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Abstract

Luminescent organic radicals can exploit optical transitions between doublet-spin
ground and excited states for which potential applications are being explored in more effi-
cient organic light-emitting diodes (OLEDs). In this thesis we investigate how the unpaired
electron in radicals enable fundamental mechanisms for energy and spin control that could
be used in future optoelectronic and opto-spintronic technologies. The design of photon-
spin mechanisms towards target functions requires understanding of how the ‘extra spin’
of radicals affects their optical, spin and magnetic properties. Here we study the emergent
photo- and spin physics from pairing known closed-shell organic molecules with lumines-
cent open-shell radicals. Following a description of the photophysical mechanisms and
magnetic interactions of closed-shell and open-shell molecular species, we set out a re-
view on the use of radicals as emissive components in optoelectronics. We then explore
the potential of exploiting reversible energy transfer between triplet and doublet states to
establish magnetosensitive luminescence and spin polarisation. This is followed by exper-
imental work combining the organometallic deep-blue phosphor FlIr6 with the ‘fruit-fly’
TTM-1Cz radical. Forster-mediated triplet-doublet energy transfer with nanosecond life-
time (k = 3.1 x 107 s7!), high efficiency (85 + 25%), and without the need for triplet
diffusion in film blends is demonstrated. Finally, we explore the magnetosensitivity of
systems involving energy transfer between radical doublet and acene triplet species. From
photophysical and spin-resonance analysis, we focus on the interaction of doublet states
with paramagnetic triplet species towards establishing design rules for applications that

span from OLEDs to ‘spin sensitisers’ and magnetic-field inclination sensors.
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Chapter 1
Introduction

The field of opto-spintronics looks to create devices that interface the interactions of light,
charge and spin. Together with molecular quantum information science, opto-spintronics
motivate the development of z-conjugated organic semiconductors that have potential for
excellent optical and spin properties. This thesis focusses on new mechanisms for control

and read-out of spin by light in molecular materials based on organic radicals.

Organic radicals possess unpaired electrons that result in paramagnetic doublet-spin
(S = 1/2) ground and excited-state manifolds, enabling optical transitions beyond the
singlet-triplet photophysics of closed-shell systems with diamagnetic singlet (S = 0)
ground states. However, organic radicals have typically been considered as dark and
reactive species, with mechanisms for radical interaction often inferred by their effects on
the photophysical or magnetic response of closed-shell species. Many radicals undergo
fast non-radiative relaxation that prevents photophysical characterisation of the processes

or states formed when radicals interact with other species.

The emergence of luminescent triphenylmethyl-based radicals with nanosecond
lifetimes of emission enables optical characterisation of doublet excited states, opening
understanding for how radical spin character influences the dynamics of charge and
energy in molecular systems. In this thesis we explore the interplay of optical, spin
and magnetic properties of luminescent radicals towards understanding and exploiting
photon-spin mechanisms. Taking advantage of the paramagnetic nature of radical ground
and excited states, we look to combine radicals with closed-shell chromophore systems
to study new photon-spin physics resulting from energy and charge transfer. Through
studying the photophysical properties of luminescent radicals systems, we establish
system design rules towards applications including efficient energy harvesters, triplet

sensitisers, and magnetic field inclination sensors.



In Chapter 2, we set out a theoretical framework for understanding emission from
luminescent radicals and their integration into optoelectronic technologies such as
organic light-emitting diodes (OLEDs). This is followed in Chapter 3 by an outline of the
photophysical and spin-resonance techniques used to characterise the optical, spin and

magnetic properties of radical systems.

In Chapter 4, we explore the potential for exploiting reversible energy transfer between
triplet and doublet species towards generating magnetosensitive photoluminescence and
spin-polarisation in systems. The dependence of the proposed photon-spin mechanism
on the sign and size of the exchange interaction between species is investigated, such that

we set out design rules for maximising the magnetic response of triplet-doublet systems.

In Chapter 5, we look at the interaction of luminescent radicals with triplets in
organometallic complexes possessing high levels of spin-orbit coupling. We demonstrate
efficient dipole-mediated triplet-doublet energy transfer to radical species, without the
need for triplet diffusion. We then set out how long-range FRET transfer to radicals could
be maximised towards energy harvesting, as well as discussing the role of spin-orbit

coupling in systems towards the generation of spin polarisation.

The magnetosensitivity of photoluminescence from radical-acene systems is then
set out with a particular focus on intermolecular radical-acene processes. In Chapter 6,
the use of radicals as energy harvesters in solid-state acene films is investigated with a
particular focus on quenching of the intensity and magnetosensitivity of rubrene emission.
In Chapter 7, sensitisation of acene triplet states by radical doublets is investigated by
photophysical and spin resonance techniques. Magnetosensitivity of systems showing
reversible doublet-triplet energy transfer is explored in the context of the findings of
Chapter 4.

Finally, in Chapter 8 we outline how our investigations inform the design of radical
systems towards opto-spintronic systems, including how future avenues for research could
exploit the unique combination of optical, spin and magnetic properties of luminescent

radicals.



Chapter 2
Background and Theory

Sections 2.4-2.8 detailing the principles of emission from luminescent radicals and their
applications in emissive optoelectronics have been adapted from a perspective article pub-

lished in collaboration with Dr Tim Hele and Dr Emrys Evans.’!

2.1 Photophysics of Molecular Organic Semiconductors

2.1.1 Electronic Structure

Organic molecules primarily consist of covalently bonded carbon and hydrogen atoms,
with further molecular versatility and functionality provided by heteroatoms including
nitrogen, oxygen and sulphur.? Molecular backbones are constructed from o-orbitals
with electron density between atomic centres. In organic molecular semiconductors,
delocalisation over the p-orbitals of neighbouring atoms results in the formation of
molecular z-orbitals with electron density above and below the plane of the molecular
backbone.? Functional spin-optical properties in molecular materials as explored in this

thesis are derived from electrons associated with these molecular z-orbitals.

For even-electron molecular systems, constructive and destructive interference of
p-orbitals results in the formation of bonding and anti-bonding z-molecular orbitals
respectively.? Greater levels of z-delocalisation in molecules are seen to result in smaller
energetic splitting of bonding and anti-bonding orbitals. Typical molecules show splitting
of 7 bonding and anti-bonding orbitals in the range of light in the visible spectrum (1.0-3.0
eV), such that visible photons can mediate z-orbital molecular transitions.”> We note that
whilst transitions of electrons in o-orbitals are additionally possible, they have substan-
tially higher energy (on order of 10 €V)? than that of visible light, and so are ignored for
this thesis.



2.1.2 Excitons as Molecular Excitations

The lowest energy electronic excitation of a molecule typically results from the promotion
of an electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). Coulombic attraction between the positively
charged hole within the HOMO and the negatively charged electron within the LUMO
results in the formation of bound electron-hole pairs known as excitons. In molecular
systems, strong coulombic attraction results in excitonic binding energies on the order
of 0.5-1.0 eV, where electron and hole are either on the same molecule or neighbouring
molecules.* This is energetically large compared to the available thermal energy at room
temperature (kzT = 25 meV) such that excitons cannot easily dissociate to form free

charges.

Strong coulomb interactions generally result in high degrees of overlap between elec-
tron and hole wavefunctions, leading to strong exchange interactions (see Section 2.3.2)
on the order of 0.1-1.0 eV.* Excitons in molecular semiconductors as a result have distinct
overall spin character, with different exciton spin configurations being physically distinct,
having different energy and undergoing different photophysical processes as discussed be-
low. In closed-shell molecules, the ground state of a molecule has singlet (S=0) character,

whilst excited states can have both singlet or triplet (S=1) character.

2.1.3 Transitions Between Intramolecular Excitonic States

This thesis is primarily concerned with the role and control of spin in molecular pho-
tophysical processes. Transitions between excitonic states can occur due to coupling of
states by molecular interactions, with the rate of transition being described using Fermi’s
Golden Rule:>®

A 2
A'|w)| pe @.1)

2
ki = 7 |<1I/f
where k; , is the rate of transition between initial and final molecular states i and f,
respectively, y, and W, are the electronic wavefunctions of initial and final states, H' is

the Hamiltonian for an electronic coupling interaction, and p is the energetic density of

states for the final state.
In describing the overall wavefunctions of molecular excited states, we can use the

Born-Oppenheimer approximation to separate the wavefunction for a molecule into sepa-

rate electronic, vibration and spin components:

lw) = [We) [Wyin) [Wipin) (2.2)



where [y), [wy;) and |y, ) are the electronic, vibrational and spin components for

a wavefunction |y ) respectively.

Light-Mediated Intramolecular Transitions

The distribution of z-orbital electrons can differ between initial and final states of an in-
tramolecular transition, such that the transition has an associated electric dipole. The os-
cillating electric field of a photon can interact with this dipole via the transition dipole
operator, ji. Using equation 2.1, the rate of a light-mediated transition can be described

as:

2 R 2
ki = 77[ ‘(l//f |4l W,-)) PE 2.3)

(W |l y;) is referred to as the transition dipole moment between initial and final
states, and can be used to define the strength of transitions involving either absorption or
emission of a photon by a molecule.>® /i can be considered to only interact with the elec-
tronic distribution of a molecule, such that the transition dipole moment can be rewritten

as:

(Wf |Alw;) = <We1,f |2 o) <ll/vib,f|ll/vib,i> <Wspin,f|Wspin,i> (2.4

In this form, we observe that the rate of transition between states with different
spin character is expected to be zero. Whilst these ‘spin-forbidden’ transitions can
still occur, they are typically orders of magnitude weaker than other ‘spin-allowed’
processes. Emission due to a transition between states of similar spin-character is called
‘fluorescence’ and typically occurs with radiative rates on the order of 107-10'0 s=1.4
Meanwhile, emission resulting from a transition between states of different spin character
is called ‘phosphorescence’ and typically occurs much slower with rates of 10*-10° s~
Absorption for fully spin-allowed transitions can be up to 7 orders of magnitude stronger

than spin-forbidden transitions.*

Considering the electronic component of the transition dipole moment, we see that
orbital overlap of initial and final states must be non-zero to enable a transition. Strong
transition dipole moments typical of molecular semiconductors can be understood through
the polarisability of z-orbitals enabling both a high orbital overlap and strong electric
dipole between initial and final states. Excited states with minimal electronic overlap with
the molecular ground state are classified as having substantial charge-transfer character,
with greater charge-transfer character typically associated with weaker transition dipole

moments.°

Finally, the need for overlap of the vibrational component of initial and final states

6



can result in additional structure in the absorption and emission spectra of molecules. Vi-
brational energy levels are typically separated by 100-300 meV, such that typically only
the lowest vibrational mode of a molecule is populated following relaxation.* The lowest
energy absorption for an electronic transition occurs between the zeroth order vibrational
mode of initial and final states, with further vibronic features seen at higher energy for
transition to higher final state vibrational modes. The highest energy emission for an elec-
tronic transition occurs similarly between the zeroth order vibrational mode of initial and
final states, with transitions to higher vibrational modes of the final state resulting in lower
energy vibronic features. For a molecule without molecular re-organisation in the excited
state, it would be expected for the lowest energy absorption and highest energy emission
of the excited state to occur at the same energy. In practice, the lowest energy absorption
and highest energy emission do not overlap, with this difference in energy referred to as
the ‘Stokes shift’ giving a sense of the degree of molecular reorganisation in the excited

state.*

Non-Radiative Intramolecular Transitions

Transitions between molecular excited states can additionally occur non-radiatively, with
states coupled by interactions other than the electric dipole operator. Nuclear motion can
couple excited molecular states, resulting in fast relaxation from higher vibrational modes
to the zeroth order vibrational mode of an electronic state on femtosecond-to-picosecond
timescales. Nuclear motion can additionally couple an electronic state to higher vibra-
tional modes of lower energy electronic states. Where transition is between states with
the same spin manifold, this process is called internal conversion. The ‘energy-gap law’
states that the rate of internal conversion is expected to increase exponentially as the
energy gap between electronic states is reduced. In practice, this results in Kasha’s rule
where internal conversion between closer spaced higher-order electronic levels of a given
spin multiplicity (S, to S, T, to T,) is expected to be much faster than emission, whereby
we can expect emission to come solely from the lowest energy electronic state of a given

spin manifold (S,,T,).°

Non-radiative transitions are additionally possible between states with different spin
character, being classified as intersystem crossing. The rates of intersystem crossing can
be enhanced for systems which possess high levels of spin-orbit coupling. Higher levels
of spin-orbit coupling are typically seen for molecular systems containing heavier atomic
elements, with both radiative and non-radiative transitions enhanced due to greater mixing

of spin character between excited states.



2.2 Energy Transfer for Opto-Spintronics

Excitations in amorphous systems can perform incoherent energy transfer to other molec-
ular species. In addition to ‘trivial’ energy transfer where a molecule emits a photon that is
subsequently reabsorbed by another molecule,* energy can transfer through non-radiative
coupling of molecules. Using Fermi’s Golden Rule as outlined in equation 2.1, the rate
of a transition between intermolecular states can be related to their non-radiative elec-
tronic coupling. For molecular systems, we assume that non-radiative coupling can occur
through the coulomb interaction to result in Forster Resonance Energy Transfer (FRET),

or through the exchange interaction to result in Dexter Energy Transfer.

2.2.1 Forster Resonance Energy Transfer (FRET)

Electric dipoles between molecular ground and excited states are typically strong in
molecular organic semiconductors. In FRET, the coulomb interaction couples the
electric-dipole of an excited state molecule to those of neighbouring molecules that are in

the ground state.

The rate of FRET shows an R=% dependence, where R is the distance between donor
and acceptor species. This dependence results from both the probability that the pair of
electric dipoles are in resonance and the R~ dependence expected for transfer between

resonant dipoles.”™

Towards experimental prediction of FRET rates, we are able to measure the spectral

overlap integral, J, between donor and emitter species:

J = / I, (AD)e,(A)AtdA (2.5)

where I, (A1) is the photoluminescence spectra for the donor normalised to an area of
1, €4 (4) is the extinction coefficient in M~'cm™! of the acceptor, and 4 is the wavelength
of radiation.* The spectral overlap provides an experimentally measureable quantity that

can be related to the likelihood of resonance between donor and acceptor electric dipoles.

FRET is expected to quench donor emission. Using J, a FRET radius, R, is estimated
at which the FRET rate is equal to the instrinsic rate of decay for an isolated photoexcited

species:

R 9101

2
0= N, SOk 2.6)

where N , is Avogadro’s constant, » is the refractive index of the medium surrounding



the donor and acceptor molecules, @ is the photoluminescence quantum yield of the
isolated donor, and x? is the orientation factor that accounts for the alignment of donor

and acceptor dipoles (x> = 2/3 for randomly orientated dipoles).

Using R,,, the FRET rate between donor and acceptor kg can be found for a given

distance R:

1 (Ry"
TD

where r% is the lifetime of the donor in the absence of FRET.!® Typical values for
R, range from 2-5 nm depending on the level of spectral overlap. This results in FRET
typically occuring for distances up to 10 nm, such that it is considered a ‘through space’
interaction. FRET is typically maximised for molecular systems with bright emission as

a result of strong electric dipoles for emission.

2.2.2 Dexter Energy Transfer

Dexter energy transfer is mediated by the electron-exchange interaction, involving the cor-
related transfer of two electrons between donor and acceptor species.!! As itis mediated by
the exchange interaction, Dexter energy transfer requires overlap between electron density
on both the excited state donor molecule and a ground state acceptor molecule. The Dexter
energy transfer rate decreases exponentially with increasing distance between donor and

acceptor, R:

2R
kpgr o exp <_T> (2.8)

where L is a constant related to van de Waals’ radius of donor and acceptor, which is
assumed to decrease exponentially with distance. The exponential dependence of Dexter
energy transfer on donor-acceptor distance results in energy typically transferring to near-
est neighbours, with typical distances for transfer ranging from 0.1-1 nm.'? Unlike FRET,

Dexter energy transfer can occur for states that have weak or no emission.

2.2.3 Spin Considerations in Energy Transfer

Whilst covered more fully in other reference texts,* the interaction energy f =
(w, ‘I:I ! ’ y;) between donor and acceptor can be separated for a two-electron system into
coulombic € and exchange-related f% terms if interactions are assumed to not couple

electronic and spin degrees of freedom. It can be shown that f = g€ — g% with:



P = (wap (W, @A

W:ID (D VelA (2)> <‘lfspin,D ) |W:pin,D (1)> <W:ioin,A @) |WSP“"A (2)>
2.9)

p* = (wap VW, @A’

Vi @ WD) Winn O Wian D) (W1 @) 10, @)
(2.10)
where y, (1) represents the electronic wavefunction for electron 1 in the ground
state of the acceptor, and q/:‘pin’D (2) represents the spin wavefunction for electron 2 on the

excited state of the donor.

From this we can see that the coulombic term requires spin-overlap for both the
ground and excited state of the donor, as well as the ground and excited state of the
acceptor. However, there is absolutely no requirement placed on the relative spins of
the donor and acceptor species - with the interaction being ‘through-space’, meaning no

spin-information can be passed to an acceptor during FRET.

Meanwhile, the exchange term requires overlap of spin for the ground state of both the
acceptor and donor, as well as the excited state of both the acceptor and donor. In Dexter
energy transfer the spin-character of the donor is therefore passed to the acceptor molecule
via the ‘through bond’ interaction allowing for spin-information to be maintained in the

system.
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2.3 Magnetic Interactions of Organic Molecular Systems

In this thesis we are concerned with understanding the magnetic response of radical-triplet
systems, which are primarily governed by the Zeeman, exchange and triplet zero-field
splitting (ZFS) interactions.

2.3.1 Zeeman

The Zeeman interaction ﬁz describes the energy of a spin within an externally applied

magnetic field B. Considering electronic spins:

A, =g,uB-S (2.11)

where g, is the electronic g-factor(~ 2.0023), uy is the Bohr magneton and S is the
spin operator for a spin experiencing magnetic field B.!? In systems dominated by the
Zeeman interactions, states have energy E = —m_ g, 1, B where B is the magnitude of the
applied magnetic field, and m, is the spin projection quantum number for the spin in the
applied magnetic field.

In the case of molecular spins, spin-orbit coupling interactions from electrons within
the molecule can both shield or amplify the magnetic field applied to the system such
that a spin experiences a different magnetic field strength locally. Differences in the ener-
getic splitting of different spin states are accounted for by the use of an ‘effective’ g-value
that accounts for the local electronic spin environment.'# In systems combining molecu-
lar states with different effective g-values, we can see mixing between spin states via a

Ag-mechanism.

2.3.2 [Exchange

The exchange interaction H,, is a quantum mechanical modulation of the coulomb inter-

action in systems comprising two or more spins:

A, =-JS, 8§, (2.12)

where J is the exchange coupling paramater for two spins S , and §2.13 The exchange
interaction arises from the need for electronic wavefunctions to have overall antisymmet-
ric symmetry, and that this can result in the spatial wavefunctions differing for states with

different spin character.

The classic example of this occurs in closed-shell systems, where the intramolecular

exchange interaction causes a splitting between singlet and triplet states. Singlet and
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triplet states have antisymmetric and symmetric spin wavefunctions respectively. To
preserve overall antisymmetric symmetry, this results in the spatial wavefunctions for sin-
glet and triplet states being symmetric and antisymmetric respectively. The antisymetric
spatial wavefunction of the triplet therefore has a greater coulombic stability, resulting in

a lower energy.

However, the exchange interaction is not limited to two electron systems and can ad-
ditionally occur intermolecularly. Systems where J > 0 are ferromagnetic, driving spins
towards alignment, whilst systems with J < O are antiferromagnetic and drive spins to
anti-align with each other. The magnitude of the exchange interaction |J| is generally in-
creased with greater overlap of the electronic wavefunctions of the two spins. Intramolec-
ular systems can show exchange interactions between spins as large as 1.0 eV, whereas

intermolecular systems could have |J| < peV.

2.3.3 Zero-Field Splitting (ZFS)

The ZFS interaction H,g occurs in systems with S > 1/2 as the result of magnetic dipole-
dipole interaction between different electronic spins. It acts to lift the degeneracy of the

spin sublevels of the excited triplet state at zero field. For a system with spin operator S:

Ayps=S-D-S (2.13)

where D is the ZFS tensor for a system.'> Molecules are not typically spherical, such
that magnetic dipole-dipole interactions can be anisotropic and do not cancel to zero. The
anisotropy of D can be written in terms of principle axes D, , . which result from finding

the eigenvalues of D and reflect the underlying symmetry of the molecule:

Hys=D,S?+ DS’ + DS’ (2.14)
with D, + D, + D, = 1. This can be re-written as:

A

A, =D [52 - %S(S + 1)] +ES? - 5?) (2.15)
where D = %DZ, and £ = % (Dx - Dy). D is defined to lie along the axis of maximum
symmetry for a molecule. Typically, D < 0 for triplet systems with prolate electronic
distributions and D > 0 for systems with oblate molecular distributions.!® D is expected
to be largest for systems where spins have the highest degree of overlap, allowing for | D|
to be used towards describing the level of delocalisation of the triplet states for molecular
systems. E gives an indication of the degree of ellipticity of the electronic wavefunction

perpendicular to the axis of greatest symmetry.

12



2.4 Doublet Emission for OLED Devices

Electron and hole recombination from conduction and valence bands can result in light
emission for semiconductor systems, with formed electron-hole excited states known
as excitons. Organic semiconductors intrinsically screen the coulombic interaction of
electric charges less than their inorganic counterparts, a result of the lower dielectric
constant in organic molecular solids.* The stronger interaction of charges within organic
semiconductors can give rise to Frenkel excitons, where electron-hole pairs are more
tightly bound than those in the Wannier-Mott excitons found in more classical inorganic
semiconductors. Frenkel excitons generally have stronger transition dipole moments for
more efficient light emission in optoelectronic devices. The ‘organic’ approach allows
more flexible manufacture of light-emitting layers than devices based on IlI-nitride

17.18 a5 well as easily tuneable properties from chemical synthesis.?

semiconductors,

However, strong coulomb interactions in organic semiconductors also impose ef-
ficiency limits for light emission from charge recombination - a consequence of the
quantum-mechanical spin properties of singlet (S,) and triplet (T,) excitons. Singlet and
triplet electronic states have total spin quantum numbers, S = 0 and §' = 1, respectively.
Due to a singlet ground state in typical organic semiconductors, triplet excitons should
be dark and non-emissive due to the rule of spin conservation in transitions for light
emission. As triplet excitons are formed in 75% of charge recombination events for such
organic semiconductors,* spin statistics would limit the electroluminescence efficiency
of OLEDs to 25%. The generally larger coulomb interaction in organic semiconductors
compared to inorganic systems results in a larger exchange interaction and singlet-triplet
exciton energy gap; triplets act as excitonic, non-luminescent traps if their emissive

properties are not enhanced.

Substantial progress has been made towards real-life applications in display and
lighting technologies by brightening triplet excitons directly with the inclusion of iridium

complexes to promote phosphorescence,!®?

and indirectly by converting dark triplet to
bright singlet excitons in delayed emission, e.g. thermally activated delayed fluorescence
(TADF)>'-23 - see Figure 2.1b. We note that triplet emission occurs on much slower
timescales than spin-allowed singlet emission in these systems. Spin-forbidden phos-
phorescence results in emission timescales on the order of microseconds to hundreds of
nanoseconds.!®2° Similar emission times are observed in TADF systems, where the rate-
limiting steps for emission are singlet-triplet spin-flip processes.?*?’ These timescales
are 2-3 orders of magnitude slower than seen for spin-allowed, direct transitions between

singlet exciton and ground states in standard organic semiconductor systems.
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Generally, we consider that faster light emission will reduce the chance of exciton
quenching processes which can limit the OLED device lifetime?® and operational
efficiency.?” There is therefore a commercial appetite for alternative solutions to cir-
cumvent the OLED spin statistics efficiency limit using emitters which do not contain
low-abundance metals such as iridium and have shorter light emission timescales,

enabling more sustainable manufacture and improved device performance.

Radical-based organic semiconductors have unpaired electrons in non-bonding singly
occupied molecular orbitals (SOMOs) which are intermediate to the highest occupied and
lowest unoccupied molecular orbitals (i.e. HOMO and LUMO; valence and conduction
bands). As discussed in the next section, the SOMO results in doublet-spin physics which
can allow radical emitters to undergo charge recombination with unity light emission ef-
ficiency (Figure 2.1a). In a sense, organic radical doublet emitters in LEDs are similar to
their inorganic counterparts in not being limited by spin considerations, whilst also having

the efficient emission characteristic of organic semiconductor systems.

a) b)
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Figure 2.1: Emission mechanisms for doublet- and singlet/triplet-based organic emitters.
Jablonski energy diagrams of the a) doublet-quartet manifold, indicating doublet-doublet
fluorescence and b) singlet-triplet manifold indicating singlet-singlet fluorescence, triplet-
singlet phosphorescence and spin flip processes e.g. intersystem crossing (ISC, T, — S,)
in TADF; triplet-triplet annihilation (TTA, 2 T, — S, + S).

These factors have allowed the development of radical based semiconductors
with nanosecond emission timescales and high photoluminescence quantum efficiency
(PLQE).**% Some of the most efficient z-radical emitters have been based on derivatives
of tris(2,4,6-trichlorophenyl)methyl (TTM),*¢37 perchlorotriphenylmethyl (PTM)**° and
(3,5-dichloro-4-pyridyl)-bis(2,4,6-trichlorophenyl)methyl (PyBTM)?? radicals - see Fig-
ure 2.2. Using these materials, highly efficient light-emitting devices have been shown to

surpass the singlet-triplet efficiency limit that is otherwise imposed on non-radical organic
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31,37,40

semiconductors.

TT™ PTM PyBTM

Figure 2.2: Stable z-radical chemical structures. Chemical structures of a) tris(2,4,6-
trichlorophenyl)methyl (TTM),*' b) perchlorotriphenylmethyl (PTM),*> and ¢) (3,5-
dichloro-4-pyridyl)-bis(2,4,6-trichlorophenyl)methyl (PyBTM)*? radicals.

The opportunities to use radical emitters in optoelectronics were not widely appreci-
ated until the last decade. Organic radicals were generally thought to be dark and strong
luminescence quenchers as mediators of electron exchange-induced intersystem crossing
and charge transfer processes.**~*7 The seminal work of Julia et al. in brightening the dark
TTM moiety by functionalisation with carbazole to form a TTM-carbazole derivative,*
and subsequent advancements to produce the first generation of radical light-emitting
devices®*3! by Li and co-workers have already been set out in a review,*® and is not detailed

in this chapter.

