W Durham
University

AR

Durham E-Theses

Advanced spectroscopy studies of highly-efficient
emitter molecules

FRANCA, LARISSA,GOMES

How to cite:

FRANCA, LARISSA,GOMES (2024) Advanced spectroscopy studies of highly-efficient emitter
molecules, Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk,/15563/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk


http://www.dur.ac.uk
http://etheses.dur.ac.uk/15563/
 http://etheses.dur.ac.uk/15563/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk

Advanced spectroscopy studies of
highly-efficient emitter molecules

Larissa Gomes Franca

A Thesis Presented for the Degree of Doctor of Philosophy

Supervisor: Professor Andrew Monkman

AB
W Durham

University

Organic Electroactive Research Group
Department of Physics
University of Durham

2023






Abstract:

This thesis aims to use advanced optical spectroscopy to gain deep understanding of the
properties of highly-efficient emitter molecules and the key parameters that strongly influence
their performance for potential application in organic light-emitting diodes (OLEDs). Through
this thesis, significant factors that impact the thermally activated delayed fluorescence (TADF)
molecules and their mechanisms are addressed. These molecules exhibit many factors which
can affect their performance, including electronic coupling, environmental conditions,
conformational arrangements, and design aspects. Initially, these techniques are employed to
uncover the highly complex photophyscis properties of a specific molecule, 10-phenyl-
10H,10"H-spiro[acridine9,9'-anthracen]-10'-one, known as ACRSA. As previously reported in
a study involving a detailed computation chemistry, this molecule has complex behaviour due
to its highly decoupled nature of the donor and acceptor units. The finding from this thesis
revealed that ACRSA behaves as three different subsystems. While each these subsystems
follows Kasha’s rules individually, the molecule as a whole completely disregards them.
Exploring the environment conditions, time-resolved optical spectroscopy studies indicate that
the rigid bridge present in ACRSA prevents variations in the rates of the reverse intersystem
crossing (rISC). This effect, typically observed in TADF in solid host, have significant
implications for the performance of OLEDs. Apart from the photoluminescence techniques,
this thesis also explores the use of pump-probe techniques as a powerful tool to analyse the
role of the dark excited states in the TADF molecules. This technique combined with the optical
spectroscopy techniques enables the mapping of the electronic excited states, their transition,
and their nature. Finally, time-resolved optical spectroscopy was employed to study the
alternative design of TADF molecule, known as through-space charge transfer (TSCT). The
results obtained provided the first experimental evidence of TSCT. This study also significantly
contributes to design rules for TADF molecules, demonstrating the role of the bridge on these

molecules and importance of the molecular reorganisation in the TSCT formation.
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List of abbreviations:

E, — activation energy;

kg — Boltzmann constant;

2MeTHF — 2-methyl tetrahydrofuran;

A— acceptor,

Algz — tris(8-hydroxyquinoline)aluminum(lll);
CT — charge transfer states;

D — donor,

DCM - dichloromethane;

DF — delayed fluorescence;

EML — emissive layer;

EQE — external quantum efficiency;

ET — electron transfer;

F — fluorescence;

FRET — Forster resonance energy transfer;
fs — femtosecond;

FWHM — full width half maximum;

h — Planck’s constant;

HFC — hyperfine coupling;

HOMO - highest occupied molecular orbital;
IC — internal conversion;

iICCD - intensified charge coupled device;
InGaAs — indium gallium arsenide;
Ir(ppy)s — tris(2-phenylpyridine)iridium(l1l);
IRF — instrument response function;

ISC — intersystem crossing;



J — electron exchange energy;

K — Coulomb repulsion;

LE — locally excited states;

LUMO — lowest unoccupied molecular orbital;
MCH — methylcyclohexane;

MR — multiple resonance;

ns — nanosecond;

OLED - organic light-emitting diode;

PF — prompt fluorescence;

Ph — phosphorescence;

PhMe — toluene;

PIA — photoinduced absorption;

PL — photoluminescence;

PLQY - photoluminescence quantum yield;
QA — quasi-axial;

QE — quasi-equatorial;

riISC — reverse intersystem crossing;

RTP — room temperature phosphorescence.
So — ground state;

S1— lowest singlet excited state;

Sn — upper singlet excited state;

SOC - spin-orbit coupling;

T1— lowest triplet excited state;

TA — transient absorption;

TADF — thermally activated delayed fluorescence;



TCSPC — time-correlated single photon counting;

THG — third harmonic generation;

Tn — upper triplet excited state;

TTA — triplet-triplet annihilation;

WLC — white light continuum;

AEsT— energy splitting between singlet and triplet excited states;
A —wavelength;

& —extinction coefficient;
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1 Introduction

This chapter highlights the motivation behind studying highly-efficient emitter molecules,
including their promising features and their critical challenges. The main objectives and a

description of the organisation of this thesis follow this motivation section.

1.1 Motivation

The display technology industry has faced a revolutionary period since the first organic
light-emitting diode (OLED) prototype, created by researchers at Eastman Kodak in 1987, was
developed.! The invention of the OLED technology opened possibilities for the design of
transparent, flexible, and increasingly thinner displays.? Consequently, the major advances in
this area attracted significant interest from researchers and investment in electronic devices,
which rapidly expanded and reached the consumer market. According to a recent market
research report by IDTechEx, the OLED display market continues rising and is expected to
grow from $16 billion in 2016 to $57 billion in 2026.3

Essentially, an OLED is an electroluminescent device that produces light through the
flow of current.* The main advantage of OLED devices emerges from the use of organic
semiconductors. Organic semiconductors are a promising class of optoelectronic materials
which comprises n-conjugated polymers and small molecules. There exists a wide variety of
such materials with versatile molecular designs. They are lightweight, may be manufactured
with solution-processed techniques and can be produced at low-cost.> Their features have
driven OLED innovation towards the next generation of display technology,® as in the
commercial foldable smartphones, transparent OLED displays,”® or with prototypes of
wearable and stretchable OLED displays integrated with sensors for heart rate monitoring in
real-time, announced in 2021 by Samsung.*°

A typical OLED architecture consists of multiple layers of organic semiconductors
deposited between the anode and cathode.* The layers are stacked one on top of another,
comprising hole and electron transport layers and most importantly, the emissive layer
(EML).}* EML contains luminescent materials that are usually incorporated into host
molecules. While the luminescent molecules, determine the colour of each device, the host
molecules provide a medium to prevent typical concentration quenching, thus ensuring high
emission efficiency.'>* Furthermore, by combining electroluminescence from pixels with
different colours: red, green, and blue (RGB) the OLED can render any other colour.>16

Applying a voltage to the electrodes injects charge carriers through injection layers into the
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transport layers. The carriers travel towards the EML, and as they meet, they form an exciton
which, upon recombining, emits light. Due to spin statistics, the recombination process
produces a 25% probability for forming singlet states and a 75% probability of triplet states in
the organic emitter.1”® Therefore, to improve the overall efficiency of an OLED, great effort
has been dedicated in the development of highly-efficient emitters which can harvest both
singlet and triplet excitons.!

Among the several classes of organic luminescent materials, two important types of
luminophores exhibit this property: phosphorescence (Ph) and thermally activated delayed
fluorescence (TADF) molecules. Phosphorescence emitters have their emission originating
from triplet states. These molecules contain heavy atoms, such as metals, which due the so-
called heavy atom effect, facilitate the radiative decay from the triplet states.!*2* Additionally,
this effect transfers the remaining 25% of singlets into triplet states via intersystem crossing
(ISC) thus, allowing them to harvest 100% of the excitons formed by electric excitation.??
However, the heavy atom effect mainly contain metals such as iridium or platinum, which are
rare and very expensive, therefore limiting the potential for application in OLED technology.
23,24

On the other hand, TADF molecules provide an alternative route for harvesting triplet
states without the need for heavy metals.?> These molecules have a small energy gap between
the lowest singlet and triplet excited states, enabling thermal up-conversion from the triplet
state to the singlet manifold.?® As a result, the emission originates from a singlet state, however
with a longer lifetime than the conventional singlet emissive molecules, i.e. delayed
fluorescence.?’

The energy up-conversion mechanism is complex and affected by multiple parameters,
which significantly impact the efficiency of these molecules. Hence, in this thesis, | use
advanced optical spectroscopy to uncover the main variables relevant to obtaining highly-
efficient emitter molecules and to evaluate the mechanisms affecting their efficiency and
luminescent properties.

1.2 Objectives

The main objective of this work is to use advanced optical spectroscopy to obtain a deep
understanding of highly-efficient emitter molecules for potential applications in organic light-

emitting diodes. Specific objectives include:
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i) exploring various photoluminescence techniques to investigate the significant
electronic decoupling of the lowest excited states in thermally activated delayed
fluorescence molecules in solution;

i) identification of sources of distribution in the rates of the reverse intersystem crossing
of a thermally activated delayed fluorescence molecule through photoluminescence
techniques in a guest-host system;

iii) use of pump-probe techniques to map the electronic upper excited states of a
thermally activated delayed fluorescence molecule;

iv) exploring photoluminescence techniques to study through-space charge transfer

thermally activated delayed fluorescence molecules.

1.3 Organisation of the thesis

Chapter 1 presents a brief discussion about the motivation behind the project and the
main goals of this work. Chapter 2 covers all fundamental topics of the background theory
within the context of this thesis, including molecular electronic excited states, thermally
activated delayed fluorescence molecules and the environmental aspects which affect their
properties. Chapter 3 will describe the materials and the experimental procedures used, and
details of the techniques employed in this work: steady-state optical spectroscopy, time-
resolved optical spectroscopy, and pump-probe techniques. Chapter 4 comprises the first
chapter of experimental results, which probes emissive excited states to uncover the highly
complex photophysical properties in solution and study the electronic decoupling of a spiro
thermally activated delayed fluorescence molecule. Chapter 5 employs similar techniques as
in the previous chapter, however exploring the same spiro thermally activated delayed
fluorescence molecule in a guest-host system. By analysing these experimental results, a deep
understanding was achieved on the source of the distribution of reverse intersystem crossing
rates observed in the emission decays. Chapter 6 demonstrates that using pump-probe
techniques allows us to study in-depth the dark excited states and map the excited states of a
donor-acceptor (D-A) type of thermally activated delayed fluorescence molecule. Chapter 7
explores the use of photoluminescence spectroscopy to identify and evaluate the presence of
through-space charge transfer in thermally activated delayed fluorescence molecules. Chapter
8 presents a summary of the findings, a remarking conclusion, and a future perspective of this

work. Lastly, Chapter 9 contains all the bibliographic references used in this thesis.
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2 Background Theory

This chapter covers essential aspects of the background theory related to the contents of
this thesis. Firstly, a brief introduction on the formation of molecular electronic excited states
and the main energy transitions is presented. The discussion is followed by the discussion of
important processes occurring in the molecule in the excited state and the different types of
organic molecules, particularly the thermally activated delayed fluorescence molecules. The
last two subsections cover the main characteristics of these TADF molecules and how the

environment affects their properties.

2.1 Molecular Electronic States
2.1.1 From atomic to molecular orbitals and electronic states

Organic molecules are carbon-based compounds, therefore, most of their properties can
be understood by considering carbon’s electronic structure.?® Carbon atoms have six electrons,
and their orbital configuration, described as 1s22s22p,'2p,!, formally allows only to make two
covalent bonds using the single occupied px and py orbitals.?®> When other atoms approach the
carbon atoms to bond and form a molecule, the external force causes the 2s and 2p orbitals to
mix and become degenerate, creating new hybrid orbitals.*® Three different types of hybrid
orbitals can be formed depending on how many electron pairs are shared in the bonding, known
as sp, sp? and sp3.3! In ethylene (H.C=CH,), for example, carbon atoms share two electron pairs
between them.®? In this case, as it contains a carbon-carbon double bond, the carbon atomic
orbitals form a hybrid orbital called sp?.2® The direct overlap between these two sp? hybrid
orbitals of carbon form a ¢ bond. On the other hand, the remaining unhybridised p; orbitals
overlap sideways, forming a « bond (Figure 2.1). The p; orbital has only one electron and is
perpendicular to the sigma bond. Therefore, the electrons forming the & bond are further away
from the nuclei, and the © bond is considered weaker than the ¢ bond.*

As mentioned earlier, atomic orbitals can hybridise into molecular orbitals when
interacting with other atoms. According to the principles of quantum mechanics, the number
of orbitals interacting equals the number of orbitals formed, giving rise to bonding and
antibonding orbitals.>® As wave functions describe the atomic orbitals, the bonding and
antibonding molecular orbitals are defined by a linear combination of these wave functions
(Figure 2.1).3* Occupying less energetic bonding orbitals with electrons stabilises the bond. In
contrast, occupation of the more energetic antibonding orbitals with electrons causes

destabilisation of the bond. There are also non-bonding orbitals which do not participating in
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bond formation, also known as free electron pairs or lone pairs, and depicted with letter n in

diagrams and schemes. Occupation of non-bonding orbitals does not affect bond energy.?

> = ¥y

c ANTIBONDING 1 ANTIBONDING
7 N
S~——
DT> -
SN—
o BONDING n BONDING

Figure 2.1: Schematic representation of the ¢ and © bonding and antibonding orbitals formed with sp hybridized orbitals (left)
and p orbitals (right). Figure adapted from Kaohler et al.

Importantly, the orbitals will be occupied or unoccupied depending on the number of
electrons in the molecule. The most energetic occupied orbital is called the highest occupied
molecular orbital (HOMO), while the least energetic unoccupied orbital is called the lowest
unoccupied molecular orbital (LUMO).2° Those terms can be correlated to the inorganic
semiconductors, where the HOMO and the LUMO can be associated with the valence and
conduction band, respectively (although orbitals represent discreet energy levels while bands
are composed of multiple energy levels, hence the term ‘band’ is used to describe them).®®
Particularly in the context of OLED displays, the energy level of HOMO and LUMO in the
molecule have a critical role in electrical processes, essential to design the optimal device
structure. Hole and electron injection into the organic semiconductor depend on the energy of
the HOMO and LUMO, respectively.*® Importantly, the experimentally determined ionization
potential and electron affinity are usually associated with HOMO and LUMO, respectively.

The above description concerns molecular orbitals relevant to the molecular ground state.
An electron from HOMO can be promoted to occupy a different orbital if sufficient energy is
provided — we call this process an electronic transition. This process can be assigned to a type

depending on the nature of the originating occupied orbital, for example c—c*, n—>zn* and
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n—w* transitions. In the n—n* transition, the electron moves from a non-bonding orbital to an
upper & orbital. This transition tends to have low absorptivity, with molar extinction coefficient
less than ~2000 M*cm™.3"3® On the other hand, m—n* transitions present higher molar
extinction coefficient values of ~10000 M-*cm™, where the electron moves from occupied to
unoccupied 7 orbital.>” Importantly, the molar extinction coefficient (¢) can be measured
experimentally, providing a way to differentiate the nature of the transition, e.g. n—»n* and
ToT*.

Lastly, electronic states can be defined by how the electrons are spatially distributed
among the available molecular orbitals. In this context, the occupation pattern of orbitals
present in the ground state is that of the lowest energy. While by providing energy to the
molecule, electrons may be promoted to an upper energy level, also named as an electronic

excited state.

2.1.2 Singlet and triplet electronic states
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Figure 2.2: Vector model representation of the relative orientation of two electrons, forming the singlet and triplet states.
Figure adapted from dos Santos.*

Based on Pauli exclusion principle, two electrons occupying the same electronic orbital
must have paired spins. This means that paired electrons must possess opposite spin quantum
numbers. In other words, the Pauli exclusion principle states that no two electrons can be
described by an identical set of quantum numbers.*° Therefore, if they occupy different orbitals
then the Pauli exclusion principle does not apply and the two electrons may assume paired and
unpaired spins. Singlet states occur when the electron spins are paired, so the net spin is zero.
Looking at the ground state, for example, the orbitals are filled with two electrons each, which
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according to Pauli exclusion principle are spin paired and therefore, the ground state is a singlet
state in all organic molecules where the number of electrons is even (with exception to systems
such as the diradicals in the ground state).*! In the excited state, each of the two electrons
occupies a different orbital, which allows the electron spins to be unpaired. In Figure 2.2, the
total electron spin is represented by a vector sum of the individual spins. In the singlet
configuration, the spin vectors are antiparallel and colinear. Such vector orientation results in
a net spin vector of zero (S=0). In the triplet states, the net spin is equal 1, allowing three
possible spin orientations. These three spin states correspond to the quantum numbers: Ms=-1,;
Ms=0; Ms=+1. Both spin vectors for Ms=-1 and Ms=+1 have their orientation antiparallel or
parallel to the z-component. Even though Ms=0 of the triplet states appears to have similar spin
characteristic than in the singlet states, the distinction is observed in the z-axis component. In
this case, by adding these two electron’s spin orientation result in a net spin vector of 1 (S=1)
in the z-component.3%:42

When modelling the singlet and triplet energy levels, two interactions play an important
role: (1) Coulomb repulsion (K) and (2) electron exchange energy (J). The Coulomb term is a
classical description of the interactions between the charge distribution of the electrons. On the
other hand, the exchange energy is a quantum mechanical correction derived from the Pauli
exclusion principle, which correlates with the relative orientation of the electron’s spins.
Considering these factors, the lowest singlet and triplet excited state are given by equations
(2.1) and (2.2).83

Ega=E+K+] (2.)
Ep=E+K—] (2.2)
AEg = 2] (2.3)

In equations (2.1) and (2.2), E is the orbital energy, i.e. the energy associated to one
electron subjected to the electromagnetic field produced by nuclei and other electrons in a
molecule. In one molecule, the electron configuration of the singlet and triplet excited state is
the same, leading to equal values of the K and J in both equations. However, the unpaired
electron’s spin giving rise to a triplet excited state leads to a negative J and its energy is reduced,
while in the singlet the paired electron’s spin possesses positive J and its energy is increased.

By subtracting these two equations, the energy splitting between the singlet and triplet
excited state (AEg;) can be estimated as twice the exchange energy (equation (2.3)), which is

calculated by the equation (2.4).4
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Where the @ and W represent the HOMO and LUMO wavefunctions, r; — 1, is the spatial
separation of the HOMO and LUMO, and e is the electron charge.

Therefore, AE¢; can assume values close to zero by minimising the exchange energy.
Two main parameters can lead to J =~ 0: (i) reducing the overlap between ® and W
wavefunctions, i.e. HOMO and LUMO in the molecule, and (ii) increasing the separation

distance between the two electrons.

2.1.3 Jablonski Diagram

The electronic states and the electronic transitions between them can be represented by
an energy diagram called the Jabtonski diagram, often spelt as “Jablonski’, (named after
Aleksander Jabtonski, a Polish physicist who introduced an early version of this scheme).*
Figure 2.3 shows a typical Jablonski diagram which is used nowadays, illustrating the
electronic states and processes undergoing in organic molecules. This diagram provides a
simplified representation of electronic energy levels, without accounting for energy dispersion

as a function of spatial variation, such as nuclear distances.
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Figure 2.3: Jabtonski diagram, representing the electronic states and the transitions between them. Figure adopted from Valeur
etal.%’
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The electronic states presented in the diagram are: So (ground state), Si (lowest singlet
excited state), Sn (upper singlet excited state), T1 (lowest triplet excited state) and Tn (upper
triplet excited state). Vibronic levels of each of the electronic excited states are represented by
thin blue lines and the transitions between electronic states are depicted with vertical arrows.
Note that the term vibronic refers to the interaction between electronic and vibrational states
within a molecule.

When the molecule absorbs a photon, the electrons may move from ground state (So) to
an excited state (S1, Sn). The absorption of a photon by a molecule is a process which occurs
within 10°%° s, and thus follows the Franck-Condon principle.*®#” This principle states that the
electronic transition occurs faster than the nuclear motion.*8

Following absorption, several processes can occur when the electrons are in the excited
state, among them non-radiative and radiative transitions, such as: internal conversion (IC),
intersystem crossing (ISC), fluorescence (F), phosphorescence (Ph), and delayed fluorescence
(DF). Internal conversion is a non-radiative process which occurs in two ways: (i) from an
upper to the lowest electronic excited state within the same multiplicity, i.e. Sp to S1 and T, to
T1, which may occur through conical intersections, or (ii) as a vibronic relaxation to the lowest
vibronic level of the electronic excited state. Vibronic relaxations are generally faster,
happening within timescale of 102 to 10"° s while the IC between two electronic excited state
occurs within 10! to 10° 5.3 It is worth mentioning that while the IC between electronic
excited states (e.g. Sn to Sy or T, to T1) requires a conical intersection of these two states,
vibronic relaxation occurs within the same state, eliminating the need for crossing between two
electronic levels.

The electron in the excited state may also undergo a transition between two electronic
states with different multiplicity, this process is called intersystem crossing (ISC) or reverse
intersystem crossing (rISC). ISC is described when the electron is moving from the singlet to
triplet excited state, while rISC is a reverse ISC transition, from the triplet to single excited
state. Both ISC and rISC require a spin flip, which is principally forbidden, however, spin-orbit
coupling (SOC) can facilitate this process (this mechanism will be later discussed).*? ISC rates
are usually within 10° to 10® s, therefore competing with fluorescence decay, for example.

In the lowest singlet excited state, electrons may decay non-radiatively (*knr) or
radiatively through fluorescence (*k/). Fluorescence is a radiative decay from the lowest
singlet excited state to the ground state, i.e. S1—So. Rare examples of molecules exhibit a
forbidden electronic transition from S1—So, thus emitting through the S,—So pathway, as seen
in azulene.®® As these electronic transitions are allowed by spin conservation, the decay is
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relatively fast with average lifetime around 107 to 10 s.3” Molecules that have their emission
originating from singlet excited states are called fluorescent luminophores. The most typical
OLED emitter in this category is the tris(8-hydroxyquinoline)aluminum(ll) (Algs).>°

Triplet excited states are populated by ISC directly via S1 to Ty or indirectly through
upper electronic and/or vibronic triplet excited states. As discussed before, the electron in the
upper electronic (Tn) or vibronic triplet excited state populates the lowest triplet excited state
(T1) through one of the presented non-radiative processes. Similarly to the singlet excited
states, the lowest triplet excited state can decay non-radiatively (°kn) or radiatively to the
ground state through a process called phosphorescence. Phosphorescence is a radiative decay
from the T to the So, which due to the spin-forbidden nature of the transition occurs only
thanks to spin-orbit coupling. Consequently, the decay from T is very slow, in a range of 10
to 1 s.°' Spin-orbit coupling is usually facilitated by the heavy atom effect, therefore
phosphorescent materials are predominantly transition metal-based molecules.?? A well-known
OLED material of this class is the tris(2-phenylpyridine)iridium(111) (Ir(ppy)s).>?

