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Abstract

In this thesis, we describe our investigations into the mechanism of singlet exciton
fission, examining the effects of morphology, aromaticity, and photoluminescence yield
on the fission process, and developing generalised principles to aid the design of new
materials. Singlet fission is the process of forming two triplet excitations from one
photon and is apparent in only a handful of organic molecules due to the requirement
for the lowest excited triplet state to have approximately half the energy of the lowest
excited singlet state. Through this process, there is potential to improve the efficiency
of solar cells by reducing losses to thermalisation. Consequently, new singlet fission
materials, particularly those with better photostability, are of great interest.

We have drawn our conclusions by studying three novel singlet fission systems:
TIPS-tetrabenzo[a,c,l,n]pentacene (TTBP), a family of indolonaphthyridine derivatives
(INDTs), and a series of tetracene derivatives with different solubilising groups. In each
system, we apply ultrafast optical techniques in combination with optically pumped
magnetic resonance experiments to characterise the physics of photoexcited states in
our materials. These characterisations then allows us to deduce structure-function
relationships and further our mechanistic understanding of the fission process.

The first two systems expand the narrow library of known singlet fission materials
and introduce two new pathways to more photostable fission materials: via benzannula-
tion of acenes in TTBP or via excited state aromaticity in INDTs. Our characterisation
of TTBP leads to a new design principle for reducing non-radiative voltage losses
by maximising photoluminescence yield. The final study on tetracene derivatives
demonstrates that differences in intermolecular packing induced by small changes to
molecular structure have a drastic effect on singlet fission. Our findings indicates that
a delicate balance must be struck whereby orbital overlap and inter-triplet coupling

are neither too weak nor too strong.
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Chapter 1

Introduction

Climate change is the defining crisis of our time. An effective response requires the
rapid adoption of low-carbon alternatives to fossil fuels in order to meet the world’s
growing energy demands. Keeping to our international agreements and preventing
catastrophic heating of more than 2 °C relative to pre-industrial levels will mean an
unprecedented global deployment of renewable energy infrastructure in order to phase
out fossil fuels by mid century, alongside improvements in energy efficiency to reduce
demand wherever possible. As evidenced by the Intergovernmental Panel on Climate
Change (IPCC) Special Report on 1.5°C!, every fraction of a degree of warming that
can be prevented will make a meaningful difference, from habitat and biodiversity
losses, to the frequency and severity of droughts, hurricanes, and other extreme weather
events. We must act as fast as we can to bring our emissions of greenhouse gases
(GHGs) to zero or make them net negative.

One way to accelerate this transition is through lowering the cost of renewables
such as solar energy. Costs per kWh of solar-generated electricity can be reduced by
improving the power conversion efficiency (PCE) of solar cells, which is the driving
motivation behind the work in this thesis. The dominant solar cell technology today
is single-junction cells made from silicon, with record PCE in the lab of 26.7%? and
commercial cells typically around 20%. The thermodynamic limit for single-junction
cells, 33.8%3, has almost been reached and only very incremental improvements have
been made over the past 25 years?.

Much of the wasted energy in a single-junction solar cell, even at the thermodynamic
limit, is due to the fact that only certain wavelengths of the solar spectrum can be
utilised - only photons with energy higher than the band gap (for silicon, 1.1eV), can
be absorbed. Additionally, when photons are absorbed in the blue and UV parts of the

spectrum, each of which has energy multiple times that of the band gap, the excess
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above the band gap is wasted as heat. Now that single-junction silicon is pushing up
close to its thermodynamic limit, the route to the next generation of more efficient
solar cells involves utilising these different wavelengths more effectively.

Several different wavelength management techniques have been proposed to better
take advantage of the full solar spectrum and push solar cell efficiencies beyond the
single-junction limit. Tandems and multi-junction solar cells have already exceeded the
record single-junction efficiency, by layering multiple sub-cells with different band gaps
to each absorb a different part of the spectrum. However, this can be expensive to
implement, as it involves complex voltage or current matching, and multi-junction cells
perform poorly under spectral variation. There has also been interest in up-conversion
and down-conversion strategies. Up-conversion seeks to combine the energy from a pair
of sub-band gap photons, which otherwise would not be absorbed in a single-junction
cell, and create a photon above the band gap from their combined energy. Down-
conversion seeks to reduce losses to heat from photons with energy greater than twice
the band gap, by splitting them into multiple excitations, each of which is capable of
producing an electron-hole pair.

One down-conversion strategy is to use multiple exciton generation (MEG) in
inorganic semiconductor nanostructures®®, where multiple excitons can be generated
on a single nanostructure from the absorption of one photon. However, the focus of
this thesis is on the equivalent process in organic semiconductors, which is known as
singlet exciton fission. Under specific conditions, a photoexcited singlet exciton can
convert to a pair of triplet excitons, each with approximately half of the energy of the
singlet exciton. If these triplet excitons can be separated, and then transferred to a
lower band gap material such as silicon, it is possible to generate two electron-hole
pairs from one incident photon. This offers a promising route to enhancing the PCE of
solar cells, using abundant organic materials that are relatively simple to process. The
pay-off in terms of efficiency could be significant, with the thermodynamic limit of a
singlet fission enhanced solar cell estimated to be 45.9%7, a large increase from 33.8%
for a single-junction cell®.

This thesis is concerned with the photophysical characteristics of organic semicon-
ductors, in particular those that are capable of singlet fission. Through case studies
of specific molecular systems, we seek to shed light on how chemical structure and
intermolecular geometry affect how molecular materials behave after photoexcitation
and how that knowledge might be useful for designing materials for devices such as

solar cells. Chapter 2 contains a review of the relevant background and theory to



the concepts used in this work. Chapter 3 follows with experimental details for the
techniques used.

Chapter 4 describes the photophysics of a modified acene, TTBP, with enhanced
stability and high photoluminescence yield. We use this material to highlight the
idea of evaluating the photoluminescence yield of a singlet fission candidate to give
an indication of the non-radiative losses that would be present if it were used in a
fission-sensitized solar cell. Also of importance in Chapter 4 is the discovery of a new
method to improve the photostability of acenes (benzannulation to make triphenylene
'wings") without compromising their ability to undergo quantitative fission.

In Chapter 5, we extend the library of proven singlet fission systems by characterising
the photophysics of a family of indolonaphthyridine derivatives, and in the process
put forward a different design strategy for more stable fission materials by exploiting
excited-state aromaticity. We also show that fission can only occur at specific fission
hot spots in these materials, the density of which can be tuned by changing the material
deposition technique or the chemical structure. In addition we show that intramolecular
singlet fission can occur in covalent dimers of these molecules, but only under specific
solvent conditions and with sufficient conjugation across the covalent bridge.

Chapter 6 looks in detail at the effect of different crystal packings on the fission
process in a set of tetracene derivatives, which have identical photophysics in isolation
but when in the solid-state exhibit very different behaviour due to their different crystal
structures. In particular, we characterise TMS-tetracene, which forms w-stacked dimers
that allows endothermic fission to proceed on an unprecedented 50 fs timescale.

Finally, in Chapter 7, we summarise our findings and discuss the outlook for future

work building off of these results.






Chapter 2

Background and Theory

Organic semiconductors, made up of conjugated polymers or small molecules, offer the
potential to revolutionise many electronic devices. They are produced from generally
cheap and abundant raw materials, and their properties, such as solubility, absorption
wavelength and mechanical strength, can be tuned by the addition or exchange of
functional groups. This flexibility paired with the ability to absorb light, conduct
electricity and emit light makes organic semiconductors potentially very useful in a
variety of technologies®. A great success story for organic electronics has been organic
light emitting diodes (OLEDs), which are now common in electronic displays such
as smartphones, and offer the possibility of flexible and transparent displays®. There
has also been significant recent progress in improving the efficiency and durability of
organic photovoltaics (OPV), especially with the latest generation of non-fullerene
acceptors!®tl,

This thesis will be focused on answering fundamental question about the photo-
physics of organic semiconductors that are so useful in OLEDs and OPV, and many
other exciting possible applications from targeted drug delivery'? to quantum com-
puting!'®. First, in this chapter we will review the important theoretical concepts that
underlie the experimental work undertaken in the rest of this thesis. This will be
a brief overview which is heavily informed by more detailed treatments available in
textbooks by Pope and Swenberg!*, Kéhler and Béssler® and Barford!®.
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2.1 Electronic Structure in Organic Semiconduc-

tors

2.1.1 Atomic and Molecular Orbitals

Organic semiconductors are those made up of small molecules or polymers primarily
consisting of carbon and hydrogen, with occasional heteroatoms such as oxygen,
nitrogen, or sulphur. Their rich electronic properties originate from conjugation,
meaning the delocalisation of electronic wavefunctions across multiple atoms which
results from carbon-carbon bonds. To understand how this occurs, we begin with the
concept of atomic orbitals.

Hydrogen has one electron in the 1s orbital, while the electronic configuration of
carbon is 1522522p2, in na™ notation where n is the principal quantum number or
electronic shell, m is the number of electrons occupying the state, and « is the orbital
angular momentum in spectroscopic notation (s, p, d...). This means that each carbon
atom has a pair of electrons in each of the 1s and 2s orbitals and two unpaired electrons
in 2p orbitals, with the third 2p orbital unoccupied. These atomic orbitals are depicted
in Figure 2.1. The s orbitals are spherical, in contrast to the 2p orbitals, which have

lobes in the x, y and z directions and so are known as 2p,, 2p,, and 2p,*°,

Fig. 2.1 Atomic orbitals. a) depicts schematic diagrams of the atomic 1s and 2s orbitals,
and b) depicts the atomic 2p,, 2p, and 2p, orbitals.

When a carbon atom bonds with other atoms, the valence orbitals, which in the
case of carbon are the 2s, 2p,, 2p,, and 2p, orbitals, undergo sp™ hybridisation, as
shown in Figure 2.2a. Depending on the number of bonds formed, the 2s orbital

mixes with 1, 2 or 3 of the 2p orbitals, resulting in sp!, sp?, and sp? hybridisation
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respectively. For example, methane (CHy) consists of one carbon bonded to 4 hydrogen
atoms and has sp® hybridisation, resulting in 4 equivalent o-orbitals arranged in a
tetrahedral shape, with an angle of 109.5°. Each of these o-orbitals forms a o-bond with
a hydrogen atom. In ethylene (CyH,), depicted in Figure 2.2b, both carbons have sp?
hybridisation, meaning there are 3 o-orbitals separated by 120° plus one perpendicular
unhybridised 2p, orbital left on each carbon. The two carbons are bonded by a o-bond,
plus a 7w-bond is formed from the remaining 2p, orbitals, where the electrons are above
and below the plane of the o-bonds. m-bonds are the crucial ingredient for electronic
conjugation. Finally, there is sp hybridisation, which occurs when there is a C-C "triple
bond", such as in the molecule ethyne (CoHs, also known as acetylene). Here, there is
180° between the two o-orbitals and the 2p, and 2p, orbitals remain. In a C-C triple
bond, there is a o-bond, and w-bonds above and below the o-bond formed from the 2p,

orbitals, as well as in front and behind of the o-bond formed from the 2p, orbitals®'.

a

| z
s o 2pz y

G I ,,.,,..........3‘,6.',2.
() X X X
\ 4 \:\\\-1\04 \
\/ O3
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H ‘H

H H o-bond

Fig. 2.2 Orbital Hybridisation. a) Schematic diagrams of hybridised sp, sp* and sp?
orbitals in carbon. b) Schematic diagram of molecular bond formation in ethylene
(CoH,) with sp? hybridisation.

Conjugation resulting from m-bonding results in structural rigidity - any rotation
around the o-bond would require breaking the m-bonds and is thus forbidden. When
o- and m-bonds are formed, the pair of electrons involved is now shared between the
two atoms, and both electrons are equally likely to be found orbiting either nucleus.
When more than one sp? carbon is bonded together, the 7 electrons can delocalise
further, with important consequences for the electronic properties of the molecule. As
delocalisation increases, 7 electrons become more weakly associated with individual

atoms and are instead better described by molecular orbitals.
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Fig. 2.3 Molecular orbitals of benzene. Schematic showing the wavefunctions of the
m-electrons and the relative energies of the six molecular orbitals to the atomic 2p,
orbital (dashed line). Occupation of the molecular orbitals in the ground state of
benzene is indicated by the arrows representing spin-up or spin-down electrons.

Molecular orbitals and their energies can be calculated by numerous theoretical
methods with varying levels of complexity described in detail elsewhere!*1¢. The
important concepts can be seen in the schematic description of benzene in Figure 2.3.
The molecular orbitals shown, which are combinations of the atomic 2p, orbitals, can
be categorised as bonding (7) or anti-bonding (7%). In bonding orbitals, the atomic
wavefunctions interfere constructively, and the increased electron density between the
nuclei results in bonding character, lowering the energy of the orbital. Conversely, in
anti-bonding orbitals the interference is destructive. The decreased electron density
between the nuclei results in anti-bonding character, which can be thought of as the
repulsion between the nuclei not being screened by electrons between them, raising the
energy of the orbital®.

In benzene, each of the six carbons contributes one 2p, electron, and they fill
the three bonding orbitals in pairs of spin-up and spin-down as these are the lowest
energy states, stabilising the molecule. The energy of a stationary state is generally
proportional to the second spatial derivative of the wavefunction, which results in
higher energies for the molecular orbitals with higher numbers of nodes. This can be
seen in Figure 2.3, where the lower energy bonding (7) orbitals have fewer nodes than
the higher energy anti-bonding (7*) orbitals.

Electrons involved in ¢ bonds remain confined to the atoms in their bond while 7

electrons are mobile and define the properties of the molecule. Hence, the electronic
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wavefunction can be factorised as ¥ = ,1,, and for the transitions within the
range of interest, 1, can be calculated by treating the nuclei and o electrons as an
effective molecular potential in which 7 electrons move. This is known as the Hiickel
approximation®17 19,

Delocalised 7 electrons define a conjugated molecule’s optical properties. The gap
between the frontier orbitals, the highest occupied molecular orbitals (HOMO) and
the lowest unoccupied molecular orbitals (LUMO), is the lowest energy transition of
the molecule, known as the optical gap or band gap. This is analogous to the band
gap between valence and conduction bands in inorganic semiconductors. The energy
of the HOMO is equivalent to the energy required to remove an electron, known as
the ionisation potential, while the energy of the LUMO is the energy gained when
an electron is added, known as the electron affinity. Promotion of an electron from
the HOMO to the LUMO, for example from the absorption of a photon, is a m — %
transition. Despite the occupation of an anti-bonding 7= orbital, a @ — 7% transition
will not result in the disintegration of the molecule because the bonding characteristics

of the remaining o and 7 electrons provide adequate bonding energy!41¢,

2.1.2 From Orbitals to States

While molecular orbital theory is a useful tool, each orbital only describes single-electron
behaviour, and to address the properties of molecules we need to use the multi-electron
states that describe the whole molecule. Molecular orbitals can be written as a sum of

atomic orbitals ¢;,

Y= Zciﬁbi (2.1)

The multi-electron wavefunction is approximated as the product of the molecular

orbitals of each electron (neglecting any interaction between the electrons)®,

U — le (2.2)

To move from a description of the multi-electron wavefunction to the energy of the

multi-electron state, we must solve the Schrodinger equation,

H[p) = E ) (2.3)

where H is the Hamiltonian operator and FE' is an eigenvalue that solve the equation.

For the wavefunction describing the whole molecular state, the Hamiltonian includes
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terms for the kinetic operator (7') of the electrons and nuclei, and the Coulombic

A,

interactions (V') between electrons, between nuclei, and between electrons and nuclei,

[:[total == Te(r) + Tn(R> + ‘A/efe(r) + ann(R) + ‘A/efn(r; R) (24)

r and R are the electronic and nuclear coordinates respectively. Although the
Schrodinger equation is solvable with this Hamiltonian for a single electron in a
hydrogen atom, it is not for two electron systems, let alone the dozens of electrons
in a typical organic molecule. To make progress, we follow the Born-Oppenheimer
approximation, which separates the nuclear and electronic parts of the wavefunction
based on their vastly different masses!4!®. To the comparatively light and fast-moving
electrons, the nuclei appear static, while the slow and comparatively heavy nuclei feel

the effect of an averaged cloud of electrons®. The wavefunction can thus be factorised,

U(r, R) = ve(r; R)Yn(R) (2.5)

The electronic wavefunction, 1., depends on the positions of the electrons and
nuclei, while the nuclei move in a potential defined by the electron cloud. Given that
this potential is a function of the nuclei positions, the nuclear wavefunction, 1, is a

function only of the positions of the nuclei. We can now define a electronic Hamiltonian

A

Hel7

Halto(r; R)) = [To 4 Ve + Ve (R) + Vi (R)] [0 (r, R))

(2.6)
= E(R) [¢e(r; R))

The eigenvalues, E(R), are the sum of the electron kinetic energy and all of the
Coulombic potential energy terms. This result can then be applied to simplify the
Schrodinger equation for the total Hamiltonian, neglecting the "non-adiabatic" terms

from the contribution of nuclear motion to .,

Hyotat ) ) = [Hey + Tu(R)] [e) [100)
= [1oe) |[E(R) + To(R)] [1n) (2.7)
= o(r; R) [10e) 1)

e(r; R) is the eigenvalue for the total system, including nuclear kinetic energy. An
electronic state can be described by plotting e(r; R) against the nuclear coordinates,
giving the adiabatic potential energy surface (PES). For each electronic state the PES

describes the position of the nuclei and the resulting energy of the molecule at these
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geometries. As shown in Figure 2.4, in each electronic state the PES has a minimum at
the most stabilised geometry, but this is not the same for different states. Consequently,
exciting a molecule out of the ground state usually results in a reorganisation of the
nuclear coordinates to reach the energetic minimum of the excited state. The shape of
the PES can be understood intuitively - at very small R, the repulsion of the nuclei
would put the molecule in a very high energy state, while at large R the surface flattens
as the nuclei dissociate. Between these extremes, close to the minimum, the PES is
approximately a harmonic oscillator, where nuclei can oscillate about the position of

the stable low-energy minimum.

....... HN
| — Vibrational level

Energy

AQy

\

Nuclear coordinates Q,

Fig. 2.4 Potential Energy Surfaces. Examples of possible potential energy surfaces as a
function of nuclear coordinates Qy for the ground and excited states. The minimum
energy is at a different equilibrium nuclear geometry for the two states, meaning
that the nuclei rearrange to different positions when in the excited state to minimise
the energy of the state. Vibrational quanta are shown in grey. Absorption by a
vertical transition from the ground state to a higher vibrational level of the S; state is
shown in blue (0-2 transition), as well as fluorescence from the relaxed S; state to the
second vibrational level of the ground state (2-0 transition). Non-radiative vibrational
relaxation is shown by dashed black arrows.

The crucial assumption that underlies the Born-Oppenheimer approximation is
that these states are adiabatic - that is, the change in nuclear coordinates occurs with

no sudden change in electronic configuration, while electronic motion occurs within a



12 Background and Theory

static nuclear arrangement. A consequence of this adiabatic assumption is that the
PES of different electronic states cannot intersect. In reality, this is not always true and
certain molecules experience a non-adiabatic coupling of nuclear and electronic motion
known as vibronic coupling. This can result in conical intersections between two PES,
allowing rapid transitions between electronic states at the same nuclear coordinates.

These are cases where the Born-Oppenheimer approximation is not valid.

2.1.3 The Exciton

When a molecule transitions between electronic states, electrons are moving between
molecular orbitals. For example, when a photon is absorbed and a molecule moves
from the ground state to the first excited state, an electron is promoted from the
HOMO to the LUMO, leaving a vacancy in the HOMO. This vacancy is in effect
a positive particle, referred to as a hole. The electron and hole together form a
charge-neutral quasi-particle called an exciton, and are held together by Coulomb
forces. In organic molecules, the dielectric constant is low, limiting the screening of the
Coulomb force, meaning that excitons are tightly bound together. This type of tightly

20 In materials with a high dielectric

bound exciton is known as a Frenkel exciton
constant, typically inorganic semiconductors, we find the other exciton archetype -
the Wannier-Mott exciton. In this case, the electronic screening of the Coulomb force
reduces the attraction between electron and hole, allowing the exciton radius to become
larger than the lattice spacing.

The exciton binding energy, due to the Coulombic attraction of electron and hole,
reduces the energy of the exciton from the HOMO-LUMO gap. Frenkel excitons have
significant binding energies, typically 0.1 to 1eV, while Wannier-Mott excitons have
a much smaller binding energy typically on the order of 10 meV!4!. Due to their
stronger binding, the charges in a Frenkel exciton typically have a mean separation
of less than 1nm, much smaller than weakly-bound Wannier-Mott excitons!4!5. The
properties of excitons are crucial for understanding and utilising the properties of
semiconductors, particularly organics. Low exciton binding energies, for example in
silicon, result in easily separated and transported charges, important qualities for
photovoltaic applications. In contrast to this, for organic semiconductors, a major
challenge for photovoltaic applications is the separation of Frenkel excitons to produce

free charges that can generate current.
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Fig. 2.5 Singlet and triplet excitons. a) Molecular orbital configuration scheme. In the
ground state (5p) and lowest singlet excited state (S7) the electron spins are aligned
anti-parallel and the total spin is zero. In the triplet excited state (73) the spins of
the electrons in 7m and 7% orbitals are parallel. These frontier orbitals are shifted in S,
and T} from their initial HOMO and LUMO energy levels by Coulomb and exchange
interactions. b) Vector diagram of electron pair spins. The spins (arrows) precess
about a magnetic field. Figure adapted from Kohler and Béssler?!
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2.1.4 Singlet and Triplet States

We have already discussed how Coulomb binding reduces the energy of the exciton
from the ground state HOMO-LUMO gap. In addition to this, exchange interactions
between the unpaired electrons in the HOMO and LUMO further perturb the energy
of the exciton depending on the electron’s relative spin states. In units of A, electrons
are spin—% particles. They can have a spin quantum number of either % (spin-up) or —%
(spin-down). Two Spin—% particles can be combined in four distinct states??, labelled as
|Smg) where S is the total spin and mg is the projection on the z-axis. One of these
states has a total spin S = 0, and the other three have total spin S = 1. These states
are commonly referred to by their multiplicity: singlets or triplets. The singlet and

three triplet states are described in terms of the single electron spin states |1;) and |};)

as,
Smglet : |O 0) = \}5 |T1J/2 - ¢1T2> (28)
[11) = [T112)
Triplets : { [10) = % [T1do + 41t2) (2.9)
[1-1) = [ale)

In the ground state, with the 7 orbitals filled and 7 orbitals empty, the electrons
in the HOMO are in the same electronic state so their spins must be antiparallel, as
depicted in Figure 2.5a. Thus, there is only an Sy state and no T} state. Figure 2.5b
shows vector diagrams of the electron spins in singlet and triplet excitons precessing
around a magnetic field in the z-direction, to visualise S and mg. In the singlet, the
spins are antiparallel and out-of-phase, giving an overall spin S = 0. The three triplet
states have parallel spins such that total spin S = 1, but different projections on the
Z-axis.

The concept of exchange symmetry becomes important here. As fermionic states,
the total wavefunction for an exciton, comprising spatial and spin terms, must be
antisymmetric under particle exchange (switching of the indices). By inspection of
Equations (2.8) and (2.9), we can see that the spin part of the singlet wavefunction is
antisymmetric while the triplet spin wavefunction is symmetric under particle exchange.
Therefore, to achieve an overall antisymmetric wavefunction, the spatial wavefunction
must be symmetric for singlets and antisymmetric for triplets?'. Additionally, the

degeneracy of the singlet and triplet energies is split by the exchange interaction. This
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stems from the requirement that fermions be antisymmetric under exchange, in the

form of an additional term in the two-electron Hamiltonian,

K;j = // V7 (1) (ro) Veee(r1 — 12)abj(r1)2bs(ra) dridry (2.10)

1; is the wavefunction for the ith electron, and V,_. is the effective interaction
between electrons. K; is a positive term for fermions, meaning it is repulsive. Its
magnitude scales with the overlap of the electrons’ spatial wavefunctions, especially
where they reside on the same atoms with significant amplitude. The net effect is to
lower the energy of the triplet states relative to the singlet by the exchange energy
AEgr = 2K;;. The effect of the exchange interaction on the relative HOMO and LUMO
energies for singlets and triplets is depicted in Figure 2.5a. Across a range of molecules
and polymers, AEgr tends to be around 0.6 to 1.0eV212. For the oligoacenes, which
will be an important class of molecules for this thesis, the exchange energy is on the
higher end of this range, at ~1.0eV. The manipulation of this exchange energy by
molecular design is of particular interest, in order to control the relative energies of

singlet and triplet excitons to be useful in optoelectronic and spintronic devices?!.

2.2 Transitions within Molecules

Having established how atomic and molecular orbitals combine to form molecular
states, and introduced the concept of excitons and their different spin configurations,
we now move to the mechanisms involved in moving between these states. This thesis
explores the photophysics of various organic molecules, and focuses on the dynamic
evolution of photoexcited states in these systems. Therefore, it is helpful to review the

theoretical rules of both radiative and non-radiative transitions in organic molecules.

2.2.1 Radiative Transitions

To understand in quantum mechanical terms how light interacts with matter, we begin
with Fermi’s Golden Rule?*, which describes the transition rate I';_, # between initial
and final states |¥;) and |¥;), as a result of a weak perturbation A,

27 AL
—|(IH ) p(Ey)

2T
= g!MHfIQP(Ef)

Fi—>f =
(2.11)
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where p(Ey) is the density of states at the energy of the final state and M, ¢ is
the matrix element between the initial and final states coupled by H'. For the case of
absorption of light, H' is the oscillatory electromagnetic field of the incoming light,
H(t) = —qY #; - Ecos(wt) = ju- E(t) (2.12)
J
where i is the dipole operator. Remembering that the Born-Oppenheimer approxi-
mation from Section 2.1 allows us to separate the nuclear and electronic parts of the

wavefunction, we factorise ¥ such that

\Iltotal(r; R) = \Ijel(r; R)\Ijvib(R)\Dspin (213)

Therefore the magnitude of the matrix element can be written as

|Mz—>f| = |E’ <\Ilel,f\Ijvib,f\I]spin,f’ﬂ : E’\I,el,iqjvib,ilpspin,i> (214)

where € is a unit vector in the direction of the incoming electric field. As expected,
the transition rate scales with the square of the electric field strength, i.e. the intensity
of the incident light.

The dipole operator fi only acts on the electronic wavefunction W, (r; R) because it
acts on the coordinates of the electrons with the position operator 7;. The nuclei are
heavy and do not react quickly enough to be perturbed by the oscillating electric field,
so the vibrational wavefunction W,;(R) describing nuclear motion is unaffected by the
dipole operator®. Meanwhile, the spin wavefunction W, is not affected by electric
fields, but could be perturbed by a magnetic field. However, the magnetic field from a
electromagnetic wave is too small in magnitude to have any effect®. Taking out the
factor of the electric field strength from Equation (2.14) gives us the transition dipole

moment |z, s|.

il = (Wer |- €/ Wers) (Woiv,f|Voin,i) (Vspin,f| Vspin,i) (2.15)

We note that this derivation is perfectly valid also for the stimulated emission
of photons (events which are measured by pump-probe spectroscopy later in this
thesis), with the initial and final states reversed. Spontaneous emission (fluorescence
or phosphorescence) occurs via interactions with the vacuum state of the quantized
electromagnetic field. For a transition to be allowed, all three terms of the transition
dipole moment in Equation (2.15) must be non-zero. We will now work through them

one by one to obtain the selection rules for allowed transitions.
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2.2.1.1 The Electronic Factor

The electronic term in the transition dipole moment is (U, ¢|fi - €|¥,;;). The dipole
operator [i has odd parity under spatial inversion - that is, its sign is flipped if the
spatial coordinate’s sign is flipped. This means that for the integral of (¥ ¢|ft - €| Wer ;)
over all space to be non-zero, |V, r) and |¥,;;) must have opposite parity. If they are
both even or both odd, then the total integrand will be odd, and an integral over all
space will be identically zero. In organic molecules, the ground state wavefunction is
symmetric (it has even parity), which means that absorption of a photon must be into
an antisymmetric (odd parity) state®. Molecular states are sometimes labelled with
the German terms gerade or g when symmetric under inversion, and ungerade or u
when antisymmetric.

This holds for one-photon absorption events, however two-photon absorption has
an opposite symmetry requirement. In this case, the matrix element |M;_,¢| is related
to the the electric field strength squared. It can be shown that the transition dipole
moment for two-photon absorption then depends on the square of the dipole operator®,
which has even parity. This leads to allowed transitions from the gerade ground state
to other higher-lying gerade states.

Additionally to the symmetry requirements, this electronic part of the transition
dipole moment scales with the overlap of the initial and final state wavefunctions,
meaning that transitions will be stronger between orbitals in the same spatial region,
such as m — 7* transitions. Weaker transitions occur between orbitals which occupy
more separated locations such as charge transfer (CT) transitions in donor-acceptor
type systems, which are designed with a spatially separated HOMO and LUMO, or
n — 7 (n electrons are in non-bonding orbitals i.e. not ¢ or 7 orbitals)®. Stronger
transitions also arise from wavefunctions with a greater spatial extent in the direction

of the dipole moment, i.e. longer molecules or oligomers®.

2.2.1.2 The Vibrational Factor

We have shown how the electronic wavefunction defines the intensity of particular radia-
tive transitions. The product of the vibrational, or nuclear, wavefunction, (W, ¢|Wyip),
is known as the Franck-Condon overlap integral, and when squared (because the tran-
sition rate I';,; o< |fi;s|*) is the Franck-Condon factor F. F has a defining effect
on the shape of the absorption and emission spectra of organic molecules. Typical
vibrational quanta are 100-300 meV, so at 300 K, where the typical thermal energy

available is kgT' = 26 meV, only the zeroth vibrational state is occupied in the ground
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state. Therefore, absorption events from the ground state always originate in the
zeroth vibrational state, and magnitude of F' for the transition to each vibrational
level in the excited state determines the relative strength of the different transitions.
These transitions that simultaneously change the electronic and vibrational energy are
known as ‘vibronic’ transitions, and the series of peaks to different vibrational levels
seen in an absorption or emission spectrum are known as the ‘vibronic progression’.
In a stiff molecule with rigid bonds, the 0-0 transition will typically dominate due
to minimal displacement of nuclear coordinates between ground and excited states,
while the absorption spectra of more flexible molecules generally have a clear vibronic
progression, and the 0-1 or 0-2 transitions may form the peak of these distributions of
transitions.

The Franck-Condon principle is an extension of the Born-Oppenheimer approxima-
tion, that reorganisation of the electrons in a radiative transition occurs much faster
than the nuclei can move, therefore electronic transitions must occur ‘vertically’, i.e.
without a change in nuclear coordinates. The diagram of potential energy surfaces
(PES) in Figure 2.4 is helpful to visualise this. Upon vertical excitation to a higher lying
vibrational level of the excited state, within ~1 ps the wavepacket moves horizontally as
the nuclei reorganise, and then by the emission of phonons, vibrational energy dissipates
and the exciton relaxes to the bottom of the S; PES. Another vertical transition can
then occur, typical on a nanosecond timescale, to emit a photon and return to any
of the vibrational levels on the Sy PES, with the relative intensities governed by F'.
Finally, more vibrational relaxation by the emission of phonons brings the system to
the zeroth vibrational level and the nuclei return to their ground state configuration.

For the case of a displaced oscillator, such as that depicted in Figure 2.4, relative
intensities of the different vibrational transitions generally follow a Poisson distribution.

The distribution is quantified by the Huang-Rhys parameter S,

To—m = (Wb £ Woipi) = e (2.16)

An example of a molecule with only one dominant vibrational mode and S = 1.2 is
shown in Figure 2.6. S can be a very useful parameter. Substituting m =0 and m =1
into Equation (2.16) shows that the ratio Io_1/Io_o = S. This can be experimentally
measured as the ratio between 0-0 and 0-1 peaks in absorption or emission spectra.
S represents the ratio between the potential energy associated with a vibrational
excitation and the energy of the vibrational quanta of that mode, i.e. the average
number of quanta involved in the vibrational excitation®?®. For the example PES

shown in Figure 2.4, S ~ 2, while in Figure 2.6, S is close to 1 and we can see that 0-1
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Fig. 2.6 Absorption and Emission Spectra showing vibronic progressions. Different
vibrational transitions are labelled in blue/red, and the crossing point of the absorption
and emission spectrum is marked as the energy of the S; exciton. The relative
intensities of the different vibrational transitions were calculated for a Huang-Rhys
factor of S = 1.2. The offset between 0-0 peaks in the absorption and emission is known
as the Stokes shift. It is caused by vibrational relaxation and solvent reorganisation,
and is a reflection of the level of disorder in the system.

is the strongest transition. Additionally, the energy associated with the reorganisation
of the molecule in the excited state, the relaxation energy F,., is given by Shw for
a single mode. In general, a larger Huang-Rhys factor implies a larger displacement
between the ground and excited state PES.

In this treatment we have assumed that the molecule is dominated by one vibrational
mode, however this is not always the case. For example benzene would have significant
contributions from the ring breathing mode (stretching of all the C=C bonds) and
the mode for in-plane ‘wagging’ of the C-H bonds®. In the absorption and emission
spectra these modes superimpose. Each mode has its own Huang-Rhys parameter and
the total relaxation energy becomes >, S;hw;.

Two important rules that apply to most organic molecules help us to clarify the fate
of excitations to higher electronic states: Kasha’s Rule states that emission occurs from
the lowest excited singlet state; Vavilov’s Rule states that the fluorescence quantum
efficiency is independent of the excitation wavelength. This implies that there is
efficient nonradiative interconversion to the lowest excited singlet state'>2”. This will

be discussed in Section 2.2.3, but the key point is that the vibrational relaxation
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processes we have described outcompete radiative transitions from higher vibrational

levels because the vibrational levels lie close in energy to each other.

2.2.1.3 The Spin Factor

Having addressed the electronic and vibrational contributions to the transition dipole
moment, we are left with the integral (Ui, ¢|Wspini). This evaluates to either 1 if the
spins of the initial and final states are equal, or 0 if they are different. This effectively
forbids radiative transitions between singlet and triplet states, but allows transitions
within singlet or triplet manifolds, such as Sp — S7 and T} — T,,.

In reality, we do observe phosphorescence, which is the radiative transition T} — Sy,
although it is generally much weaker than fluorescence from the S; — Sj transition.
Phosphorescence can only occur as a result of spin-orbit coupling, which mixes some

singlet character into the triplet state, making the integral (U, s, |V spin,my) nOD-ZETO.

2.2.2 Spin-Orbit Coupling

As we have shown, radiative decay of triplet excitons to the ground state are spin
forbidden, unless there is some mixing of the states by spin-orbit coupling. This is an
important concept as it has such a strong effect on the photophysics of triplet excitons,
so it is worth exploring in some detail.

A transition between different spin states requires the change of an electron spin,
known as a spin flip. In isolation, this would break the conservation of angular
momentum, which is why such transitions are forbidden. However, if some angular
momentum can be ‘borrowed’ from the orbital angular momentum of the system, [,
then total angular momentum j = [+ s can still be conserved during a spin flip, as long
as [ changes to compensate for the change in s. This is what is meant by spin-orbit
coupling. Given that this effect only mixes a small amount of singlet character into
the triplet state, it can be treated using perturbation theory, where the perturbative

Hamiltonian on the ith electron is

R ) N m Zj R R 74
Ao _ Zit g 2.1
s00 =002 2 b S T o 210

« is the fine structure constant, Z; is the atomic charge of nucleus j, Rj; is the
distance between the nucleus j and electron i, fJZ and SZ are the orbital and spin
angular momentum operators on electron ¢, and n and [ are the principle and orbital

angular momentum quantum numbers. The final expression is valid for a single atom
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(N=1), and the important feature is that it scales with the fourth power of the atomic
charge, Z. This result is similar in multi-atom molecules, between the fourth and fifth
powers, and as a result Hgoc is much more significant if there are heavy heteroatoms
in a molecule, such as transition metals Pt or Ir®.

Now that we have the Hamiltonian, the mixing of the states follows perturbation

theory:

|3\If/ Z \I/leSOC‘<;)> ‘1\Ijk> (2.18)

k

with the reverse expression mixing some amount of [*¥) into |*¥}) also true. From
the denominator, we can see that greater spin-orbit coupling occurs between states
with similar energies - i.e. when the exchange energy which splits the singlet and triplet
energies is small.

To obtain the rate of phosphorescence, we now input our new expression for the
perturbed triplet and singlet states to Fermi’s Golden Rule:

2 .
Livvy = 21OV - € W) Pp(Ey) (2.19)
Knowing that these wavefunctions include the spin terms, when we expand the
matrix element using Equation (2.18) we can immediately discard the terms which
contain spin wavefunction integrals between pure singlet and triplet states. Then we

are left with

(el Hsoc V) a0 (U HsocPP1) 5 0 5

(2.20)
The second term will be small due to the large energy gap between Sy and the

higher triplet levels T}, leaving us with the final expression for the rate as

2

27 <1\I/k| A500|3\111> 1 1
i~ — Ul el E 2.21
5> i e (- ) | o) (2.21)

This description of spin-orbit-coupling-enabled phosphorescence can be applied to
other transitions between singlet and triplet manifolds, including the reverse process -
absorption into the 717 state, as well as non-radiative interconversion between excited

singlets and triplets, known as intersystem crossing, which we will discuss further in
Section 2.2.3.3.
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2.2.3 Non-Radiative Transitions
2.2.3.1 Internal Conversion

Internal conversion is the category of non-radiative transitions between electronic
states without involving a spin flip. Instead of being emitted as a photon, energy is
dissipated in phonons and transformed into heat. We can still use Fermi’s Golden Rule
(Equation (2.11)) to describe the rate of internal conversion. In this case, rather than a
perturbation from the dipole operator, instead we must use the nuclear kinetic energy
operator jN for H':

2T

Fi—)f = f <\Ijel,f\I,vib,f\Ijspin7f‘jN’\Ijel,i\pvib,iq]spin,i> |QP (222)

By the derivation of Siebrand?®, this can be evaluated by taking the integral of the
electronic and spin parts as J and remembered that the vibrational integral squared is
the Franck-Condon Factor F,

2r
Ly = E‘] Fp (2.23)

I depends exponentially on the energy difference between the initial and final

states. J has no energy dependence, therefore

_ 7%) (2.24)

This dependence is known as the Energy Gap Law. Non-radiative transitions are

[iyp o exp(

exponentially faster for smaller energy gaps®®. This has the effect of lower photolu-
minescence quantum efficiencies for lower band gap molecules as internal conversion
becomes more competitive with radiative decay. It also allows relatively fast internal
conversion from higher singlet states such as S; to higher vibrational levels of S; to

outcompete radiative transitions such as Sy — Sy, which is why Kasha’s Rule holds.

