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Abstract

Singlet exciton fission (SF) is a process with the potential to extend the maximum
theoretical e�ciency of solar cells from 34% to 46%. By generating two triplet exci-
tons from one singlet exciton, the process e�ectively splits the energy of a high-energy
photon in two, reducing e�ciency loss by thermal relaxation. While the process has
a strong theoretical grounding, the mechanistic details of SF and practicalities of im-
plementation in photovoltaic devices are insu�ciently understood to exploit its full
potential. In this thesis the e�ect of intermolecular distance on SF is studied by
embedding 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) in an amor-
phous polymer matrix in the form of aqueous nanoparticle dispersions. By varying the
mass ratio of TIPS-pentacene to the host polymer, the average intermolecular separa-
tion between TIPS-pentacene molecules is varied systematically from approximately 1
to 5 nm, resulting in a range of SF quantum yields. We study this system using both
steady-state and ultrafast time-resolved spectroscopic techniques, and fit the results to
a kinetic model to decipher the observed behaviour. The quantum yield of SF is shown
to decrease with intermolecular separation, which is explained by di�usion-limited SF
and an increase in loss pathways through exciton trap sites. We additionally identify
an intermediate species in the SF process, and show that a significant proportion of
this species decays non-radiatively without dissociating to form separated triplets, re-
vealing another major loss pathway that has important implications for future research
and applications.
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CHAPTER 1
Introduction

1.1 Solar Photovoltaics
In the last 40 years, global energy consumption has more than doubled; an expansion
which, for the most part, has been supported by fossil fuels.1 In 1973, 87% of energy
consumption was provided by fossil fuels, including coal, natural gas and oil. Today
they are still the dominant source of energy, accounting for around 81% of global use
in 2015,1 and 86% in Australia.2 While the cheap and reliable nature of fossil fuels has
allowed them to support the world’s growing energy needs until now, it is becoming
more evident that their use has significant consequences. Most notably, the combustion
of fossil fuels releases carbon dioxide, which is widely regarded as the leading source of
climate change.3,4 In addition to this, fossil fuels are a finite, non-renewable source. It
has been predicted that within 50 years, the economically recoverable reserves of both
oil and natural gas will have been depleted, and in a century coal as well.5 Within
this same time, global energy consumption is expected to double.6 It is clear that to
minimise the e�ects of climate change, and fill the void left by fossil fuels, cleaner,
preferably renewable sources of energy are required. Fortunately, as the consequences
of fossil fuels have become more evident, new, renewable sources of energy have begun
to emerge, one of the most promising of these being solar energy.

Enough sunlight hits the surface of the earth in a single hour to meet the worlds
entire energy consumption in one year.7 The energy provided by the sun in fact dwarfs
all other potential sources combined, including fossil fuels, nuclear power, wind, and
biofuels.8,9 If even 0.1% of this energy is able to be e�ectively and economically har-
vested, projected global consumption demands could easily be met, eliminating fossil
fuel dependence.

Solar photovoltaic cells, or solar cells, provide a means of harvesting this sunlight.
By absorbing incident light from the sun, solar cells convert this light into electricity,
producing zero emissions in the process. The most common types are single-junction
solar cells, classed as “first-generation” cells, in which a single absorbing material (the
active material) is used. Upon absorbing a photon, an excited electron is generated in
the active material, which can be separated from the positively charged vacancy (or
“hole”) left behind and used to generate a current, or electricity. Single-junction solar
cells with silicon as the active material are already becoming economically competitive
with fossil fuels in some places.10 But, despite their potential, solar cells contribute
little to the current energy use.1 Improvements in e�ciency and cost of these devices
are necessary to accelerate widespread adoption.

1.2 The Shockley-Queisser Limit
Single junction solar cells are limited to a maximum theoretical e�ciency of around
33.7%. This means out of all the light from the sun incident on an ideal solar cell, only
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33.7% can be converted into electricity. This is known as the Shockley-Queisser (SQ)
limit, and was first presented in a seminal 1961 paper by Shockley and Queisser,11

who calculated the maximum theoretical e�ciency of a single junction solar cell for
an active material with a range of di�erent band gaps. The original paper found the
maximum theoretical e�ciency was 30% for band gap of 1.1 eV under the 6000 K
blackbody spectrum, but recalculations with the air-mass 1.5 global spectrum have
lead to the now widely accepted value of 33.7% for an optimum band gap of 1.34 eV,
as shown in Figure 1.1.12–15
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Figure 1.1: Shockley-Queisser limit of the maximum theoretical e�ciency of solar cells for
varying band gaps.16

The main losses of e�ciency accounted for in the Shockley-Queisser (SQ) limit are
explained in Figure 1.2. Out of all sunlight incident on a solar cell, a proportion of
this will have an energy below the band gap of the active material. These low-energy
photons are thus not absorbed, and are e�ectively wasted, causing a loss of ≥31%
e�ciency for a band gap of 1.34 eV. The portion of light with energies above the band
gap also contribute to the e�ciency loss, as any excess energy above the band gap is
lost as heat through thermalisation, or non-radiative decay. The energy lost as heat
contributes a further ≥23%. The remaining 13% loss comes from unavoidable radiative
recombination of excited states (≥1%), and thermodynamic loss (≥12%).13
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Figure 1.2: Shockley Queisser Limit. ≥31% of e�ciency is lost from lower energy photons
not being absorbed, and ≥23% from thermal relaxation of higher energy photons.

The first practical solar cells had e�ciencies of around 6%.17 Over the past 60
years the development of solar cell technologies has been an active area of research,
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with conventional cells now approaching the SQ limit.18 The highest e�ciency to date
for a single-junction solar cell is 28.8% for thin-film crystalline gallium-arsenic cells,
and 25.6% for silicon heterostructures.19 Though high e�ciency is evidently possible
for single junction, or first and second (thin film) generation photovoltaics, the cost
needed to produce these high-performing cells is high, and there is room to improve
solar cell e�ciency even more.

While the improvement of conventional solar cells has increased over the years, new
technologies have also emerged that have the potential to exceed the SQ limit. Among
these “third generation” photovoltaics are tandem solar cells, which increase the range
of light absorbed; hot carrier cells, which reduce energy loss due to thermalisation; and
devices using molecular processes such as photon upconversion, downconversion, and
singlet fission.20

1.3 Singlet Exciton Fission
Singlet exciton fission, or simply singlet fission (SF), is a spin-conserving process in
which a chromophore in its first singlet excited state, S

1

, shares its energy with a
chromophore in the ground state, S

0

, to give two triplet excitons, T
1

, as illustrated
in Figure 1.3. This is generally agreed to proceed through a correlated triplet-pair
intermediate, 1(TT), which is a coherently coupled pair of triplets with an overall
singlet character,

S0 + S1 ≠≠ÔÓ≠≠ 1(TT) ≠≠ÔÓ≠≠ T1 + T1.

Because spin is conserved, SF is potentially much faster than triplet formation by
intersystem crossing, and can also be distinguished by the formation of two triplets per
singlet exciton, instead of one.21

E
n
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rg

y

S1 S0 T1 T1

Singlet Fission

Triplet Fusion

Figure 1.3: Singlet Fission of a ground state chromophore, S
0

, and singlet exciton S
1

to
give a pair triplets T

1

. The reverse process is triplet fusion.

SF was first identified in crystalline anthracene by Singh and coworkers in 1965.22

The reverse process, triplet fusion or triplet-triplet annihilation (TTA), in which two
triplets combine to give an S

1

and S
0

state, has been widely studied over the last
50 years.23–28 However, after its initial identification, SF had not been of significant
interest until the last decade or so. The revival of research on SF is in part due to
the suggestion by Nozik et al. of its potential ability to increase the e�ciency of solar
cells.14,29,30



4 Chapter 1. Introduction

Whereas the energy of photons in excess of the band gap of the absorbing material
in conventional single junction solar cells is lost through thermal relaxation, SF could
use these high-energy photons to generate two triplet excitons, each of which could be
used for charge separation. This process is described in Figure 1.4.
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Figure 1.4: Singlet fission in solar cells. Ideally a lower band gap material (photovoltaic
(PV) layer) would absorb lower energy photons (4), and a SF layer absorb the higher energy
photons (1) converting them into 2 triplet excitons via SF (2). The energy of the triplet
excitons can then be transferred to the PV layer (3).

The usual idea is that a material that undergoes SF is used in tandem with an
electron acceptor of a lower energy band gap, such as a semiconductor like silicon
(the photovoltaic or PV layer in Figure 1.4). The SF layer would absorb high-energy
photons to generate the excited state S

1

(1). S
1

then shares its energy with a ground-
state chromophore to give two lower energy T

1

states. Thus 2 excitations are generated
from a single photon (2). If the energy of T

1

is greater than that of the conduction
band of the PV layer, the excitations can be transferred to the acceptor and harvested
for electricity (3). In this way the higher energy photons are not wasted, and since
triplet energy is transferred into a lower band gap material, current is increased without
compromising the voltage.31,32 Additionally the lower energy photons that the SF layer
does not absorb are transmitted through to the next material, so these can then be
absorbed by the PV layer, or alternatively a second sensitizer layer (4).16,31,33 It has
been calculated that using SF the maximum theoretical e�ciency of a single bandgap
solar cell would be increased from 33.7 to ≥46%, as shown in Figure 1.5.15,33,34

Despite this potential, the highest e�ciencies of SF based solar cells so far have been
less than 5%.35–37 It is clear that a better understanding of the underlying mechanism
of SF and how to best implement it in solar cells is required. Broadly, there are
two fundamental issues to address: the ability to e�ectively transport and harvest
the produced triplet excitons, and the e�ciency of the SF process itself. This thesis
primarily focuses on the latter.

1.3.1 E�ciency of Singlet Fission
The e�ciency of SF can be quantified by the SF quantum yield. This is defined as the
number of triplets excitons produced per singlet exciton,

„
SF

= max([T
1

])
max([S

1

]) , (1.1)
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Figure 1.5: Increased maximum theoretical e�ciency of solar cells when SF is used.16

where [T
1

] and [S
1

] are the concentrations of triplet and singlet excitons, respectively.
When SF is completely e�cient, two triplet excitons are produced for every singlet ex-
citon, so the maximum „

SF

is 2. In practice the triplets eventually decay or annihilate,
which reduces the yield. Ideally these processes should be slow compared with the rate
of SF, such that the yield is still close to 2.

SF has been identified in a range of organic molecules, including acenes,38–40 caro-
tenoids,41,42 diphenylisobenzofuran,43 perylenediimide,44 and diketopyrrolopyrrole.45,46

However, just a few systems have been demonstrated to have high SF quantum yie-
lds;42,43,47 in many others this is not the case. It is generally accepted that exothermic
SF, in which the energy of the S

1

state is greater than or close to twice the energy of
T

1

, is one condition for e�cient SF, but there are a range of other factors for which
the e�ect on e�ciency is less clear. The e�ciency of SF has been shown to depend on
a number of parameters, such as material, temperature, concentration, and morphol-
ogy.21,29 To e�ectively use SF in solar cells, a better understanding of the mechanism
of SF and how each of these factors influence the process is needed.

1.3.2 E�ect of Morphology
The morphology or arrangement of molecules in space can have a particularly profound
impact on the e�ciency of SF, and thus is an important property to consider in the de-
sign of materials for solar cells. E�ects of morphology have been observed in a number
of studies, both theoretical and experimental. For example, quantum dynamics and
molecular dynamics simulations by Wang et al. found that the rate of SF can be in-
creased by more than an order of magnitude by changing the intermolecular packing of
pentacene dimers.48 Though not strictly synonymous, a fast rate is typically associated
with a high SF yield. Another computational study by Renaud et al. showed di�erent
packing geometries in crystals of perylenediimide derivatives led to SF quantum yields
ranging from 1.34 down to 0. Two crystal structures from this study, in particular,
only di�ered in their arrangements by a few tenths of an angstrom, yet one had a yield
of 0.15 and in the other SF was suppressed entirely.49 Observations of the sensitivity
of SF to morphology are not just limited to crystalline systems. Amorphous films of
diphenyl tetracene have been found to undergo di�usion-limited SF, in which excitons
had to di�use to specific “SF sites” in the film to undergo SF. This suggests that SF
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in tetracene requires particular geometries or intermolecular separations.50,51

There is some dispute over whether SF is more e�cient in crystalline or amorphous
systems. The highest SF yields have mostly been reported for crystalline arrangements,
but amorphous morphologies may still be favourable in that they can sample a higher
number of di�erent configurations between neighbouring chromophores, and therefore
have a higher probability of forming sites that are favourable to SF, which may not
be practical or possible in crystalline form. The potential of amorphous systems is
exemplified by the relatively high quantum yield of 1.22 for the amorphous diphenyl
tetracenes, as well as observations of rapid SF in amorphous films of rubrene.50,52 A re-
cent study by Sutton et al. on various rubrene derivatives in fact found that amorphous
films had sites of stronger types of coupling than in crystalline form, rationalising the
fast SF observed.52

Structural order has been examined in nanoparticles (NPs) of acene derivatives.
Pensack et al. studied five di�erent pentacene derivatives and found their morphologies
could be divided into two groups; those with highly disordered arrangements (denoted
“Type I” NPs); and those with ordered, crystalline NPs (“Type II”). The strong in-
terchromophore coupling of the ordered Type II arrangements lead to much faster SF,
suggesting that, at least for these materials, crystallinity may be more favorable for
SF.53

There are various other examples in the literature on the e�ects of morphology on
SF,54,55 sometimes conflicting and not overly clear on the implications for the appli-
cation of SF in solar cells. As mentioned, the rate of SF is commonly used to make
implications about e�ciency, but the two are not necessarily equivalent. There may be
cases where SF is fast, but due to the the presence of phenomena such as, for example,
exciton trap sites, overall e�ciency is not high.38,55,56 To make informed decisions about
what kinds of materials and morphologies o�er the best prospects for the application
of SF in solar cells, a more thorough understanding of the mechanism of SF and how
it is related to the arrangements of molecules is required.

1.3.3 Mechanism of Singlet Fission
Despite the growing number of studies on SF, the mechanism of the process is still
not fully understood. As mentioned previously, it is widely agreed that SF proceeds
through a correlated triplet pair intermediate, 1(TT), also referred to as a multi-exciton
state. Recently, SF intermediates have been observed in systems such as crystalline
pentacene,57 crystalline tetracene,58 films of terrylenediimide,59 and covalently linked
tetracene dimers.60 But, the exact nature of these intermediates and how they are
formed is a subject of some debate. One possibility is an excimer-like state: an emissive
state in which an excitation is delocalised over a pair of molecules.29 In solution studies
of substituted pentacene, and later tetracene, SF was shown to be su�ciently slow to
allow identification of an intermediate that exhibits some weak emission, leading to its
assigment as an excimer.47,61 Several studies have since identified excimer intermediates
in other systems,60,62–65 but a proportion of these suggested they were in fact traps
rather than precursors to triplets.60,64,65

Formation of 1(TT) directly from a singlet exciton requires a concerted two-electron
transfer process. Given the coupling of a two-electron transfer is weak in most systems,
it is thought that the 1(TT) intermediate can instead form through two one-electron
processes through a charge transfer (CT) state.66 The CT state can be thought of as
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a state in which neighbouring molecules take on either electron or hole characteristics,
and can be a distinct intermediate (real CT states) or exist as a virtual state (i.e. a
state that is never significantly populated but is necessary to describe the transition
to a non-CT intermediate).66 The presence of CT states was well demonstrated in
a study by Lukman et al. on linked pentacene dimers.67 One type of dimer studied,
a TIPS-substituted bipentacene, was observed to form triplet pairs through a real,
observable CT intermediate with energy that could be tuned through solvent polarity.
At low polarity, SF was less e�cient as the energy of this CT state was higher than the
preceding singlet exciton. At much higher polarities, the CT state was overly stabilised
and became an energetic trap, leading to a low yield of triplets. The optimum triplet
yield was for a medium-polarity solvent, in which the CT state energy was su�ciently
low to compete with singlet relaxation, but not overly low so as to become a trap state.
A second type of dimer, mesityl-substituted bipentacene, instead exhibited a virtual
CT state. Here the singlet exciton itself had CT character, such that the singlets
e�ectively proceeded directly to triplet pairs in a concerted process. The e�ect of
solvent polarity in this case was only to stabilise the relaxed singlet exciton. At low
polarities this stabilisation was weak, so there was less competition between relaxation
and SF, and the process was e�cient. Polarity dependence of SF has been linked to CT
states in a number of studies, for example in NPs of diketopyrrolopyrrole, dimers of 1,3-
diphenylisobenzofuran and in terrylenediimide films.45,59,68 The observed intermediate
in crystalline pentacence and tetracene was also attributed to a CT state by comparing
results of time-resolved two-photon photoemission spectroscopy with density functional
theory calculations.57,58

However, not all SF systems have characteristics consistent with CT states. For
example, a study of NPs of diphenyltetracene prepared by Mastron et al. found the SF
e�ciency was close to that of disordered films, and the high dielectric constant of aque-
ous NPs did not increase e�ciency as would be expected for a CT intermediate.69 More
recently, Fuemmeler et al. reported that SF in their pentacene dimers was independent
of CT states.70 An alternate mechanism suggests that CT states are not necessary for
SF, instead proposing a fast non-adiabatic transition from S

1

to 1(TT).71,72

Another important note regarding the 1(TT) intermediate is that a few studies have
suggested it does not always dissociate into separated triplets.60,73 This could have
significant consequences for the application of SF in solar cells, as ultimately separated
triplet excitons are needed to generate charges. Why this loss occurs, whether it is
common in other systems, and how it can be prevented, highlights the importance of
improving the understanding of the mechanism of SF.

1.4 Aims and Research Questions
Whilst there have been many studies on how morphology and packing a�ect SF, the
exact dependence on intermolecular distance between molecules undergoing SF has not
been investigated to a large extent. This is a pertinent topic, as naively it might be
predicted that SF would be faster and more e�cient when the S

1

and S
0

chromophores
are closer together. But intermolecular distance governs interchromophore coupling,
and if the coupling in a system is too strong, the first step of SF, i.e. 1(TT) formation,
may be e�cient, but the second step, the dissociation of 1(TT) to separated triplets,
may not occur at all.29 Additionally, intermolecular distance is likely to a�ect other
competing processes. In particular, the reverse process of SF, triplet fusion or TTA,
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could also increase with average intermolecular separation, as if the initial S
1

and S
0

chromophores are closer together, so to are the resulting triplet excitons. If this is the
case, there may be an optimum average intermolecular separation, where SF and TTA
are balanced such that a maximum amount of triplets are produced. This would have
important implications for future design of photovoltaic devices.

A study by Wu et al. gives some insight on the matter by looking at SF in crystalline
films of 6,13-bis(triisopropylsilylethnyl) pentacene (TIPS-Pn) and “ADPD pentacene”,
which has the same structure of TIPS-Pn with nitrogens replacing two of the carbons
on the terminal rings.74 It was found that the presence of these two nitrogens causes
a slightly decreased spacing in the otherwise similar packing arrangement of the mo-
lecules and resulted in a higher triplet yield than for TIPS-Pn. This suggests that a
decreased spacing could lead to enhanced electronic coupling and more e�cient SF.
But, the molecules in this study were not identical, and di�erences due to their di�er-
ent molecular structure complicates the analysis. Another very recent study by Izadnia
et al. examined an amorphous system of acene molecules by distributing them on the
surface of a rare gas cluster.75 This system allowed control over the number of molec-
ules and the spacing between them in an inert environment. It was found that at low
exciton concentrations, there was a strong dependence of the fluorescence lifetime on
intermolecular distance for TIPS-Pn, but this dependence was absent for anthracene.
Given anthracene does not undergo SF, but TIPS-Pn does, this suggests the reduction
in lifetime is due to SF.

Both of these studies are insightful, but a more comprehensive analysis of the dis-
tance dependence of SF may yet add further knowledge on the mechanism and the
e�ects of morphology. Particularly the e�ect on the triplet and SF intermediate pop-
ulations, as well as triplet-triplet annihilation still require analysis. The aim of the
research presented in this thesis is to further investigate the e�ect of intermolecular
distance on SF, and in particular what implications it has for elucidating the mech-
anism of SF and its applications to photovoltaic devices. Specifically, we provide a
more complete picture by studying a range of di�erent intermolecular distances and by
directly probing the populations of the triplet excited states and SF intermediates, in
addition to the singlet states.

In the research presented in this thesis, we take an alternative approach to con-
trolling intermolecular distance, or separation between molecules. By embedding a
molecule that undergoes SF in a polymer matrix in the form of an aqueous dispersion
of NPs, the mass ratio of molecule to polymer can be varied to control the average
intermolecular separation between molecules. 6,13-bis(triisopropylsilylethynyl) pen-
tacene (TIPS-Pn) (Figure 1.6a), is an ideal model system to study, as it has already
been shown to undergo fast and e�cient singlet fission in solution, film and neat NP
form.47,54,56 Additionally, the TIPS sidegroups make it soluble in organic solvents such
as tetrahydrofuran, but not in water, so TIPS-Pn can form an aqueous suspension,
rather than a solution, which is key for the control of intermolecular distance. The
polymer poly(methyl methacrylate) (PMMA) (Figure 1.6b) was chosen as the host
matrix, as it has no absorption or emission in the visible spectrum, and is known by
our group to form stable aqueous NP suspensions.

Assuming TIPS-Pn is evenly dispersed thoughout the NP, changing the TIPS-
Pn:PMMA mass ratio allows the average intermolecular separation to be controlled.
For example, if there is a high proportion of PMMA compared with TIPS-Pn, the
TIPS-Pn molecules will be relatively isolated and average intermolecular separation
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(a) (b)

Figure 1.6: Structure of triisopropylsilylethnyl (TIPS) pentacene (Pn) (a) and poly(methyl
methacrylate) (PMMA) (b).

will be large. Conversely, if there is a low proportion of PMMA, or high proportion of
TIPS-Pn, the average intermolecular separation will be small. As well as allowing con-
trol over the intermolecular separation, NPs are a simple and practical system to study
compared with for example, films, which can have issues with degradation, consistency
and quality, and can also be di�cult to prepare.

Ultimately, we aim to study the dynamics of SF in these NP suspensions using
steady-state and time resolved absorption and fluorescence spectroscopy. These tools
are common techniques for studying SF, as they allow the identification of the di�er-
ent species involved in singlet fission (i.e. S

0

, S
1

and T
1

), and a means to follow the
evolution of these species over time. Details of these methods are given in Chapter
2. In Chapter 3, we outline some basic characterisation of the TIPS-Pn:PMMA NPs,
and provide evidence that the TIPS-Pn molecules are randomly dispersed throughout
the NP, and thus that the average intermolecular separation increases with propor-
tion of PMMA. In Chapter 4, time-resolved fluorescence upconversion and transient
absorption are used to demonstrate the presence of the SF of TIPS-Pn in these NPs,
and investigate the change in e�ciency and rate of SF with intermolecular separation.
Lastly in Chapter 5, we present a kinetic model to describe SF in the NPs which ex-
plains the observed trends in the absorption and fluorescence, and provides detailed
molecular-level insight into the e�ect of intermolecular separation on the SF process.



10 Chapter 1. Introduction



11

CHAPTER 2
Methods

2.1 Preparation of Aqueous Nanoparticle
Suspensions

2.1.1 Materials
6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-Pn, 99.9%) was purchased from Os-
sila and used as supplied. Poly(methyl methacrylate) (PMMA, average MW: 120000,
degree of polymerisation: 1200) and the surfactant poly(oxyethylene)nonylphenyl ether
(Igepal CO-520) were purchased from Sigma-Aldrich. HPLC grade tetrohydrofuran
(THF) was purchased from RCI Labscan and freshly distilled prior to use. All wa-
ter used in experiments was purified using a 10 M� Millipore Milli-Q Reagent Water
System fitted with a 0.45 µm filter.

