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Abstract

The field of organic photovoltaics (OPVs) has undergone a renaissance driven
by the advent of non-fullerene acceptor molecules that have propelled efficiencies
beyond 20%. Despite this progress, the fundamental processes that drive the
conversion of light to electricity remain under debate. Electron paramagnetic
resonance (EPR) spectroscopy can help provide answers: by selectively probing
electron spin, the key photoinduced states - charge-transfer (CT) states, separated
charges, and triplet excitons - can be investigated. A series of donor:acceptor OPV
blends were investigated to gain information on the properties and dynamics of

the spin states involved in the photovoltaic mechanism.

Initially, the photoinduced separated charges within donor and acceptor domains
were identified and characterised through multi-frequency pulse EPR under steady-
state conditions. Overlapping spectral contributions were disentangled by exploiting
couplings of electron spins to *N nuclei and leveraging differences in relaxation times.
The obtained g-values were verified by quantum chemical calculations validated
with electron-nuclear double resonance experiments, and provided the basis for

interpreting the more complex spin-correlated CT state signals.

The evolution of CT states at the donor:acceptor interface was probed through
time-resolved EPR. Interpretation of the observed spin polarisation, reflective of
CT state formation and decay, as well as further separation to free charges, required
the development of a purpose-built simulation framework to model the interplay of
spin dynamics, kinetics and relaxation. The effects of laser intensity, temperature
and film morphology were explored through time-resolved EPR, and extensive
modelling revealed two channels of charge separation: a channel slow enough to
enable spin-mixing in the CT state, observed for all OPV blends, and an ultrafast
charge separation channel, exclusive to the highest-performing materials. This work
presents the first observation of both channels for efficient non-fullerene acceptor
blends. The observed evolution of spin polarisation additionally confirms the
presence of a reversible equilibrium between the CT state and separated charges,
previously suggested to explain improved efficiencies of non-fullerene acceptor blends.

A connection between the interfacial CT state and steady-state charges within
donor and acceptor domains was established by time-resolved pulse EPR, through
a range of pulse sequences aimed at separating contributions from different spin
states. This allowed identification of additional efficiency-limiting pathways involving
quenching of singlet excitons by trapped charges, underscoring the importance of

managing trap density in device optimisation.
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Chapter 1

Introduction to Organic
Photovoltaics

1.1 The Case for Solar Renewable Energy . . . . ... ... ... .. 2
1.2 Organic Photovoltaic Devices . . ... ... ............ 5
1.3 Donor and Acceptor Molecular Design . . ... ......... 7
1.4 Conversion of Light to Electricity . . . . . . ... ... .. .... 12
1.4.1 Exciton Formation . . . . .. ... ... ... ... ... 13
1.4.2 Interfacial Charge Transfer . . . . ... .. ... ... .. ..... 14
1.4.3 Charge Separation and Transport . . . . . . . . . ... ... .... 16
1.4.4 Charge Recombination . . . . . ... ... ... ... ... ... 18
1.4.5 Intersystem Crossing . . . . . . . . . . . ... L. 20
1.5 Current Challenges . . . . . . . ..ttt 20

The 21st century faces an unprecedented energy challenge. As global populations
grow and living standards improve in developing nations, energy demand continues
to rise sharply. This escalating demand is still largely met through fossil fuels
- coal, oil, and natural gas - which are finite, environmentally destructive, and
primary drivers of anthropogenic climate change. The scientific consensus is clear:
to minimise the most catastrophic effects of global warming, including extreme
weather events, sea-level rise, and large-scale ecological disruption, a rapid transition

to cleaner, more sustainable energy sources must be made.!?

The case for renewable energy is not based on environmental urgency alone.
Renewables have become central to addressing broader challenges such as energy
security, economic resilience, and technological leadership. Recent global events have
revealed critical vulnerabilities in fossil fuel supply chains, resulting in widespread
price volatility and energy shortages. These disruptions have pushed millions world-
wide into energy poverty and highlighted the risks associated with heavy reliance

on imported fuels. Today, renewables are valuable not only for their environmental

1



1. Introduction to Organic Photovoltaics
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Figure 1.1: Energy consumption by source in the United Kingdom, over the last fifty

years.?

benefits but also for their capacity to enhance energy independence, stabilise markets,

and strengthen economic and geopolitical resilience over the long term.

These shifts are already visible in national energy landscapes. In the UK, for
instance, the share of renewable energy has risen significantly over the last decade.
As shown in Figure 1.1, the contribution of renewables to the national energy mix
has grown from less than 5% in 2010 to around 20% in recent years. This increase
has come largely at the expense of coal, while consumption of oil and natural gas has
remained largely steady, highlighting that, while progress has been made towards

cleaner sources, more work is still urgently needed.

The global shift to renewables also presents a profound economic opportunity.
The clean energy sector is now generating millions of jobs across industries such
as solar installation, wind turbine management, battery manufacturing, green
construction, and hydrogen production. Technological progress continues to lower
costs: solar power, for instance, is now the cheapest electricity source in history.*

Renewable energy is no longer just a moral imperative; it is an economic inevitability.

1.1 The Case for Solar Renewable Energy

Among renewable energy technologies, solar power stands out as one of the most
abundant and widely accessible.® " Every hour, the Earth receives more energy
from the sun than the entire human population consumes in a year. Capturing
even a fraction of this energy could meet global energy needs while drastically
reducing carbon emissions. Solar power offers additional strategic advantages: it is
silent, modular, and can be deployed in remote or off-grid areas. This potential to

decentralise energy production makes solar energy technology particularly appealing

2



1.1. The Case for Solar Renewable Energy

for building sustainable, resilient infrastructure. Its modular nature allows for
flexible deployment options, from small-scale residential rooftop installations to
large utility-scale solar farms, making it accessible to diverse communities and
markets. As solar technologies have matured, ongoing improvements in efficiency

and manufacturing have made solar electricity increasingly competitive.

Silicon remains the dominant material in commercial solar technology. Its
widespread success stems from abundant raw materials, high stability, and an
optimised manufacturing process, enabling power conversion efficiencies (PCEs)
approaching 27%.8 close to the theoretical maximum of approximately 32 — 34% for
single-junction solar cells.” This limit, known as the Shockley-Queisser or detailed
balance limit, is set by fundamental energy losses, including the inability to absorb
all wavelengths of sunlight and the dissipation of excess photon energy as heat, which
restrict how efficiently solar energy can be converted into electricity. Nonetheless,
these attributes make silicon the cornerstone of utility-scale solar installations.
Silicon-based solar cells, however, are not without drawbacks. Their fabrication
requires high-temperature, energy-intensive processes, and large quantities of
high-purity silicon that require environmental-damaging mining to obtain. The
resulting devices are rigid and heavy, with typical modules weighing between 20
and 30 kg m~2.19 This weight, combined with their rigid structure, limits their use
in applications where flexibility, low weight, or surface conformity are essential,
such as lightweight rooftops, curved surfaces, or portable devices.

Next-generation photovoltaic technologies aim to address these limitations by
offering new materials with greater adaptability and novel physical properties.'? The
development in efficiency of some of these materials is illustrated in Figure 1.2.11:13
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Figure 1.2: Improvements in certified power conversion efficiencies of various single-
junction photovoltaic technologies over the past three decades, highlighting advances in
silicon, gallium arsenide (GaAs), organic photovoltaics, perovskites, and quantum dot
solar cells.!!



1. Introduction to Organic Photovoltaics

Gallium arsenide (GaAs), for example, has achieved record PCEs of 28% and
excels in high-performance applications like satellites, but its high cost restricts
broader use. Metal halide perovskites, reaching over 26% efficiency in lab-built
devices, offer impressive performance with simple processing, but suffer from long-
term stability and toxicity of lead-based components. Quantum dot solar cells
and other emerging technologies provide benefits such as infrared absorption, but

are still under development.

Among emerging photovoltaic technologies, organic photovoltaics (OPVs), com-
posed of carbon-based organic semiconductors, offer advantages in flexibility,
lightweight design, low-temperature fabrication, and ease of modification.'* 6
OPV materials are solution-processable, enabling scalable fabrication methods like
roll-to-roll processing. In addition, organic semiconductors have a high absorption
coefficient of about 10° cm ™!, around two orders of magnitude higher than crystalline
silicon.!™!® This high absorption allows for the creation of thin, flexible films with

2 requiring far smaller material quantities and making

weights around 0.5kgm™
OPVs over 40 times lighter than conventional silicon panels. A film thickness of
only 100nm is sufficient to absorb up to 90% of incident light. The mechanical
adaptability of OPVs makes them suitable for applications where weight constraints
and surface conformity is critical, such as in portable electronics and building facades.
Electronic and optical properties can be tuned via molecular design, allowing
optimisation to specific lighting conditions like diffuse sunlight or indoor illumination.
Their degree of transparency can be engineered, enabling semi-transparent devices
that can be integrated into windows, for both aesthetic purposes and harvesting
of energy from previously unusable surfaces. From a sustainability perspective,
organic semiconductors can be synthesised from petrochemicals, offering a route
to repurpose fossil fuels.!® Increasing research is directed towards the development

of greener synthetic routes and more environmentally benign materials to improve

the sustainability of the organic materials.?’

OPVs are best seen as a complementary technology to silicon and other next-
generation photovoltaics, extending photovoltaic applications to contexts where
lightweight design, structural flexibility, or adjustable properties are required.?!
Although certified efficiencies and lifetimes remain lower than those of silicon,
continued advances in materials and device design are closing the gap. A recent
OPV device exceeded 20% PCE in the lab,?? and with commercial products already

emerging from start-ups, real-world deployment is steadily advancing.
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1.2. Organic Photovoltaic Devices
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Figure 1.3: Schematic illustration of the typical structure of an organic photovoltaic
device: the transparent front electrode, hole transport layer, active layer, electron transport
layer, and metal back electrode, on top of a substrate.

1.2 Organic Photovoltaic Devices

OPV devices typically consist of five functional layers, displayed in Figure 1.3:
a transparent front electrode, a hole transport layer, an active layer consisting of a
blend of organic donor and acceptor molecules, an electron transport layer, and a
metal back electrode. Sunlight is absorbed in the active layer and converted into
electrical charges, which are then transported through the electron and hole transport

layers to their respective electrodes for extraction and delivery to an external circuit.

The transparent front electrode, most commonly indium tin oxide, serves a
dual role: it allows light to enter the device while efficiently conducting holes
to the external circuit. To perform these roles effectively, it must exhibit both
high optical transparency and excellent electrical conductivity. Above this lies
the hole transport layer, which selectively transports holes towards the electrode
while blocking electrons. Effective hole transport layers possess high hole mobility,
suitable energy-level alignment with the donor material in the active layer, and
morphological stability under operating conditions. Mirroring this on the opposite
side of the device, the electron transport layer extracts and transports electrons
to the electrode while blocking holes. Materials used in this layer must exhibit
high electron mobility and appropriate energy level alignment with the acceptor

material in the active layer. The back metal electrode, often silver or aluminium,

5



1. Introduction to Organic Photovoltaics

collects electrons and closes the circuit, providing a low-resistance, stable contact

with the electron transport layer.

The active layer, positioned at the heart of the OPV device, is responsible
for absorbing photons and generating charges. It consists of a blend of electron
donor and electron acceptor organic semiconducting materials. When photons are
absorbed by these materials, they create excitons: neutral excited states consisting
of a bound electron-hole pair. In inorganic semiconductors, these excitons are
weakly-bound: silicon excitons have a binding energy of around 15 meV 23?4 which
is less than the thermal energy at room temperature (kg7 ~ 26 meV), allowing
spontaneous dissociation of the electron-hole pair. In contrast, excitons in organic
semiconductors are strongly-bound, with binding energies of 0.1 — 0.4 eV,%> %7 due to
the low dielectric constants of organic semiconducting materials, which screens the
electrostatic Coulomb attraction poorly. As a result, excitons in organic materials
do not readily dissociate on their own and must instead diffuse to a donor:acceptor

interface, where dissociation via charge transfer becomes energetically favourable.?

Because exciton dissociation in organic semiconductors requires access to a
donor:acceptor interface, early OPV devices were designed using the planar

% in which separate donor and acceptor layers are

heterojunction architecture,?
stacked to create a defined interface for charge separation. While this geometry
ensures controlled interfacial charge transfer, the limited interface area is poorly
matched to the short exciton diffusion length: the average distance an exciton can
travel before decaying. In organic materials, exciton diffusion lengths are typically

30-32 compared to active layer thicknesses of around 100 nm.3334

only 10 — 40 nm,
As a result, many excitons decay before reaching the interface, significantly limiting
efficiency. To overcome this limitation, the bulk heterojunction (BHJ) archi-
tecture was introduced, in which donor and acceptor materials are blended into a

nanoscale interpenetrating network, shown schematically in Figure 1.4.

electrode electrode
transport layer transport layer

transport layer transport layer

electrode electrode

Figure 1.4: Active layer morphologies for a planar heterojunction (left) and a bulk
heterojunction (right).



1.3. Donor and Acceptor Molecular Design

This increases the interfacial area throughout the film, improving the probability
that excitons encounter an interface within their lifetime. However, this comes with
a trade-off: while a high interfacial area promotes exciton dissociation, efficient
charge transport requires relatively pure, phase-separated domains.®® If domains are
too small or overly mixed, charges may become trapped or recombine at interfaces;
if too large, excitons may decay before reaching a donor:acceptor interface. As
a result, optimal performance is achieved with domain sizes of around 20nm

in average diameter.3¢

More advanced architectures continue to explore ways of optimising the active
layer composition. Strategies such as ternary blends (introducing a third component
to control morphology, absorption, or charge transport)3” and vertical composition
gradients (varying the donor and acceptor concentration across the active layer)3®
aim to improve performance by manipulating the morphology and energetics of

donor and acceptor materials within the active layer.

1.3 Donor and Acceptor Molecular Design

The performance of OPVs is fundamentally determined by the properties of the
donor and acceptor materials that make up the active layer. These molecules must
not only absorb light efficiently but also facilitate charge transfer and separation,
support high charge mobility, and organise into a favourable morphology. Molecular
design strategies are therefore essential, and involve the tuning of energy levels to
optimise bandgaps and the engineering of side chains to control phase separation,

molecular conjugation and bulk morphology.36:39:49

The current best-performing solution-processed OPVs typically employ polymer
donors combined with small molecule acceptors. This combination leverages the
distinct morphological tendencies of each component: polymer donors generally
form continuous networks that facilitate hole transport and support the formation

4142 while small molecule acceptors tend to

of an optimised bulk heterojunction,
crystallise into well-ordered domains that promote high electron mobility.*> When
optimally blended, these materials create an interpenetrating bulk heterojunction
with balanced phase separation and abundant donor:acceptor interfaces for efficient
exciton dissociation. Controlling the morphology of systems based entirely on
polymers or small molecules is more challenging. All-polymer blends may phase-
separate excessively or mix too intimately, while small molecule blends may
crystallise too strongly or fail to form continuous transport networks.** However,
ongoing advances continue to improve morphological control in these systems.445

In this thesis, two polymer donors, PBDB-T and PM6, and three small-molecule

7



1. Introduction to Organic Photovoltaics

acceptors, PCBM, ITIC, and Y6, are studied, with molecular structures displayed
in Figure 1.5.%

The first significant advances in OPV efficiency came from systems combining
conjugated polymer donors with fullerene acceptors: a class of molecules featuring
the characteristic Cgy buckyball cage structure, like PCBM.*3*° Through mainly
optimisation of polymer donor design, power conversion efficiencies steadily increased
from under 3% to over 10% over a decade, as shown in Figure 1.6. Initial polymers
featured simple conjugated backbones, which was followed by the development of
polymers incorporating alternating electron-rich and electron-poor units along the
backbone, like in the structures of PBDB-T and PM6. This internal donor:acceptor
architecture enhances intramolecular charge transfer and backbone planarity, pro-
moting m — 7w stacking: non-covalent interactions of aromatic rings on different
polymer chains. These interactions facilitate self-assembly into ordered domains that
support efficient charge transport.3?°1:52 Furthermore, the design of solubilising side
chains helped tune polymer solubility, control nanoscale morphology, and optimise
compatibility with fullerene acceptors, enabling well-controlled phase separation and
morphology essential for efficient charge separation and transport. The deep HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular
orbital) levels of the fullerene acceptor provide a sufficient energetic offset from
the polymer donor levels to drive exciton dissociation and charge transfer,®® as
illustrated in Figure 1.6. In addition, the spherical nature of the fullerene cage

%0 resulting in nanoscale

enables good miscibility with a variety of donor polymers,
phase-separated blends with minimal structural constraints. Once solubilised via
side-chain functionalisation, fullerene acceptors like PCBM can be easily processed

from solution, helping to standardise device fabrication.

Despite their early success, fullerene acceptors exhibit inherent limitations
that ultimately restricted further improvements in OPV performance. One major
drawback is their poor absorption in the visible region, as shown in the absorption
spectra in Figure 1.7. PCBM absorbs mainly in the ultraviolet range, where solar
irradiance, after atmospheric filtering, is relatively low,?* leaving most of the light

harvesting to be performed by the donor polymer. The rigid fullerene core limits

*The nomenclature of donor and acceptor molecules in OPVs generally does not follow a strict
convention; instead, abbreviated names or shorthand nicknames are typically used to highlight
features of their chemical structures. For example, PBDB-T can be parsed as P = polymer, BDB
= benzodithiophene backbone, and T = thiophene. PCBM corresponds to P = phenyl, C = Cgg
fullerene, B = butyric acid, and M = methyl ester. ITIC derives from I = indacenodithieno[3,2-
b]thiophene (core unit), T = thiophene, and IC = indanone functionalised with cyano groups
(end group). In contrast, PM6 and Y6 are not acronyms of their structures but designations
assigned by the research group that developed them.%® For instance, Y6 is part of a series of
related molecules, with Y5 and Y7 differing only in the substitution of the fluorine atoms with
hydrogen and chlorine, respectively.

8
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Ca1Has G2

CaHs CaHs
C4Hg C4Hg
CeH13

CeHis

Figure 1.5: Structures of the donor and acceptor molecules examined in this thesis.
Donor polymers PBDB-T and PM6, fullerene acceptor PCBM, and non-fullerene acceptors
ITIC and Y6. For ITIC and Y6, donor and acceptor subunits are highlighted in blue and
red, respectively.

fullerene non-fullerene
g 20t acceptors acceptors
G o LUMO —4
&< 151 PM6:Y6 N
zZ 3 ] LUMO
S& <’ PBDB-T:ITIC :
~ o 10 PBDB-T:PCBM E ;
5.2 = H
= - ;
g 5 '
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1 1 1 1 1 HOMO 1L
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Figure 1.6: Left) Power conversion efficiency improvement of organic photovoltaics
over the last 25 years. In the last decade, blends with non-fullerene acceptors have
surpassed efficiencies of fullerene acceptor blends. Power conversion efficiencies of
PBDB-T:PCBM,*"4® PBDB-T:ITIC,* and PM6:Y6%® are highlighted. Right) Schematic
energy level alignment of donor and acceptor molecules, illustrating charge transfer at
the donor:acceptor interface after photoexcitation. Excitation on the donor molecule, as
shown, leads to electron transfer, while excitation of the acceptor molecule is followed by
hole transfer.
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Figure 1.7: Absorption spectra of polymer donors PBDB-T and PMS6, fullerene
acceptor PCBM, and non-fullerene acceptors ITIC and Y6, compared with the solar
spectrum (AM1.5 solar spectral irradiance taking into account the influence of the
atmosphere).*6:545758 While PCBM absorbs poorly across the visible range, for ITIC
and Y6 absorption extends into the near-infrared, complementing the donor polymer
absorption spectrum.

chemical modification, restricting the ability to tune the electronic properties and
absorption profiles of these fullerene molecules. Additionally, fullerene acceptors
tend to crystallise into relatively large domains,?® which can disrupt the nanoscale
bicontinuous morphology required for efficient exciton dissociation and charge
transport.’® These challenges have motivated the search for alternative electron

acceptors capable of overcoming these fundamental limitations.

A major breakthrough in OPV performance came with the development of
electron acceptors based on a planar, fused-ring backbone architecture. These
molecules featured an acceptor-donor-acceptor (A-D-A) subunit motif, enabling
strong intramolecular charge-transfer character, extended conjugation, and straight-
forward chemical tunability via modification of end groups and side chains.?® Their
architecture allows more precise control over energy levels, absorption profiles, and
solid-state packing, marking a sharp departure from the limitations imposed by
fullerene acceptors. As they did not share the characteristic fullerene cage structure,

this new class became known as non-fullerene acceptors.

One of the earliest non-fullerene acceptors was I'TIC, which exhibits strong
absorption in the visible and near-infrared regions where polymer donors like
PBDB-T absorb relatively weakly. This complementary absorption is illustrated
in Figure 1.7, where ITIC fills spectral gaps left by PBDB-T, enhancing the
light-harvesting capability of the blend.’® The PBDB-T:ITIC blend was the first
to surpass the efficiencies of fullerene-based OPVs, achieving power conversion

efficiencies above 11%.%
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1.3. Donor and Acceptor Molecular Design

Beyond enhanced absorption, non-fullerene acceptor blends demonstrate efficient
charge generation with significantly smaller energetic offsets between the donor and
acceptor energy levels. It had previously been believed that an offset of at least 0.3 eV
was necessary to overcome exciton binding energy and enable charge separation
in organic materials.®® However, this offset corresponds to around 10 — 20% of
the HOMO-LUMO gap and represents energy that is unavoidably lost as heat. In
contrast, non-fullerene acceptor blends such as PBDB-T:ITIC demonstrated that
efficient exciton dissociation was still possible at lower energetic offsets, provided
the non-fullerene acceptor excitons had sufficiently long lifetimes enabling diffusion
lengths on the order of 25 — 35 nm, compared to just 10 nm for polymer donors and

30732 T onger diffusion lengths increase the likelihood that excitons

fullerene acceptors.
will reach a donor:acceptor interface before recombining, thereby compensating for

the reduced energetic driving force for exciton dissociation

This principle of minimising energetic losses reached its peak with the develop-
ment of the Y-series non-fullerene acceptors, exemplified by the prototypical Y6
molecule. Despite a remarkably small HOMO-HOMO offset of just 0.09 eV with
the polymer donor PM6 (a fluorinated derivative of PBDB-T'), power conversion
efficiencies exceeding 17% were achieved.?® The Y6 absorption spectrum is shifted
strongly into the near-infrared, complementing the PM6 absorption spectrum and
enabling broader light harvesting, while fluorination of PM6 improved energy
level alignment with Y6, minimising energy loss. Y6 extends the internal A-
D-A structure of ITIC to an A-D-A-D-A motif, enabling improved control over
molecular planarity and aggregation, and supporting m — 7 stacking and ordered

39,52 The resulting blend morphology supports long-range exciton diffusion

packing.
and optimal phase separation, enabling efficient charge generation even in the

absence of a large energetic offset.

This evolution, from early fullerene acceptor blends to high-performance non-
fullerene acceptor blends, has shaped the OPV landscape. Although device
efficiencies continue to improve, detailed insights into the photophysical pro-
cesses that govern efficient charge generation and extraction often lag behind
material innovations.%% In particular, non-fullerene acceptor blends operate via
mechanisms that differ in subtle yet significant ways from those of fullerene acceptor
blend, challenging established concepts of energy alignment and charge dynamics.
Developing a deeper mechanistic understanding is essential for guiding further

performance improvements.
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L

Figure 1.8: Schematic diagram of the photophysical mechanism of light to charge
conversion in the active layer of organic photovoltaic devices, as described in the text.
Electronic configurations are shown alongside each state, assuming photoexcitation of the
donor molecule followed by electron transfer. Photoexcitation of the acceptor followed
by hole transfer or energy transfer followed by charge transfer are also possible. The
charge-transfer (CT) state, separated charges (SCs) and triplet state (T;), highlighted
in green, all contain unpaired electrons, and so can be selectively probed by electron
paramagnetic resonance (EPR) spectroscopy.

1.4 Conversion of Light to Electricity

The conversion of absorbed photons into extractable electrical current in OPVs
involves a sequence of photophysical processes occurring within the active layer.
These include the generation of singlet excitons (S;) from the ground state (Sy),
formation of charge-transfer (CT) states, dissociation into separated charges (SCs),
and charge transport to the electrodes. Several loss pathways can compete with
efficient charge extraction, including a variety of recombination mechanisms and
formation of lower-energy triplet excitons (T;). A schematic overview of these
steps is provided in Figure 1.8, which serves as a roadmap for the detailed
discussion that follows.

Many of the states central to OPV function, namely the CT state, SCs, and
T,, are paramagnetic, meaning they contain unpaired electrons. These spin-
bearing species can be selectively probed by electron paramagnetic resonance
(EPR) spectroscopy, a technique that provides molecular-level information on the
properties, molecular environment, and dynamics of paramagnetic states. While a
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more thorough treatment of spin physics in the context of EPR characterisation
of OPVs will be presented in the next chapter, it is helpful here to note that
spin conservation rules influence many of the photophysical transitions relevant to
OPVs. The paramagnetic states involved in the photovoltaic mechanism that can
be characterised by EPR are highlighted in green in Figure 1.8.

Each stage of the charge generation sequence plays a critical role in determining
photovoltaic performance (with typical timescales for the different processes at

room temperature):%!

1. So — Si1: Absorption of photons generates singlet excitons on the donor or
acceptor molecules (femtoseconds).

2. S; — 'CT: Electron or hole transfer at donor:acceptor interfaces forms CT
states initially in a singlet spin configuration (picoseconds).

3. 1CT « 3CT: Spin mixing converts singlet CT states into triplet CT states

(nanoseconds to microseconds).

4. 'CT,3CT — SC: Charge separation from the CT state produces SCs, to be
extracted at the electrodes (picoseconds to microseconds).

Efficiency-limiting loss pathways include:

o CT — Sy, Ty: direct recombination of CT states before charge separation,
referred to as geminate recombination (picoseconds to nanoseconds).

e SC — CT — S, Ty: free charges re-encounter to form CT states, which then

decay, referred to as non-geminate recombination (microseconds).

o Sy — Ty: Intersystem crossing - conversion of singlet excitons to long-lived
triplet excitons, which act as energetic traps (nanoseconds to microseconds).

1.4.1 Exciton Formation

The first stage of the photovoltaic process in any OPV device is the absorption of
light by molecules in the active layer, where photons with energies equal to or greater
than the HOMO-LUMO gap excite an electron from the HOMO to the LUMO,
creating an exciton. Excitation can occur either in the donor or acceptor, depending
on the absorbed wavelength. Both the ground state (Sp) and the exciton (S;) are in
a singlet spin configuration, meaning the two electron spins are antiparallel to one
another. The electron and hole on the exciton are strongly-bound, due to the poor
screening of their Coulomb attraction by organic materials of low dielectric constants.

As a result, exciton binding energies are large, between 0.1 and 0.4 eV 2527

The high binding energy constrains exciton lifetime and diffusion length since
excitons can rapidly decay radiatively or non-radiatively if they are unable to
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dissociate. Consequently, exciton diffusion lengths are generally short, around
10nm in fullerene acceptor blends. This short diffusion length imposes an upper
bound on the donor and acceptor domain sizes, typically limiting fullerene-based
domains to no larger than 20 nm in diameter, to ensure excitons reach an interface

before decaying.®!

In fullerene blends, the energetic driving force for charge transfer, the energy
difference between the S; and the CT state, is relatively large. This results in
ultrafast exciton dissociation at the donor:acceptor interface, occurring on sub-
picosecond timescales, which compensates for the limited exciton diffusion length.5°
Non-fullerene acceptor blends differ significantly. The S; —CT state energy difference
is smaller, with charge transfer occurring over 10 — 1000 ps.?® To maintain efficient
charge generation despite this slower dissociation, non-fullerene acceptor blends
exhibit longer exciton lifetimes, and consequently, longer diffusion lengths. This
extended diffusion allows excitons to travel further to reach interfaces, allowing
the morphologies of larger, purer domains, up to 50 nm in size, within the blend.?!
These larger domains exhibit superior exciton transport properties, including faster
diffusion rates and efficient long-range energy transfer.5?

1.4.2 Interfacial Charge Transfer

Once an exciton reaches the donor:acceptor interface, charge transfer occurs
via electron movement across the interface. If the exciton originates in the donor,
the electron is transferred from the donor LUMO to the acceptor LUMO, referred
to as electron transfer. If the exciton originates in the acceptor, the electron
is transferred from the donor HOMO to fill the hole in the acceptor HOMO,
described as hole transfer. In both cases, an electron is transferred, but the
terminology reflects the location of the initial excitation, and the result is the
formation of a charge-transfer (CT) state: a weakly-bound electron-hole pair
with charges localised on separate molecules. The CT state initially forms in
a singlet spin configuration because the exciton was a singlet, and during the
charge transfer, spin angular momentum is conserved. However, the CT state may
undergo spin mixing, interconverting between CT states of singlet and triplet spin
configurations, a process discussed in more detail in Section 2.4.2 of the following
chapter. This spin mixing influences recombination pathways: singlet CT states
recombine directly to the electronic ground state (Sy), whereas triplet CT states

recombine to form triplet excitons (T).

In fullerene acceptor blends, the polymer donor typically dominates light
absorption (see the absorption spectrum in Figure 1.7). As a result, charge transfer at
the interface primarily proceeds via electron transfer from the donor to the fullerene
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1.4. Conversion of Light to Electricity

acceptor. This process is driven by a relatively large LUMO-LUMO energetic offset,
and therefore a large S; — CT energy difference.*®> While this offset enables ultrafast

charge transfer, it also causes substantial energy loss, dissipated as heat.%

Non-fullerene acceptor blends, in contrast, absorb light on both donor and accep-
tor molecules due to their complementary absorption profiles. When the acceptor
absorbs light (typically in the near-infrared), the resulting exciton dissociates via
hole transfer to the donor. Alternatively, when the donor absorbs light (in the visible
range), exciton dissociation often occurs via an intermediate step: Forster resonance
energy transfer (FRET).%4% FRET is a long-range, non-radiative process, where
energy is transferred from an excited donor to an acceptor, generating a new exciton
on the acceptor (illustrated in Figure 1.9). Because FRET can occur over distances
of up to 10nm,% it effectively extends the exciton diffusion length by funnelling
excitons from donor domains towards the donor:acceptor interface, increasing the
probability of successful charge transfer. A key requirement for FRET is spectral
overlap between the donor’s emission and the acceptor’s absorption spectra (see
Figure 1.7). This overlap in non-fullerene acceptor blends is enabled by the Stokes
shift, which arises because emission occurs from the lowest vibrational level of S; to
higher vibrational levels of Sy, while absorption starts from the lowest vibrational
level of Sy to higher vibrational levels of S;. As a result, the emitted photon has
lower energy (longer wavelength) than the absorbed one, causing a red-shift in
the emission spectrum. This red-shift creates the necessary spectral overlap that
enables efficient FRET between the polymer donor and non-fullerene acceptor. In
non-fullerene acceptor blends, the HOMO-HOMO offset (the driving force for hole
transfer) is considerably narrower than the LUMO-LUMO offset (the driving force

for electron transfer).®%67 As hole transfer in the non-fullerene acceptors dominates,

i
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Figure 1.9: Schematic of the Forster Resonance Energy Transfer (FRET) mechanism.
After exciton formation, energy may be transferred from the higher energy donor exciton to
the lower energy acceptor exciton, provided that there is overlap of the donor emission and
acceptor absorption spectra. Upon FRET, the system will often be in higher vibrational
levels (shown as dotted lines); this will be followed by ultrafast vibrational relaxation.
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the smaller energetic offset reduces energy loss during charge generation.’®%° By
contrast, fullerene acceptors like PCBM exhibit low oscillator strengths, meaning
they absorb and emit light weakly, limiting the efficiency of FRET in those systems.5®

1.4.3 Charge Separation and Transport

Once charge transfer has occurred at the donor:acceptor interface, forming a
Coulombically bound CT state, the next key step is the separation of this electron-
hole pair into free charges that can be collected at the electrodes. This process
must overcome the residual attraction that still exists between the electron and
hole.”™™ For typical relative dielectric constants of 2 — 4 for organic semiconducting
materials,” the Coulomb attraction between an electron and a hole remains stronger
than the thermal energy at room temperature up to separations of 14 — 28 nm.
Efficient charge separation is essential to prevent recombination of the CT state
and enable long-range charge transport. Once free, charges must traverse the donor
and acceptor domains towards their respective electrodes, a journey that is strongly

influenced by the local morphology, energetic landscape, and material properties.

In fullerene acceptor blends, interfacial CT state binding energies have been
measured in the range of 0.2 — 0.3eV,™ far exceeding room temperature thermal
energy (26meV). Consequently, charge separation in these blends is assumed
to proceed predominantly via a thermally-activated pathway. The efficiency of
charge separation increases steeply with temperature, indicating the presence of

a substantial activation barrier to free-charge formation.™™

Non-fullerene acceptor blends such as PM6:Y6, meanwhile, exhibit CT state bind-
ing energies around 0.1eV,7 still larger than the thermal energy, yet demonstrate
near barrier-less, ultrafast charge separation that is largely independent of excitation
energy or temperature.”” To rationalise this discrepancy, several mechanisms have
been proposed in the literature, although none have been definitively established.
Non-fullerene acceptors possess large quadrupole moments: non-uniform, often
axial, charge distributions that generate an internal electrostatic potential. If these
quadrupoles are aligned along the m — 7 stacking direction, they can generate an
internal electrostatic potential that stabilises the LUMO (and HOMO) acceptor
energies of the bulk relative to the interface.”® 8 The result, illustrated in Figure 1.10,
would be a cascaded electrostatic landscape that creates an energetic funnel
driving electrons away from the interface, thereby reducing the effective Coulomb
barrier to separation.

Charge separation may also be facilitated by morphological disorder of the non-
fullerene acceptor domains close to the interface, providing an entropic driving force

for charge separation. It has been proposed that there is a low density of well-ordered
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Figure 1.10: Schematic representation of the energetic landscape at the donor:acceptor
interface in a non-fullerene acceptor blend. The large quadrupole moment of non-fullerene
acceptors induces significant band-bending by lowering the HOMO and LUMO energies
within the acceptor domain relative to the interface. This creates an energetic cascade
that facilitates spontaneous separation of electrons.”® 8 Band-bending is less pronounced
for the polymer donor, which has a much smaller quadrupole moment. Electrons are
illustrated as solid arrows, and holes as dashed arrows.
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Figure 1.11: Trapping of free charges during charge transport, due to low-lying localised
trap sites. Thermal energy is required for charges to escape the trap site and rejoin the
transport pathway. Electron trapping in acceptor molecules is shown here, an equivalent
mechanism would occur in the HOMOs for hole trapping in donor molecules.

CT states,®! and upon separation, the many more possible free charge configurations
corresponds to an entropy gain. This gain in configurational entropy could help
offset any residual binding energy (predicted to be in the range 10 — 20 meV ).
Charge delocalisation has also been widely suggested as a pathway to overcoming
the CT state binding energy.”®® 8" Spreading the electron or hole wavefunction
over multiple molecules increases the average electron-hole separation, lowering the
Coulomb attraction. Studies of Y6 aggregates suggest that m — 7 stacking supports
delocalisation across multiple acceptor molecules, further weakening interfacial
Coulomb binding.?%%® Developing a unified model that reconciles these proposals

with experimental observations remains an open challenge in OPV research.
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Once separated, charges must migrate through their respective domains to reach
the electrodes. Charge transport in organic semiconductors primarily occurs via a
series of thermally-activated hops through a density of states whose energetic
distribution reflects the varied local molecular environments.®® Electrons hop
between LUMOs (the electron transport level) and holes between HOMOs (the hole
transport level) of different molecules. This energetic disorder gives rise to trap sites:
localised transport energy levels, created by structural inhomogeneities or chemical
defects,”>?! which can temporarily or indefinitely capture a free charge and impede
its progress until thermal energy liberates it, as illustrated in Figure 1.11. The
hopping rate between any two sites depends intrinsically on the electronic coupling
(wavefunction overlap) of adjacent molecules,” so tight m — 7 stacking can enhance
transport by maximising intermolecular orbital overlap.”® Domain purity and well-
connected transport networks are equally crucial: purer domains reduce the density

of trap sites, while crystalline regions promote long-range charge mobility.?*%

1.4.4 Charge Recombination

While thermally-activated hopping sustains charge transport, electrons and
holes can still encounter one another before extraction. When they reunite, usually
at a donor:acceptor interface, they reform a bound CT state that can recombine
and relax back to the ground state, dissipating useful energy as heat or radiation.
This charge recombination directly reduces photocurrent and device efficiency, so

minimising it is paramount. Recombination proceeds via two principal routes:%

« Geminate recombination: A CT state formed from a singlet exciton fails

to fully separate and the pair instead recombines.

« Non-geminate recombination: Electrons and holes generated from different
CT states meet by diffusion or drift and form a CT state before recombining.
Non-geminate recombination can proceed via two primary pathways, shown

in Figure 1.12:

— Langevin (bimolecular) recombination, in which two mobile charges of

opposite sign directly recombine via CT state formation.

— Trap-assisted (monomolecular) recombination, where a free charge is
first captured by a localised defect and subsequently recombines with a

charge of opposite sign.

In geminate recombination, an electron-hole pair recombines from the interfacial
CT state before full separation occurs. Since the charges originate from the same
exciton, they remain correlated and are more likely to recombine if the CT state

does not rapidly dissociate. While this process can result in non-radiative decay to
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Figure 1.12: Schematic of the non-geminate recombination pathways: Langevin
recombination and trap-assisted recombination. Langevin recombination reforms a charge-
transfer state before decay to the ground state, while trap-assisted recombination involves
a mobile charge encountering a charge in a trap site.

the ground state Sy, in high-efficiency blends like PM6:Y6, geminate recombination

is typically minimal due to the rapid and efficient separation of CT states.?”

In Langevin recombination, free electrons and holes hop through their respective
donor and acceptor domains until they meet and recombine, via the reformation of a
CT state. This CT state can then relax radiatively or non-radiatively to the ground
state, resulting in energy loss.?” The rate of Langevin recombination is proportional
to the product of the charge mobilities and concentrations, and is therefore sensitive
to molecular design and morphology. Yet, OPV materials almost always show

97.98 This suppression, referred to

recombination rates far below this prediction.
as reduced Langevin recombination, is particularly pronounced in non-fullerene
acceptor blends and has previously been attributed to an equilibrium among three
photoexcited states: the singlet exciton, the CT state, and mobile charges.? 192
The small energetic offsets permit back-transfer of electrons returning to the singlet
exciton from the CT state, enabling exciton regeneration rather than direct decay to
So.8! Moreover, theoretical studies have proposed a reversible equilibrium between
CT states and separated charges.” If the rate of charge separation from the CT
state outcompetes the rate of re-encounter of mobile charges, then the steady-state
CT state population is lowered, slowing recombination to the ground state.'®®
The slower rate of charge re-encounter may be facilitated by the large quadrupole
moments of the non-fullerene acceptors.%? As discussed before, the band-bending
effect reduces the electron density near the donor:acceptor interface, decreasing

the probability of interfacial charge re-encounter.!%

In trap-assisted recombination, one charge, immobilised in a trap site, acts as a
recombination partner for an opposite mobile charge. The presence of trap states
therefore not only hinders charge transport by capturing free charges, but also
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increases the likelihood of recombination by extending the charge lifetime and thus
the probability of charge encounter. The rate of trap-assisted recombination is
strongly dependent on defect density and the degree of energetic disorder within

the active layer.5%104105

1.4.5 Intersystem Crossing

Beyond recombination losses, intersystem crossing (ISC) into triplet excitons
constitutes another efficiency bottleneck. In ISC, a photogenerated singlet exciton
(S1) is converted into a lower-energy triplet exciton (T;).!% Although formally
spin-forbidden and typically slow, transitions between states of different spin
configuration, like S; and T, can be facilitated by direct spin-orbit coupling or spin-
orbit coupling introduced by mixing of electronic wavefunctions due to molecular
vibrations,'?” explained in more detail in Section 2.4.3 of Chapter 2, allowing ISC

108

to proceed on timescales of nanoseconds to microseconds."™ ISC can compete with

exciton dissociation if the photoexcited molecule is far from an interface.

Once formed, triplet excitons are typically long-lived: T, lies lower than S; and
is energetically trapped. In organic semiconductors, this singlet-triplet energy gap

109 making the back-conversion from Ty to

can be large, often several hundred meV,
S; (reverse intersystem crossing) unlikely. Triplet formation becomes particularly
detrimental in donor:acceptor blends where T lies below the CT state. In such cases,
the CT state may recombine, in a geminate or non-geminate fashion, to T; instead
of dissociating into free charges, especially when the driving force for separation is
small. To mitigate triplet-related losses, materials design often aims to minimise the
S1 — T gap, reduce ISC rates, or ensure that the CT state lies energetically below
T,, making triplet formation unfavourable.!1%!! In high-performance non-fullerene
acceptor blends, triplet losses are generally suppressed due to favourable energy

level alignment and fast and efficient CT dissociation.!?

1.5 Current Challenges

Despite significant advances over the past decade, driven largely by the emergence
of non-fullerene acceptors, OPVs still fall short of their theoretical Shockley-Queisser
efficiency limit and remain less efficient and stable than conventional technologies
such as silicon. For OPVs to contribute meaningfully to a low-carbon energy
future, this performance gap must be closed. Achieving this will require more
than incremental improvements in materials or device engineering; it demands a
deeper, molecular-level understanding of the fundamental photophysical processes
that govern device operation.
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Several critical aspects remain poorly understood. These include the efficiency
of exciton dissociation and charge separation, the formation and decay pathways
of CT states, the influence of trap states and energetic disorder, and the role
of spin-dependent losses such as triplet excitons and CT state recombination.
Electron paramagnetic resonance (EPR) spectroscopy offers a powerful way to
address these challenges. By directly detecting species with unpaired electron spins,
such as CT states, separated charges, and triplet excitons, EPR can selectively
probe the intermediates most relevant to charge generation and loss. Each of
these states exhibits a distinct spectral signature, allowing them to be clearly
identified and characterised.’3 EPR can reveal the extent of charge delocalisation,
quantify coupling and intermolecular separation in CT states, identify the role
of trap sites, and distinguish between competing recombination pathways. The
next chapter introduces the principles of EPR spectroscopy and outlines how this
technique enables molecular-level insight into the mechanisms that determine
OPV performance.
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2. Fundamentals of Electron Paramagnetic Resonance

Interactions at the nanoscale between donor and acceptor OPV materials
influence how excitons split, charges separate, and ultimately how current is
generated. While conventional optical and electrical methods have been instrumental
in probing these processes, electron paramagnetic resonance (EPR) spectroscopy
can provide a powerful complementary approach, offering molecular-level insight
through its unique ability to directly probe one of the most fundamental quantum

properties of matter: spin.

Electron spin is intrinsically linked to charge: when a neutral, closed-shell
molecule either loses or gains an electron, the resulting charged species will contain
an unpaired electron spin. The photophysical processes that define the light-to-
electricity conversion in OPVs are characterised by a number of states with unpaired
electrons: charge-transfer states, separated charges, and triplets. The inherent
connection of charge and spin enables EPR to sensitively monitor the generation,
separation, and recombination of charged states. By probing the magnetic moment
of the electron spin and its interactions with external magnetic fields and nearby
electron and nuclear spins, EPR spectra can access information about the electronic

structure, molecular dynamics, and local environment of paramagnetic species.

Since its inception in the 1940s, EPR has evolved from a specialised technique into
a versatile spectroscopic tool used across chemistry, physics, biology, and materials
science. Advances in instrumentation and pulse techniques have expanded the
reach of EPR to include flexible macromolecules, disordered solids, and functional
materials such as those employed in OPVs.!* Today, EPR offers both continuous-
wave and pulsed methods that enable the study of spin dynamics, spatial distribution
of paramagnetic centres, and interactions of electron spins. For OPVs, where device
efficiency is influenced by subtle morphological and electronic factors, EPR provides

a unique window into the fundamental processes governing device operation.

Understanding how spin behaves in a magnetic field, how it interacts with its
environment, and how these interactions are detected spectroscopically is essential to
interpreting EPR data. A foundation for understanding EPR spectroscopy in organic
materials is provided in this chapter. The fundamental concept of electron spin
and its quantum mechanical properties are first introduced, establishing the basis
for interpreting magnetic resonance phenomena. The spin Hamiltonian formalism,
which describes the interactions between electrons, nuclei, and magnetic fields, is
then detailed. Subsequently, the generation of spin-polarised states, such as charge-
transfer states, triplet excitons, and separated charges, following photoexcitation
in donor:acceptor OPVs is examined. The latter sections focus on the principles
of continuous-wave and pulse EPR, with details on the time-resolved and electron-

nuclear hyperfine EPR experiments used in this thesis.
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2.1. FElectron Spin
2.1 Electron Spin

The concept of electron spin was introduced in the early 20th century as physicists
grappled with unexplained features in atomic spectra. In 1925, George Uhlenbeck
and Samuel Goudsmit proposed that the electron possesses an intrinsic angular
momentum, independent of its orbital motion, which they termed spin.* This
revolutionary idea helped explain the fine structure observed in atomic spectra and
was supported experimentally by the Stern-Gerlach experiment, which demonstrated
the quantised deflection of silver atoms in a magnetic field. Although initially met
with scepticism, the concept of spin gained widespread acceptance following the
development of Dirac’s relativistic quantum mechanics, which provided a rigorous
theoretical foundation. Spin is now understood as a fundamental and experimentally
verified property of all elementary particles.

The total spin angular momentum is defined by the operator S , with a quantum
number S = % for a single electron. The projection of that angular momentum
along an arbitrarily chosen axis, conventionally the z-axis, is represented by the
spin operator, S.. The associated eigenstates, denoted |«) and |3), correspond to
spin ‘up’ and spin ‘down’ orientations with magnetic quantum numbers mg = —{—%
and mg = —%, respectively. S, commutes with the square of the total spin angular
momentum 2, sharing the same |o) and |3) eigenstates:

5218, mg) = K2S(S + 1) |S, mg) ) =

el )
S.18,mg) = himg |S, mg) 13)

(2.1)

N—= N

, +

NI N
~

In the absence of a magnetic field, the |a) and |5) spin states are degenerate.
Applying an external magnetic field lifts this degeneracy, owing to the magnetic
moment associated with the electron spin. This magnetic moment, fi., arises from

the intrinsic spin angular momentum, and is given by:

~ € & geUB &
fle = —ge S =- S 2.2
9 2m h (2:2)

where e is the elementary charge, m, is the electron mass, ug is the Bohr magneton,
and g, is the g-value of the free electron (g, = 2.002319).1® The z-component

of the magnetic moment is:

Mtz = —geUBMS (23>

and depends on the spin state (|a) or [3)). A similar expression can be derived for
nuclear spins; however, due to their greater mass, nuclear magnetic moments are

considerably smaller than electron magnetic moments: for 'H, a factor of 660.

*Despite the term ‘spin’, the electron is not physically spinning in a classical sense; rather, it
possesses an intrinsic angular momentum that has no classical analogue.
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2. Fundamentals of Electron Paramagnetic Resonance

spin ‘up’ spin ‘down’
B,* B,*
T Ty s = Ve 1B)
lar) mg=-Y

Figure 2.1: Vector model representation of |«) and |/) spin states in a magnetic field.

As a visual aide, the spin magnetic moment can be represented using the vector
model representation shown in Figure 2.1. In the presence of an external magnetic
field By aligned along the z-axis, the spin magnetic moment undergoes Larmor
precession: circular motion around the field direction caused by the torque exerted

by By, with a characteristic frequency:

o ge,uBBO
Wy = B

(2.4)

This precession traces out a cone around the magnetic field axis at a fixed
angle. The cone illustrates not only the continuous precession of the magnetic
moment around By, but also the uncertainty in the direction of the magnetic
moment perpendicular to By. This restriction arises because the spin angular
momentum components along different axes do not commute, which restricts the
simultaneous exact determination of these spin components. As a result, only
the magnitude and projection along one axis is well-defined, and for an electron,

this projection is quantised to i%geug.

2.2 The Spin Hamiltonian

To fully describe the behaviour of electron spins in an external magnetic field,
particularly in systems containing multiple magnetic nuclei and electrons, the spin
Hamiltonian formalism is essential. While the classical picture of the magnetic
moment provides a conceptual understanding of the interaction between spins
and magnetic fields, the spin Hamiltonian offers a rigorous quantum mechanical
framework that incorporates all relevant magnetic interactions involving both

electron and nuclear spins.

These interactions are typically categorised into two groups: spin-field inter-
actions, which describe how spins couple to external magnetic fields, and spin-

spin interactions, which account for couplings of electron and nuclear spins with
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2.2. The Spin Hamiltonian

other electron or nuclear spins within the system.!'¢'' The full spin Hamiltonian

is expressed as:
H = Hez + Huz + Has + Haip + Hex + Hur + Hag + Han (2.5)

where the individual contributions are:

spin-field interactions

— the electron Zeeman interaction H.y

— the nuclear Zeeman interaction H,y
¢ electron-electron interactions

— the zero-field interaction 7:[Zf
— the dipolar interaction ’Hdip

— the exchange interaction Heox
e electron-nuclear interactions

— the electron-nuclear hyperfine interaction Hus
« additional nuclear spin interactions

— the nuclear quadrupole interaction 7:[nq

— the nuclear-nuclear interaction H,,

Each of these terms will be described in detail in the sections that follow.

2.2.1 Electron Zeeman Interaction

The interaction of an electron spin with an external magnetic field, By, is
governed by the electron Zeeman Hamiltonian. For a free electron in vacuum,
the interaction is described by:

A ~ g MB A
Hez = —By- o = Ch By-S (2.6)
More generally, the g-value can be orientation-dependent, reflecting the direc-
tional dependence of the electron’s magnetic response, and is defined as a matrix
or tensor,! with the Zeeman interaction expressed as:

He ="'By-g- S (2.7)

tThe g-matrix is commonly called a tensor in the literature, though it is not a true tensor in
the strict mathematical sense, as it connects the external magnetic field vector in real (laboratory)
space with the electron spin operator in spin space, whereas a tensor formally transforms within a
single coordinate frame.'? Despite this, the term ‘tensor’ is widely used for convenience when
describing anisotropic interactions.
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2. Fundamentals of Electron Paramagnetic Resonance

where g is described by a second-rank tensor (represented by a 3 x 3 real,
symmetric matrix) that captures the directional dependence of the electron’s
magnetic response. The g-tensor is typically defined in the laboratory frame,
the coordinate system in which By lies along the z-axis. g can be diagonalised
by an orthogonal transformation:

9zz YGry YGzz UTqU gz 0 0
g 9Yyg
g = |9z Gyy UGy= S 0 Gy 0 (28)
G2z G2y Y2z 0 0 g

where U, is the matrix that transforms g into diagonal form, ‘rotating’ g from
the laboratory frame into the g-frame. This rotation is parametrised by the
Euler angles «a, £, and ~:

cycfea —sysa  cycfsa+ syca  —cysp

U,=|—-sycBca—cysa —sycBsa+cyca sysf3 (2.9)
spca sf sa cf
with sa = sina and ca = cosa.

tA mathematical object that can be represented as a matrix and transforms vectors linearly.

Euler angle transformation
from xyz to XYZ

1. Rotation by o 2. Rotation by 8 3. Rotation by y
anticlockwise around z anticlockwise around y’ anticlockwise around Z
z

Figure 2.2: Transformation of one co-ordinate system, xyz, to another, X YZ. The
transformation is defined by three Euler angles, o, 3, and v, using the Z Y Z convention.'?!
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2.2. The Spin Hamiltonian

The diagonalised matrix defines the principal g-values: g, g,, and g., which
describe the magnetic response along the principal axes of the g-frame. The
transformation from the molecular reference frame to the g-frame is illustrated in
Figure 2.2 and follows the standard EPR ZY Z convention:'?* 1. Anticlockwise
rotation by angle o about the z-axis, 2. Anticlockwise rotation by angle § about
the new y/-axis, 3. Anticlockwise rotation by angle v about the new Z-axis.

For the external magnetic field, By, applied along the z-axis of the laboratory
frame, and in the case of an isotropic g-value, ¢iso = g» = gy, = ¢, the electron
Zeeman spin Hamiltonian simplifies to:

9 _ giSONBBO A

Hez S (2.10)
h
giving energy levels of the spin states and a transition energy of:
Ea = +%giso,U/BBO AECH—}B = Ea - Eﬁ (2 11)
EB = _%giso,uBBO = giso,uBBO '

The transition |a) <> |3) is governed by the selection rule Amg = +1. This
rule arises from conservation of angular momentum: since a photon carries one
quantum of angular momentum, the spin system can only absorb or emit a single
photon when its spin projection changes by one unit.

The electron Zeeman interaction in real systems deviates from that of a free
electron due to the influence of spin-orbit coupling (SOC), which mixes orbital
angular momentum from excited states into the ground state.'?? The electron
Zeeman Hamiltonian from Equation 2.6 becomes:

Hez + Heoe = %BBO (98+L)+)L-8 (2.12)
where L is the orbital angular momentum operator and A is the spin-orbit coupling
constant, which, for a single electron, correlates strongly with the effective nuclear
charge Zeg: A oc Z2. The first term accounts for the orbital and spin contributions

to the magnetic moment, while the second term represents the spin-orbit interaction.

In systems with a non-degenerate ground state, orbital angular momentum is
quenched, but SOC introduces second-order contributions from excited states.!”
Under this approximation, the g-tensor becomes:

g =0gel+2)\A (2.13)

where 1 is the identity matrix and the elements of A are given by:

-i/i n n-i/j
Ay = 3 Wl Bl Gl )

(2.14)
n#0
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2. Fundamentals of Electron Paramagnetic Resonance

Yo and 1), are the ground and excited state wavefunctions with energies Ejy and
E,,, respectively. The anisotropy of the g-tensor originates from the coupling between
the ground and excited states via their orbital angular momentum, modulated by
the spin-orbit coupling strength. Physically, this means the electron experiences
an effective local magnetic field different from the external field By, leading to an
anisotropic magnetic response. The degree of deviation from g. depends on both the
magnitude of \ and the energy separation between the ground and excited states:

smaller energy gaps and stronger spin-orbit coupling cause larger deviations from g,.

Organic molecules typically exhibit g-values that deviate only slightly from g,:
the lack of heavy atoms reduces the strength of spin-orbit coupling, while the excited
states are generally high in energy and less accessible for mixing of orbital angular
momentum. Typical organic radicals have g-values in the range 1.99 — 2.01, while
molecules containing transition metal ions can exhibit much broader ranges, with

0,123,124

g-values reported from g < 0.1 to g > 1 Large magnetic fields are therefore

typically required to resolve the small g-anisotropy in organic molecules.

For an isotropic g-value, the EPR spectrum exhibits a single sharp peak, centred

at the magnetic field strength B, that satisfies the resonance condition:
hw=hv=AE,.3 = GisoltsBo (2.15)

where w and v are the angular and linear frequencies of the radiation applied to

induce transitions between spin states.

In EPR spectroscopy, transitions are driven by the application of microwave
radiation. When the photon energy matches the energy separation between spin
levels, energy absorption occurs, resulting in an EPR signal. The intensity of a
transition between two states |i) and |j) depends on two factors: the population
difference between those states and the transition probability. Under thermal
equilibrium, the population difference is determined by the Boltzmann distribution,

which favours lower-energy spin states.

The transition probability may be derived from time-dependent perturbation
theory. According to Fermi’s Golden Rule, the transition rate W,_,; is proportional
to the square of the matrix element of the perturbing Hamiltonian Hy:

. -~ . 2
Wiss o< | (] Ha li)| (2.16)

In the case of EPR, the perturbation is introduced by an oscillating microwave

magnetic field By, which is applied perpendicular to the static magnetic field

By, and is conventionally defined along the z-axis of the laboratory frame. The
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2.2. The Spin Hamiltonian

interaction of By with the electron magnetic moment is described by the perturbing

spin Hamiltonian:

7, = JmoeBrlt) o (2.17)
h

In systems with lower symmetry, the principal g-values may differ: for axial
symmetry, g, = g, # g, while for orthorhombic symmetry, g, # g, # g.. For a
single crystal with a specific orientation with respect to the magnetic field vector, the
magnetic field position for the EPR transition will be determined by the projection
of the g-tensor along the magnetic field direction. For powder samples, there is a
uniform distribution of molecular orientations with respect to the applied magnetic
field. Each orientation will contribute a resonance peak, and the sum of all these
peaks will give a broadened EPR spectrum covering the full range of g-values, with

turning points corresponding to the field positions of the principal g-values.

EPR spectra for different g-value symmetries are shown in Figure 2.3, assuming
no other contributions to the spin Hamiltonian. The principal values of the g-tensor
reflect the underlying electronic structure and spatial symmetry of the paramagnetic
centre, providing a unique spectroscopic signature that can distinguish between
different paramagnetic species. Instead of sharp lines, the spectra exhibit broader

peaks due to a number of line broadening effects, discussed in Section 2.3.

In this thesis, organic molecules are studied as solid samples, where the anisotropy
of the g-tensor is preserved and clearly observable in the EPR spectra. In contrast,
if the samples were measured in solution, rapid molecular tumbling would average
out the anisotropy. This motional averaging leads to a single, sharp resonance
peak, determined by the isotropic g-value, gi, = %(gx + g, + g.), despite the
underlying g-anisotropy. A similar averaging effect can also occur in solids if the

unpaired electrons are highly mobile.

9 g g9

isotropic axial orthorhombic

9 =% =0,=0. 9.59,#3. 9.#9,#9.

giso gx‘y gy
v ¥ ¥

g g

9. ¥ G

¥
—— Magnetic Field Magnetic Field Magnetic Field ——

Figure 2.3: Simulated EPR spectra for g-values of isotropic, axial, and orthorhombic
symmetry. A convolutional line broadening was also included.
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2. Fundamentals of Electron Paramagnetic Resonance

2.2.2 Nuclear Zeeman Interaction

In the same fashion, the spin Hamiltonian describing the Zeeman interaction
for a nuclear spin can be constructed:
Tz = —gng‘NBo i (2.18)

with I the nuclear spin angular momentum operator, py the nuclear Bohr magneton

and ¢, the nuclear g-value. The much smaller nuclear magnetic moment leads to
Zeeman energies orders of magnitude weaker.

2.2.3 Electron-Electron Interactions

In systems with more than one electron spin, the total spin state of the system
is determined by the joint configuration of the individual spins. These spin states
can be expressed as products of single-spin states, {|ajas) ,|a182), |Bia2) ,|5162)},
where each spin is described independently. This forms the uncoupled basis, in
which states are written as |mg,, mg,). This basis is especially convenient when the
interaction between spins is weak compared to the electron Zeeman interaction, such
that each spin responds to the external magnetic field approximately independently.

When there is a significant interaction between the electron spins, however,
the energy levels of the system are more suitably described in terms of the total
spin angular momentum: S =38, +9,. In this case, the coupled basis is more
appropriate, with eigenstates labelled by the total spin quantum numbers S and
Mg. For a pair of electron spins, this gives rise to a singlet state (S = 0, Mg = 0)
and three triplet states (S = 1, Mg = 0,£1), which are linear combinations
of the uncoupled basis states:

T) = [1,+1) = |araz)
S) = 10,0) = Z5(la1fBe) — [Braz))  |To) = [1,0) = Z5(laifs) +[Braz))
T_) = |1,-1) = [Bif2)
(2.19)
In the same fashion as the representation of |a) and |5) in Figure 2.1, the
vector model can provide an intuitive way to understand the spin states of the
two electrons in the coupled spin basis. In this framework, shown in Figure 2.4,
the spins can align to form a resultant triplet vector with magnitude v/2geps, or

cancel to form a singlet vector of zero magnitude. The projection of the spin states
onto By distinguishes |T.), |To) and |T_).8

SThe vector model representation for spins is often depicted inaccurately in the literature.
The cone angle for a single spin is always fixed at 54.7° relative to By. For the |T4) and |T_)
spin states, the two individual spins are separated by 70.5°, corresponding to an azimuthal phase
shift of 90°, provided the two spins have the same Larmor frequency. These angles can be derived
trigonometrically from the eigenvalues of 52 and S, for the single spin and total spin states.
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2.2. The Spin Hamiltonian

|IT,) To) IT-) |S)

Figure 2.4: Vector model representation of the spin states for two coupled electrons in
the coupled spin basis.

Electron-electron interactions between two spins arise from two sources: the
exchange interaction, resulting from electron wavefunction overlap, and the dipolar
interaction, from interaction of the two spin magnetic moments. The appropri-
ate spin basis and description depend on the strength of interaction between

the two spins.

When the two spins reside on the same molecule, as in an exciton, the exchange
interaction is typically strong, resulting in a large energy gap between singlet and
triplet states. In this strongly-coupled regime, the coupled spin basis is most suitable.
Only spin states with non-zero total spin angular momentum (S > 0) have a net
magnetic moment and are thus relevant for EPR. The dipolar coupling within the
triplet manifold leads to a splitting of the triplet sublevels even in the absence of

an external magnetic field, known as zero-field splitting (ZFS):

7:[66 = Hzf (220)

In contrast, when the spins are located on different molecules, as in a charge-
transfer state, the exchange interaction is much weaker and often comparable to
the dipolar coupling. In this weakly-coupled regime, describing the system in terms
of total spin .S becomes less appropriate, and the uncoupled spin basis provides a
more accurate representation. The total electron-electron interaction Hamiltonian

explicitly includes both dipolar and exchange terms:

7:[00 = Hdip + ch (221>

Zero-Field Interaction

Dipolar coupling between two electron spins can be expressed using a symmetric,

traceless tensor D. In the strong exchange regime, when the two electron spins are
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2. Fundamentals of Electron Paramagnetic Resonance

no longer distinguishable and behave as a single S = 1 triplet, this interaction is
described as the zero-field interaction, given by the spin Hamiltonian:

Hs=S8-D-S (2.22)

D can be diagonalised by transformation into its principal axis D-frame:

Dxx Dxy Dxz UTDU, Dx 0 0
D = DYX Dyy DYZ D—) 0 Dy 0 (223)
Dzx Dzy Dgzz 0 0 Dg

where Up is a rotation matrix with Euler angles ap, 8p, 7p-

Because D has zero trace, its three principal values can be expressed in terms
of two scalar parameters:

3 1
D=3D; E=g(Dx~Dy) (2.24)

By convention, the ordering |Dz| > |Dx| > |Dy| ensures that D and E have

opposite signs and that the rhombicity ratio % is bounded between —% and 0.1

The spin Hamiltonian, in terms of D and FE, from Equation 2.22 becomes:
H=D (52— 15%) +E(82-82) (2.25)

For a triplet state, the eigenvalues of this Hamiltonian yield the following
spin sublevel energies:

E,=-Dx=1D-E
E,=-Dy=1D+E (2.26)

with the relative ordering of these levels dependent on the signs of D and E.