2.5 Doublet Manifold and Emission Mechanisms

In organic radicals, an odd number of valence electrons leads to the presence of an unpaired
electron which does not participate in the valence and conduction bands. Consequently, a
radical species has a doublet ground state which is classified as D), with total spin quan-
tum number, .S = 1/2, and total spin projection, M = +1/2, —1/2. In Figure 2.3, the D,
state is depicted where electrons doubly-occupy levels from lower-energy orbitals up to
the HOMO, with single-electron occupancy of the SOMO, and no electrons in the LUMO
and higher-energy orbitals. The unpaired electron prohibits the formation of singlet and

triplet excitons without the addition or removal of electrons to form even-electron systems.
By considering the requirement for spin conservation in optical excitation, transitions

can occur from D, to higher energy D, , states within the doublet-spin manifold in

radicals.
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Figure 2.3: Orbital occupancy of radical emitter electronic states. Molecular orbital dia-
grams for a doublet emitter showing electron occupancy in ground state (D)) and excited
states (D, D,, Q). The D, state will be the lower in energy of the two possible config-
urations indicated for D, D,. Similarly, the D, state will be the higher in energy of the
two possible configurations indicated for D,, D,. Whilst not shown, an understanding of
higher energy electronic states and differing spin projections will require excitations to be
formed of a superposition of orbital configurations.

The D, lowest energy excitation can be described by HOMO to SOMO and SOMO
to LUMO transitions, depending on the relative energies of these orbitals (Figure 2.3).
Where the HOMO-SOMO and SOMO-LUMO energy differences are non-degenerate, the
D, and D, states will be the lower and higher energy transitions, respectively. Critically,
the D, state is bright because like the ground state (D), it has .§ = 1/2, and can therefore
radiatively decay by fluorescence to the ground state. In Figure 2.3, the D, and D, states
are depicted with M = +1/2 (Mg = —1/2 analogues of these states also exist but are
not shown). Whilst odd-electron systems prohibit the formation of singlet or triplet states
in any electron configuration, it is feasible that quartet states (.S = 3/2) could be formed.
In Figure 2.3 the Q, state with M ¢ = +3/2 is shown. The quartet state is considered dark
due to the spin flip required for transitions to the doublet ground state. They are the dark

triplet analogues on going from non-radical ‘closed-shell’ to radical ‘open-shell’ species.

Generally, the lowest energy excited states in non-radical (S = 0 ground state)
and radical (S = 1/2 ground state) systems are dark and bright, respectively. In the
singlet-triplet manifold for non-radical organic semiconductors, the dark triplet T, is

generally lower energy than singlet S,. For organic radicals, the Q, quartet state is
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described by a HOMO to LUMO excitation (Figure 2.3) which will be higher energy
than D, (in the absence of substantial exchange interaction).’® The quartet state derived
from a HOMO-LUMO transition is not expected to play a significant role in the emission
mechanism for radical-based OLEDs as electron charge trapping will have a thermody-
namic tendency to the lower-energy SOMO rather than higher-energy LUMO (Figure 2.4).

With the understanding that dark states can be eliminated from the functional photo-
physics of radical emitters as indicated in Figure 2.3 and 2.4, we consider why z-radical

systems such as TTM and PTM are not strongly emissive.
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Figure 2.4: Electroluminescence scheme for radical OLEDs by charge trapping. Radical-
based electroluminescence scheme for charge trapping of electrons (e~) and holes (h*)
on doublet ground state to form emissive doublet excitons, D,. Doublet emission-type
is highlighted by emission channels for +1/2 and —1/2 total projection spin quantum

numbers.

2.6 Radiative and Non-Radiative Behaviour of Organic

Radical Emitters

2.6.1 Excitation Mixing of Alternant Symmetry Systems

Alternant z-hydrocarbon systems are conjugated molecules whose z-system atoms can be
divided into two sets [commonly denoted starred (*) or unstarred, Figure 2.5a] such that no
two atoms of the same set are adjacent. We illustrate this with an example of a three-ring
alternant 7-system (anthracene) in Figure 2.5a. Alternant systems contain even-membered
rings only (Figure 2.5a), whereas non-alternant hydrocarbons have odd-membered rings

as shown in Figure 2.5b and/or contain heteroatoms.
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Figure 2.5: Alternant and non-alternant three membered rings. Example structures of a)
alternant and b) non-alternant three membered rings (7-system not shown for clarity). Al-
ternancy symmetry allows for the atoms forming a delocalised system to be separated into
two separate sets (starred and non-starred), for which no atom is adjacent to another atom
of the same set. It is impossible for b) to have starred and non-starred atom assignment
such that no two atoms of the same set are adjacent (see red double-headed arrow).

The Coulson-Rushbrooke theorem states that for closed shell, alternant hydrocarbons
the bonding and antibonding orbitals are distributed symmetrically in energy, and that
energy-adjacent orbitals (such as HOMO and LUMO, or HOMO-n and LUMO-n, where

152 Further, in alternant

n is an integer) differ only by sign on every other carbon atom.
z-radicals such as TTM and PTM (Figure 2.2) extensions to the Coulson-Rushbrooke
Theorem by Longuet-Higgins lead to the splitting of anti-bonding and bonding z-orbitals
with equal energy spacing about the non-bonding SOMO level,*= such that E(SOMO)-
E(HOMO) = E(LUMO) - E(SOMO), where E(x) is the energy of molecular orbital, x.
They also state that the SOMO only has orbital amplitude on atoms which can bear a
radical dot in its principle resonance structures. For the monoradicals considered in this
chapter, this usually means that the SOMO will have orbital amplitude (and therefore
electron density) on (N+1)/2 carbon atoms and none on the remaining (N-1)/2, where N
is the number of conjugated carbon atoms in the molecule. This theoretical prediction is

confirmed in DFT calculations of the SOMO of alternant z-radical systems.*!>

Considering the orbital structure of these systems, the HOMO-SOMO and SOMO-
LUMO transitions are understood to be degenerate with identical magnitude of their tran-
sition dipole moments (Figure 2.6a,b)>**. One can further show>* that these two tran-
sitions are mixed by the electronic Hamiltonian to form out-of-phase, |D;ryy) and in-
phase, |D,ryy)) combinations (Figure 2.6b). Crucially in what follows, the out-of-phase
dark transition will always be at lower energy and the in-phase, bright transition at higher

energy (Figure 2.6¢).
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Figure 2.6: Excitation mixing in alternant radical systems. a) Schematic diagram of the
frontier molecular orbitals of TTM, with the HOMO-SOMO, |1//2;), and SOMO-LUMO,

WSLT ), labelled. b) The mixing of the |l[/;;> and |1//SLT ") transitions to form the dark D py))
and bright |D,pyy) excitations. ¢) Absorption (solid) and emission (dashed) spectra of
TTM in CHCI; with the D, and D, transitions labelled for absorption. b) and c¢) have
been adapted with permission from Nat. Mater. 19, 1224-1229 (2020). Copyright 2020
Springer Nature.*°

This means that the lowest energy excited state (D,) of an alternant organic radical
will have a vanishingly small transition dipole moment; this can be seen in < 1000
M~! cm™! extinction coefficients for the lowest energy absorption bands in alternant
hydrocarbon radicals.*® As the rate of spontaneous emission is proportional to the square
magnitude of the dipole moment,’ light emission from such organic radicals (k, ~ 10°
s7!) is generally outpaced by non-radiative internal conversion processes to the ground
state. In theory the D, state should be highly emissive, but by Kasha’s rule, in the event a
molecule were to form this state it would rapidly undergo internal conversion to the dark
D, state. The key result is that alternant radical hydrocarbons are likely to have very poor
emission from D,, which is outpaced by non-radiative losses, and are therefore likely to
be unsuitable for radical OLEDs.*

In Figure 2.7 we show a selection of bright and dark radical systems. Careful in-
spection shows that all dark systems are alternant radicals, and all bright systems are
non-alternant, confirming the theoretical predictions. We stress that not being alternant
substantially increases the likelihood of a radical being emissive, but is not in itself a suffi-
cient criterion for a radical to be emissive; in addition to breaking the alternacy symmetry
a molecule’s radiative rate will also need to outcompete non-emissive processes such as
internal conversion. Conversely, there may also be cases (such as tris(2,3,5,6-tetrachloro-
4-iodophenyl)methyl radical (3I-PTM)>’ discussed later) where an alternant radical has a
very weak D, absorption (and no emission when in pure solid), but by immobilising it in
a host matrix, and therefore restricting conformational changes that facilitate nonradiative

decay, emission is observed.
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Figure 2.7: Dark and bright radical structures. Chemical structures of the dark TTM,*!
PTM,>® and TTM-tetracene*® radicals as well as the bright PyBTM,* PyID-BTM,*
CzBTM,*” TTM-1Cz,*® TTM-3NCz,*! TPA-R,** and PTM-PCz?! radicals. Alternant rad-
icals (left) are generally non-emissive, while non-alternant radicals (right) can have effi-
cient light emission. We also give the structure of the unusual alternant radical mesityl-
substituted tri(9-anthryl)methyl (TAntM),®' which is similarly found to have a very weak
D, absorption.

2.6.2 Breaking the Alternancy Symmetry
Non-Alternant Radical Structures

If the alternancy symmetry in z-radicals can be broken, either by having conjugated
rings with an odd number of atoms, or heteroatoms, or both, then the HOMO-SOMO
and SOMO-LUMO transitions cease to be degenerate. This can then allow the D,
state to achieve a higher transition dipole moment and radiative rate. Radical structures
without alternant symmetry have been found in the PyBTM?* and (N-pyrido[3,4-
blindolyl)bis(2,4,6-trichlorophenyl)methyl (PyID-BTM)*® radicals (Figure 2.7), as well
as the (N-carbazolyl) bis(2,4,6-trichlorophenyl)-methyl radical (CzBTM)>® radical.
In PyBTM the higher electronegativity of the nitrogen atom perturbs the alternancy
symmetry of the triaryl system, whereas in PyID-BTM the five-membered central ring of

the carbazole (and the nitrogen atom) breaks this symmetry in the molecule.
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Some indications of higher PLQE in these materials compared to TTM (2.0% in
cyclohexane*’) and PTM (1% in cyclohexane®®) were reported, namely 26% for PyBTM
dispersed in a PMMA matrix*? and 19.5% for PyID-BTM dissolved in cyclohexane.®
Radiative rates for PyID-BTM being measured at 1.39 x 107 s~! place them an order of
magnitude faster than those for TTM at 1.22 x 10° s~! (both in cyclohexane).??

More substantial improvement in radiative rates (k, > 10° s7!) and PLQE is conceiv-
able from discovery of new chemistry strategies for using non-alternant radical motifs in

doublet emitters.

Non-Alternant Donor-Acceptor Radical Systems

Organic radicals with overall non-alternant hydrocarbon properties can be designed from
alternant radical moieties if functionalised with non-alternant chemical groups. This has
proven to be the most successful strategy to date, where non-alternant electron donor
groups attached to TTM and PTM have led to an order of magnitude increase in the

radiative rates of their derivatives.37-38:62:63

The rationale for this is shown by comparing Figures 2.6 and 2.8. In Figure 2.6, the
HOMO-SOMO and SOMO-LUMO excitations are degenerate, leading to a D, state that
is a dark, out-of-phase combination of these excitations as discussed earlier. If, however,
the radical is bonded to an electron-rich, non-alternant molecule with a high HOMO (such
as carbazole), as shown in Figure 2.8a, then the lowest-energy excited state becomes the
charge-transfer excitation from the electron donor-HOMO to radical-SOMO, and there is
no corresponding SOMO-LUMO excitation of the same energy for this to destructively
interfere with. Alternatively, the radical can be bonded to an electron-acceptor molecule
as shown in Figure 2.8b, where D, is now the charge-transfer excitation from the radical-
SOMO to acceptor-LUMO, and there is no degenerate HOMO-SOMO excitation for this

to interfere with.
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Figure 2.8: Charge-transfer radical excitations. Schematic molecular orbital diagrams for a
radical moiety and functional group for a) a radical acceptor-electron donor configuration,
b) a radical donor-electron-acceptor configuration, and c) a radical functionalised to an
alternant group. E indicates the lowest energy excitation ignoring two electron (Coulomb
and exchange) effects. This figure has been adapted with permission from Abdurahman et
al., Nat. Mater. 19, 1224-1229 (2020). Copyright 2020 Springer Nature.*’

This has been demonstrated in practice by functionalisation of the dark TTM radical
moiety with a carbazole group to produce the bright TTM-1Cz doublet emitter. The
radiative rate increases roughly tenfold from 10% to 107 s~! and the PLQE increases
from 3% to 53% in cyclohexane.*® For TTM-1Cz, an emission band is observed at 603
nm in cyclohexane, which is lower energy than both TTM (537 nm) and carbazole (331
nm) only photoluminescence.*® Furthermore, the protonated (non-radical) precursor,
aH-TTM-1Cz, displays distinctly higher energy emission (335 nm) than TTM-1Cz
in cyclohexane.*® The lower energy emission feature in TTM-1Cz is derived from a
carbazole-HOMO to TTM-SOMO charge transfer-type (CT) transition (Figure 2.8a);
such lower energy features emerge in all electron donor-acceptor hydrocarbon radicals.
Using non-alternant groups functionalised to TTM moieties, PLQE values in excess

of 80% have been observed and can be translated to devices with external quantum

efficiencies as high as 27%.%!

We also expect good emission properties in systems where the radical is paired with
a non-alternant electron acceptor, but such systems have not been demonstrated to date,
likely due to the difficulty in finding acceptor groups with sufficiently low LUMO levels

to have energetic matching with the radicals’ low-energy orbitals.

Conversely, in the case that a donor-acceptor radical is obtained from an alternant hy-
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drocarbon functional group [Figure 2.8c], the overall radical will still have alternancy sym-
metry. Alternant donor-acceptor radical systems also follow the Coulson-Rushbrooke the-
orem and have degenerate transitions derived from the functional group-HOMO to radical-
SOMO and radical-SOMO to functional group-LUMO. Slow radiative rates from weak D,
transition dipole moments hinder the emission properties of these CT systems, even where
orbital transitions occur between distinct parts of the molecule.*’ The dipole-cancelling ef-
fect from the out-of-phase combination of HOMO-SOMO and SOMO-LUMO excitations
is still seen. This effect is observed in TTM-Tetracene where the lowest energy D, absorp-
tion band at 630 nm has an extinction coefficient value of 1174 M~! cm~', and no light
emission was reported.*? This is also observed for the alternant mesityl-substituted tri(9-
anthryl)methyl (TAntM) radical,®' where the lowest energy D, absorption band at 1020

nm has an extinction coefficient value of ~250 M~! cm™!.

2.6.3 Brightening of Dark Charge Transfer States

The D, excitation being primarily of intramolecular charge-transfer character is a common
feature in the leading, highly emissive radical systems reported to date.3'*8%* We note
that charge transfer states are usually dark because, by construction, the orbital from
which the electron is excited, and the orbital to which it is excited, are spatially separated
and non-overlapping, leading to a vanishing transition dipole moment.®> Radical systems
whose lowest energy excited state (D,) is mainly charge-transfer (CT) in character will
therefore need to acquire locally excited (LE) state character in order to be emissive, such

as by mixing with bright electronic transitions centered on the radical moiety.

Several groups have provided theoretical examinations for the brightening of the D,

state in radical doublet emitters*?-

using frameworks of intensity borrowing or hybridi-
sation between states. We emphasise that the following discussions for brightening CT
states are similar to discussions for TADF materials. However, while luminescent donor-
acceptor radicals generally require non-alternant hydrocarbon electronic symmetry* as
outlined in Sections 2.4-2.6.2 (whereas TADF emitters in general do not), radical emitters
do not have to navigate the trade-off in low and high excited-state CT character for good

oscillator strength and efficient reverse intersystem crossing that is seen in TADF.*-%°

In previous work, it was suggested that the D, state in TTM-1Cz can be described
as dark CT excitation from the donor (carbazole) HOMO to acceptor (TTM) SOMO
mixing with, and therefore borrowing intensity®>-’® from the D, transition of TTM.*® This
is evidenced by the intense near-UV absorption peak of TTM (~375 nm) decreasing in
intensity on going from TTM to TTM-1Cz, accompanied by a bright D, absorption for
TTM-1Cz. In this analysis of TTM-1Cz radicals, the TTM and carbazole groups are
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first treated as separate moieties. LE states are defined to be those involving orbitals
localised solely on the TTM moiety (or solely on carbazole) and CT states to involve
electronic transitions from an orbital entirely on the donor (carbazole) to entirely the
acceptor (radical). While CT states could also form by electron transfer from the TTM
SOMO to Cz LUMO, this excitation was not considered as it is too high in energy to
participate in the functional photophysics involving the lowest energy excited states.
The true D, electronic state was suggested to be composed of CT excitation from the
carbazole HOMO to TTM SOMO with a contribution from the bright TTM LE state seen
experimentally around 370 nm. The mixing of LE character arises from the consideration
of the TTM and carbazole moieties and the resulting electronic interactions of bringing
these groups together from separation.”® Mixing of CT-LE states can then be explained by
intensity borrowing perturbation theory,%"° having a cosine dependence on the dihedral

0

angle linking the TTM and carbazole moieties,*’ and leads to a non-zero transition

dipole moment between the ground state |D$)TTM_1 CZ)) and (perturbed) first excited state
(¢)) : (0) A1) O " .
ID\rrveic?s 1€ (Dyrrico Py rrvac,y) # 05 where {1 is the transition dipole

moment operator.

On the other hand, Cho et al. in their analysis of PTM-TPA systems take the alternative
approach of calculating the electronic structure for the entire radical molecule rather than
starting their consideration with separate moieties.®® They find that the lowest energy
D, state is principally composed of charge-transfer excitation and is emissive. However,
they denote this adiabatic D, state CT, such that this state has oscillator strength with the
ground state. They then consider the hybridisation of their CT state with the ground state
and LE states, and compute and explain the radiative and nonradiative decay rates.

These studies*?-6¢

echo the result that lowest energy excitations in bright donor-
acceptor radical systems contain predominantly charge-transfer character but are bright-
ened by mixing of LE character and can be considered as a part of general design rules for

obtaining luminescent emitters.

2.6.4 Energy Ordering of HOMO, LUMO, SOMO Toward Alterna-

tive Doublet Emission

Cornil, Robvira, and Veciana et al. have described the emission properties of PTM
derivatives using hybridisation of the ground state orbitals.’® In these studies, the extent
of thiophene substitution onto PTM cores was investigated, showing the importance of
energy-level alignment between thiophene and PTM moieties in HOMO delocalization

for good oscillator strength properties.
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The hybridization of the ground state orbitals was also used to rationalise organic
radicals with non-Aufbau inversion of their electron orbital occupancy.’! In molecules
following the Aufbau electron distribution principle, molecular orbitals are filled pro-
gressively from low to high energy. In non-Aufbau radicals, the highest energy occupied
orbital is not the SOMO,**%° but rather the double-electron occupied HOMO of the
donor group attached to the radical moiety. On going from TTM-3NCz to PTM-3NCz,
the electronic structures of these systems were observed to switch from Aufbau to
non-Aufbau configurations.>® The difference occurs because of the extra Cl bulk in
PTM-3NCz, leading to PTM and 3NCz moieties being almost orthogonal and resulting in
less hybridisation than in equivalent groups in TTM-3NCz. Photostability improvements
of up to 2-3 orders of magnitude were observed in donor-acceptor non-Aufbau materials
compared to parent radicals and were partly attributed to the energetically higher lying
HOMO preventing chemical reactions with the SOMO.

It is noteworthy that doublet emitters have also been designed in materials where rad-
icals are appended to chromophores and do not participate in electronic transitions for
the lowest energy exciton states. Beldjoudi et al. have demonstrated that pairing of
pyrene (Py) with the dithiadiazolyl (DTDA) radical moiety does not produce lumines-
cence at a new wavelength, with respect to emission from its constituent radical and non-
radical components.’?> The radical center imparts its doublet-spin property on the singlet
and triplet-spin excited states of pyrene to yield overall doublet states for efficient light
emission (PLQE = 50%, Py-DTDA in MeCN). The presence of radical leads to moder-
ate reduction in efficiency compared to Py only which has PLQE = 98% (Py is pyrene
without radical present). This is attributed to energy mismatch between the Py HOMO,
LUMO, and DTDA SOMO orbitals, which minimises electron-exchange-mediated exciton
quenching. Using this material, radical-based OLEDs with up to 1.4% EQE were reported
with sky-blue emission (EL maximum at 492 nm). The design of new emitters of this type
will require careful tuning of the energetic order of frontier orbitals: HOMO, LUMO, and
SOMO from radical and non-radical constituents, as well as intramolecular spin interac-
tions. Substantial gains in efficiency for spectator-type OLEDs with non-radical-centered
excited states are expected in the future. For the remainder of this thesis, we will keep a

focus on doublet emitters with radical-centered excitons.

2.6.5 Non-Radiative Relaxation of the Doublet Manifold

The doublet manifold intrinsically contains fewer non-radiative pathways, a result of
intersystem crossing being unable to populate ‘dark’ states below emissive D, excitation.
The main emission quenching mechanism of D, is internal conversion to the D, ground

state.
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Internal conversion results from the non-adiabatic coupling of the lowest vibrational
mode of the D, state to the excited D,, vibrational modes. Analogous to closed shell sys-
tems, an ‘energy gap law’ dependence is seen for emission as a result of Franck-Condon
factors for transition, with decreased non-radiative rates for systems with increased
HOMO-SOMO splitting. Variation of the ortho-halogens of the pyridyl group in PyBTM
from Br to Cl to F successively increased the HOMO-SOMO splitting from 2.51 to
2.55 to 2.61 eV, respectively. The increased energy gap was accompanied by decreased
non-radiative rates of 1.68 x 108, 1.28 x 108, and 5.2 x 107 s~! (in chloroform) for the
Br-, Cl-, and F-substituted PyBTM molecules, respectively.”

The order of magnitude reductions in non-radiative rates is seen from charge-transfer
systems, with the spatial separation of the electron density of the ground and excited
states leading to reduced vibronic coupling and internal conversion. The functionalisation
of PTM with differently substituted phenyl-carbazolyl groups (-Pz and -3Pz) as well as
triphenylamine (TPA) reducing the non-radiative rate by up to an order of magnitude
from 1.62 x 108 s7! for PTM to 4.85 x 107, 2.11 x 107, and 1.65 x 107 s~! for PTM-TPA,
PTM-PCz, and PTM-3PCz, respectively (all in cyclohexane). Similarly, TTM function-
alisation with carbazolyl (Cz), bi-carbazolyl (BiCz), and tri-carbazolyl (TCz) groups
reduces the non-radiative rate from 1.56 x 108 to 1.13 x 107 s™! for TTM and TTM-1Cz
in dichloromethane* and from 1.52 x 10® to 8.42 x 107 and 4.3 x 107 s~ for TTM,
TTM-1BiCz, and TTM-TCz in cyclohexane, respectively.®?

Furthermore, reductions in internal conversion are seen for rigid and immobilised
molecular systems, due to the intrinsic dependence of non-adiabatic coupling on the
thermally induced fluctuations of vibrational modes. The immobilisation of radical
emitters in a rigid matrix restricts vibrational and rotational modes seen in solution, with
PLQE efficiencies for PyBTM being boosted from 3% when in chloroform solution to
26% for when PyBTM was immobilised in a rigid polymethyl methacrylate (PMMA)
matrix.>? Similarly, the lower population of thermally induced modes leads to enhanced
radical emission at lower temperatures, with PyBTM showing PLQE values of 81% when

embedded in an EPA matrix (diethylether:isopropanol:ethanol) at 77 K.

Theoretically calculated values for radical non-radiative rates, calculated from the sum
of non-adiabatic vibrational coupling constants, have given insights into the intrinsic non-
radiative mechanisms for organic radical excited states.”*”> As well as consideration of
excited state-ground state hybridisation in non-radiative decay,’® Bredas and co-workers
have taken steps to better understand the in-device behavior for radical emitters in a

combined molecular dynamics and DFT approach, advancing the theoretical modelling of
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these systems to include host-emitter interactions.® Furthermore, vibrational couplings
for TTM-3NCz were found to be reduced by up to 30% when embedded in a CBP host
(1% dilution of the radical emitter in host). This reduction comes with a modest penalty
of static disorder; minimising static disorder reduces its detrimental effect on charge

mobility, leading to increased OLED efficiency and reduced turn-on voltages.>

Approaching the design of radical emitters with the aim to reduce internal conversion
and increasing transition dipole moments will enable systems with more efficient light

emission.

We note that the non-luminescent nature of the majority of stable radical systems is
generally attributed to the rapid internal conversion resulting from small D,-D,, splittings;
however, radical systems with energy gaps comparable to that of singlet emitters remain
dark. In some circumstances, this can be alternatively explained by the radical emitter
being an alternant hydrocarbon, or very nearly alternant, such that the D, state has a low
transition-dipole moment, leading to a low radiative rate that is outcompeted by decay
processes.*® Nevertheless, greater research is required to elucidate which properties of

bright radicals allow them to avoid ultrafast non-radiative relaxation.

2.7 Challenges for Radical-Based Emitters

2.7.1 Device Efficiency Roll-Off and the Underlying Mechanisms

Despite radical semiconductors having nanosecond emission timescales and high PLQE,
the exploitation of these properties to improve on the state of the art in organic optoelec-
tronics has not been fully realised. Given that radical emission is orders of magnitude
faster than microsecond phosphorescent,!*?® TTA’® and TADF?>!"?* emitters, radical
OLEDs should be able to improve on the device characteristics and performance of
these more established OLED technologies. As we have already mentioned, faster light
emission should reduce the probability of exciton quenching processes that can lead to

device and efficiency breakdown.

OLEDs based on radical semiconductors have been shown with high peak external
quantum efficiency, but generally all devices suffer substantial reductions in efficiency

above current densities of 1 mA/cm?

. This reduction of OLED efficiency at increased
current density is commonly referred to as ‘roll-off’, and acts as a critical limitation for
the commercialisation of light-emitting devices based on organic radicals (see Figure

2.9a).3!
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Figure 2.9: Efficiency roll-off and charge balance in radical devices. a) EQE-current den-
sity curves for TTM-3NCz (red) and TTM-3PCz (black) LEDs. The inset shows the TTM-
3NCz device layout; the labels give the energy levels in electron volts and the thickness of
layers in nanometers. a) has been reproduced with permission from Ai et al., Nature 563,
536-540 (2018). Copyright 2018 Springer Nature.>! b) Schematic molecular orbital dia-
gram indicating 1) the stepwise process of separate electron transfer into the radical SOMO
and hole transfer to the radical HOMO before ii) light emission following recombination.
c¢) shows dark recombination that results in no light emission following electron and hole
transfer to the SOMO.

Optical spectroscopy on working radical OLEDs has been used to study efficiency
roll-off mechanisms.”” In such experiments for radical OLEDs, devices were electrically
biased from O to 12 V in the pulsed mode, and a secondary laser pulse was used to achieve
a small population perturbation for which the decay lifetime was recorded.*® The tran-
sient decay lifetime was unchanged for different voltages (and consequently exciton den-
sity, charge density, and electric field conditions), suggesting that excited state quenching
of doublet excitons by self-annihilation, charges, and electric fields could be ruled out
from the cause of the efficiency roll-off. This is in agreement with roll-off mechanisms
studied in non-radical organic emitters with nanosecond lifetimes. In such systems, ex-
cited state quenching of nanosecond emitters is not generally expected until 100 mA/cm?
and higher current densities.”” When these results are considered together with the high
redox- and photo-stability of organic radical emitters such as TTM-xPyID, TTM-3NCz,

31,40,78

and others, it is likely that current roll-off effects and device limitations originate

from the device physics rather than photophysics of radical OLEDs.