As mentioned before, fluorescence and phosphorescence are radiative transitions
occurring from the lowest excited state, S1 and T, respectively. This is a consequence of
Kasha’s rule, which states that radiative transition of an electronic state of a given multiplicity
in a molecule occur from the lowest electronic state of that same multiplicity.>® Radiative
decays can be quantitatively described through its radiative rate constant (k, = PLQY /T,
where PLQY is the photoluminescence quantum yield and 7 is the radiative decay lifetime).

Lastly, delayed fluorescence is radiative decay from Si, which is populated from a triplet
excited state via rISC. This is a radiative transition from the S1—So but preceded by a non-
radiative T1—S1 process which results in a significantly longer decay time than for typical
fluorescence. Therefore, this process is called delayed fluorescence.>” There are two main
mechanisms for delayed fluorescence: (i) triplet-triplet annihilation (TTA) or P-type DF and
(i) thermally activated delayed fluorescence (TADF) or E-type DF. While TTA gains energy
to upconvert triplet states into a singlet excited state by collision and merging of two triplet
excitons, TADF molecules can achieve this by thermal energy.*® TADF will be further

discussed in the following section.
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2.2 Thermally Activated Delayed Fluorescence
2.2.1 Overview

Discovery of delayed fluorescence trigged significant advances in the optical
spectroscopy field. The mechanism was first reported by Perrin et al.>* in 1929 in the eosin
molecule. It was later characterised in more detailed by Lewis et al.>® This therefore inspired
the name of the mechanism as E-type delayed fluorescence at the time, which is nowadays
known as thermally activated delayed fluorescence mechanism. Years later, in 1961, Parker
and Hatcher®® were the first to propose the current mechanism as it is understood today. Since
then, many works have aimed to identify and explore this effect in different molecules.
However, a report by Endo et al from 2011 had a significant impact on the use of this class of
molecules by showing the great potential for improving OLED efficiency.®’

TADF enables thermal upconversion of triplet states into singlet states, as the AEgy is
very small for this type of molecules. Usually, AEg; assume values below 0.2 eV, therefore due
to the Boltzmann distribution, there is enough thermal energy to convert substantial population
of the triplet into the singlet states at room temperature.®® As previously discussed in section
2.1.2, AEg; can be expressed in terms of the exchange energy (J), and minimising J becomes
an important requirement to achieve TADF. A strategy to minimise J is by obtaining a spatial
separation between the HOMO and LUMO.* Thus, properly designing TADF molecules plays

an important role. This aspect will be discussed in the following section.

2.2.2 Designing TADF molecules

To obtain the spatial separation of HOMO and LUMO, a typical molecular structure for
TADF molecules comprises a donor group (electron rich, D) attached to an acceptor group
(electron deficient, A). Many D and A groups have been used over the years to synthesise
molecules and evaluate the TADF potential. In these studies variations in the D and A strength,
the linkage, and other parameters have been considered.*® Examples of typical D and A groups
are given in Figure 2.4. By linking these units in a near orthogonal relative orientation,
typically through a C-N bridging bond, a small AEg; is achieved.®® Because of this orthogonal
D-A relative orientation, these units are decoupled and behave independently from each other,
forming their own excited states, namely locally excited (LE) states. Additionally, by
interacting weakly with each other, these units also form charge transfer (CT) states.

There are several ways to connect the donor and acceptor units, for example: by C-N

bond, by the spiro bridging or even using neutral spacers and bridges. Majority of TADF
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molecules reported are C-N linked, and thus relative rotation between the D and A is allowed.
The variation of the D-A dihedral angle strongly affects the TADF mechanism, such as rISC
rate, and importantly gives rise to a possible stable ground and excited state conformers.®° Spiro
TADF molecules, on the other hand, have a rigid and orthogonal bridge, which is enforced by
the tetrahedral configuration of the sp® hybridised spiro carbon atom.%* This restricts relative
D-A motion and consequently, reduces rates distributions in the TADF behaviour.
Alternatively, an inert scaffold/bridge can increase the separation of the D and A, giving rise
to a through-space type of TADF molecules.®? Figure 2.4 shows examples of TADF molecular
structures representative to each of these types.
DONOR ACCEPTOR TADF MOLECULES
D-A TADF

I
N
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Figure 2.4: Molecular structure of the typical donor (blue) and acceptor (red) groups, and different structures of TADF
molecules.

Apart from these typical TADF molecules, which contain D and A groups in their
structure, there is an emerging class called multiple resonance (MR) TADF molecules.®® The
MR TADF molecules are designed to achieve HOMO and LUMO separation in plane. This is
possible by introducing donor and acceptor atoms in different regions of the molecule within
one plane, forming an alternating electron density distribution pattern over the molecular
structure, i.e. the HOMO electron density is 90° out of phase with that of the LUMO.%4

2.2.3 Jablonski diagram for TADF molecules

As previously mentioned, both LE and CT states are present in the TADF molecules. LE
states refers to the localised excitation of the molecule, which can be either located on the donor

or acceptor groups, for example. LE states can show vibronic structure in their emission
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spectra.®” On the other hand, CT states formation involves a charge redistribution in the excited
state of the molecule, therefore CT states present a significantly increased dipole moment with
the respect of the ground state.®® Thus, a way to distinguish these two characters of excited
states, LE and CT, through their emission spectra is by changing solvent polarity. CT states
present higher polarity dependence in their emission spectra than LE states, and hence a more
detailed discussion on the effects of environment on these molecules will be made in section
2.3.

Figure 2.5 shows a modified Jabtonski diagram representing the TADF mechanism,

considering the LE and CT states present in these molecules.
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Figure 2.5: Jabtonski diagram for TADF molecules, representing the electronic states and the transitions involved in the
mechanism. Note that the coupling between 3LE and 3CT is attributed to vibronic coupling. Figure adapted from dos Santos.3®

By optically exciting the molecule, electrons may populate the singlet LE states (*LE),
either from the D or A unit, or directly populating the CT state by the weak CT absorption
band. In the case of the first pathway, from the lowest 'LE state, several processes compete
with each other: i) radiative/ non-radiative decays from the LE state (*k/™ /*knr), ii) electron
transfer (ET) populating the !CT state, and iii) ISC populating the triplet excited state.
Importantly, while the probability of each of the processes occurring is highly dependent on
their rates, the rates can be tuned by molecular design.®’ For example, slow ET can be achieved
by decoupling the D and A units, i.e. by positioning these units nearly orthogonally to each
other. As a result, a larger proportion of emission from the LE states would be detected in the

first few nanoseconds of decay.
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Similarly to the LE state, once the CT state is populated, electrons can enter three
different channels for deexcitation: (1) radiative decay or prompt fluorescence (*k/"%), (2) non-
radiative decay (*kn) and (3) ISC populating the triplet excited state. Once the triplet excited
states are populated, electrons may undergo either radiative (phosphorescence) or non-radiative
decays (°ki""/knr), or transition back into the singlet excited states through rISC.3**® The latter
process will require a small AEsr and sufficient thermal energy, therefore the equilibrium
between the singlet and triplet excited states enables the spin flip and the rISC. This gives rise
to the TADF mechanism, which the singlet excited state emits with longer lifetime as the
mechanism is driven by the triplet excited state. Consequently, the TADF mechanism is highly
dependent on temperature, but also due to its longer lifetime, both TADF and phosphorescence
are very susceptible to quenching, such as by molecular oxygen.®":%

It is worth mentioning that CT absorption is often considerably weaker compared to the
absorption of the LE states. Upon optical excitation, the CT states can be directly populated
through this less intense band, or indirectly populated by the LE states. However, in OLED
devices, electronic excitation populates the lowest singlet excited state, usually the CT state,
through charge recombination. Therefore, it is necessary to emphasize that the photophysical
properties cannot be straightforwardly translated into the behaviour in the device.

2.2.4 rlSC rates and relevant interactions

According with the equation (2.5), the rISC rates which drive the TADF mechanism can
be described as:

_Ea

krsc = kiisce *87 (2.5)

where k2, is a pre-exponential factor, E, the activation energy for the TADF process, kg

is the Boltzmann constant and T is temperature. Through this equation, an important plot can
be obtained, known as Arrhenius plot, which allows to estimate the activation energy of the
process. For most of the TADF cases, the E, can be directly correlated to the AEg;.%° This
equation is simplistic and most often adopted to describe rISC rates, where the critical factor
to affect the rate is the AE;. However, it is known that the coupling interactions, such as spin-
orbit coupling, vibronic coupling, and hyperfine coupling, play an important role to determine
rISC rates. Specifically, when aiming to minimise the AEgy, the 'CT and 3CT excited state
become degenerate, resulting in zero SOC. Consequently, an additional third state (3LE) is
necessary to facilitate efficient ISC/rISC.” As a result, describing TADF simply as function of

AEg; is as simplistic model and does not accurately represent the main factor influencing the
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mechanism. Therefore, the second-order perturbation theory is required to address this issue,
offering a more rigorously view to express the rISC rate in the context of the TADF

mechanism:’*

rISC T p 8CELE—3Ecr)

1 o 3 3 o3 2
k 2w |<Yerlfsoc| 3YLE><3YLe Ry 1PCT>| 6(3ELE_1ECT) (2.6)

where the number  is divided by the Planck’s constant (#2). In the equation, the first term
considers the coupling between the 1CT and 3LE states via SOC. Additionally, the SOC term
incorporates another coupling, namely hyperfine coupling, involving the interaction between
the 3CT and the CT, using the 3LE as a mediator state. The second term in the equation
considers a vibronic coupling, which drives the interaction between the 3LE and 3CT states.
Importantly, the vibronic coupling play a crucial role in the ISC/rISC mechanism, by
effectively mixing the 3LE and 3CT states. This mixing, as initially described by Lim et al,’ is
significant because it facilitates the transition to !CT by SOC, considering that the transition
from ICT to 3CT is degenerate and consequently has zero SOC. Therefore, the following
section will further discuss each of these couplings.

i. Spin-orbit coupling (SOC):

Spin-orbit coupling is a mechanism which allows a formally spin-forbidden processes,
such as ISC, rISC and phosphorescence (Ti— So) to occur.” This interaction involves an
oscillation in resonance resulting in the mixing of singlet and triplet states. The mechanism
occurs as the electron rotation around the nucleus generates a magnetic moment, i.e. the orbital
motion.*? While the electron’s spin generates another magnetic moment. These two magnetic
moments interact with each other giving rise to the SOC. The strength of this coupling varies
depending on the atomic number of the atoms, therefore heavy atoms (e.g. bromine - Br, lead
- Pb, platinum - Pt) induces a strong SOC leading to fast ISC rates. Even for light atoms, the
topology of the involved orbitals also plays a significant role, which can also lead to SOC.”
An example of this phenomenon is the transition from nx to Tn* observed in benzophenone.”
Thus, this effect is particularly evident in metal complexes, typical phosphorescent
luminophores. As the SOC depends on both, spin magnetic and spatial angular momenta, the
coupling between singlet and triplet states described by the same pair of orbitals is zero.®’
Consequently, the presence of both CT and LE states within TADF molecules is required to
achieve significant SOC. This coupling facilitates rapid rISC rates (e.g. *CT and 3LE), which

is not possible between 'CT and 3CT.*3
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ii. Vibronic coupling:

As previously mentioned, the ISC and rISC rate are strongly dependent on spin-orbit
coupling interactions, implying that different orbitals (or orthogonal orbitals) should participate
in these processes. A key factor for achieving fast rISC (and ISC) rates is minimising *CT-CT
energy gap; however, when these states are degenerate, it results in zero spin-orbit coupling.
Therefore, to facilitate the rISC (and 1SC) rate a second triplet excited state, very close in
energy to the 3CT state but having a different orbital character, is required.’”> Through vibronic
coupling with 3CT, this second triplet excited state mediates the required spin flip and couples
the CT triplet back to the singlet manifold. This coupling state can be either a local triplet state
(3LE) or a higher lying triplet CT state.”

The vibronic coupling involves the interaction between electronic and nuclear motions,
also known as nonadiabatic mixing.”"’® In the TADF mechanism, this interaction is responsible
for mixing between the triplet states, e.g. 3LE and 3CT. Vibronic coupling forms an equilibrium
between these two states with less thermal activation required. Importantly, the critical role of
this coupling for rISC rates has previously been shown. Which by reducing the vibronic
coupling between 3LE and 3CT, significantly reduces the rISC rates.”*®° Therefore, vibronic

coupling plays an important role in mediating the rISC mechanism by coupling 3LE and 3CT.
iii. Hyperfine coupling (HFC)

Hyperfine coupling originates from the interaction between the nucleus and electrons
magnetic momenta.82#2 In TADF molecules, HFC induces an ISC pathway between CT and
3CT. However, the HFC constant has been shown to be very small, in the range of 10 meV,
when compared to other coupling constants such as SOC.”® Therefore, this coupling constant

is mostly accounted for in systems with significantly smaller SOC.
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Figure 2.6 : Representation of the coupling interactions between the electronic states involved in the TADF mechanism. Figure
adapted from Dias et al.*®

38



2.3 Environment effects

As previously mentioned, CT states are highly sensitive to their local environment,
therefore the environment effect have a significant impact on TADF properties. Some of which
will be explored in this section.

2.3.1 Solvatochromism

Solvent molecules surround or solvate molecules and the interaction between them
(solvent and solute) gives rise to changes in their photophysical properties.®® The effect of this
interaction depends on the electronic transitions in the molecule and the properties of the
solvent, such as its polarity. In the ground state the molecules will be stabilised by the
interaction with the dipole moment of the solvent, and by exciting the molecular electronic
states, a reorganisation on the electronic distribution changes the solvent-solute interaction.®*
The result of that is called a solvatochromic effect, which is evidenced by a shift in the
absorption and emission band in solvents of different polarity. Solvatochromism is dependent
on solvent polarity, associated with the static dielectric constant and the dipole moment of the
solvent molecules.®®> Absorption and emission bands related to different electronic transitions
undergo different solvatochromic effects, according to their orbital nature and the transition
dipole moments of the molecule. The transition dipole moment represents the change in dipole
moment resulting from the displacement of charges during a transition.” Molecules with a high
transition dipole moment experience a significant change in their dipole moment when in the
excited state. Therefore, upon exciting the molecule in high-polarity solvents, the difference in
dipole moment between the ground state and the excited state (transition dipole moment) leads
to a reorganisation of the solvent molecules. This reorganisation, known as solvent relaxation,
serves to stabilise the molecule. This effect can be observed through time-resolved
photoluminescence measurements, where a temporal emission shift occurs within the
nanosecond time regime.*®

Importantly, the magnitude and the direction of the shift is often used to identify the
character of the electronic transition.* For example, bands with a CT character involve a
significant increase in the dipole moment from the ground state to the excited state. In this case,
in solvent of higher polarity, the CT is better stabilised relative to ground state. This leads to a
redshift or bathochromic shift in the absorption and emission band, also called as positive
solvatochromism (seen in Figure 2.7). On the other hand, n—x* transition has its ground state
better stabilised than the molecule in the excited state, leading to a blue shift or hypsochromic

shift in the absorption and emission band, also known as negative solvatochromism.®
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Figure 2.7: Diagram representing the positive solvatochromism (bathochromic shift) in CT emission bands.

In the context of TADF molecules, positive solvatochromic effect is a significant
experimental indication for CT state formation.

2.3.2 Solid films

To facilitate the practical use of organic molecules in OLED devices, one should study
and understand their properties in solid films in detail. TADF emitters in neat films may display
quenching in their emission properties due to aggregates formation, for example, which is a
source of non-radiative losses.'>**® Therefore, use of host molecules for TADF is essential to
avoid quenching and helps to control the electrical transport properties.}* Different types of
host molecules have been used for TADF molecules, among them, polymers, and small
molecules. Host molecules have strong influence on the TADF mechanism, particularly due to
their static dielectric constant, polarizability, rigidity and packing properties. An example is
that the host environment which can directly affect dihedral angles between the donor and
acceptor units, molecular conformations, as a result affecting the AEgy.87:8

TADF molecules can also form stable molecular conformers in ground and excited states.
An example is the 3,7-DPTZ-DBTOz, a D-A-D type of TADF molecules, which showed two
coexistent configurations where D and A units are orthogonal, in which due to their different
relative orientations are called axial and equatorial conformers. Figure 2.8 shows an X-ray
crystal structure of this molecule, showing both conformers of the phenothiazine donor.8%% As
mentioned before, the energy of the CT state is highly dependent on the relative orientation
between the D and A unit. When the D and A are positioned orthogonally, the lowest energy

CT is formed, consequently leading to a smaller AEs. By moving away from the orthogonality
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between to D and A, a higher energy CT is formed, resulting in a larger AEs;.%t As a result,
each relative position between D and A forms a conformer, which has a specific CT state
energy. Usually, the evidence of these conformers can be seen from calculations and optical
measurements. In solution state, these stable conformers are rather difficult to detect due to the
fast interconversion between the two forms. However, in solid films, these stable and other
types of conformational effects have a strong impact on the photophysics properties.®? Due to
the more restricting, rigid environment, the TADF molecules can be locked in different
conformational positions. Each of these conformers comprises of a different dihedral angle

between the D and A units leading to varies AEg; and rISC rates.

equatorial axial

Figure 2.8: X-ray crystal structures of 3,7-DPTZ-DBTO2 showing both axial (left) and equatorial (right) conformers of the
phenothiazine donor. Adapted from Etherington et al.®

2.3.3 Reorganisation of energy levels

As previously discussed, the CT states are very sensitive to the environment, varying
energy in solution by solvent polarity, or in solid film by the different molecular conformation
which assumes a distribution of D-A dihedral angles.®® The different responses to changes in
the local embedding environment of the CT and LE excited states combined to the crucial
interplay between them, causes a reorganisation of the energy levels by changing the
environment, consequently affecting the AEg and the coupling interactions for the TADF
mechanism.®*% This highlights that all states involved in the mechanism and the energy gaps
between them should be considered in order to optimise the mechanism. Three different cases
of the TADF mechanism are observed by varying the CT states energy. Figure 2.9 shows the
configuration of the electronic energy levels for each of these scenarios: % (i) 1CT/ACT > 3LE:
the 3LE state is lower in energy than the CT states (both *CT and 3CT); (ii) *CT/2CT = 3LE: the

three states involved (3LE, !CT and 3CT) are energetically aligned with each other, and (iii)
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ICTPCT < 3LE: the 3LE state has higher energy than the CT states (both 'CT and 3CT). It is
important to note that the rISC rates have been shown to be more efficient for cases when there
exists strong vibronic coupling between the 3LE and *CT. Therefore, when designing a TADF
molecule, it is important to note that just tuning the AEg is insufficient and one must pay close
attention to the energy gaps between the 3LE and 3CT, 3LE and CT and 3CT and !CT
states.*>7°%% The interaction between these states and the influence of these gaps for the TADF

mechanism will be further explored in the experimental part of this thesis.
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Figure 2.9: Schematic energy level diagram representing the three different configurations of electronic excited states
affecting the TADF mechanism.

2.3.4 Intermolecular interactions

Lastly a deep understanding of the intermolecular interactions is necessary to uncover
the impact of the environmental effects on the dynamics of the TADF molecules.
Intermolecular interactions between the luminophores can lead to molecular aggregates, which
may cause luminescence quenching.* These intermolecular interactions are often observed in
neat films of TADF molecules, as previously mentioned. Consequently, molecular packing is

an important parameter in the formation of aggregates and is highly dependent of the
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geometries and structures of the molecules. In this context, large aromatic structures, due to
their rigidity and planarity, are known for displaying strong intermolecular interactions such as
ni-stacking leading to the formation of dimer and excimer species.®” Formation of dimer species
can be defined by the interaction between molecules in the ground state, while the excimer
species form through interaction in the excited state.>” The photophysical properties of both
species, dimers and excimers, are similar. Usually, excimers/dimers can be detected in high
concentration samples. Their photoluminescence (PL) spectrum is red shifted in respect to the
monomer and often structureless, they also display a longer decay lifetime in comparison to
the monomer decay.*® Due to these features, the formation of dimer and excimer species may
produce a new channel for the decay and is therefore strongly affecting the photoluminescence
and TADF mechanism.®
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3 Materials and Experimental Methods

This chapter covers the essential foundation underlying the data presented in this thesis.
This includes a comprehensive overview of the materials used, the sample preparation
procedures, the experimental methods employed, and the data processing utilised. Specifically,
in the experimental methods section, a description of the advanced optical spectroscopy
techniques utilised for characterising the highly-efficient emitter molecules will be provided,

such as the steady state, time-resolved photoluminescence and pump-probe measurements.

3.1 Materials

Given the objective of evaluating various advanced optical spectroscopy techniques for
characterising highly-efficient emitter materials, several organic semiconductors were
employed in this project. While the Chapters 4, 5 and 6 focused on the investigation of
previously published and commercially available materials, the Chapter 7 explored newly
synthesised emitter molecules. The materials discussed on Chapter 7 was synthesised in the
research group led by Professor Eli Zysman-Colman in the EaStCHEM School of Chemistry
at the University of St. Andrews. Table 3.1 summarise detailed information about all the
materials involved in this project, such as: molecular structure, chemical names, acronyms,

type of the molecules.

Table 3.1: Summarise information about the materials studied in this project, including the TADF molecules, the donor (D),
acceptor (A) and bridge/scaffold (B) units, and the host molecules. Note that the specific details of each material, includes
their molecular structure, chemical names, acronyms, types of molecules, sources, and the chapters they can be found.