The zero-field interaction has two main contributions. The first is magnetic
dipole-dipole coupling between unpaired electron spins, which depends on their
spatial separation and relative orientation. The second contribution arises from
spin-orbit coupling, which is generally weak in organic molecules due to small
spin-orbit coupling constants and large energy gaps to excited states.'?S The ZFS
Hamiltonian can therefore be approximated as a dipole-dipole Hamiltonian, which
leads to expressions for D and E of:

3 po r? — 322
D= 77(ge/~LB)2 <r5

16 mh
3 o , /1 —3cos?0
= ——(0 _— 2.27
o L gy (5 (227
3 Mo o Jy° —
[l
16 ﬂ_h(ge:u’B) < /',_5
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2.2. The Spin Hamiltonian

with g the vacuum permeability, » the distance between the two spins, and 6 the
angle between the interspin vector r and the principal z-axis of the ZFS tensor.
The angular brackets represent the average value over the spin density distribution.

The magnitude of D reflects the average distance between the two unpaired
electron spins. A larger |D| corresponds to a smaller spin-spin separation and a
stronger dipolar interaction. The parameter E quantifies the deviation from axial
symmetry; when E = 0, the D tensor is axially symmetric. The sign of D provides
insight into the shape of the spin density distribution. From the angular dependence
in Equation 2.27, when 6 = 90° (r lies in the plane perpendicular to the axis of the
largest principal D-value Dy), D > 0 and the spin density distribution is oblate (disk-
like). Conversely, when 6 = 0° (r aligned with the axis of D), D < 0 and the spin
density is prolate (rod-like), with the D principal axis oriented along the long-axis.

Dipolar Interaction

For weakly-coupled spins, the dipolar interaction is often treated using the
point-dipole approrimation, which models each electron spin as a magnetic point
dipole. This approach is valid when the spatial extent of the electron spin density is
small compared to the separation between the two spins. Under this approximation,
the dipolar coupling Hamiltonian takes the form:

& pa Mo QI(AA?)AA)
Hap, =51-D -8y = — — 818 —=(S1-7)(Se-r 2.28
dip 1 2 4ﬁh9192MBT3 192 TQ( 1-7) (82 1) ( )

The dipolar Hamiltonian in Equation 2.28 can be decomposed into three types
of terms: secular, pseudo-secular, and non-secular.Y At the magnetic field strengths

typically used in EPR experiments, the non-secular terms are often neglected,!?

reducing the dipolar Hamiltonian to only secular and pseudo-secular contributions.

For an axial dipolar coupling tensor, expressed in its principal axis system as:

d 0 0
D=|0d 0 (2.29)
0 0 —2d

the dipolar Hamiltonian, neglecting non-secular terms, becomes:

D

ﬁdip - 5 (3S1z§2z - ‘§1 . SZ) (230)

9In the context of dipolar coupling, secular terms commute with the Zeeman Hamiltonian and
cause energy level shifts; pseudo-secular terms do not commute with the Zeeman Hamiltonian
but induce weak mixing between spin states; non-secular terms also do not commute but oscillate
rapidly in time at frequencies set by the large Zeeman splitting.!!” These rapid oscillations average
out over typical experimental timescales, and so do not cause meaningful energy shifts or spin
state mixing.'?”
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2. Fundamentals of Electron Paramagnetic Resonance

with

0 1 —3cos?0
D=d <1 — 3 cos? 9> = thglgg/fB <7’3 (2.31)

When 6 = 0° with By parallel to 7, the dipolar interaction reaches its maximum,
corresponding to the principal value D, = —2d. When 6 = 90°, the interaction is

minimised, corresponding to the smallest principal values D, = D, = d.

Exchange Interaction

Unlike the dipolar coupling, which can be approximated as a classical interaction
between magnetic moments, the exchange interaction is a purely quantum effect
arising from the antisymmetry of the total two-electron wavefunction under fermion

exchange, as required by the Pauli principle:'?®

\Ptotal(r27 1,02, Ul) = _‘IItotal(Irl? ro,01, 02) (232>

with r; and o; representing the spatial and spin coordinates of electron 7, respectively.

The total wavefunction is separable into spatial and spin parts:

‘I’total(""l,"”270170'2) = ?/1(7"1,7’2) X(Ula@) (2-33>

In the singlet state, the spin wavefunction (Equation 2.19) is antisymmetric
with respect to electron exchange. Thus, the spatial part of the wavefunction

must be symmetric:
Y(re,m1) = P(r1,m2) (2.34)

Conversely, for the triplet state, the spin wavefunctions are symmetric. Therefore,

the spatial wavefunction must be antisymmetric:
1/)(7“2,7’1) = —w(’r'l,’l"g) (235)

The symmetric spatial wavefunction of the singlet state results in a higher prob-
ability of the two electrons being found close together, whereas the antisymmetric
spatial wavefunction of the triplet state ensures that both electrons cannot occupy
the same region of space. This difference in spatial distribution reduces electron-
electron repulsion in the triplet state, stabilising its energy relative to the singlet
state. This difference in electrostatic energy is the origin of the exchange interaction.
In rare cases, the singlet state may be stabilised relative to the triplet state through
additional singlet-stabilising contributions like low-lying, accessible singlet excited
states.!?® The exchange interaction can be described by the following Hamiltonian:

Hee = JS; - S, (2.36)
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2.2. The Spin Hamiltonian

where J is the isotropic exchange coupling constant.] While in principle, J can
be anisotropic; for organic materials, this contribution, controlled by spin-orbit
coupling, is minimal and can be ignored. The sign of J determines the relative
energies of the singlet and triplet states: if J < 0, the triplet state is lower in energy,
while if J > 0, the singlet state is energetically favourable. The energy gap between
the singlet and triplet states is equal to the magnitude of J.

The strength of the exchange interaction depends critically on the spatial
overlap of the unpaired electron wavefunctions. Because exchange arises from the
requirement that the total wavefunction be antisymmetric with respect to particle
exchange, any interaction energy difference between the singlet and triplet states
can only emerge if the electrons are close enough for their wavefunctions to overlap
significantly. Without such overlap, the electrons are effectively independent, and
no exchange interaction arises. As a result, the exchange interaction is highly
sensitive to inter-spin distance. This distance dependence can be approximated

by an exponential decay:!3:132

J(r) = Joe P (2.38)

Jo represents the maximum exchange interaction strength at very short spin-spin
separations, where the spatial overlap of the electron wavefunctions is largest, and
[ controls how rapidly the interaction diminishes with increasing distance r and
depends on the extent of orbital overlap and electron delocalisation. In general,
exchange dominates at short distances, while the dipolar interaction, which falls
off more slowly with 1/r®, becomes more important at larger separations.

2.2.4 Electron-Nuclear Hyperfine Interaction

The electron-nuclear hyperfine interaction describes the magnetic interaction
between an electron spin and a nearby nuclear spin:
Hi=S AT
(2.39)

The first term is the Fermi contact interaction and arises from electron spin

density at the nucleus; it is typically associated with s-orbital character, but

IThere are various conventions in the literature for defining Hey, such as:
+J8:1-8, 4288 —-JS S —2J5-5 (2.37)

and so care must be taken when comparing J-values from literature. J-values defined in this
thesis adopt the +J convention, like in the EPR simulation package EasySpin.!3%
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2. Fundamentals of Electron Paramagnetic Resonance

significant isotropic hyperfine coupling can also occur in systems with m-electrons
through spin polarisation effects, as is the case in organic radicals.''® The anisotropic
component, S . Agip - I , reflects a through-space dipole-dipole interaction that
outweighs aj, at longer electron-nuclear distances.

In organic molecules, there are many magnetic nuclei present in the molecular
structure and the hyperfine Hamiltonian is a sum of the interaction of the electron

spin with each magnetic nucleus:

=1

Similar to g and D, A can be diagonalised by an appropriate transformation
into its principal axis system (U} AU,); importantly, the g, D, and A principal
axes are not necessarily the same. The Ag;, part of the A-tensor is traceless, and
so its principal values can be expressed in terms of a dipolar coupling constant,

T, and a rhombicity parameter, 1, bounded between 0 and 1:

A, 0 0 aiso — T(1 = 1) 0 0
A=|0 4, 0= 0 tiso — T(1 + 1) 0 (2.41)
0 0 A, 0 0 o + 2T

with 7', within the point-dipole approximation, equal to

T = £ guptngain <T13> (2.42)

In organic molecules, delocalisation of electron spin density across the m-system
results in many small hyperfine couplings. This typically causes the hyperfine
structure to be unresolved in EPR spectra, contributing primarily to line broadening.
The strength of the hyperfine interaction, however, does provide useful information
on the extent of spin delocalisation, and can be studied using pulse EPR techniques,

discussed in Section 2.8.

2.2.5 Nuclear Quadrupole Interaction

For nuclei with spin quantum number I > 1, an additional contribution to the
spin Hamiltonian arises from the nuclear quadrupole interaction. This interaction
is analogous in form to the zero-field interaction, but it originates from a different
physical mechanism.

Specifically, the nuclear quadrupole interaction stems from the electrostatic
interaction between the non-spherical nuclear charge distribution, characteristic
of nuclei with quadrupole moments, and the electric field gradient produced by
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an asymmetric distribution of surrounding electron density. Molecular asymmetry,
nearby electronegative atoms, or local bonding geometries can result in uneven
electron charge distributions that give rise to measurable electric field gradients at

the nucleus.!®® The spin Hamiltonian due to the quadrupole interaction is given by:
Hog=T1-Q -1 (2.43)

with @ the quadrupole tensor, which depends both on the nuclear quadrupole
moment and the electric field gradient at the nucleus. This tensor captures the
effect of deviations from spherical symmetry in the nuclear charge distribution.
The magnitude of the nuclear quadrupole interaction is generally small compared

to other spin interactions.

2.2.6 Nuclear-Nuclear Interaction

Nuclear spins may also interact with other nuclear spins in their vicinity, of which
there are plenty in organic molecules. The interaction is isomorphic to the electron-
electron and electron-nuclear interactions and the Hamiltonian can be expressed in

a similar form as the dipolar and exchange interactions in Equations 2.28 and 2.36:

A

Hnn:IAl'Dnn.IA2
=d

PPN o ol /o 4 3 . N (2.44)
nn,isod1 + Lo + m(gnMN) 3 (Il Iy — ﬁ(Il 1) (s - ”’))

The far weaker magnetic moment associated with nuclei often renders the
contribution of . to the overall spin Hamiltonian negligible, although, in a few

cases, it can impact the signal shape in pulse EPR hyperfine experiments.!34135

2.3 Line Broadening Mechanisms

EPR spectra are typically not composed of perfectly sharp, discrete lines; rather,
the observed spectral lines are broadened by several effects. At a fundamental
level, any excited state with a finite lifetime is subject to lifetime broadening, as

described by the uncertainty principle:

h
TAE > 3 (2.45)

where 7 is the lifetime of the state and AFE the uncertainty in its energy. A shorter
lifetime increases the energy uncertainty, leading to a wider distribution of resonance

frequencies and thus broadening the idealised ‘stick’ spectrum.
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Broadening mechanisms in EPR are typically categorised as homogeneous or
inhomogeneous. Homogeneous broadening, like lifetime broadening, arises from
dynamic processes that uniformly affect all spins with the same resonance frequencies,
such as fluctuating local fields arising from random spin flips in the environment. In
contrast, inhomogeneous broadening results from static variations in the local
spin environments across the sample. These include distributions in spin Hamiltonian
parameters (g, D, A), unresolved hyperfine splittings, and local magnetic field
inhomogeneities. These effects cause each spin to resonate at slightly different
field values with the overall EPR line a convolution of many shifted resonances,

producing a broadened line shape that typically follows a Gaussian distribution.

Disorder in the molecular environment leads to variations in local structure,
which manifest as small shifts in the spin Hamiltonian tensor components. This
distribution in parameter values is termed strain, and contributes to inhomogeneous
broadening of the EPR signal. Strain is generally anisotropic, with different degrees
of spread along g,, g,, and g, and can be modelled as a Gaussian distribution
about the principal g-values (and similarly for D and A). The effect of strain
is exemplified in Figure 2.5. In the case shown, along with a homogeneous line
broadening, strain is also modelled, impacting only g,. As g,-strain, defined as
the full-width half-maximum of the Gaussian distribution of g,-values, increases,

the linewidth broadens around the field position of g,.

Importantly, while inhomogeneous broadening contributions from anisotropic
spin-field interactions, like the electron Zeeman interaction, increase with the
magnetic field strength, others such as unresolved hyperfine or dipolar couplings
are independent of the magnetic field, and their broadening on the spectrum can be
mitigated by measurements at higher microwave frequencies, resolving anisotropy

and overlapping features more clearly.

g, strain g,
0, 0.002, 0.004 v
0.006,

gZ

* gX

Magnetic Field ——

Figure 2.5: Simulated EPR spectra for an electron spin system with orthorhombic
g-values, [z, 9y, g-] = [1.99,2.00,2.01], with different amounts of g,-strain. The g-strain
value is defined as the full-width half maximum of the Gaussian distribution of g-values;
as the g,-strain increases, the broadening around the g, field position increases.
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2.4. Spin-Polarised Photoinduced States

2.4 Spin-Polarised Photoinduced States

In systems with unpaired electron spins, the spin Hamiltonian determines
the energy levels and character of the spin states. These energy levels, in turn,
govern how the population of spins is distributed among the available spin states
under thermal equilibrium. Spin polarisation refers to any deviation from equal
spin populations, and it directly influences the observable EPR signal and the
dynamics of the system.

At thermal equilibrium, spin polarisation is described by the Boltzmann dis-
tribution, with lower-energy states more populated than higher-energy ones. The
probability, p;, of the system being in spin state |i) is a function of the state’s
energy, F;, and the available thermal energy:

_ B
p; = LTE — ie o (2.46)

J
n T kT
j=1¢ "B

where kg is the Boltzmann constant, /N is a normalisation constant, and there are
n possible spin states. For a single electron in a magnetic field, the population of
the two spin states, |a) and |f), can be calculated from their probabilities, which
can then be used to define the spin polarisation P:

Ny _9eBBo
N, = Nopa = Woe 2kgT B NB _ N, (2 47>
NO grpBo N NB + Na '

N/B = Nopﬁ = We 2kgT

with Ny the total number of spins. By making use of a Taylor series approximation
(e = 14 x4+ ...), relying on the assumption that kgT > gupBy, which is
true for typical magnetic field strengths and temperatures used in EPR, the spin

polarisation can be simplified to:

- Tt _ o Hpr (142l ) (1-gmby )
= =
S ot (1 gRR ) (1-92 ) )
_ 9usBo
2kgT

At room temperature and X-band microwave frequency (v = 9.8 GHz, By =
350mT), the spin polarisation is 0.08%. EPR experiments are generally performed
at cryogenic temperatures and high magnetic fields in order to maximise the spin
polarisation and improve the signal-to-noise ratio.

However, many systems, particularly paramagnetic states generated following
photoexcitation, exhibit non-equilibrium spin polarisation, where population differ-

ences arise from spin-selective generation and decay pathways rather than thermal
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2. Fundamentals of Electron Paramagnetic Resonance

energy. These polarisations are often much larger in magnitude than Boltzmann
polarisation and carry detailed information about the underlying spin physics.136138
In the following section, the spin polarisations and underlying spin interactions
of the key photoinduced paramagnetic states in donor:acceptor OPV blends are
examined. These are the charge-transfer states and separated charges that play
critical roles in efficient charge generation, as well as the triplet states that are

detrimental to OPV performance.

2.4.1 Separated Charges

The spin Hamiltonian for two spatially separated charges on the donor and
acceptor molecules in an OPV blend includes the electron Zeeman interactions
and hyperfine couplings to nearby nuclear spins:

7‘Alsc = 7:lez,D + 7‘Alez,A + 7:lhf,D + ﬂhf,A

:%BO'QD‘§D+%BO'QA'§A+ZgD'AD,i'fi+Z§A'AA,j'jj
i—1 j=1
%'[%BBO'QD'gD—i—'[%BBO'QA'gA

(2.49)
where the subscripts D and A denote the donor and acceptor molecules, respectively.
The first two terms describe the electron Zeeman interaction for each spin. The
subsequent terms represent hyperfine couplings between each electron spin and

nearby magnetic nuclei.

In OPV materials, these hyperfine interactions are generally too weak to be
spectrally resolved and can usually be neglected in the spin Hamiltonian, instead
contributing as line broadening, particularly at high microwave frequencies such
as Q-band (v = 33.9 GHz) and above. Even at X-band, only nuclei with relatively
large couplings (greater than 10 MHz) tend to produce resolved hyperfine structure.

For a single molecular orientation and in the absence of resolved hyperfine
structure, each separated charge (donor or acceptor) contributes a single EPR
transition at a field determined by its g-value. In disordered OPV samples, where
molecules adopt many random orientations, this leads to a powder pattern, a
broadened EPR signal shaped by the anisotropy of the g-values. If the donor and
acceptor have sufficiently different g-values, their signals appear as two distinct
features in the spectrum, as shown in Figure 2.6. When the g-values are similar,
the signals overlap, giving a single broadened peak. The separated charges in OPV
blends are typically long-lived under steady-state illumination and relax to thermal
equilibrium, resulting in spin populations that follow a Boltzmann distribution.
Consequently, their EPR spectrum exhibits a purely absorptive lineshape.
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Figure 2.6: Left) Energy level spitting of the spins of the charged states on the donor
and acceptor molecules due to the electron Zeeman interaction, for a single molecular
orientation. Right) W-band (v = 94 GHz) powder spectrum of the charged states (black),
with donor (blue) and acceptor (red) signal contributions offset, using g-values and
linewidths of OPV blends with distinct g-values (PM6:PCBM) and overlapping g-values
(PM6:Y6), determined from EPR spectra in Chapter 3 (Tables 3.1 and 3.4 in Section 3.3.1).
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Figure 2.7: Top) Energy level splitting for an electron in the presence of many I = %
nuclei; as the number of hyperfine interactions increases, the energy level splittings tend
to a broad distribution of levels, where the many possible EPR transitions occur at
similar resonance positions, and are no longer individually resolved. Bottom) Simulated
EPR spectrum of Y6°, using parameters from Chapter 3 (Table 3.4 in Section 3.3.3), at
X-band and W-band. The pair of hyperfine interactions (Apax = 20 MHz) are resolvable
at X-band, but not W-band. Simulations with reduced homogeneous line broadening
(blue dashed lines) reveal the effect of the hyperfine splittings more clearly.
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2. Fundamentals of Electron Paramagnetic Resonance

While the spectra in Figure 2.6 were simulated without considering hyperfine
interactions, these interactions can still alter the spin energy levels and EPR
lineshape, as illustrated in Figure 2.7. The coupling to a nucleus of spin [ splits
each electron spin level into 27 +1 components, with the energy splitting determined
by the hyperfine interaction strength and, to a lesser extent, the nuclear Zeeman
interaction. This splitting is much smaller than the electron Zeeman interaction
and the energy level diagram becomes more complex as additional, non-equivalent
nuclei are included. In systems with many weakly-coupled nuclei, the resulting
spin energy levels form a dense manifold. This leads to a large number of closely
spaced transitions, which overlap in frequency and give rise to a broadened EPR
spectrum with unresolved hyperfine structure.

The hyperfine resolution, particularly at higher microwave frequencies, is demon-
strated through simulations of the EPR spectrum of the non-fullerene acceptor Y6,
using parameters from Chapter 3 (Table 3.4 in Section 3.3.1). The simulation
includes two orthorhombic proton hyperfine interactions, each with a largest
principal value of approximately 20 MHz, corresponding to a splitting of about
0.7mT. At X-band, this interaction is comparable to the intrinsic linewidth and gives
rise to subtle features such as shoulders or asymmetric broadening. Simulations with
reduced homogeneous broadening (blue dashed lines) reveal the expected 1:2: 1
splitting for a pair of hyperfine interactions more clearly.

At higher microwave frequencies such as W-band (v = 94 GHz), spectral
broadening due to g-strain caused by the distribution of molecular environments
becomes the dominant effect. Since hyperfine couplings do not scale with microwave
frequency, the relative impact of g-strain on the overall linewidth increases at higher
magnetic fields, effectively masking the smaller hyperfine splittings. Consequently,
in these disordered OPV materials, the W-band spectrum appears as a single broad

peak without any resolved hyperfine structure.

2.4.2 Charge-Transfer States

Charge-transfer (CT) states, also referred to as spin-correlated radical pairs,
consist of weakly-coupled spins located on the donor and acceptor molecules.
These species form immediately following photoinduced electron transfer at the
donor:acceptor interface. Unlike fully separated charges, the electron and hole in a
CT state remain electrostatically bound by the Coulomb interaction, with partial
wavefunction overlap that depends on the donor:acceptor geometry and spatial
extent of the molecular orbitals. This proximity leads to spin-spin interactions
between the two unpaired electrons, which must be accounted for in the spin
Hamiltonian. The spin Hamiltonian for a CT state includes contributions from
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2.4. Spin-Polarised Photoinduced States

the electron Zeeman interaction, electron-electron exchange and dipolar couplings,
and electron-nuclear hyperfine interactions:

Hor = Hezp + Heza + Huep + Huea + Hex + Haip (2.50)

A simple case of isotropic g-values for donor and acceptor molecules, axial
dipolar coupling, and no resolved hyperfine couplings is considered, and the spin
Hamiltonian reduces to:

s & B, 6 a e Dia s oa e
Her = 5-BogpSp,z + 7= BogaSa:+J Sp-Sa+ o <3SD,ZSA,Z —Sp- SA) (2.51)

This spin Hamiltonian may be represented in matrix form in either the coupled

or uncoupled basis. The matrix element H;; corresponds to (i Her |7), with i/

referring to the spin states ¢ and j in that basis representation. In the coupled
basis {|T,),|To),|S),|T-)}, the spin Hamiltonian becomes:

w+ 1(J+ D) 0 0 0
. 0 1(J=2D) fw 0
Her = (2.52)
0 dw —-3J 0
0 0 0 —w+3(J+D)
with
B B
W= N;h0<gD + ga) ow = M;hO(QD — ga) (2.53)

Alternatively, in the uncoupled basis {|apaa), |apfBa), |Bpaa), |SpBa)}, the
spin Hamiltonian is:

w+ 3(J+ D) 0 0 0
. 0 ow — 3(J + D) 1(2J - D) 0
Her =
0 Y2J-D) —bw-3i(J+D) 0
0 0 0 —w+ 3 (J+ D)

(2.54)

In both representations, the spin Hamiltonian is block-diagonal. A fully-
diagonal Hamiltonian would indicate that all basis states are eigenstates of the
system; however, the presence of non-zero off-diagonal terms shows that neither the
uncoupled or coupled spin bases fully diagonalise the Hamiltonian and are eigenbases.

Inspection of Equations 2.52 and 2.54 shows that the states |T,) = |apaa) and

|T_) = |fpSa) are eigenstates of the spin Hamiltonian with well-defined energies:

1
By =%w+ (J + D) (2.55)
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2. Fundamentals of Electron Paramagnetic Resonance

The remaining two eigenstates are formed from linear combination of |S) and
|To) in the coupled basis, or equivalently, |ap/a) and |Spaa) in the uncoupled basis.
These pairs of states are related through the transformation defined in Equation 2.19,
where |S) and |Ty) are the antisymmetric and symmetric combinations, respectively,

of [apBa) and |Bpaa).

In the strong coupling regime, where the spin-spin interactions dominate over
the difference in spin resonance frequencies (i |2J — D| > 5w), the off-diagonal
elements (dw) in the coupled basis become negligible. In this limit, |S) and |Ty)
approximate the true eigenstates of the spin system, making the coupled basis

the most appropriate representation.

In the weak coupling regime, where the difference in spin resonance frequencies
outweighs the spin-spin interactions (% 2] — D| <« 5w), the off-diagonal elements
(i (2J — D)) in the uncoupled basis become negligible. The uncoupled basis
therefore provides a more accurate description, with |apfSa) and |Spaya) serving

as better approximations to the eigenstates.

Outside these limiting regimes, the true eigenstates arise from mixing of these
basis states. In the coupled basis, |S) —|Ty) mixing is driven by the difference in spin
resonance frequencies dw. In the uncoupled basis, it is the spin-spin interactions,
J and D, that mix the uncoupled basis states |apfBa) and |Spaa).

The eigenstates and energies of the CT spin states are obtained by diagonalisation
of the spin Hamiltonian:

1) =1T-) = |fpfa)

)
|2) = cos¢ |Ty) —sing |S) = sin (qﬁ + %) |apBa) + cos <¢ + %) |Bpaa) (256)
[3) = sing |To) +cos [8) = rcos (¢4 7) lapBa) —sin (6 +7) [Boaa)
[4) = [T4) = |apaa)
and
By =—-w+31(J+D)
Ey=—-Q—3(J+D) (257)
Ey=+Q—1(J+D)
Ey=+w+ 3(J+ D)
with
¢ = ;arctan <111(2jw_D)> 0= \/5002 + (i(ZJ - D))2 (2.58)

The angle ¢ describes the extent of coupling. When i |2J — D| < dw (¢ = 0),
the coupled basis states become the eigenstates, while for ¢ = 7, the eigenstates
are the uncoupled basis states.
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2.4. Spin-Polarised Photoinduced States

The observable EPR transitions between eigenstates of a weakly-coupled CT

state occur at the following frequencies:

1
|3><—>|4> W34ZW—Q+§(J—|—D)
1
|1><—)|2> wlgzw—Q—ﬁ(J—kD)
2 (2.59)
2) < [4) W24=w+Q-|—§(J—|—D)
1
|1><—>’3> W13ZM+Q—§(J+D)

These transitions are ordered by increasing energy under the assumptions that
Q > |J|,|D|, with J < 0 and the dipolar vector r aligned with By (0 = 0°),
giving D = —2d < 0 from Equation 2.31.

In the frequency domain, the four transitions are centred at their linear frequen-
cies v;; = w;; /2w, as illustrated in Figure 2.8. The spectrum is centred at v = w/27
and exhibits a doublet-doublet structure: the overall splitting between the doublets
is set by €2, while the further splitting within each doublet arise from the spin-spin
coupling term |J + D|, which for the case of § = 0° is |J — 2d|. Under thermal
equilibrium, eigenstate populations are determined by the Boltzmann distribution,
and all transitions appear as absorptions. For simplicity, all transition intensities

are assumed to be equal, with roofing effects neglected.

In EPR spectroscopy, spectra are typically recorded by varying the external
magnetic field strength By, rather than the microwave frequency v. As B is varied,

the spin Hamiltonian changes accordingly, and resonance conditions shift. While

|4)
1) = [2) [2) - |4) 13) - |4)
13) - 14) 2) - |4) 1) = 12)
2) Y y
fo! fo!
e — —
[J-2d]| |J-2d] J-2d| J-2d]
I 1) ‘ r 1 . T 1 ) lJ I‘ T ‘ 1
9.78 9.8 9.82 349.5 350 350.5
Microwave Frequency (GHz) Magnetic Field (mT)

Figure 2.8: Left) Energy level diagram for a charge-transfer state under thermal
equilibrium, showing four absorptive transitions. Sublevel populations are illustrated
by the shaded area of the sublevel. Right) Simulated frequency-swept and field-swept
EPR stick spectra, with roofing effects omitted. Simulation parameters: gp = 1.998,
ga = 2.008, J = —2MHz, d = 6 MHz, and 8 = 0°, giving D = —2d via Equation 2.31.

47



2. Fundamentals of Electron Paramagnetic Resonance

transition frequencies are straightforwardly obtained from differences in energy

eigenvalues, resonance field positions are not as easily accessible analytically.!3°

To determine the resonance fields, the microwave frequency wy,,, is fixed, such
that:
Wmw — wij(B(]) (260)

for each transition. Inserting the expressions for w and €2 in terms of By, from
Equations 2.53 and 2.58, the resonance condition for, e.g., the |3) <> |4) tran-

sition becomes:

W34 = 'u;fjo(g]) +9ga) — \/(,u;fo (9p — 9A))2 + (i(QJ - D)>2 + ;(J"‘D) (2.61)

This is function of By that, along with analogous ones for the remaining
transitions, must be solved analytically or numerically to obtain the corresponding
resonance fields.'® Higher-energy transitions require lower fields to match a fixed
microwave frequency, and so the order of the transitions is reversed in a field-swept
spectrum. For instance, the |1) — |3) transition, being the highest in energy,
appears at the lowest magnetic field. Thus, the shape of the field-swept spectrum
appears as a mirror image of the frequency-swept spectrum. From the observed
field separations, both €2 and J — 2d can be extracted in magnetic field units.

The previous expressions consider a single crystal in which all CT states are
identically aligned with respect to the external magnetic field, specifically with
the dipolar vector r parallel to By (6 = 0°). In this orientation, the angular term
(1 — 3cos? ) evaluates to —2, resulting in a dipolar coupling of D = —2d.

At the opposite extreme, for a single crystal in which 7 is perpendicular to
By, (0 = 90°), the angular term becomes +1, giving D = +d. This reversal in
sign has a significant effect on the CT energy levels. In particular, when |d| > |J|,
the reordering of state energies causes a reversal in the field positions of certain
transitions. At 6 = 0°, the |1) — |3) transition occurs at the lowest magnetic field,
whereas for § = 90°, it is the |2) — |4) transition that shifts to the lowest field.
These two limiting cases are highlighted in dark and light green in Figure 2.9.

In a powder sample, the molecular orientations are distributed uniformly with
respect to the magnetic field. The angle 8 between r and By can take any
value between 0° and 90°, producing a continuous range of dipolar couplings
from D = —2d to D = +d. As a result, each transition is broadened into a
feature that spans this entire range.

The contribution of each orientation corresponds to a discrete ‘stick’ spectrum,
and the total EPR signal is the sum over all orientations. The powder spectrum for

each transition shows two turning points, corresponding to the limiting values of D,
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6=0°
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Figure 2.9: Left) Powder patterns for the four CT state transitions. Single crystal spectra
are also shown, for the dipolar vector parallel (8 = 0° - dark green) and perpendicular to
the magnetic field (# = 90° - light green). Simulation parameters: gp = 1.998, ga = 2.002,
J = —2MHz, and d = 6 MHz, giving D = —2d when 6 = 0°, and D = +d when 6 = 90°
as per Equation 2.31. Right) Total EPR spectrum obtained as a sum of the four CT state
sublevel transitions (shown as dashed lines).

with increased intensity near the turning point for § = 90°. For an axial dipolar
interaction, more molecules lie near § = 90°, where the density of orientations
is greatest. This characteristic line shape is known as a Pake pattern, as shown
in Figure 2.9. The left panel shows the powder patterns for the four CT state
transitions, alongside the limiting single-crystal cases at 0° and 90°. The right panel
shows the total EPR spectrum obtained by summing the individual transitions.
The resulting lineshape exhibits sharp inner features and broad outer wings for
each transition pair, directly reflecting the underlying angular dependence of the
dipolar coupling.

Singlet-born Charge-Transfer State

When a CT state forms at a donor:acceptor interface from dissociation of a
singlet exciton, the CT state inherits the spin configuration of the singlet exciton,
due to conservation of spin angular momentum during the electron transfer process.
Initially only CT eigenstates with singlet character will be populated. Based on
the eigenstates derived earlier (Equation 2.56), this corresponds to [2) and |3).
The pure triplet eigenstates, |1) and |4), remain unpopulated at the moment
of CT state formation.

While this provides an intuitive picture of the initial spin configuration, a more
general and quantitative framework is required to describe a range of population
mechanisms and the subsequent time evolution of the spin states. This is provided
by the density matrixz formalism, which describes both populations of the eigenstates
and coherences between them and their evolution in time. The density matrix p
provides a complete statistical description of a quantum system.
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2. Fundamentals of Electron Paramagnetic Resonance

The starting point is the definition of a quantum state. A pure quantum state
is represented by a state vector |¢) in a chosen basis |i):

i) =2 1i) (2.62)
with ¢; the coefficient of the basis state |i) in the total state [i)y).

In a more general case, an ensemble of such systems may occupy a mixture of
pure states |1y ), each with an associated probability pg. Such a statistical mixture
is referred to as a mixed state, and is described by the density matrix:

p=2_pk|tr) (Uil (2.63)

where [1x) (1| is the projection operator corresponding to the pure state |t;), and
the probabilities satisfy >, pr = 1. In matrix notation, the projection operator
|tx) (x| corresponds to the outer product gbk@b,i, where 1, is a column vector of
coefficients and z,b,i is its conjugate transpose. p is an n X n Hermitian matrix, where
n is the number of basis states (n = 4 for a CT state with no hyperfine interactions).

The matrix elements of p in this basis are:

pi = (| pl7) =Dk (t|vn) (¥ulj) = Zpkcgk)cgk)* (2.64)
'

k
(k)

where ¢;”’ is the coefficient of basis state |i) in the pure state |¢;). The diagonal
elements p;; represent the populations of basis states |i), while the off-diagonal
elements p;; encode the quantum coherences between states |i) and [j), in the

eigenbasis of the spin Hamiltonian.

In the case of a singlet-born CT state, the system begins in a pure quantum
state, specifically the spin singlet:

[¥) = [S) (2.65)

Expressed in the CT eigenbasis |1) ,]2),3),]4) (in ascending energy order), this
singlet state takes the form (as derived in Equation 2.56):

0
S) = _Czlsn(f (2.66)

0

indicating that the initial state is a coherent superposition of the eigenstates |2)
and |3). The corresponding density matrix at ¢ = 0 is:

0 0 0 0

0 sin?¢ —1sin2¢ 0
pt =0) =8) (S| = ’ (2.67)
0 —3sin2¢ cos’¢ 0

0 0 0 0
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Figure 2.10: Mechanism of singlet-triplet mixing, due to differences in precession
frequencies of the two electron spins.

clearly showing that population is initially confined to eigenstates |2) and |3):
pr=0 po=sin®¢ p3=cos’d py=0 (2.68)

The presence of non-zero off-diagonal elements po3 = p30 = —% sin 2¢ reflects
quantum coherence between |2) and |3), allowing for coherent oscillations between

these eigenstates. In the coupled basis, this corresponds to mixing between
|S) and |Ty).M0

The physical origin of |S) — |To) mixing can be intuitively understood using
the vector model illustration in Figure 2.10. The magnetic moments associated
with the unpaired electrons on the donor and acceptor precess around the external
magnetic field with Larmor frequencies determined by their respective g-values.
If gp # ga, the resulting difference in precession frequencies, dw, causes the
spin configuration to evolve over time, periodically interconverting |S) and |Ty).
Hyperfine interactions can also drive singlet-triplet mixing, particularly at low

magnetic fields where dw is small.

The oscillating microwave field B; induces transitions between spin states by
perturbing the coupled electron spins of the CT state. The resulting interaction
is described by the perturbation Hamiltonian:

oy MeBi(E) o peBi(t)

Ha(t) 9 Spa+ — gaSas (2.69)

The probability amplitude for a transition between eigenstates |i) and |j), by

using Fermi’s Golden Rule from Equation 2.16, is governed by the matrix element:

(2.70)

Py o< ’<i| Sbx+ Sas |j>‘2
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The resulting EPR signal intensity depends on both the transition matrix element
and the population difference between the two states:

L < (p; — pj) Py (2.71)

The sign of the population difference p; — p; determines whether the transition
will be in absorption (p; > p;) or in emission (p; < p;). For the four allowed
transitions (see Equation 2.59), the transition probabilities are:

1 L
P12:P24:§COSZ¢ P13:P34:§Sln2¢ (272)

The population differences between the states involved in the four transi-
tions can be calculated from the previously determined eigenstate populations
in Equation 2.68:

Apiz = p1 — p2 = —sin’ ¢ Apiz = p1 — pg = — cos” ¢

) (2.73)
Ap24=p2—p4:+s1n2¢ Ap34:p3—p4=+cosggb

which, using Equation 2.71, leads to the following four transition intensities, with

corresponding transition frequencies:

1 1
1340(—§Sin2¢COS2¢ W34:W—Q+§<J+D)

1 1
]120<+§sin2¢cos2<b w12:w—Q—§(J+D)

2 2 (2.74)
[24o<—§sin2¢cos2¢ w24:w+Q+§(J+D)

1 1
[130(+§Sin2¢COS2¢ w13:w+Q—§(J+D)

with all transitions having the same magnitude, regardless of the strength of the
coupling, and alternating signs.

A model spectrum is constructed for the EPR signal of a singlet-born CT state,
displayed in Figure 2.11. The spin parameters (gp, ga, J, and d) are the same
as in the thermal equilibrium case in Figure 2.9, but the populations now reflect
generation from a singlet precursor rather than thermal equilibrium. As before, a
Pake pattern is observed for each of the four transitions, but in contrast to thermal
equilibrium, two of the four transitions are now emissive. The overall EPR signal,
resulting from the sum of the four transitions, arises from partial cancellation of

these overlapping, oppositely-polarised transitions.

The examples discussed so far employ well-separated donor and acceptor g-values
to clearly illustrate the influence of the spin-spin interactions J and d on the EPR

spectrum. However, in OPV blends, the difference in g-values is smaller, typically
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Figure 2.11: Left) Powder patterns for the four singlet-born CT state transitions. Single
crystal spectra are also shown, for the dipolar vector parallel (§ = 0° - dark green)
and perpendicular to the magnetic field (§ = 90° - light green). The same simulation
parameters as Figure 2.9 are used. Right) Total EPR spectrum obtained as a sum of the
four singlet-born CT state sublevel transitions (shown as dashed lines).
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Figure 2.12: Simulated powder EPR spectra of a singlet-born CT state for an OPV
blend with distinct g-values (PBDB-T:PCBM) and overlapping g-values (PBDB-T:ITIC),
using spin system parameters from Chapter 5 (Table 5.3 in Section 5.3.3).

within the range 1.99 to 2.01. In such spin systems, the four CT state transitions
occur at similar resonance field positions, leading to extensive spectral overlap
and near-cancellation of absorptive and emissive components. As a consequence,
the EPR spectra of singlet-born CT states in OPVs are exquisitely sensitive to
the magnitude and relative signs of J and d, as well as the relative orientations

of the g-tensor and the dipolar coupling vector.

Simulated powder spectra of two donor:acceptor OPV blends, PBDB-T:PCBM
and PBDB-T:ITIC, are shown in Figure 2.12, using the spin Hamiltonian parameters
determined in Chapter 5, listed in Table 5.3 of Section 5.3.3. In both cases, line
broadening due to g-strain, reflecting the distribution of local molecular environ-
ments, smooths out spectral structure. While this broadening reduces the visibility
of sharp turning points associated with the dipolar coupling constant d, a distinctive
polarisation pattern remains discernible: an eaea-polarised signal. For CT states in
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2. Fundamentals of Electron Paramagnetic Resonance

systems with distinct donor and acceptor g-values, such as PBDB-T:PCBM, the
four transitions are sufficiently separated to retain the alternating eaea polarisation
characteristic of a singlet-born CT state. In contrast, for systems where the donor
and acceptor EPR spectra have significant spectral overlap, such as PBDB-T:ITIC,
the emissive and absorptive transitions coincide spectrally, and the resulting signal
coalesces into an effective ea polarisation. Despite this collapse of the full eaea
signature, the residual ea polarisation remains indicative of a singlet-born CT state.

The simulations of the CT state in PBDB-T:PCBM and PBDB-T:ITIC assume
a negative exchange interaction (J < 0), consistent with experimental findings for
OPV materials.'*! If, in contrast, the exchange coupling were positive, the ordering

of energy levels would change, and an aeae-polarised signal would emerge instead.!?

Triplet-born Charge-Transfer State

The CT state may originate not only from a singlet precursor, but alternatively
from a triplet precursor.'®® In this case, the initial density matrix, p, is expressed
as a statistical mixture of the triplet sublevels:

p(t =0) =pi |T4) (T4| + po|To) (Tol +p- [T-) (T—| (2.75)

where the coefficients p., pg, and p_ reflect the population distribution across
the triplet basis states. These populations depend on the spin polarisation of the
precursor triplet exciton and are governed by formation mechanisms discussed
later in Section 2.4.3.

The initial triplet precursor can exhibit non-uniform spin sublevel populations,

3

which will be preserved during CT state formation,'*® resulting in unequal pop-

ulations across the CT sublevels. Overpopulation of the |T;) and |Ty) states

has been observed experimentally in CT states DNA hairpins that originate from

an intersystem crossing triplet.!44

In the case of a thermalised triplet, the density matrix approximates to:
. 1
pt =0) = T)(T| = S(IT4) (T + [To) (To + [T-) (T-|) (2.76)

The initial populations can be calculated similarly to the singlet-born case
(Equation 2.67), yielding:
=l m=bes, p=len's, pil 217
and population differences for the four transitions of:

Apra =p1 —p2 = +; (1 — cos® ¢) Apiz =p; —p3 =+ (1 — sin® ¢>

(2.78)
(1-sin’¢)

Wl =W =

1
Apyu=pz—p1=—3 (1—cos®¢) Apsa =ps —pa= —
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2.4. Spin-Polarised Photoinduced States

The transition matrix elements Pj; remain unchanged from the singlet-born case
(Equation 2.72), resulting in the following transition intensities, occurring at the
same transition frequencies as for the singlet-born CT state:

1 1
Ig4o<+6sin2gbcos2¢ w34:w—Q+§(J+D)

1 1
Iy x —=sin® ¢ cos® ¢ wm:w—Q—i(J—i—D)

0 : (2.79)
Ig4o<+gsin2gzﬁcos2gb w24:w+Q+§(J+D)

1 1
Ilgoc—gsin2¢cosz¢ w13:w+Q—§(J+D)

Compared to the singlet-born case, the signs of the transition intensities are
inverted, producing an aeae-polarised signal instead of eaea, as shown in Figure 2.13.
Furthermore, the overall intensity is reduced by a factor of three, since all four
eigenstates contain some triplet character and are partially populated in the
thermalised case.

Thermally-populated Charge-Transfer State

At long times after photoexcitation, the CT sublevel populations tend to thermal
equilibrium, described by the Boltzmann population distribution. The four sublevel
populations can be calculated by considering the Boltzmann distribution formula

xT

in Equation 2.46. The Taylor series e™ & 1 — z, with the approximation that

the thermal energy exceeds the sublevel energy, gives:

E

e T 1 o LB 2.80
Pi= =N NN<_I<:BT> (2.:80)

CT Polarisation
Singlet-born
Triplet-born
Thermalised

x5

D —>Q

349 350 351
Magnetic Field (mT)
Figure 2.13: Example EPR spectra for a CT state, originating from a singlet precursor,

a thermalised triplet precursor, and with fully thermalised populations. The thermalised
spin polarisation is very small; hence, the EPR signal is shown multiplied by a factor of 5.
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.
3. . .
where N = }7;e "7 is a normalisation constant.

Using the four spin sublevel energies of the CT state from Equation 2.57, and
the approximation w > ||, |.J],|d|, the thermalised eigenstate populations are:

1 h(—w+i(J+d)) 1
= — — ~ —(1 A
=7y kT ;1A
1 1_h(—Q-i(J+d)) 1
=y kT ! -
2.81
1 h(+Q-1J+d)\ 1
BENT kT T
1 h(—w%—i(Jde)) 1
=—_|1= ~—(1-A
P4 N kpT 4( )
where .
A=— 2.82
T (2.82)

Lower energy sublevels are populated more than higher energy levels, and each
allowed transition is absorptive with a population difference of A/4. At X-band
microwave frequency (9.8 GHz) and T' = 20K, A = 1%. Spin polarisation for a
thermalised CT state is far lower than those seen for the singlet- or triplet-born
cases, as demonstrated in Figure 2.13. The difference in signal intensity is apparent:
the thermalised CT state is shown x5 magnitude and yet is still a weaker signal
than those of the spin-selective mechanisms.

2.4.3 'Triplet States

The EPR spectrum of triplet states is dominated by the zero-field interaction,
as discussed in Section 2.2.3, because the two electron spins reside on the same
molecule. The spin Hamiltonian for a triplet state is given by the zero-field and

electron Zeeman interactions:

Hr = Hez + Hor (2.83)

At low fields, Hr ~ H,e and the energies can be approximated by the zero-field
energies given in Equation 2.26, governed by the zero-field splitting parameters
D and E. At high fields, the energies of the spin sublevels will be additionally
affected by the electron Zeeman interaction, with a dependence on the alignment
of the D-tensor relative to the magnetic field By. If one of the principal axis of
D is aligned with By, the energy of its spin sublevel will remain unchanged as
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2.4. Spin-Polarised Photoinduced States

a function of a field (denoted Ty, with Mg = 0), while the remaining two spin
sublevels will split into the lower (Mg = —1) and higher (Mg = +1) energy spin
states. This behaviour arises because the high-field states |T,),|To),|T-) are
linear combinations of the zero-field states |Tx),|Ty),|Tz), with the magnetic

field direction selecting which zero-field component maps onto |Ty).

In OPV blends with small g-value anisotropy, g can often be approximated as gis,

when measuring at X-band. For the case where the z-axis of D is aligned along By:

1 iso B 2
E+:3D+\/E2+<HBO)

h
2
Ey= B, =-3D (2.84)
1 gisoluBBO 2
E_ =D\ E? <)
3 ¢ \a

The triplet selection rules apply here (AS = 0, AMg = +1) and the tran-

sitions observed are:

IT-) < [To) [To) <> |T4) (2.85)

In some cases, the formally forbidden AMg = £2 half-field transition (|T_) <
|T,)) can also be detected at approximately half the resonance field of the allowed

AMg = £1 transitions, although it is typically much weaker in intensity.'4®

In a powder sample, every molecular orientation contributes two such transitions,
with resonance fields determined by the alignment of the D-tensor principal axes
relative to By. The three canonical orientations (principal axis of the D-tensor)
produce six characteristic transitions, denoted Xy, Y., and Z,, which manifest

as turning points in the triplet EPR spectrum.

When these turning points are well-resolved, the zero-field splitting parameters D
and E can be extracted directly: the separation between the Z, and Z_ transitions
equals 2D, while E is determined from the relative positions of the X and YV
turning points, as illustrated in Figure 2.14. The spectral shape is insensitive to
the sign of D and F, and the sign of D requires advanced spectroscopic methods to
resolve, such as optically detected magnetic resonance or magnetophotoselection
experiments.'#® The spin polarisation pattern also depends on the populations of the

triplet sublevels, which in turn are governed by the mechanism of triplet formation.
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2. Fundamentals of Electron Paramagnetic Resonance
Intersystem Crossing Triplet

In both pristine donor and acceptor molecules, as well as blended donor:acceptor
OPVs, the singlet exciton generated by photoexcitation can, instead of dissoci-
ating into a CT state, undergo conversion to a triplet exciton via intersystem
crossing (ISC). Although ISC from S; to T; involves a change in spin angular
momentum that formally violates the AS = 0 selection rule, spin-orbit coupling
relaxes this restriction by conserving angular momentum even if the spin angular
momentum changes. In organic molecules comprised of light atoms, direct spin-
orbit coupling is typically weak and insufficient to drive ISC efficiently. Instead,
ISC predominantly occurs through a spin-vibronic mechanism, where vibrations
simultaneously modulate electronic states and facilitate spin-orbit coupling-mediated

mixing between S; and T;.107

In aromatic 7w-conjugated systems, such as the polymer donors and non-fullerene
acceptors, the efficiency of ISC depends on the type of orbital mixing involved.
When both the S; and T, states are predominantly 7 — 7* in nature, ISC is
typically weak. However, vibrational modes, strongest in the molecular plane,
can enhance ISC by introducing o-orbital character, which increases spin-orbit
coupling.'*” As a result, the populations of the triplet sublevels are selectively
distributed within the molecular frame, leading to unequal zero-field populations

(px : py : pz) along the molecular axes.

When one of the principal axes of D is aligned with B, the triplet sublevel
populations in the high-field basis are related to the zero-field populations by:

S 1
Bolli (i,5,k=X,Y,2) Po = P pizi(pj + pr) (2.86)
The polarisation of the overall EPR signal will then depend on the population
differences, determining whether each of the six canonical transitions will be
absorptive or emissive. Each canonical orientation will give one absorption and one

emission. For a triplet where ISC predominantly populates the X and Y sublevels,

an eeeaaa signal polarisation, as shown in Figure 2.14, would be obtained.

The relative populations of the triplet sublevels determine the observed signal
polarisation. Spin-polarised triplet states formed via ISC exhibit a variety of
polarisation patterns, which can be broadly categorised into six distinct types:!4°

eeacaa, aaeaece, eacaea, aeaeae, aaaeece, and eeeaaa, as displayed in Figure 2.16.
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Figure 2.14: Top) Energies of the triplet sublevels as a function of magnetic field for
alignment with the canonical orientations X, Y, and Z of the D-tensor. A transition is
observed when the microwave energy matches the energy gap of an allowed transition:
|T_) <> |To) or |Ty) <> |T+). Each canonical orientation gives one absorption and one
emission, with sublevel populations illustrated by the size of the circles. Bottom) For
the case of px = py > pz, and D > 0, E < 0, an eeeaaa polarisation is observed for the
ISC triplet. The zero-field splitting parameters can be determined from the resonance
positions of the canonical transitions.

Geminate Recombination Triplet

Intersystem crossing is not the only way to form a triplet in a donor:acceptor
OPYV blend. After formation of the CT state at the donor:acceptor interface, the
spins may recombine to form a triplet exciton instead of dissociating into separated
charges. This process is called geminate recombination: geminate referring to the
triplet spins arising from the same CT state without separating. The spins remain

correlated, maintaining the spin configuration of the precursor state.'“®

Formation of the CT state from a singlet precursor will preserve singlet spin
character, populating only the CT eigenstates with singlet character: |[2) =
cos ¢ |To) —sing [S) and [3) = sin¢ |Ty) + cos @ |S). States |2) and |3) contain
only |S) and |Ty) spin character, and so, following recombination to a triplet
state, the |Tg) triplet eigenstate will be preferentially populated over the |T,)
and |T_) spin states:

p(t = 0) = |To) (T (2.87)
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Figure 2.15: Triplet sublevel energies as a function of magnetic field for a triplet formed
by geminate recombination. Only the T sublevel is populated, independent of orientation,
resulting in an aeeaae-polarised EPR signal (see Figure 2.16), unachievable through the
ISC mechanism.
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Figure 2.16: Possible spin polarisation patterns for the EPR spectrum of an intersystem
crossing triplet and a geminate recombination triplet.

Preferential population of the |Ty) sublevel is independent of molecular orienta-
tion, as demonstrated in Figure 2.15, in contrast to ISC-generated triplets, where
zero-field populations along the molecular axes {|Tx),|Ty),|Tz)} determine the
orientation-dependent, high-field populations.!4® In a triplet formed from geminate
recombination, the selective |T() population results in one of two possible spin
polarisation patterns: aeeaae for D > 0, E < 0, or eaaeea for D < 0, E > 0,

with no other patterns observed.

This contrast in population selectivity means that spin polarisations arising from
geminate recombination differ from those produced by ISC triplets. As a result,
EPR spectroscopy can reliably distinguish between these two triplet formation

mechanisms, visualised in Figure 2.16.
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2.5. EPR Instrumentation

Non-Geminate Recombination Triplet

There is a third mechanism for triplet formation in OPV blends: non-geminate
recombination. Separated charges, formed after dissociation of the CT state,
can re-encounter to reform a CT state that then recombines to form a triplet
exciton.”® Because the spins have undergone charge separation, they have lost their
initial spin correlation.!'? As a result, upon recombination, all spin eigenstates

are populated equally. Formally:

p(t =0) = 5 (IT4) (T + [To) (To| + [T-) (T-) (2.88)

Wl

With equal populations in each triplet eigenstate, all transitions have zero
net intensity initially. Over time, the spin populations relax towards Boltzmann
equilibrium, resulting in a weak, purely absorptive EPR signal. Since the thermal
energy greatly exceeds the triplet sublevel energy splittings, the resulting spin
polarisation is minimal, and the EPR signal is significantly weaker than those

arising from either intersystem crossing or geminate recombination triplets.'

2.5 EPR Instrumentation

With the theoretical foundation of electron spins and their interactions estab-
lished, attention is now turned to how these properties are accessed experimentally.
In EPR spectroscopy, spin transitions are induced by microwave excitation, ap-
plied either continuously or in pulses. The system’s response is detected either
through the absorption of microwave power or through the detection of time-
dependent magnetisation resulting from the precession of spin ensembles. From
these measurements, spectra are obtained that reflect the spin Hamiltonian and
thus provide detailed information about the electronic environment, molecular

structure, and spin dynamics.

In continuous-wave EPR, a constant microwave field is applied while the magnetic
field is swept; in pulse EPR, short bursts of microwave power are used to manipulate
spin populations and coherences. Each approach offers distinct advantages, with
continuous-wave EPR suited to routine spectral acquisition and pulse EPR enabling

precise measurements of spin interactions and dynamics.

The most common commercial systems operate at microwave frequency bands
of X-band (9.8 GHz, 0.35T), Q-band (33.9 GHz, 1.2T), and W-band (94 GHz,
3.4T). Higher microwave frequencies offer increased sensitivity, enhanced spectral
resolution, and greater ability to resolve anisotropic interactions and overlapping
features. However, these benefits come at the cost of increased complexity and
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2. Fundamentals of Electron Paramagnetic Resonance

stricter limitations on sample size. This section briefly describes the core components
of EPR spectrometers; the architecture and function of spectrometers for time-
resolved and pulse EPR is described in more detail in several textbooks, including
those by Hemminga,'? Schweiger and Jeschke,'!” Stoll and Goldfarb,'** and Weil

and Bolton.'!8

An EPR spectrometer consists of three primary components: a magnet, a
microwave bridge, and a resonator. For light-induced EPR experiments, a pulsed
laser is also required to generate spin-polarised states, synchronised precisely with

data acquisition.

The magnet generates the static magnetic field By that induces Zeeman splitting
of the spin energy levels. To ensure reliable and high-resolution measurements, the
field must be highly stable and homogeneous across the sample volume. X-band
and Q-band spectrometers typically use electromagnets, while the higher magnetic

fields required for W-band operation are achieved using superconducting magnets.

The microwave bridge generates, monitors, and detects the microwave radiation
used to manipulate electron spins. It houses a stable microwave source that produces
microwaves at a specified frequency, which are directed to the resonator holding
the sample. When the resonance condition is met, the microwave magnetic field
B; induces transitions between electron spin states. The absorption of microwaves
affects the intensity of the reflected microwaves, which is detected in the bridge
and forms the basis of the EPR signal. The exact detection method depends
on the type of experiment, continuous-wave or pulsed, and determines how the

signal is processed.

The resonator is a critical component of the spectrometer, essential for enhancing
sensitivity given the low spin polarisations in EPR spectroscopy. It confines the
microwave energy into a small cavity by creating a standing wave within the
resonator, maximising the magnetic field component (B ) that drives spin transitions
at the position of the sample, while minimising the electric field component to
reduce dielectric losses, sample heating, and background artefacts. This is especially
important for samples in high-dielectric solvents, like water, which strongly absorb
microwaves through their electric field. The sample, contained in an EPR tube, is
positioned at the resonator’s centre where the microwave field is strongest. EPR
sample volumes are determined by the microwave frequency and the type of resonator,

with typical outer diameters of 4 mm for X-band down to 0.9 mm for W-band.
The quality factor, @), of the resonator, defined as:

4

Q=% (2.89)
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Figure 2.17: Microwave power reflected back to the microwave bridge as a function of
a microwave frequency, shown for different coupling of the resonator to the microwave
bridge. The resonator bandwidth is determined by the full-width half-maximum of the
resonator coupling profile.

characterises how efficiently microwave power is stored in the resonator and
transferred to the sample. vy is the resonator’s central frequency and Av its
bandwidth. The interaction between the microwave source and the resonator can
be characterised into three distinct coupling regimes, displayed in Figure 2.17.

In the undercoupled regime, much of the microwave power is reflected back
towards the source, resulting in weak interaction with the sample and a high Q-
factor, but poor signal strength; this is generally undesirable in EPR. In the critical
coupling regime, power transfer is maximised with minimal reflection; under
these conditions, the resonator efficiently stores energy and is most sensitive to
changes in reflection caused by microwave absorption on resonance. When in the
overcoupled regime, the resonator loses the ability to store energy efficiently,
lowering the Q-factor and broadening the bandwidth, which reduces sensitivity but

allows excitation of a broader range of spins of different resonance conditions.

Charge-transfer and triplet states in OPV blends often exhibit short lifetimes
and rapid spin relaxation at room temperature, limiting both the detectability
and sensitivity of EPR signals. To overcome this, measurements are performed at
cryogenic temperatures, where kinetics is slowed and relaxation extended. These
conditions are achieved using a cryostat: the sample, and sometimes also the
resonator, is placed in a vacuum-insulated chamber cooled with liquid helium or

nitrogen and stabilised via active temperature control.

Field Calibration

Accurate determination of g-values is essential in EPR spectroscopy, as it
provides a unique fingerprint for identifying and characterising paramagnetic species.
Calculating the g-value using the resonance condition in Equation 2.15 requires
precise measurement of both the magnetic field and microwave frequency. Typically,
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the magnetic field is set by adjusting the current in the magnet until the field
measured by a Hall probe reaches the desired value. However, because the Hall
probe is positioned differently from the sample, there is often an offset between
the measured field and the actual field experienced by the sample. To correct
for this, calibration is performed using a standard sample with a well-known
g-value, such as NQCg.'®° A detailed description of the calibration procedure

is provided in Appendix A.

2.6 Time-Resolved EPR

Time-resolved EPR is a variant of continuous-wave EPR where the signal is
monitored as a function of time following a short laser pulse that both generates the
paramagnetic species and triggers data acquisition. The measurement is performed
at a fixed magnetic field, detecting changes in the microwaves reflected from the
resonator caused by the absorption or emission of the applied microwave field
by the spins. After averaging multiple time profiles (transients) to improve the
signal-to-noise ratio, the magnetic field is incremented in small field steps and the
process is repeated. This yields a two-dimensional dataset, illustrated in Figure 2.18,
where the EPR intensity is recorded as a function of both time and magnetic field:
Igpr = f(t, B). Time-resolved EPR is especially effective for detecting species

exhibiting large non-Boltzmann spin polarisations.

Maximising signal-to-noise ratio is essential in time-resolved EPR and is achieved
through critical coupling of the resonator. This condition optimises microwave power
transfer, minimises reflection losses, and maximises the quality factor @), thereby
enhancing the resonator’s sensitivity. However, a narrower bandwidth also increases
the resonator’s response time, or rise time, because the resonator stores energy
for longer and responds more slowly. This instrumental time response dampens
fast transient features in the signal. Consequently, excessively high Q)-values can

obscure short-lived spin polarisations, limiting the detection of rapid dynamics.!?®

The laser repetition rate, typically between 10 and 50 Hz and limited by the
laser’s capabilities, is chosen to allow complete relaxation of photoexcited states
before the next laser pulse. Excitation is delivered either through an optical window
in the resonator or via optical fibres inserted into the sample tube, depending

on the spectrometer design.
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 puls®

Figure 2.18: Schematic of a time-resolved EPR spectrum showing the evolution of
signal intensity as a function of magnetic field and time after laser excitation. Both
absorptive (blue) and emissive (red) features are observed, arising from non-Boltzmann
spin polarisation. Slices through the surface at specific fields or times allow interpretation
of either the spin dynamics at a fixed field or the spectrum and spin polarisation at a
fixed delay after excitation.

2.7 Pulse EPR

Pulse EPR involves applying short, high-power microwave pulses while vary-
ing parameters such as magnetic field strength, pulse lengths, time delays, and
frequencies. This approach not only enables selective excitation of specific spin
transitions but also permits the design of advanced pulse sequences that isolate
and precisely measure different spin interactions, beyond what continuous-wave

methods can achieve.

A critical consideration in pulse EPR is the need for broad excitation bandwidths
to uniformly excite spins across a wide spectral range. To accomplish this, the
resonator is operated in the overcoupled regime, which lowers the quality factor ()
and consequently increases the resonator bandwidth. While a high Q)-factor enhances
sensitivity by efficiently storing microwave energy, it restricts the bandwidth and
thus limits the range of spins that can be excited by short pulses. Operating
with a reduced @) therefore represents a trade-off to achieve sufficient bandwidth

for these intense pulses.

To generate these pulses, the microwave bridge is equipped with fast switches, or
more recently, arbitrary waveform generators for the generation of arbitrary pulse
shapes through digital to analogue conversion, and high-power amplifiers, enabling
the delivery of short, intense microwave bursts. These pulses simultaneously excite
many spin transitions or broad distributions of spins. Immediately following each
pulse, the spectrometer experiences a brief period known as dead time, during
which signal detection is suspended. This is necessary because the resonator and

detection system undergo ringing: prolonged oscillations of residual microwave
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energy at the operating frequency after the pulse. This lingering energy obscures
the much weaker spin signals and can damage sensitive components such as the
detector. By suspending detection during this dead time, the system protects

itself and allows the ringing to decay.