2.7.2 Charge Balance Effects

The mechanism of electrical excitation in radical OLEDs is not fully understood. One
of the suggested origins for EL efficiency roll-off beyond 1 mA/cm? in radical OLEDs
is charge balance in electrical excitation.** A sequential charge trapping mechanism
was previously considered, in which electrons and holes undergo charge transfer from
host to radical in TTM-3NCz OLEDs (Figure 2.9b).>! It should be emphasised that

electroluminescence from radical OLEDs is surprising given the trap-like properties of
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the SOMO as the thermodynamically preferred site for both electron and hole occupancy.
By this pathway (electron and hole insertion into the SOMO), it was not expected for
charge recombination on radical dopant centers to result in electroluminescence (Figure
2.9c). The highest efficiency radical-based OLEDs to date use host materials (CBP) with
good HOMO energy alignment to the radical (TTM-3NCz) HOMO.*!

Work by Suo et al. investigated the rate of electron and hole transfer from host to
radical dopants using the charge hopping model in Marcus theory.”* The electron and
hole transfer rates from CBP to TTM-1Cz radical dopants were calculated to be 5.4 X
10'" and 4.0 x 10° s™! respectively, indicating the strong electron-trap properties of the
radical in this device. A sequential electron-to-SOMO then hole-to-HOMO transfer has
been put forward for a charge trapping-based electroluminescence mechanism in radical
OLEDs. We speculate that charge imbalance results in light-emitting devices where the

recombination zone is pinned to the emissive and electron transport layer.

Further research is needed to explore the variation of electron and hole transport prop-
erties for improved charge balance while sustaining low turn-on voltages. Due to the
presence of the SOMO and its ambipolar charge trapping properties, established device
considerations and architectures for phosphorescent and TADF OLEDs may not directly

translate to success in radical-based OLEDs.

2.7.3 Blue-Shifted Emission

Donor-acceptor radical systems have been demonstrated with efficient emission in the

30.31,37.3940.63.79 owering the emission

red and deep-red optical range, 600-700 nm.
wavelength to green and blue colors for radical OLEDs has proven challenging. The
difficulty in obtaining higher energy emitters is the limited radical chemistry available,

with most reports involving halogenated triaryl radical moieties.

Halogen substitutions have been extensively studied in triaryl systems, with a modest
blueshift in emission on replacing Br with more electronegative Cl atoms: from 593 nm
for tris(2,4,6-tribromophenyl)methyl (TTBrM)® to 569 nm for TTM in CCl,.}!

On the most electronegative halogen variant, the synthesis of a fully fluorinated
version of TTM in TTFM has not been reported. Theoretical studies have suggested
that the replacement of chlorines in TTM-3NCz with fluorine could cause emission
wavelength to drop from 700 to 610 nm;% however, this is still far from 400-500 nm

required for emitting in the blue.
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For doublet emitters in the blue range, new radical moieties with intrinsically larger
HOMO-LUMO gaps must be designed to enable larger HOMO-SOMO or SOMO-LUMO
splitting. We note that as the D, energy is related to the minimum of the HOMO-SOMO
excitation energy, the SOMO-LUMO excitation energy, and any linear combination of
these transitions (see Figure 2.6). Consequently, the maximum D, emission energy of a
radical emitter will be limited to approximately half the energy difference between the
HOMO and the LUMO.

For higher energy doublet emitters, materials with less delocalised z-systems should
be considered; i.e., less than the three phenyl groups in triphenylmethyl radical derivatives.
Frontier HOMO and LUMO =z-orbitals become higher and lower in energy, respectively,
as a result of delocalisation.?? The larger the extent of z-delocalisation, the closer the
frontier z-molecular orbitals are in energy to the non-bonding SOMO level. As a result,
higher energy doublet emission will be seen in systems with lower z-delocalisation, such
as by incorporation of a sp’ alkyl group adjacent to the trivalent radical carbon. To this
end, there is a chemical synthesis challenge to reduce z-delocalisation in a non-alternant

hydrocarbon radical for efficient and higher energy emission.

We note that delocalisation and steric hinderance of the radical moiety are important
factors in stabilising radical emitters,3* and newly designed materials must also possess
sufficient stability to be OLED dopants. The currently limited chemical space for radical
z-system emitters is one of the biggest issues which must be developed by innovation in
organic chemistry. This is key to having radical emitters across the full visible range that

could compete with current display and lighting technologies.

2.7.4 Stability of Radical Devices

While significant progress has been achieved recently to improve the intrinsic photo-
stability of radical emitters, the operational lifetime of radical-based OLEDs must be
improved beyond the minutes timescales that have been reported in order to push toward

commercial viability.*

The PyBTM radical and the radical-acceptor electron-donor systems show sub-
stantially longer lifetimes for maintaining intensity of PL under UV radiation than the
isolated TTM and PTM moieties.>> When illuminated with radiation of 370 nm within
cyclohexane, the intensity of PL from PyBTM decreases with a half-life of 2.58 X
10* s, which is 115 times longer than that of TTM (224 s).3? Similarly the half-life of
PTM under 355 nm radiation pulses (46.6 s) is significantly less than that of the PTM
derivatives PTM-PCz (2.42 x 10’ s), PTM-3PCz (8.73 x 10° s), and PTM-TPA (3.17
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x 10° s) when measured in deoxygenated cyclohexane.® By perturbing the alternant
hydrocarbon nature of TTM and PTM radicals by aza-substitution (PyBTM) or forming
donor-acceptor derivatives, the radicals appear to be less prone to cyclisation reactions
that have been highlighted as one of the major degradation mechanisms.**% We note
that some bonds may be weakened on going from D, to D,, leading to alternative
degradation of organic radicals upon excitation. Better understanding of photostability
should be supported by more detailed studies in future with quantum-chemical calcula-

tions and experiment, which could lead to the development of more stable radical emitters.

For redox stability, donor-acceptor triphenylmethyl radical derivatives have been
shown to undergo reversible oxidation and reduction on the timescale of the electro-
chemistry experiments such as cyclic voltammetry. More long-term and solid-state redox
stability has been demonstrated in molecular electronics demonstrations.?3° We consider
that the stability may be attributed to the non-bonding nature of the SOMO, meaning
that the overall bond order of a radical material does not decrease when it is oxidised
by removing an electron from the SOMO or reduced upon addition of an electron to the
SOMO. In non-radicals, electron oxidation occurs to bonding-type HOMO and reduction
to anti-bonding-type LUMO, leading to a reduction in bond order for the molecule in

both scenarios.

If we consider high photo-, redox-, and thermal stability for radical emitters such as
TTM-xPyID, the short device lifetime stability cannot be explained from this.*’ It is not
understood whether this device degradation is due to intrinsic instability of the radical
molecule under electrical excitation or is related to the degradation of the device struc-
ture. Future efforts should focus on elucidating the degradation mechanisms to improve
device lifetimes towards commercial expectations (running time of >5000 hours for blue
OLEDs* and >10000 hours for red/green OLEDs’! before a 5% drop in luminance from

an initial value of 1000 cd/m?).

2.8 Research Beyond Doublet Emission

2.8.1 New Functionality from Established Radical Motifs

In addition to ongoing research efforts for new radical moieties in doublet emitters, there
has been important progress in the discovery of new functionalisation routes for existing
m-radicals. As discussed in Sections 2.4-2.7, the functionalisation of TTM, PTM, and
PyBTM by electron donor and acceptor groups has been explored in tuning the emissive
properties of their radical derivatives, while also leading to improvements in thermal and

photo-stability. In a sense, new radicals can be designed from old radical motifs.
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Other chemical functionalisation efforts have led to well-known radical emitters such
as TTM-1Cz being developed into polymers with non-conjugated backbones.>* This
has resulted in OLEDs with modest efficiencies of 3.0% for PS-CZTTM.” The other
related report is by An et al. who have developed a super acid-catalysed route to radical
polymers with carbazole-conjugated backbones, avoiding the use of heavy metal catalysts
in polymerisation and producing 1.8% efficiency in electroluminescent devices.”> We
expect further progress in the area of radical polymer devices in future. Generally, we
consider that the prospect of commercially relevant radical-based optoelectronics may be
accelerated by established protocols of organic semiconductors in solution-processing of

polymers, as well as vacuum-deposited devices from molecular radical emitters.

In other studies, functional groups have been used to attach organic radicals between
metal electrodes for studying their charge transport properties.’ On going from PTM
to donor-acceptor-PTM derivatives, systems change from having free electrical current
in both directions to acting as molecular rectifiers.®” Alkyne-functionalised PTM radi-
cals have also been shown to form self-assembled monolayers on gold and hydrogenated
silicon surfaces, enabling use as photoswitchable capacitors and multistate electronic
switches.?3° To this end, organic radicals could lead further advancements as useful com-
ponents in molecular-scale electronics. Moving forward, optical and current readout from

electrode-radical-electrode systems could be enabled by light-emitting radicals.

2.8.2 Electronic Tuning Without the Usual Heavy Atom Effect

As discussed, the quartet states in radicals are higher than the first excited doublet
state, D,, meaning that quartets will not form by intersystem crossing on thermody-

namic grounds, and do not pose the same problems as triplet states in non-radical emitters.

Consequently, heavy atoms can be incorporated in radical systems to tune emission
properties without increasing non-radiative losses by intersystem crossing pathways. The
result is the ability to alter the electronic structure of triaryl radical moieties through
inclusion of Br and I while maintaining non-radiative rates to within the same order of
magnitude.®’’* We note that the weakening of the carbon-halogen bond from the inclusion
of heavier halogen atoms will also affect possible methods for device fabrication. The
bond dissociation energy of C-halogen will decrease with increasing atomic number
of the halogen: C-F > C-Cl > C-Br > C-I.? Therefore, molecules containing heavier
halogens are likely to only be processable by solution-based methods such as spin-coating
and are not stable enough to withstand thermal evaporation. We consider that the design

of new materials will be led by processing requirements and consideration of the physical
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properties of organic radicals (e.g., temperature stability) as well as electronic and optical

properties.

The tri-iodinated radical compound, tris(2,3,5,6-tetrachloro-4-iodophenyl)methyl
radical (3I-PTM)>” mentioned earlier, is of particular interest as good emission properties
are observed in a system we would otherwise understand to have alternancy symmetry
and expect to be non-emissive. This motivates further research on fundamental design
rules for radical emitters beyond our current understanding of the electronic structure in

these systems.

The absence of the usual heavy atom effect in triplet formation also enables fluorescent
metal complexes with doublet metal-ligand emission to be designed. The nitrogen lone
pair in PyBTM derivatives has been employed in ligand-complexation to Zn(II), La(IlI),”
and Au(I)***> centers. Here, the emission energy can be altered by the substitution of
the ion center, allowing a route to tunable doublet emission from a radical center proven
to be stable and therefore without having to develop new radical motifs.”®> Furthermore,
complexation of tripyrrindione to Zn(II) has shown radical emission at room-temperature
(PLQE = 23% in THF) from a system not based upon the triaryl moiety.”

The coordination of radical moieties with Cu(II), Ni(II), Co(II), Fe(II), and Mn(II)*3
was observed to quench emission and has been attributed to electron-exchange-mediated

mechanisms with partially filled d-orbitals.

2.8.3 Circularly Polarised Doublet Emission

Molecular chirality can lead to chiral, circularly polarised light emission.””*® One of the
technology drivers for this research is to improve the light output efficiency of OLED
displays.”® ‘Anti-glare’ circularly polarising filters are commonly used in displays to trap
the reflected ambient light in order to enhance display contrast. For standard OLEDs, as
light is randomly polarised, this suggests that only half of the EL will leave the display.
OLEDs with circularly polarised EL could double the efficiency of display technologies.

Intrinsic chirality has been recognised in the helical twist of the triaryl moiety in
triphenylmethyl radicals. Bulky side-groups can lock these radicals into a particular
handedness, preventing racemisation by the inversion of the twist and leading to reports
of circularly polarised luminescence in TTM, PTM, and related radicals.?*3!-1% Circularly
polarised PL in these demonstrations can be considered as ‘local’ type from the molecular

site of emission.!%!
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Intuitively, the racemisation energy barrier was observed to increase with increasing
steric bulk of the halogen groups on going from chlorine in TTM to bromine in TTBrM; see
chemical structures in Figure 2.10a. Circular polarised luminescence could be observed
in TTBrM at room temperature with recorded polarisation values of Ig;, | = 0.7 X 1073
[see Figure 2.10b],%° whereas TTM samples exhibited racemisation and showed polarised

emission at -20°C and lower temperatures.!
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Figure 2.10: Circularly polarised light emission. a) Chemical structures for TTM, PTM,
TTBrM, and TTBrM-aH indicating right-handed, (P)-, and left-handed, (M)-, helical sym-
metries. b) Top: Experimental UV/Vis absorption spectra (black) of TTBrM, together
with total fluorescence spectra (green). Inset: Experimental UV/Vis absorption of low-
est energy band. Central: Experimental circular dichroism spectra of (P)-TTBrM (thick
light red line). The sticks (dark gray) indicate the positions and rotatory strengths of TD-
DFT calculated transitions. Inset: Experimental and theoretical circular dichroism profiles
for the lowest energy band. Bottom: Circularly polarised luminescence spectra of two
enantiomeric fractions of TTBrM. Additionally, a schematic representation of the CPL
response (Al) of the two enantiomers has been included, with AI > 0 and Al < O for (P)-
and (M)-enantiomers, respectively. Figure and caption have been adapted with permission
from Mayorga-Burrezo et al., Chem. A Eur. J. 26, 3776-3781 (2020). Copyright 2020
Wiley-VCH.

From a different physical origin, circularly polarised doublet emission has also been
shown in TTM-3PCz-PMMA films as induced by a magnetic field and Zeeman splitting
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of the doublet-spin states.!®” This report also included the demonstration of circular
polarised emission in TTM-1Cz and PTM-PCz from ‘non-local’ chirality origin. Light
emission can be polarised by transmission through a chiral medium with dielectric

anisotropy, here being chiral supramolecular and liquid crystal structures.!'®

It is expected that chiral radical emitters will be translated to circularly polarised
OLEDs with doublet emission, where the benefits of higher internal quantum efficiency
of radical-based electroluminescence can be combined with increased light-outcoupling

properties.

2.8.4 Radical-Radical Interactions

Our discussion has concentrated on mono-radicals with doublet-spin-1/2 properties.
However, two interacting radical groups can also form total spin-singlet-0 and spin-

75,102

triplet-1 ground and excited state manifolds and can occur within (intra) and between

(inter) molecules.

Blasi et al. demonstrated that TTM radicals form stable and luminescent dimeric
excimers with deep red excimer emission of 645-685 nm when doped in aH-TTM organic
nanoparticles and ~734 nm when doped in a PMMA matrix.'"? Given the chlorine’s steric
bulk in protecting the radical center, it was surprising that substantial intermolecular
z-interactions can be achieved in radical excimer formation. As well as red-shifted
luminescence, radical excimer emission is substantially slower than radical monomeric
emission. For excimer emission in 10.1% PyBTM/aH-PyBTM, up to 30% contribution of
emission decay was found with exponential time constant higher than 500 ns; for 0.05%

PyBTM/aH-PyBTM, the monomer emission decay was fitted to 115 ns time constant.!??

Toward better understanding these systems, the spin properties of analogous PyBTM
radical excimers have been probed by Kimura et al.”>!% PyBTM was doped (0.05%-23%)
in aH-PyBTM and displayed decreasing monomeric emission at 563 nm and increasing
excimeric emission at 680 nm with increased doping (Figure 2.11a).”> The monomer and
excimer emission profiles in intermediate % doped samples (e.g., 10%) were found to be
correlated, showing increasing monomer:excimer ratio with increasing field strength: for
42K, ~0.45at0 T to ~1.3 at 18 T.” Follow-up studies have been conducted to probe the
magnetic field dependence (up to 14.5 T) on the emission decay profiles in PyBTM/aH-
PyBTM systems.!?*1% From the field dependence on monomer/excimer emission intensity
and decay lifetime, the authors showed that these effects originated from magnetically sen-
sitive singlet-triplet interconversion of the ground state, where the field dependence was

translated to the higher-energy emission states upon photoexcitation. This is unusual be-
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cause magnetic-field-dependent singlet-triplet photophysics usually originates in excited
state levels (e.g., radical pairs) following charge transfer.!°® Here, radical-radical interac-
tions between spin-1/2 species leads to new manifolds of singlet and triplet levels. This
could be used as platforms for opto-spintronics where the relative singlet/triplet spin ratio

is controlled by photoexcitation and magnetic fields.
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Figure 2.11: Radical-radical interactions and emission properties. a) Excimer emission in
PyBTM systems. Monomeric (563 nm) and excimeric (680 nm) emission can be tuned
by the doping ratio of the PyBTM radical within an aH-PyBTM matrix. a) has been
reproduced with permission from Kimura et al., Angew. Chem. 130, 12893-12897 (2018).
Copyright 2018 Wiley-VCH.”> b) Chemical structures of bi- and tri-radicals as reported
by Hattori et al.** b) has been reproduced from Hattori et al., Chem. A Eur. J. 25, 15463-
15471 (2019). Copyright 2019 Wiley-VCH.%

We note that triplet excitons can be emissive in inter- and intra-molecular biradical
systems due to the presence of ground states in the triplet manifold. The synthesis of
intramolecular biradicals with singlet and triplet levels, and triradicals with doublet and
quartet levels, has also been shown to yield luminescent systems that can be employed in
light-emitting devices® (Figure 2.11b). Ballesteros et al. have also led work on cations of
PTM-carbazole derivatives where conjugation can be broken due to steric bulk between
electron acceptor and donor moieties, resulting in a biradical triplet ground state.'%” Re-
search in this area has highlighted the potential of polyradicals, in addition to monoradi-

cals, as dopants that eliminate dark excitons for more efficient OLEDs.
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Chapter 3

Experimental Methods

3.1 Sample Preparation

Materials were stored under nitrogen atmosphere (<1 ppm O,, < 0.5 ppm H,0) to

minimise any degradation of samples.

Solutions were prepared using anhydrous solvents under nitrogen atmosphere, with
photophysical measurements carried out through transferring of samples into 1 mm path-
length UV-grade quartz cuvettes (Hellma 110-1-40) that were sealed with a PTFE stopper
and parafilm. In this thesis, photophysical characterisation of solutions were carried

out in dilute solution (100-200 uM) such that optical densities were maintained below 0.3.

Thin films (nm-pm) of samples were generated through spin coating, in which
sample solutions were deposited onto a rotating substrate. Samples were spun coat
onto quartz-coated glass substrates that were cleaned through sequential sonication
(10 minutes) in deionised water, acetone and isopropanol unless otherwise specified.
Dynamic spincoating with high spin speeds (>3000 rpm) and high volatility solvents
(e.g. chloroform) was used to minimise molecular aggregation and maximise uniformity
of doped films. Meanwhile, static spincoating with lower volatility solvents (e.g. toluene)
was used where a higher degree of molecular packing was desired. Specific details of spin
coating methodologies are outlined within sample preparation sections for each of the
experimental chapters. A comprehensive review of spin-coating theory and procedures

has been outlined by Ossila.'%®

Sample solutions for trESR measurements were loaded into 3.8 mm UV-grade fused

quartz EPR tubes under nitrogen atmosphere, before being sealed either using a flame or

with vacuum grease and parafilm.
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3.2 Determination of Excitonic and Orbital Energy

The energy of excitonic states was estimated from the wavelength of the peak intensity
of emission unless stated otherwise. In closed-shell and open-shell materials, the
fluorescence profile gives the singlet S, and doublet D, energy, respectively. The phos-
phorescence profile from gated photoluminescence experiments was used to determine

triplet T, energy.

HOMO and LUMO energies for closed-shell systems were taken from literature
unless stated otherwise. Orbital energies of luminescent radical species were estimated
from cyclic voltammetry measurements performed by the group of Prof. Feng Li. In
closed-shell systems, cyclic voltammetry can typically measure oxidation and reduction
potentials for the molecule, allowing HOMO and LUMO levels to be estimated. How-
ever, cyclic voltammetry of radical systems instead measures the oxidation and reduction
potential of the radical SOMO. The reduction potential for the SOMO is higher than that
of the oxidation potential due to the extra coulombic repulsion resulting from addition
of an electron into the singly-occupied molecular orbital.* For the luminescent radicals
described in this thesis, oxidation potentials for the HOMO can not be directly measured
within cyclic voltammetry, such that the HOMO was estimated through subtraction of the

D, excitonic energy from the reduction potential of the SOMO.

CT state energies were estimated using the smallest possible energy difference between
an electron excited to the SOMO/LUMO of one molecule, and a hole in the HOMO of the

other molecule.

3.3 Steady State Photophysical Characterisation

3.3.1 Steady State Absorption

Steady-state absorption of solutions were measured on a Perkin-Elmer Lambda 365+ Dou-
ble Beam UV-Visible Spectrophotometer. In the spectrophotometer, light was generated
by either a deuterium (UV) or tungsten-halogen (visible) lamp before being passed through
a monochromator. The monochromated light was collimated and passed through the sam-
ple, with transmission measured using a silicon photodiode. The absorbance, A, defined

using the Beer-Lambert Law gives:

1

A = —log,, <1—> (3.1)
0

where I and I, are the measured intensity for the sample and a blank reference sample

respectively. The absorbance can be related to extinction coefficient for a sample through:
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A =ecl 3.2)

where ¢ is the extinction coefficient, ¢ is the solution concentration and / is the mea-

surement pathlength.

3.3.2 Steady State Photoluminescence

Samples were photoexcited at 405 nm, 520 nm or 658 nm using laser photodiodes
(ThorLabs L405P20, L520P50 or L658P040) in combination with a laser diode mount
(ThorLabs LDMS56). The laser photodiodes were controlled using independent current
and temperature controllers (ThorLabs LDC205C and TED200C). Temperature stability
of the laser diode was achieved through optimisation of a proportional-integrative-

derivative (PID) controller for the thermal load of each laser diode.

Photoluminescence was collected using a lens, spectrally filtered to remove any
laser excitation and passed via a fibre-optic cable to an Oxford Instruments Kymera
3281 Spectrograph. In the spectrograph, light incident on a grating was split in the
horizontal direction into different wavelengths of light. These different wavelengths of
light were then fed into an Andor Newton 920 CCD camera, whereby different columns

of pixels on the CCD array were read out to allow for collection of spectrally resolved data.

Laser power was measured using a silicon photodiode and power meter (Thorlabs
PM100D and S120C), whilst beam size was measured using a 2-dimensional silicon CCD

camera as a beam profiler.

3.3.3 Photoluminescence Quantum Yield (PLQY)

The PLQY of a sample quantifies the probability of a photoexcited state in a sample
emitting a photon. The PLQY of both solutions and films were measured with a
Hamamatsu Quantaurus-QY Plus UV-NIR absolute PL quantum yield spectrometer
(C13534-11). Broadband light from an 150 W xenon lamp was passed through a
monochromator to provide variable excitation between 250-800 nm, with photolumi-
nescence from samples collected using an integrating sphere and measured using a
spectrally calibrated silicon photodetector. The photodetector port inside the integrating
sphere was covered using a baffle, minimising the effect of variations in the path of the
excitation beam or photoluminescence on the intensity read by the photodetector. The
inside of the integrating sphere was coated with a material whose reflection was spec-

trally flat such that the collection efficiency for different wavelengths of light was the same.
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The PLQY of samples was calculated using a two-step methodology, however, we note
that PLQY can additionally be measured using the three-step de Mello methodology in
which indirect excitation of the sample is also considered.!” The PLQY, ®, was calculated
through dividing the area of spectrally resolved photoluminescence by the loss in area of
the excitation peak due to sample absorption:

P

O=— 3.3
Lo-L (3.3)

where P, is the spectrally resolved area of sample photoluminescence, and L, and L,
are the areas of the spectrally resolved excitation peak for both a blank control and the
sample. Using the PLQY, the ratio of radiative and non-radiative rates for an excited state
can be calculated:

k

=" 3.4
k, +k,, ©4

where k, and k,, are the rates of radiative and non-radiative decay of the excited state,

respectively.

3.4 'Transient Photophysical Characterisation

3.4.1 Time-Correlated Single Photon Counting (TCSPC)

TCSPC was measured using an Edinburgh Instruments FLS1000 Photoluminescence
Spectrometer and controlled using the Edinburgh Instruments Fluoracle software. Pho-
toexcitation was provided at 635 nm from a pulsed laser diode (Edinburgh Instruments
EPL-635, 65 ps pulse width). Photoluminescence was collected perpendicular to the
direction of excitation, spectrally filtered with a long-pass filter and passed through a
series of monochromators (enabling variable measurement wavelength and bandwidth)
to a photomultiplier tube (PMT). The maximum temporal window for measurement
could be varied between 50 ns to 40 pus through control of the repetition rate of the
laser (2.5 kHz - 20 MHz). An electronic triggering signal was sent from the pulsed
laser to the TCSPC electronics, synchronised to each laser pulse released from the
pulsed diode. Measurements were taken in ‘reverse’ mode, such that detection of a
photon by the PMT initialised the TCSPC electronics to measure the time until the
next electronic reference signal from the pulsed laser. Through successive measure-
ments of the time between photon detection and the reference pulse, a histogram of the

change in statistical intensity of photoluminescence following excitation could be built up.

The minimum lifetime that could be measured using TCSPC was defined by the width
and shape of the Instrument Response Function (IRF) for the entire TCSPC system. For
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the shortest measurement window of 50 ns, scatter from a blank control sample gave an
asymmettrical IRF signal that limited lifetime characterisation to values above 200 ps. The
temporal response for the IRF resulted from a combination of the finite laser pulse width,
the temporal response of the photodetector and the measurement electronics, and light
dispersion through the measurement system. Fitting of sample decays with lifetime on the
order of the IRF was performed through convolution of an exponential fitting algorithm

with an experimentally determined IRF:

fit = [Aexp (=1/7,) + C] = IRF (3.5)

where A and C are constant, t is the measurement time, 7, is the emissive lifetime, and
IRF is the experimentally determined IRF. For transient spectra with more than a single

lifetime, the IRF was convolved to a biexponential fitting function.

3.4.2 Femtosecond Pulsed Laser Generation

Photoexcitation for both spectrally-resolved transient photoluminescence and femtosec-
ond transient absorption measurements were generated using a 1030 nm Yb:KGW
femtosecond pulsed laser setup (Pharos, Light Conversion) operating at 25 kHz. In brief,
a fibre-optic array is used to pump a ytterbium-doped monoclinic double tungstate gain
medium (Yb:KGW, potassium gadolinium tungstate) within the laser’s optical cavity.
Pulsed laser excitation at 1030 nm is generated through Kerr-Lens mode-locking at a
repetition rate of 76 MHz. These pulses are fed into a regenerative amplifier which
combines multiple pulses to form a higher intensity pulse at a lower repetition rate (25
kHz). A pulse-picker enables for the repetition rate of the laser to be changed without
altering the peak intensity of laser pulses, allowing a chosen fraction of generated laser

pulses to leave the laser system.

Visible wavelengths for excitation were either provided from the 2™ (515 nm) and 3™
(343 nm) harmonic of the 1030 nm laser generated in a non-linear barium borate (BBO)
crystal (PHMO2-2H-3H, Light Conversion), or from a non-linear optical parametric
amplifier (OPA) capable of generating femtosecond laser pulses between 300-2700 nm
(Orpheus + Lyra, Light Conversion).

