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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 sector.? However, the highest efficiency of a silicon solar
cell varies from 29% to 33.7%, which is known as the Shockley-Queisser limit.?*
In the last two decades, advancements in solar cell technology have enhanced
device efficiency slightly from 24% to 26.7%.% Improvements in device efficiency
are gradual and constrained as we approach the Shockley-Queisser limit. Photons
with high energy are converted inefficiently, 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 cell.*

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 efficiency than the Shockley-Queisser limit
of silicon.® Another approach is singlet fission (SF), which enables a single high-
energy photon to produce two excitons rather than one. This enhances efficiency

by minimizing energy loss and generating more charge carriers. Singlet fission
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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 figure is obtained from Ref.

may enhance the maximum harvesting efficiency to 35-45%.%*° In 1979, Dexter
suggested using singlet fission to sensitise a solar cell.'Y However, it is challenging
to extract the triplet excitons from singlet fission. Singlet fission not only provides
the potential to raise silicon’s efficiency 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 fission in photovoltaics, it can significantly
enhance the efficiency of silicon solar cells at a feasible cost.

Singlet fission 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 fission. 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 fission 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, effectively 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 efficiency®'*14, as one
high-energy photon creates two low-energy excited states without losses due to
thermalization. SF could also be useful for non-linear optics'®>'®, OLEDs'" or
even quantum technologies'® 2% by taking advantage of the fact that a single
photon creates a pair of spin-entangled quantum states. However, despite prom-
ising results®!, concrete applications have yet to be realised, in part due to the
limited library of materials which undergo singlet fission, none of which is yet
ideal'®. Efficient triplet-triplet annihilation, on the other hand, is preferable for
improving the efficiency of organic light emitting diodes (OLEDs)?*?* and solar

2425 in addition to biomedical applications®® such as targeted drug

photovoltaics
delivery and optogenetics®”?®. In order to develop these applications, we need to
develop a better understanding of singlet fission and triplet-triplet annihilation
mechanisms.

Interest in research into SF and TTA dates to the late 1960s.29 3! Hence,
it predates the discovery of the relationship between solar energy harvesting and
singlet fission and triple-triplet annihilation®*33. 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 fission and triplet-triplet annihilation potentially permits
fundamental improvements in photovoltaics efficiency has led to a significant re-
emergence of interest in research in this field'®!2. This corresponds with the
extensive availability of ultrafast laser systems, which facilitate photophysical
processes, especially in relation to singlet fission, which can be detected with
unmatched time resolution on femtosecond timescales.?*°

Singlet fission occurs when a photo-excited singlet state S; and a ground

state singlet state Sy form an intermediate triplet-pair state known as *(TT),%36-39
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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 influenced by external magnetic fields.***? There-
fore, magnetic field effects (MFE) have been used in organic molecules governed
by excited state dynamics and spin-dependent phenomena to illustrate singlet fis-
sion mechanisms, and to influence their dynamic processes in order to understand
the underlying mechanics.*!4344

Therefore, in Chapter4, we investigate the temperature and magnetic field-
dependence on photoluminescence of a well-characterized anthradithiophene (diF-
TES-ADT) singlet fission system.*"%° Previous studies based on transient absorp-
tion and photoluminescence spectroscopy have suggested that the first step of
singlet fission, the generation of }(TT) is temperature-independent in polycrys-
talline films of this material.*"** However, in this chapter, we show that mag-
netic field-dependent photoluminescence spectroscopy reveals that singlet fission
to form (T..T) is highly temperature-dependent in this material.

In addition to the singlet fission 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 affected 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.**%49 In quantum information science, singlet fission 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 fission 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 defined 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 findings 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 fission and triplet-triplet annihilation, as well as their use in spectral
energy conversion. Most of the information provided in this chapter is from these

36,48,50-52

references , unless otherwise stated. Additional details and specific 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 m-electrons, which essentially depends on the nature of m-bonds.
In these systems, m-bonds are responsible for the extended electronic structure,
which affects molecule stability, optical absorption, and conductivity. To fully
understand how conjugation works, it is important to illustrate the creation and
function of w-bonds in a molecular environment.

Hund’s rules define the electronic structure of carbon atoms as (1s)?(2s)2(2p)2.
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 sp” hybridisation approximation. Hybridised orbitals are atomic
orbitals that combine to generate new, equivalent orbitals with specific spatial
orientations optimized for bonding, while unhybridised orbitals maintain their

original shape and orientation.

unhybridised 2P, orbitals n-bond
@ SP? hybridised o-bonds O o-bonds

orbitals n-bond

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

unhybridised p,-orbitals.

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

in the unhybridized 2p, orbital, oriented perpendicular to the sp? plane. The



2.2 FElectronic properties of an organic conjugated molecule 9

sp? orbitals between the two carbon atoms create a o-bond through the head-
on overlap of sp?-sp? orbitals. The sideways overlap of unhybridized 2p, orbitals
forms m-bonds, enabling conjugation across the molecule. In the w-bond, 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, specifically 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
W, which typically depends on spatial and temporal coordinates. Using the time-
independent Schrodinger equation, the electronic characteristics of an organic

molecule can be described as

H|U) = E|U). (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 difference. 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 term H, . arising solely from electrons, a nuclear term H,, ,, associated

with the nuclei, and a mixed electron—nuclear interaction term H, ,

H(T, R) = Helfel (7’) + Hnucfnuc(R) + Helfnuc(ra R)> (22)
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where R and r denote the set of nuclear and electronic coordinates, respectively.

H,.,_.; is the electronic term, which can be written as

Houlr) p?+1z - (2.3)
_alr) = — . .
el - 277’Lz 2 — 47T80|I'Z‘ —I'j|

@ i#]
where the first component indicates the electronic kinetic energy of the elec-
trons, while the second term defines the electronic electrostatic potential. The
momentum operator for electron ¢ is denoted as P;, and m represents the single

electron mass. e indicates the elementary charge, and the vacuum permittivity is

denoted by g .

Likewise, the nuclear term, H,,,._nue, can be expressed as

P? 1 Z o7 ge?
Hypseue(R) = o« 4 a”p 2.4
el B) =393 5 2 R — R (24
a a#fh
where the first component indicates the nuclear kinetic energy and the subsequent
term is the nuclear electrostatic potential energy. P, denotes the momentum op-
erator for nucleus «, M, represents the mass of nucleus «, and Z, denotes the
proton number of nucleus a.. Note that the general form of the momentum oper-
. _ . . . _ 8 8 a

ators is p = —thV, where V is the gradient operator, defined as V = <$, By $>
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

Zn€2

_ 2.5
4meo| Ry — 14 (2:5)

Hel—nuc(/ra R) = ‘/;l—nuc(ra R) == Z

ot

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 significant 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 filled. In insulators, a large energy gap separates the valence
band from the conduction band. The valence band is completely filled, 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
sufficient thermal energy to move some electrons from the valence band into the
conduction band, allowing limited electrical conduction.”

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.

>

0

g ﬁ JEg<3ev Eg>3eV - Bandgap
Metal Semiconductor insulator

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 3eV in insulators, smaller than 3eV in semicon-

ductors, and negligible in conductors (metals).?*. This Figure is adapted from Ref.5?

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 (~10meV
binding energy).”® The electron and hole separation is extremely large, ranging

% resulting in exciton de-

from a few hundred up to thousands of Angstroms,
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.?%7 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 difference 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 first excitation state.’®
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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 molecules.?”

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 different spins. As a result, one electron is

spin up, [1),, while the other electron is spin down, [l.),.

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

with respect to the interchange of any pair of electrons.?!
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SO S1

b) triplet (S = 1)

singlet (S=0) A ~

z z z z

/
// \.

|0, O) |1I 1) |1l O) |1I _1>
ms=0 ms =1 mg =0 mg =—1

Figure 2.4 — Singlet and triplet excitons. (a) Energy level diagram showing the
HOMO and LUMO for the ground state (Sp), singlet exciton (S;), and triplet exciton
(T1). The relative positions of S; and T with respect to Sy are influenced 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
different 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
different 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 as [1), ||),. The Spin wavefunc-
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tions are the eigenstates of the total spin operator S* = (S1 + S2)?, which has
an eigenvalue of S. 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 number mg. In bra-ket notation, the eigenstates are represented as

|S,ms) and are determined by

Singlets [5) —» [0.0) = =( 1| 2 — | th| 1)) (2:6)
Triplets: |T}) — |1,4+1) = | 1)1 1)2 (2.7)
o) = 11.0) = == Tl L+ | Dl 1)) (2.5)

) = [1,—1) = | ] e, (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 operator, Pj.,o, which simply

swaps the labels of two identical particles in a quantum state. For example:*’

Pros 215 20) = |20 71). (2.10)

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

-1:

1
V2

This result confirms that the singlet state is antisymmetric under the exchange of

Pri5210,0) = —= (| Pal )1 = [ L2 1)1) = —[0,0). (2.11)

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 wavefunctions |V,). The spatial wave-
functions |1);) 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 first and second electrons

in |¢,) and |¢,) orbitals are written as

jeinelety — % (164162 + |65 [62)) symmetric. (2.12)
ety = Ly 162y — gl 162) amti-symmetric. (2.13)

V2

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 energy J. It serves
as a quantum mechanical refinement of the classical Coulomb interaction. Thus,
triplet excitons typically have a lower energy level than singlet excitons (Fig-
ure 2.4a), and the singlet and triplet energy splitting is AEg = 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

defined as:

S = [[ G105V o~ m)e)0000) e (210)
where V,_. is the Coulombic interaction potential between the two electrons, and
it has no spin dependence.’’ From Equation 2.14, it is evident that J is influenced
by the overlap between |¢,) and |#,). Molecules with significant 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.5!

The presence of separate singlet and triplet states accounts for several interest-
ing physical characteristics of conjugated organic molecules, and the modifiability
of the exchange energy has significant implications for singlet exciton fission. The
electron spin results in a magnetic moment that may interact with external mag-
netic fields via Zeeman interaction. The magnetic moment of an electron can also
interact with the magnetic moment of nuclear spins via the hyperfine 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,

f=—goupS. (2.15)

In this equation, g. represents the electron g-factor, ug = 257:15 denotes the Bohr
magneton, which is determined by the electron charge ‘e’, and the electron mass
is denoted as ‘m.’. The z-axis projection of the spin magnetic moment, i, is

expressed as

f|s, ms) = —gepipms|s, mg). (2.16)

The interaction between an external magnetic field, B, and this magnetic moment

is represented in the Hamiltonian equation as follows:

Hy=—j-B=g.usS-B. (2.17)

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

field is present in the z-direction, i may be substituted by the z-component of
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the spin magnetic moment, fi,. This substitution yields the energy eigenvalues,

expressed as F = g.upmsBy, where By is the magnetic field strength. For an
electron with my = + %, this results in an energy splitting of

AFE = g.pi5Bo.

(2.18)

tion 2.5.2), the g-factor could be anisotropic. Therefore, the more general version

Based on the geometry of the molecule as well as spin-orbit coupling (sec-
of the Zeeman interaction consists of the g-tensor, g,

-S. (2.19)
1
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Figure 2.5 — One electron spin. (a) The vector model represents the |a) and |53)

states. It also represents the magnetic moment, p (dashed arrow), generated by the

spin, which is anti-parallel to the spin vector. (b) Zeeman Interaction occurs when an
53,62

external magnetic field is applied to a one-electron system. It induces the separation of
the degenerate states |«) and |3).
When a magnetic field is present, a spin undergoes precession around the field
direction at a frequency known as the Larmor frequency, wy,, defined by,

Wy = ge;;B BO-

(2.20)
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Spin mixing and relaxation are two processes significantly influenced by Larmor
precession. Figure 2.5 presents an overview of the |a) and |3) states'. In the
vector model (Figure 2.5a), the spins are represented as a cone, along with the
magnetic moment, 1, generated by the spins. The energy level splitting caused

by the Zeeman interaction is presented in Figure 2.5b.

2.4.2 Hyperfine Interaction

A hyperfine interaction may arise when electron spins interact with the mag-
netic moments of nuclear spins. The hyperfine interaction is significantly weaker
than the Zeeman interaction. This interaction is significant 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 fission
community. However, the hyperfine interaction affects spin relaxation processes

and Larmor precession.%%:6¢

2.4.3 Interactions of two electron spins

When an external magnetic field is applied, the spin states with non-zero spin
projection,|T"; ) and |T_), will experience energy separation that increases with the
field 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 hyperfine 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-field splitting, which are discussed below.

Exchange Interaction

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

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

t11) |) are written in some references, such as reference®, as |a) and |3), respectively.
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spin states associated with a given total spin quantum number, S. It can be
expressed as: Multiplicity = 2S5 + 1,7 where S = 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

Antisymmetric /\*
\/O Relative distance

Symmetric

the singlet state.

t >
0

Relative distance

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 figure is obtained from Ref.%®

The exchange interaction is described as®’

H.,,=JS - S, (2.21)

where J is the exchange constant, defined as J = 2J,,, where J., represents the

exchange integral derived from Coulombic interactions in electronic wavefunctions
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(Equation 2.14).5370

Zero-Field Splitting

In the zero-field 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 moments.’>"" The energy splitting of the
three triplets is referred to as ‘zero-field splitting’, which is typically represented

via an additional Hamiltonian term

H,;s=5-DS, (2.22)

where D denotes the zero-field 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 components (D,, D,, D,) characterise the
interaction. It is also traceless, meaning that its eigenvalues sum to zero in the

context of dipolar interactions (I'r(D) = D, + D, + D, = 0)."

D, 0 0
D=|0 D, 0 (2.23)
0 0 D,

According to the standard definition,

D.| > D, > D,). (2.24)

The z-axis thus relates to the maximum dipolar coupling.” We can use two zero-
field splitting factors, D and E, instead of three to define the interaction, as D

is traceless. The D and E parameters are given by

3 1

Corresponding with the previously stated definition of Equation 2.24,71:7

3D

-1<—<0. 2.26
<< (2.20)
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E always has the opposite sign to D. Because of this, we can write the equation

2.22 as

H. =D (Sj - ésﬂ) +E(S2-5)). (2.27)
In this context, S;, Sy, and S, represent the z, y, and z components of the
spin operator vector S. The D parameter is inversely proportional to the cube
of the average interspin separation (D o T%), reflecting the spatial extent of the
triplet exciton. Therefore, a smaller D suggests a greater exciton size (due to
increased spin separation), whereas a larger D implies a more localised exciton.
The E parameter correlates with the rhombicity of the D-matrix, indicating that
larger E suggests greater asymmetry.”! Using electron paramagnetic resonance
(EPR) measurements, the D and E parameters are calculated by fitting the
EPR spectrum to a spin Hamiltonian model that includes zero-field splitting
and Zeeman interactions.”® However, to determine the signs, complex magnetic
resonance measurements are required. The measured D value varies between 4 to

10 eV for the majority of t-conjugated molecules.?”

2.4.4 Triplet Pair

When a singlet exciton undergoes spin-correlated separation into two triplet
excitons in the singlet fission, 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:
M), ML), o, [4ddd).?? We obtain 16 pure spin states from linear combin-
ations of these states, which are 2 singlet states (S = 0), 9 triplet states (S = 1),
and 5 quintet states (S = 2).

Many theoretical studies have been conducted on the triplet pair state.*5%74,
This system can be simplified by considering two pairs of interacting electrons,
or two S = 1 triplets, limiting our consideration to the nine lowest-lying states,

as described by Merrifield.* These states are one singlet, three triplets, and five

quintets. The singlet state is represented as
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|15) = \/g(!l’@ +lyy) + |22)), (2.28)

where |zx) represents |T,,T,), in the low-field basis for each triplet in the pair.
The correlated triplet pair state, referred to as '(T'T), is considered to be the
singlet S = 0 state. The triplet and quintet states are represented in the low-field

basis as follows:

) = (132 = 20)
;) = 5(122) = le2)
) = 5 (lay) —[ya)
1Qu) = %um ~ Jy)
Q) = 7(|m>+1yy>—z|zz>> (2.20)
Q) = (1) + |=1)
Q) = %um +[22))
Q.) = (Ixy>+|y$>)

%I

This triplet pair, consisting of nine spin sublevels, serves as an intermediate
state in the singlet fission process. Several investigations have demonstrated the

75,76 glectron

existence of the triplet-pair state, including vibrational spectroscopy,
spin resonance (ESR),%""™ and transient absorption spectroscopy.™ ® Multiple
studies indicate that the triplet pair state can be emissive, hence confirming the
existence of this state.3%-3486

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 field. As
illustrated in the figure, the singlet is separated energetically from the triplet

and quintet states by J and 3.J, respectively.5>8” Furthermore, the vector model
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(Figure 2.7a) displays an example of a mg = 2 quintet state. In the presence of
an external field, the states where mg= 0 remain unchanged. Both the triplet
and quintet sublevels exhibit zero-field splitting, each characterised by distinct

ZF'S parameters, where Dy and Er for triplet states, and D¢ and Eg for quintet

states.™
a) . b)
+2
] +1
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ms=-2 J
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Figure 2.7 — The nine sublevels of the triplet pair state: one singlet, three
triplets, and five quintets. The quintet is shown in the vector model in (a). The energy

level splittings under the influence of an external magnetic field are demonstrated in

(b). This figure is reproduced from Ref.®®

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

D

Generally, X =~ 5. This subsequently provides us with the Hamiltonian,

89,90
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H=JS, Sp+X [SA Sy —3(5‘,4-%)(5“3-?)}
H/—/ o

Exchange

J

~
Intertriplet Dipolar

(2.30)
N A 1. N A
§ 2 2 2 2
+ gz/,LBB . Sz +D (Si,z - gSZ) + F (Sz,x - Sz',y) >

i=A,B Zeeman N -

7ZFS

where, J represents the intertriplet exchange energy, X denotes the magnitude
of intertriplet dipole coupling, 7 is the unit vector between the two molecules, B
indicates the external magnetic field, and D and E (> X) are the intratriplet
zero-field splitting parameters.

Without an external field, 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 (J > 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 to J < 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 oxygen,”!

, 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 state !(T..T), where the ex-
change interaction J is small. For instance, *(T..T) can be mixed with ®(T...T).”
Thus, the weakly coupled pair is considered to consist of triplets, |T'), quintets,
|Q), and singlet-quintet mixtures, |SQ). Zeeman interaction is responsible for the
spin mixing efficiency. Therefore, spin mixing becomes inefficient when the spin
states are energetically separated. This phenomenon results in the detection of
magnetic field effects, as illustrated in Chapter 4.

Spin mixing is primarily caused by spin-orbit coupling (section 2.5.2).9%9
Additionally, hyperfine interactions between electron and nuclear spins can con-
tribute to spin mixing.”* Other factors can influence spin mixing, such as the
presence of magnetic fields, the interaction between electrons, and the material

electronic structure.?395-97

Quantum Beating

As indicated previously, the strongly coupled triplet-pair state !(TT) is mostly a
singlet state. However, the spin wavefunction |S) of this state is a linear combin-
ation of the |zz), |yy), and |zz) triplet pairs, as seen in Equation 2.28. Therefore,
under the condition of weak exchange coupling, |S) 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:

1S(t)) = 1 (e  Erat/M| ) 4 e Bt/ Mgy 4 e Bt/ 220 (2.31)

V3

Equation 2.31 is valid if the spin wavefunction |S()) represents a weakly
exchange-coupled S = 0 triplet pair, denoted as !(T...T).?® Due to the differences
in E,,, E,,, and E,., the coupling [(S1|*(T...T))|* will therefore change in time,
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leading to oscillations in the delayed fluorescence. At zero applied magnetic field,
we anticipate three oscillation frequencies governed by the ZFS parameters, D and
E.* Such oscillations are known as quantum beats, and they have been observed
in the delayed fluorescence 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 fission, 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 (Sp) 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 S; to decay back to the Sy state either
radiatively, as illustrated by the orange arrows for fluorescence, 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 S; 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 Sg to any higher-
lying singlet states. (2) Fluorescence (orange arrows): S; decays 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 as T states 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 S, and T, 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 fine 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 defines the rate of the transition between the initial
and final states (k;¢) for the radiative transitions, using the wavefunctions ¥; and
‘I/fl

2

by = o e e (), (2.32)

where, H represents the Hamiltonian that describes the perturbation of the trans-
ition, whereas p(Ey) is the density of the final 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, r. Therefore,

the transition rate is now described as

2T

<\Ijel7f !/3(1') ’\Ijel,i> ‘il(qjsmn,f ’ \DSPin,i> |24l<\pvib,f | \I]vib,i> |2Jp(Ef) (2'33)

-

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 significant impacts on the radiative transitions.

In addition, the density of the final states will affect the transition rate.

Transition Dipole Moment (TDM)

Transition dipole moment term (|(We ¢|i(r)|We;)|) is the first component that
affects the radiative transition rate. Under spatial inversion, the sign of the di-
pole operator [i reverses because it has odd parity.®>®® Therefore, if the par-
ity is identical for the initial and final 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 final 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 affecting the radiative transition rate in Equation 2.33 is
{(Uspin, | Wepin,i)|- The spin factor is equal to one when the spin quantum num-
ber (S) of the initial and final electronic states is identical. This case is known
as ‘spin-allowed’. If the spins of the initial and final electronic states differ, the
spin factor becomes zero, calling the case ‘spin-forbidden’.? Transitions between
states with different 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 differs from ‘fluorescence’, 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 7-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. It is 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 classified as ‘vertical’,
as presented in Figure 2.9. This figure shows the electronic energy potentials for
two states along the nuclear coordinate axis (). 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 final 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 fluorescence from the excited state, or radi-
ative emission transitions, follows the same vibrational progression as absorption
transitions.

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

In most organic molecules, the emission spectra exhibit a red shift in com-
parison to the absorption spectra. This energy difference 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 affect 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 fluorescence emission (red
down-arrows). This vibrational fine 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,

102

changing the emission spectrum shape ”“. Phenomena like molecular aggregation

additionally impact the shape of the spectra.
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The Effects 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’, m-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
effect that such aggregation has on absorption and emission.!?4105

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 fluorescence as fast internal conversion to the dark lower-lying state

outcompetes radiative decay from the higher-lying state.

H-aggregate Monomer J-aggregate
o L -
i S o i
- g e -
Blue shift Red shift

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.!?6

tVan 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 defined as the transition from higher energy
vibrational states to lower energy vibrational levels. The difference 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®’°!

AE
kpr x exp | =—v— ), 2.34
o5 (2.34)

where 7 is a constant that depends on molecular parameters, wqy is the angular
frequency of the highest energy vibration of the final electronic state, and AF is
the energy gap between the electronic states.’”

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%9 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 effective.
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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 first 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®''10

> 7 z*
T A , 2.35
> o o, ’ra—ri‘g = n3(l—|—1)(l—|—%)l ( )

Here ay, is the fine-structure constant, Z, represents the effective charge of the
o' nucleus, L; and S; are the orbital and spin angular momentum operators of the
it" electron, respectively. Additionally, |r, —r;| indicates the distance between the
a'™ nucleus and i electron. On the right hand side, n and [ are quantum numbers.
Equation 2.35 illustrates that the spin-orbit coupling increases significantly in the
presence of heavy atoms, and when electrons and the nucleus are close to each
other (small n and 1).

Furthermore, the orbital character of the initial state (U;) and final state (¥ y)

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

(Hso) = (V| Hso|W;). (2.36)

Considering that (L + S) may generally be conserved, if the orbital character
of the initial (V;) and final (V) states are different, (Hso) is enhanced. This

phenomenon is described by El-Sayed’s rule,''"!1? which states that the rate of
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intersystem crossing from !(n,7*) to 3(r,n*) is more rapid than that from !(r,n*)
to 3(m,n*).11314 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 enhance (Hgo), when vi-
brational modes modify the spin-orbit Hamiltonian.*'*1* 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 different spin multiplicity, most commonly from a
singlet state to triplet manifolds. The ISC rate is provided by Fermi’s Golden
Rule:"!

2

2 [FCW DY. (2.37)

kisc = T ’(Tf’ﬁso|51>

Here |S;) and |Ty) are the initial singlet and final 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 gap AFE
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 differing multiplicity) have a small energy difference, the intersys-
tem crossing rate (kijsc) between them will be high, even with a small spin-orbit
coupling, Hgo. This will be a significant factor when we discuss our findings in
chapters 4-6. Anthracene in solution exhibits rapid intersystem crossing from S;
to Ty due to the high Franck-Condon factor and small energy gap.!'¢11® 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 complexes.®!

2.5.3 Exciton-Exciton Annihilation

With the diffusion 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.g. S,, n > 1), while the other returns to the ground state

So. The promoted state often relaxes rapidly back to S;,!%1%°

Sl + Sl — S() + Sl. (238)

Similarly, two triplet excitons (77) can undergo triplet-triplet annihilation (TTA),
where their interaction leads to the formation of one singlet exciton (.S;) and one

molecule returning to the ground state (Sp),

T1 + Tl — SO + Sl- (239)

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

There are two additional mechanisms for exciton diffusion 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 photoexcitation.'?!

To ensure efficiency 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 interaction.””
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 fission.””123 Nevertheless, their function in the singlet fission
mechanism remains unclear. In singlet fission systems, the broad and red-shifted
emissions are sometimes assigned to either excimer states or the triplet pair (TT)

state emission.3123,124

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 fission and triplet-triplet annihilation. Singlet fission
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 (2T;). Therefore, in terms of energy, singlet fission
is a downconversion process, while triplet-triplet annihilation is an upconversion
mechanism.

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

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 field.** 43 The weakly coupled triplet pair eventually dissociates
into two uncoupled triplet excitons, Ty, each possessing approximately half the
energy of the Sy state. There are two components associated with this separation:
the exciton physical separation via hopping or diffusion, and the spin decoherence

of the two triplets. A typical representation of singlet fission process is:3!:44:84,125,126

$1So = Y(TT) = (T.T) = T, + Ty (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
fission mechanism described in Equation 2.40 is considered to have a reverse pro-
cess. The correlated triplet pair can regenerate the S; state, whereas the weakly
bound triplet pair state !(T..T) can regenerate the correlated *(TT) (or *(TT)

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

tHerzberg-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’ fluorescence can be
detected from the S; state, as well as a ‘delayed’ fluorescence arising from the
following singlet state re-population. Early investigations into singlet fission were
motivated by the discovery of delayed fluorescence.'?”'?® An external magnetic
field can influence both the prompt and delayed fluorescence, as explained in
Section 2.6.2.31:40:128,129

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

resonance (ESR), we can verify the origin of the triplet states.!3%!3!

Charge Transfer States
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Figure 2.11 — Singlet fission pathways. !(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 2.11.%35%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 fission, it has been recorded in some investigations.!3
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2.6.2 Magnetic Field Effects MFE in Singlet Fission

At this point, we have discussed how magnetic fields 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 fission
or triplet-triplet annihilation.3>8%134136° Ag 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 operators S, on sites A and B
]:I ZJgA . SB + SADABSB

N ~ 1. ~ ~
+ Z lgi/ubBB -Si + D; (Szzz - 5512> + Ei (Sfa: - Siz,yﬂ ’

i=A,B

(2.41)

where J is the inter-triplet exchange coupling (J > D for }(TT) or 5(TT) states
and J < D for (T..T) states), Dp indicates the inter-triplet dipole coupling, B
is the applied magnetic field strength and D and E (3> D,p) are the intra-triplet
zero-field 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 Eq. 2.41 when J > D. These states can in principle exist as
pure spin singlet, triplet or quintet states: '(TT), 3(TT), 5(TT) with total spin
quantum number S = 0, 1,2, respectively. Recent work shows that the singlet
L(TT) state, the primary product of singlet fission, 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 5(TT) via singlet-quintet
spin mixing mediated by the zero-field splitting interaction and affected by the
strength and potential fluctuations in the exchange interaction.!3%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, Eq. 2.41, in the limit
of weak exchange coupling, when J < 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 character |C%|?, where
CL = ({TT)|(T..T)"). The more (T..T)! states have singlet character, the higher
the rate of singlet fission. |C%|? depends on molecular orientation and applied
magnetic field (through the Zeeman interaction, Eq. 2.41).428%137-139
Fluorescence-detected magnetic field effects are dominated by the formation
or recombination of (T..T)! through the |C%|? factors which represent the number
of (T..T)! states with singlet character and are governed by the spin Hamiltonian
in Eq. 2.41.3%69%9 The dependence of the competition between singlet fission and
‘prompt’ fluorescence on the parameters of the spin system can provide further
insight into the singlet fission process. For identically oriented molecules, with
parallel long axes (the typical case for (hetero)acene crystals), at zero-field the
number of (T..T)! states possessing singlet character is three, as shown in Fig-
ure 2.12a. At intermediate fields where gugB ~ D this increases to five before
dropping to two at higher fields.?? This leads to the characteristic ‘singlet fission’

129 a drop in

magnetic field dependence observed originally in tetracene crystals
fluorescence as the field increases and spin mixing is favored, followed by an in-
crease in fluorescence at higher fields, where fewer (T..T)! states are able to mix
with the singlet state (Figure 2.12b). On the other hand, where triplet-triplet an-
nihilation causes delayed fluorescence, for example when measuring at later times
after excitation or in anthracene crystals where singlet fission is not energetically
feasible, increased coupling of the (T..T)' states to singlet states will give in-
creased delayed fluorescence, hence the magnetic field dependence of the delayed
fluorescence has the same shape as that of singlet fission, but with opposite sign.*’

As indicated above, the low-field MFEs are attributed to the influence of
spin mixing in the weakly coupled triplet pair. At higher fields (more than 1T),
reductions in fluorescence 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 T'T pair at a high-field MFE. MFEs will be discussed in

greater detail in Chapter 4.
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Figure 2.12 — Magnetic field effects in singlet fission: The fluorescence intensity
from the S; state changes at low fields 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 fluorescence, as indicated in (b). The fluorescence rises as the
field intensity increases because the spin levels become energetically separated and spin
mixing becomes less efficient. Level crossings in the highly coupled TT pair energies,
illustrated in (c), result in fluorescence dips at extremely high fields, as seen in (d).