Once the dead time has elapsed, the system can resume detection. The detected
signal is routed through a pulse detection unit and recorded using quadrature
detection, which separates the signal into real and imaginary components. This

allows full characterisation of the spin magnetisation’s amplitude and phase.

More specialised pulse EPR techniques require additional hardware. For
example, ENDOR combines electron and nuclear spin transitions, necessitating a
radiofrequency pulse generator and amplifier alongside the microwave components.

To understand pulse EPR experiments, it is instructive to consider the collective
behaviour of an ensemble of electron spins, each possessing a magnetic moment.
When placed in an external static magnetic field By, these magnetic moments
partially align with or against the field, corresponding to the spin states |a) and |3),
respectively. Due to the slight energy difference between these states at thermal
equilibrium, there is a small excess population in the lower-energy |3) state. The net
result is a macroscopic magnetisation vector, M, which represents the vector sum
of all individual spin magnetic moments in the ensemble. This net magnetisation

aligns along the +z-axis, parallel to By.

2.7.1 The Effect of a Pulse

To manipulate the net magnetisation vector M, a short pulse of linearly polarised
microwave radiation is applied perpendicular to the external magnetic field By.
The microwave field, By, oscillates along the x-axis at a frequency wy,w ~ wgy, where
wp is the Larmor precession frequency of spins around By, and is much weaker in
magnitude than By. This time-dependent field causes M to precess around the
instantaneous effective magnetic field given by the vector sum of By and B;. In

the laboratory frame, this precession is complicated by the oscillatory nature of Bj.

To simplify the analysis, it is convenient to express the linearly-polarised field
as a superposition of two circularly-polarised components rotating at +wy,, and
—Wnyw around By. By transforming into a rotating reference frame that rotates at
the same frequency as one of the two components (wyot = +wWmyw), this component
of By becomes static. The counter-rotating component will then precess at twice
Wiy and its frequency will be too dissimilar to wy to affect the spins in a significant
way, and so can typically be neglected. In this rotating frame, the static external

field By transforms into an effective field AB aligned along z. Thus, in the rotating
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Figure 2.19: Visualisation of the laboratory and rotating frame. In the laboratory
frame, By linearly oscillates along x with frequency wpyw, which can be decomposed into
two components rotating around By with frequencies +wpyw and —wyy. The rotating
frame, rotating around By with frequency “+wmny, simplifies interpretation of the effect of
a pulse by removing the time dependence of Bj. In this frame, By is static, while By
becomes A B, where an electron spin will precess around this effective AB field with offset
frequency Aw = wy — wmw. The magnetisation vectors are not to scale: By > By > AB.

frame, the magnetisation M precesses about an effective static field composed of
B in the transverse plane and AB along z. The laboratory and rotating frame
representations are visualised in Figure 2.19.

In the rotating frame, when the microwave pulse is on resonance (Aw = wy —
wmw = 0 and so the effective field strength AB = 0) and applied along z, M is
rotated from the z-axis towards the transverse plane. For a pulse with a flip angle
of § = 7, the magnetisation is rotated entirely into the zy-plane, pointing along

the negative y-axis. This evolution can be described as:

M, 0 0
M=|M|=]|0 Py M= ~Mysing (2.90)
M, M Mg cos 3

where the flip angle S is defined by:

_ geMBBl
h

with w; as the amplitude of the oscillating microwave field B;, and ¢, as the

(2.91)

B = wltp w1

duration of the pulse. A larger flip angle can thus be achieved by increasing either
the pulse amplitude w; or its duration ¢,. w; is the precession frequency of spins
about Bj in the rotating frame, known as the Rabi frequency, which is much slower

than precession around By, as B; < By.

If AB = 0, the magnetisation remains stationary in the rotating frame after
the pulse, as By is no longer applied and there is no field for the magnetisation

to precess around. Off-resonance (AB # 0), the magnetisation vector precesses

67



2. Fundamentals of Electron Paramagnetic Resonance

about A B with offset frequency Aw. After a (g) -pulse, this precession occurs
in the transverse plane:
My sin (Aw t)
M(t) = | =My cos (Awt) (2.92)
0

The transverse components M, (t) and M,(t) correspond to the imaginary
and real coefficients, respectively, of the complex signal recorded via quadra-
ture detection:

I(t) = —Me 8wt (2.93)

In reality, relaxation processes must also be accounted for. Following a Z-pulse,
the longitudinal component M, returns to equilibrium magnetisation M, with a
time constant 7) (longitudinal relaxation), while the transverse components M,
and M, decay with a time constant 75 (transverse relaxation), as illustrated in
Figure 2.20. Including these effects, the evolution in the rotating frame becomes:

My sin(Awt) eTs
M(t) = | —Mopcos(Awt)e™ (2.94)
MO (1 — e;{>

where the time-dependent behaviour of M (t) is derived from solution of the Bloch

51

equations,'® a set of first-order differential equations that describes the rate of

change of the magnetisation with time in the rotating frame:

dM, M
T — _AwM, — =
dt WMy
dM, M
=AwM, — ¢ 2.95
dt W Ma T, ( )
dM, M, — M,
dt T,

The transverse components M, (t) and M,(t), which precess and decay following
the pulse, give rise to a time-domain signal known as the free induction decay (FID).

M M M,

X y

Figure 2.20: Time-dependence of the components of the magnetisation vector in the
rotating frame following an off-resonant (%), pulse, as described by Equation 2.94.
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Figure 2.21: Evolution of the magnetisation during the Hahn echo pulse sequence.
During the first delay 7, the net magnetisation (blue vector) fans out due to variations in
Larmor frequencies across different spin packets. After an inversion m,-pulse and another
delay 7, the spin packets refocus, and the net magnetisation can be measured along +y.

This signal reflects the coherent transverse magnetisation and contains information
about the offset frequency Aw, which depends on the g-value, and the relaxation
time T5. In practice, however, the FID decays rapidly, usually within the instrument
dead time, making direct detection challenging.

To overcome this, a signal can instead be obtained using the two-pulse Hahn echo

sequence displayed in Figure 2.21.** First, a (%)m—pulse brings the magnetisation
into the transverse plane, followed by a delay 7. Because the ensemble of spins will
have a distribution of Larmor frequencies wy, not all the spins in the ensemble M
will be on resonance. M can be considered as a group of spin sub-ensembles (spin
packets), where all spins in a given packet have the same wy and, therefore, offset
frequency Aw in the rotating frame. Each spin packet’s precession during the delay
7 is governed by the expression for M (t) from Equation 2.92; relaxation effects
can be neglected if 7 is short. If the spin packet is on resonance, it will remain
stationary during the delay 7. All off-resonant packets will precess either clockwise
(wo > wmy) or anticlockwise (wy < wpy) around AB. This ‘fanning out’ of the
contributions of different spin packets to the overall magnetisation, or dephasing,

reduces the M, and M, components of the net magnetisation M.

A second microwave m,-pulse rotates the spin packets by 180° around the z-axis
and the packets continue to precess in the same direction and at the same frequency
as before. After another delay of 7, all the spin packets are refocused, and point
along +y. The magnetisation M can be measured as a spin echo at 27 after
the initial pulse with no concern about spectrometer dead time, as 7 is chosen to
be longer than the dead time to ensure the echo is detectable. As 7 lengthens,

spin relaxation can no longer be neglected and the evolution of the magnetisation

**Although commonly referred to as the Hahn echo sequence after American physicist Erwin

Hahn, his original experiment employed a Z — Z pulse sequence.'®2 This was later extended by

272
Carr and Purcell to the now-standard § — 7 sequence.'®?
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vectors of different spin packets are better represented by the form of M (t) in
Equation 2.94. Relaxation leads to irreversible dephasing, reducing the number of

spins that rephase at 27, thus diminishing the echo intensity.

In addition to generating the desired echo, the Hahn echo sequence also
produces FIDs immediately following each microwave pulse. Although these
FIDs begin at different times than the spin echo, their residual signal can extend
into the time window where the echo is detected, leading to temporal overlap
and distortion of the echo shape. As pulse sequences become more complex
and incorporate additional pulses, further unwanted signals, including additional
FIDs and overlapping, stimulated or refocused echoes, can arise and may interfere
with the measurement of the intended signal. To minimise these effects, phase
cycling is employed. This technique involves systematically varying the phases
of the microwave pulses across repeated executions of the sequence. A (g)z-
pulse transfers magnetisation from the z-axis to the —y-axis, while a pulse of the
opposite phase, (3)_., rotates it into the +y direction. By carefully selecting
and combining sequences with different pulse phase configurations, phase cycling
selectively enhances the desired spin echo while effectively cancelling unwanted

signal contributions.''"1%4

The preceding discussion assumed that all spins are uniformly excited by the
microwave pulse, resulting in a net magnetisation vector aligned along the z-axis
of the rotating frame for all spin packets after the pulse. In practice, however,
spins with different resonance frequencies experience different excitation due to the
limited spectral bandwidth of the pulse. For a rectangular pulse, the excitation
Sin(A”)), with the excitation bandwidth

profile follows a sinc function (sinC(Au) = =

Av approximated as:''”

Av =~ (2.96)

1
tp

This means short pulses have wide bandwidths and can excite a broader portion
of the EPR spectrum (non-selective excitation), whereas longer pulses have narrow
bandwidths and selectively excite spins within a limited frequency window. A 20ns

rectangular pulse corresponds to an excitation bandwidth of 50 MHz or roughly
1.8 mT, while a 200 ns pulse narrows the bandwidth to 5 MHz or around 0.18 mT.

Non-selective and selective pulses serve different purposes in pulse EPR. Non-
selective pulses aim to excite as broad a portion of the spin ensemble as possible,
which is useful in experiments that require detecting ensemble behaviour, for
instance measuring relaxation times. Selective pulses are employed to isolate

specific subsets of spins in systems where spectral features overlap. This selective
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excitation is particularly helpful in orientation-selective experiments, where spins

with certain orientations relative to the magnetic field are probed.

For systems exhibiting anisotropic g-values, the resonance field position depends
on the molecular orientation relative to By. Excitation at the g, (or g, or g.)
field position, with a pulse of very narrow bandwidth, corresponds to selecting
molecules whose molecular g,-axis is approximately aligned with By (ge = ¢.)-
This phenomenon, known as orientation selection, allows experiments to probe
spin packets corresponding to defined molecular orientations, and infer detailed

information about the relative orientations of other anisotropic interaction tensors,
like D and A.

An illustration of orientation selection is shown in Figure 2.22. The EPR
spectrum uses the simulation of one of the electron acceptor molecules ITIC™
from Chapter 3 (Figure 3.11 in Section 3.3.3), a system with orthorhombic g¢-
values (g, = 2.0021, g, = 2.0030, and g, = 2.0038). A m-pulse of duration
100 ns, with a bandwidth of 1 MHz or 0.36 mT, is applied at the resonance field
position corresponding to the g,, g,, or g, principal values (shown in blue, red,
and green). This pulse selectively excites spin packets whose g-values match

the resonance condition.

At X-band, the spectral separation between g, g,, and g, is small relative to the
pulse bandwidth. As a result, the excitation profile (shown in colour) overlaps with

X-Band %y Q-Band g, W-Band g,
9: I v g
x gX
A \X /Y aft \v
v
349 350 1208 1210 1212 3350 3360
Magnetic Field (mT) Magnetic Field (mT) Magnetic Field (mT)

gx gy gz gx gy gz gx gy gz
z z V4 z z z z z z
X X X X X X X X X

Figure 2.22: Excitation bandwidth and orientation selection effects of a m = 100 ns pulse,
at X-, Q-, and W-band, using the simulated spectra and g-values of the non-fullerene
acceptor ITIC™ from Chapter 3 (Figure 3.11 in Section 2.8.2). Simulated spectra are
shown in black, with excitation profiles of the pulse displayed in colour. The subset of
spins excited by the pulse is illustrated by the shaded regions on the spheres, with greater
orientation selection achieved at higher microwave frequencies.
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the resonance positions of spin packets corresponding to other orientations as well.
Consequently, a pulse at the g, resonance position excites not only molecules with
the g,-axis aligned with the field, but also a substantial fraction with orientations
closer to the g,- and g.-axes.

At higher microwave frequencies (e.g., Q- and W-band), the separation in
resonance fields between the principal g-values increases, since the electron Zeeman
interaction scales with the external magnetic field strength By. The field separation
between the g, and ¢, resonance positions for ITIC™ is 2.8 mT at W-band, compared
to only 0.29mT at X-band. The same 100 ns pulse, of bandwidth 0.36 mT, thus
excites a much narrower subset of orientations at W-band, enabling significantly

improved orientation selection.

This trend is illustrated in Figure 2.22, where shaded regions on the surface of
a sphere represent the range of molecular orientations (orientations of By relative
to the molecular g-frame) that are excited by the pulse. In the sphere with
selected orientations in blue, where excitation occurs at the g, resonance position,
orientation selection at W-band is evident from the tight shading near the g,-axis
direction: only molecules with their g,-axis approximately aligned with By are
excited. At X-band, the shaded area is much broader: molecules with their g,-
and even g.-axes partially aligned with By also fall within the pulse bandwidth,

resulting in minimal orientation selection.

This orientation selection is especially advantageous in EPR spectroscopy tech-
niques that probe electron-nuclear hyperfine interactions. Each field position in the
EPR spectrum corresponds to a specific orientation of the molecular g-frame relative
to the external field, allowing for orientation-resolved measurements of hyperfine
interactions. By selectively probing distinct orientations, it becomes possible to
extract individual components of the hyperfine tensor along defined molecular
axes. At high microwave frequencies, this enhanced selectivity improves spectral
resolution, reduces overlap of peaks from different nuclei or tensor orientations, and
enables more precise determination of spin-density distributions and the geometric

configuration of nearby nuclei.

2.7.2 Spin Relaxation

Relaxation in EPR experiments arises from the interaction of electron spins
with other spins and their environment, driving the system back towards thermal
equilibrium after perturbation by microwave pulses. There are two primary
mechanisms: longitudinal relaxation (77) and transverse relaxation (73).
Longitudinal relaxation involves the transfer of energy between the spin system and

its surroundings, re-establishing the Boltzmann population difference between spin
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states and restoring the longitudinal (z-axis) magnetisation. Transverse relaxation,
in contrast, refers to the loss of phase coherence among spins in the transverse plane.
Relaxation processes cannot be fully understood using classical models like the
vector picture of M, as they fundamentally involve quantum mechanical events, such

as discrete spin flips (Ja) <> |5)) and transitions between quantised energy levels.

Longitudinal Relaxation

The mechanisms driving longitudinal relaxation differ depending on the type
of sample. In liquids, rapid molecular motion modulates anisotropic spin inter-
actions (g, D, and A), creating fluctuating local magnetic fields that induce
spin flips. Collisions with other paramagnetic species, notably molecular oxygen,
also contribute. In solids, like OPV films, where molecular motion is restricted,
relaxation occurs via interactions with phonons, quantised vibrational modes of the
surrounding environment that behave like quasi-particles and serve as carriers of
thermal energy. Spin flips, transitions between |«o) and |/3), are accompanied by
an absorption or an emission of a phonon, enabling exchange of energy between

the spins and the environment.

Lattice vibrations allow the spin system to exchange energy with its surroundings
through three key mechanisms.'® The direct process involves the absorption or
emission of a single phonon whose energy matches the separation between spin
energy levels. This process dominates at low temperatures and high magnetic
fields, and its relaxation rate scales roughly linearly with temperature due to the
thermal availability of low-energy phonons.

At higher temperatures, two-phonon relaxation mechanisms become dominant.
The Raman process involves a virtual intermediate state where the electron spin
interacts with two phonons, absorbing one and emitting another, allowing relaxation
without accessing a real excited spin state. This process follows a steep temperature
dependence, typically scaling as 77 to T?. In contrast, the Orbach process proceeds
via a real, thermally-accessible excited spin state: a phonon excites the electron
to this state, from which it relaxes back to the ground state by emitting a second
phonon. This leads to an Arrhenius-type temperature dependence and becomes
significant when the thermal energy is comparable to the energy gap between the
ground and excited states. Given the number of competing relaxation processes, it

is generally difficult to assign a measured relaxation rate to a specific process.

T} is commonly measured using the inversion recovery pulse sequence in Fig-
ure 2.23, which directly monitors the recovery of magnetisation along the z-axis
after inversion. An initial m,-pulse inverts the magnetisation from +2z to —z. Over

a variable delay time T, the magnetisation begins to return towards equilibrium
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Figure 2.23: Vector model representation and pulse sequence of the inversion recovery
experiment and a typical inversion recovery curve used to determine 77.

due to energy exchange with the surroundings. A subsequent Hahn echo sequence,

(5)2 — T — ™, — 7, probes the magnetisation that has returned along the z-axis
as a function of the inversion recovery delay. Repeating the experiment over a
series of delays yields an inversion recovery trace from which 77 can be extracted.

The echo intensity follows the equation:
I(T) = I (1 - zeTlT) (2.97)

with Iy the intensity at 7" = 0.

In most samples, the recovery of longitudinal magnetisation following an inversion
pulse is better described by a multi-exponential rather than a mono-exponential
decay. This can arise from a distribution of intrinsic longitudinal relaxation times
across different environments within the sample, each contributing to the overall
signal. Extracted time constants only represent effective values of the distribution

of T values, and must be interpreted with caution.

The inversion recovery is also affected by spectral diffusion: time-dependent
shifts in a spin’s resonance frequency caused by changes in its magnetic surroundings,
for example, spin flips of nearby nuclei or other electrons.!'"!5* These shifts can move
spins in or out of the frequency range detected by the microwave pulses, especially
in systems with broad EPR lines or at high frequencies where the excitation
bandwidth is narrow compared to the spectral width. This produces apparent
changes in magnetisation that resemble relaxation, even though no true energy
exchange with the environment has occurred. Using pulses with broader excitation
bandwidth can reduce the influence of spectral diffusion. This pseudo-relaxation
process occurs relatively quickly compared to genuine longitudinal relaxation, so it
may appear as a fast decay component in the inversion recovery curve.'®® In such
cases, the slower 77 component of a bi-exponential fit is usually more representative

of the true longitudinal relaxation time.
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Transverse Relaxation

Transverse relaxation describes the decay of transverse magnetisation due to loss
of phase coherence among an ensemble of spins. Unlike longitudinal relaxation, it
does not involve net energy exchange with the environment but requires interactions
that disrupt coherent spin dynamics.!'”1" A key mechanism is spin-spin relaxation,
which includes energy-conserving flip-flop processes where two neighbouring spins
simultaneously exchange their spin states: |ag) — |51) and |52) — |aa). These flip-
flops preserve the overall spin population but cause phase coherence to decay, leading
to dephasing of the transverse magnetisation. For organic radicals, decoherence

is predominantly driven by interactions with nearby nuclear spins.!*®

Phase coherence is also diminished by longitudinal relaxation through single-spin
flips; however, this process is roughly half as effective at destroying coherence as
the flip-flop transitions that involve two spins. The total transverse relaxation

rate is given by:

1 1 1

S 2.98
T o (2.98)

where T denotes the pure spin-spin dephasing time (excluding longitudinal effects),
and T; is the longitudinal relaxation time. From Equation 2.98, it follows that
T, < 2T); there is no phase coherence at equilibrium. In liquids, 7 < 27
and therefore T, < Ty.117

In practice, transverse relaxation is measured via the phase memory time, 7},
which describes the decay of spin echo intensity as the inter-pulse delay 7 of the
Hahn echo pulse sequence increases. Unlike the intrinsic transverse relaxation time
Ty, T, encompasses additional dynamic processes that cause changes in the local
magnetic environment, shifting electron spin resonance frequencies and preventing
perfect refocusing. Because of these extra contributions, T}, represents a lower
bound on 7. The main additional contribution to 7T, decay is spin diffusion, which
includes spectral diffusion, instantaneous diffusion, and nuclear spin diffusion.!®”
Molecular motions of the spin centre on the timescale of the echo experiment,
including rotations and librations, additionally contribute to T, by modulating
the spin’s magnetic environment but this contribution can often be suppressed

by performing measurements at low temperatures.

Instantaneous diffusion occurs when a microwave pulse flips electron spins
that are dipole-coupled to nearby electron spins. Flipping a neighbouring spin
reverses its magnetic moment, abruptly altering the local magnetic field experienced
by the observed spin. This shift changes the observed spin’s resonance frequency,

causing it to precess at a different rate during the second delay period 7 and thus
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reducing the effectiveness of refocusing. The magnitude of instantaneous diffusion
increases with pulse bandwidth, as broader pulses excite more spins simultaneously,
but can be reduced by using longer pulses with narrower bandwidths. Additionally,
lowering the electron spin concentration reduces the number of coupled spins,

further diminishing instantaneous diffusion effects.

At sufficiently low temperatures and low electron spin concentrations, decoher-
ence is driven by nuclear spin diffusion.!?!6% This process arises from energy-
conserving flip-flop transitions among nuclear spins that are hyperfine-coupled
to the observed electron spins. These nuclear spin flips reverse their magnetic
moment, causing fluctuations in the local magnetic field experienced by electron
spins. These fluctuations shift electron spin resonance frequencies over time, reducing
phase coherence and shortening the phase memory time, 7;,. Although usually
described semi-classically as a random process of nuclear spin flip-flops, nuclear spin
diffusion can also be understood quantum mechanically as the result of a coherent,
deterministic evolution of the coupled electron-nuclear spin system, through which
decoherence is produced by complex many-body interactions.'®® In organic systems,
protons are the main nuclear spins involved; substituting them with deuterons,

which have smaller magnetic moments, weakens hyperfine couplings and extends 7y,,.

The echo decay experiment that quantifies T, is based on the Hahn echo pulse
sequence, with the detected echo measured as a function of the inter-pulse delay 7, as

shown in Figure 2.24. The relaxation processes described above introduce random
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Figure 2.24: Vector model representation and pulse sequence of the echo decay
experiment and typical echo decay traces with different stretched exponential factors d.
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shifts in spin packet precession frequencies between the two 7 periods, causing
irreversible decay of the spin echo, which is modelled by a stretched exponential:

I(7) = Le (#)" (2.99)

with d a stretch factor that can provide insight on the dominant dephasing
mechanism. A value of d = 1 suggests an echo decay driven purely by random
spin flips or additional presence of instantaneous diffusion, while d > 2 indicates

a contribution from nuclear spin diffusion.!%161

The vector model description of
the echo decay experiment is also shown in Figure 2.24, along with echo decay

curves for different d-values.

From a practical standpoint, T} determines the rate at which the spin system
returns to thermal equilibrium following excitation, thereby setting the minimum
repetition time between pulse sequences. To avoid signal saturation and ensure full
relaxation, the repetition time is typically chosen to be at least five times 77.1%* At
cryogenic temperatures, 17 increases, allowing non-Boltzmann spin polarisation to
persist longer and improving spectral resolution, though this reduces acquisition
speed by lengthening the repetition time. In contrast, T}, defines how long transverse
spin coherence is maintained, thereby limiting the maximum inter-pulse delay 7 and

the total duration of multi-pulse experiments involving coherent spin evolution.!?

2.8 Electron-Nuclear Hyperfine Spectroscopy

For OPV materials, EPR spectra from field-swept Hahn echo experiments are
predominantly governed by the electron Zeeman interaction, which is typically
orders of magnitude stronger than hyperfine couplings at the microwave frequencies
used in EPR experiments. As a result, fine spectral details arising from interactions
with nearby nuclear spins are often masked. Hyperfine couplings of small magnitude
lead only to unresolved splittings that contribute to broadening of the echo-
detected field-swept spectrum, making direct measurement of these couplings from
standard field-swept spectra challenging, if not impossible. Yet, the hyperfine
interaction carries rich structural and electronic information. Both isotropic and
anisotropic contributions to the hyperfine coupling provide insight into the spin
density distribution and the spatial relationship between electron and nuclear
spins. The dipolar component, in particular, is sensitive to the electron-nuclear
separation, offering a means to estimate distances and orientations within the
molecular structure. Furthermore, when orientation selection is exploited, the
principal axes of the hyperfine tensor can be correlated with those of other interaction
tensors, such as the g- or D-tensor, providing detailed insight into molecular
geometry and spin density distributions.
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To overcome the resolution limitations of field-swept experiments and to access
this valuable hyperfine information, specialised pulse EPR techniques have been
developed. Among these are:

« ENDOR: Electron Nuclear DOuble Resonance
« EDNMR: ELDOR-Detected Nuclear Magnetic Resonance

Both methods enable direct measurement of hyperfine couplings by monitoring
how changes in nuclear spin populations influence the intensity of the electron spin
echo. The main difference is in how the population differences are created: ENDOR
uses separate excitation of electron and nuclear spins, while EDNMR, achieves the
same effect by exciting a single, forbidden electron spin transition that involves
both electron and nuclear spins simultaneously. Although the excitation approaches
differ, they ultimately produce similar nuclear spin population distributions that
are detected through their influence on the electron spin echo.

The ENDOR and EDNMR experiments can be conceptually understood by
considering the simple case of an electron spin (S = %) coupled to a nuclear spin
(I = %) The overall spin Hamiltonian, neglecting anisotropy and non-secular
contributions to the hyperfine coupling,''” is:

H= ﬁeZ + 7:an + ﬁhf
geUB & In N
= ByS,
BoCor Tt T
= WS, +wypl, +a

Bol, + aS.1, (2.100)

ZIZ
The hyperfine coupling interaction is weaker than the electron Zeeman interaction

and so the four eigenstates of the electron-nuclear spin Hamiltonian, under the
secular approximation, are given by the uncoupled basis states, with energies:

1 1
1) = |Bsar) Ey = 5(—% + wn) — Za
1 1
2) = |BsBr) Ey, = 5(—% —wy) + 18
; | (2.101)
13) = |asar) Es = §(+we +wy) + e
1 1
|4> = |a5/61> E4 = §<+we - wn) - Zaf

For nuclear spins with a positive gyromagnetic ratio, such as protons, the |a)

state is stabilised relative to |5), in contrast to electron spins. The energy level

diagram of the S = %, I = % system is depicted in Figure 2.25. At thermal

equilibrium, the two eigenstates with |3g) character are preferentially populated,

HTELDOR: ELectron DOuble Resonance
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Figure 2.25: Energy level diagram for S = %, I = % in the weak-coupling regime. The
diagram is not to scale; the EPR transition energies are orders of magnitude larger than
the NMR transition energies.

as the electron Zeeman splitting is far greater than the nuclear Zeeman splitting
(|we] > |wnl), although overall polarisation remains small as the thermal energy
far exceeds all Zeeman splitting. Transitions observed in EPR involve an electron
spin flip (Jas) <> |8s)), while NMR transitions correspond to nuclear spin flips
(lar) «» |Br)). Transitions that flip both spin states are formally forbidden.

The EPR transitions and transition energies are:

1
1) < |3) |Bsar) <> |asar) AFE 3 = we + ia
- (2.102)
2) < [4) |BsBr) < |asBr) AFsy = we — 561
and for the NMR transitions:
1
1) <> [2) |Bsar) <> |Bsbr) AEy = wy, — §Cl
: (2.103)
Bl lasor) olash)  ABu=w,+ g

The EPR transitions occur at much larger transition energies than the NMR
transitions, requiring microwaves to induce transitions, whereas NMR transitions

are induced by radiofrequency pulses.

2.8.1 Electron Nuclear Double Resonance (ENDOR)

ENDOR is a well-established technique for resolving hyperfine interactions
between unpaired electron spins and nearby nuclear spins. By combining microwave
and radiofrequency excitation, ENDOR can detect weak nuclear signals through
the more sensitive electron spin, greatly improving the sensitivity compared to
direct nuclear detection. ENDOR enables the measurement of hyperfine anisotropy,

yielding information about the distribution of electron spin density across the
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nuclear framework of the molecule. This is crucial for constructing detailed models
of spin density distributions and understanding the local electronic structure in

complex molecular systems.

The two principal pulsed ENDOR techniques are Davies and Mims ENDOR,
each suited to different coupling regimes.!*"118134 Mims ENDOR uses non-selective
excitation, enhancing sensitivity by addressing a broad range of spin packets, but
suffers from periodic blind spots that suppress signals at certain hyperfine couplings.
These blind spots cause distortions in the ENDOR lineshape, complicating accurate
determination of anisotropic hyperfine couplings, which are crucial for understanding
spin delocalisation in OPVs. Although generally less sensitive, Davies ENDOR
avoids this lineshape distortion by eliminating blind spots, making it the preferred
method for resolving hyperfine interactions in OPV blends.

The Davies ENDOR pulse sequence and its effect on the sublevel populations
are laid out in Figure 2.26. The experiment begins with a selective microwave
m-pulse, typically inverting the population across one of the EPR transitions,
without affecting the other transition; in the case shown, [1) <+ |3). Within the
delay T, a radiofrequency w-pulse is applied. If the radiofrequency pulse is off-
resonance, the populations remain unchanged, and a Hahn echo detection sequence
measures an inverted echo corresponding to the |3) — |1) transition. If, however,
the radiofrequency pulse is on-resonance with an NMR transition (|3) <> |4) or
|1) <> |2)), population is transferred between these states, thereby reducing the
population difference across the detected EPR transition. This results in a reduced
intensity of the inverted echo.

The ENDOR spectrum is acquired by monitoring the echo intensity as a function
of radiofrequency. In the weak coupling regime, where the nuclear Larmor frequency
dominates over the hyperfine interaction, the spectrum is centred at w,s — wy, and
two peaks appear, split by the hyperfine coupling constant a. Experimentally, the
measured quantity is the linear frequency v, related to the angular frequency by:

w

V=—
2

(2.104)

and a characteristic powder pattern is observed, with turning points corresponding
to the principal values of A (4,, A,, and A,), as shown in Figure 2.27. The ENDOR
spectra are plotted on an axis given by 14 — v, where the nucleus of interest is *H.

The duration of the radiofrequency m-pulse in ENDOR experiments is typically

on the order of tens of microseconds.!3*

During this time, partial relaxation of
the electron spin system can occur, reducing the population difference between
spin states (|3) — |1)) and lowering the signal-to-noise ratio. While shorter

radiofrequency pulses would reduce relaxation losses, they require higher power to
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Figure 2.26: Pulse sequence and its effect on the sublevel populations for a Davies
ENDOR experiment. The spin states correspond to a coupled S = %, 1= % system. The
radiofrequency w-pulse inverts the population across an NMR transition, if on-resonance.
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Figure 2.27: Left) Simulated ENDOR spectra for electron-nuclear hyperfine interactions

of isotropic, axial, and orthorhombic symmetry. Right) Intensity function for the Davies
ENDOR experiment for different microwave inversion pulse durations.
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achieve a flip angle of 7. However, excessively short, high-power pulses broaden the
excitation bandwidth, known as power broadening, reducing spectral resolution.!? A
balance is therefore required: the pulse must be long enough to maintain resolution,

yet short enough to minimise signal loss from electron spin relaxation.

To generate an ENDOR signal in the Davies sequence, the initial microwave -
pulse must selectively invert only one of the two electron spin transitions associated
with each nucleus. If both transitions are excited simultaneously, their population
differences become equalised, and subsequent radiofrequency-driven nuclear transi-
tions produce no net change in electron spin echo intensity, eliminating the ENDOR
effect. In spin systems with multiple hyperfine couplings, this selectivity governs
which nuclei contribute to the observed spectrum. Strongly-coupled nuclei, whose
associated EPR transitions are well separated, are more readily excited selectively.
In contrast, weakly-coupled nuclei, with closely spaced EPR transitions, are more

susceptible to simultaneous excitation and thus reduced ENDOR visibility.

This selectivity is determined by the bandwidth of the microwave m-pulse,
which is inversely proportional to its duration (see Equation 2.96). To resolve a
specific hyperfine coupling a, the pulse duration ¢, ,,, must be long enough that

its excitation bandwidth is narrower than a.

The absolute Davies ENDOR intensity can be described by the intensity function

V3117
21
V= vmaxf;”l (2.105)

s T 9
where V. is the maximum ENDOR signal, achieved when the selectivity pa-
rameter 75 = Nsmax = ? This parameter depends on the pulse length and

the hyperfine coupling a:

a

s o 5 tr (2.106)

The resulting Davies ENDOR intensity function is shown in Figure 2.27. At short
pulse lengths, the excitation bandwidth is wide, allowing detection of nuclei with
large hyperfine couplings but suppressing weakly-coupled nuclei due to insufficient
selectivity. Conversely, longer pulses improve sensitivity to small couplings by

narrowing the excitation bandwidth but reducing sensitivity to large ones.

A blind spot, where the ENDOR signal vanishes, occurs at the nuclear Larmor
frequency (v = v,) when g = 0 . The width of this blind spot increases for
shorter pulses, making it particularly problematic when attempting to measure
weak couplings. Therefore, the microwave pulse length must be chosen to balance a

number of factors: selectivity between hyperfine-split transitions, signal intensity,
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and blind spot effects. As a rule of thumb, the optimal pulse duration for detection

of a hyperfine coupling a is:'62

nS max
lrmw = — 2.107
b a/ ( )
Experimental spectra often still show residual intensity at the central blind spot,
attributed to contributions from a large number of weakly-coupled nuclear spins, typ-

ically outside the molecule of interest, such as distant protons on other molecules.'%

If the hyperfine tensor is anisotropic, orientation-selective ENDOR can be used
to correlate A-frames with g- or D-frames by recording spectra at a series of
external magnetic field positions, as illustrated in Figure 2.28. In the example
shown, the spin system possesses orthorhombic electron Zeeman and hyperfine
tensors, g and A, which are assumed to be aligned in the molecular frame. When
the microwave m-pulse is applied at a magnetic field corresponding to g¢., spin
packets are selectively excited in which g ~ g, and the molecular x-axis is aligned
with the external magnetic field. Since the observed hyperfine splitting depends
on the projection of the A-tensor along the magnetic field direction, the resulting
ENDOR spectrum reflects the A, component of the hyperfine interaction. Similar
measurements at the g, and g, field positions excite spin packets with the y- and
z-axis aligned with the field, yielding the A, and A, components, respectively. At
the g, and g, field positions, the ENDOR spectra closely resemble single-crystal
patterns, while at g,, the spectra include additional contributions from spin packets
with orientations between the x- and z-axes.

It is generally not true that the g- and A-tensors are aligned. If the orientation
of the g-tensor is already known, however, then the relative orientation of the
hyperfine tensor A can be determined, or vice-versa, from the change in hyperfine
coupling across the set of orientation-selective ENDOR spectra.

EPR g,

ENDOR :

3350 mT j\ B K

3355 mT /\'\ A m

—

A
szeomT AN\ " N
3350 3360 -10 -5 0 5 10
Magnetic Field (mT) Vv, - v, (MHZz)

Figure 2.28: Orientation selection in ENDOR experiments. The microwave pulse
excites a subset of electron spins satisfying the resonance condition at the selected field
position. The ENDOR spectrum will then be dominated by the component of the hyperfine
interaction aligned with the principal g-value being excited.
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2.8.2 ELDOR-detected NMR (EDNMR)

EDNMR is especially powerful for detecting nuclei with small gyromagnetic
ratios, because such nuclei respond weakly to radiofrequency pulses, requiring long
or intense radiofrequency excitation that can be difficult to achieve experimentally.
EDNMR bypasses direct nuclear excitation and instead uses microwave pulses to
drive forbidden electron-nuclear transitions, enabling sensitive detection without

relying on the nucleus’s weak radiofrequency response.

An illustration of the EDNMR pulse sequence, and its corresponding effect
on the sublevel populations, is shown in Figure 2.29. The experiment begins by
applying a high-turning angle (HTA) microwave pulse at frequency wyy,. This HTA
pulse is designed to excite formally forbidden transitions, such as double quantum
transitions involving simultaneous flips of electron and nuclear spins, that are not
accessible by standard pulses. As a result, it requires far longer pulse durations than
usual microwave pulses. Following the HTA pulse, a standard Hahn echo detection
sequence is performed at a fixed frequency wy,,. The electron spin echo intensity is
monitored while sweeping the HTA pulse frequency, and the resulting spectrum is

plotted as a function of vy, — Vmw,, With v the linear frequency form of w as before.

In Figure 2.29, the Hahn echo detection pulse sequence is fixed at a frequency
corresponding to the |1) <» |3) EPR transition, and any changes in the population
difference between these two states will be detected. When the HTA pulse is resonant

with a forbidden transition (|1) — |4) or |2) — |3)), population is redistributed

HTA
mw;, _I I
oy
T T
W [ [
4 o (4
|3) —> 14) 13) —=—> 4
HTA >
observe
o |2) o |2)
|1) 1) ==

Figure 2.29: Pulse sequence and its effect on the sublevel populations for an EDNMR
experiment. The four spin states correspond to a coupled S = %, I= % system.
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Figure 2.30: Left) Simulated EDNMR spectrum for an S = %, 1= % system with
isotropic hyperfine coupling a = 2MHz and a nuclear spin with v, = 10.3 MHz (14N
Larmor frequency at W-band), Right) Simulated EDNMR spectrum for a broadened
powder sample of an electron spin interacting with many “N nuclei with a becoming
unresolved. By convention, the change in intensity of the EDNMR spectrum is made

positive.

between these states. This reduces the population difference across the 1) < |3)

EPR transition, leading to a reduction in echo intensity at the two frequencies:

1
Wmwy = W23 = We ™ Wn Aw = wap3 — W13 = —wy — 2

1 (2.108)
Winw, = Wi = We + Wy AW = Wies — Wies =+ — Sa

When the HTA pulse is resonant with the allowed |1) <> |3) EPR transition
(Viw; = Vmw, ), it equalises the populations between these states, saturating the
transition and causing a significant reduction in echo intensity seen as a central hole.
This central hole is undesired, and may obscure peaks corresponding to forbidden
transitions. The sensitivity of EDNMR increases at higher magnetic fields, where
nuclear Larmor frequencies have greater separation from the central hole.'?> If instead
the HTA pulse excites the other EPR transition (|2) <> |4)), no change in echo

intensity occurs because the Hahn echo sequence probes only the |1) < |3) transition.

The resulting EDNMR spectrum is shown in blue in Figure 2.30. Peaks due
to the forbidden transitions appear at 4w, — %a. If every electron and nuclear
spin was in the same environment, or the HTA pulse was extremely selective (very
narrow bandwidth), then this EDNMR spectrum would be the overall spectrum.
However, because there will be a distribution of spins in a powder sample, for
another spin packet, w, and w, will take different values. There will be a spin
packet where the fixed microwave frequency wy,y, now matches the other EPR

transition: |2) <> [4). When the HTA pulse matches the two forbidden transitions,
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the frequencies of the reduction in echo intensity are now:

1
Wmwy = W23 = We = Wn Aw = w3 — Waesa = —wy + 9¢

" (2.109)
Winw, = W14 = We + Wy AW = Wiga =~ Waar = twn + Sa

The two peaks, in this case, appear at +w, + %a, as shown in red. The total
EDNMR spectrum is therefore a sum of the EDNMR of each spin packet. The
two peaks appear as doublets in the overall spectrum, centred at 4+w, and split
by a, as equivalently observed in ENDOR. Spin packets where wy,y, does not
match either wq3 or wey do not reduce the echo intensity and contribute to the
baseline signal. For an electron spin with many inequivalent nuclei, the hyperfine
splitting will be unresolved.
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3.1 Introduction

For successful charge generation in OPVs, charge transfer must occur at the
donor:acceptor interface, followed by separation of the interfacial charge-transfer
state into separated charges (SCs), also known as polarons, that then travel
through the pure domains. One major challenge in OPV efficiency is to provide
a pathway for charge separation from the Coulomb interaction that binds the

charge-transfer state.®1:164°167

Charge delocalisation has been proposed as an essential factor for promoting

708488168 and understanding of the local electronic and molecular

charge separation,
structure can inform interpretation of the different steps in the photovoltaic
mechanism. A number of theoretical studies have been carried out to predict

the effect of delocalisation on charge transport,”'6917 however, there are few
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3. Charged States and Spin Delocalisation

studies using a combined experimental and computational approach. The selectivity
of EPR spectroscopy to electron spins lends its usefulness to characterisation of spin,
and therefore charge, delocalisation: donor and acceptor SCs can be individually
distinguished by EPR. Knowledge of the spin interactions that define the EPR
spectrum, as well as the distribution of these parameters, can give insight into the
electronic structure and charge delocalisation of organic materials. Classification
of the g-values and their distribution is critical for meaningful interpretation of
the charge-transfer state and its associated kinetics, which is later measured by

time-resolved EPR in Chapter 5.13%175177

A series of pulse EPR measurements were carried out at X-, Q- and W-
band microwave frequencies in order to investigate charge behaviour in two high-
performing non-fullerene acceptor blends, PBDB-T:ITIC and PM6:Y6. Their
analogous fullerene acceptor blends, PBDB-T:PCBM and PM6:PCBM, were also
probed. Characterisation of the echo-detected EPR signals was straightforward
for the PCBM blends; the principal g-values of PCBM" are distinct from those of
the polymer donor SCs at the microwave frequencies used in this work, such that

d 88,168,177,178

the spectra are separate The non-fullerene acceptors, however, share

similar molecular building blocks with the polymer donors, resulting in similar spin

environments and considerable overlap of the EPR spectra.!”"17®

Accurate disentanglement required more complicated pulse EPR techniques, and
a more sophisticated approach was adopted. Differences in longitudinal relaxation
times of donor and acceptor SCs can be utilised to design a pulse sequence that
minimises one of the two contributions to the EPR signal, a relaxation-filtering
approach first proposed by Maly et al.'" 18 Alternatively, spin-active nuclei that
appear in only one of the two molecular structures can be exploited to isolate its EPR
contribution; N nuclei are present in the non-fullerene acceptor molecules but not
the polymer donors. Coupling of these nuclei to the electron spin can be capitalised
on in an ELDOR-detected NMR (EDNMR)-induced EPR experiment.!75181

EPR characterisation of the donor and acceptor charges is complemented by DFT
calculations that model charge delocalisation, with the DF'T models corroborated
by Electron-Nuclear Double Resonance (ENDOR) spectroscopy. ENDOR provides
information about the strength of the electron-nuclear hyperfine interactions, which
directly relate to the extent of charge delocalisation - a more delocalised electron spin
density reduces the strength of the interaction of the electron spin with each spin-

88,168,177,182-185 The DFT spin density distributions provide a detailed

active nucleus.
insight into the local electronic structure of the charges, which will determine the
efficiency of charge separation and transport, and more broadly, power conversion

efficiency for a given OPV blend.
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3.2 Experimental Methods

3.2.1 Sample Preparation

The donor polymers PBDB-T and PM6 and acceptor molecules ITIC and Y6
were purchased from 1-Material and the PCBM acceptor was purchased from Ossila.
The sample preparation was performed in a glovebox under nitrogen atmosphere.
Solutions were prepared in chlorobenzene (anhydrous, purity 99.8%, Sigma-Aldrich)
for the PBDB-T blends and in chloroform (anhydrous, purity > 99%, Sigma-Aldrich)
for the PM6 blends. Initially, 20 mgmL ™" stock solutions were prepared for each
material and stirred at 40°C and 500 rpm for about three hours. Blend solutions
were then prepared by mixing donor and acceptor solutions in a ratio of 1 : 1.5
for PBDB-T:PCBM,*"48 1 : 1 for PBDBT:ITIC,'® 1 : 1.2 for PM6:PCBM,*®" and
1: 1.2 for PM6:Y6,% and stirred overnight at room temperature.

For the X- and Q-band EPR measurements, samples were prepared by transfer-
ring 30 uL of the blend solutions, diluted to 10mg mL ™, into 2.0 mm ID, 2.9 mm
OD quartz EPR tubes, evaporating the solvent under vacuum to create a film on
the inside of the EPR tube and flame-sealing the tube after back-filling with helium
to 500 mbar. For the W-band EPR measurements, powder samples were prepared
from drop-cast films by scratching fragments of the films off a glass substrate with a
scalpel and transferring them into 0.70 mm ID, 0.87 mm OD quartz EPR tubes up
to a fill height of about 2mm. The quality of the powder samples was verified by
observing no change in EPR signal at different angles to the external magnetic field.

3.2.2 EPR Experiments

X-band pulse EPR measurements were performed on a Bruker ElexSys E680
spectrometer with a Bruker EN 4118X-MD4(-W1) resonator and 1kW Applied
Systems Engineering TW'T amplifier. Q-band pulse EPR measurements were
performed on a Bruker ElexSys E580 spectrometer with a TEO11 cylindrical cavity
Q-band resonator with large sample access and optical window,'®® built by the
mechanical engineering workshop of the Physics department at the FU Berlin,
and a 150 W TWT amplifier. W-band pulse EPR measurements were performed
on a Bruker ElexSys E680 spectrometer with a Bruker Teraflex EN600-1021H
resonator; all W-band pulse EPR measurements were carried out by Oliver Christie,
a Master’s student in the research group, at the FU Berlin. All spectrometers
were equipped with Oxford Instruments helium-flow cryostats and temperature
control systems and all experiments were performed at a temperature of 20 K.
A field calibration using the known N@QCg, g-value'® was performed before the
EPR measurements at all frequency bands.

89



3. Charged States and Spin Delocalisation

light
7! n
a) | I Y A
TE n, -
b) ” TN t* N T

C) mw, _l

mwg

o m N

Figure 3.1: Pulse sequences used for the EPR experiments described in this chapter. a)
Echo-detected EPR and Echo Decay b) Inversion Recovery and Relaxation Filtered EPR
c¢) Electron-Electron Double Resonance Detected NMR (EDNMR) d) Electron Nuclear
Double Resonance (ENDOR). All experiments were carried out with the sample under
continuous illumination.

At X- and Q-band, the samples were illuminated through the optical window
of the cryostat with depolarised light from an EKSPLA NT230 tuneable diode-
pumped laser system set to 532 nm and 0.25—1mJ at 50 Hz. To achieve steady-state
measurements, the laser and spectrometer were not synchronised. Some of the
Q-band measurements were also performed using constant white-light illumination
with a Schott DCR III 150 W halogen light source, giving equivalent spectra to
non-synchronised laser excitation. At W-band, the samples were illuminated using
a continuous-wave 532nm diode-pumped solid state laser (Thorlabs DJ532-10)
with an optical output power of 10mW. The light was focused into an optical
fibre fed through the sample holder and inserted into the W-band EPR tube with
the tip of the fibre at a distance of about 1cm from the bottom of the tube.
Reference measurements without illumination were performed immediately after
inserting the samples into the cryostat (with the optical window covered at X-

and Q-band) before illumination.

Pulse EPR spectra were recorded as echo-detected field sweeps, using the pulse
sequence depicted in Figure 3.1a. In order to obtain EPR spectra with undistorted
lineshapes, selective pulses and broad integration windows were used. At X-band,
tr/2 = 50ms, t, = 100ns and 7 = 300ns. At Q-band, ¢,/ = 60ns, ¢, = 120ns and

90



3.2. Ezxperimental Methods

7 = 400ns. At W-band, t,/» = 60ns, t; = 120ns and 7 = 400ns. Echo decay
measurements were performed using the same pulse sequence as the echo-detected
field sweeps (tr/2 = 60mns, t, = 120 ns), recording the integrated echo and varying

7. A two-step phase cycle on the first pulse was used in all cases.

Inversion recovery measurements were performed with the pulse sequence
described in Figure 3.1b, with an initial inversion pulse of ¢, = 60ns and an
echo detection sequence with ¢, = 60ns, ¢, = 120ns, 7 = 400ns with a four-

154 The inter-pulse delay T was varied and the

step phase cycle on the first pulse.
integrated echo was recorded. At W-band, the inversion recovery experiments

were performed as a function of magnetic field.

ELDOR-detected NMR experiments were performed at W-band with the pulse
sequence in Figure 3.1c: a high-turning angle (HTA) pulse of 40ps (on the
spectrometer’s ELDOR channel (mw;)), 7" = 4 ps and an echo detection sequence
with ¢ = 120ns, ¢, = 240ns and 7 = 500ns, with a two-step phase cycle.
The length and intensity of the HTA pulse were tuned to minimise the central
Lorentzian hole and maximise the intensity of the peaks centred at the *N Larmor
frequency. The frequency of the HTA pulse was swept over 50 MHz around the
frequency of the detection sequence. ELDOR-detected NMR experiments were
performed both as a function of magnetic field and additionally at selected magnetic
field positions. EDNMR~induced EPR experiments were performed by setting
the HTA pulse frequency on- (Arv = 10 MHz) and off-resonance (Av = 20 MHz)

and sweeping the magnetic field.

Davies ENDOR measurements were performed using the pulse sequence in
Figure 3.1d. At X-band, for the pulses at microwave frequencies: ¢, = 140ns, t;/; =
70ns and 7 = 600 ns; for the radiofrequency pulses: t.,+ = 12 ps, with delays of 2 s
between the radiofrequency and microwave pulses (T' = 16 ps). At Q-band, ¢, =
120ns, tr/2 = 60ns, 7 = 350ns, t;,s = 28 ps and T = 32 ps. At W-band, ¢, = 120 ns,
tr2 = 60ns, 7 = 280ns, ¢,y = 40ps and T = 44 ps. For the W-band ENDOR
experiments, an Amplifier Research 150 W RF amplifier was used, while a Bruker
150 W RF amplifier was used for the X- and Q-band ENDOR measurements. The
radiofrequency pulse length was adjusted for 'H using a Rabi nutation experiment.

The frequency of the radiofrequency pulse was varied stochastically.

Simulation of the echo-detected EPR, relaxation-filtered and EDNMR-induced
EPR spectra was carried out using the pepper function of the software package
EasySpin'® (Version 6.0), in MATLAB.
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3.2.3 Density Functional Theory

DFT calculations were carried out by Oliver Christie, as part of a Master’s project.

189-194 (version

All DFT calculations were performed with the ORCA program system
5.0.4). Geometry optimisations were performed first for the ground state and then
for the radical cation state for the donors and the radical anion state for the acceptors
using either the BP86 or the range-separated hybrid wB97X-D4%19 functional
and the def2-SVP basis set, including a dispersion correction.!?” 2% Calculations
were performed for both the default range-separation parameter w = 0.25a,~! as
well as an w value individually tuned for each of the investigated molecules based
on matching the HOMO eigenvalue with the ionisation potential for donor radical
cations or the LUMO eigenvalue with the electron affinity for acceptor radical
anions following procedures described in the literature.2°42%6 The optimised values
of wopt = 0.11 — 0.12a¢™! are in agreement with ranges previously determined for
other organic semiconducting donor polymers.?°” In all calculations, a conductor-like
polarisable continuum model with a dielectric constant of ¢ = 3.5 was chosen to

model effects of the environment in an organic semiconductor film.70:178.208

209212 were calculated for

g-values, hyperfine and nuclear quadrupole couplings
the optimised radical cation or radical anion geometries using either the hybrid
PBEO functional or the range-separated hybrid wB97X-D4%:19 functional and the

EPR-II basis set for H, C; N, O and F and the IGLO-II basis set for S.213-216

3.3 Results and Discussion

3.3.1 Multi-Frequency Pulse EPR of Separated Charges

Echo-detected EPR spectra of PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC,
and PM6:Y6 are shown in Figure 3.2, measured at X-, Q-, and W-band microwave
frequencies. All experimental spectra have been adjusted to a common microwave
frequency for each band: 9.8 GHz (X-band), 33.9 GHz (Q-band), and 94 GHz
(W-band). Unless otherwise stated, all EPR measurements were conducted at
20K. The donor:acceptor blends were measured with and without continuous
illumination. The difference between the two signals gives the EPR spectrum of
the separated charges generated by light excitation. The dark signals represent a
minor contribution and may be present for a number of reasons, including stable
radicals in the instrument set-up, charged states formed from prior illumination,

and residual charged states from unintentional dopants.

Background signals unrelated to the sample, due to contamination of the
resonator, can be removed by measuring the EPR signal of an empty tube and
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Figure 3.2: Experimental echo-detected EPR spectra of PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6, measured at three microwave frequencies: X-, Q- and W-
band. Spectra were measured with and without light excitation, plotted in black and grey,
with the difference, the light-induced contribution, shown in blue, green, orange or pink,
depending on the donor:acceptor blend. This colour scheme will be used consistently
throughout the thesis.

subtracting its signal from the experimental spectra; this was carried out at W-
band, where the resonator had a significant background signal. Charges due to
intrinsic defects or formed from unintentional doping are typically unavoidable
and are the main contributor to the small dark signal observed in the blends,
primarily due to the polymer donor.

The light-induced signal for the fullerene acceptor blends shows two well-resolved
peaks, whilst the blends with non-fullerene acceptors show a broader single peak.
At X-band, the PBDB-T""/ PM6'" and PCBM™™ contributions are mostly, but not
fully, resolved - higher frequency measurements can fully separate the two peaks.

139,168,177,178,217-226 41

PCBM" has been characterised extensively in the literature
the peak at high-field can be assigned to a negative charge on the PCBM molecule.
The conspicuous absence of this peak in the non-fullerene acceptor blend EPR
spectra confirms this assignment. The low-field peak can therefore be assigned to
a positive charge on the electron donor molecule: PBDB-T"* and PM6'". The
shape of the PCBM"™ peak is consistent between PBDB-T:PCBM and PM6:PCBM,
and generally holds the same shape as the microwave frequency increases, with

a long broad tail extending into the high-field region.
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While the PBDB-T " and PM6"" peaks at X-band appear symmetrical, at higher
microwave frequencies, asymmetry in the polymer donor EPR signal becomes visible.
The lack of signal asymmetry in the X-band data of PBDB-T"" and PM6"" can
be explained by the large number of spin-active 'H nuclei present in the molecular
structures of the polymers, which interact with the electron spin. These electron-
nuclear hyperfine interactions do not depend on the external magnetic field, meaning
line broadening from unresolved hyperfine couplings does not scale with microwave
frequency. The field-dependent contributions to the linewidth may be asymmetric
and will become more apparent at higher microwave frequencies. Asymmetry in the
donor and acceptor peaks is caused by the orientation dependence of the g-value
with the external magnetic field, known as g-anisotropy. In the cases of PBDB-T ",
PM6'" and PCBM", the shapes of the signals are consistent with an axial, or
near-axial, g-anisotropy; the shoulders on the low-field (PBDB-T ", PM6™) or
high-field (PCBM") side of the peak are caused by one of the three principal
g-values being distinct from the other two g-values. Recording EPR spectra at
multiple frequencies also constrains the reasonable range of parameters that can
fit the signal shape, improving spectral interpretation.

For non-fullerene acceptor blends, a single peak is observed, appearing at similar
resonance frequencies as the polymer peak in the fullerene acceptor blends. At
X-band, the spectral shape is similar to the polymer shape in the fullerene acceptor
blend spectrum, with an additional broadening at the wings, particularly on the
low-field side of the peak (349.2mT). The fact that this feature appears only at X-
band suggests it is likely related to hyperfine interactions. Single molecule acceptors,
such as ITIC™ and Y6, generally have more localised spin density distributions
than charges on polymer donors with extensive conjugated 7-systems.!"®227231 Thig
localisation increases the strength of the interactions with nearby nuclei, leading to
larger hyperfine interactions that each split the signal. Due to the distribution of

hyperfine couplings, these splittings manifest as an additional broadening.

At higher microwave frequencies, the non-fullerene acceptor contribution becomes
more noticeable. At W-band, a clear shoulder is observed at lower magnetic fields
than the main spectral peak for both PBDB-T:ITIC and PM6:Y6 (3350 — 3353 mT).
This feature can be attributed to the non-fullerene acceptor. However, even at
W-band, the donor and acceptor contributions overlap considerably. If the set of
principal g-values of the donor and acceptor are too similar, then their contributions
cannot be separated by increasing microwave frequency alone. In such cases,

additional experimental methods are required for accurate spectral disentanglement.

With the donor and acceptor signals fully separated at Q- and W-band, the EPR
spectra of the fullerene acceptor blends were simulated, fitting the experimental data
globally. The resulting simulations are shown in Figure 3.3, with the corresponding
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Figure 3.3: Simulation of the light-induced EPR spectra of PBDB-T:PCBM (top) and
PM6:PCBM (bottom) at X-, Q- and W-band. The experimental spectrum is black, the
simulated charged state on the donor is blue, the simulated charged state on the acceptor
is red, and the sum of the two simulations is dashed over the experimental spectrum. The

blue and red lines correspond to the three principal g-values. Full simulation parameters
can be found in Table 3.1.

. g-value g-strain  Linewidth (mT)
Material
9z 9y 9z z X Q A
PBDB-T'" 2.0022 2.0023 2.0033 0.0008 026 0.34 0.86
PM6"" 2.0020 2.0021 2.0033 0.0004 0.23 0.31 0.61

PCBM™ 2.0002 2.0001 1.9990 0.0019 0.10 0.16 0.32

Table 3.1: Simulation parameters of light-induced echo-detected EPR spectra for
PBDB-T ", PM6"" and PCBM"". The parameters were obtained by global fitting of the
experimental spectra at X-, Q- and W-band The donor:acceptor weights were: 1 : 0.86
(PBDB-T:PCBM) and 1 : 0.92 (PM6:PCBM). Estimated fitting errors are 0.0001 for
g-values and g-strains, and 0.02mT for linewidths. Fitting errors are obtained from the
Jacobian matrix, the matrix of partial derivatives of the model with respect to each fitted
parameter.

95



3. Charged States and Spin Delocalisation

simulation parameters provided in Table 3.1. The donor and acceptor contributions
are depicted in blue and red, respectively, with the superimposed blue and red
lines indicating the principal g-values of each species. The principal g-value with
the greatest deviation from the free electron g-value (g. = 2.0023) is denoted g¢.,
the g-value with the least deviation is g,, and the remaining g-value, g, lies in-
between. The dashed line represents the sum of the simulated donor and acceptor
contributions. All three plots share a common g-value axis (top z-axis), highlighting
the improved resolution of g-anisotropy with increasing microwave frequency. Global
simulation of the X-, Q-, and W-band data ensures an accurate and consistent

set of EPR parameters for the donor and acceptor SCs.

Beyond determining the principal g-values, the simulations incorporated two
forms of line broadening. The first, an isotropic convolutional Gaussian linewidth
accounts for unresolved hyperfine splittings.* The second arises from a distribution
of g-values due to variations in the molecular environment, known as g-strain. The
effect of g-strain on the spectrum increases linearly with microwave frequency and
is orientation-dependent; like g, there are three principal values. The value of the
g;-strain corresponds to the full-width half maximum of the distribution of the
principal g;-value. Finally, a donor:acceptor weighting factor was fitted to match
the relative intensities of the two peaks. If the donor and acceptor signals are
completely separated, their relative weights can be determined by integrating each
peak. Although a 1 : 1 donor:acceptor ratio might be expected - every positive
charge formed must be accompanied by formation of a negative charge - deviation
from unity ratio can occur, due to differences in recombination rates of the two
SCs.3436:232 T some cases, when the molecule has both donor and acceptor subunits,
such as in PBDB-T, PM6, ITIC and Y6, intramolecular charge-transfer and charge
generation can occur without the need for a donor:acceptor interface; different
rates of formation for charged states on donor and acceptor molecules via this

process will also alter the 1 : 1 ratio.36:2337235

In order to minimise the number of fitting parameters, only g.-strain was included,
which was observed experimentally to be the largest of the g-value distributions.
That does not mean that there is no distribution in the g-values of g, and g,, merely
that the g,- and g,-strains are accounted for in the convolutional linewidth fitted
at each microwave frequency. The ‘true’ g,-strain, therefore, is a combination of
the g.-strain and some part of the convolutional linewidth at each frequency. For
PCBM™, a significant g.-strain was required to accurately reproduce the high-field
tail observed in the experimental EPR spectrum, which is consistent with the

*The EPR convolutional linewidth is defined as the peak-to-peak linewidth: the horizontal

distance between the maximum and minimum of the first-derivative lineshape. For a Gaussian

lineshape, the peak-to-peak linewidth is \/211? x the full width at half maximum.
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3.3. Results and Discussion

literature.'3?224 The simulated PCBM™ contribution in both PBDB-T:PCBM and
PM6:PCBM employed the same EPR parameters.

The simulations confirm the near-axial symmetry of the g-values observed
experimentally for PBDB-T"t, PM6"", and PCBM"; previous studies on PBDB-T"*
have also shown the same principal g-value symmetry.!"®226 The closely-related
EPR parameters of PBDB-T"" and PM6"" are unsurprising, they have identical
molecular backbones and differ only by two fluorines on the thiophene side chains.

For the overlapping non-fullerene acceptor blends, precise determination of
the principal g-values from the echo-detected EPR spectra is challenging. One
might assume that the molecular environment of the polymer remains unchanged
in the presence of a non-fullerene acceptor and so the non-fullerene acceptor SC
can be simulated using the polymer parameters from the fullerene acceptor blend
simulations. Attempts with this method resulted in good matches to experimental
data with isotropic, axial, or orthorhombic g-values for the acceptor molecule.
The signal is simply too broad and unresolved and there are too many unknowns
(3 x g-values, 1 x g-strain, 3x linewidth, 1x weight) for accurate determination. An
assumption of a 1 : 1 polymer:non-fullerene acceptor contribution is not necessarily
valid either, as evidenced by the non-unity donor:acceptor ratios observed in
the fullerene acceptor blends. To accurately characterise the ITIC™ and Y6~
contributions, EPR techniques capable of separating the polymer donor and
non-fullerene acceptor signals were required, leveraging differences in relaxation
times or the presence of EPR-active nuclei in one, but not the other, molecule.
A similar approach to Van Landeghem et al.,!™18! who successfully isolated
ITIC™ in PBDB-T:ITIC and 2,4-diCN-Ph-DTTzTz" in MDMO-PPV:2,4-diCN-
Ph-DTTZzTz, is adopted.