2.1.2 Nanoparticle Preparation
Various TIPS-Pn/PMMA nanoparticle (NP) suspensions were prepared by a reprecip-
itation method based on that developed by Kasai and coworkers.76,77 In this method,
a volume of conjugated polymer, or in this case polymer/TIPS-Pn mixture, in a good
solvent such as THF is rapidly injected into a poor solvent that is miscible with the
good one, such as water. Unfavorable interactions between the polymer and the poor
solvent cause the polymer chains to collapse and fold, forming roughly spherical parti-
cles that minimise the solvent–polymer interactions, as illustrated in Figure 2.1.76,78–80

The resulting size of particles depends on temperature, solvent, and polymer concentra-
tion, but they are typically formed in a range of 10 to a few hundred nanometers.76,77,79

Other methods of NP formation, such as miniemulsion use surfactants to keep the NPs
in suspension.80 In the re-precipitation process, however, surfactants are not necessary,
except at very high concentrations.81,82 As NP concentration is increased, the likeli-
hood of NPs colliding increases until eventually aggregation is unavoidable. In this
case, surfactants can then be used to add additional stability and extend the possible
range of concentrations. In this study, high concentrations of NPs were necessary to
achieve a range of TIPS-Pn:PMMA mass ratios without lowering the overall TIPS-Pn
concentration. This meant surfactant was required to stabilise the highest ratios (1:5
to 1:100). Therefore, although not necessary, for consistency an amount of surfactant
proportional to the total PMMA concentration was included in all the samples. Results
were compared for the small mass ratios (1:0, 1:0.5, 1:1) without surfactant, and no
di�erences were observed in the NP characteristics.

To prepare the NPs, stock solutions were prepared for each of TIPS-Pn, PMMA
and surfactant by dissolving the appropriate amount in freshly distilled THF. Volumes
of each solution were then combined to make a mixture stock solution of the desired
TIPS-Pn:PMMA ratio. An example of quantities used for di�erent samples is given in
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Figure 2.1: Preparation of polymer nanoparticles by the reprecipitation method.

Table 2.1. The mixture stock solution was injected into 5 times the volume of vigorously
stirring water and left to stir for approximately 5 minutes. The THF was then removed
under reduced pressure and the NP suspension further concentrated to reach a TIPS-
Pn concentration of ≥0.1 g L≠1. The samples were finally filtered through a 0.2 µm
hydrophilic syringe filter (Sartorius Minisart NML). Typical final concentrations are
given in Table 2.1.

2.2 Steady-State Optical Measurements
Steady-state UV-visible absorption spectra were obtained with a Cary Varian 1E UV-
visible spectrophotometer using a 2 mm path length quartz cuvette (Starna Cells 21-Q).
Fluorescence spectra were measured on a Perkin Elmer LS 55 fluorescence spectropho-
tometer with an excitation wavelength of 590 nm, excitation slit bandwidth of 5 nm
and emission slit bandwidth of 15 nm, using a 1 cm path length quartz cuvette (Starna
Cells 3-Q).

2.3 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a method of collecting high-resolution images
of samples on a nm scale using a focused beam of electrons. Images were collected at
Adelaide Microscopy with the assistance of Lynette Waterhouse and Animesh Basak
using a focused ion beam (FIB) scanning electron microscope. This combines two
beams, a focused beam of Ga+ ions and a beam of electrons, enabling sputtering of
the surface of a sample by ions to emphasise sub-surface features and collection of
electron-induced signals from the exposed surfaces. At a low ion beam current the FIB
enables high-resolution images.

SEM images were collected of a 1 ◊ 10≠3 gL≠1 suspension of pure TIPS-Pn NPs as
well as Milli-Q water to ensure features observed in the SEM image were due to the
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Table 2.1: Quantities used to prepare NP suspensions of di�erent TIPS-Pn:PMMA mass
ratios

TIPS-Pn:PMMA
mass ratio Component

Concentration in
individual stock
(◊10≠3 gL≠1)

Volume
used (mL)

Concentration in
final stock
(◊10≠3 gL≠1)

Volume final
stock (mL)

Volume
water (mL)

Concentration
of NPs
(◊10≠3 gL≠1)

Volume
of NPs (mL)

1:0

TIPS-Pn 400 0.75 20

15.00 75.00

100

3.00PMMA - - - 0
CO520 500 0.30 10 50
THF - 13.95 - -

1:0.5

TIPS-Pn 400 1.50 20

30.00 150.00

100

6.00PMMA 400 0.75 10 50
CO520 500 0.60 10 50
THF - 27.15 - -

1:1

TIPS-Pn 400 0.75 20

15.00 75.00

100

3.00PMMA 400 0.75 20 100
CO520 500 0.60 20 100
THF - 12.90 - -

1:3

TIPS-Pn 400 0.75 20

15.00 75.00

100

3.00PMMA 400 2.25 60 300
CO520 500 1.80 60 300
THF - 10.20 - -

1:5

TIPS-Pn 400 1.00 20

20.00 100.00

100

4.00PMMA 400 5.00 100 500
CO520 2000 1.00 100 500
THF - 13.00 - -

1:7

TIPS-Pn 400 0.75 20

15.00 75.00

100

3.00PMMA 400 5.25 140 700
CO520 2000 1.05 140 700
THF - 7.95 - -

1:10

TIPS-Pn 400 0.55 20

11.00 55.00

100

2.20PMMA 400 5.50 200 1000
CO520 2000 1.10 200 1000
THF - 3.85 - -

1:100

TIPS-Pn 240 0.50 6

20.00 100.00

30

4.00PMMA 640 18.75 600 3000
CO520 16000 0.75 600 3000
THF - 0 - -

NPs rather than contaminants. The samples were dropped through a 0.2 µm filter onto
clean silicon wafers. They were then coated with 5 nm of platinum and images taken
on a FEI Helios Nanolab 600 dual beam FIB SEM operating at 5 kV.

2.4 Fluorescence Upconversion Spectroscopy
Time-resolved fluorescence measurements were obtained using fluorescence upconver-
sion (UC). This is a technique with a femtosecond time resolution, and was used to
monitor the fluorescence of samples for up to 3 ns after excitation. The operation of
fluorescence upconversion is as follows: The first laser pulse, the “pump” beam, is used
to excite the sample and generate fluorescence, which is then focused onto a —-barium
borate (BBO) crystal. A second pulse, the “gate” beam, is focused onto the same BBO
crystal, as shown in Figure 2.2. The non-linear properties of the BBO crystal allow
the two pulses to form photons of a higher energy through sum frequency generation
(SFG). Thus the fluorescence is “upconverted” to a higher frequency,

~Ê
upconverted

= ~Ê
gate

+ ~Ê
fluorescence

,

where Ê
gate

is the frequency of the gate pulse and Ê
fluorescence

is the frequency of fluo-
rescence being studied. The detector only detects this upconverted frequency, which
is only produced when the fluorescence and the gate pulse are overlapped in time.
The time-resolved data is then obtained by delaying the arrival of the gate pulse by
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di�erent amounts of time after the initial excitation. Thus rather than continuously
detecting fluorescence after a single excitation, a di�erent time is measured after each
excitation by changing the gate pulse delay. In this way the resolution is not limited
by the speed of the detector. The fluorescence wavelength to be studied is selected by
phase matching, i.e, rotating the BBO crystal such that SFG of the gate beam and
wavelength of interest give the wavelengths detected by the detector.

Amplifier
800 nm

100 fs @ 1kHz

OPA

Pump

Sample

Fluorescence

BBO
Upconverted
Fluorescence

Gate

Delay

Detector
800 nm

655 nm

440 nm

360 nm

Figure 2.2: Schematic of fluorescence upconversion apparatus used to collect time-resolved
fluorescence of TIPS-Pn (beams are not drawn to equal length).

The fluorescence spectrometer used to collect data on the TIPS-Pn samples is
shown in Figure 2.2 (Ultrafast Systems, Halcyone). The pulses were sourced from
a Ti:sapphire regenerative amplifier (Spectra Physics, Spitfire), giving pulses centered
at 800 nm with a 1 kHz repetition rate and 100 fs duration. The samples were ex-
cited with 440 nm pump pulses obtained with an optical parametric amplifier, or OPA
(Light Conversion, TOPAS-C) using the fourth harmonic of the signal at 1760 nm.
These pulses had an energy of ≥0.25 µJ and were focused to a full width half maxi-
mum (FWHM) spot size of 0.5 mm. The polarization was rotated to the magic angle
(54.7¶) relative to the gate to negate anisotropy e�ects. A small fraction of the 800 nm
amplifier output was used for the gate beam, focussing onto the 0.4 mm BBO crystal
used for sum-frequency generation with the fluorescence. The detector used to detect
the intensity of the upconverted fluorescence was a photomultiplier tube attached to a
double monochromator. The fluorescence wavelength of TIPS-Pn selected was 655 nm,
resulting in an upconverted wavelength of 360 nm. Each experiment was averaged over
three runs, with the sample stirred continuously. Measurements were taken in a 0.2
mm quartz cuvette (Starna Cells 21-Q) at a TIPS-Pn concentration of 0.1 g L≠1, and
samples were observed to degrade by less than 10% over the course of the experiment
(approximately 90 minutes).

2.5 Time-Correlated Single Photon Counting
Time-correlated single photon counting (TCSPC) measurements were additionally used
to measure time-resolved fluorescence. This has a poorer time resolution than fluores-
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cence upconversion, but it is highly sensitive, making it a useful technique to monitor
fluorescence over a longer (ns) time scale. The set up for TCSPC is the same as fluo-
rescence upconversion, but without the gate beam, and with the detector set to detect
the fluorescence at 655 nm. This means the time resolution is limited to ≥1 ns by
the speed of the detector, but the raw fluorescence is detected, resulting in greater
sensitivity and the ability to measure over a significantly longer time scale (i.e. up to
50 ns). The bin size used for TCSPC was 50 ps, with an instrument response function
(IRF) of 0.6 ns.

2.6 Transient Absorption Spectroscopy
Transient absorption (TA) spectroscopy is a technique commonly used to the study
the kinetics of photo-physical processes. By monitoring changes in absorption over
time, useful information can be obtained about the formation, decay, and interactions
of di�erent species. Pump–probe transient absorption spectroscopy in particular is a
useful technique for monitoring the excited states of a sample. This is a two-pulse
technique, in which a “pump” pulse is used to excite the sample, and a “probe” pulse
is used to measure the absorption after excitation. The basic set up of a pump–probe
TA spectrophotometer is given in Figure 2.3. The pump pulse, typically chosen to
match an S

0

to S
n

transition, is modulated to arrive once every two probe pulses, so
the probe is then able to detect the absorption with and without the pump, A

pump on

,
and A

pump o�

, respectively. Pump pulse modulation allows continuous collection of the
excited and steady state spectra to reduce noise from fluctuations in the laser power.
Data is then recorded as the change in absorbance:

�A = A
pump on

≠ A
pump o�

,

which is equivalent to
�A = A

excited state

≠ A
steady state

.

Figure 2.3: Schematic of the transient absorption apparatus used to collect time-resolved
absorption of TIPS-Pn (beams are not drawn to equal length).

Time-dependent measurements are achieved by delaying the arrival of the probe
pulse. Each time the pump excites the sample, the probe pulse is delayed to arrive at
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some time t after excitation. The time resolution is then only limited by the duration
of the pulses, and is typically on the order of femto to picoseconds. Additionally the
probe pulse can be a white light continuum rather than a single wavelength, so multiple
wavelengths can be detected at once. If t is the time after the pump pulse, the change
in absorption recorded is then:

�A(⁄, t) = A(⁄, t) ≠ A
pump o�

(⁄).

A negative �A signal implies a decrease in the steady-state absorbance. This is referred
to as a ground-state bleach (GSB), and results from the loss of ground-state population
by the pump excitation, as well as any other processes that deplete the ground-state.
Negative signals can also be obtained if the sample emits light, for example, from
stimulated emission (SE) caused by a probe photon equal to the S

1

to S
0

transition.
The resulting emission will be Stokes shifted from the GSB. A positive �A signal
implies the formation of a population that was not present in the absence of the pump
pulse. For example, if S

1

is generated by the pump, this state can then absorb the
probe to jump to a higher excited state. The resulting S

1

to Sn transition is referred
to as an excited-state absorption (ESA). The types of transitions observed in a TA
spectrum are outlined in Figure 2.4.

Figure 2.4: Possible transitions measured in a pump-probe TA experiment. The ground-
state bleach and stimulate emission appear as negative �A signals, whilst excited state
absorptions appear as positive ones.

To obtain TA of the TIPS-Pn samples, the transient absorption spectrometer
(Ultrafast Systems, Helios) used the output of a Ti:sapphire regenerative amplifier
(Spectra-Physics, Spitfire Pro XP 100F) to produce 800 nm pulses of 100 fs duration
operating at a 1 kHz repetition. An optical parametric amplifier (OPA) (Light Conver-
sion, TOPAS-C) was used to obtain the 440 nm pump beam using the fourth harmonic
of the signal. The pump pulse energy was 1.5 µJ with a FWHM spot size of 740 µm.
This was mechanically chopped at 500 Hz to produce one pump pulse every two probe
pulses. The probe was a white light continuum obtained by focusing a small portion
of the 800 nm amplifier output into a 3.2 mm sapphire crystal. This was then split
into signal and reference beams, and focused onto the sample with a FWHM spot size
of 225 µm. This was finally detected using a linear CMOS sensors (Ultrafast Systems,
CAM-VIS-2). Experiments were performed at 21¶C with the pump polarization ro-
tated to the magic angle (54.7¶) relative to the probe. Measurements were taken in
a 0.2 mm quartz cuvette (Starna Cells 21-Q) at a TIPS-Pn concentration of approx-
imately 0.1 g L≠1. Each experiment was averaged three times, stirring continuously.
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Photo-degradation was observed to be less than 5% after each experiment. All spectra
were corrected for the dispersion of the probe.

2.7 Fitting and Deconvolution of Transient Absorp-
tion Spectra

Transient absorption spectra often contain contributions from multiple di�erent species.
When singlet fission occurs, for example, the absorption of the S

0

, S
1

, T
1

and any
potential intermediate states are all present, resulting in a complex spectral signature.
With insight into the kinetic processes occuring, regions of the TA can be assigned to
a particular species. For example, the triplet in TIPS-Pn is widely agreed to have a
strong ESA around 500 nm, and the singlet a shallower, broader absorption from around
500 nm to 600 nm, based on the formation and decay times of these peaks.39,47,53,56,73,83

It is common practice to select a single wavelength of these regions to use as a kinetic
trace for a population. If the spectral shape of the said population is already well
established and does not overlap with another, this is a valid approach. However, in
many systems the transient absorption is much more complex, with many overlapping
contributions such that there are no regions that can be attributed to a single species,
and thus no single wavelengths that can be used as a kinetic trace for any population. In
the visible region for TIPS-Pn for example, the T

1

ESA overlaps with the S
1

ESA, the
S

1

ESA overlaps with the GSB, and the GSB overlaps with stimulated emission. While
it might be agreed that a particular region is mostly one component, it is not reliable to
use its kinetics unless the exact proportions are known. This is particularly important
in cases in which quantitative measures of populations are needed. When determining
the triplet yield in SF, for example, the triplet ESA also contains contributions from the
singlet, resulting in an overestimate if this is used to determine triplet concentration.

To extract kinetics from more complicated spectra, the TA needs to be resolved into
its respective components. Following the convention of Roberts et al. 50 we term these
components “basis spectra”, ‘. Then, if a sample contains n populations, with basis
spectra ‘n(⁄) and time-dependent concentration Cn(t), the TA data can be expressed
as

�A(⁄, t) = C
1

(t)‘
1

(⁄)l + C
2

(t)‘
2

(⁄)l + C
3

(t)‘
3

(⁄)l + ... + Cn(t)‘n(⁄)l (2.1)

where l is the path length. Once the relevant basis spectra are known, and given a large
enough wavelength range (number of data points Ø n), Equation 2.1 can be solved to
obtain the kinetics in the form C

1

(t), C
2

(t), to Cn(t).
One method commonly used to deconvolute TA spectra is global target analy-

sis.84–87 This is typically done on software such as Glotaran, which uses singular value
decomposition (global) and di�erential equations (target) to extract both spectra and
population kinetics.88 However, this method requires a model of the kinetics as an
input, and extracts the spectra to best fit the TA data to this model. The resultant
spectra therefore are not necessarily physical, particularly if the model is not accu-
rate. An alternative method to determine the T

1

spectra in particular is through
sensitisation experiments. This involves doping a sample with a triplet sensitizer, such
as N-methylfulleropyrrolidine or anthracence.47,60,84 These materials undergo rapid in-
tersystem crossing to form triplets, which they then transfer to the sample studied,
resulting in nearly full conversion from S

1

to T
1

. This is a useful technique, but it is
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t
Rapid SF

tNo SF

(1:0)

(1:100)

S1,
1(TT),T1 T1

S1

3 ns

εT1 extracted

26 ps
ε1(TT) extracted

10 ps

εS1 extracted

1(TT), T1

Figure 2.5: T
1

and 1(TT) basis spectra (‘
T

1

and ‘1

(TT)

, respectively) can be extracted from
a sample with rapid SF at some time after S

1

has decayed. The S
1

basis spectrum (‘
S

1

) is
extracted from a sample in which no SF occurs, and thus only has S

1

present. The times
used to extract each spectra are indicated by crosses.

not practical for all systems, particularly not solid or colloidal systems such as NPs
or films. Additionally, the presence of the sensitizer may alter the environment of the
triplets, and thus the spectra of sensitised triplets may be subtly di�erent from those
generated by SF. The method we present here outlines an alternative approach to ex-
tract basis spectra, and fit these the TA to obtain kinetics without the use of sensitisers
or a model.

Given TIPS-Pn is known to undergo singlet fission, the components of interest here
are the S

1

and T
1

states. Technically the S
0

state could also be included to account
for the GSB, but since singlets and triplets bleach the ground state in the same way,
for simplicity we incorporate the GSB into the basis spectra of these. This results in
some negative ‘ values. Thus the basis spectra here only make sense in the context of
transient absorption. Recent studies have also identified spectral features due to the
triplet pair intermediate, 1(TT).60,67,85 We therefore consider deconvolving the spectra
with an additional intermediate species. The resulting fits with and without this species
are referred to as 3-component and 2-component spectral fits, respectively.

T
1

Basis Spectrum. We determined the T
1

basis spectrum using a sample that
undergoes rapid SF. If SF is fast and complete, there will eventually be a pump-probe
delay time su�ciently long such that all the S

1

have decayed or undergone fission, and
the only remaining populations are T

1

and ground-state molecules. Previous studies
on TIPS-Pn nanoparticles suggest SF is rapid in pure TIPS-Pn NPs, so we used a
very late time measurement (e.g. 3 ns) of the 1:0 TIPS:PMMA sample, as shown in
Figure 2.5.53,56 At this time there is then no S

1

ESA or stimulated emission in the TA,
so the ground state bleach at 646 nm, �A(646 nm, 3 ns), represents the exact amount
of bleached ground-state molecules. This is then equal to the amount of T

1

present.
Using the steady-state extinction coe�cient of the singlet ground state at 646 nm,
‘

SS

(646 nm), the concentration of T
1

, C
T

1

can be determined at 3 ns from

C
T

1

(3 ns) = �A(646 nm, 3 ns)
≠‘

SS

(646 nm)l ,
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where l is the path length. The triplet extinction coe�cient, ‘
T

1

, can then be found at
each wavelength to give the triplet basis spectrum,

‘
T

1

(⁄) = �A(⁄, 3 ns)
C

T

1

(3 ns)l .

S
1

Basis Spectrum. Obtaining a pure S
1

spectrum is relatively complicated, as all
samples studied potentially have some degree of SF which is so rapid that there are no
times at which only singlets are present. To minimise the amount of SF occuring, a
1:100 TIPS:PMMA sample was used, with an average intermolecular TIPS-Pn separa-
tion of 5 nm. As will be discussed in the results section, the fluorescence lifetime of this
sample is the same as that of the dilute solution, only fitting to a single exponential
with a 12 ns lifetime. This implies that there are no additional non-radiative decay
pathways, i.e, no SF. The TA spectra of this sample agree with this argument, through
its resemblance to the solution spectrum and lack of triplet features. The 1:100 sample
therefore only has singlets present and can be used to obtain the S

1

basis spectrum,
using

C
S

1

(10 ps) = �A(646 nm, 10 ps)
≠‘ú

SS

(646 nm)l
and

‘
S

1

(⁄) = �A(⁄, 10 ps)
C

S

1

(10 ps)l .

To obtain the 1:100 sample a low concentration of 0.03 g L≠1 TIPS-Pn was used, so
the TA was performed in a 1 cm path length cuvette and collected at 10 ps with
additional averaging. Given only singlets are present, this time is arbitrary; however
the relatively short time of 10 ps was chosen to maximise TA signal. It should be also
be noted that the presence of stimulated emission and S

1

ESA in this sample means the
646 nm peak does not represent the exact GSB signal, so we cannot use ‘

SS

(646 nm)
to determine C

S

1

(10 ps) as was done with T
1

. We therefore estimated the magnitude
of fluorescence and ESA in this region to define a modified steady state extinction
coe�cient, ‘ú

SS

(646 nm). This approximation may slightly a�ect the magnitude of
the resulting S

1

concentration profiles, but will not e�ect the spectral shape, nor the
magnitudes of the T

1

and 1(TT) populations (as these are determined from their own
extinction coe�cients).

2.7.1 Two-Component Fits
Given the extracted basis spectra, and assuming they are the only components present,
the concentration of S

1

and T
1

can be solved for each time t using
�A(⁄, t) = ‘

S

1

(⁄)C
S

1

(t)l + ‘
T

1

(⁄)C
T

1

(t)l. (2.2)
As the only fluorescent population is S

1

, C
S

1

can additionally be constrained to
match the fluorescence UC data. If f(t) represents the fluorescence UC signal, nor-
malised and convoluted with the TA IRF, and C

S

1

max

is the maximum S
1

concentration
then we have

C
S

1

(t) = C
S

1

max

f(t).
) �A(⁄, t) = ‘

S

1

(⁄)C
S

1

max

f(t)l + ‘
T

1

(⁄)C
T

1

(t)l (2.3)
We used a least squares fit over all wavelengths and times to obtain the best fit values
for the unknowns, C

T

1

(t) and C
S

1

max

.
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2.7.2 Three-Component Fits
It has been suggested in the literature that the intermediate 1(TT) can be observed
in some systems.60,67,85,86 We also considered this possibility by extracting a third
basis spectrum of a 1(TT) intermediate species that persists after S

1

has decayed, but
disappears before T

1

decays as described below.

1(TT) Basis Spectrum. To extract the basis spectrum of the 1(TT) component we
can again use the 1:0 TIPS-Pn:PMMA TA. Assuming SF is rapid, there exists some
time during which S

1

has completely decayed, but T
1

and the intermediate component
are still present, as indicated in Figure 2.5. As will be discussed in Chapter 4, by 40 ps
the fluorescence intensity is zero, indicating S

1

has completely decayed. This time
can thus be used for deducing the 1(TT) basis spectrum. We can extract the 1(TT)
spectrum by estimating the proportion of T

1

decay between 40 ps and 3000 ps. If we
denote this proportion p, then:

C
T

1

(3000 ps) = (1 ≠ p)C
T

1

(40 ps)
) �A(⁄, 40 ps) = ‘

T

1

(⁄)C
T

1

(40 ps)l + ‘1

(TT)

(⁄)C1

(TT)

(40 ps)l

= ‘
T

1

(⁄)C
T

1

(3000 ps)
1 ≠ p

l + ‘1

(TT)

(⁄)C1

(TT)

(40 ps)l

= �A(⁄, 3000 ps)
1 ≠ p

+ ‘1

(TT)

(⁄)C1

(TT)

(40 ps)l

) ‘1

(TT)

(⁄) =
�A(⁄, 40 ps) ≠ �A(⁄,3000 ps)

1≠p

C1

(TT)

(40 ps)l

where

C1

(TT)

(40ps) =
�A(649nm, 40ps) ≠ �A(649nm,3000ps)

1≠p

≠2 ◊ ‘
SS

(646nm)l .

