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Abstract

Singlet fission (SF) is an exciton multiplication process whereby a singlet exciton con-
verts into two lower-energy triplet excitons, which presents opportunities for bypassing
the theoretical effficiency limit of single-junction photovoltaic devices. However, a
deeper understanding of the photophysical processes underpinning SF must be de-
veloped in order to meaningfully improve photovoltaic efficiencies. 6,13-(triisopropyl
silylethynyl)pentacene (TTPS-Pn) has been extensively studied as a model system for
intermolecular SF, but the complex relationship between solid-state morphology and
exciton dynamics in this material has previously complicated interpretation of results
from such models. In particular, nanoparticle (NP) dispersions are a popular medium
for spectroscopic study of solid-state excitonic processes, but significant quantitative
discrepancies exist in the literature regarding exciton dynamics within TIPS-Pn NPs.
This thesis presents a series of spectroscopic and computational investigations aimed
at clarifying the relationship between intermolecular morphology, NP structure and
exciton dynamics within TIPS-Pn NPs.

A novel mode of morphological control in these NP systems is investigated in Chap-
ter 3, using poly(vinyl alcohol) as a chemical additive to convert the TIPS-Pn mor-
phology from amorphous to crystalline. Experimental studies demonstrate that this
transformation occurs rapidly and irreversibly through a surface-mediated interaction,
and computational modelling suggests that a periodic dispersion interaction between
hydroxyl- and TIPS-groups induces reorganization of the TIPS-Pn molecules. Char-
acterization of this effect thus offers a reproducible and reliable strategy for accessing
the crystalline phase of TIPS-Pn in NP models.

Chapter 4 uses ultrafast spectroscopy and electronic structure calculations to quan-
tify triplet exciton mobility in crystalline TIPS-Pn NPs. Careful study of diffusion-
limited triplet—triplet annihilation demonstrates that triplet mobility is highly anisotropic
along different crystallographic axes, with diffusion coefficients varying by over seven
orders of magnitude. Predicted exciton diffusion lengths range from almost 0.5 pm to
less than 1 nm depending upon crystal orientation, with significant implications for the
alignment of crystalline TIPS-Pn layers in device applications.

The effect of particle size on exciton dynamics in TIPS-Pn NPs is explored in
Chapters 5 and 6. Chapter 5 studies a series of different-sized amorphous TIPS-Pn
NPs, and shows that both the rate and yield of SF vary substantially with NP size.
Upon decreasing particle size, SF slows, triplet decay accelerates and an additional,
previously undiscovered non-radiative singlet quenching channel becomes significant.
All of these effects are ascribed to increased morphological disorder within these NPs
at smaller sizes, hence indicating that not all NP sizes are reasonable models of bulk
amorphous TIPS-Pn and care must be taken when interpreting results from such sys-
tems. Contrasting with this, Chapter 6 observes negligible changes in NP morphology
or exciton dynamics with particle size for crystalline TIPS-Pn NPs. Kinetic Monte
Carlo modelling shows that while size-dependent triplet decay kinetics are possible due
to exciton confinement in very small NPs, this will only occur at conditions that are
experimentally unlikely. Small crystalline TIPS-Pn NPs are therefore expected to be
excellent model systems for bulk crystalline TIPS-Pn.
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CHAPTER 1
Introduction

1.1 Solar Energy Harvesting and Photovoltaics

Global demand for energy is increasing rapidly, with worldwide energy consumption
having approximately doubled since 1980.% At the same time, the impacts of green-
house gas emissions from the combustion of fossil fuels upon the Earth’s climate are
becoming increasingly clear. Recent modelling suggests that an increase in mean global
surface temperatures of 1.5°C relative to the year 1900 is likely by 2030, with a possible
rise of up to 4.8°C by 2100.7 Concerns regarding the climatological impacts of such
warming, coupled with current growth in energy consumption, are currently driving an
unprecedented transformation of global energy infrastructure towards renewable and
non-fossil-fuel energy sources. In particular, electricity generation through harnessing
solar energy with photovoltaic (PV) devices has seen significant growth, as incident so-
lar radiation at the Earth’s surface provides approximately 10*x current global energy
needs.® This is exemplified by the recent uptake of PV in Australia, shown in Figure 1.1.
Since 2010, electricity generation by PV has grown from negligible levels to account for
approximately 8% of all electrical power generated nationwide, and almost twice this
in the state of South Australia.? There is therefore significant current research interest
in improving existing PV technologies, particularly in terms of bypassing fundamental
efficiency limits of existing devices.

e South Australia
e Australia

=
NoU
(0 o

=
o
o

7.5 1

5.0

2.51

Power Generation by PV (%)

OO T T T T T
2010 2012 2014 2016 2018 2020
Year

Figure 1.1: Percentage power generation by photovoltaics Australia-wide (blue) and in the
state of South Australia (red), 2010-2020. Data is taken from ref. 9.



2 Chapter 1. Introduction

1.1.1 Efficiency Limits of Single-Junction Photovoltaics

Single-junction PV devices (constructed from a single p-n junction within the semi-
conducting layer) are limited to a maximum possible solar power conversion efficiency
(PCE) of approximately 33%, termed the “detailed-balance limit”.1%1! This occurs for
a hypothetical material with a band-gap of 1.3 eV; for doped silicon, the active material
used in most existing PV technologies, this limit is closer to 29%.'? There are several
mechanisms which contribute to this efficiency limit, but the two largest energy-loss
pathways are illustrated in Figure 1.2. The active layer of a single-junction PV device
consists of a single semiconducting material, with band-gap of energy Fp separating
the filled valence band (VB) and vacant conduction band (CB). Solar photons of en-
ergy lower than Ep cannot be absorbed by this material, reducing the overall energy
efficiency of the device. Photons of energy Ejnoton > Ep may be absorbed by the
semiconductor, promoting an electron from the VB to the CB and leaving a positively-
charged vacancy (termed an “electron-hole”, or simply “hole”) in the VB. In some
materials these electrons and holes are able to move independently of one another as
charge carriers, while in others they remain electrostatically bound as an electron—hole
pair, often termed an “exciton”.!® However, high-energy electrons or excitons in the
CB undergo ultrafast thermal relaxation (“thermalization”) to the CB edge. Such
thermalization comprises a significant PV energy loss pathway upon irradiation with
high-energy photons, and is a major contributing factor to the detailed-balance limit
for single-junction PV devices.

The highest reported PCE for a single-junction silicon PV device is 26.7%, which
approaches the silicon detailed-balance limit of 29%.141% Only minimal further effi-
ciency improvements are therefore possible for such devices, and so significant study
is now being devoted to developing alternative PV architectures which may bypass
the detailed-balance limit. Coupling multiple cells in tandem'® or photon upconver-
sion!” are both promising methods for harnessing low-energy photons below the silicon
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Figure 1.2: Illustration of the major loss pathways which contribute to the detailed-balance
efficiency limit of single-junction photovoltaic devices. Coloured arrows represent visible
photons with energies Fppoton-
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band-gap. Multiple exciton generation (MEG) is also topic of considerable interest at
present, as conversion of one high-energy photon to multiple lower-energy excitons or
charge carriers in the CB has potential to minimize energy losses through thermal-
ization.'® One method of MEG showing significant potential for use in PV devices is
singlet fission (SF'), which may improve the yield of excited states transferred to the
semiconductor CB.

1.1.2 Singlet Fission Photovoltaics

SE' is the photophysical process by which an excited-state chromophore with singlet
multiplicity (S;) couples to an adjacent ground-state chromophore (Sg) to yield two
neighbouring excited-state chromophores with triplet multiplicity (T;).! This process
is spin-allowed as it proceeds via a correlated triplet pair intermediate state, '(TT):2°

Si+Sy— Y(TT) — T, +T,. (1.1)

SE' is an energy-conserving process, as the energy of the initial singlet-state excitation
is in general equal to or greater than the combined energy of the two triplets formed.
Exceptions can occur for slightly endothermic SF, whereby thermal energy or entropic
contributions make up this energy difference,?! but even in such cases the triplet energy
is still approximately half that of the singlet energy. SF hence converts one high-energy
exciton into two lower-energy excitons, and has therefore been proposed as a potential
MEG mechanism for PV devices.!® High-energy photons which suffer significant en-
ergy losses through CB thermalization could instead be absorbed by a SF sensitizing
layer, with the resulting singlet exciton subsequently converted into two low-energy
triplet excitons via SF, as shown in Figure 1.3a~b. Upon exciton transport to the in-
terface between sensitizer and semiconductor (Figure 1.3c), these triplet excitons may
undergo either energy or electron transfer into the semiconductor CB (Figure 1.3d).
The combined thermalization energy loss of these lower-energy triplet excitons would
be less than that of the original high-energy singlet exciton. Hence, MEG by SF may
minimize energy losses from CB thermalization in PV devices, and therefore improve
PCEs beyond the detailed-balance limit. Assuming a SF yield of 200% (two triplet
excitons formed from every photon absorbed; often termed “quantitative yield”) and
that no losses occur in triplet transport or transfer into the CB, the efficiency limit
of a SF-sensitized PV device has been calculated as approximately 46%.1%2%23 For
silicon sensitized with tetracene (a SF chromophore with triplet energy favorable for
transfer into the silicon CB), more recent studies have revised this limit to 32-36%,
which remains a considerable improvement on the detailed-balance limit of 29% for
silicon. 2425

However, such efficiency improvements have yet to be practically realized, with
reported PCEs of SF-sensitized PV devices rarely exceeding 5%.253! With reference
to the tetracene-sensitized silicon design mentioned above, the highest PCE recorded
from such a device is 5.1%,3? significantly lower than the 32-36% PCE limit calculated
for this system. Multiple studies have reported that despite achieving quantitative
SF yields in the sensitizing layer, charge-carrier yields in such devices are generally
significantly lower than 200%.%7 2 This therefore implies that while every singlet exci-
tation is successfully converted into two triplet excitons within the SF-active layer, not
every triplet exciton is then transferred into the semiconductor CB. Efficiency losses
must hence arise during either exciton transport within the SF layer or transfer into
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Figure 1.3: Schematic illustration of an ideal SF-sensitized PV device. Labelled processes
correspond to (a) photo-excitation of the SF sensitizer by high-energy solar photons to form
a singlet exciton, (b) rapid and irreversible SF of the singlet exciton to form two triplet
excitons, (c) transport of both triplet excitons to the sensitizer:semiconductor interface, and
(d) energy or electron transfer from both triplet excitons into the conduction band of the
semiconductor.

the semiconductor, but the cause(s) of these reduced efficiencies are not currently well
understood. A deeper understanding of the mechanisms governing these excitonic pro-
cesses is therefore necessary, such that these loss processes can be minimized and the
efficiencies of SF-sensitized PV devices improved.

1.2 Mechanisms of Excitonic Processes

1.2.1 Singlet Fission

Despite the relative simplicity of Equation 1.1, the mechanism underpinning SF is
much more complex than this description suggests, as illustrated in Figure 1.4. Di-
rect conversion of S; into !(TT) requires a concerted, effective two-electron transfer
between adjacent chromophores (Figure 1.4b). For weakly-coupled chromophores this
can be described by Marcus theory, with a rate strongly dependent upon the S;—!(TT)
diabatic coupling.®® However, while this direct mechanism may be relevant in some
circumstances, "% a growing body of evidence now suggests that charge-transfer (CT)
states appear to play a significant role in the SF process.3¢ CT states, in which a single
electron is transferred between chromophores to yield a cation/anion pair, are thought
to act as intermediate states in !(TT) formation.3” CT states of energy comparable to
the S; state have been proposed as being real intermediates in SF (Figure 1.4c),3® while
others have suggested that higher-energy CT states may act as virtual intermediates,
indirectly coupling the S; and '(TT) states through an effective “superexchange” mech-
anism (Figure 1.4d).3%4° Multiple experimental studies have observed accelerated SF
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Figure 1.4: Jablonski diagram of the mechanistic processes associated with singlet fission:
(a) photo-excitation from Sy to Sy, (b) direct formation of 1(TT), (c) direct and (d) virtual
charge-transfer mediated formation of '(TT), (e) direct separation of '(TT), (f) quintet-
mediated separation of !(TT), and (g) non-radiative relaxation of 1(TT) to Sg through vi-
brational or nuclear motions.

rates upon increasing solvent polarity, ascribed to polar solvents stabilizing these CT
intermediate states.**® For more strongly coupled chromophores, however, incoher-
ent electron transfer theory cannot fully describe the SF mechanism. Recent work has
demonstrated that a resonant superposition of Sy, !(TT) and CT states can be formed
upon photoexcitation of strongly-coupled chromophores, coupled through either elec-
tronic*64? or vibrational®®® coherences. Subsequent dephasing of these coherences
then results in the formation of !(TT) state on ultrafast timescales. Some studies
have reported both coherent and incoherent SF mechanisms operating simultaneously
within the same material, ¥ thus highlighting the complex nature of !(TT) formation
in SF-capable materials.

In order to effectively improve PV device efficiencies, the *(TT) state formed during
SF' must effectively separate into two independent triplet excitons. Some studies have
suggested that the !(TT) state in some materials possesses a finite binding energy rela-
tive to free triplets, that must be overcome through thermal or entropic contributions in
order to induce separation.?*57% Several recent studies have demonstrated that !(TT)
dissociation is limited by triplet exciton transfer away from the initial SF site.% 6! Sep-
aration of the '(TT) state through this process is thought to involve a second triplet
pair intermediate, comprising spatially-separated but spin-correlated triplet excitons,
denoted *(T---T).%263 Subsequent loss of spin correlation in this weakly-interacting in-
termediate then yields two independent triplet excitons (Figure 1.4e).5 An alternative
mechanism proposed for the separation of the !(TT) state involves triplet pair states of
higher multiplicities. Pair states of triplet (3(TT)) or quintet (°(TT)) multiplicity may
also arise from triplet—triplet interactions,?%% which may mix with the !(TT) state in
the limit of weak spin-orbit coupling.%¢ Quantum beating in the delayed fluorescence of
tetracene has previously been attributed to the formation of a coherent superposition
of 1(TT) and 3(TT) states formed following SF.%®%768 Quintet pair states have been
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identified by spin-resonance techniques intermediates in a number of SF-capable sys-
tems following *(TT) formation, but before separation into free triplets. 4> These
°(TT) states have hence been proposed to act as intermediates in '(TT) separation to
free triplet excitons (Figure 1.4f). Experimental evidence has been reported for both
direct and quintet-mediated separation pathways, but never from the same study. It
is therefore currently unclear how these two mechanisms of !(TT) separation relate to
one another: they may be complementary aspects of the same mechanism, competing
processes in the same material, or pathways exclusive to different chromophores.

Distinct from these mechanisms of *(TT) separation, other decay pathways have
also been identified for the correlated triplet pair state. Several recent studies have
demonstrated that a sub-population of !(TT) excitons formed through SF do not sepa-
rate, but instead decay non-radiatively to the ground state.®®™ ™ The exact nature of
this pathway has not yet been established, but it has been hypothesized that this non-
radiative decay is facilitated by relaxation through vibrational modes or other nuclear
motions within the material (Figure 1.4g).™™ Delayed fluorescence from tetracene,
pentacene and other SF-capable chromophores has also been attributed to radiative
decay of the !(TT) state, with coherent mixing of the “bright” S; state and “dark”
L(TT) states proposed as enabling this transition.67.6%7 Finally, direct charge trans-
fer from the '(TT) state into electron-accepting materials has also been reported in
some instances, effectively bypassing the formation of free triplet excitons.*6*® The
nature and behaviour of correlated triplet pair states is clearly highly complex, and is
hence an active and rapidly evolving field of research.

1.2.2 Exciton Transport

Exciton transport may occur via a number of possible energy transfer processes. For
weakly-coupled chromophores, two distinct mechanisms of incoherent excitation energy
transfer may occur, both of which are described in Figure 1.5. Forster resonance en-
ergy transfer (FRET) allows for excitation energy transfer between spatially-separated
chromophores through a coupling of transition dipole moments (Figure 1.5a).”" This
process involves no exchange of electrons or emission of radiation, as energy is trans-
ferred only via resonant de-excitation and excitation of the two chromophores. For an
interchromophore separation r, the rate of FRET between two chromophores scales as
r=6, with relatively fast and efficient singlet exciton transfer generally occurring for
separations of 10 nm or less.”"™ However, the respective excitation and de-excitation
transitions required for FRET must be spin-allowed. Therefore, triplet exciton transfer
cannot occur through FRET, as de-excitation of a triplet excited state is spin-forbidden.
Instead, triplet exciton migration occurs through Dexter excitation transfer (DET),
shown schematically in Figure 1.5b. DET is an electron exchange mechanism, and so
is highly dependent upon the electronic coupling and hence molecular orbital overlap
between adjacent chromophores.™ The interchromophore separations required for DET
are therefore significantly smaller than for FRET; the DET rate scales as exp(—2r),
and so is effectively negligible beyond r = 1 nm. "™ Triplet exciton migration is hence
orders of magnitude slower than singlet migration within the same material.®® Inco-
herent exciton transfer through FRET or DET can be described as “hopping”, as each
transfer event occurs independently of those preceding it. The collective motion of
an ensemble of such excitons is therefore random and governed by Brownian motion,
and so the migration of excitons in a weakly-coupled system is generally described as
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Figure 1.5: Orbital diagram depicting (a) singlet exciton transfer by Forster resonance
energy transfer (FRET) and (b) triplet exciton transfer by Dexter excitation transfer (DET).

“exciton diffusion”. 8!