3.3.2 Relaxation-Filtered EPR

One technique to separate out overlapping spectral contributions, known as
inversion recovery-filtered or 7Ti-filtered EPR, relies on differences in longitudinal
relaxation times of the donor and acceptor.!™18 The longitudinal relaxation times of
PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC, and PM6:Y6 were measured using
the inversion recovery pulse sequence depicted in Figure 3.1b of Section 3.2.2. For
the fullerene acceptor blends, the recovery of the net magnetisation was recorded
at magnetic field positions corresponding to the donor and acceptor peaks, whilst
for the non-fullerene acceptor blends, the field positions were chosen at various
points across the spectrum (denoted as far left, left and centre), where the relative
contributions of donor and acceptor may vary. The inversion recovery curves at
W-band and 20 K are shown in Figure 3.4, with the light-induced echo-detected

97



3. Charged States and Spin Delocalisation

EPR spectra and measured field positions of the inversion recovery curves shown in
the inset. The data were fitted with a bi-exponential, with the slower 77 component
assumed to be representative of the longitudinal relaxation time. As explained in
Chapter 2 (Section 2.7.2), the inversion recovery curves are also affected by spectral
diffusion: shifts in the resonance frequency of the measured spin due to changes in
the surrounding spin environment, such as flips of nearby electron or nuclear spins,
which occur faster than true longitudinal relaxation. The extracted T} values are
summarised in Table 3.2, along with 77 values at other microwave frequencies and

temperatures, determined from inversion recovery curves in Appendix B.

Measurement of PBDB-T"* and PM6™" in the PBDB-T:PCBM and PM6:PCBM
blends at different field positions can determine whether there is any anisotropy in
the T3 values for the polymer donor. Using the same three magnetic field values as
in the PBDB-T:ITIC and PM6:Y6 measurements, the measured 7} for PBDB-T"*
and PM6"" were found to have only a small amount of orientation dependence. T}
increases from 10.5ms to 13.2ms for PBDB-T"" and 11.6 ms to 14.4ms for PM6""
as the magnetic field is reduced and g,,, — g.. The T value of 13.2ms for the pure
PBDB-T"" peak (in PCBM) at the low-field position, designated ‘far-left’, is about
a third of the T} of 39.4ms observed for the same field position in PBDB-T:ITIC.
PM6"" demonstrated the same behaviour (14.4ms vs 42.2ms). As a result, the
change in 77 as a function of magnetic field in PBDB-T:ITIC can be confidently
attributed to a different relaxation time for the ITIC™ component (and similarly
for Y6© in PM6:Y6). PCBM™ displays a slightly longer 7 time than the polymers
PBDB-T"* and PM6"" (approximately 20% longer).

The T} times obtained from the polymer peaks can be compared to the relaxation
times of the non-fullerene acceptor blends at different points across the signal. At
the peak of the EPR signal (designated as ‘centre’), the T} time obtained for
PBDB-T:ITIC and PM6:Y6 is very similar to the T} obtained for PBDB-T " and
PM6 " in their PCBM blends, indicating that at this field position, the polymer is
the predominant contribution to the EPR signal. As the field position is decreased,
Ty lengthens substantially, implying that the relative contribution of ITIC™/ Y6
to the EPR signal increases at lower field positions, with the knowledge that there
is limited anisotropy in the polymer T}, and 7j is longer for the non-fullerene

acceptors (than the polymers).

The specific mechanisms of relaxation are not of particular importance for this
work and will not be discussed in any great detail, more important is that significant
differences in relaxation time between polymer donors and non-fullerene acceptors
are indeed observed. Explanation of the change in 7T as the microwave frequency is

increased is made difficult by the number of contributing processes to relaxation;!”
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Figure 3.4: Inversion recovery curves for PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC,
and PM6:Y6, measured at 20 K and W-band. Simulations of the curves (dashed lines) are
modelled by a bi-exponential, with the longer decay time considered to be representative
of T1. Simulation parameters are given in Table 3.2.

T) (ms)
Material Charge Position X Q W

20K 80K 20K 20K

PBDB-T"" far-left 13.2

PBDB-T'"  left 11.8

PBDB-T:PCBM PBDB-T'"  centre 35 0.1 4.6 105

PCBM"™ 44 01 76 111
************* PM6'T  farleft 144

PM6" left 13.1

PMG:PCBM PM6"" centre 50 0.2 58 11.6

PCBM"™ 56 02 69 11.8
********************* far-left ~ 11.0 394

PBDB-T:ITIC left 72 205

centre 5.0 0.2 50 10.3
********************* far-left 80 422

PM6:Y6 left 58 31.3

centre 31 01 49 150

Table 3.2: T} parameters obtained from simulation of inversion recovery curves in
Figure 3.4 and Appendix B at a range of temperatures and frequencies. Far-left, left and
centre refer to low- to high-field positions of the polymer and fullerene acceptor peaks.
Estimated fitting errors are 0.1, 0.03, 0.1, and 0.5 ms for the four respective conditions.
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3. Charged States and Spin Delocalisation

however, it does inform us of the desirability of operating at W-band microwave

frequency when isolating signal contributions in these OPV blends by their 7} time.

Inversion recovery experiments at increased temperatures (see Appendix B)
were carried out and values for 77 at 80 K (at X-band) are displayed in Table 3.2.
Evidently, in all cases, the T time decreases considerably as temperature increases,
by over an order of magnitude. T} is known to shorten with increasing temperature,
with the empirical relationship of 7T} and temperature depending on the dominant

relaxation mechanism,!!7-118,156,236

Using the differences in T} of the polymer donor and non-fullerene acceptor,
a relaxation-filtered EPR experiment was carried out to exploit these differences
and separate the two contributions. The strongest deviations in the 77 values were
observed at W-band, where spectral separation is strongest, and the relaxation
filtering was done at this microwave frequency. First, echo-detected EPR spectra
were measured at W-band for PBDB-T:ITIC and PM6:Y6 (Figure 3.5), varying
only the shot repetition time. The shot repetition time is the time interval between
successive pulse sequences applied to the sample and determines how much time the
spins have to return to equilibrium before the next measurement cycle begins. If
the shot repetition time is too short, then spins with longer T} values will not have
sufficient time to fully relax before the next pulse sequence and the signal intensity
of their contribution will be reduced. The EPR spectra shown are normalised by
maximum intensity - the longer shot repetition time will always return an EPR
spectrum of greater (or equal) intensity - and clear differences in signal shape
are noticeable on the low magnetic field side. The increase in relative intensity
of the low-field shoulder for longer shot repetition times must be attributed to a
slower-relaxing species, known to be the non-fullerene acceptor from the simulated

results of the inversion recovery curves in Figure 3.4.

With the knowledge that the slower-relaxing species is on the low-field side
and is the non-fullerene acceptor, the inversion recovery pulse sequence can be
optimised to minimise either the donor or the acceptor contributions to the spectrum.
An initial 7-pulse is applied, inverting the spins, and after a time delay, T, the
magnetisation is recorded with an echo-detection pulse sequence (7/2 — 7 — 7 — 7).
T can be modified to match where one of the two inversion recovery trace crosses
zero, and therefore, the donor and/or acceptor contributions at that magnetic
field are minimised. The inversion recovery traces and their zero-crossing points
for low- and high-field positions, where the non-fullerene acceptor contribution is
minimised and maximised, respectively, are shown in Figure 3.5. The zero-crossing
points determined from the traces were: TFBPBT™ — 1 8ms, TITIC™ — 10.6 ms,

TPME™ — 992ms and TS = 6.5ms.
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Figure 3.5: Left) Echo-detected EPR spectra for PBDB-T:ITIC and PM6:Y6, measured
using shot repetition times (SRTS) of 20ms and 240ms. The principal g-values of
PBDB-T"" and PM6'" are also plotted. Right) Inversion recovery traces under the same
conditions, measured at the indicated field positions. The zero-crossing points indicate the
pulse delay times at which the contributions at that given field positions would generate
no echo-detected EPR signal.

The zero-crossing points may not be the best values for Ty. For instance,

TPBDB-T™ — 1 8ms is determined from the field position where the majority of the
signal is from PBDB-T"", however, some ITIC" will also contribute to the inversion
recovery trace, altering 7. In addition, small amounts of 77 anisotropy, observed in
the relaxation measurements for PBDB-T"t and PM6', will lead to a distribution
of T3 values, and therefore, T crossing-points, and so the other signal contribution
will never be fully suppressed. One could use the zero-crossing points obtained for
PBDB-T"" and PM6™" in their PCBM blends (TFBPBT" = 1.8 ms and TFM6™ =
1.4 ms) to guide the choice of Ty, although this relies on the assumption that there
is no change in the donor molecular environment with different acceptor molecules.

Instead, the EPR signal was recorded both as a function of magnetic field and
filtering time, Ty, shown on the left in Figure 3.6. T, gTIC/ Y6L, which minimises
the ITIC/Y6" signal and maximises the PBDB-T/PM6 " signal, was optimised

by comparing the extracted signal shape at that given T to the simulation of
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Figure 3.6: Echo-detected EPR spectra using the inversion recovery filtering method
for PBDB-T:ITIC and PM6:Y6. Left) EPR signal as a function of magnetic field and
filtering time, Ty. Dotted lines indicate the chosen Tj times to minimise either the
PBDB-T'*/ PM6'" or ITIC"/ Y6' contributions. Right) The filtered EPR spectra that
isolate the polymer contribution are shown in comparison to the polymer SC simulations
from Figure 3.3 (red), whilst the sum of the two filtered spectra is compared to the
echo-detected EPR spectra from Figure 3.2 (grey).

PBDB-T/PM6" extracted from the echo-detected EPR spectra of PBDB-T:PCBM/
PM6:PCBM. This relies on the assumption that the polymer SC signal does not vary
substantially between fullerene and non-fullerene acceptor blends. T, J’ BDB-T/ PM6.+,
which maximises the ITIC/Y6™ signal, is optimised by summing the signal shape
at the given Ty with the PBDB-T/PM6'" relaxation-filtered contribution and
comparing it to the shape of the echo-detected EPR spectrum of the blend
PBDB-T:ITIC, although this assumes a 1 : 1 ratio of donor to acceptor charges. The
optimised Tj values were TEBPBT™ — 1 3ms, TITC" = 15.9ms, TFM6™" = 1.9ms

and TS = 11.0ms.

The isolated polymer donor and non-fullerene acceptor contributions are dis-
played on the right in Figure 3.6. The figure also shows the PBDB-T"* and PM6""

simulations from the echo-detected EPR spectra, shaded red, as well as the sum
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Figure 3.7: Decay of the echo-detected EPR signal for PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6, measured at 20 K and W-band. Simulations of the decays
(dashed lines) are modelled by a stretched exponential, with simulation parameters given
in Table 3.3.

T (1s) d

Material Charge Position X Q A\ X Q \WY%

20K 80K 20K 20K 20K 80K 20K 20K

PBDB-T'" far-left 5.8 1.6

PBDB-T'"  left 6.0 1.8

PBDB-T:PCBM PBDB-T'"  centre 3.7 32 49 61 13 12 16 18

PCBM" 3.7 29 48 63 12 10 12 15
S PM6' T  farleft 61 1.7

PM6" left 6.3 1.9

PMG:PCBM PM6' " centre 33 38 58 66 1.1 14 1.7 19

PCBM" 35 36 69 70 08 10 15 16
S far-left 49 46 1 1.6 1.4

PBDB-T:ITIC left 50 4.6 1.6 1.5

centre 2.8 3.3 5.4 5.3 1.2 1.2 1.7 1.7
S far-left 45 37 1 1.7 11

PM6:Y6 left 45 4.6 1.6 14

centre 2.8 3.4 4.8 5.8 1.2 14 1.6 1.6

Table 3.3: Ty, and d parameters obtained from simulation of echo decays in Figure 3.7
and Appendix B at a range of temperatures and frequencies. Estimated fitting errors are
0.1ps at 20K and 0.5ps at 80K for T3, and 0.1 for d.
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3. Charged States and Spin Delocalisation

of the two relaxation-filtered EPR contributions, compared to the echo-detected
EPR spectra of the non-fullerene acceptor blend. The sum of the polymer donor
and non-fullerene acceptor components shows excellent agreement with the echo-
detected EPR signal for the non-fullerene acceptor blend. While good agreement
may imply effective separation of the two contributions, one cannot exclude that
any unsuppressed polymer signal in the non-fullerene acceptor spectrum is matched
by an equivalent amount of non-fullerene acceptor signal in the polymer. Upon

addition, these two unsuppressed signals will cancel.

The ITIC™ and Y6 anion spectra match the left shoulder of the echo-detected
EPR signal closely, confirming that, at the low-field spectral positions, the spectra
are dominated by ITIC™/ Y6 . At the peak of the non-fullerene acceptor blend
spectrum, there is considerable overlap of the donor and acceptor contributions.
For PM6'", there are small differences in line broadening; the isolated PM6™"
appears to be shifted to slightly higher magnetic field positions than the field sweep
simulation and with a reduced shoulder on the low-field side - this would point
to some minor morphological changes in PM6.

Echo decay experiments were performed to determine the phase-memory time
T The echo decays were recorded at the field positions denoted in the inset, the
same field positions used for the inversion recovery experiments (Figure 3.4). The
echo decays were fitted with a stretched exponential, a common fitting function

156 and values of

for echo decays - see Equation 2.99 in Section 2.7.2 of Chapter 2,
1 — 2 for the stretch factor (d) were obtained for all decay traces. The extracted
decay times T, and stretch factors d are given in Table 3.3, along with Ty, values

at other temperatures and microwave frequencies, shown in Appendix B.

Phase-memory times are similar in magnitude across all blends and show little
dependence on temperature within the investigated range. Even if there were
significant differences in T;,, it would be hard to exploit them in the same way as
the T filtering experiment, as there is no equivalent zero-crossing point where one
signal contribution is suppressed. However, knowing the value of phase-memory time
is useful for experimental set-up, as T}, affects the signal intensity and determines

the longest pulse sequence that can be used.

3.3.3 EDNMR-Induced EPR

The presence of N nuclei in ITIC and Y6, but not PBDB-T and PM6 (see
molecular structures in Chapter 1 - Figure 1.5 of Section 1.3), can also be exploited
to separate out the donor and acceptor contributions to the EPR spectrum. The
ELDOR-detected NMR (EDNMR) spectra of PBDB-T:ITIC and PM6:Y6 are
displayed in Figure 3.8. On the left, the EDNMR signal is shown at three different
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Figure 3.8: Left) EDNMR spectra extracted at given magnetic fields, shown by the
dashed lines on the two-dimensional EDNMR spectra. The peak at Av = 0 MHz has
been fitted with a Lorentzian lineshape (grey). Right) W-band EDNMR, spectra of
PBDB-T:ITIC and PM6:Y6, measured as a function of magnetic field and change in
microwave frequency. The central region around Av = 0 MHz is partially covered in order
to emphasise the wing features.

magnetic field positions, the same field positions used for the relaxation-filtered
EPR experiments, and are normalised and plotted on top of one another. The
EDNMR signal can also be measured as both a function of frequency and magnetic
field, shown on the right of the figure, with the dashed lines corresponding to the
field positions of the displayed EDNMR spectra on the left. The large central
peak (=5 MHz < Av < 5MHz) is due to saturation of the EPR transition by the
high-turning angle pulse and is often noted as the central blind spot. This central
blind spot can obscure signals from weakly-coupled nuclei and so frequencies of
W-band or higher are required. The central blind spot was fitted with a Lorentzian
(coloured in grey), which has negligible intensity at the microwave frequencies where

the additional signal contributions are observed.

For species with spin-active nuclei, the EDNMR spectrum will show side peaks
to the central blind spot, centred at the Larmor frequency of that particular nucleus.
For both PBDB-T:ITIC and PM6:Y6, there are side peaks centred at +10 MHz
for all the magnetic field positions probed. At W-band, the *N nuclei has a
Larmor frequency of 10.3 MHz, and so these side peaks can be assigned to hyperfine
couplings between electron spins and N nuclei in ITIC™ and Y6 . In theory, the

1N side peaks will be split by hyperfine and nuclear quadrupole interactions. The
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Figure 3.9: Echo-detected EPR spectra of PBDB-T:ITIC and PM6:Y6, at 20K and at
W-band, obtained by taking the difference between EPR spectra measured with HTA pulse
frequency offsets of Av = 10 MHz and Arv = 20 MHz as illustrated in the inset, isolating
the non-fullerene acceptor contribution. The overall donor:acceptor blend spectrum (grey)
is also shown.

number of hyperfine interactions and the distribution of these interactions means
the peak splitting is unresolved and contributes as a line broadening effect. The
nuclear quadrupole interaction is also unresolved as a result of the distribution

of the *N nuclear environments.'”

The EDNMR spectrum does not change significantly across the acceptor spec-
trum; for instance, there are no significant differences in relative signal shape for
the EDNMR-induced EPR signals at Av = 9MHz vs Av = 11 MHz. This indicates
there is negligible orientation selection and accurate extraction of the non-fullerene
acceptor EPR signal is possible. The relative intensity of the side peaks depends
on the proportion of contributing electron spins that are coupled to N nuclei.
In both PBDB-T:ITIC and PM6:Y6, the low-field position showed the strongest
contribution of *N-containing molecules. In agreement with the findings from the
relaxation-filtering approach, a *N peak was also observed at 3354 mT, confirming
that there is significant overlap of donor and acceptor at the high-field position,

which corresponds to the peak of the non-fullerene acceptor blend spectra.

Knowing that the N peak is caused by the non-fullerene acceptor contribution
only, the EPR spectrum of ITIC™/ Y6 can be extracted by taking the 2D EPR
signal from Figure 3.8 at fixed values of Av. The obtained EPR spectrum of
ITIC"/ Y6 is given by taking the difference of the EPR signals on- (10 MHz) and
off-resonance (20 MHz). The resulting EDNMR-induced EPR spectra are shown
in Figure 3.9, with the inset highlighting the on- and off-resonance positions used

to extract the spectral contribution.

A comparison of the spectral shapes obtained for ITIC™ and Y6 with the
EDNMR-induced and relaxation-filtered separation methods is shown in Figure 3.10,
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Figure 3.10: Comparison of the spectral filtering methods for the non-fullerene acceptors
ITIC™ and Y6  and their corresponding simulations.

g-value g-value g-value
2.006 2.003 2.000 1.997 2.006 2.003 2.000 1.997 2.006 2.003 2.000 1.997
X-Band Q-Band W-Band
20K 20K
PBDB-T:ITIC
PM6:Y6 PM6:Y6 PM6:Y6
349 3495 350 350.5 1208 1210 1212 3345 3350 3355 3360

Magnetic Field (mT) Magnetic Field (mT) Magnetic Field (mT)

Figure 3.11: Simulation of the light-induced EPR spectra (dashed lines) of PBDB-T:ITIC
(top) and PM6:Y6 (bottom) at X-, Q- and W-band, along with the individual simulations
of the donor and acceptor SC contributions. The principal g-values of the polymer SC are
the same as the values used in the fullerene acceptor blend simulations, but the g-strains

and linewidths were allowed to vary. Full simulation parameters are given in Table 3.4.

. g-value g-strain Linewidth (mT)
Material 0 4 7 . Y ; X Q W
PBDB-T'" 2.0022 2.0023 2.0033 0 0 0.0018 0.19 0.32 0.54
PM6"" 2.0020 2.0021 2.0033 O 0 0.0018 0.19 0.27 0.48
ITIC™ 2.0021 2.0030 2.0038 O 0.0008 0.0013 0.19 0.18 0.63
Y6© 2.0021 2.0030 2.0037 O 0 0.0011 0.22 0.39 1.10

Table 3.4: Simulation parameters of light-induced echo-detected EPR spectra for
PBDB-T'", PM6"", ITIC' and Y6'~. The parameters were obtained by global fitting the
experimental spectra at X-, Q- and W-band simultaneously, with g-values and g-strains
consistent across microwave frequency. The relative weights of donor and acceptor were:
1:0.93 (PBDB-T:ITIC) and 1 : 0.99 (PM6:Y6). Estimated fitting errors are 0.0001 for
g-values and g-strains, and 0.02mT for linewidths.
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3. Charged States and Spin Delocalisation

along with a simulation of the signal from global fitting of the echo-detected,
relaxation-filtered and EDNMR-induced EPR spectra. The high-field shoulder
(3354mT) in both ITIC™ and Y6 from each method matches particularly well. In
principle, EDNMR-induced EPR is generally the more accurate technique, but it
is only suitable for donor:acceptor blends that have spin-active nuclei present in
just one of the two molecules, and so it not as widely applicable. One potential
issue of relaxation-filtered EPR would be the presence of any 77 anisotropy in the
donor molecule and, for strongly overlapping regions where the donor contribution
is more intense than the acceptor, like at the high field shoulder, true suppression of
the donor contribution would be difficult (and similarly for the acceptor). It seems
from the experimental results that this is not the case here. The low-field shoulder
(3352mT) is marginally shifted to slightly higher magnetic fields for the EDNMR-
induced signal and does not match the low-field shoulder of the non-fullerene
acceptor blend echo-detected EPR signal (in grey in Figure 3.9). This would imply
that the donor signal may contribute to the EPR signal at low magnetic fields.

With the additional EPR results for ITIC™ and Y6, the donor and acceptor
contributions to the PBDB-T:ITIC and PM6:Y6 echo-detected EPR spectra were
modelled using a similar approach to the fullerene acceptor blend spectra. The X-,
Q- and W-band echo-detected EPR spectra, relaxation-filtered EPR and EDNMR-
induced EPR were all fitted simultaneously. For the polymer donor contributions,
the same g-values from simulation of the fullerene acceptor blends were used and
not fitted, while the factors affecting linewidth (convolutional line broadening and
g-strain) were allowed to vary. Simulations of the echo-detected EPR spectra of
PBDB-T:ITIC and PM6:Y6 are shown in Figure 3.11, with simulation parameters
given in Table 3.4.

The simulations match very closely to the experimental EPR spectra, and
capture the low-field shoulder at W-band - the position of this shoulder corresponds
to the central principal g-value (g,) of ITIC"™ and Y6". For both ITIC™ and
Y6, the g-values are orthorhombic and very similar; previous characterisation of
ITIC™ has also found similar absolute values and symmetry of the g-values.!™ At
X-band, the broad wings seen on both the low- and high-field sides of the EPR
spectrum could not be modelled without including explicit hyperfine interactions.
The simulations shown include hyperfine interactions calculated from DFT, using
the basis set and functional described in Section 3.2.3; given the large number of
calculated hyperfine interactions (one for every proton), only those over 10 MHz
were included. For ITIC™, the largest predicted hyperfine interaction was 18 MHz;
for Y6' , it was 20 MHz. The width of the EPR signal was captured well by including
these contributions, but the relative intensity of the wings was overestimated. For
PBDB-T'*, PM6™" and Y6, an additional g,-strain was required to capture the
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3.3. Results and Discussion

behaviour of the shoulder on the low-field side; for ITIC™, some additional g,-strain
was also needed. The isotropic distribution of the g-values is contained with the
linewidth and is the primary cause for the observed increase in linewidth (in mT)
as a function of microwave frequency. The relative weights of donor and acceptor
were 1 : 0.93 (PBDB-T:ITIC) and 1 : 0.99 (PM6:Y6).

3.3.4 Interpretation of Spin System Parameters

g-values obtained from EPR spectra do not directly provide structural infor-
mation about the molecules probed, but in combination with DFT calculations,
interpretation of the electronic structure becomes possible. Quantum calculations of
the EPR parameters were carried out and aided interpretation of the set of principal
g-values extracted from the experimental EPR spectra. The molecular structures
and predicted orientations of the principal g-values for the polymer, fullerene and
non-fullerene acceptor SCs are displayed in Figure 3.12. For PBDB-T"" and PM6"",
gy lies along the long-axis of the polymer backbone (the aromatic rings), g, lies
along the short-axis of the backbone and g, is perpendicular to the backbone. For
ITIC™ and Y6", g, lies along the long-axis of the molecular backbone, with g,
along the short-axis, and g, again perpendicular. For PCBM™, g, lies along the
unique axis (containing the functional group), g, is perpendicular to the functional

group and g, is parallel to the functional group.

For aromatic radicals with extensive m-systems, it has been observed that the
g-value pointing out of the plane of the 7-system is least affected by the spin density
and lies closest to the g-value of the free electron: 2.0023.116:168.237 For the molecules
with orthorhombic g-values (ITIC™ and Y6"), the experimentally-determined g-
value closest to g, is ¢., (see Table 3.4) agreeing with DFT that predicts g, lying

PBDB-T" PCBM® 9.
| 9,
l/ gX
%% %;%Q’zg Jx;‘;%(%*

Figure 3.12: Molecular structures of PBDB-T"", PM6'", PCBM", ITIC" and Y6,
and the orientation of their principal g-values calculated from DFT. Three monomer units
are displayed for the polymer donors. The carbon, hydrogen, oxygen, sulfur, nitrogen and
fluorine atoms are coloured black, grey, red, yellow, dark blue and light blue, respectively.
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Figure 3.13: Spin density distributions of PBDB-T"", PM6'", PCBM"", ITIC" and
Y6 calculated from DFT. Four monomer units are displayed for the polymer donors.
The g-tensor orientations, from Figure 3.12, are also shown.

out of the plane of the polymer backbone. For PBDB-T"" and PM6', the g-values
have near axial symmetry (see Table 3.1), and so either one of g, or g, lying out of
plane to the polymer backbone would be in agreement; in this case, DF'T predicts
g out-of-plane. The g, and g,, but never g,, orientations flipped depending on
the polymer model chosen for the DFT calculations.

The predicted g-values derive from spin-density distributions calculated by DFT;
these distributions also provide insight into the absolute values and symmetry of the
principal g-values. The spin density distributions of PBDB-T"", PM6'", PCBM ",
ITIC™, and Y6" are given in Figure 3.13. Positive spin density is represented in
blue, and negative spin density in red. The polymers, modelled as tetramers, showed
that the spin density extended across the whole polymer backbone. Very little spin
density resides on the thiophene sulfurs of the conjugated backbone (sulfur atoms
in yellow) for either PBDB-T"* or PM6'*. It has been shown that, for an unpaired
electron localised on a sulfur within extended organic 7-systems, the g-value will
increase to 2.020.2% The g-values of PBDB-T"t and PM6'* that lie in the plane of
the m-system, g, = 2.0021 —2.0023 and ¢, = 2.0033, show a much smaller deviation
from g, than the predicted 2.020, consistent with a lack of spin density on the
sulfur atoms. The same work also theorised that non-compensated orbital angular
momentum within the plane of the backbone induces an additional magnetic field,
leading to g-anisotropy along the short and long axis of the m-system. For both
PBDB-T"t and PM6"", the distinct principal g-value, g., resides in the plane of the
m-system, as expected. ITIC™ and Y6, on the other hand, delocalise some spin
density onto their sulfur atoms, causing a larger deviation of their in-plane g-values
from g.. g, = 2.0030 and g, = 2.0037 — 2.0038, compared to g, = 2.0021 — 2.0023
and ¢, = 2.0033 for PBDB-T"" and PM6'*.

PCBM™ has a near-axial symmetry of its principal g-values (see Table 3.1),
with the distinct g-value, g, = 1.9990, positioned perpendicular to the aromatic
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ester functional group. The spin density has a belt-like structure, encompassing
the plane of g, and g.; the nodal poles of the spin ‘belt’ lie along g,, the unique
axis of the molecule. The region of negative spin density, lying in the centre of the
fullerene (in red) and facing the reader according to the view in Figure 3.13, points
along g., and is the cause of the difference in g-values for g, and g.. In the films
studied, PCBM" is surrounded by a cage of other PCBM molecules. The cage can
distort the fullerene structure along low-frequency vibrational modes, which stretch
and squeeze the molecule. These distortions occur as full-body breathing motions,
lengthening and shortening the fullerene along the g,-axis.??4?% As a result, the
distribution of g-values (perpendicular to the vibrational axis, g,) broadens, as
observed in the larger g.-strain from simulations of the EPR data. g,-strain should
also be larger than g,-strain, but given that g, and g, of PCBM™ are near-identical,
their strains are not distinguishable from one another.

3.3.5 Determination of Spin Delocalisation by ENDOR

The spin density distribution does not only affect the g-values of the charged
states on donor and acceptor molecules, but also the hyperfine interactions with
nearby nuclei; for a more delocalised spin density, the strength of each electron-
nuclear hyperfine interaction will be reduced. Hyperfine couplings can be measured
directly by Electron Nuclear Double Resonance (ENDOR) spectroscopy, even if
the hyperfine couplings are unresolved in the echo-detected EPR spectra. ENDOR
measurements can validate the spin density distributions determined from DFT, and
characterise the extent of charge delocalisation, as well as the relative orientations
of the g-values and the principal axes of the hyperfine interactions.

Davies ENDOR spectra were recorded for the OPV blends PBDB-T:PCBM,
PM6:PCBM, PBDB-T:ITIC, and PM6:Y6, at multiple microwave frequencies,
shown in Figures 3.14 to 3.17. ENDOR spectra were recorded at different magnetic
field positions across the donor and acceptor peaks to investigate any effects of
orientation selection, and these field positions are indicated by the asterisks on the
echo-detected EPR spectra displayed above the ENDOR plots. The blue and red
lines correspond to the principal g-values. ENDOR spectra are plotted on top of
each other (bottom of figure) to identify any noticeable changes in signal shape.

The ENDOR spectra for PBDB-T:PCBM at X- and W-band are shown in
Figure 3.14. At X-band, the ENDOR peaks are symmetrical about the proton
Larmor frequency (Av = vy — 11y = 0), with a total spectral width of 5 MHz.
The lack of distinctive features means hyperfine couplings cannot be attributed to
individual protons and instead indicate a distribution of many hyperfine interactions.
The characteristic two shoulder shape to the ENDOR signal is a result of the blind
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3. Charged States and Spin Delocalisation

spot intrinsic to the Davies ENDOR experiment. Small hyperfine couplings, which
generate small splittings about Av = 0, are suppressed by the central blind spot,
creating the appearance of two shoulders; this is the usual ENDOR shape for
a broad distribution of many nuclei. A sharp peak still remains at Av = 0,
due to the contributions of large numbers of distant protons on other molecules
surrounding the probed molecule.'®® The Mims ENDOR technique is more sensitive
for probing small hyperfine interactions,!”"?3? but for the purposes of determining
charge delocalisation, the largest hyperfine interaction is of more importance, and
Davies ENDOR is the more suitable technique. Tentative assignment of 5 MHz
for an approximate upper limit of the electron-nuclear hyperfine coupling can be
made from the spectral width.

At X-band, there is no change in spectral width as a function of magnetic field,
while there is a small amount of asymmetry in the 349.4mT ENDOR spectrum
(darkest blue). Under strong polarisation conditions, ENDOR spectral asymmetry
can reveal the sign of the hyperfine interactions,?*’ but at the temperature and
magnetic fields measured here, the asymmetry is likely due to experimental imper-
fections, relaxation or polarisation effects.!17-241:242 The similarity of the ENDOR
signal shapes at different magnetic fields at X-band is due to the bandwidth of
the microwave pulse used to measure the spins. A m-pulse with ¢, = 140 ns has
an excitation profile of width 0.4mT, meaning that if the m-pulse is applied at
a magnetic field of 349.6 mT, it will probe all spins with resonance frequencies
of 349.4 — 349.8 mT. The difference between the largest and smallest g-values at
X-band, g, — g, is 0.2mT and so the microwave pulse is not selective enough -
spins with a range of different orientations relative to the static magnetic field will
be excited, regardless of where the magnetic field is applied across the PBDB-T"*
peak. In order to observe orientation selection, only a subset of spins must be
excited, not the whole ensemble. This is possible at higher microwave frequencies,
where the distance between field positions corresponding to the principal g-values
is increased: at W-band, the g-value separation is 1.9mT. Higher microwave
frequencies also increase the energy gap between the two spin sublevels involved
in the EPR transition, which, by the Boltzmann distribution, lead to a greater
population difference, and therefore signal intensity. The W-band ENDOR spectra
show a similar spectral width of 5 MHz to the X-band spectra, although differences
between ENDOR spectra with magnetic field are now noticeable. As the magnetic
field decreases (darker blue) and g/, — g., the ENDOR shoulders move slightly
closer together. While these are only small changes, conclusions can still be made.
The maximum hyperfine coupling is capped by the width of the ENDOR spectrum
and so cannot be any larger than 5 MHz. The PBDB-T"" principal g-value at lower
magnetic fields is g., which, from the DFT predictions in Section 3.3.4 (Figure 3.12),
points along the short axis of the polymer backbone. The shift of the main ENDOR
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Figure 3.14: Davies 'H ENDOR spectra of PBDB-T:PCBM, measured at X- and
W-band, recorded at a number of field positions, with corresponding echo-detected EPR

spectra.
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Figure 3.15: Davies 'H ENDOR spectra of PM6:PCBM, measured at X- and W-band,
recorded at a number of field positions, with corresponding echo-detected EPR. spectra.
The Larmor frequency of 'F, present in PM6°", is also shown. At W-band, it is outside

the range of Awv.

115



3. Charged States and Spin Delocalisation

shoulders can be linked to the orientation of the hyperfine tensor of the backbone
protons, which must have larger principal hyperfine values in the plane of g, and g,.

The ENDOR spectrum at the PCBM"™ field position (lightest blue) shows a very
narrow peak of width 1 MHz. The belt of spin density is contained on the proton-free
fullerene core and does not extend onto the aromatic ester functional group. The
narrow peak is caused by very small hyperfine interactions that originate from distant

weakly-coupled protons, either on the functional group or on neighbouring molecules.

The ENDOR spectra of PM6:PCBM (Figure 3.15) at X- and W-band are very
similar to the ENDOR spectra of PBDB-T:PCBM, confirming the analogous spin
density distributions predicted from DFT calculations. The 'F Larmor frequency
is also plotted, which at X-band falls within the spectral width of the ENDOR
signal. However, due to the large number of protons in the molecular structure,
compared to the relatively few fluorines (2 : 76 F:H ratio per monomer unit), all of
which contribute to the ENDOR signal at X-band, there is no discernible impact of
e~ — YF hyperfine interactions on the spectra. The fluorines are also all bonded
to side-chain thiophenes and so have a weak interaction with the spin density that

sits predominantly on the polymer backbone.

Figure 3.16 displays the ENDOR spectra of PBDB-T:ITIC at X-, Q- and W-
band. At X-band, again, the ENDOR signal shapes at different magnetic field
positions are very similar, as the pulse excitation bandwidth covers the width of the
PBDB-T:ITIC EPR spectrum. The spectra have the same symmetric broad peak
of width 5 MHz, which can be assigned to hyperfine interactions on PBDB-T"*.
Although hard to see, broad but weak spectral wings are also present in the
signal, extending to an overall width of 10 MHz, and these are not observed at
the PBDB-T"* field positions in the PBDB-T:PCBM ENDOR spectra. Larger
hyperfine couplings of 10 MHz can be tentatively assigned to ITIC™.

Measurements at Q- and W-band begin to reveal clear differences in signal
shape as a function of magnetic field. At higher magnetic fields (lighter yellow), the
ENDOR signal shape resembles the PBDB-T"" signal shape in PBDB-T:PCBM, but
also contains the weak spectral wings assigned to ITIC™ that were seen at X-band.
Importantly, this confirms the results of the relaxation-filtered and EDNMR-induced
EPR that found that the ITIC™ contribution extends on to the high-field side of
the PBDB-T:ITIC signal. As the magnetic field is decreased and the contribution
of ITIC™ to the PBDB-T:ITIC spectrum is increased, these spectral wings grow
in intensity. At the lowest magnetic field (darkest yellow - 3352.3 mT), the signal
is dominated by the ITIC™ contribution. The width of the spectrum is more
easily obtainable from the Q- and W-band data, and the largest ITIC™ hyperfine
interaction must be no greater than 20 MHz. The broadness of the low field ENDOR
peaks suggests a distribution of larger hyperfine couplings up to this maximum value.
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Figure 3.16: Davies '"H ENDOR spectra of PBDB-T:ITIC, measured at X-, Q- and
W-band, recorded at a number of field positions, with corresponding echo-detected EPR
spectra.
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Figure 3.17: Davies '"H ENDOR spectra of PM6:Y6, measured at X-, Q- and W-band,
recorded at a number of field positions, with corresponding echo-detected EPR spectra.
The position of the Larmor frequency of °F, nuclei present in both PM6 " and Y6, is
also shown.
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PM6:Y6 shows similar behaviour in its ENDOR spectra as PBDB-T:ITIC
(Figure 3.17). At X-band, the ENDOR signals are near-identical, with some
slight broadening for the ENDOR spectrum at the low magnetic field position
(darkest pink), which can be attributed to the increase in relative Y6 contribution.
The width of the strong central signal matches the spectral width of PM6™" in
PM6:PCBM of 5 MHz. As the microwave frequency is increased, the ENDOR signal
varies with magnetic field, with the spectra at lower magnetic fields, and greater
Y6" contributions, having a broader distribution of larger hyperfine couplings, in
a similar fashion to PBDB-T:ITIC. The spectral width is also 20 MHz, capping
the largest hyperfine coupling at this value.

The presence of °F nuclei in the Y6 molecular structure also impacts the
ENDOR signal shape. Looking at the ENDOR spectra with the largest Y6
contribution at W-band (darkest pink), a dip in signal intensity is observed at
—8.3 MHz - this corresponds to the Larmor frequency of °F (relative to 'H). There
is also an additional broadening of the peak on the left hand side of the spectral
shape that is not matched on the right hand side - the ENDOR signal extends to
—15MHz. This additional broadening is the result of hyperfine couplings to F,
while the dip in intensity at —8.3 MHz arises from the blind spot of the ENDOR
experiment, analogous to the dip in signal at Ay = 0 MHz. At Q-band, the effect
of the F nuclei is much less apparent, although there is a very slight increase in
broadening on the left hand side of the lowest magnetic field ENDOR signal.

A comparison of the ENDOR spectra of the PBDB-T and PM6 blends at each
recorded field position is given in Figure 3.18. At the highest magnetic fields
(3354.6 — 3354.8mT), the spectral shapes are almost identical, confirming that
the EPR signal at that field position is dominated by PBDB-T""/ PM6™". The
presence of the weak side wings does confirm that there is still a small contribution
of ITIC™/ Y6 at high fields. As the magnetic field is decreased, the spectral wings
grow in intensity, confirming a rise in contribution of the non-fullerene acceptor.
The relative magnitudes of the signal components with width 5 MHz and 20 MHz
also relates to the donor:acceptor ratio at the given magnetic field, matching the

simulations from the EPR experiments.

The larger hyperfine interactions observed for ITIC™ and Y6, compared to
PBDB-T"" and PM6"", are consistent with the results of the DFT calculations. The
spin density in the polymer donors is delocalised across multiple monomeric units;
when PBDB-T"" and PM6"" were modelled as tetramers, the spin density delocalises
across all four repeat units. As a result, the spin density that each proton interacts
with, and therefore the magnitude of the hyperfine coupling, is reduced relative to
the hyperfine interactions in the non-fullerene acceptors. Modelling the polymer
donors as smaller repeat units (monomer, dimer, or trimer) predicts hyperfine
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Figure 3.18: Comparison of the Davies 'H ENDOR spectra of the PBDB-T and PM6
blends at the magnetic fields indicated in the echo-detected EPR spectra above - the
Davies '"H ENDOR spectra are plotted in lighter colours as the magnetic field is increased.
Each Davies 'H ENDOR spectrum is normalised to compare the effect on line shape of
the acceptor molecule.

interaction strengths that are not supported by the width of the ENDOR spectra.
In general, the ENDOR spectral width can be used as a probe to determine the

degree and distribution of spin delocalisation in the polymer donor charged states.

X-band echo-detected EPR spectra of PBDB-T:ITIC and PM6:Y6 exhibited
broad wings at low magnetic fields (349.2mT) that were assigned to hyperfine
interactions within ITIC™ and Y6™ (Section 3.3.1). A pair of orthorhombic hyperfine
interactions that each have the same A,.x ~ 20MHz (18 MHz for ITIC™ and
20 MHz for Y6™) were required to accurately simulate these wings, and these values
are in line with the predicted upper limit of the hyperfine interactions from the
ENDOR results of PBDB-T:ITIC and PM6:Y6. Despite these relatively large
hyperfine interaction strengths, the spin density distributions of ITIC™ and Y6
(see Figure 3.13) are delocalised across the whole molecular structure, and this
delocalisation may reduce the Coloumb attraction of charges at the donor-acceptor

interface, allowing more efficient charge separation.
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3. Charged States and Spin Delocalisation
3.4 Conclusions

Characterisation of the separated charges for PBDB-T't, PM6'", PCBM™,
ITIC™, and Y6~ was accomplished through a series of EPR experiments. For
PBDB-T ", PM6'", and PCBM", the principal g-values and their distributions,
encoded in the g-strain, can be directly modelled from the echo-detected EPR
spectrum, revealing an axial g-symmetry for all three charged states. Multiple
microwave frequencies are required to resolve the g-anisotropy and determine the
effect of hyperfine interactions on the signal, a problem at X-band. For classification
of the ITIC™ and Y6~ parameters, more advanced EPR techniques were required.
If there are differences in 77 between donor and acceptor, then exploitation of the
inversion recovery pulse sequence can filter out one of the two contributions, although
this relies on no 77 anisotropy and a limited distribution of spin environments
and therefore relaxation times.

An alternative approach is to leverage the presence of any spin-active nuclei in
only one of the two molecules and apply the EDNMR-induced EPR technique to
measure EPR spectra at the Larmor frequency of that nucleus. In combination with
multifrequency echo-detected EPR spectra, these two methods allowed isolation
of the acceptor contribution, revealing an orthorhombic symmetry of the principal
g-values for ITIC™ and Y6 . Prior characterisation of the PBDB-T"" and PM6""
components from PBDB-T:PCBM and PM6:PCBM greatly aids the accurate
simulation of the acceptor contributions. These separation methods can be applied
to any OPYV system with overlapping donor and acceptor contributions.

The extracted g-values and strains were rationalised with quantum mechanical
DFT calculations, providing justification of the symmetry of the g-values, as well
as deviations away from the free-electron g-value. The DFT results were verified by
ENDOR experiments at various field positions across the EPR spectrum. ITIC™ and
Y6 showed far larger hyperfine couplings than PBDB-T " and PM6"", consistent
with an increase in localisation of the spin density. This in-depth characterisation of
the properties of charged states on donor and acceptor molecules in the investigated
OPV blends forms the basis for further measurements aimed at gaining insights
into the photovoltaic mechanism and the role of different spin states.
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Modelling the Evolution of Spin
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4.1 Introduction

While the previous chapter focused on steady-state EPR to probe the EPR

spectral signatures and charge delocalisation of long-lived photoinduced separated

charges (SCs), this chapter shifts attention to the earlier steps in the photophysical

mechanism. These involve short-lived photoexcited intermediates, the charge-

transfer (CT) state and mobile SCs, that evolve on nanosecond to microsecond

timescales and play a decisive role in determining the efficiency of charge generation.
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These photoexcited intermediates are often formed via spin-selective processes,
resulting in non-equilibrium spin polarisation of these states. The evolution of this
polarisation, shaped by spin dynamics, reaction kinetics, and relaxation processes,
encodes crucial mechanistic information, including reaction pathways, recombination
rates, and spin coherence lifetimes.'!3 Spin-polarised states are fundamental to a

wide array of research fields, not only OPVs,?*? but also biological systems,?44-248

249,250 251,252 Pime-resolved

organic optoelectronics, and quantum information science.
EPR spectroscopy provides a powerful means to probe the spin evolution of these
intermediates in real time, offering insight into the fundamental photophysical

processes that govern their spectral behaviour.

However, interpreting time-resolved EPR spectra of CT states and identifying
contributions from SCs is particularly challenging due to overlapping spin transitions
and the complex evolution of spin polarisation. Consequently, simulations have
become an indispensable tool for extracting mechanistic insights from experimental
time-resolved EPR data.!4%253256 Accurate modelling enables the connection of
spectral features to underlying physical parameters, exploration of proposed reaction
schemes, and testing of mechanistic hypotheses.

This chapter describes the development and optimisation of code for simulating
the evolution of spin-polarised CT states and SCs in a time-resolved EPR experiment.
It begins by establishing the theoretical foundations: the Liouville-von Neumann
formalism for time evolution of the density operator, and the incorporation of
relaxation and kinetic processes in Liouville space. The next section presents
the computational implementation of this theory in a purpose-built simulation
package, designed for accuracy, speed, clarity, and ease of use. This includes a
discussion of numerical optimisation strategies and validation by comparison to
literature. Finally, a series of representative kinetic scenarios are modelled, each
illustrating how different regimes of charge transfer and separation manifest in
the time-resolved EPR signal.

4.2 Theoretical Foundations

4.2.1 Density Operator Formalism

Modelling of the evolution of spin polarisation requires a time-dependent
quantum mechanical description. The time evolution of a pure quantum state
|1(t)) is governed by the time-dependent Schrodinger equation. This evolution
occurs under the influence of the system Hamiltonian A, expressed in units of angular
frequency, encapsulating the interactions determining the energy of the spin system:

Wy W

- +i (| A (4.1)
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4.2. Theoretical Foundations

To describe the evolution of both pure and mixed states, the density operator
formalism from Chapter 2 is revisited (see Equation 2.63 in Section 2.4). Differ-
entiating the density operator p = [¢) (¢| with respect to time and applying
the product rule yields

W _di)

a (W] + ) ——

10 )

Substituting the expressions from Equation 4.1 gives the Liouville-von Neu-

mann equation:
45 R R N
D L) (] + i) I = i [ ] “3)

where [7:[, /3] is the commutator of H and p. This differential equation, for a

time-independent Hamiltonian #, has the solution:

p(t) = M poet = U (1)po U (1) (4.4)

This expression describes the time evolution of a closed system, one that does
not exchange energy or matter with its environment. In such systems, the dynamics
are governed by unitary evolution,” meaning the state evolves under a unitary

time evolution operator U(t) = e ",

In contrast, an open system interacts with its surroundings and non-unitary
processes, such as spin relaxation and chemical kinetics, also influence its evolution.
These processes reduce quantum coherence, redistribute populations among spin
states, and can result in the formation or irreversible decay of spin states, changing
the total number of spins in the system. In order to incorporate non-unitary
dynamics, a transformation is made from Hilbert space to Liouville space. In
Hilbert space, the density matrix is an n X n matrix, and operators act via matrix
multiplication. In Liouville space, the density matrix becomes a column vector
of size n? x 1 through column-wise flattening:

P11
P21
P11 P12 :
p=1|Pun P22 | = p‘12 (4.5)
‘ ‘ . P22

*Unitary evolution ensures that the quantum state evolves in a way that preserves both total
probability (the trace of p remains 1) and quantum coherence (relatlve phases between components
of |¢) are maintained). Mathematically, a unitary operator U satisfies U'U = 1, where 1 is the
identity operator.
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4. Modelling the Fvolution of Spin Polarisation

This conversion, known as vectorisation, allows the Liouville-von Neumann
equation in Equation 4.3 to be rewritten as a first-order linear differential equa-

tion of the form:

‘if = ivec (pH) —ivec (Hp)
=i(ATel)p-i(leH)p (46)
—-i(lef-A"al)p
= —iflp
which follows from the identity:
vec(ABC) = (C" @ A) vec(B) (4.7)

with ® the direct or Kronecker product and the Liouville space superopera-

tor A defined as:

H=ioH-ATei (4.8)

This formulation enables the treatment of density operator evolution as a
matrix-vector product, which allows for more efficient numerical simulations.” The
Liouville-von Neumann equation above describes the coherent evolution of the
density operator, governed by the spin Hamiltonian. The equation can be expanded

to include kinetics and relaxation, which yields the master equation:

dp A 2 A

= HP = Ep—T(p = peq)
_ (_m —f(-f) P+ Theq (4.9)
:ﬁﬁ+fﬁeq

with each superoperator playing a distinct role:
« 7 governs the unitary spin dynamics.
« K encodes kinetic recombination pathways.

o I describes longitudinal and transverse relaxation driving the system towards

equilibrium.

TFrom here on, j is the vectorised density operator in Liouville space: its space representation

is inferred from the object that acts on the density operator: superoperators like # act on p in
Liouville space, while operators like H act on p in Hilbert space.
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4.2. Theoretical Foundations

The total Liouvillian superoperator E thus includes all processes that modify the
state of the system. The vector peq is the density operator at thermal equilibrium,
representing the equilibrium state with Boltzmann sublevel populations and no
coherences. The master equation in Equation 4.9 is an inhomogeneous first-order
linear differential equation. Under the assumption that the Liouvillian superoperator
L is time-independent, its general solution comprises a homogeneous solution and a
particular solution to the inhomogeneous term. The homogeneous part is given by:

dp 3 Aoa

P fp= =  p=eMA (4.10)
dt
where A is a time-independent operator to be determined from initial conditions.
The particular solution to the inhomogeneous part is found using an integrating

factor and gives:
L Lp=Tpqg = —L 7T peq (4.11)

The general solution is the sum of the two solutions, and the initial condition
of p(t = 0) = po allows determination of A:

A~ A
~ A

L T peq + €51 A A=po+ L Theq (4.12)

which yields the full solution of the master equation:

A
~

p=—L T peg + e <,60 + ﬁ—lfﬁeq) (4.13)

The density operator at steady-state, ps, can be obtained by setting the time-

derivative of the density operator to zero:

dpes . AL
-0 = w = —L1Tp, 4.14
P p (4.14)

Substituting in the steady-state density operator into the full solution of the

master equation simplifies the expression to:
Ay A ftia oA
p(t) = pPss T € (PO - pSS)

(4.15)
= pss € (_IH i F) (,00 - pSS)

This solution describes the time evolution of the system from an initial state pgy
towards its steady-state pss. At t = 0, the solution recovers the initial condition p =
Po, while in the limit ¢ — oo, the exponential term vanishes and p — ps. Both the
transient evolutAion andAthe §teac}y state are governed by the form of the Liouvillian

superoperator L=—-iH-K-— f, which combines coherent Hamiltonian evolution,
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4. Modelling the Fvolution of Spin Polarisation

and incoherent relaxation and population transfer. The competition between these
terms determines how populations redistribute and how coherence decays over time.

Even if some terms in £ are time-dependent, the propagation can be split into
small time intervals over which the superoperator can be considered approximately
time-independent. The propagation is done via a pre-computed time-step propaga-

tor, O, applied iteratively to obtain the density operator as a function of time:

O

At +dt) = O p(t) O = O, + 5 (i - ) (4.16)

where i is the identity superoperator and Oy is the projection superoperator that
maps H(t) to pss. The derivation of O from the form of j(t) in Equation 4.15 is
given in Appendix C. This equation forms the computational basis for simulating
the time evolution of spin polarisation and is central to modelling time-resolved
EPR spectra. At each time point, the populations and coherences contained in
p(t) determine the intensity of each EPR transition.

The forms of the superoperators in L depend on the specific spin system
considered; the subsequent discussion focuses on those relevant to the simulation of
photoinduced states in OPVs. The evolution of the spin polarisation in the charge-
transfer state is initially examined in isolation, before extending the theoretical

framework to incorporate the behaviour of separated charges.

4.2.2 Spin-Correlated Charge-Transfer States

Evolution of the spin polarisation of the CT state, during a time-resolved EPR
experiment, is governed by the master equation in Equation 4.15, and requires
explicit evaluation of each constituent superoperator.

The total spin Hamiltonian of the CT state can be written as the sum of

two contributions:
Her(t) = Hoor + Halt) (4.17)

where 7:[07CT is the static spin Hamiltonian capturing the spin-spin and spin-field
interactions of the CT state:

N N N A A D A oA A
Hocr = 52 BognSp.: + 52 BogaSias + 7 So8s + 5 (38054 = 5pSa)  (4.18)

with the hyperfine interaction neglected for simplicity.

The second term, 7:[1, represents the time-dependent interaction with the
oscillating microwave magnetic field By, applied perpendicular to By:

KB

3 Bi(t)gpSp.« + @Bl(t)gASA,x (4.19)

Hy = .
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4.2. Theoretical Foundations

where Bi(t) = Bjcos(wmwt) is the time-dependent microwave field amplitude.
In a time-resolved EPR experiment, B; is applied continuously throughout the
measurement window.

The spin dynamics are modelled in the rotating frame, a new reference frame
that rotates around the static magnetic field axis, z, with angular frequency +wpy,
and the spin Hamiltonian becomes:

Her = Hoor + Hi — WinwS: (4.20)
where the meSZ term accounts for the transformation to the rotating frame, remov-
ing the precession of on-resonance spins around By, with 1, now time-independent:

P

Hi = %BlgDSD,m + =2 B1gaSa. (4.21)

KB
2h

A full derivation of the rotating frame transformation can be found in Appendix C.
Finally, the spin Hamiltonian is converted into its superoperator form using the

transformation in Equation 4.8.

Recombination of charges in the CT state, to either the ground state (CT — Sy)
or to the lower-lying triplet state (CT — T;), is incorporated via the kinetic

superoperator Ker. Since Sy contains no unpaired spins and the T state gives rise
to signals that are removed by baseline-correction within the magnetic field range
of interest of the CT state, neither contributes to the time-resolved EPR spectrum
of the CT state, and their spin dynamics are not modelled explicitly here. The spin
polarisation of the T state is investigated separately in Section 5.3.1 Chapter 5.

The superoperator Keor thus captures the irreversible, spin-selective depletion
of the CT state to undetected products, a non-unitary evolution, characterised
by the phenomenological singlet and triplet recombination rate constants kg and
kr. In Hilbert space, these processes are commonly described using the Haberkorn

reaction operator:2*”

A ko A kTt A
Keop = ESPSJF %PT

1 1 (4.22)
S T
== — |TH (T
S 18) (8] + " 1T (T
where the total triplet projection operator is defined as:
. 1
Pr = |T) (T = 3 (IT+) {T+| + [To) (To| +[T-) (T-|) (4.23)

To include this kinetic term in the Liouville space formulation of the master
equation, the projection operators, Py and Pr, are transformed into superoperator
form via the anticommutator mapping:

Po—iob+ Pl ol
R (4.24)
Pr=1@Pr+Pl®l
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4. Modelling the Fvolution of Spin Polarisation

The spin-selective recombination of the CT state leads to the decay of population
in each of the spin sublevels. These decays are captured by the diagonal elements

of the density matrix p, with the population of each CT eigenstate |i) evolving as:

dpi;
dt

=— (ks’<ﬂs>|2 + kTW‘T)’Q) Pii (4.25)

Using the CT eigenstate definitions provided in Chapter 2 (see Equation 2.56 in

Section 2.4), the population decay equations for the four CT sublevels become:

dpui

=—k

at TP11
d
% = —(kgsin® ¢ + kr cos® ¢)pas
dpss (4.26)
Tl — (ks cos® ¢ + kr sin® ¢) pss
dp44
— =k

a4 T P44

where ¢ defines the coupling regime: ¢ ~ 0 for strongly-coupled spins, and ¢ ~ %

for uncoupled spins.

To account for additional singlet-triplet dephasing, predicted from quantum

measurements, a damping term is often appended:?%2%9

2 ks 2 kra ks + k
Ker = Pyt o Prt =

<p8®pT+pT®pS) (4.27)

where the final term selectively damps singlet-triplet coherences. Although this
contribution is often small and hard to demonstrate unequivocally in experimental

systems, it is retained here for completeness.

Relaxation processes are captured by the superoperator f‘CT, which describes how
populations and coherences return to thermal equilibrium. These processes can be
described by the phenomenological longitudinal (7}) and transverse (75) relaxation
times (see Section 2.7.2 in Chapter 2 for details), although more sophisticated
treatments of spin relaxation also exist.?50 T} relaxation affects the diagonal elements
of the density matrix, modelling redistribution of populations back to equilibrium.
T, relaxation governs decay of coherence, represented by off-diagonal elements.

Unlike the other superoperators that act on the density operator p, relaxation
drives the system towards its thermal equilibrium state peq and must therefore be
formulated in terms of the deviation p— peq. In some time-resolved EPR simulations,
where the thermal polarisation is negligible, a simplified approach is adopted in
which relaxation is treated as acting directly on p alone. This approximation

renders the master equation homogeneous and computationally simpler. In doing
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4.2. Theoretical Foundations

so, the modelled system relaxes towards equally-populated spin sublevels, rather

than towards a thermally-populated distribution.?6!

The relaxation superoperator fCT is constructed by approximating elements of

the Redfield relaxation matrix with 7} and 7, values:!!6:262:263
A . 1 e
(@ Lerljj)=——+ Hi#)
TLTl
1 (4.28)
N ifi—
iz

and A ]
(ij| Ter lig) = T i)
2

=0 ifi=j

(4.29)

with all other matrix elements zero and n the number of eigenstates. T} terms
appear off-diagonal in the Liouville space relaxation superoperator and conserve
total population, reflecting population shuffling within a closed system. T, terms
lie along the diagonal and lead to a net loss of coherence.

4.2.3 Charge-Transfer States and Separated Charges

The spin dynamics described so far consider only the CT state. However, in
principle, the CT state may evolve into spatially separated charges (SCs) through
charge separation processes. A more complete model of the photophysics in OPVs
must therefore incorporate both the CT state and SCs, along with the kinetic

processes that govern their interconversion.

A convenient approach is to describe the CT state and SCs within a unified
two-state framework. In this model, the total superoperator L is expanded to
include both CT and SC subspaces.?®* Spins in SCs are uncorrelated and can be
treated as two spins at infinite separation (J = 0, D = 0), resulting in four spin
eigenstates: {|aa),|af),|Ba),|B5)}. The corresponding density operator for SCs,
psc, will then have the same dimensions (n? x 1) as that of the CT state.

This leads to a composite Liouvillian of size 2n? x 2n?} structured as a 2 x 2
block matrix in the CT-SC basis:?%2

i ((CT|§]CT> <CT!{3!SC>) (4.30)

(SC|£|CT) (SC|L|SC)

Alternatively, one could first construct a combined Hilbert space (of dimension 2n x 2n) and
then transform to Liouville space. This would yield a larger superoperator of size 4n? x 4n?, which
is only required if the two subspaces are entangled. The CT state and SCs have no coherences
between them, and so the smaller 2n? x 2n? Liouville space suffices.
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4. Modelling the Fvolution of Spin Polarisation

Except for the kinetic processes that interconvert the CT state and SCs, the
two subspaces are completely decoupled. Consequently, the spin dynamics and
relaxation superoperators act independently within each subspace and retain a
block-diagonal structure in the combined CT-SC basis:

f— (Tter 0 _ (ter 0 (4.31)
0 Hsco 0 TI'sc

where Hsc is the superoperator for the rotating frame Hamiltonian that de-

=>>

scribes SCs in the presence of the static magnetic field By and the oscillating
microwave field Bj:

Hso = 7:lo,sc + Hy — WS (4.32)

with:

" BogaSi.c (4.33)

The relaxation behaviour of the SCs is assumed to mirror that of the CT state:

7:[0,80 = %SBOQDgD,Z +

I'sc = Dor. In more advanced treatments, separate superoperators could be intro-
duced to capture distinct relaxation pathways, if the added complexity is justifiable.

The two-state kinetic framework describes the interconversion and decay of
CT states and SCs within OPV blends. The relevant processes are summarised in
Figure 4.1, with transitions captured by the kinetic superoperator K shown in blue.

CT states undergo spin-selective recombination to either the singlet ground state
(So) or lower-lying triplet state (T4), as described by Kot in Equation 4.27. SCs,
in contrast, decay to the ground state via a spin-independent pathway with rate
constant kge.. Interconversion between the two states occurs through dissociation
of the CT state into SCs with rate constant kg, and re-encounter of SCs to
reform a CT state with rate constant ke,.. These processes are incorporated in
the kinetic superoperator as:

f( _ KCT + kd:issl _kenc1 . (434)
_k;diss1 (kdec + kenc)]-

Not all processes shown in the diagram are explicitly included in K. In particular,
the formation of CT states and SCs from S;, given by rate constants kot and ksc,
is excluded from the kinetic scheme. These rates are not modelled directly, as
doing so would require knowledge of the populations of those precursor states.
Including them would necessitate expanding the system size further, significantly
increasing model complexity.

Instead, these formation steps are assumed to be complete at the onset of the
simulation and are implicitly incorporated via the initial density operator, py. This
operator encodes the relative spin sublevel populations of CT and SC states at ¢t = 0,
reflecting the net effect of formation pathways without modelling them explicitly.
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Figure 4.1: Kinetic diagram for the evolution of CT states and SCs in OPV blends,
adapted from the photophysical mechanism in Chapter 1 (see Figure 1.8 in Section 1.4).

The kinetic processes encompassed in K are highlighted in blue, while formation processes
for the CT state and SCs from S; (highlighted in red) are not explicitly included, with
their contributions instead affecting the initial density operator pg.

4.2.4 Initial State of the Spin System

Singlet-Born Charge-Transfer State

When the CT state is formed via dissociation of the singlet exciton (S;) at
the donor:acceptor interface, the resulting spin configuration will reflect its singlet
origin. In this case, the initial CT spin density operator, py cr, exhibits coherence
and population among eigenstates with singlet character, |2) and |3). As described
in Section 2.4.2 of Chapter 2, the initial operator in Hilbert space, in the eigenbasis

of the spin Hamiltonian, is:

0 0 0
sin?¢  —3sin2¢ 0
—% sin2¢ cos’¢p 0
0 0 0

pocr = Ps = (4.35)

o O o O

Ultrafast Charge Separation

If the CT state dissociates rapidly into SCs before significant spin evolution
occurs, the spin configuration is entirely preserved. Thus, the initial SC density
operator ppgsc inherits the singlet character of the precursor CT state. For the

uncorrelated, uncoupled SCs, ¢ = 7, and pgsc can be expressed as:
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0 O 0 O

. 5 0 +: -1 0

posc = Ps = f f (4.36)
0 -1 +1 0
0 O 0 O

Projection operators can then be used to extract the probability of finding a
specific spin configuration in one of the individual charged states (e.g. donor or
acceptor SCs). For a single-spin basis state |¢) (|a;) or |3;)), the corresponding
probability is obtained by:

A

py = tr(Py p) = tr([¢)) (¢[ D) (4.37)

This trace operation projects the full two-spin density matrix p onto the chosen
state |), returning the total probability of observing that spin configuration.’

