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Abstract

In this thesis, we investigate the fundamental mechanisms that contribute to
triplet exciton generation in organic molecular systems, such as singlet fission,
triplet-triplet annihilation, and intersystem crossing. We examine the effects of
external conditions such as magnetic fields and temperature, as well as internal
factors such as molecular structure, on exciton behaviours and triplet generation
process.

We initially studied the temperature and magnetic field dependence on pho-
toluminescence of a diF-TES-ADT singlet fission system. We showed, through
magnetic field-dependent photoluminescence spectroscopy and a range of differ-
ent optical and magnetic resonance spectroscopic techniques, that singlet fission
to form a weakly bound triplet pair state is highly temperature-dependent in this
material. Then, we investigated the photophysical properties of different tetra-
cene derivatives in solution, as well as illustrated the mechanism of triplet form-
ation using excitation wavelength-dependent transient absorption spectroscopy.
By providing a comprehensive analysis of the excited state dynamics, we showed
excitation-dependent behaviour in a newly synthesized tetracene dimer and some
monomers, displaying unique characteristics, along with the detection of ultrafast
intersystem crossing triplet formation.

Finally, we investigated the photophysical properties of a new synthesis
macrocyclic parallel pentacene dimer. This dimer demonstrated an ultrafast in-
tramolecular singlet fission process and selective generation of the quintet states.
It also exhibits the longest room-temperature coherence time of a quintet state,

to our knowledge at the time of publication, of 648 ns.
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Chapter 1

Introduction

As the global need for cleaner and more sustainable energy continues to grow,
solar energy is considered a very promising option. In particular, solar photovol-
taics, PV, which facilitate the direct conversion of sunlight into electricity, have
played a central role in this transition. Single-junction silicon solar cells domin-
ate the photovoltaic sectort> However, the highest e ciency of a silicon solar
cell varies from 29% to 33.7%, which is known as the Shockley-Queisser lifffit.

In the last two decades, advancements in solar cell technology have enhanced
device e ciency slightly from 24% to 26.7%° Improvements in device e ciency
are gradual and constrained as we approach the Shockley-Queisser limit. Photons
with high energy are converted ine ciently, since their extra energy is released as
thermal loss before being extracted.Approximately 33{39% of the power losses
are attributable to thermalisation losses-* Figure 1.1 illustrates this by dividing

the solar spectrum into loss components, where the thermalization is the main
loss in the silicon solar ceft.

Several approaches for reducing thermalisation losses have been proposed
throughout the previous decade. One approach is to explore alternative solar cell
materials to silicon, aiming for higher e ciency than the Shockley-Queisser limit
of silicon$® Another approach is singlet ssion (SF), which enables a single high-
energy photon to produce two excitons rather than one. This enhances e ciency

by minimizing energy loss and generating more charge carriers. Singlet ssion



2 Introduction

Figure 1.1 { Solar radiation and the Shockley-Queisser limit. Silicon solar cells
can capture only 33% of solar radiation (green region). The losses shown in the orange
region arise from the inability to absorb photons below the bandgap. The blue region
shows the energy lost by thermalisation, as the energy of the absorbed photon is above

the bandgap. This gure is obtained from Ref*

may enhance the maximum harvesting e ciency to 35-45%° In 1979, Dexter
suggested using singlet ssion to sensitise a solar c€llHowever, it is challenging
to extract the triplet excitons from singlet ssion. Singlet ssion not only provides
the potential to raise silicon's e ciency limit, but it also reduces the heat load of
silicon photovoltaics. Filtering out higher energy photons reduces thermalisation
and lowers the operating temperature of the silicon cell. This lowers the costs of
providing solar energy by extending the lifetime of the solar cell. Despite the
current limitations in using singlet ssion in photovoltaics, it can signi cantly
enhance the e ciency of silicon solar cells at a feasible cost.

Singlet ssion is a carrier multiplication phenomenon that transpires in organic
semiconductors. The absorption of a photon in conjugated organic molecules cre-
ates electron-hole pairs. This results in the formation of a singlet exciton. The
transformation of a spin-0 singlet exciton into double spin-1 triplet excitons is
referred to as singlet ssion. Triplet-triplet annihilation (TTA) is a photophysical
opposite process in which a pair of spin-1 low-energy triplet excitons merge to
form a single spin-0 high-energy exciton. In terms of energy, singlet ssion is a

down-conversion process, where the energy of each exciton is reduced to half its



original value as one exciton splits into two. In contrast, during triplet{triplet
annihilation, two excitons combine into one, e ectively doubling the energy of
the resulting exciton, making it an up-conversion process.

This multiexciton generation process has been studied over the past decade
primarily because of its promise to improve solar cell e ciencd*?'*, as one
high-energy photon creates two low-energy excited states without losses due to
thermalization. SF could also be useful for non-linear opti€s*®, OLEDs'’ or
even quantum technologie§??® by taking advantage of the fact that a single
photon creates a pair of spin-entangled quantum states. However, despite prom-
ising result$!, concrete applications have yet to be realised, in part due to the
limited library of materials which undergo singlet ssion, none of which is yet
ideal'®. E cient triplet-triplet annihilation, on the other hand, is preferable for
improving the e ciency of organic light emitting diodes (OLEDs)?>?% and solar
photovoltaics4?°, in addition to biomedical applicationg® such as targeted drug
delivery and optogenetic§"?8. In order to develop these applications, we need to
develop a better understanding of singlet ssion and triplet-triplet annihilation
mechanisms.

Interest in research into SF and TTA dates to the late 196085 Hence,
it predates the discovery of the relationship between solar energy harvesting and
singlet ssion and triple-triplet annihilation 323, From a basic physics perspective,
these photophysical processes were introduced to investigate interactions between
excitonic types and nonradiative transformations. Over the last decade, the re-
cognition that singlet ssion and triplet-triplet annihilation potentially permits
fundamental improvements in photovoltaics e ciency has led to a signi cant re-
emergence of interest in research in this el@!?. This corresponds with the
extensive availability of ultrafast laser systems, which facilitate photophysical
processes, especially in relation to singlet ssion, which can be detected with
unmatched time resolution on femtosecond timescal&s®

Singlet ssion occurs when a photo-excited singlet state;Sand a ground

state singlet state § form an intermediate triplet-pair state known as*(TT), %36
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which by spin evolution, produces a quintet triplet pair state’(TT). Subsequently,
this intermediate triplet pair separates to form a weakly bound triplet pair state
(T..T), eventually forming two independent triplet excitons. SF is a spin-allowed
process, making it sensitive to the spin states involved and the interactions
between them. Previous studies have demonstrated that this sensitivity to the
spin dynamics makes it highly in uenced by external magnetic eld$**?> There-
fore, magnetic eld e ects (MFE) have been used in organic molecules governed
by excited state dynamics and spin-dependent phenomena to illustrate singlet s-
sion mechanisms, and to in uence their dynamic processes in order to understand
the underlying mechanicg4344

Therefore, in Chapter 4, we investigate the temperature and magnetic eld-
dependence on photoluminescence of a well-characterized anthradithiophene (diF-
TES-ADT) singlet ssion system2”4° Previous studies based on transient absorp-
tion and photoluminescence spectroscopy have suggested that the rst step of
singlet ssion, the generation of!(TT) is temperature-independent in polycrys-
talline Ims of this material. 3"*> However, in this chapter, we show that mag-
netic eld-dependent photoluminescence spectroscopy reveals that singlet ssion
to form (T..T) is highly temperature-dependent in this material.

In addition to the singlet ssion process, in some organic photovoltaic ma-
terials, triplet excitons are generated via a direct process known as intersystem
crossing (ISC). Some commonly used photovoltaic materials exhibit relatively
high ISC yields?® The timescales for ISC are often much slower than those of the
corresponding singlet transitions. Nevertheless, examples of ultrafast intersys-
tem crossing are present, although mostly in molecular systems including heavy
atoms?’ In Chapters5 and 6, we investigate the rapid intersystem crossing and
triplet state formation in tetracene derivatives via excitation-wavelength depend-
ence in picosecond transient absorption spectroscopy. We demonstrate that triplet
states are formed by ultrafast intersystem crossing in some tetracene dimers and
monomers. The results suggest that ISC is a ected by the excitation wavelength,

and the triplet yield increases at higher excitation energy.



Tetracenes and pentacenes stand out as the most extensively studied mo-
lecules among the various materials investigated for their potential in quantum
applications#484° In quantum information science, singlet ssion is a promising
approach because it can generate spin-entangled quintet triplet pairs by photo-
excitation independent of temperature. Achieving quantum coherence at room
temperature is challenging, as it requires precise control over the orientation and
dynamics of triplet pairs. In Chapter7, we show that the quantum coherence
of quintet multiexcitons can be achieved at room temperature by arranging two
pentacene chromophores in parallel and close proximity within a macrocycle. This
parallel proximity between adjacent pentacene leads to ultrafast intramolecular
singlet ssion and selective generation of the quintet states. It also exhibits the
longest room-temperature coherence time of the quintet, to our knowledge at the
time of publication, of 648 ns. This indicates that the macrocyclic structure is a
promising strategy for generating multilevel quantum bits (qubits), whose struc-
ture can be strictly de ned at the atomic level, and which have a long coherence
time, that can be driven at room temperature.

All results chapters are provided after the relevant theoretical background
and experimental methodology covered in Chapters 2 and 3, respectively. Finally,
in Chapter 8, we conclude by summarizing the key ndings of the experimental

results, as well as highlighting some critical topics that need further investigation.
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Chapter 2

Theory and Background

This chapter presents the fundamental theoretical principles required for under-
standing the experimental results discussed in the following chapters. These topics
include singlet and triplet excitons, their interaction with light, and the mech-
anisms by which they convert from one state to another. We start by focusing
on the interactions between organic molecules and light, along with the excited
states produced from these interactions. We demonstrate the interconversion of
several excited states, resulting in an extensive range of photophysical behaviours.
Finally, we discuss fundamental processes that are essential for this work, such
as singlet ssion and triplet-triplet annihilation, as well as their use in spectral
energy conversion. Most of the information provided in this chapter is from these
reference®“85%52 ynless otherwise stated. Additional details and speci ¢ points

are supported by other references, which are cited accordingly.

2.1 Conjugated organic molecules

Organic molecules refer to molecules that consist of carbon atoms bonded to
hydrogen, and also include elements like nitrogen, oxygen, sulphur, and other
heteroatoms. Conjugated molecules contain an arrangement of single and double
bonds connecting neighbouring carbon atoms. This arrangement facilitates the

creation of electronic states that can delocalise over several atoms. The elec-
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trons in these states, described in terms of ‘molecular orbitals', are responsible
for several interesting features of conjugated organic materials, particularly their
interaction with light.

The unique electronic properties of conjugated systems arise from the delo-
calisation of -electrons, which essentially depends on the nature ofbonds.

In these systems, -bonds are responsible for the extended electronic structure,
which a ects molecule stability, optical absorption, and conductivity. To fully
understand how conjugation works, it is important to illustrate the creation and
function of -bonds in a molecular environment.

Hund's rules de ne the electronic structure of carbon atoms as (Z2s)?(2p)?.
The inner 1s and outer 2s orbits contain pairs of electrons, whereas the 2p orbitals
contain the last two electrons. Consequently, the outer shell of carbon consists
of four valence electrons. To better explain bonding in carbon-based compounds,
we will use the sl hybridisation approximation. Hybridised orbitals are atomic
orbitals that combine to generate new, equivalent orbitals with speci c spatial
orientations optimized for bonding, while unhybridised orbitals maintain their

original shape and orientation.

Figure 2.1 { Hybridisation of atomic orbitals. Schematic representation of -bond
formation from sp? hybridised carbon atoms and -bond production via the overlap of

unhybridised p,-orbitals.

For example, Figure 2.1 demonstrates that the 2s, 2pand 2p, orbitals com-
bine through hybridization to form three sg orbitals arranged in the xy-plane.
One electron is present in each of the $prbitals. The remaining electron resides

in the unhybridized 2p, orbital, oriented perpendicular to the sp plane. The
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sp? orbitals between the two carbon atoms create a-bond through the head-
on overlap of sp{sp? orbitals. The sideways overlap of unhybridized 2porbitals
forms -bonds, enabling conjugation across the molecule. In thebond, the elec-
tron density is delocalised in areas located above and below the molecular plane.
Understanding the nature of atomic bonding is crucial because it helps in the in-
terpretation of molecular structures, which can be investigated and characterised

experimentally using spectroscopy.

2.2 Electronic properties of an organic conjug-
ated molecule

Spectroscopy involves examining how matter interacts with electromagnetic radi-
ation, such as light, speci cally investigating how matter absorbs or emits energy
across various wavelengths. Quantum physics allows us to characterise the en-
ergies of target molecules by expressing any system in terms of a wavefunction
, Which typically depends on spatial and temporal coordinates. Using the time-
independent Schredinger equation, the electronic characteristics of an organic

molecule can be described as

Hj i=Ej i: (2.1)
A key simplifying assumption is the Born-Oppenheimer approximation, which
involves the separation of the behaviour of the electrons and the nuclei. Nuclear
motion is much slower than electronic motion due to the large mass di erence. As
a result, the electronic and nuclear motions can be treated independently. Under
this assumption, the total Hamiltonian is separated into three components: an
electronic termH (¢ arising solely from electrons, a nuclear terrhl,,;, associated

with the nuclei, and a mixed electron{nuclear interaction termHg,

H(nR)= He a(r) + Howe nue(R) + He nue(hR); (2.2)
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whereR and r denote the set of nuclear and electronic coordinates, respectively.
He o IS the electronic term, which can be written as
X 2 X
Hel a(r) = | Zp_rrlh-'- % o ﬁi (2.3)

where the rst component indicates the electronic kinetic energy of the elec-
trons, while the second term de nes the electronic electrostatic potential. The
momentum operator for electron is denoted as P, and m represents the single
electron masse indicates the elementary charge, and the vacuum permittivity is

denoted by"y .