Beam sizes were estimated using the ‘knife-edge’ technique,'!® with laser power mea-

sured using a silicon photodiode and power meter (Thorlabs PM 100D and S120C).
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3.4.3 Spectrally-Resolved Transient Photoluminescence: Streak

Camera

Spectrally-resolved transient photoluminescence spectra were measured using a
HAMAMATSU Universal Streak Camera (Model C10910) capable of measuring pho-
toluminescence with temporal resolution from picosecond to microsecond timescales.
Measurement control was performed using the HAMAMATSU High-Performance
Digital Temporal Analyser Software.

Photoluminescence was collimated and spectrally filtered to remove any scattered
laser pump excitation. Photoluminescence was passed through a spectrometer such
that different wavelengths of light were spatially separated in the horizontal plane. The
spectrally resolved photons were passed into the streak tube onto a photocathode where
they were converted into photoelectrons. These photoelectrons were accelerated by a
high electric field through the streak tube, where they were passed through a pair of
plates capable of generating strong electric fields in the vertical and horizontal directions.
Measurements were taken using the ‘single-sweep’ module of the streak camera, in
which the vertical electric field strength was linearly swept from high to low voltage
during measurement. This resulted in photoelectrons being deflected vertically to
different extents depending on the time they passed through the streak tube. Application
of a horizontal electric field was used to deflect the photoelectron beam out of the
measurement area whenever incoming photons were out of the desired measurement
window. Resolved spectrally and temporally in the horizontal and the vertical plane
respectively, photoelectrons were passed through a multi-channel gain medium which
produced a cascade of electrons that passed onto a phosphorescent plate. Emission from
the phosphor plate was collected, with an image of the phosphor plate focussed onto a
CMOS chip where the signal was read out. Electronic triggerring for timing of the streak

camera was taken from the oscillator of the Yb:KGW laser.

Measurement over different temporal ranges was enabled in the streak camera through
varying the rate at which the vertical voltage was linearly swept, with shorter measure-
ment windows and higher temporal resolution resulting from faster rates of electric field
sweep. Streak camera measurements show broadening of temporal signals on the order
of the measurement window as a result of divergence of the photoelectron beam through
the streak camera and jitter in the triggering of the vertical sweep in comparison to the

excitation of the sample.

Streak camera images were summed within desired wavelength ranges to form a collec-

tion of transient decays. Temporal broadening was approximated using a gaussian curve,
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such that these transient decays were fit to an exponentially modified gaussian, which is

the analytical expression for a gaussian convolved with an exponential decay:

— _(f — 2
fit= A exp| 2 eXp(—t t°> Lpert( 00T/ N 0 3
27 21’12 7 \/56

where A and C are fitting constants, o and ¢, are the width and center for the gaussian

respectively, 7, is the decay lifetime, and erf is the error function. For transient decays
with more than a single lifetime, fitting was performed using the analytical expression for

a gaussian convolved with a biexponential decay.

3.4.4 Femtosecond Transient Absorption (fsTA)

Though transient photoluminescence can probe the excited-state dynamics for emissive
species, we are often also interested in the dynamics of photoexcited species that do not
emit light such as charge transfer and triplet excited states. We can measure the dynamics
of such dark species through transient absorption, in which a ‘pump’ pulse of light is
used to generate a population of excited states within a material that are then probed by
a broadband ‘probe’ pulse of light. The differential absorption of this probe pulse gives
a snapshot of the populations in the photoexcited sample. Through varying the time
between pump and probe pulses using a delay stage, the kinetics of excited state species

could be monitored.

In this thesis we use a commercial fsTA setup (HARPIA-TA, Light Conversion), in
which both pump and probe pulses originate from the Pharos femtosecond-pulsed laser
detailed in Section 3.4.2. A single 1030 nm pulse from the Pharos setup is split with 80%
of power used to generate the pump pulse via the OPA detailed in Section 3.4.2, with the
remaining 20% used to create the broadband probe pulse through white-light generation in
a sapphire crystal. The path of pump and probe beams as shown on Figure 3.1 are detailed

below:

Pump Beam Path

The pump beam pulse generated in the OPA was fed into the transient absorption spec-
trometer via a shutter (X1) through an optical chopper (C), which modulates whether light
was blocked or passed on to the sample at a frequency of 75 Hz. The pump beam then
passed through a Berek Compensator (BC) allowing for control of the linear and circular
polarisation of the pump beam. A beamsplitter (BS1) was used to pass 5% of the pump
excitation to a photodiode (PD1), with the remaining 95% passing through a manual ND

wheel (ND1) allowing for control of pump fluence. The pump beam was finally focussed
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by a parabolic mirror (PM1) to a point just before sample. The remaining pump was

blocked by an iris following the sample stage.

Probe Beam Path

1030 nm radiation was fed into the transient absorption spectrometer through a shutter
(X2), before having its polarisation rotated 45° by a linear polariser and quarter wave
plate (PQW). It was then passed towards a delay stage (DS) comprising two gold
retroreflectors (RR1 and RR2) and a mirror (M1). Through translation of the first
retroreflector (RR1) along the delay stage rail, the probe path length was varied by a
distance equivalent to 8 ns. Following its return from the delay stage, the 1030 nm
polarisation was rotated a further 45 degrees such that it reflected off the linear polariser.
The beam size was reduced using a telescope (T) to have a higher fluence for driving
non-linear processes such as second-harmonic generation or white-light generation.
1030 nm radiation was then passed to a white light control (WLC) consisting of an
iris and variable ND wheel that controlled the beam size and power used to seed white
light. For transient absorption measurements in the UV range (360-520 nm), 515 nm
radiation was required to seed the non-linear crystal. 1030 nm radiation was converted
to 515 nm prior to the white light control using a second harmonic generation unit
(SHG) comprising of a non-linear crystal and a polarisation filter. The white light
seed beam was focussed by a lens (LL1) onto a sapphire non-linear crystal (NLC) where
broadband white light pulses were generated. The broadband pulses were collimated by a
parabolic mirror (PB2), passed through a spectral filter (F) to remove any of the remaining
white light seed pulse, and focussed onto the sample held on a sample stage (SS) by
another parabolic mirror (PB3). Following transmittance through the sample, the broad-
band white light pulses were recollimated using another lens (L2) and passed through

another ND wheel (ND2) to a spectrometer (S) consisting of a grating and a photodetector.
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Figure 3.1: Optical layout of the pump (dashed red) and probe (dashed yellow) beams used
for measurement of femtosecond transient absorption. Associated optical components are
labelled for the pump (red box) and probe (yellow box) beams). Modules for the probe
beam comprising several optical components are marked using a solid yellow line.

Differential absorption calculation

Measurement of the voltage on the pump photodiode (PD1) allowed for determination
of when the optical chopper was open and closed such that the sample was excited and
unexcited respectively. Measurements of the broadband probe pulse taken from the pho-
todetector were binned into scans for the photoexcited sample (chopper open) or the un-
excited sample (chopper closed). Scans obtained at the transition of the optical chopper
between open and closed states were discarded, typically constituting 5-10% of the total
acquired scans. 2000 averages were taken for both the excited and unexcited sample for
each probe delay ¢ across the wavelength range A, with the spectrally resolved change in

optical density of the sample over time, AOD (4, 1), calculated as:

3.7

Ino umped (/1’ - I:::Ckum o (A)
AOD(/I,I):logm( ¢ pump t pumped

Iymped (4,1) — 1 back e

pumpe;

where I a(A4,1)and I,

not pumpe 4 (4, 1) were the averaged spectrally-resolved intensities

umpe

of the broadband probe pulse on the photodetector for the not pumped and pumped samples
respectively. I r‘)’gflgumpe (A nand I l'jlj‘;fpe 4 (4, 1) were the background intensities measured by

the detector with the probe pulse turned off.
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Observed fsTA features

fsTA features examined in this thesis include the ground state bleach (GSB), excited state
absorption (ESA) and stimulated emission (SE) of photoexcited samples. GSB results
from photoexcitation depopulating the ground state of a sample, resulting in a negative
absorption with spectral profile similar to that of the steady-state absorption of the ground
state. ESA results from the absorption of light by photoexcited species, whilst SE results
from photons in the probe beam having energy equal to that of the radiative transition of

a photoexcited species, such that emission is stimualted from the excited state.

3.5 Magnetically-Sensitive Photoluminescence

Magnetically-sensitive photoluminescence was measured using the steady-state photolu-
minescence setup detailed in Section 3.3.2, with samples placed within an electromagnet
(GMW 3480 dipole 45 mm) that was controlled by a Kepco BOP MG/ME 1 kW power
supply. For initial measurements, photoluminescence was measured every second whilst
a 0.05 Hz (20 s period) sinusoidal magnetic field was applied to the sample. The photolu-
minescence intensity for each scan was integrated, before measurements separated by 20
s were collected together to give the average PL intensity for the same point throughout

the magnetic field cycle.

For later measurements, simultaneous control of both the Andor Newton 920 CCD
camera and Kepco BOP MG/ME 1 kW power supply was achieved using custom software
developed in LabView. A list of measurement voltages were supplied to the software, with
each voltage in turn applied by the power supply to the electromagnet before a photolumi-
nescence measurement was taken. With each new applied voltage, the system was given
10 s to reach steady state before a measurement was taken, and in between measurements
the photoluminescence at zero magnetic field was measured as a reference for the sample.
The reference at zero field allowed for degradation of the sample to be taken into account,
with each pair of measurements being used to calculate the change in magnetic field effect
(MFE) for photoluminescence:

(3.8)

PL, — PL,
MFE (%) = 100 x | ———2

0

where MFE(%) is the percentage change in photoluminescence as a result of applying
voltage V, and PL, and PL,, are the integrated photoluminescence intensities from the
sample at the applied voltage and 0 voltage respectively. Several repeats of each set of
voltages were measured, with the average MFE calculated. The error in the mean was
taken from the standard deviation of the experimentally measured MFE values for a

single voltage, divided by the square root of the number of averages.
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The applied voltages were calibrated to the magnetic field between the electromagnet
poles using a gaussmeter with tranvserse probe (GMO08 Gaussmeter, HIRST Magnetic

Instruments Ltd.), such that final results show the observed MFE versus the applied field.

3.6 Transient Electron Spin Resonance (trESR)

Electron spin resonance allows us to probe the magnetic interactions of paramagnetic
species, observing differences in the population of paramagnetic spin sub-levels. In
trESR, samples are photoexcited using pulsed laser excitation such that we can observe

the temporal evolution of the spin-populations generated from excited-state processes.

Briefly, samples are placed within a microwave resonator cavity whereby a CW
microwave source is used to generate a standing wave. A variable magnetic field is
applied to the sample, causing energetic splitting between the spin sub-levels due to
the Zeeman interaction as described in Section 2.3.1. When the energetic splitting of
paramagnetic states due to applied magnetic field matches that of the applied microwave
source, unequal population of spin sub-levels results in resonant transitions between
sub-levels that cause absorption or emission of microwave radiation. As the magnetic
field is sweeped, different spin sub-level transitions can come into resonance allowing
us to probe the magnetic interactions of paramagnetic systems through their absorptive
or emissive signals. From measuring the impedance of the cavity we are able to detect
these absorptive or emissive signals, returning a 2-dimensional array showing the change
in trESR signal with time and magnetic field. Spin sub-level populations and magnetic

interactions can be fit to obtained trESR signal through software such as EasySPIN.

In this thesis, trESR spectra were collected both at the Centre for Advanced ESR
(CAESR) in the Department of Chemistry of the University of Oxford and at the
Department of Chemistry in Cardiff University. At CAESR, trESR spectra were collected
from a Bruker BioSpin EleXSys I E680a at X-band (9.7 GHz, 0.2 mW) with an ER
4118X-MD5W resonator with the sample temperature controlled by an Oxford Instru-
ments CF9350 cryostat under liquid helium flow and an ITC-503S controller. Variable
photoexcitation was provided by an optical parametric oscillator (Opotek Opolete HE355)
which was synchronised to the spectrometer using a delay generator (Stanford Research
DG645). At Cardiff University, trESR spectra were instead collected using a Bruker E580
at X-band (9.7 GHz, 2 mW).

For measurements taken on both setups, 2-dimensional trESR datasets were baseline

corrected in both time and magnetic field.
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Chapter 4

Radical Spin Polarisation and
Magnetosensitivity from Reversible

Energy Transfer

Molecular spins provide potential building units for future quantum information science
and spintronic technologies. In particular, doublet (.S = 1/2) and triplet (S = 1) molecular
spin states have the potential for excellent optical and spin properties for these applications
if useful photon-spin mechanisms at room temperature can be devised. In this chapter, we
explore the potential of exploiting reversible energy transfer between triplet and doublet
states to establish magnetosensitive luminescence and spin polarisation. The dependence
of the photon-spin mechanism on the magnitude and sign of the exchange interaction
between the doublet and triplet spin components in amorphous and crystalline model
systems is investigated. Design of a magnetic field-inclination sensor is proposed from

understanding the required ‘structure’ (spin interactions) to ‘function’ (magnetosensitiv-

ity).

o S
bl
D, T,

The findings presented in this chapter are published as paper [2] in the List of Publi-

cations.
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4.1 Photon-Spin Mechanisms in Radical-Triplet Systems

Doublet (S = 1/2) and triplet (S = 1) spin states from molecules provide potential
building units for creating designer materials platforms in quantum information science
(QIS) and spintronic applications.!!!!''2 The challenge is to combine the potential for
excellent optical and spin properties in z-conjugated organic materials and achieve
useful photon-spin mechanisms at room temperature. In these systems, triplet states are
derived from organic chromophore groups following photoexcitation and intersystem
crossing. 46471137115 Douyblet states are obtained from the unpaired electron spin in stable
radicals.*>!16-11% The emergence of luminescent radicals is expanding the range of spin
and magnetic phenomena in doublet-triplet systems from the ground electronic state of

radicals to excited states.'2°

In chromophore-radical systems, the ‘extra spin’ of the radical can accelerate
conversion between singlet (S = 0) and triplet chromophore states in enhanced inter-

system crossing (EISC).4>121-124

Here it is necessary to consider the total spin of the
chromophore-radical system rather than the individual moieties. A singlet chromophore
(S,) combined with a ground state radical doublet (D,) forms an overall doublet state
known as the sing-doublet. Triplet chromophore (T,) and radical doublet pairs form over-
all doublet or quartet (.S = 3/2) states that may be denoted trip-doublet and trip-quartet.
A spin-conserving pathway for singlet-to-triplet conversion of the chromophore moiety
in EISC can proceed via sing-doublet and trip-doublet states. Efficient doublet quenching
of chromophore triplet states can also become spin-allowed via trip-doublet encounter
pairs resulting in deexcitation to the sing-doublet ground state, as probed by its magnetic

field dependence.!®

Recent work showed that the interplay of trip-doublet and trip-quartet states with
excited D, states of radicals can be exploited in demonstrations of spin initialisation,
manipulation and read-out by light at room temperature.!?® The emergence of stable and

30,31,48 127,128 and

luminescent radicals with integration into radical-triplet intermolecular
intramolecular systems'?® unlocks the possibility of optical read-out for studying the

magnetosensitivity of radical-triplet pairs.

From previous work with non-luminescent radicals, it is established that ground
state radical spin polarisation may be driven by interactions with unpolarised triplet
states via the Radical-Triplet(/Quartet) Pair Mechanism (RTPM/RQPM) where radi-

129.130 and in terms

cal and triplet components undergo diffusive translational motion,
of the Reversed Quartet Mechanism (RQM)!3"132 in systems where the components

are fixed in space. In general, these mechanisms are initiated for strongly cou-
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pled radical-triplet pairs that form trip-doublet (M s ==x1/2,|D,, /2)) and trip-quartet
(M s=%3/20r £1/2,|Q;)) or Q) respectively) states. A rapid, irreversible,
and spin-selective process takes place such that the trip-doublet eigenstates of the radical-
triplet pair are selectively populated or depopulated. Spin polarisation of the |D,, ,) and
ID_;/») states is generated by asymmetrical re-distribution of populations to and from the

trip-quartet manifold.

4.2 Magnetosensitivity from Reversible Doublet-Triplet

Energy Transfer

Here we consider radical-triplet pairs involving reversible energy transfer with excited
states of luminescent radicals (D1 +S, =D, + T, ) New potential mechanisms for gen-
erating spin polarisation and magnetic field inclination sensing are explored. We investi-
gate how magnetic interactions of the radical-triplet pair can lead to magnetic field effects

with optical read-out through modulating the ‘spin-allowed’ character of energy transfer.

4.2.1 Spin-Dependent Energy Transfer Rates

Starting from the framework of the Merrifield model for radical-triplet pairs,'** we apply
a kinetic scheme where energy transfer takes place from an excited radical doublet, D,, to

the triplet, T, via the eigenstates of the radical-triplet pair, P;:

D, + T,

Scheme 4.1: Kinetic mechanism for magnetosensitivity in luminescent radical-triplet sys-
tems

In Scheme 4.1, D, is generated with unpolarised light at a rate G (such that both doublet
states are generated equally at rate G/2) and can subsequently decay with radiative rate y,.
Both radical doublet excited states D, <i% ) can undergo energy transfer to form one of the
radical-triplet pair eigenstates P; with rate constant y, a,, , ; , where a,, , ; represents the
overlap between the |D,, ,) sing-doublet initial states and the radical-triplet pair eigenstate
P:oag,; = Dy /2|Pj)|2. The radical-triplet pair eigenstates P, can undergo reverse
transfer with rate constant y_a,, ; to reform D, (i%> + S, or dissociate into separate
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D, + T, states with rate constant y,. Energy transfer rates for y_, y_ and y,, are assumed
from previous studies into EISC*+!3* and triplet-triplet'*® systems to range from 100 ps-
10 ns scale (Appendix A.2). To focus evaluation of the spin effects from doublet-triplet
energy transfer, spin relaxation is ignored, reversibility of energy transfer is set between

D, + S, and the pair states, and coherence effects between P; states are ignored.

4.2.2 Spin-Interactions for a Radical-Triplet Pair

The radical-triplet pair eigenstates P, are determined by the spin Hamiltonian ﬁDT:

A . . . S
Ao = guyB - (SD+ST>+J<SD-ST>+D Si’z—% 4.1)
Hy A, N————
HZFS

where H is the Zeeman interaction for both the triplet and the radical doublet from
an external magnetic field vector B with magnitude B; S p and S’T are the spin operators
for the doublet and triplet respectively; pg is the Bohr magneton, and g the Landé
g-factor. H, o 18 the radical-triplet exchange interaction with coupling parameter J, and
H 4 represents the intramolecular zero-field splitting (ZFS) interaction of the triplet

component with zero-field splitting parameter D.

The P, eigenstate energies are expected to vary for typical experimental fields (<2 T)
from the peV up to the meV scale due to Hpyp. As energetic separation of D, and P; states
is typically on the order of 10 meV (< kzT for reversible energy transfer), modulation
of energy transfer rates due to energetics is assumed to be small, with spin-interactions

instead modulating energy transfer rates through controlling their ‘spin-allowed’ character.

This kinetic scheme is inspired by those employed by Merrifield and others to
investigate magnetic field effects on triplet-triplet annihilation and singlet fission in chro-
mophore systems.!?>133:135-140 The difference between triplet-triplet and radical-triplet
systems is that the ‘spin-allowed’ pathway is governed by singlet and doublet character,

respectively.'?>141

Analogous to triplet-triplet systems, the use of a kinetic model between incoherent
radical-triplet states in predicting radical-triplet MFEs is expected to be most accurate
where fast reversible energy transfer (< ns) causes the lifetime of P; to be short compared
to spin-coherence lifetimes (~ns timescale between states with peV separation). In cases
where spin-coherence between P; states is significant, full evaluation of MFEs should be

performed using density matrices for the radical-triplet pair.
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4.2.3 Analytical Solutions for Excited State Doublet Photolumines-

cence and Spin Polarisation

Solutions for the excited radical doublet populations [DJ_rl /2] in the radical-triplet pair

system were derived (Appendix A.l) to write the total doublet photoluminescence,

-1
PL =y, ([D+%] + [D_%D where € = y_/yp, k; = (1 +e€ <a+%7j +a_%,j>> and Zj

represents the summation over the radical-triplet eigenstates P;:

G Y+ ~
pL = 21 d L 4.2)

" H{;_:H_ez } (zmla%‘)z

puf-[p] _, Zo(l)-))
P~ T E 1SS (o)

Spin polarisation of the doublet excited state can be passed to the doublet ground
state through emission. In this chapter we focus on the functional spin mechanisms in the

excited state.

It is apparent from the dependence of Equations 4.2 and 4.3 on a, 1 ; and «; that mag-

+2,
netic fields can change the doublet photoluminescence yield and excited-state doublet spin
polarisation of D,. This occurs through magnetic fields altering the spin character of the

radical-triplet eigenstates through the Zeeman interaction.
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4.3 Strongly-Coupled (|J| > | D|) Radical-Triplet

4.3.1 Disordered Systems

Firstly, we consider spin simulations of the radical-triplet system in the strongly coupled
regime (|J| = 20| D|, i.e. |J| > | D|).Amorphous samples were modelled by setting the
triplet ZFS tensor at random orientations to an applied magnetic field, where D =5 peV
(typical for triplets in molecular z-conjugated systems) with zero transverse component
(E = 0). Figure 4.1 shows that for both radical-triplet systems in antiferromagnetic
(J < 0) and ferromagnetic (J > 0) regimes of electron exchange, changes in doublet PL
from the magnetic field effect, MFE = 100% x (PL(B)/PL(0) — 1), and spin polarisation

are observed at magnetic fields corresponding to doublet-quartet anticrossings.
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Figure 4.1: Magnetic response for strongly coupled radical-triplet pairs (|J| = 20| D], i.e.
|J| > |D|) that are randomly oriented to applied magnetic field. Zeeman splitting of
radical-triplet pair states with applied magnetic field B, for a) ferromagnetic (J > 0) and
b) antiferromagnetic (J < 0) exchange coupling. Insets: doublet-quartet anticrossings
at triplet ZFS oriented to applied magnetic field direction, & = n /4. MFEs for doublet
photoluminescence are shown forc) J > 0 and d) J < O radical-triplet exchange coupling.
Magnetosensitivity for spin polarisation from radical-triplet systems with €) J > 0 and f)
J < 0 exchange coupling.

54



At zero field, the eigenstates for the strongly coupled radical-triplet pair reflect those
of the radical-triplet exchange interaction, i.e. pure trip-doublet or trip-quartet spin states
with energy +2J and —J respectively. At magnetic fields (gug B) of 3|J|/2 and 3|J],
the Zeeman interaction leads to states with energy separations on the order of the ZFS
parameter, |D|. At such fields, the ZFS interaction mixes pure spin eigenstates such
that they form doublet-quartet mixtures. The hybridisation of these states results in
anticrossings, with the spread of trip-doublet character resulting in a decrease in doublet

photoluminescence for negative MFE, irrespective of J > O or J < 0.

Away from such anticrossings, application of a magnetic field alters the energy
of the radical-triplet pair eigenstates but not the distribution of their spin character.
Consequently, no magnetic field effect (MFE) for doublet emission or spin polarisation
is observed outside the doublet-quartet anticrossings for strongly coupled radical-triplet

pairs.

The lower field anticrossing (gugB = 3|J|/2) only takes place for one of the
trip-doublet states, with the asymmetrical distribution of trip-doublet character resulting
in excited-state doublet spin polarisation. The sign of this polarisation is characteristic of
the sign of the exchange interaction, with J < 0 and J > 0 showing negative and positive

spin polarisation respectively as defined by Equation 4.3.

A second field region around gy B = 3|J| shows spin polarisation where both trip-
doublet states undergo anticrossings with trip-quartet states. In addition to a broader fea-
ture of the same spin polarisation sign as at gug B = 3|J|/2, there is a narrow feature
of inverted spin polarisation. The broader feature arises for systems with ferromagnetic
exchange coupling (J > 0) from the greater strength that the ZFS interaction mixes the
ID_;,,) and |Q,, ) states compared to the [D,, ,) and |Q,;,) states. For a ZFS tensor
orientated at angle 6 to an applied magnetic field [(Q,, /2|FIZFS|D—1 = %D sin 20,
whilst [(Q,4 /2|ﬁZFs|D 2l = %D sin 20 (Section 4.3.2). Inversion of spin polarisation
arises from the doublet-quartet anticrossings at gpg B = 3|J | being offset by the previous
anticrossing at gy B = 3|J|/2. Radical-triplet systems with antiferromagnetic exchange
coupling (J < 0) follow a similar trend arising from the greater strength that the ZFS

interaction mixes the [D,, ,) and |Q_, ,) states compared to the [D_, ,) and [Q_3,).
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4.3.2 Crystalline Systems

Strongly-coupled radical-triplet systems that are crystalline (such that all triplets have a
uniform orientation to the applied magnetic field) show similar MFEs at fields equivalent
to 3|J|/2 and 3|J|. However, Figure 4.2 shows that the width of magnetic response varies
with triplet orientation due to different interaction strengths for spin mixing of trip-doublet

and trip-quartet states by Hpq.
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Figure 4.2: Magnetic response for a system of strongly coupled radical-triplet pairs (|J | =
20| D|,i.e. |J > | D|) with all triplet states at a specified orientation to an applied magnetic
field. MFEs for doublet photoluminescence are shown for a) ferromagnetic (J > 0) and
b) antiferromagnetic (J < 0) radical-triplet exchange coupling with varying triplet ZFS
tensor orientation to an applied magnetic field. MFEs for the excited doublet state spin
polarisation of the radical are similarly shown for ¢) J > 0 and d) J < 0 radical-triplet
exchange coupling with varying triplet ZFS orientation to an applied magnetic field.

The width of MFEs resulting from doublet-quartet anticrossings at both guzB =
3|J1/2 and gug B = 3|J| are seen to vary with triplet orientation. For |J| > |D| the
ZFS interaction (H ) can be treated as a small perturbation to H® = H,_ + H,. In

strongly-coupled radical-triplet systems away from anticrossings, the radical-triplet eigen-
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states | P;) states can be approximated with only the radical-triplet exchange and Zeeman
interactions as |Pj(0) )

HO|PY) = E)|P”) (4.4)

This results in |Pj(0)) as the overall spin states for the radical-triplet system, i.e.
ID.1/2), 1Qu3/2), 1Qui2)-

Time-independent perturbation theory can be used to estimate the radical-triplet eigen-
states near to anticrossings with the addition of the ZFS interaction |Pj(1)>. To first order

with non-degenerate | Pj(o) ):

(OIFs ©
Pk |HZFS|PJ‘ )

My _ | p© E (0)
J#Fk J k

The width of MFE features for luminescence/spin polarisation depends on the rate
that doublet character is hybridised as an anticrossing is approached. The MFE width is
affected both by the convergence rate of radical-triplet eigenstates P; at the anticrossing
(i.e. relative magnetic field quantum numbers of states k and j) and the magnitude of

0 A 0
(P Hys| P).

For a ZFS tensor with principal axis at an angle 0 to the applied magnetic field,

(P,fo)lfAIZFS | Pj(o)) can be calculated for all possible state intersections:

V6

(Qu32l HypsIDy, o) = TP sin 26 (4.6)
A V2

<Q—1/2|HZFS|D+1/2> = TD sin 26 (4.8)
. N

<Q—3/2|HZFS|D+1/2> = ?D sin” ¢ 4.9)
. N

<Q+3/2|Hst|D_1/z> = —?D sin” 0 (4.10)

(Qu1/2|Hzps|D-yjp) = == Dsin26 4.11)
A 2

(Q_ij2|HzpsID_y ) = —%DG cos20 + 1) (4.12)
5 V6

(Q_3/2|Hzps|D_y ) = ——5 Dsin 20 (4.13)
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For both guz B = 3|J|/2 and guz B = 3|J|, the width of MFE features is seen to
increase with | D|. At gugB = 3|J|/2, the width of the MFE feature varies with sin® 6,
whilst at gug B = 3|J| the width of both intersections varies with sin 26.