The 507 nm peak, which is predominantly T
1

, decays by 27% between 40 ps and
3000 ps (see Chapter 4), so T

1

must decay somewhere between 0 and 27% (0 Æ p Æ
0.26). For simplicity, the fits presented in the main text of this study, both for the
spectral fitting and kinetic fitting, were done in the middle, assuming 15% T

1

decay
(p = 0.15). Given that a 27% decay corresponds to a decay time constant of around
10000 ps, 15% 18000 ps, and 0% an infinite lifetime, and our experimental window
is only 3000 ps, this choice does not significantly a�ect the results of the fits, but it
does slightly vary the respective magnitudes of C

T

1

and C1

(TT)

. The 27% decay implies
all the absorption at 507 nm is due to T

1

, and 0% means there is a significant 1(TT)
component there, so these two extremes give the upper and lower bounds of the amount
of T

1

produced. As such fits were additionally done for the 0% and 27% decays, and
the singlet fission yields in this study (Equation 1.1) are reported as the ranges given
by these extremes.

Given the S
1

, T
1

and 1(TT) basis spectra, we decomposed the TA as with the
2-component fit, using

�A(⁄, t) = ‘
S

1

(⁄)C
S

1

(t)

l + ‘1

(TT)

(⁄)C1

(TT)

(t)l + ‘
T

1

(⁄)C
T

1

(t) (2.4)

or with the time-resolved fluorescence for S
1

using

�A(⁄, t) = ‘
S

1

(⁄)C
S

1

max

f(t)l + ‘1

(TT)

(⁄)C1

(TT)

(t)l + ‘
T

1

(⁄)C
T

1

(t) (2.5)



2.8. Modelling Rate Processes of Singlet Fission 21

A least squares fit over all wavelengths and times measured gives C
S

1

max

, C1

(TT)

(t) and
C

T

1

(t).

2.8 Modelling Rate Processes of Singlet Fission
To provide further insight into the e�ciency of SF in TIPS-Pn/PMMA NPs, and how it
is a�ected by intermolecular separation, it is useful to fit the TA data to a kinetic model.
The exact mechanism of singlet fission is not well established, and is likely di�erent in
di�erent systems. The simplest description involves the excited S

1

population either
decaying radiatively with the rate k

S

1

, or undergoing SF with a nearby ground-state
molecule to give a pair of triplets with the rate k

SF

. This is represented schematically
in Figure 2.6, in which we have also included the excitation of S

0

with instrument
response function G(t), and the decay of T

1

with rate k
T

1

.

S0

S1

T1
G(t) kS1

kSF

kSF kT1

Figure 2.6: Schematic of a simple model of SF.

This simple model can be described by the following four equations, describing the
excitation of the ground state to give S

1

(a), SF to give two triplets (b), the decay of
S

1

to the ground state (c) and the decay of T
1

(d).

S
0

G(t)≠≠æ S
1

(a)
S

0

+ S
1

k
SF≠≠æ T

1

+ T
1

(b)

S
1

k
S

1≠≠æ S
0

(c)

T
1

k
T

1≠≠æ S
0

(d)
(2.6)

With these equations in mind the model can now described with a series of coupled
di�erential equations, representing the rate of change in di�erent populations as shown
below:

d[S
0

]
dt

=≠G(t)[S
0

] ≠ k
SF

[S
1

][S
0

] + k
S

1

[S
1

] + k
T

[T
1

];
d[S

1

]
dt

=G(t)[S
0

] ≠ k
S

1

[S
1

] ≠ k
SF

[S
1

][S
0

];
d[T

1

]
dt

=2 ◊ k
SF

[S
1

][S
0

] ≠ k
T

1

[T
1

]. (2.7)

[S
0

], [S
1

] and [T
1

] are the time-dependent concentrations of the ground, excited singlet
and excited triplet states, respectively. The IRF for the laser excitation of S

0

, G(t),
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was taken to be a Gaussian with a width given by the instrument response time. For
laser excitations in the power regimes studied in this thesis, the number of excitons
was low compared with the number of ground-state molecules. We can thus simplify
the model by assuming the rate of change of [S

0

] is approximately zero, and drop this
component. Given the abundance of S

0

, SF can be considered a pseudo-first order
process, so we can neglect [S

0

] concentration dependence in the SF terms. Redefining
k

SF

as a unimolecular rate constant, and fitting to times after the excitation pulse (i.e.
when G(t)=0), this leads to the much simpler system in Equation 2.8, which is also
represented schematically in Figure 2.7:

d[S
1

]
dt

=≠k
S

1

[S
1

] ≠ k
SF

[S
1

];
d[T

1

]
dt

=2 ◊ k
SF

[S
1

] ≠ k
T

1

[T
1

]. (2.8)

As well as neglecting [S
0

], we also assumed the power was su�ciently low such
that there was no exciton-exciton annihilation. We note, however, that many previous
studies discussed in this thesis have included annihilation, in particular to describe the
decay of T

1

. This has been done by adding a second order term, ≠k
TTA

[T
1

]2, to the
rate of T

1

decay in Equation 2.8 (i.e. including the reverse process of Equation 2.6b).
It is possible that, because of the close proximity of triplets when they are initially
formed, triplet-triplet annihilation (TTA) is in fact a major decay pathway even in
low-power studies. However, SF in TIPS-Pn is known to be exothermic (the energy
of the T

1

state relative to the ground state is less than half that of S
1

, 0.78 eV and
1.9 eV, respectively), so TTA should be disfavoured.89 Additionally, given the triplet
decay was observed to be slow, the relatively short time regimes here are unlikely to
exhibit the e�ects from TTA, so to begin with it was excluded from our model.39

T1+T1

kSF

kT1

kS1S1

Figure 2.7: Flow diagram of a simple model for SF.

A range of values have previously been reported for k
S

1

, k
T

1

, and k
SF

, or alter-
natively, their inverses ·

S

1

, ·
T

1

, and ·
SF

, as given in Table 2.2. These values vary
depending on the morphology and material studied. For TIPS-Pn, the natural lifetime
of S

1

, ·
S

1

, has been reported to be between 12 and 17 ns in solution, but in crystalline
films of pentacene without the TIPS side groups this value was found to be 10 times
shorter at 1.2 ns.38,39,47 The T

1

lifetime ·
T

1

has been measured as 2.1 µs, 6.5 µs, and
954 ps in film, solution, and NP form, respectively.47,56,83 The significantly faster decay
in the NPs is possibly due to TTA of recently separated triplets, due to slower dif-
fusion in the more disordered system. In composite TIPS-Pn/electron-acceptor films,
TTA occurred on a range of time scales between 50 and 370 ns, and triplet lifetime
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·
T

1

ranged from 500 to 3000 ns.39 The value of k
SF

also varies in di�erent studies.
In films of TIPS-Pn it is widely agreed that SF is fast, usually on a sub-picosecond
timescale.41,54,83 SF in NP form is slightly slower, with time constants on the order
of 1–3 ps, which is to be expected from a more disordered system.53,56,73 TIPS-Pn in
solution has the slowest dynamics, with triplet formation occurring on a 100 ps time
scale at high concentrations (0.075 molL≠1).47 Additonally, two time components are
often observed for SF rather than one. When this is the case the short component
is typically less than 10 ps.50,53,56,83 The wide variation of these parameters highlights
the complexity of SF. Both the formation and decay of triplets depends on pathways
that compete with SF, and how SF itself is modelled also a�ects the values obtained.
To more comprehensively describe SF and add additional complexity to the model in
Equation 2.8, we have considered the aspects outlined in the following sections.

Table 2.2: Examples of experimental time constants for TIPS-Pn. ·
S

1

is the natural lifetime
S

1

, ·
T

1

the lifetime of T
1

, and ·
SF

the time constant for SF. For TIPS-Pn films studied by
Grieco et al.,83 and in TIPS-Pn NPs, SF was fit with two time constants.

Solution Film NP

·
S

1

13 ns47

1.2 nsa 38 -17 ns39

·
T

1

6.5 µs47

2.1 µs83

954 ps56

80 ps39

·
SF

≥100 ps47

0.1 ps54

0.11-0.21 ps and 2.26-5.1 psb 83 2.9 and 169 ps56

0.08 ps41 0.22 and 1.37 ps53

0.08 psa 38

a Data for crystalline pentacence film. b For TIPS-Pn films with a range of di�erent
preparation conditions.

2.8.1 Di�usion Limited SF
A study by Roberts et al. on disordered 5,12-diphenyl tetracene films found that SF in
these films was di�usion limited.50 They observed that the S

1

decay and corresponding
T

1

rise occurred on two main time scales, one rapid and one slow. Fitting the evolution
to a biexponential function, ≥50% of the T

1

rise and S
1

decay was described by an
initial fast 1.3 ps time constant, and the rest with a slower 105 ps constant. This
is explained by considering that SF is highly dependent on the relative orientations
and separations of chromophores. In a disordered system such as the one studied by
Roberts et al., it is likely some neighbouring molecules would have an orientation and
separation favourable for SF, and others would not. Those with favourable geometry
were referred to as “SF sites”. After exciting the system, any singlet excitons near SF
sites would rapidly undergo SF, resulting in the fast time constant observed. Excitons
in other areas have to di�use to these site to undergo SF. SF from these is thus delayed,
giving the slow time component. This explanation is supported by quantum molecular
dynamics and kinetic Monte Carlo simulations by Mou et al., which were able to
reproduce the experimental data obtained by Roberts, and identify the SF sites in
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this system as pairs of molecules with a twisted stack arrangement of the backbone
fi-orbitals, close proximity and with a high number of nearest neighbours.51

This di�usion-limited behaviour has been observed in a number of systems. The
TIPS-Pn NPs studied by Tayebjee et al. exhibited biexponential decay in the time-
resolved fluorescence, which the authors also attributed to two di�erent S

1

popu-
lations.56 Again one of the populations decayed rapidly, due to fast SF, and the
other much slower due to the need to migrate to SF sites. The same has also been
concluded in studies of thin films of terrylenediimide and films of 5,11-dicyano-6,12-
diphenyltetracene by Margulies and coworkers.59,87

In terms of a rate model, this behaviour can be described by spitting the singlet
excitons into two populations, those that are located on SF sites and therefore can
undergo prompt SF, and those that require di�usion to SF sites. We refer to these
populations as S

SF

and S
D

, respectively; i.e.

[S
1

] = [S
D

] + [S
SF

].

Some S
SF

is populated by the initial excitation, resulting in the fast SF fission observed,
and the non-SF population, S

D

, is then able to di�use to available SF sites. This process
can be modelled by

d[S
D

]
dt

=≠k
S

1

[S
D

] ≠ k
D

(t)[S
D

],
d[S

SF

]
dt

=≠k
S

1

[S
SF

] + k
D

(t)[S
D

] ≠ k
SF

[S
SF

].
(2.9)

k
S

1

is the rate constant for natural radiative S
1

decay, k
SF

is the rate constant of SF, and
k

D

(t) is the rate of di�usion of S
D

excitons to a SF site. The di�usion of singlet excitons
can be described by the Smoluchowski theory of di�usion-limited reactions.90,91 If an
exciton with a di�usion constant D di�uses to a single “activator”, which traps or
absorbs excitons with a trapping radius, R, the rate of di�usion to the activator, kd, is
given by

k
d

(t)=4fiRD

A

1 + RÔ
fiDt

B

.

(2.10)

If there are multiple activators that are far apart relative to the trapping radius, this
rate is multiplied by their total number. In the context of SF, the activators are the SF
sites, and the trapping radius, R, is the distance at which an exciton is considered to
be “on” this site. This is equivalent to the maximum distance an exciton can be from
a SF site and still undergo SF.38,50 The rate of di�usion of S

D

to S
SF

is then given by

k
D

(t)=4fiRDc
SF

A

1 + RÔ
fiDt

B

,

(2.11)

where c
SF

is the total number of singlet fission sites. Note that this expression is only
valid if there are many more SF sites than excitons, such that c

SF

can be considered
constant.
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The ranges of D and R depend on the morphology of the system studied. For the
diphenyl tetracene films studied by Roberts et al., D was found to be 1.5◊10≠5 cm2s≠1

and R 0.43 nm.50 In this system the phenyl groups hinder crystal growth, resulting in
a disordered film. In contrast, di�usion in ordered tetracene crystals is much faster,
with D reported as high as 4◊10≠2 cm2s≠1.92 In another study on an ordered system
of microcrystalline pentacene films the fitted D and R are 5◊10≠4 cm2s≠1 and 1 nm,
respectively.38,93 In perylene crystals, D was found to be 5◊10≠5 cm2s≠1.94 The higher
di�usion constant of crystalline tetracene suggests that the crystals are less susceptible
to deformations. It is expected that in a system such as the TIPS-Pn/PMMA NPs
studied here, the disordered arrangement and increased spacing will result in a much
lower di�usion constant, around the same order as the disordered diphenyl tetracene
films.

2.8.2 Singlet Exciton Trap Sites
A study by Marciniak et al. on SF in microcrystalline pentacene films modelled the SF
process by including S

1

traps.38 Typically, trap sites are sites with lower energies than
their surroundings, such that once occupied, excitons lack the energy to hop out of
them. Here we consider S

1

trap sites as sites where these excitons additionally cannot
undergo SF. In highly crystalline materials, such as the films studied by Marciniak et
al., these sites are caused by deformations or imperfections in the crystalline structure.
Singlet trap sites have additionally been observed in materials such as thin films of
1,3-diphenylisobenzofuran,64 and in more disordered systems such as TIPS-Pn NPs.
The traps sites in TIPS-Pn NPs prepared by Tayebjee et al. were suggested to have
arisen from a slow conversion of the morphology from an amorphous weakly coupled
system, to one with strong coupling and more order.56,73 In the case of more disordered
systems, including the TIPS-Pn/PMMA NPs, we hypothesise that S

1

traps may also
arise from particularly stable geometries or large intermolecular separations. These can
be modelled as a separate population of S

1

, to which excitons are allowed to migrate
to, but not away from.

If we include the SF sites discussed above (section 2.8.1), the S
1

decay can now be
expressed with a 3-population model:

[S
1

]=[S
D

] + [S
SF

] + [S
trap

];

d[S
D

]
dt

=≠k
S

1

[S
D

] ≠ k
trap

(t)[S
D

] ≠ k
D

(t)[S
D

];
d[S

trap

]
dt

=≠k
S

1

[S
trap

] + k
trap

(t)[S
D

];
d[S

SF

]
dt

=≠k
S

1

[S
SF

] + k
D

(t)[S
D

] ≠ k
SF

[S
SF

].
(2.12)

Di�usion of S
D

to trap sites can be described in the same way as SF sites:

k
trap

(t)=4fiRDc
trap

A

1 + RÔ
fiDt

B

,

(2.13)
where c

trap

is the total number of trap sites in a NP. As with Equation 2.11, to apply
this rate there must be many more trap sites than excitons.
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2.8.3 Intermediate States
As discussed in Section 2.7, it is possible for the 1(TT) state to be an observable inter-
mediate. Recently, SF intermediates have been observed in systems such as crystalline
pentacene,57 crystalline tetracene,58 films of terrylenediimide,59 and covalently linked
tetracene dimers.60 In some cases this was identified as an excimer intermediate; an
emissive state where an excitation is delocalised over a pair of molecules.29,47,61–63 It is
also thought that real or virtual charge transfer (CT) states could be involved in the
formation of 1(TT), so there may be multiple intermediate species as well.45,57–59,66–68

Regardless of the nature of the 1(TT) intermediate, and how it is formed, the
fact that it has previously been identifiable means it is important to include in SF
models. If it is neglected, any spectral contributions from the 1(TT) state will instead
be attributed to other species. Mixing with the T

1

absorption, for example, can result
in an overestimate of the T

1

concentration and consequently the SF yield.
If CT states act as a real intermediate to 1(TT), it may also be beneficial to model

their contribution and include an additional component in the kinetic model. But for
now we consider this beyond the scope of this thesis (and as will be discussed in the
results a fourth species is not necessary for an adequate fit to the experimental data).

To account for the possibility of an observable 1(TT) state, and including SF and
trap sites, Equation 2.7 can be modified to

d[S
D

]
dt

= ≠k
S

1

[S
D

] ≠ k
trap

(t)[S
D

] ≠ k
D

(t)[S
D

];
d[S

trap

]
dt

= ≠k
S

1

[S
trap

] + k
trap

(t)[S
D

];
d[S

SF

]
dt

= ≠k
S

1

[S
SF

] + k
D

(t)[S
D

] ≠ k
SF

[S
SF

];
d[1(TT)]

dt
= k

SF

[S
SF

] ≠ k
diss

[1(TT)] ≠ k1

(TT)

[1(TT)];
d[T]
dt

= 2 ◊ k
diss

[1(TT)] ≠ k
T

1

[T]. (2.14)

k
SF

now represents the rate constant at which excitons on SF sites form the 1(TT) in-
termediate, and k

diss

is the rate the 1(TT) dissociates into individual separated triplets.
We also consider the possibility of 1(TT) decaying to the ground state instead of sep-
arating, with rate k1

(TT)

. All of the processes considered in this more complex model
are described in Figure 2.8.

S0

Strap

T1
kS1

kSF

kT1

SD SSF

kD(t)

kS1 kS1

1(TT)

ktrap(t)

k1(TT)

kdiss

Figure 2.8: Schematic of SF including di�usion, singlet traps and triplet pair intermediate
species.
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As will be discussed in Chapter 5 of the results, the simple sequential model of
S

1

to 1(TT) to T
1

is unable to capture both a fast formation of T
1

and a long-lived
component of 1(TT). This also cannot be described by exciton di�usion, so to capture
this we instead propose splitting 1(TT) into two populations, 1(TT)

A

and 1(TT)
B

.

[1(TT)] = [1(TT)
A

] + [1(TT)
B

]

Similar to how the multiple S
1

populations allow a fast and a slow S
1

decay, one of
the intermediate states, 1(TT)

A

can dissociate rapidly into a separated T
1

, whilst the
other slowly decays non-radiatively, giving a long lived component. Then, when S

SF

undergoes SF, it forms either 1(TT)
A

or 1(TT)
B

, with rate constants k
SF

A

and k
SF

B

,
respectively, giving the modified model,

d[S
D

]
dt
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1
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];
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]
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];
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SF
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];
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= k
SF

B

[S
SF
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diss

[1(TT)
B

];
d[T

1

]
dt

= 2 ◊ k
diss

[1(TT)
B

] ≠ k
T

1

[T], (2.15)

which is also represented by the flow diagram in Figure 2.9.

kS1kS1

kD(t)ktrap(t)

k1(TT) kdiss

kT1

kSFA kSFB

1(TT)B

T1+T1

1(TT)A

Strap SSFSD

Figure 2.9: Flow diagram of the full kinetic model used to describe SF, given in Equation
2.15.

2.8.4 Fitting the Kinetic Model to Experimental Data
Fitting a kinetic model to the TA data involves first solving the series of coupled
di�erential equations. If we model n populations, with time-dependent concentrations
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C
1

(t), C
2

(t), ...Cn(t), then the system of di�erential equations can be generalised as

dC
1

(t)
dt

= f
1

(t);
dC

2

(t)
dt

= f
2

(t);
...

dCn(t)
dt

= fn(t); (2.16)

where f
1

(t), f
2

(t), ....fn(t) are some functions of concentration and time. Given initial
conditions this system can be solved using a 4th order Runge-Kutta algorithm.95,96 The
solutions, C

1

(t), C
2

(t)...Cn(t) were then convoluted with the TA instrument response
function (IRF), which was a Gaussian with a FWHM width of 0.15 ps (the instrument
response time):

IRF(t) = e
≠

1
(t≠t

0

)0.15

2 ln 2

2
2

The convoluted solutions, (C
1

ú IRF )(t), (C
2

ú IRF )(t)...(Cn ú IRF )(t) were then
used to construct a fitted TA spectra:

�A
fit

(⁄, t) = (C
1

ú IRF )(t)‘
1

(⁄)l + (C
2

ú IRF )(t)‘
2

(⁄)l + . . . + (Cn ú IRF )(t)‘n(⁄)l

where ‘i is the extinction coe�cient (or basis spectra) of population i. These were the
same as the basis spectra determined in Section 2.7. Finally, the sum of squares of
residuals between the fitted and experimental TA spectra were calculated as

SSres =
ÿ

t

ÿ

⁄

(�A
fit

≠ �A
exp

)2 .

The above is done iteratively, changing the rate constants and initial conditions of
the kinetic equations until the sum of squares of residuals were minimised, using the
fmincon function in Matlab.

2.9 Calculations
The methods for calculating the average intermolecular separation of TIPS-Pn mole-
cules and their concentration in the NPs of various TIPS-Pn:PMMA mass ratios are
outlined below. Additionally, in the kinetic fits of the TA and time-resolved fluores-
cence in Chapter 5, the value of the trapping radius, R, was calculated using a Poisson
distribution and fitted values of c

SF

, which is also outlined here.

2.9.1 Average Intermolecular TIPS-Pn Separation
The average intermolecular separation between TIPS-Pn molecules was estimated using
the mass ratio between TIPS-Pn and PMMA, and their respective densities. If m

PMMA

is the mass of PMMA in the nanoparticle and m
TIPS

is the mass of TIPS-Pn, then for
a NP with TIPS-Pn:PMMA mass ratio 1 : –,

m
PMMA

= –m
TIPS

. (2.17)
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The total density of the NP, fl
Total

is given by the total mass of the nanoparticle m
Total

=
m

PMMA

+ m
TIPS

over the total volume of the nanoparticle V
Total

= V
PMMA

+ V
TIPS

,

fl
Total

= m
Total

V
Total

= m
TIPS

+ m
PMMA

V
TIPS

+ V
PMMA

. (2.18)

Making use of the mass ratio we can then express this in terms of the densities of
TIPS-Pn and PMMA, fl

TIPS

and fl
PMMA

,

fl
Total

= m
TIPS

+ –m
TIPS

V
TIPS

+ V
PMMA

= (1 + –)m
TIPS

V
TIPS

+ V
PMMA

= (1 + –)fl
TIPS

V
TIPS

V
TIPS

+ V
PMMA

= (1 + –)fl
TIPS

1 + V
PMMA

V
TIPS

= (1 + –)fl
TIPS

1 + m
PMMA

fl
TIPS

fl
PMMA

m
TIPS

= (1 + –)fl
TIPS

1 + – fl
TIPS

fl
PMMA

= (1 + –)fl
TIPS

fl
PMMA

fl
PMMA

+ –fl
TIPS

. (2.19)

If the average separation between evenly dispersed particles is d, then each particle
can be surrounded by a cube of width d such that no other particles are in the box, as
illustrated in Figure 2.10. Then we can approximate:

Total Volume of Nanoparticle
Number of TIPS-Pn molecules ¥ d3

) d3 ¥ V
Total

N

= V
Total

m
TIPS

MW
TIPS

NA

= V
Total

MW
TIPS

m
TIPS

NA

= V
Total

MW
TIPS

fl
TIPS

V
TIPS

NA

= MW
TIPS

fl
TIPS

V
TIPS

V
Total

NA

= MW
TIPS

fl
TIPS

m
TIPS

fl
Total

fl
TIPS

m
Total

NA
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Figure 2.10: Evenly spaced TIPS-Pn molecules (represented by small spheres) inside a
nanoparticle. Each molecule can be surrounded by a cube of width d, the average intermolec-
ular distance between molecules, making the volume of that cube, which is approximately
the volume of nanoparticle per TIPS-Pn molecule, d3.

= MW
TIPS

m
TIPS

m
Total

fl
Total

NA

= MW
TIPS

1

–+1

fl
Total

NA

= MW
TIPS

(– + 1)
fl

Total

NA
, (2.20)

where N is the number of TIPS-Pn molecules inside the nanoparticle, MW
TIPS

is the
molecular weight of TIPS-Pn, and NA is Avogadro’s number. Then using the expression
for fl

Total

found before (equation 2.19) we have:

d3 ¥ MW
TIPS

(fl
PMMA

+ –fl
TIPS

)
fl

TIPS

fl
PMMA

NA

) d ¥ 3

Û
MW

TIPS

(fl
PMMA

+ –fl
TIPS

)
fl

TIPS

fl
PMMA

NA
. (2.21)

Given MW
TIPS

= 639.07 gmol≠1, fl
TIPS

= 1.104 gcm≠3 and fl
PMMA

= 1.188 gcm≠3 we
obtain the average separations given in Table 2.3.
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Table 2.3: Intermolecular separation between TIPS-Pn molecules determined for di�erent
TIPS-Pn:PMMA mass ratios (calculated using Equation 2.21) and the average concentration
of TIP-Pn per NP (calculated using Equation 2.23).