For more strongly-coupled chromophores, however, DET and FRET are not the only
possible means of exciton transport. Photo-excitation of a strongly-coupled system may
form a coherent superposition of states (either vibrational or electronic) between sep-
arate chromophores.®? Oscillations within this superposition can then facilitate rapid,
long-range transfer of excitation energy between chromophores. Coherent transport
of excitons has been observed in a variety of organic® and inorganic® materials, on
timescales of up to hundreds of femtoseconds and length scales of several nanometers.
Vibronic coherences have also been reported in a number of biological systems,8> 87
although whether these coherences contribute towards exciton transport is currently a
topic of debate.3 0

1.2.3 Exciton—Exciton Annihilation

An encounter between two excitons may result in de-excitation of one or both excitons,
through a process known as exciton—exciton annihilation (EEA). EEA is an energy-
conserving process, whereby the combined energy of both excitons promotes one exciton
to a higher energy state, while returning the other to the ground state. In the case of
annihilation between singlet excitons, this typically forms a high-lying singlet excited
state (denoted S,) which generally rapidly relaxes back to the S; state:%!

Sl+Sl—)Sn+SO—)Sl+SQ. (12)

EEA between singlets can only form high-energy excitons of singlet multiplicity, as the
net spin of the system is zero. For annihilation of triplet excitons, however, a more
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complex series of interactions occur, as the first step in triplet—triplet annihilation
(TTA) involves the formation of a triplet-pair encounter state. As discussed in Section
1.2.1, (TT) pair states may have singlet, triplet or quintet multiplicity. TTA through
the singlet channel results in mutual annihilation of both triplet excitons and formation
of a singlet state. 3(TT) encounter states may relax to a hot triplet state T,,, which
then may further relax to Ty such that one triplet is removed through this annihilation
pathway. Localized quintet states in most materials are generally too high in energy
to be accessible via TTA, and so formation of a °(TT) encounter state usually results
in dissociation back to T + T;.9%% The process of TTA may hence be summarized as

(TT) = S + So
T+ T — 3(TT) — Tn + SO — Tl + SO (13)
S(TT) — T+ T;.

An encounter between two triplet excitons results in a manifold of nine possible triplet—
pair states. If these states remain spin-pure, this manifold consists of one singlet state,
three triplet states and five quintet states. % In such circumstances, mutual annihilation
may occur from only one state and annihilation of a single exciton from three, yielding
respective probabilities of 1/9 and 3/9 for these processes. However, mixing between
these pair states may occur in many chromophore materials, resulting in a manifold
of mixed-character (TT) states. TTA through each channel may hence occur from
any encounter state with some level of either singlet or triplet character, with rates
proportional to the singlet or triplet projection onto the state of interest.?*% The
relative energies of intermediate states involved in TTA also play a significant role in
determining the pathway through which TTA occurs. Numerous experimental studies
have observed singlet yields from TTA significantly higher than what would be expected
through spin-statistics. % This has been attributed to high-lying T,, states possessing
such high energies that the 3(TT) — T, + Sy relaxation is highly endoergic, inhibiting
TTA through this pathway.

For triplet excitons arising from SF, two distinct types of TTA can occur.® Anni-
hilation of two triplet excitons formed from the same SF event is referred to as “gem-
inate” TTA.' This is the reverse process of SF, and is often alternatively termed
“triplet fusion” or “triplet recombination”. Geminate TTA occurs with first-order ki-
netics, as each pair of triplet excitons decays independently of one another. Recent
reports have observed that triplet excitons formed from SF may possess some level of
long-term “spin memory”, recombining with a faster rate than would be expected by
spin-statistics. ®? This may arise from geminate recombination of the spin-correlated
but spatially-separated !(T---T) intermediate state. For encounters of triplet excitons
formed from separate SF events, “bimolecular” TTA can occur. This process exhibits
second—order kinetics with respect to triplet concentration:

d[T,]
dt

= —[T]%, (1.4)

for  the bimolecular annihilation rate coefficient. % Triplet excitons are generally highly
localized upon SF chromophores,!?? and so bimolecular TTA can only occur for two
triplets brought into very close proximity through exciton hopping. In the limit of
annihilation occurring much faster than diffusive exciton transport, exciton diffusion
becomes the rate-limiting step for TTA. Bimolecular TTA may hence be described as
a diffusion-limited process under these conditions, and v may be expressed as function
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of the exciton diffusion coefficient D.%? The exact functional form of v depends upon
the dimensionality and nature of triplet exciton diffusion within the material.!9%:103

1.2.4 The Role of Morphology

Many of the excitonic processes discussed in the preceding sections depend strongly
upon the relative spatial arrangement of chromophores, often collectively termed “mor-
phology” or “microstructure”. These terms are quite broad, and can be used to describe
structural aspects on length scales ranging from the molecular level to the micrometer-
scale. Within the context of SF, interchromophore couplings between Sy, '(TT) and
CT states control both the mechanism and efficiency of S; + Sy —* (TT) conversion.
These couplings are governed by the effective overlap of molecular orbitals between
chromophores of interest, ! and so are highly dependent upon chromophore morphol-
ogy. Multiple computational 13197 and experimental 81?9 studies have demonstrated
that angstrom-scale variations in intermolecular separations or orientations can cause
order-of-magnitude changes in these couplings, hence resulting in substantial varia-
tions in SF yields and rates. Similarly, different polymorphs or phases of the same
chromophore have been shown to exhibit radically different SF dynamics. 34110113

Changes in local chromophore morphology also impact the behaviour and yield
of I(TT) and T; excitons arising from SF. The exponential decay of the DET rate
with interchromophore separation causes significant changes in triplet diffusion and
transport properties from just slight alterations in intermolecular packing. Triplet
diffusion in an amorpohously-packed pentacene derivative has been recorded as over
an order of magnitude slower than in the crystalline phase of the same material.
Triplet pair dissociation in some materials is limited by triplet hopping away from the
initial SF site, and Stuart et al. demonstrated that the triplet yield from SF decreased
in more disordered environments of a pentacene derivative.” In the same material,
Grieco and coworkers showed that subtle changes in crystal packing increased the rate
of }(TT) separation by a factor of two.%

Even within a single crystal polymorph, triplet mobility has been shown to vary
substantially between crystallographic axes for small-molecule SF chromophores. 114115
Such materials typically exhibit significant structural anisotropy in their crystal pack-
ing, and so the strong distance dependence of DET-mediated triplet migration therefore
yields anisotropic triplet exciton mobilities within these structures. Diffusion-limited
TTA has been well characterized as a major decay pathway for triplet excitons in crys-
talline SF' chromophores, and analysis of TTA kinetics is often used to quantify their
triplet transport properties. 16118 However, many of these studies assume isotropic
triplet exciton mobility in three dimensions, and so neglect the effects of structural
anisotropy upon triplet diffusion. %1719 Tt is only recently that advanced spectro-
scopic techniques such as transient absorption microscopy have been used to unam-
biguously demonstrate the anisotropic nature of triplet exciton mobility in crystalline
SF chromophores. 114115

In all of these examples, subtle changes in intermolecular packing or local mor-
phology are responsible for these significant changes in exciton behavior. Given the
wide variety of polymorphs and microstructures available to small-molecule SF chro-
mophores, 2%12! there is hence an overwhelmingly large library of possible SF chromo-
phore morphologies, each with their own unique SF dynamics. Rather than attempting
to characterize each one of these, several materials have instead been intensively stud-
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ied as “model systems” over the last decade, in order to elucidate fundamental aspects
of SF and associated exciton dynamics.

1.3 Model Systems for Studying Singlet Fission

1.3.1 TIPS-Pentacene as a Model Chromophore

Pentacene is a widely-studied SF chromophore, as its crystalline phase exhibits sub-
picosecond SF with approximately quantitative yield. %2816 However, pentacene is rel-
atively insoluble in most common solvents, limiting opportunities for its study or incor-
poration into devices.'?? Additionally, crystalline pentacene packs in a herringbone-like
motif, 23 which has recently been suggested to limit triplet separation and accelerate
(TT) non-radiative decay.”™ To mitigate these issues, 6,13-(triisopropylsilylethynyl)
pentacene (TIPS-Pn) was developed as a functionalized alternative to pentacene.!?
Functionalization with TIPS groups at the 6- and 13-positions (Figure 1.6a) signifi-
cantly improves the chromophore solubility,'® and constrains the crystalline packing of
TIPS-Pn to a two-dimensional slip-stacked geometry (Figure 1.6b-c), with 7 stack-
ing throughout the ab-crystallographic plane.!?® This slip-stacked orientation has been
identified as facilitating ultrafast and efficient SF' for multiple small-molecule SF chro-
mophores, 1267128 and several experimental studies have reported sub-picosecond SF
with approximately quantitative triplet yield in crystalline TIPS-Pn. 129,130

The crystal packing shown in Figure 1.6 is not the only TTPS-Pn morphology known
to exhibit SF. A wide variety of TIPS-Pn crystalline polymorphs have been identified,
accessible through solvent-annealing, 1'%13! thermal-annealing, 53120132 application of

Figure 1.6: (a) Chemical structure of TIPS-Pn. (b-c) Crystal packing of the dominant
TTPS-Pn crystalline polymorph, taken from ref. 125. Carbon atoms are shown in black and
silicon atoms in orange. Hydrogen atoms are omitted for clarity.
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external pressure!® or deliberate introduction of impurities and defect sites. 27128 All
of these polymorphs have been reported as undergoing SF, with yields and rates highly
dependent upon the mode of crystal packing. In addition, several studies have also iden-
tified a SF-capable amorphous phase of TIPS-Pn, despite this morphology possessing
no long-range structural order.”>75110:133,134 S| hag even been reported in concentrated
solutions of TIPS-Pn, 13136 with a recent study demonstrating that this occurs through
diffusion-limited encounters of molecular dimers.!3” TIPS-Pn is therefore an excellent
model chromophore for studying the impact of variations in local morphology upon
the dynamics of SF and other related excitonic processes. As such, TIPS-Pn has at-
tracted significant research interest in recent years, and is arguably now one of the
most well-characterized chromophores in the SF field.

1.3.2 Colloidal Nanoparticle Dispersions

Colloidal suspensions of nanoparticles (NPs) are a popular medium for studying the
photophysics of a variety of organic semiconducting materials, including conjugated
polymers and small-molecule SF chromophores.3541:62:138°140 [Jge of NP dispersions al-
lows for spectroscopic study of solid-state materials but with an overall liquid-phase
sample, thus minimizing practical issues of sample opacity and localized heating or
photo-bleaching generally associated with solid media. NP suspensions are hence con-
venient for spectroscopic investigations into SF exciton dynamics. Therefore, several
recent studies have used aqueously-dispersed NPs to examine the ultrafast kinetics of
SF in TIPS—PH.72’75’119’133’134’141

However, quantitative discrepancies currently exist in the literature regarding ex-
citon dynamics within TTPS-Pn NPs. While some authors have noted that these NP
systems appear to closely resemble bulk TIPS-Pn, 134 other studies have reported
exciton behavior in these NPs that is inconsistent with the bulk material. For example,
SF' in amorphous TIPS-Pn films has been quantified as occurring on a sub-picosecond
timescale, 119142 but studies of amorphous TIPS-Pn NPs have observed SF rates an
order of magnitude slower than this.”>!*! The lifetime of triplet excitons arising from
SF is also unclear; this has been reported as being on the order of microseconds in
bulk amorphous TIPS-Pn, but triplet decay within 1-10 nanoseconds has been ob-
served in amorphous NPs."110:133 The cause of these discrepancies between NPs and
bulk TIPS-Pn is currently unknown, but they likely arise from subtle morphological
variations within these NPs that are not yet understood.

Confusion also exists within the literature regarding the mode of intermolecular
packing within colloidal TIPS-Pn NPs. Tayebjee et al. reported that aqueously dis-
persed TIPS-Pn NPs initially formed with amorphous morphologies, but then slowly
converted into a more strongly-coupled crystalline packing in the days—weeks follow-
ing preparation.!®3 Subsequent studies failed to reproduce this morphological trans-
formation, however, showing that amorphous TIPS-Pn NPs were stable for weeks at
a time.®'* Further work by other authors then demonstrated that this amorphous-
to-crystalline transformation could only occur in the presence of a contaminant or
chemical additive. ' However, the exact nature of this additive and the mechanism by
which it facilitated morphological conversion were not identified.

Additionally, the effect of particle size upon local morphology and hence exciton
dynamics in TIPS-Pn NP systems is currently unclear. Size-dependent photophysical
properties are well established for a variety of conjugated polymer NPs, 43144 and both
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the rate and yield of SF in diketopyrrolopyrrole (DPP) NPs have been shown to strongly
depend upon particle size.*! Size-dependent SF dynamics have also been reported for
thin films of rubrene, attributed to variations in chromophore morphological with film
thickness. ' However, while reported particle sizes for TIPS-Pn NPs vary by almost
an order of magnitude, 334! the potential for NP size to influence the dynamics of SF
or other excitonic processes in these systems has not yet been explored.

1.4 Research Aims and the Scope of this Thesis

TIPS-Pn NPs hence represent a promising and convenient medium for spectroscopic
study of SF, but the aforementioned sources of uncertainty regarding their exciton
dynamics and morphology must be clarified before such NP dispersions can be con-
sidered as reliable model systems. This thesis presents a series of investigations into
the ultrafast exciton dynamics of TIPS-Pn NPs, aiming to clarify these discrepancies
and further elucidate the relationship between NP morphology and exciton behavior
in these materials. Time-resolved spectroscopic techniques are used to observe and
quantify exciton kinetics in a variety of TIPS-Pn NP systems, supported by compu-
tational modelling which provides molecular-level insight into how these dynamics are
influenced by NP morphology.

Chapter 3 details an investigation into the mechanism by which chemical additives
induce crystallinity in amorphous TIPS-Pn NPs, and demonstrates that a periodic
interaction with poly(vinyl alcohol) (PVA) at the NP surface induces a phase tran-
sition to form crystalline TIPS-Pn. This novel interaction offers a convenient and
reliable pathway for the preparation of crystalline TIPS-Pn NPs. Chapter 4 then uses
time-resolved spectroscopy and quantum chemical modelling to quantify the mobility
of triplet excitons within these crystalline TIPS-Pn NPs. This study highlights that
triplet diffusion is highly anisotropic within crystalline TIPS-Pn, and that previous ki-
netic analyses using isotropic diffusion models give significantly misleading predictions
regarding triplet mobility.

The influence of particle size upon the morphology and exciton dynamics in amor-
phous TIPS-Pn NPs is explored in Chapter 5. Significant variations in SF kinetics,
SF yield and triplet lifetime are observed upon changing particle size, ascribed to an
increase in morphological disorder at smaller particle sizes. Notably, this study identi-
fies a previously-unknown (non-SF) non-radiative decay pathway of singlet excitons in
amorphous TIPS-Pn NPs, which may constitute a substantial efficiency loss mechanism
for SF at small particle sizes.

Chapter 6 then extends this consideration of particle-size effects to crystalline
TIPS-Pn NPs. Time-resolved spectroscopic measurements demonstrate that negli-
gible changes in morphology and hence exciton dynamics occur in these crystalline
particles over a similar range of particle sizes to those studied in the previous chap-
ter. Kinetic Monte Carlo simulations show that size-dependent triplet decay kinetics
through exciton confinement effects are possible in crystalline TIPS-Pn NPs, but are
only prevalent at very small particle sizes or low excitation densities and so are unlikely
to be experimentally observable.
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CHAPTER 2
Methods

This chapter summarizes the underlying theory of significant experimental and com-
putational methods used throughout this work. The descriptions presented here are
broad and generalized; specific experimental and computational details are given in the
methods sections of Chapters 3-6.

2.1 Experimental Methods

2.1.1 Nanoparticle Preparation by Re-Precipitation

Nanoparticle (NP) dispersions of 6,13-(triisopropylsilylethynyl)pentacene (TIPS-Pn)
and other chromophores studied in this work were prepared by the re-precipitation (also
known as “flash precipitation”) method first developed by Kasai and co-workers. 144145
This technique induces NP nucleation by rapid chromophore aggregation following a
sudden change in solvent environment. A solution of chromophore dissolved in a good
solvent is rapidly injected into a large volume of poor solvent for the chromophore (often
water for organic chromophores), under vigorous stirring or agitation. Rapid mixing
of these solvents results in an abrupt decrease in chromophore solubility, causing the
chromophore molecules to aggregate in order to minimize unfavorable interactions with
the new solvent environment. ! This process is illustrated in Figure 2.1. Subsequent
growth of these NPs is believed to occur by addition of chromophore monomers from
solution to these nuclei, and continues until all chromophore molecules have been re-
moved from solution. 146:147

NPs nucleated by re-precipitation into water are known to acquire a negative surface

Chromophore dissolved
in good solvent

Poor solvent Nanoparticle
dispersion

Figure 2.1: Illustration of nanoparticle preparation through re-precipitation.
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charge,'*® which inhibits particle aggregation through repulsive electrostatic interac-
tions. The origin of this surface charge is still under debate in the literature: some
works have suggested that friction between the solvent and chromophores results in a
static charge build-up at the NP surface,'*’ while others have attributed this surface
charge to an accumulation of hydroxide!®® or hydronium!'®! ions at the NP surface, or
even a partial charge transfer between water molecules at the interface.!%? Regardless
of their cause, these negative surface charges impart significant colloidal stability to
NPs prepared by the re-precipitation method, inhibiting NP aggregation.!®® TIPS-Pn
NPs are also remarkably stable in the presence of oxygen: the TIPS-Pn triplet en-
ergy is too low to sensitize singlet oxygen and TIPS-Pn oxidation is both slow and
reversible,'® and so oxidative NP degradation occurs on a timescale of months. %134
Re-precipitation and subsequent handling of TIPS-Pn NPs may therefore occur un-
der ambient atmospheric conditions, and as such these NPs represent a robust model
system for experimental study of exciton dynamics.