2.2.3.2 Conical Intersections

Up to this point we have considered only cases where the Born-Oppenheimer ap-
proximation holds, where there is weak coupling between electronic and vibrational
nuclear wavefunctions, so the displacement between the PES of different electronic
states is small and they do not intersect. However, in the case of strong vibronic
coupling, this breaks down and we can see large enough displacements between PES

that they intersect®. The name comes from the conical shape of the intersecting PES,
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and an example is shown in Figure 2.7. At the point of the intersection the adiabatic
Born-Oppenheimer approximation is invalid and the surfaces are non-adiabatically

coupled?.

E,

E,

Energy

»
>

Reaction Coordinate Q

Fig. 2.7 Conical Intersection. Potential energy surfaces of two states that are strongly
vibronically coupled are shown in black, plotted against the reaction coordinate Q, a
combination of the nuclear coordinates for the vibrational modes that are involved
in the intersection. The blue arrows indicate the movement of a wavepacket after
excitation into the state described by Fs to the intersection, where internal conversion
to the E; state occurs, followed by relaxation to the E; equilibrium geometry.

The conical intersection is a special case of non-radiative transition where rather
than the final state being a band of vibrational levels it is a single isoenergetic electronic
state. The transfer from one PES to the other occurs instantaneously with no nuclear
motion - it is purely a rearrangement of the electronic wavefunction. When at the
point of the intersection, labelled by reaction coordinate Q2 (the reaction coordinate
is a combination of the normal mode coordinates that are active in the transition), the
system is in a superposition of the two states. From this point the lower equilibrium
energy of the final state drives the system efficiently in this direction. The rapid
internal conversion once at the point ()o_; makes the vibrational relaxation to achieve
this geometry the limiting step, and so conical intersections efficiently funnel energy
between PES on the same timescale as vibrational relaxation®'.

A well studied example of a conical intersection is the photoisomerisation of
rhodopsin, a key step in the process of turning photons to neurological signals in vision.
It occurs rapidly in under 200 fs and at a high quantum yield, transforming the molecule
from its original cis orientation to the trans photoproduct®?. While challenging to

observe directly, due to the short timescales available to observe the relevant vibrational
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modes, a telltale sign of a conical intersection is an internal conversion event that seems

to violate the energy gap law (Equation (2.24)) by proceeding too quickly.

2.2.3.3 Intersystem Crossing

Internal conversion describes non-radiative transitions between states that are possible
without a spin flip, intersystem crossing (ISC) describes the non-radiative transitions
between singlet and triplet manifolds. The most common and best-understood mecha-
nism for the formation of triplets is spin-orbit coupling mediated intersystem crossing.
This utilises the same mixing of states by spin-orbit coupling (Equation (2.18)) as the
phosphorescence mechanism described in Section 2.2.2. As for phosphorescence, the
rate of ISC is increased by the presence of heavy atoms, either within a molecule or
even nearby, for instance in a brominated solvent or host matrix.

Other possible mechanisms of ISC include vibronic coupling to higher triplet levels
and hyperfine coupling, which couples the electron spin to nuclear spins rather than to
orbital angular momentum, however this is currently understood to be less significant
than spin-orbit coupling mediated ISC. The energy gap law (Equation (2.24)) applies
to ISC, and as such in materials designed to quickly populate the triplet state, AFEgr
is often minimised by spatially separating the HOMO and LUMO with donor-acceptor
structures.

A schematic summary of the various transitions discussed in this section is shown

in Figure 2.8.

2.3 Excitons in the Solid-state

Our descriptions of properties and transitions thus far have been focused on the
behaviour of single molecules, however in order to be useful in devices, organic semi-
conductors must also be understood in the condensed phase. With the introduction
of intermolecular coupling and forces, we observe a range of important phenomena
such as the delocalisation of excitons, energy transfer between molecules, and charge

transfer and separation of charges.

2.3.1 Aggregation and Excimers

The effects of intermolecular coupling in aggregates of molecules can be readily observed
in their absorption spectra. To understand the origins of this effect, we consider the

simplest case of a pair of molecules brought together, which we will call a dimer (not
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Fig. 2.8 Jablonski diagram of radiative and non-radiative transitions within organic
molecules. Allowed absorption of photons into the singlet manifold are shown by blue
arrows. Absorption into the triplet manifold, shown with a dashed grey arrow, is only
weakly allowed through the mixing of states by spin-orbit coupling, and is usually
negligible in the absence of heavy atoms. When a high energy photon is absorbed to
create a higher excited state such as Sy, internal conversion to a higher vibrational level
of S occurs, by the emission of a phonon or a conical intersection (dashed pink arrow).
This is followed by vibrational relaxation within the S; electronic state to the relaxed
singlet (wavy grey arrow). Relaxed S; can decay radiatively by fluorescence, shown by
green arrows, or non-radiatively by internal conversion to a higher vibrational level
of Sy followed by relaxation (shown as one wavy line for simplicity). Singlet states
may also undergo intersystem crossing into the triplet manifold (dashed purple arrow).
The relaxed triplet may decay radiatively, known as phosphorescence, shown by red
arrows, but will generally undergo non-radiative decay via intersystem crossing to a
vibrationally excited Sy state as this is not an allowed optical transition. Photoinduced
absorptions within the excited singlet and triplet manifolds (orange arrows) can be
observed using transient absorption, as described in Chapter 3.
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to be confused with a covalent dimer which is a single molecule consisting of two
covalently connected monomers). The interaction between the molecules in the dimer
breaks the degeneracy of their energy levels, resulting in a pair of energy levels lowered
by the Coulomb interaction energy D’ and then split by the resonance interaction

energy 21,56,

D' = (o | Via|thiabo)
15 = (W%WHWWQ

Vis is the intermolecular perturbation potential. For two well-separated dipoles

(2.25)

this is given by,

V., — L pip2 = 3(p1?)(por)
2= 7 3
TEQ r

(2.26)

where p; and p, are the dipole moments and  is the unit vector between them.

This leads to excited state energy levels given by

Ei - El - D/ :i: 112 (227)

This phenomenon of the splitting of the S energy by intermolecular interactions is
known as Davydov splitting®3.

In the two limiting cases of side-by-side and head-to-tail arrangements, one combi-
nation of the dipoles cancels out the transition dipole moment completely for either
the lower or the upper level'®'6. For the parallel side-by-side arrangement, the dipole
moment is cancelled out in the lower energy level, while the opposite is true for
head-to-tail dipoles. The result is a blue-shifted absorption and emission in parallel
dimers, known as H-aggregates, and a red-shift in head-to-tail J-aggregates!®16:34. In
reality dimers are rarely totally J- or H-aggregates, and both the red- and blue-shifted
transitions can be observed to some extent*.

This concept scales up to larger aggregates and is used to described the nature of
the intermolecular interactions in a given molecular morphology. Work by Spano et
al. has developed more sophisticated descriptions to capture more of the physics of
molecular aggregates® 37, However, the simple picture of H- and J- aggregates is still
a useful concept. Spano has shown shown how comparing the 0-0 and 0-1 transition
intensities in the vibronic progression is a good marker for whether the dominant
intermolecular interactions are more like an H- or J-aggregate3®.

In certain intermolecular situations, a pair of molecules will rearrange themselves

geometrically after excitation to reach a lower-energy nuclear configuration, to form
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what is known as an excimer. Excimer formation leads to red-shifted emission, and a
reduction in photoluminescence quantum yield thanks to a narrower transition to the
ground state and the Energy Gap Law (Equation (2.24)). Good examples of excimer
formation can be found in pyrene aggregates®®, where excimers by the overlap of the
central m-conjugated region in a face-to-face orientation. The excimer, which can be
observed only in concentrated solutions or solid-state, has a distinct, broad, emission
band compared to the monomer emission which is seen from dilute solutions with no

intermolecular interaction.

2.3.2 Energy Transfer

Exciton diffusion is crucial in basically any optoelectronic device, and is one of the
most important dynamical processes to understand when investigating molecular
semiconductors. Within an extended system, excitons generally diffuse to the lowest-
energy sites. For example, in photosynthetic systems, energy is funnelled between
organic molecules from absorbers, chlorophyll, to reaction centres where it is converted
to chemical energy®. Energy transfer can be described in terms of site-to-site hopping.
Once again, we apply Fermi’s Golden Rule, this time labelling state by D for donor,
the molecule the exciton originates on, and A for acceptor, the molecule the exciton is

transferred to:

2w A
Ipoa= g\(‘I’A,f\H'ET!‘I’D,iHQﬂA(Ef) (2.28)

There are two independent mechanisms with different A = which we will cover
here: Forster resonance energy transfer (FRET), mediated by Coulombic interac-

tions, and Dexter energy transfer, which is driven by the exchange interaction (Equa-
tion (2.10))4:2139,

2.3.2.1 Forster Resonance Energy Transfer

The perturbative Hamiltonian for FRET can be simplified by treating the donor and
acceptor as a pair of dipoles, which is a valid approximation as long as they are well

enough separated!®. Thus the rate of FRET is then proportional to

|iip|?|fual?
[Rpal®

The dipole moments fip and ji4 are evaluated for the transition from the ground

Lrrer (2.29)

state to the excited state that is undergoing transfer. From Section 2.2.1, we know
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then that this will rule out the transfer of triplet excitons by FRET, as they do not
have an allowed transition dipole to the ground state. By relating the emission and

absorption spectra to the transition moment, as detailed in Barford'®, we find that,

I'rrET X Jpa (2.30)

1 /‘X’ ID(W)Q/A(W)d _ Ipfa
IRpalf Jo wt — w?|Rpal®

where Jp 4 is the overlap of the normalised donor emission and acceptor absorption
and f are the oscillator strengths. The dependence on the overlap of the emission
spectrum of the donor and absorption spectrum of the acceptor indicates that this
process can be thought of as the emission and absorption of a (strictly virtual) photon.

In Figure 2.9a we can see a schematic for the FRET and in Figure 2.9b the
absorption/emission overlap integrals Jp4 is shown for two arbitrary molecules. If
donor and acceptor are the same type of molecule (either 1 or 2), the overlap integral is
J11 or Joo. A large Stokes shift as in molecule 2 reduces the efficiency of homogeneous
energy transfer. Heterogeneous energy transfer from molecule 2 to 1 would have overlap
integral Jo;. Transfer from 1 to 2 is impossible due to lack of overlap.

The FRET rate also depends strongly on distance between the dipoles, and the
effective FRET radius Rp is usually defined as the radius at which the FRET rate
is equal to the decay rate of the donor were there no acceptor molecules around. In

organic semiconductors, Ry is typically around 3 nm?'.

2.3.2.2 Dexter Energy Transfer

Dexter transfer rate can also be derived from Fermi’s Golden Rule, using the exchange

interaction (Equation (2.10)) between donor and acceptor Kp4 as the H"0.

2RDA> (2.31)

L
Notably, although the rate still depends on the spectral overlap Jp4, there is no

FDemter X JDA|KDA|2 X JDAeXP( -

dependence on oscillator strength, so states without allowed radiative transitions to the
ground state, such as triplets, can be involved. L is the average exciton radius in the
donor and acceptor states, and the exponential fall off of Dexter transfer rate with Rp 4
means that Dexter transfer operates over shorter distances than FRET. The Dexter
radius is typically < 1nm?'3°, This effectively limits transfer to direct neighbouring
molecules, because Dexter transfer involves simultaneous electron transfer from donor
to acceptor and acceptor to donor?!, as shown in Figure 2.9a. Despite the limited

range of Dexter transfer compared to FRET, triplets can still diffuse over significant
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Fig. 2.9 a) Comparison of orbital schematics for FRET and Dexter transfer, where
the horizontal lines are the HOMO and LUMO levels. In FRET, an excited electron
transitions from LUMO to HOMO while in the ground state molecule an electron is
promoted from HOMO to LUMO. In Dexter transfer, two-electron transfer occurs
simultaneously from LUMOp to HOMO4 and from HOMO, to HOMOp. b) Normalised

emission (/;) and absorption («;) for two molecules 1 and 2, with their overlaps shaded
and labelled as Jp 4.
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distances because of the long lifetime of triplets, allowing multiple Dexter transfer

events before decaying to the ground state.

2.3.3 Charge Separation

In photovoltaics, excitons must be separated into electrons and holes that can travel
to opposite electrodes and generate current. While this is simple in inorganic semicon-
ductors where Wannier-Mott excitons are extremely weakly bound, in organics there is
a significant binding energy to the Frenkel exciton that must be overcome. The most
effective way of separating charges in OPV is with a type-II heterojunction of two
different molecules or polymers with molecular orbitals that are offset in energy. In
OPV, materials are typically categorised into electron donors and acceptors, according
to their HOMO and LUMO levels. The energy offset at the heterojunction is then
enough to overcome the binding energy of the exciton, and results in electron transfer
if the exciton originates on the electron donor, or hole transfer is the exciton originates

on the electron acceptor, as shown in Figure 2.10.

Electron Transfer Hole Transfer

Energy
e
&

4 T 4 e

Donor Acceptor D A D A D A

Fig. 2.10 Charge separation: Electron and hole transfer.

When charges separate by electron or hole transfer, they are typically still in a
Coulomb-bound state, referred to as a charge transfer (CT) exciton or state, which
must go on to separate into free, unbound charges. To maximise the power conversion
efficiency (PCE) of an OPV system, there should be as high as possible quantum yield
of free charges with the minimum energetic offset between donor and acceptor (i.e.
the highest energy CT state) to minimise voltage loss. In recent years, after the long
dominance of fullerene acceptors (NFA), there have been major improvements in the
efficiency of non-fullerene acceptors. These acceptors can achieve high quantum yields
with very low or zero energy offset between the donor and accepter frontier orbitals*? .

Clearly, the questions of why CT states form efficiently at these heterojunctions and
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how the Coulomb binding energy of the CT state is overcome to form free charges
are very important and various factors have been invoked to answer them. The
morphology/crystallinity at the heterojunction, degree of delocalisation of CT states,
and "hot states" that have not yet vibrationally relaxed have all been reported as

facilitating efficient charge separation?652,

2.3.4 Exciton-Exciton Annihilation

In Section 2.3.2 we presented how excitons can move between molecules through a
material. In the case of annihilation, we consider how rather than looking at an excitons
moving from an excited molecule to one in the ground state, we can use the same
formalism to now consider when two excited molecules interact'®3Y. In the case that

at least one singlet exciton is involved, the following scenarios can result:

S1+ 51— So+ S, = Sy + 51 + phonons (2.32)
S+ 1Ty — So+ T, — So+ T1 + phonons '

where S, and T,, are higher vibrational states which rapidly relax down to S
and T} respectively. Based on Equation (2.30), these transitions require an overlap
between emission spectrum of the donor (in both cases S; — ) and absorption of
the acceptor (either Sy — S, or Ty — T,,, which we note has a good oscillator strength
because it is wholly within the triplet manifold and requires no spin flip). The first
transition in Equation (2.32) is known as singlet-singlet annihilation, and the second is
singlet-triplet annihilation. Singlet-triplet annihilation cannot result in a singlet and
the annihilation of the triplet, because this would require an oscillator strength for
the emissive transition from 77 — Sy. Singlet-triplet annihilation results in a triplet,
which persists for a long time compared to singlets, annihilating multiple singlets and
providing a problematic loss pathway.

In the case that two triplet excitons meet, triplet transfer is mediated by Dexter
transfer. Beginning with two spin-1 triplets, a triplet-triplet annihilation (TTA) event

can result in a singlet, triplet or quintet (Q,).

T+ 1Ty — So+ S, — Sp+ S1 + phonons
Ty+T,— So+T, = So+ 11 + phOIlOIlS (233)
+1 — SO + Qn — S() + Ql —|—phOHOIlS

Typically, the intramolecular quintet state, involving a doubly excited molecule, is
at a higher energy than 2 x F(T}), and is thus the final pathway in Equation (2.33) is
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energetically forbidden. The formation of a lone triplet from a TTA event is of little
interest, and serves only to deplete the population of triplets, similarly to singlet-triplet
annihilation in Equation (2.32). Notably, this does depend on the energy of the T
state - the condition being E(T3) < 2 x E(1}). However, the formation of a singlet
from two triplets opens the door to some very interesting photophysics. Although it
would seem to violate spin selection rules to move between triplet and singlet manifolds
in this way, there is an important loophole in the form of an intermediate spin-singlet

triplet-pair }(7'T') state, which will be discussed in detail in this thesis.

Ti+Ty=YTT) = Sy + S, (2.34)

The Merrifield model of an intermediate correlated triplet pair state, set out in
Equation (2.34), was first proposed to explain the delayed fluorescence from anthracene
and tetracene crystals®®. In the 1960s, this behaviour was assigned to annihilation of
triplet excitons due to its long lifetime, excitation density dependence, and temperature
dependence® . Then, the discovery that delayed fluorescence in anthracene could be
modulated by an external magnetic field was reported®” and the Merrifield model of an
intermediate correlated pair state emerged®®®°. Suna also developed a more complex
quantum mechanical description of the kinematics of the TTA process®, which is

beyond the scope of this thesis.

2.3.5 The Triplet-pair State

The combination of two triplets on neighbouring molecules involves four electrons, two
on each molecule. Combining the spins of four electrons to form a single wavefunction
gives 16 possible combinations, of which two are singlets (S = 0), nine are triplets
(S =1) and five are quintets (S = 2). The two S = 0 solutions for a 4 electron spin

wavefunction across molecules A and B are:

517y = 7(\N> = M) (\TU — 1)) (2.35)
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Equation (2.35) can clearly be separated into two singlets, one on each of the

molecules A and B. However, Equation (2.36) is a superposition of triplet states which
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add up to a total of S = 0. We can rewrite these states in the coupled spin basis of
Equations (2.8) and (2.9):

[51") = 100),4100) (2.37)

\}5(\1 Dalt=1)p+[1=1),[11)5 — [10),,]10),) (2.38)

The fact that Equation (2.38) cannot be separated in the molecular basis means

1:7) =

that it is an entangled triplet-pair spin state’!. Coupling between the SYL) and 554)
states allows TTA to produce a pair of singlet excitons (S; and Sy) without a spin
flip. As can be seen by the reversible arrows in Equation (2.34), this also permits the
reverse process without a spin flip, which is singlet exciton fission - the generation of a
triplet pair from a singlet exciton.

2.4 Singlet Exciton Fission
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Fig. 2.11 Schematic of singlet exciton fission. Step 1: absorption of a photon creates
an S exciton on one molecule. Step 2: creation of a spin-singlet correlated triplet pair
state. Step 3: Dissociation of the triplet-pair state to free triplets

When investigating the delayed fluorescence from TTA in anthracene and tetracene
crystals in the 1960s, it soon became clear that the reverse process, singlet exciton fission,
was also possible®*6%93 A simple schematic of this process is shown in Figure 2.11 - first
a photon is absorbed to excite a single molecule to the singlet state. This state can then
transition without the need for a spin flip to the correlated triplet pair that we have
just discussed in the context of TTA, which can subsequently dissociate to form free
triplets. The intermediate pair state *(7'T") with overall spin S = 0 explains how fission

can proceed so quickly when intersystem crossing of S; — T} in organics without heavy
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atoms is usually a slow process due to low spin-orbit coupling. This process comes with
its own magnetic field effect (MFE) on the prompt photoluminescence%. Merrifield
reported and modelled the different MFE for TTA and singlet fission in anthracene

67 Yarmus et al. used electron spin resonance (ESR) to probe the

and tetracene
spin polarisation of triplets in tetracene generated by singlet fission, providing further
evidence of fission via a spin-singlet pair state in the form of an preferential population
of the mg = 0 triplet level over mg = +1 (in the high field basis)®®. These findings are
all consistent with the Merrifield model used to explain TTA in Equation (2.34), and

is now reversed:

So+ S, = YTT) 22T, + T} (2.39)
k-1 k_2

After this initial flurry of reports following the discovery of singlet fission, in 1979,
Dexter proposed that this quantum mechanical process that was unique to certain
organic semiconductors could be useful for enhancing the PCE of photovoltaic cells®.
He realised that if one could extract charge carriers from both triplet excitons generated
in a fission event, photocurrent could be increased and losses to thermalisation reduced.
This idea was revived by Hanna and Nozik in 20067, setting off a wave of singlet fission

research that we will now review.

2.4.1 General Principles

In the simplest terms, the energetic condition for singlet fission is FE(S;) > 2 x
E(Ty). However, while this approximately holds, singlet fission can definitely still
proceed in slightly endothermic systems. The canonical singlet fission systems are the
acenes, particularly pentacene and tetracene, which are exothermic and endothermic
respectively. In pentacene, where singlet fission is exothermic by ~ 110 meV™, the
singlet state is totally quenched within 200 fs and a fission rate of 80fs™! has been

7273 In tetracene, the S; and T} energies are

measured with transient absorption
shifted such that E(S;) < 2 x E(T}), so singlet fission is endothermic. The final
state of two triplets is at a higher energy than the initial photoexcited singlet, by
~ 180meV™. Yet, in crystalline tetracene the formation of triplets still occurs, albeit
on a slower ~ 80 ps timescale™ ™. The endothermicity of tetracene slows singlet fission
down in comparison to pentacene, but it still proceeds with high yields (close to
200% of the initial singlet population) of triplets™ 7. There are a number of factors
that make this possible. There is an entropic effect, that the two triplet state has a

higher entropy and so the process can increase overall entropy even when endothermic.
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There is also evidence that for efficient endothermic fission systems like tetracene and
TIPS-tetracene the energy of the 1T state is lower or degenerate with the S; state,
and the endothermic step is the separation of the T'T state to Ty + 1,77 This
is deduced from the temperature independence of the formation of the pair and the
temperature dependence of pair separation to free triplets. It has also been shown
that this separation step is endothermic for a wider selection of materials, including
overall-exothermic materials like pentacene and TIPS-pentacene, due to a binding
energy associated with the correlated triplet pair®:7.

In general, to compute the rate of fission, we need to consider the coupling V'

between the 515, state and the 1T state.
V = (8,80|H|TT)

To first order the rate of fission is proportional to this coupling”™. However at higher
orders we must also account for non-direct fission pathways, via virtual occupation
of charge transfer (CT) states. The role of real and/or virtual CT states is contested.
Some propose that CT states are vital in explaining the pathway from S; + .Sy to TT7,
while others calculate that the coupling between the S; + .Sy and T'T states is strong

8081 In Figure 2.12, the two proposed

enough for a direct formation of the T'T state
pathways are shown.

In a study by Yost et al.®®, the coupling, V, was calculated using a "bright'
mixed state of 515y and CT states, but they found that the role of CT states varied
significantly between molecules despite all the candidates they studied showing efficient
fission. Although in some of the case studies, including pentacene, TTPS-pentacene and
dithienyl-pentacene (DTP) there was a strong contribution to V' from CT states, this
was not a necessary criteria for rapid and efficient fission. Dibenzothiophene-pentacene
(DBTP) showed sub-picosecond fission without significant CT character. This result
implies that it is not required to reduce the energy gap to the CT states to make them
accessible in order to design a molecule for singlet fission, however it does seem that

CT states play a role in coupling the S; and T'T states in certain systems.

2.4.1.1 Tetracene

Much of what we know about singlet fission has been learned from studying the
archetypes of tetracene and pentacene. In tetracene, fission was first observed by the

dependence of singlet and triplet populations on magnetic field by looking at singlet

65

fluorescence®™. As the magnetic field increases, the equilibrium between 575, and
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Fig. 2.12 Direct singlet fission (blue) and mediated singlet fission via a charge transfer
state (red)

TT states shifts, changing the population of singlets and modulating the amount of
fluorescence from the S; — Sy transition.

In more recent studies of tetracene, there has been a focus on explaining how it can
proceed despite being endothermic by ~180meV>782, Cryogenic transient absorption
measurements have shown temperature independence of the formation of the 7T state,
which suggests that TT is degenerate with S, and lower in energy than two free
triplets™®3. It was reported in 2010 that fission in polycrystalline tetracene occurs
within 10 ps (much faster than previously thought)™. However, this was based purely
on the 9.2 ps decay of the stimulated emission signal from the S; state. There are other
decay pathways for this state than singlet fission, and exciton-exciton annihilation had
to be taken in to account due to high fluences. Later it was corrected and a new rate
of 80 + 3 ps was published for fission in solid tetracene, along with evidence of a dark
TT state™, and this rate has been verified by other studies”™-34.

Because the energy of two triplets is more than that of a singlet in tetracene, there is
significant delayed fluorescence from TTA, the reverse of singlet fission. Quantum beats
are seen in the intensity of the delayed fluorescence in single crystals of tetracene®-%6.

The oscillations arise because in singlet fission, the rapid decay of the singlet and
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population of '(TT) provides the coherence required to see oscillations between the
three zero-field triplet pair states |zx), |yy) and |zz) with overall singlet character.
That is, the formation time of *(7'T) is shorter than the period of the oscillations due
to the energy gaps between the three triplet states®®. The three dominant frequencies
of the oscillations are a good match with the energy gaps between the |zz), |yy) and
|zz) pair states, as calculated using the the zero-field splitting (ZFS) parameters D
and E which can be measured using ESR. This was a significant finding, providing an
independent verification of the pair-state mechanism from the magnetic field effect.

While there is clearly compelling evidence for a lower-energy pair state, an alter-
native explanation for the overall endothermicity of fission in tetracene is offered by
Chan et al.%". They report that tetracene can overcome the endothermic barrier by
coherent coupling and entropic gain, and that the intermediate multiexcitonic 7T state
is degenerate with 2 x T7 not with S;. This means that an S; = TT superposition
must be initially formed, and entropic gain is the driving force for the subsequent decay
to 2 x T187. This assertion rests on data from time-resolved 2 photon photoemission
spectroscopy (TR-2PPE). TR-2PPE is a two pulse experiment where after an initial
pump pulse, usually resonant with the optical band gap, a high energy ionisation pulse
(probe) causes the emission of photoelectrons with an energy corresponding to the
difference between the probe energy and the ionisation energy of the state the electron
was in. In the TR-2PPE experiment, a lower-energy state assigned to the triplet is seen
within the rise time of the signal (20fs), which Chan et al. assert confirms the coherent
excitation of S; and a multiexcitonic 71" state in an equilibrium. However, Yost et
al. claim this experimental data is more likely explained by some CT character in the
bright state that happens to be have a similar ionisation energy as the TT state®.

Several studies have shown that there is a strong morphology dependence on fission in
tetracene®®?. Single crystals have a slower S decay of 130 to 300 ps (depending on the
sample) and do show some thermal activation is required®®°. Polycrystalline samples
tend to show faster singlet decays (70-90ps) and show reduced or no temperature
dependence to suggest thermal activation is a factor™ ™89, It seems likely that this
is due to a greater density of defects or non-standard packing motifs that accelerate
fission in more disordered morphologies®®. These are often referred to as singlet fission
"hot spots".

A study by Stern et al. on TIPS-tetracene in the solid state makes a comparison
between polycrystalline and disordered films™. Here an initial rise of the T'T state
occurs within 300 fs and is matched by a rapid partial loss of the signal attributed to
Si. This is followed by a slower, morphology dependent phase of T'T rise/S; decay
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on a 6-20ps timescale. The rapid initial rise of the TT" state in TIPS-tetracene is
much faster than previous studies of polycrystalline tetracene, and it is shown that
it is vibrationally coherent. That is, vibrational modes induced by the shortness of
the pump pulse but with a period too short to be generated impulsively by the 7T
formation itself (as in the oscillations in the delayed fluorescence of tetracene®), are
preserved from the S; state to the T'T state””. The vibrational coherence seen here is
indicative of a breakdown of the Born-Oppenheimer approximation and strong coupling
of vibrational and electronic degrees of freedom. A theoretical study of tetracene
concluded that this vibronic coupling was in fact crucial for singlet fission to proceed®.

Interestingly, when the Fourier transforms are taken of the oscillations in the
TIPS-tetracene transient absorption data, it can be seen that different modes are
present before and after this vibrationally coherent T'T rise. Initially there is a strong
315cm~! vibrational mode in the S; signal, and this mode depletes simultaneously
with the growth of a mode at 760 cm™! in the T'T signal””. This suggests that the
315cm™! mode is a tuning mode for the ultrafast 7T formation and the 760 cm™*
mode is a product mode formed as the wavepacket crosses a conical intersection to the
TT state. This model of vibrationally driven rapid singlet fission in TIPS-tetracene
is at odds with the strong electronic coupling model offered for tetracene by Chan

et al.®

. In addition to the difference in the slower phase of the T'T" formation, the
subsequent separation of TT" to Ty + 17 is also shown to be morphology dependent in
TIPS-tetracene, only occurring in the disordered samples and not in the polycrystalline
sample, and is thermally activated.

The interplay between singlets, triplet pairs, and free triplets by singlet fission and
TTA presents an interesting situation for exciton transport in tetracene. Transient
absorption microscopy has shown triplet pairs diffusing in a singlet-like way by FRET,
coining the term "cooperative transport'. The singlet character of the triplet pair
allows much greater diffusion via FRET than triplets can normally achieve via Dexter

transfer alone?92,

2.4.1.2 Pentacene

In contrast to tetracene, pentacene offers a model system of exothermic fission. In
polycrystalline pentacene, a fission rate of ~80fs has been observed7%. Theo-
retical calculations confirm that pentacene also undergoes rapid fission via a dark
multiexcitonic state that is energetically accessible from the optically allowed excited

state®?.
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Experiments on vibrational coherence in solid state TIPS-pentacene have been
particularly successful. TIPS-pentacene also has a time constant of 80 fs for fission and
has the added benefit of being solution processable®®. Musser et al. find that in this
case the coupling between vibrational and electronic degrees of freedom is strong enough
to induce a conical intersection between the S; and T'T potential energy surfaces”.
Using a three pulse experiment with a long "dump" pulse tuned to the excited state
absorption, it was possible to isolate the vibrations on the excited electronic state by
removing residual signatures of vibrations in the ground-state. Unlike in tetracene’,
fission is much faster so coherence in the T'T state could be caused impulsively by the
rapid population transfer. However, even at 80fs, the T'T" state still forms slower than
the period of the fastest observed oscillations in the 71" state. Vibrational coherence
between the singlet and the explicitly intermolecular TT" state implies that the singlet
is delocalised over more than one molecule®. Another TIPS-pentacene report, from
Bakulin et al., used two-dimensional electronic spectroscopy (2DES), a four pulse
experiment where both the electronic and coupled vibrational dynamics of singlet
fission can be investigated”. Here, vibrational modes were observed that serve to
couple the bright S; state to the dark 77" multiexcitonic state through a "vibronic

manifold of mixed states"%.

2.4.2 Fission Beyond the Acenes

While the oligoacenes of tetracene and pentacene (and their derivatives) remain the
canonical systems on which the majority of research has been focused, these molecules
have some drawbacks when it comes to use in potential devices. The most important
of these being their chemical stability - acenes readily react with oxygen and degrade,

limiting the potential lifetime of the device®"%

. The triplet energy in pentacene is
too low to transfer to a silicon cell, while tetracene is possibly acceptable although
lacking a large driving force which could limit the efficiency of triplet energy transfer®.
Therefore, there is substantial interest in new classes of singlet fission material with
greater chemical stability and the potential to tune their triplet energy level. Chapters 4
and 5 will explore work undertaken with this aim.

Singlet fission has now been experimentally observed in an array of organic molecules
and polymers, depicted in Figure 2.13. As well as tetracene and pentacene, fission is
reported in anthracene® and hexacene!®”. Modifications to these archetypal acenes
have produced a large number of derivatives which are also fission-active, includ-

77,82,101

ing the now widely studied Triisopropylsilylethynyl- (TIPS-) tetracene and
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TIPS-pentacene?® 941027107 "and also biphenyl-ethynyl-anthracene (BPEA)® | diphenyl-

10 10

tetracene!®, and rubrene!

Beyond the acene derivatives, singlet fission has been observed in rylenes, a highly

stable family of dyes, such as perylene!'! perylene diimide (PDI)** 5 terrylene!!é

terrylene diimide (TDI)M7 and quaterrylene diimide (QDI)!"!!8  Singlet fission

119

has also been reported in carotenoids such as zeaxanthin!'?, astaxanthin'?’ and the

carotenoid structures in peridin-chlorophyll-protein complexes in photosynthesis?!.

There are reports of fission in small molecules such as diketo-pyrrolopyrrole (DPP)122124,

dipheynl-hexatriene (DPH)'?57127  diphenylisobenzofuran (DPBF)!?%:129 and dipyrrolon-

aphthyridinedione (DPND)™. Recent reports have established fission in zethrene

131 and carbene-derived diradicaloids!3?

133,134

diradicaloids . Triplet pair-states also form in cer-

and poly(thienylenevinylene)!'35:13¢,

tain polymers, such as polydiacetylene (PDA)
and in some donor-acceptor co-poylmers like poly(benzodithiophene-n-thiophene-1,1-

dioxide) (PBTDOn) and Isoindigo-di(methylthiophene) (IIDDT-Me)!'37:138,

2.4.3 Singlet Fission in Solution

In solution, fission is diffusion limited. That is, once an isolated molecule has been
excited, it must encounter another ground state molecule before fission can occur. The
average timescale for these events depends on the concentration of the solution. Also, in
solution, the molecules are free to arrange themselves in an optimal geometry and form
an excimer. Fission has been observed in concentrated solutions of TIPS-pentacene!®?
and TIPS-tetracene®®!3% the structures of which are shown in Figure 2.13.

In TIPS-tetracene and TIPS-pentacene, it was found that at high enough concen-
trations, singlet fission can occur in solution with a TT" excimer state forming in under
100 ps in TIPS-tetracene, and 400-530 ps in TIPS-pentacene. They also see breaking
up of the excimer to free triplets on a timescale of 10ns®? and 13ns'%? respectively.
Transient absorption was used to identify the TT" excimer states which have a distinct
spectral signatures compared to the initial S; spectra and the spectra assigned to free
triplets. This was a significant finding, and another independent verification of the
presence of a distinct intermediate pair stateS?.

Triplet yields in solution were 197 + 3% and 120% in TIPS-pentacene and TIPS-

82,102 The difference in yields of free triplets despite the similar

tetracene respectively
kinetics (and actually a faster 7T formation in the TIPS-tetracene) can be understood
as a result of the endothermicity of the separation of the triplet pairs in TIPS-tetracene.
The T'T excimer is at a lower energy and so the separation is thermally activated

and must compete with other decay pathways. In both molecules, red-shifted PL was



2.4 Singlet Exciton Fission 41

A O O
12 S

o\s

\ / o) 0
R
e,

. O~
HO.

= = N NN N o o

=z =z
aYare
I OH 15 R—(r;l 0.0.' :fR
O (0] o]
aYae%e
18 r- -
32920 %0 %%

Fig. 2.13 Singlet fission chromophores that have been experimentally reported. 1.
Anthracene, 2. Tetracene, 3. Pentacene, 4. Hexacene, 5. TIPS-tetracene, 6. TIPS-
pentacene, 7. BPEA, 8. DPH, 9. Diphenyl-tetracene, 10. Rubrene, 11. Zethrene, 12.
DPP, 13. Astaxanthin, 14. PDI, 15. TDI, 16. DPBF, 17. Cibalackrot, 18. QDI, 19.
PDA 20. Poly(thienylenevinylene), 21. PBTDOn, 22. IIDDT-Me.
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seen from the excimer when the concentrations was increased to above the threshold
required for singlet fission.

There has been some disagreement on the specific role of the excimer in TIPS-
tetracene fission in solution and how to make sense of the photoluminescence from
this state. Dover et al. claim that the excimer state from which red-shifted PL is
detected is not likely to break up into free triplets, and is in fact a significant loss
pathway'3?. Their analysis is based on fitting the prompt and delayed PL to a reversible
model. However, their interpretation is disputed by significant evidence from Stern
et al. regarding the unique transient absorption signature and temperature-activated
separation of the excimeric state””%2. It appears that the condition of reversibility is
incorrectly invoked by Dover et al., as the TTA process, which is exothermic, need not
always proceed via the same excimer state as singlet fission.

Beyond TTPS-tetracene and TIPS-pentacene, fission in solution has also been verified
by MFE in solutions of diphenyl-tetracene, diphenyl-pentacene, dithienyl-tetracene
and rubrene!®. Thompson et al. suggested that if the MFE was enhanced or reduced
by altering the solvent polarity it would point toward a role for a real CT state in

fission, however this was not seen in any of these solutions®®.

2.4.4 Intramolecular Fission

While fission can occur in highly concentrated solutions of TIPS-pentacene and TIPS-
tetracene, many molecules are not soluble enough to reach the required concentrations.
However, singlet fission can be seen in dilute solutions of certain molecules which are
designed to host the whole triplet pair in one covalently bonded system, namely dimers,
oligomers and polymers. Dimers especially offer the chance to reduce the complexity
of singlet fission compared to the solid state, by investigating the smallest possible
system capable of fission. However, initial attempts with covalently bonded tetracene
dimers!4®!4! and DPBF dimers'*? reported very low triplet yields, below 10%.

It has become clear that the nature of the covalent linker between the individual
chromophores in a singlet fission dimer or oligomer is very important for improving
on the low yields of the first iterations of singlet fission dimers. Various studies have
investigated varying both the physical distance and the degree of conjugation/electronic
coupling across the linker. Sanders et al. used a phenylene linker motif in a bipentacene
dimer, and varied the number of phenylenes in the bridge from none (i.e. a direct link
between carbons on the pentacene cores) to two phenylenes, and found that increasing
the number of phenylenes slowed singlet fission'*?. However, the yield was ~ 200% for

all of the linkers, showing the robustness of pentacene fission. Indeed, a pentacene
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dimer with a totally non-conjugated linker still showed quantitative fission'4*. The
same is not true for tetracene dimers, where different linkers have a large effect on the
fission yield.

