate, hν (455 nm), PhCl, 4 h. 

When making the bridge, it is important to leave two non-identical synthetic handles 

for selective sequential coupling to the donor and the acceptor at a later stage. 

Keeping this in mind, one functionality was aimed to be a carboxylic acid that can 

subsequently be converted to the acid chloride then reacted with amidrazone forming 

a triazole ligand for complexation. Another functional handle was envisioned to be a 

halogen, such that it can be subjected to cross-coupling chemistry in reaction with 

perylenes (vide infra). �e synthesis of the bridging unit is shown in Scheme 4. 
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Deprotonation of the hydrogens adjacent to the ester functionality in dimethyl 

cyclohexane-1,4-dicarboxylate 5 was done using 2M LDA solution in dry THF at -

78˚C. Next, 1-bromo-2-chloroethane was introduced in a two-step sequence [141]. 

Next, diester 6 was subjected to monosaponification using KOH in methanol [142]. 

Monitoring the reaction kinetics by frequent GC/MS analysis allowed to obtain the 

desired carboxyester 7 in 60% yield. �e acid moiety was then subjected to 

halodecarboxylation procedure using the mercury (II) oxide modified Hunsdiecker-

Borodin method [143]. Heating the starting material with mercury oxide and iodine 

in DCM in a sealed vial yielded iodocarboxylate 8a. An alternative method was then 

applied using a photoredox halodecarboxylation methodology reported in the 

literature [144]. �e photocatalytic cycle of iridium-assisted halodecarboxyalation is 

shown in Figure 24. 

 

Figure 24. Photoredox halodecarboxylation mechanism as suggested in ref. [98]. 

Diethyl bromomalonate was used as a halogenating agent in presence of cesium 

carbonate and an iridium (III) catalyst in chlorobenzene. Irradiating the reaction 

mixture with 455 nm LED lamps allowed the conversion to the desired 

bromocarboxylate 8b in a 65% yield. �is method allowed to abstain from the 

mercury-assisted protocol, although the scalability of the photoredox protocol was 

not optimal under the given conditions. Recent reports of heterogeneous photoredox 

catalysis could potentially solve this issue [145]. 

A(empts to couple the bridge to the acceptor. Coupling the bridge to the acceptor 

appeared to be one of the most challenging transformations in the projected synthesis. 

�e goal was to couple the electron deficient bicyclo[2.2.2]octane core to the aromatic 

and electron-rich perylene. A brief summary of the a1empts is presented in Scheme 

5. 
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Scheme 5. A short summary of acempts to couple perylene to bicyclo[2.2.2]octane. 

�e initial strategy for coupling the bridge to the acceptor envisioned a Kumada 

coupling strategy [146]. However, the trials using tert-butyl magnesium chloride as a 

model substrate and 3-bromoperylene were deemed to be unsuccessful. Inversing the 

approach and a1empting to make a Grignard reagent using 3-bromoperylene did not 

result in a positive outcome either. AUer this, we shiUed our a1ention to the Suzuki-

Miyaura coupling protocols [147]. �ere are very few reported procedures that 

succeeded in coupling unactivated tertiary alkyl halides to the electron-rich partners 

[148, 149]. Using the reported methodology, an a1empt to make the 9-BBN derivative 

of perylene was followed by the addition of t-BuBr. Despite, the visual changes in the 

appearance of the mixture, the reaction did not proceed as desired. It is likely that the 

9-BBN derivative of perylene is not stable and thus the coupling does not occur. AUer 

several unsuccessful a1empts and facing challenges to trace the reaction 

intermediates this pathway was abandoned. 

The modified system. At this point, the strategic decision of introducing another 

phenyl ring in the system was taken. �is approach was justified for several reasons. 

Unlike the previously a1empted coupling, Suzuki reactions between sp2-sp2 carbons 

are well-known and reported using perylenes as a substrate [150]. Besides, this 

transformation is successfully achieved in Scheme 2. �e synthesis continued with a 

slight modification to the initial plan. 

Coupling the bridge to the acceptor. �e modified coupling partner was prepared 

according to Scheme 6. �e bicyclo[2.2.2]octane scaffold was extended with a phenyl 

ring and then halogenated in the para position. �e first transformation was achieved 

following a classic Friedel-CraUs protocol by alkylating benzene with haloester 9 in 

presence of AlCl3 as a Lewis acid [151]. Next, methyl 4-phenylbicyclo[2.2.2]octane-1-
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carboxylate 10 was then iodinated using (CF3COO)2IPh and iodine in chloroform to 

yield the parahalide 11 [152]. 

 

Scheme 6. Preparing the modified bridge coupling partner for Suzuki coupling. Reaction conditions: 
a) AlCl3, PhH, 12 h; b) (CF3COO)2IPh, I2, CHCl3, 1 h. 

�e modified coupling partner was then coupled to perylene in ortho and peri 

positions. Perylene has to be selectively borylated in position 3 for the peri derivative 

and in position 2 for the ortho derivative. Scheme 7 shows Suzuki coupling between 

the bridge and the perylene. 