TIPS-Pn NPs were prepared here by re-precipitation into water from tetrahydro-
furan (THF') solution. Several previous studies have demonstrated that this solvent
combination yields relatively monodisperse TIPS-Pn NPs suspensions, with reported
particle sizes ranging from 30nm up to 160 nm.7%!19%133,134141 Qhecific experimental
details of NP preparation are listed in the experimental methods sections of Chapters
3-6.

2.1.2 Dynamic Light Scattering

Size-dependent properties are well known to occur for NPs of both organic!#® and in-
organic!®® materials. Therefore, accurate particle size quantification is crucial when
reporting results of NP systems. In this work, NP particle sizes were characterized us-
ing dynamic light scattering (DLS). While methods such as electron microscopy (EM)
or atomic force microscopy (AFM) are now commonly used for particle size determi-
nation, these approaches were unsuitable for use with the systems studied here as they
generally require solid-phase samples for study. As discussed in Section 2.1.1, aggrega-
tion of NPs prepared by re-precipitation is inhibited by electrostatic repulsion between
surface charges at the NP:water interface. These charges are unlikely to persist after
removal of NPs from suspension, and hence particle aggregation becomes likely upon
precipitation out of suspension. Therefore, the process of preparing solid samples for
study with EM or AFM may alter the NP size. In situ particle size characterization
was instead necessary, such that the NPs used here could be characterized while re-
maining in suspension. DLS allows for the study of liquid-phase particle dispersions,
as it uses the light scattering correlation of particles undergoing Brownian motion to
determine particle size. For relatively monodisperse particle distributions, DLS has
been shown to yield particle sizes that agree closely with those determined by AFM. %6
DLS is capable of accurately measuring particle sizes as small as 1 nm, 3"1® and so this
technique is well-suited for characterizing TIPS-Pn NPs prepared by re-precipitation,
which typically have diameters on the order of tens of nanometers. 119141

As shown in Figure 2.2, DLS studies the scattering of a laser pulse from a parti-
cle dispersion at a scattering angle close to 180°. For non-interacting, monodisperse
particles diffusing isotropically in suspension, the first-order autocorrelation function
of scattered light as a function of time is given by 1%

91(t) = g1(0)exp(—Dg’t), (2.1)
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Figure 2.2: Schematic illustration of particle size determination by dynamic light scattering.

where D is the diffusion coefficient of the particles and ¢ is the scattering vector, defined

as A .
q= Znosin (2) . (2.2)

Here ng is the solvent refractive index, A is the wavelength of scattered light and 6
is the angle of scattering.'®® Assuming spherical particles, the diffusion coefficient can

be related to the hydrodynamic diameter d of the particles by the Stokes-Einstein
160

equation:

_ kgT

~ 3mnd’
for n the viscosity of the liquid medium, 7" the temperature and kg the Boltzmann con-
stant. Combining Equations 2.1 and 2.3 therefore shows that g (¢) o< exp(—d~1!), and
so the scattering autocorrelation decay is highly sensitive to particle size. This depen-
dence is illustrated in Figure 2.2: scattering patterns from smaller particles fluctuate
more rapidly over time than those of larger particles. Equations 2.1-2.3 apply for per-
fectly monodisperse particle distributions, but in practice all NP suspensions exhibit
some finite level of polydispersity. In this case, the overall autocorrelation function of
the system is given by the sum of contributions from all particle sizes:

for n; the number of particles present of size d; and scattering intensity I;. 1! Scattering
data from such systems is generally analyzed using the method of cumulants, which
calculates the mean scattering decay time and hence a mean particle size.'0? Specif-
ically, this analysis yields what is known as a “Z-average particle diameter”, defined

as
Y, nil;

CoYd
This finite polydispersity limits the dynamic range of particle sizes observable through
DLS, as I o< d% in the limit of d < X and so weak signals from smaller particles may
be masked by much stronger scattering from larger particles.® Particle size determi-
nation by DLS is therefore only quantitatively accurate for relatively monodisperse NP
distributions.

Particle size characterization by DLS was undertaken here using a Malvern Zetasizer
Nano ZSP, using a 633-nm laser at a backscattering angle of 173°. All particle sizes in
this work are reported as Z-average diameters.

(2.3)

dy (2.5)
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2.1.3 Transient Absorption Spectroscopy

Transient absorption (TA) spectroscopy, also commonly referred to as pump—probe
spectroscopy, is a time-resolved spectroscopic technique used to study the kinetics
of ultrafast photo-induced processes. A pump laser pulse resonant with a sample’s
absorbance is used to promote this sample to an excited state, and after some time
interval a probe pulse is then used to determine the change in sample absorbance (AA)
due to the initial pump. The probe pulse is typically broadband in nature, allowing for
AA to be measured as a function of probe wavelength, A\. Modulation of the delay time
between these two pulses also allows for study of AA as a function of time ¢. A two-
dimensional dataset is hence built up by TA spectroscopy, with AA(A,¢) determined
as

AA()‘v t) - A<>‘7 t)pump on — A()‘v t)Pump off- (26)

A(X, 1) pump ot Simply corresponds to the sample’s steady-state absorption spectrum.
However, this is constantly monitored throughout the experiment by alternating pump-
on and pump-off measurements, hence minimizing experimental noise due to laser
intensity fluctuations. As A(A,#)pump on contains signal contributions from excited-
state species within the sample, Equation 2.6 may be rewritten as

AAN ) = A\ Bes — AN, 1) (2.7)

gs)
where subscripts “es” and “gs” denote excited and ground states, respectively. Several
photophysical phenomena may contribute to a TA signal, with the most common of
these illustrated in Figure 2.3. Excited-state species formed by the pump pulse may
be further excited to higher lying excited states, resulting in a probe absorption that
is not present in the ground state. This generates a positive TA signal, and is referred
to as an excited-state absorption (ESA). Sample excitation by the pump pulse reduces
the ground-state population of the sample, thereby also decreasing the magnitude of

a)A
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fi 1 gy "
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Pump GSB. SE
% . : : . :
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"y 0 Wavelength (nm)

Figure 2.3: (a) Illustration of the photophysical processes contributing to a transient ab-
sorption (TA) spectrum: excited state absorption (ESA), ground-state bleach (GSB) and
stimulated emission (SE). Sp denotes the ground state, while S,, and S,, are excited elec-
tronic states of the system with Eg < Eg, . Multicoloured pulses represent the broadband
probe, and the dashed arrow represents an inhibited transition due to depopulation of the
ground state. (b) Example of a typical TA spectrum, showing instances of all three signal

types.
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A(), t)es at wavelengths corresponding to the sample’s steady-state absorbance. As per
Equation 2.7, this hence manifests as a negative AA(\,t) signal at these wavelengths,
and is termed a ground-state bleach (GSB). Probe photons resonant with the energy
gap between ground state and a populated excited state can also trigger radiative decay
to the ground state through stimulated emission (SE). This increases the intensity of
probe photons reaching the detector, producing an effect equivalent to increasing the
sample transmittance and hence reducing the apparent magnitude of A(\, ) at these
wavelengths. Therefore, SE also appears as a negative AA(\, t) signal in TA spectra.

This work used a commercial transient absorption spectrometer with a 150-fs in-
strument response function (Ultrafast Systems, Helios), and a schematic diagram of
this apparatus is shown in Figure 2.4a. Seed laser pulses at 800 nm were generated by
a mode-locked Ti:sapphire oscillator (Spectra-Physics, Tsunami) pumped by a 532-nm
continuous-wave Nd:YVO, laser operating at 8 W (Spectra-Physics, Millenia Prime).
These pulses seeded a Ti:sapphire regenerative amplifier (Spectra-Physics, Spitfire Pro
XP 100F), pumped by a 20-W, 1-kHz Q-switched Nd:YLF laser (Spectra-Physics, Em-
power), to produce 800-nm laser pulses with a 100-fs pulse width at a repetition rate of
1kHz. Pump pulses at a variety of wavelengths were generated by an optical paramet-
ric amplifier (OPA) (Light Conversion, TOPAS-C), and were modulated by an optical
chopper running at 500 Hz. Broadband visible probe pulses were obtained through
focusing of the 800-nm fundamental output onto a 3.2-mm sapphire crystal. Probe
delay timing was varied by a computer-controlled delay line, out to a maximum delay
time of 3.2ns. Probe pulses were split into signal and reference lines before reaching
the sample, with each probe measured by a linear CMOS detector (Ultrafast Systems,
CAM-VIS-2). Further experimental details regarding pump wavelengths, pulse ener-
gies, polarizations and spot-sizes are given in the experimental methods sections of
Chapters 3-6.

2.1.4 Fluorescence Upconversion Spectroscopy

Time-resolved fluorescence data were collected here using fluorescence upconversion
(UC) spectroscopy. Similarly to TA spectroscopy, fluorescence UC is a two-pulse ul-
trafast spectroscopic technique, in which an initial pump pulse is used to excite the
sample of interest. Fluorescence from this sample arising from spontaneous emission
following photoexcitation is then focused onto a [-barium borate (BBO) crystal. A
second gate pulse is also focused onto this crystal, overlapping with the focused sample
fluorescence. BBO is a birefringent material with nonlinear optical properties, and so
at the correct rotation of the crystal (termed the “phase-matching condition”) sum-
frequency generation (SFG) between the gate pulse and the fluorescence can occur.
This effectively “up-converts” the two pulses to form higher-energy photons, which are
then detected by filtering out any residual light from the gate or pump pulse. Crucially,
SFG can only occur when the gate pulse and fluoresence are overlapped in time at the
BBO. Time resolution in fluorescence UC is hence obtained by delaying the timing of
the gate pulse relative to the pump. This limits the time resolution of this data only
by the width of the laser pulses, rather than by the significantly slower response times
of the electronic detectors.

Fluorescence UC experiments were undertaken here using a commercial fluorescence
spectrometer possessing a 450-fs instrument response function (Ultrafast Systems, Hal-
cyone), and a schematic diagram of this apparatus is shown in Figure 2.4b. The same
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Ti:sapphire regenerative amplifier used by the Helios TA spectrometer described in
Section 2.1.3 was also used here as the fundamental laser source, generating 800-nm,
100-fs pulses at a 1-kHz repetition rate. Pump pulses at 590 nm were produced using
an OPA (Light Conversion, TOPAS-C) from the second harmonic of the signal. Pulses
from the amplifier output at 800 nm were used as the gate, focused onto an 0.4-mm
BBO crystal for SFG with sample fluorescence. Delay timing of the gate pulse was
achieved by a computer-controlled optical delay line, out to a maximum possible delay
time of 3.2ns. Upconverted fluorescence was passed through a monochromator to filter
out residual pump and gate, and was subsequently detected by a photomultiplier tube.

Ti:Sapphire Laser
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800 nm
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\ B | Pump Sample
Chopper T
White Light
Delay Line Probe
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Figure 2.4: Schematic diagrams of (a) transient absorption and (b) fluorescence upconver-
sion apparatus used in this work.
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2.2 Theoretical and Computational Methods

2.2.1 Density Functional Theory

Density functional theory (DFT) is a computational technique used to compute the
ground-state electronic structure and related properties of a molecular system. Wave-
function-based electronic structure solution methods such as Hartree-Fock (HF) at-
tempt to solve the electronic Schrodinger equation:

]fleleclpglec(rn) _ E(e)leclpglec(rn)’ (28)

for H9¢ the electronic Hamiltonian operator, E5° the ground-state electronic energy
of the system and W& (r") the ground-state wavefunction of a system consisting of n
electrons with spatial coordinates r™. 163164 yelee(pn) js hence a 3n-dimensional function,
which becomes highly complex and prohibitively difficult to solve computationally for
large molecular systems. An alternative approach was developed by Hohenberg and
Kohn, who showed that the energy of a molecular system is a unique functional of
the electron density p, and that this energy is minimized if and only if p is equal
to the ground-state electron density py.'% p depends only upon the three Cartesian
coordinates, and so calculating the system’s electron density rather than electronic
wavefunction significantly reduces the number of degrees of freedom to be considered.
Additionally, the above “Hohenberg-Kohn theorem” also prescribes a method for deter-
mining the ground-state electronic density of a molecular system: the electron density
which minimizes the system energy is the true ground-state density.

A practical approach to determining the energy of this ground-state electron density
was subsequently developed by Kohn and Sham, who showed that the energy of a
molecular system could be expressed in terms of an equivalent system containing the
same electron density but with non-interacting electrons: 1%

Eolp] = T(p] + Exelp] + Exelp] + Exclp]. (2.9)

In Equation 2.9, T'[p] denotes the electron kinetic energy of this non-interacting sys-
tem, and Egg[p] and Exg[p] the electron-electron and nuclear-electron coulombic in-
teractions, respectively. These quantities have exact classical solutions, and so these
three terms can be computed exactly. All remaining non-classical electron-electron
interactions such as exchange and correlation combined into the final term, Fxc[p)].
This so-called “exchange-correlation” functional is the only non-exact term in Equa-
tion 2.9, and is approximated by a number of different DF'T methods. Local density
approximation (LDA) and generalized gradient approximation (GGA) functionals es-
timate Exclp] as the potential of a hypothetical uniform electron gas, while hybrid
functionals combine LDA and GGA functionals with exact quantities of exchange from
HF methods. From a given starting structure and density, a DFT calculation iterates
over possible electron densities until Ey[p] as per Equation 2.9 is minimized, obtaining
the ground-state energy and electron density. “Single-point” calculations calculate this
only for a specified input structure, while optimization calculations subsequently vary
the molecular geometry until an energy-minimum molecular structure is found.

DFT calculations in this work were performed using both the Gaussian 16 and
Q-Chem 5 software packages. 67168 Specific details regarding functionals, basis sets

and molecular systems are given in the computational methods sections of Chapters 3
and 4.
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2.2.1.1 Constrained Density Functional Theory

DFT as presented in the preceding section allows for computational determination of
the electron density and associated physical properties for the ground state of a molec-
ular system. However, electronic states other than the global energy minimum are
often of physical interest, but cannot be studied by conventional DFT techniques. In
particular, spin- or charge-localized states are of interest for singlet fission (SF) chro-
mophores and other organic semiconductors, but often do not correspond to global
energy minima states and so are inaccessible by DFT. Therefore, alternative computa-
tional formulations are required to study these states. Constrained density functional
theory (CDFT) is one such method, in which a constraint to the system’s electron
density or spin density is applied such that the minimum-energy state in the presence
of this constraint differs from the ground state.!%® This constraint is applied as an
external potential added to the Exc[p| term in Equation 2.9, and is implemented as a
Lagrange multiplier during the minimization procedure.!™

CDFT was used in this work to study triplet excitons localized upon individual
molecules within TIPS-Pn dimer pairs. Constraints were applied such that one molec-
ule in each dimer pair possessed singlet multiplicity, but the overall molecular pair was
of triplet multiplicity. These calculations were performed for triplet localization upon
each molecule within the pair, with subsequent configuration-interaction (CI) calcu-
lations used to determine the electronic coupling between these diabatic states.8017!
Further details of these calculations are presented in Chapter 4.

2.2.2 Kinetic Monte Carlo Simulations

Much of the research presented in this thesis considers the dynamic evolution of excited-
state systems. Kinetic models are frequently used to understand the evolution of such
systems over time; for examples of this, see Chapters 4 and 5. However, analytical
solutions or simple kinetic schemes for this behavior are not always available, and so in
some circumstances more advanced computational techniques are required to appropri-
ately describe these dynamic processes. One method which has been extensively used
to model the dynamics of excitons in condensed-phase materials is the kinetic Monte
Carlo (KMC) technique. ™17 KMC is a probability-based simulation method used to
model stochastic processes for which the rates or probabilities of transitions between
states are known. By Poisson statistics, the probability P(t) of a process not occurring
in time interval At is given by

P(t) = exp(—kAt), (2.10)

where k is the probability per unit time of the process occurring. Therefore, the time
taken for a stochastic process to occur can be expressed as

At = _m]:;’ (2.11)

for x € (0,1] a random uniform variate.'™ In the KMC method, At for every possible
process in the system is calculated as per Equation 2.11. The process with the smallest
At is chosen and acted upon, and the time of the system is incremented by At. This
is repeated until some cutoff or endpoint threshold for the simulation is met. KMC
simulations were used here to model the kinetics of triplet exciton hopping and triplet—
triplet annihilation (TTA) in crystalline TIPS-Pn NPs. Specific details of the model
used are given in the computational methods section of Chapter 6.
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3.1 Abstract

Nanoparticles (NPs) of acenes exhibit highly efficient in-
termolecular singlet fission (SF). Recent reports indi-
cate that altering the morphology of 6,13-(triisopropyl
silylethynyl)pentacene (TIPS-Pn) NPs has a profound
influence on their SF dynamics. Here, we show that

poly(vinyl alcohol) (PVA) induces a phase transition in o

pre-formed TIPS-Pn NPs. These NPs are amorphous ¢PVA

when initially formed, but crystalline after addition of Fe
PVA. Surface characterization indicates that a diffuse R0 30 A
PVA layer surrounds the NPs. We propose that a pe- J\/\/V\ Uy \Ur Ue \¥
riodic interaction between the hydroxyl groups of PVA Crystalline TIPS-Pn

and TIPS groups of TIPS-Pn on the NP surface induces a

large-scale structural rearrangement to yield crystalline TIPS-Pn. Such reorganization
in pre-formed organic NPs is unprecedented, and we believe that this is the first report
of such an effect induced by polymer adsorption. Transient absorption spectroscopic
results reveal that SF within these NPs is accelerated by an order of magnitude upon
structural rearrangement.