With a phenyl linker, significant differences have been demonstrated between
connecting to the phenyl at the para, meta and ortho positions. In pentacene, the
balance between tripet formation and decay rate varies between the three isomers and
is optimal for a yield of 150% in the meta isomer!*®. Calculations comparing meta-
and para-phenyl linked pentacene dimers show that the triplet pairs cannot dissociate
in the para isomer whereas they can in the meta isomer!4®. In tetracene dimers with
the same phenyl linkers, fission was shown to be favoured in the para isomer, which
is wholly conjugated, while singlets decayed radiatively in the meta isomer which is
cross-coupled rather than fully conjugated*”!4®. Additionally, while coupled triplets
formed in both the ortho and para isomers, the lack of rotational freedom in the ortho
isomer prevents the triplets from decoupling!*®. Calculations have shown that vibronic
coupling in these dimers connects 515y to 1T, and the strength of this coupling allows
much faster pair formation in the para isomer than the meta isomer. The large vibronic
coupling in the para isomer is a consequence of the rotational freedom around the
phenyl!%®. Interestingly, in dimers of pyrene-fused azaacenes (dibenzodiazahexacene),
the ortho isomer reported the highest triplet yield, due to the increased spatial contract
between the monomers!®°,

In systems where the energetics for singlet fission are finely balanced, unlike
pentacene, it is important not to allow the dimerisation to lower the singlet energy
significantly. Singlet fission was not seen in a DPP dimer where the singlet was
stabilised by 400 meV relative to the monomer while the triplet was unchanged, such
that the energetics of fission became unfavourable!st.

In order to maximise the yield of triplets and also prolong their lifetime such that
they might be usefully observed or extracted, a fine balance must be struck to prevent
recombination by triplet-triplet annihilation (TTA), while keeping the initial rate of
triplet pair formation high. In a study of homo-conjugated and non-conjugated linkers
for pentacene dimers, homo-conjugated linkers proved especially successful as they had
even faster triplet pair formation times than conjugated analogues, while significantly
slowing recombination and extending the triplet lifetime!®2. In the phenylene series
of pentacene dimers, increasing the number of phenylene linkers extended the triplet
lifetime by slowing TTA3. As well as modifying the linker to promote longer triplet
lifetimes by better decoupling, trimers or larger oligomers allow triplets to migrate

away from each other, increasing their lifetimes and the triplet yield relative to
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dimers''153. This effect is enhanced by using energetics to force apart the triplets,
such as in pentacene-tetracene-pentacene structures, where the triplets are inclined
to stay separated, concentrated on the terminal pentacenes with the lower triplet
energy !5t

A useful variable to change when investigating intramolecular fission is the solvent
polarity. Solvents with a higher polarity can stabilise CT states, and consequently
the effect of the solvent polarity of fission rates and yields can be informative with
regards to the role of CT states in the fission process. For example, in an orthogonal
pentacene dimer, the singlet fission rate increases when moving from toluene to the
more polar ortho-dichlorobenzene (o-DCB), showing that a more-accessible virtual CT
state can increase the coupling between S} and '(TT)¥°. Solvent polarity dependence
has been seen in many intramolecular singlet fission systems, such as phenyl-linked
pentacenes'®>, DPBF dimers'4? and PDI dimers!'®. As well as by solvent polarity, the
CT state of orthogonal pentacene dimers can also be tuned by side groups, further
demonstrating the effects of coupling via a virtual CT state!®”.

Pentacene dimers have also been used to investigate the heavy-atom effect on singlet
fission. A set of platinum-bridged pentacene dimers demonstrated that the heavy atom
effect does not affect T'T formation but does serve to increase coupling from '(7'T) to
3(TT) and °(TT). The majority of these pairs still annihilate to form a singlet triplet,
however a minority are able to decouple to free triplets, which is not the case without
the effect of the spin-orbit coupling of the heavy Pt atom!®®. Enantiomerically pure
versions of the Pt-bridged pentacenes showed no dependence on chirality, but triplet

yields are affected by solvent polarity, again implying fission mediated by a CT state!®?.

2.4.5 Influence of Morphology

As already alluded to for tetracene, sample morphology and crystal packing have

significant effects on both the fission rate and triplet yield. This has been shown in sam-

ples of identical molecules arranged in different polymorphs, such as in tetracene®169,

TIPS-tetracene’, TIPS-anthracene'®! and DPH!?5. The packing of molecules can also
be varied by adding different quantities of inert spacer molecules, as has been reported

162

for rubrene®”, where an exponential dependence of fission yield on inter-molecule

163 ' where quintets were observed by trESR only in

spacing was found, and pentacene
an intermediate concentration regime where pentacene dimers were present. We can
go further and modify the molecule itself to induce a different packing. Often this is
achieved with inert side groups/alkyl chains, such as in a study by Pensack et al. of side

group bulkiness in pentacene derivatives'¢*. Bulkier side groups separate the molecules
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and reduce coupling of the pair state to the ground state, extending triplet lifetimes

164 " Similar findings are apparent from changing the groups

and decoupling of the pair
on the imide position of PDI'® and the side chains on DPP123, Substitution of carbons
within the conjugated core can also disrupt packing and affect singlet fission, however it
is harder to deconvolve the effects from packing and those from the change in electronic
structure of the monomer. Nonetheless, fluorinated and brominated pentacenes have
demonstrated that a more disrupted/amorphous packing can slow singlet fission which
would otherwise occur rapidly when excitons can delocalise over long-range ordered
crystals!®®. Amorphous TIPS-pentacene nanoparticles have shown frustrated TT pair
separation compared to crystalline versions!'%4.

While long range order can sometimes promote faster fission, if the innate crystal
structure does not contain a favourable geometry for fission, then it can only occur
at defects or "hot spots", which occur at a greater density the more amorphous a
sample is. The kinetic signatures of "hot spot" mediated fission, where excitons often
have to migrate to these positions in the film after photoexcitation, have been seen in
Diphenyl-tetracene!® and verified by calculations!é”. Similar findings are reported for

cyano-tetracene!®® and TIPS-pentacene!”.

2.4.6 Insights from Magnetic Resonance

The findings discussed thus far have been from optical experiments, measuring pho-
toluminescence and transient optical absorption signatures of excitonic states. These
are very powerful tools in singlet fission, however they lack sensitivity to different spin
states which are separated by energies that are small relative to optical transitions.
To probe the spin dynamics of singlet fission it is necessary to use ESR and optically
detected magnetic resonance (ODMR). The experimental details of these techniques
will be described in the next chapter.

Triplet signatures from singlet fission were first seen using ESR by Yarmus et al. in
1972%. ESR is uniquely able to distinguish between triplets formed by ISC and singlet
fission, due to the different relative populations of the triplet sublevels associated with
different formation mechanisms'®*!". In crystalline tetracene, ESR was used to see
the turning off of pair dissociation to free triplets below 200K, where triplets born from
ISC domninate instead'™. In 2017, for the first time the spin signature of a quintet
multiexcitonic state, unambiguously a triplet pair, was observed in TIPS-tetracene
films!™ and pentacene dimers!™. There is now evidence in a variety of systems that
through singlet-quintet mixing®!, quintet multiexcitons are present as an intermediate
between (TT) and free triplets, including in TDI dimers'™, in TDI and QDI films!!",
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144,175

in pentacene and tetracene dimers with an aliphatic adamantane linker , and in

diluted pentacene films where the concentration of pentacene is seen to modulate the
coupling within triplet pairs'63.

There is ongoing work to establish a full theoretical framework for the formation of
quintet states and the nature of the mixing between pair states in the singlet, triplet
and quintet manifolds. The exchange interaction between triplets within a pair, J
is a critical parameter. Collins et al. propose that exchange interactions must vary

176 " There is good evidence that .J is

with time to explain the formation of quintets
dependent on the precise relative geometry of the pair of molecules on which the pair
state is located. In TIPS-tetracene, in a high-field MFE experiment, level anticrossings
at J, 3J/2 and 3.J were seen for four different values of J, matching the four unique
molecular pair geometries in the crystal structure!””. At low enough temperatures,
each of these unique pairs has a distinguishable photoluminescence spectrum that is
shifted according to the strength of interaction in the pair!™*, and these different spectra
have been related to specific pairs in the crystal structure!™'™. A MFE modelled by
multiple Js was also seen in DPH, where J decreased as the triplets dissociate and

move apart!?’.

2.4.7 Harvesting Triplets

Singlet fission can only be useful in a photovoltaic application if the triplet excitons can
somehow be harvested. There are a number of strategies for this under investigation,
which can broadly be grouped into three categories: 1. Charge transfer from a singlet
fission material to an electron acceptor such as Cgg, 2. Directly transferring excitons
from a fission material to a lower-band gap cell (e.g. silicon), or 3. Transferring triplets
to an acceptor which emits the energy as photons which can absorbed by a lower-band

gap cell (e.g. silicon).

2.4.7.1 'Triplet Charge Transfer

In this architecture, triplets must be formed at or migrate to an interface with an accep-
tor, in the exact same way as for conventional OPV donors'®!. Early demonstrations

t182 and external quantum

with pentacene and Cgy bilayers showed proof of the concep
efficiency (EQE) over 100%'®3. In a TIPS-pentacene/Cgy heterostructure, it was shown
that ultrafast (<75fs) electron transfer can occur from singlets can outcompete singlet
fission, followed by slow (1.6 ps) triplet electron transfer'®?. This clearly shows that

this strategy requires careful design against long range delocalised singlets that can
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undergo electron transfer with the acceptor before singlet fission occurs. An alternative
architecture has the singlet fission material (in the demonstration this was rubrene)
between layers of donor and acceptor, so excitons on the donor can FRET to the singlet

8 In a comparison of different electron

fission material before undergoing fission?
acceptors to be paired with pentacene, MFE on photocurrent was measured and it was
found that colloidal nanocrystal of PbSe were more promising than Cgo'®¢. Although
more challenging to integrate into a device, intramolecular fission has been used to
generate charges directly: two electron transfer was seen to anthraquinone from a

dimer of Tetracyanomethylene quinoidal bithiophene!®.

2.4.7.2 'Triplet Energy Transfer

A consensus has emerged that given the commercial success and technological ma-
turity of silicon solar cells, singlet fission can be most usefully applied in sensitizing
silicon. That is, transfer of the whole exciton to silicon to create an electron-hole
pair. Tetracene has a promising triplet energy level, ~ 150 meV above the silicon
band gap. This has been technologically very difficult to achieve, however a recent
report from Einzinger et al. demonstrated triplet energy transfer from tetracene to

188 The engineering of this

silicon using an ultra-thin hafnium oxide interfacial layer
interface is a significant challenge. A technique has been developed to use the triplet
transfer as a function of height of tetracene islands to compare the effectiveness of
different oxide/aromatic interlayers'®®. Triplets can only transfer by Dexter transfer,
requiring direct wavefunction overlap. It has been shown that thermally annealing the
tetracene layer can promote an inclined orientation at the interface which maximises

wavefunction overlap!.

2.4.7.3 Photon Multipliers

Perhaps the most promising and pursued architecture is the photon multiplier - trans-

ferring the triplets to an emissive system that emits photons above the band gap of

1191,192

silicon that are then absorbed by a silicon cel . The key is to use an emitter

with large spin-orbit coupling such that the triplet state can quickly evolve to an
emissive state. For this reason, PbS or PbSe quantum dots/nanocrystals have been

the most successful'®®. Triplet transfer has been demonstrated from tetracene to PbS

194 195

nanocrystals”*, and from pentacene to PbSe nanocrystals™. An important recent

development was singlet fission ligands - ligands based on tetracene/other conjugated

organics with a comparable triplet level, that can funnel energy to the nanocrystal'96:197
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The native ligands that nanocrystals are synthesized with are typically long inert chains
such as oleic acid, which block efficient triplet transfer.

Due to the promise of photon multipliers, the physics of triplet transfer across
the organic/inorganic interface is subject to considerable interest. The nature of the
binding and molecular orientation at the surface is crucial!®®'%°. The mechanism in
tetracene /pervoskite nanocrystals has been shown to include a CT state, as electron

200 In tetracene and PbS quantum dots with

transfer is followed by hole transfer
tetracene ligands, triplet energy transfer trends are consistent with an electron exchange
mechanism, where an electron is transferred from the tetracene ligand to the quantum
dot and vice versa®. An energetic driving force is required to ensure quantitative triplet
transfer both to the ligand and then from the ligand to the nanocrystal, meaning that

a singlet fission with triplets at 1.4-1.5¢V, significantly above tetracene, is desired.

2.5 Enhancing Photovoltaics

The nature of single-junction solar cells sets a thermodynamic limit on their PCE.
Next generation solar technologies must look outside of the simple single-junction
architecture to circumvent this limit, through better harnessing the breadth of the

solar spectrum.

2.5.1 The Single-junction Limit

The single-junction limit dates back to a calculation from 1961 of the maximum PCE
for a single band gap cell operating perfectly under a solar spectrum?’!. Approximating
the solar spectrum to a black body at temperature Tg,,, = 6000 K, and assuming that
the cell is an infinite absorber of all photons above its band gap F, = hv,, and that
any excess energy is lost to heat as excitations cool to the band edge, the incident and

output powers are given by P;, and P,,;:

P, < qh /OO vn(v)dv (2.40)
0
Pous o ghv, / " () dv (2.41)
3 /.2
n(v) = thV/ c (2.42)
eXp(kBTsun) -1



2.5 Enhancing Photovoltaics 49

1.5- Thermalisation
i Below band gap
g Extraction losses
‘T‘E Power out
= 1.0
Y Band gap
e !
© 1
° i
C05 i
= I
5 a
3
0.0 N

500 1000 1500 2000
Wavelength (nm)

Fig. 2.14 Energy losses in a perfect single junction solar cell. AM1.5 spectrum, an
approximation of the irradiance on the surface of the earth, is used. Photons below
the band gap are not absorbed, shown in purple. Energy lost to thermalisation is red,
and other extraction losses are in blue, with power output in green.

n(v) is the Planck distribution?*?. The PCE is then the ratio of P, to P,. In this
idealised single junction cell, energy is lost as photons with energy below hv, that are
not absorbed, and photons with energy greater than hy, lose their excess energy to heat
by thermalisation. With only these losses, a PCE of 44% is possible for hy, = 1.1eV.
However, when factoring in thermodynamic losses and energy lost in photon emission
a detailed balance limit of 33% is found?°1:2%3, These extra losses are grouped together
as extraction losses in Figure 2.14. Calculations using the most accurate simulated
solar spectrum (AM1.5G) rather than the black body approximation indicate a limit
of 33.77% for a band gap of 1.34eV3.

It can be seen from Figure 2.14 how the power from different parts of the sun’s
spectrum is utilised or lost in a single junction cell. An intuitive way to deal with this
is to use multiple different materials with different band gaps that can each efficiently
capture energy from different parts of the spectrum. For a tandem cell with two
sub-cells the detailed balance limit increases by 12%, and three sub-cells would give
a further 7%?2°*. Taking this to the limit of an infinite stack of cells each with an
infinitesimally different band gap, the limit becomes 68%. However, even two sub-cell

tandems are very expensive and challenging to engineer, because the current must be
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matched between all the sub-cells in series. This is difficult when the incident spectrum
changes with cloud cover/time of day. There are alternative spectral management
techniques that could circumvent the single-junction limit without the current matching

issues of a multi-junction tandem cell: up-conversion and down-conversion.

2.5.2 Up-conversion

In an up-conversion solar cell, photons below the band gap are absorbed by a separate
system which combines two photons to a higher energy state that is above the band
gap. Triplet-triplet annihilation (TTA) can potentially fulfil this purpose. The general
scheme typically involves a triplet sensitizer, which absorbs the low energy photons
and quickly intersystem crosses to a triplet state, and must therefore usually involved
a heavy metal to induce strong spin-orbit coupling. A typical sensitizer would be
platinum octaethylporphyrin (PtOEP)2%. The triplet on the sensitizer is transferred
to a triplet annihilator, which should be a molecule with an exchange energy such that
E(S1) <2 x E(Ty), for example diphenyl-anthracene (DPA)?**®. Two annihilators in
the T} state can then undergo annihilation to produce a singlet which can fluoresce to
produce a photon above the band gap of the solar cell, thus reducing sub-band gap
losses.

205-208 ’ where

TTA-up-conversion (TTA-UC) has been well characterised in solution
the sensitizer-annihilator and annihilator-annihilator interactions are diffusion medi-
ated and rely on high excitation densities, which limits the performance under solar
excitation densities. Solid-state diffusion-limited systems have also been developed,

209211~ Strategies to circumvent

for practical reasons for incorporating into a device
the limitations of diffusion include using dimers as intramolecular annihilators?!'?,
and building supermolecular, macromolecular and self-assembled systems that funnel
triplets towards annihilation centers?®.

TTA-UC is not the only possible up-conversion system. Lanthanide-doped nanocrys-
tals can achieve up-conversion quantum efficiencies of 5% under monochromatic excita-
tion, however they are limited by their narrow absorption spectrum?®2!4. Another
form of up-conversion has been proposed that uses inorganic quantum well structures to
produce anti-Stokes emission with the extra energy coming from the ambient thermal
reservoir, and coupling to a second conventional solar cell*'®, however TTA-UC is the
most promising up-conversion strategy at present?'%. Up-conversion itself has other
possible applications beyond photovoltaics, such as fluorescence labels for bio-imaging
and drug-targeting®®®. For drug-targeting the idea is to use near infra-red (NIR) light,

which can more easily pass through tissue, to excite up-conversion centers where higher
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energy photons are produced that stimulate drug release at the location where the
NIR light has been focused.

2.5.3 Down-conversion

While up-conversion addresses losses due to photons that are not absorbed below the
band gap, down-conversion can reduce losses to thermalisation. High energy photons

%6 or singlet fission. As detailed in

can be split by MEG in inorganic nanostructures
Section 2.4.7, following singlet fission, triplets can be harvested or transferred to a
silicon sub-cell in order to double the amount of charge carriers produced compared
to an ordinary silicon cell. Various estimates have been made of the efficiency limit
increase from singlet fission, which vary based on their assumptions regarding the
energy losses (or gains) from exothermic (or endothermic) fission. A PCE limit of
44.4% was calculated in 2006 by Hanna and Nozik™ for a single junction cell with
perfect carrier multiplication. In 2012, Tayebjee et al. calculated that by including
the possible gains from endothermic fission, this could be improved to 45.9%, however
when accounting for exciton binding energies inherent to organic semiconductors this
may be reduced to 40%. An added benefit of reducing losses to thermalisation is the
reduction in thermal degradation and resulting enhanced lifespan of the lower band

gap sub-cell, as recently investigated by Jiang et al.?'".

2.6 Conclusions

In this chapter we have introduced the theoretical descriptions of singlet and triplet
excitons in organic semiconductors, transitions between these states, and how excitons
interact with each other. We then have covered the key theoretical concepts and
experimental results relating to singlet exciton fission, and shown how fission has the
potential to enhance the efficiency of solar energy conversion. In the next chapter we
will describe the experimental techniques on which singlet fission research relies and

which were used to produce the results which will be presented later in this thesis.






Chapter 3
Experimental Methods

In this chapter we will describe the experimental methods used in the following
investigations. First, we will cover steady-state characterisation of absorption and
luminescence. These simple techniques can reveal a lot about the properties of a
material and are also important to enable interpretation of the spectral features in
more complex techniques such as transient absorption (TA), the main technique used
in this thesis. Next, we will describe the various methods of measuring time-resolved
photoluminescence (PL) that we have used, before discussing the TA set-up and how
to interpret a TA signal. After describing these optical techniques, we will outline
the spin resonance techniques that were used. Finally, we will discuss the numerical

methods that were used to analyse the data.

3.1 Steady-state Characterisation

3.1.1 Absorption

Steady state absorption (also known as UV-visible or UV-vis absorption) was measured
using an Agilent 8453 UV-visible spectrometer. This combines the output from
deuterium and tungsten lamp light sources, which is collimated into a single beam
that passes through the sample. Transmitted light is focused with a lens and dispersed
by a grating onto a 1024-element diode array. Absorption A(\) is calculated using
Equation (3.1).

I(\) = Ip(\)10~4™W (3.1)
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Iy()) is measured using a blank substrate for solid samples or a cuvette filled with
pure solvent for solutions. A small offset sometimes remains despite this correction to
a blank, due to non-absorptive scattering by the sample itself and/or the difference in
refractive index at the interface between sample and substrate. The concentration of a
solution ¢ can be related to the absorption A by the molar attenuation coefficient

and the optical path length [ in the Beer-Lambert law:

A(N) =e(N)cl (3.2)

Thus, absorption measurements can determine the concentration of a sample with

a known e.

3.1.2 Photoluminescence

A number of techniques were used to record steady-state photoluminescence spectra.
For quasi-steady-state photoluminescence we used a 40 MHz pulsed excitation source
at either 407 nm (PicoQuant LDH407) or 470 nm (PicoQuant LDH470) with a pulse
length of around 100 ps. Photoluminescence was collimated with a lens and focused
into a spectrometer (SpectraPro 2500i, Acton) with a grating with 150 grooves/mm. A
CCD camera (PIXIS 100F, Princeton Instruments) measures the dispersed light.

An alternative set-up, used to gain extra sensitivity with a different camera, mea-
sured steady-state photoluminescence using an Andor iDus DU420A BVF Si detector.
The excitation sources for this camera were temperature-stabilised Thorlabs continuous-
wave (CW) lasers, at 405 nm or 520nm. A lens focused the excitation beam onto the
sample, and we used a further pair of lenses to project the photoluminescence emitted
to a solid angle of 0.17 onto the detector.

For ease of changing the excitation wavelength or creating excitation scans over a
series of excitation wavelengths, some photoluminescence measurements were recorded
on an Edinburgh Instruments FLS980 fluorimeter. This uses a broadband light source
(Xel Xenon Arc Lamp, 230-2600 nm) followed by a monochromator to select a single
excitation wavelength. This is then focused on the sample, and luminescence is collected
by a lens before another monochromator selects the detection wavelength. Finally, a
photomultiplier tube counts the photons as the second monochromator steps across a

range of wavelengths to record a full photoluminescence spectrum.



3.1 Steady-state Characterisation 55

3.1.2.1 Photoluminescence Quantum Efficiency

Photoluminescence quantum efficiency (PLQE) was measured using a 405 nm or 520 nm
CW laser and the sample inside an integrating sphere with a white inner surface that
scatters light isotropically, with detection via a fibre optic cable to an Andor iDus
DU420A BVF Si detector. PLQE was calculated by the de Mello method to account
for secondary absorption of scattered light?*®. In this method, three measurements are

taken:

» a - empty sphere, measuring the laser light scattered off the inside of the sphere

e b - sample is in the sphere but the excitation beam is not directly incident on
the sample, and it is only excited by diffuse scattered light

e c - sample is directly excited

After correcting the spectra for the sensitivity as a function of wavelength, L, is the
integrated photons detected from the laser near the excitation wavelength, and P, is the
integrated photons detected over the range of wavelengths of the photoluminescence,
with the subscripts referring to one of the three different measurements. The absorption
A of the incident laser in ¢, not including subsequent absorption of scattered light, is
calculated as:
L.
A=1- i (3.3)
The PLQE, n, is defined as photons emitted per photon absorbed. Hence the
number of photons emitted in ¢ from direct excitation is nL,A. However, there are
also photons emitted following the absorption of scattered laser light. The number of
photons detected from scattered laser light and photons emitted after the absorption
of scattered laser light is L, + P, in b, and reduced by a factor of (1 — A) in ¢ to
(1—A)(Ly+ B). Thus, we can write that the total photons detected in ¢ and rearrange
for n (using Equation (3.3) to eliminate L and L.).

Lc+Pc:(1_A)(Lb+Pb)+nLaA

(3.4)
_ P.—(1-A)Pp
N L,A

This method relies on the assumption that the location from which laser light is

scattered is unimportant, which has been proved experimentally to with a similar

integrating sphere to an accuracy of 2%
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3.1.2.2 Magnetic Field Dependent Photoluminescence

For photoluminescence measurements in a magnetic field, we used Thorlabs CW
520 nm laser source with a focusing lens on to the sample. A pair of lenses project
the photoluminescence emitted to a solid angle of 0.17 onto an Si detector, with
the sample positioned in an electromagnet (GMW - Model 3470) with 3 cm distance
between cylindrical poles. The magnetic field for a range of voltages supplied to
the electromagnetic was first measured with a gauss meter mounted at the sample
position, enabling measurements of the photoluminescence as a function of voltage
to be calibrated to the magnetic field. Different field strengths were measured in a
random, non-consecutive order, and every field strength was immediately followed by a
zero-field measurement for normalisation, in order to rule out any effects of degradation
that might bias the results.

3.1.2.3 Photostability

Photostability measurements were performed using the same set-up as the PLQE
measurements, with the transmitted 520 nm laser signal 7" being measured as a function
of time over which the sample was continually exposed to the excitation source. T is
converted to absorption A by comparing to the incident photons I measured with no
sample present using A =1 —T.

In Chapter 5 stability measurements were performed by Kealan Fallon and consisted

of daily measuring of the absorption spectra of films left out in air and natural light.

3.2 Time Resolved Photoluminescence

Time-resolved photoluminescence is an extremely useful tool for understanding the
timescales of any photophysical process involving emissive states. We have studied
processes that range from the ultrafast (< 1ps), such as singlet fission and internal
conversion, to the ps lifetimes of triplets involved in TTA. To observe time-resolved
photoluminescence over such a range of timescales requires multiple different techniques,

and which we will describe from slow to fast.

3.2.1 Intensified Charge-coupled Device

The intensified charge-couple device (ICCD) uses an electronic gate to time-resolve
photoluminescence relative to an electronic trigger signal from the excitation source.

The excitation comes from a 1 kHz Ti:sapphire amplifier (Spectra-Physics Solstice Ace).
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The amplifier generates 100 fs pulses centred at 800 nm with an output of 7W, and
this output is split off into many experiments operating simultaneously using beam
splitters. For the ICCD, the 800 nm pulses are frequency doubled in a BBO crystal
to produce 400 nm pulses which can excite the sample. Alternatively, a non-collinear
parametric amplifier (NOPA) can be used to generate narrow pulses at wavelengths
from ~480-700 nm.

The ICCD (Andor iStar DH740 CCI-010) contains a photocathode, a microchannel
plate (MCP) and a phosphor screen in front of a charge-coupled device (CCD). The
photocathode emits photoelectrons when it is struck by an incident photon. A time-
dependent electric field accelerates the photoelectrons towards the MCP, and it is the
control of this electric field which provides the time resolution. The electric field is
switched on for a user-defined length of time, for example 10ns, at a variable delay
after the trigger that indicates the timing of the excitation, for example 100 ns. In
this example only the PL emitted within 100-110 ns after excitation is recorded. By
stepping delay for this electronic gate, we can build a kinetic picture of emission over
time. The high potential of the MCP accelerates the electrons, leading to a cascade
of secondary electrons from the channel walls and amplification of the signal. When
the secondary electrons collide with the phosphor layer they are converted back into
photons, where they can be read by the CCD. The ICCD is connected to a calibrated
grating spectrometer (Andor SR303i) for spectral resolution. Due to the amplification
by the MCP and phosphor, the ICCD is especially useful for resolving weakly emissive
species with long lifetimes. Due to the limits of electronic gating, the time resolution
of the ICCD is ~ 3ns

3.2.2 Time-correlated Single Photon Counting

Time-correlated single photon counting is capable of recording photoluminescence
kinetics at a time resolution roughly an order of magnitude faster than the ICCD,
with an instrument response function of ~ 300 ps. The excitation source is a 40 MHz
pulsed excitation source at either 407 nm (PicoQuant LDH407) or 470 nm (PicoQuant
LDH470) with a pulse length of around 100ps. A timer is started for every pulse
generated, and this is stopped when a photon is detected by the photomultiplier tube
(PMT), in this case a Hamamatsu R3809U-50. The photoluminescence is collimated
and directed into a monochromator prior to the PMT, in order to select a single
wavelength. A histogram is generated of the times between a laser pulse and a photon

emitted from the sample being detected.
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3.2.3 Transient Grating Photoluminescence

Transient grating photoluminescence has the fastest time resolution but involves using
much greater pulse energies. Spectrally resolved measurements with a time resolution
of 200 fs are possible. Ultrashort snapshots of the photoluminescence are sampled by
diffraction from a transient grating formed by the interference of two ultrafast 800 nm
gate pulses in a piece of fused silica which forms a grating of modulated refracted index

t219. The transient grating deflects the photoluminescence

by the optical Kerr effec
into the camera, an ICCD, and is only present for the duration of the gate pulses.
Any photoluminescence which passes through the fused silica before or after the gate
pulses is undeflected and misses the camera. The 800 nm gate pulses are generated
at 1kHz by a Ti:sapphire amplifier system (Spectra-Physics Solstice Ace), and the
pump is either 800 nm pulses frequency doubled in a BBO crystal to produce 400 nm
pulses or the output of a tuneable NOPA that can be used to generate narrow pulses at
wavelengths from ~480-700 nm. Two lenses collimate and focus the gated signal onto
the spectrometer entrance (Princeton Instruments SP 2150) after long- and short-pass
filters remove scattered pump and gate light respectively. Gated photoluminescence
spectra are measured using an intensified CCD camera (Princeton Instruments, PI-
MAX4). The (~10ns) electronic shutter of the intensified CCD camera was used to
further suppress long-lived PL background. The time delay between pump and gate

beams is controlled via a motorized optical delay line on the pump beam path.

3.3 Transient Absorption

3.3.1 General Principles

While time-resolved photoluminescence is a powerful technique for observing the
emissive states (i.e. those optically coupled to the ground state) in a photophysical
system, transient absorption (TA) has the advantage of probing all states which can
optically couple to a higher lying state (known as photoinduced absorption) and
depletion of the ground state. In its simplest description TA is the change, induced
by the pump pulse, in absorption of the probe pulse, as a function of the pump-probe
delay. The fundamentals of the pump, probe and delay can be mixed and matched from
a variety of options. The probe can be generated by a custom-built NOPA, white light
generation (WLG) in a yttrium aluminium garnet (YAG) crystal, or a ns pulse-length
supercontinuum laser. The pump can be the 800 nm fundamental of the Ti:sapphire

amplifier, the 400 nm second harmonic, the output of a custom-built NOPA, the output
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Fig. 3.1 Schematic of transient absorption

of a commercial optical parametric amplifier (OPA) (TOPAS, Light Conversion), or a
ns pulse-length Q-switched Nd:YVO4 laser (AOT-YVO-25QSPX, Advanced Optical
Technologies) with a 1064 nm fundamental, 532 nm second harmonic, and 355 nm third
harmonic. The delay can be controlled by either mechanically adding to the optical
path length of the pump or probe with a delay stage (fs-ps timescale) or by using an
electronic delay generator (ns-us timescales). The generic scheme of a TA experiment
is shown in Figure 3.1.

The pump pulse creates a short-lived population of excited states with their own
absorption features, which are monitored by the probe. In order to isolate only the
absorptions due to the excited states, the transmission of the probe is compared with

and without the pump to give the differential transmission AT/T, defined as

AT o Ton - Toﬁ
T T

T,, and T,¢; refer to the transmission of the probe with the pump on and off

(3.5)

respectively. Each probe pulse is measured on a camera and is referred to as a "shot".
In order to compare consecutive pump-on and pump-off shots, an optical chopper
(Thorlabs MC2000B-EC) is used to halve the frequency of pump pulses compared to
the probe in the case of a 1 kHz probe (and therefore a 500 Hz pump). Due to the limit
of the optical chopper, the chopper operates at a quarter of the frequency of the high
repetition rate system with a 38 kHz probe, such that the pulse sequence is pump-on,
pump-on, pump-off, pump-off.

When using a broadband NOPA for the probe, to reduce the noise from shot-to-shot
fluctuations in the probe spectrum, a reference is used. A 50:50 beam splitter divides
the probe into two beams, which are both passed through the sample; one is overlapped

with the pump (the probe) and the other passes through on an unperturbed part of
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the sample (the reference). The reference is used to normalise the probe and correct
for fluctuations that can otherwise reduce the signal to noise (S/N) to unmeasurable
levels. Due to the multiple non-linear processes in the NOPA, very small shot-to-shot
variations in the Ti:sapphire amplifier output can results in large fluctuations in the

NOPA output. The referenced differential transmission then becomes

Tprobe,on _ Tprobe,oﬂ
AT _ Tref,on Tref,of‘f (3 6)
T Tprobc,oﬁ :
Tref,off

3.3.2 Transient Absorption Signals

There are three main types of signal that we seek to observe when measuring TA, which
are pictured in Figure 3.2. Ground state bleach (GSB), shown in blue, is a positive
AT/T signal, due to the pump-induced reduction in ground state molecules which,
when there is no pump, would absorb the probe at the energies of the ground state
absorption. The spectral shape of the GSB should match the steady-state absorption.
Any excited state, including both singlets and triplets, should generate a GSB signal,
as they all deplete the ground state.

Stimulated emission is also a positive AT'/T signal, shown in green in Figure 3.2.
The transmittance of the sample appears to increase when excited states that are
radiatively coupled to the ground state interact with the probe to emit an extra photon
at the same frequency as the probe. SE signals therefore allow the specific tracking of
the population of emissive excited states.

Finally, a photoinduced absorption (PIA) is negative AT'/T signal, shown in red in
Figure 3.2. PIAs result from transitions from excited states to higher-lying excited
states, e.g S7 — 5, and T7 — T},. The transmittance of the sample decreases at the
energy of these transitions, due to the pump-induced population of excited states. By
assigning the spectral locations of any PIAs to specific excited states, it is possible to

track the population changes and interconversion of different excited states over time.

3.3.3 Non-collinear Optical Parametric Amplifier

NOPAs are used in TA to amplify broadband (or narrow, if required), ultrafast pulses for
both pump and probe. A schematic of a typical NOPA, running off the Spectra Physics
Solstice Ace Ti:sapphire amplifier is shown in Figure 3.3. The NOPA can provide
tuneable broadband pulses in the visible (480 — 830 nm)??°, NIR, (750 — 1150 nm)**° and
IR (1200 — 1650 nm)?*'. For each NOPA, ~ 300 — 400 pW of the 800 nm fundamental is
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Fig. 3.2 Explanation of transient absorption signals from ground state bleach (blue),
stimulated emissions (green) and photoinduced absorption (red). For each type of
signal, schematics of the transitions that occur due to the interaction between the probe
and sample are shown for "pump on" and "pump off'. Also, for each type of signal,
probe transmission (77) is plotted against wavelength (A) for "pump on" and "pump
off', as well as the differential transmission AT/T = (Tyump on — Lpump oft) /L pump oft-
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Fig. 3.3 Schematic of a custom-built broadband NOPA. BS: beam splitter, L: lens, PM:
parabolic mirror, SM: spherical mirror, DS: delay stage, NLC: non-linear crystal, BD:
beam dump. For visible and NIR amplification, the NLC is BBO.
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split off using beam splitters. Within each NOPA, this is further split by a 90:10 beam
splitter, with the 90% of the power being doubled to 400 nm in a B-barium borate
(BBO) crystal for the visible and NIR NOPAs and left as 800 nm for IR amplification.
Frequency doubling in a non-linear crystal is a second order effect that occurs at high
intensities when the energy of two photons form a virtual energy level. From this
virtual level, a photon of twice the initial frequency is emitted.

The 10% power beam is focused down and used for WLG in a sapphire crystal.
The physics of WLG are still only partially understood, but we utilise the effect in
both sapphire and YAG to create extremely broadband pulses for TA (in the case of
the NOPA, WLG in sapphire is used for the seed). It is considered likely that WLG is
a result of a combination of changes in the refractive index inducing self-focussing, and
self-defocussing, due to the generation of an electron plasma by the extreme intensity
of the photon’s electric field in an ultrafast, highly focused pulse®?2. We filter out
the residual 800 nm fundamental from the white light seed using a BG38 filter for
the visible NOPA and an RG830 filter for the NIR and IR NOPAs. The WL seed is
collimated using a parabolic mirror and pump pulses are then focussed into another
non-linear crystal (NLC): BBO for the visible and NIR NOPAs and periodically poled
stoichiometric lithium tantalite (PPSLT) for the IR NOPA.

When the pump and seed pulses are overlapped spatially and temporally in the NLC,
with the correct pump-seed angle, labelled as « in Figure 3.3), and correct orientation
of the NLC, the seed is amplified by difference frequency generation (DFG)??*°. When
the angle is correct, the pump, with energy hw,, and seed, with energy hAw,, are phase
matched, resulting in amplification of the seed. The pump photon populates a virtual
state with energy hw;, and the seed photon stimulates the emission of a second photon
at energy hws, the signal, as well as another photon with frequency ws = w; — wo such
that energy is conserved. The photon at frequency ws is known as the idler. The phase
matching condition requires that the wave vectors k of initial and final photons are

n(w)w

conserved, with k(w) = , n(w) being the refractive index, which is anisotropic in

the birefringent NLC.

In a collinear configuration, known simply as an OPA, the range of wavelengths
that can be phase matched simultaneously is small and therefore results in narrow
pulses. NOPAs are capable of phase matching across a wider range of frequencies at a
given angle, allowing the amplification of broadband pulses, which we can use as the
probe for TA. Broadband pulses must be used for ultrashort (sub-10fs) pulse lengths,

due to the Heisenberg uncertainty principle. In this case, chirped mirrors are used to



64 Experimental Methods

compress the pulses to close to the Heisenberg limit??°. Without compression the pulse

length will be the duration of the pump used for amplification, ~ 100 fs.

3.3.4 Transient Absorption Artefacts

As well as the signals from transitions between states that we are interested in, there
can be other contributions to the TA signal which we are not intending to measure,
such as the coherent artefact and thermal artefacts. The coherent artefact occurs
around time zero, when pump and probe are overlapped in the sample simultaneously,
and results from non-linear optical effects in the sample substrate and/or solvent??3.
While the coherent artefact can make determining the very early-time signal difficult,
it is useful for chirp correction, which is required because the probe pulse is typically
chirped by the optics (and air) that it passes through. Therefore for a given path
length, there will be an offset in pump-probe delay across the broadband spectrum of
the probe, typically on the order of 1ps. Data must be corrected for this effect before
being analysed, which is known as chirp correction.

A sometimes more problematic artefact is thermal artefacts, resulting from tempo-
rary, pump-induced heating of the sample”??*. When the sample absorbs the pump,
unless it is a high emissive sample, most of the energy will be dissipated as heat. While
this will eventually be lost to the environment, there is often a temporary heating
effect lasting on the ns timescale. Heating can change the ground state absorption of
the sample, either in magnitude or by shifting it slightly, which would result in a false
GSB-like signal or a derivative signal respectively. There can also be a change in re-
fractive index associated with heating, which can alter the scattering at the air/sample
and sample/substrate interfaces, leading to anomalous signals. These signals can be
identified by comparing samples prepared on substrates with different heat capacities,
which therefore dissipate heat from the sample at different rates. If the signal lifetime
changes with the substrate, then it can be assumed to be associated with heating

rather than an electronic state transition.

3.4 Transient Electron Spin Resonance

Electron spin resonance uses the combination of microwaves and a magnetic field to
probe the spin physics of a sample. When the electron spins interact with an external

field, the Zeeman term Hy is included in the Hamiltonian.
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Fig. 3.4 Zeeman interaction in triplet excitons, with zero field splitting parameters
D, E # 0, for magnetic field direction parallel to Z, Z, and . Resonances with the
microwave frequency are indicated by the vertical black bars.