TIPS-Pn:PMMA
mass ratio (1:–)

Intermolecular TIPS-Pn
separation (d) (nm)

Concentration of TIPS-Pn
per NP (c

total

) (molL≠1)
1:0 0.99 1.73

1:0.5 1.12 1.18
1:1 1.23 0.90
1:3 1.54 0.46
1:5 1.76 0.31
1:7 1.93 0.23
1:10 2.15 0.17
1:20 2.66 0.09
1:100 4.49 0.02

2.9.2 Average Concentration of TIPS-Pn in a Nanoparticle
It is also possible to calculate the concentration of TIPS-Pn per NP. If the average
separation between TIPS-Pn molecules is d, then the average volume occupied by 1
TIP-Pn is d3. Then the number of TIPS-Pn molecules per volume is given by

Number of TIP-Pns per volume = 1
volume per TIPS-Pn

= 1
d3

, (2.22)

and the TIPS-Pn concentration in a NP in molL≠1 is given by

c
total

= 1
d3NA

, (2.23)

where d is in dm. The concentrations per NP are given in Table 2.3.

2.9.3 Poisson Distribution to Determine Trapping Radius
In the kinetic fitting of the TA spectra of TIPS-Pn:PMMA NPs, the di�usion of singlet
excitons to SF sites is given by the rate

k
D

(t) = 4fiRDc
SF

(1 + RÔ
fiDt

), (2.24)

where t is time, c
SF

is the total concentration of SF sites in a NP, D is the di�usion
constant and R is the maximum distance a singlet exciton can be from the center of
a SF site and undergo SF, or the trapping radius. If we take a SF site to be two
TIPS-Pn molecules separated by a maximum distance of d

SF

, as shown in Figure 2.11,
then R = 1

2

d
SF

.
The value of c

SF

obtained from kinetic fits to the TA spectra can be used to de-
termine the proportion of TIPS-Pn molecules that are SF sites, 2◊cSF

c
total

, where c
total

is
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Figure 2.11: TIPS-Pn (blue circles) within a PMMA matrix NP. Define the maximum
distance possible for SF as d

SF

and the volume surrounded by the dashed line as the SF site.

the total concentration of TIPS-Pn in a NP (Table 2.3). Then the probability of two
TIPS-Pn molecules having a separation possible for singlet fission is given by

P (separation Æ d
SF

) = 2 ◊ c
SF

c
total

. (2.25)

If we then take a sphere of volume V = 4

3

fid3

SF

as in Figure 2.11, the probability of
finding two or more TIPS-Pn molecules inside V is equivalent to the probability finding
two TIPS-Pn molecules with a separation of d

SF

or less,

P (no. of pentacenes in V Ø 2) = P (separation Æ dSF ) = 2 ◊ cSF

c
total

. (2.26)

We assume the probability of observing k molecules inside V follows a poisson distri-
bution,

P (k) = e≠⁄⁄k

k! , (2.27)

where ⁄ is the average number of pentacenes in V ,
⁄ = no. pentacenes per volume ◊ V = c

total

◊ V. (2.28)

Then we have
P (k Ø 2) = 1 ≠ P (k = 0) ≠ P (k = 1)

= 1 ≠ e≠⁄ ⁄0

0! ≠ e≠⁄ ⁄1

1!
= 1 ≠ e≠⁄ ≠ e≠⁄⁄,

) 1 ≠ e≠c
total

V ≠ e≠c
total

V c
total

V = 2 ◊ cSF

c
total

.

(2.29)
Given cSF we can solve Equation 2.29 for V . Then

R = d
SF

2 = ( 3
4fi

V ) 1

3 . (2.30)
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CHAPTER 3
Characterisation of Aqueous

TIPS-Pn/PMMA Nanoparticles

To determine the e�ect of intermolecular distance on SF, aqueous dispersions of mixed
TIPS-Pn/PMMA nanoparticles were prepared with various di�erent mass ratios. It is
expected that each resulting particle will be a mixture of randomly arranged TIPS-Pn
and PMMA, with proportions reflecting the mass ratios used to prepare them. The
average intermolecular separation of TIPS-Pn in the NPs can thus be controlled by
varying the mass ratio, with higher proportions of PMMA leading to larger intermolec-
ular separations. In the following chapter we present evidence that the arrangement of
TIPS-Pn in the NPs is random, and that TIPS-Pn and PMMA do not phase separate.
We additionally outline some characteristic properties of the NPs, including size, sta-
bility in solution, steady-state absorption and steady-state fluorescence. For simplicity,
each sample in this chapter will be referred to by its mass ratio. The convention is al-
ways TIPS-Pn:PMMA, and full details of the compositions can be found in Section 2.1
of Chapter 2.
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3.1 Nanoparticle Formation
Aqueous dispersions of TIPS-Pn/PMMA NPs were prepared by the reprecipitation
method, as outlined in Section 2.1 of Chapter 2. The resulting suspensions were a
clear blue colour, as shown in Figure 3.1, with no visible aggregation. UV-visible
absorption spectra were taken before and after filtration through 250 nm pores, with
no change in absorption observed. This result confirms that nanoparticles less than
250 nm in size were formed, with no aggregation. The suspensions were stable as a
colloidal suspension for a number of months, but some oxidation is observed after a
few days. Details of NP stability and degradation are given in Section 3.5.

Figure 3.1: TIPS-Pn in THF (left) and TIPS-Pn NPs in water (right). Both have a
concentration of ≥0.1 g L≠1.

3.2 Nanoparticle Size
Scanning electron microscopy (SEM) images were taken to determine the size of the
NPs, as described in Section 2.3. Approximately 0.001 g L≠1 of neat TIPS-Pn NPs
(with no surfactant) was passed through a filter (250 nm pores) directly onto a clean
silicon wafer to reduce the presence of impurities from the sample vial and water.
The resultant images are given in Figure 3.2 (a) and (b), showing evenly dispersed
particles around 40 nm in size. To confirm the observed particles were the TIPS-Pn
NPs and not impurities, water was kept in an identical sample vial and filtered onto
another silicon wafer. The resultant SEM, Figure 3.2 (c), is featureless. Given the
only di�erences between the two samples was the TIPS-Pn NPs, it follows that the
particles in images (a) and (b) are TIPS-Pn. A single distribution of particle sizes was
observed, as shown in Figure 3.3. The size distribution is consistent with the sizes of
previously studied nanoparticles prepared by the same method.53,56 Given that NPs of
all TIPS-Pn:PMMA mass ratios studied were filtered through 250 nm pores with no
change in maximum absorbance, these must also have an average diameter less than
250 nm.
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(a) NPs at 500 nm. (b) NPs at 1 µm. (c) Blank silicon wafer
(coated with water instead of
NP solution) at 2 µm

Figure 3.2: Scanning Electron Microscopy (SEM) images of neat TIPS-Pn NPs. (a) shows
round particles around 40 nm in diameter and (b) shows the wider NP size distribution. The
blank image in (c) confirms identity of NPs in images (a) and (b).

Figure 3.3: Size distribution of neat TIPS-Pn nanoparticles determined from SEM images.

3.3 Steady-State Absorption

The UV-visible absorption spectra of the di�erent TIPS-Pn:PMMA mass ratios pre-
pared are compared with TIPS-Pn in solution (THF) in Figure 3.4a. Previously, TIPS-
Pn has been studied in crystalline forms, where the types of molecular packing and
strength of coupling between molecules are reflected in the steady-state spectra. Ag-
gregate features distinct from solution-phase ones have been observed in a number
of studies of crystalline TIPS-Pn films,39,47,74,83 as have similarly been observed for
pentacene38 and tetracene.50 Crystalline domains of highly coupled brickwork pack-
ing have also been reported in NPs of TIPS-Pn, again resulting in a distinct spectral
feature from solution.56,73 In contrast, the spectra of the NPs in Figure 3.4 are nearly
identical to the solution spectra, with no aggregate features, even after a number of
days in storage (see Section 3.5 on NP stability). This result suggests weak electronic
coupling between TIPS-Pns inside the NPs due to a highly amorphous arrangement,
with negligible crystalline domain formation. We therefore assume that TIPS-Pn is
randomly distributed inside the NP as represented in the illustration in Figure 3.5,
where the dots represent TIPS-Pn molecules, randomly arranged in a PMMA matrix
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Figure 3.4: (a) UV-Vis spectra of NPs with di�erent TIPS-Pn:PMMA mass ratios and pure
TIPS-Pn in solution (THF). The similarity of the NP and solution spectra suggests that the
TIPS-Pn molecules are not electronically coupled and are evenly dispersed as illustrated in
Figure 3.5.

which constitutes the bulk of the NP. ú

Figure 3.5: Illustration of randomly dispersed TIPS-Pn molecules with average intermolec-
ular separation d, embedded in a PMMA NP. The TIPS-Pns are represented by dots and the
PMMA chains constitute the bulk of the NP. For the 1:0 sample, no PMMA is present, so
the NP is entirely TIPS-Pn.

Given this amorphous arrangement we can approximate the average center-to-center
distance, or intermolecular separation, d, between neighboring TIPS-Pns in a NP,
by using the mass ratio and the densities of TIPS-Pn and PMMA. The resultant
separations are given in Table 3.1, with details of the calculations shown in the methods
chapter (Section 2.9.1). Previous studies of neat TIPS-Pn NPs by Tayebjee et al.
and Pensack et al. have also reported an amorphous arrangement based on similar

úIt is also possible that the molecules could take a more clustered or left-skewed distribution, which
could result in di�erent average intermolecular separations than those calculated here. However, the
overall trend with proportion of PMMA would be the same, so for simplicity we assume a purely
random distribution.
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Table 3.1: Range of di�erent TIPS:PMMA mass ratios used to prepare NPs and the corre-
sponding average intermolecular separation between TIPS-Pn molecules.

TIPS-Pn:PMMA
Mass Ratio

Intermolecular
Separation d (nm)

1:0 0.99
1:0.5 1.12
1:1 1.23
1:3 1.54
1:5 1.76
1:7 1.93
1:10 2.15

arguments.53,56,73 It should be noted, however, that the NPs prepared by Tayebjee et al.
eventually experienced a morphological evolution to a more strongly coupled system,
with an additonal spectral feature at 700 nm.56 This evolution was not observed here,
likely due to subtle di�erences in the preparation procedure. A recent study by Pensack
et al. was able to reproduce this evolution, and attributed it to co-precipitation with a
chemical additive from the syringe used in NP preparation.73 The lack of this additive
in our preparation is likely the reason the morphology does not change.

The series of peaks at 650, 590 and 550 nm represent the S
0

æS
1

0–0, 0–1, and 0–2
vibronic transitions, and the smaller series from 440 nm represent the S

0

æS
2

transi-
tions.97 The transitions become red shifted from those in solution as the proportion
of PMMA is decreased, with the 1:10 TIPS-Pn:PMMA sample the least shifted and
most solution-like. This supports the trend in intermolecular separations in Table 3.1,
because as the proportion of PMMA increases, the molecules become more isolated
and thus more solution-like. The largest redshift, of the 1:0 sample, was also observed
in the amorphous NPs prepared by Tayebjee et al. and Pensack et al..

3.4 Steady-State Fluorescence
The steady-state fluorescence spectra of the samples are shown in Figure 3.6. After
excitation at 590 nm, fluorescence was detected with a peak at ≥660 nm and a shoul-
der ≥700 nm, reflecting the 0–0 and 0–1 vibronic transitions. As the intermolecular
spacing between TIPS-Pn is decreased, the fluorescence intensity decreases with negli-
gible change in the spectral shape, and by the 1:1 sample is e�ectively quenched. This
phenomenon is illustrated in Figure 3.6 (b), where the maximum fluorescence intensity
approaches zero as separation is decreased. One possibility for this quenching is an in-
crease in self absorption. When TIPS-Pns are more closely packed, an emitted photon
has a higher probability of encountering another TIPS-Pn and being absorbed again,
however it is unlikely that self-absorption would quench the fluorescence to the extent
seen here. Another explanation is the increase of a non-radiative decay pathway that
competes with fluorescence, such as singlet fission (SF).
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Figure 3.6: (a) Steady-state fluorescence of TIPS-Pn/PMMA NPs. (b) Variation of the
maximum fluorescence intensity as a function of average intermolecular TIPS-Pn separa-
tion. The fluorescence was divided by absorption at the 590 nm peak to account for various
concentrations.

3.5 Degradation and Colloidal Stability
It is important that the TIPS-Pn/PMMA NPs do not aggregate or degrade in the
time period they are studied. To illustrate the colloidal and chemical stability of the
NPs, Figure 3.7 shows the steady-state absorption spectra of the 1:0 and 1:10 samples
at 6.5 and 31 weeks after preparation, respectively. The samples were also refiltered
through 250 nm pores to check for aggregation, with the spectra shown on the same
axes. After 6.5 weeks the absorbance of the 1:0 sample was 60% lower than when it was
first prepared. However, the spectra of the filtered and unfiltered samples are identical,
implying no significant aggregation had occurred. The decrease is therefore due to the
degradation of the TIPS-Pn molecules rather than the nanoparticles aggregating. This
is additionally accompanied by an increase in absorbance below 450 nm, implying the
formation of a new species. TIPS-Pn has previously been described to degrade under
ambient conditions by reacting with oxygen to form endoperoxides.98–100 The 6,13-
endoperoxide of TIPS-Pn has been identified as the main product of this reaction, which
has no visible absorption, however, 5,14-endoperoxide is also formed in small quantities
and is known to absorb below 450 nm, which accounts for the increase in absorption
there.100 This is distinct from the spectral features observed in crystalline TIPS-Pn, so
we conclude that no morphological evolution of TIPS-Pn occurs, and the arrangement
in the NP stays amorphous. The 1:10 sample only degraded by 20% over 31 weeks, and
similarly no aggregation was observed. The increased chemical stability of this sample
could be due to the surrounding PMMA chains limiting the contact of TIPS-Pn with
dissolved oxygen in solution, however an alternative explanation could be a reduced
amount of SF. TIPS-Pn triplets react with oxygen triplets to form endoperoxides, so
less SF in the 1:10 sample would lead to less triplets and thus less degradation. This
could be confirmed by replacing TIPS-Pn with a material that undergoes intersystem
crossing to form triplets rather than SF, but this is beyond the scope of this thesis.

The degradation discussed here occurs on a much longer timescale than what was
needed for spectroscopy experiments, but, to minimise the e�ect of degradation, sam-
ples were used within 24 hours of preparation, and the absorption spectra taken be-
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Figure 3.7: Oxidation and colloidal stability of the TIPS-Pn/PMMA NPs. (a) 1:0 sample
over 6.5 weeks. (b) 1:10 sample over 31 weeks. The 1:0 sample degrades significantly more
than the 1:10, but neither samples aggregate (in the 1:0 case the unfiltered and filtered 6.5
week spectra are coincident).

fore and after experiments. After transient absorption and fluorescence experiments
(roughly 90 minutes of laser exposure) absorption was only observed to decrease by 5%
or less.

3.6 Conclusions
To summarise, it has been demonstrated that TIPS-Pn/PMMA NPs of mass ratios
ranging from 1:0 to 1:10 TIPS-Pn:PMMA are able form colloidal suspensions in water
that are stable for a number of weeks. The size of the neat 1:0 NPs was around 40 nm in
diameter, and the remaining samples are expected be similar, with a diameter at least
less than 250 nm. Further SEM experiments are required to confirm the actual size,
but in any case this should not significantly a�ect any of the optical process studied.
For one, the average intermolecular TIPS-Pn separation is independent of NP size, and
additionally, the exciton di�usion length is much smaller than 40 nm. With regards
to the morphology of the NPs, the visible absorption spectra of TIPS-Pn in the NPs
are nearly identical to TIPS-Pn in solution, indicating that no crystalline domains are
present and that the distribution of TIPS-Pn molecules is random. Additionally the
gradual blue shift as proportion of PMMA is increased indicates the NPs are becoming
more isolated. As such for the remainder of this thesis we take the average intermolecu-
lar separations as those calculated in Chapter 2. Lastly the steady-state fluorescence of
the NPs is quenched as proportion of PMMA, or intermolecular separation is decreased.
This is potentially due to an increase in the rate of SF.
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CHAPTER 4
Spectroscopic Analysis of Singlet Fission in

TIPS-Pn/PMMA Nanoparticles

The TIPS-Pn/PMMA nanoparticles described in Chapter 3 are a useful system to
study the occurrence of singlet fission (SF). TIPS-Pn is known to undergo SF with
high e�ciencies.41,47,53,54,56,83 By controlling the intermolecular separation of TIPS-Pn
molecules in a NP, we can investigate the e�ect of distance on the dynamics of SF and
related processes. In this chapter, ultrafast time-resolved spectroscopic techniques are
used to study the evolution of excited states in di�erent TIPS-Pn:PMMA NPs on fs
to ns timescales. Initially time-resolved fluorescence is used to trace the lifetime of
the excited singlet population, and then transient absorption measurements are used
to elucidate the presence of triplets. Two systems where SF does not occur are also
studied, a 1:100 TIPS-Pn:PMMA sample and a dilute TIPS-Pn solution in toluene.
This allows the characteristics of the excited singlet state in a NP environment to be
determined, in order to separate them from the triplet in the TA. The data can then
be resolved into the respective contributions from each excited-state population, and
the concentrations of these populations determined as a function of time, without the
need to assume any specific kinetic model.
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4.1 Time-resolved Fluorescence
In Section 3.4, the steady-state fluorescence of TIPS-Pn/PMMA NPs was observed
to decrease with decreasing TIPS-Pn intermolecular separation. To investigate the
source of this behaviour, the decay kinetics of the 655 nm fluorescence peak was mon-
itored using time-resolved fluorescence upconversion (UC) spectroscopy, as described
in Chapter 2 (Section 2.4). The UC data are plotted together over 300 ps and 25 ps
in Figure 4.1, and each time-resolved trace is shown individually in Figure 4.2 fitted
to the sum of exponentials I(t) = q

n An exp(≠t/·n) and convoluted with a Gaussian
0.45 ps instrument response function. The parameters for these fits are given in Ta-
ble 4.1. Each fluorescence decay is able to be fit with 3 or fewer exponentials (n Æ 3)
with fast, intermediate and slow decay time constants, ·

1

, ·
2

, and ·
3

, respectively.
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Figure 4.1: Time-resolved fluorescence upconversion data of NPs after 440 nm excitation
(a) over 300 ps and (b) over the first 25 ps.

Table 4.1: Fitting parameters for the fluorescence UC data of TIPS-Pn:PMMA NPs.a

sample A
1

b ·
1

(ps) A
2

·
2

(ps) A
3

·
3

(ps)c

1:0 1.00 3.9±0.2 – – – –
1:0.5 0.94±0.03 2.2±0.2 0.06±0.03 40±30 – –
1:1 0.89±0.03 3.9±0.3 0.11±0.04 40±20 – –
1:3 0.84±0.04 8.7±0.6 0.15±0.04 90±40 0.01±0.01 12000
1:5 0.79±0.01 9.1±0.4 0.19±0.01 430±90 0.02±0.01 12000
1:7 0.71±0.02 18±1 0.24±0.02 500±100 0.06±0.01 12000
1:10 0.71±0.06 48±6 0.17±0.06 400±200 0.13±0.01 12000

a Data fitted to a multi-exponential function f(t) =
q

n Ane≠t/·n with an instrument response time
of 0.45 ps. Unconstrained parameters are shown with a 90% confidence interval. b Amplitudes
normalized so

q
n |An| = 1. c Fixed to natural singlet lifetime obtained from TCSPC measurements.

As the UC measurements were limited to a ≥2.5 ns window, the ns-scale dynamics
of the samples’ fluorescence decay was obtained using time-correlated single photon
counting (TCSPC), as described in Section 2.5. Fits to the TCSPC data of the NP
samples are shown in Figure 4.3, with fit parameters in Table 4.2. In addition to the
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Figure 4.2: Fluorescence UC data for the TIPS-Pn:PMMA NPs. All samples fit to a sum
of exponentials with a long time component of 12 ns. Fit parameters are given in Table 4.1.

NP samples, a 10≠5 M TIPS-Pn solution in toluene was measured (Figure 4.4), which
is su�ciently dilute to assume negligible intermolecular interactions between TIPS-Pn
molecules over the duration of the experiment.47 Because there are no additional sin-
glet decay pathways in this sample, such as SF, the decay of the solution TIPS-Pn
fits to a single exponential with a time constant of · = 12 ns. This is assigned to
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the intrinsic singlet lifetime, in good agreement with other studies of TIPS-Pn.39,47

This lifetime also matches the slowest decays observed in the TCSPC measurements
of the NPs, thus we have used it to constrain the long time constants in the fits of the
time-resolved fluorescence data. This is particularly necessary for the UC data as the
experimental time window is much shorter than the natural singlet lifetime. The two
shorter time components of the UC data, ·

1

and ·
2

, were fit without constraints. As
the proportion of PMMA is increased, the fluorescence becomes significantly more long
lived, which is reflected in the fit parameters. Given the only fluorescent species present
is the S

1

state, this indicates a decrease in S
1

lifetime due to the presence of nonra-
diative decay pathways, which become more dominant as the TIPS-Pn intermolecular
separation decreases. Only the neat 1:0 NP sample is able to be fit with a single, fast
exponential with ·

1

= 3.9 ps. The other TIPS-Pn:PMMA blend NPs require a second
exponential with an intermediate time constant ·

2

, indicating the presence of a second
type of nonradiative decay pathway, or a second population of singlet excitons.50,56 As
the proportion of PMMA, and hence intermolecular separation, increases, the ampli-
tude of this intermediate time constant grows, as does the natural singlet decay, ·

3

.
·

1

consequently becomes less dominant, and both ·
1

and ·
2

also become slower with
increased separation. This change in fluorescence lifetimes confirms that the quench-
ing of steady-state fluorescence is due to non-radiative decay pathways, rather than
self-absorption (which would decrease the magnitude of fluorescence at all times, not
the lifetime). As the instrument response function of the TCSPC data is so slow (60
ps), it is not used to make any significant conclusions about trends in the lifetimes of
the NPs other than ·

3

, which, as with UC, increases in amplitude with intermolecular
separation.

There is a slight inconsistency in the general trend, as can be seen from the raw
UC data of the 1:0 and 1:0.5 samples in Figure 4.2 (b). The 1:0.5 sample has a faster
·

1

than the 1:0 sample and can be seen to decay faster until ≥10 ps. Because the
proportion of PMMA in this sample is so small, the intermolecular distance for 1:0
and 1:0.5 are very similar, and the di�erence between decay time constants is within
experimental error.

Finally, TCSPC data is also given for a 1:100 TIPS-Pn:PMMA sample in Fig-
ure 4.4a. This sample was additionally included for the the purposes of obtaining a
pure singlet TA spectrum, as discussed in Section 4.3. Because of the large TIPS-Pn
separation in this sample (≥5 nm) it is expected that no SF would occur. Similar
to the dilute solution (Figure 4.4b), the TCSPC of this sample shows a single 12 ns
exponential decay, confirming this is in fact the case.
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Figure 4.3: TCSPC data for the TIPS-Pn:PMMA nanoparticles. All samples fit to a sum of
exponentials with a long time component of 12 ns. Fitting parameters are given in Table 4.2.
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Figure 4.4: TCSPC data for (a) 1:100 ratio TIPS-Pn:PMMA nanoparticles and (b) 10≠5 M
TIPS-Pn solution in toluene. Both samples are fit to single-exponential decay with a time
constant of 12 ns.

Table 4.2: Fitting parameters for the TCSPC data, including the fits for 10≠5 M TIPS-Pn
solution in toluene, and the 1:100 sample of NPs.a

sample A
1

b ·
1

(ns) A
2

·
2

(ns)
1:0 0.97±0.09 0.46±0.02 0.03±0.002 12

1:0.5 0.85±0.07 0.90±0.05 0.15±0.002 12
1:1 0.90±0.02 1.01±0.03 0.10±0.002 12
1:3 0.88±0.01 1.63±0.04 0.117±0.004 12
1:5 0.88±0.01 1.77±0.05 0.119±0.01 12
1:7 0.86±0.01 1.91±0.05 0.145±0.01 12
1:10 0.61±0.02 2.7±0.2 0.394±0.01 12
1:100 – – 1.00 12

solution – – 1.00 12

a Data fitted to a multi-exponential function f(t) =
q

n Ane≠t/·n with an instrument response time of
0.6 ns. Unconstrained parameters are shown with a 90% confidence interval. b Amplitudes normalised
so

q
n |An| = 1.