 

Scheme 7. Coupling the bridge to the perylene via Suzuki coupling. Reaction conditions: a) B2Pin2, dtbpy, 
[Ir(cod)(OMe)2], THF, 80 ℃, 16h; b) Pd2(dba)3, RuPhos, K2CO3 (2 M), Aliquat 336 (cat.)  PhMe, 100 ℃; c) 
NBS, THF, 24 h; d) B2(pin)2, Pd(dppf)Cl2, KOAc, 1,4-dioxane, 80 ℃ 24 h; e) Pd(Ph3P)4, K2CO3 (2 M), Aliquat 
336 (cat.), EtOH, PhMe 80 ℃, 40 h. 

Peri-Acceptor synthesis. Perylene was brominated using NBS in dry THF at room 

temperature [153]. �e reaction product, 3-bromoperylene 15 was then subjected to 

borylation using B2Pin2 under Pd(dppf)Cl2 catalysis in presence of KOAc as a base in 

1,4-dioxane at 80˚C [154]. �e target boropinacol ester 16 was subsequently used in 

the Suzuki cross-coupling reaction. Disappointingly, initial a1empts of the cross-

coupling procedure provided rather low yields (10-15%). Side product formation was 

observed as a result of dehalogenation. Dehalogenation pathways were observed 

previously in Suzuki-Miyaura couplings as a side reaction suggesting β-H elimination 

in the halide coupling partner [155]. �e proposed reaction mechanism of Suzuki 
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cross-coupling with respect to the dehalogenation pathway is shown in Scheme 8.  

�e undesired pathway likely arises because the base (2M K2CO3) is not delivered to 

the organic phase at a sufficient rate for the reaction to proceed towards the desired 

product. A phase transfer catalyst could be used to enhance the transfer rate. Addition 

of a few drops of Aliquat 336 to the reaction mixture containing Pd(Ph3P)4 as a catalyst 

and 2M K2CO3 as a base allowed to obtain higher reaction yields (>50%) for peri-A 17. 

 

Scheme 8. Suzuki cross-coupling generic mechanism. 

Ortho-Acceptor synthesis. Direct tetraborylation of perylene was previously reported 

in the literature [128]. Using a stochiometric amount of bis(pinacolato)diboron ester 

and following the conversion by the GC/MS it was possible to obtain monoborylated 

derivative 13. �is was achieved by means of B2Pin2 under the catalysis of 

[Ir(COD)OMe]2 in presence of dtbpy ligand in dry THF. �e Suzuki coupling in the 

case of ortho-A was not straightforward either. Only poor conversion was observed 

when the same reaction conditions as for peri-A were applied to ortho-A. AUer 

screening several catalytic systems and ligands, the reaction was done under Pd2(dba)3 

catalysis and using RuPhos as a ligand. �e target product was obtained in a 31% yield.  

Coupling of the acceptor to the donor. At this stage the triazole ring containing 

ligand has to be formed using the corresponding acceptor and amidrazone. �is step 

was initially a1empted on a model ligand that was then coordinated to the iridium 

complex in order to make a donor reference compound. Scheme 9 shows the 

synthesis of the donor reference. Amidrazone (hydrazonamide) 19 was obtained from 

2-cyanopyridine 18 that was treated with hydrazine [156]. Amidrazone then readily 
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reacts with pivaloyl chloride to give the triazole ligand 20 [157]. Reacting 20 with 

Ir(THT)3Cl3 2 yields complex 4. 

 

 

Scheme 9. Synthesis of a model ligand for individual donor synthesis. Reaction conditions: a) (NH2)2, 
EtOH, 12h; b) Me3CCOCl, Na2CO3, DMAA/THF, 4 h; then ethylene glycol, 190 ℃, 1 h; c) NaOAc, 3, decalin, 
MW 190 ℃, 6h. 

Formation of the triazole ligand. First, the acceptor esters have to be hydrolysed to the 

corresponding acids. Considering the solubility of the target acids, hydrolysis was 

done in a THF/H2O mixture. AUer 48h reflux the desired peri-acid 22 and ortho-acid 

27 were isolated. Next, the acids must be converted to the corresponding acid 

chlorides. �is was achieved by treating 22 and 27 with neat oxalyl chloride in 

presence of DMF as a catalyst [158]. �e formation of a triazole ring is achieved by 

reacting acid chlorides (prepared in situ) with amidrazone 19 [157, 159]. �e proposed 

reaction mechanism is shown in Scheme 10 starting from the acid chloride. �e 

nucleophilic addition of the amine to the carbonyl group is followed by the proton 

transfer (PT) resulting in HCl elimination. �e second nucleophilic addition is from 

the imine and proceeds in a similar manner. �ermally assisted ring closure finalises 

this sequence forming peri ligand 23 and ortho ligand 28. 