Likewise, the nuclear term,H . nuc, Can be expressed as

X p2  1X
PE L1 zze (2.4)
M 2 4 gR R

Hnue nuc (R) =

where the rst component indicates the nuclear kinetic energy and the subsequent
term is the nuclear electrostatic potential energyP denotes the momentum op-
erator for nucleus , M represents the mass of nucleus, and Z denotes the
proton number of nucleus . Note that the general form of the momentum oper-
atorsisp = i~r , wherer is the gradient operator, denedag = 2; @@j g

in Cartesian coordinates. It acts on a scalar wavefunction to give the spatial rate
of change in each dimension.

Finally, the nuclei-electrons Coulomb attraction,He ¢, IS described as

X Z &

Hel nuc(r;R): Vel nuc(r;R): m
0 i

(2.5)

2.3 Excitons

In condensed matter physics, the behavior of electrons is described in terms of
energy bands, mainly the valence band and the conduction band. These bands
determine the electrical conductivity of a material, as seen in Figure 2.2. The

energy range separating the valence and conduction bands is a forbidden region,
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known as the band gap. In conductors, there is no signi cant energy gap between
the valence and conduction bands. In some metals, these bands even partially
overlap, allowing electrons to move freely between them. As a result, the conduc-
tion band is partially lled. In insulators, a large energy gap separates the valence
band from the conduction band. The valence band is completely lled, leaving
the conduction band empty. Semiconductors fall between conductors and insulat-
ors, presenting a smaller band gap. Energy is required to break covalent bonds
and release free electrons into the conduction band, which typically contains a
large number of empty states. At room temperature, some semiconductors have
su cient thermal energy to move some electrons from the valence band into the
conduction band, allowing limited electrical conductior??

When an electron transitions from valence band to the conduction band, a
positively charged hole is created in the valence band. The hole in the valence
band and the electron in the conduction band are attracted to each other by
electrostatic force, resulting in the creation of an electron-hole pair. The bound

state of an electron-hole pair is referred to as an exciton.

Figure 2.2 { Valence and conduction bands. A schematic diagram of metallic,
semiconductor, and insulating materials illustrating the distinct valence and conduc-
tion bands associated with each type. The main distinction between these materials lies
in the band gap, which is more than 3 eV in insulators, smaller than 3eV in semicon-

ductors, and negligible in conductors (metals)>*. This Figure is adapted from Ref>°

In molecular orbital theory, exciton is formed when a photon is absorbed and
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an electron is promoted from the molecule's highest occupied molecular orbital (or
HOMO) to the lowest unoccupied molecular orbital (or LUMO), leaving behind a
positively charged hole in HOMO. This electron-hole pair then interacts through
the Coulomb force, forming a bound state, the exciton.

There are three main types of excitons. Wannier-Mott exciton, Frenkel ex-
citon, and charge transfer exciton (Figure 2.3). Wannier-Mott excitons are primar-
ily found in inorganic semiconductors, where the high dielectric constant weakens
the electron{hole interaction. This results in weakly bound excitons (10 meV
binding energy)>° The electron and hole separation is extremely large, ranging
from a few hundred up to thousands of Angstrom¥, resulting in exciton de-
localisation. Conversely, Frenkel excitons can be observed in organic molecules
presenting poor dielectric screening of the electron-hole electrostatic attraction.
These excitons are tightly bound, with an electron-hole binding energy of around
0.1- 1eV>%57 This localises the exciton to a single molecule. Finally, charge-
transfer (CT) exciton, which is commonly found in organic semiconductors, lies
somewhere between the localized Frenkel excitons and delocalised Wannier{Mott
excitons. This exciton is relatively localised, with the hole and electron commonly
located on nearby molecules, as shown in Figure 2.3.

Exciton binding energy is the energy required to separate an electron and a
hole that have formed a bound state (exciton) in a material. It's related to the
bandgap energy, which is the energy required to create a free electron and hole
in the material. The exciton binding energy is typically less than the bandgap
energy and can be determined by measuring the di erence between the transport
band gap, which represents the energy of the free electron state, and optical band

gap, which corresponds to the exciton energy as the rst excitation stafé.
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Figure 2.3 { Exciton types. Weakly bound Wannier-Mott excitons with an extremely
large distance between the hole and electron. Frenkel excitons are tightly bound and
highly localized to a single molecule. Charge-transfer excitons are relatively localized,

with the hole and electron commonly located on nearby moleculeg®

The term “exciton' in this thesis will refer to a Frenkel exciton, unless otherwise
indicated, since we are mostly working with conjugated molecules. Excitons are
fundamentally two-electron excited states, and due to the nature of electrons as

spin % particles, spin is crucial in exciton photophysics.

2.4 Electron Spin

Exciton is an electron-hole bound state, fundamentally involving two particles. It
arises due to the Coulomb interaction between the unpaired electron in the LUMO
and the hole left behind in the HOMO after photoexcitation. In the ground state,
the HOMO is occupied by two electrons, and according to the Pauli exclusion
principle’, both electrons must have di erent spins. As a result, one electron is

spin up, j"i ;, while the other electron is spin downj#i .

»Pauli exclusion principle: The total wavefunction (including spin) must be antisymmetric

with respect to the interchange of any pair of electrons>*
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Figure 2.4 { Singlet and triplet excitons. (a) Energy level diagram showing the
HOMO and LUMO for the ground state (Sg), singlet exciton (S;), and triplet exciton

(T 1). The relative positions of S; and T, with respect to Sy are in uenced by Coulomb
interaction (exciton binding energy) as well as exchange interaction. (b) Vector diagram

of two-electron singlet (red arrows) and triplet (blue arrows) spin states>:

Upon excitation, one electron moves to the LUMO, placing the electrons in
di erent orbitals, which allows them to have either parallel or antiparallel spins
(Fig. 2.4a). An exciton consists of two electrons, each with two possible spin
states, resulting in four possible spin wavefunctions. Figure 2.4 b presents a vector
representation of them, where in the antiparallel case (red arrows), the state is
known as ‘singlet', where the total spin angular momentum S=0. The three more
di erent arrangements of spins that provide a total spin of S=1 are known as
“triplets'.

It is possible to generate the spin wavefunctions for these two electrons from

the products of the spins of one electron, such §$ , j#i,. The Spin wavefunc-
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tions are the eigenstates of the total spin operato®? = (S1 + S2)?, which has

an eigenvalue ofS. Spin wavefunctions must also be eigenstates of the spin op-
erator projection S, onto the z-axis, which has an eigenvalue of the magnetic
spin quantum numberms. In bra-ket notation, the eigenstates are represented as

jS; msi and are determined by

Singlet: jSi!j 0;0i = pl—é(j "y #i JH 4" 2) (2.6)
Triplets: JT.il)] L+1i =" 4" 2 (2.7)
jToll] 1,00 = p—z(j "I #i+ JHI " ) (2.8)
JT i) 1 1i = j#i,j#i, (2.9)

We notice that the triplet spin wavefunctions exhibit full symmetry with re-
spect to particle exchange, unlike the antisymmetric singlet spin wavefunction.
To explore this, we introduce a particle exchange operatoPRyg », which simply

swaps the labels of two identical particles in a quantum state. For exampie:

Pis 2)X1; X2l = jX2; Xyl (2.10)

Applying this operator to the singlet spin wavefunction yields an eigenvalue of
-1:

Pis 200,00 = P ("o #ix 1#i 21 )= | 0,01 (2.11)
This result con rms that the singlet state is antisymmetric under the exchange of
the two electrons. It is worth noting that in Equations 2.6 -2.9, the spin wavefunc-
tions are one part of the “total' electron wavefunctiong i. The spatial wave-
functions j i must also be taken into account. The total wavefunction of two
electrons must exhibit antisymmetry under the electrons' exchange, according to

the Pauli exclusion principle. Thus, the singlet spin wavefunction (antisymmetric)
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must be coupled to a symmetric spatial wavefunction, whereas the triplet spin
wavefunction (symmetric) must be coupled to an antisymmetric spatial wave-
function. Therefore, the spatial wavefunctions for the rst and second electrons

inj Al andj pi orbitals are written as

j singlet; — ] aij t2)| +j tl)U | symmetric. (2-12)

j et = joNjogig o fij g anti-symmetric. (2.13)

I\)-I?H I\J-ICFH

It is essential to take into account the quantum mechanical dimension. Accord-
ing to the Pauli exclusion principle, two electrons having identical spins cannot
reside in the same spatial position. Therefore, the triplet state electrons exper-
ience increased repulsion, resulting in a reduction in Coulomb repulsion and a
consequent drop in total energy. In contrast, singlet electrons have antiparallel
spins, resulting in their being close to each other. This leads to an enhancement
of the Coulomb interaction, hence increasing the total energy.

This additional energy change is denoted as the exchange enedgyit serves
as a quantum mechanical re nement of the classical Coulomb interaction. Thus,
triplet excitons typically have a lower energy level than singlet excitons (Fig-
ure 2.4 a), and the singlet and triplet energy splitting is Est=2J. This energy
is usually around 0.7{1.0eV for a broad variety of conjugated molecules and
polymers>! The exchange energy can be calculated using the exchange integral
de ned as:

ZZ
Jex = a(r1) p(r2Ve a(rs 12) b(rs) a(rz) drodry; (2.14)
whereV, . is the Coulombic interaction potential between the two electrons, and
it has no spin dependenc®. From Equation 2.14, it is evident thatJ is in uenced
by the overlap betweerj ,i andj ,i. Molecules with signi cant overlap between
the HOMO and LUMO tend to exhibit a high energy gab between singlet and
triplet excitons, while reduced overlap leads to a smaller singlet{triplet separa-

tion. Consequently, the singlet-triplet gap may be adjusted by suitable molecular
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design®!

The presence of separate singlet and triplet states accounts for several interest-
ing physical characteristics of conjugated organic molecules, and the modi ability
of the exchange energy has signi cant implications for singlet exciton ssion. The
electron spin results in a magnetic moment that may interact with external mag-
netic elds via Zeeman interaction. The magnetic moment of an electron can also
interact with the magnetic moment of nuclear spins via the hyper ne interaction
or with other electron spins via dipolar or exchange couplings. These interactions

will be discussed below.

2.4.1 Zeeman Interaction

Due to the spin of the electron, a magnetic moment is produced,

A= g g8 (2.15)

In this equation, ge represents the electrorg-factor, g = ﬁ denotes the Bohr
magneton, which is determined by the electron charge', and the electron mass
is denoted as m,'. The z-axis projection of the spin magnetic moment, /} is

expressed as

AJS;Mgi = Qe gMgjS; Mgl : (2.16)

The interaction between an external magnetic eldB, and this magnetic moment

is represented in the Hamiltonian equation as follows:

H;= ~ B=g g8 B: (2.17)

The spin state energy is divided under the in uence of a magnetic eld, based on
its spin projection, mg. When a magnetic eld is applied in the z-direction, spin
states with mg= 0 exhibit consistency under the Zeeman interaction. Therefore,
their energy remains constant despite the increasing magnetic eld. When a strong

eld is present in the z-direction, » may be substituted by the z-component of
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the spin magnetic moment, 2. This substitution yields the energy eigenvalues,
expressed a£ = g gMsBo, where By is the magnetic eld strength. For an

electron with mg = + % this results in an energy splitting of

E = g sBo: (2.18)

Based on the geometry of the molecule as well as spin-orbit coupling (sec-
tion 2.5.2), the g-factor could be anisotropic. Therefore, the more general version

of the Zeeman interaction consists of thg-tensor, g,

H;=gs B S (2.19)

Figure 2.5 { One electron spin. (&) The vector model represents thej i and j i

states. It also represents the magnetic moment, (dashed arrow), generated by the
spin, which is anti-parallel to the spin vector. (b) Zeeman Interaction occurs when an
external magnetic eld is applied to a one-electron system. It induces the separation of

the degenerate state§ i andj i.5%62

When a magnetic eld is present, a spin undergoes precession around the eld

direction at a frequency known as the Larmor frequencyy, , de ned by,

Bo: (2.20)
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Spin mixing and relaxation are two processes signi cantly in uenced by Larmor
precession. Figure 2.5 presents an overview of thei and j i states. In the
vector model (Figure 2.5a), the spins are represented as a cone, along with the
magnetic moment,, generated by the spins. The energy level splitting caused

by the Zeeman interaction is presented in Figure 2.5b.

2.4.2 Hyper ne Interaction

A hyper ne interaction may arise when electron spins interact with the mag-
netic moments of nuclear spins. The hyper ne interaction is signi cantly weaker
than the Zeeman interaction. This interaction is signi cant in the study of spin-
correlated radical pairs (anions and cations)*% Nevertheless, because of its
minor impact on the Hamiltonian, it is often disregarded by the singlet ssion
community. However, the hyper ne interaction a ects spin relaxation processes

and Larmor precessioff>%°

2.4.3 Interactions of two electron spins

When an external magnetic eld is applied, the spin states with non-zero spin
projection,jT.i andjT i, will experience energy separation that increases with the
eld strength based on Zeeman interaction, as discussed in Section 2.4.1. In addi-
tion, due to the interaction between electron spins and the nuclear environment,
each spin state will exhibit hyper ne structure. Furthermore, the electron spin
will interact with nearby electron spins via electron-electron interactions. This
interaction is divided into the exchange interaction and the dipolar interaction,

or zero- eld splitting, which are discussed below.

Exchange Interaction

As a result of the exchange interaction, spin states associated with di erent multi-

plicities will have di erent energies. Multiplicity refers to the number of possible

»j"i j#i are written in some references, such as refererPe asj i andj i, respectively.
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spin states associated with a given total spin quantum numbesS. It can be
expressed asMultiplicity = 2S+ 1,%” whereS = 0 for a singlet and 1 for a
triplet. For a system of two electrons, the total wavefunction should be antisym-
metric with respect to particle exchange, due to the Pauli exclusion principle.
As previously indicated, the antisymmetric spin wavefunction in a singlet res-
ults in a symmetric spatial wavefunction. As illustrated in Figure 2.6, the lowest
energy symmetric spatial wavefunction contains no nodes, whereas the lowest
anti-symmetric spatial wavefunction has one node. The node in the antisym-
metric spatial wavefunction increases the spatial separation of the two electrons,
thereby reducing the Coulombic repulsion between them. As a result, the sym-
metry of the spin wavefunction of the triplet and the antisymmetry of the spatial
wavefunction result in an overall triplet wavefunction having a lower energy than

the singlet state.