The projection operators for single-spin states |a) and |3) are:
N 10 A 0 0
Pu=lo el = (5 1) P-mel-(o ) s

For the two-spin system, the projection operators are expanded by taking
Kronecker products:

P =Rool P =10 P, (4.39)
P/BIZ /3®1 Pﬁ2:1®PB .

Applying these operators to the initial density matrix gives equal probabilities
for all spin eigenstates:

1

pOél = pﬁQ = 2 (440)

bg = Pay =

2 2 2

Thus, at ¢t = 0, the spin populations are balanced and there is no observable
polarisation. This assumes that the spin configuration of py is completely preserved
upon CT dissociation, with negligible singlet-triplet mixing prior to charge separa-
tion. The validity of this assumption depends on the lifetime of the CT state and
the magnitude of the spin interactions determining spin mixing.!#? For radical pairs
in photosynthetic reaction centres, no significant spin polarisation was assumed to

develop for radical pairs with a lifetime shorter than 200 ps.!42244

SA classical analogue: projecting a vector v onto a unit vector u using the dot product v - u.
Just as the dot product gives the component of v along i, the projection operator isolates the
component of the quantum state described by p that aligns with |¢).
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Non-Geminate Recombination

Over time, uncorrelated SCs may encounter each other and recombine to form
a new CT state through a process known as non-geminate recombination. Since
these SCs originate from distinct, uncorrelated precursors, the resulting CT state
exhibits no spin polarisation.26>25¢ [ts initial density matrix is diagonal with equal

populations across all eigenstates:

Po.cT = Posc = (4.41)

S O O kI
S O ki O
S ki O O
= O O O

Charge Separation after Singlet-Triplet Mixing

If the CT state instead survives long enough for coherent singlet-triplet mixing
to occur, the spin polarisation of the SCs will be determined by the density operator
of the CT state at the time of separation to SCs. This can be obtained by
evolution of the initial density operator ppcr under the static CT state spin

Hamiltonian, Hocr, for a duration ¢:

ﬁO,SC — e 1Moot Ps etitocrt (4'42>

The spin state probabilities for the separated charges are obtained using the
projection operators, as in Equation 4.37:

Pas — ; (1 -+ 2sin (26) cos (26) sin® ()

Doy = ; (1 — 25sin (2¢) cos (2¢) sin? (Qt))
(4.43)
gy = ; (1 — 2sin (2¢) cos (2¢) sin? (Qt))
gy = ; (1 + 2sin (2¢) cos (2¢) sin? (Qt))
where
sin (2¢) cos (2¢) = (Wé;D) (4.44)

with ¢, €2 and dw defined as in Section 2.4.2 of Chapter 2. The population
differences for the two uncorrelated separated charges are then:
lag) <> |B1) Ap; = +2sin (2¢) cos (2¢) sin® (Qt)

) oy (4.45)
lag) <> |Ba) Apy = —2s8in (2¢) cos (2¢) sin” ()
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The transitions for the two spins are therefore oppositely polarised, resulting in
an emissive and an absorptive EPR signal, each with a lineshape closely related
to that of the individual charged states.

In a powder spectrum averaged over all possible orientations of the dipolar
vector with respect to the magnetic field, which one of the two spins gives an
emissive or absorptive signal is determined mainly by the sign of the exchange
coupling J and the difference in g-values, (gp — ga). In the case of negative J,
as in the donor:acceptor OPV blends investigated here, the spectrum of the SC
resonant at lower magnetic fields will generally be emissive, while that of the SC
resonant at higher magnetic fields will be absorptive. The EPR spectra of SCs
obtained following charge separation after a period of spin mixing are therefore
expected to exhibit an ea signal polarisation.

The magnitude of the spin polarisation will be determined by the time ¢ for which
the state evolves under the CT spin Hamiltonian as well as the resonance frequency
offset and spin-spin interactions. In the absence of significant singlet-triplet mixing
(short t), these populations revert to equal values as in Equation 4.40. Equation 4.45
now provides a way of determining lifetimes that may lead to negligible spin mixing
for a given CT state and therefore the absence of an observable polarisation, as
discussed in the previous section.

Charge-Transfer States and Separated Charges

To describe the evolution of the time-resolved EPR signals in donor:acceptor OPV
blends, contributions from both CT states as well as separated charges need to be
considered. A two-state system is therefore defined, with an initial density operator
obtained by combining the CT and SC density operators to form an 2n? x 1 vector po:

m:(m“) (4.46)

Po,sc

po.ct and pogc are chosen to include the effects of the rates of formation of the
CT state (kcr) and SCs (ksc) from Sy, as displayed before in Figure 4.1. Formation
of the CT state from S; gives the initial density operator in Equation 4.35. Direct
formation of SCs from S; is the ultrafast charge separation process S; — 'CT — SC,
where there is insufficient time for singlet-triplet mixing between the CT eigenstates.
This produces uncorrelated SCs with the initial density operator of Equation 4.41:

0 0 0 0 000

. 0 sin’¢ —21sin2¢ 0 . 0100

Po.cT = L 2 Posc = ' (4.47)
0 —3sin2¢ cos®¢ 0 00 70
0 0 0 0 000 ;%
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Figure 4.2: Schematic of the dynamic processes in the two-state model comprising the
CT state and SCs. Kinetic transitions, shown in blue, describe processes leading to the
generation, interconversion and decay of the CT state and SCs. Relaxation processes, in
red, drive populations and coherences towards thermal equilibrium. The initial density
operator, pg, includes a spin-polarised CT state formed from a singlet precursor and
uncorrelated SCs formed by ultrafast charge separation (Equation 4.47), highlighted in
green. The relative contribution of each component is governed by the parameter pcr
(Equation 4.46).

The contributions of py o1 and po gc to the spin system at ¢ = 0 will be determined
by the relative rates of kot and ksc. The fraction of photoexcitations that form
the long-lived singlet-born CT state is defined as pcr, and the remainder, 1 — per,
corresponds to photoexcitations that yield uncorrelated SCs. The initial density

operator is thus expressed as a weighted sum of the two limiting cases:

. per po
po_( Trer ) (4.48)

(1 —per) psc

The two-state formulation is summarised in Figure 4.2. The parameter pcr
defines the relative initial populations of (long-lived) singlet-born CT states and
uncorrelated SCs. Their spin sublevel populations, determined by their formation
mechanisms, are highlighted in green. As the system evolves, the population and
coherences of the CT state and SC are influenced by kinetic (ks, kr, kaiss, Kenc, and
k4ec) and spin relaxation (77 and T5) processes. By tuning por alongside these kinetic

and relaxation parameters, a variety of photophysical processes can be modelled.
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4. Modelling the Fvolution of Spin Polarisation

4.3 Computational Implementation

Building on the formalism outlined above for propagating the density operator
under coherent spin dynamics, kinetics, and relaxation, a computational package,
RADISH (RADicals In Spin Hamiltonians), was developed to simulate the spin
evolution of CT states and SCs in donor:acceptor OPV blends.

While the widely-used, open-source EPR simulation toolbox EasySpin'*" pro-
vides powerful capabilities for modelling static EPR spectra, and has recently

been extended to include spin polarisation,?67

it lacks the capability to explicitly
incorporate the effects of microwave excitation and relaxation explicitly during
spin evolution. Moreover, EasySpin does not readily accommodate connections
between different spin-polarised states, which is critical for accurately modelling

the combined CT and SC kinetics in OPV blends.

RADISH addresses these limitations by enabling explicit, time-resolved simu-
lations of multi-state spin systems, capturing the interplay between CT and SC
populations, their coherences, and their evolution during a time-resolved EPR
experiment. RADISH is designed for seamless integration with EasySpin, with
both written in MATLAB, while utilising identical spin system input formats and
sharing key underlying computational routines. This ensures ease of adoption for
users familiar with EasySpin, while extending its functionality to incorporate spin

dynamics beyond static spectral simulations.

Although RADISH is currently tailored to two-state CT-SC systems relevant to
OPYV kinetics, its code structure allows straightforward extension to more complex
spin systems, including triplets, quartets, or triplet-doublet pairs. The full RADISH
code is provided in Appendix D.

4.3.1 Simulation Procedure in RADISH

The time-resolved EPR signal in RADISH is computed through three nested
loops corresponding to molecular orientations, magnetic field values, and time points:

« Orientation (outermost loop): samples molecular orientations relative to
the external magnetic field to perform powder averaging. For each molecular
orientation, the effective field-independent spin Hamiltonian terms (spin-spin

interactions) are calculated.

« Magnetic Field (intermediate loop): sweeps through the external magnetic
field values. For each field, the full Hamiltonian is constructed by adding the
field-dependent Zeeman terms. The total Liouvillian superoperator is then
assembled by combining the Hamiltonian superoperator with the kinetic and
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relaxation superoperators, which are precomputed once outside all loops. The
propagator O is subsequently calculated.

o Time (innermost loop): propagates the density matrix forward in time at

each time step using the propagator 0. At every time point, the elements of
the density operator are used to calculate the EPR signal.

The complete time trace is stored for each magnetic field and orientation.
After all orientations have been processed, the orientation-dependent signals are
weighted and summed to produce the final time-resolved EPR spectrum. Addi-
tionally, RADISH can separately track and store the individual CT state and SC
contributions, enabling detailed analysis of their spin evolution.

This procedure can be summarised by the following pseudo-code represen-

tation, which outlines the main computational steps and loop structure imple-
mented in RADISH:

compute KineticSuperoperator
compute RelaxationSuperoperator

for orientation in orientations:
calculate field-independent Hamiltonian terms

for BO in magnetic_fields:
construct full Hamiltonian with Zeeman terms at BO
build Liouvillian L = i * HamiltonianSup - KineticSup +
RelaxationSup
compute propagator O

for time_step in time_points:
propagate density: rho_new = 0 * rho_old
detect EPR signal: signal(time_step) = DetectionOp
* rho_new
rho_old = rho_new

weigh signals by orientation probability

sum weighted signals over all orientations to get final time-
resolved EPR spectrum

Propagation of the density operator requires that all matrices and vectors
are expressed in a common basis. Consistent with EasySpin, RADISH performs
all calculations in the uncoupled basis {la) , |aB),|Ba),|B5)}. The relaxation
superoperator f‘, however, must first be defined in the eigenbasis of the CT and SC

subspaces, as it deals with redistribution of populations and coherences between
the eigenstates. It is then transformed into the uncoupled basis via:

A A

Los = Ul U (4.49)
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4. Modelling the Fvolution of Spin Polarisation

where U is the matrix of eigenvectors of the static Hamiltonian # defined in the
uncoupled basis and transformed to Liouville space.

A transformation is also applied to the kinetic superoperator, [A(CT, which
describes singlet- and triplet-selective recombination within the CT subspace. This
operator is initially defined in the singlet-triplet coupled basis and must also be

converted to the uncoupled basis.

RADISH employs a time-independent effective Hamiltonian Ho¢ within the rotat-
ing frame approximation to simplify the treatment of spin dynamics. Transforming
into the rotating frame shifts the reference frame to precess with the spins, rendering
many interactions time-independent. However, non-secular terms, which involve spin
operators not aligned with the static magnetic field, By, continue to oscillate rapidly
near the Larmor frequency in this frame. These rapidly oscillating terms average out
to zero over relevant timescales, especially in the high-field limit where the Zeeman
interaction dominates. Neglecting them reduces computational cost and allows
larger simulation time steps without significant accuracy loss. In contrast, pseudo-
secular terms, present in the dipolar coupling interaction, remain effectively static
within the time step and must be retained to accurately model spin-spin interactions.

The resulting Heosr is, therefore, time-independent and captures the dominant
static interactions projected along the magnetic field axis. For instance, the effective
g-value along B is calculated as:

- Juw Yoy Gzz\ [Ba
gt = By - g - By = (Bat B, BZ) Gy Gyy Gyz B, (4.50)
Gzz YGzy Yzz Bz

The effective Hamiltonian Heg in RADISH includes spin-field interactions
(electron Zeeman and nuclear Zeeman), spin-spin interactions (dipolar coupling,
exchange, and hyperfine), and the microwave Hamiltonian contribution. While
hyperfine interactions are often necessary for accurately capturing spin behaviour,
their inclusion substantially increases computational cost by enlarging the Liouville

space, increasing simulation time.

All interactions in RADISH are defined in the molecular reference frame.
Anisotropic interactions (g, D, A) are specified by their principal values and Euler
angles «a, 3,7, for the transformation from the molecular frame to their principal
axis where these tensors are diagonal. The effective value of that interaction along
B, or B is calculated using Equation 4.50.

RADISH performs powder averaging by sampling different molecular orientations
with respect to the laboratory frame, defined by the orientations of By and B;. In
the calculations, the molecular frame is fixed, and orientations are defined by rotating
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the laboratory frame relative to it. Orientations are generated using EasySpin’s
sphgrid function, which produces a triangular grid over the unit sphere.'3%268 Finer
grids, sampling a greater number of orientations, improve spectral accuracy but
increase computation time, while undersampling leads to spectral artefacts.

As a benchmark, on a computer with an Intel(R) Core(TM) i5-10500 CPU
@ 3.10 GHz, 16.0GB of RAM, a RADISH simulation with 500 time and field
points takes approximately:

« 3s for a grid size of 5 (41 orientations)

« 225 for a grid size of 15 (421 orientations)

These performance metrics help guide the choice of grid resolution depending on
the desired accuracy and speed.

Once the effective Hamiltonian 7:[eﬂ» is constructed, the full Liouvillian su-
peroperator £ governing the spin system’s dynamics is assembled, incorporating
coherent evolution, kinetics, and relaxation. In RADISH, rate constants k are
implemented as corresponding time constants 7. The time evolution of the density
operator p(t) is then computed using a fixed time step d¢. The choice of dt sets
the maximum oscillation frequency that can be accurately resolved: the Nyquist
frequency 1/2dt. All spin interactions that give rise to oscillatory dynamics (e.g.
dipolar, exchange, hyperfine) must therefore fall below this limit. For example, a
time step of 10ns corresponds to a sampling frequency of 100 MHz, and hence a
Nyquist frequency of 50 MHz. Interactions with frequencies above this threshold
will be undersampled and incorrectly mapped onto lower frequencies, known as
aliasing. At each step, propagation is performed via the time evolution propagator

~

O, as defined in Equation 4.16. To accelerate this step, the matrix exponential

eXt is evaluated using the efficient fastExpm routine.?69:270

After each propagation step, the EPR signal is detected by projecting the
magnetisation along the laboratory-frame y-axis. The density operator is then
updated to serve as the initial state for the next time step. Repeating this process
over the entire time window generates the full time-resolved EPR signal for a single
molecular orientation and magnetic field value. This procedure is repeated across
the full range of magnetic field values. Once the time- and field-resolved signals
have been computed for all orientations in the sampling grid, each orientation’s
contribution is weighted according to its relative probability and summed to produce
the final powder-averaged time-resolved EPR spectrum.

RADISH supports homogeneous line broadening through convolution of the
simulated time-resolved EPR signal with Gaussian or Lorentzian line shapes. Inho-
mogeneous broadening, such as g-strain, can be incorporated by performing separate
RADISH simulations at discrete g-values sampled from the strain distribution and
then combining the weighted spectra.
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4. Modelling the Fvolution of Spin Polarisation

4.3.2 Accounting for Effects on the Transient Signal

Accurate simulation of time-resolved EPR signals requires knowledge of both
the microwave magnetic field strength (B;) and the resonator response, as both
significantly influence the shape and appearance of the observed transients.

The microwave field B; induces precession of the spin magnetisation around
the field direction. Under continuous-wave excitation, with sufficiently strong
microwave irradiation and slow relaxation, this results in periodic modulations
of the detected signal known as Torrey oscillations.?”' 2™ The frequency of these
oscillations is set by the Rabi frequency, wy, which is proportional to By, while their
damping is determined by relaxation processes.'?® These oscillations can appear as
distinct features in the time-domain signal, particularly at early times following
photoexcitation. As shown in Figure 4.3, increasing B; produces faster oscillations
in the simulated EPR transient. When such oscillations are clearly visible, B

can be treated as a fitting parameter.

Even in the absence of clear oscillations, the influence of By remains significant
and still shapes the evolution of the transient signal. If B; is underestimated or
omitted, its effect can be incorrectly compensated for by fitting increased relaxation
or faster decay rates. It is precisely in such cases, when oscillations are not directly
observed, that knowledge of the correct By strength becomes most important, to

avoid misinterpreting the underlying photophysics.

The limited bandwidth of the resonator introduces an instrumental response
function that damps early-time signal features. The damping effect is modelled

pcr  9p gA J D Ty By
1 2.008 2.000 —6MHz [3,3,—6]MHz 15ps 1lpus 350mT

Table 4.1: Parameters for the time-resolved EPR simulations in Figures 4.3 and 4.4.

1 L T T T T
B, = , 0.01 mT, 0.005 mT, 0.001 mT

Amplitude (arb. units)

Time (us)

Figure 4.3: Modelled EPR normalised transients for a singlet-born charge-transfer
state, for a range of microwave field strengths, Bi, using the spin parameters defined in
Table 4.1.
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by multiplying each transient with the resonator response function, characterised
by the resonator bandwidth Av, which depends on the quality factor (@), as
detailed in Section 2.5 of Chapter 2:

I(t) = T'(t) (1 — e ") (4.51)

with I’(t) the ideal EPR transient unaffected by the resonator, and I(t) the observed
signal. A higher Q-factor (narrower bandwidth) stores energy for longer in the

resonator, delaying response and suppressing fast features at short times.

Quantum Beats

In certain spin systems, particularly isolated CT states in well-ordered envi-
ronments, S — Ty mixing gives rise to long-lived zero-quantum coherence (ZQC).
The initial spin state will be a coherent superposition of |2) and |3), resulting in
oscillations in the transverse magnetisation. These oscillations, known as quantum
beats, are much faster than Torrey oscillations, and are observed in time-resolved
EPR spectra if there is sufficient time resolution. These oscillations directly reflect
the coherence between the |2) and |3) eigenstates. The frequency and damping of
these oscillations depend on the coupling between the two spins (J and D) and
the rate of dephasing, providing a sensitive probe of local magnetic interactions

and decoherence mechanisms.2%3:274-276

Quantum beats of this kind have been experimentally observed in highly ordered,
deuterated systems, such as photosynthetic bacterial reaction centres.?”276 In OPV
blends, these oscillations are typically not observed. This absence is attributed
to hyperfine coupling to a dense environment of nearby proton spins, that cause
fluctuations in the local magnetic field. The zero-quantum coherence rapidly

dephases on timescales much shorter than the experimental resolution.?””

@ 1F ' ' ' 1

s Tozac = , 0.1 ps, 0.01 ys, 0.001 us

>

5 ;

2 © W ;

E e

E—
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0 0.25 0.5 0.75 1
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Figure 4.4: Modelled EPR transients for a singlet-born charge-transfer state, for a range
of zero quantum decoherence times, using the spin parameters defined in Table 4.1, and
By =0.005mT.

159



4. Modelling the Fvolution of Spin Polarisation

Explicitly including many coupled protons in the simulation is computationally
prohibitive, as each spin—% nucleus increases the Liouville space dimensionality by
a factor of 4. Instead, RADISH incorporates this damping phenomenologically.
ZQC decay is modelled by assigning a shorter T, decoherence time, T5zqc, to
the off-diagonal elements of the density matrix associated with the |2) (3| and
|3) (2| coherences:

1
15 7qc

(ij| Dor lig) = (4.52)

for i,7 = 2,3 and i # j.

This treatment allows RADISH to account for the rapid dephasing of zero-
quantum coherence, without explicitly simulating the full nuclear spin environment.
To illustrate the effect of varying 75 zqc, simulated EPR transients for a CT
state with fixed 7%, but varied 75 zqc, are shown in Figure 4.4. When 75 yqc =
T5, pronounced quantum beats are visible. As T5zqc is reduced, the beats are

increasingly damped, until they disappear entirely for short coherence lifetimes.

4.3.3 Enhancing Computational Efficiency

Significant computational savings can be achieved in RADISH by skipping
propagation steps at magnetic field values that are sufficiently far from resonance
for a given molecular orientation, where no appreciable EPR signal is expected.
To determine whether a given field is near resonance, RADISH first pre-computes
all possible spin transition frequencies, both allowed and formally forbidden, by
calculating eigenvalue differences of the static Hamiltonian Ho. These transition
frequencies are then compared to the applied microwave frequency wy,,. If none fall
within a user-defined resonance window, typically set to 10 MHz, the simulation
omits propagation at that field. This threshold defines the maximum allowed

difference |w; — wiy| for any transition frequency w; to be considered near-resonant.

Figure 4.5 illustrates the effect of applying such resonance-based masking. For
a single molecular orientation, field regions where all transitions lie beyond the
chosen threshold are marked in green, these are the skipped field values. The impact
on accuracy is quantified in the right panel, which shows the relative root-mean-
square deviation (RMSD) between full (unmasked) simulations and simulations
run with different threshold values. As the threshold is reduced, fewer field points
are propagated, shortening computation time but increasing the spectral deviation.
Conversely, a larger threshold includes more off-resonant points, improving spectral
fidelity at the cost of longer runtime. Unless otherwise stated, a threshold of

10 MHz is used as a compromise of accuracy and efficiency.
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Figure 4.5: Time-resolved EPR spectra for a long-lived charge-transfer state, for a
distribution of molecular environments or powder sample (left) and a single molecular
orientation (centre). For the single molecular orientation, areas of the plot that are far
off-resonance are coloured green. The relative root-mean square deviation (RMSD) is
calculated between EPR spectra simulated for a number of different resonance thresholds
and the EPR spectrum without the threshold (right). As the threshold is decreased, the
simulation time shortens, but the RMSD increases.

4.3.4 Setup of a RADISH Simulation

RADISH simulations are performed by defining a spin system (Sys), experi-
mental parameters (Exp), and optional settings (Opt), mirroring the user inputs in
EasySpin. The main function returns three outputs: x, containing the magnetic
field (in mT) and time (in ps) axes; spc, which holds the separate contributions
from CT states and SCs that can be summed to yield the full time-resolved EPR

spectrum; and rho, the time-dependent, vectorised density operator.

The simulation yields a two-dimensional dataset, modelling the experimental
time-resolved EPR data, and therefore allows determination of kinetic and relaxation
parameters by comparison or fitting. RADISH provides separate signal contributions
from CT states and SCs, as well as tracking the time evolution of each of their spin

sublevel populations, including occupations of individual eigenstates.

An example script is shown below, generating the time-resolved EPR spectrum
of slow separation of the CT state, discussed later in this chapter (Section 4.4.3):

% Spin System

Sys.S = [0.5 0.5]; % two S = 1/2 spins

Sys.g = [2.0022 2.0023 2.0033; 2.0002 2.0001 1.99901; % g
Sys.gFrame = [149 92 145; 0 O 0]*pi/180; 7 g-frames (radians)
Sys.J = -3.6; % J (MHz)

Sys.dip = [-5.6 2.0 3.61; % D (MHz)

Sys.eeFrame = [231 29 318]*pi/180; % D-frame (radians)
Sys.lwpp = 0.25; 7 Gaussian linewidth (mT)

Sys.tauDiss = 10; % 1/k_diss (mus)

Sys.T1 = 50; % T1 (mus)

Sys.T2 [1 0.0001]; % T2, T2(ZQC) (mus)
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% Experimental Parameters

Exp.mwFreq = 9.8; % microwave frequency (GHz)
Exp.Range = [347 352]; % magnetic field range (mT)
Exp.nPoints = 1001; % field points

Exp.Bl1 = 0.005; % Bl strength (mT)

Exp.dt = 0.01; 7% time step (mus)

Exp.tPoints = 1501; 7 time points

Exp.Temperature = 20; 7 temperature (K)

% Options
Opt.Threshold = 10; % transition frequency threshold (MHz)
Opt.GridSize = 10; % orientation grid size

Opt.SeparateDetection = true; % separate CT and SC detection

% Run Simulation
[x,spc,rho] = RADISH(Sys,Exp,Opt);

4.3.5 Performance Testing and Model Validation

Reliable interpretation of complex time-resolved EPR data critically depends on
the accuracy of the underlying simulation framework. To ensure RADISH faithfully
captures the essential spin dynamics, relaxation processes, and kinetic pathways of
CT states and SCs, a series of benchmark tests were undertaken. These tests are
designed to compare RADISH simulation results with those from well-established
software packages, alongside experimental data reported in the literature. Such

validation is a critical step before applying RADISH to novel experimental datasets.

Although RADISH is primarily designed to simulate full two-dimensional time-
resolved EPR signals, its core capability to reproduce static spin-polarised EPR
spectra was validated through comparison with EasySpin simulations. In this
context, a static spectrum refers to the spin-polarised EPR signal calculated under
conditions where spin sublevel populations remain constant over the measurement
timescale. EasySpin’s pepper function constructs the spin Hamiltonian, calculates
resonance positions of the EPR transitions, and generates the static spin-polarised
spectrum based on defined sublevel populations.'3%267 In RADISH, the full time
evolution of the density operator is simulated, including the effects of the microwave
field and kinetic and relaxation pathways. To match EasySpin conditions, RADISH
simulations were performed with an extremely weak microwave field (B; = 107°mT)
and negligible relaxation and kinetic rates, so that the spin polarisation remains
effectively constant over time. The RADISH signal is averaged between 1 — 2 s,
excluding the early-time signal affected by lifetime broadening, to compare directly
to the static, spin-polarised EPR spectrum generated by EasySpin. Results of this

comparison are shown in Figure 4.6, for four representative spin systems:
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a) Singlet-born CT state with isotropic g-values, and exchange and axial dipolar
coupling:
e gp = 2.008, gs = 2.000
e J=—-6MHz, D=3, 3, —6]|MHz
e Gaussian line broadening: 0.4mT
b) Singlet-born CT state with orthorhombic g-values, and exchange and or-
thorhombic dipolar coupling;:
e gp = [2.003, 2.009, 2.010], gp-frame = [70°, 10°, 40°]
e ga =[1.996, 2.000, 2.001], ga-frame = [0°, 0°, 0°]
e J=-2MHz
« D=2, 4, —6] MHz, D-frame = [5°, 30°, 150°]
o Gaussian line broadening: 0.4mT
c¢) Singlet-born CT state as in b) with an additional hyperfine interaction:
o« A=1[4, 10, 8] MHz, A-frame = [30°, 45°, 15°
d) SCs formed from singlet-born CT state that has undergone partial S — Tg
mixing:
e gp = [2.003, 2.009, 2.010]
e ga = [1.996, 2.000, 2.001]
e J=D=0MHz
° [ijupToapSapr} = |:07 %7 ?7 0}
e Gaussian line broadening: 0.4mT
As shown in Figure 4.6, RADISH accurately reproduces the spectra generated
by EasySpin in all four cases. The first three simulations, all singlet-born CT states,
exhibit the expected eaea polarisation pattern for distinct g-values. In a), the
spectrum is simple and broad due to isotropic g-values and axial dipolar coupling.
Cases b) and c¢) introduce anisotropy in the g-values and dipolar coupling, and
in ¢), a hyperfine interaction, resulting in additional broadening of the same eaea
pattern. The fourth case, d), models a spin-polarised SC state, derived from a CT
state that has undergone partial singlet-triplet mixing. As laid out in Section 4.2.3,

the resulting spectrum shows ea polarisation: the donor SC of higher g-values is
emissive and the acceptor SC of lower g-values is absorptive.

Overall, the excellent agreement between RADISH and EasySpin across these
varied test systems confirms that RADISH faithfully captures the spin Hamiltonian
physics and is capable of simulating static spin-polarised EPR spectra. To further
validate RADISH against established experimental and simulation benchmarks,

the spin polarisation evolution of a well-characterised system from the literature
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Figure 4.6: X-band RADISH simulations of static spin-polarised EPR, spectra compared
with corresponding EasySpin simulations. The residual between the two simulations is
plotted in red. a) Isotropic g-values, J and axial D-values; b) orthorhombic g-values,
J and orthorhombic D-values; ¢) The same spin system as b) with additional proton
hyperfine coupling; d) spin-polarised SCs formed from a CT state that has undergone
some singlet-triplet mixing.

Literature
RADISH
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Figure 4.7: Comparison of Q-band RADISH simulations (blue) with experimental time-
resolved EPR spectra (black) and literature simulations (dotted) for the photoinduced
CT state P4,A; in Photosystem 1.2%* The RADISH simulations were performed with
the parameters reported in the literature, excluding hyperfine interactions.
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was modelled: the photoinduced charge-transfer state Pdy,A; in Photosystem 1.254
Simulation parameters were taken directly from the original study, with hyperfine

interactions omitted to reduce computational demand.

As illustrated in Figure 4.7, RADISH accurately reproduces the eaea polarisation
pattern and its evolution with time. The early-time spectrum at 20 ns exhibits a
broad, weakly polarised signal that develops more resolved features at later times,
in agreement with both the experimental observations and previously published
simulations. Discrepancies between RADISH and the literature simulation likely
stem from the omission of twelve hyperfine couplings - eight N nuclei and four 2H
nuclei in the manuscript. Explicit incorporation of these interactions in a RADISH
simulation would dramatically increase the Liouvillian dimensions, making the
simulation computationally prohibitive. While these interactions can influence the
spectral shape in systems like Photosystem I, their inclusion is less critical for
donor:acceptor OPV blends, where hyperfine interactions are typically unresolved
and contribute only to the line broadening. In addition, the @)-value of the resonator
used was not reported in the original literature.

This close agreement between RADISH and experimental data demonstrates
the capability of the framework to reliably capture the spin dynamics of real CT
state systems. Validation against benchmark data is critical to ensure confidence in
the predictive power of RADISH. The successful reproduction of both experimental
and prior simulation results confirms that RADISH effectively encapsulates the
fundamental physics of photoinduced spin processes, supporting its application to
the quantitative interpretation of complex time-resolved EPR spectra.

4.4 Model Cases of Charge Separation in OPVs

Having validated the RADISH simulation framework through testing and
benchmarking against established results and EasySpin simulations, it was next
applied to model key kinetic regimes relevant to charge transfer and separation
in OPV blends. To illustrate the capabilities of the framework and to establish a
conceptual basis for interpreting experimental data, this section introduces four

representative model scenarios:

4.4.1 Long-lived charge-transfer state: S; — (*CT « 3CT)

4.4.2 Ultrafast charge separation: S; — 'CT — SC

4.4.3 Slow charge separation: S; — (*CT <« 3CT) — SC

4.4.4 Equilibrium between the charge-transfer state and separated charges: S; —

(1CT «+ 3CT) = SC
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These scenarios span a range of photophysical pathways expected to be possible
in OPV blends and are designed to capture the various mechanisms by which

102 Fach scenario is defined by

excitons evolve at the donor:acceptor interface.
specific kinetic rate constants and initial populations, leading to characteristic spin
polarisation patterns and evolutions. Simulating the time-resolved EPR data for

each case helps identify features diagnostic of the underlying mechanisms.

The insights gained from these model simulations provide a reference for the
following chapter, which presents a detailed experimental study of time-resolved
EPR in fullerene and non-fullerene acceptor OPV blends. RADISH simulations
are used to extract quantitative kinetic parameters and to determine the dominant
photophysical mechanisms responsible for charge transfer and separation.

The examples shown use spin parameters for the OPV blend PBDB-T:PCBM.
PBDB-T'* and PCBM" have distinct g-values, determined from multi-frequency
pulse EPR experiments reported in the previous chapter (Section 3.3.1), while J- and
D-values were estimated from spin-polarised CT state signals that will be described
in detail in Chapter 5 (Section 5.3.3). Hyperfine interactions were not included, as
they were found to be unresolved in EPR spectra of fullerene acceptor blends:

. gp = [2.0022,2.0023,2.0033], go-frame = [149°, 92°, 145°]
e ga =[2.0002,2.0001, 1.9990], ga-frame = [0°,0°, 0°]

e D =[-5.6,2.0,3.6) MHz, D-frame = [231°,29°, 318°|

e J=-3.6MHz

e Linewidth = 0.25mT

e B; =0.006mT

4.4.1 Charge-Transfer State Formation and Decay

For many molecular donor:acceptor systems, including photosynthetic reaction
centres, cryptochromes involved in avian magnetoreception, and molecular triads
studied in quantum information science, the CT state is localised and has no
possibility to fully separate before decaying.?4>2°3:278,27 The CT state often retains
the polarisation of its precursor state, before recombining to lower-lying singlet or
triplet states (e.g. Sp or Ty in OPV blends), defined by the time constants 75 and 7.

Figure 4.8 presents the predicted time-resolved EPR spectrum for a localised CT
state in PBDB-T:PCBM. The modelled kinetic diagram is shown at the top of the
figure with photoexcited states that have unpaired spins, and therefore observable
by EPR, highlighted in purple. Simulated EPR spectra are shown for the total
signal, as well as the individual contributions of the CT state and SCs. Static
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spectra extracted at early (1ps) and late (10ps) times highlight the changes in
spin polarisation with time. The evolution of the CT state and SC populations are
plotted in red and green, respectively, with the populations of their four eigenstates
shown below in blue, providing detailed insight into the evolution of the spin sublevel
populations that determine the signal polarisation of the EPR spectrum.

In the case shown in Figure 4.8, the CT state is formed from a singlet precursor
(S; — CT) and the CT sublevels |2) and |3) are initially populated. The lifetime of
the CT state is determined by the rates of CT recombination. For the case shown,
CT state recombination is spin-independent (75 = 7r = 20 ps). Sublevels |2) and
|3) are depopulated, while sublevels |1) and |4) remain unpopulated throughout.
This preserves the two absorptive (|2),[3) — |4)) and two emissive (|2),]3) — |1))
transitions, and thus the characteristic eaea-polarised signal shape, that gradually
decreases in amplitude as the CT state population diminishes.

Because no population transfers to SCs, there is no SC contribution to the EPR
signal. A subtle contraction of the inner spectral features around 4 ps is visible in the
time-resolved spectra, attributable to a small contribution from Torrey oscillations
induced by the microwave field By, of strength 0.005mT.

4.4.2 Ultrafast Charge Separation

At the other extreme, the CT state may instead be able to dissociate into SCs
rapidly, illustrated in Figure 4.9. In the example shown, dissociation occurs within
a picosecond (7giss = 1 ps), leaving insufficient time to build up spin polarisation
through spin mixing in the CT state.!#? Formation of the SCs leads to equal
populations of all its spin sublevels. Consequently, there is no net spin polarisation
at t = 0 as described in Section 4.2.4, and thus no EPR signal is observed initially.

Over longer timescales, the SCs undergo longitudinal relaxation, repopulating the
spin sublevels in accordance with the Boltzmann distribution. This thermalisation
process, governed by the relaxation time 77, gives rise to a weak, purely absorptive
EPR signal. As SCs also decay via a first-order recombination process (characterised
by Tgec), the signal gradually builds and then diminishes. In the simulation shown,
T1 = 50 ps and 74e. = 101s. The resulting time evolution is dominated by relaxation
and recombination dynamics, with no CT state contribution.

This ultrafast dissociation regime can be modelled in RADISH in two equivalent
ways. The first explicitly models ultrafast charge separation by initialising the
system entirely in the CT state (pcr = 1), with a picosecond dissociation time
constant (7gis = 1 ps). The second assumes that dissociation occurs instantaneously
and instead initialises the system as SCs with equal spin sublevel populations
(pcr = 0). Both approaches produce identical time-resolved EPR spectra.
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Charge-Transfer State Formation and Decay
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Figure 4.8: Simulation of the time-resolved EPR spectrum for singlet-born charge-
transfer state formation and spin-independent recombination, with simulation parameters
given in Table 4.2. Simulated EPR spectra are shown for the total signal, as well as
the individual contributions of the CT state and SCs. Spectra extracted at short (1 ps)
and long (10ps) times illustrate the evolution of the spin polarisation, while relative
populations of the CT state and SCs are displayed in red and green, respectively, and
their individual sublevel populations are also shown below. Absorptive features are in
blue and emissive features in red in the two-dimensional plots.

bcCT : PSc 7S T Tdiss Tenc Tdec Ty 1>
1:0 20ps 20ps > 100ps > 100ps > 100ps  15ps  1lps

Table 4.2: Parameters for the time-resolved EPR simulation in Figure 4.8 of a long-lived
charge-transfer state undergoing spin-independent recombination. For rates that do not
determine the kinetic pathway, a time constant of > 100 ps is given.
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Ultrafast Charge Separation
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Figure 4.9: Simulation of the time-resolved EPR spectrum for ultrafast formation of
separated charges, with simulation parameters given in Table 4.3. Simulated EPR spectra
are shown for the total signal, as well as the individual contributions of the CT state and
SCs. Spectra extracted at short (1ps) and long (10 ps) times illustrate the evolution of
the spin polarisation, while relative populations of the CT state and SCs are displayed
in red and green, respectively, and their individual sublevel populations are also shown
below.

bcr : Psc 7S T Tdiss Tenc Tdec Ty 15
1:0 > 100ps > 100ps 1ps > 100ps 10ps 1dps 1lups
0:1 > 100ps > 100ps > 100ps > 100ps 10ps 15ps  lups

Table 4.3: Parameters for the time-resolved EPR simulation in Figure 4.9 for ultrafast
charge separation. Ultrafast charge separation can either be modelled explicitly (first
row), with initially only a CT state (pcr = 1) that dissociates in picoseconds, or by
defining the initial population as only SCs (pct = 0) that have equal sublevel populations
due to ultrafast charge separation (second row).
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4. Modelling the Fvolution of Spin Polarisation

Within the RADISH model, time constants 7cr and 7s¢ are not explicitly defined;
rather, their influence is incorporated through the relative initial populations (por :
psc). Ultrafast charge separation corresponds to the case where 7o > 75¢, resulting

in pcr = 0, whereas slow separation is characterised by 7cr < 75¢ and per = 1.

4.4.3 Charge Separation after Singlet-Triplet Mixing

In donor:acceptor OPV blends, an intermediate regime may arise between the two
limiting cases described previously. The CT state is long-lived enough to undergo
significant singlet-triplet mixing, but can also dissociate at the donor:acceptor
interface to form SCs. This scenario, referred to as slow charge separation, produces

the spin polarisation evolution shown in Figure 4.10.

As before, the CT state is initially formed from a singlet precursor, generating
the expected eaea-polarised EPR signal shape at short times after photoexcitation.
If dissociation to SCs outcompetes recombination to the ground state (7giss < 75, 71),
then the coupled CT state dissociates and separates into uncorrelated SCs. The
resulting SCs inherit the spin polarisation built up in the CT state. In the case of a
singlet-born CT state that has undergone singlet-triplet mixing, this produces an

ea-polarised signal, reflecting a population imbalance between SC sublevels.

The resulting EPR signal, therefore, contains contributions from both CT states
and SCs. For the example shown with 745 = 10ps, the EPR signal shape at
1ps is largely dictated by the spin polarisation of the CT state. By 10ns, the
signal is dominated by SCs, with a clear transition in polarisation shape from

eaea to ea as dissociation proceeds.

4.4.4 Equilibrium with Separated Charges

A more complex kinetic scenario is presented in Figure 4.11, where both slow
and ultrafast charge separation pathways are active. At ¢t = 0, the initial population
is distributed between the CT state and SCs (pcr = 0.3). The CT state and SCs
are in equilibrium¥ with one another via the forward and backward time constants
Taiss and Tene. In addition, a spin-selective recombination of the CT state occurs

predominantly via the singlet channel (13 < 77).

IThe term ‘equilibrium’ here is somewhat of a misnomer. Strictly speaking, this model scenario
does not represent a true thermodynamic equilibrium, since there is a net population loss over time,
described by the time constants 7s, 77, and T4ec (see Figure 4.1 of Section 4.2.3). Nonetheless,
the OPV literature commonly refers to reversible charge transfer as being in an ‘equilibrium’ and
this convention is followed for consistency.8!:9%:280
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4.4. Model Cases of Charge Separation in OPVs

At early times (t = 1ps), the EPR spectrum is dominated by the strongly
eaea-polarised signal of the singlet-born CT state. Although SCs are present from
the start due to ultrafast separation, their weaker ea-type polarisation, from some

CT state dissociation, is largely masked by the stronger CT state contribution.

As time progresses, the CT sublevel populations are shaped by the interplay
between spin-selective recombination and reversible interconversion with the SCs.
Singlet recombination, characterised by the time constant 7g, selectively depopulates
the |2) and |3) sublevels of the CT manifold. At the same time, SCs undergoing
re-encounter (7o) repopulate all CT sublevels more uniformly. As a result, the |1)
and |4) sublevels become increasingly populated relative to |2) and |3), progressively
altering the spin polarisation of the CT state. By ¢t = 10ps, this redistribution
leads to a reversal in the CT signal shape, shifting from the initial eaea pattern

to an aeae-type polarisation.

Meanwhile, the SC polarisation also evolves under the influence of longitudinal
spin relaxation, governed by 77. This relaxation drives the sublevel populations of
the SCs towards thermal equilibrium, reducing the initial ea-type polarisation and
giving rise to a predominantly absorptive signal. The same relaxation mechanism
also acts on the CT state, subtly amplifying the absorptive components of the

evolving aeae signal.

At t = 10ps, the CT and SC populations have reached dynamic equilibrium,
which is determined by the ratio of the forward and backward rates (Tene : Taiss = 3
1). Both species contribute to the overall EPR spectrum, and the resulting signal
shape depends on their relative weighting. If 74is >> Tene, the SCs dominate and
the long-time spectrum becomes primarily absorptive. Conversely, if Tgiss < Tenc,
the CT state is the dominant contribution, exhibiting an aeae-type polarisation

at later times.

The simulation of time-resolved EPR spectra across these four distinct kinetic
scenarios demonstrates the powerful insight that can be gained into spin dynamics
and charge separation mechanisms in OPV blends. By systematically exploring
different photophysical pathways, each modelled EPR spectrum demonstrates how
specific kinetic parameters and spin-selection rules influence the evolution of spin
polarisation. The RADISH simulation framework enables the disentanglement of
overlapping contributions of CT states and SCs, interpretation of time-dependent
changes in spectral shape, and tracking of the evolution of sublevel populations.
These capabilities allow not only for qualitative mechanistic interpretation, but
also for the quantitative extraction of kinetic parameters from experimental time-
resolved EPR data.
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Charge Separation after Singlet-Triplet Mixing
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Figure 4.10: Simulation of the time-resolved EPR spectrum for separation of the charge-
transfer state to form separated charges on a microsecond timescale, with simulation
parameters given in Table 4.4. Simulated EPR spectra are shown for the total signal,
as well as the individual contributions of the CT state and SCs. Spectra extracted at
short (1ps) and long (10 ps) times illustrate the evolution of the spin polarisation, while
relative populations of the CT state and SCs are displayed in red and green, respectively,
and their individual sublevel populations are also shown below.

bcT : Psc 7S 7T Tdiss Tenc Tdec Ty 15
1:0 > 100ps > 100ps 10ps > 100ps > 100ps  15ps  lps

Table 4.4: Parameters for the time-resolved EPR simulation in Figure 4.10 of slow
separation of the charge-transfer state to form separated charges.
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Equilibrium with Separated Charges
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Figure 4.11: Simulation of the time-resolved EPR spectrum for an equilibrium between
the charge-transfer state and separated charges formed by ultrafast charge separation, with
simulation parameters given in Table 4.5. Simulated EPR spectra are shown for the total
signal, as well as the individual contributions of the CT state and SCs. Spectra extracted
at short (1ps) and long (10 us) times illustrate the evolution of the spin polarisation, while
relative populations of the CT state and SCs are displayed in red and green, respectively,
and their individual sublevel populations are also shown below.

Tdec Ty T3
> 100ps 157s

Tenc

30 s

Tdiss
10 ps

bCT : Psc 78 T
0.3:0.7 10ps > 100ps

1ps

Table 4.5: Parameters for the time-resolved EPR simulation in Figure 4.11 of an
equilibrium between the charge-transfer state and separated charges.
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4. Modelling the Fvolution of Spin Polarisation

4.5 Conclusions

Accurately simulating spin dynamics in time-resolved EPR spectroscopy is
essential for unravelling the complex photophysical processes that govern light-
induced spin-polarised systems. From charge-transfer state formation to charge
separation and spin-selective recombination, the transient evolution of spin pop-
ulations provides critical insight into molecular mechanisms. This chapter has
shown how the mathematical framework of open quantum systems, utilising the
Liouville-von Neumann equation, superoperators, and density matrices, can be
implemented in a computationally efficient simulation approach that can be used

to disentangle overlapping contributions in experimental signals.

Using the RADISH simulation package, a range of illustrative kinetic scenarios
were explored to demonstrate how variations in charge separation, recombination,
and re-encounter rates give rise to a distinct evolution of spectral lineshapes and
spin polarisation patterns in the EPR spectra. Modelling spin dynamics in this
way enables the extraction of detailed, time-resolved information from experimental
EPR data, and provides a powerful bridge between theoretical understanding and

experimentally observed photophysical behaviour.

The framework developed here provides the foundation for the next chapter,
which presents a detailed time-resolved EPR study of donor:acceptor OPV blends.
There, the tools and concepts established in this chapter will be used to interpret
the spin polarisation patterns of photoexcited CT states and SCs, yielding new
insight into the pathways of charge generation in OPVs.
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5.1 Introduction

Despite rapid advances in device performance, the fundamental photophys-
ical mechanisms underlying charge generation in OPVs remain only partially
understood.?%% At the heart of efficient charge generation lies the behaviour
of the interfacial charge-transfer (CT) state. This CT state can either dissoci-
ate into separated charges (SCs) that contribute to photocurrent or recombine,
leading to efficiency loss. One significant loss pathway involves the formation of
triplet excitons (Ty), either via intersystem crossing (ISC) from singlet excitons
(S; — T,) instead of charge transfer, or through recombination of the CT state,
either in a geminate (CT — T;) or non-geminate (SC — CT — T;) fashion.
Additionally, growing evidence suggests that CT states and SCs may exist in
a quasi-equilibrium (CT = SC), particularly in high-performing non-fullerene

81,99,100,281,282

acceptor blends, challenging the classical view of unidirectional charge
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5. Charge Separation at the Donor:Acceptor Interface

separation.?®3?4 These key processes are all summarised in the photophysical
diagram in Chapter 1 (Figure 1.8 in Section 1.4). A detailed understanding of CT
dynamics is therefore crucial for establishing structure-function relationships and

guiding the design of next-generation OPV materials.

Transient absorption and other ultrafast optical techniques have been instru-
mental in probing short-lived excited states in OPVs.”28528 However, their ability
to distinguish between CT states and SCs is limited by overlapping spectral
signatures.?92% Ag an alternative, time-resolved EPR spectroscopy offers a com-
plementary approach based on probing their spin properties. The different param-
agnetic states in the OPV photophysical mechanism (CT states, SCs and triplets)
have distinct spectral signatures and can be clearly distinguished from one another,
as outlined in Section 2.4 of Chapter 2. Although EPR probes longer timescales
than optical methods, the initial spin polarisation encodes information about the
formation mechanisms of photoinduced states. Notably, the spin-selectivity of
many photophysical mechanisms provides information on precursor states that are
shorter than the EPR time scale (from tens to hundreds of nanoseconds), giving
access to ultrafast processes through the spin polarisation they induce.'*? As such,
time-resolved EPR provides a powerful spectroscopic handle on the microscopic

processes that govern macroscopic device performance in OPVs.

In this chapter, time-resolved EPR was employed to investigate the photoex-
cited spin states of high-performing non-fullerene acceptor blends PM6:Y6 and
PBDB-T:ITIC, along with their fullerene acceptor analogues PM6:PCBM and
PBDB-T:PCBM. The EPR measurements reveal two distinct spin-polarised signals:
a component spanning a field range up to 100 mT attributed to triplet excitons, and

a narrower component (< 5mT width) arising from CT states and separated charges.

Pronounced triplet signals are observed for the fullerene acceptor blends, whereas
the non-fullerene acceptor blends show only very weak triplet features. To identify
their origin, measurements were also performed on the pristine donor and acceptor
materials. The triplet spin polarisation patterns observed for all blends are
characteristic of ISC, with no contribution from triplet formation via geminate
recombination of the CT state, suggesting that this pathway is not significant.
Measurements performed on a narrower field range confirm the formation of spin-
polarised CT states immediately after photoexcitation in all blends, with polarisation
patterns indicative of direct formation via S; dissociation. These CT signatures
persist across temperatures and excitation fluences, underscoring their central role
in charge generation. Spectral simulation of the early-time CT state spectra reveals
a range of donor:acceptor separations and orientations, with non-fullerene acceptor

blends displaying more ordered, tightly-bound CT states.
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Modelling of the spin dynamics, kinetics and relaxation processes, using the
Liouville-von Neumann formalism outlined in Chapter 4, enabled extraction of
charge transfer, recombination, and separation rates. PM6:PCBM exhibited be-
haviour consistent with rapid, irreversible CT dissociation. In contrast, PM6:Y6,
PBDB-T:ITIC, and PBDB-T:PCBM displayed more complex kinetics, involving
two distinct charge separation pathways: an ultrafast (picosecond) channel and a
slower (microsecond) channel via the CT state. Modelling also required inclusion of a
reversible CT — SC equilibrium, particularly prominent in the non-fullerene acceptor
blends. These findings shed light on the spin dynamics, molecular interactions, and

recombination mechanisms that underpin efficiency improvements in OPVs.

5.2 Experimental Methods

5.2.1 Sample Preparation

Inner-wall films of the donor:acceptor blends PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6 were prepared using the method described in Sec-
tion 3.2.1 of Chapter 3, while preparation of inner-wall films of the pristine donor
and acceptor materials PBDB-T, PM6, PCBM, ITIC, and Y6 followed the same
method, using the 20mgmL ™" stock solutions of each material that were prepared
for the blends to produce the films.

Spin-coated films were also prepared, which are characterised by thinner ac-
tive layer thicknesses that are similar to those used in operating OPV devices,

33,34 Sample solutions were pipetted onto thin quartz substrates, of

around 100 nm.
dimensions 2.1 mm x 10 — 15mm x 0.5 mm, and spin-coated to remove the solvent
(30s, 1500 rpm, 500 rpms~!). Two spin-coated substrates were placed back-to-back
within the EPR tube, before flame-sealing in an oxygen-free environment. Sample

films showed minimal degradation after a set of EPR measurements.

5.2.2 EPR Experiments

X-band and Q-band time-resolved EPR experiments were performed using the
same spectrometer setups as described in Section 3.2.2 of Chapter 3. Measurements
at different temperatures in the range from 20 K to 140 K were performed using
liquid helium cooling with an Oxford Instruments CF935 cryostat and temperature-
control system. Laser excitation at 532 nm was provided by an EKSPLA NT230
diode-pumped Q-switched Nd:YAG laser and optical parametric oscillator (OPO)
with 5ns pulses and a 50 Hz repetition rate, and an approximate beam spot of 5 mm

diameter. The laser power was attenuated and adjusted by a %-waveplate and a
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5. Charge Separation at the Donor:Acceptor Interface

polariser, before being depolarised using an achromatic depolariser. A Stanford
Research System digital delay generator (DG645) was used for synchronisation of
the laser and EPR spectrometer. The laser energy incident on the sample was
estimated based on laser energy measurements within the resonator and cryostat
using a ThorLabs TD2X thermal detector placed at the position of the sample
(after calibration outside the resonator). The laser power at the sample was around
35 — 40% of the laser power at the source. The source laser power was tuned

such that the sample received laser fluences of 20ppJ cm™2 or 1mJcem™2.

Time-
resolved EPR experiments were performed by direct detection with the transient
recorder (Video Amplifier ITI, 1 GHz bandwidth) without lock-in amplification using

a microwave power of 0.255mW (B; = 0.005mT).

A field-calibration was performed with a standard NQCgq sample of a known
g-value.’ The off-resonant background signal was removed by two-dimensional
baseline correction using low- and high-field off-resonance transients and subtracting
the signal prior to laser excitation. For measurements of spin-coated films, samples
were rotated with respect to the static magnetic field By: 0° for the plane of the
substrate aligned with By, and 90° for the substrate plane perpendicular.

5.2.3 Data Analysis

Simulations of time-resolved EPR spectra were carried out using the open-
source package EasySpin (version 6.0.5) in the MATLAB environment.!3%267 For
the triplet state, time-resolved EPR of the pristine donor and acceptor materials
were extracted from 0 to 1ps after photoexcitation, and fitted as an intersystem
crossing triplet. For the spin-coated films, preferential ordering of the molecules
in the sample was accounted for by modelling Gaussian distributions about each
of the three Euler angles («, 3,7) that describe the transformation between the
molecular frame and the laboratory frame (see Section 2.2.1 in Chapter 2): G =

(o, 0a) X g(pg, 08) X g(jty, 0,), with means p and standard deviations o.

For simulations of the static singlet-born CT state, time-resolved EPR spectra
were extracted at 0.1 —0.3 s after laser excitation at different microwave frequencies
(X-band: 9.8 GHz, and Q-band: 33.9GHz) and laser fluences (20pnJcm™2 and
1mJcm™2) and globally fitted, considering multiple best-fit solutions, to calculate
the donor:acceptor positions and orientations, the electron-electron couplings and
the line broadening. g-values were previously determined from steady-state echo-
detected EPR spectra in Chapter 3. The fits were performed using a genetic
algorithm to avoid local minima solutions, with the simulation procedure described
in greater detail later in Section 5.3.3. For the full two-dimensional simulations of
the time-resolved EPR spectra at narrow field ranges, the home-built simulation
package RADISH, described in Chapter 4, was used to model the evolution of
the CT state and the SCs.
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5.3 Results and Discussion

Time-resolved EPR spectra were recorded over a broad magnetic field range
(270 — 430 mT) for the four donor:acceptor blends: PM6:PCBM, PBDB-T:PCBM,
PM6:Y6, and PBDB-T:ITIC. Measurements were carried out at 20K, X-band
microwave frequency and with a laser fluence of 1 mJcm=2. The resulting spectra
are presented in Figure 5.1, with the upper panels displaying the signal aver-

aged over the first microsecond following photoexcitation. Two distinct spectral
features are observed:

o A narrow signal centred around 350mT is detected in each blend and is
attributed to spin-polarised CT states and SCs. This feature arises at g ~ g.

and reflects exciton dissociation and separation at the donor:acceptor interface.
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Figure 5.1: Time-resolved EPR X-band spectra of PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6 at 20 K, a laser fluence of 1 mJ cm ™2, and 532 nm. Absorptive
features are in blue and emissive features in red in the two-dimensional plots. In the top
panels, spectra are averaged over 0 — 1 ps, with broad signals from triplet excitons, and
narrow signals due to charge-transfer states and separated charges.

159



5. Charge Separation at the Donor:Acceptor Interface

A much broader signal is observed in the fullerene acceptor blends (PM6:PCBM
and PBDB-T:PCBM), extending up to 100mT in width. This signal is
characteristic of triplet excitons, whose spectral width results from zero-field
splitting in the strongly-coupled triplet state. In the non-fullerene acceptor
blends, this triplet contribution is substantially weaker, with the spectra

dominated by the narrower CT state and SC features.

The presence and relative intensity of these signals indicate qualitative differences
in the photophysics of the blends. In particular, enhanced triplet formation is evident
in the fullerene acceptor blends, suggesting a more significant contribution from
intersystem crossing or triplet-generating recombination processes. Conversely, the
suppressed triplet signal in the non-fullerene acceptor blends implies that these

loss pathways are less prominent.

In the following sections, the two spectral features are examined in detail. First,
the origin and characteristics of the broad triplet signals are analysed, supported
by comparative measurements of the pristine donor and acceptor materials. This is
followed by a detailed investigation of the narrow-field region, where modelling of
the CT and SC signals under varying experimental conditions yields insights into
the molecular arrangement at the donor:acceptor interface and the dynamics of
charge separation. Together, these time-resolved EPR measurements demonstrate
how the evolution of spin polarisation serves as a powerful probe of the charge

separation in organic photovoltaics.

5.3.1 Time-Resolved EPR of Triplet States

Triplet states in donor:acceptor OPV blends can be generated through several
pathways: intersystem crossing (ISC) from S;, geminate recombination of the CT
state, or non-geminate recombination of SCs via the CT state. To elucidate the
origin of the triplet signals observed in the blend spectra shown in Figure 5.1, time-
resolved EPR measurements were conducted on the pristine donor and acceptor
materials. In these single-component films, triplet formation predominantly occurs
through ISC, as CT states are not readily formed without the donor:acceptor
interface that facilitates exciton dissociation. By comparing the triplet spectral
signatures of the pristine materials with those of the blends, it becomes possible
to determine whether the triplet signals in the blends arise mainly from ISC or

from recombination processes involving CT states.
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Triplet States in Pristine Materials

The triplet EPR spectra of inner-wall films of the donor materials (PBDB-T,
PM6) and acceptors (PCBM, ITIC, Y6) were recorded and averaged over the
first microsecond (Figure 5.2). Strong spin-polarised signals were observed in all
samples. The donor spectra exhibit broad signals of approximately 100 mT width
with eeeaaa polarisation, while the non-fullerene acceptors (ITIC and Y6) showed
similar polarisation but slightly narrower spectral widths of around 90 mT. In
contrast, PCBM displayed a considerably narrower signal (20mT) with inverted
aaaecee polarisation.

The spectral shapes of triplet EPR signals are primarily governed by two factors:
the zero-field splitting (ZFS) parameters and the populations of the zero-field spin
sublevels. The zero-field interaction, as described in Section 2.2.3 of Chapter 2,
arises from magnetic dipolar coupling between the two unpaired electrons in the
triplet state and is characterised by the parameters D and E. The magnitude
of D reflects the average spatial separation between the electrons and can be
estimated directly from the experimental spectrum, corresponding approximately
to half of the total width of the triplet spectrum. The rhombic component FE,
which accounts for deviations from axial symmetry, influences the positions of

the inner turning points in the spectrum.

The relative populations of the zero-field sublevels, px, py, and pz, determine
the absorptive or emissive nature of individual transitions, resulting in the observed
spin polarisation pattern. In OPV materials, ISC is primarily driven by spin-vibronic
coupling,'®” which is selective to molecular orientation, as discussed in Section 2.4.3
of Chapter 2. As time-resolved EPR probes only population differences, rather
than their absolute values, fitting was carried out by setting the lowest sublevel
population to zero and normalising the total population to unity.

Simulations of the triplet EPR spectra of the pristine material revealed ISC as
the sole formation pathway. These simulations, shown in Figure 5.2, successfully
reproduce the experimentally observed spin polarisation patterns: eeeaaa for all
systems except PCBM, which displays aaaeee polarisation. The corresponding
ZFS parameters and population distributions are summarised in Table 5.1. Time-
resolved EPR provides information on the magnitude, but not the sign, of D and

292,293

E. A negative D-value has previously been reported for PCBM, whereas a

positive D-value is assumed for the other materials based on results on similar

planar m-conjugated molecules and DFT calculations.!46

The donor polymers PBDB-T and PM6 exhibit comparable ZFS parameters
(|D] ~ 1500 MHz, small |E|) and similar sublevel populations, consistent with
their nearly identical molecular structures. For ITIC and Y6, the D-values were
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Figure 5.2: Time-resolved EPR spectra of PBDB-T, PM6, PCBM, ITIC and Y6,
measured at 20 K and at X-band, integrated over 0 — 1ps. Note that PCBM has a
narrower triplet signal and is plotted on a different magnetic field axis to the other
materials. The samples were photoexcited at 532 nm; ITIC was excited at 650 nm, as it

has weak absorbance at 532 nm.?%!

Material D E Populations Linewidth
(MHz) (MHz) DX Py Pz (mT)

PBDB-T * 1490 —130 0.52:0.48 : 0.00 3.63

PM6 1495 —129 0.44:0.56 : 0.00 2.64

PCBM' —257 23 0.13 : 0.87: 0.00 0.83

ITIC 1300 —433 0.50:0.50:0.00 1.27

Y6 970 —270 0.49:0.51:0.00 1.16

“PBDB-T ordering: fa = 306°, 0o = 203°, ug = 32°, og = 80°, uy = 308°%, o, = 31°
"PCBM ordering: po = 143°, 04 = 83°, pg = 68°, og = 235°, uy = 168°, o, = 93°

Table 5.1: Simulation parameters for photoexcited ISC triplet states of PBDB-T, PMG6,
PCBM, ITIC and Y6. For PBDB-T and PCBM, inclusion of preferential molecular
ordering improved the simulation of the experimental spectra. D and F have estimated
fitting errors of 5 MHz, while i and o have estimated uncertainties of 5° and 15°,
respectively.

reduced to 1300 MHz and 970 MHz, respectively, and the observed E-values reflect
a greater rhombicity. In the case of ITIC, the zero-field interaction approaches
the orthorhombic limit (E = —%D), resulting in the merging of features and the
reduction of well-defined turning points. In contrast, PCBM yields a much narrower
spectrum, with a considerably smaller zero-field interaction (D = —260 MHz), in

agreement with previous studies.!!%148,294-296

For PBDB-T and PCBM, the relative intensities of the inner spectral features are
overestimated if an isotropic powder distribution, in which all molecular orientations
are equally represented, is assumed. Improved agreement with experimental data
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5.3. Results and Discussion

was obtained by incorporating a modest degree of molecular ordering into the
simulations, with ordering parameters detailed in Table 5.1. In an ordered film,
certain molecular orientations contribute more strongly to the EPR signal, while
others are suppressed. This anisotropic weighting alters the relative intensities
of the spectral features. In the ISC triplets of PBDB-T and PCBM, the inner
turning points, linked to transitions along the Dy and Dy ZFS tensor axes, were
found to be weaker than predicted under full powder averaging, suggesting that
those orientations are under-represented due to partial molecular alignment in the
film. Such ordering may arise from molecular aggregation or the development of
semi-crystalline domains during film formation. For example, it has been shown
that films processed from chlorobenzene exhibit higher crystallinity than those
prepared using chloroform, owing to the slower solvent evaporation rate, which

allows more time for molecular reorganisation.3%-297

To better replicate the morphology present in operational OPV devices, mea-
surements were also conducted on spin-coated films with thicknesses comparable to
those of typical active layers, using the same procedure reported in the literature
for OPV device fabrication.?3** These thinner films are expected to exhibit greater
molecular ordering than the inner-wall samples previously discussed, owing to
their reduced thickness and differing processing conditions. Consequently, it is
important to establish whether such ordering influences the intersystem crossing
mechanism, altering triplet sublevel populations, or induces changes in the nature
of the triplet state, reflected in D and FE.