Molecular structure Cr;]zr:qlgal Acronym Type Source Chapter

Emitter molecules

10-phenyl-
10H,10H-
spiro[acridine9, ACRSA
9'-anthracen]-
10’-one

Spiro

TADE Commercial 45

9,9-dimethyl-
9,10- Acridine D unit
dihydroacridine

Newly

synthesised? 45

acridine
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O

O‘O 9(LOH)- Anthracenone A unit Commercial 4,5
anthracenone
anthracenone
10-(4-(4,6-
O N diphenyl-1,3,5-
- triazin-2- D-A .
N©_<N N yiphenyl)-9,9- | PMACTRZ | p)pe | Commercial 6
O dimethyl-9,10-
DMAC-TRZ dihydroacridine
99 s
dihydroacenapht
O hylen-5-yl)- TPA-ace D-B New!y b 7
synthesised
N N,N-
©/ O diphenylaniline
TPA-ace
OO 4-(6-bromo-1,2-
Br dihydroacenapht
Newly
hylen-5-yl)- TPA-ace-Br D-B-Br 2 b 7
synthesised
N N,N-
@ O diphenylaniline
TPA-ace-Br
99 s
O O dihydroacenapht Newly
hylene-5,6- 2TPA-ace D-B-D 2 b 7
@ @ diphenylaniline)
2TPA-ace
¢ "
O CN (diphenylamino)
phenyl)-1,2- e ~ Newly
dihydroacenapht TPA-ace-CN D-B-A synthesised® !
N hylene-5-
@ O carbonitrile

TPA-ace-CN
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O _ 4,4-(1,2-
\_4 dihydroacenapht TPA-ace- Newly
@N N hylene-5,6- TRZ D-B-A 1 synthesised” !
@ N 2 ~7 diyl)bis(N,N- Y

N\
d - diphenylaniline)

TPA-ace-TRZ

Host molecules

(\@/j zeonex® zeonex Polymer | Commercial 45,7
n

zeonex
S\ A%
Si Si J
Bis(triphenylsil UGH Small Commercial 5
molecule
ylhbenzene
UGH
QP—O 0=P bis[2-
} - (diphenylphosp Small .
o hino)phenyl]eth DPEPO molecule Commercial >
er oxide
DPEPO

aSynthesised by Dr. Suman Kuila in the Department of Chemistry at Durham University. ® Synthesised by Dr Shiv Kumar in
the EaStCHEM School of Chemistry at the University of St. Andrews.¢ Here is shown a general molecular structure for this
type of polymer, as the specific molecular structure for this material is not known.

3.2 Sample preparation

In this section, a concise description of the methodology utilised for the preparation and

treatment of the samples will be provided.

3.2.1 Solutions

Initially, stock solutions were prepared in toluene at concentration of 1 mg/mL or 10 M.
For subsequent dilutions, a portion of the stock solution was transferred to a new vial, where
the solvent was evaporated. Various solvents were used to dissolve the material and achieve
the desired final concentration, typically around 10 M. The solvents used in this study include
methylcyclohexane (MCH), toluene (PhMe), 2-methyl tetrahydrofuran (2MeTHF) and
dichloromethane (DCM). Note that low concentrations (about 10° M) were used for mostly

spectroscopic measurements to avoid intermolecular interactions.
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3.2.2 Degassing solutions

As discussed earlier in section 2.3, the presence of oxygen can lead to quenching
mechanisms that significantly impact long-lived species, particularly triplet excited states.
Hence, conducting measurements in oxygen-free solutions is crucial for studying the TADF
mechanism. To remove all dissolved oxygen within the solution, degassed solutions were

obtained through 5 freeze-pump-thaw cycles.®

3.2.3 Films

Films were mainly prepared by drop casting methods. In this approach, a solution of 100-
200 pL was dropped onto sapphire or quartz substrates, which was left under vacuum, allowing
the solvent to evaporate and producing a solid film. The neat films were produced from a
solution of the emitter molecules in PhMe at a concentration of 1 mg/mL. On the other hand,
the host-guest films were formed by blending two solutions: one containing the emitter
molecules and another containing the host molecules. When zeonex was used as the host
molecule, the solution concentration of the emitter in PhMe remained at 1 mg/mL, while the
concentration of zeonex in PhMe was 100 mg/mL. In the case of using small molecules such
as UGH and DPEPO as hosts, the solution concentration of the emitter in chloroform (CHCls)
was 1 mg/mL, while the concentration of these hosts in chloroform was 10 mg/mL. The host-
guest films were therefore, obtained by combining the host and emitter solutions in different

proportions, resulting in varying concentrations, typically 1% and 10% in this study.

3.3 Experimental Methods

This section will provide a description of the techniques utilised, highlighting important
aspects of the experimental setups. A range of optical spectroscopy techniques were employed
in this thesis due to the complex photophysical properties exhibited by these highly-efficient

emitter molecules.

3.3.1 Steady-state measurements

Steady-state techniques are the first category of measurements to be discussed here.
These techniques comprise a range of measurements that utilise a continuous-wave light
source, such as UV-vis absorption, photoluminescence, excitation profile and
photoluminescence quantum vyield measurements. The main goal of employing these

techniques in this thesis is to identify the main excited states of the molecules, assess their
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emission efficiency and investigate the formation of new luminescence species such as

dimers/excimers.

3.3.1.1 UV-vis absorption spectroscopy

UV-vis absorption spectroscopy is an experimental technique that measures the
efficiency of light absorption by a material at specific wavelengths (1).3” The spectrometer
measures the reduction in the flow of photons within the optical beam as it passes through the
sample, in comparison to the reference beam. Therefore, the absorbance A(4) can be defined

as in the equation (3.1):%°

AQQ) = log% = —logT(A) 3.1)

where I and I, are the intensities of the beam passing through the reference and the
absorbing medium, respectively, and T'(A) represents the transmittance of the light.
Importantly, the absorption of the materials follows the Beer-Lambert law (equation
(3.2)):
AL = eWlc (3.2)

where £(2) is the molar absorption coefficient (Mt cm™), c is the concentration (M) and
L is the absorption path length (cm).

In this study, the absorption spectra were acquired using a Shimadzu model UV3600
double beam spectrophotometer, equipped with a reference beam and a sampling beam that
traversed the sample. All spectra were recorded at room temperature under atmospheric

conditions.

3.3.1.2 Photoluminescence spectroscopy

Photoluminescence spectroscopy is a technique that enables the measurement of the light
emitted by a material when it is excited with a specific wavelength. After the excitation, the
material emits light, resulting in an emission spectrum.® The spectrometer often consists of
two monochromators: the first one is positioned before the sample to select the excitation
wavelength, and another (positioned after the sample) for selecting the emission wavelength.
Additionally, a photomultiplier detector is used to obtain the spectral wavelength and intensity
of the emitted light. In this study, the photoluminescence (PL) spectra were recorded using
FluoroLog fluorescence spectrometer (Jobin Yvon) or a matrix spectrometer QePro (Ocean
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Optics). In these systems, spectra can be recorded under various conditions, including air and

degassed solutions, different temperatures, solid films, vacuum or air environments.

3.3.1.3 Excitation spectra

The excitation spectrum represents variations in the emission intensity resulted from
different excitation wavelengths when collected at specific wavelength. The excitation
spectrum can exhibit identical characteristic to the absorption spectrum. However, in the
presence of species that are exclusively formed in the excited state, such as excimers, the
excitation and absorption spectra may differ from each other.®” Consequently, the excitation
spectrum provides valuable insights into the materials. Apart from detecting excimer species,
excitation spectra can also identify very weakly absorbing transition bands, such as the direct
CT absorption. This measurement is obtained using a feature of the FluoroLog fluorescence

spectrometer from Jobin Yvon.

3.3.1.4 Photoluminescence quantum yield (PLQY)

The photoluminescence quantum yield is determined by the ratio of the number of
emitted photons to the number of absorbed photons. This parameter can be obtained in both

solution and solid films, as described below:
i.  PLQY insolutions:

The approach utilised to derive the PLQY in a solution involved employing a relative
method that relies on a standard compound with a "known™ PLQY. Typically, a series of the
fluorescence intensity (integrated area under the whole emission spectra) is recorded as
function of the absorption at the specific wavelength for the sample (indexed as X) and the
standard compound (indexed as S). These measurements create a gradient curve (A), which is
subsequently compared and adjusted for differences in refractive index (n) if the sample and
standard compound were measured in different solvents. The equation (3.3) used to estimate
the PLQY is shown below:84

— o Bxnk
¢X - ¢S Ag né (33)
where ¢ is the PLQY value of the sample (¢x) and the standard compound (¢s).
For a more accurate determination of the PLQY value, a gradient curve is generated by
measuring the emission and absorption at 4-5 different concentrations. It is important to note

that this approach is applicable within a linear concentration range, and the compound's
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absorbance at the excitation wavelength should remain below 0.1 in order to avoid reabsorption
effects and intermolecular quenching.!®® Additionally, it is crucial to maintain consistent
settings for all the measurements. Absorption and emission were recorded as described above.
The measurements are conducted in an air-equilibrated environment, however due to the
presence of long-lived species in TADF, determining PLQY in degassed solutions is crucial.
To achieve this, the emission spectra were recorded in both degassed and air-equilibrated
solutions. Subsequently, the ratio between the integrated areas of these two spectra is multiplied
by the PLQY value obtained in the air-equilibrated solutions.

ii. PLQY in solid film:

The absolute PLQY of the solid film was measured using a calibrated integration sphere
(Horiba Quanta-¢) connected to a Horiba Fluorolog-3 spectrofluorometer. To ensure an
oxygen-free environment, the integration sphere was purged with dry nitrogen gas for 30
minutes. The equipment used is housed within the Chemistry Department facilities at Durham

University.
3.3.2 Time-resolved photoluminescence measurements

Time-resolved photoluminescence measurements are widely used as a powerful tool for
investigating the molecular dynamics of fluorophores. In contrast to steady-state
measurements, these advanced optical spectroscopies provide valuable insights into the
temporal behaviour of the emitted light, defining the lifetime. The lifetime is a distinct and
intrinsic molecular parameter that can be utilised to investigate electronic transitions and the
dynamics of the excited state.>’ In this study, two main techniques were employed: time-
resolved gate spectroscopy and time-correlated single photon counting. These advanced optical
spectroscopies were used in this thesis to study the temporal behaviour of the emitted photons,
providing valuable information about these energy-efficient emitter molecules, such as excited

state lifetimes, energy transfer, rates constants, and other parameters.

3.3.2.1 Time-resolved gate spectroscopy (iCCD)

Time-resolved gate spectroscopy enables the acquisition of spectra at various time
intervals after the excitation. Essentially, a pulsed laser excites the sample, which then emits
light. Subsequently, the emitted light is collected by the detector, which opens and closes its

electronic shutter at different time intervals, from a few nanoseconds to seconds.
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Basically, the system comprises a pulsed laser, monochromator and a gated intensified
charge coupled device (iCCD) camera. As excitation sources, there are two main lasers coupled
in this system: a pulsed Nd:YAG laser, emitting at 355/266 nm with a pulse width of 150 ps
(FWHM), and a nitrogen laser, emitting at 337 nm with a pulse width of 3 ns (FWHM). After
the excitation, the emitted photons from the sample are focused into a spectrograph equipped
with a 300 lines/mm grating, then directed onto a sensitive gated intensified charge coupled
device (iCCD) camera from Stanford Computer Optics. The synchronisation between the iCCD
camera and laser depends on the laser used. For the Nd:YAG laser, the synchronisation is
achieved through an electrical pulse, while in the case of the nitrogen laser, a portion of the
excitation beam is directed to a photodiode, which then sends electrical pulses to the iCCD.

These two setup designs are represented in Figure 3.1.

Nltrogen laser (337 nm)

! mirror
¢ ———— Thster

beam splitter

4—--

photodetector
_

monochromator

iCCD camera

£ % sample ) E
1CCD camera

Figure 3.1: Schematic representation of the time-resolved gate spectroscopy setup for both configuration, using the Nd:YAG
and the nitrogen laser.

The 4 PICOS camera software allows the control of parameters such as delay time (the
time the camera shutter opens) and integration time (how long the shutter remains open to
accumulate signal). Data collection occurs using logarithmically increasing delay and
integration times, covering the desired time range, and enabling to build a decay curve. Figure
3.2 shows a decay curve obtained from this technique, with each data point representing the
integrated area of each spectrum. Note that it is possible to choose any part of the full collected
spectrum. Therefore, if the full spectrum is integrated, all species lifetimes can be estimated.
However, by integrating a specific area of the spectrum (under a specific feature) the lifetime
of that specific species/feature can be obtained. By using this setup, measurements can be
recorded under various conditions, including air and degassed solutions, different

temperatures, solid films, vacuum or air environments.
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Figure 3.2: Example of decay curve obtained from this technique, where each data point represents the integrated area of each
spectrum.

Delayed fluorescence can arise from either a monomolecular process, as in TADF
mechanism, or a bimolecular process, such as triplet-triplet annihilation. Therefore, analysing
the DF integrated intensity as function of the excitation dose helps to identify the origin of the
DF, i.e. TADF or TTA mechanism. In such a power dependence plot, the slope of 1 corresponds
to a monomolecular, TADF mechanism, while slope of 2 suggest a bimolecular process, as
TTA mechanism. It is worth mentioning that experimentally, at low excitation doses, the TTA
mechanism shows a slop close 2, turning to slope close to 1 at high excitation doses.*® This is
ascribed to the effect of dispersive migration of the triplet population.’* To perform this
measurement, a variable filter wheel was used, which was manually controlled and positioned
in front of the nitrogen laser, emitting at 337 nm. This filter wheel allowed the control the laser
power reaching the sample. A single spectrum was collected at various excitation dose, and the
measurement parameters were adjusted to collect the spectra that integrates the entire DF
regime. In this technique, it is also possible to collect spectra that integrate over different time
regimes. As a result, by collecting power dependence at various time regimes, multiple process

can be studied independently.
3.3.2.2 Time-correlated single photon counting (TCSPC)

The TCSPC technique is widely recognised for its high sensitivity in determining
lifetimes. Broadly speaking, the technique records the arrival times of individual photons in a
specific wavelength followed by the optical excitation of a sample. A pulsed excitation source
generates a start pulse in the timing electronics. Subsequently, a "stops"” pulse in the timing
electronics is triggered by the detection of an emitted photon. The time difference between
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these two signals represents a count. Therefore, by repeating the excitation-emission process
is repeated multiple times (up to 10000 counts in the peak channel), builds up a histogram that

correlates the counts with respect to time.*®
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Figure 3.3: Schematic representation of TCSPC setup and histogram generated from this measurement. Adapted from Horiba
Scientific.1%

The setup includes excitation sources, usually lasers or LEDs, a monochromator, and a
photon detector integrated with a photomultiplier tube. One of the key factors influencing the
effective resolution of a TCSPC system is its instrument response function (IRF). The IRF
contains valuable information about the pulse shape of the excitation source and the temporal
dispersion within the optical system, for example.

In this study, the equipment used was a Horiba DeltaFlex TCSPC system coupled with
various excitation sources, such as a 330 nm SpectraLED, a 357 nm NanoLED, and a 405 nm
DeltaDiode light source. This setup also allows the measurements to be recorded under various
conditions, including air and degassed solutions, different temperatures, solid films, vacuum

or air environments.

54



3.3.3 Pump-probe techniques
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Figure 3.4: Pump-probe spectroscopy: schematic representation of the experimental setup (left) and the energy levels diagram
representing the electronic transitions involved in the experiment (right).

Pump-probe spectroscopy is another powerful tool to study the dynamic of the excited
state. This technique is widely use to study a range of applications in photonics and
optoelectronics. Importantly, this technique offers a unique advantage of investigating both
emissive and non-emissive excited states, providing crucial insights into the radiative and non-
radiative processes of molecules. A simplified pump-probe setup comprises two light sources:
a high-energy laser pulse, known as the pump, to populate the molecules' excited state,
overlapped with a synchronised weak white light source that probes these excited states. In
principle, this technique measures changes in the transmittance signal (T), detecting the
transmittance before and after the laser/pump pulse (AT), giving rise to signals that is then
defined as AT /T. There are two main modes for this technique: (i) spectrograph mode: where
absorption spectrum of the excited state is recorded; (ii) kinetic mode: where the absorption at
specific wavelength is recorded as function of time. Another important feature of the
experimental setup is the duration of the laser pulses, this will determine the time resolution of
the measurement.® This thesis employed three different pump-probe setups: quasi-CW
photoinduced absorption and transient photoinduced absorption with nanosecond (nsTA) and
femtosecond (fsTA) time resolutions. The primary goal of conducting measurements using
these techniques for this thesis was to gain information and insights into dark excited states
involved in the TADF process, such as the 3CT excited state.
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3.3.3.1 Quasi-CW photoinduced absorption

The quasi-CW photoinduced absorption measurements utilise as a probe source a
broadband output of a laser driven white light source (Energetiq EQ-99). This light source is
focused on an aluminium parabolic mirror (Thorlabs) generating a spot of ~ 4 mm diameter on
the 1 cm sample cuvette. The pump source is a 375 nm laser pump beam (Vortran Stradus 375-
60) modulated at 173 Hz, which is carefully aligned to overlap with the probe source. The
probe beam then passed through a Bentham TM300 monochromator and is detected by either
a Si (Hamamatsu) or InGaAs photodiode detector (FEMTO PWPR-2K-IN-FS). The output
from the detector is connected to the Signal Recovery dual channel 7225 digital lock-in
amplifier, which not only collect the signal but also provides the reference frequency

modulation for the pump laser. The phase of the lock-in amplifier was set in the PL signal.

3.3.3.2 Nanosecond transient photoinduced absorption (nsTA)

Guided by the photoinduced absorption spectra obtained by Quasi-CW photoinduced
absorption technique, nanosecond kinetics and the absolute signs of the induced absorption
signals were determined at wavelengths of interest. The probe source utilised for this setup was
the same laser driven light source (Energetiq EQ-99). However, the pump source used for this
measurement is a Nd:YAG laser (EKSPLA, ~ 150 ps pulse length, 355 nm, 10 Hz repetition
rate). The pump source was also aligned with this probe beam spot in a quasi-coaxial beam
path, passing directly from the sample into a beam dump. The transmitted probe beam was
refocussed into the monochromator and measured by either a balanced Si (Femto HBPR-
200M-30K-Si) or single-element InGaAs (Femto HCA-S-200M-IN) photodiode. The diode
output was optionally amplified (Femto DHPVA-201) and read using an oscilloscope (Agilent
Infiniium 1 GHz) triggered by the pump laser.

Significant oscillations of the probe beam are detected for measurements at visible
wavelengths. To minimise the oscillation signals, a balanced Si diode was used. One signal
was collected from the monochromatic probe beam emerging from the sample (after sample),
while another signal was collected as a portion of the pre-sample (before sample) probe beam.
With the pump beam blocked, the portion of the pre-sample probe beam was reflected from a
quartz plate to a variable filter wheel. This filter wheel was connected to an optical fibre to
generate the second channel signal. The purpose of the filter wheel was to balance the
intensities of the probe beam before and after the sample. By matching these intensities, a
balanced output was achieved, effectively cancelling out the oscillations originating from the

probe beam. With the pump beam then unblocked, the transient absorption signal could be
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collected (pump and probe). Emission from the sample was then also collected using the same
oscilloscope settings by simply blocking the probe beam (pump-only). Pump-only
measurements are essential and can be utilised for corrections and background subtraction.
Although this thesis exclusively measured the pump-only signal using this nsTA technique, it
can be highly beneficial to also measure pump-only signals using the other photoinduced
absorption techniques for correction purposes, including the Quasi-CW photoinduced

absorption technique.

3.3.3.3 Femtosecond transient photoinduced absorption (fsTA)

Femtosecond resolution transient photoinduced absorption allows to the study of very
fast processes, such as internal conversion, solvent reorganisation, vibronic relaxation. The
setup for this measurement uses the same laser source to generate both, the pump and probe
pulse, which with an optical delay it is possible to control the time interval between these two
pulses. The laser utilised in this setup was PHAROS from Light Conversion (wavelength: 1030
nm, pulse duration: 180 fs). To generate the pump pulse, part of the output is used to do third
harmonic generation (THG), which produces a 343 nm output and is used to pump the samples.
Another part of the original laser (1030 nm wavelength) output passes through a computer-
controlled delay line formed by a mobile platform with a hollow retroreflector and then is
focused on 2 mm sapphire plate to generate a white light continuum (WLC). This WLC is used
to probe the dynamics of the excited states. The WLC probe and the pump beam reaches the
sample almost collinear with each other, within a small angle between them. After passing
through the sample, the probe beam is sent into a home-made spectrometer, which is using a
CMOS detector. The delay line and the CMOS detector are computer-controlled, and the

temporal window of this experiment is about 6000 ps.

3.4 Data processing

This section will briefly describe of the main methodologies employed to process the
data and extract important parameters to necessary to a deeper understanding of the highly-

efficient emitter molecules.

3.4.1 Obtaining the state’s energy and AEgr

The energy of each state is determined through the absorption and emission spectra of
the electronic transition associated with it. From the absorption and emission spectra, the

energy is determined through the onset of the spectrum. To achieve a reliable estimation of the
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AEgr from the spectra, time-resolved photoluminescence spectra of the molecule is recorded
at room and low temperature. Thus, the singlet excited state energy is obtained from the onset
of the time-resolved photoluminescence spectra at room temperature (in the first few
nanoseconds). While the triplet excited state energy is obtained from the onset of the time-
resolved photoluminescence spectra at low temperature (typically around 80 K), at longer times
(around 80 ms). The choice of utilising the onset of these bands is because emission bands in
TADF molecules typically exhibit a Gaussian band shape, making it challenging to accurately
define the peak. Figure 3.5 shows an example of determining a AEgy by analysing the onset of

the spectra of an emitter molecule.
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Figure 3.5: Example of determining the AEg; value from onset of time-resolved photoluminescence spectra of the emitter
molecule (ICzTRZ) in a zeonex matrix (1% concentration). Singlet excited state was estimated from the onset of the spectrum

at 5.1 nanosecond, recorded at room temperature (RT, black curve). Triplet excited state was estimated from the onset of the
spectrum at 80 milliseconds, recorded at low temperature (80 K, blue curve). Xexc =355 nm.
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3.4.2 Determining lifetimes and decay rates

Decay lifetimes are described by exponential functions, either monoexponetial (as shown
in equation (3.4)) or multiexponential functions depending on the goodness of the fit. The
goodness of the fit was assessed using the Adjusted R"2 parameter. Adjusted R"2 is statistical
measure used to assess the accuracy of the regression line in approximating the actual data.
Three main software were used to fit these decay traces: OriginPro 2020, MagicPlot Pro and

DecayFit Fluor Tools (mainly used for short lifetimes obtained from TCSPC data).

y=Axe (3.4)

where t correspond to the lifetime and A is its contribution or amplitude. For

multiexponential functions, the monoexponential equation (3.4) can be adjusted as follows:

From the decay lifetimes and their amplitudes, it is possible to estimate crucial rate
constants related to the TADF mechanism, including the ratio of the delayed fluorescence (DF)
and prompt fluorescence (PF) decay (DF/PF), prompt fluorescence quantum vyield (¢pr),
radiative rate constant (ky), intersystem crossing (k;sc) and reverse intersystem crossing rates
(kr1sc)- Therefore, these parameters were estimated according to the equations shown below,

the subscripts relate the parameter to the DF or PF components:*3

DF/PF — f;oyDF(t)dt=ADFXtDF (3 6)
f:oyPF(t) dt Apr X tpr .