Figure 2.6 { Symmetric and antisymmetric wavefunction. The existence of
a node in the lowest anti-symmetric spatial wavefunction increases electron spatial
separation and therefore reduces Coulombic repulsion of the two negatively charged

particles. This gure is obtained from Ref.%®

The exchange interaction is described &5

He = I8 S (2.21)

whereJ is the exchange constant, de ned a3 = 2J¢,, WhereJe, represents the

exchange integral derived from Coulombic interactions in electronic wavefunctions
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(Equation 2.14)53.7°

Zero-Field Splitting

In the zero-eld condition, the energies of the three triplet states are non-
degenerate. This mostly results from the dipole-dipole interactions of the two
unpaired electrons and their magnetic moment¥:’* The energy splitting of the

three triplets is referred to as "zero- eld splitting', which is typically represented

via an additional Hamiltonian term

R = S DS; (2.22)

where D denotes the zero- eld splitting tensor (matrix), and S represents the
spin vector operator.D is diagonalisable, indicating the presence of a particular
coordinate system in which only three component®(, Dy, D) characterise the
interaction. It is also traceless, meaning that its eigenvalues sum to zero in the

context of dipolar interactions (Tr(D) = Dy + Dy + D, =0)."*

0 1
Dy 0 O

D = % 0 Dy o% (2.23)
0O 0 D,

According to the standard de nition,

iDzj | Dxj | Dyj: (2.24)
The z-axis thus relates to the maximum dipolar coupling! We can use two zero-
eld splitting factors, D and E, instead of three to de ne the interaction, asD
is traceless. TheD and E parameters are given by

3

1
D=7D:; E=3(Dx Dy): (2.25)

Corresponding with the previously stated de nition of Equation 2.24}72

1 = o (2.26)
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E always has the opposite sign t®. Because of this, we can write the equation

2.22 as

Hyus = D S? ;-:52 +E S § (2.27)
In this context, S,, S;, and S, represent thex, y, and z components of the
spin operator vectorS. The D parameter is inversely proportional to the cube
of the average interspin separationl / r%), re ecting the spatial extent of the
triplet exciton. Therefore, a smallerD suggests a greater exciton size (due to
increased spin separation), whereas a larger implies a more localised exciton.
The E parameter correlates with the rhombicity of theD -matrix, indicating that
larger E suggests greater asymmetry. Using electron paramagnetic resonance
(EPR) measurements, theD and E parameters are calculated by tting the
EPR spectrum to a spin Hamiltonian model that includes zero- eld splitting
and Zeeman interactions® However, to determine the signs, complex magnetic
resonance measurements are required. The measuedalue varies between 4 to

10peV for the majority of p-conjugated molecules®

2.4.4 Triplet Pair

When a singlet exciton undergoes spin-correlated separation into two triplet
excitons in the singlet ssion, there is an intermediate state of two correl-
ated triplet excitons. This state consists of four electrons. From the one-
electron basis, we can identify 16 potential states for the four-electron system:
iUt T oo jH#H#ES2 We obtain 16 pure spin states from linear combin-
ations of these states, which are 2 singlet stateS & 0), 9 triplet states (S = 1),
and 5 quintet states € = 2).

Many theoretical studies have been conducted on the triplet pair staté:>274,
This system can be simpli ed by considering two pairs of interacting electrons,
or two S = 1 triplets, limiting our consideration to the nine lowest-lying states,
as described by Merri eld?® These states are one singlet, three triplets, and ve

quintets. The singlet state is represented as
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iSi =

%(jxxi + jyyi + jzzi); (2.28)

where jxxi representsjTy; Tyi, in the low- eld basis for each triplet in the pair.

The correlated triplet pair state, referred to as'(TT), is considered to be the

singlet S = 0O state. The triplet and quintet states are represented in the low- eld

basis as follows:

1, ..
p—i(JyZI j zyi)
1. .
p—é(jzm J xzi)
1.
p—é(nyl j yxi)
1. ..
p—é(JXXI ] oyyi)
1.
p—é(JXXHJyyl
1, ..
P—E(JYZI + jzyi)

1 .
p—z(jzm + jxzi)

1,
p—é(jxy| + jyxi):

2jzzi) (2.29)

This triplet pair, consisting of nine spin sublevels, serves as an intermediate

state in the singlet ssion process. Several investigations have demonstrated the

existence of the triplet-pair state, including vibrational spectroscop¥;:’® electron

spin resonance (ESRj?’"78 and transient absorption spectroscopy?®* Multiple

studies indicate that the triplet pair state can be emissive, hence con rming the

existence of this state*84&6

Figure 2.7 b presents an overview of the nine sublevels of the triplet pair state

and the energy level splitting in the presence of an external magnetic eld. As

illustrated in the gure, the singlet is separated energetically from the triplet

and quintet states byJ and 3J, respectively?®#’ Furthermore, the vector model
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(Figure 2.7 a) displays an example of ens = 2 quintet state. In the presence of
an external eld, the states wherems= 0 remain unchanged. Both the triplet
and quintet sublevels exhibit zero- eld splitting, each characterised by distinct
ZFS parameters, wherd+ and E+ for triplet states, and Dg and Eq for quintet

states’®

Figure 2.7 { The nine sublevels of the triplet pair state: one singlet, three
triplets, and ve quintets. The quintet is shown in the vector model in (a). The energy
level splittings under the in uence of an external magnetic eld are demonstrated in

(b). This gure is reproduced from Ref.88

2.4.5 The Spin Hamiltonian

We can now formulate the spin Hamiltonian of the triplet pair state based on
previous information. All interactions have been addressed except the intertriplet
dipolar coupling. As mentioned before, the triplet pair state consists of two inter-
acting triplets. There will be zero- eld splitting, or intratriplet dipolar coupling,

in each triplet. The two triplets will also exhibit a dipolar coupling that depends
on the distancer separating them. While this is similar to the previously discussed
ZFS, the tensor characterising this interaction will be referred to as X for clarity.

Generally, X 25. This subsequently provides us with the Hamiltoniar{;*°
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B = ]J E}+X éA S 3(éA M)(Ss f‘)
—z— }

Exchange I

Intertrlplet Dlpolar

(2.30)
gP_{B é}+D & _éiz +E & & Z;

Zeeman {Z }
ZFS

where, J represents the intertriplet exchange energy< denotes the magnitude
of intertriplet dipole coupling, f is the unit vector between the two molecules
indicates the external magnetic eld, andD and E ( X) are the intratriplet
zero- eld splitting parameters.

Without an external eld, the nine spin states are eigenstates of this Hamilto-
nian. The triplet pair state exhibits two regimes, strongly coupled and weakly
coupled. The exchange interaction, or the interactions between the two triplets,
is high (3 D) in the strongly coupled pair. This type of spin states are repres-
ented as!(TT), 3(TT), and >(TT). However, the spins change over time, resulting
in weak interactions between the two triplets, leading tal D. This produces
a weakly coupled triplet pair state,'(T..T). This state is no longer an eigenstate,
and the spin is not a good quantum number. This weakly coupled triplet pair

state often exhibits a mixed spin nature.

2.4.6 Spin Evolution

Several dynamic processes may cause spins to evolve, especially in spin ensembles.
Some chemical reactions can lead to spin quenching, which is a loss of a particular
spin state due to interactions. For example, a triplet spin state may interact with
molecular oxyger®!, or triplet energy may transfer to other molecules during
sensitisation measurements. Furthermore, spins evolve with time via mechanisms

such as relaxation and spin mixing.
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Spin Mixing

As previously stated, transitions between spin states are possible. This is presen-
ted in the vector-model illustration of singlet and triplet states in Figure 2.4 a.
Spin mixing occurs in the weakly coupled triplet pair staté(T..T), where the ex-
change interactionJ is small. For instance }(T..T) can be mixed with >(T...T). %2
Thus, the weakly coupled pair is considered to consist of triplet$Ti, quintets,
jQi, and singlet-quintet mixtures,jSQi. Zeeman interaction is responsible for the
spin mixing e ciency. Therefore, spin mixing becomes ine cient when the spin
states are energetically separated. This phenomenon results in the detection of
magnetic eld e ects, as illustrated in Chapter 4.

Spin mixing is primarily caused by spin-orbit coupling (section 2.5.2%
Additionally, hyper ne interactions between electron and nuclear spins can con-
tribute to spin mixing.®* Other factors can in uence spin mixing, such as the
presence of magnetic elds, the interaction between electrons, and the material

electronic structure 39597

Quantum Beating

As indicated previously, the strongly coupled triplet-pair state!(TT) is mostly a
singlet state. However, the spin wavefunctiofSi of this state is a linear combin-
ation of the jxxi, jyyi, andjzzi triplet pairs, as seen in Equation 2.28. Therefore,
under the condition of weak exchange couplingSi is not an eigenstate of the
Hamiltonian; rather, it is a superposition of eigenstates. Over time, each eigen-
state evolves with a phase that is proportional to its energy. Consequently, the
singlet state will exhibit time dependence:
iS(t)i = 191—é e Exixxi + e EwEjyyi + e B2z (2.31)

Equation 2.31 is valid if the spin wavefunctionjS(t)i represents a weakly

exchange-couple® = 0 triplet pair, denoted as *(T...T). ° Due to the di erences

in Exx, Eyy, and E,;, the couplingjhS;j*(T ::: T)ij 2 will therefore change in time,
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leading to oscillations in the delayed uorescence. At zero applied magnetic eld,
we anticipate three oscillation frequencies governed by the ZFS parametddsand
E .*° Such oscillations are known as quantum beats, and they have been observed
in the delayed uorescence of tetracene crystals on a nanosecond timescale at
room temperature?®°° The observations of the quantum beating provide evidence
for the weakly coupled triplet pair state existence.

Following our discussion of some of the basic spin physics necessary for the
investigation of singlet ssion, we will now investigate some concepts of photo-

physical processes.

2.5 Photophysical Processes

In Figure 2.8, a Jablonski diagram presents the main photophysical processes. A
ground state (§) absorbs a photon during the absorption process, which results
in transitions to a higher energy singlet state (purple arrows). A rapid internal
conversion (indicated by grey dotted arrows) may subsequently return the mo-
lecule to the S state. It is possible for $ to decay back to the g state either
radiatively, as illustrated by the orange arrows for uorescence, or non-radiatively
via internal conversion. Spin-orbit coupling can also promote a transition to vi-
brational levels in a triplet manifold through the intersystem crossing process (red
arrow). Radiative decay from T, states to the ground state can occur through
phosphorescence (green arrows); however, non-radiative decay often overcomes
this weakly permitted transition. Upon the population of § and T, states, addi-
tional absorption can occur, leading to transitions to higher-energy states within
the same spin manifold (blue arrows), which is commonly known as photo-induced
absorption (PIA) or excited-state absorption (ESA). These transitions are probed
in the transient absorption spectroscopy. In the following sections, we explore each

process in detail.
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Figure 2.8 { Jablonski diagram, summarising key photophysical processes:

(1) Absorption (purple arrows) is the transition from the ground state Sq to any higher-

lying singlet states. (2) Fluorescence (orange arrows): Sdecays back to its ground state.
(3) Intersystem crossing (red arrow): the transition from singlet to vibrational states

of the triplet manifold. (4) Phosphorescence (green arrows): occurs asIstates decay
radiatively to the ground state. (5) Internal conversion decays (grey dotted arrows): is
the rapid decay from the excited singlet/triplet states to lower-lying states, or to the

ground state. (6) Excited state absorption transitions (blue arrows) from S, and T, to

higher-lying states §, and Ty, respectively, which are probed in transient absorption

spectroscopy.

2.5.1 Absorption and Emission

Photon absorption or emission causes the transitions between the electronic states
of a molecule. The vibrational sublevels associated with each electronic state give
rise to ne structure in the observed transitions. Upon photon absorption, an
electron can be excited from HOMO (the highest occupied molecular orbital) to

LUMO (the lowest unoccupied molecular orbital), producing a radiative trans-
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ition. Fermi's Golden Rule de nes the rate of the transition between the initial
and nal states (ki ) for the radiative transitions, using the wavefunctions ; and

f-

ki =2 h 89 i (E; (2.32)

where,H °represents the Hamiltonian that describes the perturbation of the trans-
ition, whereas (E;) is the density of the nal state. According to the Born-
Oppenheimer approximation, the wavefunctions can be divided into their elec-
tronic, vibrational, and spin components. The transition from the electronic com-
ponent is the only part that depends on the position of the electron, Therefore,

the transition rate is now described as

kif = Zfih eI;fjAgg)j eI;iij}zih spin;féZ spin;iijfih vib;féZ vib;iij}2 (Ef): (233)

TDM SSR FCO

This equation consists of three components: the transition dipole moment (TDM),
or orbital selection rule, the spin selection rule (SSR), and the Franck Condon
Overlap (FCO). Each of them has signi cant impacts on the radiative transitions.

In addition, the density of the nal states will a ect the transition rate.