 

Scheme 10. <e proposed mechanism of triazole ligand formation. 
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Coordination of the ligand to the iridium core. Finally, the obtained ligands were 

coordinated to the iridium complex 3 in order to obtain the target compounds peri-

DBA and ortho-DBA. Due to the poor solubility of the ligands 23 and 28 in decalin, 

ODCB was used as a co-solvent. �is allowed for a microwave-assisted procedure to 

grant the conversion to the desired products. Scheme 11 shows the formation of the 

triazole ligand as well as coordination to the iridium core yielding the desired peri-

DBA and ortho-DBA. 

 

Scheme 11. Formation of a triazole ligand and coordination to the iridium core. Reaction conditions: a)/e) 
(COCl)2, DMF (cat.) then b)/f) 25, Na2CO3, DMAA/THF, 4 h; then ethylene glycol, 190 ºC 1 h; c)/g) NaOAc, 
Ir[P(OPh)3](tpit)2, Decalin/ODCB, MW 190 ºC, 6h; d) (NH2)2, EtOH, 12h; 

�e final structures were characterized by 1H, 13C and 31P NMR and HRMS. 

Additionally, single crystals of ligand 23 and peri-DBA were obtained and analysed 

using a synchrotron radiation source. �e crystal data is available in the supplemental 

information of Paper II and in Cambridge Crystallographic Data Centre with the 

code CCDC 1886229. 
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3.4.2 Photophysics of the Donor-Bridge-Acceptor systems 

Assessing preserved integrity of the functional components. AUer establishing the 

chemical structure of the target compounds, the optical properties of the dyads were 

investigated using the methods described in Section 2.3. Before starting the 

assessment of the energy transfer, it is crucial to verify that the integrity of the 

donating and the accepting chromophore is preserved within the dyads. To do so, 

reference compounds were synthesized, namely the donor reference D 4, ortho-A 14 

and peri-A 17. �e sigma bonds of the bicyclo[2.2.2]octane bridge do not affect the 

chromophore properties therefore both acceptor reference compounds contain the 

bridging unit. First, individual absorption of D, peri-A and ortho-A must be measured. 

�en absorption spectra of peri-DBA and ortho-DBA were recorded. �e integrity was 

checked by plo1ing the spectra of the individual components, their arithmetic sum 

and the final dyads in relation to each other. �e experimental data is in good 

agreement with the theoretical fit as seen in Figure 25a. 

 

Figure 25. a) Absorption spectra of D, peri-A, peri-DBA, arithmetic sum thereof and perylene (up), 
absorption spectra of D, peri-A, peri-DBA, arithmetic sum thereof and perylene (down); b) Spectral overlap 
between D and peri-A (up), spectral overlap between D and ortho-A (down). Reproduced from [2]. 

Förster-type triplet-to-singlet energy transfer. �e spectral overlap between D and peri-

A/ortho-A is shown in Figure 25b. �e spectral overlap integral was calculated for 

the peri and ortho systems using Equation 2.17. �e v8�� value was notably higher 

for the peri-DBA as compared to the ortho-DBA. Red-shiUed absorption and emission 

observed for the peri system is the consequence of the longitudinal elongation of the 

aromatic system resulting in a large transition dipole moment. �is observation is in 

line with the substitution effect (bathochromic shiU of 3-PhPer) discussed in Paper I. 

�e larger spectral overlap integral increases the rate of FRET as shown in 

Equation 2.16. 

�e emission in both dyads shows an emission envelope characteristic to perylene as 

could be seen in Figure 7b. Furthermore, no donor emission was observed 

irrespective of the excitation wavelength, indicating that the excitation energy has 
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been transferred from the triplet state of the donor to the acceptor. �is observation 

signifies that FRET outcompetes phosphorescence in peri-DBA and ortho-DBA. �e 

fluorescence lifetimes in the DBAs have a clear biexponential character suggesting 

that the emission can be a1ributed to two processes: firstly, from the direct excitation 

of the acceptor part (τF = 4 ns), secondly from excitation of the donor part followed 

by energy transfer to the acceptor from where the emission occurs (τF = 290 ns). It is 

impossible to avoid the direct excitation of the acceptor part during the 

measurements, however it is possible to perform a fractional analysis of the emission 

quantum yield to quantify the data. �e emission quantum yield in DBAs can be thus 

divided into two fractions, the first fraction covers the direct excitation of the 

acceptors and the second fraction describes the emission as a consequence of triplet-

to-singlet energy transfer. Using the fluorescence quantum yields of the dyads, it is 

possible to determine the quantum yields of FRET events in the corresponding 

molecules. �e quantum yields of energy transfer by FRET mechanism was 

determined as ФFRET = 0.15 for peri-DBA and as ФFRET = 0.06 for ortho-DBA allowing 

to calculate the rates of the energy transfer. Summarizing the energy transfer rates 

using Förster formalism we conclude that triplet-to-singlet energy transfer is faster 

in peri-DBA, kFRET = 5.33 × 105 s−1 as compared to ortho-DBA, kFRET = 3.03 × 105 s−1. 