Hy = gusB-S (3.7)

This term splits the energies of states with a difference in spin projection quantum
number of |[Amg| = 1 by |AE| = gupB. Electron spin resonance (ESR) uses microwaves
to probe the transitions between spin states when they are split in this way by an
external field Bg. CW microwaves, are coupled into a resonator containing the sample,
and the By field is swept, with the microwave output being measured. When By
reaches a magnitude that induces an energy splitting which matches the energy of the
microwaves, molecules transition between states by either the absorption or emission
of microwaves, depending on whether there is a greater population of the lower or
higher state respectively. The resulting change in microwave amplitude from the
net absorption and emission as a function of By field gives the ESR spectrum. To
specifically study the ESR signals of photoexcited states, we used a pulsed laser to
excite the sample, and trigger an oscilloscope to measure the microwave output from
the resonator as a function of time after the laser pulse. This is known as transient
ESR (trESR).

Singlet excitons have spin S = 0 and therefore their Zeeman term is also zero,
meaning they cannot be detected with ESR. However, in S = 1 triplet excitons, the
three spin states are split by the Zeeman interaction in addition to the zero-field
splitting (ZFS) as shown in Figure 3.4. At zero field, the triplet eigenstates are |z), |y),
and |z), according to the molecular axes. For pentacene, the long axis of the molecule
is assigned the x axis, the short axis y, and z is out of the plane of the molecule!63.225:226
In the high field limit, the triplet eigenstates are now |—1), |0), and |1). The conversion

between these two basis sets depends on the orientation of the molecule with respect
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Fig. 3.5 ESR polarisation patterns for a) preferential population of |0) from singlet
fission and b) preferential population of |z) and |y) from ISC.

to the magnetic field. For example, with By || 2, |0) = |z) and |+) = %O@ + |y)).
As a consequence, resonances with the microwave field occur at different Bg fields for
different molecular orientations relative to the By direction, as shown by the black
bars in Figure 3.4. For a sample made up of a randomly oriented powder, resonances
occur at a distribution of magnetic field strengths, as shown in Figure 3.5.

The polarisation of the different peaks in the powder pattern is dictated by the
relative population of the high field eigenstates, which depends on the triplet formation
mechanism. For example, in triplets generated by singlet fission, typically the high
field |0) eigenstate is preferentially populated over |£)%86:189 Jeading to an ESR
spectrum as shown in Figure 3.5a with polarisation AEEAAE where A refers to a
positive absorptive peak and E refers to a negative emissive peak. By contrast, triplets
formed by spin-orbit mediated ISC populate the zero field eigenstates according to their
relative formation/relaxation rates, which are particular to the molecule. A common
ISC population distribution is an overpopulation of |x) and |y) compared to |z), which
leads to an EEEAAA spectrum, as shown in Figure 3.5.

The trESR in Chapter 4 was measured together with collaboration with Leah Weiss
and Naitik Panjwani at Free University, Berlin. We performed the measurements using
a Bruker MD5 dielectric ring resonator and an X-band ESR spectrometer. The precise
frequency is kept in resonance with the cavity Pulsed 532 nm excitation was provided
by a Nd:YAG laser (Atum Laser Titan AC compact 15 MM) with a 5ns pulse length.
A constant Helium flow was used to cool the sample to temperatures below 100 K,

in order to extend the spin-lattice relaxation time 77. The trESR in Chapter 6 was



3.5 Optically Detected Magnetic Resonance 67

measured by Leah Weiss alone at the same facility, while the trESR in Chapter 5 was

measured by Enrico Salvadori at University College London.

3.5 Optically Detected Magnetic Resonance

Optically detected magnetic resonance (ODMR) probes the same triplet resonances as
ESR, however rather than detecting changes in microwave intensity, microwave induced
changes in photoluminescence intensity are detected. Photoexcitation is continuous
rather than pulsed, so there is a steady population of photoexcited states. Instead of
CW microwaves, the microwaves are modulated on and off in a square wave pattern.
Changes in photoluminescence with microwaves on compared to microwaves off are
then detected using a lock-in amplifier.

ODMR was performed in collaboration with Naitik Panjwani at Free University,
Berlin using a home built optical resonator (based on a dielectric ring resonator) which
allows for excitation of the sample and collection of photoluminescence in transmission
mode). A 532nm diode pumped solid state laser (DJ532-40 Thorlabs) was used for
continuous excitation of the sample. The integrated photoluminescence was collected
by a Silicon avalanche photodetector (APD120A Thorlabs), with a 532nm notch
filter (Semrock) to remove the laser. The ODMR was carried out at X-band and the
microwaves were square wave modulated at frequencies between 17 Hz and 100 kHz.
The change in photoluminescence due to microwave absorption was monitored at the
microwave modulation frequency using lock-in detection (Stanford Research Systems

SR&30) as the static magnetic field was swept through resonance.

3.6 Grazing Incidence Wide Angle X-ray Scatter-
ing

X-ray scattering techniques, such as grazing incidence wide angle x-ray scattering
(GIWAXS) can be used to understand the crystallinity and specific crystal structures
present in a sample. GIWAXS, which is capable of resolving molecular length scales,
was performed by Dr Andrew Pearson on the I07 beamline at the Diamond Light Source,
Didcot, U.K. The X-ray beam energy was 10 keV and the angle of incidence was 0.4°.
During measurement each sample was housed inside a custom-built sample chamber
held under a continuous overpressure of dry He. Data was collected using a Pilatus

2M detector and analysed using the DAWN software package (www.dawnsci.org).
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3.7 Genetic Algorithm

Frequently in this thesis, we encounter spectrally and temporally resolved experiments.
From these 2-dimensional datasets, we ideally wish to extract the spectral signatures of
the different species present, and their kinetic progression. The Genetic Algorithm (GA)
is a useful tool for this purpose has been adapted by the Optoelectronics research group
to deconvolve spectra from time-dependent data. Briefly, GA generates initial random
guesses for the spectra of the desired number of species, and reconstructs the dataset
using linear combinations of these spectra that minimise the residual error at each
time point. The GA tries out a series of spectra and selects the most successful, makes
small "mutations" to them, and then "breeds" (mixes) them together to generate a new
set of spectra to test. This process is iterated until the GA converges on a solution
that best reconstructs the experimental data. This method includes random processes
and is not guaranteed to produce a model that represents the best approximation of
the data. It has some particular weakness, such as when spectra gradually shift in
time. GA should be run multiple times with different starting parameters to ensure

that the results are reproducible.



Chapter 4

Singlet Fission in a Modified Acene
with Enhanced Stability and High

Photoluminescence Yield

In this chapter, we report a fully efficient singlet exciton fission mate-
rial with high ambient chemical stability. Bis(triisopropylsilylethynyl)-
tetrabenzo|a,c,l,n]pentacene (TTBP) combines an acene core with triph-
enylene “wings” that protect the formal pentacene from chemical degrada-
tion. In our investigations we have deduced that the electronic energy
levels in TTBP are positioned such that singlet fission is endothermic,
similar to tetracene despite the triphenylene “wings”. In the solid-state,
TTBP exhibits rapid early time singlet fission with quantitative yield of
triplet pairs within 100 ps followed by thermally activated separation to
free triplet excitons over ~65ns at 300 K. Perhaps the most striking prop-
erty TTBP exhibits is its high photoluminescence quantum efficiency of
20% in solid films, predominantly arising from triplet-triplet annihilation.
In using such a system for exciton multiplication in a solar cell, maximum
thermodynamic performance requires radiative decay of the triplet popula-
tion, observed here as emission from the singlet formed by recombination of
triplet pairs. Combining chemical stabilisation with efficient endothermic
singlet fission provides a promising avenue towards singlet fission materi-
als for use in photovoltaics. The findings presented in this chapter are

currently in peer review, as paper [2] in the List of Publications.



Singlet Fission in a Modified Acene with Enhanced Stability and High
70 Photoluminescence Yield

The project described in this chapter was led by the author, and all steady-state
optical characterisation, transient absorption, and time-resolved photoluminescence
were measured by the author alone. The author measured transient electron spin
resonance and optically detected magnetic resonance at Freie Universitit, Berlin,
in collaboration with Naitik Panjwani. Matthias Miiller synthesized the molecule.
Simon Dowland measured the photoluminescence quantum efficiency and assisted with

preparation of polystyrene samples.

4.1 Background and Motivation

Singlet fission, the evolution of one photoexcited singlet exciton to form a pair of
triplet excitons that is described in detail in Section 2.4, occurs in a subset of organic
semiconductors where the energy of a singlet is approximately twice the energy of a
triplet. Initially reported in 1969 in crystalline tetracene®, there has been a growing
interest in singlet fission in recent years due to its demonstrated ability to increase

the efficiency of photovoltaic devices!83191,

In a traditional single-junction device,
all photons with energy above the band gap will lose their excess energy to heat as
the excitations relax to the band edge, before being extracted as charges. These
thermalisation losses can be reduced by absorbing high-energy photons with a singlet
fission chromophore and producing two triplet excitons with energy greater than or
equal to the band gap of the device (i.e. 1.1 eV for silicon). The energy of both these
triplet excitons must then be transferred to the main device, either via triplet energy
transfer, electron transfer, or the emission and absorption of infra-red photons!8%195-197,
Calculations have shown that for an optimal band gap and singlet fission chromophore,
the theoretical limit of a single-junction solar cell increases from 33% to 45% with singlet

7,201

fission”*"*. Recent experiments demonstrate that integration of tetracene with silicon

enables triplet energy transfer into silicon following photon excitation in tetracene'®,
affirming the potential impact of a chemically stable alternative. The possibility of
increased efficiencies from silicon tandem systems, of which singlet fission is a contender,
has led to projections from I'TRPV that tandems will begin to take significant market
share from single junction c-Si modules in the next decade, with 4% in 2030%%7. One of
the biggest roadblocks for realising this potential from singlet fission tandems is the
stability of the singlet fission materials.

Currently, the most thoroughly studied and highest yield singlet fissions systems
are linear acenes and their derivatives™ 75 7782:95,102,166.228 'hyit a5 is described in Sec-

tion 2.4.2, singlet fission has also been reported in other systems such as rylenes!!! 118,
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122,123 " and 1,3-diphenylisobenzofuran'?®.

polyenes!!9:120:125,126,135 " qiketopyrrolopyrrole
Tetracene and TIPS-tetracene have been of particular interest due to the favourable
triplet energy (~1.25¢€V) slightly above the band gap of silicon, and because for them fis-
sion is endothermic yet still efficient, maximising potential power output thanks to ther-
mal energy. Here we study 10,21-bis(triisopropylsilylethynyl)tetrabenzo[a,c,l,n|pentacene
(TTBP), a soluble acene derivative with improved ambient stability, which retains
the characteristic acene behaviour of singlet fission, and also demonstrates reduced
non-radiative loss pathways that would be parasitic in a solar cell. We note a re-
cent theoretical study has shown the potential for pyrene-fused acenes for singlet

fission???, which while not identical is a similar structural motif, and intra-molecular

50

singlet fission has been experimentally observed in dimers of pyrene-fused aza-acenes!,

demonstrating that adding off-linear fused rings does not preclude singlet fission.

As we develop in this chapter, in TTBP we find both efficient singlet fission, and
also triplet fusion evident through delayed singlet emission. Thanks to the favourable
energetics that make singlet fission reversible, and notably slow non-radiative decay,
TTBP has a high photoluminescence quantum efficiency (PLQE) of 20%, despite singlet
fission to the pair state proceeding at ~200 times the radiative rate. It follows that if
used in a singlet fission tandem where triplets could be efficiently transferred to a lower
band gap solar cell (an engineering challenge yet to be solved), TTBP would have
much lower non-radiative voltage losses, which limit the power conversion efficiency,
than an equivalent low-PLQE singlet fission material. This thermodynamic argument

is in it s essence identical to the detailed balance limit for single-junction cells?*!

, and
will be addressed in more detail at the end of the chapter.

TTBP was synthesised in 2018 by Miiller et al.?3°) where it was found that the
two- or fourfold benzannulation of heptacene, hexacene and pentacene improved their
stability. The addition of the branched triphenylene “butterfly-wings” extends the
m-conjugated system, but not as significantly as a lone linear benzene annulation would
do, causing TTBP to have a similar energy levels as tetracene (Figure 4.1). There is
also a similarity to the energetics of rubrene, another acene derivative capable of both
singlet fission and triplet fusion, although unlike TTBP rubrene is highly unstable, and
has not been reported to show the same high PLQE in the solid state, but can undergo
highly efficient TTA on single rubrene molecules when in a dilute form?3!. Through a
combination of optical and spin-resonance experiments, we show that singlet fission
occurs quantitatively in solid samples that also have high PLQE. We propose that, as
in a typical single-junction photovoltaic, a high PLQE is key to reducing voltage losses

due to non-radiative decay in a potential singlet fission solar cell.
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Fig. 4.1 UV-vis absorption spectra for TTBP (blue solid line) and TIPS-tetracene
(black dashed line) in dilute solution, showing their similar band-gap/absorption onset.

4.2 Steady-state Characterisation of TTBP

1.0 0.035 11K
< 0.030 0K
—~0.8 ) 100 K
E Co.025 150K
2 a 200 K
z 0.6 T 0.020 —— 250K
o 2 —_ 290K
= ©
S04 go.015
5 £
2 2 0.010
< ="
0.2 ) g
= Pure TTBP film 0.005 J‘
— 15% TTBPin PS
0.000

o
=)

400 450 500 550 600 650 600 650 700 750
Wavelength (nm) Wavelength (nm)

Fig. 4.2 a) Molecular structure of TIPS-tetrabenzola,c,l,n]pentacene (TTBP). b)
Schematic energy level diagram for endothermic singlet fission in TTBP. ¢) Absorption
spectrum of a pure TTBP film (blue) and a 15% blend of TTBP in polystyrene (red)
at room temperature. The measured absorption at wavelengths longer than ~600 nm
is due to scattering and reflectance. d) Temperature-dependent time-integrated PL,
using a pulsed excitation source at 500 nm, pulse duration 200 fs, 1 kHz repetition, from
11 K to room temperature

The molecular structure of TTBP is given in Figure 4.2a, with an energy level

diagram showing ordering of singlet and triplet energy levels, where singlet fission to a
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pair of uncorrelated triplets (2 x 77) is overall endothermic, and mediated by a pair-state
manifold ((TT) state) that is approximately isoenergetic with the singlet (Figure 4.2b).
Figure 4.2¢ shows continuous-wave (CW) optical absorption of 100% TTBP films and
15% TTBP in an inert host of polystyrene (PS). Both show some scattering, evident
in the reduced transmission at longer wavelengths below the band gap. Solid-state
films show a 25nm red-shift in the absorption onset relative to solution (Figure 4.1),
indicating significant intermolecular interaction in the solid state. In this work we use
either 100% TTBP films or TTBP/PS blend films, which exhibit comparable optical
properties (see Figure 4.2b), in order to reduce scattering. Figure 4.2d shows the
temperature dependence of the steady-state photoluminescence (PL); we discuss the
strong temperature dependence later, and note here that the sharper and stronger low
temperature emission is similar to that of tetracene™.

The level of aggregation in the TTBP/PS films can be inferred from their PL
spectra, as shown in Figure 4.3. The strong majority of TTBP is aggregated at 5%
concentration in polystyrene, with a minority of dispersed molecules, meaning that the
transient absorption experiments for which the polystyrene blends were designed are

dominated by the signal from aggregated TTBP.
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Fig. 4.3 a) Steady state PL of TTBP in PS at varying concentrations from 100% TTBP
(dark red) to 0.1% (blue), with excitation from a Xenon lamp with a monochromator
set to 530 nm. Dilute solution PL spectrum, with dichlorobenzene (DCB) as solvent, is
shown in dashed black.b)

In Figure 4.3a, it is clear that there are contributions from two distinct spectra —
the aggregated TTBP with broad peaks at ~660 nm and ~710nm, and the monomer
TTBP spectra which closely matches that of the dilute solution, characterised by
narrower peaks at 570 nm, 620 nm, and 675 nm. Apart from some modulation of the

relative intensities of the vibronic peaks in the monomer spectrum, the spectra of the
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PS blends can be recovered from a linear combination of the 0.1% and 100% spectra.
The relative contribution from these two spectra at each concentration, using a linear
regression fit, is shown in Figure 4.3b. Importantly, as shown in Figure 4.4, the PLQE
increases by a factor of 5 between the aggregate and the dispersed TTBP, implying
that even in the 5% TTBP film where there is roughly even contributions to the PL,
there is ~5 times as much of the excitations are in the aggregated TTBP rather than

the dispersed.

0.0

1073 1072 1071 10°
TTBP concentration in PS

Fig. 4.4 PLQE for a range of concentrations in PS, showing that as TTBP aggregates,
PLQE plateaus at 20%. Excitation with a CW 520 nm laser, PL collected using an
integrating sphere and PLQE values calculated by the de Mello method?!®. These
PLQE measurements were performed by Simon Dowland.

This analysis of the PL reveals a small fraction of monomeric molecules in the inter-
mediate concentration blends that are not aggregated, but the majority have identical
luminescence to the 100% film. This is as we expect due to the low affinity between PS
and the strongly crystallising molecular material. At intermediate concentrations of
TTBP, there will only be limited solubility for isolated TTBP molecules, beyond which
we see phase separation and TTBP domains forming with the same optical properties
as the 100% TTBP film.

4.2.1 Photostability of TTBP

The stability of TTBP in air is shown to be superior to TIPS-tetracene in Figure 4.5.
Under CW 520 nm illumination, there is a small initial reduction of absorption, likely

due to surface damage, after which there is no further degradation. In contrast, TIPS-
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Fig. 4.5 Stability of TTBP compared to TIPS-tetracene. Drop-cast samples prepared
from 50 mgml~! solutions in DCB were illuminated by 20 pW CW 520 nm, with the
absorption monitored over time. Black and purple lines show samples encapsulated
in an Oy and H5O free environment, while red and purple lines show unencapsulated
films in ambient conditions.
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tetracene absorption falls by 90% within the first hour of illumination, and goes on to
decay to 0 over 10 hours. As well as dropping by only 6% compared to 90%, the initial
decay in TTBP is much slower, taking 4 hours compared to 1 hour.

Both light and the presence of Oy and/or HyO are required for the samples to
degrade, as we observed little to no degradation of well-encapsulated samples in an
inert Ny atmosphere. For the stability test, the spot size was ~0.8 mm in diameter,

giving an irradiance of ~1 mWem 2,

4.3 'Triplet Pair Formation in TTBP

Transient absorption, where samples are excited with a narrow 500 nm, 200 fs pulse
followed by a broadband probe with a controllable delay, allows the tracking of
photoexcited states over time with femtosecond resolution. In TTBP/PS films, the
photoexcited singlet, which has a photoinduced absorption (PIA) at 620 nm, is quenched
to form a triplet-like species, which shows a strong PIA at 590 nm and a series of
smaller PTAs in the near IR (Figure 4.6a-b). The peak at 590 nm after 1ns is a close
match to the solution triplet spectrum obtained by sensitisation (Figure 4.6b), although
the NIR transitions are significantly red-shifted and broadened, a possible indication
of strong coupling within the triplet pair”"2.

Population kinetics in Figure 4.6¢ are extracted from the transient absorption data
shown in Figure 4.6a using a Genetic Algorithm, with species associated spectra plotted
in Figure 4.6d. Triplet pair formation occurs on a timescale of 100 ps or faster; the
solid lines in Figure 4.6¢ show bi-exponential fits with time constants of 11 ps and
160 ps for the singlet decay, and 10 ps and 100 ps for the triplet rise. We note that
the overall singlet population decay may be slower than the singlet fission rate due to
a sub-population of isolated molecules in the polystyrene blend that do not undergo
singlet fission and hence are expected to decay with a 22ns lifetime (Figure 4.9). The
apparent initial rise of the triplet pair signal to 0.4 within the instrument response
function of the experiment could be coherent pair formation, as seen by Stern et al.
for TIPS-tetracene’”.

Figure 4.7, measured on a 30% sample, shows good similarity to the 7% sample in
Figure 4.6a. Within this intermediate range, we conclude that the concentration of
TTBP in PS has little effect on the population dynamics, but does have a significant

impact on the quality of measurements that are possible.
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Fig. 4.6 a) Time-cuts from ultrafast, room-temperature transient absorption with a
2501fs, 38 kHz, 500 nm pump and a broadband probe generated in a YAG crystal for a
7% TTBP film. Pump fluence was 25 Jem=2 per pulse. b) Comparison of the 1-2ns
time-cut with the solution triplet spectrum (using NMFP as sensitizer) showing a red
shift and broadening in the near IR absorptions. c¢) Kinetics and d) spectra of the
singlet and triplet pair, separated using a Genetic Algorithm (see Chapter 3 for details).
Solid lines in c) are bi-exponential fits. Dots in d) are normalised transient absorption

data from a).
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Fig. 4.7 Transient absorption of 30% TTBP in PS film with a 200 fs, 1kHz, 400 nm
pump and a visible NOPA probe, showing broadly similar behaviour to 7% in PS in
Figure 4.6a. The pump fluence was 20 pJem =2 per pulse.

4.3.1 Triplet Sensitisation

To reveal the absorption spectrum of the TTBP triplet exciton, a triplet sensitizer,
N-methylfulleropyrrolidine (NMFP), was used. NMFP undergoes rapid intersystem
crossing (ISC) from S; to T} and has a triplet energy higher than that of TTBP, ensuring
that triplet energy transfer to TTBP is energetically favourable. From comparison
of the UV-vis absorption of the mixed sensitization solution to the respective stock
solutions at 1 mgml~! we confirmed the relative concentrations of NMFP and TTBP
to be 1.1mgml~" and 0.52mgml~! respectively (see Figure 4.8).

The mixed solution was measured with ns-resolution transient absorption, and
the results compared to the pure solutions of dilute TTBP or NMFP. The singlet
exciton of TTBP has a strong, sharp PIA at 630 nm. In a dilute solution, this decays
with a lifetime of 22ns (Figure 4.9) in agreement with the fluorescence lifetime in
dilute solutions/films. NMFP, when excited at 400 nm, quickly undergoes intersystem
crossing from the singlet, which has a broader PIA extending out into the near IR,
to the triplet exciton, which has a PIA peaked at 700 nm and negligible absorption
beyond 850 nm. In a pure solution of NMFP in tetrahydrofuran (THF), the lifetime of
this triplet state was found to be 11.1ps, implying a decay rate kxypp = 9 x 104571
When mixed together and excited at 400 nm, TTBP singlets decay whilst the NMFP
triplets transfer to the TTBP molecules when they collide, as the TTBP triplet is at
lower energy than the NMFP triplet. This results in a quenching of the NMFP triplet
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Fig. 4.8 UV-vis absorption for TTBP (red) and NMFP (blue) 1 mgml~! solutions, and
a mixed solution of both TTBP and NMFP (dotted black), all in THF. The TTBP
and NMFP absorption spectra are scaled by factors of 0.52 and 1.10 respectively, such
that their sum (purple) matches the absorption spectrum of the mixed solution, with
the scaling factors optimised using a least-squares regression method.
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Fig. 4.9 Transient absorption kinetic at 630 nm for 1 mgml~! solution of TTBP in THF,
with a mono-exponential fit. Excitation was performed with a 500 Hz 200 fs 400 nm
pulse with a fluence of 500 pJem 2. The probe was a ~1ns 1kHz broadband probe

from a supercontinuum laser, with the delay relative to the excitation pulse controlled
electronically.
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signal from a lifetime of 11.1ps to 1.3 ps. The triplet energy transfer rate, kgt can
then be calculated as 6.8 x 10°s~!. Additionally, the lifetime of the triplets formed on
TTBP is extracted as 9.4 ps, implying krrpp = 1.2 x 10°s7 1.
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Fig. 4.10 Transient absorption of a) TTBP solution, b) NMFP solution, and ¢) mixed
TTBP and NMFP solutions. d) Comparison of the spectra at ¢ = 0 showing the relative
contributions from TTBP and NMFP to the mixed solution spectrum. Excitation
was performed with a 500 Hz 200 fs 400 nm pulse with a fluence of 500 pJem=2. The
probe was a ~1ns 1kHz broadband probe from a supercontinuum laser, with the delay
relative to the excitation pulse controlled electronically.
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4.3.2 'Triplet Yield

To calculate a fission yield, we need to use the sensitisation experiment to quantify
the relative magnitudes of the singlet and triplet PIAs in TTBP. Therefore we need to
understand what the relative population of TTBP triplets is at its peak in the sensiti-
sation experiment(~3ps). Using the following scheme, we recreated the sensitisation
population dynamics based on the decay rates extracted from the transient absorption
data in Figure 4.10.

NMFPy, 2255 TTBPy, (4.1)
\ 4
kNMFP kTTBP

Solving the coupled differential equations for the population of NMFP triplets (V)
and TTBP triplets (T'), gives the following solutions:

N = Aoe—(kTET+kNMFP)t (42)

T = A kreT (_6—(kTET+kNMFP)t + 6_(kTTBP)t) (4‘3)
krer + knmrp

Inserting the rates from fitting the transient absorption kinetics in Figure 4.11a
shows that the peak population of TTBP triplets is 53% of the initial population of
NMFP triplets (Figure 4.11b). We must also take in to account the ISC efficiency of
NMFP, which is reported elsewhere to be 90-100%232. In this case we will use 90% as
a lower bound.

When excited at 400nm, based on the summing of the absorption spectra in
Figure 4.8, we create singlets in TTBP and NMFP in a ratio of % = 0.21. Then we
must include a factor of 0.9 for the NMFP ISC efficiency, and 0.53 for the population
dynamics, to get a ratio between initial TTBP singlet population and peak TTBP
triplet population of 0.43. At ¢ = 0 in the mixed sensitization solution, there is a
small contribution at 630 nm from the NMFP (Figure 4.10d), which we subtract to
leave a PIA of magnitude 2.4x1073 from TTBP singlets. By comparison, the peak
TTBP triplet PIA at 590 nm is 7.1x10~%. Therefore, the relative magnitudes of the
absorption cross-sections of the singlet 630 nm PIA to triplet 590 nm PIA is 7.8. It
is not unusual to report much larger cross-sections for singlet PIAs than triplets, for

example in TIPS-tetracene the ratio has been reported to be 2677.
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Fig. 4.11 a) Kinetics taken from the transient absorption spectra shown in Figure 4.10.
Blue circles are NMFP kinetic taken at 700 nm in the mixed solution. Purple circles
are NMFP pure solution kinetic taken at 700 nm. Red circles are TTBP triplet kinetic
taken at 930 nm in the mixed solution. Mono-exponential decay fits are made to each
kinetic, plotted in black. b) Population kinetics in the mixed solution recreated utilising
the lifetimes and triplet transfer rate extracted from a).

Fluence (nJem™2)  Singlet PIA (100fs) Triplet PIA (1ns) Triplet yield

25 —9.70 x 1073 —2.49 x 1073 201%
8 —3.09 x 1073 —1.04 x 1073 265%
4 —6.68 x 1073 —2.86 x 1073 335%

Table 4.1 Triplet yield calculated for the 3 fluences shown in Figure 4.12; using
the relative absorption cross sections for singlet and triplet calculated from solution
sensitisation.
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Table 4.1 shows the magnitudes of the singlet and triplet PIAs and the resulting
calculated triplet yield for a range of fluences in a 7% TTBP in PS film (Figure 4.12).
We see that across a range of excitation densities the calculated triplet yield varies, with
the highest yield at the lowest fluence. This is likely due to bimolecular annihilation
events between singlets or triplet pairs. The calculated yield at lower fluences exceeds
200%, which implies a systematic error in the calculation, likely due to using the
solution absorption cross sections in the solid state. However, we note that these figures
are in the correct order of magnitude for quantitative generation of the triplet pair
state, as expected from the fact that singlet fission to the pair is ~100 times faster than
the radiative rate, while in dilute (<1%) films in PS the PLQE is ~97% indicating
a lack of competitive non-radiative decay pathways for the singlet. This implies that
with no annihilation the fission yield should be 198% with ~1 in 100 singlets decaying
radiatively and ~99 out of 100 forming a triplet pair. Taking all of this into account,
we think it likely that the initial fission process proceeds at approximately full efficiency

(~200%) at low fluences where bimolecular singlet-singlet annihilation is minimised.

4.4 Magnetic Field Effect in TTBP

The modulation of steady-state PL intensity under low magnetic field unequivocally
confirms that singlet fission occurs in TTBP. A range of TTBP films, diluted to varying
concentrations in polystyrene, display a clear magnetic field effect (MFE), as shown in
Figure 4.13a. The observed MFE exhibits the singlet fission signature initial decrease
in PL at low fields followed by an increase to a positive MFE, as originally observed in
tetracene®®. As shown in Figure 4.13b, the magnetic field effect on PL is approximately
uniform across the whole spectrum, despite the differences in kinetics in different
parts of the PL spectrum (Figures 4.23 and 4.24). This indicates that any emission
from lower-energy geometries/defects also originates from excitons produced by or
capable of singlet fission, and are not indicative of a singlet-trapping mechanism that
is competitive with singlet fission, although it does not rule out a trap for triplet pairs.
Lowering the concentration of TTBP in polystyrene reduces the magnitude of the
effect, implying an increasing fraction of the total emission is from isolated molecules
that do not exhibit singlet fission. However, there is a measurable MFE down to 5%
by weight, indicating even these dilute samples contain aggregates exhibiting singlet
fission.

We note that the B field of minimum PL and the zero crossing point where PL(B)
= PL(0) are both at much higher fields than for other singlet fission materials such
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Fig. 4.12 Transient absorption spectra for 3 different excitation densities on a 7% TTBP
in PS film. Excitation was performed with a 17kHz 200 fs 550 nm pulse. The probe

was a 34 kHz broadband probe generated in a YAG crystal, with the delay relative to
the excitation pulse controlled mechanically.
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Fig. 4.13 a) Magnetic field effect on room-temperature steady-state PL using 520 nm
CW excitation. Circles indicate relative change in integrated PL intensity in a magnetic
field for films of varying weight % of TTBP in polystyrene, the solid red line shows a fit
for the 100% TTBP film of the Merrifield model averaged over 10,000 random angles
between B field and molecular orientation. b) Spectral dependence of the maximum
magnitude of the MFE in 100% TTBP film (red, dots) compared to the steady state
PL spectrum at B=0 (blue line).

as tetracene®®, rubrene!®®, anthracene®” and DPP'®¢. The Merrifield model used to fit
the magnetic field effect (MFE) in Figure 4.13 is described in Equation (4.4). When
constrained to a steady state with constant populations of S and P;, we obtain PL as
a function of B shown in Equation (4.5). The PL depends on «;, the singlet projection
of the pair states P;, calculated according to the pair Hamiltonian. This Hamiltonian
includes the exchange interaction with coupling parameter .J, the intra-triplet zero
field splitting (ZFS) interaction parametrised by the zero-field splitting parameters D
and F, and the Zeeman interaction with the external B field. The parameter a = %

is the ratio of singlet fission rate to radiative rate and € = 2~ is the ratio of the rate of

triplet fusion (from pair-state back to singlet) to the rate of pair dissociation.

G

Lo Vd

S = (B} = T+T (44)
e

PL(B) = v,.8(B) = G<1 +aY - f€a> _ (4.5)
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In addition to the kinetic parameters a and ¢, the MFE is dependent on the strength
of the inter-triplet exchange coupling J within the pair states. The low field MFE
effect only occurs when J is small relative to D, the dipolar interaction®®'?". The
exchange value depends on inter-triplet wavefunction overlap between molecules!™17.
We note that strongly coupled pairs give little or no effect in the range of 0-200 mT
that was explored in this study and so this experiment highlights only weakly coupled
triplet pairs, without ruling out the presence of other, more strongly coupled pairs.

The fitting process was as follows: D and F, the ZFS parameters which define
the dipolar interaction, were fixed at the value extracted from transient electron spin
resonance (trESR) simulations (D = 1340 MHz or 47.9mT and £ = 28 MHz or 1.0mT).
In order to fit to the line shape measured in films of TTBP, we had to increase € from
around 1 in tetracene to 10, which brought the zero crossing point to the correct range
(~150mT). Figure 4.14b shows how varying e while keeping J low and a constant
affects the MFE line shape. A fit with a large €, such as that for TTBP in Figure 4.13a,
is indicative of fast geminate triplet fusion and/or slower/impaired pair dissociation.

a can also be varied, however this has a negligible effect on the line shape and
predominantly affects the magnitude of the effect. Figure 4.14a shows how increasing
a increases the magnitude of MFE. We set a to 200 from the rates obtained from
transient absorption — the radiative rate is 22ns (Figure 4.9), while the formation
time of the pair state is of the order of 100 ps (Figure 4.6¢), giving a ratio of around
200. Finally, we come to J, for which we found the best fit at J = 0.32D = 1.7neV.
Figure 4.14c shows the dramatic changes to line shape resulting from small changes
in J. At J > 0.5D the dips from the level anticrossings at .J, 3.J/2 and 3.J are visible
in the simulation. At J > 3D the level anticrossings occur outside the range of fields
investigated and there is negligible MFE in 0-200 mT. Importantly, this means the the
low field MFE measurement is selective for lower J pairs/sites - any high J pairs will
not contribute any MFE and we are only sensitive to low J pairs. We do not rule out
the presence of higher J pairs in addition to those measured in the MFE.

While the MFE results show clearly that singlet fission takes place in TTBP and
TTBP/PS blends, and that all of the photoluminescence features are from fission-
involved excited states, we note that the model used to simulate the line shape is overly
simplistic. While we have fit to a single “average” exchange coupling strength and
a singlet set of kinetic parameters, there is likely to be a distribution of both within
any sample. This can be due to the presence of multiple structural polymorphs in the

sample and differently geometrically-arranged pairs within a single polymorph, as seen
in TIPS-tetracene!™ and DPH'2.
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Fig. 4.14 Example MFEs calculated for at a single molecular orientation to the B field
(0 =73, ¢ =17%). a) Normalised MFEs for varying ¢ and low J (0.1D), showing how

2

the line shape, particularly the zero crossing point, change with €. b) Not-normalised
MFEs for a range of @ and low J (0.1D), showing how the line shape is unchanged
with a, but the magnitude of the MFE increases with increasing «. ¢) Normalised
MFEs for a range of J showing how the line shape changes with J.
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4.5 Transient Electron Spin Resonance of TTBP
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Fig. 4.15 a) trESR for a drop-cast film of 100% TTBP at 50 K, integrated from 0.4 —
0.8 s after laser excitation at 532nm. The sample substrate was oriented at approx.
45° to the By direction. The polarisation pattern of AEEAAE is consistent with singlet
fission which overpopulates the m, = 0 sublevel. Black line is a simulation using
EasySpin?*? for a triplet with zero-field splitting parameters D = 47.9mT, F = 1.0mT
and g = 2.000, linewidth = 0.4mT. b) trESR spectra at 11 K (blue), 50 K (black)
and 100 K (red), for a pure TTBP drop-cast film, showing the higher population of
free triplets at higher temperatures, due to temperature activated separation of the
pair state. The sample orientated was at 0° to the By field. Signal is integrated from
0.3-1.5 ps after laser excitation.

Electron spin resonance (ESR) uses microwaves to probe resonances of transitions
between the sublevels of non-zero spin states such as doublets (S = 1), triplets (S = 1)
and quintets (S = 2). Time resolved ESR (trESR) couples this with a pulsed laser to
observe the ESR signatures of photoexcited states, and their lifetimes. The relative
sublevel populations (e.g. for a triplet state, the populations with spin projection
quantum number along the magnetic field direction m; = £1,0) of a state dictate
the polarisation pattern of the ESR signal. This pattern of microwave emission and
absorption across magnetic field therefore offers insights to its formation mechanism. In
TTBP, we observe triplets in trESR with a polarisation pattern AEEAAE (Figure 4.15a),
indicating an relative overpopulation of the mg = 0 triplet sublevel relative to £1, a
further unambiguous confirmation that the triplets are formed by singlet exciton fission
to an overall spin-singlet pair-state which subsequently dissociates (triplets formed
by intersystem crossing instead of singlet fission, as in dilute TTBP solution, would

have an EEEAAA polarisation pattern, see Figure 4.17). In other acene derivatives
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where a triplet pair-state is formed, trESR has been used to observe triplet pairs
in spin-quintet states!6317217  The absence of quintets in TTBP from 11 — 100K
suggests that either the triplet pairs in TTBP dissociate or decay faster than the time
resolution of trESR (~300ns), and thus we only observe dissociated triplets, or J is
very large, preventing mixing to the quintet manifold. The monomolecular decay of
photoluminescence on a ~65ns timescale suggests that the pair-state is too short lived
to be observed in trESR. The intensity of the ESR signal decreases by a factor of 2
from 100K to 11 K (Figure 4.15), despite the fact that lower temperatures increase the
Q-factor of the resonator and extend the lifetime of spin relaxation processes which
should both increase the trESR signal intensity. We attribute the larger signal to the
fact that at lower temperatures, there is less thermal energy to separate the triplet
pair-state into free triplets. This interpretation is also consistent with the substantial

increase in PL yield at lower temperatures (Figure 4.27).

— 45°

e

275 300 325 350 375 400
Field (mT)

trESR intensity (a.u.)
o

Fig. 4.16 trESR spectra for a sample of TTBP in polystyrene at 10% weight fraction,
with the sample at angle at 0° (blue) and 45° (red) at 50 K. Signal is integrated from
0.4-0.8 ps after laser excitation.

To investigate the degree of aggregation and singlet fission activity in the TTBP/PS
blends, trESR spectra were recorded for a sample of 10% TTBP in PS, of which two
are shown in Figure 4.16. The polarisation pattern of AEEAAE is identical to the
pure drop-cast TTBP sample, in Figure 4.15, while the difference between 0° and
45° is very similar to that of 225° and 270° in Figure 4.21a, indicating that there is
still significant preferential alignment of the molecules relative to the substrate in the

TTBP/PS blend.
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Fig. 4.17 trESR spectrum for a 1 mM frozen solution of TTBP in toluene at 50 K.
Signal is integrated from 0.4-0.8 ps after laser excitation

In contrast to all the solid samples of TTBP studied, the frozen dilute solution of
TTBP has an trESR polarisation pattern of EEEAAA, compatible with intersystem
crossing. This is expected, as the solution is too dilute for any pair of molecules to be

in close enough proximity to undergo fission.