Transition Dipole Moment (TDM)

Transition dipole moment term (h ¢ j~(r)j eilj) IS the rst component that

a ects the radiative transition rate. Under spatial inversion, the sign of the di-
pole operator " reverses because it has odd pari®):>® Therefore, if the par-
ity is identical for the initial and nal state wavefunctions, then the integrand
has an odd parity, resulting in the integral over all space being equal to zero.
Consequently, the rate of its transition is equal to zero. This type of transition,
which occurs between parity-matched states, is known as “Symmetry forbidden'.
The majority of molecules have an even parity ground-state wavefunction, which
means that the absorption of a photon is allowed only for transitions to odd-

parity excited states. Excited states that cannot undergo transitions with the
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ground state owing to symmetry-forbidden transitions are generally known as
“dark states'. Regardless of the wavefunctions symmetry, the transition strength
rises with the overlap of the initial and nal wavefunctions as well as the wave-
functions' spatial extent. Stronger photon interactions are observed in conjugated
systems where the wavefunctions exhibit greater delocalisation. In some cases,
symmetry can cause parts of the wavefunction to interfere destructively, cancel-
ling out the transition dipole moment and making an otherwise allowed transition

forbidden >

Spin-Selection Rule (SSR)

The second factor a ecting the radiative transition rate in Equation 2.33 is

Jn spinit ] spiniil] . The spin factor is equal to one when the spin quantum num-
ber (S) of the initial and nal electronic states is identical. This case is known

as spin-allowed'. If the spins of the initial and nal electronic states di er, the
spin factor becomes zero, calling the case “spin-forbiddéhTransitions between
states with di erent spins that are considered to be spin-forbidden are known to
occur weakly. For instance, while it is spin-forbidden, emission of photons from a
triplet state to the ground singlet state is possible; this phenomenon is known as
phosphorescence. This di ers from " uorescence', which is the spin-allowed mech-
anism. Another spin-forbidden transition that takes place, but occurs weakly, is
intersystem crossing (ISC). These spin-forbidden transitions can occur due to
spin-orbit coupling, a physical mechanism that will be discussed in section 2.5.2.
Compared to forbidden transitions, spin-allowed transitions happen on a consid-
erably rapid timescale. Fluorescence occurs over a timescale of nanoseconds to
microseconds in -conjugated molecules, whereas phosphorescence occurs over

the timescale of milliseconds to secondS.

Frank-Condon Overlap (FCO)

In organic molecules, the FCO is the origin of the majority of the observed spec-

troscopic line shapes. Itis responsible for capturing the vibrational contribution to
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radiative transitions. There are multiple vibrational sublevels for each electronic
level. These vibrational sublevels are reached via photon absorption or emission.
In the nuclear coordinate system, a radiative transition is classi ed as "vertical’,
as presented in Figure 2.9. This gure shows the electronic energy potentials for
two states along the nuclear coordinate axisq). Each state has multiple vibra-
tional energy sublevels. Photon absorption does not usually occur simultaneously
with nuclear motion, since electronic transitions occur more rapidly than nuclear
movement. The transition occurs vertically with respect to the nuclear coordin-
ate. The maximum intensity for this transition occurs when the overlap between
the initial and nal states is at its maximum.

As shown in Figure 2.9, the intensity of the 0-0 transition, which is the lowest
vibrational state in both excited and ground states, is less than that of the 0-1
transition. This is due to a slight shift between the ground and excited states in
nuclear coordinates. Generally, the uorescence from the excited state, or radi-
ative emission transitions, follows the same vibrational progression as absorption
transitions.

Kasha's Law states that uorescence emission originates from the lowest en-
ergy excited state, regardless of which higher energy excited state was initially
populated1°° Rapid vibrational relaxation occurs to the lower vibrational level in
the excited state before returning to the ground state by uorescence emission.

In most organic molecules, the emission spectra exhibit a red shift in com-
parison to the absorption spectra. This energy di erence is known as the "Stokes
shift'. 1% This happens because the 0-0 vibronic transition in absorption occurs
at a higher energy than the 0-0 vibronic transition in emission. Stokes shifts may
result from the coupling of low-energy vibrational modes to the electronic trans-
ition. In addition, solvation dynamics, involving interactions with the solvent,
can cause a Stokes shift in organic molecules in solution. This is similar to how
low-energy vibrations a ect absorption and emission by redistributing energy’.

If the ground state and excited state vibrational levels are separated identic-

ally, the emission spectrum will appear as a mirrored counterpart of the absorp-
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Figure 2.9 { Franck-Condon principle. A vibronic transition from the ground
state to the electronic excited state (blue up-arrows) occurs when a photon is absorbed
. Rapid vibrational relaxation (gray dotted arrows) occurs to the lower vibrational
level prior to the molecule reverting to the ground state via uorescence emission (red
down-arrows). This vibrational ne structure in the absorption and emission spectra is
termed the vibrational progression. No Stokes shift is seen since both absorption and
emission occur across the 0{0 vibronic transition. The Stokes shift often results from

coupling to low-energy vibrational modes. See text for details.

tion spectrum (Figure 2.9). The shape of the spectra is called vibrational progres-
sion, since it arises from the vibrational transitions. However, the mirror-image
relationship between absorption and emission spectra does not always occur. This
is because the potential energy surfaces of the ground and excited states are not
always the same shape, and the vibrational mode energies change between the two
states!%! Moreover, the emission often originates from the lowest excited state,
which is distinct from the ground state where the absorption occurs. As a result,
changing the emission spectrum shap. Phenomena like molecular aggregation

additionally impact the shape of the spectra.
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The E ects of Molecular Aggregation

Molecular aggregation refers to the process where multiple molecules stick to-
gether to form larger assemblies, held together by intermolecular forces like Van
der Waals interactions, p-stacking, or hydrogen bonds. In aggregation, there
are two limiting types: H-aggregation (face-to-face stacking) and J-aggregation
(head-to-tail stacking). Several studies have been conducted to investigate the
e ect that such aggregation has on absorption and emissigfft10°

In H-aggregation, the lowest-lying excited state arises when the dipole mo-
ments of the monomers are oriented antiparallel. For this state, the net dipole
moment is zero, which means that the radiative transitions to it are forbidden
because it is a dark state. In contrast, in the higher-lying excited state, the dipoles
are parallel, leading to a radiative state, as presented in Figure 2.10. Because of
this, the emission and absorption spectra change. In H-aggregates with strong
vibronic coupling, the 0-0 transition becomes less intense, while transitions to
higher energy levels become more intense. Moreover, H-aggregates usually dis-
play weak uorescence as fast internal conversion to the dark lower-lying state

outcompetes radiative decay from the higher-lying state.

Figure 2.10 { Molecular Aggregation. The H- and J-aggregates energy diagram. H-
aggregation is characterised by a weak 0-0 emission, while J-aggregation is characterised

by a strong 0-0 emission. This Figure is obtained from Ref%

»Van der Waals interaction is a weak intermolecular interactions dependent on the spatial
separation between molecules. It occurs when nearby atoms get close enough to allow their

outer electron clouds to slightly contact.*%3
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In contrast, J-aggregates show an opposite situation. The lower energy state
is now radiative, exhibiting parallel dipole moments, whereas the higher energy
state is dark. This results in enhanced intensity for the lowest energy transitions

(0-0 peak) and decreased intensity for the higher energy peaks.

2.5.2 Non-Radiative Transitions

As shown in the Jablonskii diagram (Figure 2.8), non-radiative transitions oc-
cur between states without photon mediation. These non-radiative transitions
include mechanisms like vibrational relaxation, internal conversion, and intersys-
tem crossing. Vibrational relaxation is de ned as the transition from higher energy
vibrational states to lower energy vibrational levels. The di erence in energy is
exported to the environment as thermal energy. It is also possible for electronic
states to undergo transitions between vibrational levels. Internal conversion oc-
curs when the spin states of the two levels are identical, while intersystem crossing
occurs when there is a change in the spin state. The non-radiative transition rate

is often approximated as”>!

kne I exp TEO ; (2.34)
where is a constant that depends on molecular parameters, is the angular
frequency of the highest energy vibration of the nal electronic state, and E is
the energy gap between the electronic statés.

It is generally believed that phonons, which are quasi-particles of vibrational
energy, facilitate non-radiative transitions!®’ Spin-orbit coupling, which is the
interaction between an electron's spin and its orbital motion around the nucleus,
may lead to a relaxation of spin selection rules, hence enhancing the rate and
yield of intersystem crossing. Non-radiative transitions may also be promoted by
conical intersections, which are the points where two electronic potential energy
surfaces intersect®:1%° At the conical intersection point, no nuclear motion or

vibration is necessary to alter the electronic state. As a result, transition through

this intersection is quick and e ective.
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Spin-orbit coupling (SOC)

As discussed previously, it is forbidden for the transition to occur between singlet
and triplet states based on the spin selection rules. This is because spin is a
type of angular momentum; thus, as a consequence of the conservation of angular
momentum, this transition is forbidden. However, a perturbation called spin-orbit
coupling (SOC) can facilitate the transition from excited singlet states to triplet
manifolds (ISC). It also enables the rst excited triplet state radiative decay
(phosphorescence). Spin-orbit coupling can be expressed as the coupling between
the total orbital angular momentum (L) and the total spin angular momentum (S)

of the electrons, where the sum (L+S) must be conserved. Therefore, the typical
spins conservation is slightly relaxed, which makes it possible for phosphorescence
and ISC to weakly occur. It is described by the spin-orbit coupling term in the

Hamiltonian®1110

X 4
.2—.Li Si/ Z 1 .
jroorijd n3(l +1)(1 + 3)I

H SO — fZS (235)

i

Here ¢ is the ne-structure constant, Z represents the e ective charge of the

" nucleus,L; and S; are the orbital and spin angular momentum operators of the
i electron, respectively. Additionally,jr, r;j indicates the distance between the

" nucleus and™ electron. On the right hand siden and | are quantum numbers.
Equation 2.35 illustrates that the spin-orbit coupling increases signi cantly in the
presence of heavy atoms, and when electrons and the nucleus are close to each
other (small n and I).

Furthermore, the orbital character of the initial state ( ;) and nal state ()

may also enhance spin-orbit coupling, which can be expressed as

H"soi = h fjHSOj ii: (236)

Considering that (L + S) may generally be conserved, if the orbital character
of the initial ( ;) and nal ( ) states are dierent, lHsoi is enhanced. This

phenomenon is described by El-Sayed's rul€;'? which states that the rate of
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intersystem crossing from'(n,p*) to 3(p,p*) is more rapid than that from (p,p*)
to 3(p,p*). **114 This notation includes the spin multiplicity (1 and 3) and the
(HOMO, LUMO) characteristics, whereas 'n' indicates a non-bonding orbital.
Additionally, “vibronic spin-orbit coupling' can also enhancdH spi, when vi-
brational modes modify the spin-orbit Hamiltonian!*31> Simply put, a vibration

may be suppressed or enhanced to conserve the total angular momentum (L+S).

Intersystem crossing (ISC)

Intersystem crossing is a non-radiative process in which a molecule transitions
between electronic states of di erent spin multiplicity, most commonly from a
singlet state to triplet manifolds. The ISC rate is provided by Fermi's Golden

Rule®!

2 A 2
kisc = = hT;jHsojSi  [FCWD]: (2.37)

Here jSii and jT;i are the initial singlet and nal triplet states spatial wave-
functions. [FCWD] represents the "Franck-Condon-weighted density of states',
which is the density of vibrational triplet states multiplied by the Franck-Condon
overlap factor. Therefore, the triplet formation rate is determined by spin-orbit
coupling strength in addition to the vibrational overlap between the singlet and
triplet states.>*

Comparable to the energy gap rule for internal conversion (Equation 2.34),
the Franck-Condon factor depends on the vibrationally-relaxed energy gapE
between the states. Therefore, in most organic molecules, ISC between the singlet
state and triplet manifolds is typically slow due to the high exchange energy. If
two states (with di ering multiplicity) have a small energy di erence, the intersys-
tem crossing rate (ksc) between them will be high, even with a small spin-orbit
coupling, Hso. This will be a signi cant factor when we discuss our ndings in
chapters 4-6. Anthracene in solution exhibits rapid intersystem crossing from S
to T, due to the high Franck-Condon factor and small energy gap®**® Addi-

tionally, intersystem crossing can occur on a rapid timescale ps) in molecular
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systems with heavy atoms, for example, transition metal complexés.

2.5.3 Exciton-Exciton Annihilation

With the di usion of excitons within a material, they may encounter and interact
with each other. This interaction may lead to a phenomenon known as exciton-
exciton annihilation. Both singlet and triplet states can annihilate via singlet-
singlet annihilation (SSA) or triplet-triplet annihilation (TTA). At high excitation
densities, singlet-singlet annihilation occurs when two molecules in the excited
singlet state S; interact. During this interaction, one molecule is promoted to a
higher excited state (e.gS,, n > 1), while the other returns to the ground state

So. The promoted state often relaxes rapidly back t&,,!%120

Si+Si! S+ Si: (2.38)

Similarly, two triplet excitons (T;) can undergo triplet-triplet annihilation (TTA),
where their interaction leads to the formation of one singlet excitony;) and one

molecule returning to the ground state %),

T+ T So+ S (2.39)

TTA functions as the opposite mechanism of singlet ssion (SF), as detailed in
Section 2.6. Because both SSA and TTA are bimolecular processes, they rely on
the excitation density, or the e ective concentration of the excitons.

There are two additional mechanisms for exciton di usion to consider: triplet
sensitisation and excimer generation. These processes may occur in solid and

solution states.

Triplet Sensitisation

Triplet sensitisation is a process in which a molecule in the excited triplet state

(sensitizer) transfers its energy to a nearby molecule, promoting it from its ground
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state to its triplet excited state. Using this process, a triplet excited state can be
generated for a material apart from direct photoexcitationt?*

To ensure e ciency and high yield in the sensitisation process, the triplet
“donor' should create triplet excitons via mechanisms such as intersystem crossing
in a very short time scale. Moreover, the triplet energy of the donor must be close

to or greater than the acceptor triplet energy-?