3.2 Introduction

Singlet fission (SF) is a spin-allowed exciton multiplication process, in which a singlet
excited-state chromophore couples to an adjacent ground-state chromophore to form
two triplet excited states. This process involves a spin-entangled correlated triplet pair
state: 1

S1+So =(TT) — Ty + Ty. (3.1)

SF-capable chromophores have attracted intense interest in recent years, as their in-
corporation into photovoltaic (PV) devices may enable circumvention of the detailed
balance limit. 92223177 However, to improve photovoltaic efficiencies, a SF quantum
yield close to 200% (two triplet excitons produced per singlet exciton) is required,
as well as the SF process being sufficiently fast to out-compete thermal relaxation of
excitons. Therefore, significant effort is currently being invested into developing an
improved understanding of the SF mechanism, such that chromophores that undergo
high-yielding and rapid SF may be engineered for use in future photovoltaic devices.
Several different organic structural motifs have been identified as being favorable for
SF, including carotenoids,'° diimides**'"® and pyrollo-thiophene structures.'™ How-
ever, the most widely-studied family of SF chromophores are the acenes.345%,180-186
In particular, 6,13-(triisopropylsilylethynyl)pentacene (TTPS-Pn) has been extensively
studied, 5729 7%75,101,110,119,131,133,134, 187,188 5 jts ST s slightly exoergic (E(S;) > 2E(Ty)),
and has been shown to occur within 100 fs of excitation.™%? As SF is an intermolec-
ular process, local molecular packing and overall structural morphologies influence SF
kinetics significantly. Recently, we showed that a substantial population of the corre-
lated triplet pair intermediate were unable to separate into free triplets in amorphous
TIPS-Pn nanoparticles (NPs), and attributed this to the disordered molecular packing
in these NPs preventing effective triplet hopping away from the SF site.” In another
study, the rate of SF was observed to increase with the proportion of crystalline do-
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mains in thin films of TIPS-Pn. % Similarly, by tuning intermolecular packing through
altering the size of the side-chains on pentacene derivatives, SF rates in NP dispersions
have been shown to vary by up to an order of magnitude. 34

SF in TIPS-Pn is often studied as an aqueous NP dispersion, as this system al-
lows for SF dynamics to be probed spectroscopically in a quasi-solid state without
issues related to thin films including opacity and localized sample heating. 719,133,134
This approach has previously been applied to study a wide variety of other chro-
mophores. 1441897192 However, conflicting conclusions have been reached for the resulting
morphologies of TIPS-Pn NPs. Tayebjee and co-workers reported that TIPS-Pn NPs
re-precipitated from tetrahydrofuran (THF) into water initially formed amorphously
packed structures, which then slowly reorganized into crystalline domains over days
to weeks.?3 However, in other studies of TIPS-Pn NPs prepared under equivalent
conditions, such crystallization was absent.®!3* We then demonstrated that this tran-
sition of amorphous to crystalline morphologies could be replicated in the presence of a
silicone-based syringe lubricant,'!® but the chemical species responsible for this phase
transition was not identified. However, it was also observed that re-precipitation of
TIPS-Pn into dilute aqueous poly(vinyl alcohol) (PVA) solutions induced an identical
effect, and an additional study has since reported modulation of pyrene NP morphology
using a similar method.!% PVA is a common additive in the preparation of both or-
ganic 1907192194197 5114 inorganic % 2% NP dispersions, although the rationale for this is
often unclear. Some authors have noted that inclusion of PVA appears to stabilize NP
dispersions through binding to the surface and acting as a capping agent, 2’1202 while
others have also suggested that it influences the nucleation stage through controlling
factors such as viscosity and surface tension.?°® However, in the case of TIPS-Pn NPs,
the nature of the interaction that stabilizes the crystalline phase has been unclear until
Now.

In this work, we examine how PVA induces morphological change in TIPS-Pn NPs.
Addition of PVA to pre-formed NPs results in a phase transition of amorphous to crys-
talline morphologies. Characterization of these structures suggests that a PVA:TIPS-
Pn interaction at the NP surface templates these crystalline domains. This effect is
specific to TIPS-Pn and PVA| and likely stems from a favorable, periodic dispersion—
dipole interaction of the polymer hydroxyl groups with TIPS groups of TIPS-pentacene.
Transient absorption studies then reveal that altering the TTPS-Pn morphology through
this method increases the rate of SF within the NPs by an order of magnitude, provid-
ing a straightforward and low-cost method of tuning both morphology and SF dynamics
in TIPS-Pn.

3.3 Results and Discussion

The steady-state visible absorption spectra of TIPS-Pn in THF is shown in Figure
3.1(a). The most prominent absorption peaks are due to transitions within the S; < S
vibronic manifold, with the 0-0 transition at 640 nm, the 0-1 transition at 590 nm
and the 0-2 transition at 550 nm.™ Two smaller peaks at 438 and 414nm have pre-
viously been assigned to the S; <— Sy and S; + Sy transitions, respectively.?** On
re-precipitation into water, a small amount of scattering occurs at shorter wavelengths
(confirming the formation of nanoscale particles), and a slight change in relative vi-
bronic peak intensities is observed, attributable to weak intermolecular couplings be-
tween the chromophores. 134 The absence of major spectral changes between solution
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Figure 3.1: (a) Steady-state absorption spectra of TIPS-Pn NPs re-precipitated in either
water or 100 ppm aqueous solution of PVA, with the spectrum of TIPS-Pn in THF solution
shown for reference. (b) Schematic diagram of how the crystalline NPs with spectrum shown
in (a) were prepared. (c) Steady-state absorption spectra of TIPS-Pn NPs re-precipitated in
water with subsequent addition of PVA at various concentrations, collected 30 minutes after
PVA addition. (d) Schematic diagram of how the crystalline NPs with spectra shown in (c)
were prepared. TIPS-Pn concentrations are 200 ppm for the spectra presented in (a) and
25 ppm for (c). Spectra were collected in a 2-mm path length cuvette.

and re-precipitation (beyond small changes in relative vibronic peak intensities) indi-
cates that any intermolecular interactions within the NPs are indeed weak. As such,
these NPs are assigned as having amorphous morphologies with a lack of long-range
structural order, agreeing with previous work. 72:75:119,133,134

On re-precipitation in the presence of PVA, however, a significant change in the
visible absorption spectrum is observed (Figure 3.1(a), red curve). The previously
identified peaks broaden and red-shift considerably, resulting in a spectrum that has
been previously assigned to crystalline TIPS-Pn.5%119,131133,188,205° Ayomenting these
findings, our results also show that this same conversion can be achieved by addition
of PVA solution to pre-formed amorphous TIPS-Pn NPs (Figure 3.1(c)). Remarkably,
this phase transition occurs at room temperature and on a timescale ranging from
seconds to minutes, indicating that the PVA chains induce a large-scale reorganization
of TIPS-Pn molecules under ambient conditions. Preliminary kinetic studies show
that this process exhibits a sigmoidal behavior, suggesting that the initial PVA:TIPS-
Pn interaction nucleates crystalline domains which then spread throughout the NP
structure(s). These kinetics also show a strong dependence on PVA molecular weight,
with crystallization occurring more rapidly with shorter polymer chains (Supporting
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Information).

To support the morphological assignments of the NPs, powder X-ray diffraction
(PXRD) was undertaken on samples evaporated to dryness, with the resulting diffrac-
tion patterns shown in Figure 3.2. For NPs precipitated in PVA, several diffraction
peaks are observed, agreeing well with the patterns previously recorded for TIPS-Pn
crystals and polycrystalline thin films. 11132 This result supports the earlier assignment
of a crystalline morphology to these NPs, as there is sufficient structural order within
these NPs to give these characteristic X-ray reflections. Evaporation of amorphous
TIPS-Pn NPs in aqueous suspension resulted in significant aggregation into macro-
scopic, needle-like crystals. This phenomenon demonstrates the metastable nature of
amorphous TIPS-Pn, with the rapid flash-precipitation method kinetically trapping
the NPs in this phase. To preserve the structure of these amorphous NPs on evapora-
tion to dryness, a polymer that is inert towards TIPS-Pn reorganization, poly(acrylic
acid) (PAA) or poly(ethylene glycol) (PEG) (see below), was added in order to isolate
the NPs from one another. For NPs co-evaporated with either PAA or PEG, only
diffraction peaks attributable to the polymer were observed (Figure 3.2 and Support-
ing Information). Therefore, these NPs lack long-range structural order, and hence the
assignment of amorphous morphologies is valid.

NP characterization by dynamic light scattering (DLS) showed particle size distri-
butions with an initial Z-average diameter of 75nm for amorphous NPs (Table 3.1),
which agrees with the sizes previously determined for TTPS-Pn NPs prepared by similar
methods. 1913* On addition of PVA (while keeping TIPS-Pn concentration constant),
however, these size distributions broaden and shift to a larger diameter (Table 3.1 and
Supporting Information). As the hydrodynamic diameter measured by DLS includes
species adsorbed or coordinated to the NP surface, we propose that adsorption of PVA
chains to the TIPS-Pn NP surfaces leads to these changes in size and size dispersity.
Core-shell-like structures may form with increased apparent particle size, as has been
previously observed for PVA adsorption to NPs of other organic materials. 201202 Addi-
tionally, uneven PVA coatings on the NP surface or un-adsorbed chain segments may

* ——TIPS-Pn NPs in PVA
—TIPS-Pn NPs in PAA

Intensity

5 10 15 20 25 30 35 40
26 (Degrees)

Figure 3.2: Powder X-ray diffraction patterns of TIPS-Pn NPs co-precipitated from sus-
pension in either PVA or PAA. Reflection assignments are made based upon those by Chen
and co-workers for TIPS-Pn crystals, 132 while the peaks corresponding to polymer matrices
are indicated with asterisks. Patterns are offset for clarity.
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Table 3.1: Zeta potentials and Z-average particle diameters of TIPS-Pn NPs before and
after addition of PVA.

[PVA] (ppm)?| Z-Average Diameter (nm)®| Zeta Potential (mV)®
0 75.65 £ 0.06 —-38.0+04
100 107.9£0.5 —15.5+0.5

¢ TIPS-Pn concentration fixed at 20 ppm.
b Uncertainties are twice the standard error in the mean calculated from triplicate
measurements of each sample.

yield a wider apparent particle size distribution. A similar phenomenon has previ-
ously been observed when modelling the adsorption of PVA chains to silver NPs, 20
for which diffuse multilayers were found on the NP surface as the number of PVA
monomers in the system was increased. This effect is also supported by zeta-potential
measurements, which show that this increase in particle Z-average diameter is con-
comitant with screening of the particle’s surface charge (Table 3.1). However, when
comparing these changes in particle size distributions to the spectral changes observed
in Figure 3.1(c), the onset of crystalline absorption features corresponds to a minimal
increase in Z-average diameter. Therefore, we conclude that the interaction between
PVA and TIPS-Pn that induces crystallinity occurs upon the NP surface, and that
only a minimal coating of PVA is required to initiate this morphological conversion.

Attempts to reproduce this phase transition with other water-soluble polymers
(PEG and PAA) were unsuccessful. Addition of ethanol as a “monomer equivalent” of
PVA also resulted in a negligible effect on TIPS-Pn NP morphology (Supporting Infor-
mation). Therefore, of the materials tested here, only PVA, which contains hydroxyl
groups regularly spaced upon a polymer backbone, is able to induce crystallinity in
TIPS-Pn. Additionally, attempts to induce crystallinity in NPs of 5,12-(triisopropyl
silylethynyl)tetracene (TIPS-Tn) with PVA were unsuccessful (Supporting Informa-
tion). This result therefore implies that the interaction causing this phase transition
is specific to PVA and TIPS-Pn; changing either the polymer or the acene inhibits
this effect. However, TIPS-Pn contains very few structural motifs capable of specific
intermolecular interactions. Indeed, the only non-hydrocarbon atoms within TIPS-Pn
are the silicon atoms in the TIPS-groups, which are very sterically hindered and are
unlikely to engage in any intermolecular interaction. Hence, this interaction is most
likely to be governed by dispersion or dispersion-dipole forces between the OH groups
of PVA and the isopropyl groups of TIPS-Pn.

For crystalline TIPS-Pn, the molecular displacement between adjacent, slip-stacked
molecules along the crystal a-axis (7.565 A)'? is nearly three times the inter-hydroxyl
spacing of PVA chains (3 x 2.520 = 7.560 A).207 Tt is likely that a regular interac-
tion between the periodicity of these structures promotes and stabilizes the crystalline
morphology of TIPS-Pn. A structural templating effect may occur, in which the NP
structure reorganizes in order to maximize this periodic interaction. To test this hy-
pothesis, we used density functional theory (DFT) to model the adsorption of short
PVA oligomers onto a “frozen”; crystalline structure of twelve TTPS-Pn molecules, from
a number of randomly chosen starting structures (see Supporting Information for fur-
ther details). While the use of DFT for dispersion-based interactions is less common
than for bonded interactions, functionals such as wB97XD?% contain an empirical dis-
persion correction and can better account for these interactions than most other DF'T
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functionals. Therefore, the use of DFT with wB97XD can offer insight into the nature
of the PVA:TIPS-Pn interaction.

Figure 3.3(a) shows the binding energies of short (PVA),, oligomers to the TIPS-
facing side of the TIPS-Pn crystal structure. A relatively modest binding strength is
observed for short oligomers (n < 4), with the chains oriented away from the surface,
interacting with TIPS-Pn only through a single terminal methyl group. A significant
increase in binding strength occurs for chains of four monomers or longer, correspond-
ing to adsorption of the PVA oligomer upon the TIPS-Pn surface. In this binding
mode, the hydroxyl groups on the PVA chains point towards the surface and inter-
act with the TIPS groups, as demonstrated in Figure 3.3(b) for the PVA pentamer.
The binding shows agreement with the repeat-unit matching suggested above. Fig-
ure 3.3(c) shows that for PVA5: TIPS-Pn,, every fourth hydroxyl group interacts with
an equivalent position on adjacent TIPS-Pn molecules. Therefore, we postulate that
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Figure 3.3: (a) Binding energies of PVA oligomers to the TIPS-Pn;, crystal structure,
with insets showing the lowest energy binding modes of the PVA trimer and tetramer. (b)
Side-on and (c) side-on views of the PVA5:TIPS-Pn;, minimum-energy structure (binding
energy of 0.92 eV). Highlighted regions represent locations of the periodic interaction between
hydroxyl- and TIPS-groups. Crystallographic axes for TIPS-Pn are shown in (b) and (c),
with the former looking down the a axis (out of the page) and the latter the ¢ axis (into
the page). Carbon atoms are shown in grey, hydrogen in white, oxygen in red and silicon in
cyan. Energies were computed at the wB97XD/cc-pVDZ level of theory. Further details on
these calculations are presented in the Supporting Information.
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the crystallization of amorphous TIPS-Pn NPs upon PVA adsorption occurs by this
hydroxyl: TIPS interaction. This interaction promotes rearrangement of the TIPS-Pn
molecules and organizes the molecular structure in order to maximize this favorable
interaction. In the previous report of chemical additives causing phase instability in
amorphous TIPS-Pn NPs, it was identified that oligomers of an alkyl siloxane or other
silicone-based compound could also induce such phase transitions, but the exact iden-
tity of this species was undetermined.!!® We suggest that the oligomers in question
may have a structure similar to PVA, containing hydroxyl groups spaced such that a
regular interaction with the TIPS groups is possible.

DFT calculations were also performed on tetramers of PEG and PAA interacting
with the TIPS-Pn surface (Supporting Information), but the minimum-energy struc-
tures for both show a lack of structural matching between polymer and TIPS-Pn. A
higher-energy conformer with the PEG chain lying parallel to the TIPS-Pn stacking
direction exists, but with a negligible binding energy of 0.1eV and a mismatch in peri-
odicity. Therefore, these calculations predict that any PEG:TIPS-Pn or PAA:TTIPS-Pn
surface interactions are unlikely to template the formation of crystalline domains, which
agrees with the experimental results discussed above.

As mentioned above, use of ethanol in place of PVA is ineffective in inducing crys-
tallinity in TIPS-Pn NPs, even though ethanol may also interact with TTPS-Pn through
hydroxyl groups. It can therefore be inferred that the periodicity of this interaction is
the essential factor in inducing morphological change within the NPs. The periodic-
ity of the polymer chain must also match that of the TIPS-Pn crystal packing; PEG
and PAA possess repeat units that show a mismatch with TIPS-Pn, hence an absence
of periodic interaction between adjacent TIPS-Pn molecules. This periodic-matching
criterion also explains the lack of crystallinity induced in TIPS-tetracene on PVA ad-
dition, as TIPS-Tn packs in a pairwise motif in the crystalline phase, rather than the
two-dimensional “brickworks” pattern that TIPS-Pn adopts. Hence, there is a lack of
long-range periodic matching between TIPS-Tn and PVA, as a polymer chain aligned
with one pair of TIPS-Tn molecules in a crystalline structure is then misaligned with
all other neighboring molecules.