4.2. Transient Absorption Spectroscopy 47

4.2 Transient Absorption Spectroscopy
To investigate the origin of the non-radiative decay observed in time-resolved fluores-
cence, transient absorption (TA) spectra were collected over 460–800 nm, exciting the
S

0

æS
2

transition at 440 nm. Previous time-resolved studies of TIPS-Pn have shown
the excitation energy has minor impact on exciton dynamics and decay products, as
the S

2

æS
1

relaxation occurs rapidly.66 Based on the energy gap law this should be on
the order of less than 100 fs,101,102 which is faster than the 150 fs instrument response
time of the TA spectrometer. We observed minimal di�erences in TA dynamics when
instead exciting the S

0

æS
1

transition at 590 nm, as shown in Appendix 4.5.2. Full
TA spectra are given in Figures 4.5, 4.6, and 4.7, and details of the TA collection are
outlined in Section 2.6. Before discussing the features of the 1:0 to 1:10 NP spectra
in depth, it is first useful to compare the spectra of two di�erent samples, a 10≠4 M
TIPS-Pn solution in toluene, and a 1:100 TIPS-Pn:PMMA NP sample (Figure 4.5).

(a) solution (b) 1:100

(c)

Figure 4.5: TA spectra of (a) 10≠4 mol L≠1 TIPS-Pn solution in toluene and (b) 1:100 ratio
TIPS-Pn:PMMA NPs. Spectra in (c) show the �A at 10 ps for each sample, normalized to
the signal at 650 nm. 1:100 NP TA was collected in a 1 cm path-length cuvette due to its
low TIPS-Pn concentration, and the 10 ps �A was averaged over many scans.

As mentioned in Section 4.1, it has been shown that the the separation between
TIPS-Pn molecules in a 10≠4 M solution is su�ciently large that intermolecular inter-
actions are negligible, and the transient absorption signal can thus be considered that
of the pure singlet.47 The 1:100 sample should have intermolecular separations large
enough that the e�ect is the same. The features of the 1:100 TA spectra match those
of the dilute solution extremely well, suggesting this is the case (Figure 4.5c). The
subtle di�erences that are present between the two spectra can be attributed to the
di�erent environments (PMMA vs toluene).
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Figure 4.6: Transient absorption data for the 1:0 to 1:3 TIPS-Pn:PMMA nanoparticles.
The full three dimensional data are shown on the left, and the spectra are sampled at various
times on the right.
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Figure 4.7: Transient absorption data for the 1:5 to 1:10 TIPS-Pn:PMMA nanoparticles.

For the other NP samples (Figures 4.6 and 4.7), a negative ground-state bleach
(GSB) signal is observed at ≥650, 600 and 550 nm, matching the S

0

æS
1

0–0, 0–1
and 0–2 vibronic transitions seen in the steady-state absorption spectra of Section
3.3 (Figure 3.4). There appears to be some overlap of these bleach bands with the
strong excited state absorption (ESA) signals which dominate the 450–600 nm spectral
window. These positive ESA signals comprise more than one spectral component.
Most obvious at early times, and in the higher-ratio samples, is an absorption exhibiting
peaks around 450, 505 and 575 nm, and accompanied by a negative stimulated emission
(SE) signal around 710 nm. The lifetimes of these features are consistent with the time-
resolved fluorescence data, and are attributed to S

1

æSn transitions, in agreement with
previous studies.39,47,53,56 They also match the features of the pure singlet spectra in
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the 1:100 NP sample (Figure 4.5).
An additional ESA with peaks centered around 475 and 510 nm rises over 10s of ps,

and decays at a rate much slower than that of the singlet, dominating the spectra over
the latter part of the 3 ns experimental time window. This absorption is characteristic of
the TIPS-Pn T

1

æT
3

transition,29,54 indicating the production of triplet excitons.39,53,56

Given the appearance of the triplet signal occurs much faster than the rate of S
1

æT
1

intersystem crossing, we attribute the nonradiative decay of singlets observed in the
time-resolved experiments to triplet production via SF.47

As the TIPS-Pn intermolecular separation increases, there is a decrease in the rate
of formation of triplets and concurrent decay of singlet ESAs. In the TA spectrum of
the 1:0 NP (Figure 4.6), a well-defined T

1

æT
3

peak is present by 5 ps, with minimal
features of the singlet exciton. In contrast, for the 1:10 NP sample, at 5 ps the spectral
shape di�ers significantly, with relatively weak triplet ESA and obvious singlet exciton
presence. These trends are consistent with the increase in long-lived signal in the
fluorescence UC data (Figure 4.2, Table 4.1), and demonstrate the reduced rate of
singlet fission as TIPS-Pn separation increases.

To highlight the di�erence in SF rates with separation, Figure 4.8 shows the TA at
5 ps for all the TIPS-Pn:PMMA ratios.

500 550 600 650 700 750 800
Wavelength (nm)

-5
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5
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15

10-3

1:0
1:0.5
1:1
1:3
1:5
1:7
1:10

5 ps

Figure 4.8: TA spectra at 5 ps for di�erent TIPS-Pn:PMMA mass ratio NPs. The shape of
the spectra at early times is significantly di�erent for the di�erent TIPS-Pn separations.

Two isosbestic points are present at 540 and 670 nm, characteristic of the conversion
from one kinetic species to another. As the proportion of PMMA, and hence TIPS-Pn
separation, decreases (blue to red lines), the triplet-dominated region around 507 nm
increases and the singlet ESA decreases, indicating a faster conversion from singlets
to triplets for the smaller separations. The isosbestic point at 670 nm similarly shows
the increase in magnitude of the GSB region with a decrease in intensity of the SE at
710 nm, indicative of the e�ects of exciton multiplication by SF. The strengthening of
the broad ESA band around 750 nm as singlet excitons are depleted is worth noting.
While there is some overlap with the SE at 710 nm, the appearance of this feature does
not directly correspond with either the observed singlet exciton decay, nor the growth
of the triplet ESA peaks, suggesting another component may be present. This will be
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discussed further in Section 4.3.2.
It should be noted that there is significant overlap of the T

1

æT
3

and S
1

æS
3

ESA
around 475–525 nm, and of the S

1

æS
3

ESA and the GSB features around 550–625 nm.
Additionally, the observed SE signal at 710 nm corresponds to the weaker 0–1 shoulder
in the steady-state fluorescence (Figure 3.6a, Chapter 3), implying there must also be a
significant 0–0 SE component to the negative signal band around 650 nm, overlapping
the GSB. Hence it is not reliable to use solely the magnitudes of the GSB or ESAs to
quantitatively analyze SF rates or yields, although some previous studies of SF have
attempted to do so.

4.3 Spectral Deconvolution of Transient Absorp-
tion Spectra

Because of the extent of overlap of the di�erent features in the TIPS-Pn TA spectra,
there are no regions that can be solely assigned to S

1

or T
1

, and thus no single wave-
lengths can be used as a kinetic trace for either population. To extract the kinetics
from the TA data, the spectra need to be resolved into its respective components, or
“basis spectra” following the nomenclature of Roberts et al.50 The TA spectra can
then be fit to a linear combination of the basis spectra, and the concentrations of each
component obtained as a function of time. To avoid confusion with the concentrations
given by fitting a kinetic model to the data in Chapter 5, we refer to the fits obtained
from this method as “spectral fits”. The details of the extraction of basis spectra and
subsequent spectral fitting are described in detail in Section 2.7. Here, we only justify
the times and samples chosen to determine the basis spectra.

To extract the basis spectrum of T
1

we require a sample that undergoes rapid SF.
The TA of the 1:0 sample shows rapid triplet formation, and the fluorescence UC of
this sample indicates all singlets have decayed by ≥25 ps. Assuming that no additional
components are present, it follows that the TA spectra after this time must represent
a pure T

1

spectrum. We therefore used the 1:0 TA spectrum at 3 ns to extract the
T

1

basis spectra, which is given in Figure 4.9. As discussed in Chapter 2, the GSB
was incorporated in the S

1

and T
1

basis spectra for simplicity, resulting in the negative
values in the 600–700 nm region.

Figure 4.9: T
1

basis spectrum taken from the 1:0 sample at 3 ns.
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To extract the S
1

spectra, a sample that does not undergo SF is needed. All of the
originally prepared TIPS-Pn:PMMA ratios exhibit instant triplet formation, evident
from the short time component in the fluorescence upconversion decay (·

1

), and the
sharp rise of the triplet features around 500 nm (Figure 4.8). This result indicates
there are no times in any of these TA spectra where only singlets are present. The
10≠4 M solution of TIPS-Pn in toluene has been previously shown to not undergo SF
and as such its TA can be considered a pure singlet spectrum, but the singlets in this
sample are in a toluene environment, rather than being surrounded by other TIPS-Pn
or PMMA.47 To minimise the amount of SF in a NP solution the 1:100 TIPS-Pn:PMMA
NP suspension was used (Figure 4.5). As discussed previously, the TA of this sample is
consistent with that of the dilute TIPS-Pn solution, neither exhibit triplet features or
are observed to evolve significantly over time and, additionally, no non-radiative decay
pathways are observed in the time-resolved fluorescence (Figure 4.4). This confirms
that no intermolecular interactions, and in particular no SF, occur in either sample and
therefore the amount of triplets are negligible. The 1:100 sample therefore only contains
singlets, so its TA spectrum can be used as a pure singlet basis spectrum, as shown in
Figure 4.10. Note that in fitting the data the basis spectra were shifted appropriately
for each ratio to match the red shift observed in the steady-state absorption.

Figure 4.10: S
1

basis spectrum taken from the 1:100 sample at 10 ps.

4.3.1 Two-Component Fits
Initially we attempted to fit the TA using only 2 components, S

1

and T
1

. The resultant
S

1

and T
1

concentrations as a function of time are given in Figure 4.11 and the fitted
TA is shown with the experimental data at selected times in Figures 4.12 and 4.13.
Given that the fluorescence decay is a reflection of the S

1

lifetime, the shape of the S
1

curves were constrained to match the fluorescence UC data, and only the magnitude
of the concentration, C

S

1max

, was fit. The maximum S
1

concentrations are consistent
with the expected initial exciton concentration of ≥10≠6 M for a 0.1 g L≠1 TIPS-Pn
sample excited at 1.5 mW (see Appendix 4.5.4). Because S

1

decay is so rapid in
many of these samples, the observed C

S

1max

are not expected to exactly match those
determined from the laser power, so a detailed comparison has not been made. The
T

1

population has a much longer lifetime than S
1

as expected, and its decay does
not appear to vary significantly between the di�erent samples. The magnitude of the
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Figure 4.11: Singlet and triplet exciton concentrations over time (C
T

1

(t) and C
S

1

(t)) fit to
the TA data using a 2-component model, with C

S

1

(t) constrained to fit the fluorescence UC.
The basis spectra were shifted appropriately for each ratio to match the red shift observed
in the steady-state absorption.

T
1

population, however, does decrease with increasing intermolecular separation. The
T

1

and S
1

concentrations can be used to define a SF quantum yield to quantify the
e�ciency of SF:

„
SF

= max(C
T

1

)
max(C

S

1

)
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The theoretical maximum of this yield is 2, which is for the case that every S
1

exciton
produces two T

1

excitons, without any recombination or annihilation of triplets. The
„

SF

calculated for each sample are given in Table 4.3, alongside the sum of squares of
residuals of the fit.

Table 4.3: Results from 2-component spectral fit to TA data

Sample Residual Sum of Squares (◊10≠3) Singlet Fission Yield
1:0 10.2 0.91

1:0.5 10.2 0.74
1:1 10.6 0.79
1:3 8.5 0.68
1:5 8.0 0.65
1:7 5.1 0.65
1:10 6.0 0.64

The calculated values of „SF show a decrease as intermolecular separation increases,
suggesting closer intermolecular separations are more e�cient. However, „

SF

for the
neat (1:0) TIPS-Pn NPs is still considerably lower than what has previously been
reported for TIPS-Pn.39,47,56,74,84 The quality of the fits can be seen in Figures 4.12
and 4.13. At late times (3 ns) the fitted and experimental TA spectra are practically
coincident, but deviations are observed at earlier times. Even though the fits are
not constrained to a kinetic model, some variation from the experimental data is to
be expected, particularly at times when the S

1

population is still present. Although
the 1:100 NPs were in the same solvent as the other samples (water), the TIPS-Pn
molecules in these NPs are in an almost entirely PMMA environment, which could
result in di�erent ESAs to samples surrounded by a large number of TIPS-Pn molecules
(this e�ect of this is directly observed in the red-shift of the steady-state absorption
spectra in Section 3.3, Figure 3.4). However, even at 100 ps, by which the singlets have
completely decayed for 1:0, 1:0.5 and 1:1 samples, there are still some regions of the
spectra the T

1

basis spectrum is unable to fit. For example, the broad band at 750 nm
persists after the singlet has decayed, and cannot be accounted for by the triplet. It
was mentioned previously that the lifetimes of some of the features in the TA spectra
suggest the presence of an additional species. The inability of the T

1

spectra to fit the
shape of the TA at intermediate times is further indication of this. Hence to completely
fit the TA data an additional component is necessary.
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Figure 4.12: Two-component least squares fits of extracted basis spectra to the TA data at
5, 100 and 3000 ps for TIPS-Pn:PMMA ratios 1:0 to 1:3.
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Figure 4.13: Two-component least squares fits of extracted basis spectra to the TA data at
5, 100 and 3000 ps for TIPS-Pn:PMMA ratios 1:5 to 1:10.
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4.3.2 Three-Component Fits
To improve the spectral fits to the TA spectra an additional species was considered.
Recent studies have reported the identification of the triplet pair intermediate in various
kinds of systems.57,59–61,67,103 Whilst the exact the nature and formation of 1(TT) is
still unclear, the suggestion that 1(TT) is actually observable in some systems, and the
fact our identified third component appears to exist at intermediate times between the
S

1

and T
1

states leads to the conclusion that this component is the 1(TT) intermediate.
Again, the method for the 3-component fits is described in detail in Section 2.7, but for
the clarity of the following discussion we reiterate the method of extracting the basis
spectra here. The S

1

and T
1

basis spectra are the same as for the 2-component fits.
While the 1:100 TA spectrum can still be considered as pure singlet, an intermediate
component means we cannot say with certainty that only triplets are present at 3 ns
in the 1:0 sample. However, given the broad band at 750 nm has disappeared by 3 ns,
using the TA at this time for a pure T

1

spectrum is still a reasonable approximation.
The intermediate species basis spectrum was also obtained using the 1:0 sample, this
time at 40 ps, where singlets are absent but the intermediate component is likely to be
present. Briefly, the basis spectrum was determined by estimating the amount the T

1

population decays between 40 ps and 3 ns, or in other words, what proportion of the
spectra at 40 ps is due to T

1

. For example, if T
1

decays by 15% between 40 ps and
3 ns, the contribution due to T

1

at 40 ps is the absorption at 3 ns (pure T
1

) plus the
15% that decayed:

A
T

1

(40 ps) = A(3 ns) + 0.15 ◊ A
T

1

(40 ps)

This is indicated by the green curve in Figure 4.14a. The triplet pair contribution is
then the di�erence between the total absorption and the triplet contribution,

A1

(TT)

(40 ps) = A(40 ps) ≠ (A(3 ns) + 0.15 ◊ A
T

1

(40 ps))

as indicated by the green curve in Figure 4.14b. Given the 505 nm peak for this sample
decays by 27% in this time, the maximum T

1

can decay is 27%, which is equivalent to
saying the composition of the 505 nm peak is 100% T

1

. A range of possible triplet and
intermediate absorptions at 40 ps are shown in Figure 4.14.
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Figure 4.14: Fitting the intermediate component basis spectra. (a) Di�erent proportions
of the 1:0 TA spectra at 40 ps that can be attributed to the triplet, where the triplet spectra
is taken at 3 ns. (b) Possible intermediate species contributions at 40 ps.
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Figure 4.15: Basis spectra for the S
1

, T
1

and intermediate species in TIPS-Pn/PMMA
NPs, which we attribute to 1(TT).

For the purposes of the following analysis, we used the intermediate basis spectra
derived from 15% triplet decay as an example. Given 27% decay corresponds to a decay
time of around 10000 ps, 15% 18000 ps, and 0% an infinite lifetime and our experimental
window is only 3000 ps, this choice does not significantly a�ect the results of the fits,
but does change the relative magnitudes of C

T

1

and C1

(TT)

. The 27% decay implies
all the absorption at 507 nm is due to T

1

, and 0% means there is a significant 1(TT)
component, so these two extremes give the upper and lower bounds of the amount of
T

1

produced. As such the singlet fission yields for the 3-component fits are reported
as the ranges given by these extremes, and the fits using 0% and 27% triplet decay are
given in Appendix 4.5.5.

The S
1

, T
1

and 15% triplet decay 1(TT) basis spectra are plotted together in Fig-
ure 4.15. The slight dip in the intermediate spectra at 500 nm is a result of the method
used to extract the basis spectra from the experimental spectra. It is likely there was
some broadening of the 500 nm T

1

feature between 40 ps and 3 ns, so the di�erence
due to this is absorbed into the basis spectra of the intermediate. Apart from this
artefact, it appears that 1(TT) also exhibits ESA features around 450–550 nm, as well
as the small broad 750 nm band.

The time-dependent concentrations determined by fitting the basis spectra to each
TA spectrum are given in Figure 4.16, and the fitted and experimental TA are plotted
together in Figures 4.17 and 4.18. For all samples, the fits are significantly improved
by including the third component. In Figure 4.17 the fit is practically coincident with
the experimental TA at all times for samples 1:0 to 1:1, and only slight deviations are
observed for the 1:3 to 1:10 samples at early times. Small discrepancies of the fits at
short times are to be expected, as there is some approximation in extracting the S

1

basis spectra, and S
1

is most prevalent at early times. For this same reason the 1:10
data has the worse fit, as this has the most long lived S

1

component. Even so, the
1:10 3-component fit still shows significantly better agreement with experiment than
the 2-component. The sum of squares of residuals of these fits are given in Table 4.4.
These are smaller than the 2-component fits for all the ratios, and nearly an order of
magnitude better for the 1:0 to 1:5 ones.
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It should be noted that adding additional components will always increase the
goodness of fit, but as the number of components added exceeds the number of species
actually present, this improvement becomes trivial. We propose that the improvement
in the fit from two to three components is significant, and that the third species is
necessary. To confirm this was not a result of the fit method, the TA spectra of
the samples were also de-convoluted using global analysis methods, which is reported
elsewhere.104 The spectra used in global analysis are the best fits to the TA data,
rather than being manually extracted and assigned as is the case here. Even with this
additional freedom, the TA data cannot be fit using only singlets and triplets, and
requires three components.

As with the 2-component fits, the initial concentration of S
1

is consistent with that
determined using the power of the pump excitation (Appendix 4.5.4), and the time
dependence is made to reflect the fluorescence UC. The T

1

time-dependent concen-
trations in Figure 4.16 show the amount of triplet produced increases with decreasing
TIPS-Pn separation. Again a singlet fission quantum yield can be calculated as

„
SF

= max(C
T

1

)
max(C

S

1

)

giving the results in Table 4.4.

Table 4.4: Results from 3-component fit to TA data. The residuals reported are for the
1(TT) basis spectra assuming 15% triplet decay between 40 ps and 3 ns for 1:0 sample. The
„

SF

are ranges given using the two extreme cases for the 1(TT) basis spectra, assuming 0%
and 27% T

1

decay.

TIPS-Pn:PMMA Ratio Residual sum of
squares (◊10≠3) „

SF

„
SF

Õ

1:0 2.0 1.10 ± 0.14 1.65 ± 0.04
1:0.5 2.0 0.98 ± 0.16 1.59 ± 0.05
1:1 2.6 1.04 ± 0.15 1.58 ± 0.04
1:3 3.3 0.75 ± 0.09 1.11 ± 0.02
1:5 4.2 0.77 ± 0.08 1.08 ± 0.02
1:7 3.5 0.73 ± 0.05 0.97 ± 0.01
1:10 5.0 0.64 ± 0.04 0.79 ± 0.01

As with the 2-component fits, the triplet yields are much lower than what is ex-
pected for TIPS-Pn. To explain this, we examined the concentrations of 1(TT) in
Figure 4.16. For all of the samples, the T

1

population can be seen to reach a maximum
at relatively early times, from approximately 20 ps for 1:0 to 200 ps for 1:10. The
1(TT) component, however, continues to decay past this time, i.e. the decay of 1(TT)
is not correlated with the rise of T

1

. This implies that there is an alternate decay
pathway for the 1(TT), and that they do not all separate into T

1

. This observation is
consistent for all variations of 1(TT) spectra, even when 0% triplet decay is assumed
(Appendix 4.5.5). To quantify the e�ect of this behaviour we define a second quantum
yield, „

SF

Õ which takes into account the 1(TT) intermediate:

„
SF

Õ = max(C
T

1

+ 2 ◊ C1

(TT)

)
max(C

S

1

)
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Figure 4.16: Singlet, triplet and triplet pair intermediate concentrations over time (C
T

1

(t),
C

S

1

(t) and C1

(TT)

) fit to the TA data using a 3 component separation. C
S

1

(t) was constrained
to fit the fluorescence UC, and the 1(TT) basis spectrum corresponding to 15% T

1

decay
between 40 ps and 3 ns for the 1:0 sample was used.
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Several reviews on SF by Michl, Smith, Monahan and others have emphasised that
SF should not be considered to be complete unless individual separated triplets are
produced.21,29,66 We therefore do not call „

SF

Õ a singlet fission quantum yield. Instead,
this quantity represents the amount of singlets that begin to undergo SF to form 1(TT),
i.e. the e�ciency of the first step(s) of SF. The values of „

SF

Õ for low proportions of
PMMA are much closer to 2 than „

SF

, as is expected for TIPS-Pn SF quantum yields.
This suggests the low values of „

SF

are due to the failure of the 1(TT) state separation,
rather than processes such as (non-geminate) triplet-triplet annihilation. That is, for
the samples with „

SF

Õ close to 2, most singlets begin to undergo SF as expected from
past studies, but they do not all separate into T

1

. No additional S
1

population is
observed to form, so the decay of 1(TT) is unlikely to be the reverse reaction of SF.
Instead we suggest that 1(TT) decays non-radiatively to the ground state.

As the proportion of PMMA and hence intermolecular TIPS-Pn separation in-
creases, both quantum yields decrease. This indicates that there are losses other than
the 1(TT) state not separating for these samples. Additionally, the long lifetime of the
S

1

and 1(TT) states, and the slow formation of T
1

suggests the rate of SF is much
slower in large TIPS-Pn separation samples. In order to explain these phenomena we
fit the TA data to a kinetic model, as described in the next chapter.

4.4 Conclusions
Both the TA spectra and time-resolved fluorescence show evidence that the rate of
SF decreases with increasing intermolecular separation. The fluorescence lifetime is
much longer for large intermolecular separations, implying a slower depletion of the S

1

population, and the T
1

ESA in the TA has a slower formation time (though this is still
fast enough to rule out triplet formation due to intersystem crossing). Because there is
so much overlap and complexity in the TA data, it was necessary to deconvolute it using
a linear combination of the basis spectra of the constituent species. It is evident that the
TA spectra cannot be explained with a 2-component model. The 1(TT) intermediate
clearly shows some spectral contribution, and therefore must be accounted for. Fitting
3-components, S

1

, 1(TT) and T
1

, shows that the decay of 1(TT) is not correlated with
the rise of T

1

, and the yields are much lower than what has previously been reported in
the literature. To explain the trend in SF rates and the significant losses of e�ciency
observed, we fit the TA data to a kinetic model, as described in Chapter 5.
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Figure 4.17: Three-component least squares fits of extracted basis spectra to the TA data at
5, 100 and 3000 ps for TIPS-Pn:PMMA ratios 1:0 to 1:3. The fits used 1(TT) basis spectrum
corresponding to 15% T

1

decay between 40 ps and 3 ns for the 1:0 sample.
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Figure 4.18: Three-component least squares fits of extracted basis spectra to the TA data
at 5, 100 and 3000 ps for TIPS-Pn:PMMA ratios 1:5 to 1:10.
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4.5 Appendix

4.5.1 Steady-state Absorption of 1:100 TIPS-Pn:PMMA
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Figure 4.19: Steady-state absorption of 1:100 TIPS-Pn:PMMA NP sample. The 1:100
sample was measured in a 1 cm path length cuvette and corrected for scattering.
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4.5.2 Transient Absorption Wavelength Dependence

Figure 4.20: Pump wavelength dependence of the ESA feature at 508 nm for 1:1, 1:3 and
1:5 ratio TIPS-Pn:PMMA NPs. In all cases exciting the sample at 590 nm (S

0

æS
1

) had the
same e�ect as exciting at 440 nm (S

0

æS
2

).
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4.5.3 Transient Absorption Power Dependence
For pump powers of 0.1-2 mW, exciton dynamics showed no dependence on pump
power, confirming no exciton-exciton annihilation in this regime. If singlet-singlet
annihilation were present for example, the rate of singlet decay would increase with
increasing exciton concentration, and therefore with increasing laser power.