Excimer Formation

An excimer, also known as “excited dimer', is a loosely coupled “dimer' that is
formed when a molecule in an excited electronic state (M*) interacts with an
identical molecule in its ground state (M). The excimer state is not chemically
bound, but it is associated by either a Coulombic or Van der Waals interactiof¥.
Singlet-state excimers can emit, producing a broad and featureless emission spec-
trum, followed by dissociation, as their ground state is not bound. It is believed
that device performance decreases due to the creation of excimers, which also
compete with singlet ssion!?3 Nevertheless, their function in the singlet ssion
mechanism remains unclear. In singlet ssion systems, the broad and red-shifted
emissions are sometimes assigned to either excimer states or the triplet pair (TT)

state emissiorf0.123.124

2.6 Singlet Fission and triplet-triplet annihila-
tion

2.6.1 The Mechanism

Based on earlier explanations of spin chemistry and photophysics, we can now de-
scribe the process of singlet ssion and triplet-triplet annihilation. Singlet ssion
refers to a carrier-generating mechanism observed in organic semiconductors, as
one spin-0 singlet exciton splits into double spin-1 triplet excitons. Triplet-triplet

annihilation (TTA) is the photophysical opposite mechanism, where two spin-1
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low-energy triplet excitons merge to form a single spin-0 high-energy singlet ex-
citon. The singlet excited state energy should be higher than double the energy of
the lowest-lying triplet state (2 T;). Therefore, in terms of energy, singlet ssion
Is a downconversion process, while triplet-triplet annihilation is an upconversion
mechanism.

The process of singlet ssion starts when the ground singlet statg 8bsorbs a
photon, leading to the generation of the singlet excited state; Sinteraction with
a nearby ground-state molecule results in a strongly coupled triplet-pair state,
1(TT), with overall singlet spin character. Both the S; and *(TT) are considered
to be emissive states!(TT) emission results from Herzberg-Teller intensity bor-
rowing from the S state 3%

The intermediate strongly coupled triplet pair separates to form a weakly
coupled triplet-pair state,'(T..T), which consists of a superposition of spin states.
This state undergoes spin mixing, which could be adjusted through the applica-
tion of a magnetic eld.****® The weakly coupled triplet pair eventually dissociates
into two uncoupled triplet excitons, T;, each possessing approximately half the
energy of the $ state. There are two components associated with this separation:
the exciton physical separation via hopping or di usion, and the spin decoherence

of the two triplets. A typical representation of singlet ssion process i§}#4:84:125.126

SS YT (TET) T.+T. (2.40)

The inverse process allows triplet pairs to electronically couple to become sing-
lets, and this is known as “triplet-triplet annihilation'. Each stage of the singlet
ssion mechanism described in Equation 2.40 is considered to have a reverse pro-
cess. The correlated triplet pair can regenerate the, State, whereas the weakly
bound triplet pair state '(T..T) can regenerate the correlated*(TT) (or 3(TT)

and 5(TT)). Eventually, the free triplet excitons can recouple via annihilation to

~Herzberg-Teller intensity refers to a phenomenon where vibrational modes "borrow' intens-
ity from allowed electronic transitions, allowing forbidden transitions to become observable in

spectra.
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regenerate the triplet pair again. Consequently, a "prompt' uorescence can be
detected from the $ state, as well as a "delayed' uorescence arising from the
following singlet state re-population. Early investigations into singlet ssion were
motivated by the discovery of delayed uorescencg&’'?® An external magnetic
eld can in uence both the prompt and delayed uorescence, as explained in
Section 2.6.28140.128,129

The free triplet state can be created straight from the Sstate through an
alternative process, which is intersystem crossing. ISC is signi cantly slower than
singlet ssion except in molecules containing heavy atoms. Using electron spin

resonance (ESR), we can verify the origin of the triplet states%13?

Charge Transfer States

Figure 2.11 { Singlet ssion pathways. L(TT) state can be generated from S
state by either the direct SF process (two-electron transfer) or an indirect method

using charge transfer mediated?

It is widely believed that charge transfer states mediate the generation of the
triplet pair state from the S; state, as illustrated in Figure 2.11436:132 This state

could be either actual or virtual, and some states might display charge transfer
characteristics. While it is uncommon to detect the charge-transfer state involved

in singlet ssion, it has been recorded in some investigatiort$®
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2.6.2 Magnetic Field E ects MFE in Singlet Fission

At this point, we have discussed how magnetic elds impact the spin Hamiltonian
that describes the triplet pair states. Understanding the nature of the interme-
diate triplet-pair states and their fate is key to fully exploiting singlet ssion
or triplet-triplet annihilation. 88134136 As shown in Eq.(2.30), the triplet-pair
spin Hamiltonian that governs the nature of the triplet-pair intermediates can be
expressed in terms of the spin operatof$; on sitesA and B

|q = JéA éB + éADAB éB

X
+ 7 aB 4D & & +E & &

i=AB

(2.41)

whereJ is the inter-triplet exchange coupling § D for }(TT) or 3(TT) states
andJ D for (T..T) states), Dag indicates the inter-triplet dipole coupling, B

is the applied magnetic eld strength andD andE ( Dag ) are the intra-triplet
zero- eld splitting parameters. It is worth noting that the inter-triplet dipolar
term acts only as a weak perturbation. Other terms, such as the interactions
between unpaired electrons and nuclei, are not included for simplicity.

The strongly exchange-coupled triplet pairs are eigenstates of the triplet-pair
spin Hamiltonian in Eqg. 2.41 when)  D. These states can in principle exist as
pure spin singlet, triplet or quintet states:1(TT), 3(TT), (TT) with total spin
guantum number S = 0;1; 2, respectively. Recent work shows that the singlet
1(TT) state, the primary product of singlet ssion, can relax radiatively or non-
radiatively to the singlet ground state>? Alternatively, it can separate to form
(T..T) or free triplet states, or it can interconvert to °(TT) via singlet-quintet
spin mixing mediated by the zero- eld splitting interaction and a ected by the
strength and potential uctuations in the exchange interactiont30:13!

The weakly coupled triplet-pair states (T..T) are formed in crystalline
(hetero)acene materials by triplet hopping from*(TT). They make up the
nine (I = 1;2;:::9) eigenstates of the spin Hamiltonian, Eqg. 2.41, in the limit
of weak exchange coupling, whed  D. (T..T)' are not spin eigenstates: spin

is no longer a good quantum number and so the (T..T)states have mixed-
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spin character. This means that the rate of transition from*(TT) to (T..T) ' is
modulated by the number of (T..T) states with singlet characterjC%j2, where
CL = h(TT)j(T:T)'i. The more (T..T)' states have singlet character, the higher
the rate of singlet ssion. jC.j? depends on molecular orientation and applied
magnetic eld (through the Zeeman interaction, Eq. 2.41)289.137{139

Fluorescence-detected magnetic eld e ects are dominated by the formation
or recombination of (T..T)' through the jCLj? factors which represent the number
of (T..T) ' states with singlet character and are governed by the spin Hamiltonian
in Eq. 2.413989%8 The dependence of the competition between singlet ssion and
‘prompt’ uorescence on the parameters of the spin system can provide further
insight into the singlet ssion process. For identically oriented molecules, with
parallel long axes (the typical case for (hetero)acene crystals), at zero- eld the
number of (T..T)' states possessing singlet character is three, as shown in Fig-
ure 2.12a. At intermediate elds whereg gB D this increases to ve before
dropping to two at higher elds.*? This leads to the characteristic “singlet ssion'
magnetic eld dependence observed originally in tetracene cryst&% a drop in
uorescence as the eld increases and spin mixing is favored, followed by an in-
crease in uorescence at higher elds, where fewer (T..T}states are able to mix
with the singlet state (Figure 2.12 b). On the other hand, where triplet-triplet an-
nihilation causes delayed uorescence, for example when measuring at later times
after excitation or in anthracene crystals where singlet ssion is not energetically
feasible, increased coupling of the (T..T)states to singlet states will give in-
creased delayed uorescence, hence the magnetic eld dependence of the delayed
uorescence has the same shape as that of singlet ssion, but with opposite sigjn.

As indicated above, the low-eld MFEs are attributed to the in uence of
spin mixing in the weakly coupled triplet pair. At higher elds (more than 1T),
reductions in uorescence intensity are observed, due to level crossings within the
TT manifold, which involves the (TT) state. Figure 2.12 ¢,d shows level-crossings
in the highly coupled TT pair at a high- eld MFE. MFEs will be discussed in

greater detail in Chapter 4.
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Figure 2.12 { Magnetic eld e ects in singlet ssion: The uorescence intensity
from the S; state changes at low elds due to spin mixing in the weakly coupled (T..T)
pair. First, as seen in (a), more states with notable singlet character are available,
which results in a drop in uorescence, as indicated in (b). The uorescence rises as the
eld intensity increases because the spin levels become energetically separated and spin
mixing becomes less e cient. Level crossings in the highly coupled TT pair energies,
illustrated in (c), result in uorescence dips at extremely high elds, as seen in (d).

This gure reproduced from Bossanyi et al.8%-%°

2.6.3 Singlet Fission in Acenes

For decades, singlet ssion characteristics of acenes such as anthracene, tetra-
cene, pentacene, and hetero-acenes such as diF-TES-ADT have been extensively
investigated. In 1965, the rst evidence of singlet ssion was found in anthracene
crystals'?’ Shortly thereafter, SF was also detected in tetracene crystals?® As
molecular length rises, the acenes exhibit a sequence of molecules with decreas-
ing triplet energy, starting with anthracene at 1.83 eV, tetracene at 1.25eV, and
pentacene at 0.81eV:'*° It has been reported that anthracene exhibits a poor
triplet yield, about 6% resulting from singlet ssion?, while the yields of penta-
cene and tetracene are almost 20084142 However, the low stability of acenes

iIs a major disadvantage of their viability for device applications. In the pres-

ence of oxygen, tetracene and pentacene may easily undergo photooxidation and
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photodimerization 143144

According to singlet and triplet relative energy levels, the properties of SF and
TTA in acenes may be broadly classi ed into three types. The rst category con-
sists of endothermic molecules, such as anthracene, which cannot undergo singlet
ssion. In anthracene, which is a short acene, the energy of two triplet states is
signi cantly greater than that of the singlet state. This makes SF energetically
unfavorable, leading to a high photoluminescence quantum yietd!*> However,
TTA can occur, resulting in the creation of singlet states?

The second type includes exothermic molecules, such as pentacene, which un-
dergo fast singlet ssion. In the long acene like pentacene, the twice triplet energy
is signi cantly lower than the singlet energy**>14® Thus, singlet ssion proceeds
extremely fast ( 100 fs), generating triplets with a yield of around 2009%?
This results in a very small photoluminescence quantum yield, especially because
triplet-triplet annihilation cannot create the bright singlet state. in Chapter7,
we examine this type of molecule, revealing that the pentacene dimer exhibits a
rapid singlet ssion mechanism.

The last type is isoenergetic materials, such as diF-TES-ADT, tetracene, and
rubrene, where singlets and twice triplets have about the same energy. Singlet
ssion occurs at a slower rate than in pentacene, often within the range of pico-
seconds;*” however it happens together with triplet-triplet annihilation, resulting
in interesting photophysical phenomena. This type of material was investigated

in Chapters 4-6.
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Chapter 3

Materials and Methods

This chapter presents the molecules and materials utilised to fabricate the samples
for the studies detailed in the following chapters. We explain the methodologies
used for the preparation and characterization of these samples. In conclusion, we
present the experimental methods used to obtain most of the data provided in

this thesis.

3.1 Materials

All materials included in this thesis were synthesised and provided by collabor-
ators, as indicated below, except for rubrene, which was bought from commercial
providers and used in its delivered form. The materials in their solid form were
maintained in an inert nitrogen atmosphere inside the glovebox, limiting their
exposure to oxygen and light. Solvents used for the preparation of samples that

are sensitive to Q and moisture were also stored in the nitrogen- lled glovebox.

3.1.1 diF-TES-ADT

2,8-di uoro-5,11 bis(triethylsilylethynyl) anthradithiophene or diF- TES-ADT ,
is an organic semiconductor that contains both benzene rings and thiophene.
Thus, it is considered as an example of a heteroaceri@ DiF-TES-ADT is a suit-

able candidate for the study conducted in Chapter4 due to several characterist-
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ics: It exhibits a basic brickwork crystalline structure in comparison to tetracene.
No observable phase transition was recorded between 100K and room temper-
ature**®1%0_|n addition, this material exhibits notable air and photo-stability,
enabling the generation of reproducible samples with similar properties. Finally,
the 1(TT) state in this material has been associated with distinctive emission sig-
natures®1°0 This material was synthesized by John E. Anthony at the University

of Kentucky.

3.1.2 Tetracene dimers and TDA monomer

DPT-dimers were synthesized using the monomeric tetracene dialdehyde (Tetracene-
2,6-dicarboxaldehyde)TDA) combined with m-xylylenediamine for DPT-
dimer 1 , 1,3-Cyclohexanebis(methylamine) foDPT-dimer2 , and 1,3-Bis[2-(4-
aminophenyl)-2-propyllbenzene foDPT-dimer3 , as illustrated in Figure 3.1.

The chemistry of dynamic covalent bonds, such as Schi-base formation, can
selectively yield the thermodynamically most stable moleculés!*°? The carbon-
carbon distance between the two tetracene units ranges from 3A9n DPT-

dimer 1-2 and 3.8 in DPT-dimer 3, showing the existence op-p interactions.

TDA monomer and DPT-dimers were synthesized by Wataru Ishii at Kyushu

University in Japan.
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Figure 3.1 { Synthetic scheme of tetracene dimers. Monomeric tetracene dial-
dehyde (TDA) was used to synthesize DPT-dimerl (top), DPT-dimer2 (middle), and
DPT-dimer3 (bottom).

3.1.3 Mono-TIPS tetracene

Mono-TIPS Tc, a functionalized tetracene derivative, contains a tetracene core
with a TIPS group (TIPS= triisopropylsilyl) at one terminal position. mono-TIPS
Tc is synthesized by John Anthony at the University of Kentucky.
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3.1.4 5,12-diphenyltetracene (DPT)

DiphenyltetraceneDPT , a derivative of tetracene, consists of a tetracene back-
bone functionalized with phenyl groups. Due to its e cient uorescence and po-
tential for singlet ssion, DPT is frequently employed in studies related to organic
semiconductors and energy transfer mechanisits:'>*, It has an excellent solu-
bility in toluene.*>® DPT monomer was synthesized by Wataru Ishii at Kyushu

University in Japan.