�is correlates well with the experimentally observed differences in the spectral 

overlap integral in peri-DBA and ortho-DBA. �e v8�� is larger for peri-DBA as 

compared to ortho-DBA, thus the kinetics of energy transfer in peri-DBA outcompete 

those of ortho-DBA. Readers interested in further details are referred to 

Supplementary Materials, Section S2 in Paper II and to Supporting information, 

Section 1 in Paper III. 

Dexter-type triplet-to-triplet energy transfer. �e quantum yields of the emission in 

both dyads were lower than the emission quantum yield of the donor. �is indicates 

the plausibility of alternative energy transfer pathways opening up in the investigated 

DBA systems. �e molecules were subjected to transient absorption experiments to 

evaluate the possibility of the Dexter type triplet-to-triplet energy transfer (TET). 

Indeed, the transient absorption signal recorded at 375 nm matches the literature 

value of perylene Tn←T1 absorption showing microsecond triplet lifetimes in DBAs, 

thus confirming that the non-emissive decay is due to the redundant donor-acceptor 

TET. 

�e rate of Dexter-type triplet−triplet energy transfer was then calculated in both 

systems. �e decay lifetimes of triplet D can be calculated from the transient 

absorption decay. In the two DBA systems, the triplet lifetime of D is shortened by 

both FRET and triplet energy transfer. By knowing the lifetimes and the rate of FRET, 



  Perylene as the common denominator 
 

 
  51 

the rate of Dexter type triplet-triplet energy transfer was calculated with the help of 

Equation 3.2, 

1

��
−

1

��0
= agt�> + a�4��47 (3.2) 

where τD0 is the triplet lifetime of the bare donor, τD is the triplet lifetime of the donor 

chromophore in DBA, and kDexter is the Dexter triplet-triplet energy transfer rate 

constant. �e rates of Dexter-type energy transfer were determined, kDexter = 8.29 × 

106 s−1 and kDexter = 2.92 × 106 s−1 for ortho-DBA and peri-DBA, respectively. �us, 

Dexter-type energy transfer is occurring in both dyads, but at a much higher rate for 

ortho-DBA as compared to peri-DBA. �is is rationalised through the conformational 

analysis of the rotational degree of freedom of the phenyl ring in both isomers. �is 

was done by rotating the phenyl ring in respect to the plane of perylene and 

calculating the energy of each conformer as a function of dihedral angle. �e 

Boltzmann probability density revealed a larger probability of finding ortho-A at 

dihedral angles deviating more from 90° as compared to peri-A as shown in Figure 

26a. Furthermore, the rotational barrier is notably higher in peri-A as compared to 

ortho-A. �is analysis indicates a larger perylene−phenyl conjugation for ortho-DBA, 

and thus electronic coupling that results in through bond Dexter-type energy transfer. 

Furthermore, this observation correlates with our examination of the HOMO/LUMO 

orbitals. �e DFT calculations show that the HOMO and LUMO are to a higher extent 

delocalized on the phenyl substituent for ortho-A as compared to peri-A as seen in 

Figure 26b, creating more favourable conditions for Dexter-type energy transfer in 

ortho-DBA. Readers interested in further details are referred to the Supporting 

information, Sections 1, 2 in Paper III. 

 

Figure 26. a) Energy as a function of perylene−phenyl dihedral angle for peri-A (solid orange line) and 
ortho-A (solid green line). <e Boltzmann probability density as a function of perylene−phenyl dihedral 
angle for peri-A (dashed orange line) and ortho-A (dashed green line). b) LUMO orbitals in peri-acceptor 
(leN) and ortho-acceptor (right). Reproduced from [2]. 

We now have investigated the differences between energy transfer mechanisms that 

arise in peri and ortho perylenes, confirming that by altering the a1achment position, 
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it is possible to influence the nature of the energy transfer mechanism in composite 

molecular systems. �e higher rate of FRET in peri-DBA is explained by the larger 

spectral overlap integral as compared to ortho-DBA. �e intramolecular triplet-to-

singlet FRET allowed to harvest the excitation energy 36 times faster as compared to 

the phosphorescence from D in the absence of the acceptor. �e higher rate of Dexter 

TET in ortho-DBA is rationalised through a higher electronic coupling arising from 

the larger electron delocalization on the phenyl ring as compared to that of peri-DBA. 

�is concludes to the possibility of influencing the energy transfer mechanism in 

isomeric perylene-based systems as a function of functionalization position. �e next 

section explores the remaining position of perylene, the bay region. 

3.5 Towards polyrylene 

�is section discusses the results from Paper IV. Synthesis and isolation of 

dihexylquaterrylene is described in Subsection 3.5.1, whereas the photophysical 

evaluation and the formation of superradiant NIR J-aggregates are covered in 

Subsection 3.5.2. �e explorations of the perylene bay region chemistry are 

challenging due to its steric hindrance as mentioned in Section 3.2. �erefore, the 

investigations of the bay region chemistry and photophysics were performed in 

conjunction with the observation of increased solubility in bay-alkylated perylenes 

as mentioned in Section 1.3. 