This figure reproduced from Bossanyi et al.3%%0

2.6.3 Singlet Fission in Acenes

For decades, singlet fission characteristics of acenes such as anthracene, tetra-
cene, pentacene, and hetero-acenes such as diF-TES-ADT have been extensively
investigated. In 1965, the first evidence of singlet fission 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.%Y It has been reported that anthracene exhibits a poor
triplet yield, about 6% resulting from singlet fission.”, while the yields of penta-
cene and tetracene are almost 200%.'41:142 However, the low stability of acenes
is 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. 43144

According to singlet and triplet relative energy levels, the properties of SF and
TTA in acenes may be broadly classified into three types. The first category con-
sists of endothermic molecules, such as anthracene, which cannot undergo singlet
fission. In anthracene, which is a short acene, the energy of two triplet states is
significantly greater than that of the singlet state. This makes SF energetically
unfavorable, leading to a high photoluminescence quantum yield.??'45 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 fission. In the long acene like pentacene, the twice triplet energy
is significantly lower than the singlet energy.'#*!46 Thus, singlet fission proceeds
extremely fast (~100 fs), generating triplets with a yield of around 200%.42
This results in a very small photoluminescence quantum yield, especially because
triplet-triplet annihilation cannot create the bright singlet state. in Chapter 7,
we examine this type of molecule, revealing that the pentacene dimer exhibits a
rapid singlet fission 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
fission 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 Chapters4-6.
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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 Oy and moisture were also stored in the nitrogen-filled glovebox.

3.1.1 diF-TES-ADT

2,8-difluoro-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 heteroacene.'*® 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 100 K and room temper-
ature!*®159 In 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%9 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) for DPT-dimer 2, and 1,3-Bis[2-(4-
aminophenyl)-2-propyl]benzene for DPT-dimer 3, as illustrated in Figure 3.1.
The chemistry of dynamic covalent bonds, such as Schiff-base formation, can
selectively yield the thermodynamically most stable molecules.!?*!52 The carbon-
carbon distance between the two tetracene units ranges from 3.79 A in DPT-
dimer 1-2 and 3.89 A in DPT-dimer 3, showing the existence of n-r 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
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Mono-TIPS Tec, a functionalized tetracene derivative, contains a tetracene core
with a TIPS group (TIPS= triisopropylsilyl) at one terminal position. mono-TIPS
Tec is synthesized by John Anthony at the University of Kentucky.
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3.1.4 5,12-diphenyltetracene (DPT)
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Diphenyltetracene DPT, a derivative of tetracene, consists of a tetracene back-
bone functionalized with phenyl groups. Due to its efficient fluorescence and po-
tential for singlet fission, DPT is frequently employed in studies related to organic
semiconductors and energy transfer mechanisms.'®*'%*. 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)

O
(L
OO

5,6,11,12-tetraphenyltetracene or Rubrene 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 efficient singlet fission properties.'®® The
energy of the triplet state in rubrene is about half the energy of the singlet state,
which facilitates efficient 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
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MPD-1 was synthesized using the monomeric pentacene dialdehyde, 4,4’-(pentacene
6,13-diyl)dibenzaldehyde PDA and m-xylylenediamine. The dynamic covalent
bond chemistry, such as Schiff-base formation, can selectively produce the ther-
modynamically most stable compounds.!®™!%2 The proximate carbon-carbon
distance between the two pentacene units ranges from 3.3 to 3.7 A, indicating
the presence of n-m 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
films by dissolving the material in anhydrous toluene at a concentration of 15 mg
ml! to make the solution. On a pre-cleaned quartz-coated glass substrate, 20 pL
of the prepared solution was spin-coated at 1200 rpm for 50 seconds. The samples
were encapsulated inside nitrogen-filled gloveboxes to reduce photo-degradation.
The films were then stored in a nitrogen-filled glove box to reduce any risk of
exposure to oxygen and light.

For magnetic field effect and time-resolved photoluminescence measurements,
a drop-cast film was prepared by dissolving the material in toluene at a con-

centration of 15mg ml™! to make the solution. A pre-cleaned quartz-coated glass
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substrate was briefly preheated on a hot plate at 50 °C before drop-casting the
solution. Then, 100 pL 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 film. The sample was prepared inside a nitrogen-filled
glovebox, where all films and solutions preparations took place.

Thin film samples for transient electron spin resonance trESR experiments
were prepared by distributing 5 pL of a 15 mg ml? 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-filled glovebox. Two quartz substrates with drop-cast film were then
placed back-to-back within a 2.9 mm OD, 2.5 mm ID quartz EPR tube, back-filled
with He to 500 mbar and flame-sealed. Reference transient ESR measurements
were also performed on frozen solution samples. A 250 pM solution of diF-TES-
ADT was prepared in anhydrous toluene, and 70 pL. were transferred to a 3.8 mm
OD, 3.0 mm ID quartz EPR tube, and the sample was flame-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 filled 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 coefficients, 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. 2 x 107*M
and 1 x 107* M, respectively, as well as in polystyrene film at 0.05mol% (and
0.005mol% for MPD-1 dimer).

For MPD-1 dimer thin films, we prepared the stock solution by dissolving
1mg of MPD-1 dimer in 8.5ml of dichloromethane. An additional 3ml of di-
chloromethane was used to dissolve 100 mg of polystyrene before being mixed
with 480 ml of the stock solution. 140 pl of the solution was spin-coated onto a
pre-cleaned quartz-coated glass inside a nitrogen-filled glovebox, where all thin
films 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 field effects.

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 GI-
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 defined by the following equation:



52  Materials and Methods

nA = 2dsiné, (3.1)

where A is the incident X-ray wavelength, n represents the order of diffraction
(n = 1), 0 is the angle of incidence (Bragg angle), and d is the spacing between
crystal planes. Analyzing how scattered X-ray intensity varies with angle reveals
structural information about the sample through diffraction peaks associated with
specific spacings (d-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
Chapter4, for diF-TES-ADT samples were performed by Rachel Kilbride at
the University of Sheffield. 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 9.243keV (A= 1.34 A). 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 flight 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 pyFAI

and pygix Python libraries.'®®
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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 deflects. These deflections
can be measured by reflecting a laser beam off the cantilever’s upper surface. A
photodiode detects the reflected laser beam, allowing precise monitoring of the
tip deflection relative to its position on the surface. To keep the tip at a consistent

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

Photodetector

Laser Beam

_ Cantilever

Line Scan

Surface

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 Sheffield. 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 2.60)'%.

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(A) is measured.

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

B Iy(N) ’

where a()) denotes the wavelength-dependent absorption coefficient, d represents

T(\) LIV (3.2)

the thickness of the sample, and () 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 absorbance A (also known as optical density,

OD), which is a dimensionless quantity, where

A(N) = —logyg T(N) = a(N)dlogy, e. (3.3)

Depending on different 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.
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In its simplest form, photoluminescence arises from the lowest excited singlet
state (S1), 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 state '(TT).%

The majority of the PL spectra shown in the findings 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 filter and then to a fiber 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
At, 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, AA, 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 clarified by the probe
pulse reaching the sample after a controlled delay time At 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:

AA = Ay, — Agyy. (3.4)

After a large number of laser shots, the average of AA is automatically calculated
for each time delay. In some TA setups, the data is displayed as AT rather than
AA, which can be simply converted to AA via the equation

AT - Ton - TOH

= =107 -1 3.5
T Toq (3.5)

The overall transient absorption signal is obtained through multiple processes.
The process begins by exciting the sample to S; (the first excited state) using the
probe beam, while the pump pulse is deactivated (A,s). This process generates a
simple UV-vis absorption spectrum. When the pump is on (A,,) and followed by
the probe, some molecules are promoted by the pump to the excited states, such as
S1, or to triplet states via the following photophysical processes, like intersystem
crossing or singlet fission. When the probe pulse arrives, the molecules absorb
some of the light, allowing new optical transitions to occur, including S; — Sy
or Ty — 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 AA.10!
If the pump pulse is sufficiently 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 AA.

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 effects. Over-excitation in transient absorption experiments can lead to
nonlinear effects 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.'6?

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 define the overall shape

of the transient absorption spectrum.
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3.4.1 Picosecond Transient Absorption Spectroscopy
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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 100 fs, covering a time range from less than 1 ps
to ~7ns. The pump and probe pulses are produced using a Ti:sapphire regen-
erative amplifier (Spitfire ACE PA-40, Spectra-Physics) that produces 800 nm
pulses (40 fs FWHM, 10 kHz, 1:2mJ). To create adjustable narrowband pump
pulses, a part of the amplifier output is sent to an optical parametric amplifier

(TOPAS Prime, Light Conversion). Another part of the 800nm beam focused
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on a continuously moving CaF, 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 (6= 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 final result was obtained by averaging these two measurements using Surface
Xplorer 4.3.0 (Ultrafast Systems). Additionally, to confirm 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 significant degradation.

3.4.2 Nanosecond Transient Absorption Spectroscopy

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

finalizing 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.
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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 (1kHz repetition rate, 90 fs pulse width), provided by a Ti:sapphire ultra-
fast amplifier (Solstice, Spectra-Physics). The white light probe (A=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
fluctuations, 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 350 K.
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Figure 3.6 — Nanosecond transient absorption setup (pump path). Details 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-
figuration, 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 355/532nm and a temporal width of 500 ps. Similar
to the probe, a removable mirror directs the pump laser beam along two differ-
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 effectively control
the pump-probe delay time. For the 532 nm laser pump, a notch filter (NF533-17,
Thorlabs) is positioned after the sample to minimize the pump scatter, while a
395 nm long-pass filter (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 Effect

The impact of the magnetic field, as discussed in Chapter4, was evaluated by
recording PL spectra at various magnetic field strengths ranging from O0mT to
280mT. These measurements were also performed at different delay times, ran-
ging from 5ns to 1ps. The PL spectra were recorded while repeatedly changing
the magnetic field 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 fluctuations and to reinforce our confidence in the reliability of the
noted effects of the magnetic field (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 fluctuations. The magnetic field effect 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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APL PL (B) — PL(0)
L B =5 (0)

3.5.1 Temperature-Dependent MFE measurements
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Figure 3.7 — Schematic of magnetic field effects 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 field strength

applied to the sample.

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

constructing the magnetic field effects setup.

A home-built setup is used for our magnetic field effects 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 first path directs the beam into the Montana cryostat for magnetic field ef-
fect measurements, while the second path guides the beam onto a power meter
sensor, to continuously monitor laser intensity fluctuations and stability. The laser
power profile is recorded using Optical Power Monitor software, which generates
diagrams that can be saved for documentation and future reference.

The sample is fixed in a closed-cycle He cryostat (Magneto-optic module,
Montana Instruments), which controls both magnetic field intensity and tem-
perature applied to the sample. This cryostat offers access to a 0.7T bi-polar
magnetic field. The sample is thus placed on a cold flange 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 field
strength can be controlled. It is worth mentioning that the temperature shown on
the cryostat reflects the temperature at the cold flange, where cooling is directly
applied. The sample itself might not be exactly at this temperature, particularly
at very low temperatures. The difference results from imperfect thermal contact
between the sample and the cold flange. Photoluminescence Spectra are recor-
ded using a time-gated intensified charge-coupled device (ICCD; iStar DH334T-
18U-73, Andor). A 532 nm notch filter and two 550-colored glass long-pass filters
(OG5H50, Schott) were placed in front of the ICCD detector for the PL measure-
ments.

To achieve accurate and stable magnetic field effect measurements, a few crit-
ical steps should be followed. First, the laser power should be sufficiently 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 fluctuations and maintains measurement stability. Second, the pho-
toluminescence intensity of the sample must be sufficiently intense to provide
a high signal-to-noise ratio and a well-defined 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
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and enhance spectral intensity. Simultaneously, the exposure time should be kept
short (e.g. 0.2seconds) 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 150-200 pm) and center the beam pre-
cisely on the slit. This alignment can be adjusted using the optics in front of the
ICCD detector and verified using the ‘Image’ mode in the ICCD software. Fol-
lowing these guidelines will help achieve high-quality MFE curves with minimal
fluctuation.

In addition to the magnetic field effect 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 excitation.'®® It
uses the Zeeman interaction, in which an external magnetic field is swept while
a continuous microwave field 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 ps) 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

164 This makes it a powerful technique for identifying triplet states that

sub-levels.
originate from singlet fission, intersystem crossing, or even for directly observing
quintet states within the triplet pair (TT) manifold. The ability to detect *>(TT)
states directly using trESR was a major step forward in confirming the role of
correlated triplet pair state in singlet fission.”?

Spectral signatures expected for triplet and quintet states resulting from dif-
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ferent mechanisms are shown in Figure 3.8. This figure presents the spin-selective
population of zero-field populations by intersystem crossing (ISC) and selective
population of the mg = 0 sublevel by singlet fission. The contributions of the
different 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 field
aligned with the Y-axis of the zero-field interaction.

TrESR can also be used to extract zero-field splitting (ZFS) parameters D
and E by fitting 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).
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Figure 3.8 — Calculated spectral signatures expected for triplet and quintet states
resulting from different mechanisms: spin-selective population of zero-field populations
by intersystem crossing (ISC) and selective population of the mg = 0 sublevel by singlet
fission. The contributions of the different 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 field aligned with the Y-axis of the zero-field interaction.
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3.7 Nutation measurement

In EPR, nutation refers to the oscillatory motion of the electron spin vector
around the effective magnetic field, 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 field, 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 doublet (S = %) 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.!6%166
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Chapter 4

Intersystem crossing
out-competes triplet-pair

separation from '(TT) below

270 K in anthradithiophene films

Singlet fission (SF) and triplet-triplet annihilation (TTA) are processes which
may be exploited to boost the efficiency of solar energy technology. Despite
being studied since the late 1960s, the mechanism of singlet fission is still not
fully understood. This is partly because the main technique used to study sing-
let fission, 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 T1+T;. To solve this
problem, we combine transient optical spectroscopy performed as a function of
magnetic field and transient electron spin resonance (ESR) spectroscopy to probe
the different steps involved in the singlet fission mechanism. By using transient

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

tThis chapter has been adapted from the following publication'®”: 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 fission: '(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 first step, 'S — 1(TT), is not.
Transient ESR measurements confirm the absence of singlet fission 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 field effect measurements. We conclude
that in polycrystalline diF-TES-ADT, intersystem crossing out-competes triplet
hopping at temperatures below 270 K, 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 fission (SF) involves conversion of a high-energy photoexcited singlet ex-

4,168

citon into a pair of lower energy triplet excitons. This multiexciton generation

process has been studied over the past decade primarily because of its prom-
ise to improve solar cell efficiency through carrier multiplication® 36169171 55 g
high-energy photon can generate two electron—hole pairs, reducing losses due to
thermalization!™ '™, 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 (OLEDs)?*??3, solar photovoltaics*$%>, biomed-
ical applications?® including targeted drug delivery and optogenetics®”?® and 3D
printing.!™

As shown schematically in Fig. 4.1, the commonly accepted scheme of singlet
fission is that a photo-excited singlet state S; and a ground state singlet state

So form a triplet-pair state, initially in an overall singlet configuration, known

as 1(TT).23039 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 S1Sg = *(TT) = (T..T) = T; + T,*"'*. Triplet-
triplet annihilation is the inverse process, starting with independent triplets and

resulting in an emissive singlet state.

TA Triplet
MFE
monge | ) i T
1 ZIN(TT) —
{ S1Sp— ! (T.T)!= o
= \,E“'/S(TT)— =. trESR
""""""" “i|  wESR — i
W J
hv ~ == L .

Figure 4.1 — A schematic illustration of the different steps involved in the
singlet fission process. The diagram illustrates the processes leading from the excited
singlet state S; to two triplet states T14+T; and the techniques used to probe them:
the presence of S; and triplet states after photoexcitation is detectable by transient
absorption spectroscopy (dashed black lines); the presence and dynamics of S; and
L(TT) can be detected by fluorescence spectroscopy (orange shades); >(TT) and T+
T, are observable via trESR (green shades); the formation or recombination of (T..T)
can be monitored through magnetic field effects (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 fission or triplet-triplet annihilation®:89:134-136,
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 S, on sites A and B
H=1JS4-Sp+SaDasSs

i=A,B

(4.1)
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where J is the inter-triplet exchange coupling (J > D for !(TT) or °(TT) states
and J < D for (T..T) states, see below), Dp indicates the inter-triplet dipole
coupling, B is the applied magnetic field strength and D and E (> Dp) are the
intra-triplet zero-field 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 work®-8992176-178 hag highlighted the importance of inter-triplet ex-
change interactions J and their time dependence. Our scheme in Fig. 4.1 reflects
this by including both strongly exchange-coupled (*(TT)/?(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 fission is the formation of
a strongly exchange-coupled triplet-pair state, '(TT), where triplets within the
pair reside on neighboring sites with orbital overlap.?744:45:172,179

The strongly exchange-coupled triplet pairs are eigenstates of the triplet-pair
spin Hamiltonian in Eq. 4.1 when J > D. These states can in principle exist as
pure spin singlet, triplet or quintet states: '(TT), 3(TT), 5(TT) with total spin
quantum number S = 0,1, 2, respectively. Recent work shows that the singlet
L(TT) state, the primary product of singlet fission, 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-field splitting interaction and affected by the

130,131

strength and potential fluctuations in the exchange interaction . Evidence of

quintet states is now well-established in exothermic singlet fission systems based

34,176,180-185 92,186

on pentacene , and has been observed in TIPS-tetracene and a
small number of other systems.'®” %0 However, quintets have not yet been ob-
served in other archetypal endothermic singlet fission 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-



4.1 Introduction 73

pair states is of mixed triplet-pair/charge-transfer (CT) states, where the degree of
CT character is directly related to the exchange interaction™. The CT character of
the !(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 Wakasa et al.’s model of
dynamic exchange!™ and comparison between transient absorption and emission
spectroscopy measurements?’.

The (T..T) states formed in crystalline (hetero)acene materials by triplet hop-
ping from '(TT) are the so-called ‘weakly coupled’ triplet-pair states. They make
up the nine (I = 1,2,...9) eigenstates of the spin Hamiltonian, Eq. 4.1, in the
limit of weak exchange coupling, when J < D. (T..T)! are not spin eigenstates:
spin is no longer a good quantum number and so the (T..T)! states 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 character |C%|?, where
CL = (1(TT)|(T..T")"). The more (T..T)! states have singlet character, the higher
the rate of singlet fission. |C%|? depends on molecular orientation and applied
magnetic field (through the Zeeman interaction, Eq. 4.1)428%137139,

Despite the depth of understanding of singlet fission 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 fission mechanism
across different types of materials is complicated by the fact that different spec-
troscopic techniques selectively probe different parts of the process, see Figure 4.1
- no single technique 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 differentiate between S; and triplets, but is un-
able to distinguish *(TT), *(TT), (T..T), and T;+T; since they usually exhibit
comparable signatures'?'. Photoluminescence (PL) spectroscopy (orange shading
in Fig. 4.1) offers information on S; and '(TT) populations®”3 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 processes.'%

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 annihilation®”1%8.

Finally, fluorescence-detected magnetic field effects (red line in Fig. 4.1) are
dominated by the formation or recombination of (T..T)! through the |C%|* factors
which represent the number of (T..T)! states with singlet character (see above)
and are governed by the spin Hamiltonian in Eq. 4.13%6%%  The dependence of
the competition between singlet fission and 'prompt’ fluorescence on the paramet-
ers of the spin system can provide further insight into the singlet fission process.
For identically oriented molecules, with parallel long axes (the typical case for
(hetero)acene crystals), at zero-field the number of (T..T)! states possessing sing-
let character is three. At intermediate fields where gug B ~ D this increases to five
before dropping to two at higher fields*?. This leads to the characteristic ‘singlet

129: a

fission” magnetic field dependence observed originally in tetracene crystals
drop in fluorescence as the field increases and spin mixing is favored, followed by
an increase in fluorescence at higher fields, where fewer (T..T)' states are able to
mix with the singlet state. On the other hand, where triplet-triplet annihilation
causes delayed fluorescence, for example when measuring at later times after ex-
citation or in anthracene crystals where singlet fission is not energetically feasible,
increased coupling of the (T..T)! states to singlet states will give increased delayed
fluorescence, hence the magnetic field dependence of the delayed fluorescence has
the same shape as that of singlet fission, but with opposite sign®’.

In this work, we study the temperature-, fluence-, and magnetic field-

dependence of photoluminescence of a well-characterized anthradithiophene

(diF-TES-ADT) singlet fission system®”%5. Previous studies based on transi-
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ent absorption and photoluminescence spectroscopy have suggested that the first
step of singlet fission, the generation of !(TT), is temperature-independent in
polycrystalline films of this material.*"*> However, as we show here, magnetic
field-dependent photoluminescence spectroscopy reveals that the separation to
form (T..T) is highly temperature-dependent in this material. TrESR measure-
ments demonstrate the absence of singlet fission 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 !(TT) state, formed at all temperatures and delocalized over two mo-
lecules, can itself undergo intersystem crossing to form a TSy state, with a triplet
localized on only one molecule. While full singlet fission to produce (T..T) does
not occur at low temperatures (below 270 K), 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-difluoro-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 fission and triplet-triplet annihilation by measuring

magnetic field effects (MFE) on photoluminescence.*® diF-TES-ADT is a well-

37,45,192,193

characterized system with a simple brickwork crystalline structure and

no apparent phase transition between 100K and room temperature (RT).'%*

This material, furthermore, is air- and photo-stable, allowing for reproducible

preparation of samples with the same properties.'?®
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Figure 4.2 — Optical and morphological characterization of diF-TES-ADT
films. (a) diF-TES-ADT thin film steady-state room temperature absorption spectrum
(blue) and photoluminescence (PL) spectra at room temperature (red) and 100 K (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%6, (c) GIWAXS pattern, (d) polarized microscope image, and
(e) AFM scan of a diF-TES-ADT drop-cast film indicating highly crystalline domains.
Scale bars are shown in the figure. Morphological characterization of the spin-coated

films are presented in the Appendix, Fig. A.la.f

Absorption and photoluminescence spectra of diF-TES-ADT in thin films
measured at room temperature (Fig. 4.2a) display the vibronic progression as-
sociated with the transition between the electronic ground state Sy and the
first excited state S;.'%197 However, when the temperature is reduced to 100 K,
the emission spectrum exhibits a distinct peak that is displaced towards longer

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

TGIWAXS and AFM data were measured by Rachel Kilbride.
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the absorption spectrum narrows and redshifts slightly, but otherwise remains
largely unchanged.®”*® The emission at 100 K has been assigned to a strongly
coupled triplet pair state *(TT).3"*5 Further temperature-dependent steady-state
PL measurements demonstrate an increase of a strongly coupled triplet pair state

Y(TT) emission down to 100 K,*"** as illustrated in Figure 4.3.
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Figure 4.3 — Temperature-dependent steady-state PL of a diF-TES-ADT,
excited at 532 nm. It exhibits an increase of the !(TT) emission at low temperatures

along with a decrease in the contribution from singlet states.

To characterize the morphology and microstructure of the diF-TES-ADT
films used in this work, we used grazing incidence wide angle X-ray scattering
(GIWAXS), atomic force microscopy (AFM) and polarized microscopy (Fig. 4.2).
AFM and polarized microscopy measurements show that the drop-cast diF-TES-
ADT film is composed of a micron-scale crystalline texture (Fig. 4.2c,d). This
is confirmed using GIWAXS measurements with the 2D GIWAXS pattern con-
sisting of several distinct scattering features indicating a highly crystalline film
(Fig. 4.2b). Further inspection of corresponding 1D GIWAXS intensity profiles
shows that the crystal structure is consistent with the previously reported brick-
work packing with a predominantly edge-on lamellar motif (see Appendix Fig. A.2
for further details).



78 Intersystem crossing out-competes triplet-pair separation from ! (TT) below
270 K in anthradithiophene films

4.2.2 Temperature-dependent magnetic field effect re-

veals the absence of SF below 270 K

For a more detailed investigation of the steps of the singlet fission mechanism fol-
lowing '(TT) formation, the impact of a magnetic field on the photoluminescence
was evaluated by measuring PL spectra at magnetic field intensities ranging from
O0mT to 300mT, and at delay times from 5ns to 1 ps. The PL spectra were recor-
ded while repeatedly changing the magnetic field strength in both upward and
downward directions to ensure that the PL spectra obtained in both cases have
the same shape and magnitude. The full measurement procedure is described in
Appendix A 4.

Figure 4.4 displays the MFE data of a diF-TES-ADT drop-cast film at room
temperature and 100 K. In Fig.4.4(a,c), the data is plotted as a function of mag-
netic field strength for a range of gate delay times. Our data at room temperature
(Fig.4.4a) reproduces the results of earlier work by Bossanyi et al.:*” the prompt
fluorescence intensity, from 5ns to 20 ns, reflects singlet fission behavior, char-
acterized by a decrease in APL/PL(%) at lower magnetic fields and an increase
at higher fields'® and the delayed fluorescence from 30ns to 1ps displays the
inverted behavior characteristic of triplet-triplet annihilation®’. To more clearly
visualize the temporal evolution, the same data is depicted in Fig. 4.4b as a
function of delay time for various magnetic field strengths, ranging from 0 mT to
300mT. This graph shows that singlet fission is active over a time scale of 5ns
to 30 ns, whereas triplet-triplet annihilation dominates at long times and starts

to outweigh the singlet-fission contribution beyond about 30 ns.
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Figure 4.4 — Magnetic field effects on photoluminescence. MFE for diF-TES-
ADT drop-cast film, measured using 532 nm excitation across different delay times at
room temperature and 100 K. APL/PL(%) is reported as a function of (a,c) magnetic
field strength (from 0 to 300 mT) and (b,d) delay time (from 5ns to 1 us).

We next investigated the temperature-dependence of the MFE. Figure 4.4b
shows the change in APL/PL(%) as a function of magnetic field strength at 100 K,
employing identical time intervals and magnetic field strengths as for the room
temperature data discussed above. Surprisingly, upon reducing the temperature
to 100K, no MFE was observed between 5-20 ns suggesting that singlet fission
does not occur at 100 K. However, the signature from triplet-triplet annihilation
persisted with a similar magnitude and duration, from 30 ns to 1 s, as observed at

room temperature. This change in behavior is highlighted in Fig. 4.4c, where the
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time-dependence of the magnetic field effect on the photoluminescence emphas-
izes the absence of singlet fission but, surprisingly, persistence of triplet-triplet
annihilation.

In order to identify the temperature at which the singlet fission signature is
no longer observable, we performed MFE measurements on a drop-cast diF-TES-
ADT sample at a series of temperatures between 100 K and room temperature
and the results are shown in Fig. 4.5. At early delay times, 5-10ns, the signature
from singlet fission is only apparent at 270 K and room temperature (Fig. 4.5a),
suggesting an onset of singlet fission between 250 K and 270K (Fig. 4.5b). On
the other hand, the signature from triplet-triplet annihilation, shown for a delay
time of 100-200ns, is observed across the whole temperature range (Fig. 4.5¢).
These results suggest that triplet-triplet annihilation is present independently

from singlet fission.
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Figure 4.5 — Temperature-dependent magnetic field effect. MFE of diF-TES-
ADT drop-cast film at different delay times; (a,b) 5-10ns at temperatures ranging
from 270K to RT, and from 100K to 250K, respectively. (c) 100-200ns across the

temperature range from 100 K to RT.

The triplet-triplet annihilation process was probed further through fluence-
dependent MFE measurements shown in Fig. 4.6. Using a drop-cast diF-TES-
ADT film at 100K and a delay time of 100-250 ns, the magnetic field effect on
photoluminescence was recorded while increasing the laser power from 11 pW to
2.3mW. A noticeable decrease in the MFE is observed as the laser power in-

creases. Similar behavior in a perylene/PtOEP system has been recently attrib-
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uted to bimolecular triplet-triplet annihilation®®. At low excitation power, the
probability that two triplets encounter and annihilate within their lifetime is low
and at first increases quadratically with excitation intensity. At high excitation
intensities, the triplet density becomes so high that most triplets annihilate within
their excited state lifetime, giving a probability of triplet decay by triplet-triplet
annihilation tending towards unity. In this regime, the delayed fluorescence intens-
ity starts to depend linearly on excitation intensity. The strength of the magnetic
field effect on the delayed fluorescence is determined by the relative magnitude of
the first-order rate constant describing spin-independent triplet decay compared
to the second-order rate constant of the spin-dependent triplet-triplet annihil-
ation process and the triplet density.'®® The delayed fluorescence is influenced
most by an applied magnetic field at low excitation intensities and therefore low
triplet densities. At high excitation intensities, the impact of the magnetic field
on singlet formation is reduced as a larger proportion of triplet pairs undergoes
fusion before experiencing significant spin evolution under the applied magnetic
field. The fluence-dependent MFE experiments therefore confirm that our data

at 100 K can be explained by a bimolecular triplet-triplet annihilation process.
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Figure 4.6 — Fluence-dependent magnetic field effect data of diF-TES-ADT drop-cast
film. The data is measured using 532 nm excitation at 100 K and a delay time of 100-
250 ns. The magnetic field effect on photoluminescence was recorded while increasing

the laser power from 11 pW to 2.3 mW
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4.2.3 Transient electron spin resonance (trESR) demon-
strates the production of triplet states by ISC at

low temperatures

To provide further insights into the apparent absence of singlet fission at low tem-
peratures and into the origin of the triplet states that are observed to be involved
in TTA, the magnetic field effect measurements were complemented by transient
electron spin resonance (trESR)'. trESR spectroscopy directly probes the nature
and dynamics of photoinduced spin states with .S > 0. Their mechanism of forma-
tion is encoded in the spin polarization pattern of the trESR spectra, arising from

164 Triplet and quintet states

non-equilibrium populations of the spin sub-levels.
formed by singlet fission are usually characterized by an initial spin polarization
pattern resulting from selective population of the mg = 0 sub-level due to spin
conservation during the singlet fission process. The initial, ESR-silent, strongly
coupled triplet pair *(TT) is generated in a spin-zero state from the excited sing-
let state precursor and results in population of the eigenstates of the coupled pair
of triplets, and the resulting separated triplet states, with probabilities determ-
ined by their singlet content.?>!"® The spectral signatures of triplets populated by
intersystem crossing (ISC), on the other hand, are determined by spin-selective
population of the zero-field spin sub-levels driven by spin-orbit coupling, resulting
in clearly distinct spin polarization patterns.'¢4

Fig. 4.7 shows the results of transient ESR measurements performed on drop-
cast diF-TES-ADT films at temperatures between 40 K and 250 K. The full evol-
ution of the ESR spectrum as a function of time after photoexcitation for each
temperature is shown on the left (red = emissive, blue = absorptive transition),

and transients extracted at selected field positions as well as spectra extracted at

early times after photoexcitation are shown in the middle and on the right.

f Arnau Bertran, Gabriel Moise, and Claudia Tait performed trESR measurements and sim-

ulation.
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Figure 4.7 — Transient ESR measurements on diF-TES-ADT drop-cast films
at a series of temperatures. Time-dependent evolution of the ESR spectra as a
function of time after laser excitation (left, red = emissive, blue = absorptive), tran-
sients extracted at the field positions corresponding to the X canonical field positions
(322.5mT and 370.0 mT, center) and spectra extracted at early times after laser excit-
ation (0.1 - 0.5 ps, right). For temperatures up to 150 K, the scaled transients and ESR
spectra recorded on frozen solutions are displayed in the background. See Appendix A.6

for experimental details.