3.1.5 5,6,11,12-tetraphenyltetracene (rubrene)

5,6,11,12-tetraphenyltetracene oRubrene is a tetracene molecule with four
phenyl (benzene) rings attached. In its single crystal form, rubrene exhibits the
highest recorded charge carrier mobility>® It is particularly known for its high
photoluminescence quantum yield and e cient singlet ssion properties® The
energy of the triplet state in rubrene is about half the energy of the singlet state,
which facilitates e cient triplet{triplet annihilation. °’ Rubrene was purchased
from Sigma-Aldrich (Cat. No. 551112), and used in its delivered form.
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3.1.6 Pentacene MPD-1 dimer and PDA monomer

MPD-1 was synthesized using the monomeric pentacene dialdehyde, 4,4'-(pentacene
6,13-diyl)dibenzaldehydePDA and m-xylylenediamine. The dynamic covalent
bond chemistry, such as Schi-base formation, can selectively produce the ther-
modynamically most stable compound$!'°? The proximate carbon-carbon
distance between the two pentacene units ranges from 3.3 to 3.7indicating

the presence op-p interactions. PDA and MPD-1 were synthesized by Wataru

Ishii at Kyushu University in Japan.

3.2 Sample Preparation

3.2.1 diF-TES-ADT Films

For steady-state absorption and photoluminescence, we prepared spin-coated thin
Ims by dissolving the material in anhydrous toluene at a concentration of 15mg
ml* to make the solution. On a pre-cleaned quartz-coated glass substrate 20
of the prepared solution was spin-coated at 1200 rpm for 50 seconds. The samples
were encapsulated inside nitrogen- lled gloveboxes to reduce photo-degradation.
The Ims were then stored in a nitrogen- lled glove box to reduce any risk of
exposure to oxygen and light.

For magnetic eld e ect and time-resolved photoluminescence measurements,
a drop-cast Im was prepared by dissolving the material in toluene at a con-

centration of 15mg mi* to make the solution. A pre-cleaned quartz-coated glass
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substrate was brie y preheated on a hot plate at 58C before drop-casting the
solution. Then, 10QuL of the solution was drop-cast onto the warm substrate and
allowed to evaporate on the hot plate for approximately 15 minutes to enhance
the crystallinity of the Im. The sample was prepared inside a nitrogen- lled
glovebox, where all Ims and solutions preparations took place.

Thin Im samples for transient electron spin resonance trESR experiments
were prepared by distributing 5uL of a 15 mg mi! solution of diF-TES-ADT
in anhydrous toluene onto 2.1 mm x 17 mm pre-cleaned quartz substrates. At
ambient pressure and temperature, the solvent was left to evaporate within a
nitrogen- lled glovebox. Two quartz substrates with drop-cast Im were then
placed back-to-back within a 2.9 mm OD, 2.5 mm ID quartz EPR tube, back- lled
with He to 500 mbar and ame-sealed. Reference transient ESR measurements
were also performed on frozen solution samples. A 268 solution of diF-TES-
ADT was prepared in anhydrous toluene, and 7L were transferred to a 3.8 mm
OD, 3.0 mm ID quartz EPR tube, and the sample was ame-sealed after several
freeze-pump-thaw cycles. The samples used in ESR measurements were prepared

by Arnau Bertran at the University of Oxford.

3.2.2 Tetracene dimers and monomers

The solutions used for steady-state absorption, photoluminescence, and transient
absorption TA spectroscopy of DPT dimers, as well as TDA, DPT, and rubrene
monomers, were prepared in amber glass vials by dissolving a minimal quantity of
solid material in 2 ml of toluene, stored inside the glovebox. The solution was thor-
oughly shaken until all solids were dissolved. Subsequently, a 1 mm path-length
quartz cuvette was lled with a suitable volume of solution and sealed inside the
glovebox under an inert environment to prevent exposure to molecular oxygen.
Using calibration curves and molar absorption coe cients, the concentration of

the solution is determined.
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3.2.3 Pentacene MPD-1 dimer and PDA-monomer

Picosecond/nanosecond transient electronic absorption spectra of PDA monomer
and MPD-1 dimer were recorded in fresh degassed toluene at ca. 20 M
and 1 10 4M, respectively, as well as in polystyrene Im at 0.05mol% (and
0.005mol% for MPD-1 dimer).

For MPD-1 dimer thin Ims, we prepared the stock solution by dissolving
1 mg of MPD-1 dimer in 8.5ml of dichloromethane. An additional 3 ml of di-
chloromethane was used to dissolve 100 mg of polystyrene before being mixed
with 480 ml of the stock solution. 14Ql of the solution was spin-coated onto a
pre-cleaned quartz-coated glass inside a nitrogen- lled glovebox, where all thin
Ims and solutions preparations were carried out. Finally, we encapsulated the
sample using a thin glass coverslip. These procedures were also used to prepare
the samples for time-resolved photoluminescence spectroscopy, steady-state ab-
sorption and photoluminescence, and magnetic eld e ects.

PDA monomer and MPD-1 dimer used in trEPR,*H-NMR, MALDI-TOF-
MS, high-resolution MS, echo detected, and concentration-dependent absorption

spectra were prepared by Wataru Ishii at Kyushu University in Japan.

3.3 Sample Characterisation Techniques

For the optical and morphological characterisation of samples, we employed dif-

ferent techniques as detailed below.

3.3.1 Grazing Incidence Wide-Angle X-ray Scattering Gl-
WAX
X-ray scattering provides valuable information about the structural properties of

a sample. Constructive interference of scattered X-rays, as described by Bragg's

law, is de ned by the following equation:
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n =2dsin; (3.2)

where is the incident X-ray wavelength,n represents the order of di raction
(n =1), isthe angle of incidence (Bragg angle), and is the spacing between
crystal planes. Analyzing how scattered X-ray intensity varies with angle reveals
structural information about the sample through di raction peaks associated with
speci ¢ spacings @-values).

The incident X-ray beam in GIWAXS measurements is oriented at a very
small angle to the sample surface €£0.2°), enabling it to nearly align parallel to
the plane of the sample. Adjusting the angle allows selective investigation of either
the surface properties or the internal structure of the sample. A two-dimensional
detector is used to detect scattered X-rays. Thus, GIWAXS not only provides
crystallographic data but also reveals the orientation of crystallites relative to
the substrate surface.

The grazing incidence wide-angle x-ray scattering images, presented in
Chapter 4, for diF-TES-ADT samples were performed by Rachel Kilbride at
the University of She eld. The measurements were conducted using a Xeuss 2.0
laboratory beamline (Xenocs) equipped with a liquid gallium MetalJet source
(Excillum), producing X-rays with an energy of 9.243 keV (= 1.34A). A collim-
ated X-ray beam was directed at sample surfaces inclined at a grazing angle of
0.15, and scattered X-rays were detected by a Pilatus 3R 1M 2D X-ray detector
(Dectris) positioned 307 mm from the sample center. The sample-to-detector
distance was calibrated using a silver behenate standard in transmission geo-
metry. During measurement, the entire ight path, including collimation tubes
and sample chamber, was held under vacuum to minimize background air scatter.
GIWAXS data were corrected, reshaped, and reduced using code based on pyFAl

and pygix Python libraries°8
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3.3.2 Atomic Force Microscopy AFM

AFM, or atomic force microscopy, is a type of scanning probe method that enables
high-resolution imaging of surface topography. The technique involves scanning
the sample surface with a sharp tip mounted on a cantilever, as shown in Fig-
ure 3.2. As the tip moves over the surface, the cantilever de ects. These de ections
can be measured by re ecting a laser beam o the cantilever's upper surface. A
photodiode detects the re ected laser beam, allowing precise monitoring of the
tip de ection relative to its position on the surface. To keep the tip at a consistent

height above the sample, a feedback control system is used.

Figure 3.2 { Principle of atomic force microscope. See text for details. This

Figure is obtained from Ref!>°

Atomic force microscopy images, presented in Chapter4, were measured by
Rachel Kilbride at the University of She eld. The measurements were conduc-
ted using a Dimension 3100 (Veeco) microscope, equipped with a Nanoscope 3 A
feedback controller. Scout 350 RAI (NuNano) cantilevers were used with a reson-
ant frequency of 350 kHz and spring constant of 42 N/m. The data was analyzed

using Gwyddion software (Version 2.605°.

3.3.3 Ground-State Absorption

Steady-state absorption spectroscopy, or UV-vis absorption spectroscopy, is a
fundamental method for the optical characterisation of materials. The lineshape
of the absorption spectra provides valuable information on the energy levels as-

sociated with the bright states. Additionally, an interpretation of intermolecular
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interactions and the transition between vibronic levels can be obtained, as dis-
cussed in section 2.5.1.

Ground-state absorption measurement involves recording the transmitted
light intensity across a range of wavelengths { as it passes through the mater-
ial. A commercial Cary double-beam spectrometer (Cary 60 UV-Vis Spectropho-
tometer, Agilent Technologies) is used to measure the steady-state absorption
spectra reported in this thesis. The spectrophotometer works by sending light to
the sample from a broadband Xenon lamp via a scanning monochromator. Using
a photomultiplier tube, the intensity of the transmitted light I( 1) is measured.

According to the Beer-Lambert law, the transmission TI() is given by

T()= Ilo(( )) =e O (3.2)

where () denotes the wavelength-dependent absorption coe cient] represents

the thickness of the sample, andly( ) is the intensity of the incident light beam,
which is recorded internally by a secondary detector in the Cary 60. Absorption
spectra are presented in terms of absorbanée (also known as optical density,

OD), which is a dimensionless quantity, where

A()= log,T( )= ( )dlogye: (3.3)

Depending on di erent electronic transitions, the absorption spectra include

a series of vibronic peaks in the conjugated organic molecules.

3.3.4 Steady-State Photoluminescence PL Measurements

Photoluminescence spectroscopy involves the excitation of a material with a
laser source, which promotes electrons to higher energy states. The photo-excited
sample emits light (photoluminescence) when the electrons return to their ground
state. The intensity of the light is collected as a function of wavelength. By ana-
lyzing the light intensity, PL spectroscopy provides insights into the properties of

materials.



3.4 Transient Absorption Spectroscopy 55

In its simplest form, photoluminescence arises from the lowest excited singlet
state (S), producing an emission spectrum that closely mirrors the corresponding
absorption spectrum. Similar to the absorption, photoluminescence lineshape can
change due to intermolecular interactions, as discussed in Section 2.5.1. Besides
the S, emission, photoluminescence spectroscopy may potentially reveal other
excited-state emissions. For example, excimer production may result in the ap-
pearance of extra broad features in photoluminescence spectra, as discussed in
Section 2.5.3. In addition, it is reported that photoluminescence spectroscopy can
be used to observe the strongly bound triplet-pair staté(TT). 8

The majority of the PL spectra shown in the ndings chapters were measured
using a home-built setup. A 405 nm diode laser, with a maximum power of 1 mW,
is emitted into free space and directed towards the sample, where it is focused.
The light is collected and collimated using the same lens. The collimated beam
Is sent into a long-pass Iter and then to a ber linked to the spectrometer. The
detection range in the visible and near-infrared spectrum spans around 400 to
2200 nm. Spectra were recorded using OceanView software.

In addition, an alternative home-built optical setup was also used to measure

steady-state photoluminescence spectra, which is described in Section 3.5.1.

3.4 Transient Absorption Spectroscopy

Transient absorption (TA) spectroscopy is a pump-probe spectroscopy technique.
The most fundamental elements of TA spectroscopy are displayed in Figure 3.3.
A pump pulse is used to photo-excite the sample. After an adjustable time delay
t, a broadband probe pulse is focused onto the sample at the same position
as the pump, ensuring spatial overlap of the two pulses. A detector continuously
records the spectra of the probe pulses after they pass through the sample. The
pump frequency is half that of the probe, allowing for the measurement of the
probe's spectrally resolved absorbance under both photoexcited and unexcited

conditions. The recorded TA signal, A, is the subtraction of the absorption
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Figure 3.3 { Transient absorption spectroscopy (pump-probe technique).

The fundamental principle of the TA spectroscopy technique is clari ed by the probe
pulse reaching the sample after a controlled delay time t following the pump pulse.
At the sample, the pump and probe beams are focused and spatially overlapped. An
adjustable delay stage is positioned between the beams to control the delay time. A
detector continuously records the spectrum of the probe pulses after they pass through

the sample.

spectra measured with and without pump excitation:

A = Aon Aoff - (3.4)

After a large number of laser shots, the average ofA is automatically calculated

for each time delay. In some TA setups, the data is displayed asT rather than
A, which can be simply converted to A via the equation

T_To To =10 * 1 (3.5)

The overall transient absorption signal is obtained through multiple processes.
The process begins by exciting the sample tag $he rst excited state) using the
probe beam, while the pump pulse is deactivated\(ss ). This process generates a
simple UV-vis absorption spectrum. When the pump is onX,,) and followed by
the probe, some molecules are promoted by the pump to the excited states, such as
S,, or to triplet states via the following photophysical processes, like intersystem
crossing or singlet ssion. When the probe pulse arrives, the molecules absorb
some of the light, allowing new optical transitions to occur, including S! Sy
or T ! Ty. This produces the positive features, or photo-induced absorption

(PIA), in the transient absorption spectra.
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With the arrival of the probe beam, a portion of the ground-state molecules
has already transitioned to the excited state due to absorption of the pump
photons. This reduces the number of ground-state molecules available to absorb
the probe photons, resulting in a notable drop in absorbance. This is shown as
a negative transient absorption (TA) feature, known as the ground-state bleach
(GSB). The approximate percentage of molecules excited during the transient
absorption experiment can be estimated by comparing the steady-state absorb-
ance at the pump wavelength with the maximum amplitude of the GSB. The
GSB arises because excited molecules are no longer in the ground state and thus
no longer absorb light at the original wavelength, leading to a negative A.'5*

If the pump pulse is su ciently intense to excite nearly all molecules within the
pump{probe overlap region, there will be no remaining ground-state molecules to
absorb at that wavelength. This would result in a complete bleach, corresponding
to the maximum negative A.