Solubility hurdles in oligorylenes 

Limited solubility creates a major nuisance when it comes to the synthetic expansion 

of the rylene family of dyes complicating both synthesis and solution spectroscopy. 

For instance, a dication has to be produced in the case of unsubstituted quaterrylene 

to perform solution NMR characterization [160]. Multiple functionalization strategies 

a1empt to tackle the solubility issues, making perylene diimides one of the most 

extensively studied polyaromatic hydrocarbons of the past decade [161]. �e 

solubility enhancement strategies in non-imide rylenes are mostly focused on 

bay/ortho derivatizations [162, 163]. However, derivatising the ortho regions end-caps 

the molecule, thus limiting any further efforts in longitudinal elongation of the rylene 

scaffold. �erefore, we have set our focus on bay-functionalisation strategies [164]. 

Bay-alkylation of perylene introduces a twist to the symmetry plane of the long axis 

in perylene [24, 162]. �e broken plane symmetry results in a lower π−π stacking as 

shown by a higher solubility of the bay-derivatives as compared to ortho-alkylated 

perylenes [102]. Bay-alkylation can be achieved by introducing linear or branched 

alkyl chains allowing to retain intrinsic optical properties of the chromophore [4, 24, 

102]. �e monoalkylated perylene could then be used as a building block for the 

synthesis of higher oligorylenes. 
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3.5.1 Synthesis and isolation of a soluble quaterrylene scaffold 

�e synthetic pathway towards soluble bay-alkylated quaterrylene is shown in 

Scheme 12. First, 1-hexylperylene was synthesized using a literature procedure 

established earlier in the group [24]. Perylene was alkylated using slow addition of n-

hexyllithium in THF at -30 ℃. Product 31 was then subject to Scholl reaction using 

the literature method [160]. Dissolving 1-hexylperylene in DCM followed by 

subsequent addition of CF3SO3H and DDQ yielded dihexylquaterryelene 32. 

 

Scheme 12. Synthesis of bay-alkylated quaterrylene. 

�e MALDI-TOF spectrum of crude reaction mixture where 1-butylperylene was used 

as a starting material is shown in Figure 27 (leU). �e signals at 916, 1220, 1524, 1829 

and visible upon magnification 2132 correspond to the molecular weights of the 

alkylated hexarylene, octarylene, decarylene, dodecarylene and tetradecarylene 

respectively. 

 

Figure 27. <e MALDI-TOF spectrum of the crude reaction mixture (leN), SEC purification (right). 

Size exclusion chromatography (SEC) technique was used to purify the crude 

material. Using toluene or DCM as a mobile phase allowed for a visual separation of 

the fractions on the column as seen in Figure 27 (right). Yellow fractions contained 



Perylene as the common denominator 
 

54 

mostly unreacted starting material and some unidentified compounds (possibly 1,1’-

biperylene) the blue fractions contained the dihexylquaterrylene in up to 30% yield. 

�e purified material was also analysed by HRMS (APCI source) to confirm the 

molecular weight of the target compound (see Supporting information, Section 2 in 

Paper IV). 

Although, the mass analysis correlates to the dihexylquaterrylene molecule, the 

regioisomeric composition had to be determined. �e asymmetrical starting material 

(1-hexylperylene) used in this reaction can produce up to 8 regioisomers that are 

shown in Figure 28. 

 

Figure 28. <e chemical structures of all the plausible dihexylquaterrylene regioisomers that could be 
produced during the Scholl condensation of 1-hexylperylene. 

To determine the structure, a series of NMR experiments were performed in 

collaboration with the Swedish NMR Centre. �e experiments are described in 

Supporting information, Section 3 in Paper IV, defining the final structure as 

QTRLN-A or QTRLN-C (magnetically equivalent). �e major component (QTRLN-A) 

is in ca. 90/10 ratio with the minor component (possibly regioisomer or atropisomer), 

the structure of which was not established. HereaUer, the reaction product will be 

referred to as 1,1’-dihexylquaterrylene (QTRLN-A). 

Even though no rylene larger than dihexylquaterrylene was isolated in this 

experiment, the mass-spectrometry of the crude gave an important insight. �e 

limitations of the Scholl coupling reaction are likely to be set by the solubility limits 

of the reaction products. Having established that 1,1’-dihexylquaterrylene is the 

major product formed when the reaction is executed in DCM, it was interesting to 

explore other chlorinated solvents. Performing the same reaction in 1,1,2,2-

tetrachloroethane (C2H2Cl4), the highest solvent power of any chlorinated 
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hydrocarbons [165] resulted in an unexpected outcome that is discussed in the next 

section together with the photophysical evaluation of 1,1’-dihexylquaterryelne. 