4.5.1 Orientation Dependence

The trESR spectrum shows an orientation dependency with rotation of the substrate
relative to the external magnetic field (By) direction, indicating orientationally selective
crystallisation of molecules relative to the substrate (Figure 4.18). While we do not rule
out a contribution to the rotational dependence from the presence of both of the two

1.234 we were able to simulate the

known polymorphs of TTBP, reported by Miiller et a
orientation-dependent trESR spectra using a model which represents partial ordering in
our system (Figure 4.21). The simulations are consistent with the expected preferential
alignment of the long axis of the conjugated core vertical to the substrate, as is typical
for solution-processed small molecules that interact more strongly with each other than
with the substrate. The trESR of a 10% TTBP in polystyrene sample, Figure 4.16,
also shows the same orientation dependence, further indication of the similarity of the
photophysics between the aggregated domains in the PS blends and the 100% TTBP
samples.

Figure 4.18 and Figure 4.19 show a clear dependence on the angle of the sample

substrate relative to the magnetic field. Considering the fact that two crystal structures,
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Fig. 4.18 Rotational dependence of trESR signal at 50 K integrated from 0.4-0.8 s
after laser flash, showing the preferential orientation of the crystalline domains to the
substrate. Angles labelled are read out from the goniometer indicating angle of the
substrate plane to the By field. Simulations shown in grey using EasySpin?3?, detailed
below.
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Fig. 4.19 Direct comparison of trESR spectra at 2 different sample orientations, 0° and
225° at 50 K. Signal is integrated from 0.4-0.8 ps after laser excitation.

brick wall and leaning double stack, were reported for TTBP by Miiller et al.?34, there
are two scenarios could result in the observed orientation dependence. Firstly, the
presence of the only one polymorph (likely the thermodynamically favoured: brick
wall) in polycrystalline domains with partial ordering due to some orientation selective
crystallization relative to the substrate. Secondly, the presence of both polymorphs
(brick wall and leaning double stack) also with the presence of partial ordering due
to orientation selective crystallisation. The crystal structure of the leaning double
stack polymorph suggests that its presence alone would not lead to strong orientation
dependent trESR spectra. While our partial ordering simulation does not explicitly
account for multiple polymorphs, it does not rule them out.

We simulate the rotation dependent trESR spectra using EasySpin?*? and a custom
model representing the partial ordering in the system, due to orientation selective
crystallization relative to the substrate. The simulated spectra shown in Figures 4.18
and 4.21 are based on the ZFS parameters being D = 1340 MHz (47.9mT) and £ =
28 MHz (1.0mT), with g = 2.000 and a linewidth of 0.4 mT.

The ZFS axes are assumed to be the same as for pentacene, where the molecular
X axis is along the long axis of the conjugated core!63225:226 We expect the TTBP
molecules to preferentially align this molecular X axis normal to the substrate plane.
At a sample orientation of 0°, the substrate normal is perpendicular to the By direction
and parallel to the incident laser beam. In this sample orientation the molecular X

axis will also be preferentially aligned perpendicular to the By direction (parallel to
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Fig. 4.20 a) Molecular axes of TTBP, with the x axis along the long axis of the molecule.
b) shows the definitions of § and ¢ which describe the angle between the By direction
and the molecular axes.

the substrate normal). As defined by EasySpin and shown in Figure 4.20b, 6 is the
angle between the molecular Z axis and the magnetic field vector, while ¢ is the angle
between the molecular X axis and the projection of the magnetic field vector on the
XY plane of the molecular frame.

Due to the preferential alignment, rotation of the sample in our setup (around
the axis of the ESR tube) leads to rotation in both the molecular XZ and XY planes
depending on the initial crystallisation orientation of each crystallite. Hence, we
created a custom function for each sample orientation based on Gaussian curves which
represent the distribution of the partially ordered system relative to the By direction.
The distributions at different sample orientations are shown in Figure 4.21, where
panels b) and ¢) show the distributions used for sample rotation from 180° to 270° (blue
to red curves). At each sample orientation, we generate a 2-dimensional distribution in
0 and ¢. Figure 4.21b,c show 1-dimensional cuts of this distribution in the # and ¢
directions, with cuts taken at the peak of the ¢ and € distributions respectively.

First, considering the distributions in # shown in Figure 4.21b, partial ordering in
the system means that when the sample orientation is at 180°, the distribution peaks
at = 90° (dark blue line in Figure 4.21b). This means there is a larger probability of
having molecules with their molecular 7 axis perpendicular to By and their molecular
X axis parallel to By. When the sample is rotated to 270°, the distribution then peaks
at # = 0°. This means it is more probable for molecules to have Z parallel to By than
X parallel to By. This can be visualised by looking at the higher signal at the Z and 7’
transitions (the outer peaks) in the dark red line (sample orientation 270°) compared

to the dark blue line (sample orientation 180°) in Figure 4.21a.
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Fig. 4.21 a) trESR spectra from sample angle 180° to 270° with simulated spectra using
EasySpin®*? in grey. For the sample orientation of 180°, the transitions for different
molecular orientations are labelled in the X, X’ notation, where X /X’ indicates the
absorptive/emissive transition for molecules with X axis parallel to By. b) 6 is the
angle between the Z axis of the molecular frame and the magnetic field vector. The
different curves represent the distribution in # as the sample is rotated, each plotted at
® = Omax Where the distribution is maximised. ¢) ¢ is the angle between X axis and the
projection of the magnetic field vector on the XY plane of the molecular frame. The
different curves represent the distribution in ¢ as the sample is rotated, each plotted

at 0 = 0,,,, where the distribution is maximised.
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Microwave attenuation (dB) Decay time (js)

24 2.0
30 6.8
36 7.7

Table 4.2 Exponential decay times for different microwave attenuations, plotted in
Figure 4.22

Similarly, when considering the distributions in ¢ shown in Figure 4.21c, at a sample
orientation of 180°, the distribution is peaked for molecules oriented at ¢ = 90°. There
is a larger probability of having molecules with their molecular X axis perpendicular
and their molecular Y axis parallel to By. When the sample is rotated to 270°, the
distribution peaks at ¢ = 0°, meaning there is a larger probability of molecules having
their X axis parallel /antiparallel to the By direction and their Y axis perpendicular.
This can be seen in the change in strength of the Y and Y’ transitions in Figure 4.21a
— stronger at sample orientation of 180° (dark blue), where more molecules are aligned
with Y axis parallel to By.

The simulations are calculated using the pepper function in EasySpin?*? and our
custom distribution is accounted for by using the Exp.Ordering command. The peak
positions of the distributions in € go from 90° to 0° and in ¢ from 90° to 0° in steps
of 15°, representing rotation of the sample about 90° from e.g. 180° to 270° (see
Figure 4.21). The FWHM for the Gaussians used in the # distribution is 90° and in ¢
distribution it is 65°. To simulate the full rotation study from the goniometer angles of
180° to 270°, the simulations are repeated every 90°, i.e. the simulation for angles 0°
to 90° and 180° to 270° are the same.

4.5.2 Spin Relaxation Timescales

The trESR signal decay times are all in the 5-8 pis range. Since the decay times do not
change by more than a factor of 1.6 going from 24 dB to 36 dB (Table 4.2), we know
the spin-lattice relaxation time, 77, is at least 8 ps but cannot be much larger than
~10ps. T; is an order of magnitude faster than the 100 ps ODMR component and

therefore it is valid to assume that the 100 ps signal is from thermalised triplets.

4.6 Time-resolved Photoluminescence of TTBP

For a material where singlet fission comprehensively outcompetes the radiative lifetime,

the photoluminescence yield of TTBP is unusually high, and we turn to time-resolved
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Fig. 4.22 a) Colourmap showing evolution of trESR signal over time at 50 K with
sample at 0° relative to the By field and microwave attenuation of 24 dB b) Colourmap
showing evolution of trESR signal over time at 50 K with sample at 210° relative to
the By field and microwave attenuation of 24 dB. ¢) Kinetics of the main emissive peak
averaged over 321-323mT in a) at 24 dB microwave attenuation compared to the same

orientation and temperature with lower microwave powers of 30 dB and 36 dB. Black
lines are exponential decays fitted to the transients after the inversion of the signal.
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Fig. 4.23 a) Time-cuts of time-resolved photoluminescence for a 100% TTBP drop-cast
film at room temperature with an excitation fluence of 25 pJem™2, showing the early
dominance of the 660 nm peak, followed by a red-shift to 720 nm over ~30 ns, followed
by a shift back to 660 nm after ~500ns. Grey bar indicates wavelength range in panel
b). b) Filled circles indicate PL signal integrated over the wavelength range indicated
in grey in a) with varied fluence. A relative increase in the delayed photoluminescence
(after 500 ns) is seen as excitation density increases. Solid lines are fits consisting of
the sum of a monomolecular decay (7~651ns) and a bimolecular decay at later times.
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Fig. 4.24 PL kinetics at 650-660 nm, presented as in Figure 4.23 where 710-725 nm is
highlighted. Before ~20ns, there is some prompt singlet PL. which causes the fit to
the geminate/non-geminate TTA model to under-predict the actual signal.

PL to understand how that can be possible. The PLQE is 20% in the solid state at
room temperature, rising to 97% in increasingly dilute PS blends (Figure 4.4). In
pure TTBP, there are two dominant spectral features, with distinct kinetics, shown in
Figure 4.23a. Immediately after photoexcitation, emission is dominated by a feature
which peaks at 660 nm with a shoulder at 600-620 nm. After delays of 100-500 ns, the
660 nm peak reduces in intensity to reveal a feature at 720nm. When the time-cut
spectra are normalised by area in Figure 4.23a, there is an isoemissive point at 685 nm,
indicating that these are two distinct species. The spectrum continues to shift until
1 s after excitation, beyond which the spectrum is a constant mixture of the initial
660 nm peak and the 720 nm peak that dominates in the intermediate regime.

While there is some early time singlet-singlet annihilation (evident from the sub-
linear increase in total PL with excitation density and the difference in the initial PL
decay kinetics with excitation density shown in Figure 4.25), by 10ns this effect is
negligible. Therefore, the PL emission rate at 10 ns can be used to benchmark the pop-
ulation of triplet pairs. From 10-500ns the photoluminescence decay is monomolecular,
with a lifetime of ~65ns and negligible excitation density dependence. Subsequently,
as the pairs dissociate or decay radiatively, by 1 ps the photoluminescence is dominated
by non-geminate triplet-triplet annihilation (TTA). The emission rate for non-geminate

TTA is proportional to the square of the triplet population, and the decay is bimolecu-
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Fig. 4.25 Early time kinetics of the photoluminescence of 100% TTBP at room tem-
perature at 710-725nm. Excitation is by a 200 fs, 500 nm pulse at 1kHz, while the
smallest time step and instrument response function is ~3ns.

lar. The delayed contribution is excitation density dependent, with a stronger delayed
component at higher excitation densities relative to the intensity of the early photo-
luminescence, characteristic of non-geminate, bimolecular TTA (Figure 4.23b). Solid
lines in Figure 4.23b are the sum of a monomolecular decay (geminate TTA from triplet
pairs) and a bimolecular decay (non-geminate TTA). Beyond ~50 s, the PL response
falls below this bimolecular fit, likely due to time-dependent triplet mobility, with lower
mobility triplets dominating at very long delays. The blue shift to the spectrum at
late times can be understood as lower mobility triplets undergoing TTA with weak
inter-triplet exchange coupling. We verify the linear and quadratic dependence of the
integrated counts from each part of the fits with respect to the population density at
10ns. Confirming this assignment, the delayed, bimolecular component scales with a
power of 1.6 to the counts at 10ns, while the monomolecular component scales with a
power of 0.9 (Figure 4.26).

The delayed components of the kinetics are fitted using a non-geminate TTA model.
This begins with the model for the time evolution of triplet population, [T], from
Poletayev et al.?*® Equation (4.6), where G(t) is the generation of triplets over time, T

is the monomolecular decay lifetime and ~ is the bimolecular decay constant.

d[T]

diT] 7]
dt

=G(t) = — =TT’ (4.6)
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Fig. 4.26 Dependence of the integrated intensity of the two temporal components of the
710-725 nm PL kinetic on excitation density. Excitation density of triplet pairs at 10 ns
is proportional to the PL signal at 10ns. PL from triplet pairs, the monomolecular
part of the decay, increases approximately linearly with density of triplet pairs at 10 ns
(m = 0.9). The bimolecular part of the decay, from non-geminate TTA, increases super
linearly (m = 1.6).

At long delays, we assume the generation of triplets, G(t), is zero. Then, solving

the differential equation for [T gives the solution in Equation (4.7).

L)%
e(_); (4.7)

1] =

Setting PL o[T}?, and allowing both 7 and v to vary in this model, we found that

7 was always very large, and hence the contribution from monomolecular decay in our
fit was negligible in comparison to bimolecular decay. This further simplifies the model

to Equation (4.8), for which the solution is given in Equation (4.9).

d[T] 2

= ] (4.8)
1

[T] = B (4.9)

4.6.1 Low Temperature Photoluminescence

The photoluminescence yield increases as temperature decreases (Figure 4.27). We

consider that this occurs due to the suppression of pair separation as evidenced by the
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Fig. 4.27 Temperature dependence of the time-integrated and wavelength-integrated
photoluminescence of 100% TTBP, excited at 500nm with 200fs pulses at 1kHz,
normalised to the value for 290 K. The sample spot may change slightly between
different temperatures.

trESR, where fewer free triplets are observed at lower temperatures (Figure 4.15). The
temperature dependence of photoluminescence (Figure 4.2d) in TTBP is strikingly

5 an indicator that the relative energy of the singlet and the triplet

similar to tetracene
pair is similar in both materials: isoenergetic or narrowly exothermic to reach the
intermediate pair-state, while separation of the pair state to free triplets is a slower
endothermic step. At low temperatures, the photoluminescence yield increases and the
spectrum blue shifts and narrows. Below 50 K, we see superradiance, as in tetracene™.
At 11 K, the 720 nm peak is greatly reduced. This part of the spectrum has the strongest
non-geminate TTA (as discussed in Figures 4.33 to 4.35). We therefore attribute the
relatively low emission at 720nm at 11 K to a lower population of free triplets available
to annihilate, in combination with superradiant enhancement of radiative rate from
the singlet state. We note that it is also possible that at lower temperatures, the
suppression of triplet hopping prevents the evolution of the pairs to geometries that
emit at this low energy peak.

Figure 4.28 shows PL kinetics at different temperatures at 710-725 nm. At 100 K,
the geminate triplet pair PL, which dominates from 10 — 500 ns, decays slower than at
room temperature ((7)= 73 vs 58 ns). The triplet pairs dissociate more slowly at lower
temperatures. At 11K, the superradiance effect accelerates the radiative rate of the
singlet and/or geminate pair, leading to a faster geminate decay. Beyond 1 s, at lower

temperatures there are fewer free triplets and consequently less non-geminate TTA.
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Fig. 4.28 PL kinetics for 100% TTBP, excited at 500 nm with 200 fs pulses, at 710—
725 nm, for a range of temperatures. Kinetics are normalised to counts at 3ns. Solid
lines are fits to a stretch exponential plus bimolecular decay model, detailed below.
11 K measurement was not extended beyond 10 s due to low signal /noise.

Temperature (K) (1) (ns)

290 o8
100 73
11 34

Table 4.3 Mean relaxation times for a stretch exponential fit to the geminate triplet
pair emission decay at different temperatures.
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Similarly as for the room-temperature fluence-dependent fits in Figures 4.24 and 4.35,
the fits in Figure 4.28 comprise two components, one for the geminate triplet pair
emission and a second for delayed, non-geminate TTA. While at room temperature, a
single exponential adequately fits the triplet pair emission kinetic, with a lifetime of
65 ns, this does not accurately describe the behaviour at low temperatures. Instead,
we use a stretch exponential, Equation (4.10), which approximates a distribution of

decay timescales across the population.

PL(t) = PLO)e () (4.10)

TK
The area under a stretched exponential can be interpreted as the mean relaxation

time, (7), expressed in Equation (4.11) in terms of the I function, Equation (4.12).
o0 st \B TK ( 1 )
T) = dte  (—) =—=TI(= 4.11
= [ () = 51(5 (4.11)

(z) = /0 Tt (4.12)

A table of () values for different temperatures is shown in Table 4.3.

4.7 'Triplet Lifetimes in TTBP

We used fs-resolution transient absorption with a mechanical delay between pump
and probe to monitor pair formation in Section 4.3. Figure 4.29 uses ns-resolution
transient absorption with an electronic delay between pump and probe to monitor
how the population of triplets evolves beyond the limits of the mechanical delay (2ns).
Figure 4.29a exhibits the same absorption S; and T} features that we identified in
Figure 4.6. We see that the S; absorption at 620 nm is only dominant in the O ns and
1 ns spectra, within the envelope of the instrument response function. The triplet peak
at 590 nm rises to a peak in the 1 ns spectra, and then decays biexponentially, as shown
in Figure 4.29b.

The two lifetimes, 80ns and 6.5 s, are well matched to the two timescales of
the time-resolved photoluminescence from geminate and non-geminate triplet-triplet
annihilation (see Figure 4.23). The PL from geminate TTA decays exponentially with
a lifetime of 65 ns, while the non-geminate part does not follow a simple exponential
but does decay over ~10ns, confirming the role of triplets in the delayed PL. In
addition, the kinetic of the triplet population shown in Figure 4.29b also affirms the

interpretation of the lack of quintets seen in the trESR measurements being an issue
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Fig. 4.29 ns-resolution transient absorption of a 30% TTBP in polystyrene film at
room temperature, using a 1ns, 500 Hz, 532nm pump at a fluence of 7pJem™2 per
pulse and a visible NOPA probe. a) Spectra at given pump-probe delays and b) Triplet
decay kinetics taken at 585 nm. An approximately bi-exponential decay is observed
with time constants of 80 ns and 6.5 ps, attributable to geminate and non-geminate
triplet decay respectively.
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of timing - the pair state decaying over 80 ns is faster than the instrument response of

the measurement.

4.8 Optically Detected Magnetic Resonance of TTBP
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Fig. 4.30 a) ODMR of 100% TTBP film at 50 K using a 523 nm CW laser excitation
at a range of excitation densities, labelled by the total laser power incident on the
microwave cavity. The microwaves were modulated in a square wave at fy; = 315 Hz
and data collected using an avalanche photodiode and lock-in amplifier. The “in-phase”
signal is shown, and the “out-of-phase” signal was negligible in comparison. Black
dotted line shows a simulation for a triplet signal performed with EasySpin?*? with an
additional Lorentzian radical signal, with the same ZFS parameters for the triplet as
used for the trESR simulation (D = 47.9mT, E = 1.0mT) and a line width of 1.3 mT.
b) Power dependence of total PL and ODMR (triplet and doublet features) for the
same powers as used in a). Total PL is in red, left axis, circles; ODMR triplet peak
APL (366 mT) is in blue, right axis, triangles; Doublet due to radicals (342mT) is in
green, right axis, squares. The lines are fits of PL or APL « (incidentpower)™ with
m=0.97 for the total PL (red dotted line), m=1.95 for the triplet ODMR peak (blue
dashed line), and m=0.56 for the ODMR doublet signal (green dash-dot line). The fits

demonstrate that they are in the linear, quadratic, and sub-linear regimes respectively.

Figure 4.30 reports optically detected magnetic resonance (ODMR) with the effect
of microwave absorption/emission detected via changes to the photoluminescence.
This gives a very sensitive handle to explore the photoluminescence that results from

paramagnetic species, especially triplets?3®. At 50 K, we observe a characteristic triplet
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spectrum in phase with the microwaves, which matches the magnetic field positions of
the trESR signal. The signal is positive, indicating an increase in photoluminescence
with microwaves on relative to microwaves off. This polarisation is consistent with
thermalisation of the populations in the triplet sublevels, i.e. a Boltzmann distribution,
as observed in ODMR of non-geminate triplet-triplet annihilation (TTA) in TIPS-
tetracene®7.

ODMR was carried out with a different resonator to trESR, which required re-
mounting the sample. Care was taken to orientate the sample as close to the same
angle relative to the By field as possible, and the ODMR measurements were intended
to be taken with the sample at 0° to the By field. However, the shape of the ODMR
spectrum, especially the sharp edge to the Z/Z’ outer wings, indicates that the sample
was likely to be closer to the orientation of 45° shown in Figure 4.15a.

The main peaks scale quadratically with excitation density, indicating that they
arise from a bimolecular process — i.e. non-geminate TTA. This power dependence
demonstrates that there is a radiative bimolecular decay pathway. We note that the
central negative transition is consistent with a sub-population of radical doublets
undergoing triplet-radical annihilation (TRA), scaling sub-linearly with excitation
density, indicating that TRA is not the dominant loss process. The observed doublet
signal is consistent with a small degree of charge formation and accumulation. The
doublet peak has a small integrated area in comparison to the main peaks — indicating
only a minor contribution from TRA relative to TTA.

The central doublet peak in the ODMR changed over time as the sample was
irradiated with a 532nm CW laser. Initially it was a positive peak, which quickly
turned negative and then remained approximately constant. The power series data
shown in Figure 4.30 was taken between the 22 hours purple spectrum and the 26
hours green spectrum in Figure 4.31, when there is only a modest increase in the
magnitude of the doublet signal. The triplet peaks were unchanged throughout, so we
attribute the doublet peak to a low density of light-induced, persistent charges which
can undergo TRA.

By varying the microwave modulation frequency fy; we can learn about the char-
acteristic timescale of triplet-triplet annihilation (Figure 4.32). As the modulation
frequency f; was increased to 100 kHz, the limit of the lock-in amplifier, we observed
a decrease in signal strength of around 40%. At fr, = 3kHz, half of this 40% drop has
occurred. Using the equation 7 = v/3/(27f3;), we calculated a timescale of ~100 s
for 40% of the non-geminate TTA23". The remaining 60% occurs on a timescale faster

than 3 s, which we could not resolve due to the frequency limitations of the lock-in
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Fig. 4.31 Evolution of ODMR spectrum over time with 36 mW 532nm CW excitation.
Light-induced accumulation of persistent charges affects the central doublet peak.
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Fig. 4.32 a) Dependence of the intensity of low field (317.5 mT) and high field (363.5
mT) ODMR peaks on modulation frequency, at 36 mW CW 532nm excitation. b)
Comparison of ODMR spectra at different modulation frequencies, showing no change
in polarisation of the signal at different timescales.
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amplifier. The 100 ps component occurs on a timescale that we assume, from the
trESR (Figure 4.22), is longer than the spin-lattice relaxation time, 7}, meaning the
spin populations have depolarised and the sublevels will be occupied in a Boltzmann
distribution, giving a positive ODMR signal from non-geminate TTA. However, the
contribution from a timescale faster than 3 ps, which is faster than the estimated 7}
(on the order of 10 ps - Table 4.2), should originate from a non-Boltzmann population
of the triplet sublevels because in the trESR we observe a spin polarised triplet up to
15 ps in time (Figure 4.22). Nevertheless, the ODMR spectrum and its polarization
do not change with modulation frequency. The mechanism by which non-geminate
TTA can generate this signal when not in a Boltzmann distribution remains an open
question.

50K

600 650 700 750
Wavelength (nm)

Fig. 4.33 100% TTBP photoluminescence spectrum at 50 K with the positions of the
short pass (blue line) and long pass (red line) filters shown.

Long pass and short pass filters allowed coarse spectral resolution, and we confirmed
that the lowest energy peak has a stronger contribution from triplet-triplet annihilation
than the higher-energy peak (see Figures 4.33 to 4.35). This is in agreement with the
time-resolved photoluminescence, where the delayed spectrum is more red-shifted than
the prompt photoluminescence. We consider that the distinct spectral feature at 720 nm
could be due to a specific geometric orientation of a pair of TTBP molecules. It has been
shown in TIPS-tetracene that emission from triplet pairs with strong exchange coupling

177

is red-shifted relative to that of weak coupling ‘‘, so this feature could be attributed

to very strongly coupled pairs. This would likely originate in pairs of molecules that
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Fig. 4.34 ODMR using 650 nm short pass filter. a) ODMR signal at 36 mW CW 532 nm

excitation, with simulation shown in black using EasySpin

233 with a thermal population

at 50K, the same D and E as for the trESR simulations (D = 47.9mT, £ = 1.0mT)
and linewidth = 1.3mT. b) ODMR signal at 12mW CW 532nm excitation, with
simulation shown in black. c¢) Dependence of peak ODMR signal on modulation
frequency of the microwaves. d) Power dependence of the peak signal with a quadratic

fit shown in black.
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Fig. 4.35 ODMR using 700 nm long pass filter. a) ODMR signal at 36 mW CW 532 nm
excitation, with simulation shown in black using EasySpin?*? with a thermal population
at 50K, the same D and E as for the trESR simulations (D = 47.9mT, £ = 1.0mT)
and linewidth = 1.3mT. b) ODMR signal at 12mW CW 532nm excitation, with
simulation shown in black. c¢) Dependence of peak ODMR signal on modulation
frequency of the microwaves. d) Power dependence of the peak signal with a quadratic
fit shown in black.
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are slip-stacked face-to-face at 3.5 A, consistent with the crystal structures reported by

Miiller et al.?%°, notably closer than any pair in the TIPS-tetracene crystal structure!””.

4.9 Discussion

The unique photo-physics of TTBP are particularly well-suited for the thermodynamic
requirements of enhancing photovoltaics by singlet exciton fission. The general scheme
for such an enhancement is to arrange that triplet exciton pairs photogenerated
in a wider gap organic semiconductor can be transferred to a lower gap inorganic
semiconductor solar cell, where they each generate electron-hole pairs. Schemes
developed in the literature include triplet transfer to luminescent PbS quantum dots

that generate photons that can be absorbed by a silicon cell'!

or by direct energy
transfer of the triplet exciton through an interface with silicon'®®. Endothermic fission
maximises the energy of the triplets produced, and also ensures that interconversion of
singlet excitons and triplet exciton pairs is reversible.

In a single film, as studied in this work, where triplets are not extracted to a lower
gap solar cell (equivalent to “open circuit” conditions), the only available radiative
decay channel will be through TTA (noting that phosphorescence is strongly forbidden).
We think of the singlet fission system as a “black box”: photons enter the system, and
either triplets are extracted, photons are extracted, or the excitations are lost. In a
single film (“open circuit” operation) where no triplet excitons are extracted, we can
observe what the decay pathways are for triplets and therefore what the loss pathways
will be where voltage would be lost when the material is operating in a device. 100%
efficiency of photons being re-emitted would indicate the highest possible operating

efficiency with zero non-radiative losses®®

. The material property of zero (in the ideal
case) or low (in the case of TTBP) non-radiative losses applies whether in a single film
(“open circuit”) or under PV operating conditions in a working device. In the analogous
situation for charges in silicon or GaAs, non-radiative voltage loss is described by Ross
as —%Tln(qb), where ¢ is the electro- or photo-luminescence quantum efficiency®® 24, ¢
must be maximised to eliminate non-radiative charge recombination in a single-junction
solar cell. For singlet fission, ¢ must be maximised to eliminate non-radiative triplet
decay pathways. We propose that the high PLQE of TTBP provides an important
direction for the future development of singlet fission solar cells.

A further virtue of the TTBP system is a remarkable improvement in stability we find
under illumination in ambient conditions compared to standard linear acenes (Figure 4.5

shows the degradation relative to that of a representative solution-processable acene
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derivative, TIPS-tetracene). In combination with the high luminescence yield, this

provides a very attractive route to enhance the efficiency of solar cells.

4.10 Conclusion

In this chapter we have used the molecule TTBP to show that benzannulation of acenes
is a viable route to more stable singlet fission materials, as TTBP is much more stable
than pentacene or tetracene and still undergoes fission. Through a combined analysis
of the transient absorption, time-resolved photoluminescence, trESR and ODMR, we
have built a detailed picture of the photophysics of TTBP, where triplet pairs are
formed rapidly in quantitative yield and later separate by a temperature-activated
process. We have shown efficient radiative decay of triplet pairs as singlet excitons
through geminate TTA of bound pairs, or through non-geminate TTA of free triplets.
In addition, we have used transient absorption to show that in the solid state, singlet
fission is rapid and occurs at approximately quantitative yields.

We used trESR to probe the spin-physics of the TTBP system, and discovered that
the films we measured have a preferential orientation that must be accounted for. We
observed the temperature-dependence of triplet pair separation, and using ODMR,
the non-geminate TTA of dissociated triplets. We also characterised the time-resolved
photoluminescence, which through its red-shifting then blue-shifting peak illustrated
the process of pair formation, dissociation, and annihilation.

TTBP is unique among efficient endothermic fission systems to have a high PLQE
of 20% in the solid state. We demonstrate that this is a result of TTA, and indicates
an unusually suppressed non-radiative decay of triplets. Non-radiative decay pathways
are parasitic in a working solar cell, and so we argue that the PLQE, as a proxy for
the contribution of non-radiative decay, should be considered when assessing potential
singlet fission materials. While TTBP itself does have drawbacks, such as the inhibited
dissociation of triplet pairs, the benzannulation of acenes shows much promise as a

route to using singlet fission to surpass the single-junction limit in solar cells.



Chapter 5

Exploiting Excited-State
Aromaticity to Design Stable

Singlet Fission Materials

Singlet fission is a characteristic reserved for only a handful of organic
molecules due to the requirement for the lowest excited triplet state to
have approximately half the energy of the lowest excited singlet state. Of
known examples, this is typically achieved by increasing ground state di-
radical character with the undesirable consequence of reducing ambient
stability. In this chapter, we exploit Baird’s rule of excited state aromatic-
ity to manipulate the singlet-triplet energy gap and create novel singlet
fission candidates. Inclusion of a [4n] 5-membered heterocycle in the res-
onance structures promotes triplet aromaticity, which stabilises its energy
relative to the singlet excited state. We report a family of derivatives of
indolonaphthyridine with highly tuneable excited state energies that un-
dergo singlet fission whilst exhibiting excellent ambient stability due to
the delocalised nature of the triplet excited state. We also report a strong
morphology dependence for singlet fission in these materials, with fission
only occurring at geometrical hot spots. We extend our study to show ev-
idence of intramolecular fission in covalent dimers of indolonaphthyridine
when the coupling strength across the linker is large enough and the sol-
vent environment is sufficiently polar. Wider theoretical analysis reveals a
clear relationship between triplet aromaticity and a widening singlet-triplet

energy gap, demonstrating a novel strategy for manipulating the exchange
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energy in organic materials. Some of the findings presented in this chapter
are published in paper [1] in the List of Publications.

The photophysical investigation described in this chapter were led by the author,
and all transient absorption and time-resolved photoluminescence data were measured
by the author. Kealan Fallon synthesized the molecules and characterised the crystal
structures. Enrico Salvadori and Leah Weiss performed the transient electron spin
resonance. Lissa Eyre measured the transient grating photoluminescence. Simon
Dowland measured the photoluminescence quantum yields. The quantum chemical
calculations of energy levels and NICS(1) aromaticity were performed by Alex Ganose,

Chris Savory and Kealan Fallon.

5.1 Background and Motivation

Recent advancements in singlet fission have been materials-limited due to the rarity
of molecules that meet the essential energetic requirement for the process, that the
energy of the lowest triplet excited state, T, be approximately half the energy of

the lowest singlet excited state S;. Known systems include rylene dyes!'!?113:116,242

138,243,244

polyenes!1120:135 " donor-acceptor polymers , and derivatives of the linear acenes,

particularly tetracene and pentacene, which have become the focus of the field and are
explored elsewhere in this thesis?777,80,83,95,96,102,103,165,166,228,245-247 " The Jow triplet
energies of the acenes relative to the singlet are a function of their large diradical
character, which compromises their chemical stability (e.g. pentacene must be stored

" or oxidation®).

in the dark under inert gas to avoid photocatalyzed dimerization®
Unfortunately, all established rationales behind synthesising organic molecules with
large singlet-triplet energy gaps — such as migrating Clar’s sextets or forcing open
shell character — also involve cost to chemical stability as they result in highly reactive
localised unpaired electrons. This can potentially be addressed with careful protection
of the radical sites!312#® but the synthetic difficulty remains a major barrier to exploring
new design motifs. There is an urgent need for a simple design approach for materials
that undergo singlet fission at no expense to stability.

In the ground state, Hiickel’s Rule rationalises the enhanced stability of cyclic
systems with [4n+2] electrons and this concept of aromaticity is a fundamental pillar
of chemistry?*?. Lesser known is Baird’s Rule, which states that in an excited state
(for example, Ty), cyclic systems with [4n] are aromatic and hence stablised?**:?51,
and has since been verified with modern quantum chemical calculations?>> 24, Here,

we demonstrate the synthesis and characterisation of highly stable, tunable organic
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materials which undergo singlet fission through exploitation of Baird’s aromaticity of

the triplet excited state.

5.2 Materials and Steady-state Characterisation

In our investigation into designing fission materials using excited-state aromaticity,
we focus in particular on derivatives of indolonaphthyridine benzene or Cibalackrot?>®
(Figure 5.1a), which has previously been proposed as a singlet fission candidate™.
Density functional theory (DFT) calculations (B3LYP/6-311G**) reveal Cibalackrot
to possess a low-lying triplet state with E(77)/E(S;) ~ 0.5, affirming its potential
for singlet fission. This stabilised triplet state has been previously explained through
the stabilised diradical nature of the indigo core™??. It can likewise be rationalised
using Baird aromaticity, due to the presence of [4n] contribution in its resonance
structure (Figure 5.1a). The family of materials investigated below (Figure 5.1b)
has been designed to investigate whether the indolonaphthyridine chromophore does
indeed undergo singlet fission and whether contributions from an aromatic triplet
state enhance chemical stability. These indolonaphthyridine thiophenes (INDTs) were
synthesized by Kealan Fallon. Hereafter, we will refer to them as X-INDT where X is
the atom or functional group installed at the 6,6'—positions of the INDT C6 ring (see
Figure 5.1b).

The solution steady-state absorbance spectra (Figure 5.1c) demonstrate the optical
tuneability of this family. H-INDT and F-INDT display comparable absorbance with
Amaz Of 602nm. Both CI-INDT and Br-INDT exhibit red-shifted but otherwise identical
line shapes with A, of 615nm. The addition of each carbonitrile group narrows the
optical band gap of the material significantly, yielding A, of 635nm for the mono-
and \,,q; of 650nm for the di-carbonitrile compound. The energies of the S; and
T} states of these materials were calculated using time-dependant density functional
theory (TD-DFT) by Alex Ganose, Chris Savory and Kealan Fallon. The results
suggest that they all possess the relationship of 277 < S; required for singlet fission
(Figure 5.1d). These calculations reproduce the observed tuneability of the optical
energy gap. Moreover, the calculated ratios of E(7})/E(S;) reveal that this parameter,
and thus suitability for singlet fission, can be tuned through chemical substitution. The
aromaticity of the five-membered (C5) ring in the triplet state was also assessed using
nucleus-independent chemical shift (NICS(1)) calculations 1 A above the plane of the
ring®?. The NICS(1) results for CN-INDT are shown in Figure 5.1e and demonstrate

how the aromaticity in the C5 ring is significantly increased in the triplet state in
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Fig. 5.1 Properties of indolonaphthyridine thiophenes. a) Cibalackrot (top) and its
resonance form (bottom) showing a [4n] cyclic component (blue). b) The chromophore
indolonaphthyridine thiophene (INDT) with labelling of the five (C5) and six (C6)
membered rings, the substitution at the 6,6’ positions and the species of solubilising
alkyl chain (R, 2-octyl-1-dodecanyl). ¢) Solution steady-state absorbance spectra of
the synthesised materials recorded in chloroform. d) Theoretical energies (eV, TD-
DFT/TDA at B3LYP/6-3114++4G**) of S; and T relative to the ground state with
the ratio of these values given in brackets. e, Nucleus independent chemical shift
calculations 1 A above the molecular plane (NICS(1)) for CN-INDT, where a more
negative value denotes a greater degree of aromaticity. The TD-DFT and
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accordance with Baird’s rules. We note that the use of TD-DFT for the prediction of

258 However, whether the predicted values

triplet state energies is often problematic
for the E(T7)/E(S;) ratio may be over- or underestimated as a whole, the key trends —
tuneability of the ratio and its relation to triplet-state aromaticity — should remain
robust. Indeed, these values are best taken as a guideline, since incorporation into the
solid state inevitably alters the energetic structure to some degree.

In thin films (Figure 5.2), which are prepared by spin-coating from 50°C solutions
in chloroform or chlorobenzene (the latter generally favoured for transient absorption
measurements as it creates smoother films), all materials except H-INDT exhibit
broader absorption and blue-shifted \,,.. over 500-550nm. These shifts indicate
significant intermolecular interactions between chromophores, here consistent with
predominantly H-type exciton coupling®®. Large planar molecules such as these exhibit
a propensity to aggregate through strong m-stacking®. The large branched alkyl side
chains attached to the out-of-plane thiophene moieties suppress this coupling to a
degree and minimise the stabilisation of Sy in the solid state, which can unfavourably
disrupt the energetic balance for singlet fission™2°¢. Despite the broad and variable
lineshapes, we note that the thin-film absorption onsets display similar trends to the
solution measurements.

H-INDT behaves differently than the rest of the materials in two ways. Firstly, when
spin-coated, particularly at high spin speeds (>2000rpm), it does not immediately
form the thermodynamically favoured morphology. The absorption blue-shifts over
a period of weeks, as shown in Figure 5.3. Secondly, the absorption peak of the day
0 spectrum is red-shifted with respect to the solution, while the other materials are
all blue-shifted. This indicates J-type exciton coupling is present in H-INDT. Despite
the apparent differences in absorption lineshape between old spin-coated or drop-cast
films, we did not detect any difference to the photophysics via transient absorption or

time resolved photoluminescence (PL).

5.3 Evidence for Singlet Fission

5.3.1 Long-time Transient Absorption

We investigated the ability of INDT films to undergo singlet fission using time-resolved
optical and spin-resonance techniques. In transient absorption spectroscopy, the sample
is excited with a short laser pulse and then interrogated with a broadband probe pulse

at a controllable time delay (100 fs to 1ms). Transient absorption spectra acquired



118 Exploiting Excited-State Aromaticity to Design Stable Singlet Fission Materials

a C
3 ' BrinoT g ER A N F-INDT
g g \ 0
s 8 / 1\ .
@ @ /
2 < / d XA e
3 3 b F 7 A zom
@ 3 J\ [ \! S | Cl-INDT
s = " & \ g
£ £ h 9 8
2 [N n. 2 [ D

b 500 600 700 d 500 600 700 =

: —— @
3 11 oN-INDT 3 1{cNBr-INDT g
g g 5
3 s z o N
és é' 500 600 700
° ° Wavelength (nm)
[ (7]
2 2
] S
£ £
(=} . o] .
z, — z, B!
500 600 700 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 5.2 Steady-state absorption spectra of a) Br-INDT (red), b) CN-INDT (blue), ¢)
F-INDT (yellow), d) CNBr-INDT (purple), and e) CI-INDT (green). Thin-film spectra
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Fig. 5.3 Normalised steady-state absorption spectra of H-INDT showing the change in
film morphology from as spun (black) to after 31 days (red). The two morphologies
could be isolated by controlling spin coating film formation speeds - with slower
speeds or drop-casting producing the thermodynamically favoured red spectrum. Both
morphologies behaved identically with regards to their transient absorption spectra.
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using a ns-resolution set-up (Aeze = 532nm) are shown in Figure 5.4 for thin films of
the six X-INDT candidates.