4.4 Weakly-Coupled (|J| < | D|) Radical-Triplet

4.4.1 Disordered Systems

Figure 4.3 shows the magnetic response for weakly coupled radical-triplet pairs (|J| =
0.02|D|, i.e.|J| < |D|) that are also oriented randomly to an applied magnetic field. In
contrast to the strongly coupled regime, an immediate onset of MFEs for doublet emission

and spin polarisation are observed on going from zero to applied external magnetic field.
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Figure 4.3: Magnetic response for weakly coupled radical-triplet pairs (|J| = 0.02| D],
i.e.|J| < |D|) that are randomly oriented to applied magnetic field. a) Zeeman splitting
of radical-triplet pair states with applied magnetic field B. Dark line shows radical-triplet
pair for triplet ZFS tensor = /2. Grey shaded regions show states from varying triplet
orientations. b) MFE for doublet photoluminescence from radical-triplet systems with
ferromagnetic (J > 0, blue) and antiferromagnetic (J < 0, red) exchange coupling. c)
Magnetosensitivity for spin polarisation from radical-triplet systems with ferromagnetic
(J > 0, blue) and antiferromagnetic (J < 0, red) exchange coupling. Insets in b) and c)
show effects extending to gug B = 10| D|.

For weakly-coupled systems, the eigenstates of the radical-triplet pair at zero magnetic
field result from the triplet zero-field splitting interaction. The zero-field eigenstates are
composed of linear combinations of trip-doublet and trip-quartet character. The result
is a ZFS quartet and doublet with energy +D/3 and —2D/3 respectively, where 2/3 of
the initial trip-doublet spin character is found within the ZFS quartet and 1/3 in the ZFS
doublet at zero field.

The introduction of a magnetic field causes hybridisation between states that are ener-

getically separated on the order of |J|. At lower fields, this results in rapid redistribution
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of trip-doublet character primarily within the ZFS quartet, leading to magnetic effects for
the excited doublet populations that peak for fields on the order of 2|J|. Further changes
to the distribution of trip-doublet character are seen as the magnetic field is increased

above 2|J |, although this tends to a limiting case for fields on the order of 2| D|.

For weakly coupled systems, the exact shape of the magnetic response between
0 < gug B < 2| D| strongly depends on the relative orientation of the triplet ZFS tensor to
the applied magnetic field. This can result in magnetic responses for both the total doublet
photoluminescence and spin polarisation which are dependent on triplet orientation
(Section 4.4.2).

The MFEs in weakly-coupled systems for both photoluminescence and spin po-
larisation do not cancel out for disordered systems with random triplet orientation. A
characteristic decrease in photoluminescence is seen on the order of 2|J|, followed by a
brightening in emission that returns towards the luminescence at zero field on the order
of 2| D|. Photoluminescence at | B| > 2| D]| is observed to saturate with emission greater

than at zero field.

A sharp initial feature in spin polarisation is observed in weakly coupled systems: both
peaking and falling on the order of 2|J|. This is followed by a second broader feature,
peaking on the order of | D| before then slowly decreasing to zero for systems where the
ZFS has zero transversal component (E = 0). The sign of the initial sharp peak in spin
polarisation is determined by the sign of the exchange parameter, with J < O and J > 0
leading to positive and negative spin polarisations, respectively. Similarly, the second
broader feature is determined by the sign of the ZFS interaction, with D > 0 and D < 0

leading to positive and negative spin polarisation, respectively.
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4.4.2 Crystalline Systems

Figure 4.4 shows how the exact shape of the magnetic response between 0 < gugB <
2| D| strongly depends on the relative orientation of the triplet ZFS tensor to the applied

magnetic field for weakly-coupled radical-triplet systems.
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Figure 4.4: Magnetic response for a system of weakly coupled radical-triplet pairs
(|J] =0.02|D|, i.e. |J| < |D|) with all triplet states at a specified orientation to an ap-
plied magnetic field. MFEs for doublet photoluminescence are shown for a) ferromagnetic
(J > 0) and b) antiferromagnetic (J < 0) radical-triplet exchange coupling with varying
triplet ZFS tensor orientation to an applied magnetic field. Inset: MFEs extending up to
gugB = 10| D|. MFEs for the excited doublet state spin polarisation of the radical are
similarly shown for ¢) J > 0 and d) J < O radical-triplet exchange coupling with vary-
ing triplet ZFS orientation to an applied magnetic field. Inset: MFEs extending up to
ghB = 10| D|.

Whilst MFEs are not observed for both doublet photoluminescence or spin polarisa-
tion for a ZFS tensor oriented parallel to the applied magnetic field, introduction of a
small angular offset leads to rapid formation of a broad dip in photoluminescence around
gug B = | D| (discussed further in Section 4.5.2) enabling systems to act as sensitive mag-

netic field inclination sensors.
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4.5 Radical-Triplet Design Towards Magnetosensitivity

4.5.1 Tailoring of Radical-Triplet Kinetics

In order to observe magnetosensitivity for photoluminescence and spin polarisation in our
kinetic scheme € = y_/y, must be non-zero. For large effects, systems should be engi-
neered such that the rate of reverse triplet-doublet energy transfer is large compared to the
rate of triplet dissociation. Furthermore, spin-polarisation will be increased for systems
where the rate of forward energy transfer (y,) is maximised with respect to the radiative
rate y, as seen in Equation 4.3. Balancing the luminescent yield and dynamics that max-
imise the spin effects is required to optimise the optical read-out for magnetosensitivity

and will be investigated in future experiments beyond this thesis.

4.5.2 Design of Molecular Spin-Interactions

Magnetosensitivity in radical-triplet systems arises from the interplay of the exchange
interaction and triplet ZFS interaction with the Zeeman interaction from an applied
magnetic field. Changes in both photoluminescence and spin polarisation are observed

upon redistribution of the trip-doublet character across the radical-triplet eigenstates.

For both weakly- and strongly coupled chromophore-radical systems, the amor-
phously averaged magnetic response shows a magnetic field effect for photoluminescence
that peaks on the order of |J| with a width of | D|. In addition, across both systems we
observe the generation of spin-polarisation whose sign can give insights into the exchange

and ZFS interaction for the triplet-doublet components.

Towards designing radical-triplet systems for a specific magnetic response, it can
be seen that systems which are strongly-coupled will have lower sensitivity to the
orientation of triplet states that those that are weakly-coupled. For strongly-coupled
systems, we note that our ability to observe such phenomena is dependent on reaching
gugB = 3|J|/2 and so it is not necessary to maximise the exchange interaction but
instead keep |J|/ug B < 2T.

In the weakly-coupled limit where spin mixing is driven by ZFS, the directionality of
the magnetic dipolar interaction can be used as the basis of a magnetic field inclination
sensor. In Figure 4.5 the doublet photoluminescence yield shows enhanced sensitivity
where gz B = | D|. The widths of the angular response are related to |J /D|. Intuitively,
the magnetic field inclination sensitivity can be tailored, in principle, by engineering of
the spin interactions. This provides design guidelines and the basis of structure-function

relationships for tuning the doublet-triplet pair through molecular ‘structure’ modifications
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to target ‘function’ in compass response.
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Figure 4.5: Variation in doublet photoluminescence for a weakly-coupled radical-triplet
pair (|J| = 0.02|D|, i.e. |J| < |D|. J > 0) with varying inclination angle between
the triplet ZFS tensor and the applied magnetic field (gpz B = | D|). Photoluminescence
values are normalised to the photoluminescence intensity for an inclination angle of 0°.

We do consider that alternative interactions which result in doublet-quartet spin
mixing exist apart from the ZFS interaction, including the hyperfine and a Ag-like mecha-
nism. The hyperfine interaction is typically of particular importance to magnetosensitivity
in radical-pair systems, with singlet-triplet spin mixing resulting in MFEs through the
Radical Pair Mechanism (RPM).!* Whilst the hyperfine interaction is also present in
radical-triplet systems, the mixing of spin states from the ZFS interaction for molecular
triplets is typically orders of magnitude greater than that from the hyperfine interaction.
The effect of the hyperfine interaction on magnetosensitivity of the radical-triplet pair for
this reason was not considered in this work. For radical-triplet systems, a Ag-mechanism
can induce spin-mixing resulting in magnetic field effects. However, for purely organic
materials (Ag ~ 0.001) these effects happen at fields far greater than those equivalent to
|J| or | D| for strongly or weakly coupled systems respectively (Appendix A.3).
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4.6 Conclusions and Outlook

Here we examined the magnetosensitivity of energy transfer for luminescent doublet-
triplet pairs from the interplay of magnetic spin interactions between molecular spins and
magnetic fields. For strongly coupled doublet-triplet pairs, light read-out and spin polar-
isation initialisation following reversible energy transfer reflects the size and sign of spin
exchange interactions. A light-based compass sensor from tailoring of spin interactions
demonstrates one potential application of weakly coupled doublet-triplet pairs. Our work
reveals the optical and spin properties of luminescent radical-triplet systems with potential
applications in spintronic and quantum technology platforms using molecular spin mate-

rials.
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Chapter 5

Dipole Mediated Triplet-to-Doublet
Energy Transfer in Phosphor-Radical

Systems

Spin-orbit coupling in organometallic complexes can recover luminescence from triplet
states in optoelectronic devices and generate triplet spin polarisation towards opto-
spintronic applications. Energy transfer from organometallic triplet species to fluorescent
radicals could enable OLEDs with increased lifetime and simplified design, as well as
allowing triplets to act as ‘spin sensitisers’ for radical-based opto-spintronics. In this
chapter, we combine the organometallic deep-blue phosphor FIr6 with the ‘fruit-fly’
TTM-1Cz radical, demonstrating triplet-doublet energy transfer with nanosecond life-
time (k = 3.1 x 107 s71), high efficiency (85 + 25%), and without the need for triplet
diffusion in the film blends. We limit the activation energy for energy transfer to <
5 meV through temperature-dependent studies, indicating that energy transfer occurs
through a dipole-dipole Forster resonance energy transfer (FRET) based mechanism.
Highlighting the insensitivity of FRET to the spin of the triplet states, we set out design
rules for maximising and minimising the FRET rate towards optoelectronic and spintronic

applications respectively.

The findings presented in this chapter are in preparation as paper [3] in the List of

Publications.
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5.1 Introduction

The spin of ground and excited molecular states dictates both the optical transitions and
available transfer mechanisms of energy and charge for molecular systems. In closed-shell
molecules, the arrangement of lowest energy excited triplet excitons with spin singlet
ground states can reduce electroluminescence efficiency in OLEDs due to the spin flip
required for triplet emission. Luminescence is established by molecular engineering of

the singlet-triplet energy gap to promote transfer to fluorescent singlet excitons?!!42

or
designs that enhance phosphorescence.!” These strategies act to recover luminescence
from non-luminescent lowest lying excited states by working against the typical exciton

energy level arrangements for closed-shell materials.

Open-shell organic radical semiconductors have doublet spin ground states with
excited doublet and quartet levels. Efficient luminescence was observed in radicals
such as TTM-1Cz from arrangement of lowest lying excited states having doublet (not
quartet) character, enabling efficient fluorescence to the doublet ground state.'*® The
photophysical properties of organic radicals make them attractive as terminal, metal-free
light-emitting components in ‘colour by blue’ displays as fluorescent filters for red light
from blue back-panel OLEDs.”"

Energy transfer from singlet and triplet excitons of thermally activated delayed
fluorescence (TADF) host components to TTM-radical derivatives was previously
investigated.!**-'* For the triplet-doublet energy transfer channel the ‘extra spin’ of
the radical can enable efficient energy transfer with spin conservation via a Dexter
mechanism. This process is electron-exchange mediated and requires close proximity of
the host exciton to the radical for sufficient orbital overlap. This leads to reduced transfer
efficiency and the rate of emission from the radical component becoming limited by

triplet exciton diffusion to be in range for transfer.

In this chapter we investigate the photophysics and mechanism of triplet-doublet
energy transfer from a blue phosphorescent iridium organometallic complex (FIr6)
to an organic radical (TTM-1Cz). The ability to initiate triplet excitons from rapid
intersystem crossing (sub-100 fs) following photoexcitation provides a platform to focus
on triplet-doublet energy transfer and the interplay of Dexter energy transfer with the
Forster resonance energy transfer (FRET) mechanism that becomes activated by increased

oscillator strength for radiative transitions from triplet exciton states.

We consider, as well as energy harvesting in optoelectronic applications, spin transfer

that accompanies energy transfer and radical-triplet spin polarisation mechanisms!!*!20
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could enable optical interfaces of spin control in opto-spintronics. In these applications

a high triplet yield on photoexcitation is necessary to initiate any subsequent spin
polarisation on the radical.

We postulate that spin polarisation of triplet state sub-levels formed by intersystem
crossing can enable ‘spin sensitisation’ of luminescent organic radicals in addition to en-
ergy transfer in aligned systems. In Figure 5.1 we set out a spin-conserving Dexter-based
mechanism for energy transfer from triplet to doublet states where spin polarisation is
translated from the triplet to the doublet excited state.
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Figure 5.1: a) Diagram of spin polarisation of triplet sub-levels following differential pop-
ulation via intersystem crossing from the S, excited state. b) Schematic showing triplet-
doublet Dexter energy transfer with spin-conservation.

We note that towards spin sensitisation, FRET from organometallic triplet states will
excite doublet states of both polarisations equally, and so acts as a detrimental pathway
that minimises the generation of doublet spin polarisation.

Our study of FIr6:TTM-1Cz in this chapter aims to broaden our understanding of en-
ergy transfer mechanisms with radicals towards enabling future designs that may target

specific applications and functionality (e.g. maximised efficiency, rate of transfer, specific
mechanism, spin sensitisation).

5.2 Triplet-Doublet Model System for Energy Transfer

Organometallic phosphors are established materials in optoelectronics as spin-orbit cou-
pling enhanced phosphorescence acts to ‘recover’ luminescence from triplets formed in
OLED operation. However the phosphorescence rates are typically slow (> 200 ns'4°
to us'®) and can lead to exciton quenching processes that limit device performance.?
Figure 5.2 highlights phosphorescent OLED architectures that overcome this long emis-

sion lifetime by harvesting triplets via triplet-singlet Forster resonance energy transfer
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(FRET) onto a fluorescent closed-shell emitter, reducing emission lifetimes to 100 ns
timescales.'*” Further benefits are higher colour purity of light emission from narrower
emission linewidth of the terminal emitter that can be decoupled from the design consid-

erations of the phosphor. 48
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Figure 5.2: Schematic of excited state energy transfer for a phosphor emitter in combi-
nation with a) a closed-shell fluorescent dopant and b) a radical fluorescent dopant. En-
ergy transfer via Forster (blue) and Dexter (orange) processes are highlighted. Forster en-
ergy transfer from phosphor singlet to fluorophore singlet or radical doublet excited states
(dashed blue line) is assumed to be negligible for platinum-iridium based phosphors which
show intersystems crossing (ISC) on sub-100 fs timescales.

Whilst phosphor:emitters blends in closed-shell systems have been successfully
demonstrated in photophysical studies and in OLEDs, they work against the nor-
mal energy ordering of levels in these systems and can present luminescence losses via
triplets.'* Triplet energy transfer from host T, to dopant T, generates a non-emissive state

that competes with formation of fluorescent dopant S, states.!>

Phosphor:emitter:host
blends are used to engineer the average phosphor-emitter distance, with host components
acting as spacers in the film such that the phosphor-emitter distance is in range for
triplet-singlet FRET but out of range for the detrimental triplet-triplet Dexter channel.!4’
Using two-component instead of three-component light-emitting layers is attractive for

any translation from the laboratory to commercial applications.

Figure 5.2 shows the ordering of excited states on replacing closed-shell terminal
emitters with organic radicals. The doublet exciton D, states of radicals can harvest
singlet and triplet excitons from the phosphor via FRET and Dexter mechanisms. In
contrast with energy transfer to closed-shell emitters, here the Dexter mechanism becomes

a potential pathway to luminescence with radicals.
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Here we use TTM-1Cz as a luminescent radical that represents a ‘fruit fly” example for

the class of materials based on the TTM motif.!3!

To study energy transfer from the phos-
phor triplet state to TTM-1Cz, a type-I heterojunction of the frontier levels is required as
depicted in Figure 5.3. The second requirement is the TTM-1Cz D, (1.8 eV)!? state lying
at lower energy than the FIr6 T, (2.7 eV) state.!>3 Figure 5.3a shows the chemical structure
for the deep-blue phosphor FIr6, which was selected as an energy donor with E(HOMO)
=—6.1 eV and E(LUMO) = -3.1eV,!> in comparison to TTM-1Cz with E(HOMO)=-5.4

eV and E(SOMO, reduction) = -3.8 eV.

Figure 5.3: a) Molecular structures and frontier molecular orbital energies for FIr6 and
TTM-1Cz. b) Schematic for emission from Flr6:TTM-1Cz systems following FIr6 pho-
toexcitation, rapid singlet-to-triplet intersystem crossing (ISC) in FIr6, followed by FRET-
mediated triplet-doublet energy transfer from phosphor to radical. The FIr6 S, energy was
estimated from the edge of absorption.!>*

5.3 Sample Preparation

CzSi and FIr6 were obtained from Ossila. TTM-1Cz was synthesised as previously re-
ported by Prof. Feng Li’s group.*® FIr6, TTM-1Cz and CzSi were dissolved in chloroform
at 5 mg/mL concentration and combined to form pure FIr6 (100 wt%), mixed FIr6: TTM-
1Cz (96:4 wt%) and CzSi:TTM-1Cz (96:4 wt%) solutions. Films were fabricated through
dynamic spin coating of solutions at 4000 rpm for 20 s onto UV-grade quartz substrates,
followed by thermal annealing at 90°C for 10 minutes. Samples for transient absorption
measurements were encapsulated using a separate UV-quartz substrate and sealed using
UV-set epoxy. All samples were prepared under a nitrogen atmosphere (<1 ppm O,, <
0.5 ppm H,0).
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5.4 Results and Discussion

5.4.1 Steady State Absorption and Photoluminescence

Figure 5.4a shows the steady state absorption spectrum for FIr6 and TTM-1Cz in solution
(100 pM in chlorobenzene). The lowest energy absorption bands for FIr6 and TTM-1Cz
start at 460 nm and 680 nm, respectively. Excitation between 460-680 nm is expected to
result in radical excitation, whilst excitation below 460 nm is expected to result in excita-

tion of both the radical and phosphor.
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Figure 5.4: a) Extinction coefficient (dashed lines) and normalised photoluminescence
(solid lines) profiles for FIr6 (blue) and TTM-1Cz (red) in chlorobenzene solution. b)
Steady-state photoluminescence (PL) spectra for thin films of neat FIr6 (blue) and mixed
FIr6: TTM-1Cz (96:4 wt%, solid red) with 4., = 385 nm, and CzSi:TTM-1Cz (96:4 wt%,
dashed red) with 4., = 375 nm. PL spectra are measured inside an integrating sphere, and
are scaled such that the excitation peak has a height of 1 for the measurement of a blank
sample under identical conditions.

Figure 5.4b shows steady-state photoluminescence measurements for FIr6, Flr6: TTM-
1Cz (96:4 wt%) and CzSi:TTM-1Cz (96:4 wt%) thin-films excited at 385 nm. FIr6
films have deep-blue emission with strong vibronic features at 458 nm and 488 nm as
expected.'> Irradiation below 460 nm for FIr6: TTM-1Cz (96:4 wt%) results primarily in
excitation of the FIr6 phosphor due to its high concentration within the film. FIr6 phos-
phorescence is substantially quenched in the FIr6: TTM-1Cz film, with new broad emis-
sion at 680 nm attributed to TTM-1Cz. CzSi acts as a high-energy bandgap molecular
host such that CzSi:TTM-1Cz films were used as reference for the emissive properties of
TTM-1Cz in a thin film,**"® with emission from CzSi:TTM-1Cz films matching that seen
in FIr6: TTM-1Cz.
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5.4.2 Photoluminescence Quantum Yield (PLQY)

Table 5.1 shows the photoluminescence quantum yield (PLQY, @) obtained for neat
FIr6, mixed CzSi:FIr6: TTM-1Cz and CzSi:TTM-1Cz films measured under a constant
flow of nitrogen. Emission between 440-620 nm (®p,¢) and 620-900 nm (P ic,) Was
attributed to FIr6 phosphorescence (T, — S, + hv) and TTM-1Cz luminescence (D; —
D, + hv) respectively. Neat FIr6 and mixed CzSi:FIr6:TTM-1Cz films were excited at
385 nm. We note that CzSi:TTM-1Cz films were measured at 375 nm for maximum
TTM-1Cz absorption, but that the PLQY of TTM-1Cz within the film is assumed to be
the same for excitation at 375 nm and 385 nm due to Kasha’s rule. Stated absorption
and @ values are the mean value obtained from measurement of two separate films. The
error in absorption and @ values was estimated from the effect of the noise level on

the maximum/minimum possible integrated areas for excitation and photoluminescence

peaks.
Sample Aey (nM) A Py (%) Prrnpic, (%)
CzSi:FIr6 (90:10 wt%) 385 0.014 £0.002 25+1 -
FIr6 (100 wt%) 385 0.088 +0.002 15+1 -
CzSi:FIr6:TTM-1Cz (86:10:4 wt%) 385 0.037 +0.002 04+0.2 12+1
FIr6:TTM-1Cz (96:4 wt%) 385 0.107 £ 0.002 0.4 +0.2 11+1
CzSi:TTM-1Cz (96:4 wt%) 375 0.029 + 0.002 - 12+1

Table 5.1: Photoluminescence quantum yield measurements for phosphor-radical films.

Table 5.1 shows that FIr6 emission underwent concentration quenching between dilute
(10 wt%) and neat (100 wt%) films, with @, dropping from 25% to 15%. However,
PLQY measurements of TTM-1Cz emission were insensitive to FIr6 concentration with
D rrviic, €qual to 11-12% for CzSi:FIr6: TTM-1Cz in [0: 96%: 4%], [96%: 0%: 4%] and
[86%: 10%: 4%] blends. This suggests that energy transfer from photoexcited FIr6 species
to TTM-1Cz s efficient with @, ¢, in the blend limited by the efficiency of TTM-1Cz as
a terminal emitter, and that FIr6 to TTM-1Cz energy transfer can outcompete mechanisms

for FIr6 concentration quenching.

Estimation of Efficiency of FIr6 to TTM-1Cz Energy Transfer

We note that irradiation of mixed FIr6:TTM-1Cz films at 385 nm is expected to result
in photoexcitation of both FIr6 and TTM-1Cz. In this section, we deconvolve direct

photoexcitation and indirect radical excitation via FIr6 to find a transfer efficiency for
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triplet-doublet energy transfer.

Comparison of the absorption of FIr6 and FIr6:TTM-1Cz films is used to estimate
the absorption of TTM-1Cz, with the PLQY of CzSi:TTM-1Cz films used to estimate the
intensity of TTM-1Cz emission from direct photoexcitation. This is subtracted from the
total TTM-1Cz emission to give the intensity of emission resulting from indirect energy
transfer. Translating this into a population of doublet excited states, we compare this to
the absorption of FIr6 to find the transfer efficiency for triplet-doublet energy transfer.
We note that this methodology assumes that samples have uniform film thickness, no
aggregation and similar morphology. Whilst not available at the time, future experiments
should look to verify film uniformity both across a sample and between samples through
use of a stylus profilometer or ellipsometer. In addition, measurement over a larger
number of samples (>7 films) should be performed to get statistically significant standard
deviations for the absorption and photoluminescence intensities of films.

Table 5.2 shows the integrated intensity for both the excitation peak (L) and emission
peaks for FIr6 phosphorescence (440-620 nm, Pg) and TTM-1Cz emission (620-900
nm, Prryvc,) from PLQY measurements of neat FIr6 and mixed FIr6:TTM-1Cz (96:4
wt%) films previously shown in Table 5.1. All areas are normalised to the measured

intensity of the laser for a blank substrate.

Sample L Prie Prrvoic,
Blank 1 — —
FIr6 (100 wt%) 0.816 + 0.002 (4.3 +0.2)x 1072 -

FIr6:TTM-1Cz (96:4 wt%) 0.782+0.002 (9 +5)x 10~* (23+0.2)x 1072

Table 5.2: Normalised areas for the 385 nm excitation peak (L) and emission peaks (FIr6
phosphorescence and TTM-1Cz luminescence areas, Py and Py ¢, respectively) for
neat FIr6 and mixed FIr6:TTM-1Cz (96:4 wt%) films. All areas are normalised to the
measured intensity of the laser for a blank substrate.

Addition of TTM-1Cz to FIr6 increases absorption at 385 nm from 0.088 + 0.001
(neat FIr6 films) to 0.107 + 0.001 (FIr6:TTM-1Cz films). With assumption of similar
densities and molecular weight of FIr6 and TTM-1Cz, the absorption component of FIr6
in FIr6:TTM-1Cz is approximated to be 0.96 x 0.088 = 0.084. TTM-1Cz accounts for
the remaining 0.023 of light absorption. From this we approximate that 385 nm ex-
citation will photoexcite 79% FIr6 and 21% TTM-1Cz in FIr6: TTM-1Cz (96:4 wt%) films.

Table 5.2 shows radical emission in FIr6:TTM-1Cz films is (2.3 + 0.2) X 1072 of
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the initial laser excitation peak. Assuming that 21% of photoexcitation occurs directly
to TTM-1Cz at 385 nm and that once TTM-1Cz is photoexcited it has a PLQY of 12%
(from @ in CzSi:-TTM-1Cz films), we can calculate that direct excitation constitutes
24 + 7% of total radical emission. From assuming that 76 + 7% of radical emission
results from indirect excitation via FIr6 and that 12% of excitations given to TTM-1Cz
result in emission, we can estimate the population of excited doublet states formed from
triplet-doublet energy transfer are equivalent to if a 0.15 + 0.04 fraction of the initial

excitation intensity was absorbed.

In total a 0.218 + 0.002 fraction is absorbed by the FIr6:TTM-1Cz sample. As-
suming that 79% of this absorption results in FIr6 photoexcitation, the absorption
of FIr6 excited states is equivalent to an 0.172 + 0.005 area of the initial excitation
peak. Through assuming that intersystem crossing in FIr6 is fast and forms triplet
states with 100% efficiency,'>> we can compare the area for FIr6 excitation and for in-

direct transfer to the doublet to get a triplet-doublet energy transfer efficiency of 85 + 25%.