N
o
rm

a
li
s
e
d
 Δ

A
 a

t 
5

0
8

 n
m

0

0.2

0.4

0.6

0.8

1

Time (ps)

0 500 1000 1500 2000 2500 3000

0.1 mW
0.25 mW
0.5 mW
1 mW
2 mW N

o
rm

a
li
s
e
d
 Δ

A
 a

t 
5

0
8

 n
m

0

0.2

0.4

0.6

0.8

1

Time (ps)

0 5 10 15 20 25 30

0.1 mW
0.25 mW
0.5 mW
1 mW
2 mW

N
o
rm

a
li
s
e
d
 Δ

A
 a

t 
6

5
0

 n
m

0

1

2

3

Time (ps)

0 500 1000 1500 2000 2500 3000

0.1 mW
0.25 mW
0.5 mW
1 mW
2 mW

N
o
rm

a
li
s
e
d
 Δ

A
 a

t 
6

5
0

 n
m

0

0.5

1

1.5

2

2.5

3

3.5

Time (ps)

0 10 20 30

0.1 mW
0.25 mW
0.5 mW
1 mW
2 mW

Figure 4.21: Pump power dependence of ESA and GSB features at 508 nm and 650 nm,
respectively, for a 1:1 ratio TIPS-Pn:PMMA NPs.
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4.5.4 Exciton Concentrations from Laser Power
The absorbance of the 0.1 g L≠1 (1.58 ◊ 10≠4 M)1:0 TIPS-Pn:PMMA sample at 440
nm was A

440

=0.098. Therefore, for pump pulse of 440 nm, with a 737 nm spot width
(4.26 ◊ 10≠7 m2 spot area) and 1.5 µJ energy, the initial concentration of excitons gen-
erated by the pump can be calculated as follows:

photons absorbed per pulse=(1 ≠ transmission of pump) ◊ photons per pump pulse

=(1 ≠ 10≠A

440) ◊ pulse energy
photon energy

=(1 ≠ 10≠0.098) ◊ 1.5 ◊ 10≠6J
4.51 ◊ 10≠19J

=6.72807 ◊ 1011

=number of excitons per pulse

) exciton concentration= 6.72807 ◊ 1011

NA ◊ excitation volume

= 6.72807 ◊ 1011

NA ◊ (0.002m ◊ 4.26 ◊ 10≠7m2)
=1.30947 ◊ 10≠6molL≠1

¥1 ◊ 10≠6molL≠1
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4.5.5 Three-component fits assuming 0% and 27% triplet de-
cay

Note for the fits assuming 0% T
1

decay between 40 ps and 3 ns the T
1

curve still appears
to decay slightly. This is because the T

1

concentration had not actually reached a max
by 40 ps.

Table 4.5: Results of 3-component fits using 1(TT) basis spectrum derived from assuming
0%, 15% and 27% T

1

between 40 ps and 3 ns for the 1:0 sample.

Sample
Residual sum of
squares ◊10≠3

„
SF

„
SF

Õ

0% 15% 27% 0% 15% 27% 0% 15% 27%
1:0 1.9 2.0 2.0 0.96 1.07 1.25 1.61 1.66 1.68

1:0.5 2.0 2.0 2.0 0.82 0.94 1.13 1.53 1.60 1.64
1:1 2.6 2.6 2.6 0.90 1.02 1.19 1.54 1.59 1.62
1:3 3.3 3.3 3.3 0.66 0.74 0.84 1.09 1.11 1.13
1:5 4.2 4.2 4.2 0.69 0.75 0.85 1.06 1.09 1.10
1:7 3.4 3.5 3.5 0.67 0.72 0.78 0.96 0.97 0.98
1:10 5.0 5.0 5.0 0.60 0.63 0.68 0.79 0.80 0.80
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Figure 4.22: S
1

, T
1

and 1(TT) concentrations over time (C
T

1

(t), C
S

1

(t) and C1

(TT)

) fit to
the TA data using a 3 component separation. C

S

1

(t) was constrained to fit the fluorescence
UC, and the 1(TT) basis spectrum corresponding to 0% T

1

decay between 40 ps and 3 ns
was used.
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Figure 4.23: S
1

, T
1

and 1(TT) concentrations over time (C
T

1

(t), C
S

1

(t) and C1

(TT)

) fit to
the TA data using a 3 component separation. C

S

1

(t) was constrained to fit the fluorescence
UC, and the 1(TT) basis spectrum corresponding to 27% T

1

decay between 40 ps and 3 ns
was used.
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CHAPTER 5
Kinetic Modelling of Singlet Fission in

TIPS-Pn/PMMA Nanoparticles

In Chapter 4 it was established that the e�ciency of SF in TIPS-Pn/PMMA nanopar-
ticles decreased with increasing proportion of PMMA, or equivalently, increasing in-
termolecular separation of TIPS-Pn molecules. However, even the highest yields were
only slightly over 1, half than what has previously been reported for TIPS-Pn.47,56

Additionally the trends of the decay of the triplet pair intermediate, 1(TT), and rise
of separated triplets, T

1

, were not apparently correlated. Potentially this implies a
loss of e�ciency through the non-radiative decay of the intermediate state, rather than
its dissociation into separated triplets. To explain the observed behaviour we fit the
time-resolved fluorescence and TA spectra described in Chapter 4 to a series of kinetic
models outlined in this chapter. We begin with a simple model of SF, accounting for
di�usion and the presence of the triplet pair intermediate, and show this is insu�cient
to fit the data. Two subsequent models are then proposed, of which only the final pro-
vides a reasonable fit of all seven TIPS-Pn:PMMA mass ratios studied. The underlying
theory of each model and the methods of fitting are described in detail in Chapter 2.
Here we only reiterate the main aspects, describe how the specific schemes are able or
unable to explain the data and the implications of the final model.
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5.1 Scheme 1
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Figure 5.1: Kinetic Scheme 1. (a) Energy-level diagram of Kinetic Scheme 1, in which blue
arrow represents the initial excitation of the S

1

state. (b) Flow diagram of Kinetic Scheme 1.

To describe SF in the TIPS-Pn/PMMA NPs, we initially fit the data with the
relatively simple model in Figure 5.1. In Chapter 4, we showed that the decay of the
time-resolved fluorescence, and hence the decay of the S

1

state of TIPS-Pn, was multi-
exponential. We explain this phenomena here by modelling SF as di�usion limited.
Because of the amorphous arrangement of TIPS-Pn in the NPs, it is likely that only
a portion of neighbouring TIPS-Pn molecules will have a separation and orientation
favourable for SF, which we call “SF sites”.50 Singlet excitons generated near SF sites
undergo prompt SF, leading to the rapid decay of the fluorescence. Excitons located
elsewhere in the NP have to first di�use to reach SF sites, so SF from these is delayed,
leading to the slower fluorescence decay. This behaviour was modelled by splitting the
S

1

state into two sub-populations, S
SF

, representing singlet excitons located on a SF
site, and S

D

, representing the di�using population, such that

[S
1

] = [S
D

] + [S
SF

].

S
D

di�uses to S
SF

with the time-dependent rate constant k
D

, and S
SF

undergoes fission
with rate constant k

SF

. Both singlet populations are also able to decay to the ground
state with rate constant k

S

1

. From the spectral fits in Chapter 4, we established the
TA data could not be described with just the S

1

and T
1

populations, so the correlated
triplet pair intermediate, 1(TT), was also included in the model. This dissociates to
give two triplets with the rate constant k

diss

. To account for the low yields and lack of
correlation between the decay of 1(TT) and rise of T

1

seen in Chapter 4, 1(TT) was also
allowed to decay non-radiatively to the ground state with rate constant k1

(TT)

. Finally,
given the lack of power dependence of the TA data, the decay of T

1

was modelled as
unimolecular with rate constant k

T

1

, resulting in a model described by the series of
coupled di�erential equations below:

d[S
D

]
dt

=≠k
S

1

[S
D

] ≠ k
D

(t)[S
D

];
d[S

SF

]
dt

=≠k
S

1

[S
SF

] + k
D

(t)[S
D

] ≠ k
SF

[S
SF

];
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d[1(TT)]
dt

=k
SF

[S
SF

] ≠ k
diss

[1(TT)] ≠ k1

(TT)

[1(TT)];
d[T]
dt

=2 ◊ k
diss

[1(TT)] ≠ k
T

[T
1

]. (5.1)

The time-resolved fluorescence of the two samples that do not undergo SF, the dilute
TIPS-Pn solution and the 1:100 TIPS-Pn:PMMA NPs, both fit to a single exponential
with a 12 ns time constant. Given no SF occurs in these samples, this was attributed to
the intrinsic lifetime of S

1

, and so k
S

1

was constrained to be 8.33 ◊ 10≠5 ps≠1 (1/12 ns).
The rate of di�usion of singlet excitons to SF sites was modelled by a Smoluchowski
di�usion rate:

k
D

(t)=4fiRDc
SF

A

1 + RÔ
fiDt

B

,

(5.2)

where c
SF

is the total number of singlet fission sites in a NP, R is the trapping radius
of the SF site and D is the singlet exciton di�usion constant. For simplicity this
expression was parametrised to

k
D

(t) = a + bt≠0.5, (5.3)

such that a = 4fiRDc
SF

and b = 4fi≠ 1

2 R2D≠ 1

2 c
SF

. The time-resolved fluorescence of
the 1:0 sample fits to a single exponential decay, with a time constant of 3.9 ps or
rate constant of 0.256 ps≠1, indicating SF in this sample is not di�usion limited (i.e.
all neighbouring pairs of TIPS-Pn molecules act as SF sites). If the S

D

population
is zero, then all of the S

1

decay can be attributed to SF, so we can constrain k
SF

to
be 0.256 ps≠1. We then assumed the di�erence in rates of formation of 1(TT) and T

1

between the di�erent samples is due to di�usion, and that the rate constant of SF does
not change. In other words, the requirements or definition of what constitutes a SF site
does not change from sample to sample; only the number of SF sites or the amount of
di�usion required to reach them will vary. As such k

SF

was constrained to be 0.256 ps≠1

for every sample. Lastly, we also constrained k
T

1

to be 6.67 ◊ 10≠5 ps≠1, as this value
was found to fit well to the 1:0 data. It may be more valid to let this parameter
vary between the samples to determine if T

1

decays faster for some intermolecular
separations than others, but this decay is slow for all samples, at least over 10 ns,
whereas the time window of our experiment was only 3 ns. We therefore could not fit
this decay reliably enough to establish any trends. So for simplicity k

T

1

was fixed to be
the same as that in the 1:0 sample (note k

S

1

was able to be determined reliably from
TCSPC with a 50 ns time window, but no such equivalent was available for studying
the T

1

decay). The parameters that were fit to the data were then a, b, k1

(TT)

, k
diss

,
and the initial concentrations of S

SF

and S
D

after excitation, S
SF

(0) and S
D

(0).
As the spectrally extracted fits in Chapter 4 used the time-resolved fluorescence to

constrain the rate of change of the S
1

state, we predominantly fit the kinetic model
to the 3-component spectrally extracted concentrations of S

1

, 1(TT), and T
1

, rather
than the TA data itself. In this way both the behaviour from the TA and the time-
resolved fluorescence was accounted for. When the models were instead fit directly
to the TA spectra, slightly better residuals between the fitted and experimental TA
were observed, but the fits were less physically meaningful in the sense that fitted S

1

concentration did not reflect time-resolved fluorescence. Fits directly to TA are only
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reported here if the residuals were substantially better than fitting to the spectrally
extracted concentrations, and the S

1

concentrations agreed reasonably well.
To test Scheme 1, only the 1:0 and 1:10 samples were fit, as these represent the two

opposite extremes of the trends observed. The fit parameters are given in Table 5.1,
and the fitted S

1

, 1(TT) and T
1

concentrations are shown alongside the spectrally
extracted concentrations from Chapter 4 in Figure 5.2.
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Figure 5.2: Fitted concentrations of Scheme 1 with the spectrally extracted concentrations
from Chapter 4. Concentrations are shown for 1:0 TIPS:PMMA sample over 35 ps and 3000
ps in (a) and concentrations of the 1:10 sample are shown over 3000 ps and 200 ps in (b).

Table 5.1: Fit parameters for best fit of Scheme 1 to 1:0 and 1:10 TIPS-Pn:PMMA NPs.
The rate of di�usion was given by k

D

= a + bt≠0.5, and k
S

1

= 8.33 ◊ 10≠5 ps≠1, k
T

1

=
6.67 ◊ 10≠5 ps≠1 and k

SF

= 0.256 ps≠1. rC is the residual sum of squares of the fitted
concentrations with the spectrally extracted concentrations, and rA is the residual sum of
squares of the fitted TA data with the experimental TA data. Note that no di�usion occurs
for the 1:0 sample, so the values of a and b are arbitrary.

TIPS-Pn:PMMA a b k
diss

k1

(TT)

S
D

(0) S
SF

(0) rC rA

(ps≠1) (ps≠ 1

2 ) (ps≠1) (ps≠1) (10≠7 M) (10≠7 M) (10≠7 M) (10≠3)
1:0 55† 9.05† 0.48 0.49 0.00 6.84 510 29
1:10 1◊10≠13 0.04 28.17 52.01 9.36 0.72 496 23

† Does not a�ect the quality of the fit and has no physical significance.



5.1. Scheme 1 75

Figure 5.3: Deficiency of Scheme 1 in fitting the data. When dissociation of 1(TT) is fast,
no long-lived component is observed, but when dissociation is slow, no rapid triplet formation
is observed. Major decay pathways are highlighted in yellow.

It is clear from the fits in Figure 5.2 that this model is unable to describe all the
behaviour in the data. The residual sum of squares of the reconstructed TA and ex-
perimental TA (rA) are 2.9◊10≠2 and 2.3◊10≠2 for the 1:0 and 1:10 TIPS-Pn:PMMA
samples, respectively. Given the three component spectral fits in Chapter 4 had residu-
als 2.0◊10≠3 and 5.0◊10≠3 this is relatively high. In Figure 5.2 the fitted concentrations
of S

1

, 1(TT) and T
1

(labelled “S
1

kfit”, “1(TT) kfit”, and “T
1

kfit”, respectively), can
be seen to deviate from the spectral fit concentrations (labelled “S

1

”, “1(TT)”, and
“T

1

”). Whilst perfectly fitting the spectrally extracted concentrations is not strictly
necessary for a good fit to the TA (as there is some error associated with the spectral
fits, and a chance they are only local minima of the objective function of the fit, not
global), the concentrations are still expected to be reasonably similar. Given the S

1

concentration comes from the time-resolved fluorescence, the kinetic fits should espe-
cially be able to reproduce this component. However, the fitted S

1

concentration for
the 1:10 sample appears to decay too fast. Additionally, the fitted 1(TT) concentration
decays so fast that it appears non-existent, and the triplet population is overestimated
at late times. The kinetic fit of the 1:0 sample is better, with good agreement between
the S

1

and T
1

populations, but the triplet pair again decays too fast, lasting only 15 ps
instead of around 2 ns. It appears that although the fit of the S

1

and T
1

populations for
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the 1:0 sample are good, the model is unable to be extended to higher intermolecular
separations, and cannot account for the long-lived 1(TT) population observed.

We can rationalise the failure of this model to reproduce the data by looking at
the possible pathways of the 1(TT) population, as shown in Figure 5.3. As discussed
in Chapter 4, the concentration of T

1

rises very rapidly, but 1(TT) decays slowly. To
account for the rapid rise of the triplets, k

diss

must be fast. But to observe the long-
lived component of 1(TT), k1

(TT)

must be relatively slow. These two requirements are
contradictory. If k

diss

is fast and k1

(TT)

is slow, then dissociation will be the dominant
pathway. In other words dissociation will deplete the 1(TT) population before it has a
chance to slowly decay with the rate constant k1

(TT)

, so the long-lived portion of 1(TT)
is not observed. But if k

diss

is slow enough that we do get a significant portion of the
k1

(TT)

decay pathway, rapid triplet production will not be observed. Given the higher
magnitude of [T

1

], it is more favourable to fit this component well rather than 1(TT),
thus k

diss

is fit as fast, and no long lived 1(TT) population is observed. With the shape
of 1(TT) already sacrificed, k1

(TT)

is then also fit as fast to modulate the magnitude
of the triplets. Thus although both pathways are used, and a significant portion of
triplet pairs decay to the ground state, this decay is too fast, and no long lived 1(TT)
is observed in the kinetic fit. Ultimately, this model is able to account for the loss of SF
quantum yield or the low concentration of T

1

by including the 1(TT) decay to ground
state, but this is not su�cient to describe both the observed fast triplet formation and
slow triplet pair decay.

5.2 Scheme 2
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Figure 5.4: Kinetic Scheme 2. (a) Energy-level diagram. (b) Flow diagram

Given Scheme 1 was unable to describe all the observed behaviour for both the
TA and time-resolved fluorescence, an alternative model was required. To account for
the fast T

1

formation, but long-lived 1(TT) population, the triplet pair was split into
two subpopulations, 1(TT)

A

and 1(TT)
B

, to give Scheme 2. This is represented in
Figure 5.4, and by the system of di�erential equations below:

d[S
D

]
dt

= ≠k
S

1

[S
D

] ≠ k
D

(t)[S
D

];
d[S

SF

]
dt

= k
D

(t)[S
D

] ≠ (k
SF

A

+ k
SF

B

)[S
SF

];
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Figure 5.5: Treatment of 1(TT) in Scheme 2. Splitting 1(TT) into two subpopulations
allows both rapid formation of T

1

and a long lived component of 1(TT).

d[1(TT)
A

]
dt

= k
SF

A

[S
SF

] ≠ k1

(TT)

[1(TT)
A

];
d[1(TT)

B

]
dt

= k
SF

B

[S
SF

] ≠ k
diss

[1(TT)
B

];
d[T

1

]
dt

= 2 ◊ k
diss

[1(TT)
B

] ≠ k
T

1

[T
1

]; (5.4)

where
[S

1

] = [S
D

] + [S
SF

],

and
[1(TT)] = [1(TT)

A

] + [1(TT)
B

].

In this model S
SF

now undergoes SF to give either 1(TT)
A

with rate constant k
SF

A

or 1(TT)
B

with rate constant k
SF

B

. The 1(TT)
B

population is allowed to dissociate to
give 2 separated triplets with rate constant k

diss

, but 1(TT)
A

does not dissociate, and
instead only decays to the ground state with rate constant k1

(TT)

. The rationale for this
is explained in Figure 5.5. Whereas the single 1(TT) population in Scheme 1 meant
the fast T

1

formation could not be reconciled with slow 1(TT) decay (Figure 5.3),
two 1(TT) populations isolates these decay pathways, making it possible for them to
coexist. 1(TT)

B

can dissociate with a fast rate constant to give the rapid formation
of T

1

, without depleting all of the 1(TT) population. 1(TT)
A

can then decay slowly,
giving the long lived component of 1(TT) observed in Chapter 4. Note that no delayed
rise of either S

1

or T
1

was observed in the experiments, so this decay must be to the
ground state rather than a slower dissociation to T

1

, or recombination to give S
1

. The
proportion of decay versus dissociation is modulated by the rate constants k

SF

A

and
k

SF

B

, rather than rates of dissociation and decay as in Scheme 1.
To reduce the complexity of fitting this model, k

S

1

was taken to be 8.33 ◊ 10≠5 ps≠1,
and k

T

1

to be 6.67 ◊ 10≠5 ps≠1, as with Scheme 1. We again assumed the di�erence
in rates of triplet pair formation comes from di�usion, and therefore constrained the
total rate of singlet fission, k

SF

= k
SF

A

+ k
SF

B

, to be 0.256 ps≠1 for every sample.
The fits of this model to the TA and time-resolved fluorescence are given in Fig-

ure 5.6, with fitted parameters in Table 5.2. The fits show a substantial improvement
from Scheme 1, with consistently lower residuals. As expected, the long-lived 1(TT)
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component is captured along with the rapid T
1

rise, and this is seen in all samples. For
a few samples the decay of 1(TT) is too fast, but is still significantly better than Scheme
1, validating the use of two 1(TT) populations. The 1:0, 1:0.5 and 1:1 TIPS-Pn:PMMA
samples in particular only show minor di�erences between the kinetically fitted and
spectrally extracted concentrations, however the quality of the fits decreases somewhat
from the 1:3 to 1:10 samples. The slow rise of the T

1

population is not observed in the
experimental data, and for 1:7 and 1:10 the decay of S

1

is overestimated. This implies
that, while the model is an improvement from Scheme 1, it fits too much di�usion
at late times. Rather than k

D

approaching zero and the decay of S
1

approaching the
intrinsic singlet lifetime, singlets continue to di�use and undergo SF, resulting in too
much S

1

decay, and too much T
1

rise.

Table 5.2: Parameters from the fits of Scheme 2, with k
S

1

= 8.33 ◊ 10≠5 ps≠1, k
T

1

=
6.67 ◊ 10≠5 ps≠1, and k

SF

A

+ k
SF

B

= 0.256. Note that no di�usion occurs for the 1:0 and
1:0.5 samples, so the values of a and b are arbitrary.

TIPS-Pn:PMMA a b k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) rC rA

(ps≠1) (ps≠ 1

2 ) (ps≠1) (ps≠1) (ps≠1) (10≠3ps≠1) (10≠7 M) (10≠7 M) (10≠7 M) (10≠3)

1:0 1.6◊107† 1.6◊107† 0.107 0.149 92.8 3.2 0.00 5.83 99 8.8
1:0.5 1.5◊108† 1.5◊108† 0.118 0.138 92.8 2.4 0.00 4.83 108 8.7
1:1 5.9 2.1◊101 0.114 0.142 91.3 3.1 4.26 1.59 142 10.1
1:3 5.6◊10≠8 9.6◊10≠2 0.136 0.120 84.7 6.2 4.39 2.61 292 10.4
1:5 1.4◊10≠11 4.0◊10≠2 0.135 0.121 78.1 6.7 3.67 3.95 307 10.1
1:7 1.7◊10≠12 4.0◊10≠2 0.143 0.113 76.0 11.9 5.35 2.27 331 9.9
1:10 1.2◊10≠12 4.7◊10≠2 0.171 0.085 92.8 61.9 9.45 0.86 417 14.3

† Does not a�ect the quality of the fit and has no physical significance.