However, even for chromophores that show long-range crystalline stacking similar
to TIPS-Pn, the slip-stacked molecular displacement should match the polymer repeat
unit in order to organize the crystal structure. For example, 6,13-(trimethylsilylethynyl)
pentacene (TMS-Pn) and 6,13-(triethylsilylethynyl)pentacene (TES-Pn) are pentacene
derivatives that differ from TIPS-Pn only by the length of the side-chains (methyl and
ethyl vs isopropyl), with the latter having been previously studied alongside TIPS-Pn
in the context of singlet fission kinetics.”™ Both of these molecules show extended 7-
stacking in their crystal structures, but their stacking displacements (5.83 & 7.20 A
for TMS-Pn'?* and TES-Pn,?% respectively) exhibit a mismatch with multiples of the
PVA repeat unit (5.04 or 7.56 A for 2 or 3 repeat units, respectively). Therefore, a
periodic interaction between PVA and these chromophores along the w-stacking direc-
tion is absent. PVA is therefore unlikely to induce crystallinity in amorphous systems
of these molecules, which is supported by experimental results of TES-Pn NPs (Sup-
porting Information). An absence of morphological change is observed in TES-Pn NPs
on re-precipitation in the presence of PVA. While periodicity-induced morphological
change is only observed in TIPS-Pn with PVA here, should a similar matching be found
between other polymers and small molecules a similar structural reorganization could
be induced.
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Structural reorganization in bulk TIPS-Pn has previously been reported using either
thermal1%120 or solvent vapor annealing!'%?!® methods. In the case of the latter,
reorganization is achieved through the absorption of solvent vapor into a solid TIPS-
Pn film, slightly solvating the molecules. This phenomenon increases the mobility of the
TIPS-Pn molecules, allowing rearrangement into the thermodynamic minimum-energy
structure (slip-stacked crystalline TIPS-Pn). The PVA-induced morphological change
observed here in TIPS-Pn shares some similarities with solvent vapor annealing; both
involve the introduction of an additional chemical species to induce reorganization of
TIPS-Pn morphology. However, we emphasize that these processes are likely to be
distinctly different. Solvent vapor annealing requires the absorption of small solvent
molecules into the bulk material, followed by structural relaxation and then desorbtion
of the solvent molecules. While the diffusion of short-chain PVA beyond the NP surface
is possible, the high molecular weight of PVA chains used here (approx. 3000 repeat
units) should significantly inhibit diffusion into the NP interior. Given the relatively
large size of the NPs used here (Table 3.1) and the rapid crystallization observed on
PVA addition (Supporting Information), it is very likely that crystallinity is induced
through interactions with the NP surface rather than the interior. Additionally, any
PVA that is absorbed into the NP interior is unlikely to then desorb; a previous study
of polymer NPs found that any PVA incorporated into the NP was irreversibly bound
in that position.?’® Therefore, any PVA inside the TIPS-Pn NPs would be expected
to remain there, disordering the molecules and preventing the formation of crystalline
domains. Clearly, that phenomenon is absent here, so this effect must be a distinctly
different process to solvent vapor annealing. Rather than solvating the entire solid, this
process likely occurs only on the NP surface, nucleating small crystalline domains that
then spread throughout the structure. The exact mechanism by which the periodic
TIPS-Pn:PVA interaction nucleates crystallinity is currently unclear. PVA binding
may simply lower the energy barrier of reorganization from the metastable amorphous
phase into the stable crystalline phase, or it may play a more active role in the molecular
motions associated with this reorganization.

PVA is commonly used as a templating or emulsifying agent in the preparation
of organic NP dispersions, typically acting as a capping agent to promote particle
dispersity and minimize aggregation. !9%-191:194.201.203 Previous studies have shown that
inclusion of PVA in the re-precipitation step slows the growth of perylene NPs,?°? and
favors the formation of the crystalline phase in pyrene NPs.!% However, in all of these
previous reports, PVA acts as a template to guide the formation of NPs to a desired
size or morphology, and is considered only within the context of NP formation and
growth. Here, it evident that PVA alters the morphology of TIPS-Pn NPs after the
re-precipitation and growth stages, induced by a periodic, dispersion-based interaction
on the NP surface. To the best of our knowledge, this is the first reported instance of
such an interaction reorganizing the structure of pre-formed organic NPs in suspension.
The importance of this distinction should not be overlooked; rather than acting as a
stabilizing agent for the NPs, the PVA is destabilizing the amorphous morphology of
TIPS-Pn NPs here. Therefore, we suggest that “stabilizing agents” such as PVA should
be used with caution in NP preparation, to ensure that the structure being stabilized
is in fact the desired structure.

To demonstrate the applicability of this novel mode of morphological control, tran-
sient absorption (TA) spectroscopy measurements of amorphous and crystalline TIPS-
Pn NPs were collected. Representative spectra at early times after excitation are shown
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in Figure 3.4. For amorphous NPs, excited-state absorption (ESA) bands at 456 nm
and 570nm are evident immediately after excitation, which decay concurrently with
the growth of signals at 476 nm and 570 nm on a timescale of several picoseconds. These
ESA features have been previously assigned to the decay of singlet and formation of
triplet excited states of TIPS-Pn, respectively.”!3* The interconversion between these
signals is therefore indicative of SF occurring in these NPs on a timescale of picosec-
onds, agreeing with previous studies of amorphous TIPS-Pn. > In contrast, Figure
3.4(b) shows that SF in crystalline TIPS-Pn occurs much faster than in amorphous
TIPS-Pn, such that a majority of the initially-formed singlet states have converted to
triplet states within 0.5 ps after excitation. The two aforementioned triplet ESA bands
are now slightly red-shifted to 488 nm and 523 nm, with negligible spectral evolution be-
yond 0.5 ps after excitation. A modest growth in these bands occurs between 0.2 ps and
0.5 ps, and corresponds to a decay at 620 nm, which has been previously assigned to an
ESA of the singlet excited state in crystalline TIPS-Pn. ! The rapid SF in crystalline
TIPS-Pn NPs agrees with multiple previous studies, which have shown that the time
constant of singlet fission in crystalline TIPS-Pn is on the order of 100 fs. 47110119 Hence,
modifying the morphology of TTPS-Pn NPs by addition of PVA as described above ac-
celerates the singlet fission rate in these systems by an order of magnitude. Given the
wide availability and non-toxicity of PVA, this may therefore allow for straightforward
tuning of singlet fission rates in TIPS-Pn containing materials.
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Figure 3.4: Transient absorption spectra of (a) amorphous and (b) crystalline TIPS-Pn
NPs excited at 440 nm. Arrows highlight the growth or decay of spectral features associated
with different excited states of TIPS-Pn.
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3.4 Conclusions

In summary, we have shown that addition of PVA solution to aqueous dispersions of
TIPS-Pn NPs induces a large-scale structural reorganization of amorphous packing to
crystalline domains within the NPs. This effect is unique to PVA and TIPS-Pn; other
water-soluble polymers or hydroxyl-containing monomers in place of PVA show a neg-
ligible change in NP morphology, as does PVA with other substituted acenes. Particle
size distributions become broader and move towards larger sizes on PVA addition due
to polymer adsorption to the NP surface, but the observed structural changes occur
with only a thin coating of polymer. DFT calculations indicate that PVA organizes
this crystal structure by promoting TIPS-Pn rearrangement to maximize favorable
TTPS:hydroxyl interactions between the polymer and acene. Inducing this structural
rearrangement with PVA allows for significant control over the SF kinetics of TTPS-Pn,
potentially allowing for high-throughput tailoring of TIPS-Pn SF dynamics.

3.5 Experimental Methods

Materials

TIPS-pentacene (99.9%) was used as-purchased from Ossila. TIPS-tetracene (99.9%)
was used as-purchased from Lumtec. TES-pentacene (99.9%) was used as-purchased
from Sigma-Aldrich. All water used in this work was purified by an 18-M(Q2 Millipore
Milli-Q Reagent Water System fitted with a 0.45-nm filter. THF of HPLC grade was
purchased from RCI Labscan and freshly distilled before use. All polymers were sourced
as solid powders from Sigma-Aldrich, with average molecular weights of 130, 14 and
1.5kg/mol for PVA, PEG and PAA respectively. Polymer stock solutions were made
up to concentrations of 10 mg/mL in water; for PEG and PVA, this required heating
at 90 °C for 1-2 hours.

Nanoparticle Preparation

NPs were prepared here by the re-precipitation (or “flash-precipitation”) method. 7119193
400 pL. of TIPS-Pn in THF (0.8 mM) was rapidly injected into 10 mL of vigorously
stirred MilliQQ water or aqueous PVA solution, and allowed to mix for 5 minutes. This
procedure was repeated 3-5 times to prepare multiple independent samples of NPs
with a TIPS-Pn concentration of 20 ppm. These samples were then combined and the
THF removed under reduced pressure, and further concentrated to 200 ppm TIPS-Pn.
Finally, the NP suspensions were filtered through a 0.2-pm hydrophilic syringe filter
(Sartorius Minisart NML).

To convert pre-formed TIPS-Pn NPs from amorphous to crystalline morpholo-
gies, aqueous TIPS-Pn NP suspensions and PVA solutions were combined together
to achieve TIPS-Pn concentrations of 20 ppm and PVA concentrations of 1-1000 ppm,
to a final volume of 1 mL.

Nanoparticle Characterization

Steady-state UV-visible absorption spectra were collected using a Cary Varian 1E
UV-visible spectrophotometer, with samples contained in a 2-mm path length quartz
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cuvette (Starna Cells 21-Q-2).

Solid NP samples were prepared by addition of a polymer (PVAs, PAA or PEG)
into a NP suspension at a polymer:TIPS-Pn mass ratio of 20:1, and then evaporation
to dryness under reduced pressure. The resulting NP /polymer powders were mounted
upon silicon plates, and PXRD patterns were collected using a Bruker D4 Endeavour
Powder Diffractometer, using Co Ko radiation (1.79 A) over a 5-52° 20 range.

DLS and zeta potential characterization of NP suspensions were conducted using a
Malvern Zetasizer Nano ZSP, employing a 633-nm laser at 10 mW output power. While
TIPS-Pn exhibits significant absorption at this wavelength, recent work by Geifller
and co-workers showed that particle sizes measured by DLS were independent of the
particles’ absorbance at the incident laser wavelength, provided that an insignificant
level of fluorescence at that same wavelength is present.?!! As the NPs studied here are
essentially non-fluorescent (Supporting Information), use of a laser at this wavelength
was deemed appropriate. DLS measurements were taken at a backscattering angle of
173°, using a 1-cm disposable plastic cuvette. Particle zeta potentials were measured
using a folded capillary cell (DTS1060).

Transient Absorption Spectroscopy

Ultrafast spectroscopic measurements were collected on a transient absorption (TA)
spectrometer (Ultrafast Systems, Helios). The primary light source consisted of 800-nm
laser pulses with a 100-fs pulse width from a Ti:sapphire regenerative amplifier (Spectra
Physics, Spitfire Pr XP 100F) at a 1-kHz repetition rate. 440-nm pump pulses were
generated using the fourth harmonic of the idler from an optical parametric amplifier
(Light Conversion, TOPAS-C), with an energy of 1.0 pJ and spot size of 465 pm (pump
fluence of 150 ) em™2). Probe pulses were produced from focusing of the 800-nm
amplifier pulses onto a 3.2-mm sapphire crystal. This yielded a white-light continuum
with a spot-size of 122 pm FWHM, which was split into signal and reference beams.
Pump and probe pulses were polarized at the magic angle (54.7°) relative to one
another to minimize anisotropic effects. NP dispersions were constantly stirred in a
2-mm path length quartz cuvette (Starna Cells 21-Q-2) throughout these experiments,
and negligible photo-degradation was observed.

3.6 Computational Methods

All DFT calculations were performed using Gaussian 16, revision A.03.157 The 12-
molecule TTPS-Pn surface model was constructed from the crystal structure reported
by Anthony et al.'?® Due to the large size of this crystal model (1200 atoms), geometry
optimizations treating all atoms at a full DFT level were infeasible. Hence, the initial
optimization step was undertaken as a multi-level calculation using the ONIOM algo-
rithm, 212213 with the polymer chain treated at the wB97XD/cc-pVDZ 208214216 Jevye] of
theory and the TIPS-Pn molecules (frozen in place) at the AM1 semiempirical level.?!”
3-10 initial geometries were used for all structures of interest, with polymer chains
lying on different faces and at different orientations relative to the crystal structure.
The resulting energy minima structures then had their energies re-calculated using the
wBI7XD /cc-pVDZ theory level on the entire system. Binding energies were calculated
using

Egg = (Epolymer + E11ps-Pn) — Epolymer: TIPS-Pn, (3.2)
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where Epgymer and Erips.py are the energies of the polymer chain and TIPS-Pn crystal
computed in separate calculations at the equivalent level of theory.
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3.7 Supporting Information

Kinetics of TIPS-Pn Nanoparticle Crystallization

In order to characterize the rate of crystallization in TIPS-Pn NPs induced by PVA
addition, visible absorption spectra of a TIPS-Pn:PVA mixture were collected over reg-
ular time intervals. In order to observe both the amorphous absorption peak at 645 nm
and the crystalline peak at 695 nm, spectra were collected over a range of 620-720 nm.
The width of this spectral window limited the time resolution to a single scan every 18s.
NP suspension and PVA solution were mixed in a 1-cm cuvette and then immediately
placed into the spectrophotometer, in order to observe any changes that occur within
the first few seconds of mixing. Figure 3.5 shows an example of the resulting kinetic
scans for a high concentration of PVA with TIPS-Pn NPs. The conversion of amor-
phous to crystalline domains within the nanoparticles occurs with sigmoidal kinetics;
after an initial induction period of minimal change, a rapid interconversion of peaks
occurs, followed by further slow growth. This final rate is substantially slower than the
initial step, with the process taking hours to complete; however it should be noted that
this slow conversion continues until the spectrum resembles that of fully-crystalline
TIPS-Pn.

Sigmoid-like kinetics are highly characteristic of auto-catalytic processes such as the
well-established Finke-Watzky model,?!# 222 in which for a simple first-order conversion
of species A into species B, B then accelerates the conversion of A into B:

Al B (3.3)
A+ BB (3.4)

Within the context of TIPS-Pn crystallization, species A represents amorphous TIPS-
Pn and B crystalline TIPS-Pn. Equation 3.4 implies that amorphous TIPS-Pn molec-
ules add auto-catalytically to any crystalline domains formed to create larger crystalline
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Figure 3.5: (a) Steady-state absorption spectra over time of TIPS-Pn NPs after PVA
addition, and (b) intensities of the ‘amorphous’ (645 nm) and ‘crystalline’ (695 nm) absorption
peaks as a function of time (500 ppm PVA, 35 ppm TIPS-Pn).

domains. Therefore, PVA adsorption at the nanoparticle surface may nucleate small
crystalline domains which then spread throughout the entirety of the nanoparticle.
The extent to which PVA is involved with this auto-catalytic step is unclear; however,
the formation of fully-crystalline spectral features indicates that the interior of the
NPs must also crystallize. Within the short timescale in which crystallization occurs,
it is unlikely that the bulky PVA chains can penetrate to this depth inside the NPs
through purely diffusive motion. Therefore, this crystallization likely occurs at least in
part independently of PVA, and therefore at least some of this growth must be due to
TIPS-Pn molecules spontaneously rearranging to add to existing crystalline domains.

The rates associated with these sigmoidal kinetics were highly dependent upon PVA
concentration used, as demonstrated by the markedly different rates shown in Figure
3.6. In general, the rate of crystallization increased with PVA concentration at low
concentrations (1-50 ppm), but then decreased when further increasing PVA concen-
tration (100-1000 ppm). These decreased rates at higher concentrations may be due
to some form of interaction between PVA chains slowing diffusion to the nanoparticles
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Figure 3.6: Kinetic profiles of 645 and 695 nm steady-state absorption peaks upon addition
of (a) 25 ppm and (b) 500 ppm PVA (35 ppm TIPS-Pn).
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or binding to the surface. However, it is worth noting that these kinetics were poorly
reproduceable and hence difficult to quantify. Factors such as the rate of mixing in the
cuvette may be at least partially responsible for this lack of reproducibility. Despite
this, the shape of the kinetics remained sigmoidal in shape in every observed instance.
Therefore, the above discussion regarding autocatalytic growth is relevant regardless
of the actual rates of crystallization.

Figure 3.7 shows the growth of the crystalline TIPS-Pn absorption peak at 695 nm
due to addition of PVA at equivalent mass concentrations but differing molecular
weights. A trend is clearly evident, with 14kg/mol PVA chains resulting in almost
complete crystallinity in TIPS-Pn NPs within the first time point, while the larger-
chain polymers induce this crystallinity much more slowly. While the 166 kg/mol chains
appear to initiate crystallinity slightly faster than the 130 kg/mol chains, this discrep-
ancy is likely well within the margin of error in these experiments, as uncertainties
in the rates of mixing and time zero are likely significant here. Increasing molecular
weight appears to affect this rate of crystallization in a similar manner to increasing
PVA concentration, suggesting that some form of self-interaction or entanglement be-
tween PVA chains may be responsible for this decreased rate; either intermolecular at
high concentrations, or intramolecular at high molecular weights. However, it should
be noted that polymer molecular weight influences many physical properties such as
solubility and viscosity, and it is unclear how all of these factors contribute to the rate
of crystallization.
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Figure 3.7: Kinetics of the crystalline steady-state absorption peak at 695 nm upon addition
of 500 ppm PVA at different molecular weights (35 ppm TIPS-Pn).