3.5.2 Spectroscopical evaluation and the formation of J-aggregates 

�e improved solubility of the 1,1’-dihexylquaterrylene allowed to study the 

photophysical properties in toluene. Absorption and emission maxima are at 654 nm 

and 670 nm correspondingly, a moderate molecular absorption coefficient of 37000  

M-1cm-1, and fluorescence quantum yields of 3-5% were in line with those reported 

earlier for other quaterrylenes [163]. �e absorption (solid blue) and emission (do1ed 

blue) spectra of 1,1’-dihexylquaterrylene are shown in Figure 29.  

 

Figure 29. Absorption and emission spectra of dihexylquaterrylene recorded in toluene (blue) and in 
C2H2Cl4 (red) scaled according to their molar absorption coefficients. Dihexylquaterrylene is present in its 
monomeric form in toluene, while in C2H2Cl4 it forms superradiant J-aggregates. Reproduced from [3]. 

�e summary of the photophysical properties of 1,1’-dihexylquaterrylene is presented 

in the first column of Table 2. 

Table 2. Photophysical properties of 1,1’-dihexylquaterrylene. <e monomer was studied in toluene and 
the J-aggregate was studied in C2H2Cl4. Reproduced from [3]. 

 
Monomer 
Toluene 

J-aggregate 
C2H2Cl4 

λmax, abs [nm] 654 834 

ε [M-1cm-1] 37000 105000 

λmax, em [nm] 670 837 

Stokes shiU [cm-1] 365 43 

τ [ns] 1.05 1.50 

ΦF 0.05 0.21 

kr [s-1] 4.8·107 1.4·108 

knr [s-1] 9.05·108 5.33·108 
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Aggregate formation 

When the Scholl reaction was performed in C2H2Cl4, the formation of some new 

species was observed. �e absorption spectrum of the crude reaction mixture showed 

sharp signals around 840 nm and no signals corresponding to quaterrylene were 

observed. �e narrow character of the absorption peak together with the significant 

bathochromic shiU implied the possibility of aggregation. To analyse this 

phenomenon, we first looked at 1-hexylperylene in C2H2Cl4. �e absorption spectrum 

of 1-hexylperylene was not different to the one in toluene or DCM. However, when 

preparing 10-5 – 10-6 M concentration of dihexylquaterrylene in C2H2Cl4 a 

discolouration was observed. �is visible change indicated the formation of a new 

species and the composition thereof was then investigated by traditional spectroscopy 

methods. �e absorption and the emission spectra for the newly formed species are 

shown in Figure 29 using solid red lines (absorption) and do1ed red lines (emission). 

�e new species that form in C2H2Cl4 show a bathochromic shiU of 180 nm as 

compared to monomers, a significant decrease in Stokes shiU (from 365 cm-1 to 43 cm-

1) and a drastic increase in the molar absorption coefficient (three-fold increase). A 

similar phenomenon was observed in the 1930s by Jelley and Schiebe [166-168]. Both 

scientists noticed that when dissolving pseudo isocyanine chloride in ethanol instead 

of water absorption and emission properties of the dye changed. �e significant 

bathochromic shiU of the absorption and the emission, reduced Stokes shiU and 

largely increased molar absorptivity indicated the formation of staggered aggregates 

that were later called J-aggregates [166, 167]. �e optical observations of the species 

formed in C2H2Cl4 are in line with these characteristics, thus indicating that the newly 

formed species are dihexylquaterryelene J-aggregates. 

He size of the J-aggregates 

�e physical size of the J-aggregates was estimated using two different methods: 

analysing the emission spectra and by using the diffusion NMR technique. 

Spectral analysis. One potential way to estimate the physical size of the aggregate is 

by looking at the exciton delocalization over the individual molecules in the 

aggregate. �is can be done by comparing the full width of the emission spectrum at 

2/3 of a maximum of the monomer and the aggregate as represented in Equation 3.3, 

& = �L�2/3�NPR
L�2/3�T��

�
2

 (3.3) 

Where & represents the coherence number, or in other words number of 

chromophore units the exciton is delocalised over in a coherent way. FW2/3M is the 

full width at two-thirds of the maximum of the emission of the monomer and the J-

aggregate correspondingly. Using the values of the emission spectrum of the 

monomer and the aggregate from Figure 29, we can calculate the delocalisation 
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length with the help of Equation 3.3. �e coherence number N equals to 6 for the 

given aggregate. �is means that the aggregate is most likely composed of six 

dihexylquaterrylene units where the exciton is coherently delocalised. 

Diffusion NMR. Another way of looking at the aggregate size is by diffusion NMR 

spectroscopy (DOSY). �e experimental setup of the DOSY experiments was covered 

in Section 2.6. �e specific models were built in order to simulate diffusion 

coefficients for dihexylquterrylene aggregates of 2 to 60 units. �e models consisted 

of slip-stacked dihexylquaterrylenes (half molecular length) placed on a 3.5Å distance 

between each other, a typical stacking distance in perylenes [102]. �e simulated 

diffusion coefficients were then compared to the experimentally obtained ones and 

are presented in Table S3. 