At 40K, the ESR spectrum recorded for diF-TES-ADT in drop-cast films
exhibits a triplet state ESR spectrum with an eeeaaa (e = emissive, a = ab-
sorptive) spin polarization pattern. The spectrum is characterized by zero-field
splitting parameters |D| = 1370 & 5 MHz and |E| = 50 & 5 MHz, in good agree-
ment with previously reported values from optically detected magnetic resonance
(ODMR).* The spin polarization pattern corresponds to relative populations of
px :py :pz = 0.45:0.36 : 0.19 across the zero-field spin sub-levels of the triplet

state (for D > 0, F < 0 in analogy to triplet states on other polyacenes, and
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supported by DFT calculations, see Fig. A.18 in the Appendix for details). This
is characteristic of triplet states on polyacenes generated by intersystem crossing
(ISC), with selective population of the Tx and Ty sub-levels, associated with
the two in-plane symmetry axes, by vibrational spin—orbit coupling.'?®1% This
spin polarization pattern is clearly distinct from the aeeaae pattern expected
for triplet states generated through singlet fission with selective population of the
high-field T sub-level independent of orientation (see Fig. A.17 in the Appendix).
Therefore, we conclude that the triplet state observed for diF-TES-ADT at low
temperatures is generated by ISC, as further confirmed by the excellent agreement
between the spin polarization pattern of the ESR spectra recorded for the drop-
cast film and for diF-TES-ADT in dilute frozen solution (|D| = 1420 + 5MHz,
|E| =324 5MHz, px : py : pz = 0.45: 0.36 : 0.197).

As the temperature is increased from 40 K to 250 K, the transient ESR spectra
recorded for the drop-cast films at 0.1-0.5 ps after photoexcitation change from
a symmetric eeeaaa spin polarization pattern to a mostly emissive spin polariza-
tion. At each temperature, the spin polarization evolves from a symmetric eeceaaa
pattern at very short times after laser excitation to a mostly emissive spin polar-
ization at longer times. The net emissive contribution becomes more evident and
starts contributing at earlier times as the temperature increases. Overall, the sig-
nal intensity of the observed triplet states decreases for increasing temperatures.
The observation of a net emissive polarization building up over time is unique to
the drop-cast films, while a symmetric polarization pattern still persists for the
frozen solution spectra in the probed temperature range (40 K to 150 K, below
the freezing point of toluene at 178 K), as evident from the comparison of transi-
ents and ESR spectra in Fig. 4.7 (see also Fig. A.16 in the Appendix for the full
dataset recorded in frozen solution).

A narrow emissive feature at 348 mT (g =~ 2.004) also becomes more prom-

inent for increasing temperatures. Similar features have been observed in other

"The slight change in ZFS parameters for diF-TES-ADT in drop-cast films and in solution

is likely due to effects of the different molecular environment on the spin density distribution.
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182,200 and can originate either from motionally averaged

singlet fission materials
highly mobile triplet states or from radical pairs formed by photoinduced charge
transfer. In diF-TES-ADT, the delayed rise of this contribution compared to that
of the triplet state signal (see Fig. A.19 in the Appendix for details), the nar-
row spectral width and the emissive polarization, lead us to speculate that this
contribution is due to a spin-correlated radical pair formed by charge separation
after formation of the triplet state by ISC, and probably in conjunction with the
triplet-triplet annihilation process, given that the relative weight of this contribu-
tion increases with the increased emissive triplet state polarization resulting from
spin-selective annihilation. The emissive polarization is inherited from the spin-
polarized triplet mentioned .2°! A detailed explanation of motional narrowing and
spectral broadening is provided in Appendix A.6.4.

We did not observe any contribution from strongly coupled triplet pairs form-
ing a quintet state for diF-TES-ADT at any of the investigated temperatures
(see Fig. A.17 in the Appendix for a simulation of the expected spectrum), in
contrast to what has been previously observed for exothermic singlet-fission ma-
terials, 92:176,180

A delayed net emissive triplet state spin polarization has been previously pro-
posed to result from triplet-triplet annihilation in antiferromagnetically coupled
triplet pairs?°? and first observed experimentally in anthracene-tetracyanobenzene
and phenazine-tetracyano-quinodimethane molecular crystals.?®> The origin of
the delayed net emissive spin polarization can be traced back to the spin se-
lectivity of triplet-triplet annihilation. The encountering triplets can form pairs
with total spin 0, 1 or 2, but annihilation is selective for encounter pairs with
overall spin 0 due to spin conservation. The remaining coupled triplet pairs with
overall spin 1 or 2 undergo spin mixing driven by spin-spin interactions and, com-
bined with the selective annihilation of any pairs with overall spin 0, this leads
to the build-up of a spin polarization that is inherited by the individual triplet

202

states after separation.”” Generation of this spin polarization requires mobile

triplet states, which can encounter within the material and separate again, and
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the presence of spin-spin interactions in the coupled triplet pairs surviving the
encounter. The absence of a net emissive spin polarization at low temperatures
(< ca. 40 K), where triplet exciton diffusion is frozen out, and the increase of this
contribution for increasing temperatures, and therefore increasing triplet exciton
mobility, supports interpretation of the evolution of spin polarization observed
for diF-TES-ADT films in terms of triplet-triplet annihilation.

The presence of triplet-triplet annihilation is further confirmed by fluence-
dependent trESR measurements performed at 100 K and shown in Fig. 4.8. An
increasing contribution of the delayed net emissive polarization, relative to the
initial eeeaaa polarization pattern, is observed for higher laser fluences, indicating

dependence of this polarization on the number of triplet excitons, as expected for

polarization originating from a bimolecular triplet-triplet annihilation process.?%
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Figure 4.8 — Transient ESR measurements on diF-TES-ADT drop-cast films
at 100 K for different laser fluences. Time-dependent evolution of the ESR spectra
as a function of time after laser excitation (left, red = emissive, blue = absorptive),
transients extracted at the field positions corresponding to the X canonical field posi-
tions (322.5 mT and 370.0 mT, center) and comparison of spectra extracted at different

times after laser excitation (right). See the methods section for experimental details.

The evolution of spin polarization of the triplet state spectra observed for the

diF-TES-ADT films at different temperatures and laser fluences can be modeled
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using a kinetic scheme originally proposed by Corvaja et al.?’® and including the
spin-selective unimolecular decay of the triplet sub-level populations, spin relax-
ation, and importantly, the bimolecular decay by triplet-triplet annihilation (see
Section A.6.5 in the Appendix). The resulting simulations of spectra extracted
at short times after photoexcitation are compared to the experimental results
in Fig. 4.9. To minimize the number of fitting parameters, the rate constants for
spin-selective triplet decay and relaxation were first extracted from simulations of
the frozen solution trESR spectra. Simulations for the drop-cast films were then
performed by only varying the rate constants for triplet-triplet annihilation. As
can be seen from the comparison of the experimental results with simulations in
Fig. 4.9, the kinetic scheme of Corvaja et al. captures all the important features
of the trESR spectra for the different experimental conditions. The simulations
confirm that triplet-triplet annihilation plays an increasing role at higher tem-

peratures and higher excitation intensities.
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Figure 4.9 — Comparison of experimental transient ESR spectra with sim-
ulations: results of measurements on diF-TES-ADT frozen solutions and drop-cast
films at a series of temperatures and at different laser fluences are modeled considering
spin-selective decay kinetics, relaxation processes and the effect of triplet-triplet anni-

hilation. See Appendix A.6.5 for simulation parameters and details of the simulation

procedure.

The absence of singlet fission-generated triplet states in trESR measurements
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and no evidence for the occurrence of singlet fission in the MFE data recorded
below 270K (Fig. 4.5) in combination with the observation of features origin-
ating from triplet-triplet annihilation in both MFE and trESR measurements,
indicate that bimolecular triplet-triplet annihilation dominates at low temper-
atures. TrESR further demonstrates that the triplets which undergo bimolecu-
lar triplet-triplet annihilation are initially generated by intersystem crossing.
However, transient absorption and emission spectroscopy®™*® show that !(TT)
is formed with a 2200 ps time-constant, independent of temperature.>”*> There-
fore, spin-forbidden intersystem crossing from S; is unlikely to compete with the
initial '(TT) formation, and this is supported by the lack of long-lived triplets in
transient absorption spectroscopy at room temperature.*> We therefore conclude
that the ISC-generated triplets observed in trESR originate from *(TT) via inter-
system crossing. At room temperature, we hypothesize that '(TT) separation to
form (T..T) is competitive with intersystem crossing and full singlet fission occurs
according to S;Sy—'(TT)—(T..T), as observed in the MFE measurements. At
temperatures below 270 K, however, intersystem crossing out-competes triplet-
pair separation and free triplets are mainly generated by intersystem crossing.
Y(TT)—T; is not unprecedented, as intersystem crossing is known to occur in

204 and, in these molecules, S; can be

carotenoids from the lowest-lying S; state
described as an intramolecular '(TT) state.??

In addition, the near-degeneracy between '(TT) and high-lying triplet states
Ty and T3 in diF-TES-ADTshould favor intersystem crossing. We can estimate
these triplet state energies from previous studies: from phosphorescence spectra®®
E1,=1.08¢V, and from transient absorption spectral®, the vertical triplet ener-
gies (at the Ty geometry) are Er, = 2.20eV and Et, = 2.33 eV. Assuming relaxa-
tion along the triplet potential energy surface to be on the order of 200 meV?2%-2%
we put the relaxed triplet energies at Ep,=2.00eV, Ep, = 2.13eV. These triplets
are almost degenerate with '(TT) — E(rr)=2.13eV*. It is therefore reasonable

that intersystem crossing can occur from '(TT) to TySy and/or T3S, followed

by rapid internal conversion to TSy, as shown in the energy level diagram in
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Figure 4.2b.

We note that it is possible that Ty is generated from !(TT) via a different
mechanism, where '(TT) converts first to >(TT) before internally converting to
T,. However, since the 3(TT) states are antisymmetric relative to interchange
of the two partners and the '(TT) and °(TT) are symmetric, the !(TT)—3(TT)
conversion is less efficient than *(TT)—5(TT). Therefore, we would expect that
if 3(TT) were generated, (TT) should also be generated, and we see no evidence

of quintets in the trESR data.

4.2.4 MFE simulation and kinetic modelling

Energy
(not to scale)

Figure 4.10 — The updated kinetic scheme involving singlet fission at temperatures
ranging from 270K to RT and intersystem crossing at temperatures below 270 K. The
rates used in our model are marked in the figure. Here kg, kttnrs and kin, include both
radiative and non-radiative decay to the ground-state. The relative energies are NOT to
scale (separation between T..T levels is on the order of 1-10 peV, and exchange energy
2.J between SyS1/SoT; is on the order of 1eV, while the difference between '(TT) and
T1+T; is ~30meV).

To test our hypothesis, we simulated the MFE data at both RT and 100K us-
ing a model based on the modified Merrifield kinetic model described in Ref.?”

This modified Merrifield model has been shown to correctly simulate the pre-
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dicted room temperature MFE data at both early and late delay times for diF-
TES-ADT films.?” Here, we further modified the model to include temperature-
dependent triplet hopping and intersystem crossing from !(TT).

Figure 4.10 presents the scheme of our kinetic model. The associated rate

equations are:

d[dstl] = — (kst + ko) [S1] + kgt (TT))]
w = ky[S1] — (k_sf + krsc + Knopt é |Cs[* + kcm*) [{(TT)]
+ k:_hopli; CSP[(T..T)]
dKTT;T)Z] — Fnopt [CKPT(TTY] = (k- papl CL + nope + Kine + Fretex) [(T-T)'
+ %kmam? + ékzrelax ;[(T--TV ]
T — (e ) ST+ s (U] k[T T

=1

The rate constants used to model the magnetic field effects were obtained by fit-
ting time-resolved photoluminescence measurements on a diF-TES-ADT film as
a function of temperature and laser fluence, as described in Ref.?” In that work,
we also simulated the magnetic field effects using only rates obtained from time-
resolved spectroscopy. Here, having modified the rate model from our previous
work to include temperature-dependent triplet hopping and intersystem cross-
ing terms, we modified the original rates only slightly to reduce the number of
fitting parameters to a minimum (see Appendix A.5 for more details). For ex-
ample, while in Ref.?7, by, was used to describe both ISC and the non-radiative
decay of '(TT), here we explicitly include kjgc and denote the rate constant
of non-radiative processes as ki, to distinguish it from the overall rate used
previously. In addition, we modified ko, to include a temperature dependence:
khop* = khopoe(;;%) , Where kyope is calculated based on kpop at RT from Ref.?",
kg is the Boltzmann constant, and AF is the activation energy for triplet-pair

separation (AE=20meV according to Ref.*?).
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Figure 4.11 — Comparison of experimental results and simulations of MFEs
on the photoluminescence. The diF-TES-ADT drop-cast film is measured at 532 nm
across different delay times, from 5ns to 1us, at (a,b) room temperature and (c,d)
100 K, respectively. The simulation and the data of the MFE at RT and 100K are in
reasonably good agreement in terms of the shape, intensity, and zero-crossing over the

entire time range.

As presented in Figure 4.11, we find that the simulation and the data of the
MFE at RT (Fig. 4.11a,b) and 100K (Fig. 4.11¢,d) are in reasonably good agree-
ment in terms of the shape, intensity, and zero-crossing over the entire time range.
There are some discrepancies in the dynamics, which are due to the simplicity of
the model, but overall the physics of the system is well represented by the model.

In addition, Figure 4.12 shows simulations of the power-dependent MFE data
reported in Fig. 4.6. For this simulation, the reported laser power, measured in

nW, had to be converted to the exciton density, measured in cm™. However, the
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potential excitation densities vary by approximately three orders of magnitude
due to the non-uniform thickness of the drop-cast film. Accurately determining
the excitation densities for this specific sample is somewhat challenging. Con-
sequently, we use the thin film’s excitation densities in our simulation since we
possess precise measurements of the film’s thickness. Details of the fluence de-
pendence simulation and exciton density calculation are included in Section A.5.3.

The simulation in Fig. 4.12b reproduces the drop in the TTA-MFE as the
exciton density rises and broadly shows good agreement with the experimental

MFE behavior of Fig. 4.12a.
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Figure 4.12 — Fluence-dependent MFE simulation. Comparison of (a) exper-
imental results and (b) simulation of the fluence-dependent magnetic field effect of
diF-TES-ADT drop-cast film measured at 523 nm at 100 K. The simulation shows the
drop in the TTA-MFE as the exciton density rises and broadly shows good agreement

with the experimental MFE behavior.

4.3 Conclusion

In conclusion, in this study we showed that, despite a temperature-independent
formation of strongly exchange-coupled *(TT) in crystalline diF-TES-ADTfilms,
demonstrated in earlier work®** the formation of weakly coupled (T..T) is

highly temperature-dependent. Fluorescence-detected magnetic field effects, for
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example, showed no signature of singlet fission below 270 K and transient ESR
showed no signatures of quintet states or singlet fission-generated triplets at
any temperature between 40 and 250 K. Instead, our results suggest direct in-
tersystem crossing (ISC) from bound triplet pairs to individual triplet states,
Y(TT) — TSy, takes place at low temperatures, whereas singlet fission only be-
comes dominant at higher temperatures. These findings, supported by magnetic
field effect and trESR experiments, reveal an additional decay pathway of the
biexcitonic '(TT) state through ISC and therefore an additional variable to con-
sider when designing singlet fission materials for quantum or solar applications.

In organic systems without heavy atoms, ISC is mostly driven by vibronic
spin-orbit coupling.!® A competition between ISC from S; and singlet fission has
previously been observed in crystalline tetracene?®” and other systems,!90:208-210
where ISC was enhanced by small energy gaps or near degeneracy of S; and high
energy triplet states or spin-orbit charge-transfer ISC.?! This work thus adds to
an increasing amount of evidence that ISC can out-compete singlet fission, in the
case of diF-TES-ADT, even following the initial step of singlet fission forming the
1(TT) state, through a potentially important additional loss pathway.

Even though singlet fission is suppressed at low temperatures in diF-TES-
ADT, triplet-triplet annihilation of the ISC-born triplet states remains allowed
down to cryogenic temperatures, where decreased triplet state mobility starts
to prevent encounters. Generation of the '(TT) state not only by singlet fis-
sion but also by bimolecular triplet-triplet annihilation, as observed in previous
optical studies,>” allows comparison of the role and dynamics of this state in
the two multiexciton processes. We find that, in diF-TES-ADTfilms, bimolecular
triplet-triplet annihilation does not populate quintet states efficiently enough, or
the formed states are not long-lived enough to be observed with trESR, as op-
posed to significant evidence for contribution of these states to the singlet fission
mechanism in several other materials.?*92:176:180-190 Thjg finding could indicate
stabilization of '(TT) with respect to °(TT), as expected from configuration in-

teraction arguments”™ and may have implications for triplet-triplet annihilation
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up-conversion.

Finally, our study further highlights the importance of combining a range
of different optical and magnetic resonance spectroscopic techniques to obtain
a full picture of the photophysical processes in materials for singlet fission and
triplet-triplet annihilation. Only by combining the ability to identify formation
of the }(TT) state by photoluminescence spectroscopy, the unequivocal assign-
ment of the formation mechanism of the observed independent triplet states to
ISC based on the spin polarization pattern in trESR spectra and the evidence
from both temperature- and fluence-dependent magnetic-field-dependent photo-
luminescence and trESR experiments for bimolecular triplet-triplet annihilation,

we were able to fully unravel the photophysics of the diF-TES-ADTsystem.
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Chapter 5

The investigation of excitation
dependence reveals ultrafast
intersystem crossing in tetracene

dimers

Intersystem crossing (ISC), facilitated by spin—orbit coupling between singlet and
triplet states, leads to population of the triplet manifold, which is fundament-
ally responsible for phosphorescence.?'?'? The timescales for ISC are often much
slower than those of the corresponding singlet transitions. Nevertheless, examples
of ultrafast intersystem crossing are present, although mostly in molecular sys-
tems including heavy atoms.*” In this chapter, we investigate the ultrafast inter-
system crossing and triplet generation in tetracene derivatives using picosecond
transient absorption spectroscopy as a function of excitation wavelength. We find
that triplets are generated by ultrafast intersystem crossing in some tetracene
dimers and monomers. The results suggest that intersystem crossing is influenced
by the excitation wavelength, and the triplet yield increases at higher excitation

energy.

fThe majority of the work presented in this chapter is my own; contributions from collab-

orators are explicitly noted.
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5.1 Introduction

For over fifty years, researchers have used polyacene crystals, such as pentacene,
tetracene, anthracene, and naphthalene, as models to study the fundamental elec-
trical and optical characteristics and reactions of various organic semiconduct-
ors.?13214 Researchers have also demonstrated the effectiveness of polyacenes as
materials for singlet fission. In singlet fission, the photoexcited singlet excited
state S; rapidly converts into the singlet-triplet pair state (TT), which, by spin
evolution, produces the quintet triplet pair state °(TT). New theoretical investig-
ations have demonstrated that specific sub-levels of the quintet can be selectively
populated when the chromophores’ orientations are parallel.??!> In Chapter 7,3
we demonstrate that a long quantum coherence time of the quintet state can be
achieved by arranging two pentacene chromophores in parallel orientation; how-
ever, this state can not be optically read out. In this chapter, we investigate tet-
racene derivatives, which are energetically more comparable to diF-TES-ADT.
Our objective is to identify a system that not only forms a quintet state but
also allows for optical readout. To achieve this, we first examine whether these
tetracene-based systems undergo efficient singlet fission.

The °(TT) manifold, which is born in SF, is seen as a new platform for the
production of a quantum bit (qubit) because of its optically excited strong spin
polarization and its capacity to perform fast quantum gate operations using mi-
crowave pulses.?>1% One of the primary advantages of molecular-based quantum
bits is that their structure is atomically uniform and may be chemically modified
to precisely regulate their properties and structure.?'?!” Preparing the initial
pure quantum state in the qubit and having a suitably long quantum coherence
time are needed for any quantum applications.

Among the various materials investigated for their potential in such applica-
tions, tetracenes and pentacenes stand out as the most extensively studied mo-
lecules.* 4849 Crystalline tetracene has dominated most of the singlet fission re-

search.?'®219 In tetracene crystals, the triplet state’s yield is far over 100%, and
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even somewhat near to 200%.%'Y However, the investigation of singlet fission mech-
anisms in crystalline tetracene is complicated due to the complexity of this ma-
terial, arising from the presence of multiple defect states and the singlet exciton
delocalization.??? As the smallest feasible systems capable of undergoing singlet
fission, covalently bonded tetracene dimers are therefore suggested.3*8

Bardeen introduced a set of linear tetracene dimers that were covalently bon-
ded.??1222 Nevertheless, despite the significantly high singlet fission yields ob-
served in crystalline tetracene, these linear molecules exhibit singlet fission yields
of 2-3%. The low yield in these molecules is attributed to the weak interaction
between the two tetracene subunits. Furthermore, another study has reported
comparable low triplet quantum yields (~ 9%) in a set of synthesized covalently
bonded linear dimers.??® The findings indicate that the weak interactions among
the dimers subunits account for reducing singlet fission yields, which was addi-
tionally confirmed by theoretical calculations.??* To enhance the singlet fission
yield, it is essential to modify the two tetracene subunits’ interaction by altering
their relative orientations.?*

In the present work, new macrocyclic parallel tetracene dimers were synthes-
ized by Wataru Ishii at Kyushu University in Japan to examine their photo-
physics and determine the ideal conditions for singlet fission. These dimers are
connected by Schiff-base chemistry (Fig 5.1), which is used for the production
of dynamic covalent bonds.'®1??%226 The benzene ring and the m-n interactions
between tetracene units form a rather rigid bridge structure. This stops the tet-
racene moieties from rotating freely and lines up the tetracene units in parallel.
The close parallel arrangement of neighbouring tetracene was expected to facil-
itate rapid intramolecular singlet fission and the selective formation of quintet
states. However, we do observe a low yield of triplets. These form even in the
monomer with an excitation-wavelength dependence. We explore the mechanism
of triplet formation in these molecules using excitation wavelength-dependent

transient absorption spectroscopy and conclude ultrafast intersystem crossing

(ISC) in DPT-dimer 1 and its monomer. These results are consistent with other
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studies indicating that, under specific conditions, an ultrafast intersystem crossing

227228 " and other organic mo-

process occurs in some tetracene dimers, monomers,
lecules.??”230 We demonstrate, in this work, that intersystem crossing is sensitive
to the excitation wavelength and the triplet yield increases at higher excitation
energy. This finding lays the groundwork for future research into triplet state-

involved photophysics and photochemistry in tetracene derivatives.

5.2 Results and discussion

5.2.1 Model systems

e

D = 7 DPT-dimert

DPT-dimer2

DPT-dimer3

Figure 5.1 — Synthetic scheme. Monomeric tetracene dialdehyde (TDA) was used
to synthesize DPT-dimerl (top), DPT-dimer2 (middle), and DPT-dimer3 (bottom).

DPT-dimers were synthesized using the monomeric tetracene dialdehyde (Tetracene-

2,6-dicarboxaldehyde) (TDA) combined with m-xylylenediamine for DPT-

fTDA monomer and DPT-dimers were synthesized by Wataru Ishii at Kyushu University in

Japan



5.2  Results and discussion 99

dimer 1, 1,3-Cyclohexanebis(methylamine) for DPT-dimer 2, and 1,3-Bis[2-(4-
aminophenyl)-2-propyl]benzene for DPT-dimer 3, as illustrated in Figure 5.1.
The chemistry of dynamic covalent bonds, such as Schiff-base formation, can
selectively yield the thermodynamically most stable molecules.!®*!52 The carbon-
carbon distance between the two tetracene units ranges from 3.79 A in DPT-
dimer 1-2 and 3.89 A in DPT-dimer 3, showing the existence of n-n interactions,

as presented in Figure 5.2.

Figure 5.2 — Single crystal structure. The distance between the two tetracene
units are (a) 3.79 in DPT-dimer 1-2 and (b) 3.89 in DPT-dimer 3 (Solvent molecules

and hydrogen atoms are deleted for clarity).

Steady-state absorption spectra of TDA monomer (black solid line) and DPT-
dimer 1 (blue solid line) in toluene at room temperature are presented in Figure
5.3. It is noticeable that the absorption spectrum of TDA monomer is slightly
different from that of DPT-dimer 1. The absorption spectrum of TDA monomer
shows three separate bands, where the most intense is located at 495 nm, fol-
lowed by 463 and 435 nm. The vibronic progression 0-0, 0-1, and 0-2 causes the
individual peaks to appear. Similarly, the DPT-dimer 1 spectrum shows three
absorption peaks, observed at 498, 466, and 439 nm; however, the 466 nm band
is now the most intense. The reduction of the 0-0 peak of the dimer is associ-

ated with H-aggregate formation (weak electronic coupling), as illustrated in the
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right inset in Figure 5.3.1°* Note that DPT-dimer 1 absorption spectrum bands
are broader than that of the monomer with a slight redshift of ~ 3 nm. This is
due to the m-m interaction between the tetracenes.'® The excitonic interactions
between tetracene chromophores in the dimer structure were investigated from
the absorption spectra of DPT-dimer 1 at room temperature. Beer-Lambert plots
of toluene solutions of DPT-dimer 1 showed that it is in the molecularly dispersed
state up to 100 pM (Figure 5.4).
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Figure 5.3 — Steady-state absorption and fluorescence. Normalized absorption
(solid line) and fluorescence (dotted line) spectra of TDA monomer (black) and DPT-
dimerl (blue) in toluene solutions at room temperature. The left inset presents the
chemical structure of TDA monomer and DPT-dimer 1, whereas the right inset depicts
the absorption and fluorescence spectra, which were normalized to the 0-1 peak to

emphasize H-aggregate formation, characterized by a suppression of the 0-0 peak.

The fluorescence spectrum of DPT-dimer 1 (blue dotted line) presents broad
emission bands at around 517 and 544 nm, but the band at 544 nm has been en-
hanced due to the interactions between the two tetracene subunits. A noticeable
red-shift of about 3nm in DPT-dimer 1 compared to that of the TDA monomer

(black dotted line) is shown in Fig.5.3. The concentrations of the monomer and
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dimer solutions for this experiment were very low, around 100 pM, therefore min-
imizing any reabsorption effects. Thus, we don’t believe that the observed de-
crease in the dimer peak at 517nm is because of the self-absorption. Rather,
the suppression of the 0-0 peak in the dimer, particularly when normalized to
the 0-1 peak as shown in the right inset in Figure 5.3, suggests the presence
of H-aggregate formation. Comparable spectroscopic features were also observed
for a covalently bonded tetracene dimer and its monomer in Ref.'> Absorbance
and photoluminescence spectra of the dimers2 and 3 are similar to those of di-
mer 1. Consequently, we have concentrated on dimer 1 and its comparison to the

monomer to streamline our discussion and provide a more focused analysis.
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Figure 5.4 — Concentration-dependent absorption spectra of DPT-dimer 1.}
(a) Absorption spectra of DPT-dimer 1 in toluene solution at different concentrations
ranging from 100 pM to 3.125 pM. (b) Beer-Lambert plot of DPT-dimer 1 in toluene at
468 nm. The fitted linear line (red) indicates DPT-dimer 1 is molecularly dispersed in

toluene up to 100 pM at room temperature.