5.2. Scheme 2 79

0 500 1000 1500 2000 2500 3000

Time (ps)

0

1

2

3

4

5

6

7

C
o
n
ce

n
tr

a
tio

n
 (

x1
0-7

 M
)

1:0

0 500 1000 1500 2000 2500 3000

Time (ps)

0

1

2

3

4

5

C
o
n
ce

n
tr

a
tio

n
 (

x1
0-7

 M
) 1:0.5

0 500 1000 1500 2000 2500 3000

Time (ps)

0

1

2

3

4

5

6

C
o
n
ce

n
tr

a
tio

n
 (

x1
0-7

 M
) 1:1

0 500 1000 1500 2000 2500 3000

Time (ps)

0

2

4

6

8

C
o
n
ce

n
tr

a
tio

n
 (

x1
0-7

 M
) 1:3

0 500 1000 1500 2000 2500 3000

Time (ps)

0

2

4

6

8

C
o
n
ce

n
tr

a
tio

n
 (

x1
0-7

 M
)

1:5

0 500 1000 1500 2000 2500 3000

Time (ps)

0

2

4

6

8

C
o
n
ce

n
tr

a
tio

n
 (

x1
0-7

 M
) 1:7

0 500 1000 1500 2000 2500 3000

Time (ps)

0

2

4

6

8

10

C
o
n
ce

n
tr

a
tio

n
 (

x1
0-7

 M
) 1:10

S
1
 kfit

1(TT) kfit
T

1
 kfit

S
1

1(TT)
T

1

Figure 5.6: Fits of Scheme 2 to TIPS-Pn:PMMA nanoparticles. The kinetically fitted
concentrations are plotted alongside the concentrations obtained from the spectral fits in
Chapter 4.
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5.2.1 Time-dependent Singlet-Fission Site Concentration
It is possible that di�usion given by the time-dependent Smoluchowski rate (Equa-
tion 5.2) is too fast at late times. The use of this rate relies on the assumption that the
concentration of SF sites, c

SF

, is much larger than the number of excitons in a NP, and
can be treated as a constant. Given no power dependence is observed in the TA data
this seems to be a fair assumption, but if the number of sites was small, di�usion to
these sites would become slower as they become occupied, potentially accounting for
the overestimation of S

1

decay in the fits in Figure 5.6. To test if this was the case we
modified the rate of di�usion of S

D

to S
SF

to include a time-dependent concentration
of SF sites, i.e.

k
D

(t) = 4fiRDc
SF

(t)(1 + RÔ
fiDt

),

and parametrised this as

k
D

(t) = (1 ≠ [S
SF

] + [1(TT)
A

] + [1(TT)
B

] + 0.5[T
1

]
c

SF

max

)(a + bt≠ 1

2 ). (5.5)

Then, as S
SF

, 1(TT)
A

, 1(TT)
B

and T
1

become populated, and the number of occupied
SF sites approaches the maximum, c

SF

max

, k
D

approaches zero faster than in Equa-
tion 5.2. To test if this improved the fit of Scheme 2, the 1:5 and 1:10 TIPS-Pn:PMMA
samples were fit using Equation 5.5, now fitting c

SF

max

in addition to the other param-
eters. The fits are given in Figure 5.7 and Table 5.3.

Table 5.3: Scheme 2 fits to 1:5 and 1:10 TIPS-Pn:PMMA samples with time-dependent
c

SF

(t). k
S

1

= 8.33 ◊ 10≠5 ps≠1, k
T

1

= 6.67 ◊ 10≠5 ps≠1 and k
SF

A

+ k
SF

B

= 0.256.

Ratio c
SF

max

a b k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) rC rA

(10≠7 M) (ps≠1) (ps≠ 1

2 ) (ps≠1) (ps≠1) (ps≠1) (ps≠1) (10≠7 M) (10≠7 M) (10≠7 M) (10≠3)

1:5 3.25◊107 4.85◊10≠10 0.056 0.158 0.098 92.8 0.027 4.41 4.65 281 12.6
1:10 2.71 3.78◊10≠9 1.294 0.178 0.078 81.1 0.079 0.27 10.74 218 13.1
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Figure 5.7: Fit of scheme 2 with time-dependent SF site concentration, c
SF

(t), for 1:5 and
1:10 samples

The fitted value of c
SF

max

for the 1:5 sample is significantly larger than the total
concentration of excitons. Consequently c

SF

is e�ectively constant and the fit is the
same as in Table 5.2 and Figure 5.6. The residuals are improved for the 1:10 sample, but
c

SF

max

is now smaller than S
SF

(0), resulting in a negative di�usion rate. Constraining
parameters to force a positive di�usion rate also did not improve the fit from Figure 5.6.
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Since the fit of the 1:5 sample is the same as in Scheme 2, and the 1:10 sample is
only improved for a negative di�usion rate, we conclude the inadequacies of Scheme 2
are not due to treating c

SF

as a constant. Therefore, to fit the experimental data better
an alternative model is needed.

5.3 Scheme 3
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Figure 5.8: Kinetic Scheme 3 (a) Energy-level diagram. (b) Flow diagram

Scheme 2 gives too fast a decay of S
1

at late times, leading to a slow rise of T
1

that is not reflected in the experimental data. To understand this behaviour we refer
back to the time-resolved fluorescence in Chapter 4. The fluorescence decay of each
TIPS-Pn:PMMA ratio was fit with a combination of three time constants, one fast,
·

1

, one of intermediate time, ·
2

, and one slow, ·
3

. As mentioned above, this implies
that SF is di�usion limited, and splitting into two S

1

populations accounts for the
rapid decay time, ·

1

, and gives a distribution of intermediate decay times to account
for ·

2

. However, it is evident from Scheme 2 that di�usion is insu�cient to explain
the longest time component, ·

3

. The presence of this component, and the fact that it
fits well to the intrinsic 12 ns singlet lifetime for all samples, implies the existence of
a population of singlet excitons that can neither undergo SF nor di�use to eventually
reach a site where they can. The only decay pathways available to this population
are the intrinsic decay pathways to the ground state. In other words, the long-lived
component of fluorescence that cannot be accounted for by di�usion must be due to
the presence of singlet exciton trap sites.
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In Scheme 3, we build on Scheme 2 by modelling singlet excitons located on trap
sites as a third S

1

population such that

[S
1

] = [S
D

] + [S
SF

] + [S
trap

].

Once a singlet exciton di�uses into a trap site from S
D

, or is excited into a trap site
from the ground state, it is unable to di�use away, and can only decay back to the
ground-state with rate constant k

S

1

. This model is represented in Figure 5.8 and can
be expressed as a set of 6 coupled di�erential equations:

d[S
D

]
dt

= ≠k
S

1

[S
D

] ≠ k
trap

(t)[S
D

] ≠ k
D

(t)[S
D

];
d[S

trap

]
dt

= ≠k
S

1

[S
trap

] + k
trap

(t)[S
D

];
d[S

SF

]
dt

= ≠k
S

1

[S
SF

] + k
D

(t)[S
D

] ≠ (k
SF

A

+ k
SF

B

)[S
SF

];
d[1(TT)

A

]
dt

= k
SF

A

[S
SF

] ≠ k1

(TT)

[1(TT)
A

];
d[1(TT)

B

]
dt

= k
SF

B

[S
SF

] ≠ k
diss

[1(TT)
B

];
d[T

1

]
dt

= 2 ◊ k
diss

[1(TT)
B

] ≠ k
T

[T
1

]; (5.6)

where k
trap

(t) is the rate of di�usion of S
D

to trap sites, and all other rates are as
previously defined. Assuming the number of traps sites is large compared with the
number of excitons, k

trap

(t) is given by a Smoluchowski di�usion rate:

k
trap

(t) = 4fiRDc
trap

A

1 + RÔ
fiDt

B

, (5.7)

where R and D are as defined previously, and c
trap

is the total number of trap sites in
a NP. k

SF

(t) is again given by Equation 5.2. To fit this model, we again took c
SF

and
c

trap

as constant, but for Scheme 3 we forced additional constraints on these values.
Assuming the trap sites and SF sites are randomly distributed in a NP,

Total number of trap sites
Total number of TIPS-Pn = Number of initially excited trap sites

Number of initially excited TIPS-Pn ,

i.e.
c

trap

c
total

= S
trap

(0)
S

D

(0) + 2 ◊ S
SF

(0) + S
trap

(0) ,

c
trap

= S
trap

(0)c
total

S
D

(0) + 2 ◊ S
SF

(0) + S
trap

(0) , (5.8)

with the 2◊ S
SF

(0) because a SF site is two TIPS-Pn molecules. Similarly

2 ◊ c
SF

c
total

= 2 ◊ S
SF

(0)
S

D

(0) + 2 ◊ S
SF

(0) + S
trap

(0) ,

therefore

cSF = S
SF

(0)c
total

S
D

(0) + 2 ◊ S
SF

(0) + S
trap

(0) , (5.9)
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where c
total

is the total concentration of TIPS-Pn in a NP, which was calculated in
Chapter 2.

As with Scheme 2 we took k
S

1

to be 8.33 ◊ 10≠5 ps≠1, k
T

1

to be 6.67 ◊ 10≠5 ps≠1

and k
SF

A

+ k
SF

B

= 0.256 ps≠1. Then the only parameters we fit were R, D, S
D

(0),
S

SF

(0), S
trap

(0), k
SF

A

, k
diss

and k1

(TT)

.
Initial fits to the data found that both R and D were not able to be fit independently.

R could be fit to a range of values without a�ecting the residuals, as D could be varied to
compensate, so the fitted values were not physically meaningful. To obtain meaningful
values for D, R was fixed to 1.4 nm, which was obtained by relating the proportion
of TIPS-Pn molecules in the NP that were SF sites (2 ◊ c

SF

/c
total

), to the probability
that the separation between two molecules would be less than R. Details of this are
given in Appendix 5.5.1.

Fitting the model with these constraints gives the concentrations in Figure 5.9 and
parameters in Tables 5.4 and 5.5. The fits have around the same rA values as in Scheme
2, but lower rC values for most ratios. For the 1:1 sample rC is slightly higher than
in Scheme 2, as there is more discrepancy between the 1(TT) and T

1

populations,
however the fit of the singlet population is considerably improved. As explained in
Chapter 2, the relative magnitudes of T

1

and 1(TT) in the spectral fitting depend on
the decay of T

1

estimated to extract the basis spectrum of 1(TT). The di�erence in
the maximum values of 1(TT) and T

1

are within the error of this estimation, so we
place less value on the respective magnitudes of T

1

and 1(TT), and more on the ability
of the model to capture the general shape, or lifetimes. Whereas for Scheme 2 the
rise of T

1

was obviously delayed and the decay of S
1

overestimated at late times, for
Scheme 3 the times are much more consistent. Significantly, the agreement of the fitted
S

1

concentration with the spectrally extracted concentration taken from time-resolved
fluorescence is much closer. As with Scheme 2, 1(TT) shows less agreement between
the fitted and spectrally extracted concentrations, but this is somewhat expected since,
as explained in Chapter 4, the 1(TT) spectrum contains artefacts from the change in
shape of the T

1

spectrum. Hence the spectrally extracted concentration also contains
these contributions. The fits are also still substantially better than Scheme 1.

Table 5.4: Fitted parameters of Scheme 3 to data with R=1.4 nm.

TIPS-Pn:PMMA k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) S
trap

(0) rC rA „
SF

„
SF

Õ

(ps≠1) (ps≠1) (ps≠1) (10≠3ps≠1) (%) (%) (%) (10≠7M) ( 10≠3)
1:0 0.107 0.149 83.4 3.21 0.0 100.0 0.0 100 8.8 1.16 1.94

1:0.5 0.117 0.139 92.7 2.45 0.1 99.9 0.0 108 8.7 1.08 1.95
1:1 0.126 0.130 92.8 6.52 12.8 87.2 0.0 170 10.4 0.99 1.77
1:3 0.138 0.118 80.1 7.86 72.7 26.4 0.9 271 11.6 0.87 1.46
1:5 0.138 0.118 92.8 10.29 56.9 40.0 3.1 254 10.3 0.83 1.22
1:7 0.136 0.120 92.8 11.80 73.9 23.2 2.9 275 9.7 0.78 0.96
1:10 0.160 0.096 92.8 14.01 71.1 24.7 4.2 404 14.3 0.60 0.84

Given the quality of the fits is satisfactory, we can analyse the trends in the fitted
parameters to explain the behaviour observed in Chapter 4. For the 1:0 and 1:0.5
samples the initial concentration of S

D

is very close to 0, so for these samples little
to no di�usion occurs. The value of D therefore has no physical relevance, that is, it
could take any value and not impact the residuals, so this is omitted from Table 5.5.
The average of D for the rest of the samples is 8±3◊10≠5 cm2s≠1, which is comparable
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Figure 5.9: Fits of Scheme 3 to TIPS-Pn:PMMA nanoparticles with R=1.4 nm. The
kinetically fitted concentrations are plotted alongside the concentrations obtained from the
spectral fits in Chapter 4.

to the 1.5◊10≠5 cm2s≠1 di�usion constant observed in disordered films of diphenyl
tetracence,50 and the 5◊10≠4 cm2s≠1 di�usion constant in crystalline pentacene films.38

A summary of the fitted time constants is given in Figure 5.10. The rate constants of
the first step of SF, k

SF

A

and k
SF

B

vary little between the di�erent samples. On average
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Table 5.5: Di�usion parameters from fits to Scheme 3 with R=1.4 nm, k
S

1

= 8.33 ◊ 10≠5

ps≠1, k
T

1

= 6.67 ◊ 10≠5 ps≠1, and k
SF

A

+ k
SF

B

= 0.256.

TIPS-Pn:PMMA D (cm2 s≠1) c
SF

(M) c
trap

(10≠3 M) c
total

(M)
1:0 -† 0.864 0.00 1.73

1:0.5 -† 0.589 0.00 1.18
1:1 6.7 ◊ 10≠6 0.417 0.00 0.90
1:3 1.2 ◊ 10≠4 0.095 3.21 0.46
1:5 5.9 ◊ 10≠5 0.087 6.72 0.31
1:7 9.4 ◊ 10≠5 0.043 5.47 0.23
1:10 1.3 ◊ 10≠4 0.033 5.67 0.17

† Does not a�ect the quality of the fit and has no physical significance.
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Figure 5.10: Summary of time constants fit using Scheme 3.

k
SF

A

is the slightly faster rate constant of the two, averaging around 0.13±0.01 ps≠1,
compared with 0.12±0.01 ps≠1 for k

SF

B

. This is equivalent to time constants of 7.6 ps
and 8.1 ps respectively, and corresponds to approximately 52% of the S

SF

population
forming 1(TT)

A

, and 48% 1(TT)
B

. The prevalence of the 1(TT)
A

pathway accounts
for the low quantum yields of SF observed in Chapter 4, as on average 52% of the
singlet excitons that begin to undergo SF decay as a triplet pair intermediate instead
of dissociating to give T

1

. These rates are slower than what is generally observed in
the literature for TIPS-Pn films and NPs, which can be rationalised by the disordered
arrangement. SF sites might not be arranged as favourably as in crystalline form, such
that though they are able to undergo SF, it is slower.

There is is a weak trend in the singlet fission rate constants as the average inter-
molecular separation is increased. k

SF

A

becomes faster with increasing separation, and
k

SF

B

becomes slower, implying more SF to triplet pair intermediates that decay rather
than dissociate. The proportion of decay through the 1(TT)

A

pathway increases from
42 to 62% as the average intermolecular separation increases. This implies that the
formation of triplet pairs that do not dissociate is facilitated by larger intermolecular
separations. Given we assume that the nature of SF sites does not change signifi-
cantly with average intermolecular separation, we hypothesise that this is due to the
neighbouring TIPS-Pn molecules of the SF sites being further away. A possible in-
terpretation of this result is that 1(TT) dissociation and T

1

formation is promoted by
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hopping away from SF sites. Then, if 1(TT)
B

represents triplet pairs on SF sites that
are close to neighbouring TIPS-Pn, hopping from these sites is easy and the triplet
pair can dissociate. As intermolecular separation is increased, the number SF sites
that are more isolated from their neighbours and do not dissociate, 1(TT)

A

, will also
increase, explaining the increase in k

SF

A

. A similar conclusion was made in a study on
intramolecular SF in covalently linked alkynyltetracene dimers.60 This study also iden-
tified a 1(TT) intermediate, and found that 1(TT) decayed radiationlessly in isolated
dimers. There are other plausible explanations for having two populations of triplet
pair intermediates; for example there may be particular relative geometries of TIPS-Pn
molecules that facilitate separation, and others that do not.

The rate constant of dissociation of 1(TT)
B

, k
diss

is practically the same for all
samples (Table 5.4). This is relatively fast compared to the SF rates, with a time
constant of only 0.01 ps. The first step of forming the triplet-pair intermediate thus
appears to be the rate-limiting step in the formation of T

1

. The rate constant for the
decay of 1(TT)

A

, k1

(TT)

, on the other hand, varies significantly between the samples.
With the exception of 1:0 and 1:0.5, this appears to increase with average intermolecular
separation. Why 1(TT)

A

would decay at di�erent rates for di�erent samples is unclear,
but we note that in all cases that k1

(TT)

is much smaller than k
diss

, accounting for the
the long-lived component of the triplet pair intermediate.

The fitted initial concentrations of each S
1

population are also given in Table 5.4, as
a percentage of the total number of singlet excitons. The variation of S

trap

(0) is plotted
against average intermolecular separation in Figure 5.11a and S

SF

(0) in Figure 5.11b.
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Figure 5.11: Variation of the initial concentration of S
trap

and S
SF

with average intermolec-
ular separation. The proportion of singlet excitons excited onto S

trap

or S
SF

represents the
total proportion of TIPS-Pn molecules in the NP that are trap or SF sites (Equations 5.8
and 5.9).

Figure 5.11a shows the proportion of excitons initially excited onto singlet exciton
trap sites increases with average intermolecular separation, indicating that the total
number of trap sites in a NP, c

trap

, also increases (Equation 5.8). This can be ra-
tionalised by considering the nature of trap sites. In crystalline morphologies, traps
are generally caused by deformations or imperfections in the crystalline structure, but
in amorphous systems such as the TIPS-Pn:PMMA NPs, a di�erent interpretation is
required. We propose that, in the NPs, traps are caused by a combination of geometry
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and intermolecular separation. Certain TIPS-Pn molecules will have configurations
leading to more stable S

1

states than others. Additionally, as the separation of these
molecules from their neighbours increases, the likelihood for the exciton to hop away
will decrease. Thus if a molecule is both stable and isolated, the chance that an exci-
ton will hop away from it is low, and the molecule can be considered a trap site. As
the average intermolecular separation is increased, the number of particularly isolated
molecules would increase, and so more trap sites are observed.

The number of SF sites, on the other hand, decreases with average intermolecular
separation (Figure 5.11b). The explanation for this trend is similar to trap sites: SF
sites presumably need to consist of pairs of TIPS-Pn molecules that are relatively
close together, and that have a specific orientation, but as the average intermolecular
separation increases, less molecules have the necessary separation and so the total
number of SF sites decreases.

Finally, we can use the fitted concentrations of S
1

and T
1

to determine a quantum
yield of singlet fission, „

SF

, for each sample. These yields are given in Table 5.4 and
plotted against the average intermolecular separation in Figure 5.12a.
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Figure 5.12: Variation of (a) quantum yield of SF, „
SF

, and (b) yield of the first step of
SF, „

SF

Õ , with average intermolecular TIPS-Pn separation. The upper and lower limits of the
yields are given by assuming 27% and 0% decay of T

1

between 40 ps and 3 ns, respectively.

The quantum yields are fairly consistent with those determined in Chapter 4, mostly
slightly higher due to the higher maximum T

1

and 1(TT) concentrations fitted. The
decrease in yields with average intermolecular separation can be explained by the pro-
portions of trap sites and SF sites. As the average intermolecular separation increases,
the number of trap sites increases, meaning more singlet excitons become trapped and
therefore cannot undergo SF. At the same time, the number of SF sites decreases, so
singlet excitons have to di�use further before they can reach a SF site and undergo SF.
This allows more time for competing processes, such as dissociation into trap states
and decay of S

1

, so less triplets formed, resulting in a lower „
SF

.
As observed in Chapter 4, even the highest yield, for the 1:0 sample, which we

now know has no trap sites and comprises of entirely SF sites, is around 1 instead of
2. This can now be explained by the decay of the triplet pair intermediate, 1(TT)

A

.
Around 42% of singlets undergoing SF form 1(TT)

A

, meaning only 58% actually form
triplets. This gives a yield of 2 ◊ 0.58 = 1.16, which is exactly what is observed. All
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of the samples have between 42 and 62% of S
SF

decaying through 1(TT)
A

instead of
dissociating, so the yields for all the samples are significantly less than 2. To further
illustrate this point, we calculated the modified SF quantum yield, „

SF

Õ as in Chapter
4 (Figure 5.12b). As this yield includes T

1

and 1(TT), „
SF

Õ accounts for all of the
S

1

population for the 1:0 sample, so the observed value is close to 2 (slightly below
because some of 1(TT) has already began to decay by the time it reaches a maximum).
This means all singlets begin to undergo SF, but only a portion actually complete
the process to dissociate to T

1

. The trend of „
SF

Õ with intermolecular separation thus
indicates the proportion of losses that are solely due to di�usion and trap sites.

All of the analysis so far in this chapter has been done by assuming 15% T
1

decay to
extract the 1(TT) basis spectrum. However as discussed in Chapter 2, this estimation
a�ects the relative proportions of T

1

and 1(TT), and therefore „
SF

. Therefore we also
performed fits using the two extremes of the possibilities of T

1

decay to determine the
1(TT) spectrum, 0% and 27%. The fits and fitting parameters for these are given in
Section 5.5.2. The fits do not change substantially for the di�erent decays, with the
only significant di�erence being the proportions of k

SF

A

and k
SF

B

. For the 0% sample
an average of 56% of the S

SF

population leads to 1(TT)
A

, compared with 48% for 27%
decay. The increase for the 0% triplet decay is to be expected, as more of the spectra
is attributed to 1(TT), and hence the fitted concentration of 1(TT) is higher and T

1

is lower. Given the amount of T
1

formed depends on the proportion of T
1

decay, the
„

SF

in Figure 5.12 is shown as a range using the 27% decay as an upper bound, and
0% decay as a lower.

With respect to previous studies of TIPS-Pn that have reported SF quantum yields
of around 2, it maybe the case that the failure of 1(TT) to dissociate to T

1

is unique to
our system (as it is more amorphous compared to previous), however previous studies
have not made an attempt to identify and model 1(TT) as was done here. Potentially
this means that any 1(TT) features present in the TA spectra were attributed to T

1

,
resulting in an overestimate of the amount of triplet produced. Essentially this would
imply previous yields reported were „

SF

Õ , rather „
SF

. A very recent study by Pensack
and coworkers comparing crystalline and amorphous TIPS-Pn NPs reached the same
conclusion for the amorphous NPs, finding the dissociation of 1(TT) was frustrated in
these, but did not observe this in the crystalline NPs.86 In light of this result, the yields
of TIPS-Pn in crystalline films are potentially not as low as for the NPs presented here,
but it would nevertheless be interesting to re-examine the results of previous studies
taking 1(TT) into consideration, particularly for TIPS-Pn in solution.

5.3.1 Sensitivity of Results to Model Assumptions
The conclusions drawn from the fits of Scheme 3 are partially dependent on the validity
of the assumptions made when fitting. For example, to extract the 1(TT) and T

1

spectra we assumed that no 1(TT) was present in the 1:0 sample at 3 ns, when the T
1

spectrum was extracted. However if this was not the case, the spectra of T
1

would be
slightly di�erent, and more of the T

1

shape would be attributed to 1(TT). This could
cause a decrease in the amount of T

1

observed, as well as causing it to decay less and
rise slower. For example if the TA signal at 3 ns was 10% 1(TT) and 90% T

1

, the triplet
basis spectra would be 10% lower at 505 nm, and 1(TT) 10% higher. Taking this into
account would decrease the lower bounds on „

SF

, but should not have an impact on
„

SF

Õ .
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We also assumed that the 1:0 sample was not di�usion limited, and as such con-
strained k

SF

to match the rate decay of the fluorescence for this sample. But previous
studies of neat TIPS-Pn NPs did observe di�usion limited SF.56 Whilst the morphol-
ogy of our NPs is di�erent, and the 1:0 fluorescence does not need to be fit with 2
exponentials, it might be a better physical representation of the system to still treat it
as di�usion limited. If this was in fact the case, this would mean k

SF

would fit much
faster, which may improve the quality of the fits to the other samples.