Assuming that ¢p;, = ¢dpr + ¢dpr =1, itis possible to obtain the following equation for
®pr:

1
Ppr = 1+ (DF/PF)

(3.7)

kp = 22F (3.8)

tpr
Assuming that ISC is the only non-radiative process from the singlet state (S1), the k;g¢

can be estimated as:

kisc = 4= %er) (3-9)

tpr

Finally, assuming that rISC quantum yield (¢,;sc) is =1
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(1+ DF/PF)
kyis¢c =——

(3.10)

tpF

A second similar approach was used to extract these rate constants from the time-resolved
photoluminescence decay which is based on Haase et al. simplified kinetic model.*®® In this
simplified model, instead of employing a complex four-state model to describe the TADF
mechanism, it considers one mixed triplet excited state — acting as the lowest lying triplet state
—and the singlet CT excited state. In developing this model, specific assumptions were taken
into account. Among these assumptions is the absence of non-radiative decays from singlets
and triplets excited states, as well as the lack of radiative decay from the triplet excited states
(no phosphorescence).

3.4.3 Arrhenius plot

Beyond analysing spectra features, an alternative method to determine AEg; involves the
Arrhenius type of plot. This plot is generated from the temperature dependence time-resolved
photoluminescence decay, resulting a graph of the lifetime as function of the temperature.
Through this plot, an activation energy can be estimated, which in many cases are correlated
with the AEg;. The equation used to fit the experimental data and obtain the activation energy
(E,) 1s provided below as equation (3.11). This equation is based on a simplified model

proposed by Yersin et al.1%

a
(3 + ex)

y =-8*ren (3.11)

3 a
- X
b+C><e

In the equation, the fitted parameter a represents the ratio of the activation energy (E,)
divided by the Boltzmann constant (kg), where kg assume the value of 8.61 x 107> eV K1,
Additionally, the fitted parameters b and c correspond to the intrinsic decay lifetime of the
triplet state and the radiative rate constant (kg), respectively.

As mentioned in the section 2.2.4, the activation energy equation is simplistic in
describing rISC rates, as it does not account for the second-order perturbation theory.
Therefore, important coupling interaction, such as spin-orbit coupling, vibronic coupling, and
hyperfine coupling, that critically affect the rISC rate and the AEg;, are not considered.
However, this equation needs to be used carefully to ensure that it can describe the observed
TADF mechanism.
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3.4.4 Precision and error analysis

Precision and errors in the analysis play an important role in facilitating comparison
between different sets of data, which relies on several factors, ranging from instrumentation,
(e.g. slits, steps, detectors and lasers pulses) to human factors. In this thesis, discussion on
precision and errors revolves around determining the wavelength (1) in spectra and lifetimes.

To determine the A in absorption and emission spectra (e.g. peaks, onsets), based on the
settings used, it is assumed that differences above 2 nm are considered distinguishable. These
differences translate into errors in energy (E, in €V) and can be determined using the partial

derivative method, as shown in the equation below:

_ OE| _ hc
O = O';La = _O-ﬂ/l_z

(3.12)

where ¢ is the uncertainty of the variable, such as E and A. For example, in the case of
500 nm, the uncertainty in energy is 9 meV.
Moreover, when determining lifetimes, it is assumed that 1 significant digit in the lifetime

is certain; for example, for a lifetime of 2.3 ns, the error is 0.1 ns.
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4 Probing emissive excited states: unrevealing the critically
decoupled nature of a TADF molecule

This chapter focuses on the highly complex photophysics exhibited by spiro TADF
molecules. Spiro compounds possess distinctive molecular photophysics due to their rigid and
orthogonal spiro carbon bridging bond between donor and acceptor. Firstly, I will present
steady-state and time-resolved optical spectroscopy to uncover multiple excited state
emissions. As the spiro bridges critically decouple the donor and acceptor units, they create
numerous channels for radiative decay, including (dual) phosphorescence, and the molecular
charge transfer (CT) states giving rise to TADF, where the outcome of which depends on the
excitation wavelength. Subsequently, I will explore the two main channels for the TADF

mechanism, where the local acceptor nm* states play an important role.

The work presented in this chapter has been already published:

I. Franca, L. G.; Danos, A.; Monkman, A. Donor, Acceptor, and Molecular Charge
Transfer Emission All in One Molecule. J. Phys. Chem. Lett. 2023, 14 (11), 2764-2771.

ii. Franca, L. G.; Long, Y.; Li, C.; Danos, A.; Monkman, A. The Critical Role of nzt* States
in the Photophysics and Thermally Activated Delayed Fluorescence of Spiro Acridine-
Anthracenone. J. Phys. Chem. Lett. 2021, 12 (5), 1490-1500.

4.1 Overview:

This chapter introduces the study of an exemplar spiro compound, the spiro-linked
acridine—anthracenone  derivative, known as 10-phenyl-10H,10"H-spiro[acridine9,9’-
anthracen]-10"-one (ACRSA; the molecular structure is shown in Figure 4.1). ACRSA was
one of the first reported spiro-linked TADF materials,*® displaying high photoluminescence
efficiency of 85% in solution, and good OLED performance doped in the host bis[2-
(diphenylphosphino)phenyl] ether oxide (DPEPO), achieving an external quantum efficiency
(EQE) of 16.5%.1% It is worth noting that this device performance is lower than expected,
especially when compared to the up to 25% EQE achieved by C—N linked D—A molecules.’
This differences hinted that a distinct photophysics may be associated with the presence of the
C—C spiro-bridge, warranting the need for further investigation.

Another reason that drew attention to ACRSA is that Lyskov and Marian had already
published a highly detailed quantum chemistry analysis for this molecule.’®® Their work
highlighted the complex interactions between charge transfer and local states, resulting in

strong state mixing (including high-lying excitonic transitions) that overcomes the typically
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forbidden radiative decay from these states. Furthermore, the calculations also suggested a
potential for rapid nanosecond rISC mediated by n—n* to n—m* transitions.

Thus, the objective of this research was to conduct a range of spectroscopic
measurements of ACRSA in solution, especially the time-resolved optical spectroscopy,
aiming to uncover the highly complex photophysics. Due to the critically tuned electronic
decoupling of ACRSA enforced by the rigid spiro D—A bridging bonds, the photophysical
behaviour of the molecule corresponds to either the donor or acceptor subunit, as well as the
full molecular CT state, dependent on the excitation wavelength. This suggests that the spiro
D—A system could potentially exhibit charge transfer states that are predominantly

intramolecular through space in nature, rather than through bond.

Donor unit
H;C CHj

‘ ‘ Spiro TADF molecule
N

H
acridine

Acceptor unit
(@)

anthracenone

Figure 4.1: Molecular structure of the 9,9-dimethyl-9,10-dihydroacridine (acridine, donor unit), 9(10H)-anthracenone
(anthracenone, acceptor unit) and the 10-phenyl-10H,10'H-spiro[acridine9,9'-anthracen]-10-one (ACRSA, spiro TADF
molecule).

4.2 Results and Discussion:
4.2.1 Dependence of singlet excited states on the excitation wavelengths:

Figure 4.2 shows the optical absorption spectra of ACRSA in a toluene solution (at 50
UM). The absorption spectrum presents two main bands in the ultraviolet (UV) (¢ > 10* M?
cm™1), which theoretical calculations'® identified as a pair of m—n* transitions: 1'B; at 341
nm (3.63 eV) and 2!B; at 324 nm (3.82 eV).
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Figure 4.2: Steady-state absorption (solid line) of ACRSA in toluene solution (air-equilibrated, at 50 pM concentration); and
photoluminescence (dashed lines; Aex = 350 nm) spectra of ACRSA in solvents indicated in the figure legend (degassed
solutions, at 50 UM concentration) at room temperature.
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Figure 4.3: Photoluminescence (PL) spectra of ACRSA in toluene (air-equilibrated, 50 pM), with excitation at (a) 330 nm
and (b) 350 nm. (c) Absorption and PL spectra of the acridine unit (donor unit) in toluene. (d) Excitation and PL spectra of the
anthracenone unit (acceptor unit) in the zeonex matrix at 1 wt % concentration, with excitation collected at 440 nm marked
with a black line. (e) Contour plot was interpolated from PL spectra of ACRSA in toluene (air-equilibrated, 50 pM), exciting

at different wavelengths.

To compare the absorption and emission features of ACRSA, the experimental

absorbance and excitation spectra of acridine (donor) and anthracenone (acceptor) units, along

with their photoluminescence spectra, were measured (Figure 4.3). The acridine unit absorbs

at 337 nm (3.7 eV) and emits a characteristic UV emission around 350 nm (3.5 eV), identifying

the 1'B; state in ACRSA as corresponding to the n—n* transition from the D. The excitation
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profile of the anthracenone (acceptor unit) shows absorption in the range of 300—400 nm

(Figure 4.3d), and its emission exhibits a well-structured band at wavelengths above 400 nm,

similar to that observed from ACRSA when excited at 355 nm. This identifies the n—>x*

transition of A, ascribed as a 2'A:. Moreover, the 2'B, state is a contribution of the

anthracenone n—>m* state.
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Figure 4.4: Photoluminescence (PL) spectra of ACRSA in degassed and air-equilibrated toluene solution (with a concentration
of 50 pM), excitation at (a) 330 nm, (b) 350 nm and (c) 380 nm.
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In addition to the contributions from the D and A contributions, the emission spectra of
ACRSA exhibit a pronounced Gaussian-shaped emission at 500 nm when excited at either 330
or 350 nm. This emission is indicative of a CT state (Figure 4.3 a and b). The full excitation-
dependent emission is shown in the contour plot (Figure 4.3e). The CT nature of the Gaussian
emission at 500 nm in toluene is confirmed by its strong solvatochromism (Figure 4.2).

Figure 4.4 shows the photoluminescence spectra obtained from both degassed and air-
equilibrated toluene solution, exciting at different wavelengths. Upon removing dissolved
oxygen, a tenfold increase in the PL intensity is observed. This indicates a highly efficient rISC
of triplets through this CT state. Indeed, it is only through the presence of oxygen quenching
of the DF CT band that it becomes possible to distinguish the considerable weaker emission
band of the donor or acceptor (Figure 4.4). The donor and acceptor emission bands are situated
beneath the 'CT contribution. In the degassed environment, emission is predominantly from
the CT band, facilitated by efficient rISC harvesting of the triplet states. Therefore, with the
addition of oxygen, the DF (rISC) mechanism is quenched, allowing for the identification of
the weak emission signals coming from both donor and acceptor units. Otherwise, these signals
are hidden by the strong DF CT emission.
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Figure 4.5: Contour plot was interpolated from excitation spectra collected at different wavelengths of ACRSA in toluene
(air-equilibrated solution with a concentration of 50 uM).
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To identify any direct CT absorption and emission, excitation profiles were measured
using different emission collection wavelengths and are shown in the excitation contour plot
(Figure 4.5). Strong CT formation and emission at ~500 nm is observed when exciting into the
acridine ©* band (from 300 to 340 nm). When exciting at energies below this state
(wavelengths above 340 nm) also directly photoexcites CT states, however resulting in
emission with significantly lower intensity. This indicates the presence of a direct CT
absorption, between 350 and 400 nm, which is considerably weaker than the anthracenone ni*
transition. These wavelength-dependent measurements reveal that, when exciting the acridine
nn* state, the orthogonally oriented anthracenone nm* state remains inaccessible to this
excitation energy (Figure 4.4). This effect leads to no contribution of anthracenone nn* state
emission, indicating that IC between these two states (acridine nn* state and anthracenone nn*
state) is effectively forbidden by the orthogonality of the D and A units. Furthermore, when
the anthracenone nn* transition is excited, this state does not undergo IC to the CT state. The
simultaneous appearance of emissions from both states, despite no transfer of excitation
between these states, suggests an overlap between the direct CT absorption and the

anthracenone nzt* transition (in nonpolar environments) (Figure 4.3b).

4.2.2 Dependence of triplet excited states on the excitation wavelengths:
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Figure 4.6: Phosphorescence spectra obtained at 80 K of ACRSA in zeonex at 1% concentration, excited at (a) 355 nm and
(b) 337 nm.

Low temperature phosphorescence measurements were made on films of ACRSA
disperse in zeonex at 1% w/w concentration to determine the lowest lying triplet state. Very
surprisingly, the measured strong phosphorescence is also dependent on excitation, Figure 4.6.
Exciting at 355 nm, into the anthracenone (2'A;) nn* singlet state (Figure 4.6a), a well-
structured phosphorescence was observed after 22 us at 80 K. This phosphorescence is
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consistent with the phosphorescence of the anthracenone (13A2) nn* state. Analysing this
phosphorescence spectra, a vibronic progression spacing of 190 meV was determined,
attributed to strong C=0 vibronic coupling with the electronic state (Figure 4.6).1%° Apart from
the 190 meV vibronic progression, a high energy knee (at 420 nm) was observed. This emission
was attributed to the emission from the higher energy anthracenone (13A1) nn* triplet excited
state, which is weakly in thermal equilibrium with the (13A2) nm* triplet excited state.”

Exciting at 337 nm, into the acridine nn* band, yields a completely different
phosphorescence spectrum with also high intensity, Figure 4.6b. In this scenario, the
phosphorescence spectrum displays less defined vibronic structure, and the emitting state has
higher energy compared to the anthracenone (13A:) nn* triplet excited state. This emission is
attributed to the acridine (1°B,) mn* triplet excited state. Given that this phosphorescence
persists for 80 ms without being eventually quenched by the shorter lived, the highly structured
lower energy anthracenone (1%A;) nm* triplet state. This indicates that the acridine and
anthracenone sub-units are highly electronically decoupled.

Furthermore, the strong phosphorescence observed from both the D and A triplet excited
states suggests that these states do not couple to the molecular CT states at low temperatures.
This could arise from either negligible orbital overlap between states, or very weak SOC

interaction between them.1%8

4.2.3 Dynamics of excited states in various solvent polarities:

From time-resolved measurements in degassed solutions (Figure 4.7), it is clear that both
337 nm and 355 nm excitations led to very strong DF signals. This indicates that triplet
production from both the acridine (1'B1) nn* and anthracenone (2!Az) nn* singlet states is
highly efficient. By changing the solvent polarity, a rearrangement in the energy levels is
observed, as expected. The changes in the relative energy positions of the singlet and triplet
excited states allowed to understand the lifetime decays of the various singlet states, especially
the 1CT state which exhibits rather anomalous behaviour. Regardless of excitation wavelength
(and thus, purely an effect of the 1CT lifetime), the prompt CT lifetime is found to be 8 ns in
MCH, 274 ns in toluene and 75 ns in DCM (Figure 4.8).

In MCH, the !CT nn* state is energetically positioned above the 3LEa nn* triplet state.
As a result, EI-Sayed allowed fast ISC competes with radiative decay, effectively quenching
the CT state to the triplet manifold. In toluene, the solvent polarity relaxes the !CT state,
energetically positioned this state below the 3LEa nn*. Consequently, the ISC channel is

significantly reduced, allowing the CT to have a longer radiative decay lifetime.

69



=z

—
o
—

Energy (eV)
25

3.5 3
1 4 1 1 Il 1
Time delay (ns): .
3 — 23 ACRSA in MCH 3
s . ex 355 nm 5
2 0] 65.45 degassed oy
a0 100.25 o
o 149.35 =
2 1 21885 [
E 081 __ 316.6 / E
- ——455.05 [ [} -
@ 0.6 6506 ;¥ B o
2 —— 10421 / 2
© [
£ 044 £
£ ™
o o
Z 4ol 4
0.0 | I : : : : :
350 400 450 500 550 600 650 70O
Wavelength {(nm)
(C) Energy (eV) (d)
35 25
1 4 1 1 L 1
_ Time delay (ne): ACRSA in Toluene -
3 124 —as5 ex 355 nm g
> iy nre degassed =
= 1 18.75 . o =
P
2 ne /4 2
8 ggl 3435 /4 S 2
E ——40.85 / s F) E
- — 6885 | S =
@® 064 —37459 / / 4 1]
L —— 26833 f / / j £
[ / o ]
E 041 Iy E
5 1 5
/
Z 02 Iy / 4 =
4‘/4 o ’;E \*
0.0 T T T T T T T
350 400 450 500 550 600 650 700
Wavelength (nm)
(e) Energy (V) (f)
35 25
1 4 1 1 Il 1
- Time fetay (ns): ACRSA in DCM —_
3 12q s ex 355 nm 3
& —— 775 —
> 10 " degassed =
- -~ 14.65 : \‘.t\, Fif i by
| 28.55 /IR ) |
£ %% s 44#‘;' ‘~Q _T . £
- ——48.15 I i1 [[1¥] o
@ 0B ——16985 ‘ ]
2 arass ) i 2
© —— 84091 / [
£ 044 i E
= =
=] =]
Z 4, 4
0.0 —
450

T
350

T T T T
500 550 800 650

Wavelength (nm)

Energy (eV)
25

0.8

0.6+

0.4 1

0.2+

0.0

ACRSA in MCH
ex 337 nm
degassed

3.5 3

T T T T T
450 500 550 600 650 700

Wavelength {(nm)

Energy (eV)
25

14 1 L 1 1
T'"‘e;";'ay (ns): ACRSA in Toluene
124 —as6 ex 337 nm
7.3
104 degassed
1.0 138
177
i 22
048 — 269
— 945
064 —5446
—— 24042
79256
0.4
0.2
0.0 == E T T T T T
350 400 450 500 550 600 650 700
Wavelength (nm)
Energy (eV)
3.5 25
14 1 Il 1 1
Time delay {ns): ACRSA in DCM
22
124 —a6 ex 337 nm
— 73
o4 degassed
1.0 138
17.7
] 22
08 — 269
— 845
0684 —— 5448
24942
—— 79256
0.4
0.2 )
sl i
0.0 T T i T T T T
350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 4.7 : Normalised time-resolved photoluminescence spectra of ACRSA in MCH , toluene and DCM, excited at: (a,c,e)
355 nm (the direct mixed 2'A2/*LEa nn* and 1'A2/*CT nn* transitions) and (b,d,f) 337 nm (into the 1'B1 transition). All
measurements were performed in degassed solutions (with a concentration of 50 uM) at room temperature.
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Figure 4.8: Time-resolved PL decay traces of ACRSA in degassed MCH, toluene and DCM solutions (concentration 50 puM)
excited at 355 nm into the direct mixed 21A2/*LEa nn* and 1'A2/*CT nn* transitions (a, ¢, €) and at 337 nm into the direct into
the 1'B1 transition (b, d, f). The data is fitted using a kinetic model described by Haase et al.1%3

Indeed, a relatively long singlet radiative decay lifetime of approximately 260 ns is quite

reasonable for a CT state that is highly decoupled from the ground state, as observed in

ACRSA. In DCM, the CT shifts far to the red spectrum (lower in energy), causing the radiative

decay lifetime to decrease. This reduction is a consequence of non-radiative decay following

the inverse energy gap law. Therefore, the radiative decay lifetime of the !CT state provides

insight into the relative energy ordering of the 1CT and the lowest energy 3LEa nm* local triplet

excited state as a function of environment polarity.

Examining the time-resolved PL decay traces of ACRSA in different solvents, the

delayed CT emission has a large contribution to the overall emission (Figure 4.8). This large
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DF contribution is also observed in numerous examples of exciples TADF molecules,
particularly within intramolecular through-space TADF systems.!? In these systems, although
the D and A are physically decoupled in space, the TADF mechanism is still efficient, which
it is driven by second order vibronic coupled SOC. 1!

These photophysics results indicate the strong decoupled nature of the D and A moieties
of ACRSA (the LE states - as demonstrated above in singlet and triplet emission channels). On
the other hand, the behaviour of CT states in ACRSA resembles that of an intramolecular
through space charge transfer-like, rather than the expected through-bond conjugation. This
realisation gives a novel insight into the nature of ‘spiro-conjugation’, which allows for orbital
overlap between D and A. While the spiro-centre does not contribute beyond bonding the D
and A fragments, fixing distances and orientations that allow a through-space interaction.t2-
115 Previous research, as demonstrated by Jankus et al.,'!® has indicate that the spiro-
conjugation can enhance the intramolecular CT state through the formation of electronically
isolate trap states. This isolation is enforced by the weak orbital interaction across the spiro-
centre.!!” Importantly, these type of intramolecular through space CT TADF molecules have
recently been shown to exhibit high efficient, as demonstrated in the case of the triptycene
bridged acridine-triazine donor acceptor TADF molecule TpAT-tFFO.114118

Lastly, Figure 4.9 summarises the energy levels involved in the TADF mechanism of
ACRSA, highlighting the different ISC and rISC pathways. In the right panels, it demonstrates
how the solvent polarity affects the 1CT excited state by changing the relative energy ordering

in relation to the lowest energy 3LEa nm* local triplet excited state.
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Figure 4.9: Proposed experimental energy level scheme for ACRSA in solution. (a) Measured energy levels from spectral
onsets of ACRSA in different polarity solvents, following the nomenclature of Lyskov and Marian.’® The green band
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represents the energy range over which we observe solvatochromic states. Red arrows represent non-radiative transitions (IC).
(b) The effect of solvent polarity on the CT states, highlighting the reorganization of the energy levels which strongly affects
the decay rates, !CT lifetime, ISC and rISC rates.

4.3 Conclusions:

To conclude, the photophysical response of the spiro-acridine—anthracenone TADF
molecule, ACRSA, exhibited a high dependence on excitation wavelength. Depending on the
initial state populated (donor, acceptor, or direct CT transition) through different excitation
wavelength, a distinct response and TADF channels are observed. Moreover, even minor
changes in the surrounding environment led to a rearrangement of energy levels, resulting in a
complete change of available decay channels and the efficiency of rISC processes. This
phenomenon arises from the excitation of either the acridine donor or anthracenone acceptor
subunits. These subunits maintain a critical level of electronic decoupling, remaining almost
perfectly orthogonal due to the rigid spiro D—A bridging bonds. Therefore, this dependence on
the excitation wavelength occurs during the prompt, delayed, and phosphorescence emission,
which triggers either the donor or acceptor and the molecular CT state of ACRSA.

Importantly, despite the molecular CT state in ACRSA exhibited weak direct excitation
and vibronic coupling with the units, the contribution from delayed CT emission is ten times
more intense than the prompt CT emission. This observation suggested that the CT state in
ACRSA should be considered as a through-space CT state rather than through bond state. This
insight highlighted that spiro-conjugation presents orbital overlap of D and A represented by
through-space interaction. Where the spiro-centre is only responsible for the spatial positioning
of the D and A fragments, rather than directly facilitating electronic conjugation.