A normalized time-resolved fluorescence decay excited at 470 nm and detected
at 630 nm of TDA monomer (black line) and DPT-dimer 1 (red line) is shown in
Figure 5.5. The decays at 0.05 mol% in a polystyrene film at room temperature are
shown in Figure (5.5 a), whereas Figure (5.5 b) displays the fluorescence decays at

100 pM in toluene solution at 77 K. In both polystyrene film and solution, DPT-

fThis measurement has been conducted by Wataru Ishii at Kyushu University in Japan
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dimer 1 exhibits longer-lived delayed fluorescence compared to the monomer’s
emission. In polystyrene film, the monomer’s decay exhibits single-exponential
behaviour with a short lifetime of t=13ns. In contrast, DPT-dimer 1 exhibits
a biexponential decay with two unique time constants; a rapid decay compon-
ent of t=13ns and a delayed component of t=46ns. A similar trend was noted
in the dimer solution at 77 K, characterized by a rapid decay time of t=15ns
and long-delayed fluorescence with t=123ns. This long-lived component indic-
ates that the covalent linking in the dimer introduces new activation pathways
that are absent in the monomer. It may indicate delayed fluorescence arising
from the intramolecular recombination of two triplets generated within the same
dimer. Intermolecular triplet-triplet annihilation resulting from diffusive inter-

actions between distinct molecules can be excluded, as the extended decay is

observed for dimer 1 in both solution and film, but never for the monomer.?!%:2?!
Polystyrene film, RT Solution, 77 K
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Figure 5.5 — Photoluminescence Lifetime.! Time-resolved fluorescence decays of
TDA monomer (black line) and DPT-dimer 1 (red line) at (a) 0.05 mol% in polystyrene

film at room temperature, and (b) 100 uM in toluene solution at 77 K.

"This measurement has been conducted by Wataru Ishii at Kyushu University in Japan
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5.2.2 Investigation of singlet fission and triplet formation

in tetracene dimers

Femtosecond transient absorption (TA) was subsequently measured to investig-
ate the dynamics of photogenerated states in TDA monomer and DPT-dimers
in solution. Figure 5.6 displays the transient absorption’s false-colour map (left),
spectra (middle), and normalized dynamics of the main species (right) for the
TDA monomer (Fig 5.6a), DPT-Dimer1 (Fig 5.6b), DPT-Dimer2 (Fig 5.6¢),
and DPT-Dimer 3 (Fig 5.6d) in toluene at room temperature. The data obtained
following on-resonance 500 nm excitation wavelength with an average pump power
of 1mW. For reference, the absorption and emission spectra of the ground elec-
tronic state are presented in solid and dashed grey lines, respectively.

The positive transient absorption features over the spectral range indicate
a photo-induced absorption (PIA). Compared to the steady-state absorption,
ground-state bleach (GSB) depopulation accounts for the negative features at
~ 467nm and 495nm. TDA monomer after 500 nm excitation shows excited
state absorption characteristics at 415, 476, and 630 nm. These features are iden-
tified in the TA plot as PIA1, PIA2, and PIA3, respectively. On the other hand,
similar excited state absorption features are seen at ~ 415, 483, and 636 nm in
the dimers. Random change in intensity in the 500 nm region originates from the
excitation pulse, which is scattered into the detector and cannot be fully removed
by data processing.

In the TDA monomer (Fig 5.6a), the pronounced excited state absorption
(PIA1) at 415nm has decayed on the nanosecond timescale (7~12ns), indicating
a transfer of excitation energy to lower energy states. This species was attributed
to singlet excitons based on a comparable study on tetracene in solution.??® A
notable small feature (PIA2) at 476 nm appears on a 20 ps timescale and increases
after the decay of S; state, signifying its long-living character. Several studies have
shown that the lowest-lying triplet excited state of tetracene and its derivatives

exhibits high absorption in the region between 400 and 500 nm.?%:231-233
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Figure 5.6 — Transient absorption spectroscopy of TDA monomer and DPT-
dimers. Transient absorption false-colour map (left), spectra (middle), and normalized
dynamics of the main species (right) for (a) TDA monomer, (b) DPT-Dimer 1, (¢) DPT-
Dimer2 and (d) DPT-Dimer3 in toluene at room temperature obtained at 500 nm
excitation wavelength with an average pump power of 1 mW. Ground electronic state
absorption and emission spectra are shown in solid and dashed grey lines, respectively,

for reference.

As this peak is rising slower than the others, this strongly suggests the formation
of triplet excitons through a slower process such as intersystem crossing. An
additional photo-induced absorption peak (PIA3) is seen at 630 nm presenting

a shorter lifetime, which can be attributed to singlet absorption, as reported in
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Burdett’s study.?!? A negative feature appears at 543 nm matches well with the
steady-state PL spectrum, caused by stimulated emission (SE) from TDA’s S;
state.

In summary, the excitation of TDA monomer generates S; (SE, PIA1, PIA3)
which decays radiatively and non-radiatively, including forming triplets (PIA2)
on 10-100s of picosecond timescales.

Transient absorption spectra of tetracene dimers display similar species as
the monomer. DPT-dimer 1 and 2 presented in Figure 5.6 (b,c) show comparable
singlet state absorption at ~ 415 nm (PIA1) and 636 nm (PIA3). The singlet state
lifetime is about 10 ns, which aligns with the photoluminescence lifetime measured
in the time-resolved fluorescence decays in Figure 5.5. A few nanometer blue shifts
over time are seen in the singlet feature at 415 nm (PIA1), which may be caused
by dimer exciton delocalization.?* A small feature at 483nm (PIA2) could be
associated with triplets,?*® but as it forms more slowly than the PIA2 feature in
the TDA monomer at 476 nm (PIA2) (on a 500 ps timescale in dimer 1 and on
50 ps timescale in dimer 2), we conclude that singlet fission is not present - or is
at least very inefficient - in these dimers. In the dimers, we do however observe a
new PIA feature, PIA*, at 355 nm.

This feature aligns well with a strong steady-state absorption feature for tet-
racene radical cation near 355 nm, as reported in previous studies (Fig 5.7).236:237
This suggests that the feature at 355 nm in the dimers is indicative of a charge
transfer (CT) state. A strong absorption feature is also observed around 400 nm in
the steady-state spectrum of the tetracene radical cation (Fig 5.7). Based on this,
we would expect a second CT-state-related band to appear near this wavelength
in the transient absorption spectrum of the dimers. While the presence of a transi-
ent feature at 400 nm is consistent with this expectation, its assignment remains
uncertain without further evidence. To confirm whether either or both of the
355 nm and 400 nm features correspond to CT states, additional experiments are
required, particularly TA measurements in solvents with different polarity. Chan-

ging the solvent polarity is expected to cause a significant shift in the energy
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of the CT band. Observing such solvent-dependent changes would support the
CT-state assignment and help distinguish these features from other excited-state
species.??®

At 630nm, the transient absorption spectra of the dimers exhibit a singlet
characteristic that decays differently compared to the monomer. It has a reduced
curvature and demonstrates a longer lifetime compared to the monomer. At this
wavelength, another reported tetracene radical cation absorption peak is shown

236,237

in the same references. The variation in the dynamics, together with the ob-

served feature at 355 nm, may indicate a mixed singlet-CT state in DPT-dimers.
Such state mixing in our dimer system aligns with the findings of Young et al.,*,
who experimentally discovered the coherent mixed state in covalent dimers. This
mixed charge transfer /Frenkel exciton (CT/FE) state can also explain the delayed
fluorescence signal in the time-resolved fluorescence (Figure 5.5) despite the ab-
sence of singlet fission.?3%240

Alternatively, it could be a relaxation pathway in which the singlet evolves

toward a charge-transfer character.?*!

15}

absorbance

200 300 400 500 600 700 800 900 1000

wavelength(mp )

Figure 5.7 — Tetracene radical cation absorption spectrum. It exhibits a pro-
nounced steady-state absorption feature at around 355 nm, in addition to a small ab-
sorption peak at 630nm, which aligns well with PIA species in the TA data of the

dimers. Reproduced from Ref.?37
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5.2.3 Excitation wavelength dependence shows high-level

intersystem crossing

TDA monomer To characterize the tetracene behavior more comprehensively,
excitation wavelength-dependent transient absorption studies were conducted fo-
cusing on DPT-dimer 1 and its monomer. Figure 5.8 presents transient absorp-
tion’s false-colour map (left), spectra (middle), and normalized dynamics of the
main species (right) of TDA monomer recorded at Aexe= 450 nm (Figure 5.8 b)
in addition to the previously recorded TA data at A= 500nm (Fig 5.8a),
with an average pump power of 1 mW. Distinct variations are highlighted by the
monomer’s excitation-dependent TA measurements, which center on the genera-
tion of the triplet feature at 476 nm and the behaviour of singlet state absorption
at 415nm. It is noticeable that the singlet state decays faster at (Aexe= 450 nm)

compared to (Aexe= 500 nm), indicating that the excitation wavelength affects the
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Figure 5.8 — Excitation wavelength dependence of transient absorption spec-
troscopy for TDA monomer. Transient absorption’s false-colour map (left), spectra
(middle), and normalized dynamics of the main species (right) of TDA monomer in
toluene solution at the excitation wavelength (a) 500 nm and (b) 450 nm, with an av-

erage pump power of 1 mW.
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At 476 nm, the dynamics in Figure 5.8 b demonstrate different behaviour com-
pared to that given in Figure. 5.8 a. While exciting TDA monomer with (Aexe=
500nm) resulted in a gradual triplet state generation by intersystem crossing,
the excitation at (Aexe= 450nm) facilitated a more rapid generation of this state
within the instrument response time of approximately 100fs, and a longer decay
time compared to the singlet states. This notable excitation-dependent behaviour
is examined in greater detail in Figure 5.9, which highlights the distinctions in this
species at different excitation wavelengths and compares it with a documented

235 The triplet feature in our

sensitised triplet absorption in tetracene solution.
TA data exhibits a little blue-shift of about 5 nm and a broader shape compared

to the sensitised triplet absorption feature (black dotted line).
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Figure 5.9 — Intersystem crossing triplet state formation presented in Fig 5.8
at 476nm. A zoomed-in feature associated with triplet state formation in TDA
monomer at the excitation wavelength of (a) 500nm and (b) 450 nm, highlighting a
slow and fast intersystem crossing triplet formation, respectively. The dashed black lines

present a sensitized triplet state absorption in tetracene solution reported in ref.?3

A potential reason for this unexpectedly rapid triplet state population at
450 nm excitation is the dimerization or aggregation of TDA molecules, which sub-
sequently promotes singlet exciton fission. To exclude this possibility, the data re-
corded at Aexe= 450 nm was at the lowest achievable concentration (~3x 107° M),
which is lower than the concentration used for the TA measurement at 500 nm

pump (~4.5 x 1075 M). Hence, SF would most likely be seen in the higher con-
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centration TA measurement, where molecular interactions are more pronounced,
but this is not the case. Further detailed arguments are provided below for di-
phenyltetracene (DPT), section 6.2.4.

The most likely reason for the triplet state formation at 450 nm excitation is
the occurrence of ultrafast intersystem crossing. Birech et al. (2014) reported a
similar rapid intersystem crossing triplet state formation in tetracene monomer
at 20 ps time scale after excitation.??® He proposed that the T, state is close to
the S; state, hence promoting rapid intersystem crossing to the triplet manifold.

He further developed a model to elucidate that, shown in Figure 5.10.
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Figure 5.10 — Model proposed by Birech et al.??® to explain rapid intersys-
tem crossing triplet exciton formation. The detected triplet signal arises from
T —T), transitions within the monomer. With S; lying above Ty in energy, the like-
lihood of rapid intersystem crossing increases, allowing it to compete effectively with

internal conversion.

DPT-dimer 1 Similar to its monomer, excitation-dependent TA in DPT-
dimer 1 reveals notable differences in the triplet formation at 483 nm, alongside
the behaviour of the singlet state absorption at 415nm. Figure 5.11 displays
transient absorption spectra (left) and normalized dynamics of the main species
(right) of DPT-dimer 1, obtained at 1 mW pump power. In addition to the previ-
ously recorded TA data at Aexe="500nm (Fig 5.11a), the TA at Aexe=450nm in
the visible region is presented in Figure 5.11 b. We conducted this measurement in

the visible region to narrow down our observations on the behaviour of the triplet
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species at 483nm. A few months later, transient absorption at Aex.=450nm
was remeasured using a UV-visible probe to get the data shown in (Fig 5.11c¢).
The concentrations of the dimer 1 solutions used in these measurements were

7.65 x 1075 M, 7 x 107> M, and 3.8 x 107> M respectively.
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Figure 5.11 — Excitation wavelength dependence of transient absorption
spectroscopy for DPT-dimer 1. Transient absorption spectra (left) and normal-
ized dynamics of the main species (right) of DPT-dimer1 at excitation wavelengths
of (a) 500 nm, and 450 nm using (b) visible probe, and (c) UV-visible probe in toluene
solution at concentrations of 7.65 x 1075 M, 7 x 107® M, and 3.8 x 10~° M, respectively.

The average pump power is 1 mW.
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As illustrated in the TDA monomer, the singlet state at 415nm in the di-
mer decays more rapidly at (Aexe= 450nm) compared to (Aexe= 500nm), since
the relaxation pathways and excited state lifetimes are affected by the excitation
wavelength.?*? Triplet state absorption at 483 nm exhibits distinct behaviour de-
pending on the excitation pump. The TA data demonstrated a gradual formation
of the triplet state absorption at Aexe=500nm (Fig 5.11a), which might be at-
tributed to the intersystem crossing. However, Aex.=450nm forms a more rapid
triplet species within the instrument response time (~100fs) and possesses an
extended lifetime, as illustrated in Figure 5.11 b. The data shown in Figure 5.11 ¢
presents the TA measurement taken on the same sample at A= 450 nm after a
few months. It reveals a similar fast triplet formation process but with a shorter
triplet lifetime, indicating a faster decay of the triplet species. This change sug-
gests possible sample degradation over time, likely occurring in the solid-state
sample. Such degradation could affect molecular packing and influence the ob-
served triplet-state kinetics.

A similarly reduced triplet lifetime was seen in the TDA monomer when ex-
cited at 450 nm (Fig. 5.8b), attributed to a possible sample degradation over
time. This measurement was also conducted a few months after the arrival of the
sample. It is important to note that for all transient absorption measurements,
all solutions were prepared inside a glovebox to prevent oxygen exposure, and
the measurements were conducted within an hour of sample preparation. Further
experimental details are provided in Section 3.4.1

At Aexe=450nm, the potential for SF cannot be entirely dismissed given the
existing information. Nonetheless, it is unlikely that SF occurs in the dimer since
the triplet production demonstrates identical wavelength dependence in both the
monomer and dimer. Therefore, rapid triplet generation is presumably a result of
ultrafast intersystem crossing. A newly published study by Bogomolov et al.?*"
reported a rapid intersystem crossing triplet exciton formation in tetracene dimer.
This work shows that, due to the presence of a low-lying charge transfer state

and the small energy gap between the singlet S; and triplet T5, the intersystem
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crossing process occurs significantly faster in the dimer compared to bare tetra-
cene. This fast ISC process produces a dark state in tetracene, which is attributed
to the temperature-independent process. Therefore, the tetracene dimer may be
viewed as a shared structural unit capable of facilitating both singlet fission and
rapid intersystem crossing.

Figure 5.12 presents a zoomed-in feature associated with triplet state form-
ation in DPT-dimer 1, highlighting the significant difference in the intersystem
crossing dynamics. It clearly shows the gradual and rapid triplet generation at
500nm (Fig 5.12a) and 450nm (Fig 5.12b), respectively. This triplet feature
matches well with the sensitized triplet state absorption (black dotted line) re-
ported in Ref.?3
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)0‘00015 pump b) | o, Dimerl, pump:450nm
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Figure 5.12 — Intersystem crossing triplet state formation presented in
Fig 5.11 at 483nm. A zoomed-in feature associated with triplet state formation in
DPT-dimer 1 at the excitation wavelength of (a) 500 nm and (b) 450 nm, highlighting a
slow and fast intersystem crossing triplet formation, respectively. The dashed black lines

present a sensitized triplet state absorption in tetracene solution reported in Ref.?3

5.3 Conclusion

We investigated, in this chapter, the photophysical properties of new macrocyclic
parallel tetracene dimers, and illustrated the mechanism of triplet formation us-
ing excitation wavelength-dependent transient absorption spectroscopy. Utilizing

picosecond transient absorption spectroscopy in solution, DPT-Dimer 1 and its
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monomer display ultrafast intersystem crossing triplet production at higher excit-
ation energy (450 nm), whereas exciting the molecule with lower energy (500 nm)
reveals a slow intersystem crossing process. These results suggest that intersys-
tem crossing is influenced by the excitation wavelength in this system, and the
triplet yield increases at higher excitation energy. Therefore, tetracene dimer may
be viewed as a shared structural unit capable of facilitating both singlet fission
and rapid ISC processes.

Moreover, transient absorption experiments in the dimers exhibited the gen-
eration of new excited-state species, aligning with the absorbance of the tetracene
radical cation. This feature indicates the existence of a charge transfer state in
tetracene dimers. Additionally, we observed possible mixing of electronic states
in the dimers, where the excited singlet state absorption at 630 nm aligns with
another radical cation absorbance feature, resulting in a dynamic change in the
dimers relative to the monomer. In this species, the singlet and charge transfer
states are coherently mixed, resulting in a hybridization of these states.

These findings demonstrate the complexity and variety of excited-state dy-
namics in tetracene derivatives. We showed how molecular structure and excit-
ation conditions impact triplet-state formation, which provides useful inform-
ation regarding how these variables affect intersystem crossing, singlet fission,
and charge transfer processes. While our results provide new information on
excitation-dependent ISC and the CT state in macrocyclic dimers, comparable be-
haviours have been seen in previous research on tetracene-based systems.??7243:244
Our results provide useful guidelines for developing tetracene-based systems for
quantum technologies, solar energy conversion, and other photophysical applica-
tions. Furthermore, these results contribute to understanding unusual behaviours
reported in photovoltaics, light-emitting devices, and transient absorption meas-
urements, as well as guiding the optimization of experimental settings and the

interpretation of spectroscopic data.
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Chapter 6

Excitation wavelength
dependence in tetracene

Imonoiers

In the previous chapter, newly synthesized tetracene dimers and their monomer
demonstrated excitation wavelength dependence through picosecond transient ab-
sorption spectroscopy. The excitation energy affects these tetracene derivatives
and has demonstrated a strong correlation between excitation energy and in-
tersystem crossing dynamics. This finding indicates that higher energy in the
excited state promotes effective spin conversion, perhaps via vibronic coupling
or state mixing processes. In this chapter, we aim to explore if this behaviour is
intermolecularly impacted or whether it is fundamental to tetracene-based sys-
tems. Therefore, we broaden our study to include more monomeric tetracene com-
pounds. Through excitation wavelength-dependent picosecond transient absorp-
tion spectroscopy, we investigate the photophysical properties of different tetra-
cene derivatives in solution. By providing a comprehensive analysis of the excited
state dynamics, we showed excitation-dependent behaviour in some monomers,

displaying unique characteristics, along with the detection of ultrafast intersystem

tThe majority of the work presented in this chapter is my own; contributions from collab-

orators are explicitly noted.
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crossing triplet formation. By comparing these monomers, this chapter provides
deeper insight into the fundamental photophysical pathways governing ISC in

tetracene-based systems.

6.1 Introdiction

Over the past decade, considerable amounts of research have been done on crys-
talline tetracene, which is utilized as an active semiconductor in the develop-
ment of new organic electronic devices, such as organic light-emitting transistors
(OLETS),** organic field-effect transistors (OFETs),?*02%® and organic solar cells
(OSCs). 219259 Heterojunction solar cells, where p—n junctions are formed by com-
bining materials with different band gap values,?®! have shown a notable solar
energy conversion efficiency using tetracene and pentacene.?*?2°* Furthermore,
these molecules demonstrate singlet exciton fission, a process that can poten-

tially enhance the overall efficiency of solar cells by up to 30%.2:2%.

218,219,256,257 258

Several conjugated materials, including acenes, carotenoids,”® and
other organic materials have been reported to undergo SF.*® However, a limita-
tion is that singlet fission efficiency might vary based on the morphology of the
material. For instance, SF in the same material exhibits higher efficiency in single
crystals compared to amorphous films.?'® Furthermore, owing to the proximity of
the two triplet excitons generated by SF, the impact of annihilation on reducing
the total triplet yield remains ambiguous.???

In some organic photovoltaic materials, triplet excitons are generated via dir-
ect intersystem crossing (ISC) but with variable yields. Some commonly used
photovoltaic materials exhibit relatively high intersystem crossing yields. Cgy,
for example, efficiently generates triplet states due to its large size, which re-
duces electron—electron repulsion, combined with its high spherical symmetry
that promotes electronic degeneracy.?® In tetracene, S; and T, states are nearly

isoenergetic, facilitating the intersystem crossing process.?31?* However, triplet

production by intersystem crossing is usually slow in some hydrocarbon mater-
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ials, around nanosecond to microseconds.?%Y This enables alternative relaxation
processes to compete with intersystem crossing, which reduces triplet yields.

A previous study investigated the characteristics of the triplet state in tetra-
cene and rubrene via laser flash photolysis.?*! It was reported that intersystem
crossing in rubrene is a thermally activated phenomenon with a temperature de-
pendency of the Arrhenius type. The energy of the second excited triplet state
Ty of rubrene was determined from the observed activation energy. S; is energet-
ically too low in rubrene to efficiently populate T5, thus diminishing intersystem

89,231 Tn tetracene, it is reported that Ty is positioned below S;, and the

crossing.
intersystem crossing between (S;-Ts) is very efficient.?31%5? These findings demon-
strate the critical role of the Ty state in molecular deactivation mechanisms. The
energy difference between S; and Ty states may now elucidate the distinctive
behaviours of several molecules, including those studied in this chapter.

Here, we examine the photophysical properties and the excitation wavelength
dependence, focusing specifically on triplet-related characteristics, of several tet-
racene derivatives. In the solution base, 5,12-diphenyltetracene (DPT) and mono-
TIPS tetracene are studied with a contribution of tetracene-2,6-dicarboxaldehyde
(TDA), presented in chapter 5, and 5,6,11,12-tetraphenyltetracene (rubrene),
which have been employed for comparison. The main emphasis of our experi-
mental work in this chapter is the investigation of the ultrafast dynamics of singlet
and triplet excitons using excitation wavelength-dependent picosecond transient
absorption spectroscopy.

We have shown in the previous chapter that TDA displays rapid intersystem
crossing triplet formation at higher excitation energy, whereas exciting at lower
energy results in a slower intersystem crossing process. In rubrene solution, it
is reported that only excited singlet state absorption (S; — Sy) is detected, as
triplet state absorption (T; — Ty) remains undetectable due to a low intersystem
crossing quantum yield (~0.05%?26! ).156:262 This aligns with our observations that
the rubrene solution exhibits no ISC triplet formation or dependence on excita-

tion wavelength. Transient absorption spectra of mono-TIPS tetracene monomer,
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excited at 500nm and 400 nm, demonstrate excitation-dependent behaviour. A
slow intersystem crossing is seen at 400 nm excitation, while no triplet features are
generated at 500 nm, indicating a reliance on the excitation wavelength. Lastly,
exciting DPT at various pump wavelengths consistently exhibited ultrafast ISC,

suggesting a robust and intrinsic ISC mechanism independent of excitation en-

ergy.

6.2 Results and discussion

6.2.1 Model systems

We extended our excitation-dependent study to incorporate different monomeric
tetracene molecules for additional investigation. The initial molecule is a newly
synthesized tetracene monomer’, functionalized at one end with a TIPS group:;
this configuration is known as (mono-TIPS Tc). The second molecule is
5,12-diphenyltetracene (DPT)*. Finally, we used 5,6,11,12-tetraphenyltetracene
(rubrene) as the last molecule due to its comparable behaviour to the other
tetracene monomers. Figure 6.1 displays the normalized absorption and photolu-
minescence spectra of the mono-TIPS Tc, DPT, and rubrene in toluene solution
at room temperature, as well as the chemical structure of the monomers in the
inset.

The absorption of mono-TIPS Tc (Fig.6.1a) displays a vibronic progression
linked to the lowest energy transition, S; < Sy, characterized by pronounced
absorption bands in the UV-visible region. The anticipated absorption peaks
between 420-485 nm result from electronic transitions within the conjugated sys-
tem. With respect to the emission spectra, this monomer emits fluorescence in

the region between 490-565 nm when excited in the UV-visible band. The photo-

"Mono-TIPS Tc molecule was synthesized by John Anthony (University of Kentucky) and
characterized by Daniel Polak at the University of Leicester, including absorption, photolumin-

escence, and transient absorption spectroscopy.
DPT monomer was synthesized by Wataru Ishii at Kyushu University in Japan
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luminescence spectrum exhibits minimal change from the ideal mirror image of

the absorbance, with a notably small Stokes shift of 37 meV.
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Figure 6.1 — Steady-state absorption and fluorescence. Normalized absorption
(solid line) and fluorescence (dotted line) spectra of (a) Mono-TIPS tetracene, (b)
Diphenyltetracene (DPT), and (c) Tetraphenyltetracen (rubrene) in toluene solutions

at room temperature. The chemical structure of the monomers is shown in the inset.

Figure 6.1b displays the absorption and emission spectra of DPT, which re-
veal a prominent vibrational progression associated with a symmetric structural
mode. The spectra obtained for the DPT solutions exhibit a vibronic progression
similar to that of the mono-TIPS tetracene, yet the peak values are shifted to
lower energies by 8nm and 10nm for absorption and emission, respectively, as
illustrated in Figure 6.2. The slight shifts suggest that the substitution of phenyl
only causes a minor change in the electronic structure of the tetracene base of

DPT.!"** The emission spectra of DPT exhibit a small reduction in the ratio of
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the amplitudes of the first and second emission peaks in the vibronic progression
relative to mono-TIPS tetracene. The excitonic interactions between tetracene
chromophores in the DPT structure were investigated from the absorption spec-

tra of DPT monomer at room temperature.
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Figure 6.2 — Merged absorption and photoluminescence spectra of tetracene
monomers. Comparison of (a) absorption and (b) photoluminescence (PL) spectra
for mono-TIPS Tc (red), TDA (blue), DPT (green), and rubrene (orange). The overlap
and differences between the absorption and PL spectra are shown, highlighting vibronic

progression and Stokes shifts across the molecules.

Beer-Lambert plots of DPT monomer in toluene (Figure 6.3) show that
it is in the molecularly dispersed state up to 2000 M. The normalized spec-
tra in Fig. 6.3b demonstrate variation in the vibronic peaks at concentra-
tions of 2000pM and 2127pM. This indicates potential molecular aggrega-
tion/dimerizatione at these concentrations, but not before. Further investigation
of DPT molecular aggregation is provided below in the DOSY-NMR analysis,
section 6.2.4.

In the case of rubrene, Figure 6.1 ¢ presents the absorption and emission spec-
tra of the rubrene monomers in the toluene solution. The absorption spectrum
shows a dominance of three peaks, while the emission spectrum shows a domin-
ance of two. The absorption peaks occur between 460-525 nm, whilst the emission

spectrum of this monomer emits fluorescence in the 455-590 nm range. This res-
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ults in an increased Stokes shift of approximately 135 meV, in contrast to mono-
TIPS Tc and DPT. The spectra of rubrene exhibit a notable red shift relative to
mono-TIPS Tc¢, by 67 nm in emission and approximately 40 nm in absorption, as
illustrated in Figure 6.2. The absorption and photoluminescence spectra of the
TDA monomer are also illustrated in Figure 6.2 for comparative analysis. It ex-
hibits a comparable absorption spectrum to DPT. Conversely, the PL spectrum
exhibits only two peaks with a slight red shift in the emission, displacing it to

longer wavelengths relative to DPT.
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Figure 6.3 — Concentration-dependent absorption spectra of DPT-

monomer.'(a) Absorption and (b) Normalized absorption spectra of DPT-monomer
in toluene solution at different concentrations ranging from 31.25 pM to 2127 uM. (b)

Calibration curve of DPT-monomer in toluene at 492.5 nm.

6.2.2 Photoluminescence quantum yield (PLQY)

Photoluminescence quantum yield in rubrene, TDA, and DPT was investigated
next to evaluate the efficiency of this material in converting absorbed photons
into emitted photons in order to understand their emissive properties. Rubrene,
recognized for its outstanding emissive characteristics, demonstrated a PLQY
of ~98 - 100% in solution,?°%?%% acting as a reference for our calculation. PLQY
measurements were performed using 405 nm excitation wavelength, and calculated

for TDA and DPT monomers using the equation:***

Isample Areference Ngample ?
PLQYsample = PLQYreference X I— XV V| X\ —/—/—— )

reference Asample Nreference

tThis figure was measured by me and Wataru Ishii at Kyushu University in Japan.
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where (I) is the integrated PL intensity of the emission, (A) is the absorbance
of the solution, and (n) is the solvent’s refractive index. Given that toluene was
employed as a solvent for all monomers, the refractive index of the solvents is uni-
form, so we omitted the last component of the equation. The PL quantum yields
of TDA were found to be 60% and DPT to be 67% according to this standard.
Details of the PLQY calculations are presented in the Appendix B.2.2. These
findings show that although TDA and DPT have less emissiveness than rubrene,
they yet show notable PL efficiencies, which could be explained by variations in
their electronic and molecular structures. The photoluminescence quantum yield
of the mono-TIPS Tc¢ monomer could not be determined in this work due to the
unavailability of the material and the lack of this specific measurement in the
data supplied by the synthesising researcher. Nonetheless, according to the cal-
culated outcomes and the anticipated photophysical characteristics, the PLQY is
expected to correlate closely with the TDA and DPT values.