As shown in Figure 5.4, we observe a distinct, persistent photoinduced absorption
(PTA) band in all of the X-INDTSs except H-INDT, at ~640 nm in F-INDT, ~680 nm in
Cl- and Br-INDT, ~715nm in CN/Br-INDT, and ~740 nm in CN-INDT. This species,
which persists out to the ps time scale with little spectral evolution, could only originate
from charges or triplet excitons due its long lifetime. Triplet sensitization in solution
(green dashed) yields a similar spectral signature, after taking into consideration the
difference in underlying ground-state bleach (GSB) and a slight red-shift of the 77 — T,
transition in the solid state which is consistent with other organic systems!20:135:259,
Thus, we assign this ps excited-state absorption to triplet excitons. This is further
confirmed via electron spin resonance (ESR), discussed below. Figure 5.5 shows the
kinetic evolution of the triplet PIA, with a lifetime of 3—6 ps in Br-, CN-, Cl- and
CNBr-INDT, while in F-INDT the spectral signature we attribute to triplets decays
faster, with a lifetime of 300 ns. There is also a shorter lived component to the triplet
signature in CN-INDT, of 250 ns in addition to a 3 jus component.

In contrast to the rest of the materials, we do not find any evidence for triplets in
H-INDT. The primary signature we observe in H-INDT after ~3 ns is a set of positive
peaks that match the ground-state absorption and can be assigned to bleaching of the
ground state. These are accompanied by a weak photoinduced absorption (AT/T <0)
from 650 nm to the near-infrared which decays on an instrument-limited time scale (in
the ns-resolution set-up) and is assigned to the singlet state. There is no triplet-like
absorption in this film, nor any significant long-lived electronic states in this film. The
positive features that outlive the photoinduced absorption are instead an artefact due
to thermal modulation of the absorption and reflectivity and are commonly observed
in measurements in the ground-state absorption region”112:131:224 " In Section A.1 of

Appendix A we go in to more detail on the thermal artefacts present in these materials.

5.3.1.1 Triplet Sensitisation

Triplet sensitisation in solution was performed, also using the ns-resolution tran-
sient absorption set up. We measured mixed solutions of the triplet sensitiser N-
Methylfulleropyrrolidine (0.3 mgml™') and X-INDT (0.1 mgml™') in 1 mm path length
cuvettes, following the same method as Chapter 4. The solutions were excited using
~1ns pulses at 355 nm to excite the sensitiser, which quickly undergoes intersystem
crossing from singlet to triplet. The triplets then transfer from sensitiser to X-INDT

mediated by molecular diffusion over 5-10ps, after which the transient absorption
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Fig. 5.4 Long-lived triplet excitations in INDT films. Transient absorption spectra
acquired on ns-pis timescale following 1 ns excitation pulses at 532 nm of spin-coated films
ofa) Cl-, b) F-, ¢) H-, d) CN/Br-, e) Br- and f) CN-INDT. Corresponding decay kinetics
and spectra acquired over a broader probe range are presented in Figure 5.5. Solution
triplet signatures shown as green dashed line obtained by sensitisation experiments
(Figure 5.6).
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Fig. 5.6 a) Spectral slices of the solution triplet sensitisation of CN-INDT using a
fullerene sensitiser (NMFP), showing time evolution (blue to black) from fullerene
triplet to CN-INDT triplet and then decay of CN-INDT triplet. Green dotted line
shows the pure fullerene solution triplet spectrum for reference. b) Triplet spectra for
each of the X-INDT, taken at 1020 ps after excitation of the fullerene.

spectrum shows purely X-INDT triplets on isolated molecules. The zero-field splitting
parameters extracted from trESR (Table A.1) do not change from solution to film,
confirming that triplets are not delocalised on multiple molecules in films, which is
an encouraging sign that this reference spectrum should be close to that in the film.
However, the triplet absorptions seen in sensitisation are blue-shifted compared to the
film, which we attribute to overlap with a different underlying ground-state absorption
line shape and possible aggregation effects in the solid state (e.g. shifting of the

higher-lying 7T}, state involved in the PIA transition)'%.

5.3.2 Transient Electron Spin Resonance

The ns-transient absorption measurements provide clear evidence of triplet formation,
but it can be difficult to distinguish the formation mechanism — intersystem crossing
or singlet fission — from these results alone. We therefore used transient electron spin
resonance (trESR), which has been a powerful tool for investigating singlet fission
materials'44152:163,172,173 "t characterise the sublevel populations of the triplet states.
In frozen dilute solution, fission is inactive, so the zero-field sublevel populations
of triplet states and the corresponding ESR polarisation pattern are attributed to
intersystem crossing (ISC). The frozen solution trESR spectra of all of the X-INDTs
exhibit emission/absorption polarisation patterns of EEEAAA, which is typical for
ISC-generated triplets which preferentially populate T, and 7T}, over 7. In thin film,
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Fig. 5.7 10 K experimental trESR spectra of the INDT derivatives recorded in dilute
frozen solution (bottom row) and drop-casted films (top row), black lines. The
corresponding simulations are reported as coloured lines and the simulation parameters
are summarized in the appendix in Table A.1. All simulations use an isotropic g-value
(2.0023). Measurements and simulations by Enrico Salvadori.

singlet fission becomes possible and may out-compete ISC, in which case we expect to
see changes in the polarisation pattern as a different formation pathway will populate
the triplet sublevels differently.

The trESR measurements and simulations presented here were performed by Enrico
Salvadori. There is a more detailed analysis in Appendix Section A.2, but we will
summarise the important results here. The polarisation pattern of Br-INDT films
is EAEAEA, which cannot be caused by the same intersystem crossing pathway as
is active in dilute solution, but is also not characteristic of the overpopulation of
Ty high-field sublevel typically seen in fission-generated triplets®1%9. We consider it
likely that this is the result of the selective population of triplet sublevels in a triplet
transfer process following the initial fission event. Given the ultrafast formation of the
triplet PIA in Br-INDT shown below (Figure 5.9) and the absence of other potential
mechanisms (for example we rule out a different ISC mechanism due to the effects of
aggregation because the D parameter does not change), we attribute triplet formation

in these films to singlet fission.
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Fig. 5.8 10 K experimental trESR spectrum of CN-INDT film, with a two component
simulation, measured and simulated by Enrico Salvadori. Simulation is a sum of
components A and B, both of which show the Tj sublevel is preferentially populated in
high-field, compatible with singlet fission and incompatible with ISC (component A:
D = +830 MHz, |E| = 180 MHz; component B: D = -600 MHz, |E| = 60 MHz, see
Appendix Section A.2 for more discussion)
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The spectrum of CN-INDT, shown in Figure 5.8 is more complex — two components
with different zero-field splitting parameters appear to be present. One component has
zero-field splitting parameters similar to those observed in solution but with AEEAAE
polarisation. The second has a smaller magnitude and negative D, and the inverse
polarisation of the first component: EAAEEA (the inversion being a consequence of the
negative D). Importantly, the AEEAAE polarisation pattern is a signature of triplet
pairs formed via singlet fission, with an overpopulation of the Tj, subleve]68:169:172,173
We speculate that the second component could arise from ordered aggregates, as the
smaller magnitude of D (—600 MHz compared to 830 MHz) indicates that the triplet

260 Tt was not possible to simulate the

can delocalise over more than one molecule
signal with the presence of quintets.

In Cl- and F-INDT, although we have evidence from transient absorption of similar
photophysics to CN- and Br-INDT, we were not able to observe any change in ESR
polarisation from solution to film. We suspect that the cryogenic temperatures necessary
to slow down spin-lattice relaxation for trESR measurements have suppressed singlet
fission in these materials. TD-DFT calculations showed that CN- and Br-INDT were
more exothermic for fission than Cl- and F-INDT, and if there was some systematic
error present in those calculations, as there often is with TD-DFT, then CIl- and
F-INDT could be narrowly endothermic.

On the basis of the direct trESR evidence of fission in Br-INDT and CN-INDT and
the similar sub-ns triplet formation observed in Figures 5.9 and 5.12, we conclude that
singlet fission is active in all of the reported X-INDT derivatives except H-INDT. In
H-INDT, we see no evidence of fission in transient absorption or trESR, and given that
this is the derivative with the lowest predicted energetic driving force for fission, except
for F-INDT, this is not unexpected. In addition to less favourable energetics, H-INDT
appears to form a different morphology to the other materials (Figures 5.2 and 5.3),
which we consider is likely also a contributing factor to the absence of triplets seen in
H-INDT.

5.4 Ultrafast Triplet Formation

For further insight into the mechanism of singlet fission, we examine the initial decay
of S in Br-INDT and CN-INDT using fs-ps transient absorption spectroscopy (Aege=
530nm, 250fs, 37 kHz repetition rate). Representative transient absorption spectra at
a higher and lower excitation density are shown in Figure 5.9. At early times there

is a broad PIA (AT/T<0) spectrally overlapped with the ground state absorption
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(making the spectra highly congested in this region) and also extending into the NIR.
From comparison of the steady-state absorption and photoluminescence spectra, we
can attribute much of the complex structure of this spectrum to overlapping AT/T>0
signatures from bleaching of the ground-state absorption and stimulated emission from
Si.

The dynamics of the loss of PIA that peaks at 850 nm are strongly dependent on
excitation density. At high laser powers comparable with those used to measure ultrafast
transient-grating photoluminescence®? (Figure 5.10), the PIA decay is ~7 ps. This
rapid decay is likely due to singlet-singlet annihilation. This effect is not significant
at the lowest excitation densities, where the later timescales agree well with the
results from time-correlated single-photon counting (Figure 5.10). This agreement
with photoluminescence measurements firmly establishes the initially decaying spectral
features as signatures of S; and indicates that X-INDTs are similarly sensitive to
singlet-singlet annihilation as perylenediimides!'?.

As the strong S; PIA decays, the underlying triplet signal is revealed (685nm in
Br-INDT, 745nm in CN-INDT), corresponding well with the ns-transient absorption
experiment (Figure 5.4). Due to the overlapping signals, it is not possible to definitively
distinguish the formation time of this signal, however, it is certainly present by 2-3 ps in
CN-INDT, effectively ruling out the formation of these triplets from ISC. We calculate
that the yield of triplets at 1 ns in CN-INDT, based on the solution cross sections of
the S; — S, and Ty — T,, transitions, is approximately 60% (see Section 5.4.1 below
on yield calculations).

Curiously, the triplet yield is not strongly affected by excitation density, despite
the clear excitation density dependence of the S; lifetime. This is illustrated in
Figure 5.11, where the ratio of the initial S; signal to 1ns 7} signal is unchanged from
9 to 180 nJem ™2 per pulse. Based on this evidence, we propose a branching on very
early timescales between populations capable and incapable of singlet fission. This is
likely due to morphology, with a subset of ‘hot spots’ where triplets can be formed

rapidly via singlet fission!%¢

, and the resulting triplets are much less susceptible to
annihilation due to their lower mobility. Importantly, singlet fission at hot spots in
this system is completely outcompeting the singlet annihilation events that occur from
Forster transfer on a ps timescale, and singlet fission is therefore likely to be occurring
on sub-ps timescales. Meanwhile, a parallel population of singlets formed far from
the hot spots cannot undergo singlet fission, but are mobile enough to show a strong
excitation density dependence due to singlet-singlet annihilation. Indeed, preliminary

measurements using different solvents or film-forming conditions reveal considerable
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steady-state absorption (black) and photoluminescence (purple). a) and b) excitation
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Fig. 5.10 Excitation-density-dependent transient absorption kinetics (lines) tracking S
features (860-880 nm), compared with transient grating photoluminescence®' kinetics
acquired at high excitation fluence (255nJem=2 per pulse, green open circles), and
time-correlated single-photon counting kinetics acquired at low fluence (2nJem™=2 per
pulse, yellow open triangles). The rapid depletion of S; at high powers is due to
significant singlet-singlet annihilation, and can be reproduced in transient absorption
at the equivalent excitation density. S; decay measured by transient absorption at
the lowest laser powers (biexponential: 58 ps and 990 ps) converges to the intrinsic
lifetime observed in the low-power PL kinetics (1 ns). N.B. the instrument response for
the low-fluence PL measurement is 300 ps and thus cannot capture the faster process.
Transient-grating photoluminescence was measured by Lissa Eyre.
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Fig. 5.11 Comparison of initial transient absorption signal, taken at the peak in time
of the S PIA at 850 nm, with the triplet signal at 1-1.5ns for two different fluences:
180 pJem™2 per pulse (black, left axis) and 9pJem=2 per pulse (blue, right axis),
demonstrating that excitation density does not affect triplet yield in CN-INDT.

changes in photoluminescence quantum yield, suggesting the density of hot spots can
be tuned through processing (Figure 5.20).

In Figure 5.9, short-time transient absorption spectra for Br- and CN-INDT are
presented showing the decay of singlet PIAs and persistence of triplet PIAs. Figure 5.12
shows equivalent measurements for the remaining four molecules studied, H-, Cl-,
CN/Br- and F-INDT. CI-INDT shows similar evidence of singlet fission to Br- and CN-
INDT, namely the appearance of the triplet PIA on very early timescales in coexistence
with S7. We see rapid evolution of the initial spectrum leading to a prominent PIA
at 675 nm identical to the long-lived species (triplets) in ns-ms measurements. In this
film the spectral signatures are sufficiently distinct that we can unambiguously confirm
triplet formation is by singlet fission, occurring at a comparable rate to that in the
CN- and Br-INDT samples.

In F-INDT, while we observed a small triplet signature closely matching the solution
sensitisation in the long-time transient absorption (Figure 5.4b), this was much weaker
than the triplet signals in the other materials. In the short-time transient absorption
experiment we are unable to distinguish the triplet PIA at all, suggesting the triplet
formation process is slower and/or less efficient. However, we note that F-INDT yielded

the lowest quality films, with significant scattering and spatial variation. In films made
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Fig. 5.12 Short-time transient absorption of CI-INDT (a) and b)), CN/Br-INDT (c)
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using identical preparation protocols, F-INDT had the lowest optical density, meaning
that the signal-to-noise ratio in transient absorption was poorest. We suspect that
these factors contributed to our inability to detect triplet signatures in short-time
transient absorption.

We also cannot unambiguously detect triplet formation in short-time measurements
on CN/Br-INDT, due to the small signal strength and large amount of noise. However,
the long-time transient absorption shows long-lived triplets which are formed within
the time resolution (1ns) of that measurement and so we interpret the broad residual

signal in the short-time transient absorption to be triplets.

5.4.1 Triplet Yield in CN-INDT

As CN-INDT is the best-performing fission candidate according to our analysis, we
will now look in more detail at estimating the triplet quantum yield in this material.
Calculating the triplet yield in solid state is in general challenging, more so than when

82,261 'where reference sensitisation measurements are more

observing fission in solution
accurate. One common technique is to analyse the kinetics of the PL in the presence
(thin film) and absence (dilute solution) of singlet fission''2. The critical assumption in
this method is that the other underlying radiative and non-radiative decay rates do not
change between film and solution, such that any difference in kinetics can be attributed
to the presence of the new decay channel, singlet fission. In the case of CN-INDT films
(and by extension, the other X-INDT derivatives), the parallel populations we describe
between hot spots and other geometries means this approach is not suitable: the PL is
dominated by a population of singlets which never undergo singlet fission, and hence
cannot be used to calculate yield. Similarly, in some materials yields can be calculated
by a kinetic model of transient absorption spectra rather than PL, by deconvolution
of the singlet, triplet-pair, and free triplet spectra. Fitting the populations of these
spectra to a kinetic model then provides a triplet yield. In systems like the X-INDTs
with heavily congested excited-state absorption spectra, the deconvolution cannot be
unambiguously performed and once again, the branching of the singlet population
makes a kinetic-based method unsuitable.

With the limitations outlined above in mind, we present here a method for calculat-
ing triplet yield using the relative absorptions of the singlet photoinduced absorption
(PTA) immediately upon photoexcitation, compared with the triplet PIA after ap-
proximately 2ns, as utilized by many others previously’"82:102,128,138,166,168,242,259 T,
calculate triplet yield from these PIAs, we require the relative magnitude of the molar

extinction coefficients for PIAs of the two states. First, to find the relative extinction
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coefficient for the S; PTA at ~850 nm, we measured the transient absorption of CN-
INDT in dilute solution (0.09 mM), where the only excited state population present is
singlets. In this measurement, shown in black in Figure 5.13, we can see the relative
strength of the S; PIA at 850 nm and the GSB, which is indicative of excited state
population.

As described earlier in Section 5.3.1.1, we also performed the same measurement
for mixed solutions of N-methylfulleropyrrolidine (NMFP) and CN-INDT. NMFP
undergoes quantitative ISC in a few nanoseconds, after which the triplets on NMFP
transfer to CN-INDT, and therefore after approximately 1 ps we can observe the triplet
transient absorption spectrum on isolated molecules in solution, which persists for
~20ps. Again, we can see that there is a GSB signal, proportional to the population
of excited CN-INDT molecules. We take the CN-INDT triplet spectrum at 12-14 ps in
order to avoid contributions from the overlapping NMFP triplet signature.

Solution singlet and triplet transient absorption spectra are shown in Figure 5.13,
scaled to have equal GSB at the 0-1 absorption shoulder at 600 nm, such that they
represent the signals for an equal concentration of singlets or triplets. The similarity of
the shape of the GSB in this region suggests there are no major overlapping signatures
(e.g. PIA or stimulated emission). By contrast, the very strong stimulated emission
in the singlet state results in a markedly stronger, broader and red-shifted positive
peak at the 0-0 position, meaning we cannot scale to this peak for this analysis. The
ratio of the singlet PIA peak/triplet PIA peak from this figure is 2.18, and this ratio
represents the relative magnitude of the molar extinction coefficients, ¢, for singlet and
triplet excitons on CN-INDT in dilute solutions.

As we discussed earlier, our measurements at different excitation fluences indicate
there must be a branching on very early timescales between singlet excitons that
are capable of very rapid fission and those that are not and are instead susceptible
to singlet-singlet annihilation. Thus, the relative intensities of initial singlet and
1 ns-delay triplet PIA do not change over the full power range investigated, despite a
substantial increase in singlet-singlet annihilation at high power. Taking the lowest
fluence measurement where annihilation is minimized (9 pJem™=2 in Figure 5.9d), the
850nm S; PIA at 0.5-1ps has a magnitude of 1.08 x 10™*, while the 740 nm T} PIA
at 1-1.5ns has a magnitude of 3.1 x 107°. The ratio of T1/S; PIA intensity is 0.29,
and this ratio was constant up to the highest fluence measured, 180 pJem =2 (shown in
Figure 5.11).

_ PIA(TY) _ e(S1)

=0.2 2.18 = 1
PIA(Sl)Xg(Tl) 0.29 x 2.18 = 63% (5.1)

n
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Fig. 5.13 CN-INDT solution singlet and triplet transient absorption spectra, scaled
so the 0-1 ground state absorption bleach at 600 nm is equal. Dashed lines show the
steady state absorption and photoluminescence of CN-INDT.

Applying the relative strength of the extinction coefficients (Equation (5.1)) results
in a triplet yield, n, of 63%, or approximately 32% of singlets undergoing fission. It is
then assumed that the remaining 68% of singlets must be too far from a fission hot

spot.

5.4.2 Alternative Yield Calculation

Rather than benchmarking the triplet population in the solution sensitization ex-
periment using the shoulder of the GSB, we can instead use a kinetic analysis of
the NMFP signal to estimate the proportion of NMFP triplets that transfer to the
CN-INDT®2143,145 " Tp 3 series of solutions with varying concentration of CN-INDT but
a constant concentration of NMFP, we see that the rate of quenching of the NMFP
triplet signal increases with the concentration of CN-INDT, as shown in Figure 5.14.

We can use the lifetime of the NMFP triplet when mixed with different concentra-
tions of CN-INDT to calculate the efficiency of triplet transfer. As seen in Figure 5.14,
the pure NMFP triplet with no CN-INDT (red squares) has a mono-exponential lifetime
of 12 ps, whilst in the mixed solution with 0.15 mgml~' CN-INDT (dark red diamonds)
it has a lifetime of 3ps, indicating a triplet transfer efficiency of 75%. Therefore,

assuming a minimum 90% intersystem crossing efficiency for the NMFP?? we find that
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Fig. 5.14 Kinetics at 800-820 nm, where there is NMFP triplet PTA but no CN-INDT
triplet PIA, for a series of mixed solutions with constant concentration of NMFP and
a varying concentration of CN-INDT as labelled in the legend. The red squares are for
a solution of pure NMFP with no CN-INDT. Black lines indicate exponential decays
of 3 and 12 ps.

at least 67.5% of photons absorbed by the NMFP result in a triplet on a CN-INDT
molecule at this concentration.

We calculate from the steady state absorption and the pump fluence that the initial
excitation density on NMFP should be 9.4 x 10**cm™3. Therefore, the concentration
of triplets transferred to CN-INDT should be 6.4 x 10'4cm=3, or 1.1 pM. Converting
AT/T to AOD and using Beer’s Law, A = ecl (I = 1 mm, the cuvette path-length), we
determine the triplet extinction coefficient 71 (705 nm) = 6.1 x 10* Lmol'em™!.

From steady state absorption measurements of dilute solutions of CN-INDT, we have
determined that the ground state absorption has the following extinction coefficients
at the 0-1 shoulder and 0-0 peak: £g9(600nm) = 3.9 x 10* Lmol~'em™; £5¢(650 nm) =
5.6 x 10* Lmol~tcm ™. Using the strength of the GSB at 600 nm in the dilute solution
at 1ns (AT/T = 5 x 1073), we can calculate the molar concentration of excited
molecules, which in the dilute solution case we assume to all be in the S; state, to
be 0.55 pM. Again using Beer’s Law, this gives £5;(850nm) = 19 x 10* Lmol!em™.
This gives a ratio of 3.11 between S; and 77 PIA extinction coefficients, which follows
through Equation (5.1) to a total triplet yield of 90%, significantly higher than the
63% calculated in the first method.

There are substantial unknowns involved in both methods detailed here. The
most important caveat for both is that we are forced to assume the relative extinction

coefficients in solution are the same as in the solid state, which is a significant assumption
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given the differences in the ground state absorption (Figure 5.2). The second is that
when we use the bleach to gauge the excited state concentration in solution, we assume
there is no underlying PIA which would reduce the magnitude of the bleach signal. We
have observed that this does occur in the solid state and the effect is so strong as to
eliminate the bleach almost entirely in the region which we probe (Figure 5.9). Having
said this, we believe the most reliable method to be the first presented here, comparing
the relative strength of the PIAs to the strength of the 600 nm bleach, which gives a
triplet yield of 63%. We are satisfied that this is far higher than a conceivable ISC
efficiency for molecules of this type, and that it appears that if the morphology and
intermolecular coupling could be tuned correctly then the singlet fission yield would
be much higher, if not quantitative (quantitative fission meaning a 200% yield, or 2

triplets for every singlet).

5.5 Time-correlated Single Photon Counting

Time-correlated single photon counting (TCSPC) is performed at a much higher repe-
tition rate, and consequently much lower fluence per pulse, than transient absorption
and transient grating photoluminescence, meaning that TCSPC kinetics are unaffected
by singlet-singlet annihilation and instead reflect the intrinsic mono-molecular rates.
As exhibited in the near-infrared transient absorption (Figure 5.10), there is significant
singlet-singlet annihilation at normal transient absorption pump intensities, however
at the lowest intensities for Br-INDT we achieved the same decay kinetics as with
TCSPC.

In a comparison of the different X-INDT films in Figure 5.15, we find significant
variation in the decay kinetics through the series. All except H-INDT (i.e. all those that
produce triplets through singlet fission) have a fast, almost instrument-response-limited,
component, followed by a slower component. CN-INDT, which in calculations has the
most exothermic energetics for singlet fission and has the highest yield of triplets in
transient absorption, is dominated by the fast early decay. From CN- to H-INDT we can
see a gradual shift of decay kinetics towards slower overall decay with a less dominant
and slower early component. This trend broadly fits our calculations of exothermicity
of singlet fission and our estimation of relative triplet yields from transient absorption
(Figure 5.17), with the exception of F-INDT which would be expected to be slowest
barring H-INDT. However, the branching mechanism we propose based on transient
absorption measurements suggests that the longer-lived singlet states that contribute

to the TCSPC signal have relatively little relationship to the sub-ps singlet fission
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Fig. 5.15 Time-correlated single photon counting for (a) spin coated films and (b) dilute
solutions of X-INDT excited by a pulsed 470 nm laser. The instrument response was
300 ps and modelled as a Gaussian. Solid lines are biexponential fits for the films and
monoexponential for the solutions, convolved with the instrument response function.

dynamics. Given the important role of morphology we have uncovered and other
non-radiative quenching pathways, which can vary between materials, we do not put

significant weight on the observed TCSPC trends as a predictor of fission performance.

5.6 Dilute Solution Intersystem Crossing

Using ns-transient absorption with a visible NOPA probe, we measured dilute solutions
(0.1 mgml™!) of each X-INDT in 1 mm optical path cuvettes, as a control for the triplet
sensitisation by NMFP described in Section 5.3.1.1. We observed ISC to the familiar
triplet absorption lineshape, most significantly in the Br-INDT, due to the heavy Br
atom. We fit the singlet decay to a monoexponential decay and used the shoulder of
the GSB to calculate the ISC yield. There was no observable triplets in the CN- or
BrCN-INDT, the second of which is curious seeing as there is still one Br atom per
molecule. The dilute solution singlet decay lifetimes measured are comparable to those
seen in TCSPC (Figure 5.15b).

5.7 Trends in the X-INDT Derivatives

Relative triplet yields of the X-INDT family of films at 500 ns can be estimated from the
strength of the triplet absorption in the 630-760 nm range, shown in Figure 5.17. These

spectra are scaled to roughly account for several factors. We accounted for variations of
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Fig. 5.16 Ns transient absorption spectra for a) Br-INDT and b) CN-INDT showing
decay of singlet. Triplets are produced by ISC in Br-INDT but not in CN-INDT.

Molecule Sy lifetime (ns) ISC yield (%)

Br-INDT 3.8 24
CLI-INDT 4.5 b}
H-INDT 3.9 2
CN/Br-INDT 4.8 0
F-INDT 5.1 9
CN-INDT 4.3 0

Table 5.1 S; lifetimes (from TCSPC shown in Figure 5.15b for Br- and CN-INDT) and
ISC yields (from transient absorption shown in Figure 5.16 for Br- and CN-INDT) in
dilute solutions of X-INDT in chloroform.
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Fig. 5.17 Scaled triplet spectra demonstrating relative yields of triplets in spin coated
films of X-INDT 500ns after excitation in the ns-transient absorption experiment.
Spectra have been scaled to account for differences in initial excitation density and
triplet absorption cross-section, and as such their magnitude represents the best
estimate of relative triplet population between the X-INDT films.

triplet PTA cross-section by comparing solution sensitisation spectra (Figure 5.6), which
are normalised to the GSB peak to account for variations in total triplet population
in this experiment (assuming similar ground state extinction coefficients for all the
materials). The relative strength of triplet PIA to GSB was used as the first correction
factor. The thin-film data were further scaled to correct for slight differences in
excitation fluence and optical density between films. We note that the latter correction
is somewhat imprecise, due to inhomogeneity which differently affects the steady-state
(~8mm spot) and transient (~200pm probe spot) absorption measurements. This
effect was most pronounced for films of F-INDT as these were most inhomogeneous.
Moreover, the triplets formed by singlet fission exhibit different decay kinetics in the
different materials (Figure 5.5), and the films probably have different underlying rates
for geminate and bimolecular annihilation processes. Due to these inherent limitations
in determining the final population of triplets, we present these scaled triplet transient
absorption signatures as an indication of the trend rather than precise yields of triplets.

Figure 5.17 shows relative triplet yields of H < F < CN/Br &~ Cl < Br < CN, which
broadly follows a trend of increasing yield with increasing exothermicity of singlet
fission calculated by TD-DFT. We recover a similar behaviour from the PL lifetimes
observed using TCSPC (Figure 5.15), where the loss of singlet population is fastest for
CN, and the relative lifetimes are CN < CNBr < F < Br < Cl < H. There is also a
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possible connection to the strength of intermolecular coupling®, as we observe that
the CN-INDT film absorption is most blue-shifted from the solution spectrum and has
the most suppressed 0-0 peak (characteristic of H-aggregation), while that of H-INDT
is the least H-aggregate-like (Figures 5.2 and 5.3).

5.8 Stability and Aromaticity

The ultimate goal of exploiting excited state aromaticity to generate singlet fission-
capable materials is to access triplet states without cost to the chemical stability. The
ambient stability of each INDT material was compared to TIPS-pentacene, with results
summarised in Figure 5.18. Thin films were identically prepared and stored in individual
clear Perspex boxes on a shelf, in air, in a well-lit area, but out of direct sunlight,
and the steady state absorption was measured periodically over 31 days by Kealan
Fallon. Under these ambient conditions TIPS-pentacene showed total degradation after
4 days, whilst the INDT materials exhibited excellent ambient stability, with CN-INDT
maintaining over 80% of its original absorbance after 31 days Figure 5.18h. The high
chemical stability of the INDTs showcases their robustness despite SF occurring readily
(and hence a high concentration of triplets being present) in the material. By exploiting
triplet aromaticity, not only is the energy of the triplet state lowered such that it can
undergo singlet fission, but the delocalised nature of the unpaired electrons means they
are less susceptible to degradation reactions, in an analogous way that ground state
aromaticity increases the stability of organic compounds.

The experimental proof of singlet fission in INDT-based materials and their pho-
tochemical stability benchmarks the essential validity of our approach: increasing
triplet aromaticity through chemical functionalisation results in more energetically
favourable singlet fission, into more stable triplet states. We now aim to show the
link between excited-state energetics and triplet aromaticity applies to a wider range
of compounds. Theoretical energies of S; and 77 and NICS(1) aromaticity for 9920
indolonaphthyridine (IND) candidates were calculated using TD-DFT incorporating
the Tamm-Dancoff approximation (TDA) at the B3LYP/6-311++G** level of theory
by Alex Ganose, Chris Savory and Kealan Fallon.

In the wider sample group studied using TD-DFT, the correlation of increased ex-
cited state aromaticity and reduced E(T})/FE(S;) is unequivocally clear (Figure 5.19a).
It demonstrates that, through appropriate chemical substitution to increase the aro-
maticity of the triplet state, the triplet energy can be lowered without affecting the

energy of the singlet (i.e. by moving down the black arrow in Figure 5.19a). We can
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Fig. 5.18 a)-f) Steady-state absorption spectra of thin-films of INDT compounds over
31 days. Films were spin-cast from 5 mg/mL solutions in chloroform and stored in
individual Perspex boxes on a shelf in a well lit area but out of direct sunlight. g)
The same protocol for TIPS-pentacne, where sample was completely degraded within
5 days. h) Normalised intensity of the A, of the steady-state absorbance spectra
of thin-films of TIPS-pentacene (TIPS), Br-INDT and CN-INDT. Measurements by
Kealan Fallon.
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Fig. 5.19 a) Calculated energies of S; and T7 for over 9920 IND derivatives with the
corresponding C5 NICS(1) shown in colormap. b), The relationship between the
singlet-triplet gap and triplet state aromaticity with the corresponding E(T})/FE(S;)

ratio shown in colour map. Calculations by Alex Ganose, Chris Savory and Kealan
Fallon.

directly visualise this tuning by plotting the calculated singlet-triplet energy gap as a
function of triplet-state aromaticity (Figure 5.19b). These results directly demonstrate
that exploiting Baird-type aromaticity is a powerful approach for manipulating the
singlet-triplet energy gap. Manipulation of the singlet and triplet energies in such a
manner has never been demonstrated and has implications across many areas of science
such as light emitting diodes, photovoltaics, photocatalysis, photochemistry, spintronics
and magnetism. In the context of singlet fission, this data has identified 2616 new sin-
glet fission candidates with a wide range of optical band-gaps and E(T7)/E(S) ratios.
These are all based on straightforward substitution of the IND central chromophore,
which is itself well known for photochemical robustness and large oscillator strength —

both ideal properties for applications of singlet fission.

5.9 Photoluminescence Yield and Morphology Re-

lationship

To investigate how the density of hot spots, and therefore the branching ratio between
singlet fission and non-singlet fission decay pathways, changes with film preparation, we

measured the photoluminescence quantum efficiency (PLQE) of a range of CN-INDT
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Fig. 5.20 Average PLQE values of four randomly selected spots on each film of CN-
INDT, which were prepared from 10 mgml~! solutions in either chlorobenzene (CB) or
chloroform (CF) by drop-casting or spin-coating at 600 or 2000rpm. Error bars show
40 range. These PLQE measurements were performed by Simon Dowland.

films, listed in Figure 5.20. Given that excitations that have undergone fission cannot
decay radiatively (unless via TTA, which we have not observed to be significant in
these materials), we propose that films with a higher PLQE have a lower density of hot
spots, and therefore a larger portion of excitations can decay radiatively. We consider
that the large difference in PLQE between sample types suggests that film preparation
has an important impact on morphology and particularly the density of singlet fission
hot spots.

Looking simply at the preparation dependent PLQE results for the films prepared
from chloroform (CF) solution, a kinetic trapping argument emerges for the formation
of the hot spots. The drop-cast film, where the solvent dries slowest, has a higher
PLQE, therefore we deduce a lower density of hot spots, while spin-coating the film
leads to a higher density of hot spots, and this density increases further as spin speed
(and correspondingly, drying speed) is increased from 600 to 2000 rpm. The same
pattern fits the spin-coated films from chlorobenzene (CB), with high spin speed leading
to greater density of hot spots due to kinetic trapping and therefore a lower PLQE.
The drop-cast CB film does not fully agree with this simple kinetic trapping model.
However, as CB has such a high boiling point, it is possible there is little difference



5.10 Side Chain Engineering 143

a b
1.04 1.04
E 0.8 1 € 08
o o
£ £
= 0.6 1< 06
8 8
o o
S 0.4 g
2 g 041
Q Q
< p.24 <
0.2
0.0
T T T 0.0 T r T
400 500 600 700 800 400 500 600 700 800
C Wavelength (nm) Wavelength (nm)
1.04 ——Cy-Br
—— CgCyy-Br
R 0.8
£
é 0.6
)
o 04
0.2
0.0

600 650 700 750 800 850
Wavelength (nm)

Fig. 5.21 Comparison between Cg- (black) and CgCyo-Br-INDT (red). a) Solution
UV-vis, b) Film UV-vis, and c) Film steady-state PL

between packing times for slow spin-coating and drop-casting, and the PLQEs are

within 1o of each other.

5.10 Side Chain Engineering

To further investigate the influence of morphology and crystallinity on fission in the
INDTs, we replaced the octyl-decyl (CsCyp) branched solubilising side chains with
linear octyl Cg side chains. This substitution does not affect the molecular behaviour in
isolation but results in a different morphology, where we presume the conjugated IND
cores are capable of packing more closely. Steady state absorption shows a significant
difference in two films spin-coated from Cg- and CgCio-Br-INDT, see Figure 5.21.
There is also a red shift, and broadening of the PL peaks, indicating that there is more
intermolecular coupling in the Cg film than in the branched chain version that we have
been studying more generally.

From short-time transient absorption in Figure 5.22b we can see that the Cg-Br-
INDT film undergoes fission - the triplet signal is present within the 200 fs instrument
response and grows to a peak at 5ps, which we interpret as singlets close by to hot

spots transporting by FRET to a hot spot before forming triplets. To compare if
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Fig. 5.22 a) TCSPC of Cs- (black) and CgCyo-Br-INDT (red) films, showing faster
decay of singlet PL in Cg-Br-INDT. b) Short-time transient absorption showing sub-ps
triplet formation by singlet fission in a Cg-Br-INDT film. ¢) TCSPC of Cs- (blue) and
CgC1o-CN-INDT (green) films, showing faster decay of singlet PL in Cg-CN-INDT.

this new morphology has a higher density of singlet fission hot spots, we look at the
PL decay (Figure 5.22a), where we can see that the singlet is quenched faster in the
Cs-Br-INDT film than in the equivalent CgCyo-Br-INDT film.

In addition, we investigated if the faster trend with the Cg- substitution continued
with CN-INDT in the same way as Br-INDT. While the highly scattering nature of
Cg-CN-INDT films meant that it was not possible to adequately measure decent UV-vis
or transient absorption, we did confirm that the PL lifetime decreased (Figure 5.22c).
In addition, the PLQE, which ranged from 0.5 to 1.1% for CgCyo-CN-INDT based on
preparation technique (Figure 5.20), ranged from 0.2% if spin-coated at 2000 rpm to
0.4% if spin-coated at 600 rpm in Cg-CN-INDT.
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These results confirm our assessment that sample morphology defines the fission
yield in these materials by way of changing hot spot density, and the length and
bulkiness of side chains is a handle that can be adjusted to disrupt this. We have
shown that less bulky side-chains, which lead to more closely packed chromophores,
lead to samples with a higher density of hot spots. We speculate that this could mean

that the hot spots involve m-stacked chromophores.

5.11 INDT Dimers

Clearly, morphology is critical for enabling fission in these materials. However, changing
the side-groups or the "X" substitution are not particularly precise interventions. They
evidently change the packing, but we are not able to use these variables to precisely
control the intermolecular coupling. On top of this, in the films shown so far we have
deduced that we are measuring mixed-morphology films with hot spot geometries
alongside non-hot spot geometries. In order to address this and have greater control
over the intermolecular coupling, we created INDT dimers, which we measured in
solution to see if intramolecular fission is also possible using the aromaticity-informed
INDT motif.