PXRD Patterns of Pure-Polymer Films

To ensure that the PXRD pattern of TIPS-Pn NPs embedded in a PVA matrix (Figure
3.2) was representative of the NPs themselves and not the polymer matrix, patterns
were also collected of pure polymer films drop-cast from aqueous solution (Figure 3.8,
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Figure 3.8: Powder X-ray diffraction patterns of PVA and PAA films, drop-cast from
10 mg/mL solutions at room temperature.

below). All three polymer films show broad, poorly-defined peaks at 20 = 8° and 18°,
attributable to amorphous packing of polymer chains within these films. The PVA
film also shows a much sharper peak at 260 = 23°, which matches well with the (101)
crystalline PVA peak previously assigned by Lue et al.??® A significant peak pattern is
observed in the PEG film, which also matches well with a previously-reported pattern
for pure PEG.?*

Figure 3.9 shows the resulting diffraction patterns from TIPS-Pn NPs evaporated
to dryness in matrices of PVA, PEG or PAA. As is clearly evident, the characteristic
crystalline TTPS-Pn diffraction peaks are only present in the TIPS-Pn:PVA pattern.
The crystalline PEG and PVA peaks are also observed in the TIPS-Pn:PEG and TTPS-
Pn:PVA patterns, but at much lower intensities. This discrepancy can be attributed
to the difference in sample preparation techniques — the TIPS-Pn:polymer matrices
were prepared by evaporation to solidity under reduced pressure and gentle heating,
while the pure polymer films were evaporated under ambient temperature and pressure.
Hence, the pure polymer films formed at a slower rate compared to the NP:polymer
matrices, allowing for more polymer chains to rearrange into the lower-energy crystal
structure, and hence achieving a higher degree of crystallinity in these samples.

It is worth noting that the polymer matrices used here are unlikely to fully isolate
the nanoparticles from one another; indeed, some level of NP aggregation is likely to
occur during the preparation of TIPS-Pn:polymer matrices. The purpose of embedding
nanoparticles within these matrices is instead to minimize this aggregation, such that
large-scale structural reorganzation of the TIPS-Pn molecules does not occur during
precipitation. As Figure 3.9 shows, NPs shown to have amorphous absorption features
showed no significant TIPS-Pn diffraction peaks on precipitation in PAA or PEG, while
NPs with crystalline absorption features also showed a diffraction pattern characteristic
to TIPS-Pn when co-precipitated with PVA. Therefore, we conclude that the use of
these polymer matrices was successful, in that the molecular packing of the TIPS-Pn
molecules within the nanoparticles was largely unperturbed during precipitation.
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Figure 3.9: Powder X-ray diffraction patterns of TIPS-Pn NPs co-precipitated from sus-
pension in PVA, PEG or PAA. Reflection assignments are made based upon those by Chen
and co-workers for TIPS-Pn crystals, 32 while the peaks corresponding to polymer matrices
are indicated with asterisks. Patterns are offset for clarity.

Dynamic Light Scattering of TIPS-Pn NP Suspensions

Figure 3.10 shows the intensity-weighted size distributions of TIPS-Pn NPs determined
by DLS, with varying concentrations of PVA added. A clear shift to larger particle
sizes is observed with increasing PVA concentration, which is concurrent with a broad-
ening of the size distribution. As PVA is well-known to bind to the surface of organic
nanoparticles in aqueous suspension,?°12%3 we hypothesize that the added PVA forms
a diffuse layer of polymer coating the surface of the nanoparticles. This layer is then
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— 1 ppm PVA
— 5 ppm PVA
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> —— 50 ppm PVA

'(2) —— 100 ppm PVA
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Figure 3.10: Intensity-weighted particle size distributions of TIPS-Pn NPs for varying PVA
concentration. TIPS-Pn concentration is held constant at 20 ppm.



3.7. Supporting Information 39

observed in DLS as an increase in the particles’ hydrodynamic radii, increasing both
the Z-average diameter and dispersity of these size distributions.

Attempts to Induce Phase Transitions in TIPS-Pn NPs With
Other Water-Soluble Polymers and Ethanol

Aqueous solutions of poly(ethylene glycol) (PEG) and poly(acrylic acid) (PAA) were
prepared in an analogous manner to PVA. While PEG required a similar level of heating
as PVA to fully dissolve, PAA dissolved almost instantaneously upon stirring at room
temperature. In an attempt to replicate the amorphous-to-crystalline conversion of
TIPS-Pn NPs observed with PVA, spectra of these NPs were collected on addition of
aliquots of PEG or PAA solution, or a solution of ethanol (EtOH) in water (Figure
3.11). While some intensity in the TIPS-Pn amorphous absorption peaks is lost on
addition of these solutions, growth of the crystalline TIPS-Pn peak at 695 nm is absent
at any concentration tested. Therefore, crystallinity is absent in these nanoparticles
with PEG, PAA or ethanol. The decrease in intensity may be due to a change in the
suspension refractive indices at higher polymer/ethanol concentrations, or perhaps a
minor level of aggregation induced between nanoparticles. Only low concentrations
of ethanol could be tested here, as at concentrations higher than 100 ppm the solvent
polarity was significantly changed such that the EtOH/water mixture began to re-
dissolve the TIPS-Pn.

Attempts to Induce Phase Transitions in TIPS-Tetracene NPs
with PVA

NPs of TIPS-tetracene were prepared in an analogous manner to the TIPS-Pn NPs
used throughout this work, and PVA solution was added in an attempt to crystallize
them. The resulting visible absorption spectra (Figure 3.12) show negligible changes on
addition of PVA to any concentration, apart from a slight loss in absorption intensity.
As discussed in the preceding section, this loss in intensity may be due to changes
in the suspension refractive index, or minor aggregation induced by the introduction
of the polymer. Alternatively, this loss in intensity may be due to photo-degradation
of TIPS-tetracene from exposure to ambient light. Previous work by Friend and co-
workers showed that for TIPS-tetracene, no further peaks are introduced to the visible
absorption spectrum on converting from amorphous to polycrystalline packing, but
a broadening of the existing peaks occurs.” The absence of any such broadening in
the spectra collected here suggests a lack of significant morphological changes within
the TIPS-tetracene NPs, and as such demonstrates an inability of PVA to induce
crystallinity in TIPS-tetracene the same way that it does in TIPS-Pn.

Optimized Structures of PVA Oligomers on TIPS-Pn;, Crystal
Model

Figure 3.13 shows the 12-molecule TIPS-Pn crystal model constructed for computa-
tional studies, as well as the optimized geometries of the PVA oligomers considered
for this study. The TIPS-Pn model (hereafter referred to as TIPS-Pny,) consists of a
single sheet of slip-stacked molecules, 2-3 molecules wide and 5 molecules high. This
was considered sufficiently large such that an oligomer interacting with the center of
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Figure 3.11: Steady-state absorption spectra of TIPS-Pn nanoparticles with (a) PEG, (b)
PAA and (c) ethanol added in place of PVA.

the model on the TIPS-facing side experiences negligible unphysical edge-binding ef-
fects. Structures containing the oligomer bound to the edge or top of this crystal were
investigated, but were not considered in the subsequent analysis as the oligomer fre-
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Figure 3.12: Steady-state absorption spectra of TIPS-tetracene nanoparticles re-
precipitated in water with subsequent addition of PVA to different concentrations.

quently wrapped around multiple facets of the model, which is absent in the larger
nanoparticles that this model represents.

Figures 3.14 and 3.15 show the minimum-energy structures of the PVA dimer and
trimer bound to the TIPS-Pn;, model, respectively. In both structures, the PVA
oligomer interacts with the crystal model only through a terminal methyl group, rather
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Figure 3.13: Structures of (a) the TIPS-Pn;, model surface built from the crystal structure
reported by Anthony et al.,'?> and (b) PVA dimer, (c) trimer, (d) tetramer and (e) pentamer
structures optimized at the wB97XD/cc-pVDZ level of theory.
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Figure 3.14: (a) Edge-on and (b) side-on views of the PVA,:TIPS-Pn;y minimum-energy
structure (PVA binding energy of 0.41eV).

Figure 3.15: (a) Edge-on and (b) side-on views of the PVA3:TIPS-Pn;y minimum-energy
structure (PVA binding energy of 0.44¢eV).

than lying flat on the surface like longer oligomers (see above). It should be acknowl-
edged that only a single trial structure was optimized for each of these stoichiometries
due to limitations on computational resources. However, these trial structures began
with the oligomer lying flat upon the surface, so these results indicate that these short
oligomers indeed have a preference for being terminally-bound over lying flat on the
surface.

The minimum-energy geometries of the PVA tetramer (Figure 3.16) and pentamer
(Figure 3.3), however, show the oligomers lying flat upon the TIPS-Pn model, with
the hydroxyl groups directed towards the closest TIPS groups. In the case of the
tetramer, two conformers are observed that are nearly equivalent in energy (a differ-
ence of < 0.1eV), with the PVA oligomer aligned with different crystal facets of the
TIPS-Pn. The minimum-energy structure (Figure 3.16a,b) has the PVA aligned in the
direction of stacking between 2nd-nearest-neighbor TIPS-Pn molecules, whereas for the
low-lying conformer (Figure 3.16¢,d) it aligns in the nearest-neighbor direction. Both
of these stacking directions have TIPS-Pn repeat distances that are approximately in-
teger multiples of the PVA repeat unit (10.21 and 7.57 A vs 2.52 A), so both of these
binding configurations could plausibly template crystallinity in TTPS-Pn.
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Figure 3.16: a) Crystal-facet-aligned and (b) side-on views of the PVA,:TIPS-Pn;,
minimum-energy structure (PVA binding energy of 0.79¢eV). (c) Crystal-facet-aligned and
(d) side-on views of the PVA:TTPS-Pn,, low-lying energy conformer (PVA binding energy of
0.74eV). Blue and red lines show the TTPS-Pn nearest-neighbor and second-nearest-neighbor

stacking directions (respectively), corresponding to the crystal alignment directions shown in
(a) and (c) (red and blue circles).

Optimized Structures of PEG and PA A Oligomers on TIPS-Pn,,
Crystal Model

For calculations involving PEG or PAA, more than ten different starting geometries
were used, to ensure a thorough search of these potential energy surfaces. Figure 3.17
shows the minimum-energy and a relevant high-lying energy conformer of the PEG
tetramer bound to the TIPS-Pn;, model. The minimum-energy geometry, while lying
flat upon the TIPS-Pn surface, shows a lack of alignment with the TIPS-Pn stacking di-
rections. The higher-energy conformer does show alignment with the nearest-neighbor
stacking direction of TTPS-Pn, but is much higher in energy with a negligible binding
energy.

Figure 3.18 shows the minimum-energy structure of the PAA tetramer adsorbed
to the TIPS-Pn;5 model. While there is some level of alignment of the oligomer with
the TIPS-Pn 2nd-nearest-neighbor stacking direction, the acid groups upon the PAA
chain are significantly disordered such that no periodic interaction between oligomer
and surface occurs. This disorder appears to be largely due to the size of the oligomer
side-chains; the acid groups are sufficiently bulky that they adopt a staggered confor-
mation about the chain to minimize steric interactions. No other optimized geometries
of PAA,:TIPS-Pn;, showed any significant alignment or periodic matching between
oligomer and surface.

In addition to this lack of aligment between oligomer chains and TIPS-Pn stacking
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Figure 3.17: (a) Crystal-facet-aligned and (b) side-on views of the PEG,:TIPS-Pn;,
minimum-energy structure (PEG binding energy of 0.81 eV). (¢) Crystal-facet-aligned and
(d) side-on views of the PEG,: TIPS-Pn;, higher-energy conformer (PEG binding energy of
0.1eV).

directions for both PEG and PAA, it is worth noting that the repeat units of these
polymers do not match the periodicity of TIPS-Pn in the same way that PVA does.
PEG has a repeat unit of 3.57 A, and PAA’s repeat unit between non-staggered acid
groups is approximately 5.50 A. Neither of these allow for periodic matching with either
of the TIPS-Pn stacking directions (10.21 and 7.57 A), and so a periodic, dispersion
based interaction as is observed between PVA and TIPS-Pn would not be expected for
either PAA or PEG.

Figure 3.18: (a) Crystal-facet-aligned and (b) side-on views of the PAA,:TIPS-Pn,
minimum-energy structure (PAA binding energy of 0.78 V).
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Attempts to Induce Phase Transitions in TES-Pentacene NPs
with PVA

Nanoparticles of TES-pentacene were prepared in an analogous manner to the TIPS-
Pn NPs used throughout this work. Re-precipitation was attempted into a 10 ppm
solution of PVA, in an attempt to induce crystallinity in a similar manner to TIPS-Pn.
Figure 3.19 shows the steady-state absorption spectra of the resulting nanoparticle
suspensions. On re-precipitation into PVA, the only observable change is a small
increase in absorption at lower wavelengths, however this could be attributed to an
increased level of scattering arising from the PVA in solution. Critically, no change
in absorption at either 645 or 695 nm is observed, and so no amorphous-to-crystalline
conversion is evident upon re-precipitation into a PVA /water solution. Therefore, it
can be concluded that PVA does not induce morphological change in TES-Pn in the
same manner as TIPS-Pn, as predicted above.

—— No PVA
—-=- 10 ppm PVA

Absorbance

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3.19: Steady-state absorption spectra of TES-pentacene nanoparticles re-
precipitated into either water or 10 ppm PVA in water.

Steady-State Fluorescence of TIPS-Pn NPs

Steady-state fluorescence spectra were recorded using a PerkinElmer LS 55 fluorescence
spectrophotometer with a 1-cm path length quartz cuvette (Starna Cells 3-Q). Emis-
sion and excitation slit bandwidths of 5 nm each were used, and the sample absorbance
at the excitation wavelength was always kept below 0.1. Figure 3.20 shows the result-
ing emission spectra of amorphous and crystalline TIPS-Pn NP suspensions at three
relevant excitation wavelengths, with the absorption and emission spectra of a TIPS-
Pn/THF solution shown for reference. As can clearly be seen, while the TIPS-Pn/THF
solution shows a significant amount of emission, negligible fluorescence is observed for
both amorphous and crystalline TIPS-Pn nanoparticles. A previous study has reported
low-intensity emission from neat TIPS-Pn amorphous nanoparticles, but with an I/A
ratio of 5 or less, which is approaching the detection limit here.” This fluorescence
quenching can be attributed to ultrafast singlet fission occurring in these nanoparti-
cles, such that any emissive singlet states have been converted to non-emissive triplets
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within 10-20 ps of excitation. As singlet fission is expected to occur approximately an
order of magnitude faster in crystalline TIPS-Pn when compared to amorphous TIPS-

Pn, 419 it is therefore unsurprising that negligible fluorescence is also observed from
the crystalline NPs.

0.10
=== TIPS-Pn/THF Abs. a) L 400
—— TIPS-Pn/THF Fluor.
0.08 1 — TIPS-Pn NPs Fluor. (2x) - 350
' —— TIPS-Pn NPs/PVA Fluor. (2x)
300 ~
S
y 0.06 1 440 nm - 250 Y
C
§ F200 3
@ 0.04 A o
3 150 S
< [T
- 100
0.02 A
./\..’ \ - 50
Neee”
0.00 T T ' Y t 0
400 450 500 550 600 650 700 750 800
Wavelength (nm)
0.10 500
=== TIPS-Pn/THF Abs. b)
—— TIPS-Pn/THF Fluor.
0.08 1 —— TIPS-Pn NPs Fluor. (2000x) L 400
—— TIPS-Pn NPs/PVA Fluor. (2000x)
S
0.06 - 300
© 2
g g
3 g
S 0.04 - 200 §
n 3
£ i
0.02 1 - 100
0.00 — ? Y T 0
550 600 650 700 750 800
Wavelength (nm)
0.10 T 500
‘g === TIPS-Pn/THF Abs. C)
% —— TPS-Pn/THF Fluor.
1
0.08 1 ,, % —— TIPS-Pn NPs Fluor. (5000x) L 400
| 4\ — TIPS-Pn NPs/PVA Fluor. (5000x)
[ —~
H
F S
0.06 - i - 300
(V] I : ! o
o 1 H c
S [ ot
g Doy g
S 0.04 1 oo - 200 £
o 1 H =]
< HE | [y
)
0.02 - P - 100
0.00 - A 0

600 625 650 675 700 725 750 775 800
Wavelength (nm)

Figure 3.20: Steady-state fluorescence spectra of TIPS-Pn solution in THF, amorphous
and crystalline TTPS-Pn nanoparticles in water, exciting at (a) 440nm, (b) 590 nm and (c)
645nm. The steady-state absorption spectrum of TIPS-Pn in THF (2.5 ppm) is shown for
reference. Dotted lines show positions of excitation wavelengths.
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4.1 Abstract

Exciton multiplication through singlet fis-
sion (SF) offers scope for next-generation
photovoltaic devices to exceed the detailed

balance limit. Organic SF chromophores A -L.).,':.70~5c 2 ““1:\
typically exhibit significant structural 3.1 .t * G(& )
anisotropy in their crystal packing, which 0"

can impact exciton transport and influence b ),

the design of SF-enhanced devices. An im-
proved understanding of the link between
structural anisotropy and exciton diffusion
is therefore crucial for developing SF-based photovoltaics. Here, we use femtosecond
transient absorption spectroscopy to quantify the anisotropic triplet mobility in 6,13-
(triisopropylsilylethynyl)pentacene (TIPS-Pn), a prototypical SF chromophore. Bi-
molecular triplet—triplet annihilation in crystalline TIPS-Pn is well-described by a ki-
netic model that assumes isotropic, three-dimensional triplet exciton diffusion, but with
best-fit parameters that do not correspond to any physical parameters of the material.
Kinetic models that assume either one-dimensional or anisotropic three-dimensional
exciton diffusion describe the annihilation equally well but yield more physically real-
istic fit parameters, suggesting that triplet diffusion on the sub-nanosecond timescale
occurs mostly along a single axis of the material. These findings highlight the need
to treat parameters obtained from fits of experimental data with models of isotropic
diffusion with caution for systems with anisotropic packing such as TIPS-Pn. Diffusion
coefficients calculated by density functional theory predict that triplet exciton diffusion
occurs predominantly along the crystallographic a-axis, with migration in any other
direction through the crystal slower by over an order of magnitude. This anisotropic
diffusion suggests that fast, directional exciton transport in layers or films of TIPS-Pn
may be achieved by control of the chromophore morphology.