6.2.3 Excitation wavelength dependence in mono-TIPS

tetracene monomer

Transient absorption spectra of the mono-TIPS tetracene monomer excited at
500nm and 400 nm in toluene solution are shown in Figure 6.4a and 6.4b, re-
spectively. At Aexe= 500 nm, the excited state absorption features appear at 400-
650 nm and at 1200 nm. All of these features decay with the same time constants
(kinetics match in the right panel), with very little evolution in the temporal
range within the transient absorption signal. Random change in intensity in the
500nm region originates from the excitation pulse, which is scattered into the
detector and cannot be fully removed by data processing. The peak in the NIR
region matches the singlet peak from the literature study on tetracene in solu-
tion,?" where the data was taken at 300 fs delay. As the peak in the visible region
(400 nm) matches the decay, we can also assign the visible peak to the excited

singlet state.
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Figure 6.4 — Excitation wavelength dependence of transient absorption spec-
troscopy for mono-TIPS Tc.! Transient absorption spectra (left) and normalized
dynamics of the main species (right) of mono-TIPS Tc in toluene solution at excitation

wavelengths (a) 500 nm and (b) 400 nm.

The spectral shape is different for A= 400 nm excitation, but the same gen-
eral peaks are visible. The NIR peak is once again present and decays with the
same kinetics as the 400 nm singlet peak. However, we now have a peak rising
slower than the others around 500-650 nm. The late-rising peaks are similar to
the proposed triplet TA features in the monomer in ref.?!? While it would ap-
pear we have an interconversion between two states, the singlet signal remains for
several nanoseconds. This suggests that a significant singlet population does not
convert to triplets on fast time scales, suggesting a slower process such as inter-
system crossing rather than singlet fission. These results confirm the observation
that similar to TDA monomer, mono-TIPS Tc exhibits an excitation-dependent

behaviour.

tThis measurement was conducted by Daniel Polak at the University of Leicester.
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6.2.4 Excitation wavelength dependence in DPT

Transient absorption measurements were then utilised in diphenyltetracene
(DPT) to characterize its excited state dynamics on femtosecond time scales
(Figure 6.5). The TA spectra of DPT in a toluene solution at 2 x 10~* M, meas-
ured using an on-resonance pump wavelength of 500nm at room temperature,
are shown in Figure 6.5a. The UV-visible region was measured with an average
pump power of 250 uW, whereas the near-infrared (NIR) region was measured
using 1 mW pump power. The normalized kinetics of the main species are shown
in Figure 6.5b. When DPT is excited at 500 nm, ground-state bleach (GSB) is
shown at 460 and 496 nm, which correspond to the vibronic progression of DPT’s
ground-state absorption spectrum (the solid grey line). A third negative feature
appears at 537 nm, caused by stimulated emission (SE) from DPT’s S; state.
The strong photo-induced absorption band at 415 nm that arises right after
photoexcitation is the most noticeable characteristic in the spectra, and we thus
attribute it to S; — S, transition.??® The excited state absorption features appear
at 890nm and 1176 nm decay with the same time constants as the 415 nm peak
(kinetics match in Figure 6.5b), indicating that the NIR peaks also correspond
to the excited singlet state.

A small photo-induced absorption band is seen at 476 nm. This feature occurs
on a 100fs time scale and becomes more intense on a nanosecond time scale,
suggesting an extended lifetime. As mentioned in the TDA and mono-TIPS Tc
monomers, the presence of an induced absorption band between 400 and 500
nm strongly implies the generation of triplet excitons.?!%2317233 This rapid triplet
state population suggests an ultrafast ISC process in DPT, as explained earlier
in the TDA monomer using Birech’s proposed model (Fig 5.10)*?%. In the inset of
Figure 6.5, we compare the feature obtained at 476 nm with a sensitized triplet
absorption spectrum of DPT solution in Ref.?3' While the position of the triplet
feature is well-aligned with the sensitized triplet absorption, the sensitized triplet

is broader than the feature shown in our data. This could be due to overlapping

GSB/SE.



6.2 Results and discussion 125

It is worth mentioning that we conducted sensitization measurements, using
anthracene and fullerene-C60. Unfortunately, both experiments were unsuccess-
ful, resulting in similar TA spectra and kinetics for the mixed solution and single
sensitizer (see Appendix B.3). This implies no transfer of triplet energy to the
triplet acceptor. This might be due to the higher triplet state energy gap between
the sensitizer and acceptor. The energy of the lowest triplet state in DPT is
~1.203 eV in comparison to anthracene (1.8eV) and C60 (1.6eV).?31:265:266 Thig
could prevent the efficient transfer, as the small energy gap reduces energy losses

and improves efficiency. 21267
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Figure 6.5 — Transient absorption spectroscopy of DPT monomer with vis-
ible (left) and NIR (right) probes. (a) Transient absorption spectra of the DPT
monomer dissolved in toluene at 2 x 10~% M obtained following on-resonance 500 nm
excitation wavelength with an average pump power of 250 pW, at room temperature.
The inset provides a zoomed-in view of the triplet region at 476 nm, with a sensitized
triplet absorption spectrum of DPT extracted from Ref.?3! (b) Normalized dynamics
of the main species. Ground electronic state absorption and emission spectra are shown

in solid and dashed grey lines, respectively, for reference.

Global analysis To achieve a more quantitative comprehension of the DPT
excited state spectral characteristics, we conducted a global analysis utilising
Surface Xplorer software (Fig 6.6 a) and multivariate curve resolution-alternating
least squares (MCR-ALS)*%2%(Fig 6.6b). Upon global fitting, the software

provides species-associated spectra (SAS), as seen in Figure 6.6 a, which repres-
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ent the contribution of each kinetic component to the overall transient absorption
signal. This facilitates the distinction between singlet (black line) and triplet (red
line) states in the TA data. Similarly, MCR-ALS analysis was conducted on
the TA datasets. Two components with associated spectra were extracted. The
orange component in Figure 6.6 b is attributed to the excited singlet absorption,
whilst the purple spectral component corresponds to the triplet excited-state
spectrum, as they align with the spectra shown in Fig 6.5. The MCR-ALS in-
correctly assigned the singlet feature at 630 nm to the triplet state due to the

low signal-to-noise ratios, which affect the accurate separation of the overlapped

species.
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Figure 6.6 — Extraction of the main species from UV-vis-probe transient ab-
sorption data in Fig 6.5. (a) Species-Associated Spectra (SAS) obtained via Surface
Xplorer global analysis. (b) Spectral components were extracted using a global MCR-
ALS procedure based on measured reference spectra, giving the DPT singlet (orange)

and DPT triplet (purple).

Excitation wavelength dependence The excitation-dependent transient ab-
sorption of DPT was conducted next to examine the influence of the excitation
pump on triplet behaviour. Figure 6.7 presents TA spectra (upper section) and
the normalized dynamics of the main species (lower section) of DPT in tolu-
ene solution at a concentration of 2 x 107*M for excitation wavelengths Aexe=
460nm (Fig 6.7a) and 430nm (Fig 6.7 c). The concentration at Aexc= 450 nm is
0.3x107* M (Fig 6.7b). None of the TA data was affected by the excitation pump

wavelength, confirming the formation of high-level intersystem crossing triplets
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at all wavelengths. It is noticeable that the kinetics at Aexe= 450nm (Fig 6.7D)
exhibit noisier data. This is due to our reduction of the concentration to its
minimal threshold to guarantee consistent behaviour at the lowest concentration
level. Furthermore, we aimed to rule out the potential for aggregation in the solu-
tion. As a result, the fact that the fast intersystem crossing triplet formation was
seen even at the lowest concentration indicates that the process is not affected

by intermolecular interactions such as aggregation or excimer formation.?™
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Figure 6.7 — Excitation wavelength dependence of transient absorption spec-
troscopy for DPT. Transient absorption spectra (up) and normalized dynamics of
the main species (down) of DPT at the excitation wavelength of (a) 460 nm, (b) 450 nm,
and (c) 340 nm. In toluene solution at 2 x 1074 M for (a,c) and at 0.3 x 10~* M for (b).
No excitation dependency was detected, indicating the creation of high-level intersys-

tem triplets across all wavelengths.

DOSY-NMR ' To determine whether molecular aggregation occurs under the
experimental conditions used in the transient absorption measurements, and to
investigate the molecular behaviour in toluene solution, diffusion-ordered spectro-
scopy nuclear magnetic resonance (DOSY-NMR) analysis was performed. As this

technique provides information about the diffusion coefficients of species, we can

tKhalid Doudin performed the DOSY-NMR measurement and most of the data analysis
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determine whether the molecule exists as monomers or aggregates.?”' 2™ There
is a strong correlation between the molecular weight (MW) and the diffusion
coefficient over many of magnitude. Based on the calculated molecular weight
and the overlapping peaks of the dimer and monomer, the obtained diffusion
coefficient likely represents an average of the molecular movement in solution.
Table 6.1 provides an overview of the three analyzed DPT samples, including
the calculated diffusion coefficient and molecular weight. The observed decrease
in calculated MW with decreasing concentration suggests a higher proportion of

monomers at lower concentrations.

Table 6.1 — DOSY-NMR analysis for different concentrations of DPT in toluene

mg/ml | Cal MW | Diffusion Coefficient | Dimer %
12.00 690 6.9 x10710 81.6%
6.34 640 7.15 x10710 68.4%
1.29 434 8.60 x101° 14.2%

Figure 6.8 demonstrates that at a concentration of 12 mg/ml, approximately
82% of the molecules are dimers, with the remaining as monomers. Reducing the
solution concentration to 6.3 mg/ml reduced the proportion of dimers to 68%.
When DPT concentration is reduced to 1.29 mg/ml, 14.2% of the molecules are
dimers, while the rest are monomers.

The concentrations used in the TA measurements varied from 0.3x 104 M
(0.011 mg/ml) to 2x 10*M (0.094 mg/ml). The concentration-dependent data
in Figure 6.3 indicate that the variation in the vibronic peaks, attributed to
molecular aggregation, begins at a concentration of 20x 10 M, which is tenfold
more than the maximum concentration used in TA. Furthermore, DOSY-NMR
analysis (Fig. 6.8) showed a significant reduction in the dimer% corresponding to

a decrease in concentration.
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Figure 6.8 — Diffusion-ordered spectroscopy nuclear magnetic resonance
data analysis of DPT solution. The data demonstrate that reducing the concentra-
tion of the solution leads to a significant reduction in the dimer percentage, highlighting
the concentration-dependent nature of dimer formation and molecular self-association

c"]

behavior. The data is fitted using the Hill-equation: Dimer% = W x 100, where

K=4mg/ml and n=1.5, which fall within the expected range (Details are provided in
the text).

Due to difficulties in measuring DOSY-NMR at very low concentrations, data
fitting may provide an estimate of the dimerization percentage for the DPT solu-
tion used in the TA. The lowest concentration used in the TA data was 100 times
lower than the minimum concentration used in the DOSY-NMR measurements.
Consequently, we expect a significant reduction in the dimer %. The data is fitted
using the Hill-equation:*™*™ Dimer% = % x 100, where [C] is the total
concentration of the solution, K is the dissociation constant which corresponds to
the concentration at which half the maximum dimer population is achieved,?"*27
and n is the Hill coefficient, which reflects the degree of cooperativity (n > 1

in positively cooperative dimer formation?™)

. K and n are fitting parameters,
equivalent to 4 mg/ml and 1.5, respectively, which fall within the expected range.
Fitting the data shown in Figure 6.8 demonstrates that 0% of dimers are present

in the solution used for our TA measurements (see Appendix B.5.5 for the fitting
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details). Therefore, we can confirm that the ultrafast intersystem crossing in the
transient absorption measurement is attributable to the monomeric DPT. Details

of the DOSY-NMR analysis are provided in Appendix B.5.

Excitation wavelength dependence in rubrene

According to Yildiz (1968),%°! in rubrene solution, the intersystem crossing effi-
ciency is less than 0.05%, which requires specific sensitizers to obtain high triplet
concentrations. As a result, the rubrene solution showed only singlet state ab-
sorption and no absorption from the triplet state. This aligns with our observa-
tions that the rubrene solution exhibits no ISC triplet formation or excitation

wavelength dependency. See Appendix B.4 for further details.

The observation of excitation wavelength dependence in TDA with
ultrafast ISC triplet production at higher energy (chapter5), while
DPT exhibits ultrafast ISC at all excitation wavelengths, raises an
essential question: why do we have excitation dependency in TDA but
not DPT? Compared to rubrene and tetracene, rubrene solution exhibits no
reliance on excitation wavelength or generation of intersystem crossing triplets.
The Ty state in rubrene is positioned above the S; state, with energies of Ery =
2.43eV and Eg; = 2.23eV.*? This diminishes the efficiency of intersystem crossing
irrespective of the excitation energy. In tetracene, on the other hand, it is reported
that T, is located below S; state (Eg;= 2.3eV)?*®, and the intersystem crossing
between (S;-Ty) is very efficient.?31:25

The consistent ultrafast ISC in DPT, irrespective of the excitation energy,
leads us to hypothesize that the low-lying triplet state Ty is located below and
nearly isoenergetic with S;. This will dramatically boost the rate of intersystem
crossing. We further suggest that higher-lying singlet states (S,, n > 1) rapidly
convert internally to S; before the intersystem crossing process, hence limiting any
significant impact of excitation wavelength on ISC rates. Such near-degeneracy

between S; and Ty has been reported where ultrafast ISC timescales have been
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observed.2"”

In TDA, we hypothesize that T5 is positioned slightly above S;. Therefore,
higher excitation energy promotes ultrafast ISC by enhancing the direct popula-
tion of Ty, while lower-energy excitation causes slower ISC due to weak coupling

between S; and T,. Figure 6.9 illustrates our hypothesis, presenting the energy

level diagram for DPT, TDA, and rubrene.

DPT TDA Rubrene
| |
| |
S s T | T2
2.55eV | | S T 243ev
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<L | | 2.23eV
g | |
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— I T4 I T4
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Figure 6.9 — Energy level diagram for DPT, TDA, and rubrene illustrat-
ing the proposed intersystem crossing mechanism. The diagram illustrates the
relative positions of the singlet (S1) and triplet (T;, Tq) states, emphasizing the signi-
ficance of a small S;—T9 energy gap in DPT, enabling ultrafast ISC across all excitation
wavelengths. The influence of excitation energy on ISC dynamics for TDA is also in-
dicated, where higher-energy excitation promotes ultrafast ISC, whilst lower excitation
energy results in slower ISC. Additional spectroscopic analysis of Ty and T is required

to verify this hypothesis.

To explain the continuous S; population seen along with triplet formation in
the transient absorption spectra, we need to consider a branching process that
occurs after photoexcitation. Upon excitation, the system can either undergo
rapid intersystem crossing to Ty or relax vibrationally to the bottom of the S;
state.?”® This vibrational relaxation causes the Stokes shift observed between

absorption and emission. This might explain why we still see a singlet signal in
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the TA data.

Alternatively, a coherent process may delocalize the excitation across vibron-
ically coupled singlet and triplet states, allowing for rapid ISC. However, this
coherence is expected to decohere rapidly, resulting in a branching into ISC or re-
laxation to the bottom of the S; state.?™ In DPT, ISC remains efficient regardless
of excitation energy, but the presence of S; suggests relaxation still competes with
ISC. In contrast, TDA shows an excitation dependence; higher energy excitation
accesses vibronically coupled regions, facilitating fast ISC, though a fraction of
the population still relaxes into the S; state, contributing to the observed sing-
let signal. In comparison, low-energy excitation favors relaxation into the lowest
vibrational level of S, leading to slower triplet formation.

The energy of Ty and T, states for TDA and DPT must be determined first
to verify our hypothesis , presented in Figure 6.9. The literature only reports the
energy of Ty state for DPT as 1.203eV,?*! while the energy of the T; state for
TDA remains unreported. This can be quantified using phosphorescence meas-
urement, which has not yet been conducted. The energy of Ty for both molecules
can only be hypothesized, since it is unobservable in the TA data, which is mostly
dominated by singlet states. In addition, the sensitization experiment of DPT was
unsuccessful. Further spectroscopic investigations are required to definitively con-
firm this hypothesis, such as nanosecond transient absorption spectroscopy and
phosphorescence lifetime measurements, as T; and Ty states remain unreported

in the current dataset.

6.3 Conclusion

In this chapter, we have investigated the photophysical properties and the ex-
cited state dynamics of several tetracene monomers, with a specific focus on
triplet-related aspects. Employing picosecond transient absorption spectroscopy,
different excitation-dependent behaviours were observed, revealing distinct triplet

formation and intersystem crossing dynamics. Mono-TIPS Tc exhibited slow in-
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tersystem crossing at 400 nm excitation, however, no triplet species were seen
at 500 nm, indicating a reliance on the excitation wavelength. Conversely, DPT
consistently exhibited ultrafast intersystem crossing across all pump wavelengths,
demonstrating a robust and inherent intersystem crossing mechanism independ-
ent of excitation energy. Ultimately, no triplet state formation or excitation
wavelength dependence was seen in the rubrene solution, indicating a lack of
significant intersystem crossing or other triplet-generating processes under the
examined conditions.

At this point, however, a definite conclusion cannot be achieved due to the
need for further spectroscopic investigations, such as nanosecond transient ab-
sorption spectroscopy and phosphorescence lifetime measurements, to definitively
confirm our hypothesis. Future research is anticipated to provide evidence for it.
The complexity and variety of excited-state dynamics in tetracene derivatives
are highlighted by these results. The findings provide valuable insights into how
structural variations and excitation energies influence intersystem crossing and
triplet state formation.

Understanding the excited-state dynamics and the mechanisms governing ul-
trafast ISC is essential for advancing tetracene-based materials in organic photo-
voltaics, photodetectors, and light-harvesting systems, thus enhancing energy con-

version and device efficiency.
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Chapter 7

A Macrocyclic Parallel Dimer
Showing Quantum Coherence of
Quintet Multiexcitons at Room

Temperature

Singlet fission (SF) is a promising approach in quantum information science be-
cause it can generate spin-entangled quintet triplet pairs by photoexcitation in-
dependent of temperature. However, it is still challenging to rationally achieve
quantum coherence at room temperature, which requires precise control of the
orientation and dynamics of triplet pairs. Here we show that quantum coher-
ence of quintet multiexcitons can be achieved at room temperature by arranging
two pentacene chromophores in parallel and in close proximity within a macro-
cycle. By making dynamic covalent Schiff-base bonds between aldehyde-modified
pentacene derivatives, macrocyclic parallel dimer-1 (MPD-1) can be selectively

synthesized in a high yield. MPD-1 exhibits fast subpicosecond SF in poly-

fThis chapter has been adapted from the following publication®*: Ishii et al., Journal of the
American Chemical Society 146, 37, 2552725535 (2024). This work was the result of a fruitful
collaboration with Wataru Ishii (Kyushu University, Japan). The contributions of myself and

other collaborators to the work presented in this chapter are detailed in the acknowledgments.
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styrene film and generates spin-polarized quintet multiexcitons. Furthermore, the
coherence time 75 of the MPD-1 quintet is as long as 648 ns, even at room
temperature. This macrocyclic parallel dimer strategy opens up new possibilities

for future quantum applications using molecular multilevel qubits.

Acknowledgements: Wataru Ishii and his group carried out the dimer syn-
thesis, 'H-NMR, MALDI-TOF-MS, high-resolution MS, concentration-dependent
absorption spectra, echo detected, PLQY, EPR measurements/analysis, and MD
simulation. Eman M. Bu Ali and Samara M. Rivero prepared the solution and
polystyrene thin films and carried out the transient absorption measurements
and data analysis. Eman M. Bu Ali and Samara M. Rivero also carried out the
characterizations of the dimer, including steady-state absorption and photolu-

minescence, and magnetic field effect measurements.

7.1 Introduction

Quantum information science (QIS), an application of quantum mechanics, is
revolutionizing a wide range of fields from computing to communications and
sensing.?®02%2 As the fundamental elements of QIS, molecular-based quantum
bits (qubits) have the advantage that their structures are uniform at the atomic
level and their structures and properties can be precisely controlled by chemical
modification.?1:217:283-285 Tt is essential for any quantum applications to prepare
the initial pure quantum state in the qubit and to have a sufficiently long quantum
coherence time. Conventional spin qubits that use thermal equilibrium states re-
quire cryogenic temperatures to generate initialized polarized states. Meanwhile,
organic molecular spin qubits that use nonthermally equilibrium polarized states
generated by photoexcitation can be initialized even under high temperature con-
ditions such as room temperature.?84 286

Among photoinitializable molecular qubits, singlet fission (SF) can gener-

ate a quintet triplet pair state with four entangled electrons, which should be
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useful for future two-qubit gate operation and highly sensitive quantum sens-
ing,20-130,166,186,287-293 e ginglet excited state Sy, which is generated by photoex-
citation, quickly becomes a singlet-triplet pair state !'TT, which is then converted
to a quintet-triplet pair state >T'T by spin evolution. Recent theoretical studies
have shown that when the orientations of the chromophores are parallel, it is
possible to selectively populate certain sub-levels of the quintet.?®?!® Although
many dimer compounds have been reported in which chromophores are cova-
lently linked, in most cases the linkages contain single bonds and have structural
freedom of rotation, which would suffer from decoherence.?**2% While dimers

27288 quantum coherence of quintet

linked by rigid linkers have been reported,
multiexcitons at room temperature has not yet been observed.

Recently, quantum coherence of quintet multiexcitons has been observed for
the first time at room temperature for pentacene chromophores densely arranged
in a metal-organic framework (MOF), indicating that suppressed pentacene mo-
tion in the MOF structure is responsible for both the conversion from 'TT to
°TT and the quintet quantum coherence.?®® However, the quintet with long co-
herence time was a minor component due to the poor crystallinity of the MOF. It
is desirable to construct a system that can produce quintets with long coherence
times in a homogeneous structure. In particular, isolated dimer molecules in an
inert host can function as multilevel qubits exhibiting long coherence times, since
exciton diffusion-induced spin decoherence, as seen in MOFs and crystals,'® is
suppressed because of the absence of exciton diffusion. Furthermore, it is expected
that the combination with microscopy techniques will enable quantum manipu-
lations of electron spins in a single dimer molecule, which is promising for future
applications in ultrasensitive and ultrahigh spatial resolution quantum sensing
technologies.?””

Here we report the synthesis of a macrocyclic parallel dimer (MPD) and the
observation of quintet quantum coherence even at room temperature. A few mac-
rocyclic compounds exhibiting SF have been synthesized, but in low yields or

300,301

requiring special reaction systems. By employing the Schiff-base chemistry,
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which is commonly used for a dynamic covalent bond formation,'°%?2%226 MPD-
1 with two pentacene chromophores can be selectively synthesized in a good
yield (Figure 7.1a). The relatively rigid bridging structure including benzene
ring together with the m-m interaction between pentacene units would suppress
the rotational degree of freedom of the pentacene moieties and orient the penta-
cene units in parallel. This parallel proximity between adjacent pentacene would
lead to ultrafast intramolecular SF' and selective generation of the quintet states.
MPD-1 dispersed in polystyrene film exhibits the longest room-temperature co-
herence time T3 of quintets of 648 ns, indicating that the macrocyclic structure is
a promising strategy for generating multilevel qubits that can be driven at room

temperature.

Schiff base dynamic bond
0

£l

a) O Hzl'l'\@/‘NHz
O ——— 994E8
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Figure 7.1 — MPD-1 synthetic scheme and crystal structure.(a) Synthetic
scheme of MPD-1. (b, ¢) Single crystal structure of MPD-1. Solvent molecules and

hydrogen atoms are omitted for clarity.
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7.2 Results and discussion

7.2.1 Model system

The monomeric pentacene dialdehyde, 4,4’-(pentacene6,13-diyl)dibenzaldehyde
(PDA), was synthesized by following the previous report.?*> MPD-1 was synthes-
ized using PDA and m-xylylenediamine with 5 5 equivalents of trifluoroacetic acid
as a catalyst. The dynamic covalent bond chemistry such as Schiff-base forma-
tion can selectively produce the thermodynamically most stable compounds.!5:152
In the current case, MPD-1 was selectively obtained in a high isolated reaction
yield of ca. 50%. The purity of MPD-1 was fully confirmed by 'H NMR spec-
troscopy (Figure 7.2), MALDI-TOF MS (Figure 7.4), high-resolution MS (Fig-
ure 7.5), and elemental analysis. Single-crystal X-ray diffraction (SCXRD) meas-
urements of MPD-1 revealed the parallel orientation between two pentacene units
(Figure 7.1b and 7.1¢). The proximate carbon-carbon distance between the two
pentacene units is 3.3 to 3.7 A, indicating the presence of m-r interactions. NMR
measurements were performed to elucidate the dimer structure in CDyCl, solu-
tion at room temperature (Figures 7.3 and 7.2). The significant upfield shift of
the pentacene protons in the dimer MPD-1 in comparison with the monomer
PDA indicates the m-n interactions between pentacene units are maintained in

solution.
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Figure 7.2 — 'TH-NMR spectrum of MPD-1 in CD,Cl,
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Figure 7.3 — 'TH-NMR spectrum of 4,4’-(pentacene-6,13-diyl)dibenzaldehyde
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Figure 7.4 — MALDI-TOF-MS spectrum of MPD-1
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Figure 7.5 — High-resolution MS spectrum of MPD-1 Small peaks around
m/z=1205 correspond to the oxidized MPD-1 dimer.

Molecular dynamics (MD) simulations were performed to investigate whether
the orientation between the pentacene units in MPD-1 can be kept parallel when
molecularly dispersed (Figure 7.6a and 7.6b). A single molecule of MPD-1 was
placed in the center of the cubic MD cell and the remaining space was filled with
toluene molecules, which were used as the initial structure for MD simulations.
In the system at 300 K, MPD-1 was found to maintain the distance between the
centers of the mass of the pentacene units around 5.5A for most of the time
(Figure 7.6 ¢), which matches well with the center-to-center distance of 5.5 A in
the DFT-optimized initial structure based on the XRD structure. Two types of
angles between the long axis vectors of the pentacene in the plane perpendicular
(0) and parallel (¢) to the aromatic ring planes did not take the significant values;
the average values during the last 400ns were 6 = 9 + 9 degrees and ¢ = 8 + 8
degrees, respectively (Figure 7.6d and 7.6¢). This indicates that the pentacene
units remained parallel for most of the time, while they were occasionally tilted
and moved back and forth and from side to side due to thermal fluctuations, as

recently demonstrated in the exciton pairs in linked parallel pentacene dimers.
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Figure 7.6 — Molecular dynamics simulations. Snapshots of MD simulation at
300K in equilibrium for (a) the whole system and (b) only MPD-1. Time dependences
during the 500 ns of (c) the distance between the centers of the mass of the pentacene
units of MPD-1 and two types of angles between the long axis vectors of the pentacene
units in the plane (d) perpendicular and (e) parallel to the aromatic ring planes, 6 and

¢, respectively.
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In toluene glass at a lower temperature of 80 K, the fluctuations of the distance
between the centers of the mass of the adjacent pentacene were smaller and the

structure in solution was maintained (Figure 7.7).
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Figure 7.7 — Time dependences of the distance at different temperatures.
Time dependences of the distance between the center of the mass of the pentacene units

of MPD-1 at (a) 200 K and (b) 80 K.

7.2.2 Optical properties of MPD-1 and PDA

The excitonic interactions between pentacene chromophores in the dimer struc-
ture were investigated from the absorption spectra of MPD-1 at room temper-
ature. Beer-Lambert plots of toluene solutions of MPD-1 showed that it is in
the molecularly dispersed state up to 200 pM (Figure 7.8). Absorption spectra
of PDA and MPD-1 in toluene at room temperature showed a slight broaden-
ing of the spectrum with a redshift of the peak from 601.5nm to 611.5nm with
an exciton coupling energy of 34 meV for the dimer compared to the monomer
(Figure 7.9). This is due to excitonic interactions between neighboring penta-

cene chromophores, which is consistent with the dimer structure with pentacene
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moieties in close proximity observed in NMR measurements and MD simulations.
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Figure 7.8 — Concentration-dependent absorption spectra of MPD-1.(a) Ab-
sorption spectra of MPD-1 at room temperature in toluene at different concentrations.
(b) Beer-Lambert plot of MPD-1 in toluene at 612.9 nm. The fitted linear line (red) in-

dicates MPD-1 is molecularly dispersed in toluene up to 200 4 M at room temperature.
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Figure 7.9 — Steady-state absorption and PL spectra. Absorption spectra (solid
lines) and fluorescence spectra (dotted lines) of 100 u M of the dimer MPD-1 (red lines)
and 200 4 M of the monomer PDA (black lines) in toluene at room temperature, re-

spectively.

The emission spectra of the monomer and dimer samples are strikingly sim-
ilar when taking self-absorption into account (Figure 7.9). This spectral similarity,

together with observations from the transient spectroscopy described below, sug-
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gests that the 45-fold weaker photoluminescence from the dimer sample is from
a minority of emissive monomer ‘impurities’ in the sample, which is supported
by a small fraction of oxidized species in HR-MS (Fig.7.5. As we discuss below,
these may originate from photodamage or dissociation of dimers and indicate
a need to improve the stability of the dimer in future work. Nevertheless, the
dominant photophysics we study in this work originates from the dimers, with
monomers contributing a very minor component, as indicated by the absorption
and transient absorption spectroscopy described below.

Since it is necessary to evaluate the spin properties in the solid state by EPR
measurement, we also measured the optical properties of MPD-1 dispersed in
polystyrene film (Figure C.1). The absorption spectrum of MPD-1 in polystyrene
indicates its molecular dispersion with no change in peak position and shape up

to 5mol% (Figure 7.10).
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Figure 7.10 — Concentration-dependent absorption spectra of MPD-1 in
polystyrene at room temperature The absorption spectrum of MPD-1 indicates

its molecular dispersion with no change in peak position and shape up to 5 mol%.