Overall, ACRSA must be considered as three distinct molecules in one, as evidenced by
the acceptor and donor subunits and the molecular CT photophysics. This complex
photophysics is achieved by critical decoupling of the D and A units, facilitated by the spiro-
centre. In this context, Kasha’s rule remains applicable to each subunit locally, but it can be
disregarded when considering the photophysics of the entire molecule. Therefore, the
competing decay channels from this spiro D-A system may result in a lower device

performance compared to C-N bond TADF molecules.
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5 Probing emissive excited states: the conformational and
spontaneous polarisation effects in solid films of TADF
molecules

This chapter covers the study of the spiro TADF emitter, ACRSA, within guest-host
films. In the solid state, it is commonly observed in the time-resolved photoluminescence
(TRPL) decay as a complex, multiexponential decay in the delayed fluorescence regime. This
arises from a distribution of rISC rates, attributed to the dispersion of fixed D—A dihedral angles
in the guest molecules. Here, 1 will explore the ACRSA's unique rigid spiro C-C bond structure,
which prevents inhomogeneous effects caused by variable donor-acceptor bridge dihedral
angles, thus exploring the influence of the host effect in this system. Subsequently, by
increasing the concentration, I will investigate the lower excited states of ACRSA. These states
are attributed to intermolecular excimer states and contribute to slow TADF components, as

well as broadening the CT emission band.

The work presented in this chapter has been already published:

i. Franca, L. G.; Danos, A.; Monkman, A. Donor, Acceptor, and Molecular Charge
Transfer Emission All in One Molecule. J. Phys. Chem. Lett. 2023, 14 (11), 2764-2771.

ii. Franca, L. G.; Danos, A.; Monkman, A. Spiro Donor—Acceptor TADF Emitters: Naked
TADF Free from Inhomogeneity Caused by Donor Acceptor Bridge Bond Disorder. Fast
RISC and Invariant Photophysics in Solid State Hosts. J. Mater. Chem. C 2022, 10 (4),
1313-1325.

5.1 Overview:

As previously mentioned, minimising the electron exchange energy and thus reducing
AEg; hold significant importance for TADF molecules. This can be achieved by twisting the
donor and the acceptor to near orthogonality. Spiro TADF molecules have their orthogonality
enforced by the tetrahedral spiro carbon atom.%® On the other hand, molecule linked by C-N
bridge allow relative rotation between donor and acceptor, leading to a distribution of AEg
and knsc rates as a consequence, from even minor variation in the D-A dihedral angle.®® In
solid state, this distribution becomes more pronounced due to restricted motion imposed by the
host on the guest molecules. This restriction leads to the existence of dispersion of fixed D-A
dihedral angles in the guest molecules, as evident in the complex multiexponential of the
delayed  fluorescence observed in  the  time-resolved photoluminescence
measurements.®”11® Substantial efforts have been dedicated to controlling D—A angles in

TADF materials to maximize knsc.*? Strategies such as attachment of heavy adamantyl groups
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or the linkage of a diphenyltriazine acceptor in carbazole donors have been reported to restrict
torsional motions.*?'?2 The introduction or relieving steric influences can also significantly
influence the D—A angles and therefore also TADF performance.®%67123124 Additionally, as |
will demonstrate, exploring spiro TADF molecules further contributed to this understanding.

Building upon the insights provided in the previous chapter, which an in-depth study on
the molecular photophysics of the ACRSA molecule in solution was shown, in this chapter, |
will investigate its properties within a range of solid host materials (molecular structure, Figure
5.1). This study aims to elucidate the perturbations arising from solid-state interactions.
Exploring ACRSA's unique spiro derived properties provides unprecedented new insight into
this area to answer several questions of host interactions that play important role in the response
of the system. These novel finding have the potential to contribute to a new understanding on
the current limited operational lifetimes experienced by TADF emitters.

QQ
] @ Y

zeonex DPEPO

Figure 5.1: Molecular structure of the host molecules used in the chapter: zeonex, 1,3-Bis(triphenylsilyl)benzene (UGH) and
bis[2-(diphenylphosphino)phenyl]ether oxide (DPEPO).

5.2 Results and Discussion:
5.2.1 Optical spectroscopy measuremets at 1% wt concentration:

As shown in the previous chapter, the photophysics of ACRSA are highly dependent on
the excitation wavelength. Consequently, Figure 5.2 shows emission spectra by exciting at
various wavelengths for 1% wt ACRSA in different environments: zeonex, UGH and DPEPO.
Under 350 nm excitation, the spectra in zeonex displays a poorly structured emission,
characterised by peak energy 2.8 eV (460 nm) and a higher energy knee at 3.05 eV (410 nm).
Comparing these results to previous solution spectra (seen in Figure 4.2), it becomes evident
that zeonex mirrors an environment very similar to MCH solution, where the '*CT and !LE
excited states are highly mixed giving strongly overlapped emission. In contrast, in DPEPO
and UGH films, the 'CT emission band dominates, peak position at 2.4 eV (520 nm).
Additionally, a blue shoulder emerges around 450 nm, which is highly dependent on excitation

wavelength. Importantly, the red shift observed in the in solid state emission of the !CT excited
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state is considerably less pronounced compared to that the results obtained in toluene solution

(a low polarity solvent — Figure 4.2).
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Figure 5.2: Excitation wavelength dependent steady-state emission from ACRSA dispersed in zeonex (a-c), UGH (d-f) and
DPEPO (g-i) at 1%wt loading, measured at room temperature in air.

In solution, the CT excited state of ACRSA induces a large change in dipole moment

due to the rapid reconfiguration of the solvent molecules. This phenomenon leads to a

relaxation of Coulomb energy of the excited state, even in solvents with low polarity such as

toluene.? However, in solid films, the red shift is only around 30 meV in DPEPO compared

to UGH, significantly less than observed in toluene (280 meV). As previously discussed, 26128

this difference arises from the fact that, unlike solvent molecules, a solid host cannot rearrange

around the excited guest molecule (after excitation) in the same level a solvent molecule can.

Consequently, the relaxation of the Coulomb energy in solid state is limited, resulting in the
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absence of an analogous solid state solvatochromism. It is noteworthy that the host can arrange
around the emitter molecule in the ground state, particularly if it has a large ground state dipole
moment, but this configuration remains largely unaltered in the excited state. Consequently,
there can be no directly analogous ‘solid state solvatochromic’ effect. In line with the finding
by Lyskov et al.,}%® who calculate that the ground state dipole moment of 5.46 D for ACRSA,
these outcomes suggest that only a minor ground state effect should be expected. This
conclusion aligns with this small red shift of !CT excited state across different hosts

environments.
1.2
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Figure 5.3: Steady-state emission spectra of ACRSA in zeonex (1% wt loading). Measurements performed in under vacuum
conditions, exciting at 330 nm.

Emission spectra of ACRSA in zeonex under 330 nm excitation shows an emission band
around 350 nm (Figure 5.2a), which arises from the 1'B; exciton state (acridine donor unit
fluorescence)'?’, a feature strong observed in MCH solution, for example. By exciting at 350
nm, a well-resolved characteristic appears at the blue edge of the CT band, aligned with the
observed 1LE emission from the acceptor in solution. At 380 nm excitation, effectively yields
the main !CT emission band (ca. 550 nm) alongside a blue shoulder at 450 nm. These finding
show that films behave very similarly to each other and to MCH solution. However, the large
overlap between the 1LE and !CT emission in the films results in poor spectral resolution. The
highest intensity of LE acceptor emission is observed for ACRSA in zeonex exciting at 350
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nm, confirming the presence of these states. Moreover, as established from solution data,
the 1LE state is rapidly quenched by ISC. In film, this phenomenon yields an emission band
that appears unstructured from the !LE — a characteristic consistent with emission from a hot,
unrelaxed vibronic state, as previously suggested by Greene et al.!?® for similar acceptor
molecules. Consequently, this emission exhibits a more Gaussian band shape in contrast to the
structured bands observed in MCH.

Figure 5.3 shows the emission spectra of ACRSA at 1% wt in zeonex measured under
vacuum conditions. Minimal emission contribution from the !LE excited states (either from
donor or acceptor units) is observed in the vacuum measurements, similarly findings seen in
solution where degassing leads to a predominant !CT DF emission contribution that totally
dominated the emission.

Time-resolved photoluminescence was performed in the films. Similar to what was
observed in the MCH solution, the zeonex films (with a 1% wt ACRSA loading) exhibited an
instantaneous and broad emission band (with FWHM of approximately 125 nm), centred at
520 nm (2.38 eV) (shown Figure 5.4a). This emission band undergoes decay with a lifetime of
6.2 ns (Figure 5.4b). This might indicate an emission from a metastable state that originates
from a significantly conformationally distorted structure, closely resembling the theoretical
description presented by Fan et al.*3® Moreover, the broad emission band centred at 520 nm
closely aligns with the CT band observed in the toluene solution. As this broad band decays, a
prompt and DF emissions centred around 448 nm are observed. These emissions exhibit a
multicomponent lifetime of 93.7 ns, 1.2 ps, and 8.3 ps. These complex and long-lived
emissions might indicate the presence of two competing rISC channels arising from closely (in
energy) excited states. These channels could arise from the mixed nn*/zn* (LE/*CT) character
of the !CT state, which exhibits a small energy gap to local triplet states.

Spectrally resolving these states presents an enormous challenge due to the complexity
of the overall emission decay. However, by comparing these results to those obtained from the
MCH solution, it is possible to attribute the emissions with lifetimes of 93.7 ns and 1.21 ps to
the prompt and DF CT emissions, respectively. Since zeonex behaves in a manner similar to
the solution state, it is likely that this behaviour originates from the asymmetrically branched
polyolefin structure of zeonex. This structural feature prevents crystallization and creates a
significant free volume within the polymer network, allowing guest molecules to occupy this

space with minimal or no hindrance to conformational motions.
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Figure 5.4: Area normalised of the time-resolved emission spectra (shown in left panels) of ACRSA in a zeonex matrix (with
a 1% loading) and their corresponding kinetic decays and fitted lifetimes (presented in the right panels) . These measurements
were performed at room temperature and at 80 K, using 355 nm and 337 nm excitation. The lifetimes were estimated by fitting
with multiexponential functions.
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The time-resolved photoluminescence decay of zeonex films measured at 80 K are more
complex. The kinetic trace (Figure 5.4d) displays four distinct decay processes, with well-
resolved decay times. In the initial transient, the broad emission at 520 nm is not so clearly
observed, suggesting that this component is strongly influenced by thermally activation. A
more complex spectrum is observed at the first few nanoseconds indicating possible multiple
spectral components. This suggests that multiple transient emitting states could potentially be
originated from different metastable molecular configurations.t*

As the time delay increases, the emission band resembling CT character decays,
peak ca. 550 nm. After 150 ns (as indicated by the green curve in Figure 5.4c), an emission
band appears, consisting of primary emission centred at around 450 nm, accompanied by a
shoulder at 470-500 nm. The latter component decays with lifetime of 458 ns. After 25 s, a
highly structured emission band dominates the overall emission — attributed to
phosphorescence, with lifetime of 1 ms, originating from a local excited triplet state.
Importantly, this phosphorescent emission displays a well-defined vibronic progression.

The phosphorescent emission is energetically closer to the singlet 'CT (as indicated by
an onset energy ca. 3.1 eV, seen in Figure 5.4a) with an onset energy of 2.97 eV. Furthermore,
the energy spacing of the vibronic replicas is 0.19 eV (1530 cm™?), corresponding to the energy
of a C=0 stretch. This characteristic is attributed to the phosphorescence emission from the
anthracenone LE nn* state localised around the C=0O bond.!%® It is worth noting that this
phosphorescence is also observed in the ‘early’ ms spectra of ACRSA in UGH and DPEPO
films at 80 K (Figure 5.5). In the phosphorescence spectra, a blue shoulder at 400-425 nm
(onset 3.12 eV) is also observed. This shoulder does not fit with the 0.19 eV vibronic
progression observed in the main band. This suggests a second underlying higher energy
phosphorescence, 13! potentially originating from the *nn* state.

As mentioned in the previous chapter, excitation at 337 nm targets the 1B, exciton state,
as opposed to 355 nm excitation that directly excites the !LE and !CT states. Therefore, time-
resolved photoluminescence was performed in films using 337 nm excitation for further
comparison. The results revealed that exciting at 337 nm provide excess energy to the
molecules (Figure 5.4e-f) resulting in higher intensity DF from the !CT band. This
enhancement is attributed to the increased production of triplet excited states induced by the
337 nm excitation.

Time-resolved photoluminescence measurements were also performed on 1% wt
ACRSA in UGH and DPEPO films using both excitations, 355 nm and 337 nm (shown in
Figure 5.5). The results showed that the CT emission displays minimal temporal evolution

81


https://pubs.rsc.org/en/content/articlehtml/2022/tc/d1tc04484b#imgfig2

when excited with 337 nm, and only a negligible shift when excited with 355 nm excitation.

As expected for the rigid spiro-TADF emitter, the CT energy maintains a constant onset of 2.98
eV (in UGH) and 2.95 eV (in DPEPQO), both showing a peak around 2.5 eV.
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Figure 5.5: Area normalised of the time-resolved emission spectra of ACRSA in a DPEPO (shown in left panels) and UGH
matrix (shown in right panels) both with a 1% loading concentration. These measurements were performed at room temperature
and at 80 K, using 355 nm and 337 nm excitation.

When exciting at 337 nm, which populates the 1!B; excited states, both UGH and DPEPO

films exhibit relatively straightforward behaviour (Figure 5.5). The spectra remain relatively

constant, showing minimal temporal shifts and maintaining consistent band shapes. In the case

of UGH, there is an inhomogeneous broadening of 30 meV (an emission red shift over 20 ps).
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While in DPEPO, this value is 35 meV. Within the first 10 ns, a small blue edge contribution
is seen, attributed to !LE emission, along with a small contribution from the 1!B; exciton at
350-400 nm.

Upon exciting at 355 nm (which populates the LE/*CT mixed transitions), the emission
from UGH films within the first 100 ns reveals a relatively broad band, centred at around 500
nm. Furthermore, accompanied this emission band, a pronounced (but small contribution) of
red tail in the 550-650 nm region was observed. However, the predominant emitting species,
particularly within in the DF region, is a single band centred at around 484 nm, with an onset
at 420 nm (2.95 eV). Whereas in DPEPOQ, the earliest emission is slightly blue shifted, with an
onset at 400 nm (3.10 eV), consistent with emission from the LE state. In this case, the
predominant emitting species emerges from 100 ns onward and is centred at 490 nm. Overall,
the spectral weight in UGH is concentrated more in the range of 450-475 nm, whereas in
DPEPO, the majority of spectral weight falls between 475 nm and 510 nm.

At 80 K, the ACRSA UGH and DPEPO films also exhibited phosphorescence emission,
as shown in Figure 5.5. The spectral shape and onset of this phosphorescence match those
observed in zeonex, thereby confirming its origin as the anthracenone 3LE n—n* triplet excited
state. This triplet excited state represents the lowest monomolecular triplet state of ACRSA,

regardless of the host material.

(a) 10" = (b) 10"
’;‘ ACRSA film ’; ACRSA film
o T ex 355 nm o L ex 355 nm
~— 107 RT — 10" 4
S 10° G 10°4
T ] T ]
B 10° 4 B 10° 4
0 3 0 ]
® , _; I ACRSA:HOST solid film: ® . 1 ACRSAHOST
g 10 L Zeonex (1% wt) g 10 L Zeonex (1% wt)
] 1 O ueH (% wh s ] O ucH(%wy
Z .3 O DprEPOI%wy Z .1 O DPEPO(1%w
107 o B B BLALL B BULLL AL B I 107 o B B AL Bbb B B B B |
10710 108 106 104 102 10° 10710 108 10 104 102 10°
Time Delay (s) Time Delay (s)

Figure 5.6: Time-resolved photoluminescence decay for ACRSA in different host matrices at 1% loading, (a) recorded at 300
K, and (b) 80 K. Decay trace of ACRSA in MCH solution (with 20 uM concentration) is shown in (a) for reference.

Figure 5.6 presents a comparison of all the decay traces for ACRSA in various host
matrices. At room temperature, it is evident that zeonex shares similarities with ACRSA in
MCH solution, particularly during the prompt regime. Additionally, the kinetic decays in both
UGH and DPEPO films appears to follow a simple monoexponential function for both prompt
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and DF regimes. The representation of the DF regime by a monoexponential function is a
consequence of ACRSA's spiro rigid structure. This implies that in the case of the typical D-
A TADF materials, the significant apparent time-dependent red shifts in their CT emission and
multiexponential decay in the DF regime arises from inhomogeneities in the D—A dihedral
angle. The distinct D—A dihedral angles of CT states (with different energies) result in varied
lifetimes, giving rise to dispersive ISC, rISC, and radiative decay rates. Consequently, the rigid
spiro bridging of ACRSA prevents variation in D-A dihedral angles, resulting in the absence
of distribution of the decay rates.®

At lower temperatures, the decay profiles become more complex, displaying four
distinctive regimes. Notably, at low temperature, more pronounced changes were observed in

zeonex, indicating that temperature has a stronger impact on the DF process in zeonex films.

5.2.2 Optical spectroscopy at 10% wt concentration and neat films:

The excitation-dependence steady-state emission spectra were also investigated for 10%
wt ACRSA in UGH, DPEPO, and neat films, as shown in Figure 5.7. The emission spectra of
these films displayed considerably less dependence on the excitation wavelengths. Across all
cases, the ICT emission band dominated the overall emission, with peak at around 2.4 eV (520
nm). The *CT emission band was also accompanied by a blue shoulder at around 450 nm,
which exhibited a higher sensitivity to the excitation wavelength. It is worth noting that the
ICT emission of ACRSA in UGH, DPEPO, and neat film presented significant less red shift
compared to what was previously observed in toluene (Figure 4.2).

Time-resolved photoluminescence spectra recorded at 300 K displayed a minor and rapid
1LE emission contribution in the DPEPO, UGH (10% wt loading) and neat films (Figure 5.8),
similar to the behaviour observed in degassed solution. At 10% loading films, distinct
photophysics was observed compared to in the 1% loading films, while no significant
differences among the various host matrices at 10% wt concentration and the neat film. Within
these films, a gradual red shift was observed in the time-resolved emission spectra. An
isoemissive point is clearly observed in the area-normalised time-resolved spectra at around
505 nm, suggesting the presence of two distinct emissive species in the films. The redder
emission band exhibits slower decay with extended DF lifetimes, while the bluer emission band
decays rapidly with fast DF. The longer lifetime species, which emerges gradually (peak at 2.4
eV), originates from a new excited state species exclusively found at 10% ACRSA loading.
This species displays a red shifted and broader emission band compared to the 1% wt loading

films.
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Furthermore, it is evident that the blue edge of the emission decays as the red edge

intensity increases, as shown in Figure 5.8. This indicates that the blue species converts to the

red species in competition with radiative decay.*?
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Figure 5.7: Steady-state emission spectra as function of excitation wavelength of ACRSA in UGH (a-c), DPEPO host
matrices (d-f) at 10% wt loading, and neat films (g-i), recorded at room temperature and air conditions.

This new behaviour in the highly loaded films is interpreted as the formation of some

weakly interacting excimer-like state between nearest neighbours. Such a weakly interacting

state would be consistent with intermolecular interactions between two spiro molecules. The

evolution of the time-resolved spectra contradicts any molecular confirmation changes

(especially considering the rigidity of the ACRSA molecule) or dispersive rISC rates as found
in non-spiro D-A TADF molecules.?® DF in DPEPO, UGH (10% wt loading) and neat film

exhibits the same trends and originates from the low energy CT emission band.
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Figure 5.8: Area normalised of the time-resolved emission spectra of ACRSA in UGH, DPEPO host matrices at 10% wt
loading, and neat films, recorded at room temperature (left panels) and 80 K (right panels). These measurements were
performed using 355 nm excitation.

At 80 K measurements, the two distinct emission bands remain observable: one at around
470 nm (peak) in the early times and another at 500-510 nm (peak) in the later times. As
observed at room temperature, an isoemissive point is observed (Figure 5.8). However, the
whole spectral evolution takes approximately two orders of magnitude longer to occur at 80 K
(Figure 5.9), indicating that this mechanism is thermally activated. Furthermore, considering
that the redder species is at a higher energy compared to 300 K, this is interpreted as evidence
of thermally activated excimer formation. In the case of UGH, the emission at early times
presented an onset around 420 nm (peak at 475 nm) and exhibits some structural features
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characteristic of a CT state. This emission strongly resembles the main emission band observed
in zeonex films.

At later times, a different band shape emerges, centred at around 520 nm. The distinct
new band with an onset at 2.73 eV is strongly observed in the neat film spectra and decays
within very long lifetimes. This emission band is therefore attributed to the phosphorescence
of the excimeric species. In the UGH, there is also evidence of phosphorescence originating
from the monomeric species. An initial blue component with an onset at 405 nm (3.06 eV)
emerges, which then decays and gives rise to a highly persistent phosphorescence at 426 nm
(onset at 2.91 eV) lasting for over 70 ms.*%3! This latter emission is attributed to the excimeric
species. While monomeric phosphorescence is expected to arise from the 3LE state of the

acridine donor unit, similar to its observation in zeonex films at 80 K.
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Figure 5.9: Time-resolved photoluminescence decay for ACRSA in UGH, DPEPO host matrices at 10% wt loading, and neat
films, (a) recorded at 300 K, and (b) 80 K. These measurements were performed using 355 nm excitation.

Comparing the absolute intensity of DF regime as a function of temperature, it is evident
that at 80 K, the intensity is approximately an order of magnitude lower than at 300 K. This
suggests an efficient thermally activated rISC mechanism. Despite the similar kinetic decay
traces for both 10% wt and 1% wt loaded films, the 10% loaded films demonstrate a quenching
of the prompt emission and relatively less DF. This indicates that in these films, a portion of

the initial excited states is being quenched.

5.2.3 DF emission as functions of the laser excitation dose in solid films:

To confirm that the origin of the DF emission is indeed from the TADF mechanism, an
analysis of the intensity dependence of the DF emission within the DF region was investigated

as a function of the laser excitation dose (Figure 5.10). Across all scenarios, regardless of
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ACRSA concentration, host, or even neat film, a consistent linear relationship in excitation

power dependence for the DF emission was observed. This finding suggests that in all cases,

the DF emission arises from a monomolecular process, fully in line with rISC.
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Figure 5.10: DF emission spectra as function the laser excitation dose of ACRSA in different host matrices at 1% and 10%
wt loading, and neat films. These measurements were performed at room temperature, using 355 nm excitation wavelength.
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Figure 5.11: Linear fit of the DF emission intensity as a function of excitation power for ACRSA in different host matrices
at 1% and 10% loading, and neat films. These measurements were performed at room temperature, using 355 nm excitation.