Three dimers were measured, which we have named meta-, para- and CN-dimer.
For the meta- and para-dimers, the monomer is Cg-H-INDT, with an extra hexyl
solubilising group at the 6,6’ positions on the INDT C6 ring. They are bridged at
the thiophene groups by a phenyl linker, either at the meta or para positions on the
phenyl ring. This should alter the amount of conjugation across the bridge, with
less conjugation in the meta-dimer expected due to destructive quantum interference
(DQI)?6%265  Although we did not see fission in H-INDT films, we suspect that this
could be a result of the morphology (a lack of hot spots) rather than just energetics.
From TD-DFT, we expected fission to be less exothermic in F-INDT than H-INDT,
and we did observe fission in F-INDT films. In addition, the H-INDT morphology was
the outlier in that it evolved significantly over periods of days (Figure 5.3). Even when
drop-cast or spin-coated slowly such that the more blue-shifted spectrum is formed, it
was less "H-aggregate'-like than the other X-INDTs (i.e. the 0-0 transition was less
clearly suppressed).

Studies of intramolecular fission in phenyl-linked dimers have shown differences
between para, meta and ortho linkers, but there is not a consistent behaviour for which
will best promote fission nor a developed theory to predict why. In a study of pentacene

dimers, meta was the best performing!#®, and calculations have suggested that triplet
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Fig. 5.23 Chemical structures of INDT dimers. a) meta-dimer, b) para-dimer, c)
CN-dimer and d) CN-monomer.
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Fig. 5.24 Absorption and steady-state PL. a) Normalised absorption and b) normalised
stead-state PL of meta- and para-dimers in toluene vs DCB. ¢) Normalised absorption
and d) normalised stead-state PL of CN-monomer in toluene CN-monomer in toluene
vs 50:50 mixture of DCB:toluene.

pairs cannot dissociate in the para isomer whereas they can in the meta isomer'#¢. By
contrast, in tetracene dimers, fission was favoured in the para isomer!4"48,

For the CN-dimer, the intention was to create a dimer with no conjugation across
the bridge by making the monomer moieties orthogonal to each other using the sterics
of bulky oxy-alkyl chains next to the bridge which will clash with the the other
chromophore. We used the CN-INDT core in this case, to ensure that fission would
definitely occur with the correct inter-chromophore coupling (such as that which occurs

in the hot spots in our CN-INDT films).

5.11.1 Steady-state Characterisation

Solvent polarity dependence in intramolecular fission has been reported for various

142,145,155-157

systems , where the stabilisation of a CT-intermediary in a more polar

solvent is often invoked. We will compare behaviour in toluene and dichlorobenzene
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Dimer Solvent PLQE (%) PL lifetime(s) (ns)

Meta-dimer DCB 24 2.3
Meta-dimer  toluene 39 3.5
Para-dimer DCB 1 0.4; 2.9
Para-dimer  toluene ) 1.4; 3.0
CN-monomer toluene 33 4.6
CN-dimer DCB - 2.8
CN-dimer toluene 5 2.9

Table 5.2 INDT dimer PLQESs, measured with 520nm CW excitation and PL decay
lifetimes, measured by TCSPC (Figure 5.25). For para-dimer, a biexponential PL
decay was measured, so we report two lifetimes.

(DCB) , with DCB being the more polar solvent. Figure 5.24 shows the UV-vis
absorption of the para-, meta- and CN-dimers in toluene and DCB. For the CN-dimer,
which was synthesized in very low yield, there was not sufficient material to create two
stock solutions so instead we diluted the stock toluene solution with 50% DCB, to still
test a more polar environment.

Generally, the meta-dimer is unaffected by the polarity of the solvent, but in the
para-dimer there is a distinct red shift of absorption and PL in the more polar solvent.
We note that the solubility of the para-dimer in toluene was poor, meaning that signal
collection was difficult for the green PL spectrum in panel b, artificially broadening
the spectrum. The peak could still be resolved, and demonstrates the red shift from
toluene to DCB.

In the CN-dimer, there is a blue-shift from monomer to dimer, because in the dimer
there is only one electron-withdrawing carbonitrile group per monomer due to the
substitution with the bridge. There is no detectable solvent dependence on the PL
spectrum from the CN-dimer, however there is a slight change in 0-0:0-1 peak ratio in
the absorption spectrum.

We found significant differences in PLQE between the dimers that point towards
trends in the success of fission in these dimers, listed in Table 5.2 Meta-dimer has a
relatively high PLQE in both toluene and DCB, while para-dimer has a relatively low
PLQE in toluene, 5%, but an extremely low PLQE in DCB, only 1%. This indicates
that there is a singlet-quenching pathway available in para-dimer that is faster in a
more polar solvent. CN-monomer has a PLQE of 33%, but in the CN-dimer this falls
to 5%.
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Fig. 5.25 Time-correlated single photon counting of PL from INDT dimers in toluene or
DCB. a) meta-dimer, with mono-exponential fits. b) para-dimer, with bi-exponential
fits. ¢) CN-dimer and CN-monomer, with mono-exponential fits. Lifetimes for the fits
are given in Table 5.2.
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Fig. 5.26 a) Short-time and b) Long-time transient absorption of 0.1 mgml~! meta-dimer
in DCB.

5.11.2 Time-resolved PL

Quenching of the PL that we observed in the PLQE trends is also clear temporally when
we measure PL kinetics using TCSPC, shown in Figure 5.25. Most interesting is the
para-dimer, in Figure 5.25b, where in DCB the PL is quenched even faster than the best
performing film of the X-INDTs, CN-INDT. This is clearly a polarity-induced effect,
as the quenching is drastically reduced in toluene, although both kinetics required a
bi-exponential model to fit, indicating that there is still a degree of quenching in toluene.
By contrast, the meta- and CN-dimers both had approximately mono-exponential PL
decays regardless of polarity. There was a faster decay seen in the meta-dimer in DCB
than toluene, while the CN-dimer PL decay was identical in both solvent environments.
We attribute the slower PL decay in the CN-monomer than the CN-dimer to the effect
of having approximately half the oscillator strength per molecule compared to the
CN-dimer.

5.11.3 Transient Absorption

Transient absorption of the meta-dimer was similar in both toluene and DCB. The
data for DCB is shown in Figure 5.26 and reveals no sign of triplets in either ps
or ns timescales. The excited state population decays in just a few nanoseconds, in
accordance with our findings from TCSPC that the PL decays over 2.3 ns in DCB. There
is little spectral evolution over the decay, indicating that the majority of the excitations
simply decay as singlets. There is a small red-shift at the edge of the stimulated

emission signal, indicating some conformational relaxation on the ps timescale.
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By contrast, in the para-dimer, the behaviour observed in transient absorption
depends strongly on the solvent polarity. In toluene, in Figure 5.27c, the evolution
looks not particularly different to the meta-dimer, albeit with a faster decay. However,
in DCB, as is clear when the spectra are normalised in Figure 5.27b, a triplet PTA
grows in on a ~100 ps timescale. The PTA at 700 nm, which is on top of a stimulated
emission from residual singlets, is a good match to the triplet sensitisation spectrum
taken in Figure 5.29. This suggests fission is only possible in a more polar solvent,
which lowers the energy of charge transfer (CT) states. Consequently, we conclude that
CT intermediates play an important role in intramolecular fission in these materials,
as has been argued for acene and other covalent fission dimers!4%145:155-157

It is clear that the increased polarity of DCB has allowed a new, highly efficient
decay pathway for excitations in the para-dimer. Given the appearance of this triplet
absorption concurrently with the singlet decay, we propose that singlet fission is
proceeding to a triplet pair. However, given the absence of other chromophores for
the triplets to dissociate outside of the dimer, the triplet pair annihilates rapidly.
The full excited state population is almost entirely returned to the ground state by
500 ps. Similarly short lifetimes of closely contained triplet pairs in covalent dimers
have previously been reported'?, while oligomers have been successfully designed to
allow the triplets apart and these report much longer triplet lifetimes!!!:153:154,

In short-time transient absorption, it seems the entire excited state population of
para-dimer in DCB has decayed within 1ns. However, we detected a small long-lived
population of triplets in long-time transient absorption (Figure 5.27d). Looking at
trESR, as measured by Leah Weiss and shown in Section A.3 of the appendix, we see
triplets with the same ESR polarisation pattern as the dilute monomer (EEEAAA),
indicating they are generated by ISC. This is consistent with all fission products
decaying within 1ns, but some small population being capable of ISC prior to fission.
ISC results in a single triplet on a dimer, with no other excitation to annihilate with,
and therefore live long enough to be detected by trESR, which has an instrument
response function of ~300 ns.

The ZFS D parameter extracted from trESR is smaller in the dimers than in the
H-INDT monomer, indicating that the triplet is extended over a larger area. This
means that a single triplet is able to delocalise over the two chromophores of the dimer,
in both meta- and para-dimer. Given the very different early-time behaviour, it is
interesting that the stronger conjugation across the para-linker does not lead to a more
delocalised triplet than the meta-linker (D = 840 MHz for both).
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Fig. 5.27 a) Short-time and d) Long-time transient absorption of 0.1 mgml™' para-
dimer in DCB. b) shows the same spectra as a), normalised to the positive peak of
the signal in order to see the triplet absorption at ~700nm. c) shows short-time
transient absorption of para-dimer in toluene, at the saturation concentration at room

temperature, estimated by UV-vis to be 0.015 mgml—!.
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Fig. 5.29 Triplet sensitisation of INDT dimers using NMFP. Spectra shown are taken
with a delay of 8-10ps after 400 nm excitation.

Transient absorption confirms our findings from TCSPC that the excited state
decays faster in the CN-dimer than the CN-monomer (Figure 5.29a-b). While there is
no indication of fission-generated triplets, the CN-dimer does appear to form a dark
state that is not present in the CN-monomer. The stimulated emission shoulder at
~700 nm decays to zero by 1.2ns, while there is still significant GSB and PIA signals,
indicating an excited state with low oscillator strength.

Similarly to the para-dimer, there is a small population of ISC-generated triplets in
both the CN-monomer and CN-dimer in long-time transient absorption. The similarity
of the size of this population in CN-monomer and CN-dimer is further confirmation
that these long-lived triplets are not generated by fission (which is not possible in a

monomer).

5.12 Summary and Outlook

We have introduced a new family of singlet fission materials, indolonaphthyridine
thiophene derivatives, that exploit excited-state aromaticity to lower the triplet energy
level and allow singlet fission. In the best performing derivative, CN-INDT, we
cautiously estimate the triplet yield to be in the region of 60-90%. Using transient
absorption, and by noticing that the yield of triplets was unaffected by singlet-singlet
annihilation, we have deduced that fission occurs at hot spot geometries in these
materials, where the magnitude and orientation of intermolecular coupling allows pairs

of triplets to form on ultrafast timescales.
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We have shown that by altering the sample preparation protocol, or by changing
the solubilising side groups, we can affect the density of hot spots and therefore the
overall rate and yield of fission in these materials. Given that singlet fission at the
hot spots themselves appears to be so fast, we see no reason that with the correct
morphology, an INDT derivative could not be tuned to produce a quantitative singlet
fission yield.

In addition to this, we used these materials as a platform to investigate intramolec-
ular fission in INDT dimers, where we showed that CT intermediates play a role in
triplet pair formation, and conjugation across the covalent linker is required to allow
fission to proceed. This result, which was achieved using H-INDT monomers, points
to morphology and intermolecular coupling as the deciding factor in the success of
fission in these materials, rather than energetics. That is, all of the INDT materials
investigated have sufficient energetics for fission, but only some form morphologies
with the required intermolecular coupling.

Though our exploration has been limited to a single family of materials, the
wide tuneability we have demonstrated and previous investigations of Baird-type
aromaticity indicate that the same principles can be readily applied to other materials
systems. In practical terms, the requirement of a [4n] cyclic contribution to a molecules’
resonance structures translates into a simple design rule that target singlet fission
systems. Examples of these (beyond INDT) are structures such as DPP (which has
been proposed to undergo singlet fission, but no rationale for its large singlet-triplet
energy gap has been suggested), indigo, isoindigo, pechmann dyes and fulvalenes. An
interesting direction to take cibalackrot next would be to add aza- substitutions to
reduce the planarity of the molecule, and try to induce a different morphology. The
advantage of using cibalackrot which has phenyl groups where INDT has thiophenes, is
that it has a higher band gap and could be more useful for photovoltaics.

Ground state aromaticity is a fundamental cornerstone of synthetic organic chem-
istry, providing stability and tuneability to unsaturated systems, underpinning the
entire development of the field of organic electronics. The work we present here
demonstrates that excited state aromaticity plays an equally important role to both
the energetic position and stability of photoexcited triplet states. More broadly, we
envisage the same approach may be used to tune the exchange energy in organic
systems where triplets play a critical role, to mitigate losses in photovoltaics, harvest
additional carriers in light-emitting diodes, enhance the stability of novel open-shell

systems or broaden the materials library for photon up-conversion and singlet fission.






Chapter 6

Effects of Crystal Structure on
Singlet Fission in Tetracene

Derivatives

In this chapter we present a series of tetracene derivatives that are almost
indistinguishable as monomers, but through differences to their crystal
packing, exhibit vastly different photophysics in the solid state. We turn
a particular focus to TMS-tetracene, which due its ability to pack in a
close face-to-face motif, undergoes fission to a strongly-bound triplet pair
state on a ~50 fs timescale, unprecedented for an endothermic system. We
also find that the close packing with large orbital overlap leads to triplet
pairs with stronger binding and exchange coupling than more dispersed
structures. Consequently, triplet pairs tend to decay geminately, while a
minority population are able to dissociate and form free triplets through a

temperature activated process.
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The project described in this chapter was led by the author, and all steady-state
optical characterisation, transient absorption, and time-resolved photoluminescence
were measured by the author. Prof. John Anthony’s research group at the University
of Kentucky synthesized the molecules and characterised the crystal structures. Leah
Weiss performed the transient electron spin resonance, Andrew Pearson performed the
GIWAXS, and Elliot Taffet performed the modelling of the exchange coupling.

6.1 Background and Motivation

As we have discussed throughout this thesis, singlet fission offers the potential to extend
the limits of efficiency in solar energy harvesting, but we have not yet found the right

17180191 * One area

combination of materials and engineering to harness this potentia
of significant interest is the role that morphology or intermolecular arrangement has
to play in singlet fission!!®123:164,165 \What is the optimal arrangement of molecules
such that triplet pairs both form rapidly and dissociate to free triplets that can be
extracted to form charges at quantitative yield? How can we design molecules and
materials that take on this arrangement? Is it possible to achieve all of this while using
an endothermic fission material to maximise the energy harvested?

To make progress with these crucial questions, an excellent tool is the use of
systematic studies that aim to investigate the consequences of changing only one
variable at a time. In this chapter, we aim to do this with the variable of morphology,
as we examine the properties of a family of tetracene derivatives with subtle differences
that change the intermolecular geometry, synthesized by Professor John Anthony at the
University of Kentucky. Tetracene, and its derivative Triisopropylsilylethynyl- (TTPS-)
tetracene, are prototypical endothermic fission systems, that have been extensively
characterised® ™7 7783  Here, we investigate the effects of reducing the size of the
solubilising side groups to make Triethylsilylethynyl- (TES-) and Trimethylsilylethynyl-
(TMS-) tetracene, with chemical structures shown in Figure 6.1, together with their
crystal structures as determined by X-ray diffraction of single crystals by Professor
John Anthony.

As expected, reducing the size of the side groups changes the crystal structure and
leads to a closer packing of the active tetracene cores. As these methyl/ethyl/isopropyl
groups are non-conjugated, interchanging them has little effect on the electronic
properties of the dispersed molecule, as evidenced by the similarity of the dilute
solution absorption spectra in Figure 6.2. TIPS-tetracene’s crystal structure has a

P2,2,2; space group, with four inequivalent molecules in the unit cell that are all
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Fig. 6.1 a) Chemical structures of TIPS-tetracene, TES-tetracene and TMS-tetracene.
b) Corresponding crystal structures for the molecules shown in a). TIPS-, TES- and
TMS-tetracene crystals were measured by John Anthony’s group at University of

Kentucky, using X-ray diffraction to discern crystal structures with space groups of
P2,2,2;, P1 and P2, /n respectively.
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Fig. 6.2 Normalised UV-visible absorption spectra for dilute solutions of TIPS-tetracene
(red), TES-tetracene (purple) and TMS-tetracene (blue) in chloroform.
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offset and rotated with respect to one another, offering very limited overlap of the
conjugated tetracene cores. TES-tetracene’s crystal structure has a P1 space group,
with only two molecules per unit cell. Figure 6.1b shows four TES-tetracene molecules
to demonstrate how they are arranged in slip-stacked pairs, offset along both the
short and long molecular axes, which limits orbital overlap. TMS-tetracene’s crystal
structure has a P2 /n space group, with four molecules per unit cell. They are arranged
in pi-stacked pairs, with only a small slip on each of the short and long molecular axes,
and a significant m-orbital overlap.

A study by Pensack et al. demonstrated the potential for the approach of sys-
tematically editing the solubilising side groups of a fission material to investigate the

effects of morphology!®4.

They compared TIPS-pentacene to more and less bulky
siblings, trisecbutylsilylethynyl- (TSBS-) and TES-pentacene, in amorphous nanopar-
ticles synthesized by flash precipitation. Pensack et al. were able to demonstrate a
slowing down of fission as the bulkiness of the side groups increased, increasing the
intermolecular spacing. There are two important differences between the pentacene
molecules in Pensack et al. and the tetracene samples presented in this chapter. Firstly,
the tetracene samples are crystalline not amorphous, meaning that we know with a
greater degree of precision the nature of the packing motifs. Secondly, singlet fission
is exothermic in pentacene, but endothermic in tetracene. Endothermic fission is
generally less robust to changes such as different molecular packing, whereas it is
relatively difficult to turn off fission in pentacene as it is inherently so energetically

163,182 Nonetheless, if certain challenges can be overcome, the potential of

favourable
harnessing endothermic fission offers greater efficiency gains when applied to a solar cell.
Also, as discussed in Chapter 4, endothermic systems allow a radiative triplet-triplet
annihilation (TTA) decay pathway, which if dominant, can limit non-radiative voltage
losses in a singlet fission solar cell.

Given the comparatively large distances between neighbouring molecules in both
TIPS-tetracene and TES-tetracene, we expect to learn the most from the example
of TMS-tetracene, where the smaller side groups allow close m-stacking at 3.884 A,
compared to a distance of 8.046 A between the slip-stacked neighbours in TES-tetracene.
Therefore, the majority of the characterisation effort has been concentrated on TMS-
tetracene, which we can directly compare to the extensive published work on TIPS-
tetracene, as well as our characterisation of TES-tetracene, to understand the influence

of crystal structure on the photophysics of these materials.
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6.2 Steady-state Characterisation

6.2.1 UV-visible Absorption and Steady-state Photolumines-

cernce

In contrast to TIPS-tetracene, TMS-tetracene does not readily form homogeneous films
from solution processing, likely due to its poorer solubility and increased inclination
to aggregate. Therefore, we have generally chosen to thermally evaporate thin films
of TMS-tetracene to make reproducible, homogeneous films suitable for transient
absorption experiments. This is a material-intensive method, with the majority of
the material wasted on the surrounding surfaces of the evaporator rather than on the
substrate, so spin-coating or drop-casting was used for TES-tetracene which solution
processes well to make homogeneous, non-scattering films. Unless otherwise stated,
from here on TES-tetracene films have been spin-coated and TMS-tetracene films have
been evaporated.

Steady-state spectroscopy confirms that modifying the tetracene side-groups has
an effect on intermolecular interactions and consequently the photophysics of these
materials. In dilute solution, the absorption spectra are almost identical (Figure 6.2),
because the unmodified conjugated core of the molecule dictates it’s electronic and
optical properties in isolation. However, there are big differences when comparing
solution with crystalline films in Figure 6.3. The shift from dilute solution to crystalline
film gets progressively more significant as the size of the side-groups decreases and
packing gets closer from TIPS to TES to TMS.

Data from Stern et al. plotted in Figure 6.3a—b shows little to no shift in absorption
from solution to film for TIPS-Te, although the the absorption is inferred from an
excitation scan with only 5nm precision””. The photoluminescence (PL) is also similar,
apart from a strongly suppressed 0-0 peak, which could be a result of self-absorption
and/or H-aggregate intermolecular interactions®. The same is true of TES-Tc in
Figure 6.3c—d, where there is a ~2nm slight red shift of the 0-0 absorption peak, and
no discernable shift in the PL, although there is once again a suppression of the 0-0
luminescence peak from self absorption. The biggest shifts occur in TMS-tetracene,
Figure 6.3e and f. There is a ~12nm red shift in the 0-0 absorption peak, and a
~40nm shift in PL peak, from solution to crystalline film. The apparent sub-band

gap absorption in TMS-tetracene in Figure 6.3e is a result of scattering.
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Fig. 6.3 UV-visible absorption and steady-state photoluminescence of dilute solutions
(blue) compared with a crystalline films (red) for TIPS-tetracene (a and b), TES-
tetracene (c and d) and TMS-tetracene (e and f). The TIPS-tetracene data is from
Stern et al.”", where the absorption spectrum for the film is obtained by an excitation
scan of the photoluminescence. The TIPS-tetracene and TES tetracene films are
spin-coated from chloroform, while the TMS-tetracene films are thermally evaporated
due to problems with solution processing, however GIWAXS suggests all are crystalline
(Figure 6.4).
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Fig. 6.4 GIWAXS of thin films of a) drop-cast TES-tetracene and b) evaporated
TMS-tetracene, showing crystallinity in both samples, and some preferential alignment
of crystal domains relative to the substrate. Measurements by Dr Andrew Pearson.

6.2.2 Crystallographic Characterisation

To confirm that the samples we have measured are crystalline, we used grazing incidence
wide angle x-ray scattering (GIWAXS). These measurements were taken by Dr Andrew
Pearson at the Diamond Light Source facility. Diffraction rings, known as Debye-
Scherrer rings, are present in both samples, but are not complete rings, especially in the
evaporated TMS-tetracene sample (Figure 6.4). This indicates that the crystal domains
are not randomly orientated, and have some preferential alignment to the substrate.
The crystalline order demonstrated by the strong Debye-Scherrer rings indicates that it
is most likely valid to interpret results in terms of the crystal structures in Figure 6.1.
Crystalline films of drop-cast TIPS-tetracene also show similar GIWAXS images, as

1‘237 l.77

reported by both Bayliss et a and Stern et a

6.3 Magnetic Field Effect in TMS-tetracene

It is well documented that morphology and intermolecular packing is critical for singlet
fission to occur and in determining the rate of fission. First, to check if fission occurs
in the series of derivatives, we measured the modulation of the PL from TES- and
TMS-tetracene in a low magnetic field. This magnetic field effect (MFE), is the smoking

gun of singlet fission that led to its original discovery in tetracene®. The results are
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Fig. 6.5 Modulation of steady-state PL. with low magnetic field. The samples were
excited with a CW 520nm pump. a) Change in integrated PL counts relative to 0
field is shown by blue circles for TES-tetracene and red circles for TMS-tetracene. The
solid line is a fit for the TMS-tetracene data using the Merrifield model detailed in
Chapter 4, with J = 0.25D and ¢ = 13. The dotted line is an indicative MFE for
J =0.01D and € = 1. There is a large uncertainty (~ +50%) associated with the x-axis
due to the calibration from voltage across the electromagnet to B field at the sample
position, however this error applies systematically to both TES- and TMS-tetracene.
b) Magnitude of maximum change in TMS-tetracene PL under low magnetic field
(representing the size of the negative peak at ~50 mT in a) as a function of wavelength,
showing very little dependence, indicating that the whole PL spectrum is modulated
uniformly. Grey filled area shows steady-state PL spectrum.
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shown in Figure 6.5, and are unambiguous in demonstrating the occurrence of singlet
fission in both materials.

In TES-tetracene, due to low counts (possibly due to the low optical density of the
spin-coated film), the noise on the MFE signal is too great to perform a fit. Nevertheless,
there is evidence of a dip at low fields followed by an increase in PL at higher fields,
and we have plotted a simulated MFE in the weak exchange coupling regime (J < D)
in the dashed line. For the TMS-tetracene, we have performed a fit to the Merrifield
model as described in Section 4.4, with parameters J = 0.25D and € = 13, to fit the
"stretched" line shape with a high crossing point from negative to positive field effect.
This suggests that TMS-tetracene has a higher exchange coupling J between triplets
than TES-tetracene, as we expect from the closer packing of the crystal structure!™17.
We note that there is a large uncertainty, estimated to be ~ £50%, in the calibration
of the x-axis of Figure 6.5a, which is very sensitive to both sample position within
the electromagnet and the distance between the magnetic poles. While a calibration
error could lead to a systematic error in the magnitude of J or € extracted from this
measurement, the difference in line shape between TES- and TMS-tetracene would
not be affected by this error and thus we can still state that J and/or ¢ are higher in
TMS-tetracene than TES-tetracene.

In Figure 6.5b we show how the magnitude of the TMS-tetracene MFE, which
has the same profile across the spectrum, varies by wavelength. It is largely flat,
suggesting that there is no non-fission emissive trap (as has been suggested to be the

139) " Towards the edge of the spectrum,

case in concentrated solutions of TIPS-tetracene
at lower and in particular higher energies, there appears to be an increase in MFE
magnitude, however this is not significant and could be simply a result of the smaller

PL signal, making the measurement of small changes in PL. much noisier.

6.4 Transient Electron Spin Resonance

Leah Weiss measured transient electron spin resonance (trESR) for drop-cast samples
of TES-tetracene and TMS-tetracene, shown in Figure 6.6. Alongside the MFE, this
data is also clear evidence of singlet fission in these materials, as the polarisation
pattern of AEEAAE (A = microwave absorption, or positive signal; E = microwave
emission or negative signal as defined in more detail in Section 3.4) is consistent with
the overpopulation of the |0) triplet sublevel relative to |4)%®#. This overpopulation

occurs for singlet fission because due to the relative singlet content of the different
pair states in the high field basis, as calculated by Swenberg et al.' The AEEAAE
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Fig. 6.6 trESR measured by Leah Weiss. a) trESR of drop-cast TMS-tetracene taken
300ns after excitation with a 532nm pump at 10, 50 and 300 K. Spectra are all
normalised by the same factor (the peak of the 300 K spectra). A stronger signal was
measured at higher temperatures. The polarisation pattern of AEEAAE is consistent
with singlet fission. Black line shows a fit produced using Easyspin?*?, with g =

2.002; D = 1415MHz; E = 14 MHz and a line width of 2mT. b) trESR of drop-cast
TES-tetracene at 10 and 50 K taken 300 ns after excitation. Quintet peaks are indicated
by the dashed lines.

polarisation pattern is not compatible with triplets formed from spin-orbit mediated
intersystem crossing, which by biasing between the low-field |z), |y), |z) eigenstates
can only form AAAEEE, AAEAEE, AEAEAE or the three inverse patterns of these!™.

The trESR of TMS-tetracene shows an intriguing temperature dependence - the
signal increases substantially at higher temperatures, and is strongest at 300 K. This
suggests that the trESR is sensitive to triplets formed by a temperature-activated
process, namely the dissociation of strongly bound triplet pairs, particularly as at higher
temperatures the spin-lattice relaxation time (T;) is shorter. The zero-field splitting
parameters for TMS, D and E, are the same (within error) as TIPS-tetracene'™,
confirmed that the trESR signal is from dissociated triplets rather than strongly
coupled pairs which would show shifts due to dipolar coupling. TES-tetracene did
not show any clear trend with temperature, although the signal to noise ratio was too
poor to measure at room temperatures. There were also more issues reported with
light-induced degradation in TES-tetracene, with the central doublet signal dominating
after prolonged exposure, indicating an accumulation of S = % charges.

In trESR of TIPS-tetracene, as well as other singlet fission materials, S = 2 quintets

have been observed, which form through the mixing of singlet and quintet manifolds
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H7,163,172-174 " These S = 2 triplet pairs are

in strongly exchange-coupled triplet pairs
distinguished by an inner set of trESR peaks separated by approximately D/3 - one
third of the separation of the outer peaks from weakly- or non-interacting triplets.
There is a clear signal for quintets in the TES-tetracene trESR, with the transitions
labelled as QT and Q™ in Figure 6.6b, however we see no such quintet signature in
the trESR of TMS-tetracene. This is consistent with the lifetime of the triplet pair,
which from transient absorption and time-resolved photoluminescence we know has
a lifetime of under 20ns (Figures 6.10 and 6.12). The instrument response time for
trESR is on the order of 300 ns, meaning that if quintets are formed, they are likely
too short lived to be observed by this technique. The energies of the singlet and
quintet pair states are split by 3.J, so another reason we may not see quintets is that
the exchange coupling J could be greater than the thermal energy (25 meV at room
temperature) which is available to activate the singlet-quintet mixing. Given that .J in
TIPS-tetracene has been measured as ~5meV'7", and expect J in TMS-tetracene to

be stronger, J > 25meV is plausible.

6.5 Transient Absorption of TMS-tetracene

6.5.1 Short-time Transient Absorption

Transient absorption, as described in Section 3.3, is one of our most powerful tools in
studying singlet fission materials, allowing us to track populations of excited states
from the fs to ps timescale. Figure 6.7 summarises the results of transient absorption
measurements of evaporated films of TMS-tetracene with ~100fs time resolution,
where the time delay is set by a mechanical delay stage with a range of ~2ns. A
non-collinear parametric amplifier (NOPA) was tuned to 530 nm for the pump, close
to the maximum ground state absorption and in close agreement to the non-tunable
532nm excitation that was used for ns-resolution transient absorption (Figure 6.10).
Three different broadband NOPAs were used to measure the visible, near infra red
(NIR) and infra red (IR) transient absorption spectra in panels a, b and ¢ of Figure 6.7
respectively.

Across all of these spectral regions, we see an evolution over the first picosecond
followed by a slow decay of an approximately static spectrum. In the visible region, we
see the edge of the ground state bleach (GSB) at the blue side of the spectrum, around
550 nm, in agreement with the absorption onset seen in the steady state (Figure 6.2e).

There is a relatively sharp photoinduced absorption (PIA) at 630 nm, which increases
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Fig. 6.7 fs-resolution transient absorption of films of TMS-tetracene. a) Visible NOPA
probe, 530nm pump with an excitation fluence of 44 Jem=2. A small part of the
spectrum is omitted because the signal-to-noise ratio was too poor around 700 nm. b)
NIR NOPA probe, 530 nm pump with an excitation fluence of 131Jem=2. ¢) IR NOPA
probe, 530 nm pump with an excitation fluence of 731 Jem 2. d) Early-time kinetics in
the visible, NIR and IR regions showing concurrent evolution of the spectrum of the
first 0.5 ps as the singlet exciton evolves to a correlated triplet pair.
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over the first ps from excitation before decaying slowly. After a small spectral gap
from 670-710nm where the AT /T was too noisy at this fluence due to low counts in
the probe NOPA, a broader PIA extends towards the NIR, out past 800 nm. Here, the
spectrum notably evolves in the opposite direction, decreasing slightly, over the first
ps. Transient absorption kinetics, plotting the magnitude of AT /T over the first 2 ps
for some selected probe regions, are shown in Figure 6.7d, and show the concurrent
evolution of the 630 nm and 790 nm PIAs, in opposite directions. In addition, we also
observe a decrease in the magnitude of the positive AT/T at 570 nm. This is likely a
short-lived stimulated emission (SE) signal, superimposed over the edge of the GSB,
which decays concurrently with the evolutions of the PIAs observed in other parts of
the spectrum.

In the NIR, there is a broad PIA with two overlapping peaks, all of which increases
simultaneously at early times after excitation. The sharper spectral features in this
region are likely a result of correlated noise from fluctuations in the NOPA. Regardless,
the increase in magnitude of the spectrum over the first 500 fs is present across the
whole NIR probe region.

The clearest result from this short-time TA is in the IR, where a distinct PTA
peaked at 1275 nm decays over ~100fs to leave a broad featureless signal. Comparison
to the IR transient absorption signal for a dilute solution, where singlet excitons are
the only excited population present, verifies that the 1275 nm signal is from singlet
excitons, which depopulate rapidly in the solid state but decay over nanoseconds,
mostly radiatively, in dilute solution. There is a blue shift of this S; — Sy transition
from solution to solid state, but this is not uncommon due to the different dielectric
environment and shifted energy levels'?%257, Fitting the decay of the 1275 nm kinetic
gives a lifetime of 115fs, shown in Figure 6.8a. However this is almost as fast as the
instrument response function (IRF), which in the fit is modelled as a Gaussian with
a full width half maximum (FWHM) of 102 fs. Therefore from this data we can only
confidently place a lower limit on the speed of this depopulation of the singlet.

For better accuracy on the timescale of this early decay in the IR, we measured
using an ultrafast compressed pump NOPA, in collaboration with Jesse Allardice. The
pump, a NOPA that is itself pumped by the 38 kHz 1030 nm output of a light conversion
PHAROS laser system, was broad in wavelength space to all it to be compressed in
time using anti-chirp mirrors?®?°. We used frequency-resolved optical gating (FROG),
where the pulse is split in two and interfered with itself in a non-linear medium?%®,
to estimate the FWHM of the pulse to be 20fs. With this pump and a broadband

white-light probe from a yttrium aluminium garnet (YAG) crystal we were able to
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Fig. 6.8 a) Kinetic fit to the 1250-1300 nm kinetic in Figure 6.7d. The fit is a
convolution of a Gaussian instrument response function with FWHM of 102 fs and an
exponential decay of 115 fs with an offset to account for the residual signal from 500 fs
onwards. b) Ultrafast transient absorption using a compressed 500 nm NOPA pump
with FWHM ~20fs and a fluence of 44 pJem=2. Kinetic averaged over 12501300 nm
white light probe generated using YAG. Black line shows an exponential fit after the
coherent artefact with lifetime 49fs. Ultrafast data measured in collaboration with
Jesse Allardice.

measure the kinetic shown in Figure 6.8b. Due to the temporal compression of the
pump, the coherent artefact, which is generally the result of non-linear processes in
the sample???, is much more significant. However, following the coherent artefact there
is a relatively clean kinetic which fits extremely well to an 49 fs exponential decay.
Considering all of the spectra and their kinetics in Figure 6.7 we can see that there
is an evolution of the singlet state occurring rapidly after photoexcitation. The initial
excited state loses both its SE and IR PIA on sub-ps timescales, while concurrently there
are more moderate shifts in the PIAs at 630 nm, 790 nm and 900-950 nm. Knowing
from the trESR and MFE that this material definitely undergoes singlet fission, it
follows that this ultrafast spectral evolution in the transient absorption is the transition
from S; — (T'T);. The interpretation of the visible and NIR spectra is complicated by
the fact that S; and (7'T); appear to have overlapping spectral transitions. Indeed,
it seems that the 630 nm and 925 nm PIAs are slightly stronger transitions for (7'7);
than for S, while the inverse is true at 790 nm. We also note that it is possible that
at least some part of the increase in PIA at 630nm is due to the decay of the SE,
which from the steady-state PL (Figure 6.3f) we expect to extend out across much of

the visible spectrum. It is not possible from transient absorption alone to distinguish



6.5 Transient Absorption of TMS-tetracene 171

between a decaying SE or increasing PIA, however we will examine this further using

time-resolved PL below in Section 6.6.

6.5.2 Triplet Sensitisation

In addition to using a dilute solution to obtain a reference spectrum for the singlet
exciton (Figure 6.7c), we used a triplet sensitizer to measure a reference spectrum
for the triplet exciton of TMS-tetracene in solution. A mixed solution in toluene of
TMS-tetracene at 0.1 mgml~' and N-methyl fulleropyrrolidine (NMFP) at its saturation
concentration was excited with the third harmonic of a 1064 nm laser, 355 nm, and
probed with a visible NOPA, with the delay controlled electronically with nanosecond
resolution. Figure 6.9 shows the resulting spectra, normalised to the negative peak.
TMS-tetracene is weakly absorbing at 355 nm, so the majority of photons are absorbed
by NMFP. Over the first 5ns, the photoexcited NMFP singlet intersystem crosses with
>90% efficiency to a triplet exciton?®?, which can be seen in the decay of the singlet
PIA at 800 nm, leaving only the dominant NMFP triplet PIA at 685 nm. Then, over
5ps, the triplets transfer from NMFP to TMS-tetracene. After 2-3 ps (pale orange)
there is a mixture of NMFP and TMS-tetracene PIAs, and by 56 ps (pale blue) the
685nm PIA from NMFP has completely decayed, leaving only the TMS-tetracene
triplet spectrum, which has strong, narrow absorptions at 618 nm and 768 nm, and
weaker absorptions at 560 nm and 690 nm.

The important caveat to both the reference triplet spectrum in Figure 6.9 and the
reference singlet spectrum in Figure 6.7c, is that they are a reference for monomers
in dilute solution. In the crystalline solid-state, excitons experience a vastly different
dielectric environment, and can delocalise over neighbouring molecules. This affects
their energy levels and the energies, broadening and intensities of the transitions
between them, which dictate the transient absorption spectra we observe. While for
the IR singlet PIA, the difference between solution and solid-state appears to be a
blue shift with no major change in shape, there is no evidence of any spectral features
similar to those of the reference triplet in solution, despite the convincing evidence that
singlet fission is happening. It is not clear if this is purely a result of the move from
solution to solid-state. In TIPS-tetracene, sharp triplet features present in solution
are replicated in the solid-state””, however as shown in Figure 6.3, the ground state
absorption spectrum is not significantly broadened or shifted in TIPS-tetracene films,
which is not true for TMS-tetracene. Given the significant broadening and shifting
of the ground state absorption, it is likely the same would be true for the triplet

absorptions. For example, in tetracene, which forms a closely packed herringbone
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Fig. 6.9 Triplet sensitisation. Transient absorption spectra normalised to negative
maximum for a solution of 0.2 mgml~! TMS-tetracene and saturated N-methyl fulleropy-
rrolidine (NMFP) in toluene, excited at 355 nm. NMFP concentration is estimated to
be 0.1 mgml~!. Red-orange spectra show NMFP intersystem crossing from S; (red,
Ons) to 77 (orange, bns). T} excitons transfer to TMS-tetracene over 5ps to produce
the blue triplet exciton absorption spectrum for TMS-tetracene, which persists for

>50 8.
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structure thanks to the total absence of side groups and where almost quantitative
fission has been observed, the PIAs present at long transient absorption delays are
broad and relatively fat™ 7228 In general, triplet PIAs in acenes are difficult to
measure in the solid state”®26%, This is partially due to the preferential alignment of
the crystalline domains with the long molecular axis, which is parallel to the 77 — T
transition dipole, close to normal to the surface of the substrate”®27027_ With a probe
beam propagating in the direction of the normal to the substrate, there is relatively
small E-field intensity in the direction of the transition dipole for triplets. This is the
opposite of case for singlets, because the S; — Sy is along the short molecular axis of
acenes’©.