7.2.3 Transient absorption spectroscopy revealed ultra-
fast SF in pentacene dimer
Transient absorption spectroscopy (TAS) measures the signature of excited states

as a function of time after excitation, allowing us to track their evolution from

femtoseconds to milliseconds.
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Figure 7.11 — Transient absorption spectroscopy of PDA monomer. Fs-TAS
spectra (a, c) and ns-TAS spectra (d) and their corresponding kinetics (b, ) of PDA
monomer in (a, b) toluene at 2 x 1074 M and (c-e) polystyrene film (0.05 mol%) at

room temperature. Ground state absorption spectra, in grey, are included for reference.
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Figure 7.12 — Comparison of TA data for PDA Monomer in solution and
film. Selected TAS spectra (a) and their corresponding kinetics (b) of PDA compar-
ing the monomer dispersed in polystyrene film (0.05 mol%) (shadowed solid lines/solid

markers) and in toluene at 2 x 10~* M (dashed lines/open markers) at room temperat-

ure.
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Figure 7.11 shows TA spectra/dynamics of PDA monomer excited at (Aexe =

532nm) at room temperature in both toluene solution at 2 x 107 M (Fig 7.11 a,

b) and 0.05 mol% polystyrene film (Fig 7.11 c-e).A comparison of TA spectra and

their corresponding kinetics of PDA dimer dispersed in polystyrene film (shad-

owed solid lines/solid markers) and in toluene solution (dashed lines/open mark-

ers) are shown in Figure 7.12.
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Figure 7.13 — Transient absorption spectroscopy of MPD-1 dimer. fs-TAS

spectra (a, ¢, f) and ns-TAS spectra (d, g) and their corresponding kinetics (b, e, h) of

MPD-1 dimer in (a, b) toluene at 1 x 10~* M and polystyrene film at (c-e) 0.05mol%

and (f-h) 0.005mol;% at room temperature. Ground state absorption spectra, in grey,

are included for reference.

Furthermore, Figure 7.13 shows TA spectra/dynamics of MPD-1 dimer excited
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at (Aexe = H32nm) at room temperature in both toluene solution at 1 x 1074 M
(Fig 7.13a,b) and polystyrene film at 0.05 mol% (Fig 7.13 c-e) and 0.005 mol%
(Fig 7.13f-h). A comparison of TA spectra and their corresponding kinetics of
MPD-1 dimer in polystyrene film at both concentrations (0.05 mol% and 0.005

mol%) and toluene solution is presented in Figure 7.14.
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Figure 7.14 — Comparison of TA data for MPD-1 in solution and films. Selec-
ted TAS spectra (a) and their corresponding kinetics (b) of MPD-1 dimer in polystyrene
film at 0.05 mol% and 0.005 mol% (solid lines and dashed lines, respectively) and in

toluene at 1 x 1074 M (dotted lines and open markers) at room temperature.

From the full TAS spectra/dynamics above, in Figure 7.15, we present se-
lected TAS spectra and dynamics of the PDA monomer and MPD-1 dimer in
polystyrene films at 0.05 mol% with excitation at 532nm. We chose these con-
ditions for ease of comparison with EPR measurements in Figure 7.16 and 7.20,
but find that at these concentrations, the TAS behavior does not depend on con-
centration (Figure 7.14) between 0.05mol% and 0.005mol% (at the limit of our
ability to measure TAS), suggesting that the majority of the doped molecules
are well isolated from each other and show no signs of inter-dimer aggregation at
0.05mol%.

Selected TAS spectra and dynamics of the PDA monomer, are shown in
Figure 7.15a andb. Our results reproduce the reported behavior of pentacene
monomers in solution: at early times, represented by the 10 ps spectrum (blue) in

Figure 7.15 a, the spectra are dominated by singlet S; states exhibiting a strong
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excited state absorption (ESA) band peaked at ca. 450nm (452nm for PDA).
Over nanosecond timescales, the spectrum evolves, due to intersystem crossing
(ISC) to form triplets.'3® The triplets are characterized by vibronically structured
ESA bands with a dominant peak at ca. 530 nm (514 nm for PDA), represented
by the brown spectrum taken at 200 ns pump-probe delay in Figure 7.15. The
ISC-generated triplets in this sample decay with a ~50pus time constant (Fig-

ure 7.11e).
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Figure 7.15 — Selected transient absorption data of PDA monomer and
MPD-1 dimer. Selected TAS spectra (a, ¢) and their corresponding kinetics in
the full-time window (from ps to ms) (b, d) of (a, b) PDA monomer in polystyrene
film (0.05mol%) at room temperature; and (¢, d) MPD-1 dimer in polystyrene film
(0.05mol%) at room temperature. In the monomer (a, b), singlet states (blue) evolve
to form triplets by intersystem crossing (brown). In the dimer (c, d), triplet signatures
are present from 100fs (green). Ground state absorption spectra are also shown for

reference (grey shadowed lines).

Conversely, selected TAS spectra/dynamics of MPD-1 dimer in Figure 7.15¢
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and 7.15d show the formation of only one excited species on the measured times-
cales. This species decays with only minor spectral evolution from 100fs (light
green) to beyond 1ps (dark green). Given the similarity of this spectrum to the
monomer triplet spectrum in Figure 7.15a (reproduced in brown in Figure 7.15b
for ease of comparison), we assign the MPD-1 TAS spectrum to triplets. The
rapid sub-100fs generation of these triplets in MPD-1 suggests that they are
generated by SF within our instrument response time (100 fs). In the dimer, the
triplet signatures initially decay rapidly (10s of nanoseconds), orders of magnitude
faster than the ISC-generated triplets on isolated molecules (compare figure 7.15b
and 7.15d), as expected for SF-generated triplets. This rapid decay is associated
with the spin-allowed nonradiative decay of the strongly exchange-coupled 'TT
triplet pair state, the initial triplet pair state of SF.%?

Following the initial decay, the remaining population decays on a slower times-
cale. Initially, the spectra are similar to those at the earliest times; compare the
spectra at 200ns and 100 fs in Figure 7.15¢, for example. We assign the triplet
signatures on these 10-100s of nanosecond timescales to triplet pairs with quin-
tet character, °®T'T, formed from 'TT via spin evolution, rather than to isolated
triplets. We make this assignment for three reasons: (1) the slower decay implies
spin-forbidden decay to the singlet ground state, and therefore it is unlikely to be
due to 'TT population; (2) the ESA spectrum on these timescales (200 ns) is the
same as the early-time 'TT spectrum (100 fs), but different to the monomer ESA
triplet spectrum (brown) and therefore is likely to be a triplet pair state on the
dimer, rather than isolated triplets; (3) for symmetry reasons, it is most likely
that 'TT converts to ®TT rather than 3(TT).!3! This assignment is confirmed by
TREPR measurements described below.

Before describing the EPR results, we note that the TAS spectral shape in
MPD-1 evolves to form the 1 s spectrum reported in Figure 7.15 ¢ that is identical
to the ISC-generated triplets on the PDA monomer (the differences around 532 nm
are artifacts from different pump scatter in the different experiments). These

states could be due to ISC-generated triplets on monomer impurities in the di-
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mer sample or could indicate uncoupled triplet pairs on dimers. Given the emis-
sion spectral features assigned to monomer emission described above and results
from the EPR reported below, we conclude that these >1 ps features are from
ISC-generated triplets on monomer impurities in the sample. The TAS signa-
ture from these monomers is weak, for example, we see negligible evidence of
early-time singlet ESA at 456 nm, and therefore conclude that the proportion
of monomers within the dimer sample is small, a conclusion supported by the
absorption/emission spectroscopy described above.

We also observe that the strongly exchange coupled triplet pair in the dimer,
ITT at ~ 100 fs shows no shift of the main ESA band compared with the monomer
triplet ESA; a shift has previously been associated with the triplet pair binding
energy.®’® This could suggest that the exchange coupling in this dimer is smaller
than in previously measured systems.??

Finally, we note that TAS of MPD-1 in toluene shows identical ESA 1TT
signatures at early times similar to MPD-1 dispersed in polystyrene films (Fig-
ure 7.13a, b), confirming SF in the isolated dimers. However, in solution, where
the dimer is unhindered by the polymer matrix, !TT decays to the ground state
with a ~60ps time constant, much faster than in the polymer film. We spec-
ulate that this short lifetime is due to efficient non-radiative decay, enabled by
conformational reorganization in the solution environment. In solution, at room

temperature, therefore, !TT does not live long enough to form quintets.

7.2.4 Continuous-wave transient electron paramagnetic

resonance measurement of MPD-1

Continuous-wave transient electron paramagnetic resonance (CW-TREPR) meas-
urements of MPD-1 in polystyrene film at different concentrations (0.001, 0.0025,
0.005, 0.01, 0.05mol%) were conducted at room temperature (Figure 7.16, C.2,
and C.3. All the CW-TREPR spectra at the different concentrations could be
fitted using the same quintet and triplet parameters with different quintet/triplet
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ratios, confirming that the dimer molecules are well dispersed in polystyrene films
at least up to 0.05 mol% (Figure C.3, Tables C.3 and C.5). Highly symmetric
spin polarization signals with A/A/E/A/E/E pattern were observed, which is
the typical signal of SF-derived quintets. In an outer signal relative to the quintet
features, the CW-TREPR data also showed an E/E/E/A/A/A pattern typical of
ISC-derived triplets at all concentration conditions, but not the A/E/E/A/A/E
pattern characteristic of SF-derived triplets. The fact that the ISC-derived triplet
was observed even in the fresh sample suggests that one pentacene units of a small
fraction of the dimers were oxidized during synthesis or purification. This result
also implies that the dissociated triplets from triplet pairs were not generated
due to the strong m — 7 interaction by the rigid bridge between the close-contact

pentacene units in the macro-cyclic structure (Figure 7.16¢).
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Figure 7.16 — Continuous-wave transient electron paramagnetic resonance.
(a) Time evolution of TREPR spectra of MPD-1 in polystyrene at room temperature
with the microwave power of 0.075 mW. (b) Spectrum simulation of TREPR at 200 ns
after laser irradiation using the density matrix formalism analysis. (c) Schematic image

of quintet polarization generation through the fluctuation of exchange interaction.

Furthermore, only the trivial amounts of the paramagnetic species were ob-
served in the steady-state CW-EPR spectrum on the 0.05 mol% sample both
before and after TREPR and pulsed-EPR measurements (Figure 7.17). After pro-
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longed laser irradiation, the sample showed only a little color change (Figure 7.18).
These results suggest almost no photo-induced decomposition of MPD-1 occurred

in polystyrene during EPR measurements.

before laser irradiations
after TREPR and Pulsed EPR

WA

335 340 345 350
Magnetic Field (mT)

Figure 7.17 — Steady-state CW-EPR spectra of MPD-1. The measurements
conducted in polystyrene (0.05 mol%) before (blue) and after (red) CW-TREPR and
pulsed EPR. The field modulation frequency and the modulation amplitude were 100

kHz and 0.1 mT, respectively. The microwave power was 0.9464 mW. The microwave

frequencies were 9.592550 GHz (blue) and 9.593160 GHz (red).

laser irradiated area

Figure 7.18 — Photograph of the sample of MPD-1 in polystyrene (0.05
mol%) after CW-TREPR and pulsed EPR measurement. After prolonged laser

irradiation, the sample showed only a little color change.

The TA spectroscopy described above suggests that after excitation with
532 nm laser, the initially generated 'TT can be converted to quintet-triplet pair
(°TT). Our calculations suggest this occurs by the modulation of spin-spin ex-

change interaction J (Figure 7.16¢). In this case, the J modulation would be
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induced by the chromophore fluctuation.?!> Based on this theory, we performed
the simulation of TREPR spectrum with two quintet exciton conformations (°T'T;
and 5TTy) using the density matrix formalism analysis.

The EPR spectrum was simulated by assuming MPD-1 dimers with two differ-
ent conformations of the dihedral angle between the aromatic planes, 0° and 10°,
as the stable *TT; and the activated TT, by an energy of 80 cm™, respectively.
We also assumed that the structural fluctuations between them modulate the ex-
change coupling J to generate quintet triplet pairs (Figure 7.16 ¢). This is in good
agreement with the dimer fluctuations observed in the MD simulation for toluene
solution, suggesting that the angle of molecular fluctuations in polystyrene film
is similar to those in toluene solution.

The negative exchange coupling J represents that TT is more energetically
unstable than 'TT and is responsible for the fast deactivation of the quintets.
Transient absorption measurements show that the ' TT lifetime in toluene solution
is very short (60 ps), whereas in polystyrene it is relatively long (10-100ns). This
suggests that the large structural fluctuations of MPD-1, as seen in the MD
simulations of toluene solution, should be suppressed in the rigid polystyrene
matrix. However, small fluctuations of MPD-1 (10 degree angle change) may result
in quintet generation because J would substantially be modulated by the subtle
angle changes (Figure 7.16¢). The importance of J fluctuations in the transition
from 'TT to °TT is well understood by previous studies, and the present results
are well explained by that model. 3121

When the principal axes of the pentacene units in the dimer are aligned to
be parallel, sublevel-selective transition from 'TT to 5TT occurs based on the
anisotropic terms in the spin Hamiltonian. In the polystyrene matrix, the parallel
orientation of MPD-1 was maintained, resulting in the highly symmetric EPR
spectrum (Figure 7.16b). This spectrum shape represents the selective population
distribution of quintet sublevels of Qy and Q4o thanks to the parallel orientation

of MPD-1.
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Figure 7.19 — Simulated CW-TREPR spectra and quintet population in the case that

the fundamental axes ((a)x, (b)y, and (c)z) of MPD-1 are fixed along the external

magnetic field (By).

The selectivity would be further enhanced when the dimers take a certain

orientation to the external magnetic field. By simulating the case that MPD-1 is
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aligned parallel against the external magnetic field ( By || z), the maximized se-
lective population distribution of quintets was observed (Figure 7.19). This result

20215 indicating that

is in good agreement with the previous theoretical studies,
MPD-1 can work as a high-quality multilevel qubit that produces pure quintet

states.

7.2.5 Nutation measurement of MPD-1

In order to assign the spin multiplicities of EPR signals, we performed a nutation
measurement of MPD-1 using X-band pulsed EPR (Figure 7.20b). The nutation
signals were obtained under the magnetic fields fixed at the peak tops of the echo-
detected EPR spectrum (Figure 7.20 a) and Fourier transformed (Figure 7.20b).
Nutation frequencies of a transition (Amg = +1) are represented as the following

equation;

W — gupBy
h

where g is the g-value, up is the Bohr magneton, A is the reduced Planck con-

\/S(S+ 1) —mS(mS:I: 1),

stant and B; is the effective magnetic field strength of the microwave pulse.
Therefore, the nutation frequency ratio is represented as doublet: triplet: quin-
tet (Qe1 <> Quo) : quintet (Qp <> Q1) =1 V2 : 2 : /6. In the spin nutation
measurements, the nutation frequency ratio of 1.00: 1.47: 2.13: 2.58 was obtained,
which approximately coincides with the theoretical values. Furthermore, we meas-
ured the delay time (f4eqy) dependence between the microwave pulses and the
laser flash on the echo signal (Figure 7.20c). The quick rise in the quintet echo
originates from deactivation rate constant in the singlet TT with kr..=2.0x 107 57!
(Table C.3 in the Appendix). This is due to the quick deactivation of 'TT, the
source of quintet generation. This singlet TT deactivation kinetics is in good
agreement with the initial rapid decay (10s of nanoseconds) observed in the TA

signal.
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Figure 7.20 — An echo detected spectrum (bottom) of MPD-1 in polystyrene obtained
by 532 nm laser irradiations at room temperature and its pulse sequence (top). The pulse
sequence was employed as laser—geiay—t1—techo—t2— techo—echo. The durations of the first
pulse (t1) and the second pulse (¢2) are 10ns and 20 ns, respectively. The delay time
of tgetay and tecno are 300ns and 220 ns, respectively. Spin nutation measurements were
carried out at the magnetic field indicated by the arrows. (b) Fourier transformed spin
nutation signals. The inset shows time profiles of spin nutation signals with baseline
corrections. The peaks of the nutation frequencies at the magnetic field, indicated by
the arrows in (a), were 11.47, 16.85, 24.41, and 29.54 MHz, respectively. (¢) Dependence
of tgeiay of the echo intensity at 347.5 mT (blue line) employing 7/2 = 10ns, © = 20ns
and teeno = 220ns with a fitting line (red line). The 5TTq spin relaxation time obtained
from the echo signal decay was 1.27 us. (d) Coherence time (73) of the quintet triplet
pairs. A pulse sequence of the Hahn echo detection (laser- Ldelay - t1-techo-ta-techo-echo)
used in the measurement with t; = 10ns, to = 20ns and tecp, = 220ns. T = 648 ns was
obtained by plotting the echo signal with varying t..;, at Bg = 347.5mT with Zge1qy =
300 ns.
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The 'TT — °TT, spin relaxation time constant is thus obtained to be
1.24 pus from the echo signal decay in Figure 7.20 c. This is almost the same as
the decay time constant (1.17 us) of the quintet signal obtained by CW-TREPR
(Figure 7.21). This means that the components observed in the spin echoes are
the major components in the system, i.e., the dimers are well dispersed in the
polystyrene matrix and in a uniform environment. The slight difference in the two
time constants is probably due to the fact that the decay time of CW-TREPR is
influenced by the high power intensity of the irradiated continuous microwave in

the dielectric resonator. 6
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Figure 7.21 — The decay of echo and TREPR signals. Dependence of t4ejqy of
the echo intensity by pulsed EPR (blue) and TREPR decay signal (red) of MPD-1
at 347.5mT. The decay constants of the echo signal and TREPR signal were 1.24 s

and 1.17 ps, respectively.

While previous reports on Pn-MOF concluded that the quintets observed
in CW-TREPR and pulsed EPR comes from different components due to low

286 in this study, the dimers are uniformly dispersed in polystyrene

crystallinity,
and the signals observed in CW-TREPR and pulsed EPR should be derived from
the same component. In addition, overlapping the kinetics of TA signal at 518 nm

and the kinetics of the echo signal obtained by pulsed EPR shows relatively good
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agreement on the 100-1000s of nanosecond timescales, indicating good consistency

between TA and EPR regarding the quintet dynamics (Figure 7.22).
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Figure 7.22 — Comparison between TA kinetics and echo signal decay. The
overlap of TA kinetics at 518 nm (blue dots) and echo signal decay of the quintet (Qg +
Q+1,347.5mT) was obtained by pulsed EPR (green dots) of MPD-1 in polystyrene (0.05

mol%) at room temperature.

In the spin coherence time (T3) measurements of MPD-1 by the Hahn echo
detection (Figure 7.20d), notably long T5 of 648 ns was observed even at room
temperature. The quintet is generated by J modulation with slight conformation
change (Figure 7.16 ¢), and the large and random fluctuation of anisotropic zero-
field splitting interactions should not dominate in this system. This relatively long
coherence time opens the possibility of quintet spins as multilevel qubits that can
be driven even at room temperature.?® The T, obtained in the present study is
about 5 times longer than that in the MOF (120 - 150 ns). The reason for longer
T, may be due to the absence of phonon effect by the molecular aggregation in
the present dispersed dimer system, reflecting the suppressive fluctuations of the
solid polystyrene environment at room temperature. This is very different from
the kinetic behavior in toluene shown in Figure 7.6, and an ideal environment

for generating spin quantum nature. As pointed out previously, there is a trade-
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off between quintet generation efficiency and spin coherence time.?*” The quintet
generation efficiency in MPD-1 dimer was low (< 1%). This is consistent with
long coherence time due to the lack of decoherence through mixing of 'TT and
°TT. On the contrary, when the quintet generation efficiency is high, the fast spin

evolution from TT to 'TT leads to a shorter quintet spin coherence time.

7.3 Conclusion

In conclusion, we have shown that the macrocyclic parallel dimer is an appropriate
molecular design for exhibiting a long coherence time 75 of quintet state even at
room temperature. The use of dynamic covalent Schiff base chemistry allowed us
to easily synthesize the MPD-1 dimer in high yield, and the macrocyclic structure
keeps the pentacene units oriented parallel to each other in close proximity in
solution or polymer matrix, leading to ultrafast SF of less than 100 fs and allowing
the selective population of specific quintet sublevels. The structural fluctuations
of the pentacene units in the MPD-1 dimer were kept small, and the longest
room-temperature quintet coherence time to date of 648 ns was achieved. Unlike
previous MOF systems, the homogeneously dispersed dimers have the advantage
that the component with the long coherence time is major. Further fine tuning of
linker and chromophore structures would provide a wide range of attractive MPDs
from a viewpoint of flexibility, distance, orientation, and stability. In addition to
the potential of precise structural control, optically-detected magnetic resonance
at the single-molecule level will be possible by using chromophores that exhibit
delayed fluorescence due to triplet-triplet annihilation, the reverse process of SF.
The multilevel qubits, whose structure can be strictly defined at the atomic level,
and which have long coherence time, would be very powerful in elucidating a wide

range of biological and physical phenomena in the future.



161

Chapter 8

Conclusions

This chapter summarises the primary findings of the work described in this thesis,

and highlights the most critical areas that need further investigation.

8.1 Summary

In this thesis, we investigated the fundamental mechanisms that contribute to
triplet exciton generation in organic molecular systems, such as singlet fission,
triplet-triplet annihilation, and intersystem crossing. We examined the effects of
external conditions such as magnetic fields and temperature, as well as internal
factors like molecular structure, on these processes. By focusing on diF-TES-
ADT, tetracene, and pentacene-based materials, this work sheds light on how
changes in experimental conditions and molecular structures can lead to signific-
ant differences in exciton behaviours and triplet generation mechanisms.

In Chapter4, we study the temperature and magnetic field dependence on
photoluminescence of a diF-TES-ADT singlet fission system. Previous studies
based on transient absorption and photoluminescence spectroscopy have sugges-
ted that the first step of singlet fission, the generation of !(TT), is temperature-
independent in polycrystalline films of this material. However, in this chapter, we
show that magnetic field-dependent photoluminescence spectroscopy reveals that

singlet fission to form (T..T) is highly temperature-dependent in this material.
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Our study further highlights the importance of combining a range of different
optical and magnetic resonance spectroscopic techniques to obtain a full picture
of the photophysical processes in materials for singlet fission and triplet-triplet
annihilation.

In Chapter 5, we investigate the photophysical properties of new macrocyc-
lic parallel tetracene dimers, and illustrate the mechanism of triplet formation
using excitation wavelength-dependent transient absorption spectroscopy. Util-
izing picosecond transient absorption spectroscopy in solution, the tetracene di-
mer 1 and its monomer display ultrafast intersystem crossing triplet production
at higher excitation energy, whereas exciting the molecule with lower energy re-
veals a slow intersystem crossing process. These results suggest that intersystem
crossing is influenced by the excitation wavelength in this system, and the triplet
yield increases at higher excitation energy. Furthermore, this finding shows that
the tetracene dimer can be considered a structural unit accountable for both rapid
intersystem crossing and singlet fission processes.

In Chapter6, we broaden our excitation wavelength-dependent study to
include more monomeric tetracene compounds. Through picosecond transient
absorption spectroscopy, we investigate the photophysical properties of differ-
ent tetracene derivatives in solution. By providing a comprehensive analysis of
the excited state dynamics, we showed excitation-dependent behaviour in some
monomers, displaying unique characteristics, along with the detection of ultrafast
intersystem crossing triplet formation.

These findings demonstrate the complexity of excited-state dynamics in tet-
racene derivatives. We showed that molecular structure and excitation conditions
influence triplet-state formation, affecting excited-state relaxation pathways and
photophysical behaviour. Understanding these dynamics, particularly the mech-
anisms governing ultrafast ISC, is essential for advancing tetracene-based mater-
ials in organic photovoltaics, photodetectors, and light-harvesting systems, ulti-
mately contributing to improved energy conversion and device performance.

Finally, in Chapter 7, we investigated the photophysical properties of a newly
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synthesized macrocyclic parallel pentacene dimer. This dimer demonstrated an
ultrafast intramolecular 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 ca. 648 ns. This in-
dicates that the macrocyclic structure is a promising strategy for generating mul-
tilevel quantum bits (qubits) at room temperature, which would be very powerful

in elucidating a wide range of biological and physical phenomena in the future.

8.2 Open Questions and Future Work

The findings presented in this thesis open up some important questions and sug-
gest potential directions for future research to address them. For example, in
Chapter 4, using magnetic field effect and trESR experiments our results indicate
direct intersystem crossing (ISC) from bound triplet pairs to individual triplet
states, 1(TT) — Ty, takes place at low temperatures, whereas at higher tem-
peratures, singlet fission becomes dominant. This raises a general question that
remains unanswered: how does morphology influence singlet fission and intersys-
tem crossing, and therefore, triplet-triplet annihilation in this molecular system?
Are the observed temperature-dependent transitions between SF and ISC specific
to the current sample preparation, or do they represent a more general behavior
across morphology?

According to Merrifield’s original theory, magnetic field effects are influenced
by sample morphology, since the zero-field splitting terms in the spin Hamilto-
nian rely on relative molecule orientation.'?” The spin physics of strongly coupled
triplet pairs can also be influenced by molecular orientation.®® Additionally, mor-
phology has a significant impact on the rate of triplet-pair separation.?** For
instance, (TT) may stay bound for tens of microseconds in a polycrystalline
TIPS-tetracene sample, yet quickly separates into free triplets in an amorphous
sample.®

Therefore, we suggest further temperature-dependent magnetic field effects
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experiments on diF-TES-ADT samples with various morphologies in order to
obtain a clear dataset for investigating the impact of morphology on singlet fission
and triplet fusion.

Moreover, in Chapter 5, the first tetracene monomer (TDA) demonstrated ex-
citation wavelength dependence and ultrafast ISC triplet generation at higher
energy. However, the second tetracene monomer (DPT) exhibited ultrafast ISC
across all excitation wavelengths, as presented in Chapter 6. This raises an essen-
tial question: why do we have excitation dependence in TDA but not DPT?

The consistent ultrafast ISC in DPT, irrespective of the excitation energy,
leads us to hypothesize that the low-lying triplet state Ty is located below and
nearly isoenergetic with S;. This will dramatically boost the rate of intersystem
crossing. In TDA, we hypothesize that Ts is positioned slightly above S;. There-
fore, higher excitation energy promotes ultrafast ISC by enhancing the direct
population of Ty, while lower-energy excitation causes slower ISC due to weak
coupling between S; and Tj.

Further spectroscopic investigations are required to definitively confirm this
hypothesis, such as nanosecond transient absorption spectroscopy and phosphor-
escence lifetime measurements, as T; and Ty states remain unreported in the
current dataset.

In Chapter 7, transient electron paramagnetic resonance (trEPR) data indic-
ated the existence of a quintet state, characterized by a long coherence time.
Nevertheless, this quintet state could not be directly observed via optical tech-
niques. An alternative technique, such as optically detected magnetic resonance
(ODMR), facilitates an optical readout by integrating optical measurements, such
as fluorescence, with electron paramagnetic resonance (EPR). It studies the spin
properties of materials by monitoring changes in their optical response, such as
fluorescence intensity, during exposure to microwaves.’”> However, the ODMR
technique was unsuccessful in pentacene, since the quintet state couldn’t be de-
tected, resulting in the inability to provide optical readout. It is also ineffective

in tetracene, where singlet fission was not detected under the examined circum-
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stances. Subsequently, other candidate materials, such as rubrene, may be ex-
amined, since they have shown the ability to produce efficient singlet fission,*
and could therefore be a better starting point for combining magnetic and optical
detection.

Another issue we encountered in this chapter was the limited stability of
pentacene. Although it has attractive photophysical properties, it degrades when
exposed to air, light, or moisture, making it challenging to work with over time. To
make pentacene more practical for future studies or applications, it is important
to understand what causes this instability and how we may enhance it, whether
through molecular modifications or encapsulation techniques.

In conclusion, this thesis enhanced our understanding of singlet fission and in-
tersystem crossing in organic semiconductor systems. particularly, how external
factors such as temperature, magnetic field, and excitation conditions, together
with internal conditions like molecular structures, influence these spin-state form-
ation processes. These studies can serve in the development of new solar materials
that use sunlight more effectively and might exceed the Shockley-Queisser limit,
by clarifying how singlet fission competes with, or dominates over, intersystem
crossing in different systems. This research also contributes to the quantum in-
formation science field, by showing how molecular systems can be tuned to form
spin-correlated multiexciton states. These states have the potential to serve as
a foundation for molecular qubit systems, contributing to the advancement of

quantum technologies.
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Appendix A

Supplementary information for

Chapter 4

A.1 Morphological Characterization of diF-TES-
ADT Films
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Figure A.1 — GIWAXS pattern (left), polarized microscope images (middle), and AFM
scan (right) of (a) spin-coated and (b) drop-cast diF-TES-ADT films.
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Figure A.1 shows grazing incidence wide-angle X-ray scattering GIWAXS (left),
polarized microscope (middle), and atomic force microscopy AFM (right) images
of (a) spin-coated and (b) drop-cast diF-TES- ADT films. Spin-coated thin film
displays micron-scale crystalline texture (Fig. A.la). The distinct grains apparent
in the AFM are significantly smaller in the spin-coated film and show stronger
preferential orientation with respect to the substrate, as evidenced by the appear-
ance of Bragg spots (in comparison to the broader arc/ ring like features seen in
the drop-cast sample). On the other hand, diF-TES- ADT drop-cast film crystal-
lizes into large domains that are dispersed across the substrate (Fig. A.1b). We

see that these crystalline domains are hundreds of micrometers in size.
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Figure A.2 — (a) 2D GIWAXS pattern of a drop-cast diF-TES- ADT film (repeated
from Figure 1b) with the 001 and higher order reflections labeled. (b) Corresponding
1D GIWAXS intensity profile and simulated powder XRD of the reported crystal struc-
ture,3%% simulated using VESTA software.?97 The inset shows the region highlighted by
the pink dashed rectangle. 1D GIWAXS intensity profiles were generated by azimuthally
integrating the 2D pattern across the full q and azimuthal ranges. Here ¢ = 47w sin 6/,
where 20 is the angle between the incident and scattered X-ray of wavelength A and
the azimuthal angle is the angle normal to the beam incidence at the detector. The
out-of-plane scattering is dominated by a feature corresponding to the (001) plane,
indicating a predominantly lamellar textured film (edge-on motif) with (001) planes

aligned parallel to the substrate, as illustrated in (c).