4.2 Introduction

Singlet exciton fission (SF) is the photophysical process in which a chromophore in
a singlet excited state couples to an adjacent ground state chromophore to yield two
triplet excited state chromophores.?” SF has garnered significant interest in recent
years, as it may help to surpass the detailed balance limit of single-junction photovoltaic
(PV) devices.?*?3 However, practical implementations of SF-sensitized PV devices have
shown only minor efficiency improvements thus far, despite using highly efficient SF
chromophores. 22177181 Design of such devices must therefore also consider the processes
involved in harvesting triplet excitons produced by SF. The migration of these excitons
to interfaces or junctions at which either energy or charge transfer can occur plays a
significant role, and hence must be well understood in order to design PV devices in
which SF yields an appreciable efficiency increase.

Triplet exciton transfer is generally understood as a short-range, incoherent pro-
cess that may be described as ‘hopping’ of excitons between chromophore sites.®? As
such, triplet mobility is often considered in terms of a diffusive random walk, with an
effective diffusion coefficient describing the rate of triplet migration throughout the
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material. 53117225 Models used to describe this behavior are generally derived from the
seminal work of Smoluchowski, who developed an analytical solution for the three-
dimensional coagulation of equivalent particles controlled by diffusive motion.?226:227
However, such models usually assume an isotropic medium in which these particles
(or quasi-particles in the case of excitons) may diffuse, while the library of known
SF-capable chromophores primarily consists of m-conjugated organic molecules with
significant structural anisotropy in two or three dimensions.!® Substantial anisotropy
may therefore exist in triplet exciton diffusion rates along different crystallographic axes
of organic SF chromophores. As a case in point, preferential triplet migration along a
single axis was observed by transient absorption microscopy in a series of SF-capable
acenes. 4 More recently, the rates of diffusion-controlled triplet-—triplet annihilation
(TTA) along different crystallographic axes in hexacene were shown to vary by a factor
of four, attributed to different modes of crystal packing along these axes.!® It is hence
becoming clear that such anisotropic diffusion plays a significant role in triplet exci-
ton migration through crystalline organic systems, and must be accounted for when
designing PV devices containing these materials as SF chromophores.

6,13-(triisopropylsilylethynyl)pentacene (TIPS-Pn) is an intensely studied model SF
chromophore, in which the SF process is slightly exoergic.'® In its crystalline phase, SF
has been shown to occur on sub-picosecond timescales'” and with effectively quanti-
tative yield of triplets.!!® The dominant crystal polymorph of TIPS-Pn consists of an
extended slip-stacked structure with significant 7= stacking in two dimensions, but
contact only through insulating TIPS groups along the third crystallographic axis. 129125
This m-stacking is unequal in both slip-stacked directions; a recent computational study
predicted electron and hole transfer integrals to differ by up to a factor of 8 between the
different slip-stacked pairs on this plane.% Despite this significant structural anisotropy
between all three crystallographic axes, previous studies of triplet diffusion in crystalline
TIPS-Pn have assumed purely isotropic migration.%9 Such treatments are unlikely
to accurately describe triplet exciton diffusion within TIPS-Pn, and may therefore give
incorrect or misleading predictions when designing systems that depend upon triplet
diffusion through TIPS-Pn. This issue is especially relevant given recent advancements
in solution-coating methods, as solution-sheared layers of TIPS-Pn with single-crystal
alignment on the order of millimeters have been recently reported. 29228229 On such a
large length scale, even small inaccuracies in describing exciton diffusion rates would
manifest in substantial errors in predicted exciton diffusion distances along different
crystallographic axes. As such, it is necessary to develop a deeper understanding of
the anisotropic nature of exciton diffusion in crystalline TIPS-Pn.

In this work, we study triplet diffusion through crystalline nanoparticles (NPs) of
TIPS-Pn using femtosecond transient absorption (TA) spectroscopy. The decay kinet-
ics of triplet excitons arising from SF are shown to depend strongly on excitation den-
sity, indicative of bimolecular exciton—exciton annihilation. These kinetics are well fit
by a model that assumes isotropic three-dimensional triplet exciton diffusion, but yield
best-fit parameters that are physically unreasonable when considering the intermolec-
ular packing of crystalline TIPS-Pn. However, this annihilation is also well-modeled
by considering diffusion mostly along a single axis and yields physically reasonable fit
parameters, suggesting that diffusion through TIPS-Pn is highly anisotropic on the
timescale considered here. This result agrees with diffusion coefficients predicted by
density functional theory (DFT), which indicate that diffusion along the a-axis of crys-
talline TIPS-Pn is faster than diffusion through next-nearest-neighbor stacking within
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the crystal by a factor of 25. This anisotropy highlights the importance of controlling
chromophore morphology in the fabrication of SF-sensitized organic PV devices, as it
may enable rapid and directional triplet exciton transport in single-crystal TIPS-Pn
films.

4.3 Experimental Methods

Materials

TIPS-Pn was used as-purchased from Ossila. Poly(vinyl alcohol) (PVA; Merck, average
molecular weight 130 kg/mol) was sourced as a solid powder, and dissolved to a stock
concentration of 10 mg/mL by heating at 90 °C in water for 1 hour. Water was purified
by an 18 M2 Millipore Milli-Q Reagent Water System fitted with a 0.45-pm filter.
HPLC-grade tetrahydrofuran (THF; RCI Labscan) was freshly distilled before use.

Nanoparticle Preparation

Crystalline TIPS-Pn nanoparticles were prepared using a previously described proce-
dure.! Briefly, TIPS-Pn in THF (200 uL, 800 1M) was flash-precipitated into rapidly-
stirred water (10mL), yielding an aqueous suspension of amorphous-phase TIPS-Pn
nanoparticles. This process was repeated twice, and the resulting suspensions com-
bined and concentrated under reduced pressure to a final TIPS-Pn concentration of
100 ppm. The suspension of nanoparticles was filtered through a 0.2-pm syringe filter
(Sartorius Minisart NML). A 20-uL portion of PVA solution (10 mg/mL) was then
added to 1.98 mL of NP suspension, and the nanoparticles allowed to crystallize for 16
hours. Dynamic light scattering (DLS) characterization of nanoparticle size was con-
ducted with a Malvern Zetasizer Nano ZSP, using a 633-nm laser at a backscattering
angle of 173°.

Spectroscopic Measurements

All spectroscopic measurements were collected in a 2-mm path length quartz cuvette
(Starna Cells 21-Q-2). Steady-state absorption spectra were collected using a Cary Var-
ian 1E UV-visible spectrophotometer. Time-resolved spectroscopic measurements were
collected on a transient absorption spectrometer (Ultrafast Systems, Helios). Laser
pulses at 800 nm with a 100-fs pulse width and 1-kHz repetition rate were generated as
the primary light source using a Ti:sapphire regenerative amplifier (Spectra Physics,
Spitfire Pro XP 100F). An optical parametric amplifier (Light Conversion, TOPAS-
C) was used to produce 440-nm pump pulses from the fourth harmonic of the idler,
with a spot-size of 465 num at the sample position. Pump fluences were varied from
20 1J cm ™2 to approximately 1 mJcm™2. Focusing of the 800-nm pulses onto a 3.2-mm
sapphire crystal generated white-light continuum probe pulses with a spectral coverage
of 450-750 nm and a spot-size of 122 pm at the sample position. Pump and probe were
polarized at the magic angle of 54.7° relative to one anther in order to minimize po-
larization biases in the measurements. NP suspensions were constantly stirred during
experiments, with negligible photo-bleaching observed.
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4.4 Computational Methods

DFT calculations were performed using the Q-Chem computational chemistry soft-
ware package, version 5.2.2.168 All calculations were run at the PBE/6-31G* level of
theory, 230231 a5 it has been previously used to give reasonable predictions of triplet dif-
fusion rates in other polyaromatic hydrocarbons.® Electronic couplings were computed
by constrained DFT configuration-interaction (CDFT-CI) calculations of TIPS-Pn
dimer pairs taken from the crystal structure reported by Anthony and co-workers. 125171
Given that the solubilizing isopropylsilyl groups in TIPS-Pn have a minimal influence
on triplet energetics, these were replaced by methyl groups in these calculations to
reduce computational expense. In each state, one monomer was constrained to triplet
spin and the other to singlet spin. Further details of these calculations are given in the
Supporting Information.

4.5 Results and Discussion

Size characterization by DLS (Supporting Information) shows that a monodisperse size
distribution of nanoparticles (Z-average diameter of 72nm) results from the prepara-
tion method employed here. This is in close agreement with other size distributions
previously reported for TIPS-Pn NPs prepared through this method. %' Additionally,
steady-state absorption (Supporting Information) and femtosecond TA spectra (Figure
4.1) of these NPs are identical to those reported in our previous study of crystalline
TIPS-Pn NPs, in which X-ray diffraction was used to confirm that the chromophores
adopted the slip-stacked morphology characteristic of crystalline TIPS-Pn.! Therefore,
we conclude that the TIPS-Pn NPs studied here possess a crystalline morphology with
the slip-stacked packing motif first reported by Anthony and co-workers. %

Figure 4.1a shows representative TA spectra of crystalline TIPS-Pn NPs at de-
lay times ranging from 200fs to 3ns. Excited-state absorption (ESA) features at
488 nm, 523nm and 750 nm are observed to rise within 1ps, concomitant with the
decay of other ESA bands at 460 nm and 620 nm. These bands have been previously
assigned to the triplet state (T) and singlet state (S;) of TIPS-Pn, respectively. 710
This rapid interconversion is indicative of singlet fission occurring on a sub-picosecond
timescale in crystalline TIPS-Pn, agreeing with multiple previous studies. 163134 Subtle
restructuring of the triplet ESA bands at 488 nm and 523 nm then occurs over several
picoseconds, with these features slightly red-shifting and the longer-wavelength band
becoming more intense. This has previously been attributed to spatial separation of
the correlated triplet pair state, and so we assign this spectral change to the forma-
tion of free triplet excitons from correlated triplet pairs.!'® The transient spectra then
decay, with negligible further spectral evolution beyond 50 ps (Figure 4.1b), indicating
minimal further relaxation within the triplet excited-state manifold, with these triplet
states only decaying to the ground state. Therefore, we assign these TA spectra from
50 ps onwards as being predominantly due to free triplet excitons within crystalline
TTPS-Pn, with negligible contributions from singlet excitons and no further separation
of any correlated triplet pair excitons.

The ESA at 680 nm and the ground-state bleach (GSB) at 700 nm red-shift slightly
at delay times beyond 50 ps, which becomes increasingly evident at high pump fluences
(Supporting Information). This spectral shift may be due to a change in the nature
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of the GSB itself. A recent study by Jones and co-workers identified a lower energy
shoulder in the main absorption band of crystalline TIPS-Pn, which they assigned to
excitations of non-equilibrium crystal packings induced by grain boundaries or defect
sites.'?” Should such lower energy sites exist in the nanoparticles studied here, they may
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Figure 4.1: TA spectra of crystalline TIPS-Pn NPs after excitation at 440 nm at a pump
fluence of 470 nJ cm ™2, as (a) measured AA and (b) AA normalized to the 523 nm triplet
ESA feature. (c) Normalized decay kinetics of the 523 nm triplet ESA under a range of pump
fluences.
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act as trap sites, with triplet excitons funneled to these sites due to the surrounding
energy gradient. This process would result in a shift in the relative exciton populations
at equilibrium and non-equilibrium TIPS-Pn sites over time, yielding a corresponding
shift in the GSB due to the spectral differences of these sites in their ground states.
The decay of the 523nm ESA signal depends strongly upon pump fluence: as
demonstrated in Figure 4.1c, this decay accelerates at higher pump fluences. This
behavior is indicative of bimolecular exciton—exciton annihilation (EEA) interactions
dominating the triplet decay at the excitation densities used here.%110:119 Ty quan-
tify these annihilation interactions, we consider a number of bimolecular annihilation
kinetic models fit to the collected data. All models considered have the general form
t
where k; is the unimolecular rate coefficient associated with first-order triplet decay
and ks is the bimolecular annihilation rate coefficient. Assuming isotropic diffusion of
triplet excitons and that annihilation is effectively instantaneous upon contact, ks may

be related to the diffusion constant D and annihilation radius R of triplet excitons
by 226,227

V21Dt

At long times for which 27Dt > R, Equation 4.2 reduces to

ky = 87RD (1 B > . (4.2)

ky = 87RD. (4.3)

The approximation in Equation 4.3 has been widely used to describe bimolecular an-
nihilation for excitons encountering one another through a three-dimensional (3D)
random walk.%?%32 Several previous studies have applied Equation 4.3 to model the
bimolecular annihilation kinetics of pentacene'” and TIPS-Pn. %319 While both equa-
tions stem from the same model, they are qualitatively different: one treats the exciton
annihilation rate coefficient as time-independent, while the other also includes a time-
dependent component on short timescales. We consider both forms of this model when
attempting to fit the TA data here, and refer to them below as the “constant ky” and
“time-dependent ky” isotropic 3D diffusion models, respectively.

Triplet concentrations within the nanoparticles were extracted from the TA data
(see Supporting Information for details), and both isotropic 3D models presented above
were fit to the data over a range of excitation densities. Figure 4.2 shows a sample
of the fits at a pump fluence of 470 nJ cm ™2, while the remaining fits are shown in
the Supporting Information. When considering the isotropic 3D diffusion models, the
time-dependent ks model (solid curve, coincident with the dashed curve) fits the data
significantly better than the constant ks model (dotted curve), with the latter under-
estimating the decay rate at early times and overestimating at later times. Clearly, the
time-dependent nature of the triplet annihilation rate coefficient due to diffusion must
be accounted for on the sub-nanosecond timescale when describing excitonic migration
within crystalline TIPS-Pn. As such, the isotropic 3D diffusion model with constant ks
is excluded from the following discussion, and the time-dependent ks model is hereafter
referred to as the “isotropic 3D diffusion model” for simplicity.

The best-fit parameter values for the isotropic 3D diffusion model are shown in
Table 4.1. Using the best-fit R and D values in the long-time limiting case (Equa-
tion 4.3), a bimolecular annihilation constant of (1.2 40.2) x 10! M~'s! is obtained,
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Figure 4.2: Triplet concentrations in crystalline TIPS-Pn NPs from 50 ps after excitation
with pump fluence of 470 pJ cm ™2, with fits from all bimolecular annihilation models consid-
ered here. Best-fit parameters from models of interest are shown in Table 4.1. Note that the
fits from the isotropic 3D (time-dependent k) and anisotropic 3D models are coincident, and
that the concentrations shown here refer to exciton concentrations within the TIPS-Pn NPs
(see Supporting Information for further details).

which agrees closely with a previous measurement for polycrystalline TIPS-Pn thin-
films. 19 Additionally, with these values of R and D, Equation 4.3 is expected to be
valid on timescales much longer than 107?s. Therefore, the short-time behavior of
Equation 4.2 is irrelevant on timescales longer than nanoseconds. This result may
help to reconcile the apparent discrepancy between the fitting of time-dependent spec-
tral data on triplet populations here and in other reports; previous studies of TTA
in TIPS-Pn have generally focused upon timescales of 1078-107¢ s,6310.114 in which
Equation 4.3 is a good approximation of Equation 4.2. This study, however, considers
diffusion on a significantly shorter timescale, for which the time-dependent form of ks
is necessary to adequately describe bimolecular TTA in TIPS-Pn.

The first-order rate constants (kj) obtained from all diffusion models considered
here (Table 4.1) correspond to intrinsic triplet lifetimes on the order of tens to hun-
dreds of nanoseconds, which are significantly shorter than the timescale of microseconds
previously reported for TIPS-Pn. %1 While accurate fitting of such a slow process
from the 3-ns time window observed here is not expected, these rapid decays are un-
usual. This first-order term is necessary to adequately fit the data, as using only the
bimolecular term is insufficient to capture all of the triplet decay (Supporting Informa-
tion). Several other studies using ps—ns TA have also reported first-order triplet decays
on similar timescales for TIPS-Pn.5%%72133 One possible explanation for this behavior
is geminate TTA or first-order '(TT) decay. While the triplet ESA signals observed
here show negligible spectral evolution beyond 50 ps after excitation, it is possible that
some triplet pair states may still be present, as correlated triplet pairs and free triplets
in crystalline TIPS-Pn are spectrally similar in the visible region.?%!? It has recently



56 Chapter 4. Anisotropic Triplet Exciton Diffusion in Crystalline Functionalized . ..

Table 4.1: Best-fit parameters for 1D and 3D diffusion models fit to triplet exciton concen-
trations in crystalline TIPS-Pn NPs. ¢

Diffusion Model D (cm?s™1) R (nm) |k (107 s71) | x2 (107* M?)?
Isotropic 3D (3.54+0.5) x107° 23£0.1 0.6 0.5 1.87
1D (3.52 £ 0.06) x1073 ¢ 0.7565¢ 79+04 2.52
Anisotropic 3D | (2.5+£0.1) x1073 ¢4 0.7565¢ | 2.34+0.6 1.88

¢ Uncertainties are 95 % confidence intervals estimated from the fitting process.

b x? denotes the sum of squared residuals between the model and experimental
triplet concentrations.

¢ Assumes Rip to be equal to the a-axis lattice spacing of 7.565 A.