FlIr6 phosphorescence in FIr6: TTM-1Cz (96:4 wt%) is 3% of that in FIr6 films, such
that we assume that 97% of photoexcited triplet states are quenched by TTM-1Cz. We
assume that any difference between the efficiency of triplet-doublet energy transfer and the
proportion of triplet states quenched by TTM-1Cz results from the TTM-1Cz introducing

new non-radiative relaxation pathways to FIr6.

5.4.3 Transient Photophysical Characterisation

Transient photophysical measurements were carried out using photoexcitation from the
2nd (515 nm) or 3rd (343 nm) harmonic of an 1030 nm ultrafast pulsed laser source
as outlined in Experimental Methods Section 3.4.2. Cumulative photoluminescence,
femtosecond transient absorption and spectrally-resolved transient photoluminescence
were measured as outlined in Experimental Methods Sections 3.4.3-3.4.4. Samples for
transient photoluminescence were held within a Linkam LTS420E-P cryostat under a

constant purge of nitrogen gas to prevent photo-oxidation.

Cumulative photoluminescence spectra for neat FIr6 (100 wt%) and mixed FIr6: TTM-
1Cz (96:4 wt%) films were recorded with varying fluence for 343 nm and 515 nm excita-
tion. Power series measurements shown on Figure 5.5 suggest minimal influence on kinet-
ics from bimolecular exciton annihilation processes, with samples demonstrating a linear
relationship between excitation power and emission from TTM-1Cz and FIr6. Subsequent

transient photophysical measurements were taken within this linear excitation regime.
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Figure 5.5: Pulsed excitation density versus photoluminescence for thin films. a) TTM-
1Cz emission in FIr6:TTM-1Cz (96:4 wt%), A,, = 343 nm. b) FIr6 phosphorescence in
FIr6:TTM-1Cz (96:4 wt%), A., = 343 nm. ¢) TTM-1Cz emission in FIr6: TTM-1Cz (96:4
wt%), A, = 515 nm. d) FIr6 phosphorescence in FIr6 (100%), A, = 343 nm.

5.4.4 Femtosecond Transient Absorption (fsTA)

Figure 5.6 shows fsTA results for FIr6 in chlorobenzene solution (100 uM) as well as FIr6
and FIr6:TTM-1Cz (96:4 wt%) films. Samples were excited at 343 nm with a fluence of
28 mJ/cm?.
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Figure 5.6: a) False-colour maps and b) transient absorption spectra for solution-based
fsSTA measurement of i) FIr6 (100 uM in chlorobenzene (CB)) and film-based measure-
ments of ii) FIr6 (100 wt%) and iii) FIr6: TTM-1Cz (96:4 wt%) films with 4., = 385 nm
(fluence = 28 mJ/cm?).

The excited state absorption (ESA) for the FIr6 triplet state in solution is identified as
a broad absorption peaking at 460 nm. Similar to previous literature we are not able to
observe the transition from the singlet to the triplet state of FIr6 following excitation, !>
and so assume that intersystem crossing is faster that the time resolution of our experiment
(< 100 fs). With ISC occuring on sub 100 femtosecond timescales, we assume that any
energy transfer from singlet to doublet states is minimal, such that this chapter studies the

transfer of energy solely from triplet to doublet excited states.

In FIr6 solution, we observe the FIr6 triplet ESA to undergo minimal spectral
evolution over 20 ps before remaining constant over the 7.5 ns measurement window.

Spectral evolution is attributed to reorganisation of the organometallic excited state.

Thin films of FIr6 and FIr6:TTM-1Cz show weak signal in transient absorption,
preventing definitive assignment or deconvolution of excited state features. However, in
the neat FIr6 (100 wt%) film, we observe an ESA peaked at 460 nm which we assume
to result from the FIr6 triplet. This ESA decays with a lifetime of 1-2 ns which with
later evidence of spectral evolution for phosphorescence (see Section 5.4.5) is attributed
to a combination of relaxation of the triplet within the FIr6 density of states and FIr6

concentration-based quenching in the solid-state.
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In the mixed FIr6: TTM-1Cz films, we observe an additional ESA between 430-460 nm
which we attribute to the ESA of TTM-1Cz following direct excitation. Figure 5.7 shows
the kinetics for the transient absorption of neat FIr6 (100 wt%) and mixed FIr6:TTM-1Cz
(96:4 wt%) films integrated between 430-460 nm and 460-490 nm.
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Figure 5.7: AA measured between a) 430-460 nm and b) 460-490 nm for FIr6 (100 wt%,
blue) and FIr6: TTM-1Cz (96:4 wt%, red) films with 4., = 385 nm (fluence = 28 mJ/cm?).

Whilst increased signal is observed in mixed FIr6: TTM-1Cz (96:4 wt%) films between
430-460 nm, we do not observe further growth of the TTM-1Cz doublet ESA. We further
are unable to resolve differences in lifetimes for Flr6 and FIr6:TTM-1Cz ESAs either
between 430-460 nm or 460-490 nm with both decaying on the order of 10 ns. Together
these suggest that triplet-doublet energy transfer does not take place on sub-nanosecond
timescales. With FIr6 intersystem crossing occurring on sub-picosecond timescales,

energy transfer from the FIr6 singlet state to TTM-1Cz is assumed to be minimal.

Future studies should look to fabricate thicker films for neat FIr6 (100 wt%),
FIr6:TTM-1Cz (96:4 wt%) and CzSi:TTM-1Cz (96:4 wt%) towards collection of tran-
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Cumulative Phosphorescence

Fraction

sient absorption spectra with higher signal-to-noise. This would allow for deconvolution
of FIr6 and TTM-1Cz ESAs through global or target analysis fitting.

5.4.5 Transient Photoluminescence (trPL)

Figure 5.8a shows the cumulative phosphorescence from FIr6 and mixed Flr6: TTM-1Cz
films. For neat FIr6 films, 90% of total emission occurs by 2.5 us after photoexcitation. In
FIr6:TTM-1Cz, 90% of FIr6 emission occurs by 70 ns with substantial quenching due to
triplet-doublet energy transfer. Microsecond phosphorescence lifetime for FlIr6 only films
is in agreement with previous reports for the molecule.'>>"'5” However, it was found that
fitting of the FIr6 phosphorescence kinetics to a mono- or bi-exponential decay did not
accurately describe kinetics in neat FIr6 films over the entire lifetime of emission. We
assume that this is due to previously documented concentration-induced self-quenching
mechanisms between FIr6 molecules,'>® which can be observed in Table 5.1 from the
photoluminescence quenching between CzSi:FIr6 (90:10 wt%) and neat FIr6 (100 wt%)
films from 25 + 1% to 15 + 1% respectively.
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Figure 5.8: Transient kinetics for FIr6 phosphorescence. a) Cumulative FIr6 phosphores-
cence as a function of time for thin-films of FIr6 (blue) and FIr6:TTM-1Cz (red), 4., =
343 nm. b) Normalised transient phosphorescence on 100s ns timescales for FIr6 (blue)
and FIr6: TTM-1Cz (red), 4., = 343 nm.

Figure 5.8b displays the transient PL profiles for FIr6 and FIr6:TTM-1Cz films up
to 400 ns following photoexcitation. Here the transient emission profiles are fitted to
a biexponential decay, with a sharp initial decay in phosphorescence for both FIr6 and
FIr6: TTM-1Cz films with lifetime 7 ~ 2 ns. Nanosecond relaxation is accompanied by a
red shifting of phosphorescence for both films as shown in Figure 5.9 such that we attribute
this kinetic to relaxation within the FIr6 density of states to lower energy T, states with
lower oscillator strength for emission. Red-shifting is still observed in films measured at

—175°C, and so we assume that relaxation is mediated by FRET to lower energy states.

76



Q)
A

Normalised PL (a.u.)

b)

FIr6 Fir6: TTM-1Cz (96:4 wt%)
1.2 - 1.2 —
= 0-1ns
1.0 5 1.0 1
o
0.8 - ~ 0.8
o
06 [ I Sl g 06 4
d - PR Sr m Jd
047 /- S 04
0.0 L : : : : 0.0 LEEE
400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 5.9: Evolution of transient photoluminescence (PL) spectra collected for FIr6 phos-
phorescence directly after photoexcitation (4., = 343 nm) and after 3 ns in a) neat FIr6
(100 wt%) and b) mixed FIr6: TTM-1Cz (96:4 wt%) films.

Following relaxation within the FIr6 density of states, phosphorescence decays with
a lifetime of 110 ns in FIr6 and 23 ns in FIr6:TTM-1Cz films. We can estimate that
TTM-1Cz quenches FIr6 triplet states at rate k, = 3.5 X 107 s~! in FIr6:TTM-1Cz (96:4
wt%) films. Using Section 5.4.2, we can then estimate energy transfer to occur at kg =
3.1 x107 s71.

Figure 5.10 highlights the transient decays of TTM-1Cz photoluminescence where the
radical was directly photoexcited (4., = 515 nm, black) versus indirectly excitated via FIr6

triplet states (4., = 343 nm, red).
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Figure 5.10: Transient photoluminescence decay for TTM-1Cz emission (600-750 nm)
in mixed FIr6:TTM-1Cz films measured separately over a) 10’s of nanosecond and b)
nanosecond timescales for 4., = 343 nm (red dots) and 4., = 515 nm (black dots). Lines
are provided to guide the viewer as to the rise and decay of signal.
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Following direct TTM-1Cz excitation (515 nm) in mixed FIr6: TTM-1Cz films, radical
emission is observed to follow a biexponential decay with time constants of 1.4 ns (12%)
and 10.8 ns (88%). The initial 1.4 ns decay for radical luminescence is accompanied by
red shifting of emission from 650 nm to 680 nm as shown in Figure 5.11. Similar to FIr6,
we believe this kinetic is related to relaxation within the radical density-of-states to lower

energy D, with lower oscillator strength.
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Figure 5.11: Evolution of transient PL spectra for FIr6: TTM-1Cz films following pho-

toexcitation, A, = 515 nm. Lines are provided to guide the viewer as to the shape of
photoluminescence.

As previously noted, irradiation of mixed FIr6:TTM-1Cz films at 343 nm results in
preferential population of FIr6 excited states, with 93% FIr6 excitation and 7% TTM-1Cz
radical excitation. This ‘indirect’ excitation of TTM-1Cz following energy transfer from
FIr6 results in radical emission with a lifetime of 22 ns. FIr6 phosphorescence in films is
similarly seen to decay in films with a matching lifetime on the order of 25 ns. Measure-
ment of FIr6: TTM-1Cz films over nanosecond timescales shows a distinct rise in of radical
emission intensity over the first 2 ns of emission (Figure 5.10b). The emission kinetics for
excitation at 343nm result from the convolution of emission coming from the 7% of radi-
cal states that are directly excited, and the remaining indirectly excited doublet states. The
increase in lifetime for TTM-1Cz emission under indirect excitation is attributed to energy
transfer from FIr6 to TTM-1Cz acting as the rate-limiting step in radical emission, which
we estimate to occur at 4.4 X 107 s™! in FIr6: TTM-1Cz (96:4 wt%) films.
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5.4.6 Temperature-Dependent trPL

Temperature-dependent measurements were taken through cooling the Linkam LTS420E-
P cryostat used for trPL. measurements with liquid nitrogen in combination with a Linkam

T96-S temperature controller.

FIr6 Phosphorescence

Towards understanding the mechanisms for phosphor-radical energy transfer, temperature-
dependent trPL measurements were taken for TTM-1Cz emission from mixed Flr6: TTM-
1Cz films, as well as phosphorescence from neat FIr6 films. Figure 5.12 shows
temperature-dependent transient kinetics for FIr6 phosphorescence in neat FIr6 films for
298-98 K.
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Figure 5.12: Transient FIr6 phosphorescence for neat FIr6 (100 wt%) films following pho-
toexcitation (4., = 343 nm) measured between 98-298 K.

FIr6 phosphorescence lifetimes in neat FIr6 films showed little variation with temper-
ature on sub-microsecond timescales. Transient decays were fit to a biexponential decay
convolved with a gaussian as described in Section 3.4.3 of the Experimental Methods.
Fitting of FIr6 phosphorescence after 2 us shows the emission lifetime to increase from 6
us to 12 us when cooled from 298 K to 98 K, with the increased lifetime attributed to the
suppression of non-radiative relaxation pathways in FIr6. Quenching of FIr6 emission in
FIr6: TTM-1Cz films resulted in substantially longer streak camera measurements being re-
quired to quantify FIr6 phosphorescence lifetime. As aresult, temperature-dependent mea-

surements of FIr6 phosphorescence lifetime could not be collected for mixed FIr6:TTM-
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1Cz films, with measurement windows exceeding the time that cryogenic temperatures

could be maintained.

TTM-1Cz Fluorescence

FIr6: TTM-1Cz films show minimal variation in TTM-1Cz emission timescales following
direct excitation at 515 nm for 298-98 K. TTM-1Cz emission following indirect excitation
(343 nm) is similarly unaffected above 148K. Through fitting TTM-1Cz fluorescence to a
gaussian convolved with an exponential decay as described in Section 3.4.3, the lifetime
of TTM-1Cz emission following indirect excitation is seen to increase from 22 ns between
148-298 K to 25 ns and 27 ns at 123 K and 98 K respectively (Figure 5.13a). From this,
the rate of energy transfer from FIr6 to TTM-1Cz can be estimated to drop from 4.5 x 107
s7lat 148 Kto 4.0 x 107 s7! at 123 K and 3.7 x 107 s~! at 98 K.
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Figure 5.13: Temperature dependence o

f TTM-1Cz emission (600-750 nm). a) trPL for

TTM-1Cz in mixed FIr6:TTM-1Cz films measured between 98-298 K for 4., = 343 nm.
b) nanosecond-timescale kinetics for TTM-1Cz emission in mixed FIr6:TTM-1Cz films
measured between 98-298 K for 4., = 343 nm (triangles) and 4., = 515 nm (squares).
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Figure 5.13b highlights the temperature dependence for nanosecond emission
timescales, where we can see no significant change for the growth in of TTM-1Cz emis-

sion signal after indirect excitation via FIr6 at 343 nm. Approximating the temperature-

dependence of energy transfer with an Arrhenius relationship (k x exp <— kE“T ) >, we can
B
place an upper limit on the activation energy for triplet-doublet energy transfer at 4.7 +

1.1 meV.

5.5 Discussion

5.5.1 Interrogating Mechanisms for Energy Transfer

An activation energy of 4.7 + 1.1 meV is significantly below what would be ex-

pected for energy transfer resulting from either a Dexter!'>%16

or 2-step Marcus-like
mechanism.'®"1%2 In previous studies, energy transfer from singlet and triplet excitons
of TADF-host components to radical derivatives was shown to have E, > 20 meV, with

activation energies for energy transfer attributed to Dexter-mediated triplet-diffusion.!44143

Instead, the low activation energy for transfer strongly suggests that energy transfer
results from Forster dipole-dipole mechanism from the FIr6 triplet to an excited TTM-
1Cz doublet state. Whilst Forster-coupling from triplet states is typically very weak due
to virtual-photon emission being spin-forbidden, it has been demonstrated that significant
spin-orbit coupling in organometallic complexes can result in singlet-triplet mixing such

that the ‘triplet’ state can undergo energy transfer via a Forster-like mechanism.!58:163

5.5.2 FRET Rate Estimation for FIr6:TTM-1Cz Films

FRET occurs through space with the rate of energy transfer being dependent on the
spectral overlap between the donor emission and acceptor absorption. As set out in
Section 2.2.1, we can use the spectral overlap integral J for a donor: acceptor systems to
define a FRET radius, R, at which energy transfer to an acceptor and spontaneous decay
of the excited donor are equally probable. From the steady-state absorption of TTM-1Cz,
and PL spectrum of FIr6, we can estimate the spectral overlap integral for FIr6-TTM-1Cz
energy transfer, J to be 1.3 x 10'* M~! cm™! nm?*, resulting in R, = 3.8 nm.

With assumption of similar mass densities (~ 1.1 g cm™3)!64-167
for FIr6 and TTM-1Cz, the molecular density of films are estimated as 7.8 x 10%° cm=3.
For a FIr6:TTM-1Cz (90:4 wt%) film, we can therefore estimate that uniformly dispersed
TTM-1Cz molecules are separated by 3.0 nm.

and molecular weight
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For a TTM-1Cz molecule in a cube with side length a = 3.0 nm, we can both compu-

tationally and analytically'®®

find the average separation between a randomly excited FIr6
molecule and the nearest TTM-1Cz to be 1.42 nm. We can similarly compute the expec-
tation value for R® with random FIr6 excitation to be ( R®) = 0.0288 a®. Using Equation
2.7 and a radiative lifetime for FIr6 of 6 us, we estimate the average rate of FRET is 3.1 X
107 s=!. This result comes in good agreement with the experimentally determined rate of

energy transfer estimated from FIr6 quenching to be 3.2 x 107 s7!,

5.5.3 Radicals as Efficient Energy Harvesters

For FIr6: TTM-1Cz (96:4 wt%) films, the average separation between a photoexcited FIr6
molecule to a TTM-1Cz radical is expected to be lower than the FIr6: TTM-1Cz FRET
radius. In combination with a lack of temperature dependence for energy transfer, this
strongly suggests that FIr6 triplets can transfer energy to TTM-1Cz without the need for
triplet diffusion.

CzSi:FIr6: TTM-1Cz films possess similar PLQY values independent of FIr6 con-
centration, suggesting that FRET can outcompete mechanisms for FIr6 concentration
quenching. Overall system efficiency for emission is currently limited by that of TTM-1Cz
(® = 12%), such that future systems should look to use phosphor:radical combinations
where radical emission is as efficient as possible.

Whilst phosphor-radical energy transfer is efficient, the excited-state lifetime of the
system is limited by the triplet-doublet FRET rate rather than the D, excited-state life-
time. In FIr6:TTM-1Cz, the FRET rate is limited by the weak oscillator strength of the
FIr6 triplet, however, other iridium-based phosphors have demonstrated sub-microsecond
lifetimes for phosphorescence. We envisage that systems using organometallic complexes

with phosphorescence lifetimes on the order of 440 ns!46:1%

could demonstrated triplet-
doublet FRET rates = 4.2 x 10% s=!. This holds promise towards using radicals as effi-
cient energy harvesters in optoelectronic systems, with system design not being limited by

timescales for triplet-diffusion.
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5.6 Conclusions for Energy Transfer

In this chapter we have demonstrated triplet-doublet energy transfer from the organometal-
lic phosphor FIr6 to the ‘fruit fly’ radical TTM-1Cz. Nanosecond-lifetimes for energy
transfer from FIr6 to TTM-1Cz (k = 3.1 x 107 s!) are such that triplet states efficiently
transfer (85 + 25)% their energy to doublet states. Through temperature-dependent tran-
sient photoluminescence measurements, we have limited the activation energy for energy
transfer £, < 5 meV, highlighting that energy transfer is dipole-dipole mediated via FRET.
Energy transfer to TTM-1Cz occurs through space without the need for triplet diffusion
and is able to outcompete FIr6 self-quenching mechanisms that limit overall system ef-
ficiency. Luminescent radicals allow for the simplified design of emitting layers towards
‘colour by blue’ applications, with lowest lying doublet states allowing for efficient emis-
sion from systems without the need to engineer average molecular distances through the
use of molecular hosts. Future work should look to expand the range of phosphor:radical
systems towards increased FRET rates, and look towards translating phosphor:radical sys-

tems into working OLED devices.

5.6.1 Outlook Towards Spin Transfer

Whilst useful towards energy harvesting applications, efficient FRET can excite radical
doublet states irrespective of their ground-state spin. Therefore, whilst high levels of SOC
are able to generate spin polarised triplet states, efficient triplet-doublet FRET will act as
a detrimental mechanism for passing any spin polarisation to a radical species. If SOC is
to be used to generate spin polarised states, the efficiency of triplet generation will need
to be balanced with keeping the FRET rate sufficiently low compared to rates for Dexter
transfer. Towards spin-sensitisation, efforts must be made to find intermolecular systems
with maximised wavefunction overlap or intramolecular systems such that Dexter energy

transfer is maximised.
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Chapter 6

Radicals as Energy Harvesters in

Magnetosensitive Acene Systems

Acene-based molecules demonstrate efficient upconversion and downconversion, with
triplet-triplet annihilation and singlet fission holding promise for fields from solar energy
harvesting to optoelectronics and medical imaging. Key insights into the magnetic
interactions between molecular spins are gained through measuring the magnetosensi-
tivity of emission from systems. In this chapter, radical doublet species are introduced
into acene films demonstrating cyclic singlet fission and triplet-triplet annihilation to
explore action as singlet exciton energy harvesters. The introduction of triphenylamine-
and carbazole-based luminescent radicals into rubrene thin films is seen to result in
quenching of both the intensity and magnetosensitivity of rubrene emission. Radical
photoluminescence is additionally quenched in rubrene:radical films. We explore possible
mechanisms for radical quenching in rubrene films, in particular highlighting how Dexter
energy transfer from doublet to triplet excited states can act as a parasitic loss mechanism

to the use of radicals as energy harvesters.

The work presented in Chapters 6 and 7 was carried out in tandem with the building
of a magnetic-field dependent photoluminescence setup for probing the magnetic prop-
erties of systems including luminescent radicals. Chapter 6 focusses on the addition of
radicals to rubrene, a molecular system known to show magnetic field dependent pho-
toluminescence. Through measuring the magnetic response of rubrene-based systems,
methodologies for synchronous control of the magnetic field with a spectrometer were
developed. In Chapter 7, these updated protocols were applied to a doublet-triplet energy

transfer system for which the magnetosensitivity of emission was unknown.
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6.1 Energy Harvesting In Upconversion Systems

Molecular upconversion converts multiple lower energy excitations into a single higher
energy excitation,'’”” holding promise in fields from solar energy harvesting!’"!'”? to
optoelectronics!”® and medical imaging.!”*!7> Triplet-triplet annihilation (TTA) is a form
of upconversion in molecular systems in which two separate T, triplet excited states are

converted into an excited state (S;) and ground state (S,) singlet:

T,+T,="(TT) - S, +S, (6.1)

For TTA to conserve energy, the two annihilating triplet states must together have
energy greater than the S, state (2 X E(T,) > E(S,)). TTA will additionally only occur
if triplet states meet with overall singlet spin character, such that the overall spin of the

system is conserved.

For systems where E(S,) > 2 X E(T,), singlet fission (SF) can take place as the reverse
process of TTA, in which two lower energy T, triplet excited states are formed from the

encounter of S, and S states:

S;+S, = '(TT) > T, +T, (6.2)

Molecular acenes have demonstrated an ability to perform both efficient TTA and
SF, with TTA typically favoured in anthracene-based systems, and SF favoured in
pentacene-based systems. Tetracene-based derivatives have demonstrated the ability for
both TTA and SF. The photophysical behaviour of these systems follow the trend of
decreasing exciton energy with relatively fixed S,-T, energy difference (~ 1 eV) on going

from anthracene to tetracene to pentacene.

Rubrene (5,6,11,12-tetraphenylnaphthacene) has well placed S, and T, energy levels
(2.32 eV and 1.14 eV, respectively)'’® towards exhibiting both SF and TTA, with previous
reports demonstrating the rapid formation of an equilibrium between triplet and singlet
species in the solid-state on picosecond-timescales.!”® Figure 6.1a highlights architectures
utilising rubrene towards optoelectronics, in which closed-shell fluorophores have been
used as emissive dopants that are able to depopulate the excited singlet states formed by
TTA in rubrene. Closed shell energy harvesters such as tetraphenyldibenzoperiflanthene
(DBP) are utilised to drive cyclic SF and TTA towards the singlet state, increasing

the photoluminescence upconversion efficiency for systems!’”!78

9

as well as enabling

increased colour purity for emission.!’
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Terminal emitters for an upconversion system should be designed to have a max-
imised rate of singlet-singlet FRET to the terminal emitter, a minimal loss in energy
after transfer, a maximised internal efficiency for emission of the terminal emitter,
and reduced spin-orbit coupling to minimise decay to dark triplet states. However, as
depicted in Figure 6.1a, the triplet excited states of terminal emitters must additionally be
engineered to lie energetically above the triplet states of both the upconversion and triplet

sensitisation systems to avoid introducing a parasitic triplet loss pathway.

Figure 6.1b shows the ordering of excited states for such upconversion systems on
replacing the closed-shell terminal emitter again with a luminescent organic radical. Rad-
icals have doublet lowest energy excited states, such that we do not need to consider par-

asitic loss of triplet states to dark radical states.
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Figure 6.1: Schematic highlighting cyclic singlet fission (SF) and triplet-triplet annihila-
tion (TTA) of rubrene excited states following triplet sensitisation (TS), and the use of a)
a closed-shell fluorescent dopant and b) a radical fluorescent dopant as energy harvesters
for singlet states.

On design of the system in this chapter, following studies of the previous chapter,
it is expected that singlet-doublet FRET could be realised on picosecond timescales for
upconversion systems that then exploit the radicals’ nanosecond timescales for terminal
emission. We explore systems utilising radicals as terminal emitters following upconver-
sion and the resulting energy transfer mechanisms that set performance in radical versus

non-radical terminal emitters.
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6.2 Radical Systems Towards Singlet-Doublet Energy

Transfer

Here we combine rubrene with luminescent radicals that contain the triphenylamine (TPA)
electron donating group. As shown in Figure 6.2a, TTM-TPA and PyBTM’-TPA have
HOMO levels of —5.4 eV'® and —5.0 eV!8! respectively, which lie equal to or above the
energy of the rubrene HOMO at —5.4 €V.!3? The comparatively high HOMO energy for
these radicals (compared to other carbazole-based radical systems) enables them to form a
type-I heterojunction with rubrene towards driving energy transfer to the radical. Energy
transfer via singlet-doublet FRET is considered to be the most likely pathway for energy
transfer in dilute radical films (<5 wt% doping) due to the average intermolecular distance

from photoexcited rubrene states to a radical being over 1 nm.
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Figure 6.2: a) Molecular structures and frontier molecular orbital energies for rubrene
and TTM-TPA / PyBTM’-TPA. b) Jablonski diagram highlighting excitonic energies for
rubrene: TTM-TPA / PyBTM’-TPA systems. Excitonic and orbital energies for rubrene
were estimated from literature.!76-180-181

As set out in Figure 6.2b, TTM-TPA and PyBTM’-TPA are expected to have D, ener-
gies of 1.6 eV and 1.5 eV respectively, placing them above the rubrene triplet energy and

so avoiding parasitic loss pathways for rubrene triplets.