5.2.4 Energy ordering in solid films:

For deeper understanding of this energy ordering, the optical singlet—triplet gap, AEgr,
was determined for ACRSA in both zeonex (Figure 5.4) and DPEPO (Figure 5.5) at 1% wt
concentration. As shown in the previous sections, the time-resolved emission spectra of

ACRSA:zeonex film at room temperature reveals that the energy of the !CT energy state
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stabilises (with no further red shifting observed) after ca. 36 ns with an onset of 400 nm. While
the onset of the lowest triplet state energy from the phosphorescence was at 412 nm (3.01 eV).
Thus, |AEgt|zeonex = 93 meV. In DPEPO, 1CT stabilises with an onset of 419 nm after a similar
time delay. Although a vibronic well-structured phosphorescence spectrum is not observed for
this film, a weak phosphorescence spectrum is detected at long delay times, with a similar onset
of 413 nm. This suggests that this emission also originates from the same triplet excited state,
resulting in |AEgt|orero = 41 meV. Therefore, similar to the behaviour in solution, the energy
ordering in DPEPO changes so that both *CT and 3CT have lower energy than the lowest LE
excited state (anthracenone (13Az) nn*), classifying it as a type 11l TADF emitter (Figure
2.9iii).%°
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Figure 5.12: Photoluminescence decay as a function of the temperature in (a) ACRSA:zeonex and (b) ACRSA:DPEPO films
(at 1% concentration), collected at 450 and 490 nm, respectively. All measurements were performed using an excitation source
of 330 nm. Temperature dependence of the decay lifetime fitted using a model described in the section 3.4.3. (¢c) Comparison
of the DF component lifetime of ACRSA:zeonex (t1) and ACRSA:DPEPO and (d) phosphorescence component lifetime of
ACRSA:zeonex (t2).
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To investigate the influence of temperature on this energy ordering, time-correlated
single photon counting was performed in the DF regime as a function of temperature. Longer
DF lifetimes were observed at low temperature for ACRSA in both matrices (Figure 5.1),
consistent with the suppression of thermally activated rISC. While the DF regime of
ACRSA:DPEPO (Figure 5.12b) follows monoexponential decay, the DF decay of
ACRSA:zeonex (Figure 5.12a) was fitted with biexponential function (Table 5.1). In DPEPO,
the DF lifetime increases from 9.5 ps at room temperature to 53.4 ps at 100 K. Similarly, both
lifetimes in ACRSA:zeonex exhibit temperature dependence: t1 increases from 4.6 pus at room
temperature to 47 ps at 100 K, while 12 increases from 13.7 ps at room temperature to 163.5 ps
at 100 K, with 12 contributing more significantly on the overall decay at lower temperatures.
Consequently, t1 is attribute to the DF regime, whereas t2 corresponds to the phosphorescence

contribution.

Table 5.1: Lifetimes and amplitudes as a function of temperature. All data obtained by fitting photoluminescence decay of
ACRSA in Zeonex (1%) and DPEPO (1%); with 330 nm excitation wavelength.

ACRSA:Zeonex 1% ACRSA:DPEPO 1%
Temperatures (K)

71 (Us) / A1 (%) 72 (US) / A2 (%) 71 (US)
290 4.6/81 13.7/19 9.5
275 4.8/81 16.6/19 10.3
250 7.9/81 22.3/19 11.7
225 11.7/92 39.4/8 131
200 15.4/92 52.9/8 15.3
175 20.3/93 85.8/7 18.6
150 27.1/92 122.9/8 22.8
125 37.9/88 161.7/12 28.6
100 47.4/64 163.5/36 53.4

The temperature-dependent DF lifetimes (t1 component of ACRSA:zeonex) were fitted
using an Arrhenius model to estimate the activation energy (E,) for each process (Figure
5.12c). An activation energy of 21.5 meV was obtained for ACRSA:DPEPO, slightly lower
than optically obtained AEgt. For, ACRSA:zeonex, two activation energies were identified,
along with a critical temperature of around 220 K. Below this critical temperature, a very

similar behaviour to that of ACRSA:DPEPO was observed, with an activation energy of 21.5
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meV. However, above the critical temperature, the DF accelerated significantly, resulting even
shorter lifetimes than ACRSA:DPEPO, and an activation energy of 115 meV.

A small contribution from T anthracenone (13A1) nn* has been previously identified in
the phosphorescence spectra of zeonex (Figure 5.4). Thus, the energy gap between Ti
anthracenone (13Az) nn* and T2 anthracenone (13A1) nn* is estimated through the optical
spectra to be around 115-145 meV. This indicates that the high temperature activation energy
represents rlC between these two anthracenone triplet excited states. The presence of two E,
values and regimes implies that DF in ACRSA:zeonex arises from two mechanism. Below the
critical temperature, the DF mechanism mirrors that of ACRSA:DPEPO. Given the type IlI
TADF behaviour in DPEPO, this confirms the occurrence TADF through the second-order
vibronic coupling mechanism. Indeed, this coupling, as demonstrated by Gibson et al,’®
displays weak temperature dependence, as the vibronic coupling dominates the interaction.

Above the critical temperature, effective and competitive rIC occurs between Ty and T»
triplet excited states. The population promoted into the T, state can then undergo El-Sayed-
allowed rISC, populating from the anthracenone (21A;) nn* triplet excited state to the singlet
excited state, which subsequently emits light. Surprisingly, at higher temperatures, the DF
lifetime in ACRSA:zeonex is accelerated, even faster than that observed in ACRSA:DPEPO.
This result is unexpected, considering the larger AEgt and the DF spectrum with mixed LE/CT
character. However, the dual-channel DF competes more effectively with both radiative and
non-radiative decays from the anthracenone (1A.) nr* triplet excited state.

In contrast, for ACRSA:DPEPO classified as type IIl TADF, the lowest triplet state
is 3CT. This state has a very small (if any) phosphorescence rate and probably very weak non-
radiative decay to the ground state. Consequently, it does not compete with rISC, only mediated
by vibronic coupling. Thus, rIC to mediate DF is not observed at high temperatures, since the
entire triplet population is in the 3CT state instead of the anthracenone (1%A;) nm* local
Ti triplet excited state. As discussed in the previous chapter, due to the orthogonality of the D
and A units, no IC between the local anthracenone singlet and CT is observed. Consequently,
it suggests that riC is ineffective in populating the local T state from *CT excited state.

When the T2 lifetime component (phosphorescence lifetime) is plotted as a function of
the temperature, an initial strong temperature dependence is revealed. This suggests a non-
radiative quenching with an E, of 85 meV (685 cm™), possibly associate with the high-
frequency C—H modes of anthracenone. This value is also close to the E, for rIC. Consequently,

this might indicate a competition between the rapid transfer of the triplet population of T: to
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T through rIC, and non-radiative and radiative decay of the triplet population of T through
phosphorescence. However, below 150 K, this competition switches off due to the suppression
of both rIC and non-radiative decay. This leads to the phosphorescence lifetime approaching
its natural lifetime of around 200 ps in this case (Figure 5.12d).

Lastly, Figure 5.13 illustrates the mechanism that drives the TADF mechanism in these
both films: ACRSA:zeonex, classified as Type I, and ACRSA:DPEPO, classified as Type IlI
TADF molecule.

Type 1 TADF — ACRSA:Zeonex Type 11l TADF — ACRSA:DPEPO
'LE na* SLE ot 'LE nm* 3LE
IC
ICT ——— d 3CT AEg,~170 meV ,
AE¢; 93 mcvl rIsc AE¢; 130 meV AE\. 130 meV
3LE nm* ICT e AEsr 41 meV AEgr 41 meV I [SC mt*
So So

Figure 5.13: Schematic energy level diagrams of ACRSA in zeonex and DPEPO (1% wt loading).

5.3 Conclusions:

The spiro-TADF emitter, ACRSA, was studied in various host matrices with loading at
1% wt and 10% wt, and compared results to neat films. This study was also compared with the
measurements of ACRSA in solution, as shown in the previous chapter, which revealed the
emissive singlet and triplet excited states of ACRSA, as well as the changes in these states with
the solvent polarity. In solid state at 1% wt loading, a single CT emission around 485 nm,
consistent with all host matrices and without significant spectral changes over 20 ps. This
shows that no variation in dihedral angle between the D and A units occurs due to the rigid
spiro bridge, yielding consistent CT state energy and rISC rate, and avoiding power law tail in
DF decay Kinetics. This contrasts with D-A TADF systems utilising a flexible C—N bond
bridge, which gives rise to significant inhomogeneous rISC rates and CT energies in solid state,
causing unwanted spectral broadening. At 1% ACRSA loading, DPEPO, UGH, and neat films
display minimal differences. Particularly, the pure '*CT emission in these films is less red
shifted compared to toluene solution.

In small molecule hosts with low ACRSA loadings, the host materials' higher dielectric
constant stabilises the CT state, resulting in efficient processes and monoexponential decay for
DF regime. This indicates a homogeneous system. Surprisingly, despite being a spiro TADF
molecule, at a 10% loading and in a neat film, strong effects are attributed to the intermolecular

interactions between neighbouring ACRSA molecules. Consequently, a lower energy CT state
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emerges, contributing to slow DF. This state also induces low energy phosphorescence,
potentially allowing this associated triplet excited state to independently mediate rISC.

At low temperatures, particularly in zeonex, the phosphorescence exhibits a well-defined
structure with 0.19 eV vibronic progression, indicating a strong coupling to the acceptor's C=0
stretching mode. Consequently, this identified the lowest energy local triplet state as an
acceptor 3nn* state. Additionally, a prolonged, unstructured phosphorescence appears at higher
energy levels, attributed to the acceptor 3nn* state.

The effect of the triplet excited states in the energy ordering has a significant impact on
the TADF. In the case of DPEPO, the lowest energy state is the *CT triplet state, which has
highly limited radiative and non-radiative decay paths. As a result, this state serves as a stable
reservoir for the triplet population, leading to a straightforward rISC process driven by vibronic
coupling, with weak temperature dependence. On the other hand, in zeonex, where the lowest
energy state is the 3LE, various competing DF processes emerge. The efficient and rapid
phosphorescence of the lowest anthracenone (12Az) nm* local triplet state of ACRSA
dominates at lower temperatures. As temperature rises, increased vibronic coupling accelerates
the rISC rate, so the DF mechanism to overtake radiative decay from phosphorescence. At a
critical temperature of 220 K, a different mechanism is observed in zeonex, where the T»
originating from the anthracenone, (13A1) nn* triplet excited state, is populated by rIC. This
state can readily undergo El-Sayed-allowed rISC to the (21A2) nn* singlet excited state, leading
to DF emission. Despite its larger E,, this allowed rISC exhibits a higher rate compared to
vibronic coupling SOC, becoming dominant at higher temperatures. In contrast, in DPEPO at
elevated temperatures, all triplet population still resides in the 3CT state, which lacks coupling
to the anthracenone (13Az) nm* local triplet excited states. Consequently, the ordering of triplet
energy Yields distinct TADF behaviours, with even subtle environmental changes can induce
significant shifts in the TADF mechanism.

As a result, this study demonstrates that ACRSA establishes a new blueprint for highly
efficient TADF emitters. This is attributed to its robust molecule and the elimination of the
weak C-N bridging bond between D and A. The structural rigidity of ACRSA is of great
importance, as it remains immune to distortions of the D-A dihedral bond induced by host
packing. Consequently, it lacks a prolonged tail of slowly decaying DF states. The extended
residency times of triplet excitations in these states would otherwise be more susceptible to
triplet polaron annihilation, a major cause of emitter degradation. Therefore, ACRSA is

expected to yield longer device operating lifetimes than C-N TADF molecules.

94



95



96



6 Probing non-emissive excited states: insights into the excited
states involved in the TADF mechanism

This chapter uses pump-probe techniques because of their ability to provide an in-depth
study of dark excited states, for mapping and providing insights into the excited states involved
in the TADF mechanism. For better understanding of the techniques and the mechanism itself,
I will study a benchmark emitter DMAC-TRZ, as substantial research has been conducted on
this molecule. Initially, | will combine pump-probe techniques with standard
photoluminescence measurements to identify the electronic excited states involved in key
transitions and their nature. Given that increasing solvent polarity triggers a reorganisation of
the excited state energy levels, I will investigate the dependence of the photoinduced absorption
signal on polarity, as well as the impact on the oscillator strength of transitions. Specifically, |
will explore the effect of the solvent in the local triplet excited state transition and its interaction
with the 3CT excited state. Subsequently, | will extend the understanding from the slow
processes, studied by the nanosecond transient absorption, to the rapid processes using ultrafast

transient absorption.

The work presented in this chapter has been recently submitted for publication.
6.1 Overview:

Due to the CT character of the excited states present in the TADF molecules, the emissive
properties are highly dependent on the environment.'?8 Given the different sensitivity of CT to
the specific environmental properties when compared to the LE states, e.g.
polarity/polarizability, a change in the relative energy ordering of the TADF molecular excited
states is expected in different environments.8”'2” Thus, different scenarios for energy ordering
can be achieved.”®® One scenario considers the CT states (both 'CT and 3CT) assuming
energetically lower value than *LE and then quenching the 3LE excited state (likely the
emissive triplet excited state). Photoluminescence emission and lifetimes are often used to
study the excited state of TADF molecules.*>1% However, these methodologies rely heavily on
the excited states being emissive, and do not easily give information about the dark excited
states involved in the TADF process such as 3CT.133134

For this investigation, DMAC-TRZ (molecular structure shown in Figure 6.1) was
selected as a TADF molecule benchmark, as considerable work has already been reported for
this molecule. This molecule was initially introduced by Tsai et al.,X*” which showed efficient
TADF emitter with high PLQY (>90%) in doped films, along with highly efficient TADF
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OLEDs (achieving EQE of 26.5%). Given its remarkable performance, this molecule gained
our attention. In 2020, we conducted a study that explored interactions between DMAC-TRZ
and diverse hosts, aiming to comprehend the influence of these interactions on photophysical
properties.®” In particular, my involvement in this work included performing optical
spectroscopy on the solid-state films. Notably, our recently findings highlight the existence of
two distinct stable conformers within the DMAC-TRZ molecule: a quasi-axial (QA) and a
quasi-equatorial (QE) conformer.®® The appearance of these two conformers was somewhat
unexpected but has demonstrated its strong photophysical behaviour in non-polar solvents and
solid-state. Surprisingly, under specific conditions, an emission band at 390 nm is observed,
attributed to a QA conformer, despite the strong contribution of the QE conformer (around
450 nm). Given the spectral overlap between these two conformers, it has been demonstrated
that Forster resonance energy transfer (FRET) is efficient, leading to a dominant contribution
of emission from the QE conformer. In this research, my main contribution involved employing
time-correlated single photon counting (TCSPC) techniques to explore the energy transfer
between these two conformers. However, it is important to note that | will not provide a detailed
description of these findings in this chapter, as they will constitute a separate section within
another PhD thesis.

Therefore, in this chapter, | will explore photoinduced absorption techniques to map the
excited states of DMAC-TRZ in different environments, unconstrained by the limitation of
focussing only on emissive states. The transitions and the nature of the electronic excited states
involved in rISC were identified by combining quasi-CW and transient photoinduced
absorption (both flash photolysis and ultrafast) with standard photoluminescence
measurements. Moreover, the reorganisation of excited states with increasing solvent polarity
was observed, which leads to quenching of the Ti— Tninduced absorption when *CT becomes
the lowest triplet excited state. Lastly, the ultrafast transient absorption reveals evidence that
rapid solvent reorganisation strongly affects the oscillator strength of the singlet excited state

transitions.

/
DMAC-TRZ b

Figure 6.1: Molecular structure of the 10-(4-(4,6-Diphenyl-1,3,5-triazin-2-yl)phenyl)-9,9-dimethyl-9,10-dihydroacridine
(DMAC-TRZ).
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6.2 Results and Discussion:
6.2.1 Quasi-CW photoinduced absorption:
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Figure 6.2: Normalised absorption (dashed lines, 20 pM) and emission spectra (solid lines, 0.8 mM) of DMAC-TRZ in
methylcyclohexane (MCH), toluene (PhMe), and 2-methyltetrahydrofuran (2MeTHF). dexc = 365 nm.

For reference, linear absorption and emission as a function of solvent are given in Figure
6.2, highlighting the CT characteristics of the molecule by increasing solvent polarity. Quasi-
CW photoinduced absorption (PIA) measurements were performed on concentrated (0.8 mM)
solutions to study the energy ordering of the electronic excited states in DMAC-TRZ. All
measurements were made at room temperature in oxygen-free solution. Using PIA
measurements, both emissive and non-emissive excited states can be probed, which broadens
insight into the excited state landscape beyond the information obtained from emission
spectroscopy alone. The apparatus is described in the section 3.3.3, and allows absorbance
features of the excited states (including absorbance features of triplet excited states,
photoinduced by the 375 nm pump beam) to be detected through changes in transmission of an
overlapping probe beam. The phase of the lock-in amplifier signal also allows to broadly
distinguish spectral features which are either directly in-phase (X channel) with the pulsed

pump beam, as well as those occurring indirectly (out of phase, Y channel).
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Figure 6.3: Quasi-CW photoinduced absorption of DMAC-TRZ in (a) methylcyclohexane (MCH), (b) toluene (PhMe) and
(¢) 2-methyltetrahydrofuran (2MeTHF) solutions at 0.8 mM. Aexc (pump) = 375 nm.

Figure 6.3 shows the PIA spectra of DMAC-TRZ in three different solvents:
methylcyclohexane (MCH), toluene (PhMe) and 2-methyltetrahydrofuran (2MeTHF) at 0.8
mM. At this relatively high concentration, necessary for achieving good PIA signal to noise,
additionally time-resolved photoluminescence measurements were performed. The results
showed similar spectra and lifetimes as in very low concentration solutions,®” indicating no
significant dimer/excimer formation occurs at the higher concentrations (Figure 6.4). The PIA
spectra of DMAC-TRZ in all solvents gave signals in phase (X) as well as out of phase signal
(YY) with respect to the excitation pulse train (in this case f =173 Hz). The signals observed in
phase arise from transitions of short lifetime (relative to 1/f of the excitation pulse train, i.e.
around 6 ms), whereas the out of phase signals are from long lifetime transitions (usually
related to triplet transitions). The PIA spectra for all solutions showed a positive AT/T feature
in the X channel at high energies (Figure 6.3), which is observed to spectrally overlap with the
photoluminescence (PL) spectra in each solvent, Figure 6.2. This is ascribed to either the direct
collection of a photoluminescence signal or stimulated emission (SE) of DMAC-TRZ, which
follows the PL solvatochromism (as seen in Figure 6.2). At higher energy above the SE we
observe a AT/T contribution from photobleaching of the ground state transition, e.g. in PhMe
the PIA becomes negative above 2.7 eV, Figure 6.3b. Induced absorption (-AT/T) was also
observed in both X and Y channels. In both MCH and PhMe, a broad negative induced
absorption in the X channel indicates an overlap of signals originating from various electronic

transitions.
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Figure 6.4: Time-resolved emission spectra and kinetic decays of DMAC-TRZ in (a-b) MCH, (c-d) PhMe, and (e-f) 2MeTHF
solutions, at 0.8 mM concentration. All measurements were performed in degassed solutions at room temperature, using a 355
nm excitation source. The data are fitted using a biexponential function.

The induced absorption in both X and Y channels become significantly weaker with
increasing solvent polarity. Higher polarity solvents decrease the oscillator strength (f) of CT
transitions, indicating that the P1A bands observed here in the X-channel are most likely from
the first excited CT states to upper high energy CT states (i.e. 'CT1—!CTn). Two induced bands
(~1.75 eV and ~1.0 eV) have much lower intensity in higher polarity solvents (2MeTHF), but
their band positions remain the same. As the transition energies are unaffected in all solvents

this confirms that these two transitions, (S1—Sn and S1—>Sm) are between states having the
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same character, i.e. LE to LE or CT to CT, but not LE to CT or CT to LE (which would be
affected differently by solvent polarity, thus shifting the band position). In the Y channel, a
well-defined structured induced absorption band around 2.1 eV is observed in MCH solution,
indicating a state with strong local character and with long lifetime, a transition likely coming
from the lowest triplet excited state of the molecule (T:—Tn,). As mentioned previously, our
recent report demonstrated that DMAC-TRZ in non-polar solvent displays two distinct stable
excited state conformers:'* a quasi-axial (QA) and a quasi-equatorial (QE) conformer (Figure
6.5). By exciting at 3.30 eV (375 nm, the pump wavelength), both QA and QE can be
independently populated. Also, Dexter energy transfer from the QE to the QA triplet excited
state populates the lowest triplet excited state in MCH, which shown to be the QA triplet
excited state.® Thus, the strong and vibronic transition observed in the Y channel (T1—Thn)
we assign to the 3LE;—3LE, of the QA conformer. This is in good agreement with previous
calculations, which demonstrates the triplet excited state of QA have a stronger LE character,

while QE have CT character.'®
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Figure 6.5: (a) Photoluminescence spectra of DMAC-TRZ in MCH solution excited at different wavelengths, at 20 pM
concentration. (b) Zoom in on the photoluminescence spectra to highlight the QA conformer dependence on the excitation
wavelength. *Solvent Raman peaks.

As solvent polarity increases, this structured long lived signal is effectively quenched,
e.g. in 2MeTHF, where a little excited state population in Y channel can be seen (longer
lifetimes). The higher polarity solvents not only destabilise the QA conformer, but also
significantly increase the CT character and relaxes the energy of the QE conformer which then

becomes the lowest excited triplet state of the system (3CT).
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6.2.2 Transient photoinduced absorption (nsTA):

Transient photoinduced absorption measurements (nsTA) were performed on the same
solutions to help assign these transitions observed in the CW-PIA spectra (Figure 6.6). In this
technique, the lock-in detection of CW-PIA is replaced with a fast photodiode and oscilloscope,
in order to monitor the Kinetics of a specific transition directly. Measurements were collected
both with the white light probe beam off (pump only background, also corresponding to PL)
and with both pump and probe beams overlapping (TA), which allows to obtain both
photoluminescence and the induced absorption lifetime, respectively. Decay traces obtained by
probing different energies of MCH, PhMe and 2MeTHF solutions are shown in Table 6.1, with
the selected energies informed by the previous CW-PIA spectra. Note that in some
measurements the oscilloscope vertical scale was deliberately chosen in a way that saturates
the early signal (corresponding to prompt fluorescence), in order to achieve adequate resolution
of the delayed signal.