Time-resolved EPR spectra were recorded for films of the polymer donors
PBDB-T and PM6 spin-coated on substrates under the same experimental conditions
as those applied to the inner-wall films. The triplet EPR spectra, averaged over
0 to 1ps, are displayed in Figure 5.3 for three different orientations (0°, 45°, and
90°) of the substrate plane relative to the applied magnetic field. The angle
between the substrate and the magnetic field is illustrated schematically in the
figure. For comparison, the triplet EPR spectra of the donor inner-wall films
are also presented, with resonance field positions of the six canonical X, Y,

and Z4 transitions indicated.

Distinct differences in the EPR spectra were observed for the spin-coated
films at different substrate orientations, indicating preferential molecular ordering
within these films. When the magnetic field was aligned parallel to the substrate
plane (0°), features corresponding to molecules with their X or Y D-tensor axis
aligned along the magnetic field were preferentially populated. Upon rotation to
90°, where the magnetic field was perpendicular to the substrate plane, spectral
features associated with molecules having the Z D-tensor axis aligned with the
magnetic field became dominant.
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Figure 5.3: (Left) Time-resolved EPR spectra of PBDB-T and PM6 films spin-coated
onto substrates, averaged over 0 — 1 ps, at different substrate plane angles relative to the
external magnetic field, compared with spectra from inner-wall films. Dotted lines show
simulations for both film types with labelled canonical field positions. (Right) Schematic
showing the orientation of the spin-coated film relative to the magnetic field and D-tensor.
Shaded spheres indicate magnetic field orientations By relative to D-tensor axes that
contribute to the EPR signal at 0° and 90°. The D-tensor orientation and spin density,
predicted by DFT for a PBDB-T trimer, are shown; PM6 shares the same ordering
distribution and tensor orientation.

The triplet EPR spectra at 0°, 45°, and 90° were simultaneously modelled using
a single consistent ordering distribution to represent the preferential molecular
alignment in the spin-coated films. The simulations, shown in Figure 5.3, closely
reproduce the experimental spectra at all three orientations. The same ZFS
parameters and sublevel populations as those employed for the inner-wall films
(Table 5.1) were used, indicating that the morphology exerts limited influence on

the intrinsic nature of the triplet state or its formation mechanism.

The molecular orientations probed at 0° and 90° are illustrated by shaded spheres

in Figure 5.3, representing the range of magnetic field vector By orientations, relative
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5.3. Results and Discussion

to the axis for the principal D-values Dy, Dy, and Dy, that contribute to the
observed EPR signals. At 90°, the axis for the Dy principal value and By are
approximately aligned, meaning only molecules with their D Z-axis oriented along
By contribute to the signal. The Z axis of the D-tensor, therefore, must lie
perpendicular to the substrate plane. The extent of ordering was found to be
comparable between PBDB-T and PMS6.

To relate the tensor orientation to molecular structure, DFT calculations were
performed on polymer models comprising three repeat units. The calculations,
shown in Figure 5.3, predict that the D Z-axis aligns perpendicular to the molecular
plane, while the X- and Y-axes correspond to the long and short in-plane molecular
axes, respectively. For planar, aromatic, m-conjugated systems such as PBDB-T and
PMB6, intersystem crossing is governed by vibrationally-induced spin-orbit coupling,
resulting in preferential population of the X and Y in-plane triplet sublevels

(Pz, Dy > o), 47298299 a5 observed in simulations of the pristine donor spectra.

The orientation-dependent EPR measurements indicate that the Z axis of
the D-tensor lies perpendicular to the substrate plane, and DFT results place
it perpendicular to the molecular plane. From this, it can be inferred that the
polymer molecules adopt a face-on orientation relative to the substrate, with
stacking parallel to the substrate plane. This arrangement is in agreement with
grazing-incidence wide-angle X-ray scattering (GIWAXS) studies reported in the
literature.?”® These findings confirm that the spin-coated film preparation method
used produces morphologies consistent with those previously documented.

The triplet signal of PBDB-T, and to a lesser extent PM6, shows a pronounced
emissive feature near 350 mT, the magnetic field position of the CT state and
SCs. This emissive polarisation suggests a non-thermal equilibrium origin. A
similar feature has been observed in pristine donor triplet EPR spectra,!®148
tentatively linked to spin-polarised SC formation. PBDB-T and PM6 are composed
of alternating electron-donating and electron-accepting units along their backbone.3¢
This architecture may promote intramolecular charge transfer within the polymer
domains.?01302 At the short intramolecular distances involved, strong spin-spin
exchange coupling could facilitate mixing of the CT state |S) and |T.) sublevels,

generating emissive polarisation upon charge separation.3%3304

Triplet States in Donor:Acceptor Blends

With the nature and formation mechanisms of ISC triplets in the pristine donor
and acceptor materials fully characterised, the triplet signals observed in the time-
resolved EPR spectra of the donor:acceptor blends shown in Figure 5.1 can now
be analysed. Averaged from 0 to 1pus, the EPR spectra of inner-wall films of the
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5. Charge Separation at the Donor:Acceptor Interface

four OPV blends are presented in Figure 5.4, recorded under identical conditions to
inner-wall films of the pristine materials. The corresponding pristine donor (blue)
and acceptor (red) spectra, alongside their simulated ISC triplet signals (Figure 5.2),
are displayed for reference. Each blend spectrum was fitted as a weighted sum
of the simulated donor and acceptor ISC triplets.

In the PBDB-T:PCBM blend, the EPR spectrum displays a narrow triplet of
approximately 20 mT width, closely matching the PCBM ISC triplet; no evidence for
PBDB-T ISC triplets is detected. Conversely, PM6:PCBM exhibits contributions
from both the PCBM ISC triplet and a broader ISC triplet attributable to PMG6,
with the best fit yielding a donor-to-acceptor triplet ratio of roughly 0.8 : 0.2. In
blends containing non-fullerene acceptors, the triplet signals in the broader field
range are weak, and the overlap of the pristine donor and non-fullerene acceptor
spectral features complicates precise assignment. However, the observed triplet
signal widths are narrower than the donor triplet spectra, suggesting that the
triplets predominantly arise from ISC within the acceptors ITIC and Y6.

No signature of triplet formation via geminate recombination was detected in
any blend. Such triplet formation would manifest as characteristic aeeaae (D < 0)
or eaaeea (D > 0) polarisation patterns, with the same width and canonical turning
points as the ISC triplets, as outlined in Section 2.4.3 of Chapter 2.14¢ The absence
of these specific polarisation signatures rules out geminate recombination as a
significant triplet formation pathway in these systems. Non-geminate recombination
from uncorrelated charges, in contrast, populates all triplet sublevels equally, also
explained in the same section in Chapter 2, resulting in no net spin polarisation, re-
maining invisible to time-resolved EPR. However, transient absorption spectroscopy
and photoluminescence-detected magnetic resonance experiments have determined
that non-geminate recombination is indeed a significant triplet formation channel

for both fullerene and non-fullerene acceptor blends.!06:112:148

The triplet formation mechanisms are summarised in Table 5.2. All blends exhibit
some degree of ISC triplet formation, predominantly within the acceptor domains.
Additionally, PM6:PCBM shows triplets resulting from ISC in the PM6 donor
domain. Geminate recombination is not observed, and non-geminate recombination
remains unseen by time-resolved EPR. Triplet signals are significantly stronger
in blends exhibiting poorer photovoltaic performance, suggesting a correlation
between increased triplet generation and reduced device efficiency. Although
intersystem crossing is formally spin-forbidden, it can effectively compete with
charge transfer when donor and acceptor domains are not optimally structured for
exciton dissociation, preventing singlet excitons from reaching an interface within
their lifetime. Since triplet states act as loss channels that prevent excitons from
contributing to photocurrent, these results reinforce the necessity of suppressing
triplet formation to achieve high-efficiency OPVs.

166



5.3. Results and Discussion

PBDW\ PM6 iSf.T\)//\-—\

pcemascT) N pcemgscT) M

a PM6:PCBM

PBDB-T:PCBM

300 350 400 300 350 400

Magnetic Field (mT) Magnetic Field (mT)
PBDW”\ PM6 W-—\
Y6 (ISC T
ITIC (ISC T) — (IS¢ AQ
a a
PBDB-T:ITIC 4 PM6:Y6 . - A
o v o Sy
e e

360 35';0 460 360 3éO 460
Magnetic Field (mT) Magnetic Field (mT)

Figure 5.4: Time-resolved EPR X-band spectra of PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6 at 20K, averaged over 0 — 1pus. For comparison, the
corresponding pure donor (blue) and acceptor (red) spectra from Figure 5.2 are shown.
Black dotted lines represent simulated ISC triplets of the donors and acceptors, along

with a weighted sum fitted for each blend. The inferred triplet formation mechanisms are
summarised in Table 5.2.

Triplet Formation Mechanism

Material Intersystem Crossing Recombination
Donor Acceptor Geminate Non-Geminate
PBDB-T:PCBM X v X ?
PM6:PCBM v v X ?
PBDB-T:ITIC X v (very weak) X ?
PM6:Y6 X v (very weak) X ?

Table 5.2: Assignment of the formation mechanism of triplet states observed in the
EPR spectra of PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC, and PM6:Y6, using the
results in Figure 5.4 and simulation results from Table 5.1. Non-geminate recombination
produces no observable EPR signal, and so cannot be assigned.
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5. Charge Separation at the Donor:Acceptor Interface

5.3.2 Time-Resolved EPR of Charge-Transfer States

Spin-polarised CT states and SCs, observed at field positions near the free-
electron g-value, are indicative of efficient exciton dissociation and successful
charge transfer at the donor:acceptor interface. In contrast to the triplet excitons
arising from intersystem crossing, CT states and SCs are directly involved in
photocurrent generation and are therefore associated with enhanced photovoltaic
performance. Although CT state signatures are present in the EPR spectra shown
in Figure 5.1, greater spectral resolution of the CT state and SC contributions is
achieved by measuring time-resolved EPR over a narrower magnetic field range
centred around g = ge.

To investigate the spin dynamics of CT states and any SCs in greater detail,
time-resolved EPR measurements were performed under a range of experimen-

tal conditions:

1. The effect of laser fluence was examined to determine how variations in

photogenerated charge concentration influence charge transfer and separation.

2. Spectra recorded at Q-band frequency were compared to those at X-band, in

order to improve resolution of overlapping absorptive and emissive features.

3. Temperature-dependent measurements were used to evaluate the influence of

thermal energy on spin dynamics.

4. Spectra from spin-coated films were compared with those from inner-wall

films to assess the relevance of the observed spin signatures to operational
OPYV devices.

Together, these experiments provide a comprehensive picture of CT state and SC
behaviour and offer valuable insight into the factors that govern efficient charge
transfer and separation in organic photovoltaic materials.

Fluence Dependence of Fullerene Acceptor Blends

Figure 5.5 shows time-resolved EPR spectra of the fullerene acceptor blends
PBDB-T:PCBM and PM6:PCBM, measured at 20 K and X-band under two different
laser fluences: 20 1J cm ™2 and 1 mJcm—2. For each blend, EPR signal intensity is
plotted as a function of magnetic field and time following photoexcitation. The left
and centre panels correspond to the lower and higher laser fluence measurements,
respectively. To facilitate direct comparison of spectral shapes, the 20 1.J cm =2 data
have been scaled by amplitude so that the magnitude of the early-time signals
match those at high fluence. The right panel displays spectra averaged over short
(0.1 — 0.3 ps) and long (20 — 60 ps) time windows following photoexcitation. The
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Figure 5.5: Time-resolved EPR spectra of PBDB-T:PCBM and PM6:PCBM, measured
at 20K and at X-band, at two different laser fluences, 20 pJ cm™2 and 1 mJ cm ™2, with a
comparison of averaged spectra at short (0.1 — 0.3 ps) and long (20 — 60 pis) times after
photoexcitation. The magnitude of the 2011.J cm~2 data is scaled by the amplitude factor
given in the left panel. Absorptive features are in blue and emissive features in red in the
two-dimensional plots.

short-time averaging window excludes the earliest delays (before 0.1ns), where

lifetime broadening effects distort the spectral lineshape.'4?

Varying the excitation fluence provides insight into differences in spin dynamics
as the concentration of charges changes with the number of incoming photons.
The higher fluence (1mJcm™2) was chosen to maximise signal intensity while
avoiding photoinduced degradation. In contrast, measurements at the lower fluence
(20 pJ cm—?), although more experimentally time-consuming due to a reduction in
signal-to-noise ratio, more closely approximate solar irradiance conditions and are

consistent with the fluence intensities used in transient absorption studies.8%164:305

An eaea-polarised signal is observed at short times after photoexcitation, at both
laser fluences. Comparison of the signals in the averaged EPR spectra at 0.1 —0.3 ps
shows no significant change in shape between laser fluences. The amplitude of
the EPR signal is significantly increased upon increasing the laser fluence from
20pJem™2 to 1mJem™2 (%30 for PBDB-T:PCBM and x9 for PM6:PCBM), a
result of a greater number of photoexcitations increasing the concentration of
species that reach the donor:acceptor interface and generate EPR-detectable spin
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5. Charge Separation at the Donor:Acceptor Interface

states. However, the increase is not linear with the 50-fold rise in incident photon
flux, indicating that additional mechanisms limit the efficiency of charge generation

at high excitation densities.

The observed eaea polarisation pattern is a hallmark of singlet-born CT states,
as outlined in Chapter 2 (Section 2.4.2), and is consistent with a negative exchange
interaction J, where 3CT is lower in energy than 'CT.**142 This signature indicates
that the CT state arises from dissociation of a singlet exciton at the donor:acceptor
interface (S; — CT).

The characteristic lineshape originates from the overlap of four spin-polarised
transitions, divided into two ea-pairs. A detailed explanation of this signal
polarisation is given in Section 2.4.2. One ea-pair is centred at the isotropic g-value of
the donor, and the other at that of the acceptor, corresponding to the peak positions
of the steady-state SCs observed from echo-detected EPR spectra in Section 3.3.1 of
Chapter 3. Within each ea-pair, the individual emissive and absorptive components
are split by exchange and dipolar coupling between the coupled spins. The central
field positions of each ea pair, which coincide with the maxima of the SC signals,
correspond to regions of near-complete cancellation in the CT signal. Because the
eaea lineshape arises from significant cancellation between overlapping transitions,

the spectral shape is sensitive to small changes in spin parameters.

If the CT state was instead formed via dissociation of a thermalised triplet
exciton (T; — CT), an inverted aeae polarisation would be expected, assuming the
same sign of J.14314 A triplet-born CT state could produce an eaea pattern if the
exchange interaction were positive (J > 0),'3% but in such a case, the formation
of the CT state would be accompanied by a corresponding depletion of the triplet
exciton population. This is not observed in the time-resolved EPR spectra shown
in Figure 5.1, providing further evidence that the detected CT states originate
from dissociation of the singlet exciton. ISC to generate T; from S;, prior to
CT state formation, is also generally too slow to account for the observation of
a CT state signal within 100ns.%

At longer times after photoexcitation, the PBDB-T:PCBM time-resolved EPR
signal evolves noticeably away from the initial eaea pattern at both laser fluences.
For the spectrum measured at 1 mJcm™2, a predominantly absorptive signal begins
to emerge at around 5 — 10 1s and persists well beyond 60 pis, outlasting the short-
lived CT state signature. From time-resolved EPR simulations in Chapter 4 (Sec-
tion 4.4.4), a long-lived absorptive component arises if the following two conditions
are met: rapid charge separation from the singlet exciton (S; — *CT — SC) and an
equilibrium between charge-transfer states and separated charges (CT = SC).

This long-lived signal is completely absent in the lower fluence measurement
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of PBDB-T:PCBM, suggesting that these processes become significant only at
higher charge densities.

For PM6:PCBM, the time evolution of the EPR signal is qualitatively similar
at both laser fluences: the initial eaea signal decays within approximately 5 ps,
with no significant long-lived absorptive component developing at later times. This
suggests that, unlike PBDB-T:PCBM, PM6:PCBM does not enter a regime where
CT —SC equilibrium becomes significant, even at high excitation densities. The only
fluence-dependent difference is in the overall signal intensity, reflecting the increased
number of photogenerated CT states at higher fluence, with the underlying spin

dynamics remaining unchanged.

Fluence Dependence of Non-Fullerene Acceptor Blends

For the non-fullerene acceptor blends PBDB-T:ITIC and PM6:Y6, the time-
resolved EPR spectra, shown in Figure 5.6, exhibit an ea polarisation pattern at
early times after photoexcitation, and comparison of the 0.1 — 0.3 ps EPR spectrum
again shows no significant change between laser fluence. Unlike the fullerene acceptor
blends, which show a well-resolved eaea pattern due to clear spectral separation
between the donor and acceptor signals, the CT state spectrum here appears as a
coalesced ea-like signal. This is a consequence of the significant overlap between the
principal g-values of the polymer donors (2.0020 — 2.0033) and the non-fullerene
acceptors (2.0021 — 2.0038) - see Chapter 3 (Table 3.4). The donor- and acceptor-
centred ea transition pairs thus overlap, blending the individual features of the eaea
polarisation into an ea-like lineshape in the early-time EPR spectra.

The overall ea polarisation pattern remains influenced by the spin interactions
of the donor and acceptor species. In Chapter 3, large hyperfine couplings of around
20 MHz were identified in the X-band echo-detected EPR spectra of the donor
and acceptor SCs for the non-fullerene acceptor blends, attributed to nuclei on
ITIC™ and Y6 and verified by ENDOR measurements and DFT calculations.
Because the isotropic g-values of the non-fullerene acceptors are slightly higher
than those of the donors, these hyperfine interactions broaden the ea-polarised CT
state signals predominantly at lower magnetic fields, producing spectral humps

or wings below 349mT.

In the PBDB-T:ITIC EPR spectrum, recorded at 1 mJcm™2, the singlet-born
CT state’s ea polarisation evolves into a predominantly absorptive signal by around
2 ps, which persists beyond 60 ps. At the lower laser fluence, the long-lived absorptive
signal is diminished but still present. The 20 — 60 ps averaged spectra show this
absorptive signal with low field broadening from the non-fullerene acceptor hyperfine
interactions, alongside a smaller emissive component at fields above 349.7mT.
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Figure 5.6: Time-resolved EPR spectra of PBDB-T:ITIC and PM6:Y6, measured at
20K and at X-band, at two different laser fluences, 20 pJ cm™2 and 1mJcm™2, with a
comparison of averaged spectra at short (0.1 — 0.3 ps) and long (20 — 60 pis) times after
photoexcitation.

The presence of the small emissive feature at higher fields suggests a partial
reversal of the spin polarisation pattern, shifting from ea to ae. This ae-polarised
signal would occur if there is an excess population of the CT eigenstates of pure
triplet character |1) and [4). Such a situation can arise in the presence of a fast,
singlet-selective decay, combined with either a singlet-born CT state with significant
relaxation returning the system to equilibrium polarisation with population in the
pure triplet levels |1) and |4), while the selective decay removes population from
only the |2) and |3) states with singlet character, or with a CT state formed by
re-encounter of uncorrelated SCs with initially equal populations of all sublevels.
This selective decay effectively inverts the spin polarisation pattern of the CT
transitions. For this inverted pattern to remain detectable up to 60 s, the CT state
must also have a sufficiently long lifetime. However, since the spectrum between 20
and 60 ps remains predominantly absorptive, rather than showing a fully inverted
or symmetric absorptive-emissive shape, the actual spin population distribution

is likely more nuanced than a simple polarisation inversion.

For PM6:Y6, the CT state signal is particularly short-lived, with all emissive
polarisation disappearing within 1 ps at both laser fluences. At lower laser fluence,
the EPR spectrum at 0.1 — 0.3 ps displays a more balanced ea polarisation, showing
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a clear presence of the singlet-born CT state. At higher fluence, absorptive features
also contribute to the early-time spectrum, before transitioning to a fully absorptive
signal after 1ps. This long-lived absorptive component persists at the lower fluence
as well, albeit with reduced intensity compared to the initial ea-polarised CT state
signal, similar to the behaviour observed in PBDB-T:ITIC.

PM6:Y6 also exhibits a weaker dependence of absolute EPR intensity on laser
fluence, showing only a fivefold increase when the photon flux increases fifty times.
This contrasts with the larger intensity increases of approximately x30, x9, and
x 15 for PBDB-T:PCBM, PM6:PCBM, and PBDB-T:ITIC, respectively. A smaller
intensity increase may suggest that PM6:Y6 is more efficient under standard solar
irradiance conditions (20 pJ cm~2), saturating earlier because it already operates

near its maximum charge generation capacity under solar illumination.

Long-time Evolution of the Time-Resolved EPR Spectra

Whilst the time-resolved EPR signals at 2011J cm=2 decay within 60ps, at
1mJcem™2, the long-time predominantly absorptive signal contribution persists
for much longer times. Time-resolved EPR measurements were performed over a
longer time range, 0 — 500 ps, with transients extracted at magnetic field positions
corresponding to the resonant positions of the donor and acceptor SCs, plotted
in Figure 5.7. In all cases, the absorptive signal decays slowly over a timescale of

about 500 ps, as the charges recombine non-radiatively to the ground state.
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Figure 5.7: Decay traces of the time-resolved EPR signal of PBDB-T:PCBM,
PM6:PCBM, PBDB-T:ITIC, and PM6:Y6, at 20K, 1mJcm ™2 and at X-band. The
traces were averaged between 349.45 — 349.55mT and 349.95 — 350.05 mT, indicated on
the spectra shown in the top panel.
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The presence of such a long-lived absorptive signal is particularly significant. For
other systems with CT states, such as radical pairs in photosynthesis, cryptochromes
for avian magnetoreception and molecular triads in quantum information science,
a long-time absorptive EPR signal has not been reported.?4%253278.219 Ip these
systems, primary CT state formation is typically followed by sequential charge
transfer to form spatially-separated charges, that remain coupled and spin-correlated.
In these cases, the radical pairs typically retain the spin polarisation pattern
inherited from the precursor and modified during singlet-triplet mixing in primary
and/or secondary CT states.

In contrast, in OPV systems, after dissociation from the initial CT state,
electrons and holes may diffuse to large separations such that coupling and spin
correlation is lost. This results in approximately equally populated spin sublevels,
and subsequent relaxation can drive the system towards thermal equilibrium, yielding
a net absorptive EPR signal. These charges may then re-encounter, which can lead
to non-geminate recombination, as observed in transient absorption measurements
of OPVs.106:112,148 Tf the re-encounter does not result in immediate recombination, a
CT state is again formed, which will be characterised by an absorptive polarisation.
The observation of a persistent long-lived absorptive signal in all blends studied
therefore provides compelling evidence for the presence of uncorrelated SCs and/or
CT states formed through non-geminate re-encounter.

Q-Band Time-Resolved EPR

To gain improved spectral resolution of the CT state EPR spectra, time-resolved
EPR measurements were performed at Q-band (33.9 GHz) under the same conditions
as the previous X-band experiments (20K, 1mJcm™2). The higher microwave
frequency at Q-band spreads the four CT transitions over a wider magnetic field
range, reducing spectral overlap and enabling clearer separation of absorptive and
emissive features.?4306-308 Additionally, hyperfine interactions contribute less to
line broadening at Q-band, as they are frequency-independent; instead, spectral
shapes are dominated by g-anisotropy, allowing donor and acceptor contributions

to be more distinctly resolved.

The time-resolved Q-band spectra are shown in Figure 5.8, measured at 20 K and
high laser fluence (1 mJcm™2). For the fullerene acceptor blends, PBDB-T:PCBM
and PM6:PCBM, the spectra exhibit clear eaea polarisation shortly after photoex-
citation, consistent with the singlet-born CT states previously identified at X-band.
At later times, PM6:PCBM shows the emergence of a weak absorptive component.
For PBDB-T:PCBM, the signal between 20 and 60 ps reveals a pronounced aea

polarisation: a central slightly emissive peak flanked by two stronger absorptive
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Figure 5.8: Time-resolved EPR Q-band spectra of PBDB-T:PCBM, PBDB-T:ITIC,

PM6:PCBM, and PM6:Y6, with averaged spectra at short (0.1 — 0.3 ps) and long (20 —

6011s). All measurements were done at 20 K and at 1mJ cm 2.

features. This pattern, not resolved at X-band due to spectral overlap, suggests
a partial contribution of an aeae-polarised CT state, due to overpopulation of |1)
and |4), as previously theorised for PBDB-T:ITIC at X-band.

In the non-fullerene acceptor blends, PM6:Y6 and PBDB-T:ITIC, the early-time
ea-polarised CT signals seen at X-band are no longer apparent at Q-band. Instead,
the spectra are dominated by a long-lived, mostly absorptive signal that persists
from 0 to 60 s, with a weak emissive shoulder appearing above 1210 mT. While
this emissive feature was already observed for PBDB-T:ITIC at X-band, its more
distinct appearance in PM6:Y6 at Q-band confirms that both non-fullerene acceptor
blends also exhibit signs of spin polarisation inversion consistent with a long-lived
CT state undergoing singlet-selective decay.

For all blends, the long-lived absorptive contributions are enhanced at Q-band,
relative to the early-time signals associated with singlet-born CT states. This
enhancement can be partially rationalised by considering the effect of microwave
frequency on spin polarisation. Thermalised spin states have populations described
by the Boltzmann distribution, where the equilibrium polarisation increases linearly
with microwave frequency. Consequently, when transitioning from X-band (9.8 GHz)
to Q-band (33.9 GHz), thermal polarisation is expected to increase by a factor
of approximately 3.5. This effect would amplify any absorptive contributions
arising from spin states that have relaxed towards thermal equilibrium during

the measurement window.
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5. Charge Separation at the Donor:Acceptor Interface

The spin polarisation of singlet-born CT states, however, is fixed by their spin-
selective formation from singlet excitons and is not governed by thermal equilibrium.
Although singlet-triplet mixing within the CT manifold (!CT < 3CT) is field-
dependent, the influence of any differences between X- and Q-band magnetic fields
on the EPR spectrum is generally expected to be insignificant. The observed
enhanced contribution of the absorptive signal compared to the initially spin-
polarised CT state therefore suggests that some thermally-populated spin states
contribute to the signal at long times, likely due to longitudinal relaxation of CT

states and SCs during the measurement.

However, the relative suppression of early-time signals for PBDB-T:ITIC and
PM6:Y6 at Q-band may also stem from instrumental effects. The Q-band resonator
used in these measurements has a higher quality factor, resulting in a longer
response time to changes in microwave absorption. This slower response diminishes
the detection sensitivity to short-lived spin states and may further contribute to
the apparent prominence of the long-lived absorptive component at Q-band.

Interpretation of the long-lived absorptive signal in the time-resolved EPR
spectra recorded for different blends and at different microwave frequencies and laser
fluences in terms of a purely thermally-polarised signal requires careful consideration.
In order to generate a thermalised signal of comparable magnitude to the strongly
polarised singlet-born CT state by evolution from that CT state within a few
microseconds would require an unrealistically short longitudinal relaxation time, 77,
and much lower temperatures than used in the experiments. Only a significantly
higher concentration of thermalised spin states compared to the spin-polarised CT
states could explain the observed time-dependence and relative intensity of the two
contributions. It is therefore likely that a more complex mechanism needs to be

considered to fully explain the experimental observations.

Temperature Dependence of the Evolution of Spin Polarisation

To assess whether the spin-dependent processes observed at 20 K remain relevant
under conditions closer to those in operational OPV devices, time-resolved EPR
measurements were performed at higher temperatures of 80 K and 140 K. These
measurements aim to determine whether the dynamics of CT states and SCs
remain consistent as thermal energy increases. As temperature rises, increased
thermal energy accelerates charge transport by hopping and therefore favours
recombination of photoexcited states, resulting in diminished EPR signal intensity
and necessitating longer signal averaging. Additionally, the shortened lifetimes of
transient states, such as the spin-correlated CT states, at elevated temperatures

may lead to their decay occurring within the instrument’s response time, preventing
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detection. These factors ultimately restricted the practical upper temperature limit
of the measurements to around 140 K, beyond which reliable signal acquisition

becomes very challenging due to insufficient sensitivity.

The time-resolved X-band EPR spectra recorded for the four donor:acceptor
blends at 20 K, 80 K, and 140 K are shown in Figure 5.9, up to 10ps. Given the
reduction in signal intensity with temperature, the spectra at 80 K and 140 K have
been scaled for amplitude comparison. For PBDB-T:PCBM, the characteristic
polarisation evolution from an eaea-polarised singlet-born CT state to a long-lived
aa-polarised signal is preserved across all temperatures. However, the rate of this
polarisation evolution increases with temperature, occurring over approximately
5ps at 20 K but accelerating to within 0.5 s at 140 K. A similar trend is observed
for PM6:PCBM, with faster polarisation evolution at higher temperatures.

For PBDB-T:ITIC, the ea-polarised singlet-born CT state signal remains visible
at 140 K, but also exhibits a faster polarisation evolution as temperature increases.
The progression to the long-lived absorptive signal is less strongly temperature-
dependent compared to the fullerene acceptor blends, however, occurring at roughly
2ps at 20 K and 0.8 ps at 140 K. In addition, the emissive component of the long-time
signal at high field diminishes with increasing temperature, indicating changes in the
kinetic processes responsible for this polarisation at low temperature. In contrast,
PM6:Y6 exhibits very little dependence on temperature, and there are no significant
differences between the time-resolved EPR spectra at 20 K, 80 K, and 140 K. The
singlet-born CT state is observed up to 0.5 s at 140 K, compared to 1ps at 20 K.

The consistent presence of spin-polarised CT states and long-lived absorptive
signals across the temperature range studied, with only the timescale of their
evolution varying, indicates that the fundamental photophysical mechanisms driving
charge transfer and separation remain operative from 20 K up to at least 140 K. It is
therefore reasonable to expect that these mechanisms continue to be relevant

up to room temperature.

This expectation is supported by multiple studies in the literature. A study of
recombination dynamics in a series of fullerene acceptor blends revealed a strong
correlation between the yield of separated charges at 10 K and the yield of free

309 suggesting that the processes observed at low

charges at room temperature,
temperature reflect those active under device-operating conditions. Moreover,
transient absorption investigations have demonstrated that charge generation is not

310°312 which aligns with the observation

significantly impeded by low temperature,
of the long-lived absorptive signal in the time-resolved EPR spectra at all measured
temperatures. This signal further confirms that efficient charge separation persists

under cryogenic conditions.
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Figure 5.9: Time-resolved X-band EPR spectra of PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6, at 1mJcm™2 and at three different temperatures: 20K,
80K, and 140K, with a comparison of averaged spectra at short (0.1 — 0.3ps) and
intermediate (8 — 10 ps) times after photoexcitation.
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5.3. Results and Discussion

Specifically, for PM6:Y6, charge separation has been shown to be independent of
thermal activation,””®? explaining the minimal spectral changes observed between
20K and 140 K. Efficient charge generation in PM6:Y6 has been observed down
to 10 K,?13 reinforcing the conclusion that the same charge separation mechanism
operates across this temperature range. It is thus justifiable to conclude that the
CT states, separated charges, and their associated dynamics observed at 20 K are

representative of the essential photophysical processes at operating temperatures.

Dependence on Film Morphology

To determine whether the spin-dependent mechanisms observed in thick inner-
wall films also apply to more device-relevant morphologies, time-resolved EPR
measurements were performed on spin-coated films of donor:acceptor blends. It
is important to assess whether morphology influences the charge dynamics, and
whether the photophysical behaviour identified in thicker films is preserved. Time-
resolved EPR spectra for all four donor:acceptor blends are shown in Figure 5.10,
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Figure 5.10: Time-resolved EPR X-band spectra of spin-coated films of PBDB-T:PCBM,
PBDB-T:ITIC, PM6:PCBM and PM6:Y6, at different angles with respect to the external
magnetic field, measured at 20K and 1mJcm™2. The spectra are averaged over short
(0.1 — 0.3us) and long (10 — 30ps) times, and compared to the signal of the thicker
inner-wall films (grey). The angles refer to the angle of the plane of the substrate relative
to the magnetic field direction, as illustrated in Figure 5.3 of Section 5.2.2.
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5. Charge Separation at the Donor:Acceptor Interface

and were recorded at three different angles (0°, 45°, and 90°) of the substrate
plane relative to the applied magnetic field. Spectra are shown averaged over early
(0.1 — 0.3 ps) and late (10 — 30 ps) time windows following photoexcitation, and
are compared directly to the corresponding spectra recorded for the thicker inner-
wall films. Full two-dimensional time-resolved EPR spectra for the spin-coated

films are provided in Appendix E.

In all cases, the same spin-polarised signals are observed: a singlet-born CT
state exhibiting an eaea-like polarisation for fullerene acceptor blends and an ea-like
pattern for non-fullerene acceptor blends at early times, followed by a predominantly
absorptive signal at later times. This consistent evolution of spin polarisation
matches that seen in the inner-wall samples, indicating that the charge separation
mechanism remains unaffected by differences in film processing and ordering.

Compared to the triplet EPR measurements in Section 5.3.1, where rotation-
dependent changes in spectral shape were pronounced due to the strong dependence
of triplet spectral features on canonical orientations, the CT state spectra exhibit
only minimal changes with sample rotation. The CT state signals arise from a
combination of overlapping transitions whose spin polarisation features partially
cancel, making subtle changes due to molecular alignment more difficult to resolve
and interpret. In addition, the morphology of the pristine materials, used in the
triplet measurements of the spin-coated films, has been shown from GIWAXS studies

to often change when blended in a donor:acceptor bulk heterojunction.6:314:315

Only very minor spectral differences are seen between the different orientations
of the spin-coated films and the inner-wall films. The minimal differences between
the three orientations of the much thinner spin-coated films support the treatment
of the thicker inner-wall films as disordered, powder-like samples, where a uniform
distribution of molecular orientations contributes to the EPR signal intensity. The
observation of the same spin polarisation signatures and their consistent evolution
in both film types demonstrates that the CT state and SC dynamics identified in
inner-wall samples are equally present in thinner, spin-coated films. These results
confirm that the spin-dependent processes captured in thick films are directly

relevant to the morphologies and conditions typical of operational OPV devices.

5.3.3 Characterisation of the Charge-Transfer State

Having established that the early-time eaea-polarised features observed in the
time-resolved EPR spectra arise from singlet-born CT states generated immedi-
ately after photoexcitation, the next step is to gain quantitative insight into the
microscopic structure of these states. While the polarisation pattern confirms the

presence of spin-polarised CT states, it does not directly reveal the donor:acceptor
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separation, the strength of their magnetic interactions, or their relative spatial
orientation: factors that are essential for understanding how intermolecular geometry

and electronic coupling influence charge separation efficiency.

To access this structural information, the time-resolved EPR spectra, averaged
over the 0.1 — 0.3 s time window following photoexcitation, were compared to
simulations, performed across multiple experimental conditions - X-band at both
low (201J em™2) and high (1 mJcem™2) excitation fluence, as well as Q-band at
high fluence - to ensure consistency of the extracted parameters. The EPR spectra
for each condition were globally fitted using a single spin Hamiltonian for each
donor:acceptor blend.

These global simulations yield spin Hamiltonian parameters that quantitatively
describe the spatial and electronic characteristics of the CT state. Dipolar and
exchange interactions encode information on the electronic coupling and distance
between the charges. Additionally, the polarisation pattern and spectral shape of the
CT state signal are sensitive to the relative orientation of the donor and acceptor
molecules, allowing the simulations to provide insight into the local molecular
geometry at the donor:acceptor interface.

The spin Hamiltonian of the CT state is governed by three main types of
contributions, determined by a set of parameters characteristic of the investi-
gated spin system:

1. Electron Zeeman interactions: ., = “T?BOQDS'D + %BOQAS'A

o g-values were determined in Chapter 3 from steady-state, echo-detected
EPR spectra.

o The orientations of the donor and acceptor g-tensors (g-frames), rela-
tive to the molecular frame, are defined by Euler angles («, 3,7) (see
Section 2.2.1 in Chapter 2) and must be fitted during the simulation.

2. Hyperfine interactions: 7:[hf =y, S’AAA,Z«IAi
o Hyperfine interactions were determined in Chapter 3 from DFT predic-

tions that were experimentally verified through comparison to ENDOR
spectra.

3. Electron-electron interactions: 7:[% = JS'DS'A + SDDS'A

e The exchange term, J, decreases exponentially with donor:acceptor
separation, r: J = Joe ?", where Jj is the maximum exchange coupling

and /3 controls the distance dependence.!32:316:317

e The dipolar coupling tensor D reflects through-space interactions and
depends on the spin density distributions of the donor and acceptor and
on the inter-spin distance.
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5. Charge Separation at the Donor:Acceptor Interface

o The principal axis of D is assumed to align with the donor:acceptor
inter-spin vector r, with orientation described by its own set of Euler
angles.

o Both the magnitudes and orientations of the electron-electron interactions
are unknown and must be determined through fitting during the CT

state simulations.

Because the EPR spectrum of the CT state exhibits cancellation of overlapping
transitions, it is sensitive to small variations in spin Hamiltonian parameters. This
makes the CT spectrum a powerful probe of spin interactions, but nevertheless
susceptible to overfitting: the risk that too many free parameters allow the simulation
to reproduce experimental features without accurately reflecting the true underlying
spin system parameters. To ensure that the structural parameters extracted
from the spectra are meaningful, it is therefore essential to minimise the number
of adjustable variables and constrain the simulation as much as possible with

independently-determined quantities.

Many of the spin Hamiltonian parameters were determined in advance through
steady-state characterisation in Chapter 3. The g-values of donor and acceptor
species were measured with high precision using multi-frequency echo-detected EPR
(Section 3.3.1), with additional spectral resolution provided by relaxation-filtered
and EDNMR-induced EPR (Sections 3.3.2 and 3.3.3). For PBDB-T"*, PM6™*,
and PCBM"™, hyperfine structure is not resolved in the EPR spectra, and these
interactions were included as Gaussian line broadening. In contrast, for ITIC™ and
Y6, partially resolved hyperfine couplings are observed at X-band, and so large

hyperfine interactions were explicitly included in the simulation.

To further reduce the number of parameters, one of the three orientational
frames (donor g-frame, acceptor g-frame, and spin-spin coupling D-frame) was fixed.
Because the donor:acceptor blends are disordered (powder) films, all molecular
orientations with respect to the magnetic field are sampled equally, and it is only the
relative orientation between tensors that determines the spectral shape. Therefore,
the absolute orientation of one tensor frame can be arbitrarily chosen as a reference.
In this case, the acceptor g-frame was fixed, and the donor g- and D-frames were

varied during fitting, reducing the number of Euler angles to fit from nine to six.

The remaining unknown spin parameters required for the CT state simulation
are the isotropic exchange interaction .J, the dipolar coupling tensor D, and the
two relative Fuler frames. While J is directly included as a free parameter, D is
not treated as an independent fitting variable, but instead derived from a physically
motivated model. In the simplest case, D can be approximated as a point-dipole
interaction, in which each spin is treated as fully localised and D oc 1/r®, where
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r is the donor:acceptor separation. However, this approximation is not valid for
the CT states in OPV materials, as DF'T calculations and ENDOR spectra show
significant spin delocalisation over multiple molecular units. As a result, a more
accurate distributed point-dipole model is used: the predicted spin density from
DFT is projected onto atomic positions, and the dipolar interaction is calculated as
the sum over all pairwise couplings between donor and acceptor atoms, weighted by
their spin densities. For each simulation, r and the relative molecular orientation
determine the dipolar interaction. Each simulation therefore involves a carefully
limited set of free parameters: the exchange interaction .J, the donor:acceptor
separation r (from which the dipolar coupling D is derived), two sets of Euler
angles (donor g- and D-frames), and a Gaussian line broadening parameter for each
microwave frequency. To further minimise the number of fit parameters, g-strain

contributions to the linewidth were excluded.

To explore this multi-dimensional parameter space while avoiding convergence
to local minima, a hybrid fitting strategy was employed, combining a coarse
grid search with a global genetic algorithm. The grid search systematically
sampled the three Euler angles of the D-frame, covering the full range of possible
donor:acceptor relative orientations. At each grid point, a genetic algorithm was
used to optimise the remaining parameters: donor g-frame, J, r, and linewidth.
This algorithm, as implemented in EasySpin,'" mimics natural selection: at each
iteration, a population of parameter sets is scored by how well it reproduces the
experimental spectrum (quantified by the root-mean-square deviation, RMSD).
The best-performing parameter sets are retained, new random sets are added and
a number of existing sets are ‘mutated’ by adding random fluctuations, and the
process is repeated. Over successive generations, the algorithm evolves towards

globally optimal solutions, avoiding the risk of becoming trapped in local minima.

The genetic algorithm was run multiple times for each grid point to further
reduce the likelihood of convergence to local minima and ensure the robustness
of the resulting fits. After completing the full grid, the collection of best fits was
analysed to identify the distribution of parameters that most accurately reproduce
the experimental singlet-born CT state spectra.

The simulation algorithm can be summarised as follows:

1. Define a grid over the three Euler angles describing the relative donor:acceptor
geometry (D-frame). Loop over each grid point, fixing these Euler angles.

2. For each fixed D-frame, initialise multiple random sets of parameters for the

exchange interaction J, donor:acceptor separation r, and donor g-frame.

3. Calculate the dipolar coupling D from r using the distributed point-dipole
model based on spin density distributions calculated from DFT and the
selected donor:acceptor geometry.
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4. Construct the spin Hamiltonian from the current spin parameters, diagonalise
it to obtain energy levels, and compute population differences and transition
intensities for the four allowed transitions, achieved through the pepper

function in EasySpin.3°

5. Simulate the EPR spectra of the singlet-born CT state at all three experimental
conditions (X-band with 20 pJecm™2 laser fluence, X-band with 1mJcm™2
laser fluence, and Q-band with 1mJcm™2 laser fluence), from the population
differences and transition intensities, as described in Chapter 2 (Section 2.4.2),
and calculate the RMSD between the simulated and experimental EPR spectra.

6. Apply a genetic algorithm to iteratively refine J, r, and the donor g-frame

parameters.

7. Repeat this genetic optimisation multiple times at each grid point, saving the
best-fitting parameters to ensure global convergence and avoid local minima.

8. After repeating this for all grid points, the collected best-fit parameter sets
are sorted by their RMSD values. An RMSD cut-off is then applied to select
the top N fits, enabling identification of the globally optimal solutions and
providing insight into the distribution of parameters that accurately reproduce
the experimental spectra.

Following the completion of the simulation procedure, a total of 20,000 best-fit
parameter sets were retained for each donor:acceptor blend, filtered by RMSD to
select those that most accurately reproduced the experimental data. These results
are presented in Figure 5.11, which compares the simulated EPR spectra to the
experimental spectra of the early-time, singlet-born CT state for PBDB-T:PCBM,
PM6:PCBM, PBDB-T:ITIC, and PM6:Y6. Simulations are shown for the three
experimental conditions studied: X-band with 20 1J cm~2 laser fluence, X-band with
1mJcem™2 laser fluence, and Q-band with 1mJcm™2 laser fluence. The distribution
of simulated spectra is coloured according to fit quality: the best 100 fits (lowest
RMSD) are shown in dark shades, while progressively lighter shades represent
the 500, 1000, 5000, and 10,000 best fits, as the match to experiment gets worse.

Experimental data are overlaid in black for direct comparison.

At X-band, the primary spectral features - polarisation pattern, relative peak
intensities, and overall lineshape - are broadly captured across a wide range of spin
parameter combinations. Even fits with relatively high RMSD values reproduce
the correct eaea polarisation. This insensitivity arises from the limited spectral
resolution of X-band measurements, where significant cancellation occurs between
overlapping absorptive and emissive transitions. Consequently, for almost any fixed
donor:acceptor orientation (as defined by a single grid point), some combination
of J, r, and donor g-frame can be found that yields a simulated spectrum in good
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Figure 5.11: Simulated EPR spectra of PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC,
and PM6:Y6, compared to experimental EPR spectra, extracted at 0.1 — 0.3 s, at X-
and Q-band, and 20 pJecm ™2 and 1mJcem™2. The best 100 fits, sorted by RMSD, are
coloured in dark, with worse fits (N = 500, 1000, 5000, and 10,000) paler.

agreement with the experiment. Thus, X-band data alone is insufficient to uniquely

constrain the spin Hamiltonian parameters.

The inclusion of Q-band spectra provide additional discriminatory power. The
higher microwave frequency enhances spectral resolution, making the EPR spectra
more sensitive to subtle variations in J and r. This narrows the distribution of
acceptable fit parameters and places tighter constraints on the underlying spin
interactions. For instance, in the PM6:PCBM blend, only a subset of parameter
combinations successfully reproduces the fine structure of the Q-band spectrum,
particularly the inner ea features of the eaea-polarised signal. Simulations with
excessively large J and D values result in over-broadened features, failing to match

experimental linewidths and relative intensities.

The spin parameter sets extracted from the best-fitting simulated EPR spectra
are analysed in Figures 5.12 and 5.13. These figures summarise the distributions
of key parameters - donor:acceptor separation r, exchange interaction .J, and
donor:acceptor spatial orientations - for the parameter sets that best reproduce the
experimental spectra. For reference, a secondary axis in the r-distribution plots gives

the maximum D-value, Dy, under the point-dipole approximation (D oc 1/r3).
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Linewidth (mT)
X-Band Q-Band
PBDB-T:PCBM —-3.44+1.0 4.7+£28 29+0.6 0.24£0.03 0.61=£0.10

Material J (MHz)  Dpax (MHz) r (nm)

PM6:PCBM —2.1+0.8 5.7£34 3.1£06 0.244+0.03 0.96+0.13
PBDB-T:ITIC —4.6 £0.7 79+£28 2703 0.38=£0.02 0.88£0.12
PM6:Y6 —-4.6+04 11.9+37 23+0.2 0.25+0.03 0.72+0.14

Table 5.3: Simulation parameters that give the spectral distributions of the best 100
fits shown in Figure 5.11. The error is determined by the standard deviation of each set
of parameter values. D,y is determined from the largest principal value of the dipolar
interaction, which is calculated from r using the distributed point-dipole model. g-values
of the donor and acceptor molecules were determined in Chapter 3 (Tables 3.1 and 3.4 of
Section 3.3.1)

For an axial dipolar tensor, D,., corresponds to alignment of the dipolar coupling
vector r and the external magnetic field By (0 = 0°), and D = d(1 — 3cos0)
gives D = —2d. The corresponding mean values and standard deviations of the
parameters are listed in Table 5.3.

In Figure 5.12, the distributions of r and J values are shown for each blend, with
darker colours indicating fits of lower RMSD. A clear distinction emerges between the
fullerene acceptor blends (PBDB-T:PCBM and PM6:PCBM) and the non-fullerene
acceptor blends (PBDB-T:ITIC and PM6:Y6). The non-fullerene acceptor blends
exhibit narrower distributions with shorter donor:acceptor separations and larger
exchange interactions, indicative of more strongly bound CT states. In contrast, the
fullerene acceptor blends show broader distributions and lower average J, consistent
with weaker binding and increased positional disorder.

The average donor:acceptor separation r is approximately 3.0 nm for the fullerene
acceptor blends and around 2.5nm for the non-fullerene acceptor blends. Corre-
spondingly, the magnitude of J increases from around 2 MHz to 5 MHz. These
trends reflect enhanced electronic coupling and a more ordered CT state in the
non-fullerene acceptor blends. In particular, PM6:Y6 shows sharp peaks in the
distributions of both r and J, indicating well-defined CT state geometries.

The relationship between r and J provides further insight into the nature of
the CT state. J decays exponentially with r according to J(r) = Jye™®", where .J,
represents the coupling at vanishing separation and 8 governs the rate at which
the interaction decays with distance.!3%132 Although Jy and 3 cannot be extracted
from the simulation data, the fitted J and r values can be assessed relative to J(r)
decay profiles reported in the literature. For radical pairs in proteins, large values
of Jy ~ 10'' MHz and 3 ~ 14nm~! have been reported,3*317 while organic dyads
exhibit smaller values of Jy ~ 10° MHz and 8 ~ 5nm~'.3!6 The values observed

in the OPV blends align more closely with the dyad regime, where the exchange
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Figure 5.12: Distribution of parameters determining r and J, extracted from the spectral
fits in Figure 5.11. The best 100 fits are plotted in dark colours, with worse fits (N = 500,
1000, 5000, and 10,000) in lighter colours. Relative donor:acceptor orientations within
the CT state for these distributions of best-fit parameters are displayed in Figure 5.13.
Mean and standard deviations of r and J for each blend are summarised in Table 5.3.
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Figure 5.13: Distribution of acceptor positions around the donor for PBDB-T:PCBM,
PM6:PCBM, PBDB-T:ITIC, and PM6:Y6. Positions were obtained from the best 100
spectral fits, by RMSD. The truncated trimer structure of the polymer donor is displayed
in black, with centres of mass of the acceptors given by the coloured dots; for a subset of
spectral fits (best 20), the full structure of the acceptor is also shown.
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interaction persists over extended donor:acceptor separations. This behaviour is
consistent with substantial wavefunction delocalisation. Time-resolved EPR studies
of other OPV blends required exchange couplings of a similar magnitude in order to
reproduce the experimental spectra and these were rationalised in terms of extended

delocalisation present in organic semiconducting materials.!?

The donor:acceptor geometries associated with the best-fitting spin parameters
are visualised in Figure 5.13. The donor polymer is shown in black, with coloured
points indicating the centre of mass of the acceptor molecules from the top
100 parameter sets. Full molecular structures are depicted for the 20 best fits.
Importantly, no significant steric clashes or physically unreasonable overlaps between
donor and acceptor molecular structures are observed, supporting the physical
plausibility of the extracted models. In the fullerene acceptor blends, the acceptor
positions are more dispersed and lack strong orientational preference, with only weak
side-on bias observed in PBDB-T:PCBM. In contrast, the non-fullerene acceptor
blends display more compact and ordered arrangements, with a strong preference
for side-on stacking of the acceptor relative to the polymer backbone. Such ordering
may be stabilised by intercalation of the acceptor molecules into the side chains
of the donor polymer.3!® Stronger ordering, together with the larger exchange
couplings and shorter distances observed, points to substantial wavefunction overlap

and delocalisation in non-fullerene acceptor blends.

The significance of this delocalisation becomes clear when the donor:acceptor
separations are considered in the context of the electrostatic attraction between the
two charges. At the distances estimated in Table 5.3, the Coulomb interaction energy
between two point charges (assuming a typical dielectric constant of 3 for organic
semiconductors)™ ranges from 210meV for PM6:Y6 to 150 meV for PM6:PCBM.
These values far exceed the available thermal energy of 1.7 meV at 20 K. If charges
were confined to localised points, separation would be energetically inaccessible.
Delocalisation therefore provides a means to reduce the effective Coulomb interaction

and facilitate charge separation, despite the lack of thermal energy.

This functional role of delocalisation is well established in high-efficiency non-
fullerene acceptor blends. Delocalisation facilitates hole transport along the polymer

backbone and suppresses charge recombination, both of which are crucial for efficient

226319 and therefore delocalisation is widely credited as a key

86,87,164,233,320

charge separation,
driver of the high efficiencies observed in non-fullerene acceptor blends.
The simulation results, combined with the characterisation of spin delocalisation
in Chapter 3, provide quantitative evidence linking enhanced spin interactions to
increased wavefunction delocalisation and spatial ordering in non-fullerene acceptor

blends, offering valuable insight into the microscopic origins of their OPV efficiencies.
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5.3.4 Modelling the Evolution of Spin Polarisation

Following the characterisation of the early singlet-born CT states, the full time-
resolved EPR spectra were modelled in order to understand the subsequent spin
dynamics and photophysical pathways in the OPV blends. While the spectral simu-
lations in the previous section provided insight into the static spin-spin interactions
and spatial distributions within the bound CT state, the time-resolved EPR spectra
contain further information encoded in the evolution of spin polarisation. These
dynamics can be used to probe the mechanisms of charge transfer, separation, and

recombination - processes central to device performance.

To describe these dynamics, the Liouville-von Neumann formalism implemented
within the home-built RADISH simulation framework (Chapter 4) was employed.
As in the previous section, the objective was to extract meaningful physical insights

while limiting model complexity to prevent overfitting.

The Hamiltonian parameters, describing the static spin interactions, were fixed
using the results of earlier characterisation. The g-values and hyperfine couplings
of the donor and acceptor charges were taken from steady-state EPR in Chapter 3,
while the spin-spin interaction parameters J and D, as well as the g- and D-frames,
were taken from the simulations of the singlet-born CT state in the preceding
section. Mean values from the best-fitting distributions shown in Table 5.3 of the

previous section were used for the spin-spin interaction parameters.

The spin dynamics were simulated using the kinetic model described in Chapter 4.
The initial population of the system is distributed between the CT state and SCs,
defined by pcr and psc = 1 — per. The CT state is formed from dissociation of
singlet excitons (S; — (1CT <« 3CT)), while SCs present at ¢t = 0 are populated
via ultrafast charge separation (S; — 'CT — SC), via a CT state which is too

short-lived to undergo significant singlet-triplet mixing.4?

The decay of the CT state occurs via spin-selective recombination. Eigenstates
with singlet character, |2) and |3), recombine at a rate kg, while all eigenstates also
decay via triplet recombination at rate kr. However, based on the absence of a
triplet recombination signature in the time-resolved EPR spectra recorded over a
wide field range (Section 5.3.1), kr was assumed to be negligible. The separated
charges decay at rate kgec, although under open-circuit conditions, no external
driving force for charge extraction is present. As such, SC decay was also assumed
to be negligible on the EPR timescale. The interconversion between the CT state
and SCs is described by kqiss (CT dissociation) and kepe (SC re-encounter).

The formation rates of CT (kcr) and SC (ksc) populations from S; were not
explicitly included as time constants. Singlet exciton lifetime is significantly shorter

189



5. Charge Separation at the Donor:Acceptor Interface

321 and so these processes are assumed

than the EPR timescale (sub-nanosecond),
to be complete at the start of the experiment, with their relative contributions

instead absorbed into the initial population parameter pcr.

Relaxation is incorporated via the longitudinal and transverse relaxation times,
Ty and T5. To minimise free parameters, it was assumed that the CT state
and SCs share the same relaxation times. While 77 and T, were determined
experimentally from inversion recovery and echo decay pulse EPR experiments in
Chapter 3 (Section 3.3.2), these measurements reflect the relaxation properties of
long-lived, trapped charges. In contrast, the CT state and mobile SCs experience
higher local charge densities near the donor:acceptor interface, and therefore their
relaxation is expected to occur more rapidly. For this reason, relaxation times

were treated as free fit parameters.

The appearance of the transient signal is also determined by experimental
settings, which must also be taken into account, as these can influence the appearance
of the spectra independently of the underlying spin dynamics. In particular, the
quality factor (@) of the resonator and the strength of the applied microwave
field (B;) affect the shape and rise and decay times of the observed EPR response.
A @Q-value of 4000 for these measurements was determined experimentally from
the resonator profile.

Although B; cannot be measured directly during the experiment, its amplitude
is determined by the applied microwave power P and the resonator bandwidth

Aw through the relationship:
!
Bi—-S_VP (5.1)

where C’ is a proportionality constant determined primarily by the resonator
geometry but also subject to modification by temperature and sample properties.3??
While values may vary slightly across measurements, B; can be assumed to be
approximately equivalent across the different blend films studied, as all were prepared

under similar conditions and measured using the same resonator set-up.

Microwave excitation leads to coherent precession of the spin magnetisation
around the B, field vector, which can give rise to oscillatory behaviour in the time

271 manifest as periodic

domain. These modulations, known as Torrey oscillations,
features in the transient EPR signal and are governed by the precession frequency
wy, which is proportional to B;. When observable, these oscillations provide a
direct method for estimating By, as w; can be extracted from the signal via Fourier

transform and used to calculate the corresponding B; strength.

To determine B, time-resolved EPR spectra of PBDB-T:PCBM were recorded
at X-band and 20K under a series of applied microwave powers, as shown in
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Figure 5.14: Time-resolved EPR spectra of PBDB-T:PCBM, recorded at X-band and
20 K, under varying microwave powers. Transients at 349.7mT and 350.1 mT reveal
Torrey oscillations, whose frequency is proportional to the Bj field strength. The By
amplitude scales linearly with the square root of the applied microwave power.

Figure 5.14. Transients extracted at 349.7mT and 350.1 mT, corresponding to the
PBDB-T"* and PCBM™ resonance positions respectively, display more pronounced
oscillations with increasing power. The oscillation frequencies extracted from these
transients confirm the expected square root dependence of B; on the applied power.
Even in cases where Torrey oscillations are not clearly resolved, the influence of B
remains significant. If not accounted for properly, these effects may be misinterpreted
as accelerated spin relaxation or kinetic decay. Therefore, accurate estimation of the

microwave field strength remains essential even when oscillatory features are absent.

To avoid complications from excessive oscillation while maintaining adequate
signal intensity, all the time-resolved EPR measurements were conducted at an
intermediate microwave power of 0.26 mW. At this power, signal intensity remains
sufficient, while distortions due to Bi-induced oscillations are minimised. From
simulation of the visible modulation frequencies at higher powers and extrapolation
to the operating microwave power, the corresponding microwave field strength
was estimated to be B; = 0.005mT, which was used as an input parameter in
the time-resolved EPR simulations.

With prior determination of spin system parameters and experimental con-

tributions accounted for, the overall parameter set required to simulate the full
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5. Charge Separation at the Donor:Acceptor Interface

time-resolved EPR spectrum could be significantly reduced. As a result, only
six parameters were varied during simulation: the singlet recombination time,
Ts, the charge separation and recombination time constants, 7gis and 7ene, the
initial population ratio of the CT state and SCs, pcr, and the relaxation times,
T, and T;. These remaining free parameters were extracted through modelling

of the time-resolved EPR spectra.

Given the computational intensity of RADISH simulations, a genetic algorithm
fitting approach was not practical. Instead, a staged grid search procedure was
performed to systematically explore the parameter space. Coarse grids were first
used to locate regions of qualitative agreement between simulated and experimental
spectra, which were then refined using successively narrower grids. At each stage,
visual inspection of the time-resolved EPR spectra was used to guide the range and

resolution of subsequent grids and to assess the quality of the fits.

This approach allows approximate kinetic parameters to be extracted with
reasonable confidence. In reality, the experimental spectra are likely to reflect
distributions of rates and relaxation times rather than single values. As such,
kinetic and relaxation parameters are listed as ranges, outside which key features
in the time-resolved EPR spectra are no longer reproduced. Nonetheless, the close
match between simulated and observed spectra enables mechanistic conclusions to
be drawn. In particular, the dominant pathways of charge transfer, recombination,
and separation can be identified, along with characteristic timescales, even where

precise parameter values remain uncertain.

To ensure a coherent and consistent interpretation of the underlying photophys-
ical mechanisms, the time-resolved EPR spectra were modelled across a wide set
of experimental conditions. This included X-band measurements performed at the
different laser fluences and temperatures: 20 K at laser fluences of both 2011.J cm—2
and 1mJcm™2, as well as at higher temperatures of 80 K and 140 K, both at a
fluence of 1 mJcm™2. By applying the same kinetic model to each dataset, a unified
picture of the charge separation and recombination dynamics could be constructed,

allowing trends to be identified with greater confidence.

As laser fluence directly influences the photoexcited charge concentration, only
those parameters expected to depend on charge density were varied in the fluence-
dependent simulations. Accordingly, only the bimolecular re-encounter rate of SCs
(kene) and the relaxation times (7} and T3) were adjusted between fluences. All other
parameters were held constant, as they are not expected to change with excitation
density. In contrast, for the temperature-dependent measurements, the effect of
temperature on spin and kinetic behaviour is less clear and so no assumptions were

made: all six parameters were allowed to vary freely.
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The discussion of the time-resolved EPR results is divided into two parts,
based on the presence or absence of the long-lived absorptive polarisation feature
observed in the experimental spectra. The first part focuses on PM6:PCBM, which
consistently lacks this feature across all experimental conditions. The second part
addresses PBDB-T:PCBM, PBDB-T:ITIC, and PM6:Y6, all of which display a
pronounced long-lived absorptive component, indicating more complex charge

separation dynamics.

Unidirectional Charge Separation in PM6:PCBM

Simulations of the X-band time-resolved EPR spectra for PM6:PCBM, at the
four experimental conditions are displayed in Figure 5.15, alongside the correspond-
ing experimental spectra. Simulated and experimental spectra averaged over short
(0.1 — 0.3 ps) and long (10 — 30 ps) time windows following photoexcitation are also
shown. For all conditions, the experimental spectra exhibit a strong, short-lived
eaea polarisation pattern at early times, that evolves to a very weak signal at
longer times. During this evolution, the eaea pattern first develops into an ea-like
polarisation after a few microseconds, with no long-lived absorptive component
observed under any of the investigated conditions. All the key spectral features at

each condition could be reproduced by the simulated EPR spectra.

The parameters used in these simulations are summarised in Table 5.4, given as
ranges over which that parameter can be varied, while still matching the experimental
time-resolved EPR spectra. Further details on the individual contributions of the
CT state and SC spin polarisations to each simulated spectrum, as well as the time
evolution of their overall and spin sublevel populations, are provided in Appendix F.
At 20K, EPR spectra measured at low and high laser fluence could be described
by the same parameters, indicating that charge separation and recombination in
PM6:PCBM is largely fluence-independent.