Table S3. Experimental and HYDRO++10 simulated diffusion coefficients. Reproduced from [3]. 

Solvent 

Compound 

CD2Cl2 [m2/s] C2D2Cl4 [m2/s] 

experimental simulated experimental simulated 

1-hexylperylene  
1.5∙10-9 ± 6∙10-12 1.5∙10-9 / 1 unit 3.6∙10-10 ± 6∙10-12 3.8∙10-10 / 1 unit 

1,1’-dihexylquaterrylene 1∙10-9 ± 7∙10-11 a  1∙10-9 / 1 unit 6∙10-11 ± 6∙10-12 c  6.4∙10-11 / 14 units 

 1∙10-9 ± 3∙10-11 b 1∙10-9 / 1 unit 3.3∙10-11 ± 6∙10-12 d 3.1∙10-11 / 34 units 

a �e diffusion constant was determined for 10-5 M sample in CD2Cl2, b �e diffusion was determined for 10-4 M 

sample in CD2Cl2, c  �e diffusion constant was determined for 10-4 M sample in C2D2Cl4, d �e diffusion constant 

was determined for >10-3 M sample in C2D2Cl4. Reproduced from [3]. 

�e experimental diffusion rates and the simulated values overlap at 14 units for 10-4 

M concentrations. �e diffusion rates are affected by the molecular concentrations, 

indicating the formation of larger aggregates at higher concentrations. �is 

observation supports the values obtained by the spectral analysis at lower 

concentrations (N=6 units at 10-5 M). �is concludes that within the investigated 

concentration range, the NMR assessment of the physical size of the aggregate is in 

reasonable agreement with the spectral assessment thereof. 

Surpassing the energy gap law 

An increased radiative rate constant was observed in the case of the J-aggregate 

(three-fold increase) as compared to monomer. �e emission enhancement 

(superradiance) is a commonly observed phenomenon in J-aggregates [169]. However, 

what is less common is that the non-radiative rate has decreased in J-aggregates by 

40% as compared to that of the monomer. Typically, the internal conversion is 

increasing as a function of red-shiUed emission, resulting in an increased rate of non-
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radiative relaxation. �e energy gap law states that the non-radiative rate constant 

should increase exponentially as the energy gap decreases as can be expressed in 

Equation 3.4 [170], 

a�n = �c√��
ħ��� U∆l 4�+ ¡k∆l

�� U
¢�� E∆l

�∙{F − 1¤¥ (3.4) 

where C is the effective electronic coupling constant between the excited state and 

ground state, ∆E is the energy difference between S1 and S0, ωvib is the vibrational 

energy, l is the number of vibrational modes that induce the non-radiative transition 

(l is assumed to be 1) and λ is the reorganization energy of the promoting vibrational 

mode. Further derivations and calculation of the delocalization number and its effect 

on reorganizational energy is described in detail in Paper IV. 

�e decreased non-radiative rate is explained through the delocalized nature of the 

excited state. Exciton delocalization reduces the reorganization energy λ in the J-

aggregates, consequentially decreasing the non-radiative rate. �e deviation from the 

exponential increase in the non-radiative rate constant in the energy gap law was 

shown earlier using platinum complexes [16]. However, quaterrylene J-aggregates 

demonstrate a reduced non-radiative rate as compared to the monomers, therefore 

surpassing the energy gap law. Furthermore, the four-fold increase in fluorescence 

quantum yield is a direct consequence of both increased radiative rate (superradiance) 

and decreased non-radiative rate. �e fluorescence quantum yields of 21% are not 

common in the NIR regime. Finding dyes with high emission quantum yields in the 

NIR regime is difficult because of the exponential increase of the nonradiative rate 

constant with decreasing energy of the excited state. �e exciton delocalization can 

overcompensate for this by reducing the reorganization energy in highly ordered 

molecular assemblies. �is strategy could potentially benefit the development of 

highly emissive dyes in the NIR region of the electromagnetic spectrum. 

In conclusion, a promising solubilisation strategy (bay-alkylation) was established in 

oligorylene synthesis. Moreover, using the J-aggregation phenomenon it was 

concluded that the highly ordered nature of the aggregate reduces the reorganization 

energy, thus enabling to overcome the energy gap law. 
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Chapter 4  

Summary and outlook 

�e work presented in this thesis strives to contribute to the fundamental 

understanding of the photoinduced processes that arise in perylene-based systems in 

relation to the molecular architecture thereof. Seeking to identify the correlations 

between the chemical structure and the intrinsic molecular properties, several 

important observations were made. 

In Paper I, the general photophysics of phenylperylene isomers were discussed as a 

function of the derivatization position. In ortho-substituted phenylperylene the 

photophysical properties were similar to those of naked perylene, retaining the 

relative orientation of the transition dipole vector along the long axis of the molecule. 