However, in real experiments, only a small fraction of the molecules is typic-
ally excited to ensure measurements remain within the linear regime and avoid
nonlinear e ects. Over-excitation in transient absorption experiments can lead to
nonlinear e ects that distort the true photophysics of the system. These include
bimolecular triplet{triplet annihilation, state saturation, and photodegradation.
Therefore, excitation levels are generally kept low to avoid such artifacts and
maintain accurate interpretation 62

In addition to ground-state bleach, other spectral features also contribute to
the transient absorption signal. For instance, some molecules may return to the
ground state via radiative decay, resulting in a negative absorption feature known
as stimulated emission (SE). These negative features (GSB and SE), along with
positive photoinduced absorption (PIA) signals, together de ne the overall shape

of the transient absorption spectrum.
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3.4.1 Picosecond Transient Absorption Spectroscopy

Figure 3.4 { Picosecond transient absorption setup. Using a non-linear crystal,
the 800 nm beam is focused to produce the probe pulses. The probe beam is focused
and aligned to spatially overlap with the pump beam at the sample position. The pump
beam is modulated at a frequency equal to half that of the probe beam using a chopper.
A delay stage is used to control the pump-probe delay time. Using a half-wave plate in

the pump line, the pump and probe polarizations are set to the magic angle.

A customised version of a commercial instrument (Helios Fire, Ultrafast Systems)
is used for our picosecond transient absorption setup. TA data are obtained with a
time resolution of approximately 100fs, covering a time range from less than 1 ps
to 7ns. The pump and probe pulses are produced using a Ti:sapphire regen-
erative ampli er (Spitre ACE PA-40, Spectra-Physics) that produces 800 nm
pulses (40fs FWHM, 10 kHz, 1:2mJ). To create adjustable narrowband pump
pulses, a part of the ampli er output is sent to an optical parametric ampli er

(TOPAS Prime, Light Conversion). Another part of the 800 nm beam focused
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on a continuously moving Cak crystal for a UV-vis probe (350{750 nm), a sap-
phire crystal for visible probes (450{800 nm), or a YAG crystal for NIR probes
(800{1600 nm). To control the pump-probe delay time, a motorised delay stage
Is used. The probe is detected using (Helios, Ultrafast Systems) besides CMOS
and InGaAs detectors in order to detect the UV-visible and NIR spectral bands,
respectively. The polarisations of the pump and probe were adjusted to the magic
angle (= 54.7°).

It is important to note that for the transient absorption measurements, solu-
tions were prepared under an inert atmosphere inside a glovebox to prevent oxy-
gen exposure. All measurements were conducted within an hour of sample pre-
paration. In addition, a small piece of staple wire is inserted into a pre-cleaned
cuvette purged with nitrogen before being closed with a septum-equipped cover.
To prevent oxygen exposure and provide precise results, the solution is replaced
with a fresh one using a syringe after each TA measurement. The staple wire is
used to stir the solution using a magnetic stirrer to avoid thermal and photo-
degradation. This approach prevents repeated exposure of the same molecules to
the laser during transient absorption measurements.

Each set of transient absorption data in solution presented in this thesis was
obtained from two repeated measurements, with a fresh solution used for each.
The nal result was obtained by averaging these two measurements using Surface
Xplorer 4.3.0 (Ultrafast Systems). Additionally, to con rm the stability of the
solution and to verify that it has not degraded, steady-state absorption is meas-
ured before and after each TA measurement. This allows for the adjustment of
laser power before the following TA measurement if the absorption demonstrates

a signi cant degradation.

3.4.2 Nanosecond Transient Absorption Spectroscopy

Acknowledgements: The initial planning and alignment techniques were sup-
ported by Shuangging Wang and Ravi Kumar. James P. Pidgeon contributed to

nalizing and operating the setup. Eman Bu Ali was otherwise primarily respons-
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ible for constructing the nanosecond TA setup. We also express our appreciation

to Sayantan Bhattacharya and Rahul Jayaprakash for their valuable discussions.

Figure 3.5 { Nanosecond transient absorption setup (probe path). Details
are provided in the text. Elements in the schematic are not to scale. The solid light
blue line presents the room temperature TA path, whereas the dotted light blue line
shows the low-temperature path. Montana Instruments-Cryostation is used to control

the temperature applied to the sample.

Our nanosecond to millisecond transient absorption setup enables the collec-
tion of TA data from approximately 1 ns to 1 ms, giving about 1 ns time resolution.
The probe and pump beam paths are presented in Figure 3.5 and 3.6, respect-
ively, allowing a clearer presentation of each path. Figure 3.5 represents a home-
built TA probe/reference setup in which a probe beam is generated using 800 nm
pulses (1 kHz repetition rate, 90fs pulse width), provided by a Ti:sapphire ultra-
fast ampli er (Solstice, Spectra-Physics). The white light probe (=450{750 nm)

is produced by focusing a portion of the 800 nm pulse onto a sapphire crystal,
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subsequently divided into a probe and reference beams using a 50:50 beams-
plitter. Using a reference helps in correcting for the probe pulses shot-to-shot
uctuations, thereby improving the signal-to-noise ratio compared to measure-
ments taken without a reference. A removable mirror is used to direct the probe
beam along two possible paths: room-temperature path (solid light blue line) and
low-temperature path (dotted light blue line). Montana Instruments Cryostation
(Magnito-optic module) is employed to control the applied temperature, where
the sample is mounted in a closed-cycle chiller to produce a temperature range

of 3.4 to 350K.

Figure 3.6 { Nanosecond transient absorption setup (pump path) . Detalils are
provided in the text. Elements in the schematic are not to scale. The solid line presents
the room temperature TA path, whereas the dotted line shows the low-temperature
path. Montana Instruments-Cryostation is used to control the temperature applied to

the sample.

The pump beam path, on the other hand, is shown in Figure 3.6. In this con-
guration, a frequency-doubled output of a Q-switched Nd:YVO4 laser (Picolo-

AOT, Innolas) is used to provide the pump laser beam, which generates 5kHz
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pulses with a wavelength of 355/532 nm and a temporal width of 500 ps. Similar
to the probe, a removable mirror directs the pump laser beam along two di er-
ent paths: room-temperature path (solid line) and low-temperature path (dotted
line). The pump and probe are focused and spatially overlapped on the sample
position. A digital delay generator (DG645, Stanford) is used to e ectively control
the pump-probe delay time. For the 532 nm laser pump, a notch Iter (NF533-17,
Thorlabs) is positioned after the sample to minimize the pump scatter, while a
395nm long-pass Iter (GG395) is employed for 355 nm scatter. A volume phase
holographic grating is used to disperse both the probe and reference beams, which
are then guided onto two linear image sensors (S7030, Hamamatsu). A custom-
made acquisition board (Entwicklungsbuero Stresing) controls and reads out the
signals from these sensors. Transient absorption data is collected using home-
built software and subsequently analysed with Surface Xplorer 4.3.0 (Ultrafast

Systems).

3.5 Magnetic Field E ect

The impact of the magnetic eld, as discussed in Chapter4, was evaluated by
recording PL spectra at various magnetic eld strengths ranging from O mT to
280 mT. These measurements were also performed at di erent delay times, ran-
ging from 5ns to 1us. The PL spectra were recorded while repeatedly changing
the magnetic eld strength in both upward and downward directions to ensure
that the PL spectra obtained in both cases have the exact shape and magnitude.
This was done to exclude any potential impacts of sample photo-degradation or
laser power uctuations and to reinforce our con dence in the reliability of the
noted e ects of the magnetic eld (See Appendix A.4 for further details). The
laser power level was monitored using a power meter to evaluate laser stability
and record any power uctuations. The magnetic eld e ect can be calculated by
integrating photoluminescence spectra over the entire wavelength range, and the

resulting values are subsequently used in the equation:
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PL _ PL(B) PL(0)
L B®= PL (0)

3.5.1 Temperature-Dependent MFE measurements

Figure 3.7 { Schematic of magnetic eld e ects on photoluminescence setup.
Details are provided in the text. Elements in the schematic are not to scale. Montana
Instruments-Cryostation is used to control the temperature and magnetic eld strength

applied to the sample.

Acknowledgements: The initial planning and alignment techniques were sup-
ported by Shuangging Wang, while Eman Bu Ali was primarily responsible for

constructing the magnetic eld e ects setup.

A home-built setup is used for our magnetic eld e ects on photolumines-
cence measurements, as illustrated in Figure 3.7. A frequency-doubled output of
a Q-switched Nd:YVO4 laser (Picolo-AOT, Innolas) generates 5kHz laser pulses
with a temporal width of 500 ps and wavelengths of 355 and 532nm. A remov-

able beam splitter is employed to divide the laser beam into two optical paths:
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the rst path directs the beam into the Montana cryostat for magnetic eld ef-
fect measurements, while the second path guides the beam onto a power meter
sensor, to continuously monitor laser intensity uctuations and stability. The laser
power pro le is recorded using Optical Power Monitor software, which generates
diagrams that can be saved for documentation and future reference.

The sample is xed in a closed-cycle He cryostat (Magneto-optic module,
Montana Instruments), which controls both magnetic eld intensity and tem-
perature applied to the sample. This cryostat o ers access to a 0.7 T bi-polar
magnetic eld. The sample is thus placed on a cold ange between the poles us-
ing double-sided tape, with a radiation shield, a vacuum housing with integrated
poles, and an electromagnet installed to initiate cooling. Once cooled, bipolar eld
strength can be controlled. It is worth mentioning that the temperature shown on
the cryostat re ects the temperature at the cold ange, where cooling is directly
applied. The sample itself might not be exactly at this temperature, particularly
at very low temperatures. The di erence results from imperfect thermal contact
between the sample and the cold ange. Photoluminescence Spectra are recor-
ded using a time-gated intensi ed charge-coupled device (ICCD; iStar DH334T-
18U-73, Andor). A 532nm notch Iter and two 550-colored glass long-pass lIters
(OG550, Schott) were placed in front of the ICCD detector for the PL measure-
ments.

To achieve accurate and stable magnetic eld e ect measurements, a few crit-
ical steps should be followed. First, the laser power should be su ciently stable
before initiating the experiment by allowing Picolo-AOT laser source to remain
in the warmed-up mode for at least one day prior to the experiment, and in
the emission mode for a few hours before initiating data collection. This reduces
laser power uctuations and maintains measurement stability. Second, the pho-
toluminescence intensity of the sample must be su ciently intense to provide
a high signal-to-noise ratio and a well-de ned PL spectrum. Third, within the
ICCD software (Andor Solis for Spectroscopy: ICCD-05789), it is advisable to

increase the PL accumulation number (e.g. 50 - 70) to reduce background noise



3.6 Transient Electron Spin Resonance (frESR) 65

and enhance spectral intensity. Simultaneously, the exposure time should be kept
short (e.g. 0.2 seconds) to speed up data collection. For measurements taken at
later time points, increasing the gain is recommended to improve signal strength.
Additionally, prior to data collection, it is important to minimize the beam spot
size (with an ICCD slit width of roughly 150-20Qum) and center the beam pre-
cisely on the slit. This alignment can be adjusted using the optics in front of the
ICCD detector and veri ed using the ‘Image' mode in the ICCD software. Fol-
lowing these guidelines will help achieve high-quality MFE curves with minimal
uctuation.

In addition to the magnetic eld e ect measurements, the time-resolved pho-
toluminescence and temperature-dependent steady-state PL measurements re-

ported in this thesis were also performed using this setup.

3.6 Transient Electron Spin Resonance (trESR)

Transient Electron Spin Resonance (trESR) is a spectroscopic technique that
probes the behavior of paramagnetic species, like radical pairs or triplet states,
on a timescale of nanoseconds or longer, after a pulsed laser excitatfonit
uses the Zeeman interaction, in which an external magnetic eld is swept while
a continuous microwave eld is applied. Transitions between spin sublevels are
observed when the Zeeman splitting matches the microwave frequency. trESR is
particularly suited for detecting long-lived spin states (lifetimes> 1 us) that have
non-zero spin. Their mechanism of formation is encoded in the spin polarization
pattern of the trESR spectra, arising from non-equilibrium populations of the spin
sub-levelst®* This makes it a powerful technique for identifying triplet states that
originate from singlet ssion, intersystem crossing, or even for directly observing
quintet states within the triplet pair (TT) manifold. The ability to detect 3(TT)
states directly using trESR was a major step forward in con rming the role of
correlated triplet pair state in singlet ssion.®?

Spectral signatures expected for triplet and quintet states resulting from dif-
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ferent mechanisms are shown in Figure 3.8. This gure presents the spin-selective
population of zero- eld populations by intersystem crossing (ISC) and selective

population of the ms = 0 sublevel by singlet ssion. The contributions of the

di erent transitions are shown as dashed lines and the overall spectrum result-

ing from their sum is shown as a solid line. The energy level diagrams with line

thickness representing relative sublevel populations are shown for a magnetic eld
aligned with the Y -axis of the zero- eld interaction.

TrESR can also be used to extract zero- eld splitting (ZFS) parameter®
and E by tting the experimental spectra using software such as EasySpin. The
trESR measurements presented in Chapter4 and Chapter 7 were carried out by
Dr. Arnau Bertran at the University of Oxford and Wataru Ishii at Kyushu

University, respectively (see Appendices A.6.6 and C.6 for details).