Lastly, we have assumed 1(TT)
A

and 1(TT)
B

are di�erent populations of the same
species; that is, that the spectral identity of them is the same. However, the fits show
1(TT)

B

dissociates to form T
1

extremely rapidly, on the order of 0.01 ps, hence this
population does not actually contribute to the TA spectra. The 1(TT) component
observed in the TA is only due to the 1(TT)

A

population, meaning that these two
populations do not necessarily have to have the same spectrum, or in other words,
actually be the same species. 1(TT)

A

could alternatively be described as some sort
of trap state that is distinct from 1(TT). For example, previous studies of SF have
identified excimer trap states.64,65 We can rule out the possibility of excimers in our
case, since no emission is observed due to the decay of 1(TT)

A

, but there may alter-
natively be some form non-emissive trap. On the other hand, a few other studies have
also concluded that a large portion of the 1(TT) state decays rather than dissociates,
including a recent study of amorphous TIPS-Pn NPs.60,73 The results of these studies
support the conclusions made here.

Future work requires further testing the assumptions made in fitting these models,
or trying to fit the data in their absence to account for the deficiencies of the model.

5.4 Conclusions
Out of the models studied here Scheme 3 gives the best fit to both the TA and time-
resolved fluorescence of all the samples. Scheme 1, which assumed di�usion limited
SF with a single 1(TT) population, could not account for the long-lived component of
1(TT). Scheme 2 improved this by assuming two 1(TT) populations, but overestimated
the di�usion of singlet excitons, and hence amounts of SF occurring at late times.
Scheme 3 was able to account for both of these things by both splitting 1(TT) into two
sub-populations, and including the existence of singlet exciton traps.

Ultimately our results explain the observed decrease in the quantum yield of SF,
by attributing losses to more di�usion and the greater presence of trap sites as average
intermolecular separation is increased. Additionally, a major loss pathway across all
average intermolecular separations is identified, due to the failure of over half of all
formed triplet pair intermediates to dissociate into two separated triplets.
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5.5 Appendices

5.5.1 Dependence of Scheme 3 on the Trapping Radius

It was initially found when fitting Scheme 3 that R and D could not be fit indepen-
dently. To demonstrate this, Figure 5.13 and Tables 5.7 and 5.8 show the results of
fitting Scheme 3 with both R and D unconstrained.

For 1:10, D is on the order of 10≠4 cm2s≠1, which is comparable to what is observed
in similar systems,50 however for 1:5 and 1:7 this is significantly lower, on the order
of 10≠9 cm2s≠1. Similarly, R varies from 0.003 nm to 30 nm, with no apparent trend.
These results are inconsistent with the assumption that the nature of SF sites does not
change between the samples, as then the trapping radius should not change.

It appears that there is too much freedom in fitting the di�usion rates, and R and
D are not independent parameters. As a result, R can be fit to a wide range of values
without a�ecting the residuals or any of the other parameters, as D will just be varied
to compensate. This means the fitted values of R and D lose their physical significance.
To confirm this we refit the data fixing R to a few initial guesses, 0.5 nm, 1.0 nm, and
2.0 nm, as shown below. This resulted in fits of identical quality, and no significant
di�erence between rates, confirming this is the case (Tables 5.9 to 5.14).

To obtain reasonable values for R and D one of the parameters had to be fixed.
R can also be determined from the fitted values of c

SF

and calculated values of c
total

to give a “theoretical” trapping radius, Rt (see Chapter 2, Section 2.9.3). Briefly, we
defined a SF site as a sphere of radius R, and solved for R by relating the probability of
finding two TIPS-Pn molecules with that separation to the total proportion of SF sites,
2 ◊ c

SF

/c
total

. Ideally, the fitted, or constrained value of R and the value determined
from c

SF

, Rt, should be identical.
The average Rt over the di�erent samples for each of the fixed values of R are given

in Table 5.6. Interestingly, Rt is very consistent between the di�erent samples (average
only has ≥7% error), and the average Rt identical between the di�erent constrained
values of R, with a value of 1.4±0.1 nm. This is a reasonable number for the trapping
radius, as it is larger than the average intermolecular separation of the 1:0.5 NPs (1.1
nm), which is fit as comprising of mostly SF sites, but smaller than the separation in
the 1:3 sample (1.5 nm), in which di�usion is more significant. We therefore proposed
that 1.4 nm is a reasonable estimate for R, and fit the data using this value to obtain
the corresponding D. Fixing R to 1.4 nm resulted in an identical Rt, as desired.

Table 5.6: Variation of di�usion constant D and the theoretical trapping radius Rt calcu-
lated using a Poisson distribution (Chapter 2, Section 2.9.3) with the value of R constrained
for fitting. Note that since 1:0, 1:0.5 and 1:1 have no di�usion (i.e. all neighbouring TIPS-Pn
molecules are SF sites), the parameters from these fits were excluded from the average.

Constrained R (nm) Average Fitted D (◊10≠5 cm2 s≠1) Average Calculated Rt (nm)
0.5 51± 18 1.4 ± 0.1
1.0 19± 7 1.4 ± 0.1
2.0 4 ± 2 1.4 ± 0.1
1.4 8 ± 3 1.4 ± 0.1



5.5. Appendices 91

5.5.1.1 Fits to Scheme 3 for various values of R
All fits used k

S

1

= 8.33 ◊ 10≠5 ps≠1, k
T

1

= 6.67 ◊ 10≠5 ps≠1, and k
SF

A

+ k
SF

B

= 0.256.

Table 5.7: Fitted parameters to Scheme 3 with R unconstrained.

TIPS-Pn:PMMA k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) S
trap

(0) rC rA „
SF

„
SF

Õ

(ps≠1) (ps≠1) (ps≠1) (10≠3ps≠1) (%) (%) (%) (10≠7M) (10≠3)
1:0 0.107 0.149 83.4 3.21 0.0 100.0 0.0 100 8.8 1.16 1.94

1:0.5 0.117 0.139 92.7 2.45 0.1 99.9 0.0 108 8.7 1.08 1.95
1:1 0.116 0.140 92.8 3.54 10.3 89.1 0.6 133 9.7 1.07 1.78
1:3 0.145 0.111 92.8 14.39 89.1 10.7 0.2 276 12.4 0.83 1.35
1:5 0.143 0.113 92.8 15.48 64.0 34.0 2.0 252 10.9 0.79 1.17
1:7 0.149 0.107 92.8 24.27 83.8 14.8 1.4 214 9.5 0.71 0.87
1:10 0.160 0.096 92.8 39.54 92.8 6.1 1.1 229 11.6 0.61 0.62

Table 5.8: Fitted parameters to Scheme 3 with R unconstrained.

TIPS-Pn:PMMA D (cm2 s≠1) R (nm) c
SF

(M) c
trap

(M) c
total

(M)
1:0 - - 0.864 0.00 1.728

1:0.5 - - 0.589 0.00 1.179
1:1 1.5◊10≠2 3.23◊10≠3 0.422 2.81 0.895
1:3 5.8◊10≠8 18.30 0.044 0.88 0.456
1:5 1.6◊10≠9 25.47 0.078 4.51 0.306
1:7 3.4◊10≠9 31.22 0.030 2.89 0.230
1:10 7.1◊10≠4 1.42 0.010 1.69 0.168

Table 5.9: Fit parameters of Scheme 3 with R=0.5 nm.

TIPS-Pn:PMMA k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) S
trap

(0) rC rA „
SF

„
SF

Õ

(ps≠1) (ps≠1) (ps≠1) (10≠3ps≠1) (%) (%) (%) (10≠7 M) (10≠3)
1:0 0.107 0.149 83.4 3.21 0.0 100.0 0.0 100 8.8 1.16 1.94

1:0.5 0.117 0.139 92.7 2.45 0.1 99.9 0.0 108 8.7 1.08 1.95
1:1 0.116 0.140 92.8 3.52 11.5 88.0 0.5 134 9.8 1.06 1.78
1:3 0.138 0.118 80.1 7.86 67.6 31.4 1.0 292 12.5 0.88 1.52
1:5 0.131 0.125 92.8 7.63 53.0 43.4 3.6 303 11.1 0.88 1.29
1:7 0.147 0.109 92.8 26.40 71.3 25.4 3.3 226 8.9 0.73 0.87
1:10 0.160 0.096 92.8 14.01 71.1 24.7 4.2 317 10.7 0.59 0.73

Table 5.10: Di�usion parameters from fits to Scheme 3 with R=0.5 nm.

TIPS-Pn:PMMA D (cm2 s≠1) c
SF

(M) c
trap

(◊10≠3 M) (c
total

M)
1:0 - 0.864 0.00 1.728

1:0.5 - 0.589 0.00 1.179
1:1 5.4◊10≠5 0.419 2.47 0.895
1:3 8.0◊10≠4 0.109 3.58 0.456
1:5 3.6◊10≠4 0.093 7.59 0.306
1:7 8.6◊10≠4 0.047 6.08 0.230
1:10 4.7◊10≠4 0.033 5.67 0.168
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Table 5.11: Fit parameters of Scheme 3 with R=1.0 nm.

TIPS-Pn:PMMA k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) S
trap

(0) rC rA „
SF

„
SF

Õ

( ps≠1) (ps≠1) (ps≠1) (◊10≠3ps≠1) (%) (%) (%) (10≠7 M) (10≠3)
1:0 0.107 0.149 83.4 3.21 0.0 100.0 0.0 100 8.8 1.16 1.94

1:0.5 0.117 0.139 92.7 2.45 0.1 99.9 0.0 108 8.7 1.08 1.95
1:1 0.116 0.140 92.8 3.50 12.6 87.0 0.4 134 9.8 1.06 1.79
1:3 0.133 0.123 92.8 7.23 75.0 24.3 0.7 330 13.5 0.92 1.52
1:5 0.146 0.110 92.8 20.20 55.9 41.1 2.9 246 10.6 0.79 1.12
1:7 0.150 0.106 92.8 28.22 73.0 24.0 3.0 209 8.7 0.72 0.84
1:10 0.160 0.096 92.8 14.01 71.1 24.7 4.2 340 11.4 0.57 0.72

Table 5.12: Di�usion parameters from fits to Scheme 3 with R=1.0 nm.

TIPS-Pn:PMMA D (cm2 s≠1) c
SF

(M) c
trap

(10≠3 M) c
total

(M)

1:0 - 0.864 0.00 1.728
1:0.5 - 0.589 0.00 1.179
1:1 1.1◊10≠5 0.416 2.08 0.895
1:3 3.1◊10≠4 0.089 2.62 0.456
1:5 1.7◊10≠4 0.089 6.33 0.306
1:7 3.1◊10≠4 0.045 5.56 0.230
1:10 1.5◊10≠4 0.033 5.67 0.168

Table 5.13: Fitted parameters of Scheme 3 with R=2.0 nm.

TIPS-Pn:PMMA k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) S
trap

(0) rC rA „
SF

„
SF

Õ

(ps≠1) (ps≠1) (ps≠1) (◊10≠3ps≠1) (%) (%) (%) (10≠7 M) (10≠3)
1:0 0.107 0.149 83.4 3.21 0.0 100.0 0.0 100 8.8 1.16 1.94

1:0.5 0.117 0.139 92.7 2.45 0.1 99.9 0.0 108 8.7 1.08 1.95
1:1 0.116 0.140 92.8 3.48 13.3 86.4 0.3 135 9.9 1.06 1.79
1:3 0.133 0.123 92.8 6.98 83.5 16.0 0.4 329 13.7 0.92 1.51
1:5 0.144 0.112 92.8 17.02 60.5 37.1 2.4 250 10.7 0.79 1.15
1:7 0.150 0.106 81.4 25.55 77.0 20.7 2.3 213 8.9 0.71 0.85
1:10 0.160 0.096 92.8 14.01 71.1 24.7 4.2 397 12.6 0.55 0.75

Table 5.14: Di�usion parameters from fits to Scheme 3 with R=2.0 nm.

TIPS-Pn:PMMA (D cm2 s≠1) c
SF

(M) c
trap

(10≠3 M) c
total

(M)

1:0 - 0.864 0.00 1.728
1:0.5 - 0.589 0.00 1.179
1:1 1.0◊10≠6 0.415 1.62 0.895
1:3 1.0◊10≠4 0.063 1.70 0.456
1:5 2.7◊10≠5 0.083 5.32 0.306
1:7 6.3◊10≠5 0.040 4.39 0.230
1:10 2.8◊10≠5 0.033 5.67 0.168
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Figure 5.13: Fits of Scheme 3 to TIPS-Pn:PMMA nanoparticles with R unconstrained.
The kinetically fitted concentrations are plotted alongside the concentrations obtained from
the spectral fits in Chapter 4.
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Figure 5.14: Fits of Scheme 3 to TIPS-Pn:PMMA nanoparticles with R=0.5 nm.
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Figure 5.15: Fits of Scheme 3 to TIPS-Pn:PMMA nanoparticles with R=1.0 nm.
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Figure 5.16: Fits of Scheme 3 to TIPS-Pn:PMMA nanoparticles with R=2.0 nm.
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5.5.2 Scheme 3 Fits with R=1.4 nm assuming 0% and 27%
triplet decay

All fits with k
S

1

= 8.33 ◊ 10≠5 ps≠1, k
T

1

= 6.67 ◊ 10≠5 ps≠1, and k
SF

A

+ k
SF

B

= 0.256.

Table 5.15: Fitted parameters of Scheme 3 for 0% triplet decay between 40 ps and 3 ns.

TIPS-Pn:PMMA k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) S
trap

(0) rC rA „
SF

„
SF

Õ

(ps≠1) (ps≠1) (ps≠1) (10≠3ps≠1) (%) (%) (%) (10≠7M) (◊10≠3)
1:0 0.121 0.135 90.0 2.64 0.0 100.0 0.0 148 10.5 1.05 1.95

1:0.5 0.139 0.117 90.0 2.40 0.0 99.8 0.2 150 11.0 0.91 1.94
1:1 0.131 0.125 90.0 2.96 13.5 86.5 0.0 136 10.7 0.94 1.77
1:3 0.145 0.111 92.8 4.61 58.6 39.9 1.5 205 9.5 0.81 1.43
1:5 0.147 0.109 91.3 6.25 51.5 45.2 3.3 178 9.3 0.75 1.24
1:7 0.153 0.103 92.8 12.28 74.3 23.1 2.6 165 7.6 0.69 0.97
1:10 0.168 0.088 92.8 53.62 75.9 20.0 4.1 197 10.5 0.53 0.54

Table 5.16: Di�usion parameters for Scheme 3 fits with 0% triplet decay between 40 ps and
3 ns.

TIPS-Pn:PMMA D (cm2 s≠1) c
SF

(M) c
trap

(10≠3 M) c
total

(M)
1:0 - 0.864 0.00 1.728

1:0.5 - 0.589 0.96 1.180
1:1 2.2◊10≠6 0.415 0.00 0.895
1:3 3.5◊10≠5 0.130 4.73 0.456
1:5 3.2◊10≠5 0.095 6.85 0.306
1:7 1.2◊10≠4 0.043 4.83 0.230
1:10 1.6◊10≠4 0.028 5.71 0.168

Table 5.17: Fitted parameters of Scheme 3 for 27% triplet decay between 40 ps and 3 ns.

TIPS-Pn:PMMA k
SF

A

k
SF

B

k
diss

k1

(TT)

S
D

(0) S
SF

(0) S
trap

(0) rC „
SF

„
SF

Õ

(ps≠1) (ps≠ 1

2 ) (ps≠1) (ps≠1) (ps≠1) (10≠3ps≠1) (%) (%) (%) (10≠7 M) (10≠3)
1:0 0.091 0.165 92.8 4.03 0.0 100.0 0.0 201 10.1 1.29 1.94

1:0.5 0.095 0.161 92.8 2.71 0.0 99.4 0.6 189 9.5 1.25 1.94
1:1 0.097 0.159 92.8 4.33 11.7 86.7 1.5 272 12.5 1.20 1.81
1:3 0.139 0.117 92.8 40.14 78.6 20.9 0.5 413 15.5 0.88 1.14
1:5 0.134 0.122 92.8 36.26 62.2 35.1 2.7 397 15.3 0.87 1.04
1:7 0.143 0.113 92.8 49.69 77.7 19.9 2.5 331 12.6 0.76 0.77
1:10 0.161 0.095 74.6 307.53 71.1 24.7 4.2 283 13.8 0.58 0.58

Table 5.18: Di�usion parameters for Scheme 3 fit with 27% triplet decay between 40 ps and
3 ns.

TIPS-Pn:PMMA D (cm2 s≠1) c
SF

(M) c
trap

(10≠3 M) c
total

(M)
1:0 - 0.864 0.00 1.728

1:0.5 - 0.588 3.50 1.180
1:1 8.3◊10≠6 0.416 7.32 0.895
1:3 2.4◊10≠4 0.079 1.86 0.456
1:5 1.1◊10≠4 0.079 6.20 0.306
1:7 2.1◊10≠4 0.038 4.79 0.230
1:10 9.8◊10≠5 0.033 5.67 0.168
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Figure 5.17: Fits of Scheme 3 to TIPS-Pn:PMMA nanoparticles with R=1.4 nm and 0%
triplet decay.
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Figure 5.18: Fits of Scheme 3 to TIPS-Pn:PMMA nanoparticles with R=1.4 nm for 27%
triplet decay.
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CHAPTER 6
Conclusion

To investigate the e�ect of intermolecular distance on singlet fission (SF), aqueous
dispersions of TIPS-Pn/PMMA nanoparticles (NPs) were prepared with various TIPS-
Pn:PMMA mass ratios. In Chapter 3, the arrangement of TIPS-Pn in the NPs was
shown to be random, with no formation of crystalline domains, indicating the average
intermolecular separation increased with proportion of PMMA. Using the densities of
TIPS-Pn and PMMA we estimated the average intermolecular separation varied from
0.99 nm for the neat (1:0) TIPS-Pn NPs to 2.15 nm for the 1:10 TIPS-Pn:PMMA
sample.

In Chapter 4, time-resolved spectroscopy was used to show SF was present in all
NPs to some extent. Time-resolved fluorescence demonstrated that the fluorescence
lifetime, and hence the lifetime of the singlet excitons was significantly shorter than
in dilute solution, due to the presence of SF. TA spectroscopy also showed the rise
of a T

1

excited state absorption within 100 ps, indicative of triplet formation by SF.
The rate of triplet formation was comparable with the fast rates of SF reported in
the literature for TIPS-Pn, and appeared to decrease as intermolecular separation was
increased.39,53,56

Significant overlap was present in the visible transient absorption spectra of TIPS-
Pn, with features due to the ground state bleach, stimulated emission, and excited
state absorption of three di�erent species all occurring in the same regions. The com-
plexity of the spectra meant to quantify the amount of SF occurring in each sample,
the transient absorption had to be deconvoluted using a linear combination of the
spectra of the constituent species. It was found that the transient absorption spectra
could not be fit with two components, that is, with just the S

1

and T
1

excited states.
The triplet pair intermediate, 1(TT), also showed a spectral contribution, and there-
fore it must be included to reliably fit the data. SF quantum yields determined from
three-component fits (S

1

, T
1

and 1(TT)) showed the yields decreased as intermolecular
separation increased, and that all yields were considerably lower than what has pre-
viously been reported. Additionally the decay of the 1(TT) population obtained from
the three-component fit was not correlated with the rise of T

1

; observations that were
explained in the kinetic fitting in Chapter 5.

The final kinetic model proposed in Chapter 5 was able to fit both the transient
absorption and time-resolved fluorescence. The observed trends were explained by
splitting the S

1

population into three sub-populations to account for di�usion and the
presence of exciton trap sites, and the triplet pair intermediate into two populations
to account for both the slow decay of 1(TT), but fast rise of T

1

.
Similar to studies of amorphous substituted tetracene films, this model invoked

di�usion-limited SF to explain the multi-exponential decay kinetics of the time-resolved
fluorescence.50 Only certain pairs of TIPS-Pn molecules in the NP would have had
orientations and separations that were favourable for SF. SF from these “SF sites” was
found to be rapid, with ·

SF

ranging from 6 to 12 ps. Excitons generated elsewhere in
the NPs had to di�use to a SF site. Hence SF from these was delayed, leading to a
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distribution of intermediate decay times. As the average intermolecular separation was
increased, the number of TIPS-Pn molecules with a small enough separation to act as
SF sites decreased, so the excitons had to di�use further and the formation of triplets
was slower.

The longer 12 ns component of the fluorescence decay that could not be described
with di�usion was explained due to the presence of singlet-exciton traps. Molecules
that were particularly isolated or more energetically stable than their surroundings
trapped singlet excitons such that they were neither able to undergo singlet fission,
nor di�use to a SF site. The proportion of sites that were particularly isolated, and
thus acted as traps, increased with average intermolecular separation, rationalising
the increase in the amplitude of the 12 ns decay. An increase in both the number of
trap sites and the amount of di�usion required to undergo SF led to a decrease in SF
quantum yields with intermolecular separation.

Ultimately, it is apparent that the e�ciency of SF is highest for the shortest in-
termolecular separations in amorphous NPs of TIPS-Pn. There did not appear to be
any significant trends in the decay of T

1

or the rate of triplet-triplet annihilation, or
at least not enough to a�ect the trends in the quantum yield of SF, as was originally
hypothesised. However, the decay of the triplets occurred on a significantly longer time
scale than the time window of the experiments studied here, so we cannot make any
conclusions about the trends in TTA with confidence. It would be interesting to study
these NPs over a larger time window, to determine if separation does have an e�ect on
the triplet decay. However, ultimately any loss in e�ciency due to the slow decay of
T

1

will be negligible compared to the loss from the failure of 1(TT) to dissociate into
individual triplet pairs.

Approximately half of all 1(TT) formed decayed to the ground state rather than
dissociating. Thus, even in the 1:0 sample, in which there were no trap sites and SF was
not di�usion limited, the quantum yield of singlet fission was 1 instead of the theoretical
maximum of 2. The proportion of 1(TT) that decayed decreased slightly with average
intermolecular separation, suggesting the formation of triplets may be facilitated by
the ability to hop away from the SF site, as has previously been suggested in studies
of tetracene dimers.60

The loss of e�ciency due to the decay of 1(TT) is likely not unique to this system.
As mentioned, the phenomena has also been observed in tetracene dimers,60 and in an
independent study on amorphous TIPS-Pn NPs.73 Many spectroscopic studies on SF
do not consider 1(TT) in their analysis, so it is possible that what has previously been
attributed to a triplet may in fact be a combination of the triplet and triplet pair, and
SF may not be as e�cient in these systems as initially thought. Future work could
involve applying the method of analysis here to other systems, to determine if the same
e�ect occurs. Tetracene in particular would be an insightful system to study, as SF
in this system is endothermic and thus the reverse triplet-triplet annihilation reaction
may play more of a role in the distance dependence than was observed here.

The findings in this study highlight the importance of careful analysis of transient
absorption spectra, and also demonstrate that the rate of SF should not necessarily be
equated with e�ciency; here the rate of triplet production was fast, but the yield was
still low.

Further investigation is needed to clarify the nature of the 1(TT) intermediate and
how it is formed. The involvement of an excimer-like state is unlikely, as no emission
was observed after the decay of S

1

. It may be possible to elucidate the role of charge-
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transfer states by studying this system with a host polymer of di�erent polarities.
A polymer with a higher dielectric constant than PMMA, for example, could have
the e�ect of stabilising any CT intermediates as has been documented for substituted
pentacene dimers,67 resulting in significantly di�erent kinetics than what was observed
here.

The substantial loss in e�ciency due to 1(TT) decay has significant implications
for the application of SF in solar cells. Triplets are needed to generate charge, so if
fewer triplets are produced, the e�ciency of the solar cells will not approach the 45%
limit that should be achievable for a single-junction solar cell with SF. Fortunately, the
decay of 1(TT) observed here was slow, so it may yet be possible to stimulate them
into dissociating. It would also be interesting to use quantum-mechanical calculations
to explore the geometry dependence of triplet-pair decay versus separation to T

1

, and
investigate whether the decay can be circumvented.

The TIPS-Pn/polymer NPs presented in this thesis are a useful system in which to
study SF. Ultimately, fine control over the intermolecular separation, and by extension
the kinetics of SF, was achieved, allowing insight into the e�ciency of SF in TIPS-
Pn. Unless a way to promote full 1(TT) dissociation can be established, these NPs
are not ideal for application in solar cells (though the ease of solution processing NP
suspensions would have been beneficial). However, the system in this study can be
modified in a number of ways, and there is potential to use the control demonstrated
here to elucidate further aspects of mechanism of SF and competing processes.
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