In peri-substituted phenylperylene the red-shiUed absorption and emission are 

explained by the elongated transition dipole vector because of the extended aromatic 

system along the long axis of the molecule. In bay-substituted phenylperylene the 

transition dipole vector deviates from the long molecular axis to a large extent. �is 

could potentially explain the significantly altered relationship between the vibronic 

peaks in the emission spectrum. �ese results provide a generic insight on the 

modulation of the intrinsic photophysics of perylene derivatives as a function of the 

a1achment position. �is is of potential interest for the design of perylene-based dyes, 

energy transfer systems where the dipole moment orientation is of importance, as 

well as to the TTA-UC field where perylene could be used as an annihilator. In Paper 

I, perylene was functionalised with the electron neutral substituent (phenyl), however 

it might be relevant to explore the influence of EWG or EDG on the photophysics of 

perylene isomers. Moreover, the exploration of the transition dipole moment 

orientation influence could be taken further, for instance to multicomponent systems. 

�is could potentially be done in covalently linked perylenes with aligned transition 

dipoles. 

Paper II and Paper III discussed FRET-mediated triplet-to-singlet energy transfer 

and Dexter-type triplet-triplet energy transfer in two isomeric perylene-based dyads. 

In early studies, FRET-mediated triplet-to-singlet energy transfer was observed using 

freely diffusing donors and acceptors [21, 22]. However, recent studies have put this 

under doubt, discussing the energy transfer event in terms of angular momentum 

conservation [23]. To test the hypothesis of triplet-to-singlet FRET, the donor and the 

acceptor were covalently linked within a rigid molecular framework allowing to 

experimentally verify the theoretical predictions. �e results confirmed 

intramolecular triplet-to-singlet energy transfer governed by the FRET mechanism. 
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�is makes Paper II the first study that aligns the theoretical and experimental results 

of triplet-to-singlet FRET-mediated energy transfer in a fully controlled manner 

(controlled distances and transition dipole moment directions). Furthermore, this 

allowed to harvest the excitation energy from DBA systems 36 times faster as 

compared to the rate of phosphorescence from the pure donor. In peri-DBA the higher 

rate of FRET is rationalised by a larger spectral overlap integral as compared to ortho-

DBA. On the other hand, the higher rate of Dexter-type energy transfer in ortho-DBA 

is explained by a larger electron delocalization on the phenyl ring and thus stronger 

electron coupling between the donor and the acceptor. When a1aching the acceptor 

chromophore in the ortho position, the rate of Dexter-type TET increased but the rate 

of triplet-to-singlet FRET has decreased. Consequentially, a1aching the acceptor in 

the peri position showed an increase in the rate of triplet-to-singlet FRET but the 

Dexter-type TET decreased. �is interplay demonstrates the sensitivity of both 

Förster and Dexter types of energy transfer towards molecular alignment. 

Furthermore, it shows that it is possible to increase the rate of one energy transfer 

pathway, while simultaneously decreasing the other one. �ese results are of 

significance for the rational design of multiplicity conversion systems with controlled 

energy transfer pathways. Furthermore, these results are of relevance for the charge 

recombination in OLEDs that was discussed in Section 1.2. 

Lastly, Paper IV demonstrates an efficient solubilisation strategy for the synthesis of 

higher oligorylenes. Bay-functionalization causes a molecular twist in the plane 

symmetry of the long axis of perylene, resulting in lower π−π stacking and therefore 

increased solubility [24, 102]. �is allowed to synthesise bay-alkylated quaterrylene 

that is soluble in such neutral solvents as cyclohexane and toluene, whereas 

unsubstituted quaterrylene is insoluble in DCM. �is observation opens a potential 

gateway towards the synthesis of linear oligorylenes where solubility is the major 

hurdle. Additionally, the bay-alkylated quaterrylene formed superradiant J-

aggregates with high emission quantum yields in the NIR region of the 

electromagnetic spectrum. �e J-aggregates demonstrated a 3-fold increase in 

radiative rate constant as well as a 40% decrease in non-radiative rate, consequentially 

resulting in a 4-fold increase of the emission quantum yield in the J-aggregates as 

compared to the monomers. Furthermore, the unprecedented decrease in the non-

radiative rate indicates overcoming the limitations set by the energy gap law. �is 

was achieved because of the reduced reorganization energy due to the delocalized 

nature of the excited state in J-aggregates. �is emphasizes the importance of 

controlled aggregation strategies that could potentially open up a new approach 

towards highly emissive NIR dyes. 
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In conclusion, investigating the chemical, physical and photophysical properties of 

perylene-based systems provided a deeper understanding of some of the parameters 

guiding the excitation energy transfer pathways. A potentially new pathway towards 

highly emissive NIR chromophores was explored through the J-aggregation 

phenomenon. �ese results contribute to the understanding of the fundamental 

photophysics behind such processes as: multiplicity conversion, directional energy 

funnelling, switching between the energy transfer pathways and aggregation-induced 

enhanced emission. �ese functions are of practical importance in smart materials of 

the future.
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