We also speculate that the correlated pair state here is sufficiently coupled that
it rearranges the excited state absorptions, although the magnitude of this effect is
unknown. In this system we cannot distinguish by the spectral shape whether the
transient absorption signals seen at 1 ns are from correlated pairs or free triplets (or a
combination of both). We speculate that clear, narrow triplet PIA signals, as well as
the distinction between (T'T) and T + T PIAs, are present in TIPS-tetracene’”, but
not tetracene or TMS-tetracene, thanks to the weak intermolecular coupling inherent

to the TIPS-tetracene crystal structure.

6.5.3 Long-Time Transient Absorption

To observe the subsequent decay of the state present at the end of the 1.5ns of
mechanical delay in Figure 6.7, we use a ns-resolution electronic delay generator to
trigger a ~1ns pulse length laser, with a second harmonic module to convert the
1064 nm fundamental to 532 nm. Visible and NIR NOPA probes were used, and are
plotted together in Figure 6.10a. The visible and NIR PIAs decay concomitantly, with
the kinetics taken around 640 nm shown in Figure 6.10b—d. Present in both the 1-3
ps spectrum in panel a and the kinetics in panel b, is an anomalous positive signal at
long times after the main signal has decayed that covers the visible and NIR. Genuine
positive AT /T signals present from changes to the populations of electronic states arise
from either GSB or SE. There cannot be a GSB at these wavelengths as there is no
ground state absorption, and there is no significant PL at these long time delays (see
Figure 6.11), ruling out a SE signal. Therefore we can deduce that this is an artefact
caused by pump-induced heating. When we experiment with much higher fluences in
panel ¢, we see that the relative magnitude of the artefact grows with respect to the
real signal. This non-linear behaviour of the artefact occurs due to the limited capacity

of the substrate to absorb and dissipate the increasingly extreme amounts of energy
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Fig. 6.10 Nanosecond-resolution transient absorption of evaporated films of TMS-
tetracene. a) Visible and NIR NOPA probes, 532 nm pump with excitation fluences of
52 and 127 pJem~2 for visible and NIR respectively. b) Kinetics at 635-645 nm, scaled
to -1 for the peak response, for a range of low fluences, all showing an anomalous
positive signal at long times. c¢) Kinetics at 635645 nm at higher fluences showing the
non-linear nature of the anomalous positive feature, demonstrating it to be an artefact,
likely a result of thermal modulation due to the dissipation of heat from the pump
pulse. d) An exponential fit to the lowest fluence shown in b), with the decay constant
of 19.7ns.
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absorbed by the sample from the excitation pulse. Residual heat in the sample can
modulate its refractive index, changing the proportion of the probe that is transmitted
and therefore giving an anomalous AT/T.

In Figure 6.10b, the excitation fluences are low enough that the artefact appears
to be in a linear regime, as the normalised kinetics show the same relative size of the
artefact at 1ps compared to the peak at t=0. However, there is still some fluence
dependence on the decay of the triplet-pair signal. This is presumed to be a result
of annihilation between triplet pairs, although the mechanism and products of such
annihilation events are not known. At the lowest measured fluence for TMS-tetracene,
2nJem—2 per pulse, where the peak AT/T signal is only 8 x 1075, the decay fits well
to a single exponential lifetime of 19.7ns (see Figure 6.10d). A lifetime of ~20ns is
very short for triplets in an acene material, where there is little spin-orbit coupling
that could allow transitions from 77 to Sy. Therefore, we propose that this lifetime is
for strongly-bound correlated triplet pairs which remain in the singlet manifold and
therefore efficiently couple to the ground-state. The long-lived signals in trESR of free
triplets are from a minority population, that is not visible in transient absorption at
low fluences due to the small population and at high fluences due to the strong thermal
artefact. Further evidence to support this interpretation comes from the time-resolved
PL below.

6.6 Time-resolved Photoluminescence of
TMS- and TES-tetracene

6.6.1 TMS-tetracene

We have already noted that the PL of solid-state TMS-tetracene is strongly red-
shifted from the dilute spectrum, and in this chapter we add temporal resolution and
temperature dependence to describe further how the novel crystal structure is affecting
the PL of TMS-tetracene. Using an intensified charge-coupled device (ICCD) we can
detect PL over a large dynamic range, especially compared to transient absorption,
where we can only probe 1 or 2 orders of magnitude depending on peak the size of
the signal. Having said that, we add the caveat that the photoluminescence quantum
efficiency (PLQE) in evaporated films of TMS-tetracene at room temperature is around
1%. This is comparable to the 1-3% reported for different films of TIPS-tetracene’”.

However, this means that when studying the PL of these materials we are effectively
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blind to 99% of the excitations, and must be wary of attributing too much significance
to minority species that only appear to have a large significance in the PL.

Using a helium cryostat together with an ICCD, which has a time resolution of
~3ns, we studied the PL of TMS-tetracene from 10-296 K, with the results summarised
in Figure 6.11. Panel a shows the results at room temperature. Regrettably, pump
scatter and PL from contamination which could not be removed from the cryostat
dominates the first two time-slices. This is particularly problematic for TMS-tetracene
because it is so weakly emitting, with a PLQE of around 1%. However, by comparing
the "No sample" spectrum (dashed purple), which was measured with a blank substrate
in the cryostat, with the Ons spectrum, we can infer that the sample is emitting
significantly in these first two spectra. When scaling up the "No sample" spectrum
to match the Ons spectrum at 800 nm, we see that the largest difference between the
two spectra is around 620 nm, significantly higher energy than 650 nm peak of the
spectra from 6 ns onwards, with the 3ns spectrum in between. Therefore we conclude
that there is a red shift of the sample PL over the first 6 ns, and it is likely that this
is a result of some PL from the singlet exciton, before it forms the triplet pair state.
However, according to our ultrafast transient absorption measurements (Figure 6.8b)
the triplet pair forms ~60,000 times faster than the IRF of the ICCD even without the
issue of contamination, so we cannot resolve this process using these measurements.

In panel b, the spectra at 6 ns, after stray pump light and any PL from the stubborn
contamination within the cryostat has decayed, is compared over the full range of
temperatures studied. The spectrum at 296 K matches the steady-state PL spectrum
reported in Figure 6.3f. In general as the temperature lowers, the spectrum narrows
and the PL yield increases very slightly (the integrated area beneath the 50 K spectrum
is only 16% greater than that of the 296 K spectrum). This trend follows from 296 K
down to 50K, however at 10 K, the lowest temperature measured, the spectrum is
somewhere in the middle of the pack, between 150 K and 200 K. Interestingly, we do
not see a significant increase in PLQE as the temperature lowers, as was the case for
polycrystalline samples of TIPS-tetracene™. A similar break from the trend at 10K is
seen in the kinetics of the PL decay, shown in Figure 6.11c. The initial exponential
PL decay gets slower as the temperature lowers down to 150 K, below which it is
approximately constant. However, beyond ~200ns, the PL kinetic deviates from an
exponential decay, and there is an additional delayed component. The magnitude of
this delayed component relative to the initial component decreases as the temperature
decreases down to 100 K, with 50 and 10 K anomalously slightly above 100 K.
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Fig. 6.11 Time-resolved and temperature-dependent PL of evaporated films of TMS-
tetracene, measured using an intensified CCD (ICCD) and liquid Helium cryostat.
a) Spectra at room temperature and an excitation fluence of 100 pJem ™2, showing
the large artefact at early times from a combination of pump scatter (800 nm is the
fundamental which drives the pump NOPA and is not fully filtered out) and stubborn
contaminants in the cryostat. Dashed purple spectrum is a reference of the pump
scatter and cryostat contaminant PL which could not be removed, measured with a
blank substrate in the cryostat. b) Spectra 6 ns after excitation with 500 nm pump
at a range of temperatures, with an excitation fluence of 100 pJem 2. c) Kinetics of
the 650 nm PL peak shown on a log-log plot for a range of temperatures, normalised
to the counts 10ns after excitation for each temperature. d) Normalised kinetics at
room temperature for a range of excitation fluences, showing a weak dependence of
the early decay on excitation density, that might arise from singlet-singlet or pair-pair
annihilation.
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Fig. 6.12 A kinetic fit for the 650 nm PL peak of an evaporated TMS-tetracene film, to
a model with a combination of an exponential decay with 7 = 16.6 and 17.5ns and
non-geminate triplet-triplet annihilation with annihilation constant v = 0.0038 and
0.0021 cm3ns~! for 100 and 500 pJem =2 respectively. Full details of the TTA model are
in Chapter 4.

In a parallel to TTBP films studied in Chapter 4, we assign this delayed PL to
TTA. Using the same model as Chapter 4, we can capture the delayed PL behaviour
(Figure 6.12). This model has an initial exponential decay with a lifetime of 17ns. The
delayed PL is fit with a bimolecular TTA component (PL oc [T]? and 41 = —[T7?).
The exponential decay of 17 ns is close to that of the PIA in Figure 6.10d which has a
lifetime of 19.7ns, and we can interpret this as either geminate TTA or direct emission
from the correlated pair state. If, as the decay lifetime in transient absorption and
PL results suggest, the strongly-coupled pair state in TMS-tetracene remains in a
singlet state, it can couple radiatively to the ground state, and we can consider this to
be direct emission from a triplet pair, and the difference becomes semantic. The low
radiative efficiency of the 17ns decay, even at cryogenic temperatures, is surprising
and remains an open question for further investigation.

We were able to observe a weak fluence dependence of the monomolecular decay,
shown in Figure 6.11d and it was in agreement with the fluence dependence observed
in transient absorption Figure 6.10b. The weak delayed PL was unresolvable from the
noise at pulse energies lower than 100 pJem ™2 (for example those shown in light and
dark blue in Figure 6.11d). However, comparing just 100 and 500 pJem =2 per pulse in
Figure 6.12, we can see an increase in the relative intensity of the delayed component.
In effect we also have a third data point to confirm this trend, as the 4 and 20 pJem =2
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measurements have no detectable delayed PL after the initial decay. This is a result
of the quadratic nature of bimolecular processes - below a given initial concentration,
triplets will be further apart than their diffusion length and will decay non-radiatively
before they have the chance to meet and annihilate.

Time resolved PL has deepened our insight to the photophysics of TMS-tetracene
relative to looking at the transient absorption in isolation, by highlighting the presence
of delayed PL from bimolecular TTA, which indicates two things. Firstly, triplet pairs,
which we understand are strongly bound in the closely packed crystal structure of
TMS-tetracene, are to some extent able to separate and form free triplets (even at
cryogenic temperatures), which can go on to annihilate with each other and emit a
photon. The delayed PL lasts for at least 1 ps, much longer than the lifetime of the
transient absorption signal, implying that the long-lived population of triplets is small,
and does not have a detectable absorption cross-section. This is confirmed by our
interpretation of the ps-lifetime trESR signal as free triplets. Secondly, the temperature
dependence of the delayed PL suggests that there is a higher rate of pair dissociation
at higher temperatures, leading to higher triplet concentrations at a given excitation
density, again in agreement with our interpretation of the trESR. This is in line with

other endothermic fission systems such as TIPS-tetracene”, tetracene!™, and the study
of TTBP in Chapter 4.

6.6.2 TES-tetracene

We also measured the kinetic dependence of photoluminescence of TES-tetracene,
which is shown in Figure 6.13. Although this PL is dominated by monomer-like singlet
emission, if we look closely we can see that there is some tell-tale signs that fission
is happening. Over the first 30 ns, an increasing contribution at at 640 nm peak can
be attributed to triplet pair emission, while at very long times, after triplet pairs
have dissociated/decayed, there is a "pure" singlet spectrum (300-500 ns) which can
be attributed to TTA to the singlet. This is reminiscent of the PL of TIPS-tetracene
in concentrated solution, as reported by Stern et al.®? and Dover et al.'*®, where a
red-shifted feature dominates at medium delays, but the monomer singlet spectrum
dominates at early and very late times. The similarity of the PL behaviour and the
quintet formation in trESR implies a similar coupling regime for the two materials, in

contrast to TMS-tetracene.
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Fig. 6.13 Time-resolved PL of a TES-tetracene film, measured using ICCD. a) Spectra
at room temperature, excited at 400 nm with a fluence of 100 pJem =2 per pulse, with
an artefact at early times around 420-500 nm from epoxy PL. b) Normalised kinetics
at room temperature for the two main features in the spectrum, showing a difference
in their decay over time.

6.7 Discussion

Above, we have described the evidence that in TMS-tetracene, singlet excitons undergo
ultrafast (~50fs) fission to form strongly coupled triplet pairs, which are weakly
emissive and decay monomolecularly with a lifetime of <20ns. A subset of these
triplet pairs dissociate, as we observed both free triplets in trESR and delayed PL from
bimolecular TTA, which is suppressed at lower temperatures and excitation densities.
In TIPS-tetracene, there has been some debate over the role of the red-shifted,
delayed PL within the singlet fission mechanism. Since its original observation, it has
typically been assigned to emission from an intermediate triplet pair state”$%177 but
interpreted by others as an excimeric trap state which is detrimental to singlet fission
yields'3®. This argument centres on a microscopic reversibility question - if a process
must proceed one direction through an intermediate state, must the reverse process
also proceed via the same intermediate? Given the energetics of endothermic fission
compared to exothermic TTA, this appears to be an unnecessary constraint, validating
the interpretation of the red-shifted PL as emission from an intermediate pair state.
The majority of the PL from TMS-tetracene is from a significantly red-shifted state,
suggesting that if this state were a trap, then the majority of excitations are falling into
it. Given the rapid formation of the pair state (Figure 6.8) and the fact that the whole
spectrum has a similar magnitude MFE (Figure 6.5), we assert that the red-shifted
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Fig. 6.14 Calculations of the inter-triplet exchange coupling for the closest pairs of
molecules in the crystal structures of TIPS-, TES- and TMS-tetracene. Calculations
by Dr Elliot Taffet

PL is a triplet pair state rather than a trap. We were not able to directly measure
the TMS-tetracene triplet energy by phosphorescence, but based on its similarity to
tetracene and TIPS-tetracene we expect the total energy of two independent triplets
to be higher than that of a singlet. Despite this, the energy of the emissive pair state
is evidently lower than that of the singlet, and we attribute this to a binding energy
related to the strong coupling between the triplets and excimeric reorganisation of the
molecules in the excited state (i.e. moving away from the ground state minimum on
the potential energy surface - see Figure 2.4). It has been demonstrated that greater
exchange couplings (J) in TIPS-tetracene lead to larger red-shifts in the spectrum of
triplet pair emission'”. Given the closely m-stacked morphology of TMS-tetracene,
we anticipate J would be significantly larger than even the largest couplings in TIPS-
tetracene. Indeed, calculations by Dr Elliot Taffet, using a methodology that has been
experimentally verified in TIPS-tetracene!™, indicate that J for nearest-neighbour
dimers in TMS-tetracene should be ~2 orders of magnitude larger than TES- and
TIPS-tetracene (see Figure 6.14). This stronger coupling seemingly presents a larger
energetic barrier to the separation of the triplet pair, in line with the small free triplet
population that we have observed via trESR and bimolecular TTA at higher excitation
densities. In addition, the stronger coupling could explain the lack of quintet pairs seen
in trESR, by putting singlet-quintet mixing energetically out of reach. We propose
that the lack of singlet/quintet mixing acts on the triplet pair lifetime by two possible
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functions. Firstly, while there is not evidence that it is necessary for the pair to
dissociate via the quintet state in all cases®!, dissociation is easier when the binding
energy is less than the thermal energy k7', which is more likely to be the case when J
is small enough to allow singlet-quintet mixing (because binding energy scales with J).
Secondly, singlet-quintet mixing allows some degree of spin protection from TTA to
the singlet, as while the pair is in the quintet state it will be less strongly coupled to
the ground state, and the lifetime of the pair will be extended, allowing more time for
triplet hopping and pair dissociation to happen.

Interestingly, when comparing to tetracene™ or TIPS-tetracene” , we do not see the
same increase in PLQE or extension of PL lifetime when temperature is lowered for
TMS-tetracene. The 20-fold increase in PLQE at 10 K (60%) vs room temperature (3%)
in TIPS-tetracene has been interpreted as temperature activated pair separation” . At
higher temperatures, a majority of triplet pairs separate before they have time to decay
geminately, while at lower temperatures separation is much slower, allowing more time
for the pairs to decay radiatively before separation can happen, as evidenced by the
extended lifetime of the PL at lower temperatures. By contrast, in TMS-tetracene, the
pair lifetime at room temperature is only 17ns and this does not increase substantially
at lower temperatures (7 = 16.6 ns at room temperature and 7 = 21.8ns at 10 K). We
interpret this to be a result of the strongly coupled pair state in TMS-tetracene, which
does not mix between singlet and quintet spin states, allowing relatively fast radiative
and non-radiative recombination pathways to the ground state (the low PLQE of ~1%
requires that the majority of the pairs must be decaying non-radiatively). Having
said this, while the pair lifetime is only extended by 30% (compared to 2000% in
TIPS-tetracene) at lower temperatures, there is still a detectable reduction in pair
dissociation across our trESR and delayed PL measurements.

Another likely factor in the low population of free triplets in TMS-tetracene, distinct
from the strong coupling within the pair, is the relatively distant position of the next-
nearest neighbour outside of the m-stacked dimers. Triplet pair separation is driven by
hopping of one of the triplets to the next-nearest molecule®!. Given the crystal structure
of TMS-tetracene is made up of closely-packed dimers that are relatively distant from
each other, it is possible that the limited opportunities for triplet hopping outside of the
close dimers plays a role in the low yield of free triplets. Compared to tetracene, where
the herringbone crystal structure?™* made possible by the lack of side groups has equal
distances between nearest and next-nearest neighbours, we expect triplet hopping in
TMS-tetracene to be significantly impeded, despite the greater intermolecular contact

within the nearest-neighbour dimers. In TIPS-tetracene’s crystal structure (Figure 6.1),
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all of the molecules are further apart (analogous to the next-nearest neighbours in TMS-
tetracene), and indeed in polycrystalline TIPS-tetracene films triplet pair separation
is also suppressed, presumably a result of slow triplet hopping due to the spaced-out

crystal structure’”.

6.8 Conclusions and Outlook

In this chapter we have introduced two new materials that are closely related to the
canonical endothermic singlet fission material, tetracene, and the previously char-
acterised TIPS-tetracene: TES-tetracene and TMS-tetracene. As monomers, their
photophysics are effectively identical to tetracene or TIPS-tetracene, however the re-
duction in bulkiness of the solubilising side groups leads to different crystal structures,
especially in the case of TMS-tetracene, which packs in m-stacked pairs separated by
only ~3.8 A. Through trESR and the magnetic field effect on luminescence we have
confirmed that despite this radically different packing motif, singlet fission is still active
in both TMS-tetracene and TES-tetracene.

We used ultrafast transient absorption to show that photoexcitations lose singlet
character in ~50fs, a timescale that outcompetes tetracene™?28, TIPS-tetracene’” and
any other endothermic fission system to our knowledge. A weakly emissive triplet pair
state is formed, which decays on a 17-19ns timescale, verified by time-resolved PL.
From trESR and delayed bimolecular PL after the pair states have decayed, we know
that some sub-population of the triplet pairs are able to dissociate to free triplets,
and that this is a larger population at higher temperatures, indicating some degree of
temperature activation is involved, as in TIPS-tetracene””. However, the free triplet
population is too small to observe in transient absorption. Comparing to crystalline
tetracene, which forms a herringbone structure with edge-on packing that has less
orbital overlap between neighbours, we notice that triplet pair formation rate correlates
with intermolecular contact.

We conclude that the close packing of TMS-tetracene is to some degree a double-
edged sword - while the significant orbital overlap drives unprecedentedly fast pair
formation for an endothermic system, it also seems to limit the degree to which pairs
can dissociate, and the pair state’s relatively short lifetime does not increase appreciably
as the temperature is lowered, unlike TIPS-tetracene’”.

From these results we propose that when designing singlet fission systems, closer
packing with increased orbital overlap is desirable to speed up fission, but only up to a

certain point, beyond which there can be drawbacks in terms of triplet dissociation.
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Triplet hopping away from the strongly coupled pair must also be optimised to allow
for efficient dissociation as well as formation of the pair state. Future work focused on
triplet dissociation and the nature of the binding of the correlated triplet pair would

be very interesting.



Chapter 7
Conclusions and Outlook

In this thesis, we have studied singlet fission in three different contexts. Through our
case studies, we have expanded the library of confirmed fission materials, particularly in
the direction of better photostability, and sought to extract generalised design lessons
from our examples.

First, in Chapter 4, we looked at TTBP, an acene that has been modified to
enhance its stability by benzannulation to give it triphenylene "wings'. We found
that although this modification does not prevent singlet fission, it does change the
photophysics, giving TTBP a remarkably high photoluminescence quantum efficiency
(PLQE) despite the fact that photoexcitations rapidly convert to triplet pairs with a
quantitative yield. Through transient absorption, time-resolved photoluminescence
and optically detected magnetic resonance, we showed that this high PLQE is a result
of triplet-triplet annihilation - both geminate and non-geminate - and proposed that
it is a sign of suppressed non-radiative triplet decay. The high PLQE from radiative
TTA should be a benchmark against which fission materials are compared, in order
to make sure that when implemented in a device, they do not suffer from significant
non-radiative voltage losses.

The time-resolved photoluminescence of TTBP is particularly complex, with a red-
shifting then blue-shifting peak illustrating the processes of pair formation, dissociation,
and annihilation. We used cryogenic photoluminescence and transient electron spin
resonance to show that triplet pairs dissociate by a temperature-activated process.
While the incomplete dissociation of triplet pairs means that TTBP itself is not the
perfect singlet fission material, the benzannulation of acenes shows much promise as a
route towards stable materials that can use singlet fission to surpass the single-junction

solar cell limit.
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In Chapter 5, we investigated a different strategy for stable singlet fission materi-
als: using excited-state aromaticity to stabilise the triplet state and design resilient
chromophores with the requisite £(77)/E(S1) ~ 0.5. Quantum chemical calculations
indicate that triplet aromaticity is correlated to the singlet-triplet energy gap, and
by deliberately devising molecules which include a [4n] cyclic contribution in their
resonance structure, for example by the inclusion of five-membered heterocycles, the
excited triplet state can be made more aromatic. This application of Baird aromaticity
has the twin benefits of both lowered triplet energy to make fission more favourable,
and stabilising the triplet state - equivalent to the way that benzene is more stable
than cyclobutadiene in the ground state.

We applied this principle of excited-state aromaticity to the designing of a family
of singlet fission candidates based on the industrial dye cibalackrot to produce six
indolonaphthyridine thiophene (INDT) derivatives. Five out of six of the materials
tested showed evidence of singlet fission, and in the best performing derivative, CN-
INDT, we estimate the triplet yield to be in the region of 60-90%. Importantly this is
in a molecule which demonstrated far superior stability to TIPS-pentacene, a material
without excited-state aromaticity. The reason for the sub-optimal yield is that fission
only occurs at morphological hot spots in these materials. However, we demonstrated
that we can tune the density of hot spots by editing the sample preparation method,
or by changing the solubilising side groups. Given that singlet fission at the hot spots
themselves appears to be fast, we see no reason that with the correct morphology, an
INDT derivative could not be tuned to produce a quantitative singlet fission yield. We
imagine that this would be a very productive direction to take this work next.

We also used these materials as a platform to investigate intramolecular fission in
covalent dimers. Of three INDT dimers tested, only one, with a para-phenyl linker,
exhibited signs of fission. Even in this case, the generation of triplets depended on
solvent polarity, implying that CT intermediates play a role in triplet pair formation
in these dimers. This result was achieved using dimers synthesised from H-INDT
monomers, despite the fact that in the films studied, H-INDT was the only candidate
not to show fission. The evidence from the dimers indicates that it was the outlier
morphology of H-INDT that was the limiting factor, rather than the energetics.

Though our exploration of aromaticity has been limited to a single family of
materials, we demonstrated wide tuneability and the same design rules can be applied
to other materials systems. Examples of molecules beyond INDT with a [4n] cyclic
contribution to their resonance structures, indicating they should have an aromatic

d1227124)

triplet state, include DPP (where fission has already been documente , indigo,
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isoindigo, pechmann dyes and fulvalenes. All of these might be productive avenues for
singlet fission studies, and in particular it would be interesting to look for molecules with
higher band gaps that might pair better with silicon than INDT or cibalackrot. More
broadly, the same approach may be used to tune the exchange energy in other organic
systems where triplets play a critical role: to mitigate losses in organic photovoltaics,
harvest additional carriers in light-emitting diodes, or broaden the materials library
for photon up-conversion.

In Chapter 6 we introduced two new materials, TES-tetracene and TMS-tetracene,
which as monomers in dilute solution behave identically to the well-characterised
fission material TIPS-tetracene. However, TES-tetracene has smaller side groups than
TIPS-tetracene, and TMS-tetracene smaller still, which leads them to crystallise in
starkly different structures. Particularly of interest is TMS-tetracene, which forms
close m-stacked dimers separated by only ~3.8 A but which are relatively isolated
from each other. This results in photoexcitations that lose singlet character in ~50fs,
unprecedented for an endothermic system. However, the frustrated hopping to next-
nearest neighbour molecules outside of the closely-packed pairs seems to prevent pair
dissociation and leads to the majority of triplet pairs in TMS-tetracene decaying on a
17-19ns timescale. These triplet pairs are strongly exchange coupled, as evidenced by
their significantly red-shifted photoluminescence, the seemingly forbidden mixing into
the quintet manifold, and calculations based on the TMS-tetracene crystal structure.
Still, a subset of the population are able to dissociate, and this process is temperature-
activated, with a higher free triplet population observed at higher temperatures.

We conclude that the close dimer packing of TMS-tetracene is responsible for both
the fast pair formation and the limited ability to dissociate these pairs. From this we
propose that when designing optimal fission systems, closer packing with increased
orbital overlap is desirable to speed up fission, but there must also be opportunities
for triplet hopping away from the strongly coupled pair in order to allow long triplet
lifetimes and to harvest triplets for photovoltaic applications. This has already been
shown to be the case in dimers and oligomers in solution, where triplet pairs trapped
on dimers are outlived by those where the triplets hop apart!®*.

There are also cross-cutting findings between these studies. Most strikingly, there
are similarities between the behaviour of TTBP and TMS-tetracene, such as the lack
of quintet features seen in trESR. In both cases, it seems that the exchange coupling
regime may be too strong to allow singlet-quintet mixing. Likewise, in both cases, not
all triplet pairs are able to separate, and we speculate that this could indicate a role

for the quintet state in the efficient separation of the pair state. Further investigation



188 Conclusions and Outlook

of different coupling regimes is needed to reveal more about the binding of the triplet
pair state and how to optimise its dissociation. We are also interested by the question
of why the PLQE of TTBP is so much higher than that of TMS-tetracene. While the
greater relative contribution from non-geminate TTA in TTBP is likely a factor, it also
seems that the strongly-coupled pair is a much more efficient emitter in TTBP (and
TIPS-tetracene) than TMS-tetracene, for which we do not yet have an explanation.
More generally, we have shown in multiple systems the importance of morphology in
designing an optimal singlet fission system, and how a balance must be struck between
a morphology that optimises pair formation and one that optimises pair separation. In
addition, we have demonstrated two unique strategies that can improve the stability
of singlet fission materials, which is a necessary direction for further development to
move towards commercial singlet fission photovoltaics. These lessons could help enable
the development of the next generation of solar technology, making better use of the
sun’s spectrum, and eventually helping to wean humanity off its destructive fossil fuel

addiction and mitigate the effects of climate change.
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Appendix A

Supporting Information for
Chapter 5

A.1 Thermal Artefacts in X-INDT Transient Ab-

sorption

In both the ground state bleach region and the NIR, transient absorption signals from
the X-INDT films arose due to thermal effects rather than the changes in electronic
states that we intend to probe. This can be directly demonstrated by comparing films
of CI-INDT (the derivative which exhibited the most significant thermal artefacts) on
fused silica substrate with those on sapphire substrate, which has a higher thermal

conductivity and so can dissipate heat faster?**.

The effects of this only become
pronounced in the ns-resolution measurement, but we note that the relevant thermal
effects are already present in the ultrafast data. There is a clear change in the kinetics of
both the ground state bleach signal (Figure A.1) and the NIR photoinduced absorption
(Figure A.2) between the two substrates, demonstrating that there is a significant
thermal contribution to both.

In the case of the ground state bleach, the thermal effect is of the same sign as the
underlying electronic signal (AT/T>0), resulting in a misleading apparent increase in
lifetime on fused silica. In the NIR, the initial negative signal is an S; photoinduced
absorption which decays within a few nanoseconds, whilst the pump-induced thermal
effect again produces positive AT /T and lasts for microseconds. There is no ground-
state absorption in this region, and the bleach-like signal is unexpected; we suggest
this most probably arises due to changes in the refractive index, causing a decrease

in reflectivity and scattering which results in an increase in transmission. This effect
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Fig. A.1 a) and b) show kinetics at 600 nm, showing the ground state bleach for
CI-INDT on sapphire (red) and fused silica (black) at two excitation densities. ¢) shows
spectra 20 - 30ns after exciation for three different excitation densities, normalised to
the 550 nm GSB peak, showing how the thermal artefact affects the spectrum from the
red into the NIR.

scales non-linearly with excitation fluence, as the relative size of the long-lived positive
artefact to the short-lived negative S} signal is larger at high power in Figure A.2a than
at lower power in Figure A.2b. This thermal feature became less pronounced when we
optimise processing conditions to generate smoother films. The magnitude of the NIR
thermal artefact relative to S; PIA is strongly fluence dependent (Figure A.lc), as is
the decay of the PIA. At higher fluences, there is proportionally more singlet-singlet
annihilation which generates heat in the sample, causing the thermal artefact. This
has been previously observed in perylene diimides!!2.

In the region of the triplet photoinduced absorption, we saw that even at much
higher laser power than typically applied in our study, there is no dependence of the
long-time kinetics on substrate thermal conductivity (Figure A.3). This assures us
that at excitation densities lower than this, the triplet lifetimes extracted from these
photoinduced absorption signatures, on the order of microseconds, are not effected by
thermal artefacts. Figure A.lc shows how the triplet PIA is superimposed over the

approximately flat thermal artefact.
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Fig. A.2 ns-transient absorption kinetics at 870-900 nm showing the interplay between
photoinduced absorption (AT/T<0) and thermal artefact (AT /T >0) at two excitation
densities for CI-INDT films on different substrates: sapphire (red) and fused silica

(black).
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Fig. A.3 ns-transient absorption kinetics for 665-685 nm showing the characteristic
triplet photoinduced absorption in CI-INDT on sapphire (black) and fused silica (red).
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A.2 trESR Simulations for X-INDT films

The mesaurements and simulations in this section were performed by Enrico Salvadori,
and are included as an appendix as they are helpful context for the optical measurements
we detail in Chapter 5.

Time resolved ESR (trESR) is a continuous wave ESR method for the detection
and characterisation of transient photo-excited paramagnetic species. 2D surfaces,
correlating signal intensity to both time and magnetic field, are recorded by detecting
the transient magnetization after the laser pulse and stepping the magnetic-field
strength over the resonance region. In the case of photoexcited triplet states (S = 1),
the zero-field splitting (ZFS) interaction and the triplet sublevel populations can be
extracted from the ESR spectra. The ZFS tensor describes the magnetic dipole-dipole
interaction between the two unpaired electron spins in the triplet state. In organic
molecules, where the spin-orbit and crystal field contributions can be safely neglected,
the ZFS tensor is only dependent on the spin-spin contribution and reduces to the point-
dipole approximation. The components of the ZFS tensor can then be expressed as a
function of just two parameters, D and F. The magnitude of D is directly proportional
to the average inter-electronic distance between the two unpaired electrons and its sign
relates to the symmetry of the electronic distribution. A positive D corresponds to an
oblate distribution (i.e. disk-like, axis of maximum dipolar coupling, Z, perpendicular
to the molecular plane), whereas a negative D corresponds to a prolate distribution
(i.e. rod-like, axis of maximum dipolar coupling, Z, parallel to the long molecular
axis). The magnitude of F is indicative of the rhombicity of the electronic distribution:
E = 0 indicates axial symmetry, F # 0 (with 0 < F < 1/3D) indicates rhombic
symmetry. The sign of E is not univocal and depends on the assignment of the X
and Y ZFS axes. However, while the absolute magnitude of the ZFS parameters can
be estimated from a trESR experiment, the corresponding signs cannot usually be
determined directly. Triplets formed via radical-pair recombination, back electron
transfer, triplet-triplet annihilation or singlet fission, where the Tj triplet sublevel is
preferentially populated in high field, constitute an exception to this rule. In these
cases the unique polarisations AEEAAE or EAAEEA, which cannot be accounted
for by invoking intersystem crossing, stem from a positive and negative sign of D,
respectively.

The trESR spectrum of CN-INDT in the solid state, Figure 5.8 is complex and
presents more than the 6 turning points expected for a single triplet species. Component
A was simulated by using ZFS parameters derived for the ISC triplet in dilute solution
and assuming that the Tj triplet sublevel is preferentially populated in high field
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Compound Form ID| (MHz) |E| (MHz) Pz: Py : Px
Solution 880 150 0.00:0.50:0.50
H-INDT Film 850 150 0.00:0.40:0.60
Solution 910 185 0.00:0.40:0.60
F-INDT Film 880 170 0.10:0.50:0.40
Solution 860 185 0.00:0.40:0.60
CHINDT Film 910 185 0.05:0.60:0.35
Solution 880 185 0.00:0.50:0.50
Br-INDT Film 910 185 0.20:0.60:0.20
Solution 800 180 0.00:0.40:0.60
CN-INDT  Film Component A 830 180 -
Film Component B -600 60 -

Table A.1 trESR simulation parameters for frozen solutions and films at 10K, as
plotted in Figure 5.7.

yielding a polarisation pattern of the type AEEAAE, as it can be inferred from the low
and high field transitions. This is consistent with a positive D value usually found in
planar molecules, such as pentacene, TIPS-pentacene and TIPS-tetracene. Component
B was obtained as a difference between the experimental spectrum and the simulation
for component A and it displays an opposite polarisation. The EAAEEA pattern
observed for component B can be explained with a change in sign of the D parameter,
and therefore a change in the electronic distribution from oblate to prolate as compared
to component A. The formation of ordered aggregates could account for the reduction
in the magnitude of D (as seen for instance for porphyrin J-aggregates®®), and for the
change in sign, if the overall symmetry of the electronic distribution moved from disk-
like to rod-like (as seen by comparing a monomeric porphyrin and a covalently linked
dimer®™). Tt could then be speculated that in CN-INDT film there exists a different
morphology, possibly chain-like aggregates, that contribute to the measured spectrum
at 10 K. Alternatively, if one assumes that the sign of D remains positive, the observed
polarisation pattern observed for component B would imply the preferential population
of the T, triplet sublevels. This can happen if there exists an additional triplet state
lying lower in energy?™® or if the magnetic interactions at play (e.g. exchange coupling,
J) favour the mixing of the excited singlet state with the 7% triplet sublevels. However,
we note that the signal-to-noise ratio of the experimental data and the fact that the
spectrum of component B could only be obtained as a difference make it difficult to
drawn definitive conclusions.

Table A.1 summarises the ZFS parameters and triplet sublevel populations from

the simulations in Figure 5.7. The minimal changes in the ZFS parameter D derived
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from spectral simulations between dilute solution (no intermolecular interactions) and
casted film for each compound suggests the triplet wavefunction is always localised over
one molecular unit. The average D value for X-INDT derived from spectral simulations
is 876 MHz. Assuming the point dipole approximation as valid for the ZFS parameters
D, the average inter-spin distance can be then estimated to be 3.5 A. In comparison,
the low lowing triplet state of pentacene is characterised by a D of 1400 MHz and a
corresponding inter-spin distance of 3 A. ESR data are then consistent with a more
extended triplet for X-INDT than pentacene.

In the assumption of a positive D for the X-INDT compounds, as we have justified
for CN-INDT film, and assuming E > 0, the relative energy order for the triplet
sublevels is Py > Py > Pz. From the population analysis of the trESR spectra, it
follows that the Py and Px sublevels are preferentially populated in dilute solution
for all of the molecules measures. This is consistent with vibronically assisted ISC
as observed for other planar molecules such as metal-free porphyrins. However, in
the case of Br-INDT, the close packing imposed by the deposition as a film alters
the triplet sublevel populations resulting in the preferential occupation of the Py
sublevel. Although it is clear that aggregation promotes a different mechanism of
populating Br-INDT triplet state, the observed polarisation pattern is not in line
with what has previously been observed for pentacene, TIPS-pentacene/tetracene! ™2,
pentacene dimers!™ and CN-INDT upon singlet fission. The observed polarisation
could then result from triplet transfer processes following the initial singlet fission
event. Considering that the measured trESR spectrum of Br-INDT film is both well
defined and has similar ZFS parameters to those measured in dilute solution, it can be
concluded that: i) if aggregates are present they must be well ordered, as confirmed
by steady-state UV-Vis spectra and ii) the final triplet exciton is localised over one
Br-INDT unit. An alternative hypothesis is that the observed trESR spectrum belongs
to a different triplet exciton resulting from aggregation and populated through ISC.
However we can rule this out given that the ZFS parameters should change as result
of aggregation and the typical timescales for ISC are not consistent with the triplet
features observed in sub-nanosecond transient absorption data.

The TA data indicated CI-INDT undergoes singlet fission, an observation which
was not confirmed in the ESR data. As the ESR was performed at 10 K we suggest
that at these temperatures singlet fission is no longer energetically accessible. This is
not unreasonable; TD-DFT suggests that the exothermicity of singlet fission is greatest
for Br-INDT and CN-INDT, consistent with their ability to undergo fission at low
temperatures. If we consider that TD-DFT is typically prone to underestimate the
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electronic energy of triplet states, it is possible that the least-exothermic materials may
indeed require some slight thermal activation, at least to produce sufficiently long-lived
triplets for ESR.
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A.3 trESR for INDT Dimers
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Fig. A.4 trESR spectra integrated between 0.5 - 2ps after laser flash with 532nm
excitation, 30 dB microwave attenuation, 9.6 GHz (X-band) in frozen solution of DCB
at 100K for (a) H-INDT monomer, (b) para-dimer, and (c) meta-dimer. Spectral
simulations are shown in black solid lines with parameters given in Table A.2.

Material D (MHz) E (MHz)  P.:P,:P,

H-INDT 930 182 0.20:0.39:0.41
meta-dimer 840 195 0.10:0.42:0.48
para-dimer 840 195 0:0.49:0.51

Table A.2 trESR simulation parameters for frozen solutions of INDT dimers at 100 K,
as plotted in Figure A.4.
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