(a) DMAC-TRZ in MCH (0.8mM) (b) DMAC-TRZ in PhMe (0.8mM) (C) DMAC-TRZ in 2MeTHF (0.8mM)
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Figure 6.6: Transient photoinduced absorption of DMAC-TRZ in (a) MCH, (b) PhMe and (c) 2MeTHF. The measurements
were collected at 2.48 eV (500 nm), with the pump only (PL) and pump and probe (TA), at 1.77 eV (700 nm) with the pump
and probe (TA) and at 1.03 eV (1200 nm) with the pump and probe (TA). Aexc (pump) = 355 nm.

Lifetimes estimated from the fitting of nsTA measurements are in good agreement with
the lifetimes estimated from the fitting of time-resolved photoluminescence decay (Figure 6.4).
The broad negative band (-AT/T) observed in the X channel of PIA (at ca. 2.2 eV and 1.77 eV)
has a lifetime of around 11.6 us for MCH, 8.4 us for PhMe and 1.5 ps for 2MeTHF. By
comparing with the photoluminescence decay, these species were assigned to be responsible
for the delayed fluorescence (DF). As previously reported,®” the DF component of DMAC-
TRZ is a radiative decay from CT, mediated by the triplet excited states. Therefore, the X
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channels PIA signal is related to an induced absorption transition from CT to upper singlet
excited states (Sn), and this transition in nsTA measurements decays at the same rate as the PL
itself. As discussed above, the nature of the upper singlet excited states is identified by the
unchanged energy transition at different solvent polarities. This confirms that the energy
transitions observed in the PIA X channel induced absorption are !CT1—!CTqand !CT;—!CTm
transitions. In the Y channel, the peak of induced absorption presented a lifetime of around
0.14 ms in both MCH (-AT/T = 2.5x10™) and PhMe (-AT/T = 0.5x10#) solvents, which is
assigned to be a transition from the QA conformer 3LE; to upper triplet states (*LEx) based on
the strong vibronic character of the transition. In 2MeTHF, this longer lifetime Y channel signal
is significantly weaker (-AT/T = 0.1x10™) because the 3CT state of QE becomes the lowest
triplet excited state of the molecule, relaxed energetically below the LE state, which quenches

the 3LE QA state.

Table 6.1: Lifetimes obtained from the fitting of transient photoinduced absorption of DMAC-TRZ in MCH, PhMe and
2MeTHF solutions at 0.8mM. The lifetime and the estimated rates were obtained from the kinetics of the photoluminescence
decay (hexc = 355 nm) (Figure 6.4).

DMAC-TRZ MCH PhMe 2MeTHF
PL 13.3 ps 8.6 s 15us

2.48 eV/500 nm A 11.6 pis (91.4%)/ 62 L L5 s
0.14 ms (8.6%) <t P H

PL - 8.6 us 1.6 s

2.06 eV/600 nm TA 11.5 ps (92.2%)/ 8.4 ps (93%)/ 15 us
0.16 ms (7.8%) 0.12 ms (7%) P H

PL - - 1.5 s

1.77ev/700 nm TA 13.2 s 8.1 us 1.5 s
PL - - 1.5 s

1.55 eV/800 nm TA i i 16 ps

PL - - -
1.03 eV/1200 nm TA 115 s 9.1 s 2.9 s
Time-resolved photoluminescence decay

ICT (eV) 291 2.75 2.61
AEst (eV) 0.16 0 -0.14

PF 13.6 ns 21.4ns 24.6 ns

DF 20.1 ps 8.4 ps 1.5 ps
ke (s1) x107 6.03 2.05 1.69
kisc (s1) x107 1.33 2.63 2.37
krISC (S'l) X:I.O4 6.05 27.1 163

In summary of this section, the proposed energy ordering of the excited states of DMAC-
TRZ in MCH, PhMe and 2MeTHF is shown in Figure 6.7. By increasing the solvent polarity,
a reordering of the excited states is observed, manifesting in a total change of the long lifetime
signal, and monotonic decrease of band intensity with increasing polarity observed in the short
lifetime signals. In the higher polarity medium, the significant reduction of f decreases the

photoinduced absorption signal intensity as well as relaxing the absolute energies of all CT
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states, so that the lowest energy 3CT triplet state becomes the lowest overall triplet excited
state, quenching the 3LE state. Effectively, an alternative perspective on the mechanism is that,
as the polarity increases, the lowest triplet excited state of the QA conformer, with its mixed
LE/CT character, enhances the contribution of CT and relaxes to lower energies, driving the
conformational change that impacts the populations of the different triplet states/conformers.
These changes affect the lifetime of the triplet states, leading to the weaker absorption feature
in the Y channel (T:—Thn). Further experiments and calculations may be required to obtain
additional information about the proposed mechanism. Consequently, the well-structured long-
lifetime PIA band at 2.1 eV is only observed in MCH. This reordering of excited states then
has a direct effect on the rISC rate; in MCH and PhMe, the rISC rates are 6 x 10* and 27 x 10*
st respectively, whereas in 2MeTHF it rises considerably to 1.6 x 10® s (Table 6.1). The rISC
rates values were estimated from the photoluminescence lifetimes, which was applied in a
kinetic modelling according to Haase et al.X%® Thus, it is observed that as the energy ordering
of the different triplet states changes, and the rISC rate can increase by two orders of magnitude,
achieving a very high rISC rate in 2MeTHF. The increase in rISC rate when 3CT relaxes below

3LE is in very good agreement with the theoretical predictions of Gibson and Penfold.’®
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Figure 6.7: Proposed excited state energy diagram, representing the spectra obtained by the quasi-CW photoinduced
absorption of DMAC-TRZ in different solvents.

6.2.3 Transient photoinduced absorption (fsSTA):

To further analyse the broad negative PIA signal (-AT/T) in the X channel, ultrafast
transient absorption (fsSTA) on the sub-picosecond (top panel in Figure 6.8) as well as

nanosecond time resolution (bottom panel in Figure 6.8) were performed. Figure 6.8a shows
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an instantaneous vibronic structured induced absorption of DMAC-TRZ in MCH, with
maxima at ca. 1.7 eV and 1.9 eV and the onset of a further feature at 1.5 eV. While the two
peaks at 1.7 eV and 1.9 eV have similar decay lifetimes, the 1.5 eV TA feature has a different
kinetic (Figure 6.9). This combined with the appearance of an isosbestic point at 1.6 eV
suggests that two different species are present with overlapping induced absorption. As
mentioned before, the QA and QE conformer of DMAC-TRZ can be seen in non-polar
solvents. The QE conformer has a long fluorescence lifetime and so we attribute the vibronic
absorption band with maxima of 1.7 and 1.9 eV to this conformer. While the very short lifetime
QA conformer contribution gives rise to the short lived photoinduced absorption feature at 1.5
eV, which decays within 20 ps. This rapid decay of the QA conformer is likely due to a singlet
excited state interconversion between the QA to the QE conformer. Despite a very small QA
population observed in non-polar solvent,’® as seen in Figure 6.5, strong absorption transitions
are expected for this conformer due to its stronger f when compared to the QE conformer.
Rapid decay at 1.5 eV of the induced absorption and the isosbestic point at 1.6 eV indicates
interconversion between these two stable conformers. However, no evident grow in of the
intensity of the photoinduced absorption feature at 1.7 and 1.9 eV coming from a !CT transition
of the QE conformer was observed. This corroborates with no significant increase in the QE
population from the QA interconversion, as its relative population is known to be very small.
Interestingly, the singlet excited state interconversion of QA to QE conformer is highly
dependent of the excitation wavelength. As shown in Figure 6.5b, the excess energy provided
by the higher energy excitation accelerate the interconversion between the two conformers,
leading to no detected emission from the QA conformer by exciting at 300 and 280 nm. Even
though interconversion of the singlet excited state from the QA conformer were observed, in
the triplet excited state the picture is different. The triplet excited state of the QA conformer is
the lowest triplet excited state in MCH and it is mainly populated via Dexter energy transfer
from the QE conformer. Its longer lifetimes (around hundred microseconds) suggests that the
triplet excited state of the QA conformer do not interconvert to the QE conformer. Furthermore,
as discussed above, the broad induced negative absorption (-AT/T) measured in the quasi-CW
photoinduced absorption comes from a !CT transition, which based on the transient absorption
has strong mixed LE/CT character. Consequently, in a non-polar solvent MCH, it has a higher
contribution of LE character, consistent with the strong vibronic structure observed for this
transition.

While in MCH little reorganisation of the solvent dipoles around the excited DMAC-
TRZ is expected, in a polar solvent, such as PhMe, this effect is much larger. Figure 6.8b (and
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Kinetic traces, Figure 6.9) shows that the vibronic structure band at 1.7 and 1.9 eV display an
apparent intensity build-in time, ca. 17 ps. This could be due to solvent reorganisation upon
excitation; an initial population of !CT is generated, which induces the reorganisation of the
solvent dipole moment of the surrounding solvent shell. In this case, the solvent reorganisation
stimulates a more LE character on this excited state, which consequently increases the f of the
1CT1—>!CT, transition. A change in f as the build-in within 17 ps in the transient absorption
signal can be detected, although this seems rather slow for such a process. Alternatively, this
could also be achieved by a change in the dihedral angle between the donor and acceptor units
away from 90° to a smaller angle that gives more LE character and again higher f. This would
be controlled by both solvent dipole strength and viscosity and could also account for the high
PLQY of DMAC-TRZ in solution. Noteworthy, there is no increase observed in the SE
intensity, suggesting that the population of the 1CT excited state remains the same, indicating
that the grow in of intensity of the PIA is not caused by an increase in the excited state
population. Further, the QA contribution (induced absorption at 1.5 eV) becomes less

pronounced in higher solvent polarity, as already reported.!3
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Figure 6.8: Picosecond transient absorption spectra (top panel) and nanosecond transient absorption spectra (bottom panel) of
DMAC-TRZ in (a) MCH and (b) PhMe solutions at 0.8 mM. Aexc (pump) = 343 nm (which direct excites CT transitions).
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In the longer timescale fsSTA (bottom panel in Figure 6.8c), a simple decay was observed
decay in the transient absorption band of DMAC-TRZ in MCH. By fitting the decay curve
(Figure 6.9), the lifetime was estimated to be around 18 ns, which is in good agreement with
the 13.6 ns lifetime of the prompt component in the PL decay curve (Table 6.1). This indicates
that we are probing the induced absorption from the !CT to !CT/*CTm transition, as it has an
identical lifetime as the CT state. However, no decay in the transient absorption within the 6
ns time window of our PIA measurement in PhMe were observed (Figure 6.8). This indicates
that the decay lifetime of this state has a much longer lifetime, which is expected for DMAC-
TRZ from emission measurements to be around 21 ns in PhMe. Thus, the ultrafast transient
absorption not only confirms the excited states responsible for photoinduced absorption signal
in the X channel from quasi-CW photoinduced absorption, but also verifies the contributions
two stable conformers. The ultrafast transient absorption provided insights on the dynamics of
the solvent and /or molecular reorganisation induced by the polarity and how it can strongly

affect the f by increasing the proportion of LE character on the singlet upper excited state

transitions.
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Figure 6.9: Picosecond transient absorption decay curves (top panel) and nanosecond transient absorption decay curves
(bottom panel) of DMAC-TRZ in MCH (a and ¢) and PhMe (b and d) solutions at 0.8 mM, collected at 1.5, 1.7 and 1.9 eV.
The data are fitted using monoexponential and biexponential functions. *The effects of double pulse/reflection do not affect
the signals due to the large timescale.
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6.3 Conclusions:

In this chapter, photoinduced absorption techniques were utilised to investigate the
excited states of the TADF molecule DMAC-TRZ in solution. By performing quasi-CW
photoinduced absorption and transient absorption experiments, the transitions and the nature
of the electronic excited states involved were identified. The photoinduced absorption signals
exhibit a high dependence on the solvent polarity, as expected, with stronger oscillator strength
in MCH. Surprisingly, the different solvent polarity does not change the peak positions,
implying that the transitions are between upper and lower excited states of the same orbital
character, i.e. CT to CT in this case. In the Y channel of quasi-CW photoinduced absorption in
MCH, a strong and vibronic structured absorption band from 3LE to upper triplet states (°LEn)
was observed. This transition *LE; — 3LE, is quenched by increasing solvent polarity,
indicating that the 3CT becomes the lowest triplet state in PhMe and 2MeTHF.

Using ultrafast transient absorption measurements, the nature of the broad photoinduced
band observed in the X channel was revealed. Isosbestic points are observed in MCH solution,
indicating the presence of two species with overlapping induced absorption, originating from
the two stable conformers DMAC-TRZ, axial and equatorial conformers previously reported.
The QA conformer rapidly decay within 20 ps, indicating a singlet excited state interconversion
from the QA to the QE conformer. By increasing the polarity of the solvent, smaller
contribution of the QA conformer is expected, thus less pronounced effect of the singlet excited
state interconversion between these two stable conformers was observed.

Moreover, a solvent reorganisation induced by the higher polarity of PhMe or rotation
of the donor and acceptor about the dihedral bridging C-N band away from orthogonality
increases the proportion of LE character in the mixed LE/CT initial state of the transition,
evidenced by a significant build-in of the intensity of the PIA band within 17 ps but no changed
in the intensity of the SE band. This indicates that the excited state population does not increase
so the increase in induced absorption intensity must be due to a change in the oscillator strength
of the transition giving rise to the induced absorption band.

Therefore, this chapter has demonstrated that photoinduced absorption measurements
can act as a powerful technique for studying TADF molecules. This includes the identification
of conformers, which have been shown to be important sources for energy transfer in

hyperfluorescence OLED devices.
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7 Probing emissive excited states: identifying through-space
charge transfer states in TADF molecules

The previous chapters discussed the design of TADF emitter based on a twisted donor-
acceptor structure. These molecules rely on electronic communication through-bond via m-
conjugation. However, there exists another class of TADF emitters where electronic
communication between donor and acceptor moieties is mediated through space. In these
through-space charge-transfer (TSCT) architectures, the donor and acceptor groups are
disposed in a pseudo-co-facial orientation, connected by a bridging group. This chapter focuses
on investigating the interplay between through-bond localized excited (LE) and charge-transfer
(CT) states and the TSCT in a rationally designed emitter, TPA-ace-TRZ, and cross-compare

its photophysical behaviour with a family of model compounds.

The work presented in this chapter has been already published:

i. Kumar, S.; Franca, L. G.; Stavrou, K.; Crovini, E.; Cordes, D. B.; Slawin, A. M. Z_;
Monkman, A. P.; Zysman-Colman, E. Investigation of Intramolecular Through-Space
Charge-Transfer States in Donor—Acceptor Charge-Transfer Systems. J. Phys. Chem.
Lett. 2021, 12 (11), 2820-2830.

7.1 Overview:

A wide variety of TADF emitter have been developed,?®'% and one alternative approach
to achieve TADF is by designing emitter molecules based on through-space charge-transfer
(TSCT).13"138 |n contrast to the conventional twisted intramolecular charge transfer TADF
emitter design, where D and A moieties are directly attached to each other and the CT transition
takes place through-bond, the TSCT-TADF emitter utilizes an electronically benign spacer to
separate the D and A moieties.'*® Moreover, the distances between them are maintained in
close proximity, facilitating electronic communication, and electron transfer mediated through-
space in an analogous manner to exciplexes.®? By adopting this approach, emitters with small
AEst are obtained, and it effectively addresses the challenges related to inhomogeneous D-A
dihedral angle within thin films.

This chapter presents a photophysical study of five compounds using acenaphthene as a
scaffold, and triphenylamine (TPA) as the donor to investigate TSCT (Figure 7.1). TSCT
TADF in TPA-ace-TRZ is confirmed by comparison to the family of materials investigated.
The structural, electrochemical and photophysical properties of TPA-ace-TRZ were
investigated and compared with model compounds TPA-ace-CN, TPA-ace, TPA-ace-Br, and

2TPA-ace. From the photophysical studies, changes in local and CT emission character was
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observed, as well as delayed fluorescence and phosphorescence emission, even at room
temperature. With a focus on CT excited states, a mechanistic approach has been attempted to

establish the structure-property relationship in these molecules.

TPA-ace TPA-ace-Br TPA-ace-CN

O
) ¢

J
(D

Q.0
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g

2TPA-ace TPA-ace-TRZ

Figure 7.1: Molecular structure of the five compounds studied in this chapter: TPA-ace, TPA-ace-Br, TPA-ace-CN, 2TPA-
ace and TPA-ace-TRZ.

7.2 Results and Discussion:
7.2.1 Solution measurements:

To explore the behaviour of those molecules, steady-state photophysical analysis was
initially performed in dilute solution. Figure 7.2 shows the normalised optical absorption and
emission spectra of TPA-ace molecule in three different solvents. The absorption spectrum of
TPA-ace exhibits two peaks: a band centered around 310 nm related to the acenaphthene

scaffold,®1%% and a second peak, at lower energy, associated to the m—m* transition of the
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delocalised TPA-ace system. As the solvent polarity increases, a minor red shift is observed in
the latter transition. The photoluminescence (PL) spectra show a weak bathochromic shift and
a change from a structured emission band to a Gaussian shape emission band. The small red
shift could suggest that the bridge (ace) is not neutral and forms a weak through-bond charge
transfer (TBCT) state with the donor unit (TPA). This is proposed to be a highly mixed
1LE/ACT state with low CT character as there is conjugation between D and A since they are

not orthogonal positioned.
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Figure 7.2: Normalized UV-vis absorption (dashed lines) and PL spectra (solid lines) of (a) TPA-ace, (b) TPA-ace-Br and
(c) 2TPA-ace molecules in different solvents at concentration of 20 uM (Aexe = 330 nm for TPA-ace and TPA-ace-Br ; hexc =
340 nm for 2TPA-ace).

In Figure 7.2b, the absorption feature of the TPA-ace fragment in TPA-ace-Br is blue
shifted, indicating weaker through conjugation between the TPA and ace-Br units. The
emission spectra of TPA-ace-Br exhibit dual emission in high polar solvent (DCM,
dichloromethane). The high energy band red shifts slightly with increasing solvent polarity,
matching with the mixed LE/*!CT TBCT state observed in TPA-ace. The second band at
around 540 nm observed in DCM s attributed to a state with stronger CT character state
(stabilised by the high polarity) in line with the stronger acceptor strength of the ace-Br unit.
With the addition of a second TPA donor unit, 2TPA-ace, changing from D-B to a D-B-D
structure, the absorption and emission spectra are still found to be similar to TPA-ace (Figure
7.2c). This similarity in optical behaviour is expected, as the new TPA unit does not
significantly increase the strength of the donor, and the bridge still acts as very weak acceptor
unit, leading to the formation of similar TBCT state. However, careful inspection of the spectra
show that the emission onset is red shifted by 102 meV (822 cm?) in MCH
(methylcyclohexane) and the band shape remains structureless. This is identified as the effect
of an interaction between the two TPA units, i.e. a weak intramolecular dimer state, supported
by the X-ray structure presented in the published manuscript.}** Furthermore, concentration-
dependent measurements (Figure 7.3) confirm the presence of a weak intramolecular dimer

state hence emission spectra remain unchanged even at very low concentrations (0.06 uM).
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These findings fully support the assumption that this interaction between the two weakly

overlapping TPA units is a cofacial intramolecular.
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Figure 7.3: Concentration dependence of 2TPA-ace in MCH (methylcyclohexane) solution. Excitation profile (top panels)
and emission spectra (bottom panels) are shown in both non-normalised and normalised spectra.

Similar to the TPA-ace-Br, the absorption of the TPA-ace-CN (Figure 7.4a) also
exhibits a weak lowest-energy transition, ascribed to the delocalised TPA-ace unit, but it is
much less intense compared to the TPA-ace and 2TPA-ace. In the case of TPA-ace-TRZ
(Figure 7.4Db), the absorption spectra show the presence of the TRZ group with the appearance
of a strong TRZ absorption band at 270 nm.'*? Alongside, like the other compounds, a lower
energy band appears at 340 nm, originating from the TPA-ace system. Furthermore, unlike the
other compounds, a low intensity tail/band from 390 nm to 440 nm is observed in TPA-ace-
TRZ, which is characteristic of a direct CT transition.®* This strongly suggests a ground state
through-space interaction between the TRZ and the TPZ units.5?

With the introduction of stronger acceptor groups, cyano (CN) and TRZ, a broader
emission band is observed even in non-polar solvent as MCH (Figure 7.4a). Additionally, a
larger red shift is obtained with increasing solvent polarity, indicating that the presence of the

electron accepting ace-CN unit contributes to the formation of a stronger CT character excited
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state. DFT calculations reveals that this is a through-bond CT state between a stronger D-A
pair. TPA-ace-TRZ emission spectra (Figure 7.4b) exhibit a red shifted maximum and a
significantly stronger positive solvatochromism, suggesting that TRZ unit has a much stronger
acceptor character than the bridge. This different behaviour strongly implies that this isa TSCT

state between the TRZ and TPA units, with ground state electronic coupling.
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Figure 7.4: Normalised UV-vis absorption (dashed lines) and PL spectra (solid lines) of (a) TPA-ace-CN and (b) TPA-ace-
TRZ molecules in different solvents (Aexc = 340 nm) at concentration of 20 uM.

To investigate the dynamics of the excited states of the five compounds, time-resolved
photoluminescence spectra in toluene solution were performed. Figure 7.5a shows the time-
resolved normalised emission spectra of the TPA-ace in toluene solution at room temperature.
In the initial few nanoseconds, an emission band centered at 425 nm is observed, associated
with a short-lived LE state on the TPA (donor unit) mixed with a small amount of CT character.
The local emission decays rapidly, and a broader band at around 500 nm grows, indicating the
presence of a weak prompt intramolecular charge transfer (ICT) state. To resolve the ICT band,
the spectrum of pure LE contribution was subtracted (first nanoseconds) from the emission
spectrum containing a mixed contribution of both LE and CT states (Figure 7.6). This CT state
is transient and rapidly decays within 30 ns. This behaviour is characteristic of a twisted
intramolecular charge transfer (TICT) state’*® between the TPA and ace units, where the
phenyl ring linking the TPA and ace units rotates to near orthogonal position, breaking the
conjugation of the two and stabilising the CT state for a short duration.

Similarly, 2TPA-ace (Figure 7.5c) exhibits a very similar time-resolved spectrum to
TPA-ace, with a minor enhancement of the CT contribution, potentially due to the weak
cofacial intramolecular interaction between the two donor units. All decay curves of these

molecules are shown in Figure 7.5f and the lifetimes are obtained by fitting with the
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monoexponential or biexponential functions, as shown in Figure 7.7. Both TPA-ace and

2TPA-ace exhibit fast emission decay from the mixed LE/CT state contribution, with tp_ Of

1.57 ns and 2.34 ns, respectively, indicating the predominant LE character of this state.
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Figure 7.5: Time-resolved normalised PL spectra of (a) TPA-ace, (b) TPA-ace-Br', (c) 2TPA-ace, (d) TPA-ace-CN and (e)
TPA-ace-TRZ in toluene solution at concentration of 20 pM. (f) Time-resolved PL decay curves in the entire region of
analysis. Aexc = 355 nm. ("The spectrum recorded at 66 ns is very weak and the feature between 380 nm and 460 nm is the dark
signal from the iCCD, not LE emission from the TPA-ace-Br).