Figure 3.8 { Calculated spectral signatures expected for triplet and quintet states
resulting from di erent mechanisms: spin-selective population of zero- eld populations
by intersystem crossing (ISC) and selective population of thans = 0 sublevel by singlet
ssion. The contributions of the di erent transitions are shown as dashed lines and the
overall spectrum resulting from their sum is shown as a solid line. The energy level
diagrams with line thickness representing relative sublevel populations are shown for a

magnetic eld aligned with the Y -axis of the zero- eld interaction.
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3.7 Nutation measurement

In EPR, nutation refers to the oscillatory motion of the electron spin vector
around the e ective magnetic eld, which is induced by a resonant microwave
pulse. The nutation experiment is used to assign the spin multiplicity of the ob-
served EPR signals by applying microwave pulses of varying duration while the
resulting spin echo intensity is recorded. When a spin system is exposed to a
resonant microwave eld, it undergoes coherent oscillations (nutations) between
spin states. The frequency of these nutations depends on the spin quantum num-
ber, allowing distinction between spin states such as double$ & %) and triplet

(S = 1). By monitoring the echo signal as a function of pulse length, the spin

character of the excited state can be determined>166
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Chapter 4

Intersystem crossing
out-competes triplet-pair
separation from 1(TT) below

270 K In anthradithiophene Ims

Singlet ssion (SF) and triplet-triplet annihilation (TTA) are processes which
may be exploited to boost the e ciency of solar energy technology. Despite
being studied since the late 1960s, the mechanism of singlet ssion is still not
fully understood. This is partly because the main technique used to study sing-
let ssion, optical or visible/near-IR transient absorption spectroscopy, cannot
distinguish between the strongly coupled triplet-pair state'(TT), weakly inter-
acting triplet pairs (T..T), and independent triplet states T,+T ;. To solve this
problem, we combine transient optical spectroscopy performed as a function of
magnetic eld and transient electron spin resonance (ESR) spectroscopy to probe
the di erent steps involved in the singlet ssion mechanism. By using transient

photoluminescence spectroscopy performed as a function of magnetic eld to se-

»This chapter has been adapted from the following publicatiort®”: Bu Ali et al., Journal of
the American Chemical Society 147, 28638{28650 (2025). The majority of the work presented

here is my own; contributions from collaborators are explicitly noted.
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lectively probe the second step of singlet ssiort(TT) (T..T), we show that

in a well-studied model system, anthradithiophene (diF-TES-ADT), this step is
highly temperature-dependent, even though the rst step!S! (TT), is not.
Transient ESR measurements con rm the absence of singlet ssion at temper-
atures between 40 and 250K for this system, with clear signatures of triplets
generated by intersystem crossing and evidence for decay by triplet-triplet anni-
hilation, further supported by magnetic eld e ect measurements. We conclude
that in polycrystalline diF-TES-ADT, intersystem crossing out-competes triplet
hopping at temperatures below 270K, enabling direct intersystem crossing from
the bound triplet pair }(TT) to an independent triplet state T, localized on a
single chromophore. The generated triplets can re-encounter and decay through

triplet-triplet annihilation.

4.1 Introduction

Singlet ssion (SF) involves conversion of a high-energy photoexcited singlet ex-
citon into a pair of lower energy triplet excitons1¢® This multiexciton generation
process has been studied over the past decade primarily because of its prom-
ise to improve solar cell e ciency through carrier multiplication®136:16%171 a5 g
high-energy photon can generate two electron{hole pairs, reducing losses due to
thermalization’2173, Triplet-triplet annihilation (TTA) is the inverse process, in
which a pair of low-energy triplet excitons are converted to a single high-energy
singlet exciton!’ This process has been implicated in improving the performance
of organic light emitting diodes (OLEDsY??3, solar photovoltaicg*?°, biomed-
ical applications’® including targeted drug delivery and optogenetic¢$2® and 3D
printing. 1"®

As shown schematically in Fig. 4.1, the commonly accepted scheme of singlet
ssion is that a photo-excited singlet state $ and a ground state singlet state
S form a triplet-pair state, initially in an overall singlet con guration, known

as 1(TT). 2353 Subsequently, this intermediate triplet pair separates to form a
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weakly bound triplet-pair state (T..T), and eventually two uncoupled triplet ex-
citons. This is represented as:&  Y(TT) (T..T) T, +T 37126 Triplet-
triplet annihilation is the inverse process, starting with independent triplets and

resulting in an emissive singlet state.

Figure 4.1 { A schematic illustration of the dierent steps involved in the

singlet ssion process . The diagram illustrates the processes leading from the excited
singlet state S to two triplet states T 1+T ; and the techniques used to probe them:
the presence of $ and triplet states after photoexcitation is detectable by transient
absorption spectroscopy (dashed black lines); the presence and dynamics of &nd
L(TT) can be detected by uorescence spectroscopy (orange shades)(TT) and T 1+
T, are observable via trESR (green shades); the formation or recombination of (T..T)
can be monitored through magnetic eld e ects (MFE) on photoluminescence (red
line); processes that depend on exciton density, such as TTA, can be probed through

intensity-dependent optical and ESR measurements (solid black line).

Understanding the nature of the intermediate triplet-pair states, and their
fate, is key to fully exploiting singlet ssion or triplet-triplet annihilation 8589134136,
The triplet-pair spin Hamiltonian that governs the nature of the triplet-pair in-
termediates(TT), °(TT) and (T..T) in Fig. 4.1 can be expressed in terms of the

spin operators$; on sitesA and B

|q = JéA éB + éADAB éB

X
T T I R TR

i=AB



72 Intersystem crossing out-competes triplet-pair separation frof(TT) below
270K in anthradithiophene Ims

whereJ is the inter-triplet exchange coupling ¢ D for }(TT) or 5(TT) states
and J D for (T..T) states, see below),D g indicates the inter-triplet dipole
coupling, B is the applied magnetic eld strength andD andE ( Dag) are the
intra-triplet zero- eld splitting parameters. We note that the inter-triplet dipolar
term acts only as a weak perturbation. Other terms, such as the interactions
between unpaired electrons and nuclei, are not included for simplicity.

Recent worl%8992.176{178 has highlighted the importance of inter-triplet ex-
change interactions] and their time dependence. Our scheme in Fig. 4.1 re ects
this by including both strongly exchange-coupled }(TT)/ 5(TT)) and weakly
exchange-coupled (T..T)) triplet-pairs as separate states with interconversion
between them. In many archetypal (hetero)acene systems, such as diF-TES-ADT,
pentacene and tetracene, the primary step of singlet ssion is the formation of
a strongly exchange-coupled triplet-pair statel(TT), where triplets within the
pair reside on neighboring sites with orbital overlag’4445172.179

The strongly exchange-coupled triplet pairs are eigenstates of the triplet-pair
spin Hamiltonian in Eq. 4.1 whenJ  D. These states can in principle exist as
pure spin singlet, triplet or quintet states:*(TT), 3(TT), 5(TT) with total spin
guantum number S = 0;1; 2, respectively. Recent work shows that the singlet
L(TT) state, the primary product of singlet ssion, can relax radiatively or non-
radiatively to the singlet ground state?. Alternatively, it can separate to form
(T..T) or free triplet states, or it can interconvert to >(TT) via singlet-quintet
spin mixing mediated by the zero- eld splitting interaction and a ected by the
strength and potential uctuations in the exchange interactio*>'31, Evidence of
quintet states is now well-established in exothermic singlet ssion systems based
on pentacené&-176180185 and has been observed in TIPS-tetracefre'®® and a
small number of other systems$®7{1%° However, quintets have not yet been ob-
served in other archetypal endothermic singlet ssion systems such as crystalline
tetracene or diF-TES-ADT, despite the presence of strongly exchange-coupled
L(TT) states®"4°,

We note that an equivalent description of “strongly exchange-coupled' triplet-
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pair states is of mixed triplet-pair/charge-transfer (CT) states, where the degree of
CT character is directly related to the exchange interactioff. The CT character of
the 1(TT) state has recently been probed directly using time- and angle-resolved
photoemission spectroscopy’. This measurement shows that over time the CT
character of the initially created(TT) state reduces as the triplets hop away from
each other to form (T..T)!”’, as expected according to Wakasat al.'s model of
dynamic exchang&® and comparison between transient absorption and emission
spectroscopy measuremeris

The (T..T) ' states formed in crystalline (hetero)acene materials by triplet hop-
ping from 1(TT) are the so-called ‘weakly coupled' triplet-pair states. They make
up the nine (| = 1;2;:::9) eigenstates of the spin Hamiltonian, Eqg. 4.1, in the
limit of weak exchange coupling, wheld D. (T..T)! are not spin eigenstates:
spin is no longer a good quantum number and so the (T..Tstates have mixed-
spin character. This means that the rate of transition from'(TT) to (T..T) ' is
modulated by the number of (T..T) states with singlet characterjCLj?, where
CL = h(TT)j(T:T)'i. The more (T..T)' states have singlet character, the higher
the rate of singlet ssion. jCLj?> depends on molecular orientation and applied
magnetic eld (through the Zeeman interaction, Eq. 4.14-:89137{139,

Despite the depth of understanding of singlet ssion in crystalline systems,
and the consensus on the mechanism shown in Fig. 4.1, several key questions re-
main to be resolved. A complete understanding of the singlet ssion mechanism
across di erent types of materials is complicated by the fact that di erent spec-
troscopic techniques selectively probe di erent parts of the process, see Figure 4.1
- no single technigue can be relied on to understand the entire photocycle. Tran-
sient absorption spectroscopy, for example (dashed black lines in Fig. 4.1) probes
excited state population. It can di erentiate between $ and triplets, but is un-
able to distinguish*(TT), 3(TT), (T..T), and T 1+T ; since they usually exhibit
comparable signature$*. Photoluminescence (PL) spectroscopy (orange shading
in Fig. 4.1) o ers information on S; and (TT) populations3"**°, but can only

indirectly monitor (T..T) or T ;+T ; populations.
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Transient electron spin resonance (trESR) spectroscopy allows the measure-
ment of states with non-zero overall electron spin, such as triplet and quintet
states (green shading in Fig. 4.1). The spin polarization pattern of the trESR
spectra reveals the mechanism of formation of the detected photo-induced states
and their role in decay processée$?

Light intensity-dependent optical and trESR measurements (solid black line in
Fig. 4.1) can provide additional information on processes that depend on exciton
density, such as triplet-triplet annihilation3”:138,

Finally, uorescence-detected magnetic eld e ects (red line in Fig. 4.1) are
dominated by the formation or recombination of (T..T) through the jCj? factors
which represent the number of (T..T) states with singlet character (see above)
and are governed by the spin Hamiltonian in Eq. 4#:6°%, The dependence of
the competition between singlet ssion and '‘prompt’ uorescence on the paramet-
ers of the spin system can provide further insight into the singlet ssion process.
For identically oriented molecules, with parallel long axes (the typical case for
(hetero)acene crystals), at zero- eld the number of (T..T)states possessing sing-
let character is three. At intermediate elds whereg gB D thisincreasesto ve
before dropping to two at higher elds?. This leads to the characteristic “singlet
ssion' magnetic eld dependence observed originally in tetracene crystats: a
drop in uorescence as the eld increases and spin mixing is favored, followed by
an increase in uorescence at higher elds, where fewer (T..T¥tates are able to
mix with the singlet state. On the other hand, where triplet-triplet annihilation
causes delayed uorescence, for example when measuring at later times after ex-
citation or in anthracene crystals where singlet ssion is not energetically feasible,
increased coupling of the (T..T) states to singlet states will give increased delayed
uorescence, hence the magnetic eld dependence of the delayed uorescence has
the same shape as that of singlet ssion, but with opposite sigh

In this work, we study the temperature-, uence-, and magnetic eld-
dependence of photoluminescence of a well-characterized anthradithiophene

(diF-TES-ADT) singlet ssion system®’“°, Previous studies based on transi-
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ent absorption and photoluminescence spectroscopy have suggested that the rst
step of singlet ssion, the generation of(TT), is temperature-independent in
polycrystalline Ims of this material.*”*> However, as we show here, magnetic
eld-dependent photoluminescence spectroscopy reveals that the separation to
form (T..T) is highly temperature-dependent in this material. TTESR measure-
ments demonstrate the absence of singlet ssion at temperatures below 250 K
and no indication of quintet states, indicating population of triplet states by an
intersystem crossing (ISC) process instead.

We explain these apparently contradictory observations by proposing that the
biexcitonic 1(TT) state, formed at all temperatures and delocalized over two mo-
lecules, can itself undergo intersystem crossing to form a3, state, with a triplet
localized on only one molecule. While full singlet ssion to produce (T..T) does
not occur at low temperatures (below 270K), the intersystem-crossing-generated
triplets can nevertheless undergo thermally-activated triplet-triplet annihilation

over a wide range of temperatures.

4.2 Results and discussion

4.2.1 Model system

We selected 2,8-di uoro-5,11-bis(triethylsilylethynyl) anthradithiophene (diF-
TES-ADT, see molecular structure in Fig. 4.2) as a model system to investigate
the mechanism of singlet ssion and triplet-triplet annihilation by measuring
magnetic eld e ects (MFE) on photoluminescence’® diF-TES-ADT is a well-
characterized systerty#>192193 with a simple brickwork crystalline structure and
no apparent phase transition between 100K and room temperature (R¥}*
This material, furthermore, is air- and photo-stable, allowing for reproducible

preparation of samples with the same propertie's®
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Figure 4.2 { Optical and morphological characterization of diF-TES-ADT

Ims. (a) diF-TES-ADT thin Im steady-state room temperature absorption spectrum
(blue) and photoluminescence (PL) spectra at room temperature (red) and 100K (gray
shaded). The chemical structure of diF-TES-ADT is shown in the inset. (b) Energy
level diagram for diF-TES-ADT based on phosphorescence and transient absorption
experiments in Ref#>1%, (c) GIWAXS pattern, (d) polarized microscope image, and
(e) AFM scan of a diF-TES-ADT drop-cast Im indicating highly crystalline domains.
Scale bars are shown in the gure. Morphological characterization of the spin-coated

Ims are presented in the Appendix, Fig. A.1la.”

Absorption and photoluminescence spectra of diF-TES-ADT in thin Ims
measured at room temperature (Fig. 4.2a) display the vibronic progression as-
sociated with the transition between the electronic ground state ¢Sand the
rst excited state S;.1°*'°” However, when the temperature is reduced to 100K,
the emission spectrum exhibits a distinct peak that is displaced towards longer

wavelengths compared to the RT spectrum. Over the same temperature range,

»GIWAXS and AFM data were measured by Rachel Kilbride.
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