6.3 Sample Preparation

Rubrene was obtained from Ossila. TTM-TPA was synthesised as previously reported by
Prof. Feng Li’s group,'®? whilst PyBTM’-TPA was synthesised as previously reported by
Prof. Tetsuro Kusamoto’s group.!®! Rubrene, TTM-TPA and PyBTM’-TPA were dissolved
in anhydrous toluene at concentrations of 11.0 mg/mL, 7.8 mg/ml and 7.8 mg/mL respec-
tively, before being passed through a 0.2 um PTFE filter. Rubrene and radical solutions
were combined in a 10:1 ratio to produce a 10 mg/mL rubrene solution with 5 mol% radi-

cal doping. Solutions with 0.5 and 2 mol% radical doping were produced through dilution
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of TTM-TPA and PyBTM’-TPA solutions prior to combination with rubrene. Solutions
were spun coat onto quartz-coated glass substrates at 1000 rpm for 60 s before being en-

capsulated with a glass cover slip and UV-set epoxy. All samples were prepared under a

nitrogen atmosphere (< 10 ppm O,, < 0.5 ppm H,0).

6.4 Steady State Photophysics

Figure 6.3 shows the steady state absorption spectra for rubrene, TTM-TPA and PyBTM’-

TPA in toluene solution, in addition to their normalised steady-state photoluminescence
profiles.
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Figure 6.3: Extinction coefficient (dashed lines) and normalised photoluminescence (solid

lines) profiles for rubrene (green), TTM-TPA (red) and PyBTM’-TPA (brown) in toluene
solution.

0.0

The lowest energy absorption band for rubrene is seen to start at 570 nm, whilst for
TTM-TPA and PyBTM’-TPA starts at 800 nm. Rubrene shows green fluorescence peak-
ing at 555 nm with an observable vibronic feature at 580 nm as expected.!®* Meanwhile,

TTM-TPA and PyBTM’-TPA both show broad radical emission peaking at 780 and 795
nm respectively as expected.!81:185
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Figure 6.4 shows steady-state photoluminescence measurements for rubrene and
rubrene: TTM-TPA films (0.5, 2 or 5 wt% radical concentration) excited at 520 nm. At
520 nm, irradiation is expected to primarily result in photoexcitation of rubrene (98.5%
for films doped with 5% TTM-TPA). A 550 nm long-pass filter was placed in the collection
path for photoluminescence, such that we observe broad emission extending from 550 nm

up to 850 nm for rubrene thin films. '8¢
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Figure 6.4: Steady-state photoluminescence for thin films of rubrene doped with TTM-
TPA (0%, 0.5%, 2%, 5%) for A,, = 520 nm (fluence = 40 mW cm™2).

Rubrene: TTM-TPA films showed progressive quenching of rubrene emission with
increased radical concentration. No emission was observed from TTM-TPA in these
films. Rubrene emission from rubrene: TTM-TPA films was quenched to 25%, 5% and 2%

of that from neat rubrene films with 0.5, 2 and 5 mol% radical doping respectively.

6.4.1 Magnetically Sensitive Photoluminescence

Towards understanding the quenching of rubrene by TTM-TPA, films were continuously
photoexcited at 520 nm and placed within a magnetic field that varied sinusoidally be-
tween 0 and 200 mT at a 0.05 Hz frequency. Figure 6.5 shows the total integrated emis-
sion of rubrene (550-850 nm) in rubrene: TTM-TPA films over 1200 s, demonstrating both
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gradual changes in photoluminescence over time and a periodic variation over 20 s that
corresponds to the 0.05 Hz applied magnetic field frequency.
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Figure 6.5: Temporal variation in integrated rubrene emission (550-850 nm) for
rubrene: TTM-TPA films under a sinusoidally varying magnetic field (0 mT<|B|<200 mT,
f = 0.05 Hz) with continuous photoexcitation (4., = 520 nm, fluence = 40 mW cm™?)

A Savitzky-Golay filter was applied to the data, acting over 60 s windows to find the
general trend in photoluminescence separate from its periodic variation. The original
photoluminescence data was compared to this trend in PL, allowing an estimate for the

change in photoluminescence from the magnetic field to be estimated at any one moment.

To evaluate the size of the magnetic field effects, measurements separated by 20 s

were collected to find an average magnetic field effect for a particular point through the
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cycle of the magnetic field. Figure 6.6 shows the collected values for the MFE = 100 x
PL(B)/PL(B=0 mT) from binning the entire spectra over a 20 s cycle, assuming minimum

photoluminescence occurs at zero field.'®’
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Figure 6.6: Photoluminescence intensity of rubrene: TTM-TPA films under CW excitation
(Aey = 520 nm, fluence = 40 mW c¢cm~2) binned over the 20 s period of a varying magnetic
field (0 mT<|B|<200 mT, f = 0.05 Hz)

Figure 6.7 shows this magnetic response for each film when the time through the 20 s

period is converted to an estimated field strength.
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Figure 6.7: Photoluminescence MFE versus magnetic field for rubrene: TTM-TPA films
under CW excitation (4., = 520 nm, fluence = 40 mW cm™).

Addition of TTM-TPA results in significant quenching of the magnetosensitivity
of rubrene emission. Positive MFEs for B = 150 mT are seen to drop from 9.1
+ 0.3% for pure rubrene films to 0.7 + 0.2% for rubrene:TTM-TPA (0.5 mol%) films,

with higher radical concentrations resulting in even further magnetosensitivity quenching.

Figure 6.8a shows the photoluminescence of rubrene:PyBTM’-TPA films, with
radical inclusion similarly resulting in quenching of the intensity and magnetosensitivity
of rubrene emission and no growth in PyBTM’-TPA emission. For irradiation at 520 nm,
7% of total photoexcitation is expected to occur directly to PyBTM’-TPA, suggesting that

emission from excited doublet states is quenched in rubrene films.
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Figure 6.8: a) Steady-state photoluminescence spectra for rubrene:PyBTM’-TPA films
(0.5%,2%, 5%) with A, =520 nm. b) Photoluminescence intensity of a rubrene:PyBTM’-
TPA (2 wt%) film under CW excitation (4,, = 520 nm, fluence = 40 mW cm~2) versus the
time through a cycle of a sinusoidally varying magnetic field (0 mT<|B|<200 mT, f =
0.1 Hz). ¢) MFE for photoluminescence versus magnetic field for rubrene:PyBTM’-TPA
films under CW excitation (4., = 520 nm, fluence = 40 mW cm2).

The magnetosensitivity of photoluminescence was additionally measured for rubrene
films doped with 2 mol% of PyBTM’-TPA. Figures 6.8b and c highlight PL. measurements
taken under a sinusoidally varying magnetic field (0 mT<|B|<200 mT, f =0.1 Hz), show-

ing a similarly quenching of the magnetosensitivity of rubrene photoluminescence.

6.5 Steady State PL of Alternative Acene:Radical Sys-

tems

Towards understanding the mechanisms underlying a lack of radical emission, films of
the radical PyBTM’-TPA were combined with the anthracene-based molecules 9,10-
bis(phenylethynyl)anthracene (BPEA) and 1-chloro-9,10-bis(phenylethynyl)anthracene
(CBPEA).

As shown in Figure 6.9b, BPEA and CBPEA possess HOMO energies of —5.5 e V188189

and —5.6 e V' respectively towards the creation of a larger driving force for energy transfer
to PyBTM’-TPA.
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Figure 6.9: a) Molecular structures for BPEA and CBPEA. b) Frontier molecular orbital
energies and c) excitonic energies for BPEA, CBPEA and PyBTM’-TPA. Orbital and ex-
citonic energies for BPEA and CBPEA were estimated from literature.!83-19

BPEA and CBPEA were obtained from Merck. BPEA and CBPEA films were
fabricated similarly to rubrene films, however, lower solubility of BPEA and CBPEA in
toluene resulted in radical-doped solutions of BPEA and CBPEA being at a 3 mg/mL and
5 mg/mL concentrations respectively. PyBTM’-TPA solutions were diluted to produce
the required 0.5, 2 and 5 mol% doping in the final solution, with spin-coating and

encapsulation performed identically to rubrene films under a nitrogen atmosphere.

Figure 6.10 shows steady-state photoluminescence measurements for thin-films of
BPEA and CBPEA doped with PyBTM’-TPA at 0, 0.5, 2 and 5 mol% concentrations.
In both cases we observe emission stretching from 550 nm up to 800 nm that we attribute
to BPEA and CBPEA respectively.'>1%
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Figure 6.10: a) Steady-state photoluminescence for thin films of a) BPEA and b) CBPEA
doped with PyBTM’-TPA (0, 0.5, 2 and 5 mol%) under CW excitation (4,, = 520 nm,
fluence = 40 mW cm™2).

We are unable to observe any radical emission in either BPEA or CBPEA films. An
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increase in emission is initially seen upon addition of 0.5 mol% PyBTM’-TPA to both
BPEA and CBPEA films, which we attribute to morphological changes in films that
additionally affect the vibronic features of annihilator emission. With further addition of
radical, we return to observing quenching of BPEA and CBPEA emission like rubrene

films.

Towards interrogating the differences in mechanisms occurring for pure samples of
BPEA and CBPEA versus those doped with radical, future experiments should look to
manufacture films through thermal deposition to minimise the morphological difference

between films with varying compositions.

6.6 Investigating Quenching Mechanisms for Singlet and
Doublet States

From these studies, we observe that introduction of radicals results in partial quenching
of rubrene/anthracene systems and total quenching of any photoexcited radical states. To-
wards elucidating the mechanisms from which doublet and singlet states are quenched, we
looked towards systems that change the driving force towards formation of charge transfer

states.

6.6.1 Steady State Photophysics for B=0

TTM-3NCz is a luminescent radical based on the carbazole moiety that has shown pho-
toluminescence quantum yields of 86% in the solid state.?! The greater electron donating
character of the carbazole-based moiety leads to a luminescent radical with a HOMO level
at —5.7 eV?! as shown in Figure 6.11a. As such rubrene and TTM-3NCz are expected to

form a type-II heterojunction that has a tendency towards driving charge transfer.

T J
1.86V |
srl}‘ra T
T, b :
11ev |
{ Dy —— |
Rubrene Rubrene TTM-3NCz

Figure 6.11: a) Molecular structures and frontier molecular orbital energies for rubrene
and TTM-3NCz. b) Jablonski diagram highlighting excitonic energies for rubrene:TTM-
3NCz systems. Orbital and excitonic energy levels for rubrene were estimated from
literature, 76182
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The 1.8 eV energy of D, for TTM-3NCz places it significantly above the energy of
the rubrene triplet state at 1.1 eV. Ignoring the effects of any coulombic stabilisation, the
rubrene: TTM-3NCz charge-transfer state is estimated to lie at 1.6 eV - placing it 0.7 eV

below the singlet excited state and 0.2 eV below the doublet excited state.

TTM-3NCz was synthesised as previously reported by Prof. Feng Li’s group, with
rubrene: TTM-3NCz sample fabrication performed identical to rubrene: TTM-TPA films.

Figure 6.12a shows the steady state absorption spectrum for rubrene and TTM-3NCz
in toluene solution. The lowest energy absorption bands for rubrene and TTM-3NCz start
at 570 nm and 700 nm respectively, such that irradiation at 520 nm results in majority
excitation of rubrene (99% of total photoexcitation). TTM-3NCz shows higher energy
emission than TTM-TPA or PyBTM’-TPA, with emission centred at 710 nm.
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Figure 6.12: a) Extinction coefficient (dashed lines) and normalised photoluminescence
(solid lines) profiles for rubrene (green) and TTM-3NCz (red) in toluene solution b)
Steady-state photoluminescence for thin films of rubrene doped with various amounts of
TTM-3NCz (0, 0.5, 2 and 5 mol%) for 4, = 520 nm.

Figure 6.12b shows steady-state photoluminescence measurements for rubrene: TTM-
3NCz (0%, 0.5%, 2%, 5%) thin-films. As with the trend of previous measurements, we are
unable to see any doublet emission and see quenching of rubrene emission upon addition
of the TTM-3NCz radical. Rubrene emission in rubrene: TTM-3NCz films was quenched
to 18%, 5% and 2% of that from neat rubrene films with 0.5, 2 and 5 mol% radical doping.
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6.6.2 Magnetically Sensitive Photoluminescence

Figure 6.13 shows the magnetosensitivity of rubrene photoluminescence intensity, which
was measured using the same measurement conditions as used in TTM-TPA doped films
(sinusoidal field, (0 mT<|B|<200 mT, f = 0.05 Hz).
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Figure 6.13: a) Photoluminescence intensity of rubrene emission (550-850 nm) over time
from rubrene:TTM-3NCz films with CW excitation (4., = 520 nm, Fluence = 40 mW
cm™2) under a sinusoidally varying magnetic field (0 mT<|B|<200 mT, f = 0.05 Hz). b)
Photoluminescence MFE versus magnetic field for rubrene:TTM-3PCz films under CW
excitation (4., = 520 nm, Fluence = 40 mW cm™).

The magnetosensitivity of photoluminescence is maintained for rubrene films doped
with TTM-3NCz rather than with TTM-TPA, with 0.5 mol% TTM-3NCz doped films
showing a MFE of 1.8+0.3% MFE at 150 mT.

Figure 6.14 shows transient photoluminescence spectra of rubrene:TTM-3NCz films
taken on a streak camera. We observe no radical emission following 515 nm excitation
(fluence = 40 wJ cm™2) for any of the rubrene: TTM-3NCz films.
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Figure 6.14: Transient photoluminescence decays for rubrene emission (550-700 nm) in
rubrene: TTM-3NCz films (0, 0.5 and 2 mol%) films under pulsed excitation (4., = 515

nm, fluence = 40 pJ cm™2).

6.6.3 Transient Photoluminescence

The transient PL profiles for rubrene and rubrene: TTM-3NCz films are fitted to monoex-

ponential decays, with fitted lifetimes for rubrene emission presented in Table 6.1.

PL Lifetime (ns)

Sample

Rubrene 28+0.2
Rubrene:TTM-3NCz (99.5:0.5 wt%) 0.29 + 0.02
Rubrene:TTM-3NCz (98:2 wt%) 0.12 £ 0.02

Table 6.1: PL Lifetimes for rubrene emission in rubrene:TTM-3PCz films (0, 0.5 and 2
mol%) excited at 515 nm (Fluence = 40 pJcm~2). Lifetimes were obtained through fitting

of PL transients to a monoexponential decay.

From the change in lifetime, we estimate TTM-3NCz to quench rubrene emission at a
rate of 3.1 x 10° s™! and 8.0 x 10 s~! for 0.5 and 2 mol% doped films, respectively.
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6.7 Discussion

Quenching of rubrene emission occurs in films doped with both TTM-TPA and TTM-
3NCz. We suggest that possible mechanisms for rubrene quenching include Forster
or Dexter energy transfer to the radical or the formation of a rubrene:radical CT state.
Radical-enhanced intersystem crossing is ruled out in here as large radical-chromophore
coupling is required and reports are typically limited to intramolecular (and not inter-

molecular) radical-triplet systems.!!?

The intermolecular spacing between radical molecules in rubrene: radical films is
expected to be 3.3 nm for 0.5 mol% doping. As such, we assume that photoexcited
rubrene molecules on average are separated by 1.6 nm from a radical molecule. Quench-
ing mechanisms mediated by Dexter energy transfer are typically expected to have a
maximum range of ~1 nm, such that it is more likely in dilute films for rubrene to be

quenched via FRET than other exchange-mediated quenching mechanisms.

Table 6.2 shows Forster radii and FRET rates that are estimated from the spectral
overlap of rubrene with TTM-TPA, PyBTM’-TPA and TTM-3NCz. Rates are estimated
using the average rubrene-radical separation for rubrene excitations that are randomly
distributed in space, and are calculated from assuming that rubrene films have a PLQY of

4% and a radiative lifetime of 16 ns.!7®

System JM 'em™'nm*) Ry (nm)  kgrgsq, (87 kgrog 87D kgpse) (571
Rubrene: TTM-TPA 2.6 x 10 34 9.6 x 107 1.6 x 10° 9.9 x 10°

Rubrene:PyBTM-TPA 3.6 x 10" 3.6 1.3 x 108 2.1x10° 1.3 x 10
Rubrene: TTM-3NCz 4.2 x 10" 4.2 1.4 %108 2.2 % 10° 1.4 x 1010

Table 6.2: Forster radii and FRET rates for rubrene doped with 0.5, 2 and 5 mol% of
TTM-TPA, PyBTM’-TPA or TTM-3NCz. Rates are estimated for a randomly photoexcited
rubrene molecule in the film.

Figure 6.15 highlights previous work!7®

in which FRET to energy harvesters, such as
DBP, was considered in the picture of cyclic SF and TTA processes for rubrene nanoparti-
cles. Rapid SF and TTA was observed on picosecond timescales, with magnetosensitivity

arising from the spin evolution of weakly bound triplet-pairs with overall singlet character.
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Figure 6.15: Schematic diagram summarising the photophysics of rubrene nanoparticles.
Taken from J. Mater. Chem. C, 2022, 10, 4684-4696.17°

Rates of FRET from rubrene to radical are expected to be at least an order of magni-
tude slower than rates for singlet fission or rubrene self-FRET (previously estimated!”®
at 10" s7!), making it highly unlikely for energy transfer to occur prior to rubrene
self-FRET or singlet fission. Instead, we suggest that cyclic processes of SF and TTA
take place but that rubrene self-FRET results in diffusion of the S, excited state from the
original location of photoexcitation. We suggest that timescales for radical-based rubrene
quenching arise from the period it takes for singlet-diffusion to reduce rubrene-radical
intermolecular distances, such that FRET can occur on sub 100 ps timescales (< 1.2 nm
for TTM-TPA and 1.1 nm for TTM-3NCz) and compete with singlet fission and diffusion.

In pure rubrene films we observe an initial decay with lifetime of 2.8 ns that we
attribute to spin evolution of bound triplet states. In 0.5 and 2 mol% doped TTM-3NCz
films, excitations must diffuse on the order of 1.6 nm and 1 nm respectively before the
rate of FRET is comparable to that of SF (lifetime < 100 ps). Assuming diffusion as a
random walk, we can use <r2> = ka’t to estimate the time it takes for singlet states to
diffuse in rubrene films, where k is the hopping rate, a is the hopping distance and ¢ is the
time for a singlet to diffuse on average a distance r. Assuming a rate of self FRET of 20
ns~!' and a hopping distance of 0.7 A (intermolecular distance),!’® it would take 0.25 ns
and 0.10 ns for the rubrene to diffuse into distance for FRET to a radical. This is seen to
agree roughly with the quenched emission lifetimes that we see for rubrene: TTM-3NCz
films. We envisage that design of radical materials towards greater spectral overlap with
rubrene could enable Forster radii exceeding 4.5 nm, such that energy transfer could

occur with reduced triplet diffusion.
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Whilst rubrene quenching via FRET is most likely in dilute films, a lack of observable
radical emission does motivate a discussion of whether singlet states could be quenched
through formation of rubrene-radical charge transfer states. Ignoring the effects of coulom-
bic stabilisation, CT state energies can be estimated to be 1.7 eV and 1.6 eV respectively
for the rubrene: TTM-TPA and rubrene: TTM-3NCz systems as shown in Figure 6.16. We
note that in both cases the CT state lies above the rubrene triplet state, and so this is not

considered a new potential loss mechanism for triplet states.
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Figure 6.16: Schematic for rubrene: TTM-TPA and rubrene: TTM-3NCz films highlighting
the energy of excitonic and charge-transfer (CT) states. Orbital and excitonic energy levels
for rubrene were taken from literature,!76180:182

The rate of charge transfer between two states, k; ;o where i and f are initial and final

states respectively can be estimated using Marcus theory:

R B 6.3
o = 0\ amk,Ta 5P < Ky ) ©3)

2
with E, = f [1 + ATGO] , Jis as the electronic coupling between initial and final

1

states, A as the reorganisation energy for transfer, and AG" is the Gibbs free energy for

electron transfer. 3197

For similar electronic coupling between rubrene and radical states
and A = 200 meV, the rate of CT state formation would be expected to be 50 X greater
for TTM-TPA than TTM-3NCz from the rubrene S, excited state. However, similar
levels of photoluminescence quenching are observed on rubrene for both TTM-TPA and
TTM-3NCz again pointing towards FRET being the dominant mechanism for quenching

of rubrene singlet emission.

The lack of observed radical emission is therefore surprising considering we expect
radicals to be excited by FRET and to have some direct photoexcitation when irradiated at
520 nm. Radicals have demonstrated bright emission previously in small molecular films,
and so possible reasons for a lack of radical emission could result from the formation of

charge-transfer states between the radical and rubrene, as well as Dexter doublet-triplet
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energy transfer back to the rubrene triplet state.

Assuming that coulombic stabilisation of the CT state is below 100 meV, the rubrene:
radical CT state is expected to lie above the D, excited state for TTM-TPA/PyBTM’-TPA
but below the D, state in TTM-3NCz. A lack of radical emission from rubrene:TTM-
TPA/PyBTM’-TPA films where the transition to a CT state is energetically unfavourable
suggests doublet quenching taking place via energy transfer to the rubrene triplet state.

Rubrene and other acene systems possess low spin-orbit coupling, such that FRET
from the radical D, to the rubrene T, state is expected to be negligible. Doublet-triplet
energy transfer is therefore expected to be Dexter-mediated, with the paramagnetic spin
of the radical enabling energy transfer with overall spin conservation. In rubrene films
with low radical doping, it is expected that radical molecules will have rubrene as their

nearest neighbouring molecules towards enabling Dexter energy transfer.

We note that radical quenching could additionally occur due to rubrene crystallisation
forcing luminescent radicals into close proximity such that they undergo aggregation-
induced quenching. Future studies should look to disperse rubrene:radical systems in
polymers such as PMMA, allowing for control of average distances between rubrene and

radical molecules towards understanding the role of phase segregation on emission.

Magnetosensitivity in systems is attributed to the spin evolution of weakly-coupled
triplet pair states. Application of magnetic fields can change the rate that these weakly-
coupled triplet pairs undergo spin evolution to be lost out of rapid cycle of singlet fission
and triplet fusion. As FRET to radical species outcompetes spin evolution the number of
triplet-pairs that undergo spin-evolution is reduced, such that overall magnetosensitivity of
the system is reduced. Further generation of rubrene triplet states by radicals are expected
to further decrease magnetosensitivity for emission through increasing the rate of non-

geminate reformation of triplet-pairs.
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6.8 Outlook for Radicals as Energy Harvesters in Upcon-

version Systems

We have shown that introduction of both triphenylamine- and carbazole-based radicals to
rubrene films results in quenching of both the intensity and magnetosensitivity of rubrene
photoluminescence. Quenching of rubrene is expected through FRET to the radicals, with
further increases to energy transfer rates envisaged with better spectral overlap between
rubrene and radical dopants. Whilst radicals do not themselves possess lower lying dark
states, their ability to perform spin-conserving Dexter-mediated energy transfer back to
rubrene triplet states results in a lack of radical emission and a parasitic loss mechanism
for upconversion. Future systems may look to modulate the average distance between rad-
icals and rubrene species towards enabling FRET and suppressing Dexter energy transfer

through the use of intramolecular'®® or intermolecular!®’

spacers. Towards a greater un-
derstanding of the mechanistic details of doublet-triplet energy transfer in films, we study

the dynamics of doublet-triplet energy transfer in solution in the next chapter.
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Chapter 7

On the Magnetosensitivity of
Radical-Acene Systems with Reversible
Triplet-Doublet Energy Transfer

Fluorescent radicals have been demonstrated as heavy-metal free triplet sensitisers for
acene systems towards upconversion, showing doublet to triplet energy transfer in solu-
tion. In addition, radical-acene systems with low energetic offset between doublet and
triplet states have been shown to undergo reversible doublet-triplet energy transfer. In this
chapter, we investigate the magnetosensitivity for solution-based radical:acene systems
demonstrating upconversion. Mechanistic studies are used to explore a lack of observed
magnetosensitivity in radical:acene systems and the role of the CT state in mediating en-
ergy transfer, with results contextualised within the theoretical framework set out in Chap-
ter 4. This chapter highlights how spin-conserving energy transfer between doublet and
triplet excited states must be considered in the design of optoelectronic and spintronic sys-

tems, with rates of energy and charge-transfer engineered to achieve desired functionality.

trESR measurements on frozen TTM-1Cz:DPA solutions were performed by Dr Emrys
Evans at Oxford University, whilst those on room-temperature solutions were performed
by John Hudson in collaboration with Dr Emma Richards at Cardiff University. All sub-

sequent analysis was performed by John Hudson.
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7.1 Radicals as Triplet Sensitisers with Reversible

Doublet-Triplet Energy Transfer

Fluorescent radicals have demonstrated doublet-triplet energy transfer in solution with
acenes, acting as heavy-metal free triplet sensitisers towards TTA upconversion.'?”-128
Triplet sensitisation has been demonstrated for systems with varying doublet-triplet en-
ergetic offsets (0.05 eV- 0.5 eV), with TTM-TPA:perylene demonstrating upconversion
efficiencies of 6.8%. As shown in Figure 7.1, reverse triplet-doublet energy transfer has
additionally been observed for systems with low triplet-doublet energetic offsets (< 0.1 eV)
via delayed fluorescence.!?® As set out in Chapter 4, we envisage that reversible doublet-
triplet energy transfer in systems could result in magnetic sensitivity for photolumines-

cence and spin polarisation.

Radical
Fluorophore

Annihilator

Figure 7.1: Schematic highlighting triplet sensitisation by photoexcited radical dou-
blet states for annihilator molecules, indicating reversible doublet-triplet energy transfer
(DTET) and triplet-doublet energy transfer (TDET). Sensitised annihilator triplet states
are able to undergo triplet-triplet annihilation (TTA) to form the higher energy S, excited
state.

Motivated by our observation of photoluminescence quenching for a variety of upcon-
version systems by fluorescent radicals in the solid-state, we explore the magnetosensitiv-
ity of doublet-triplet energy transfer systems in solution. FRET-mediated doublet-triplet
energy transfer is assumed to be negligible due to the low optical transition dipole for triplet
states in typical acene systems, such that photophysical and spin-resonance measurements

allow us to probe the exchange mediated interactions of systems.
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Energy

7.2 TTM-1Cz:DPA and TTM-1Cz:BPEA as Triplet Sen-

sitisation Systems

Here we combine TTM-1Cz with 9,10-diphenylanthracene (DPA) or BPEA in toluene so-
lution. The molecular structures and frontier molecular orbital energies for TTM-1Cz,
DPA and BPEA are shown in Figure 7.2a, with DPA and BPEA forming a type-I hetero-
junction with TTM-1Cz.
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Figure 7.2: a) Molecular structures and frontier molecular orbital energies for DPA, BPEA,
and TTM-1Cz. b) Jablonski diagram highlighting excitonic energies for DPA, BPEA

and TTM-1Cz. Excitonic and orbital energies for DPA and BPEA were estimated from
literature, 188-189193,194,200,201

Based off the anthracene moiety, both DPA and BPA have T, and S, energies suitable
for TTA and have shown anti-Stokes shifts 0f 0.92 eV and 0.58 eV respectively using TTM-
1Cz as a triplet sensitiser.'?”!?8 As shown in Figure 7.2b, the energy difference between
doublet and triplet states in TTM-1Cz:DPA (~ 0.05 eV)!?® and TTM-1Cz:BPEA (~ 0.5
eV) allow us to probe the mechanistic differences for doublet-triplet energy transfer with

varying energetic offset.