PM6:PCBM

Temp. Fluence TS Tdiss T T
(K)  (mJem?) P70 () () (us) (us)
20 0.02 1 20— 30 10— 30 > 50 0.5—1.0
20 1 1 20— 30 10-—30 > 50 0.5—1.0
80 1 1 > 2 1-2 5—50 02-0.5
140 1 1 >1 02—-05 1-5 0.05-0.1

Table 5.4: Simulation parameters for PM6:PCBM for the time-resolved EPR, simulations
in Figure 5.15. The rate constants k7, kenc, and kgec were assumed to be negligible, and
so the time constants 71, Tenc, and Tqec are set to very large.
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Figure 5.15: Comparison of experimental and simulated time-resolved EPR, X-band
spectra of PM6:PCBM, for different laser fluences (20pnJecm™2 and 1mJcem~2) and
temperatures (20K, 80K, and 140K). Averaged spectra at short (0.1 — 0.3 ps) and long
(10 — 30 ps) times after photoexcitation are also shown.
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Figure 5.16: (Left) Predicted photophysical mechanism for PM6:PCBM. (Right)
Evolution of the populations of the charge-transfer state and separated charges, at 20 K,
80K, and 140 K.

The photophysical mechanism that best describes PM6:PCBM is illustrated
in Figure 5.16, along with the CT state and SC populations extracted from the
simulations for each temperature. Following photoexcitation, the singlet exciton
dissociates into CT states at the donor:acceptor interface. These CT states either
dissociate to form separated charges following spin-mixing (with time constant 7qiss)
or recombine to the ground state (with time constant 75). The resulting SCs are long-
lived but very weakly-polarised, which accounts for the negligible spectral intensity at
later times. As temperature increases, both dissociation and recombination processes
speed up, leading to a faster loss of C'T state polarisation and earlier SC formation,
as observed in the population plots. In addition, the longitudinal relaxation time
Ty decreases, promoting thermal equilibration within the CT state and SC spin
sublevels and giving rise to a weak absorptive signal in the long-time spectra.

The initial evolution of the singlet-born CT state eaea polarisation to an ea-
polarised signal indicates transfer of spin polarisation from the CT state to the
SCs. For this to occur, the rate of CT state dissociation must outcompete its
recombination to the ground state (7qiss < 7). If singlet-selective recombination
was dominant, then the spin polarisation passed on to the SCs would be far less
polarised and the ea signal would not be as strong. Together, these results support

a simple unidirectional charge separation mechanism in PM6:PCBM:
Sy — CT — SC

This kinetic scheme successfully reproduces all the key features observed in the exper-
imental time-resolved EPR spectra. Since each step in the process is monomolecular,
the dynamics of spin polarisation remain unaffected by changes in excitation fluence,
consistent with the fluence-independent spectral evolution observed experimentally.
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Figure 5.17: Comparison of experimental and simulated time-resolved EPR, X-band

spectra of PBDB-T:PCBM, for different laser fluences (20 11J cm™—2

and 1mJcem™2) and

temperatures (20K, 80 K, and 140 K). Averaged spectra at short (0.1 — 0.3 1s) and long
(10 — 30 ps) times after photoexcitation are also shown.
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Figure 5.18: Comparison of experimental and simulated time-resolved EPR, X-band

spectra of PBDB-T:ITIC, for different laser fluences (201Jcm ™2

and 1mJcem~2) and

temperatures (20K, 80 K, and 140K). Averaged spectra at short (0.1 — 0.3 1us) and long
(10 — 30 ps) times after photoexcitation are also shown.
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Comparison of experimental and simulated time-resolved EPR X-
band spectra of PM6:Y6, for different laser fluences (20 pJ cm™2

and 1mJcm™2) and

temperatures (20K, 80K, and 140K). Averaged spectra at short (0.1 — 0.3 ps) and long
(10 — 30 ps) times after photoexcitation are also shown.
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PM6:PCBM

Temp. Fluence » TS Tdiss Tenc T Ty
(K)  (mJem™?) or (11s) (s) (11s) (11s) (1s)
20 0.02 1 20 — 30 10— 30 > 200 > 50 0.5—-1.0
20 1 1 20 — 30 10— 30 > 200 > 50 0.5—-1.0
80 1 1 > 2 1-2 > 200 5— 50 0.2—-0.5
140 1 1 > 1 0.2-0.5 > 200 1-5 0.056 —-0.1
PBDB-T:PCBM

Temp. Fluence » TS Tdiss Tenc Ty Ty
(K)  (mJem™) o () (ms) () (ms) (us)
20 0.02 0.25 —-0.35 2—-06 10— 20 > 200 > 50 0.5—-1.0
20 1 0.25—0.35 2—6 10—-20 40-—-60 10—20 0.5-—1.0
80 1 0.2-0.3 0.5—2 1-5 10— 30 1-5 0.1-04
140 1 0.2 —-0.25 0.2—-2 0.5—-2 > 10 05—-2 0.05-0.1
PBDB-T:ITIC

Temp. Fluence » T Tdiss Tenc T T

(K)  (mJem~?) “r (11s) (1s) (1s) (11s) (1s)
20 0.02 03—-04 02-08 15-30 >200 20-100 0.5-—1.0
20 1 03—-04 02-08 15—-30 15—-30 10—25 0.5—-1.0
80 1 0.15—-0.25 0.2-0.8 1—-4 10 — 20 2—-10 0.1-0.5
140 1 0.15—-0.25 02-08 05-1 10—-20 05—2 0.05-0.1
PM6:Y6

Temp. Fluence » TS Tdiss Tenc T 1

(K)  (mJem™?) “r (11s) (11s) (11s) (11s) (s)
20 0.02 03—-04 0.1-0.5 1—-10 30—-50 10-—25 05—-1.0
20 1 0.3-04 0.1-0.5 1—-10 20 — 40 5 —20 0.5—-1.0
80 1 0.15—-0.25 01-05 05—-3 10-—30 2—-10 01-04
140 1 0.15—-0.25 0.1-0.5 <1 10 — 20 1-4 0.05—-10.2

Table 5.5: Simulation parameters for PM6:PCBM, PBDB-T:PCBM, PBDB-T:ITIC,
and PM6:Y6 for the time-resolved EPR simulations in Figures 5.15 and 5.17 to 5.19. The
rate constants kT, and kqe. Were assumed to be negligible, and so the time constants 7,
and Tge. are set to very large.
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5. Charge Separation at the Donor:Acceptor Interface

Ultrafast Charge Separation and Equilibrium with Separated Charges
in PBDB-T:PCBM, PBDB-T:ITIC, and PM6:Y6

On the other hand, the time-resolved EPR spectra of PBDB-T:PCBM and the
non-fullerene acceptor blends PBDB-T:ITIC and PM6:Y6 require a more complex
kinetic model to explain their EPR behaviour. The simulations of the X-band
time-resolved EPR spectra for these three blends, under the various experimental
conditions, are shown in Figures 5.17 to 5.19, alongside the corresponding exper-
imental spectra. Averaged spectra over short (0.1 — 0.31s) and long (10 — 30 ps)
time windows following photoexcitation are also included.

All three blends exhibit a short-lived singlet-born CT state, which evolves
into a predominantly absorptive signal at longer delay times. Unlike PM6:PCBM,
clear differences in time-resolved EPR spectra emerge under varying laser fluence:
the intensity of the long-lived absorptive feature increases with fluence. In some
cases, particularly for PBDB-T:ITIC at 20 K and 1 mJcm™2, a high-field emissive
component is also present at long times. The simulations capture the key features:
the initial eaea polarisation, its lifetime and evolution, and the shape and relative
intensity of the long-lived signal. Simulation parameter ranges for each blend and
condition are listed in Table 5.5. Further details, including individual CT and SC
contributions to the overall signal, are included in Appendix F.

Compared to PM6:PCBM, the main differences in kinetics for PBDB-T:PCBM,
PBDB-T:ITIC, and PM6:Y6 are a proportion of charges undergoing ultrafast charge
separation (psc = 1 — per > 0) and a non-negligible re-encounter rate of these
charges (Tenc). Both are essential to generate the long-lived absorptive feature.

The influence of per on the long-time EPR signal (10 — 30 ps) is shown in
Figure 5.20, where experimental spectra at 20 K and 1mJcm™2 are compared with
simulations at varying pcr. A value of por = 0.3 falls within the range extracted for
all three blends (Table 5.5). The early-time spectra (0.1 — 0.3 us) remain unaffected
by changes in por, as they are dominated by the polarised singlet-born CT state.
In contrast, the intensity of the long-lived feature is sensitive to por: increasing
it to 0.5 reduces ultrafast separation, lowering the SC contribution and thus the
long-lived signal intensity, while decreasing pcr to 0.2 enhances ultrafast charge
separation, exaggerating the absorptive contribution. This sensitivity constrains
the acceptable range of pcr values needed to reproduce experimental spectra.

The spectral shape of the EPR signal at long times (10 — 30 ps) is governed
by the equilibrium between the charge-transfer state and the separated charges,
quantified by the equilibrium constant:

k iss enc
K= s T (5.2)

kenc Tdiss
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Figure 5.20: Effect of the extent of ultrafast charge separation, relative to formation
of singlet-born CT states, as governed by pcr. A smaller por corresponds to a greater
number of excitons going through the ultrafast charge separation channel. Simulated
EPR spectra, at 20K and 1mJcm™2, are compared to experimental spectra at short
(0.1 — 0.3 ps) and long (10 — 30 ps) times after photoexcitation, for different pcr values.
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Figure 5.21: Effect of the CT — SC equilibrium constant, governed by 7giss and Tepc, on
the spectral shape at long (10 — 30 ps) times after photoexcitation. Simulated EPR spectra
are shown, at 20K and 1mJcm™2, for the K used in the time-resolved EPR simulations
in Figures 5.17 to 5.19, as well as K values at either extreme: K — 00 (Tenc > Tdiss) and
K—0 (Tenc < 7—diss)-
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5. Charge Separation at the Donor:Acceptor Interface

The impact of this equilibrium on the long-time EPR spectra is shown in
Figure 5.21. Experimental X-band spectra (20K, 1mJcm™2) are compared to
simulated spectra using the K values calculated from Table 5.5, alongside simulations
for the limiting cases: K — oo, where charge separation is irreversible, and K — 0,
where the CT state is unable to dissociate. In all blends, simulations with K — oo
fail to reproduce the correct spectral shape, with the absorptive features shifted
to higher field positions. This confirms that inclusion of charge re-encounter is a
requisite to capture the shape of the experimental EPR spectra.

The relative signal contributions of the CT state and SCs vary with K. When
K > 1 (Tenc > Taiss), only SCs are present, and the spectrum resembles the echo-
detected EPR spectra of the steady-state charges in Chapter 3 (Section 3.3.1): two
absorptive peaks centred at the g-values of the donor and acceptor. When K < 1
(Tene < Taiss), the CT state polarisation is dominant. Recombination of the CT
state is singlet-selective (15 < 7r) for the OPV blends and the CT sublevels |2)
and [3) will be selectively depopulated, resulting in a flipped aeae-polarised CT
state. Therefore, K controls whether the long-time spectrum is predominantly
absorptive (K > 1) or shows residual emissive features from the CT state (K < 1).
Among the studied blends, PBDB-T:ITIC displays the most prominent high-field
emissive contribution, consistent with a more CT-like equilibrium (K = 1), while
PM6:Y6 lies further towards SCs (K ~ 4).

Beyond the influence of pcr on relative intensity and K on spectral shape,
the longitudinal relaxation time 77 also influences the long-time EPR signal.
Simulations required T; values of tens of microseconds to reproduce the observed
thermal polarisation in the CT state and SCs. These are shorter than the steady-
state 77 values measured by the inversion recovery pulse EPR experiments in
Chapter 3 (Section 3.3.2). The values determined in pulse EPR experiments
reflect the relaxation behaviour of trapped, long-lived SCs under steady-state
conditions, whereas the simulated dynamics involve mobile charges at high local
concentrations near the donor:acceptor interface. The higher charge concentration
should increase the number of spin-spin interactions, facilitating relaxation towards
thermal equilibrium and leading to shorter 77 values. The qualitative trend
of decreasing 77 with increasing temperature observed in the inversion recovery
experiment is also captured in the simulation results, supporting the consistency
of trends in relaxation times despite differences in absolute values.

An unexpected observation is the lack of temperature dependence in the singlet
CT recombination time, 75, for the non-fullerene acceptor blends. Singlet CT
recombination can proceed to any singlet state, not just Sg. It has been proposed that
the small energetic offset between S; and CT may facilitate reversible equilibrium
or hybridisation between the states.?:323324 Thus, 7¢ may include decay to Sy and

202



5.3. Results and Discussion

PBDB-T:PCBM PBDB-T:ITIC PM6:Y6
1 T T T T T T

g 20 K 20K 20K
= 80 K 80 K 80 K
S

2 05! | I -
(@]

[a

l_

(@]

c

o

©

=

Q.

(@]

[a

O

CD o 1 1 1 1 1 1

0 10 20 30 0 10 20 30 0 10 20 30

Time (us) Time (us) Time (us)

Figure 5.22: Evolution of the populations of the charge-transfer state and separated
charges for PBDB-T:PCBM, PBDB-T:ITIC, and PM6:Y6, at 1mJcm ™2, and 20K, 80K,
and 140 K. The population evolution for 20 pJ cm~2 and 20K is also shown, as dashed
lines.

also reverse electron transfer to Sy, which is inaccessible in fullerene acceptor blends,

but accessible in non-fullerene acceptor blends, given the small energetic offset.

The time evolution of CT and SC populations is presented in Figure 5.22,
for temperatures of 20K, 80K, and 140 K. Simulations corresponding to low-
fluence measurements (20K, 20 nJ cm™2) are shown as dashed lines. All three
donor:acceptor blends exhibit similar kinetic behaviour. Immediately after pho-
toexcitation, approximately 60 — 80% of charges are generated via ultrafast charge
separation; this can be seen in the figure from the SC population at t = 0. These
SCs remain in dynamic equilibrium with interfacial CT states, which persist with a
small but non-negligible steady-state population over microsecond timescales. At
lower excitation fluence, reduced bimolecular recombination and fewer re-encounters
lead to a smaller CT steady-state population, as reflected in the decreased signal

intensity of the long-time spectral features.

With clear signatures of ultrafast charge separation and an equilibrium between
the CT state and SCs, the kinetic mechanism of PBDB-T:PCBM, PBDB-T:ITIC,
and PM6:Y6 can be summarised by the kinetic scheme shown in Figure 5.23. Two

channels of charge separation are proposed:
1. Ultrafast charge separation: S; — 'CT — SC with k¢t and kgc.
2. Slow charge separation: S; — (!CT < 3CT) — SC with kot and kgjss.

In the ultrafast channel, the CT state must dissociate before significant spin

mixing has had a chance to occur, therefore no significant singlet-born spin
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PBDB-T:PCBM, PBDB-T:ITIC, PM6:Y6
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Figure 5.23: Predicted photophysical mechanism for PBDB-T:PCBM, PBDB-T:ITIC,
and PM6:Y6. The key differences compared to PM6:PCBM are: ultrafast charge
separation (!*CT — SC with ksc) and re-encounter of separated charges (SC — CT
with kenc).

polarisation is built up,*? which would otherwise be detectable by EPR. The
slower channel, active on the microsecond timescale at low temperature, involves
singlet-triplet mixing in the CT state before eventual charge separation. This
dual-pathway mechanism aligns with recent findings by Moore et al., who identified
both charge separation channels occurring in a fullerene acceptor OPV blend
through optical spectroscopy.?®?

The relative donor:acceptor positions within the CT state, estimated in Sec-
tion 5.3.3 (see Figure 5.13), can be rationalised within the model of two modes
of charge separation. For PBDB-T:PCBM, PBDB-T:ITIC, and PM6:Y6, the CT
state eaea polarisation could only be recreated for acceptor molecules lying side-on
to the polymer 7-system. For PM6:PCBM, there was no observed positional
preference. The molecular orientations were obtained from modelling of the
observable singlet-born CT state EPR signal. As a result, these obtained positions
correspond to positions that undergo slow charge separation after spin mixing.
Relative donor:acceptor positions that do not produce the eaea polarisation may
therefore correspond to CT states that undergo ultrafast charge separation. The
donor and acceptor molecules in non-fullerene acceptor blends are known to
7 — 7 stack,?63?° which enables significant wavefunction overlap and enhanced
delocalisation, reducing the Coulombic attraction of the CT state that hinders
efficient charge separation.”®86:173326 For PM6:PCBM, the absence of ultrafast
charge separation in the time-resolved EPR data aligns with the random distribution
of PCBM™ around PM6"".

Re-encounter of SCs to reform CT states is not an intuitively expected beneficial
process in high-performance OPVs, as efficient devices ideally generate charges that
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are then extracted at the electrodes. However, this re-encounter of SCs to reform
CT states may play an important role in preventing charges from recombining to the
ground state. It has been shown that reformation of the CT state from SCs together
with fast CT dissociation lowers the steady-state CT density, reducing recombination
loss pathways to the ground state or triplet state.”? 1! Fast dissociation of the CT
state is observed for the non-fullerene acceptor blends studied, which is a requirement
for efficient charge generation,'®? while the most efficient OPV blend PM6:Y6
exhibited the lowest steady-state CT density at equilibrium (K ~ 4 at 20 K).

These results provide the first full characterisation of the cause of the long-
lived predominantly absorptive feature at long times after photoexcitation for
donor:acceptor OPV blends. Whilst the CT state and SCs of the blends studied
here have not been characterised before, an older benchmark fullerene acceptor blend,
P3HT:PCBM, has been studied by time-resolved EPR before in the literature. An
absorptive feature was observed at long times after photoexcitation, with tentative

175 or very fast relaxation of the CT state.?¢

assignment either to thermalised SCs,
The modelling procedure described in this chapter was successfully applied to time-
resolved EPR measurements of PBHT:PCBM, shown in Appendix G. The long-lived
absorptive feature, and its fluence- and temperature-dependence were all explainable
within the bimodal charge separation model, with a CT — SC equilibrium constant
that lies towards the CT state (K = 1 at 20 K) and preferential acceptor geometry

above and below the polymer backbone in a m — 7 fashion.

5.4 Conclusions

This chapter provided a comprehensive investigation into the charge transfer and
separation dynamics for a series of donor:acceptor OPV blends using time-resolved
EPR spectroscopy. By capturing the evolution of spin-polarised states across a
range of fluences and temperatures, the dynamic roles of charge-transfer states and
separated charges at the donor:acceptor interface were revealed. A central outcome
is the unambiguous identification of CT states formed directly from the singlet
exciton across all conditions studied due to the distinctive eaea/ea spin signature,
an assignment that is often difficult to establish using optical methods alone.

Detailed characterisation of the molecular order within the CT state, including
donor:acceptor orientations and spatial separations, revealed differences between
the highest and lowest performing OPV blends. A more ordered CT state, with
significant delocalisation, correlated with increased power conversion efficiency.
Through comprehensive modelling of the time-resolved spectra, two distinct charge
separation channels were identified: one ultrafast and one occurring on the mi-
crosecond timescale. Donor and acceptor molecules stacked in a m — 7 formation,
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5. Charge Separation at the Donor:Acceptor Interface

maximising wavefunction overlap, can be linked to the charges that undergo the
ultrafast, and not the microsecond, charge separation channel. Promoting 7 — 7
stacking at the donor:acceptor interface, whilst maintaining charge delocalisation
within both donor and acceptor molecules, may help optimise this ultrafast pathway.

Beyond their immediate relevance to the systems investigated, these findings
have broader implications for the design and interpretation of high-efficiency organic
photovoltaic materials. The suppression of intersystem crossing in non-fullerene
acceptor blends underlines the importance of reducing triplet exciton formation for
efficient charge generation. The discovery of a dynamic equilibrium between CT
states and SCs, previously assumed to be unidirectional, reframes recombination as a
manageable loss process rather than an unavoidable fate. These results demonstrate
the unique strengths of time-resolved EPR in accessing the spin-dependent dynamics
that underpin charge generation and recombination, offering a powerful spectroscopic

lens for probing processes that are otherwise invisible to conventional methods.
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6.1 Introduction

The previous chapter demonstrated how time-resolved EPR can provide detailed
insight into the processes underlying charge separation and recombination in OPV
blends. By capturing the evolution of spin-polarised states over microsecond
timescales, it was possible to characterise charge-transfer (CT) states, identify
distinct separation pathways, and understand the interplay between bound and
separated charges (SCs). However, key processes relevant to device efficiency, such
as long-lived charge dynamics and trapping, may extend beyond the temporal reach

of a time-resolved EPR experiment 8!:327:328

In particular, the observation of steady-state signals in pulse EPR measurements
in Chapter 3 suggests that a significant population of photogenerated charges
persists for milliseconds or longer after photoexcitation. Understanding the role of
these long-lived species and how they interact with the primary charge separation
mechanism is essential for a full picture of OPV photophysics. Therefore, pulse
EPR techniques were applied in a time-resolved fashion with the aim to distinguish

between transient and long-lived species. Unlike standard continuous-microwave
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6. The Role of Trapped Charges

time-resolved EPR, which suffers from low-frequency noise, laser instability, and
baseline drift at delay times beyond tens to hundreds of microseconds,'® pulse EPR
offers a more stable platform for investigating long-lived states. This expanded
timescale access allows for the direct tracking of charge populations and their
relaxation behaviour over a far longer window, linking early-time photophysics

to long-time behaviour and charge trapping.

Through carefully designed pulse EPR experiments, the relative contribution
of any long-lived trapped charges can be quantified, and their potential influence
on the photophysical processes explored. As shown by time-resolved EPR results
in Chapter 5, high-performing OPV blends can exhibit an equilibrium between
CT states and free charges. If trapped charges can be thermally reactivated,
which depends on the energetic depth of the trap site relative to the available
thermal energy, then they may participate in delayed recombination and rejoin
the equilibrium. Time-resolved pulse EPR can detect both short- and long-lived
species, enabling direct investigation of their interplay and clarifying the extent

to which trap-mediated kinetics affect OPV performance.

First, echo-detected EPR was used to characterise the energetic disorder of trap
states in PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC, and PM6:Y6. At 20K, a
large fraction of donor and acceptor SCs were found to be deeply trapped. These long-
lived species contributed a stronger net magnetisation than the transient CT and
SC species observed in time-resolved EPR. At higher temperatures, the population
of photoinduced trapped charges decreases, suggesting that thermal activation may

allow them to participate in the CT — SC equilibrium under operational conditions.

In order to isolate short-lived, spin-polarised species from thermalised trapped
charges, two separation strategies were tested. Pulse EPR spectra were recorded
as a function of time after laser excitation and difference spectra were calculated
by subtraction to reveal additional contributions at long delay times that differ
from the states observed by time-resolved EPR in Chapter 5, indicating that the
steady-state signal is itself perturbed by the presence of transient species. A second
approach employed a microwave pulse preceding laser excitation to suppress the
contribution of long-lived states to the echo signal. The transient signal isolated
via this method exhibited the same spin polarisation as that observed by time-
resolved EPR, confirming that the suppression pulse method reliably separates
short-lived transient species. The differences between the results obtained by
the subtraction and suppression methods were attributed to charge detrapping
via exciton quenching, leading to an additional loss mechanism in which trapped
charges interact with nearby excitons, reducing efficiency by preventing interfacial

charge transfer for some of the photoinduced excitons.
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6.2 Experimental Methods

6.2.1 Sample Preparation

The same film samples of PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC, and
PM6:Y6 as described in Chapter 3, prepared using the method described in

Section 3.2.1, were used.

6.2.2 EPR Experiments

X- and Q-band pulse EPR measurements were performed using the same set-up
as for the steady-state EPR measurements in Chapter 3 (Section 3.2.2), with the
same laser excitation settings as described in Chapter 5 (Section 5.2.2) for the
time-resolved EPR measurements. Synchronisation of the laser, the microwave
pulses and the detection was achieved through a Stanford Research System digital
delay generator (DG645). Measurements were also performed with the pulsed
laser not synchronised with the spectrometer to mimic steady-state conditions,
after verifying that this type of illumination returned equivalent echo-detected
EPR spectra to measurements performed using continuous white-light illumination
with a Schott DCR III 150 W halogen light source. A field calibration using the
known NQCg, g-value'®® was carried out prior to measurements at all frequency
bands. All pulse EPR spectra were recorded as echo-detected field sweeps, using
the pulse sequences described in Figure 6.1. All pulses were programmed using an
Arbitrary Waveform Generator to minimise distortions of the pulse shapes. The
pulse amplitudes were calibrated by recording echo intensities during a linear sweep

of the amplitude of one or more of the pulses. The echo intensity was maximised
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Figure 6.1: Pulse sequences used for the EPR experiments described in this chapter. a)
Hahn echo as a function of time after turning off continuous illumination b) Hahn echo as
a function of delay-after-flash (DAF) c) Hahn echo with a F-pulse preceding the laser
pulse to suppress the contribution of long-lived contributions to the steady-state signal
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for the Hahn echo detection sequence. For the pre-flash suppression 7-pulse, the
pulse amplitude was chosen such that the intensity of the echo attributed to both
donor and acceptor peaks of the steady-state echo-detected EPR spectrum was
minimised, and the pulse length matched ¢, /5 of the Hahn echo pulse sequence. To
account for incomplete suppression, a reference measurement was also taken for
every delay-after-flash, with the laser not synchronised with the spectrometer, and
subtracted from each recorded spectrum. At X-band, ¢,/ = 50ns, t, = 100ns, and
7 = 300ns. At Q-band, ;2 = 100ns, t; = 200ns, and 7 = 400ns. A two-step
phase cycle on the Hahn echo was used in all cases.

6.3 Results and Discussion

6.3.1 Selective and Non-Selective Excitation

Accurate recording of EPR spectra using echo-detected field sweeps requires
careful consideration of microwave pulse selectivity, particularly when probing
spin-polarised CT states. The initial density matrix characterising singlet-born
spin-correlated CT states is considerably different compared to the Boltzmann
equilibrium for uncorrelated coupled spins, as described in Section 4.2 of Chapter 4.
This initial state, in particular the presence of two-spin order, defined by the two-
spin operator Slzggz, as opposed to pure Zeeman order (5’12 and ggz) of spins in
Boltzmann equilibrium,??? has the consequence that selective and non-selective
excitation result in different observable pulse EPR signals.

Under selective excitation, where only one spin (either donor or acceptor) is
addressed, the initial two-spin order can evolve into detectable single-quantum
coherence on the excited spin (ry-magnetisation), and pulse EPR experiments
performed under these conditions match the behaviour of uncorrelated spins.
In contrast, non-selective excitation of both spins leads to a different flip-angle
dependence, with the signal maximised for a flip angle of 45°, and a phase shift of
the echo signal, resulting in an out-of-phase echo.?? As a consequence, pulse EPR
field sweeps performed with selective excitation return the spin-polarised spectrum
expected for a singlet-born CT state, with the eaea or ea polarisation patterns for
fullerene and non-fullerene acceptor blends, respectively. Non-selective excitation,
on the other hand, produces spectra that are qualitatively different.3°

Non-selective excitation is essential in techniques such as out-of-phase electron
spin echo envelope modulation (OOP-ESEEM), where the out-of-phase echo ob-
tained by simultaneous excitation of both donor and acceptor spins is modulated
as a function of inter-pulse delay by the dipolar coupling between them, which

can therefore be determined.?17:331
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Excitation selectivity also plays a role for any spin system containing coupled
nuclear spins, as the echo intensities may also be modulated by hyperfine interactions,
leading to distortions in echo-detected field sweeps. These effects are strongest
when non-selective pulses are used, as they rely on excitation of both allowed and
forbidden transitions.!'” Their influence can be suppressed using selective pulses,

which limits the number of coherence pathways accessed during the pulse sequence.

Accurate interpretation of echo-detected EPR spectra therefore requires veri-
fication that the applied pulses are appropriately selective for the system under
study. The excitation profile of selective pulses must be narrow enough to excite
only one of the two spins, while non-selective pulses must excite both donor and

acceptor spins simultaneously.

Since the Fourier transform of an echo corresponds to the EPR spectrum within
the excitation profile of the pulse, detection of the full echo transient followed by
Fourier transform provides an excellent way of verifying pulse selectivity. This
approach, combined with summation of the individual echo Fourier transforms to

1.,332 leads to increased

reconstruct the full spectrum, as described by Bowman et a
spectral resolution, as any broadening determined by the combination of pulse

excitation profile and integration window is removed.

A comparison of field sweeps measured by standard echo integration and echo
transient detection and Fourier transform is shown in Figure 6.2. Standard echo-
detected EPR field sweeps with integration of the full echo signal, measured under
continuous illumination to probe the long-lived CT states in PBDB-T:PCBM, are
shown in black. For both excitation with long selective and short non-selective
pulses, the full echo was recorded at selected field positions and Fourier-transformed.
In the case of non-selective pulses, the resulting spectra at all field positions contain
contributions from both donor and acceptor spins, confirming that excitation is
sufficiently non-selective. In contrast, for selective pulses, the Fourier-transformed
spectra contain signals from only one spin species at field positions corresponding
to either the donor or acceptor, demonstrating that the chosen pulse lengths lead
to selective excitation. Summation of the Fourier-transformed spectra reproduces
the echo-detected EPR lineshapes closely in both cases, confirming that the spectra
recorded by echo integration are faithful representations of the true spectrum and
no significant spectral broadening or distortion arises from the selected detection
scheme. The following experiments were all performed with selective pulses, so
accurately record the spectral signatures of both spin-correlated CT states and

long-lived thermalised charged states.
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Figure 6.2: Performance verification of non-selective and selective pulsed excitation for
the measurement of echo-detected EPR spectra (shown in black) of long-lived charged
states in PBDB-T:PCBM. Fourier-transforms of the time-domain echoes, recorded at the
marked field positions, illustrate the extent of pulse selectivity. The non-selective pulse
excites spins on both donor and acceptor molecules, while the selective pulse mostly results
in signals from only one spin species at a time. Summation of the Fourier-transformed
spectra reproduces the echo-detected EPR spectra accurately, indicating that no lineshape
distortion is introduced by the excitation and echo integration scheme.

6.3.2 Monitoring Charge Detrapping and Recombination

In disordered OPV materials, the presence of trap states is an intrinsic conse-
quence of the heterogeneous microstructure present within the active layer. This
disorder is driven by several factors, including irregular molecular packing and

28,9091 These variations

the presence of chemical impurities and structural defects.
disrupt the local electronic environment, leading to a broad distribution of energy
levels. The resulting energetic disorder gives rise to localised trap states that capture

charges and hinder their transport through the material.

A key distinction in evaluating the impact of trap states concerns their energetic
depth relative to the transport levels: the LUMO for electrons or the HOMO for
holes. Traps situated close in energy to these levels are commonly referred to as
shallow traps. Charges captured in such states can typically be released via
thermal excitation, allowing them to re-enter transport pathways. By contrast,
deep traps are located significantly farther in energy from the relevant transport
levels. Charges occupying these states are effectively immobilised over extended

timescales and are unlikely to contribute to photocurrent. Instead, deep traps
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will participate in trap-assisted non-radiative recombination processes, thereby

contributing to losses in OPV devices.5104:105

Understanding the energetic distribution of trap states - the relative population
of shallow versus deep traps - is essential to determining how they affect charge
transport and recombination dynamics. The rate at which charges can escape trap
sites is temperature-dependent and follows Arrhenius-like behaviour:

kdetrap X e_kABib; (61)

where AFE is the energy difference between the trap level and the average transport
level. A trap that is shallow at room temperature may behave as a deep trap under
cryogenic conditions.!?41% Therefore, low-temperature measurements provide an

upper bound on the population of deep traps in a material domain.

To probe the distribution of trap states, the donor:acceptor blends were measured
under continuous illumination to establish a steady-state population of trapped
charges. During illumination, both shallow and deep trap sites are populated, with
continuous trapping and detrapping of photogenerated charges in shallow traps,
whereas charges in deep traps are effectively isolated from the pool of mobile charges.
After reaching the steady-state, the illumination was turned off, and the field-swept
echo-detected EPR spectrum was recorded as a function of time over long timescales
(up to an hour). The decay of the signal intensity over this timescale reflects the
loss of charges thermally-detrapped from shallow trap sites which, once mobile,
will recombine faster. As recombination eliminates unpaired spins, the decline in
EPR signal intensity is directly linked to the depopulation of shallow traps. While
in an operating OPV device, mobile charges would typically be extracted at the
electrodes, under the open-circuit conditions of the EPR experiment, recombination
is the only available pathway. Deeply-trapped charges remain immobilised and

persist as a long-lived signal.

The decay of the echo-detected EPR signal was measured at both X- and
Q-band, at 20K, and additionally at Q-band at 80K, as shown in Figure 6.3.
These measurements are not equivalent to the conventional echo decay experiment,
performed in Section 3.3.2 of Chapter 3, which is determined by the phase-memory
time T,,. Instead, the far slower decay of the EPR signal due to recombination
of detrapped charges is tracked. Spectra were recorded at regular intervals over
a period of up to an hour, with signal intensities at each time point compared
to the normalised value at ¢t = 0, which corresponds to the steady-state intensity

under continuous illumination.

The decay curves shown in the figure correspond to selected magnetic field
positions in the steady-state EPR spectra (shown in the inset). In the fullerene
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Figure 6.3: Decay of the echo-detected EPR signal as a function of time after continuous
illumination for PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC, and PM6:Y6. The signal
decays were measured at 20 K, at X-band and Q-band. The decay traces (dashed lines)
were modelled by exponentials, with fit parameters displayed in Table 6.1.
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Io/1o Tdecay (min)
Material Charge X Q X Q
20K 20K 80K 20K 20K 80K
PBDB-T'" 0.70 080 025 4.7 100 3.1

PBDB-T:PCBM

PCBM™™ 0.60 0.76 0.20 3.1 7.4 2.8
o PM6'T 070 081 023 7.9 141 40
(PMOPEBM - popnt 063 076 010 51 123 29
PBDBTATIC 0.70 0.77 046 40 76 45

PM6:Y6 0.69 0.79 0.33 4.0 6.8 3.3

Table 6.1: Proportion of deeply trapped charges (Io,/Iy) and decay time constants
(Tdecay), extracted from exponential fits to echo decay curves shown in Figure 6.3.
Estimated fitting errors are 0.01 for I/ly, and 1.5, 1.0, and 0.5 min for Tgecay at 20K,
X-band, 20K, Q-band, and 80 K, Q-band, respectively.

acceptor blends, the lower-field spectral feature arises from charges on the polymer
donor (PBDB-T"" or PM6'"), while the higher-field feature originates from charges
on the fullerene acceptor (PCBM™). In the non-fullerene blends, overlap of donor
and acceptor g-values prevents spectral separation, so only the total decay of the
overall trapped charge population can be followed. For all donor:acceptor blends
studied, a reduction in EPR signal intensity is observed over time after the light is
turned off. At 20 K, the signal decreases gradually and reaches an approximately
constant level after around 30 min, with similar behaviour seen for the decays at
the field positions of the donor and acceptor SCs. At 80K, the decay proceeds more
rapidly, and the relative magnitude of the signal at long times compared to the one

at steady-state is reduced relative to the lower-temperature measurements.

The signal decays were fitted using a simple exponential decay:

—t

I(t) = IpeTeen + I (6.2)

where I(t) is the EPR signal at time t after turning off the light, Iy the steady-state
signal under continuous illumination, I, the residual signal from charges trapped
in deep trap sites, and Tgecay the characteristic decay time of detrapped charges,
reflecting the combined timescale of detrapping (1/kgetrap from Equation 6.1) and
subsequent recombination. The ratio I, /Iy provides a measure of the proportion of
charges in deep trap sites at a given temperature. The fitted parameters are

summarised in Table 6.1.

At 20K, thermal energy (kg7 = 1.7meV) is insufficient to release most trapped
charges. This is reflected in high I, /Iy values, between 60 — 80% across all blends,
indicating a majority of traps are effectively deep at this temperature. Raising
the temperature to 80 K (kg7 = 6.9meV) enables significant detrapping. For all
blends, I, /Iy decreases considerably, with only 10 — 50% of charges now trapped
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6. The Role of Trapped Charges

at this temperature. This observed trend implies that under typical OPV operating
conditions (room temperature), a far larger fraction of charges may be thermally
detrapped. Decay time constants Tqecay also decrease with temperature, consistent
with faster detrapping and/or recombination. Since recombination in these systems
is driven by the availability of free charges, the temperature dependence of Tgecay

is largely governed by thermally-activated detrapping.

The origin of the differences between X-band and Q-band measurements is
not fully understood. The slightly higher ../, values at Q-band may stem from
differences in illumination, as the Q-band resonator’s smaller active height and
optical window may lead to reduced overall laser excitation, leading to more localised
light exposure. This could increase local charge density, enhance recombination,
and reduce the steady-state trap density Iy, potentially explaining the variation
in relative deep-trap fractions. Differences in Tgecay may also result from the
shorter measurement window at X-band (up to 30 min), which appears to truncate
the decay, leading to underestimation of lifetimes based on an exponential fit
of the available data points.

Warming the samples to room temperature and then cooling them back down to
cryogenic temperatures without illumination results in negligible spectral intensity,
as shown by the minimal signals in the echo-detected EPR spectra measured
without illumination in Chapter 3 (Section 3.3.1). This indicates that the deeply
trapped charges detected at low temperatures are completely released at operating
temperatures and do not represent permanent defects. Although trapped charges
are typically regarded as a loss pathway via recombination, their thermal activation
allows for the possibility of charge re-encounter and the reformation of the CT state.
This would allow participation in the reversible equilibrium between the CT state
and mobile SCs observed in the time-resolved EPR spectra of Chapter 5, potentially
enabling subsequent attempts at successful charge separation.

6.3.3 Time-Resolved Pulse EPR of Photoinduced States

To assess the relevance of these traps to the photovoltaic mechanism, it becomes
important to distinguish their contribution relative to the photoactive species
observed in time-resolved EPR, namely, CT states and mobile SCs. Time-resolved
EPR selectively probes the transient magnetisation following photoexcitation, but
is blind to any magnetisation from long-lived spin populations that persist between
laser pulses. In contrast, pulse EPR detects all spin states, short- or long-lived,
present in the sample at any given time, provided they have a long enough 75 such
that the spins do not decohere during the pulse sequence. If the contributions of
transient and trapped species can be disentangled, their relative roles in the spin
dynamics, and by extension, the photovoltaic mechanism, can be rationalised.
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Figure 6.4: Isolation of the short-lived contributions to the EPR signal using the Hahn
echo sequence for different delays-after-flash (DAF). The magnetisation induced by the
laser flash (green) for a given DAF can be obtained by subtracting the long-time signal
that corresponds to the steady-state magnetisation (red).

Subtraction of the Steady-State Signal

The most direct method to achieve this separation is to record the echo-detected
EPR signal as a function of time after the laser pulse, referred to as delay-after-
flash (DAF), using a Hahn echo sequence, as illustrated in Figure 6.4. Each
spectrum includes contributions from both the long-lived trapped states and the
short-lived photoinduced species. The echo obtained at long delays (tpar = 20 ms)
matches the echo recorded under steady-state conditions, when laser excitation is
not synchronised with detection. By subtracting this echo obtained at long DAF,
where only steady-state species persist, from the signal obtained at earlier times,
the contribution from transient species may be estimated. These spectra isolated
by subtraction as a function of DAF (and labelled as subtraction spectra), along
with the full spectra, are shown in Figure 6.5 for PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6, measured at 20 K and at X- and Q-band. To facilitate
comparison between X- and Q-band results, the subtraction spectra at Q-band
have been scaled by the ratio of the microwave frequencies (33.9/9.8 ~ 3.5). This
reflects the linear dependence of Boltzmann polarisation with microwave frequency
for thermally-populated states, such as trapped charges. Spin-polarised species
show no such scaling, since their sublevel populations are set by precursor spin
configurations, not thermal equilibrium.

Across all samples, it is observed that, at 20 K, the change in echo-detected
EPR signal as a function of DAF is a small contribution relative to the steady-
state signal, indicating that most of the magnetisation detected by pulse EPR
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Figure 6.5: Echo-detected EPR X- and Q-band spectra of PBDB-T:PCBM, PM6:PCBM,

Magnetic Field (mT)

PBDB-T:ITIC, and PM6:Y6 as a function of delay-after-flash, at 20 K. The change in
echo-detected EPR spectra is also displayed, calculated by subtracting the tpar = 20 ms
spectrum from each of the spectra recorded at different tpap. At Q-band, this contribution
is displayed with a magnification of x3.5, corresponding to the ratio of the Q- and X-band

microwave frequencies.
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Figure 6.6: Echo-detected EPR Q-band spectra of PBDB-T:ITIC and PM6:Y6 as a
function of delay-after-flash, comparing 20 K and 80 K data. The change in echo-detected
EPR spectra is also displayed, calculated by subtracting the tpar = 20 ms spectrum from
each of the spectra recorded for different tpar.

experiments arises from trapped charges that are unable to detrap within the
20 ms experiment repetition time. The subtraction spectra reveal clear signatures
of spin-polarised species with emissive and absorptive signal contributions that

decay within the 20ms repetition window.

Temperature-dependent measurements provide additional insight. As shown in
Figure 6.6, echo-detected EPR spectra of PBDB-T:ITIC and PM6:Y6 measured at
Q-band show a marked increase in the magnitude of the subtraction spectra when
the temperature is raised from 20 K to 80 K. This observation is consistent with
the notion of thermally-activated detrapping: at elevated temperatures, a larger
fraction of the trapped charges is able to escape and recombine, thereby reducing the

steady-state intensity and enhancing the relative contribution from transient species.

The evolution of the isolated short-lived states with DAF obtained through
the subtraction method is compared to time-resolved EPR spectra measured at
early (0.5ps) and late (10ps) times after photoexcitation. These comparisons are
shown in Figure 6.7. The time-resolved EPR measurements revealed two distinct
regimes, discussed in detail in Chapter 5. Immediately following photoexcitation, an
eaea-polarised (or ea-polarised in non-fullerene acceptor blends) signal is observed,
attributed to a singlet-born CT state. Over a few microseconds, this evolves into

a longer-lived, mostly absorptive signal, which was attributed to spin polarisation
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Figure 6.7: Change in echo-detected EPR spectra observed with the subtraction method
(subtraction of the tparp = 20 ms spectrum from spectra recorded as a function of delay-
after-flash), at 20K and at X-band and Q-band. Time-resolved EPR spectra at short and
long times after photoexcitation, from Chapter 5 (Section 5.3.2), are shown in the panel

above.
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arising from an equilibrium between CT states and mobile SCs. For PM6:PCBM no
long-lived absorption signal was observed, instead one-directional charge separation

gave a very weak ea-polarised signal.

At X-band, the early-time subtraction spectra (0.1ps to 1ps) share features
with the time-resolved EPR spectra assigned to the singlet-born CT state at 0.5 ps.
In particular, the positions of the turning points match the expected polarisation
pattern. However, the relative amplitudes of the emissive and absorptive components
differ: the subtraction signals are predominantly emissive overall, compared to

an almost negligible net polarisation of the early-time spectra recorded by time-
resolved EPR.

By 10ms, the pulse EPR signal has completely disappeared, confirming that all
light-induced transient species have lifetimes shorter than the repetition time of
the experiment and validating the assumption that subtraction of the tppar = 20 ms

will leave behind only species that were directly induced by the laser flash.

The mismatch in signal shape between the subtraction and time-resolved EPR
spectra is even more pronounced at QQ-band. At early DAFs, the subtraction
spectra are almost entirely emissive for all blends and the characteristic polarisation
features of the singlet-born CT state are no longer clearly visible. Although the
subtraction spectra become progressively less emissive at later DAFs, they do not
reach the fully absorptive shape observed at long times by time-resolved EPR. This
discrepancy suggests the presence of an additional emissive contribution that does
not appear in the time-resolved EPR spectra.

The increased prominence of the emissive contribution and its close match to the
shape of the steady-state EPR signal at Q-band, where Boltzmann polarisation is
significantly enhanced, points towards a thermally-populated origin. Isolation of the
transient species by the subtraction method relies on the assumption that the long-
lived magnetisation associated with the trapped charges remains constant over the
timescale of the measurement window. Differences between the subtraction spectra
and the spectra from time-resolved EPR indicate that this assumption does not fully

hold and that the steady-state population is transiently affected by light excitation.

Suppression of the Steady-State Signal

To separate the short-lived species from this emissive contribution, an alternative
method that suppresses the steady-state magnetisation prior to photoexcitation
was employed, ensuring that any detected signal originates solely from transient
photogenerated species. This was achieved by applying an additional microwave

pulse before the laser flash. As shown schematically in Figure 6.8, a Z-pulse applied
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Figure 6.8: Suppression of the steady-state signal contribution by introducing a F-pulse
prior to laser excitation. At the time of detection with the Hahn echo sequence, the
steady-state magnetisation is along +z, and so does not contribute to the detected echo
signal.

before the laser flash rotates the magnetisation of the steady-state trapped charges,
shown in red, from the +z-axis to the —y-axis. During the subsequent Hahn echo
detection sequence, this magnetisation is moved to the +z-axis, eliminating its
transverse component and thereby suppressing its contribution to the detected
echo. In contrast, magnetisation generated by the laser flash is unaffected by the
pre-flash pulse and remains detectable. This suppression method therefore allows
selective observation of short-lived photoinduced species, even in the presence of
changes to the magnetisation of the trapped charges.

The suppression becomes less effective at longer tpar due to longitudinal
relaxation during this delay. For the trapped charges, T7 ranges from 3ms to
11ms at 20K (determined from inversion recovery experiments in Section 3.3.2
in Chapter 3), enabling reliable suppression over several milliseconds. However,
at 80 K, where 77 drops to 100 — 200 ps, suppression becomes challenging beyond
short delays due to partial recovery of the magnetisation along +z during tpar.
EPR measurements using the suppression pulse were performed up to 500 s at
X-band, and up to 100 ps at Q-band, where achieving uniform suppression across
the spectrum was more challenging. Beyond these times, relaxation effects begin

to compromise the effectiveness of the suppression method.

To effectively cancel signal contributions from long-lived species already present
before the laser pulse at the time of the echo, the suppression pulse must achieve
a precise 5 rotation of the steady-state magnetisation. The flip angle depends on
the microwave field strength w;, which itself varies with the g-value: w; = @.
This relationship reduces suppression efficiency when donor and acceptor resonance
positions are well-separated, as a single pulse may not uniformly suppress both
components. To correct for incomplete suppression, a reference measurement is

taken at the same tparp but with the laser unsynchronised from the pulse sequence.
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Figure 6.9: Echo-detected EPR spectra, using a %
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5-pulse preceding the laser pulse to

suppress contributions from long-lived trapped charges of PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6 as a function of delay-after-flash, at 20 K and X-band and
Q-band. Time-resolved EPR spectra at short and long times after photoexcitation, from
Figures 5.5, 5.6 and 5.8, are shown in the panel above.
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This randomises the timing of the photoexcitation over the 20 ms repetition period.
Since the evolution of the short-lived species occurs on much shorter timescales, the
reference spectrum, averaged over many repetitions, reflects only the unsuppressed
steady-state contributions, which are then subtracted from the spectra recorded
with synchronisation to the laser pulse. The resulting signals are shown in Figure 6.9,
measured at 20 K and at X- and Q-band, and compared to the same time-resolved
EPR spectra at 0.5 s and 10 ps. The signal shapes obtained using the suppression
method now resemble the time-resolved EPR spectra far more closely, both at X-
and Q-band. At short tpar (0.1 — 1ps), the characteristic polarisation patterns
associated with the singlet-born CT state, eaea in fullerene acceptor blends and
ea in non-fullerene acceptor blends, become clearly resolved.

This improved agreement confirms that the suppression method probes the
same spin-polarised states as time-resolved EPR. However, comparison across delay
times, shown for PBDB-T:PCBM at X-band in Figure 6.10, reveals differences in
the evolution of spin polarisation between the two techniques. While the spectra
from both approaches trend towards increasingly absorptive lineshapes with longer
delay, the polarisation in the suppression data evolves more gradually. In addition,
immediately after photoexcitation (tpar = 0.1 ps), the time-resolved EPR shows

stronger damping, due to the slower resonator rise time when critically-coupled.

This discrepancy can be partially explained by fundamental differences between
the two types of experiments. Time-resolved EPR applies a continuous B field,
which damps the signal over time, as predicted from modelled transients shown in
Chapter 4 (Figure 4.3 of Section 4.3). The suppression method, by contrast, uses
short pulses, which do not induce the same damping effect. However, this alone

does not fully account for the slower polarisation evolution observed.

Remaining discrepancies may arise from the selectivity of pulse EPR to species

with sufficiently long phase memory times (7},), to maintain coherence during the

PBDB-T:PCBM Time-Resolved EPR
104 P Suppression 349.4 mT

v
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A\

OZ%NAV
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Magnetic Field (mT) Time (us)

Figure 6.10: Signal evolution for the echo-detected EPR spectrum with the additional

suppression pulse (blue) in comparison to time-resolved EPR (black), shown here for
PBDB-T:PCBM at 349.4mT, at 20 K and X-band.
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interpulse delay 7 of the Hahn echo detection sequence. Transverse relaxation times
determined for photoinduced states from simulations of the time-resolved EPR data
(see Tables 5.4 and 5.5 in Section 5.3.4 of Chapter 5) are comparable to the 7 values
of 300—400 ns used in the suppression pulse experiments, suggesting that states with
short T3 contribute less to the pulse EPR echo. Under the assumption that longer
T, correlates with lower local spin concentration, these selectively observed states
experience slower bimolecular processes such as SC re-encounter and longitudinal
(T}) relaxation, potentially explaining differences in the decay behaviour. This
interpretation is consistent with time-resolved EPR measurements at low laser
fluence (20 1J cm™?), where reduced charge density led to slowed kinetics.

Despite the slower polarisation evolution, the presence of early-time eaea / ea
polarisation and longer-time mostly absorptive polarisation patterns indicates that
the fundamental mechanisms of charge separation and CT—SC equilibrium described
in Chapter 5 also explain the pulse EPR data. This confirms that the suppression
method probes the same essential photophysical processes as time-resolved EPR.
Having successfully isolated the short-lived, transient species from the steady-state
magnetisation, the origin of additional emissive contribution observed in the results

of the subtraction method can then be investigated.

Charge Detrapping by Exciton Quenching

A direct comparison between the subtraction (darker colours) and suppression
(lighter colours) methods for isolating the transient species is presented in Figure 6.11
for X- and Q-band measurements at 20 K. For each blend, EPR spectra from both
approaches are shown across the full range of delays-after-flash, along with their
difference spectra, denoted as Apemnoa (black). In the upper panel, the Apethod
spectra are averaged over all tpar and compared to the inverted steady-state
spectra (recorded at tpar = 20ms), corresponding to the signatures of the trapped
charges, and the tpar = 0.1 s spectra obtained with the subtraction method, which

correspond to the singlet-born CT state.

Across all blends studied, the Ajethoa Spectra are purely emissive and show
excellent spectral agreement with the inverted steady-state signal. Both donor
and acceptor resonance positions appear with similar relative intensities, indicating
an equal contribution from each species. The magnitude of the emissive signal
extracted with the Apcnoq correlates with the intensity of the steady-state signal,
which is increased at Q-band and at lower temperatures. This is evident from the
comparison of the subtraction and suppression methods at 80 K in Figure 6.12,
showing a reduction in emissive signal intensity compared to 20 K measurements.

This emissive component remains essentially constant across the full time window
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Figure 6.11: Comparison of EPR spectra obtained with the subtraction and sup-
pression methods for isolating the transient species for PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6, at 20 K and X-band and Q-band. EPR spectra obtained
with the subtraction method are shown in darker colours, spectra obtained with the
suppression method are in lighter colours, and the differences in spectra (Apethod) are in
black. Top panel: average difference spectrum across all tparp compared to the inverted
steady-state signal (tpar = 20ms) and the singlet-born CT state (tparp = 0.1 ps, with

suppression pulse).
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Figure 6.12: Comparison of the spectra obtained with the subtraction and suppression
methods for isolating the transient species for PBDB-T:ITIC and PM6:Y6, at 80 K and
Q-band. EPR spectra obtained with the subtraction method are shown in darker colours,
spectra obtained with the suppression method are in lighter colours, and the difference
spectra (Apethoq) are in black. Top panel: average difference spectrum across all tpap
compared to the inverted steady-state signal (tpar = 20ms) and the singlet-born CT
state (tpar = 0.1 ps, with suppression pulse).

studied (up to 500ps at X-band), appearing almost instantaneously following
laser excitation and decaying completely only on longer time scales that could

not directly be probed using this method.

These observations suggest the presence of a fast, light-induced process that
depletes a subset of the long-lived trapped charge population immediately following
photoexcitation. The spectral similarity and 1 : 1 donor-to-acceptor ratio strongly
imply that both species are depleted simultaneously, consistent with a charge
recombination process involving pairs of trapped charges. The fact that the emissive
signal does not evolve with tpar indicates that the depletion occurs faster than
the time resolution of the experiment (within 0.1ps), and that the recovery of

magnetisation occurs on a much longer timescale.

This behaviour is consistent with exciton quenching by trapped charges, a
mechanism previously proposed to explain a reduction in the population of steady-
state species in OPV blends upon photoexcitation.?3333% In this process, singlet
excitons (S;) are generated throughout the donor and acceptor domains. If a trapped
charge (TC) is nearby, the exciton can interact with it: energy is transferred from
the exciton to the trapped charge, promoting the charge to the transport level

where it becomes a mobile, free charge (FC), while the exciton itself is quenched,
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relaxing to the ground state (Sp). This process effectively liberates the trapped

charge at the expense of the exciton, and can be summarised as:

Sl+TC—>So+FC

If the resulting free charge undergoes rapid recombination, the unpaired spin of
the original trapped charge is lost, leading to a reduction in the steady-state EPR
signal. Since the subtraction method detects changes relative to the steady-state,
this loss of spin magnetisation appears as an emissive contribution in the spectra.

The absence of this emissive feature in time-resolved EPR may be attributed to
the nature of detection. Time-resolved EPR measures differential changes following
photoexcitation and is inherently insensitive to static signals or signals that vary
very slowly. If the emissive component appears within 0.1ps and then remains
approximately constant, and recovers only slowly over tens of milliseconds, it
will be unavoidably filtered out in time-resolved EPR detection. This explains
why the feature is not visible in time-resolved EPR, but appears clearly in the

subtraction method.

In order for this emissive signal to remain constant across all delays-after-flash,
the entire process, exciton quenching and charge recombination, must occur faster
than the experimental time resolution of 0.1ps. That is, trapped charges must
be liberated and fully recombine before the first measurement point, so that their
loss appears instantaneous and without a clear time-dependence observable on the
timescales probed with the suppression method. Photoluminescence quenching
measurements have shown that singlet exciton lifetimes are shorter than 1ns
in all four OPV blends at room temperature.??! Temperature-dependent studies

08,336 indicating that similarly short

report minimal variation in exciton dynamics,
lifetimes are maintained at 20 K and 80 K. This rapid exciton decay is further
supported by the immediate appearance (t =~ 0) of CT states and ISC triplets in
time-resolved EPR spectra in Chapter 5, confirming that singlet excitons decay
well within the sub-microsecond regime. Charge carrier lifetimes under open-
circuit conditions range from picoseconds to microseconds,?3” 34 consistent with
recombination of the higher energy liberated charges occurring within the 0.1 ps
resolution of the pulse EPR experiment.

334

Two mechanisms are proposed for exciton-induced charge detrapping,®>* illus-

trated in Figure 6.13, that are then followed by rapid recombination:

» Direct charge transfer: A singlet exciton formed on an acceptor molecule
adjacent to a trapped charged state (also on an acceptor) can accept the
trapped electron into its HOMO.*? This transfer neutralises the original trap
site (which returns to the ground state, Sy) and converts the exciton into a
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Figure 6.13: Detrapping

of trapped charges by exciton quenching, either through direct

charge transfer or via resonant energy transfer. In both cases, a trapped charge is liberated,
while a singlet exciton is quenched and relaxes to the ground state. These newly-mobile

charges can subsequently

recombine, either by bimolecular Langevin recombination or

monomolecular trap-assisted recombination, removing their contribution to the steady-

state EPR signal.
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free, mobile charged state, with the electron now located in the LUMO of the
exciton host molecule. This process effectively frees the trapped charge at the
cost of an exciton, which is quenched in the process. An equivalent process is

possible with hole transfer across two donor molecules.

» Resonant energy transfer (FRET-like): If the exciton is located within

6465 resonant energy transfer can also occur. For

10nm of a trapped charge,
example, an exciton on a donor molecule can transfer its energy to a trapped
charged state on an adjacent acceptor. This happens when the donor HOMO-
LUMO energy gap (S; — So transition) closely matches the gap between the
trap level and the acceptor LUMO. In a state picture of this process, the singlet
exciton S; state relaxes down to a vibrationally excited level of the ground
state, while the trap state is simultaneously promoted to a higher vibrational
level, followed by rapid relaxation to their respective lowest vibrational levels,
resulting in a ground state donor molecule and a mobile charged state on an

acceptor molecule.

In both cases, the exciton is quenched and the trap site is emptied, creating
a free charge. This mobile charge can then recombine either monomolecularly by

52,104,105

encountering a hole trap (trap-assisted recombination), or bimolecularly

via Langevin recombination with a free hole.3%97.98

Exciton quenching is a well-established non-radiative loss mechanism in OPVs,
even at room temperature, reducing the yield of separated charges by depleting
singlet excitons.341:32 Although the concentration of charges in trap sites (and
therefore the extent of exciton quenching) decreases with increasing temperature,
the behaviour of short-lived species observed via time-resolved EPR remains
largely unchanged with temperature. Measurements from 20 to 140 K (Chapter 5,
Section 5.3.2) have shown that efficient charge separation and an equilibrium between
the CT state and SCs still occurs at high temperature. If the charges involved in the
equilibrium were detrapped charges, there should be a reduction in the long-lived
absorptive signal that is caused by this equilibrium at higher temperatures. Thus,
recombination of detrapped charges appears to be favoured with other trapped
charges, rather than with mobile ones, suggesting that trap-assisted recombination
may be the dominant recombination pathway. This highlights the importance
of minimising trap densities in device fabrication: even when present at reduced
concentrations compared with low temperature, traps provide a pathway for exciton

quenching and charge loss that directly limits photovoltaic performance.
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6.4 Conclusions

The results of this chapter bridge the behaviour of long-lived trapped charges
observed in steady-state EPR measurements (Chapter 3) and the fast charge
transfer and separation dynamics revealed by time-resolved EPR (Chapter 5).
Through the use of subtraction and suppression methods for distinguishing short-
and long-lived species, connections between CT states and mobile SCs involved in
efficient charge generation and charge detrapping processes were drawn. A rapid,
photoinduced decrease in the echo intensity of the steady-state trapped charge
signal was consistently observed, occurring within 0.1 ps after photoexcitation. This
decrease was attributed to a fast exciton quenching process, whereby singlet excitons
interact with trapped charges, generating mobile charges that then recombine quickly.
Analysis of the energetic distribution of trap states indicated that this quenching
mechanism is most pronounced at low temperatures, where the trapped charge
density is greatest. These findings identify trapped charges not merely as passive loss
sites but also as actively contributing to additional loss mechanisms by quenching
photoexcited states, indicating that trap density should be minimised for efficient

charge generation, even at OPV operating temperatures.

The successful application of the suppression method to isolate the CT state at
early delays-after-flash opens new avenues for probing the CT state microscopic
structure. Building on this foundation, advanced pulse EPR techniques, such as
out-of-phase electron spin echo envelope modulation (OOP-ESEEM), could be
applied at time points where the CT state signal is strongest. This would allow
direct measurement of spin-spin couplings and distances, providing experimental
validation of the modelled CT state interactions from the time-resolved EPR
results in Chapter 5. Furthermore, tracking the spin-spin coupling as a function of
delay-after-flash could offer additional insights into the charge separation process

following CT state formation.
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Chapter 7

Conclusions and Future Work

This thesis has explored the fundamental photophysical processes that drive
charge generation in OPV materials from the perspective of electron spins. A
variety of EPR spectroscopic techniques have been used to characterise the different
paramagnetic states involved in the photovoltaic mechanism: photo-induced CT
states, separated charges, and triplet excitons. The investigation extended across a
series of donor:acceptor blends spanning three generations of acceptor molecules, the
fullerene acceptor blends PM6:PCBM and PBDB-T:PCBM and the high-performing
non-fullerene acceptor blends PBDB-T:ITIC and PM6:Y6.

The conversion of light to electricity in OPV blends is fundamentally governed by
charged states initially generated by charge transfer at the donor:acceptor interface,
and then further separated and transported through the molecular domains towards
the electrodes. These photoinduced charged states on donor and acceptor molecules
were initially characterised under steady-state conditions using pulse EPR, revealing
characteristic spectroscopic signatures and the g-values that determine them. For
fullerene acceptor blends, these values were readily extracted by simulation of multi-
frequency pulse EPR experiments. However, non-fullerene acceptor blends presented
overlapping spectral contributions, which required a more nuanced approach. By
either using EDNMR to selectively detect electron spins coupled to N nuclei
in the non-fullerene acceptor or applying relaxation-based spectral filtering, the
individual signals from donor and acceptor species were successfully disentangled.
The extracted g-values were rationalised based on DFT-predicted spin density
distributions, which were additionally validated by orientation-selective 'H ENDOR.

Charge generation must proceed through successful transfer and separation
of charge at the interface by dissociation of the initial photoexcited exciton. A
combined experimental and theoretical approach was required to analyse the complex
kinetics describing charge separation at the interface, involving spin-correlated CT

states and separated charges. A purpose-built simulation package was developed to
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rationalise the complicated evolution of spin polarisation resulting from the relative
interplay of spin dynamics, kinetics and relaxation for both coupled and separated
charges. Inclusion of all of these contributions within the developed simulation
framework allowed for rigorous modelling and interpretation of experimental time-
resolved EPR results, explaining spin polarisation patterns across different laser

intensities, temperatures, and film morphologies with a consistent model.