For TPA-ace-Br, at early times, two emission bands are simultaneously observed: an

analogous LE/CT emission at 425 nm (only observed in the initial time window) similar to that

seen for TPA-ace and 2TPA-ace, as well as a prompt low energy CT emission at 525 nm, with
tpL Of 9.4 ns (Table 7.1). The CT band (at 525 nm) in the TPA-ace-Br is significantly more
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intense than the higher energy band (at 425 nm), and it exhibits a longer lifetime. This indicates
that the ace-Br is a sufficiently strong acceptor, enabling the formation of a stable and red
shifted TBCT.
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Figure 7.6: Peak of time-resolved spectra of (a) TPA-ace and (b) 2TPA-ace in toluene solution, subtracting their respectively
pure LE spectra.

Following an interval without emission (below the noise level of the iCCD), two emission
bands were observed: a delayed fluorescence (DF) emission appearing after 50 us with the
same onset energy as the prompt CT band, and a second emission band centered around 590
nm, which is attributed to phosphorescence. As the energy gap between the triplet and singlet
state (AEgr) is large (approximately 260 meV), rISC would be very weak and slow.
Consequently, dual emission coming from TADF and RTP is observed in this case. The dual
emission behaviour is due to the heavy atom effect of the Br, which enhances ISC leading to a
substantial triplet population, which also allowed weak rISC. Again, through the enhanced
spin-orbit coupling, the radiative decay of the phosphorescence increases, enabling to
simultaneously RTP from the large triplet population.

In the figure 7.5d, the time-resolved PL spectra of TPA-ace-CN showed a single
emission band over the time, originating from the prompt CT state with lifetime of about 6 ns.

Despite the CT state of TPA-ace-CN has higher energy than the transient CT state of
TPA-ace, the introduction of the CN unit led to a stronger and longer-lived CT state with fast
electron transfer. As a result, no LE emission was observed within the time resolution. These
findings suggest that the CT state in the TPA-ace-CN has greater spatial charge separation,
resulting in a smaller Coulomb attraction energy and a larger CT state population compared to
the transient species in TPA-ace.1*

Figure 7.5e shows the time-resolved PL spectra of TPA-ace-TRZ. Initially, an emission
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Figure 7.7: Kinetic decays of the five compounds in toluene solution, at 20 uM concentration. (a) TPA-ace, (b) TPA-ace-Br,
(c) 2TPA-ace, (d) TPA-ace-CN and (e) TPA-ace-TRZ. All measurements were performed in degassed solutions at room
temperature, using a 355 nm excitation source. The data are fitted using either a monoexponetial or a biexponential function.
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band around 500 nm is observed, related to the transient CT state as in the TPA-ace. By
increasing the time delay, a slight red shift is observed, with an isoemissive point at 515 nm.
An isoemissive point in the time-resolved PL spectra indicates that the red shift is due two
emissive species decaying independently of each other. This observation is supported by the
clear biexponential decay from the kinetics curve, with lifetimes (tpL) of 9.6 ns and 51 ns,
indicating emission from two different CT states. An initial through-bond CT state (similar
than in TPA-ace) decaying rapidly, and a more stable TSCT state, evidencing by the
isoemissive point at 515 nm with the change in CT state occurring over 35 ns. At later delay
times, a measurable emission is observed over 100 s, showing the same emission spectrum as
the prompt regime attributed to the delayed fluorescence (DF). As these measurements were
performed in dilute toluene solution, the DF contribution is unlikely via triplet-triplet
annihilation (TTA). As a result, these findings provide experimental evidence for the TADF
mechanism originating from the TSCT, observed exclusively in TPA-ace-TRZ. Moreover, the

weak DF is resulted from a very slow rISC due to the large AEgr.

Table 7.1: Photophysical properties of the molecules in toluene solution, at 20 UM concentration.

= CTabs IcT Dp° o
Emitter

[ eV / nm /eV /nm /eV /ns
TPA-ace 3.29 344 3.60 4952 2.50 0.67 1.57
TPA-ace-Br 3.33 324 3.82 522b 2.37 0.02 9.49
2TPA-ace 3.26 350 3.54 5132 2.41 0.51 2.34
TPA-ace-CN 3.09 352 3.52 470P 2.63 0.67 5.96

9.6 (72.6%) and
- - b

TPA-ace-TRZ 3.22 348 3.56 518 2.39 0.17 51.0 (27.4%)

2Values obtained from peak of the time-resolved PL spectra at around 11 ns delay, subtracting the pure LE spectra
(Figure 7.6). ®Values obtained from peak of the time-resolved spectra at around 14 ns delay, after stabilization of
the CT state. ¢ Photoluminescence quantum yield in degassed solution at room temperature. (Standard: Quinine
Sulfate in 0.1M H,SO4, ®p. = 0.54. f Lifetimes associated with the monoexponential or biexponential decay fitting
(Figure 7.7).

Table 7.1 summarises the photophysical properties of the five molecules in toluene
solution (at 20 uM concentration). Overall, the optical band gaps remained relatively constant
at approximately 3.3 eV, except for the TPA-ace-CN, which exhibited a slightly smaller gap
of 3.09 eV. This difference can be attributed to the influence of the stronger electron-accepting
cyano group. Despite TPA-ace-CN having strong acceptor character due to the cyano group,
it displayed weaker positive solvatochromism compared to TPA-ace-TRZ. This outcome can

be explained by the larger charge-separation distance in TPA-ace-CN, resulting in a smaller
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induced dipole moment. Furthermore, TPA-ace-Br and TPA-ace-TRZ presented smaller ®p

values, confirming the increased intersystem crossing and triplet population of these materials.
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Figure 7.8: Oxygen quenching of total luminescence signal from for (a) TPA-ace-Br, (b) TPA-ace-CN and (c)
TPA-ace-TRZ in DCM solution.

To further understand the properties of these materials, the three molecules with higher
contribution of CT character excited state were investigated in high-polarity solution
(dichloromethane, DCM). For the TPA-ace-Br, a small spectral shift of around 20 nm in the
low-energy band is observed by increasing the solvent polarity, from toluene to DCM solution
(Figure 7.8a). The observed small red shift is lower than expected, raising doubts about the
strength of the CT character in this excited state. Comparing with the phosphorescence spectra
of this molecule, it is evident that the AEs in DCM exhibit a significant reduction. Figure 7.8
shows the oxygen-dependent emission spectra for TPA-ace-CN, TPA-ace-Br, and TPA-ace-
TRZ in DCM. While both TPA-ace-CN and TPA-ace-Br exhibited significant emission
quenching in the presence of oxygen, TPA-ace-TRZ displayed much less oxygen sensitivity,
which can be attributed to singlet quenching by oxygen in the latter compound. Figure 7.9
presents the kinetic decays and time-resolved emission spectra of the compounds in DCM. All
compounds demonstrated only prompt decay in DCM, except for a very minor contribution of
delayed emission in TPA-ace-Br. TPA-ace-Br and TPA-ace-TRZ present similar lifetime in
DCM and toluene, with the latter having two components, which the longest lifetime is around
40-50 ns. In contrast, TPA-ace-CN shows a threefold increase in lifetime in DCM compared
to that in toluene. Hence, the oxygen quenching of the TPA-ace-CN and TPZ-ace-Br does not
arise from triplet state (given the absence of significant delayed fluorescence) but rather from
an efficient quenching of singlet state in solution, as these excited states have significant long
lifetimes.

7.2.2 Solid state measurements:

The solid state photophysical properties of the emitters were studied in drop casting films
with a concentration 1 wt % in the zeonex matrix, a low polarity neutral polymer host. Similar

to that observed in the solution measurements, TPA-ace showed a short lifetime LE/*CT
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emission at earlier times, which decays rapidly to leave a residual broad *CT band. The broad
ICT band is centred around 480 nm and it decays within 20 ns (Figure 7.10a). Despite 2TPA-

ace always presenting similar behaviour as TPA-ace, the time-resolved spectra (Figure 7.10c)

showed the mixed LE/CT emission band, which again decays rapidly to leave a red shifted !CT

band (ca. 15 nm), with higher intensity as compared to TPA-ace. The red shift 1CT emission
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Figure 7.9: Time-resolved normalised PL spectra (left panels) and kinetic decays (right panels) of TPA-ace-Br ((a)-(d)),
TPA-ace-CN ((b)-(e)) and TPA-ace-TRZ ((c)-(f)) in DCM solution, at 20 uM concentration.

band supports the view that the interaction between the two TPA units enhances the probability

of emission from the CT state. In the case of TPA-ace-CN (Figure 7.10b), the time-resolved

emission spectra show the initial *CT emission red shifts with increasing time delay, indicating

apparent relaxation of *CT emission due to a distribution of different molecular conformations

with different decay times.®>1? This red shift is a typical behaviour for a TADF molecule where

various conformer with different D-A dihedral angle forms CT state with a range of energy

values. Phosphorescence spectra (black lines) were measured at long time delays (80 ms), at
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80 K, where the onsets of the spectra were used to obtain the 3LE energy of the molecules
(Table 7.2). In all cases a large AE¢; were obtained. The PL kinetic decay curves of the TPA-
ace, 2TPA-ace and TPA-ace-CN exhibit a rapid decay, giving only prompt emission at room
temperature, and no long-lived DF was found, similar to the results in solution.

Figure 7.10d shows the time-resolved PL spectrum of TPA-ace-Br in the zeonex matrix,
where its behaviour was found to be very similar to that observed in solution. At early times, a
very short lived band around 400 nm was observed, while a highly red shifted band at 500 nm
emits within 65 ns. In the first time window, a clear dual emission was observed. The low
energy band has a pronounced blue edge component and is structured, indicating a mixed
LE/CT character. Followed by a pure CT state, which can be also observed within time
resolution even at 80 K. After 100 us, room temperature phosphorescence (RTP) grows in,
contrary to solution measurement where mixed DF and phosphorescence emissions are seen at
these times. This suggests a greater stabilisation of the CT state in toluene through the
solvatochromic stabilisation effect. Figure 7.10e shows the time-resolved PL spectra of TPA-
ace-TRZ. Initially, during the prompt fluorescence regime, there is an observable relaxation
of the ICT band, which decays within few hundred nanoseconds. The onset of the CT emission
is blue-shifted by 20 meV in zeonex when compared to toluene solution results (Figure 7.5).
Additionally, a consistent isoemissive point at 505 nm is observed, see Figure 7.11. This
suggests that the CT emission observed in zeonex primarily originates from the through-bond
state, while the formation of the (lower energy) TSCT state is hindered by the host matrix. As
a consequence, this implies that reorganisation of the TPA and TRZ moieties of the TPA-ace-
TRZ is necessary to enable access to the TSCT state, which is hindered in zeonex. At later
times, a very weak emission appears with similar energy onset as the phosphorescence
(observed at late delayed times and at 80 K). This emission indicates inefficient room
temperature phosphorescence (RTP) and not DF.

Two different regimes were observed in the decay curves of TPA-ace-Br and TPA-ace-
TRZ (Figure 7.10f), assigned to prompt !CT emission and a delayed emission component.
While the delayed emission component of TPA-ace-TRZ is only observable at very late times
(around 10 ms) and has a very weak contribution ascribed to phosphorescence, the TPA-ace-
Br exhibits a strong RTP contribution. This confirms that attaching a heavy atom such as Br
into the molecule significantly enhances intersystem crossing (ISC) within this system.

Table 7.2 summarises the photophysical data of the 1 wt% zeonex films. The onset
energies of the S; and T: states were determined through time-resolved spectra at room

temperature (S1) and low temperature (80 K) (T1), respectively. The 3LE values of all molecules
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are slightly different but within error around 2.53 eV for TPA-ace, TPA-ace-TPA and TPA-

ace-Br. This suggests that the structural modifications have minimal influence on the energy

and location of the local triplet state.
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Figure 7.10: Time-resolved normalised PL spectra of (a) TPA-ace, (b) TPA-ace-CN, (c) 2TPA-ace, (d) TPA-ace-Br and (e)
TPA-ace-TRZ in 1 wt% zeonex films. (f) Time-resolved PL decay curves in the entire region of analysis. Aexc = 355 nm.

However, TPA-ace-CN and TPA-ace-TRZ exhibit a lower triplet energy value by

approximately 5-10 meV. At 80 K, TPA-ace and 2TPA-ace demonstrate structured

phosphorescence attributed to the lowest energy 3LE state of the ace unit.}*> Nonetheless, when

the acenaphthene is further substituted, the structured feature disappears. This is consistent with

the large heavy atom effects observed

in

TPA-ace-Br, which enhances the ace
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phosphorescence. The AEg; values are higher than 0.4 eV in all cases except for TPA-ace-Br,
where the value is 0.26 eV. Consequently, it is not surprising that little or no DF is found in
these compounds apart from TPA-ace-Br where it is weak. The ®p_ values in films, measured
under a N2 atmosphere, are higher for TPA-ace and 2TPA-ace than the other compounds,
which have emission mainly coming from a mixed *LE/*CT state. For the molecules displaying
more pronounced CT characteristics, such as TPA-ace-CN and TPA-ace-TRZ, the ®p_ is
significantly lower. This indicates that the more stable CT states result in higher 3CT triplet

state formation, which cannot be harvested by rISC.
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Figure 7.11: Area normalised emission spectra of TPA-ace-TRZ in 1 wt% zeonex film at room temperature.

The transient PL decay curves were fitted by single or double exponentials. The rapid
decay of the emission of TPA-ace restricted accurate estimation of the prompt lifetime. 2TPA-
ace presented two different lifetimes: a faster one with larger contribution of around 2 ns arising
from the mixed LE/CT state, and a slower, smaller contribution with lifetime around 4 ns,
originating from the CT state. The prompt emission observed in TPA-ace-CN also has two
components ascribed to the mixed LE/CT state and the relaxed 'CT. TPA-ace-TRZ has two
distinct characteristic lifetimes: one corresponding to the fast decaying through-bond CT state,

and the other long lived TSCT state. In contrast, TPA-ace-Br exhibited a single CT state
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lifetime in the prompt regime, while in the delayed regime, two exponential lifetimes on the

order of milliseconds, and assigned to RTP.

Table 7.2: Photophysical properties of the five molecules in drop casting films with a concentration of 1 wt% in the zeonex
matrix.

1CTa 3LEb AESTC (DPLd Tpe ‘[de
Emitter
/eV leV / eV / ns /'ns
TPA-ace 2.99 2.53 0.46 037 |- -
0,
TPA-ace-Br 2.77 2.51 0.26 ] 8.05 3'32 804%0)
1.93 (92.1%)
2TPA-ace 2.95 255 0.40 036 | 439 (7.9%) ]
o 2.55 (97.0%) )
TPA-ace-CN 2.99 2.47 0.52 0.20 7.50 (3.0%)
6.9 (73.0%)
TPA-ace-TRZ 2.94 2.46 0.48 0.12 2.05 (27.0%) -

2 Values estimated from the onset of time-resolved PL spectra after stabilisation of 'CT or deconvoluted in order
to obtain only 'CT onset. ® Values estimated from the onset of phosphorescence spectra, spectra were collected
with 80 ms time delay and measured at 80 K. ¢ AEst = 'CT - 3LE. 9 ®p_. measured for spin-coated films with
concentration of 1 wt% in zeonex matrix using an integrated sphere connected to a Fluorolog-3. © Lifetimes
estimated from monoexponential or biexponential decay fitting of the prompt and delayed regimes (Figure 7.12).

Time-resolved PL decays were also performed on the zeonex films at 80 K (Figure 7.13).
For TPA-ace, 2TPA-ace and TPA-ace-CN, similar to the behaviour at room temperature, the
rapid decay of the mixed LE/*CT state at 490 nm was observed, leaving a transient CT state
at 520 nm which decays within 100 ns. In particular, TPA-ace-CN presented a weak, shorter
lifetime prompt CT state emission at 80 K, compared to the data at room temperature. This
indicates that a twisting motion is necessary, also possible in the zeonex polymer, to stabilise
the CT state in TPA-ace-CN, where the steric hindrance caused by the CN group is thermally
activated. Phosphorescence was observed in the ms time range. The CT emission from TPA-
ace-Br at 80 K was found to be highly structured with the same onset energy as at RT. This
surprising observation suggests that this low energy (weakly) CT state is of mixed LE/CT
character with high LE contribution at 80 K.**¢ Finally, similar to the observed RT behaviour,
TPA-ace-TRZ showed initial CT emission, changing to a second low energy CT state around
10 ns. An isoemissive point was observed, but the processes occur over a slower time scale,
ca. 200 ns. This is an indicative of a conformational reorganisation of the TPA and TRZ
moieties to stabilise the TSCT state. In all cases, well-resolved phosphorescence is observed at

long times from which accurate 3LE energies are calculated.
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Figure 7.12: Kinetic decays of the compounds doped in 1 wt% zeonex films. (a) TPA-ace-CN, (b) 2TPA-ace, (¢) TPA-ace-
Br and (d) TPA-ace-TRZ. All measurements were performed under vacuum atmosphere, using a 355 nm excitation source.
The data are fitted using either a monoexponetial or a biexponential function.
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To elucidate the reasons behind the little or absent TADF from the TSCT state in TPA-
ace-TRZ, even in DCM where the AEg; becomes relatively small, the lowest energy triplet
state of the molecule needs to be considered. As previously mentioned, the local triplet state is
found to be localised in the ace bridge (thus a Br attached to the ace gives a heavy atom
enhancement to the ace phosphorescence). However, in TPA-ace-TRZ, the ace unit is
orthogonal and electronically decoupled from D and A, especially in the TSCT conformation.

147 and triplet harvesting

Consequently, in this conformation *CT and 3CT become degenerate
must occur through the vibronic-coupling spin-orbit coupling (SOC) mechanism,®8 similar
to D-A and exciplex TADF systems.!® Nevertheless, the potentially mediating isoenergetic
local triplet state in TPA-ace-TRZ is the ace bridge triplet, which is orthogonal to both D and
A and thus cannot efficiently couple to the TSCT states. Therefore, despite the strong TSCT
observed in TPA-ace-TRZ, it cannot produce TADF because of the lack of coupling to a
mediating triplet state. This reveals that TSCT D-A pairs, similar to through bond D-A systems

and exciplex molecules, give rise to TADF via the vibronic coupling SOC mechanism.4
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Figure 7.13: Time-resolved normalised PL spectra of (a) TPA-ace, (b) TPA-ace-CN, (c) 2TPA-ace, (d) TPA-ace-Br and (e)
TPA-ace-TRZ in 1 wt% zeonex films. Measurements performed at 80 K. Aexc = 355 nm.

7.3 Conclusions:
To summarise, this chapter illustrates the use of optical spectroscopy to demonstrate that
the compound TPA-ace-TRZ emits via a TSCT state. A comparative analysis of the

photophysical properties of this compound is performed alongside several model systems:
TPA-ace, TPA-ace-Br, 2TPA-ace, and TPA-ace-CN. In all five compounds, there is an
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emissive mixed through-bond LE/CT state, with varying levels of LE and CT mixing. Notable,
TPA-ace displays the highest degree of LE character while TPA-ace-TRZ exhibits the
strongest CT character. Time-resolved measurement showed that the introduction of a second
TPA donor onto the ace unit in 2TPA-ace leads to an intramolecular dimer formation causing
a relative enhancement to the oval ICT contribution. Conversely, the addition of the electron-
accepting CN unit in TPA-ace-CN resulted in a pure blue ICT emission. TPA-ace-Br also was
shown a strong ICT state in the prompt region, due to the nearly orthogonal conformation
between the TPA and the ace-Br groups in the ground state. However, thanks to the relatively
large AE¢; and the presence of the heavy bromine atom, a dual TADF/RTP emission appeared
weakly in solution, and predominantly RTP character in solid state. The TSCT state, uniquely
observed in TPA-ace-TRZ, exhibited a minor delayed contribution in toluene solution,
attributed to a large AEgy of around 200 meV. Therefore, this study provides one of the few
clear experimental demonstrations of the existence of a TSCT state through optical
spectroscopy, and also reveals the intimate interplay that the bridging ace group has in
mediating both the through-bond ICT state and the TSCT state. Through this work, a
mechanistic approach has been attempted to establish the structure-property relationship in
these TADF molecules based on TSCT states, providing insights into the designing of new
TADF emitter molecules for OLED applications.
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8 General Conclusions

Throughout the course of this thesis, various advanced optical spectroscopy techniques
were employed to gain a better understanding of highly-efficient emitter molecules. These
molecules exhibit very complex photophysics properties, which were uncovered through the
use of these techniques. Environmental, conformational and design aspects of TADF molecules
were also studied.

The first study highlighted the main effects of using a rigid spiro bridging and how this
bridging structure strongly affected the TADF properties by effectively decoupling the D and
A units. Broadly speaking, the results showed that through this critical decoupling of the D and
A units, facilitated by the spiro-centre, Kasha’s rule remained applicable to each subunit
locally. However, this rule can be disregarded when considering the photophysics of the entire
molecule.

The subsequent study focused on the environment impact on TADF mechanism. This
work showed that the orthogonal and fixed structure of the spiro compounds prevent the
distribution of the rISC. This phenomenon is evident in C-N linked TADF molecules, but as
shown here, not in spiro TADF, confirming that the variation of D-A dihedral angle causes the
rISC rate dispersion. On the other hand, the configuration of energy levels was notably affected
by the host molecules. This influence had a significant impact on both vibronic and SOC
coupling, resulting in distinct decay channels that governed the rISC rates.

Pump-probe techniques were also employed to investigate the dark excited states of the
TADF molecules. By combining these techniques with photoluminescence spectroscopy, it
was possible to identify the assignment and nature characteristics of the electronic excited state
transitions. Additionally, the impact on the TADF mechanism on the oscillator strength and
reorganization of the electronic excited states, especially on the triplet excited states, was
determined by changing the solvent polarity.

To extend this knowledge, these advanced optical spectroscopy measurements were used
to identify an alternative design of TADF molecules, known as through-space TADF
molecules. A comparative analysis of the photophysical properties, conducted alongside model
systems, allowed for a clear experimental demonstration of the TSCT state and the role of the
bridge in mediating the CT state formation.

Therefore, this research has achieved a better understanding of the emission mechanism
in these molecules, providing valuable information for the establishment of new design rules

and the identification of crucial parameters for the TADF mechanism.
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