7.3 Sample Preparation

DPA was obtained from Merck. TTM-1Cz, DPA and BPEA were dissolved in anhydrous
toluene to form stock solutions. Stock solutions were subsequently combined to form
solutions with a 200 uM concentration of TTM-1Cz and 5-10 mM concentrations of BPEA
or DPA. All sample preparation was carried out under nitrogen atmosphere (< 10 ppm O,,
< 0.5 ppm H,O) before being transferred to UV-grade quartz cuvettes that were parafilmed

to prevent ingression of oxygen.
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7.4 Steady State Photophysics

Figure 7.3 shows the steady-state absorption and photoluminescence for TTM-1Cz, DPA
and BPEA in toluene solution. The lowest energy absorption bands for TTM-1Cz, DPA
and BPEA are observed to start at 700 nm, 420 nm and 490 nm respectively.
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Figure 7.3: Extinction coefficient (dashed lines) and normalised photoluminescence (solid
lines) profiles for TTM-1Cz (red), DPA (blue) and BPEA (green) in toluene solution.

DPA shows blue photoluminescence peaking at 430 nm with vibronic features at 415
nm and 440 nm, whilst BPEA shows green emission peaking at 510 nm with vibronic
features at 495 nm and 545 nm, as expected.?’>?°3 TTM-1Cz in toluene shows broad red

emission centred at 700 nm as expected.*®

7.4.1 Demonstrating Upconversion

Figure 7.4a shows photoluminescence spectra for a TTM-1Cz (200 uM):DPA (10 mM)
solution excited at 520 nm. At 520 nm, irradiation is expected to selectively photoex-
cite TTM-1Cz, however, both TTM-1Cz and higher-energy DPA emission are observed.
Towards confirming that DPA emission results from TTA, the intensity of radical and an-

nihilator emission under variable fluence (50-1000 mW c¢m~2) are shown in Figure 7.4b.
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Figure 7.4: a) Steady-state photoluminescence spectra of the TTM-1Cz (200 uM):DPA(S
mM) system in toluene for 4,, = 520 nm (fluence = 800 mW c¢cm~2). b) Photoluminescence
intensity for TTM-1Cz emission (650-850 nm, red) and DPA upconversion (400-500 nm,
blue) in the TTM-1Cz (200 uM):DPA(5 mM) toluene system versus the fluence of 520
nm excitation.

On a double-logarithmic plot of power versus photoluminescence, a gradient of 1 in-
dicates that TTM-1Cz emission has a linear dependence on excitation fluence. A gradient
of ~2 for DPA indicates that annihilator emission depends quadratically on fluence which
is a charactersitic feature of TTA. In upconversion systems, a threshold intensity is typ-
ically defined at which the power dependence of upconverted emission transitions from
a quadratic to a linear dependence. This results from higher triplet populations increas-
ing the chance of triplet annihilation, such that a majority of triplets start decaying via
upconverted singlet states.?**2% Whilst previous reports highlight this threshold intensity
for the TTM-1Cz:DPA systems in toluene to lie in the range of 180-200 mW cm™2, we
were unable to replicate this in our setup with a quadratic dependence on emission main-

tained up to fluences of 1000 mW cm~2

. We attribute this to solutions being prepared
in a nitrogen glovebox with an O, concentration of < 10 ppm, compared to < 1072 ppm
levels typically expected for solutions that have undergone three or more cycles of freeze-
pump-thawing. For steady-state measurements, singlet-oxygen is expected to interact with

sensitised triplet states resulting in quenching with us timescales.

7.4.2 Magnetically-Sensitive PL

The magnetosensitivity of systems was measured using the updated protocol set out in
Section 3.5. In brief, simultaneous control of magnetic field and spectrometer allowed for
the measurement of photoluminescence at an explicit field value, followed by a reference

spectrum at zero field to calculate an MFE value.
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MFE (%)

Towards confirmation of the updated protocol for measuring magnetosensitive PL,
the updated protocol was applied to a rubrene film (fabricated as described in Section 6.3)
excited at 520 nm. As shown in Figure 7.5a, the updated protocol enabled greater discrim-
ination between applied field strengths, enabling observation of a drop in photolumines-
cence for fields below 30 mT before a subsequent increase in the brightness of emission.
This magnetic behaviour has previously been documented and attributed to spin evolution

resulting from triplet hopping in systems with varied rubrene orientation. '8’
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Figure 7.5: Photoluminescence MFE versus magnetic field using the updated magnetoPL
setup for a) rubrene films and b) TTM-1Cz (200 uM):DPA (10 mM) and TTM-1Cz (200
uM):BPEA (5 mM) toluene solutions under CW excitation (4., = 520 nm, fluence = 40
mW cm™2).

Figure 7.5b shows magnetically-sensitive measurements of TTM-1Cz photolumi-
nescence for the TTM-1Cz:DPA and TTM-1Cz:BPEA systems under 520 nm excitation
(fluence = 40 mW cm™2). Excitation was purposely kept below the threshold intensity
for upconversion, towards interrogating the magnetic sensitivity of doublet-triplet energy

transfer and not triplet-triplet annihilation.

We are unable to detect any magnetosensitivity of doublet photoluminescence in the
TTM-1Cz:DPA and TTM-1Cz:BPEA systems within a 0.3% degree of error between O-
300 mT. Towards understanding the mechanisms of doublet-triplet energy transfer that
could underpin this low magnetosensitivity, the rest of this chapter outlines transient pho-
toluminescence, electron spin resonance and absorption characterisation of TTM-1Cz,
TTM-1Cz:BPEA and TTM-1Cz:DPA systems.
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7.5 Investigating the Mechanisms of Doublet-Triplet En-

ergy Transfer through Transient Characterisation

7.5.1 Transient Photoluminescence

Figure 7.6 shows the transient decay of TTM-1Cz photoluminescence (670-690 nm) for
solutions of TTM-1Cz (200 uM), TTM-1Cz (200 uM):DPA (10 mM) and TTM-1Cz
(200 uM):BPEA (5 mM) in toluene.
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Figure 7.6: Transient photoluminescence of TTM-1Cz (4,,,=680 nm) emission under ex-
citation at 635 nm. Decays are shown for solutions in toluene of TTM-1Cz (200 uM) in
red, TTM-1Cz (200 uM):BPEA (5 mM) in green and TTM-1Cz (200 uM):DPA (5 mM)
in blue.

TTM-1Cz emission is quenched by annihilators in solution. Table 7.1 shows initial

lifetimes for emission, from which quenching rates can be estimated for BPEA (5 mM)
and DPA (10 mM) of 4.3 x 107 s™! and 2.3 x 107 s™! respectively.
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Sample PL Lifetime (ns)
TTM-1Cz (200 uM) 253 +0.3
TTM-1Cz (200 uM):BPEA (5§ mM) 16.1 + 0.3

TTM-1Cz (200 uM):DPA (10 mM) 122 +0.3

Table 7.1: PL Lifetimes for TTM-1Cz emission (4,,=670-690 nm) in TTM-
1Cz:DPA/BPEA solutions. Lifetimes were obtained through fitting of PL transients to
a monoexponential decay.

Assuming that the rate of quenching is proportional to the annihilator concentration,
estimates of quenching constants in toluene of 4.3 x 10° M~!s~! and 4.8 x 10° M~!s~! for

DPA and BPEA respectively agree with previous studies.!?7128

7.5.2 Transient Electron Spin Resonance (trESR)

Figure 7.7 shows X-band transient ESR spectra for flash-frozen toluene solutions of TTM-
1Cz (400 uM), DPA (20 mM) and TTM-1Cz (400 uM):DPA (20 mM) measured at 80 K.
As set out in Section 3.6, samples were photoexcited using pulsed laser excitation at 20 Hz
(5 ns pulse length) and changes in the absorption of microwave radiation were measured

towards detecting changes in the distribution of spins in samples.
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Figure 7.7: trESR signals measured at 80 K for flash-frozen toluene solutions of a) TTM-
1Cz (400 uM) and b) TTM-1Cz (400 uM):DPA (20 mM) excited at 600 nm, as well as
c) DPA (20 mM) excited at 355 nm. Displayed trESR signals are integrated from 1-2 us
following photoexcitation.

The trESR spectra for both TTM-1Cz and TTM-1Cz:DPA were measured following
600 nm excitation. Whilst isolated TTM-1Cz showed no detectable spin polarisation
(Figure 7.7a), the trESR signal for TTM-1Cz:DPA displays both an absorptive central
peak (full-width half maximum, FWHM = 10 mT) as well as a wider asymmetrical signal

with absorptive (a) and emissive (e) phase. DPA solutions excited at 355 nm show a
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trESR signal with aaa-eee phase that is indicative of ISC from singlet states resulting in

preferential population of triplet sublevels.20%207

We observe that trESR signals are narrower in frozen solutions of TTM-1Cz:DPA
(~120 mT, Figure 7.7b) than in DPA (~160 mT, Figure 7.7c). The width of the trESR
signals arise from triplet zero-field splitting that manifests as 2/3 of the chromophore
(DPA) triplet in chromophore-radical systems.!'> One fit model to the data follows net
and multiplet polarisation similar to quartet signatures reported for chromophore-trityl
radicals.?*® Further analysis of the mechanisms of interaction between doublet and triplet
states is currently limited by low levels of signal enabling trESR data to be fit with a
variety of spin-polarised species. Future work will look to obtain trESR signals for
systems such that turning points can be identified towards assignment of underlying

mechanisms for interaction.

Figure 7.8 shows trESR signals for toluene solutions of TTM-1Cz (200 uM) combined
with DPA (5 mM) and BPEA (5 mM) that were collected at room temperature (298 K).
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Figure 7.8: Narrow-field width trESR signals collected at 298K for toluene solutions of a)
TTM-1Cz (200 uM):DPA (5§ mM) and b) TTM-1Cz (200 uM):BPEA (5§ mM) with 4, =
532 nm. Displayed trESR signals are integrated from 1-2 us following photoexcitation.

At room temperature, the previously observed broad central peak is replaced by a
narrow absorptive feature (FWHM = 0.3 mT). We assign this narrow feature to spin-
polarisation of the doublet ground state, with the trESR signal observed on the microsec-
ond timescales such that all excited doublet states have decayed. In TTM-1Cz:DPA we
observe an additional asymmetrical trESR signal around the doublet spin polarisation,
however, we are not able to observe enough structure of the signal to assign mechanisms

for formation of spin polarisation.
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7.5.3 Femtosecond Transient Absorption (fsTA)

Figure 7.9 shows fsTA data taken for TTM-1Cz (200 uM), TTM-1Cz (200 uM):DPA
(5 mM) and TTM-1Cz (200 uM):BPEA (5 mM) solutions that were collected using the
experimental setup outlined in Section 3.4.2. Solutions were excited at 2.5 kHz such that

system were given 400 us to relax to the ground state in between photoexcitation pulses.
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Figure 7.9: a) False-colour maps, b) transient absorption spectra and c) wavelength-
resolved excited state kinetics for fsSTA measurements on toluene solutions of 1) TTM-1Cz
(200 uM) and ii) TTM-1Cz (200 uM):DPA (5 mM) excited at 635 nm, and iii) TTM-1Cz
(200 uM):BPEA (5 mM) excited at 530 nm.

fSTA measurements for TTM-1Cz in toluene show a strong photoinduced absorption
that peaks around 570 nm and has a broad flat absorption between 800-950 nm. We
additionally observe broad stimulated emission that is centered at 660 nm following
photoexcitation that undergoes vibrational relaxation over a period of 30 ps to be centered

at 700 nm. The amplitude of excited state absorption (ESA) at 570 nm and stimulated
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emission (SE) at 700 nm are seen to grow in with a lifetime of 90 + 6ps, before subse-
quently decaying with a lifetime of 20 + 5 ns. The growth of absorption is attributed to
molecular reorganisation that increases the electric dipole of the TTM-1Cz D, excited
state, whilst lifetime for the decay of the D, excited state of 20 + 5 ns is in agreement

previous trPL. measurements.

fSTA data for TTM-1Cz (200 uM):DPA (5 mM) solutions closely resembles that
seen for TTM-1Cz, showing an ESA peaking at 570 nm with broad absorption between
800-950 nm, as well as red-shifting of SE over a period of 30 ps. Whilst it is difficult to
accurately quantify the lifetime of the doublet excited state over a temporal window of
8 ns, the excited state absorption appears to be quenched by DPA with fitting of the 570
nm ESA giving with a new lifetime of 17 + 5 ns. The excited state absorption at 570
nm increases up to 900 ps in TTM-1Cz:DPA solutions, in comparison to TTM-1Cz only
solutions where absorption began to decay after 400 ps. This variation could indicate
the formation of a new excited state with broad absorption below 600 nm on 100s of
picosecond timescales, however further deconvolution of excited-state signatures is
hampered through the lack of clear new ESA in the visible range. DPA has previously
been reported to show strong T, ESA between 460-480 nm, such that future experiments
should look to measure fsTA for films with probe light in the UV range (380-500nm)
towards deconvoluting D; and T; ESAs.

fSTA of TTM-1Cz (200 uM):BPEA (5 mM) solutions shows the formation of a new
excited-state species on sub-picosecond timescales with a ground-state bleach from 480-
530 nm and a broad absorption from 650-950 nm, which is attributed to the TTM-
1Cz:BPEA charge-transfer (CT) state. ESA due to the D, excited state is still observed
suggesting that not all radicals perform charge-transfer on such timescales. On energetic
grounds, the CT state is expected to result from hole transfer from the radical to the BPEA
such that the CT state signatures arises from the combination of a BPEA cationic and rad-
ical anionic signatures. Previous literature has shown the BPEA cation to have a broad
absorption signature stretching up to 850 nm'°! such that we attribute the increase in ab-
sorption from 850-950 nm to TTM-1Cz anion. Subsequent decay of this intermediate is
accompanied with the growth of ESA at 500 nm that is characeristic of the BPEA T, ex-

cited state, !

such that we suggest the CT state can mediate doublet-triplet energy transfer
for TTM-1Cz:BPEA systems. Towards estimating the rate of triplet formation from the
CT state, fsTA kinetics at 500 nm and 948 nm were fitted assuming an underlying D,
population that grew and subsequently decayed with fixed lifetimes of 30 ps and 12 ns
respectively. A third kinetic was fitted above the D, population to account for transition

of the CT excited state to the BPEA T, excited state giving a transition lifetime of ~1 ns.
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7.6 Discussion

The observed dynamics for T, exciton formation in both TTM-1Cz:DPA and TTM-
1Cz:BPEA solutions are an order of magnitude faster than expected for diffusion-limited
bimolecular processes. Using quenching constants obtained from trPL of 4.3 x 10°
M~!s7!and 4.8 x 10° M~!s~! for DPA and BPEA in toluene, 5 mM solutions are expected
to quench doublet excited states with lifetimes of 47 and 42 ns respectively. However,
sub-picosecond lifetimes for CT state formation in TTM-1Cz:BPEA and sub-nanosecond
lifetimes for energy transfer for TTM-1Cz:DPA systems suggest that charge or energy
transfer can occur without the need for diffusion. We attribute these lifetimes to com-
plexation of radical and annihilator species in solutions such that they are in position
following photoexcitation for charge or energy transfer. We note that fsTA dynamics
were measured for annihilator solutions close to their solubility limit in toluene (5
mM), increasing the likelihood for complexation. Future studies should investigate fsTA
dynamics of doublet-triplet energy transfer for both dilute and concentrated annihilator
solutions, towards understanding the role of complexation on energy and charge-transfer

dynamics.

Figure 7.10 shows the excitonic and CT state energies expected for the TTM-1Cz:DPA
and TTM-1Cz:BPEA systems. The TTM-1Cz:BPEA CT state at 1.5 eV lies between
the TTM-1Cz D, and BPEA T, excited states, with fsSTA data highlighting that the
CT state is an intermediate in complexed TTM-1Cz:BPEA systems for doublet-triplet
energy transfer. In TTM-1Cz:DPA systems we do not observe significant formation of
cationic anthracene signatures, suggesting that energy transfer occurs directly from the
TTM-1Cz D, to the DPA T, excited state. The CT state for TTM-1Cz:DPA is predicted
to lie below both the TTM-1Cz D, and DPA T, excited states, such that future studies
should look into the possibility of CT state formation as both a loss mechanism for up-

conversion and as a possible mediator of energy transfer between doublet and triplet states.
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Figure 7.10: Schematic highlighting the energy of excitonic and charge-transfer (CT)
states for TTM-1Cz:DPA and TTM-1Cz:BPEA. Excitonic energies for DPA and BPEA
were estimated from literature.!93:194.201

We were unable to detect magnetosensitivity for radical emission in either TTM-1Cz
(200 uM):DPA (5 mM) or TTM-1Cz (200 uM):BPEA (5 mM) solutions. In Chapter
4 we discuss the need for doublet-triplet and triplet-doublet energy transfer rates to be
competitive with radical emission towards achieving observable magnetosensitivity in
radical-triplet systems. TTM-1Cz:BPEA systems have a large energetic offset between
TTM-1Cz D, and BPEA T, states, such that a lack of magnetosensitivity can be attributed

to negligible rates for reverse triplet-doublet energy transfer.

In TTM-1Cz:DPA systems, we were unable to identify reversible energy transfer
between doublet and triplet species through fSTA or trPL measurements. However,
previous reports have identified reverse energy transfer from DPA to TTM-1Cz with 50
us lifetime.!”® Using the modelling set out in Chapter 4, we can estimate the magne-
tosensitivity of PL for TTM-1Cz:DPA systems interacting in solution using a doublet
emitter with a 20 ns excited state lifetime, a 40 ns lifetime for doublet-triplet energy
transfer (obtained from TCSPC) and a 50 us lifetime for reverse TDET. For both weakly-
or strongly-coupled systems, we obtain a maximum |[MFE| < 0.01% which is below the

0.3% resolution for our current magnetic field dependent PL setup.

Future studies should look to decrease the doublet-triplet energy gap towards increas-
ing the rate of reverse energy transfer to nanosecond timescales in solution,?* with [MFE|
= 1% predicted for the previous system if the rate of triplet-doublet energy transfer could
match that of doublet-triplet energy transfer (40 ns lifetime). In the future, spatial control
of doublet and triplet components in intramolecular or intermolecular systems may allow

energy transfer rates to no longer be diffusion-limited.

Further work is required towards understanding the role of complexation in films, and

reconciling sub-picosecond dynamics observed in fsTA with nanosecond timescales ob-
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served for trPL. We envisage that faster rates for reversible energy transfer in complexes of
TTM-1Cz and DPA may enable greater magnetosensitivity, however, further concentra-
tion studies are required towards understanding the fraction of TTM-1Cz molecules that
undergo complexation in DPA solution and their effect on overall system dynamics. These
studies should include both CW and trESR measurements towards understanding the in-
teraction of doublet and triplet species in solution and whether they can be explained by
doublet-triplet exchange that is variable or fixed. This should build on our current under-
standing for which we see quartet spin polarisation in TTM-1Cz:DPA frozen solutions but
doublet ground spin polarisation at room temperature that is indicative of a radical-triplet

pair mechanism resulting from diffusion of radical and triplet species.'*

7.7 Outlook for Radicals as Triplet Sensitisers

In this chapter we probed the mechanisms for doublet-triplet energy transfer both in solu-
tions of TTM-1Cz (200 uM):DPA (5 mM) and TTM-1Cz (200 uM):BPEA (5 mM). Our
studies motivate future research towards understanding of the role that both the radical-
acene CT state plays in mediating triplet-doublet energy transfer and that radical-acene
complexation plays in solutions. Observation of excited state dynamics on picosecond to
nanosecond timescales for radical:acene solutions is exciting towards future use of radicals
as triplet-sensitisers in the solid state, and highlights the challenges faced towards using

radicals as energy harvesters following upconversion as set out in the previous chapter.
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Chapter 8
Conclusions and Outlook

In this thesis, research into luminescent radicals was motivated towards their application
in optoelectronic and opto-spintronic devices. The emergent photo- and spin physics from
the pairing of luminescent radicals with closed-shell organic molecules was investigated,
in particular focussing on the role of spin in energy transfer between doublet and triplet

states as well as doublet-triplet magnetic interactions.

A framework for the generation of spin polarisation and magnetosensitivity of radical
photoluminescence following reversible doublet-triplet energy transfer was set out. The
wider context of this work is establishing a platform for magneto-optical signatures that
provide further evidence for the doublet exciton nature of luminescent radicals. Light
read-out and spin polarisation following reversible energy transfer were shown to reflect
the sign and size of spin-exchange interactions in strongly coupled doublet-triplet pairs.
Immediate onset of magnetic field effects at low fields were demonstrated following
reversible energy transfer in weakly-coupled doublet-triplet systems, with potential

application as a light-based magnetic compass sensor.

The combination of triplets in organometallic complexes with luminescent radicals
was explored, demonstrating Forster-mediated energy transfer from Flr6 to the TTM-1Cz
radical without the need for triplet diffusion. Nanosecond-lifetimes for energy transfer (k
= 3.1 x 107 s7!) from FIr6 to TTM-1Cz are such that triplet states efficiently transfer (85 +
25 %) their energy to doublet states. The role of triplet spin-orbit coupling was discussed
both towards the design of radicals as efficient energy harvesters in ‘colour-by-blue’

displays, and towards the optical generation of spin polarisation in radical opto-spintronics.

The interaction of radical doublet-states with acene-based chromophores was detailed
in both solid-state and solution-based studies. Quenching of both the intensity and
magnetosensitivity of rubrene emission in rubrene:radical films is attributed to FRET

from the rubrene singlet to the radical doublet excited state, whilst Dexter-mediated
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doublet-triplet energy transfer is observed to quench doublet emission. Solution-based
studies of TTM-1Cz with the annihilators DPA and BPEA demonstrate a lack of magne-
tosensitivity for radical emission (< 0.3%) for magnetic fields up to 300 mT. Increasing
the rate of reverse triplet-doublet energy transfer is identified in the TTM-1Cz:DPA
system towards increased magnetosensitivity of emission. Finally, the role of the CT state
in mediating doublet-triplet energy transfer and complexation in radical-acene systems

was explored towards using radicals as triplet sensitisers for upconversion.

Overall, this thesis tries to inform the design of radical-containing functional materials
with a particular focus on how the paramagnetic nature of luminescent radicals results
in different optical and magnetic behaviour to closed-shell systems. For example, whilst
bright doublet states can interact through FRET similar to singlet states in closed-shell
fluorophores, we show that the ‘extra-spin’ of the radical also allows spin-conserving

Dexter-energy transfer between triplet and doublet states not available to singlet states.

With a growing number of researchers looking towards the synthesis of lumines-
cent radical species, it is hoped that radical motifs beyond the TTM-moiety can be
achieved towards both higher energy emission (green/blue), as well as raising of radical
HOMO/SOMO levels towards forming type-I heterojunctions with a greater number of
studied optoelectronic systems. In the context of radical-chromophore design towards
opto-spintronic devices, systems will need sufficient exchange interaction towards driving
Dexter-mediated processes between species, however care will need to be placed such
that exchange interactions are not so strong that magnetic interactions cannot be probed
with experimentally-accessible magnetic fields (| B|< 10 T).

Through appreciation of mechanisms for energy transfer and their spin implications,

it is hoped that the work in this thesis contributes towards the eventual goal of controlling

the spin states of molecular systems with light.
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Appendix A

Kinetic Modelling of Doublet-Triplet
Reversible Energy Transfer

A.1 Analytical Derivations for Doublet Populations

Starting with Scheme A.1:

Vi & i
+®+1/2,5 PJ YD D0+T1

V_Qyy/2;

Scheme A.1: Kinetic mechanism for magnetosensitivity in luminescent radical-triplet sys-
tems

Poa]
Expressions for the 0—_2 and % can be found, where [D+ 1 ] represent the popu-
)

lation of the excited doublet. Assuming steady state conditions for [D Ll ] , [D_ 1 ] and P,
2 2

respectively:

G
3 = [Pu]+ X (nany, [Po] -ra,p) (A-D

=1 ||+ X (rey, ] -1y ) .

(A.3)

Substituting P; from 4 into 2 and 3:
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a+17.[D+1]+a_1,4[D_1]
3=n[ou]+ Xlray, (o] -ena, | 22| @)

- Y
J 1+€<a+%,j+a_%’j>
where € = ;—‘ Noting the separability of the terms in the summation over radical-
D
triplet index j and that )’ jo = 1, relations for [D Ll ] and [D_ 1 ] can be collected:
-2’ 2 2
< 2
€ a+lj) @, a1
%:J/+ ﬁ"‘l_ = I:D+l:|_€7/+z i A [D_
j/ 2
+ j 1+€(a+%’j+a_%’j> J 1+€<a+§1+a_%’j>
(A.6)
( 2
ela_1 . a 1.a,1 .
~34 =33,
§=y+ L. . [D_;] €1y ), 2 [D+
/4 ~ 2 -
+ j 1+€<a+%’j+a_%j> J 1+€(a+%7j+a_%j>

-1
Using the substitution k; = <1 +e€ (a Ly tacn j)) and solving simultaneously:
2> 2

-G ’ ’ L (A8)

Using these expressions, the total doublet photoluminescence, PL =
Y, <[D+1] + [D_l]>, can be found:

2 2
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— - = ; 1.—a_1
Gy, T+ 240N
PL = 3 S0 (A9)
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r 2
H 7,—+1_€ZKJ'“M —e? ZKJ(X+;1(Z !
!=i% J J

= d (A.10)
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A.2 Rate Constants used for Kinetic Scheme

Rate Value (ns™!) Source

Y, 0.04 7 = 25 ns assumed as typical radical excited state lifetime.!-!

ya 10 7 = 100 ps. Utilising the rate of radical-enhanced ISC shown
in previous radical-chromophore systems.*”!34

a 1 Chosen as y, /10

YD 0.1 Dissociation rate estimated for rubrene triplets from power

dependence for the onset of bimolecular TTA.!%

Table A.1: Rate constants used for modelling of reversible doublet-triplet energy transfer
in Chapter 4.
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A.3 Introduction of a Ag-Mechanism
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Figure A.1: Magnetic response for a system of strongly coupled radical-triplet pairs
(|J| = 20| D], i.e.|J| > | D]) that are randomly oriented with respect to an applied mag-
netic field. Results are shown either with g, = 2.0023 for both radical and triplet (Ag = 0),
or with g, = 2.0023 for radical and 2.001 for triplet (Ag ~ 0.001). MFEs for doublet
photoluminescence from radical-triplet systems with a) ferromagnetic (J > 0) and b) an-
tiferromagnetic (J < 0) exchange coupling. Magnetosensitivity for spin polarisation from
radical-triplet systems with ¢) J > 0 and d) J < 0 exchange coupling.
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Figure A.2: Magnetic response for a system of weakly coupled radical-triplet pairs
(|J] =0.02|D|, i.e.|J| < | D]) that are randomly oriented with respect to an applied mag-
netic field. Results are shown either with g, = 2.0023 for both radical and triplet (Ag = 0),
or with g, = 2.0023 for radical and 2.001 for triplet (Ag ~ 0.001). MFEs for doublet
photoluminescence from radical-triplet systems with a) ferromagnetic (J > 0) and b) an-
tiferromagnetic (J < 0) exchange coupling. Magnetosensitivity for spin polarisation from
radical-triplet systems with ¢) J > 0 and d) J < 0 exchange coupling.
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