Several distinct scattering peaks are observed corresponding to the diffraction

from highly crystalline domains within the diF-TES- ADT film. The structure
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of these crystalline regions is consistent with the previously reported brickwork
packing with a predominantly edge-on lamellar motif as confirmed by GIWAXS
(Figure A.2).3%

A.2 Steady-State Absorption and Emission
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Figure A.3 — diF-TES-ADT thin film steady-state room temperature absorption spec-
trum (blue) and photoluminescence (PL) spectra at room temperature (red) and 100 K

(gray shaded).

Temperature-dependent steady-state PL of the diF-TES- ADT film excited at
532nm in Figure A.4 exhibits an increase of a strongly coupled triplet pair state
Y(TT) emission at low temperatures.>” This emission is shifted towards slightly
longer wavelengths compared to the original emission peak at RT. The contri-
bution from singlet states decreases as the temperature decreases from room

temperature to 100 K.
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Figure A.4 — Temperature-dependent steady-state PL of a diF-TES- ADT, excited
at 532 nm, exhibits an increase of the '(TT) emission at low temperatures along with

a decrease in the contribution from singlet states.

A.3 Temperature-Dependent Time-Resolved Pho-
toluminescence Dynamics

TrPL dynamics exhibit minimal temperature dependence within the time con-
stants range from ~10 to 30ns, while changing the temperature from 20 K to
RT, as illustrated in Figure A.5. As previously observed, the PL intensity ini-
tially decreases exponentially, characterized by a single time constant of ~25ns,
which is the lifetime of the emissive !(TT) states. These '(TT) states, created by
singlet fission SF, may either return to the ground state or transform into long-
lived triplets.®® More intense emission on longer timescales indicates bimolecular

triplet-triplet annihilation TTA, as reported in reference.?”
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Figure A.5 — Temperature-dependent time-resolved photoluminescence dynamics of
the diF-TES-ADT film, excited at 532 nm. TrPL dynamics exhibit minimal temperature
dependence within the time constants range from ~10 to 30ns, while changing the

temperature from 20K to RT.

A.4 Temperature-Dependent MFE measure-
ments

The impact of the magnetic field was evaluated by measuring PL spectra at varied
magnetic field strengths ranging from 0 mT to 280 mT, and at various delay times
ranging from 5 ns to 1 ps. The PL spectra were recorded while repeatedly changing
the magnetic field 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 fluctuations and to reinforce our confidence in the reliability of
the noted effects of the magnetic field. Figure A.6 shows some of the recorded
PL spectra at RT (Fig. A.6a) and 100 K (Fig. A.6b), while repeatedly changing
the magnetic field strength in both upward (black dots) and downward (lines)

directions. At different delay times, the recorded spectra remained consistent in
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terms of shape and magnitude while increasing and then decreasing the magnetic

field strength.
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Figure A.6 — The recorded PL spectra at (a) Room temperature and (b) 100 K while
repeatedly changing the magnetic field strength in both upward (black dots) and down-
ward (lines) directions, showing the exact shape and magnitude of the PL spectra in

both cases.

The laser power level was monitored using a power meter to evaluate laser
stability and record any power fluctuations. This allowed the integration of the

whole range of wavelengths and to calculate the MFE using the relevant equation:

APL . PL(B) - PL(0)
or B = PL (0)

Figure A.7 illustrates the impact of magnetic field on the PL spectra of the

diF-TES- ADT crystal at room temperature and 100 K. By recording PL spec-
tra at different magnetic field strengths, Figure A.7(a,b) demonstrates an inverse
pattern of PL intensity measured at RT. This variation is observed between early
and later delay times, 10-20 ns and 350-500 ns, respectively. In contrast, at 100 K,
although there is a variation in the magnetic field strength, we observe no cor-

responding change in the emission intensity throughout the earliest delay time
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(Fig. A.7c). However, at a later time, 350-500 nm, changing the magnetic field
strength caused a noticeable change in the emission intensity (Fig. A.7d), which
is consistent with the recorded data at room temperature. The resulting MFE at
various delay times ranging from 5ns to 1ps is shown in Figure A.8, represent-
ing APL/PL(%) as a function of magnetic field strength at room temperature
(Fig. A.8a) and 100K (Fig. A.8b).
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Figure A.7 — Temperature-dependent Photoluminescence spectra of the diF-TES-
ADT drop-cast film as a function of magnetic field strengths measured at (a,b) room

temperature, and (c,d) 100K, at 10-20ns and 350-500 ns, respectively.
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Figure A.8 — MFE of the diF-TES- ADT drop-cast film measured at 532nm across
different delay times, from 5ns to 1 ps, exhibiting APL/PL(%) as a function of magnetic
field strength at (a) Room temperature, and (b) 100 K.

A.5 Simulation and modeling of MFEs

A.5.1 Kinetic Modeling of Room Temperature MFE

The initial purpose of Merrifield’s model was to describe the magnetic field-
dependent fluorescence.?! Merrifield’s kinetic model was recently modified®” to
simulate the emission dynamics at room temperature, see Ref.3” for details.
The rate model, in this modification, explicitly included two separate popula-
tions of triplet-pairs, exchange coupled triplet-pairs (TT) and weakly interact-
ing triplet-pairs (T..T)!. This modal includes Merrifield’s nine states denoted as
(T..T)! where I=1, 2,..., 9, and their degree of overlap with the singlet is de-
termined by the coefficients |C%|?, which are calculated from the spin Hamilto-
nian'™. Hence, the |CL|? coefficients change with the magnetic field in accord-
ance with the spin Hamiltonian. The molecule orientation was determined from
the crystal structure in Ref.'® and the zero-field splitting parameters, D and E,
were taken from Ref.®¢ In addition, it includes spin-lattice relaxation and non-

radiative triplet decay from (T..T)! to 2xT;. This kinetic model is represented
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as S;= (TT) = (T..T) = T; + T, and shown in Figure A.9. In the original
publication®”, this kinetic model and associated rate equations were used to sim-
ulate MFE data recorded at two delay times, 20-30ns and 100-200ns, using a

custom-made Python code. The governing rate equations are as follows:

d[S
% = - (ksf + ksnr) [Sl] + kf—sf[l(TT)]
dY(TT 9 9
[ (dt )] _ ket[S1] — (kzsf + knop Y |CE* + kttm> H(TT)] + konop ¥ _ ICP[(T
=1 =1
d[(T..T)"
It E L g G TT)] = (b op L + Ko + e+ rtas) [(T-T)!
1 - 1
+ gkrelax Z[(T"T)]] + §ktta[T1]2
J#l
d[T] _ :
dt ktnr + 2k:hopQ Z - thta[T ] - ktnr[Tl]

1=1
The square brackets in these equations represent the concentrations of the states,
which are expressed in units of cm™. The definitions of all rate constants are

shown in Figure A.9.
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Figure A.9 — Kinetic scheme of the first modification of Merrifield model which

presents SF and TTA behaviors at room temperature.

For our modeling, described below, the initial rate constants ksr, k.sr, Knop,
K hop, Krelax, Khop2, Ktta, Ksnrs Kssas Ketnr and ken, were taken from the fitting per-
formed in Bossanyi et al.,?” and used with minimal changes that were well within
the constrained values (see supplementary information of Ref.7).

In that study, the rate constants (kg, kg, Ksnr) Were obtained by fitting the

)]
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diF-TES-ADT thin film transient absorption data. The remaining seven rate con-
stants were optimized to provide a global fit for a large dataset comprising tran-
sient photoluminescence as a function of excitation density and temperature.
Uncertainty analysis of this fitting is shown in the supplementary information of
Ref.37

The first step of singlet fission is shorter than the time resolution of the tran-
sient PLL measurements on which this fitting was based, hence, the parameters
ke, kgr, and kg, have an insignificant impact on the model’s output (but are
constrained by the transient absorption data). Furthermore, ke has no lower
bound for temperatures above 100 K, so it only has a significant role at low tem-
perature. Conversely, khop, Khop, Khop2s Ktta, Ketnr, and ki, are generally tightly
constrained.

Using these rate constants (fitted to and constrained by the transient PL and
transient absorption data), we can simulate the room temperature time-resolved
magnetic field effect without any fitting. This was our starting point and works
reasonably well. Then, with only minor changes to the room temperature rate
constants reported below in Table A.1 for kyop, Knop, Knop2, and ke, (that are well
within the bounds described in the uncertainty graphs in®7), we more accurately

fit the magnetic field effects over all the time ranges measured in the current

work.

A.5.2 Kinetic Modeling of Temperature-Dependent MFE

Here we have further modified the Merrifield kinetic model to include intersystem
crossing from '(TT) and explicitly include temperature-dependence of the triplet-
pair separation. Figure A.10 presents the kinetic scheme of this newly modified

model. This modification involves including an Arrhenius term in the calculation
of kyop within the same rate equations used in the kinetic model based on Ref.?".

—AB
With fixed parameters from literature,*’ Fhop* = Enhope - e\ FaT) , where kg is the

Boltzmann constant, and AF is the activation energy of AE=20meV.%¢ Ky

was initially calculated using the value of kyp reported in Ref.?”, which is equal
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to 0.0493 ns™, divided by the factor e(ﬁ) at RT.

The second modification of the rate equations involves including intersystem
crossing rate constant kisc to take into account ISC from the !'(TT) state to
the T, state. The value of this constant was determined by inputting it into the
code starting from zero and gradually increasing it until our simulations closely
matched the actual data, as illustrated in Figure A.11 and A.12. Lastly, here we
use kyn+ to distinguish it from the rate used by Ref.3” who implicitly included
kisc within the non-radiative decay of '(TT), which they called kg,

The governing modified rate equations used in this model are as follows (where

Kttnr = Kytnr — k1sc when using ki, from Ref.?"):

d[S
[dtl] = - (ksf + ksnr) [Sl] + k_sf[l(TT)]
dY(TT 9
% = hulS1] — (’f + hisc + Knop* Z C4P? + k) [(TT)]+
9
Foop Y [CHI(T..T))
=1
d[(T..T)
[( dt ) ] — khop*|C‘lS|2[1<TT)] _ (k—hop|0é|2 + kh0p2 + ktnr + krelax) [(TT)Z]
1 1 .
+ §ktta[T1]2 + Shietax > I(T.Ty]
J#l
d[T] i

= (kunr + 2knop2) Y _[(T-T)'] + krgc['(TT)] — 2kea[T1]” — Fine[T4]

=1

dt
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(not to scale)

Figure A.10 — The updated kinetic scheme involving singlet fission at temperatures
ranging from 270 K to RT and intersystem crossing at temperatures below 270 K. The
rates used in our model are marked in the figure. Here kg, kitnrs and kin, include both
radiative and non-radiative decay to the ground-state. The relative energies are NOT to
scale (separation between T..T levels is on the order of 1-10ueV, and exchange energy
2J between SyS1/SoT; is on the order of 1eV, while the difference between !(TT) and
T1+T; is ~30meV).

By applying the updated kinetic model and its associated rate equations,
we initiated our simulation with the initial rate constant values from reference®”
(Table A.1). By raising the intersystem crossing rate constant value gradually
and observing its impact on the curves across the entire time range, we obtain
the results presented in Figure A.11 and A.12. The simulation of the MFE at
RT (Fig.A.11) and 100K (Fig.A.12) demonstrates that when the intersystem
crossing rate constant kg is 0.17ns™t, we see similar MFE behavior as in the
experimental data. Increasing kisc further improves the MFE shapes until they
reach a saturation point at higher values. The rate constants were adjusted to
fine-tune the intensity of the curves to closely match the actual data. The final

result of the optimized MFE simulation is shown in Figure A.13, which is based

on the optimized numbers provided in Table A.1.
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Figure A.11 — MFE simulation at RT illustrating the impact of a rising intersystem
crossing rate constant (kigc) value on the behavior of the curves across the entire time

range.
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Figure A.12 — MFE simulation at 100 K illustrating the impact of a rising intersystem

crossing rate constant (kigc) value on the behavior of the curves across the entire time

range.
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Figure A.13 — The final result of the MFE simulation at (a) RT and (b) 100 K using

the optimized rate constants in Table A.1.
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£.37 based on fitting time-, fluence-

Table A.1 — The initial rate constant values from Re
and temperature-dependent PL of diF-TES-ADT films (left column) and the optimized
rate values used in this work to simulate MFE data at RT, 100 K, and power-dependent
data. The rate constants are as described in Fig. 4.10 in the main text. Note that in our

rate model, the temperature-dependent ky;, rate is replaced by a thermally-activated

rate kpopr=Fkj,,,0 exp(—Ea/kpT) using E4 =20meV from Ref.56

Rate Initial values (ns') | Optimized values (ns™)

Kgen 1.8 1.8

Kt 10 10

k gt 0.083 0.083
Khop/Knop* 0.0493 0.0493

K hop 0.0906 0.1106

Krelax 0 0

Knops 0.0644 0.0701

Kita 5.43 x 10720 5.43 x 10720

Kenr 0.083 0.083

Kssa 0 0

Koy 0.0948 0.0948

Kiny 1.68 x 107° 1.68 x 107¢

kisc - 0.183

Figure A.14 displays the derived MFE data and the simulation of diF-TES-
ADT drop-cast film at room temperature ( A.14 a, b), and 100K ( A.14 ¢, d).
As presented in this Figure, across all measured delay times, we find that the
simulation and the experimental data are in good agreement in terms of shape,

intensity, and zero-crossing.
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Figure A.14 — Comparison of experimental results (a,c) and simulations (b,d) of MFEs
on the photoluminescence of the diF-TES-ADT drop-cast film measured at 532nm
across different delay times at (a,b) room temperature and (c,d) 100 K, respectively.

The simulation and the data of the MFE at RT and 100K are in reasonably good

agreement.
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A.5.3 Fluence-dependent simulation

To simulate the power-dependent MFE results at 100 K, the reported laser power,
measured in pW, had to be converted to the exciton density, measured in cm™,
before being applied to our updated code. Using the following equation, the values

of the average exciton density N were calculated from the measured laser power

P, where P was set to 11, 33, 100, 300, 900, and 2300 pW:

PX

N=F,1-F -
Al s)Rr frryrydhe

Here Fg and F, represent the fractions of incident light scattered and absorbed
by the sample respectively, which were determined from the UV—Vis transmis-
sion spectrum. For drop-cast diF-TES-ADTfilm, the sample thickness varies from
100 nm to 15 um. Therefore, these fractions ranged from 0.2 to 0.45 for Fg, and
from 0.21 to 0.34 for Fo. Rp is the ratio of measured power between the sample
position and power meter position, which was determined to be 0.58 in our setup.
The repetition rate of the laser, f, was set at 1kHz for internally triggered power
measurements. The radii of the excitation beam spot, r, and r,, are measured as
158.6 pm and 99.8 pm, respectively, using a CCD beam profiler from Thorlabs.
The excitation wavelength is 532nm, and A and c are Planck’s constant and the
speed of light, respectively. However, the potential excitation densities vary by
approximately three orders of magnitude due to the non-uniform thickness of
the drop-cast film. Accurately determining the excitation densities for this spe-
cific sample is somewhat challenging. Consequently, we’ll be phenomenological
and use the thin film’s excitation densities in our simulation since we possess
precise measurements of the film’s thickness. Using these data to simulate our
findings exhibits similar behaviour to the experimental fluence-dependent MFE
data presented in the main text, as shown in Figure A.15.

Figure A.15 shows the resulting fluence-dependent simulation exhibiting a
drop in the TTA-MFE as the excitation density rises, which is consistent with
the experimental data presented in the main text (Fig. 4.6). It is important to

observe that exceeding an exciton density of 5x10'® results in signal saturation,
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whilst decreasing the exciton density below 2.3x 101 yields an even greater signal.

Thus, our data is likely within this range of exciton densities.

Simulation, 100K

——2.3X10*%cm™
154 6.9 X10%* cm™
2.1 X10* cm?®
104 | 6.2 X10% cm?
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Figure A.15 — Simulation of the fluence- dependent magnetic field effect of diF-TES-
ADT drop-cast film measured at 523 nm at 100 K. The simulation shows the drop in
the TTA-MFE as the exciton density rises and broadly shows good agreement with the

experimental MFE behavior.

A.6 Transient Electron Spin Resonance

A.6.1 trESR measurements on diF-TES-ADT in frozen

solution

In order to clearly identify and assign features in ESR spectra attributable to sing-
let fission or triplet-triplet annihilation, reference measurements were performed
on dilute frozen solutions of diF-TES-ADT in toluene, where these processes do
not occur. The corresponding trESR spectra are shown in Fig. A.16 and show
the presence of an intersystem crossing (ISC)-polarized triplet excited state at all
temperatures probed. The triplet state ESR signal decays over time while main-
taining the initial spin polarization pattern. These results are compared to the
results obtained for drop-cast diF-TES-ADT films in Fig. 4.7 of the main text in
Chapter 4.
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Figure A.16 — Transient ESR measurements on diF-TES- ADT in frozen solution at
a series of temperatures. Time-dependent evolution of the ESR spectra as a function of
time after laser excitation (left, red = emissive, blue = absorptive), transients extracted
at the field positions corresponding to the X canonical field positions (322.5 mT and
370.0 mT, center) and spectra extracted at early times after laser excitation (0.1 -

0.5 ps, right).

A.6.2 Spectral signatures for photoinduced paramagnetic

states for different formation mechanisms

The spectral signature of the triplet state in diF-TES-ADT resulting from ISC
is compared to the expected signatures for triplet and quintet states resulting
from singlet fission in Fig. A.17. The differences in spin polarization pattern and
position of the main spectral features between the ISC and singlet-fission born
triplet and quintet states allow unequivocal interpretation of the experimental

results in terms of ISC-born triplet states.
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Figure A.17 — Calculated spectral signatures expected for triplet and quintet states in
diF-TES-ADT resulting from different mechanisms: spin-selective population of zero-
field populations by intersystem crossing (ISC) and selective population of the mg = 0
sublevel by singlet fission. The contributions of the different 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 field aligned with the Y-axis of the zero-field interaction.
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A.6.3 Partial ordering in diF-TES- ADT films

ESR spectra
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Figure A.18 — Transient EPR spectra for diF-TES- ADT in frozen solution and in a
drop-cast film recorded at 20 K and extracted at early times after photoexcitation (0.2
- 0.7ps). The spectra are displayed for two different orientations of the film in the
spectrometer, 0° corresponds to a magnetic field parallel to the substrate and 90° to
the magnetic field along the substrate normal (see drawing on the bottom right). The
spin density distribution predicted by DFT for the photoexcited triplet state of diF-
TES- ADT and the orientation of the principal axes of the zero-field interaction within
the molecular structure are displayed on the top right. The experimental spectra are
compared to simulations shown as dashed lines, which for the drop-cast films take a

probability distribution of molecular orientations in the film into account.

Transient ESR measurements performed on freshly prepared drop-cast diF-TES-
ADT films at 20 K show evidence for partial ordering of the diF-TES-ADT mo-
lecules in the film as revealed by differences in the ESR spectra recorded with
the magnetic field aligned with the substrate plane and with the substrate nor-
mal (Fig. A.18). Simulation of both the frozen solution and the drop-cast film
measurements at the two substrate orientations, combined with information on
the orientation of the principal axis frame of the zero-field interaction from DFT,
indicates a preferential orientation of diF-TES-ADT molecules with the axis of

maximum dipolar coupling (Z), the out-of-plane axis, parallel to the substrate
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plane and the zero-field Y axis, lying along the TES sidechains, aligned with the
substrate normal. The orientational dependence of the film ESR spectra is in
agreement with the preferential edge-on orientation of the diF-TES- ADT mo-
lecules determined by GIWAXS, confirming a common morphology between films

used for the optical and ESR measurements.

A.6.4 Contributions to the trESR spectra
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Figure A.19 — Transient ESR measurements on diF-TES- ADT drop-cast films at a
series of temperatures. Time-dependent evolution of the ESR spectra as a function of
time after laser excitation (left, red = emissive, blue = absorptive), transients extracted
at the field positions corresponding to the X canonical field positions (322.5 mT and
370.0 mT) and to the field position of the narrow emissive signal contribution (348 mT,

center) and spectra extracted at early times after laser excitation (0.1 - 0.5 ps, right).

The trESR spectra exhibit a sharp emissive signal at g &~ 2.004 (347.6mT), in
addition to the broad signal of the photoexcited triplet state. This signal has an
approximately Lorentzian lineshape with a FWHM of ca. 1.7mT and its con-
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tribution is more pronounced in the films and increases in intensity for higher
temperatures. The rise time of this signal contribution is slower compared to
that of the main triplet ESR signal (see Fig. A.19). Potential origins for this
signal contribution are a spin-correlated radical pair formed by charge transfer,

182,200 o1 a polarized

highly mobile triplets with averaged out dipolar interaction
radical state formed following photodegradation. The absence of a signal at the
corresponding field position by continuous-wave ESR rules out the thrid option.
Attempts at clearly discriminating between a radical and a triplet state origin
through pulse or transient nutations were unfortunately not successful.

For a very mobile triplet state, the anisotropic zero-field interaction, which
leads to the line splitting at the origin of the broad triplet signals, could be
averaged out, leading to a reduced linewidth of the signal and resulting in a
narrower line.??>?! In addition, hyperfine interactions between the electron spin
and surrounding nuclear spins can contribute to line broadening in the rigid or
low-mobility regime. When molecular motion is sufficiently fast, these hyperfine
couplings are dynamically averaged, leading to further narrowing of the EPR
signal. If the signal were due to motionally averaged triplets, the width would de-
pend on the mobility and therefore, we would have expected contributions from
a distribution of widths, for triplets with different mobility across regions of the
sample with different local order and crystallinity. We would also have expected
increased narrowing at higher temperatures, where the increased contribution of
triplet-triplet annihilation evidenced by the increasingly emissive triplet polariz-
ation clearly indicates an increase in mobility.

In a radical pair/charge-transfer state, the weak coupling in a charge-transfer
state leads to narrow signals typically falling in the region of g ~ 2. For a singlet-
born radical pair, a spin polarization pattern with emissive and absorptive contri-
butions is typically expected due to spin conservation. Triplet-born radical pairs
can exhibit a wider range of different polarization patterns, depending on the
exact nature of the triplet state and of the resulting radical pair. Comparison of

the rise times of the broad triplet signal and the narrow central resonance across
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different temperatures in Figure A.19 shows a delayed rise of the narrow central
signal: it rises as the broad triplet signal starts to decay. In combination with
the previous arguments, this led us to a charge-transfer state with the observed

triplet state as a precursor as the most likely explanation for the observed signal.

A.6.5 Modeling of the trESR time evolution

The time evolution of the spin-polarized ESR signal was simulated to confirm
assignment of the observed change in spin polarization pattern to triplet-triplet
annihilation and extract the characteristic kinetic parameters describing this pro-

£.293 and is

cess. The kinetic model used for the simulation was adapted from Re
shown schematically in Fig. A.20. The evolution of the triplet state sublevel pop-
ulations, Nyi, Ny and N_;, was determined from the solution of the following
set of differential equations taking into account spin relaxation, spin-selective

unimolecular triplet decay kinetics and bimolecular triplet-triplet annihilation:

dN.
d;l = —wWoest+ Ny1 — w5y Ny1 + woesyPocsy No + Wiy Py Ny
—ky 1Ny — krra, p1 NNy
dNo _ N, N, N N.
o — W0+ Pos+ V0 — W—50V0 + Woer+ V41 + W 50D — 501V -1
— koNo — kra0NoNo
vy N N N, N
T — W_160P--0V-1 — WopyPost N1 FW_r50N0 + Wors4 N4

— kN — kroa—1NaiNog

Wj«,; are the relaxation rates for the different level pairs and the factors p;,;
Piesj = exp (— (B — E;) [kgT)

ensure return to the Boltzmann equilibrium populations.

ki1, ko and k_; are the unimolecular triplet decay rates for each high-field
triplet sublevel, which are determined from the selective decay rates ky, ky and
kz in the molecular (zero-field) frame for each molecular orientation as

ki=>» ik i=-1041 1=XYZ
l
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krra+1, Frrao and krpa —1 are the decay rates for the triplet-triplet annihilation

process corresponding to each high-field triplet sublevel.
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Figure A.20 — Schematic drawing of the kinetic model used for the trESR simulations
(left) and illustration of the effect of triplet-triplet annihilation on the triplet sublevel
populations and therefore the spin polarization of the ESR spectrum (right). The energy
level diagrams are shown for a magnetic field aligned with the Y-axis of the zero-field
interaction, the orientation most sensitive to the effects of triplet-triplet annihilation

for this system.

This kinetic model was implemented in a modified version of the EasySpin

164,308 which calculates the triplet sublevel populations for

resfields function,
each time point and each orientation in the powder average by solution of the
differential equations using Matlab’s built-in ODE solver and constructs the ESR
spectrum at different times after photoexcitation. The finite rise time of the sig-
nal was modeled by multiplication of the calculated transients with a response
function determined by the resonator bandwidth for a given resonator )-value.
In order to reduce the number of variable fitting parameters, and therefore
minimize the risk of overfitting, we made a series of approximations. The relaxa-
tion rates for the level pairs corresponding to a Amg = +1 transition were set to
be equal (w_.,0 = wos4 ) and the relaxation rate for level pairs with Amg = +2
was set to be negligible. The unimolecular decay rates kx, ky and kz were as-

sumed to be the same for diF-TES- ADT in frozen solution and in drop-cast films

and independent of temperature.
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The unimolecular decay rates and the temperature-dependent relaxation rates
were determined from a global fit of the frozen solution trESR spectra and tran-
sients recorded at 40 K, 60 K, 80 K and 150 K. The simulation parameters
are reported in Fig. A.2. An excellent agreement with the experimental results
could be obtained as shown in Fig. A.21. The presence of Torrey oscillations in
trESR datasets recorded at low temperatures indicates that the measurement
conditions, with the microwave power necessary to acquire data with sufficient
signal-to-noise ratio, correspond to the underdamped regime.*’? As the relaxation
times decrease for higher temperature, a transition to the overdamped regime is
observed. In both regimes, the decay of the signal is not purely determined by 77,
with T, significantly influencing the decay in the underdamped regime and the
decay constant only approaching T} when viTiT, < 1.3 Therefore relaxation
rate constants determined from the fit cannot be interpreted in terms of specific
relaxation times. However, the purpose of modeling the frozen solution trESR
data was to determine the rate constants of all processes except triplet-triplet
annihilation, so that these could then be kept fixed for the simulation of the data
recorded for the drop-cast films to better isolate the contribution of triplet-triplet
annihilation.

For the simulation of the trESR data recorded for diF-TES- ADT in drop-cast
films, the bimolecular decay rates for the T_; and T sublevels were kept equal
(krra,—1 = krra,41) and the ratio kpra,1/-1/krrae was kept fixed for all tem-
peratures and laser fluences. The ratio kpra 1/-1/krTa0 and the magnitude of
TTA decay were determined from a global fit of the trESR spectra and transients
recorded at different temperatures and different laser fluences. The resulting sim-
ulations are shown in Fig. A.21 and the corresponding simulation parameters are
summarized in Fig. A.2. The simulations based on this kinetic model including
bimolecular triplet-triplet annihilation are clearly able to reproduce the evolu-
tion from a symmetric ISC-populated triplet state spectrum at very early times
after photoexcitation to the mostly emissive spectrum with a net polarization

within the first 1-4 ps. The transition is most clearly visible at the field position
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corresponding to the high-field Y canonical transition (ca. 370mT) and results
from an inversion of the relative population of the T,; and Ty levels due to the
spin-selectivity of triplet-triplet annihilation (see Fig. A.20). Agreement between
experiment and simulation is obtained for increased triplet-triplet annihilation at

higher temperatures and higher laser fluences.
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frozen solution: temperature dependence drop-cast films: temperature dependence
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Figure A.21 — Comparison of the results of the trESR experiments performed as
a function of temperature for diF-TES-ADT in frozen solution and as a function of
temperature and laser fluence for diF-TES-ADT in drop-cast films with simulations
based on a kinetic model taking relaxation, spin-selective unimolecular triplet decay
and bimolecular triplet-triplet annihilation into account, performed as described in the

text. The simulation parameters are reported in table A.2.
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Spin system parameters

frozen solution drop-cast film
g 2.0059 £ 0.0005 2.0059 +£ 0.0005
D 1420 +£ 5 MHz 1370 &+ 5 MHz
E —32+ 2 MHz —50 £ 5 MHz
D strain [100 120] MHz (79 20] MHz
H strain 50 MHz 50 MHz

Spin-selective triplet population and decay

px i py :pz  0.45:0.36:0.19 (£0.02)
kx :ky 1 kz 0.32:0.26:0.41 (4:0.02) ps™*

Relaxation

40K 60K 80K 100K 150K 200K 250K

W_ 0 = Woesy (ps™1)  0.92  0.60 033 0.22 0.22 050 0.65
W_esy = 1074 ps~t dw = 0.05 ps?