At early-times, a characteristic polarisation for a singlet-born CT state was
observed across all studied blends, unambiguously confirming its central role in
the charge generation mechanism. A detailed analysis and simulation of the spin-
polarised CT state EPR spectra enabled extraction of the spin-spin couplings
and spatial arrangements of the donor and acceptor molecules in the interfacial
CT states, revealing a clear trend: non-fullerene acceptor blends form more
strongly bound and spatially-ordered CT states. Stronger exchange interactions and
reduced spatial separation suggest greater wavefunction overlap and enhanced spin
delocalisation, which are favourable for efficient charge separation. The modelled
spin density distributions, guided by the experimentally-obtained g-values and
hyperfine couplings measured by ENDOR, confirm significant spin delocalisation

across the non-fullerene acceptor.

The evolution of the spin-polarised CT state signal, with emissive and absorptive
features, into a predominantly absorptive spectrum in time-resolved EPR data, and
the change in intensity of this signal with laser fluence and temperature, could
be explained within the applied simulation framework. Two channels for charge
separation were determined: slow unidirectional charge separation, and for the
most efficient blends, ultrafast charge separation, supporting a recent proposal of
such a mechanism in a fullerene acceptor blend.?®? These results provide the first
direct correlation of the presence of this channel with the high performance of
non-fullerene acceptor blends. Furthermore, the simulations revealed the presence
of a reversible equilibrium between the CT state and SCs, challenging the classical

view of unidirectional charge separation.

Time-resolved EPR was also utilised to investigate the role of triplet exciton
formation as a loss pathway; triplets were found to form solely from intersystem
crossing, and were less prominent for the more efficient OPV blends, in accordance

with the faster rate of charge transfer at the interface observed in these blends.

The steady-state picture of charged states from pulse EPR under constant illu-
mination and the detailed information on short-lived transient CT states extracted
from time-resolved EPR data were reconciled through time-resolved pulse EPR. A
significant proportion of charges were found to be trapped at 20 K, with thermal

activation at higher temperatures increasing the free charge concentration. Through
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separation of the spectral signatures of the short-lived and long-lived states by tuning
pulse sequences, their interdependence was determined. The different nature of
detection in continuous-wave and pulse time-resolved EPR revealed additional signal
contributions in the latter, which could be interpreted in terms of exciton quenching
by trapped charges and their participation in trap-assisted recombination processes,
reducing the charge separation and charge transport efficiencies, respectively. The
successful isolation of the transient signals, attributed to the short-lived CT state,
with pulse EPR, opens up avenues for more direct measurement of the spin-spin
couplings, potentially even as a function of time after photoexcitation, to verify
the modelled results from time-resolved EPR and provide additional details on

the charge separation process.

The work presented in this thesis establishes a proven model for the analysis and
interpretation of EPR spectroscopic data in terms of the photophysical mechanisms
governing OPVs from an electron spin perspective. The spin-selective nature of
EPR spectroscopy enabled identification of previously unobserved pathways of
charge separation and clarified the roles of key intermediates, emphasising the
importance of strong electronic coupling, spatial ordering, and low trap densities

in supporting ultrafast and efficient charge generation.

Several experimental avenues could be pursued to build on these findings.
Extending EPR measurements to higher microwave frequencies (time-resolved EPR
at W-band and beyond) would provide an even clearer visualisation of the spin
polarisation pattern, allowing a more precise characterisation of the evolution of
charge-transfer states and separated charges and narrowing down the uncertainties
in the donor:acceptor geometries and separations. In addition, combining EPR
with optical spectroscopic methods under identical conditions could reveal processes
inaccessible to EPR alone, such as exciton dissociation (S; — CT) and non-geminate
recombination (SC — CT — Ty).

While the focus of the work in this thesis was on active-layer films, studies are
ongoing in the research group to extend these methodologies to fully-fabricated
devices using techniques such as electrically detected magnetic resonance (EDMR)
and optically detected magnetic resonance (ODMR).3#33% Unlike conventional
EPR, which probes unpaired spins in isolated films, EDMR and ODMR interrogate
spin-dependent processes during device operation. EDMR monitors spin-dependent
changes in electrical current, providing greater insight into the fate of charges
following charge separation, including recombination and trapping processes. ODMR
probes spin-dependent photoluminescence, distinguishing between radiative and
non-radiative recombination pathways. In the most efficient OPV blends, both
the stability of the CT — SC equilibrium and the balance between radiative and
non-radiative recombination are governed by the underlying energy-level alignment;

235



7. Conclusions and Future Work

alignments that favour radiative recombination at the interface are also associated

with more favourable CT — SC equilibria.?*

Charge delocalisation was observed to have a critical role in promoting charge
separation from the interface. The polymer donor molecules exhibited delocalisation
across at least four monomer sub-units, while the CT state geometries that corre-
sponded to maximal wavefunction overlap (m—= stacking) promoted ultrafast charge
separation. The absence of ultrafast charge separation in PM6:PCBM, combined
with the lack of preferential molecular orientations, reinforces the importance of
order and stacking at the interface. Systematic studies of materials with varying
degrees of m — 7 stacking, both between donor and acceptor molecules or between
two acceptor molecules, achieved, for example, through controlled annealing or

46,345

targeted side-chain engineering, could provide valuable design rules to optimise

interfacial ordering and promote the ultrafast charge separation channel.

The experimental and computational tools developed in this thesis provide a
versatile platform for investigating more complex OPV architectures, such as ternary
blends and tandem devices. Beyond elucidating fundamental mechanisms, this
combined approach of experiment and simulation offers a powerful screening tool
for new materials, enabling joint synthetic-spectroscopic efforts where molecular
design is directly informed by spectroscopy-guided structure-function relationships.
These insights can guide the rational design and synthesis of next-generation, high-
performance OPV materials, including more sustainable, ‘greener’ alternatives,!?:2
rooted in a detailed understanding of charge transfer and separation. Collectively,
this work establishes a framework for spectroscopy-informed materials discovery

and a pathway towards more efficient and sustainable photovoltaic technologies.
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Appendix A

Field Calibration

Calibration is performed using a paramagnetic sample with a known and precisely
measured g-value. An ideal calibration standard produces a strong, symmetric, and
isotropic EPR signal with minimal line width. A nitrogen atom encapsulated within
a fullerene cage satisfies these criteria and is commonly used for this purpose. In
N@Cgp, a nitrogen atom is trapped inside a Cgy cage, forming a stable complex. The

unpaired electron of the nitrogen atom (S = §> is coupled to the 1*N nucleus (I = 1),

2
giving three sets of three EPR lines of equal intensity, each set split by the hyperfine
interaction a. Due to the degeneracy of the Mg transitions, the three sets all occur

at the same field positions, giving the appearance of a single set of three EPR lines.

The experimental spectrum of NQCgq is compared with a simulated spectrum
generated using literature values of the g-factor and hyperfine coupling constant
A1 By shifting the magnetic field axis of the simulated spectrum to best overlay
with the experimental data (Figure A.1), the field offset can be precisely determined.

This offset is then applied as a correction to all subsequent experimental spectra.

experiment field offset
simulation I i
simulation (adjusted)

Quy

b L LT LT T LT

l-
==

1207 1208 1209
Magnetic Field (mT)

Figure A.1: Field calibration using the EPR spectrum of NQCgg, shown here at Q-band.

239



A. Field Calibration

240



Appendix B

Additional Measurements of
Relaxation Times

241



B. Additional Measurements of Relaxation Times

T1 (ms)
Material Charge Position X Q W

20K 80K 20K 20K

PBDB-T'" far-left 13.2

PBDB-T""  left 11.8

PBDB-T:PCBM PBDB-T"" centre 3.5 0.1 4.6 10.5

PCBM"™ 44 01 76 11.1
7777777777777 PM6'F  farleft 144

PM6"" left 13.1

PMG:PCBM PM6"" centre 50 0.2 5.8 11.6

PCBM"™ 56 0.2 6.9 11.8
********************* far-left ~  11.0 39.4

PBDB-T:ITIC left 72 205

centre 5.0 0.2 5.0 10.3
********************* far-left 80 422

PM6:Y6 left 5.8 313

centre 3.1 0.1 4.9 15.0

Table B.1: T} parameters obtained from simulation of inversion recovery curves in
Figures B.1, B.3, B.5 and B.7 at a range of temperatures and frequencies. Far-left, left
and centre refer to low- to high-field positions of the polymer and fullerene acceptor peaks.
Estimated fitting errors are 0.1, 0.03, 0.1, and 0.5 ms for the four respective conditions.

T (1s) d

Material Charge Position X Q A% X Q \W%

20K 80K 20K 20K 20K 80K 20K 20K

PBDB-T'" far-left 5.8 1.6

PBDB-T'"  left 6.0 1.8

PBDB-T:PCBM PBDB-T'"  centre 3.7 32 49 61 13 12 16 18

PCBM*™ 37 29 48 63 12 10 12 15
S PM6' T  farleft 61 1.7

PM6" left 6.3 1.9

PMG:PCBM PM6' " centre 33 38 58 66 11 14 1.7 19

PCBM" 35 36 69 70 08 10 15 16
S far-left 49 46 1 1.6 14

PBDB-T:ITIC left 50 4.6 1.6 1.5

centre 28 33 54 53 12 12 1.7 17
S far-left 45 37 1.7 1.1

PM6:Y6 left 45 4.6 1.6 1.4

centre 2.8 3.4 4.8 5.8 1.2 14 1.6 1.6

Table B.2: T}, and d parameters obtained from simulation of echo decays in Figures B.2,
B.4, B.6 and B.8 at a range of temperatures and frequencies. Estimated fitting errors are
0.1ps at 20K and 0.5 ps at 80K for T3, and 0.1 for d.
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Figure B.1: Inversion recovery curves for PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC,
and PM6:Y6, measured at 20 K and X-band. Simulation parameters are in Table B.1.
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Figure B.2: Decay of the echo-detected EPR signal for PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6, measured at 20 K and X-band. Simulation parameters are

in Table B.2.
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Figure B.3: Inversion recovery curves for PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC,
and PMG6:Y6, measured at 80 K and X-band. Simulation parameters are in Table B.1.

Figure B.4: Decay of the echo-detected EPR signal for PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6, measured at 80 K and X-band. Simulation parameters are

in Table B.2.
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Figure B.5: Inversion recovery curves for PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC,
and PM6:Y6, measured at 20 K and Q-band. Simulation parameters are in Table B.1.
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Figure B.6: Decay of the echo-detected EPR signal for PBDB-T:PCBM, PM6:PCBM,
PBDB-T:ITIC, and PM6:Y6, measured at 20 K and Q-band. Simulation parameters are
in Table B.2.
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Figure B.7: Inversion recovery curves for PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC,
and PM6:Y6, measured at 20 K and W-band. Simulation parameters are in Table B.1.
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Appendix C

Derivations for Simulations of Spin
Dynamics

Time-Step Propagator

_ The general solution of the master equation for a time-independent Liouvillian
L is given by:

(C.1)

~—

ﬁ(t) = Pss + et (160 — Pss

— f( — 1" is the Liouvillian

;ﬂ»

where pg is the steady-state solution and L= —i
superoperator governing the dynamics.

A~
~

This solution assumes that £ is time-independent. If some terms in £ are
time-dependent, then the propagation can split into short discrete time steps dt,
within which the Liouvillian can be treated as approximately time-independent.

The evolution over one time step dt is:
Pt + dt) = s + 5 (H(t) — pus) (C.2)

In order to improve computational efficiency, particularly when the time evolution
must be applied iteratively in a loop, it is advantageous to recast the evolution
as a linear operation:

At +db) = O p(t) (C.3)

where O is a superoperator that can be precomputed once and applied at each time
step.

Using the expression for the density operator at ¢t + dt, O can be expressed as;

= Pss + et (ﬁ(t) - ﬁSS) (C'4>
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C. Derivations for Simulations of Spin Dynamics

where O:S is a projection superoperator in Liouville space, and maps any density
operator p(t) to the steady-state, so that O p(t) = pss for all normalised states p(t).
This allows the full expression to remain linear in j(t), enabling pre-computation
of the propagator:

(5 = éSS + eédt (i — 5SS> (C.5)

which is equivalent to the definition in Equation 4.16.

Rotating Frame Transformation
The evolution of the quantum state |¢(¢)) in the lab frame is governed by the

time-dependent Schrodinger equation:

d

37 [P = = Fhan() [(0) (C.6)

where ’}:llab(t) is the Hamiltonian expressed in the lab frame, time-dependent due
to an external oscillating field.

To simplify this time dependence, a transformation to a rotating frame is

introduced. This is achieved by applying a unitary operator:

U(t) = eiwmwiS: (C.7)

This operator is chosen to represent a rotation about the z-axis at angular

frequency wyn. The state in the rotating frame is defined by:

W) 1 = U () [15(£)00 (C.8)

and this rotating frame has the same angular frequency as the oscillating field.

To determine the dynamics in the rotating frame, the time derivative of

each side is taken:

d a0 . d
& ‘w>lab - E |w>rot + U& ’w>rot (C9>

The left-hand side, using Equations C.6 and C.8 can be expressed as:
d

a |1/}>lab = _i/}:\[labU |¢>rot (ClO)
simplifying Equation C.9 to:
U 4 . d
_lHlabU |¢>r0t - E |¢>r0t + U& |¢>r0t (C11>
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C. Derivations for Simulations of Spin Dynamics

After premultiplication by U T(t), the result becomes:

d PSP . AU
It |w>rot = _IUTHlabU ‘w>r0t - UT* ’w>rot
dt dt (C.12)
i dl '
= —i (U%abU — iUTU> 9o
dt
This expression is rewritten in Schrodinger form:
d .
& |¢>r0t = _IHTOt ’w(t)%‘ot (Cl?))
from which the rotating-frame Hamiltonian is identified as:
N N T /)
Hrot =U (t)HlabU(t) —iU (t)E (014)

For spins in a static magnetic field By along z, and an oscillating field along
x, the lab-frame Hamiltonian is:

Hian(t) = Ho + Hi(t) (C.15)

where #, defines the static spin interactions and 7:[1(15), the time-dependent

part, is given by:

Hi(t) = %Bl(t)ﬁx - 9”?]331 c08(Winwt) s (C.16)

The transformation of the components of the Hamiltonian is carried out using:
Uts.U =8,
I . . (C.17)
UTS,U = cos(Wmwt)Se + sin(Wmwt)S,
If non-secular terms are omitted from the static spin Hamiltonian H,, then,

as an approximation, only terms that commute with the electron Zeeman spin
Hamiltonian (S.) remain in H,:

7’10 = weffgz (018)

where weg is some effective spin precession frequency. The secular approximation,
for a CT state, is valid in the weak coupling regime, when the difference in spin
precession frequencies is large compared to the spin-spin coupling, or the system is

observed on timescales longer than the period of oscillation of the non-secular terms.

Under these conditions, #, is unaffected by the transformation:
UHoU = wegU'S.U = weeS. = Ho (C.19)
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C. Derivations for Simulations of Spin Dynamics

For the transformation of the time-dependent spin Hamiltonian H;:

A A A A

Ut U = %Bl cos(Wmwt) Ut U

h
g/}; By cos(wmwt (COS Wnwt) S + sin(wmwt )gy) (C.20)
= 92’1;;3 By (S + c08(2wmyt) Sz + SN (2wmyt) S, )
where the last step makes use of trigonometric identities of sin 2z and cos 2.
Finally, the time derivative % is calculated:

@ . g 7iwmwté'z

dt — dt A ol

— _1me§z e_iwmwtsz < : )
= —iwmwgzlj

and so the derivative component of Equation C.14 is:

_imfﬁ i w80
= UTLD (C.22)

= _meSz

The overall rotating frame Hamiltonian is thus:

A

Hoot = Ho + 92;;;3 B, (S + cos (2wt )S + sm(2wmwt)S ) — WnwS (C.23)

This Hamiltonian is still time-dependent, but terms that oscillate at angu-
lar frequency of 2w, can be neglected, as they average out to zero over the
timescales of interest:

(cos(2wmwt)) =~ 0, (sin(2wmwt)) ~ 0 (C.24)

This rotating wave approximation is valid when the amplitude of By, and thus
the frequency w; is much smaller than wy,; the system cannot respond to these very
fast oscillations, and so they do not contribute. The rotating frame Hamiltonian

then becomes time-independent, returning the result in Equation 4.20:

gusB A
To =B S mwSz
Hoow = Ho o+ %5 B — (C.25)

= 7:[0 + 7-[1 - wmwgz

where 7:11 no longer is a function of time. —meS'Z corresponds to the effective shift
in the Hamiltonian in the rotating frame. Physically, it accounts for moving into a
frame rotating at angular frequency wy,, about the z-axis, effectively subtracting

this rotation frequency from the Hamiltonian.
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Appendix D

MATLAB Script for RADISH
Simulations

PA
A
A
b
b
PA
A
A
YA
b
)
pA
A
PA
b
b
PA
PA
A
b
b
PA
A

b
b

PA
P2
YA
b
b

%

RADISH Computat

RADISH (Sys , Exp
RADISH (Sys ,Exp

Calculates 1-

ion of 1- and 2-spin transient EPR spectra

)
,0pt)

and 2-spin transient EPR spectra

The package EasySpin is a requirement for RADISH to run

(version 6.0.0

Input:

or later). Download at https://easyspin.org.

Sys: parameters of the paramagnetic system

S, g, Nucs,

A, dip, J

gFrame, AFrame, eeFrame

lw, lwpp
initState

T1, T2, tauS, tauT
tauDiss, tauEnc, tauDec, StatePops (Two-State Model)
Exp: experimental parameter settings

mwFreq
B1
Range
nPoints
dimension
dt
tPoints
dimension
Temperature
Qvalue
Opt: computat
GridSize
Boltzmann

microwave frequency, in GHz
strength of Bl field, in mT
field range, [Bmin Bmax], in mT
number of points in the field

time step, in mus
number of points in the time

temperature, in K
ional options

grid size; N1, [N1 Ninterp]
true (relaxation to Boltzmann),

false (to equal)

Threshold
orientation is

skip field points where a given
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D. MATLAB Script for RADISH Simulations

yA over X MHz from any resonance
transition

PA

Y/ Qutput :

% X cell containing time axis (in mus) and field axis
(in mT)

yA spc spectrum

% rho density matrix elements

function [x,spc,rho] = RADISH(Sys,Exp,Opt)
if nargin==0, help(mfilename); return; end

% Check for EasySpin
if exist('easyspin','file') == 0
error ('EasySpin must be installed for RADISH to run (6.0.0-
dev .45 or later). Please install at https://easyspin.org')

else
version = easyspin().Version; % '$ReleaseID$' for Github
version
if str2double(version(1l)) < 6 || (contains(version, 'dev') &&

str2double (version(end-1:end)) < 45)
error ('Please install EasySpin 6.0.0-dev.45 or later)')
end
end

% Guard against wrong number of input or output arguments.

if nargin<l, error('Please supply a spin system as first
parameter.'); end

if nargin<2, error('Please supply experimental parameters as
second input argument.'); end

if nargin>3, error('Too many input arguments.'); end

if nargout>3, error('Too many output arguments.'); end

% Initialize options structure to zero if not given.
if nargin<3, Opt = struct; end
if isempty(Opt), Opt = struct; end

if .isstruct(Sys) && .iscell(Sys)
error ('Sys must be a structure or a cell array of structures!
')
end
if .isstruct (Exp)
error ('Exp must be a structure!');
end
if .isstruct (0Opt)
error ('Opt must be a structure!');
end

% Determine if J and dip specified as a function of r or

independently
T oo e e e m e e e e e e e
if isfield(Sys,'r') && .isempty(Sys.r)
if isfield(Sys,'J') || isfield(Sys, 'dip')
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D. MATLAB Script for RADISH Simulations

error ('Both Sys.r and (Sys.J, Sys.dip) are given - use one
or the other!')
end
if .isfield(Sys,'J0') || ~isfield(Sys, 'beta')
error ('Sys.r specified, but J terms missing (JO and beta)!'
)
end

fJ = @(r) Sys.JOxexp(-Sys.beta*r);
fdip = @(r) (mu0/4/pi)=*(r*le-9) .  -3*x(bmagn*gfree) ~2/planck/1
eb6 ;
Sys.J = £J(Sys.r);
Sys.dip = fdip(Sys.r);
end

% Shortcut for specifying singlet (overwrites Sys.initState)
if isfield(Sys, 'Psinglet')
Ptriplet = (1-Sys.Psinglet)/3;
Sys.initState = {[Ptriplet Ptriplet Ptriplet Sys.Psinglet],'
coupled'};
end

% Validation of Opt structure
% ________________________________________
DefaultOpt.GridSymmetry ='Ci';
[~,DefaultOpt.GridFrame] = hamsymm(Sys);
DefaultOpt.Transitions = [];
DefaultOpt.Sites = [];
DefaultOpt.GridSize = 10;
DefaultOpt.Threshold = []; % MHz
DefaultOpt.Boltzmann = true;
DefaultOpt.Verbosity = false;
DefaultOpt.SeparateDetection = false; 7 detect radical pair and
separated radicals separately

Opt = runprivate('adddefaults',Opt,DefaultDpt);

Y
% ________________________________________
% Calculation setup

% ________________________________________
A

% Spin system validation and setup
if Opt.Verbosity

fprintf ('Spin system validation ...\n');
end
[Sys,err] = runprivate('validatespinsys',Sys);

error (err) ;
DefaultSys.HStrain = [0 O 0];
Sys = runprivate('adddefaults',Sys,DefaultSys);

computeStrain = any(Sys.HStrain(:));
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D. MATLAB Script for RADISH Simulations

% Check if T1, T2 are provided or switch off/set to a very
large value
if .isfield(Sys,'T1'), Sys.T1 = (Exp.tPoints-1)*Exp.dt*1e3; end
% le3x larger than last time point
if .isfield(Sys,'T2'), Sys.T2 = (Exp.tPoints-1)*Exp.dt*1e3; end
% le3x larger than last time point
if any([Sys.T1(:); Sys.T2(:)]1<0) || any(.isreal ([Sys.T1(:); Sys
.T2(:)1))
error('T1 and T2 in Sys.Tl and Sys.T2 must be positive and in
microseconds. ') ;
end
if min(Sys.T1(Sys.T1.=0),[],"'all') < max(Sys.T2(Sys.T2.=0),[],"'
all'), error('Tl must be larger than or equal to T2.'); end
if isvector(Sys.T1) && numel(Sys.T1)>3 || isvector(Sys.T2) &&
numel (Sys.T2) >3
error ('If specifying T1 and T2 in Sys.T1l and Sys.T2 as
vectors, they must be l1-element (all coherences equal), 2-
element ([SQC ZQC/DQC]) or 3-element ([SQC ZQC DQCIJ)
vectors ')
end
if .isvector(Sys.T1) && all(size(Sys.T1l).=Sys.nStates) || ~
isvector (Sys.T2) && all(size(Sys.T2).=Sys.nStates)
error ('Sizes of Sys.Tl1 and/or Sys.T2 matrices are incorrect.'
)

end

% Convert kinetic lifetimes into rate constants

if isfield(Sys, 'tauS'), kS = 1/Sys.tauS; else, kS = 0; end 7%
set rate constant to O if not specified
if isfield(Sys, 'tauT'), kT = 1/Sys.tauT; else, kT = 0; end %

set rate constant to O if not specified
if any ([kS kT1<0) || any(.isreal ([kS kT]))
error ('tauS and tauT in Sys.tauS and Sys.tauT must be
positive and in microseconds.');
end

% Additional kinetics if considering two radical pairs
TwoStateModel = false;
StatePops = [];
if any(isfield(Sys,{'tauDiss', 'tauEnc','tauDec','StatePops'}))
if isfield(Sys, 'tauDiss'), kDiss = 1/Sys.tauDiss; else,
kDiss = 0; end
if isfield(Sys, 'tauEnc'), kEnc

1/Sys.tauEnc; else, kEnc

0; end

if isfield(Sys, 'tauDec'), kDec = 1/Sys.tauDec; else, kDec =
0; end

if any([kDiss kEnc kDec]<0) || any(.isreal ([kDiss kEnc kDec])
) ||l any(isinf ([kDiss kEnc kDec]))

error ('tauDiss, tauEnc and tauDec in Sys.tauDiss, Sys.

tauEnc and Sys.tauDec must be positive and in
microseconds.');

end

if .isfield(Sys, 'StatePops'), Sys.StatePops = [1 0]; end %

no starting population in separated radicals (default)
StatePops = Sys.StatePops;
if numel (StatePops) == 1, StatePops = [StatePops 0]; end
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if any(StatePops<0) || any(.isreal(StatePops)) || any(isinf (
StatePops)) || numel(StatePops) .= 2 || all(StatePops ==
0)

error ('Populations of the radical pair and separated
radicals must be non-negative and specified as such: Sys
.StatePops = [Pair Rads]')
end
TwoStateModel = true;
end

% Validation of Exp structure

? comoccocccoosoososocoosoosoooosoooosooos
DefaultExp.mwFreq = NalN;

DefaultExp.B1 = NaN;

DefaultExp.Range = NalN;

DefaultExp.nPoints = Nal;

DefaultExp.dt = NaN;

DefaultExp.tPoints 101;

DefaultExp.Temperature = 293; 7 K, room temperature

DefaultExp.mwMode = ;

DefaultExp.Ordering = [];
DefaultExp.SampleFrame = [0 O 0];
DefaultExp.CrystalSymmetry = '';
DefaultExp.MolFrame = [];
DefaultExp.SampleRotation = [];

Exp = runprivate('adddefaults',Exp,DefaultExp);

Exp.PowderSimulation = .isempty (Exp.Ordering) || (isempty (Exp.
MolFrame) && isempty (Exp.CrystalSymmetry)) ;

if isnan(Exp.mwFreq), error ('Exp.mwFreq is missing! Please
specify in GHz.'); end

if isnan(Exp.Bl), error('Exp.Bl is missing! Please specify in
mT."'); end

if isnan(Exp.Range), error('Exp.Range is missing! Please
specify in mT.'); end
if any(diff (Exp.Range)<=0) || any(.isfinite (Exp.Range)) || ~
isreal (Exp.Range)
error ('Exp.Range is not valid!');
end
if any (Exp.Range<0)
error ('Negative magnetic fields in Exp.Range are not possible
')

end

if isnan(Exp.dt), error ('Exp.dt is missing! Please specify in
microseconds.'); end
if .isfinite(Exp.dt) || ~.isreal(Exp.dt) || Exp.dt<O
error ('Exp.dt is not valid!"')
end
% Time axis
time = (0:(Exp.tPoints-1))*Exp.dt;
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D. MATLAB Script for RADISH Simulations

% Default field points based off sampling artefacts
NyquistdB = 0.05/max(time); % largest field step before alias
sampling noise affects spectrum
if isnan(Exp.nPoints) && numel (Exp.Range) == 2
Exp.nPoints = ceil (diff (Exp.Range)/NyquistdB) + 1;
end

% Field axis
if numel (Exp.Range) == 2

Field = linspace (Exp.Range (1) ,Exp.Range (2) ,Exp.nPoints); % mT
else

if numel (Exp.Range) == Exp.nPoints
Field = Exp.Range; % mT
else
error ('Please select the same number of nPoints as Exp.
Range.')
end
end

% Transient Artefact Test
if mean(diff (Field)) >= NyquistdB
rangeB = max(Field) - min(Field);
NyquistPoints = ceil(rangeB/NyquistdB) + 1;
% warning ('Exp.nPoints specified is too small and may cause
transient artefacts! Please use at least %i points.',
NyquistPoints)

end

% Setup of orientational grid

% ________________________________________
[Exp,Opt] = runprivate('p_sampletype',Exp,0Opt);

% Symmetry determination and orientational grid.
if Opt.Verbosity
fprintf ('Set up orientational grid...\n');
end
[Exp,Opt] = runprivate('p_gridsetup',Sys,Exp,QOpt);

% Process crystal orientations, crystal symmetry, and frame
transforms

% This sets Orientations, nOrientations, nSites and
AverageOverChi

[Orientations ,nOrientations,.,.] = runprivate('
p_crystalorientations',Exp,0Opt) ;

if Opt.Verbosity

fprintf ('Looping over %i orientations...\n',nOrientations);
end

% Setup spin operators, initial and equilibrium states and
relaxation and
% kinetics operators

% ________________________________________

% Electron Spin Operators (S)
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D. MATLAB Script for RADISH Simulations

nElectrons = Sys.nElectrons;

nStates = Sys.nStates;

nStatesl = nStates™2;

if TwoStateModel, nStateslL = nStatesL*2; end

totSpinOpsS = cell(1,3);
SpinOpsS = cell(nElectrons,b3);
for i = 1:3
totSpinOpsS{i} = zeros(nStates);
for iSpin = 1:nElectrons
SpinOpsS{iSpin,i} = sop(Sys.Spins,[iSpin,i]);
totSpinOpsS{i} = totSpinOpsS{i} + sop(Sys.Spins,[iSpin,i]);
end
end

% Nuclear Spin Operators (I)
nNuclei = Sys.nNuclei;
SpinOpsN = cell(nNuclei,3);
for i = 1:3
for iSpin = 1:nNuclei
SpinOpsN{iSpin,i} = sop(Sys.Spins,[nElectrons + iSpin,i]);
end
end

% S1S2
% insert error if you have 2 spins, check Sys.S at beginning
with only 2
% elements
5182 = zeros(nStates);
for i = 1:3
S182 = S1S2 + SpinOpsS{1,i}*SpinOpsS{2,i};
end

% also do check for 2 spins

% States in ST basis defined as linear combination of states in
uncoupled basis

STbasis = cgmatrix(Sys.S(1),Sys.S(2));

Tp = STbasis(1,:)"';

TO STbasis (2,:)';

Tm STbasis (3,:) ';

S = STbasis(4,:)"';

% Singlet and triplet projection operators
PS = SxS';
PT = TO*TO' + TpxTp' + Tm*xTm';

% Account for any nuclei

nElStates = prod(2*Sys.S+1);

nNucStates = nStates/nElStates;

PS = kron(PS,eye(nNucStates))/nNucStates;
PT = kron(PT,eye(nNucStates))/nNucStates;

% Zeeman Interaction prefactors

preE = bmagn/le3/planck/1e6; % MHz/mT

preN = -nmagn/1e3/planck/1e6; 7 MHz/mT (opposite charge to
electron)
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% Initial density matrix

computeNonEquiPops = .isempty(Sys.initState);
if computeNonEquiPops

Sys = validateinitState (Sys);

SigmaOL = reshape(Sys.initState{1},[],1);

if TwoStateModel % separated charges have equal starting

populations of all levels
SigmaOL = [SigmaOL*StatePops(1l); reshape(eye(nStates)/sum(
nStates)*StatePops(2) ,[]1,1)]1;

end
initStateBasis = Sys.initState{2};
else
SigmaOL = [];
initStateBasis = [];
fprintf('Initial state not specified - Boltzmann populations

assumed\n')
end

% Chemical kinetics superoperator (Haberkorn) & Singlet-triplet
dephasing term (Jones-Hore)

o

0

e
I

kron(eye(nStates) ,PS) + kron(PS.',eye(nStates));

kron(eye(nStates) ,PT) + kron(PT.',eye(nStates)); 7%
transform density operators into Liouville space

KinOp = 0.5*x(kS*PSL + kT*PTL);

STdephaseOp = 0.5*%(kS + kT)*(kron(PS,PT) + kron(PT,PS)); %
Jones -Hore

o

—

=
I

if TwoStateModel
KinOpPair = KinOp + kDiss*eye(nStates”2);
KinOpRad = (kEnc + kDec)x*eye(nStates”2);
KinOpRad2Pair = -kEnc*eye(nStates~2);
KinOpPair2Rad = -kDiss*eye(nStates~2);
KinOp = [KinOpPair KinOpRad2Pair; KinOpPair2Rad KinOpRad];
STdephaseOp = blkdiag(STdephaseOp,STdephaseQOp) ;
end

% Set up relaxation superoperator

idxQC = nElStates:nElStates-1:nElStates”2-1; 7 anti-diagonal:
ZQC, DQC dindices

1lgcQC = zeros(nElStates);

1gcQC(idxQC) = true;

idxDQC idxQC([1 4]1); % DQC indices
lgcDQC zeros (nElStates) ;
1gcDQC(idxDQC) = true;

idxZQcC idxQC([2 31); % ZQC indices
lgcZQC zeros (nElStates) ;
1gcZQC(idxZQC) = true;

lgcQC = logical (kron(lgcQC,eye(nNucStates)));
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1gczQC
1gcDQC

logical (kron(1lgcZQC,eye(nNucStates)));
logical (kron(1gcDQC,eye(nNucStates)));

Tl = ones(nStates)*Sys.T1(1);
if numel(Sys.T1) == 2
T1(1lgcQC) = Sys.T1(2); % specify different Z/DQC relaxation
end
if numel(Sys.T1) == 3
T1(1gcZQC) Sys.T1(2); % specify ZQC relaxation
T1(1gcDQC) Sys.T1(3); % specify DQC relaxation
end
T1 = triu(T1,1);

T2 = ones(nStates)*Sys.T2(1);
if numel(Sys.T2) == 2
T2(1lgcQC) = Sys.T2(2); % specify different Z/DQC relaxation
end
if numel (Sys.T2) == 3
T2(1lgcZQC) Sys.T2(2); % specify ZQC relaxation
T2 (1gcDQC) Sys.T2(3); % specify DQC relaxation
end
T2 = triu(T2,1) + triu(T2,1)';

% Assigns default values or Inf to all Tl relaxation paths
which are zero.

T1(T1==0) = 1e10;

T2(T2==0) = 1el0;

Relax0p0 = zeros(nStates”2);
kk = 1;
jj = 2

% calculates the positions of longitudinal relaxation
for k1 = 1:nStates+l1:nStates”2
for k2 = kl+nStates+l : nStates+l : nStates”2
Relax0p0(kl,k2) = -1/T1(kk,jj);
Relax0p0(k2,k1) -1/T1(kk,jj);
Relax0pO (k1,k1) Relax0pO(kl,k1) + 1/T1(kk,jj);
Relax0p0 (k2 ,k2) Relax0p0 (k2,k2) + 1/T1(kk,jj);

ji = 3i+y;
end
kk = kk+1;
jj = kk+1;

end
Relax0OpO = Relax0OpO/nStates;

% populates positions of transverse relaxation elements

n = 1;

% rewrites T2 matrix into a vector, to allow effective
processing

T2vec = reshape(T2,[],1);

for k = 2:nStates”2-1

if k .= n+l+n*nStates
Relax0pO(k,k) = 1/T2vec (k) ;
else
n = n+i;
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end
end
% see EasySpin/spidyan for more information

if TwoStateModel, Relax0OpO = blkdiag(Relax0pO,Relax0p0); end

¥ cosocsocccsosoosooocsoooosoooosoooonooss
% Calculate transient EPR signal

¥ cooccoccococooooosoooososooooosooosonooos

% Initialise signal (required for parallelization)
Sx = totSpinOpsS{1};

dt = Exp.dt;

Bl = Exp.B1l;

mwFreq = Exp.mwFreq;

nTimePoints = Exp.tPoints;

nBPoints = Exp.nPoints;

OriWeights = Exp.0OriWeights;

Temperature = Exp.Temperature;

Boltzmann = Opt.Boltzmann; % logical
Threshold Opt.Threshold; 7% MHz
SeparateDetection = Opt.SeparateDetection; 7 logical

[spc,spc_Pair,spc_Rad] = deal(zeros(nTimePoints ,nBPoints));
rho = zeros(nStatesL ,nTimePoints);

idxDiag = false(nStates,1);

idxDiag(1:nStates+1l:nStates”2) = true; % index for diagonal
elements
idxPair = [true(nStates~2,1); false(nStates~2,1)];

idxRad = [false(nStates~2,1); true(nStates~2,1)];
if TwoStateModel , idxDiag = [idxDiag; idxDiagl; end

nArg = nargout;

% Rotating frame adjustment independent of time or orientation
HamO_rt = -Exp.mwFreq*le3*totSpinOpsS{3};

% Detection operator
DetOp = totSpinOpsS{2}; ) detection along y
DetL = reshape(DetOp.',1,nStates”2);
if TwoStateModel && .SeparateDetection
DetlL = [DetL DetL];
end

% Apply tensor frame adjustment

% 2-spin check (error)

rotatetensor = Q@(x,y) erot(y).'sxdiag(x)*erot(y); % apply frame
transformation to molecular frame

% Electron-Zeeman Factors

g = zeros(3,3,nElectrons) ;
for eSpin = 1:nElectrons

260



D. MATLAB Script for RADISH Simulations

g(:,:,eSpin) = rotatetensor(Sys.g(eSpin,:),Sys.gFrame (eSpin
»2));

end

% Nuclear -Zeeman Factors

sigma = zeros(3,3,nNuclei);
for nSpin = 1:nNuclei
sigma (:,:,nSpin) = rotatetensor (Sys.sigma(nSpin,:),Sys.

sigmaFrame (nSpin,:));
end

% Electron-Electron Factors
J = Sys.J;
D rotatetensor (Sys.dip,Sys.eeFrame) ;

% Hyperfine Factor
A = zeros(nNuclei,nElectrons);
for eSpin = l1l:nElectrons
el = (eSpin-1)*3 + (1:3);
for nSpin = 1:nNuclei
nI = (nSpin-1)*3 + (1:3);
A(nI,eI) = rotatetensor(Sys.A(nSpin,eI),Sys.AFrame(nSpin,el

));
end
end
% HStrain

HStrain = Sys.HStrain;

% Loop over orientations

% ________________________________________
parfor iOri = 1:nOrientations
[signaliOri,signaliOri_Pair,signaliOri_Rad] = deal(zeros(
nTimePoints ,nBPoints)) ;
rhoiOri = zeros(nStatesL ,nTimePoints);
U_Rad = zeros(nStates”™2);
% Effective Spin Hamiltonian in Molecular Frame (Field-
Independent Terms)
7 e e e e e e e e S e e e e e
[BivecOri,.,BOvecOri] = erot(Orientations(iOri,:),'rows'); %
BO and Bl: lab --> molecular frame (Schweiger-Jeschke -

Appendix B.53)

% Electron Zeeman Interaction
gSz = zeros(nStates);
for eSpin = 1l:nElectrons
geff0 = BOvecOri.'xg(:,:,eSpin)*BOvecOri; % effective g in
mol frame
g3z = gSz + geffO*SpinOpsS{eSpin,3}; % sum of g.Sz
end
HamO_ez = preExgSz;

% Nuclear Zeeman Interaction

261



D. MATLAB Script for RADISH Simulations
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sigmaSz = zeros(nStates);
for nSpin = 1:nNuclei
sigmaeff0 = BOvecOri.'ssigma(:,:,nSpin)*BOvecOri; %
effective sigma in mol frame
sigmaSz = sigmaSz + sigmaeffO*SpinOpsN{nSpin,3}; ’% sum of
sigma.Sz
end
HamO_nz = preN*sigmaSz;

% Electron-Electron Interaction

Deff = BOvecOri.'*DxBOvecOri;

HamO_ee = J*xS1S2 + Deff*(3/2*SpinOpsS{1,3}*SpinlpsS{2,3} -
1/2%S182); 7% pseudo-secular approximation

% Hyperfine Interaction
HamO_hf = zeros(nStates);
for eSpin = l1l:nElectrons
el = (eSpin-1)*3 + (1:3);
for nSpin = 1:nNuclei
nI = (nSpin-1)*3 + (1:3);
Aeff = BOvecOri.'*A(nI,el)*BOvecOri;
HamO_hf = HamO_hf + Aeff*(SpinOpsS{eSpin,3}*SpinOpsN{
nSpin ,3}); % secular approximation
end
end

% Total Microwave Hamiltonian

geffl = zeros(nElectrons,1);
for eSpin = 1:nElectrons
geffl(eSpin) = BlvecOri.'xg(:,:,eSpin)*BlvecOri; 7%
effective g in mol frame
end
Haml = preE*mean(geffl)*B1l*Sx; J different effective g along
B1

% Loop over magnetic field
for iB = 1:nBPoints
rhoiB = zeros(nStatesL ,nTimePoints) ;
% Total Static Hamiltonian
HamO = (HamO_ez + HamO_nz) * Field(iB) + HamO_ee + HamO_hf;

Htot = 2*pi*(HamO + HamO_rt + Haml);
Hsup kron(eye(nStates) ,Htot) - kron(Htot.',eye(nStates));

% Eigenvectors and Eigenvalues

[U,E] = eig(HamO0);

Ediff = diag(E)-diag(E)'; % all possible transition
energies

UL = kron(transpose(U),(U'));

% Equilibrium Density

SigmaEq = sigeq(HamO,Temperature); 7 requires hamiltonian w
/o rotating frame adjustment

SigmaEqL = reshape (SigmaEq,[],1);
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if TwoStateModel

% Two State Total Static Hamiltonian

HamO_Rad = (HamO_ez + HamO_nz) * Field(iB) + HamO_hf;

Htot_Rad = 2*pi*(HamO_Rad + HamO_rt + Haml);

Hsup_Rad = kron(eye(nStates),Htot_Rad) - kron(Htot_Rad.',
eye (nStates));

Hsup = blkdiag(Hsup,Hsup_Rad) ;

% Two State Eigenvectors and Eigenvalues
[U_Rad ,E_Rad] = eig(HamO_Rad) ;

Ediff_Rad = diag(E_Rad)-diag(E_Rad)';
Ediff = [Ediff Ediff_Rad];

UL_Rad = kron(transpose(U_Rad),(U_Rad'));
UL = blkdiag(UL,UL_Rad);

% Two State Equilibrium Density
SigmaEq_Rad = sigeq(HamO_Rad, Temperature);
SigmaEqL_Rad = reshape(SigmaEq_Rad,[],1);
SigmaEqL = [SigmaEqL; SigmaEqL_Radl];

end

% Transform relaxation superoperator into uncoupled basis
Relax0Op = UL'*RelaxOpOx*UL; % eigenbasis --> uncoupled basis

nearRes = min(abs (Ediff (:) -mwFreq#*1e3)) <= Threshold;
if .isempty(Threshold) && -nearRes

continue
end % skip steps if outside threshold

% Set up equilibrium state (required for relaxation)
RelaxEq = Relax0Op*SigmaEqL;

% Hamiltonian superoperator and Liouvillean

L = -1i*Hsup - RelaxOp - KinOp - STdephaseOp;

pssEq = -L\RelaxEq; % equilibrium density

pss = pssEq*idxDiag.';

if TwoStateModel
pss = pssEq(l:nStates”~2)*idxDiag(l:nStates™2)."';
pss_Rad = pssEq(nStates~2+1:end)*idxDiag(nStates”~2+1:end)
pss = blkdiag(pss,pss_Rad);

end

% Propagator
dtProp = fastExpm(L*dt); % faster than expm for larger
matrices
if Boltzmann 7% relax to Boltzmann populations
dtProp = pss + dtProp*(eye(numel(pssEq)) - pss);
end

% Set up initial density

SigmaOL_ = SigmaOL;

if strcmp(initStateBasis,'eigen')
if TwoStateModel
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SigmaOL_Pair = SigmaOL_(1:nStates”~2);

SigmaOL_Pair reshape (U'*reshape (SigmaOL_Pair ,nStates,
nStates)*U,[],1);

SigmaOL_Rad = SigmaOL(nStates”~2+1:end);

SigmaOL_Rad = reshape(U_Rad'*reshape(SigmaOL_Rad,
nStates ,nStates)*U_Rad,[],1);

SigmaOL_ = [SigmaOL_Pair; SigmaOL_Rad];
else
SigmaOL_ = reshape (U'*reshape (SigmaOL_,nStates,nStates)
*U,[]1,1); % eigenbasis --> uncoupled basis
end

end
if computeNonEquiPops
density = SigmaOL_;
else
density = SigmaEqL; % equilibrium density
end

% Loop over time axis
for itime = 1:numel(time)
% Signal detection
if TwoStateModel && SeparateDetection

signaliOri_Pair (itime ,iB) = DetL*density(idxPair) ;
signaliOri_Rad (itime ,iB) = DetLx*density(idxRad) ;
else
signaliOri(itime,iB) = DetL*density;
end

if nArg >= 3
if TwoStateModel
densityHl = reshape(density(l:nStates”~2) ,nStates,
nStates); % radical pair
densityEigl = UxdensityH1#U'; % uncoupled basis -->
eigenbasis
densityH2 = reshape(density(nStates~2+1:end) ,nStates,
nStates); % separated charges
densityEig2 = UxdensityH2xU'; J uncoupled basis -->
eigenbasis
densityEig = [densityEigl(:) densityEig2(:)];
else
densityH = reshape(density,nStates,nStates);
densityEig = UxdensityH*U'; % uncoupled basis -->
eigenbasis
end
rhoiB(:,itime) = densityEig(:); % Hilbert --> Liouville
end
% Time evolution of the density matrix
density = dtProp*density;
end

if nArg >= 3
rhoiOri = rhoiOri + rhoiB;
end

end % iB

if computeStrain % HStrain
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gmean = mean(geffl);
HStrainEff = BOvecOri.'xdiag(HStrain)*BOvecOri; % effective
HStrain

HStrainWid = unitconvert (HStrainEff , 'MHz->mT', gmean) ;
if TwoStateModel && SeparateDetection

signaliOri_Pair = convspec(signaliOri_Pair ,[0 mean(diff (
Field))],[0 HStrainWid],0,1); % Gaussian broadening
signaliOri_Rad = convspec(signaliOri_Rad, [0 mean (diff (

Field))],[0 HStrainWid],0,1); % Gaussian broadening
else
signaliOri = convspec(signaliOri,[0 mean(diff (Field))], [O
HStrainWid] ,0,1); % Gaussian broadening
end

end

weight = OriWeights (iOri);
if TwoStateModel && SeparateDetection

spc_Pair = spc_Pair + weight*real(signaliOri_Pair);
spc_Rad = spc_Rad + weight*real(signaliOri_Rad);
else
spc = spc + weight*real(signaliOri);
end
if nArg >= 3
rho = rho + weight*real(rhoiOri);
end
end % 1i0ri

% Linebroadening
if TwoStateModel && SeparateDetection

h

Add Gaussian linebroadening

spc_Pair = convspec(spc_Pair,[0 mean(diff(Field))],[0 Sys.1lw

(1)1,0,1);

spc_Rad = convspec(spc_Rad,[0 mean(diff (Field))],[0 Sys.1lw(1)

h

1,0,1);
Add Lorentzian linebroadening

spc_Pair = convspec(spc_Pair,[0 mean(diff(Field))],[0 Sys.lw

(2)1,0,0);

spc_Rad = convspec(spc_Rad,[0 mean(diff (Field))],[0 Sys.1lw(2)

else

h

1,0,0);

Add Gaussian linebroadening

spc = convspec (spc, [0 mean(diff (Field))],[0 Sys.1lw(1)]1,0,1);

h

Add Lorentzian linebroadening

spc = convspec (spc, [0 mean(diff(Field))],[0 Sys.1lw(2)]1,0,0);

end

% Normalise density matrix

if nArg >= 3
sumDiag = sum(rho (idxDiag,1));
rho = rho./sumDiag;

end

% Account for resonator response function
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if isfield (Exp, 'Qvalue')

BW = Exp.mwFreq*1e3/Exp.Qvalue; 7 MHz
tresponse = 1/BW; 7 us

response = (l-exp(-time/tresponse)).';

if TwoStateModel && SeparateDetection
spc_Pair = spc_Pair.*response;
spc_Rad = spc_Rad.*response;
spc = {spc_Pair,spc_Rad};

else
Spc = spc.*response;

end

end

if Exp.nPoints==

X = time;
else

x{1} = time;

x{2} = Field;
end
end
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PBDB-T:PCBM
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Figure E.1: Time-resolved EPR X-band spectra of spin-coated films of PBDB-T:PCBM,
PBDB-T:ITIC, PM6:PCBM and PM6:Y6, with different angles with respect to the
external magnetic field, measured at 20K, 1 mJ cm~2. Time-resolved EPR spectra of the
thicker inner-wall films are shown for comparison.
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Additional Details of
Time-Resolved EPR Simulations

Additional details for the time-resolved EPR simulations of PBDB-T:PCBM,
PM6:PCBM, PBDB-T:ITIC, and PM6:Y6 shown in Figures 5.15 and 5.17 to 5.19 of
Chapter 5, at temperatures of 20 K, 80 K, and 140 K, and laser fluences of 20 1.J cm—2
and 1 mJcm~2. Kinetic and relaxation parameters are summarised in Table F.1. The
time-resolved EPR simulations made use of g-values determined from steady-state
pulse EPR in Chapter 3 (Tables 3.1 and 3.4 in Section 3.3.1) and g-frames, J, D,
and D-frames from simulation of the singlet-born CT state signal from time-resolved
EPR averaged over 0.1 — 0.3 ps in Chapter 5 (Table 5.3 of Section 5.3.3).

For each figure, simulated EPR spectra are shown for the total signal, as
well as the individual contributions of the CT state and SCs. Static spectra
extracted at early (0.1 — 0.3 ps) and late (10 — 30 ps) times highlight the changes
in spin polarisation with time. The evolution of the CT state and SC populations
are plotted in red and green, respectively, with the populations of their four
eigenstates shown below in blue, providing detailed insight into the evolution of
the spin sublevel populations that determine the signal polarisation of the EPR
spectrum. For the non-fullerene acceptor blends, two orthorhombic proton hyperfine
interactions were also included in the time-resolved EPR simulations, both with
maximum principal A-values of 20 MHz, and so the populations of each sublevel
are determined from averages over the four sublevels of each electron spin state
split by the hyperfine interactions.
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PBDB-T:PCBM

Temp. Fluence TS Tdiss Tenc T T
(K)  (miem™?)  PT (us) (s)  (ms)  (us) (s)
20 0.02 0.25 — 0.35 2—6 10—-20 > 200 > 50 0.5—1.0
20 1 0.25 —0.35 2—-6 10—-20 40-60 10—20 0.5-1.0
80 1 0.2-0.3 0.5—2 1-5 10 — 30 1-5 0.1-04
140 1 0.2 —-0.25 0.2-2 0.5—-2 > 10 05—2 0.05-0.1
PM6:PCBM

Temp. Fluence TS Tdiss Tenc T 15
(K)  (mJem=2)  POT (s) (ps) () (us) (s)
20 0.02 1 20—30 10-30 > 200 > 50 0.5—-1.0
20 1 1 20—30 10-30 > 200 > 50 0.5—-1.0
80 1 1 > 2 1-2 > 200 5—50 0.2—-0.5
140 1 1 >1 0.2—-0.5 > 200 1-5 0.05 —-0.1
PBDB-T:ITIC

Temp. Fluence TS Tdiss Tenc T T
(K)  (miem™?)  POT (ns) (1s) (ns) (ns) (ps)
20 0.02 0.3—04 02-08 15—-30 >200 20—100 0.5-1.0
20 1 03—-04 02-08 15—-30 15—-30 10—25 05-1.0
80 1 0.15—-0.25 0.2-0.8 1-4 10 — 20 2—-10 0.1-0.5
140 1 0.15—-0.25 02-08 05—-1 10—-20 05—-2 0.05—-0.1
PM6:Y6

Temp. Fluence TS Tdiss Tenc T T
(K)  (mlem™?)  PT (us) (s)  (ms)  (us) (s)
20 0.02 03—-04 01-05 1-10 30—-50 10—25 05-1.0
20 1 0.3—-04 0.1-0.5 1-10 20 — 40 5—20 05—-1.0
80 1 0.15-025 0.1-05 05—-3 10-30 2-10 0.1-04
140 1 0.15—-0.25 0.1-0.5 <1 10 — 20 1-4 0.05 — 0.2

Table F.1: Simulation parameters for PBDB-T:PCBM, PM6:PCBM, PBDB-T:ITIC,
and PM6:Y6 for the time-resolved EPR simulations in Figures F.1 to F.16. The rate
constants kp, and kge. were assumed to be negligible, and so the time constants 7, and
Tdec are set to very large.
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PBDB-T:PCBM: 20 K, 20 uJ/cm’
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Figure F.1: Additional detail of the time-resolved EPR simulation, as described in the
text, of PBDB-T:PCBM from Figure 5.17, at X-band, 20K, and 20 pJ cm 2.

PBDB-T:PCBM: 20 K, 1 mJ/cm’
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Figure F.2: Additional detail of the time-resolved EPR simulation, as described in the
text, of PBDB-T:PCBM from Figure 5.17, at X-band, 20K, and 1 mJ cm 2.
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PBDB-T:PCBM: 80 K, 1 mJ/cm’
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Figure F.3: Additional detail of the time-resolved EPR simulation, as described in the
text, of PBDB-T:PCBM from Figure 5.17, at X-band, 80K, and 1 mJcm™2.
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PBDB-T:PCBM: 140 K, 1 mJ/cm’
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Figure F.4: Additional detail of the time-resolved EPR simulation, as described in the
text, of PBDB-T:PCBM from Figure 5.17, at X-band, 140K, and 1mJcm™2.
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Figure F.5: Additional detail of the time-resolved EPR simulation, as described in the
text, of PM6:PCBM from Figure 5.15, at X-band, 20 K, and 20 1J cm 2.
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Figure F.6: Additional detail of the time-resolved EPR simulation, as described in the
text, of PM6:PCBM from Figure 5.15, at X-band, 20K, and 1 mJcm™2.
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Figure F.7: Additional detail of the time-resolved EPR simulation, as described in the
text, of PM6:PCBM from Figure 5.15, at X-band, 80 K, and 1 mJcm™2.
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Figure F.8: Additional detail of the time-resolved EPR simulation, as described in the
text, of PM6:PCBM from Figure 5.15, at X-band, 140K, and 1 mJcm™2,
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Figure F.9: Additional detail of the time-resolved EPR simulation, as described in the
text, of PBDB-T:ITIC from Figure 5.18, at X-band, 20K, and 20 nJ cm™2.
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Figure F.10: Additional detail of the time-resolved EPR simulation, as described in the
text, of PBDB-T:ITIC from Figure 5.18, at X-band, 20K, and 1 mJcm™2.
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Figure F.11: Additional detail of the time-resolved EPR simulation, as described in the
text, of PBDB-T:ITIC from Figure 5.18, at X-band, 80K, and 1 mJcm™2.
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Figure F.12: Additional detail of the time-resolved EPR simulation, as described in the
text, of PBDB-T:ITIC from Figure 5.18, at X-band, 140K, and 1 mJcm™2.
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Figure F.13: Additional detail of the time-resolved EPR simulation, as described in the
text, of PM6:Y6 from Figure 5.19, at X-band, 20K, and 20 1.J cm 2.
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Figure F.14: Additional detail of the time-resolved EPR simulation, as described in the
text, of PM6:Y6 from Figure 5.19, at X-band, 20K, and 1mJcm™2.
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Figure F.15: Additional detail of the time-resolved EPR simulation, as described in the
text, of PM6:Y6 from Figure 5.19, at X-band, 80K, and 1mJcm™2.
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Figure F.16: Additional detail of the time-resolved EPR simulation, as described in the
text, of PM6:Y6 from Figure 5.19, at X-band, 140K, and 1 mJcm™2.
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G. Charge Transfer and Separation in P3SHT:PCBM

g-value
2.003 2.000 1.997
P3HT:i3CBM ' ' i@ Inversion Recovery 1 '\ Echo Decay
g B .
o .
T e
~ » 0.5¢
g o 2
_-3 1208 mT 1212 mT
g
< 4t 1208 mT 1212 mT 0 e
1208 1210 1212 0 50 100 150 O 10 20
Magnetic Field (mT) Time (ms) Time (us)

Figure G.1: Left) Simulation of the light-induced EPR spectra of PSHT:PCBM at 20 K
and at Q-band. Right) Inversion recovery curves and echo decays of PSHT:PCBM at
20K and at Q-band. Simulation parameters can be found in Table G.1.

Material g-value g-strain  Linewidth (mT)
9z 9y 9= z X Q
P3HT'" 2.0010 2.0021 2.0031 - 023139 0.34

PCBM™ 2.0002 2.0001 1.9990 0.0019 0.10 0.16

Table G.1: Simulation parameters of the light-induced echo-detected EPR spectrum
for P3HT"" and PCBM"™ at Q-band, from Figure G.1. The donor:acceptor weight was
1:0.61. Estimated fitting errors are 0.0001 for g-values and g-strains, and 0.02mT for
linewidths.

Material Charge 11 (ms) Tn (ps) d
P3HT"  16.41 444 1.9
PSHT:PCBM PCBM"™ 14.44 5.48 14

Table G.2: Ti, T, and d parameters of P3HT:PCBM obtained from simulation of
inversion recovery curves and echo decays in Figure G.1, at 20K and at Q-band. The
estimated fitting error is 0.1 ms for 71, 0.1 ps for Ty, and 0.1 for d.
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Figure G.2: Time-resolved EPR spectra of P3BHT:PCBM, measured at X- and Q-band,
at 20K, 80K, and 140K, and at 20 pnJ cm =2 and 1 mJcm™2. Averaged spectra at short
(0.1 — 0.3ps) and intermediate (9 — 11ps) times after photoexcitation are shown for
comparison. Absorptive features are in blue and emissive features in red in the two-

dimensional plots.
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Figure G.3: Top) Simulated EPR spectra of PSHT:PCBM, compared to experimental
EPR spectra, extracted at 0.1 — 0.3 s, at X- and Q-band, and 20 pJ cm™2 and 1 mJcm™2.
At Q-band, no singlet-born CT state is observed at any time, and so the experimental
EPR spectra was extracted from 5 — 15 s, assuming full inversion of the spin polarisation
(i.e. thermalised triplet). The best 100 fits, sorted by RMSD, are coloured in dark, with
worse fits (N = 500, 1000, 5000, and 10,000) paler. Bottom) Distribution of parameters
determining r and J and P3HT"™ positions around PCBM"™ obtained from the spectral
fits. Mean and standard deviations of r and J for each blend are summarised in Table G.3.
The truncated trimer structure of the polymer donor is displayed in black, with centres of
mass of the acceptors given by the coloured dots; for a subset of spectral fits (best 20),
the full structure of the donor is also shown.

Linewidth (mT)
X-Band Q-Band
P3HT:PCBM —-7.44+0.6 11.2+1.3 21+£0.2 0.21£0.03 0.30+0.04

Material J (MHz)  Dpmax (MHz) r (nm)

Table G.3: Simulation parameters that give the spectral distributions of the best 100
fits shown in Figure G.3. The error is determined by the standard deviation of each set
of parameter values. D, is determined from the largest principal value of the dipolar
coupling interaction, which is calculated from r using the distributed point-dipole model.
g-values of the donor and acceptor molecules were determined from Figure G.1 and given
in Table G.1.
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Figure G.4: Comparison of experimental and simulated time-resolved EPR X-band
spectra of PSHT:PCBM, for different laser fluences (20pJem =2 and 1mJem—2) and
temperatures (20K, 80 K, and 140 K). Averaged spectra at short (0.1 — 0.3 11s) and long
(10 — 30 ps) times after photoexcitation are also shown.
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P3HT:PCBM

Temp. Fluence TS Tdiss Tenc T 15
(K)  (mJem?)  POT (s)  (ms)  (ms) (s (15)
20 0.02 035—-05 05-—2 4-—38 8§—12 >80 0.5—-1.0
20 1 035—-05 05-2 4 -8 4—6 40-80 05-1.0
80 1 025—-035 05—-2 04—-15 4-6 5—10 02-04
140 1 0.15-025 05-2 01-05 3-5 1-5 0.05-0.1

Table G.4: Simulation parameters for P3HT:PCBM for the time-resolved EPR
simulations in Figure G.4. The rate constants kr, and kqe. were assumed to be negligible,
and so the time constants 7p, and 74.. are set to very large.
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Abbreviations

a .. ......... absorption

Ao Acceptor

BHJ ........ Bulk Heterojunction

cr ... Charge-Transfer State

D .......... Donor

DAF ... ... .. Delay-after-flash

DFT ... ... .. Density Functional Theory

dip ......... dipolar interaction

€ . .. emission

EDMR ... .. .. Electrically-detected Magnetic Resonance
EDNMR . ... .. ELDOR-detected NMR

ee . . ... ... electron-electron interaction
ELDOR ... . .. Electron Double Resonance
ENDOR . ... .. Electron-Nuclear Double Resonance
EPR ... ... .. Electron Paramagnetic Resonance
X . ... exchange interaction

eZ .. ... ... .. electron Zeeman interaction

FC . ... ... .. Free Charge

FRET ... .. .. Forster Resonance Energy Transfer
GIWAXS ... .. Grazing-Incidence Wide-Angle X-Ray Scattering
hf .. ... ... .. electron-nuclear hyperfine interaction
HOMO ... .. .. Highest Occupied Molecular Orbital
HTA . .. ... .. High Turning Angle

o .......... Inner Diameter

285



Abbreviations
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Intersystem Crossing

a non-fullerene acceptor molecule
Lowest Unoccupied Molecular Orbital
Nuclear Magnetic Resonance
nuclear-nuclear interaction

nuclear quadrupole interaction
nuclear Zeeman interaction

Outer Diameter

Optically-detected Magnetic Resonance
Out-of-phase Electron Spin Echo Envelope Modulation
Organic Photovoltaic

a polymer donor molecule

a polymer donor molecule

a fullerene acceptor molecule

Power Conversion Efficiency

a polymer donor molecule

Quality Factor

Root-Mean-Square Deviation

Ground State

Singlet Exciton

Separated Charge

Spin-Orbit Coupling

Shot Repetition Time

Triplet Exciton

Trapped Charge

Travelling-Wave Tube

a non-fullerene acceptor molecule
zero-field interaction

Zero Field Splitting

Zero Quantum Coherence
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