Triplet-triplet annihilation*

Temperature 40K 60K 80K 150K 200K 250K

kTTA,+1 = kTTA,fl (ps_l) 0.42 3.0 7.4 11.0 19.2 38.5
krrao (us™) 047 34 83 123 216 432

T =100 K

Laser fluence (mJ cm™2)  0.07 0.36 0.72 1.43

kTTA,+1 = kTTA,—l (pSil) 2.7 3.8 5.5 8.8
kTTA,O (}1871) 3.1 4.3 6.2 9.9

* The ratio krra41/-1 : krTa0(= 0.89 : 1) is fixed across all temperatures and laser fluences.

Table A.2 — Parameters for the simulation of ESR spectra and their time dependence.
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A.6.6 Experimental Procedures and Data Analysis Con-
ducted by Collaborators at the University of Oxford

Transient Electron Spin Resonance

Transient ESR experiments were performed on a Bruker Elexsys E680 X-band
spectrometer equipped with a Bruker ER- 4118X-MD5-W1 dielectric resonator
with an optical window. Measurements at a series of temperatures in the range
from 20 K to 250 K were performed using liquid helium or liquid nitrogen cool-
ing with an Oxford Instruments CF935 cryostat and temperature-control system.
Laser excitation at 532 nm was provided by an EKSPLA NT230 diode pumped Q-
switched Nd:YAG laser and optical parameteric oscillator (OPO) with 5 ns pulses
and a 50 Hz repetition rate. After the last laser turning mirror, the light was de-
polarized using an achromatic depolarizer. A Stanford Research System digital
delay generator (DG645) was used for synchronization of the laser and EPR spec-
trometer. The laser energy incident on the sample was estimated based on laser
energy measurements within the resonator and cryostat using a ThorLabs TD2X
thermal detector placed at the position of the sample (after calibration outside
the resonator). Transient EPR experiments were performed by direct detection
with the transient recorder (Video Amplifier III, 1 GHz bandwidth) without lock-
in amplification using a microwave power of 2 mW. The laser background signal
was removed by 2D baseline-correction determined based on low- and high-field

off-resonance transients.

Density Functional Theory calculations

DFT calculations were performed to predict the orientation of the principal axes
of the zero-field interaction with respect to the molecular structure. Geometry op-
timizations for the ground and triplet state were performed in ORCA (v.5.0.4)31°
with the BP86 basis set and the def2-SVP basis set, including a dispersion correc-
tion,*!' 314 EPR parameters were calculated for the optimized geometry with the

PBEO basis set and EPR-II basis for H, C and N and the IGLO-III basis set for
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S.315318 The calculated spin density distribution and principal axis orientations
are depicted in A.18. DFT predicts a positive zero-field splitting D value with
the Z principal axis along the out-of-plane direction, in agreement with other

polyacene-based molecules.
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Appendix B

Supplementary information for

Chapter 5 and 6

B.1 Tetracene dimers

B.1.1 Molecular weight of DPT-dimers

Molecule Molecular structure Molecular weight

(g/mol)
7o

DPT-dimerl 2 :6 ' 1073.36
= N
—
g Qa

DPT-dimer2 ‘.;. , 1084.54

®

DPT-dimer3 4 - 1488.70

S0
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B.1.2 Absorbance spectra of the dimers

51.41 ——DPT-dimer 1
S —— DPT-dimer 2
g 121 —— DPT-dimer 3

350 400 450 500 550 600
Wavelength (nm)

Figure B.1 — Steady-state absorption spectra of DPT-dimers. Normalized ab-
sorption spectra of DPT-dimer1 (black), DPT-dimer2 (red line), and DPT-dimer 3
(blue line) in toluene solutions at room temperature. The absorption spectra of tetra-
cene dimers exhibit similar spectral features regarding peak positions and intensities,

indicating comparable electrical and structural properties.
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B.1.3 Absorption spectra of DPT-dimerl: solvent de-

pendency
a) b)
~10F} 8 20000 |- 1
3 toluene ]
K o-xylene toluene
0 08 - tert-butylb B ~ o-xylene
g ; / eributylbenzene | '\_E 15000 [ \ tert-butylbenzene| |
[ | \
Qo6 f Y ]
[e] ‘ [ \
2 / 5 10000 - \ i
® 04l | E \
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b 4
S
Zo0t — or : —
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Wavelength (nm) Wavelength (nm)

Figure B.2 — Solvent dependence of DPT-dimerl. (a) Normalized absorbance
spectra of the of DPT-dimer1 in toluene (black line), o-xylene (red line), and tert-
butylbenezene (blue line), presenting comparable spectral features and consistent peak
positions across all solvents. (b) Absorption coefficient spectra of the DPT- dimer1 in
the same solvents, showing identical peak positions but different intensities, reflecting
differences in solvent-dependent absorption strength. Note: This figure was measured

by Wataru Ishii at Kyushu University in Japan.
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B.1.4 calibration curves of DPT-dimer1 in different solvents

at different wavelengths
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Figure B.3 — Calibration curves of DPT-dimerl in different solvents. Calib-
ration curve of DPT-dimer 1 in (a) Toluene at A= 498 nm, (b) O-xylene at A=466.5 nm,
and (c) Tert-butylbenezene at A= 465.5 nm. Note: This figure was measured by Wataru

Ishii at Kyushu University in Japan.
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B.2 Tetracene monomers and rubrene

B.2.1 Molecular weight of the monomers

Molecule Molecular structure Molecular weight
(g/mol)
Tetracene-2,6-dicarboxaldehyde 2 52 4
‘ yae | MO 436.51
TDA & )
W,
@,
5,12-diphenyltetracene, O 0 O
7Y 380.49
DPT
O
5,6,11,12-tetraphenyltetracene
Rubrene OOOO °32.7

B.2.2 Photoluminescence quantum yield (PLQY) of the

monomers

The PLQY for TDA and DPT monomers was calculated using the equation

provided below.?¢4

Isample Areference Ngample ?
PLQYsample = PLQYreference X X X

Ireference Asample Nreference

Where (I) is the integrated PL intensity of the emission, (A) is the absorbance
of the solution, and (n) is the solvent’s refractive index. Given that toluene was
employed as a solvent for all monomers, the refractive index of the solvents is
uniform, so we omitted the last component of the equation. Rubrene, recognized
for its outstanding emissive characteristics, demonstrated a PLQY of ~98 - 100%

261,263

in solution, acting as a reference for our calculation. The PL quantum yields

of DPT were found to be 67% and TDA to be 60% according to this standard. The
absorbance and photoluminescence values used in these calculations are shown

below.
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Concentration-dependent steady-state absorption and PL of rubrene

and DPT-monomer

Rubrene DPT
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Figure B.4 — Concentration-dependent steady-state absorption and photolu-
minescence of rubrene and DPT. Steady-state UV-vis absorption and normalized
photoluminescence spectra of (a, ¢) Rubrene and (b, d) DPT, respectively, in toluene

solution at different concentrations.

Table A1l: Absorbance and integrated normalized PL values from Fig-
ure B.4 for PLQY calculation of DPT-monomer using rubrene as ref-

erence

Molecule Rubrene DPT
Absorbance 0.075 0.086
Normalized emission-1 82.88415 | 59.83714
Normalized emission-2 85.52662 | 66.92747
Normalized emission-3 92.68647 | 74.2586
PLQYpprl 63%
PLQYppr2 68%
PLQYppr3 69%
PLQYppt (average) 67%
stdev 3.61
Error 2.08
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Concentration-dependent steady-state absorption and PL of rubrene

and TDA-monomer
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Figure B.5 — Concentration-dependent steady-state absorption and photolu-

minescence of rubrene and TDA. Steady-state UV-vis absorption and normalized

photoluminescence spectra of (a, ¢) Rubrene and (b, d) TDA, respectively, in toluene

solution at different concentrations

Table A2: Absorbance and integrated normalized PL values from Fig-

ure B.5 for PLQY calculation of TDA-monomer using rubrene as ref-

erence

Molecule Rubrene TDA
Absorbance 0.019 0.029
Normalized emission-1 83.53656 | 81.85706
Normalized emission-2 81.76456 | 76.72465
Normalized emission-3 93.82167 | 78.80298
PLQYrpal 55%
PLQYrpa2 61.5%
PLQYypa3 64.2%
PLQYtpa (average) 60.23%
stdev 4.7
Error 2.72
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B.3 DPT sensitization measurement using dif-

ferent sensitizers.

a) DPT monomer /Anthracene, 355 nm pump b) 9008 Anthracene, 355 nm pump
0.0084 —1ns ins
—— 18ns —— 10ns
10us 0.0061 —— 2us
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o O 0.0044
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. S 0.002;
0.000 O'OOO‘MV#%W
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450 500 550 600 650 700 450 500 550 600 650  70C
Wavelength (nm) Wavelength (nm)
Figure B.6 — Nanosecond-millisecond transient absorption spectra of

anthracene-sensitised DPT monomer in toluene with pump wavelength
355nm with a visible probe. The solution is a 10:1 molar ratio of anthracene
(500pM) and DPT (50pM) in toluene. The spectra for (a) anthracene: DPT mix-
ture and (b) anthracene solution are identical due to the absence of energy transfer to

DPT monomer.

DPT monomer/C60 Fullerene, 355nm pum b C60 Fullerene, 355nm pump
a) 0.010 ——500ps P P ) 0.010 —fonps
——1ns ——1ns
0.008 { 0.008ome A
100ns
200ns \/\,/
0.006 1 0.0061 Goons il
8 (&) ns v
QO 0.0044 QO 0.0044
3 0.0024 . 3 0002
0.000 0.000
-0.002 1 -0.002
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
Figure B.7 — Nanosecond-millisecond transient absorption spectra of

Fullerene-C60-sensitised DPT monomer in toluene with pump wavelength
355nm with a visible probe. The solution is a 1:1 molar ratio of C60 (50 M) and
DPT (50 pM) in toluene. The spectra for (a) C60: DPT mixture and (b) C60 solution

are identical due to the absence of energy transfer to DPT monomer.

fJames Pidgeon and I measured the sensitization data using nanosecond-millisecond transi-

ent absorption spectroscopy.
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B.4 Excitation wavelength dependence in rub-
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Figure B.8 — Excitation wavelength dependence of transient absorption spec-
troscopy for rubrene monomer Transient absorption spectra (left) and normalized
dynamics of the main species (right) of rubrene in toluene solution at the excitation

wavelength (a) 500 nm and (b) 450 nm, with an average pump power of 1 mW.

Figure B.8 presents transient absorption spectra of rubrene in toluene solution,
excited at 500 nm (Fig B.8a) and at 450 nm (Fig B.8b). The TA spectra exhibit
a photoinduced absorption band at 434 nm that decays mono-exponentially on a
rapid timescale. This was attributed to the absorption of the excited singlet state
(S1 — Sn).156262 The small positive feature at 505 nm decays as singlets, indicat-
ing no triplet formation in this region. According to Yildiz (1968),%°! in rubrene
solution, the intersystem crossing efficiency is less than 0.05, which requires spe-
cific sensitizers to obtain high triplet concentrations. As a result, the rubrene
solution showed only singlet state absorption and no absorption in the triplet

state. The broad PIA features at around 700 and 1188 nm exhibit kinetic decays
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similar to the 434 nm band (Fig B.8a), leading us to attribute them to S; — Sy
transitions, as reported in Ref.?!” These findings provide conclusive evidence that

the rubrene solution does not show any excitation wavelength dependency.

B.5 Diffusion-ordered spectroscopy nuclear mag-

netic resonance (DOSY-NMR) analysis

B.5.1 DiPhenyltetracene 7.2 mg in 0.6 ml of toluene

1|

420
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\‘11@?3119
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8.50 8.25 8.00 7.75 7.50 7.25 7.00 ppm

Figure B.9 — 2D diffusion ordered spectroscopy (DOSY) NMR spectra of
7.2 mg of DPT in 0.6 ml of toluene.
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Figure B.10 — DOSY-NMR contour plot. Peak positions are represented by the

red dots, showing where significant diffusion signals are detected.

Fitted function: f(x)=lo*exp(-D*x"2* gammaﬂz * littleDelta2
(bigDelta-littleDelta/3)* 10"4

used gamma: 26752 rad/(s*Gauss)

used little delta: 0.0032000 s

used big delta: 0.039900 s

used gradient strength: variable

Random error estimation of data:

RMS per spectrum (or trace/plane)

Systematic error estimation of data:

worst case per peak scenario

Fit parameter Error estimation method:

from fit using arbitrary y uncertainties

Confidence level:

95%

Used peaks:

automatically picked peaks

Used integrals:

peak intensities

Used Gradient strength:

all values (including replicates) used
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Figure B.11 — Non-linear fit of some diffusion peaks intensities.
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B.5.2 DiPhenyltetracene 3.8 mg in 0.6 ml of toluene
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Figure B.12 — 2D diffusion ordered spectroscopy (DOSY) NMR spectra of
3.8 mg of DPT in 0.6 ml of toluene.
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Figure B.13 — DOSY-NMR contour plot. Peak positions are represented by the

red dots, showing where significant diffusion signals are detected.
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Fitted function:

f (x)=lo* exp (-D * x"2 * gamma*2 * littleDelta*2
(bigDelta-littleDelta/3)* 10°4

used gamma: 26752 rad/(s*Gauss)
used little delta: 0.0024000 s

used big delta: 0.039900 s

used gradient strength: variable

Random error estimation of data:

RMS per spectrum (or trace/plane)

Systematic error estimation of data:

worst case per peak scenario

Fit parameter Error estimation method:

from fit using arbitrary y uncertainties

Confidence level:

95%

Used peaks:

automatically picked peaks

Used integrals:

peak intensities

Used Gradient strength:

all values (including replicates) used

Dfit/1, 7.21e-10 m2is

Dfitf7, 7.16e-10 m2is

Dfit/8, 7.17e-10 m2is
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Figure B.14 — Non-linear fit of some diffusion peaks intensities.
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B.5.3 DiPhenyltetracene 2.2 mg in 0.62 ml of CDClj3
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Figure B.15 — 2D diffusion ordered spectroscopy (DOSY) NMR spectra of
2.2 mg of DPT in 0.62 ml of CDClj.
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Figure B.16 — DOSY-NMR contour plot. Peak positions are represented by the

red dots, showing where significant diffusion signals are detected.
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Fitted function:

f(x)=1lo*exp (-D*x"2

(bigDelta-littleDelta/3)* 10°4

* gamma’2 * littleDelta”2

used gamma: 26752 rad/(s*Gauss)
used little delta: 0.0032000 s

used big delta: 0.039900 s

used gradient strength: variable

Random error estimation of data:

RMS per spectrum (or trace/plane)

Systematic error estimation of data:

worst case per peak scenario

Fit parameter Error estimation method:

from fit using arbitrary y

uncertainties

Confidence level:

95%

Used peaks:

automatically picked peaks

Used integrals:

peak intensities

Used Gradient strength:

all values (including replicates) used

Dt/ 1, 7.94e-10 m2is

Dfit/3, 8.00e-10 m2is

Dfitf 4, 8.02e-10 m2is
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Figure B.17 — Non-linear fit of some diffusion peaks intensities.
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B.5.4 DiPhenyltetracene 0.82 mg in 0.55 ml of toluene
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Figure B.18 — 2D diffusion ordered spectroscopy (DOSY) NMR spectra of
0.82 mg of DPT in 0.55 ml of toluene.
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Figure B.19 — DOSY-NMR contour plot. Peak positions are represented by the

red dots, showing where significant diffusion signals are detected.
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Fitted function: f(x)=1lo*exp (-D * x"2 * gamma”2 * littleDelta”2
(bigDelta-littleDelta/3)* 1074

used gamma: 26752 rad/(s*Gauss)

used little delta: 0.0024000 s

used big delta: 0.039900 s

used gradient strength: variable

Random error estimation of data: RMS per spectrum (or trace/plane)

Systematic error estimation of data: worst case per peak scenario

Fit parameter Error estimation method: from fit using arbitrary y uncertainties

Confidence level: 95%

Used peaks: automatically picked peaks

Used integrals: peak intensities

Used Gradient strength: all values (including replicates) used
Dfit/2, 9.00e-10 m2fs Dfit/9, 9.24e-10 m2fs Dfit/10, 8.02e-10 m2fs

x104 x104 X104
100 2.00 3.00 1/m 100 200 300 1/m 1.00 200 3.00 1im

Dfiti 12, 8.24e-10 m2fs Dfitf13, 8.10e-10 m2is Dfitf14, 8.71e-10 m2is
7

10 10
x104 x104 x104
1.00 2.00 3.00 L tm 100 200 3.0 1/m 190 2.0 3.0 1/m
} i i
Dfiti15, 7.49e-10 m2is Dfitf16, 8.34e-10m2is Dfit/17, 8.22e-10 m2fs
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Dfitf18, 8.38e-10 m2fs Dfitf 20, 8.70e-10 m2is Diitf 22, 8.45e-10 m2is
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Figure B.20 — Non-linear fit of some diffusion peaks intensities.
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B.5.5 Monomer-dimer fitting using Hill equation

= Experimental data
Fit function

0.1 1 10

Concentration (mg/ml)

Figure B.21 — Diffusion-ordered spectroscopy nuclear magnetic resonance
data analysis of DPT solution. The data demonstrate that reducing the concentra-
tion of the solution leads to a significant reduction in the dimer percentage, highlighting
the concentration-dependent nature of dimer formation and molecular self-association

behavior. The data is fitted using Hill-equation as described below.

The Hill equation was first introduced by Archibald V. Hill in 1910 to characterise
the cooperative binding of oxygen to haemoglobin.?”32Y Although it was origin-
ally developed for ligand—protein interactions, it has now been extensively used
to describe many cooperative systems, including self-assembly processes such as
dimerization and aggregation.?427321:322 This approach is useful when the mech-
anistic modeling is more difficult due to limited data, as in our case. The use of
the Hill equation is therefore allowing for a quantitative analysis of the dimer
formation trends in solution.

Here, we used the Hill equation to fit the experimental data presented in
Figure B.21, which describes the concentration-dependent formation of dimers.

The general Form of the Hill equation is?">27°

L]

f=_——""1
K%+ [L"]

(B.1)
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Where, 6 is the fraction of occupied binding sites (or, analogously, dimer frac-
tion), [L] is the ligand (or the solution concentration), K, is the dissociation
constant, and n is Hill coefficient. To express this in terms of percentage dimer-

ization, the equation is scaled by 100

7]
K™+ [Cn]

Where [C] is the total concentration of the solution, K is the dissociation

Dimer% = x 100 (B.2)

constant which corresponds to the concentration at which half the maximum
dimer population is achieved,?"*?™ and n is the Hill coefficient, which reflects the
degree of cooperativity (n > 1 in positively cooperative dimer formation).?”® K
and n are fitting parameters, equivalent to 4 mg/ml and 1.5, respectively, which
fall within the expected range.

In the context of dimerization, where two identical units associate, the use of
the Hill model provides a simplified description of the system’s sigmoidal behavior.

As shown in Figure B.21, the fitted curve matches the experimental data well.
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Supplementary information for

Chapter 7

C.1 General characterizations conducted at Ky-
ushu University by collaborators

'"H NMR (400 MHz) spectra were measured on a Bruker Ascend NMR 400 MHz
with TMS as the internal standard. High-resolution MS were measured on a
JEOL JMS-700 at the Evaluation Center of Materials Properties and Function,
Institute for Materials Chemistry and Engineering, Kyushu University. MALDI-
TOF MS was measured on Bruker Auto lex max MALDI-TOF MS mass spec-
trometer. Elemental analysis was carried out using a Tanaco CHN Corder MT-5
at the Elemental Analysis Center, Kyushu University. Single crystal X-ray data
were collected on a CCD diffractometer (Rigaku Saturn VariMax) with graphite-
monochromate Mo Ka radiation (hex = 0.7170 A). UV-vis absorption spectra
were obtained on a JASCO V-780 spectrophotometer. Photoluminescence (PL)
spectra were obtained using a JASCO FP-8300.
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C.2 Crystallography

The crystallographic data and refinement for MPD-1 is shown in Table C.1.
Crystal of suitable size was selected from the mother liquor and immersed in
paratone oil and then mounted for data collection. Single crystal X-ray data for
MPD-1 was collected at 150 K using a Rigaku Saturn VariMax CCD diffracto-
meter with graphite-monochromatized Mo-Ka radiation (A = 0.71069 A). The
data integration and reduction were processed using CrysAlisPro 1.171.39.43c
(Rigaku OD, 2018) software. The structure was solved by the direct method
using SHELXT 2014/5 and was refined on F? by a full-matrix least-squares
technique using the SHELXL-2018/3 program package. CCDC number 2315019
corresponds to MPD-1 reported in this manuscript and this data can be ob-
tained free of charge from The Cambridge crystallographic Data Center via

www.ccdc.cam.ac.uk/data_request/cif


www.ccdc.cam.ac.uk/data_request/cif
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Table C.1 — Crystal Data and Refinement Parameters for MPD-1

Identification code MPD-1
Chemical formula Ci15HgCly 5Ny 5
Formula weight (g/mol) 206.36
Crystal Color Purple
Crystal Size (mm) 0.048 x 0.04 x 0.026
Temperature (K) 150(2)
Crystal System Triclinic
Space Group P1

a (A) 9.9829(5)

b (A) 11.0695(7)
c (A) 18.0357(10)
a (%) 86.617(5)
B (°) 77.604(4)
v (°) 81.837(4)
Z 8

vV (A3) 1926.02(19)
Density (g/cm?) 1.423

@ (mm™) 0.484
F(000) 848
Reflections Collected 27496
Independent Reflections 9542

Rint 0.0604
Number of parameters 487

GOF on F? 1.109

Final Ry /wRs (I > 20(1)) 0.392
Weighted R;/wR; (all data) | 0.466
CCDC number 2315019
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C.3 MD simulations

All-atom MD simulations in this study were performed using the MD program
GROMACS 2016.6. In the initial structure of the simulated system, a single
molecule of MPD-1 from the SCXRD structure, optimized by DFT calculations
mentioned below, was placed in the center of the cubic MD cell with 6 nm on a
side and the remaining space was filled with 1200 toluene molecules. The gener-

d3* parameters were used for the force field parameters

alized Amber force fiel
in the present MD simulations. The atomic charges of both MPD-1 and toluene
molecules were calculated using the restrained electrostatic potential (RESP)3**
methodology based on DFT calculations (B3LYP/6-31G(d,p) with the GAUS-
SIAN 16 revision CO1 program (Gaussian, Inc., Wallingford CT, 2016).

After the steepest energy minimization, the 5ns pre-equilibration and the
500 ns equilibration runs were performed in sequence at 300K, 250K, 200K,
150 K, and 80 K to realize the cooling process. For each temperature, the system
reached the equilibration state after at least 100 ns. The pressure of all the systems
was maintained at 1bar. The temperature and pressure of the pre-equilibration
runs were kept constant using the Berendsen thermostat and barostat®?® with
relaxation times of 0.2 and 2.0 ps, respectively. For the equilibration runs, the
NoseHoover thermostat®? and the Parrinello-Rahman barostat®?” with relaxa-
tion times of 1.0 and 5.0 ps, respectively, were selected for temperature and pres-
sure coupling. All bonds connected to hydrogen atoms were constrained with
LINCS?*?® algorithm. The time step of both pre-equilibration and equilibration
was set to 2fs. The long-range Coulomb interactions were calculated with the
smooth particle-mesh Ewald method®* with a grid spacing of 0.30 nm. The real
space cutoff for both Coulomb and van der Waals interactions was 1.2 nm.

The time dependence of the distance between the centers of the mass of the
pentacene units of MPD-1 in the 500 ns equilibration run at 300 K was shown
in Fig. 7.6c and its average value from 100ns to 500ns was 5.54+0.7A. Two

types of angles between the long axis vectors of the pentacene units in the plane
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perpendicular and parallel to the aromatic ring planes, defined as # and ¢ in
Figs. 7.6d and 7.6 e, respectively, were analyzed. The average values of these two
angles during the 400 ns were 99 degree and 8+8 degree, respectively.

For the cooling process simulations, the time dependences of the distance
between the centers of the mass of the pentacene units at 200 K and 80 K were
analyzed as shown in Figure 7.7. At lower temperatures than the room tem-
perature, the pentacene units were more stable and large fluctuations were not

observed.

C.4 Steady-state absorption and fluorescence
spectra of pentacene dimer and monomer

in polystyrene film
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Figure C.1 — Absorption spectra (solid lines) and fluorescence spectra (dotted lines)
of 0.05 mol% of the dimer MPD-1 (red lines) and 0.1 mol% of the monomer PDA (black

lines) in polystyrene film at room temperature, respectively.
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C.5 Photoluminescence quantum yield (PLQY)

Photoluminescence quantum yields of MPD-1 and PDA were measured in toluene
solution and polystyrene film at room temperature. In both solution and film
samples, PLQY of Pn-dimer was much lower than that of Pn-monomer, indicating
highly efficient intramolecular SF occurs in MPD-1 in both toluene solution and

polystyrene film.

Table C.2 — Photoluminescence Quantum Yields of MPD-1 and PDA in toluene solu-

tion (100 uM) and polystyrene film (0.005mol%) at room temperature.

Sample PLQY (%)
MPD-1 in toluene 0.4
PDA in toluene 18
MPD-1 in polystyrene 0.5
PDA in polystyrene 28.5
Toluene solution Polystyrene film
20 18% 28.5%
184 ™
] \SF 1 \SF
144
%IZ— F2
§ 104 §]5
a4 o
6 10
. 0.4% 3 0.5%
04 0

Pn-monomer Pn-dimer Pn-monomer Pn-dimer
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C.6 Time-resolved CW-EPR and pulsed EPR
measurements

Time-resolved EPR measurements were performed at room temperature us-
ing an X-band (9.682 GHz in the CWEPR and 9.589 GHz in the pulsed EPR)
CW /pulsed EPR spectrometer (ELEXSYS II E580) with a dielectric resonator
using a quadrature detection. Samples were photoexcited by the second harmonics
(532nm) of a Nd:YAG laser (Continuum, Minilite II; full width at half maximum
of about 5ns). A laser depolarizer (SIGMA KOKI, DEQ 1N) was placed between
the laser exit and the microwave cavity. The repetition rate and the pulse energy
were 10 Hz and 1 mJ, respectively. The CW-TREPR experiments were performed
using a transient mode in the Bruker Xepr software by using a home-written
python script through the XeprAPI. The TREPR signals were amplified by a
video amplifier for a digitizer of SpecJet-III. The TREPR data were smoothed
for denoising using a binomial-weighted moving average to time course with a
window of 200 ns for the spectra. The pulsed EPR measurements were performed
by using PatternJet-II controlled by the Xepr program. Pulse sequences of the
Hahn echo detection (laser-tgeiay-m/2-techo-T-techo-echo) was used in the pulsed
EPR measurements. The power of microwave pulse was set to maximize the
intensity of the spin echo signal of quintet transition (Q, <> Q) observed in the
CW-TREPR measurement. In this, the pulse durations were 7/2 = 10ns and
m = 20mns, respectively. In spin nutation measurements, pulse durations of x =

0-440ns and t, = 20 ns were used in place of the 7/2 and 7 pulses.
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Table C.3 — Parameters of quintet applied for computations of the CW-TREPR spec-

trum at room temperature.?!®
5 . Euler Dipolar AE./ k.. /st
_ 12 .
J , , Dss | angles R angles o Viib 1 (Singlet
/NMHz /NMHz ) ) cm ) .
/MHz ' ) /MHz | /degrees | /degrees | /em’ N recombinati
a, a,
(a.p.p) | (6,9) on)
a=90
-2.0 B=45 7
TT, . | 1200 -5 -240 | B=180 2% 10"
X107 =90
v=-90
44 80
a=90
-7.0 6=0
1T, , | 1200 -5 -240 | B=170 -
X 10 =90
v=-90

%) Zero-field splitting parameters in Hzps = D(S? — S(S +1)/3) + E(S2 — S2) for each triplet
in multiexciton.

b) Conformation of the principal axes in Hzps of the T component with respect to the principal
axes of T4 component in the T 4T g multiexciton with the x-convention.

©) Direction for the Tz component was set by the polar angles (62, ¢2) with respect to the (X,
Y1, Z;) principal axes in Ty.

4) The energy gap between TT; and TT, states represented by AFE, = E(TT3) — E(TTh).

Table C.4 — Parameters of triplet applied for computations of the CW-TREPR spec-

trum at room temperature.

D /mT | E /mT | p, | py | D=

140 1.5 051050
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Figure C.2 — CW-TREPR spectrum of MPD-1 in polystyrene at room temperature
on different concentrations ((a) 0.001 mol%, (b) 0.0025 mol%, (c) 0.005 mol%, (d) 0.01
mol%, (e) 0.05 mol%) with the microwave power of 4.7 mW.
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Figure C.3 — CW-TREPR spectrum simulation (200 ns) of MPD-1 in polystyrene at
room temperature at different concentrations ((a) 0.001 mol%, (b) 0.0025 mol%, (c)
0.005 mol%, (d) 0.01 mol%, (e) 0.05 mol%)

Table C.5 — Ratios of the signal intensities of the quintet produced by singlet fission

to the triplet produced by intersystem crossing in TREPR simulations.

Quintet | Triplet
0.001 mol% 0.58 0.42
0.0025 mol% 0.61 0.39
0.005 mol% 0.54 0.46
0.01 mol% 0.49 0.51
0.05 mol% 0.44 0.56
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C.7 Magnetic field effect measurement
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Figure C.4 — Magnetic field effects on photoluminescence for MPD-1 in polystyrene

film measured at 532 nm across different delay times at (a) room temperature and (b)

140 K. APL/PL(%) is reported as a function of magnetic field strength. No MFE on

the PL signal was observed because the PL intensity was very low due to the very

low concentration of pentacene in polystyrene film. The weakened PL intensity likely

limited the measurement’s sensitivity, preventing any influences of the magnetic field.
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