4 Diffusion coefficient along the fast axis (D.); a separate coefficient of
D,=(1.1£0.3) x 1077 cm?®s™! is fit in the slower direction.

been demonstrated that the SF kinetics in amorphous TIPS-Pn could only be fully
described when including a population of triplet pair states that underwent fast non-
radiative decay.®?™ It was suggested that this may be due to certain TIPS-Pn pair
geometries being unsuitable for triplet pair separation, with diffusion away from these
sites inhibited. We hypothesize that a similar phenomenon may occur in the crystalline
TIPS-Pn NPs studied here, with a relatively small population of triplet pair states un-
able to separate into free triplets. These triplet pairs would therefore be unable to
undergo bimolecular annihilation in the crystal bulk, and would instead recombine or
relax with first-order kinetics.

An alternative cause of this rapid first-order decay in triplet concentration could
be triplet—charge annihilation (TCA). We have previously demonstrated that TIPS-Pn
NPs re-precipitated into water acquire a negative surface charge, which improves the
colloidal stability of these suspensions.’ Encounters between these charges and triplet
excitons could result in exciton annihilation that is pseudo first-order with respect to
triplet concentration, as has previously been reported in other organic semiconduc-
tors. 233231 By considering the rate at which triplets diffuse to charged sites at the NP
surface, whose density was estimated from experimental zeta potential measurements,
we estimate that TCA in the TIPS-Pn NPs studied here could occur on a time scale
of 1078-10"s, based on the diffusion coefficients in Table 4.1 and the conservative as-
sumption that every triplet-charge encounter leads to exciton annihilation (Supporting
Information). These values are consistent with the best-fit first-order decay coefficients
from the experimental data. However, there is a significant level of uncertainty in these
estimates, which precludes us from assigning the extent to which TCA contributes to
this first-order decay. Scattering of the laser pulse was also considered as an alternative
process that could result in this rapid first-order triplet decay (Supporting Informa-
tion), but was discounted as a major contributor as it could only occur on a time scale
much slower than the first-order rate coefficients fit here.

The best-fit value of D determined from the isotropic 3D model is of a similar
order of magnitude to that previously determined for polycrystalline TIPS-Pn.%3:110
However, the annihilation radius R is much larger than what has been previously con-
sidered physically reasonable for TIPS-Pn. Triplet excitons are generally understood
to be highly localized upon single chromophores, with hopping limited to nearest-
neighbors by Dexter excitation transfer (DET).%%192 Given the close intermolecular
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contacts within slip-stacked TIPS-Pn, an annihilation radius on the order of 1nm
or less has been previously predicted for triplet excitons in TIPS-Pn. %14 However,
these previous studies were unable to independently determine both R and D as they
used Equation 4.3 to model the long-time triplet diffusion in crystalline TIPS-Pn. In
contrast, the fitting of Equation 4.2 to early-time data here allows for independent
extraction of these two parameters, but yields a best-fit value of R as 2.3nm, which
is clearly incongruent with these previous estimates. We considered the possibility
that this large value may have arisen due to poor sensitivity of the fitting process to
variations in the value of R, and attempted to fit this model with R constrained to
more physically reasonable values. However, reduction of R below 1.8 nm reduced the
quality of the fit to the experimental data and yielded unreasonably low values of the
rate coefficient k; for first-order triplet decay (Supporting Information). Therefore, we
discount this factor as a source of error for the large value of R determined here.

However, both of the diffusion models considered so far assume that triplet exci-
tons diffuse isotropically in three dimensions through TTPS-Pn, which is highly unlikely
given the significant anisotropy within the crystal packing. As shown in Figure 4.3a,
preferential exciton migration through the ab plane of the material would be expected,
as the slip-stacked morphology provides w-stacking interactions and hence relatively
large electronic couplings between chromophores in these directions.'?> Conversely,
hopping in the c-direction should be significantly slower, as the TTPS-Pn molecules con-
tact one another only through insulating TIPS-groups in this direction (Figure 4.3b).
The good fit of the isotropic 3D diffusion model to the experimental data in Figure 4.2
despite the 3D anisotropy of TIPS-Pn can be rationalized as follows. The rate coef-
ficients for bimolecular reactions limited by anisotropic 3D diffusion have been shown
for various cases of anisotropy in either the diffusion tensor or reaction volume to obey
an equation of the general form 00103

C

ko =B+ A (4.4)
for some constants B and C. However, the relationship between these constants and
physical parameters depends on the anisotropy of the diffusion tensor or reaction (an-
nihilation) volume. As Equation 4.2 for isotropic 3D diffusion is equivalent in form
to Equation 4.4, the isotropic 3D diffusion model may therefore fit the data well even
if diffusion is highly anisotropic in the measured system, but with best-fit parameters
that may not be physically meaningful. This consideration may hence explain the un-
reasonably large best-fit value of R determined from the fitting here. We therefore offer
a cautionary note: while 3D isotropic diffusion models similar to those used here are
commonly used to explain exciton migration in organic materials, 6372110117225 the dif-
fusion coefficients and annihilation radii resulting from this fitting may not correspond
to the material’s true, physical properties, and should be interpreted with care.

Given the significant anisotropic packing of crystalline TIPS-Pn, it is reasonable to
question whether a full 3D treatment of diffusion is necessary to describe bimolecular
TTA. Due to the exponential decrease of the DET rate constant with interchromophore
distance, 235 long-distance hopping along the c-axis should contribute negligibly to
overall exciton diffusion. Additionally, 7—m stacking is most significant along the a-axis,
so triplet energy transfer is expected to be fastest along this axis. This directional
triplet transfer is supported by a previous transient absorption microscopy study of
triplet migration in single-crystal TIPS-Pn, which found that triplet diffusion was
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Figure 4.3: Crystal packing of the primary polymorph of crystalline TIPS-Pn in the (a)
ab-plane and (b) be-plane. Dashed lines represent intermolecular packing distances, with
unit cell axes shown from each perspective for reference. Carbon atoms are shown in black
and silicon atoms in orange; hydrogen atoms are omitted for clarity. The crystal structure is
taken from ref. 125.

anisotropic on the ab-plane and fastest along the a-axis.'* Therefore, we hypothesized
that triplet diffusion in TIPS-Pn on the sub-nanosecond timescale could be approxi-
mated by one-dimensional (1D) diffusion along the a-axis. To test this hypothesis, we
considered a model in which diffusion is only allowed in a single dimension, 2

1 |8D1p
ko = 4.5
2 RlDN(] Tt ) ( )

where Vy is the average molecular density throughout the system (calculated from the
density and molecular weight of TIPS-Pn; Supporting Information), and R;p and Dip
are 1D analogues of the parameters discussed above. When applying this model to the
experimental data here (Figure 4.2, dot-dashed curve and Supporting Information),
a relatively good fit to the data is observed. The 1D model captures much of the
triplet decay kinetics, and fits the data almost as well as the isotropic 3D diffusion
model at early times (< 1mns). Therefore, the TTA kinetics studied here may be
reasonably approximated by diffusive motion in only a single dimension on the sub-
nanosecond timescale. Like Equation 4.2 for isotropic 3D diffusion, Equation 4.5 for 1D
diffusion is equivalent in form to Equation 4.4, but has a different relationship between
the constants B and C' and physical parameters (notably B = 0 for 1D diffusion).
Therefore, this fit yields very different values for these parameters compared with the
analogous parameters in the isotopic 3D model. Due to the nature of Equation 4.5,
Rip and Dip are not separable when fitting this model, but the term DlDl/ 2Ript
fits as a single parameter. However, if it is assumed that R;p corresponds to the
nearest-neighbor stacking distance along the a-axis of 7.565 A, fitting this model to
the data yields Dip = 3.52 x1072 cm?s~!, which agrees closely with the 1D diffusion
coefficient determined by Zhu and co-workers’ study of single-crystal TIPS-Pn. 4 This
relatively good fit to the data and agreement with another study suggests that exciton
diffusion along the a-axis dominates the bimolecular TTA in crystalline TIPS-Pn on
the sub-nanosecond timescale.

However, the 1D diffusion model does not fit the experimental data as well the
isotropic 3D model over the entire time window observed here; at later times (> 1ns)
it begins to underestimate the rate of triplet decay. This discrepancy suggests that
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slow but non-negligible diffusion may occur along other crystallographic axes of TIPS-
Pn, which is not included in the 1D model. To account for this, we considered an
expanded model in which diffusion is still fastest along a single axis, but a slower
rate of diffusion in the directions perpendicular to this is permitted. For simplicity,
this model assumes that the rates of diffusion along both axes perpendicular to the
direction of fast diffusion are equivalent. In this “anisotropic 3D diffusion model”, the
bimolecular rate constant is given by %3

DD 1 [sD
ky = 16y ———2 - 4.6
2= VTR, T RNV (4.6)

where D, and D, represent the diffusion coefficients in the fast and slow directions,
respectively, and R, is the annihilation radius along the direction of fast motion (the
correspondence to equations in ref. 103 is obtained by noting that (R,Ny)™' = 7TRp2,
where R, is the average annihilation radius in the directions perpendicular to the
fast direction, assuming annihilation between excitons on nearest-neighbor molecules).
Again, this model has the same general form as Equation 4.4, and as D, approaches
zero Equation 4.6 reduces to the 1D diffusion model. Fits of the anisotropic 3D diffu-
sion model to the experimental data are shown in Figure 4.2 (dashed curve) and the
Supporting Information, with best-fit parameters in Table 4.1. As with the 1D model,
the annihilation radius R, is constrained to the a-axis molecular displacement during
the fitting process. The anisotropic 3D diffusion model shows an improved fit over the
1D model, fitting the experimental data equally as well as the isotropic 3D diffusion
model. The similarity in the fits of the isotropic and anisotropic 3D diffusion models
to the data is again due to the equivalence of their functional forms (Equation 4.4),
but these models have significantly differing relationships between coefficients B and
C and physical parameters. This result again highlights the issue identified above with
using isotropic diffusion models to describe anisotropic diffusion: the model may fit
the data well, but the best-fit parameters may not have the expected relationship to
the material’s physical properties.

The two diffusion coefficients fit to the anisotropic 3D diffusion model differ by
four orders of magnitude. The fast diffusion coefficient D, is comparable to Dp fit
from the 1D diffusion model, while D, is four orders of magnitude smaller. This result
supports the earlier hypothesis that triplet exciton diffusion in crystalline TIPS-Pn is
fastest along the a-axis, with significantly slower diffusion occurring in the directions
perpendicular to this. However, the anisotropic 3D diffusion model assumes that dif-
fusion both of these perpendicular directions are equivalent, which is likely not the
case in crystalline TIPS-Pn. As demonstrated in Figure 4.3, molecular packing modes
along the b- and c-axes are substantially different from one another, and so the rates
of diffusion in each of these directions are likely also inequivalent. D, should therefore
be considered some form of averaged diffusion coefficient along these two axes, but
the exact contributions from each of these directions cannot be determined from this
model.

To verify our measurements of anisotropic diffusion in TIPS-Pn, DFT and Marcus
theory were used in combination to estimate triplet hopping rates and diffusion coef-
ficients along different packing directions of crystalline TIPS-Pn, as per the method
reported by Yost et al.®0 Triplet energy transfer requires an effective transfer of two
electrons between donor and acceptor sites, and so is commonly approximated by Mar-
cus electron-transfer theory.®® In Marcus theory, the rate coefficient for electron transfer
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between a donor site and an acceptor site is given by

21 1 (AG° + \)?
Ko = —|Vial | ———eexp | — o 20| 4.7
ao = G Vaal 'y T mn e [ ANk T ] (4.7)

where Vg, is the electronic coupling between donor and acceptor diabatic states, T
is temperature, A\ is the reorganization energy, AG° is the free energy change upon
transfer and kg is the Boltzmann constant.?3” AG® is zero for triplet excitons hopping
through an infinite crystalline lattice, as adjacent lattice sites are equivalent in crys-
talline TIPS-Pn. A was calculated at the PBE/6-31G* theory level using the four-point
method on a single molecule of TIPS-Pn, 3239231 and V,, was determined by CDFT-
CI calculations between each unique dimer pair at the same level of theory.!”™ Further
details of these calculations are shown in the Supporting Information. The hopping
rate coefficient can then be related to the one-dimensional diffusion coefficient along

each axis by 238
2

a
DlD — ?kdm (48)

where a is the lattice parameter along this axis.

Predicted hopping rate coefficients and diffusion coefficients along the a, b and ¢
stacking directions (denoted as r,, 7, and r., respectively, in Figure 4.3) are shown in
Table 4.2. While r, and r, correspond to the crystallographic a and ¢ axes of crystalline
TIPS-Pn, respectively, r, does not fully align with the b-axis. Therefore, we hereafter
refer to the “b slip-stacking direction” or “b molecular pair” to avoid confusion with
the crystallographic b-axis. Triplet hopping and diffusion is predicted to be faster
along the a-axis relative to the b-stacking direction by over an order of magnitude,
with diffusion along the c-axis slower again by at least five orders of magnitude. The
predicted diffusion coefficient along the a-axis agrees relatively well with the best-fit
values of Dip and D, from the experimental data (given the low level of computational
theory used), differing by only a factor of 2-3. Additionally, the best-fit value of
D, from the anisotropic 3D diffusion model is on the same order of magnitude as
the geometric mean of the predicted diffusion coefficients along the b and ¢ packing
directions (6.4 x 1077 cm?s™!). These results therefore support the above conclusions
from fitting to the experimental data, indicating that triplet exciton diffusion occurs
predominantly along the a-axis on short timescales, with significantly slower diffusion
in the b-direction and negligible diffusion along the c-axis.

Such anisotropy in the diffusion of triplet excitons through crystalline TIPS-Pn
has significant implications when considering the design and fabrication of any device
using TIPS-Pn as an excitonic down-converter. The triplet diffusion length through
crystalline TTPS-Pn is defined as

Lp =VDr, (4.9)

Table 4.2: Predicted electronic couplings, hopping coefficients and diffusion coefficients for
triplet excitons between different molecular pairs within the TIPS-Pn crystal structure.

TIPS-Pn Pair | Vi, (meV) | kga (ps™) | Dip (cm?s71)
a 7.92 3.70 x 1071 | 1.06 x 1073
b 1.16 7.94 x 1073 | 4.14 x 107°
c <1x1073 | <7x1072 | <1x10710
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where 7 is the intrinsic lifetime of the triplet excitons. Under conditions of solar flux,
bimolecular TTA is expected to be negligible (Supporting Information), so we consider
7 to correspond to the previously reported natural triplet lifetime of 2.1 ps. 1% Using
the 1D diffusion coefficients derived computationally here, Equation 4.9 yields diffusion
lengths of 470 nm, 93 nm and < 1 nm along the a-axis, b-stacking direction and c-
axis of TIPS-Pn, respectively. That is, triplet excitons in crystalline TIPS-Pn may
diffuse over 5x further along the a-axis than the b-stacking direction throughout the
exciton lifetime. The predicted diffusion length along the c-axis is smaller than the
intermolecular separation in this direction, highlighting that diffusion in the c-direction
of crystalline TIPS-Pn is negligible within the triplet lifetime.

The predicted triplet diffusion lengths for the a and b stacking directions are both
exceptionally large given the poor mobilities of triplet excitons in organic materi-
als. 8023 However, these values assume diffusion through single-crystal TIPS-Pn, with
no polycrystallinity or grain boundaries between crystalline domains. As demonstrated
by the significant disparity between hopping rate coefficients along different directions
in Table 4.2, any disruption of the TIPS-Pn slip-stacking will substantially slow triplet
mobility through the material. We therefore suggest that the triplet diffusion length in
crystalline TTPS-Pn is largely limited by grain boundaries between crystalline domains,
and that triplet excitons will accumulate at such boundaries over time. This sugges-
tion agrees with the assignment of the spectral red shifts observed here (Supporting
Information) as an accumulation of excitons at low-energy defect sites such as those at
grain boundaries. A significant proportion of TIPS-Pn thin-film systems reported in
the literature are polycrystalline in nature,?”?9:63,101,110,131,136,184,188,205,210,240 andq may
therefore experience this phenomenon. Additionally, even for films that achieve large-
scale crystalline alignment, the relative orientation of these slip-stacking directions to
the device architecture must also be considered. To achieve optimal exciton transfer to
an electron accepting layer, the film should be oriented with the a-axis perpendicular
to the interface with this layer. Recently, multiple reports have emerged of solution-
sheared layers of TTPS-Pn that have large-scale single-crystal alignment with the a-axis
oriented perpendicular to the substrate surface.2%:228229 Such alignment would allow
for fast, directional diffusion of triplet excitons to interfaces with acceptor materials
at early times, and would therefore be optimal for SF down-conversion layers in PV
devices.

Finally, we note that our analysis until this point has neglected the spin statistics of
TTA in TIPS-Pn. For two encountering triplet excitons, a manifold of nine encounter
states are possible; one singlet, three triplets and five quintets (assuming degeneracy of
encounter states).?3? Previous treatments of TTA in organic crystals have attempted to
account for this by including a pre-factor of 1/9 in Equation 4.2, as only one out of the
possible nine resulting encounter states results in the removal of two triplet excitons.?4!
In practice, contributions from quintet encounter states are generally neglected, as they
are usually so high in energy that they are effectively inaccessible,?*? thus revising this
factor to 1/4 (three triplet states and one singlet state). However, recent studies have
shown quantum yields of fluorescence from TTA in rubrene and anthracene surpass-
ing this limit.%" These findings were ascribed to the energy of the T, state in these
systems being significantly higher than twice the T; energy and thus minimizing an-
nihilation occurring through the triplet manifold, as annihilation through the triplet
channel requires the formation of one high-energy triplet state from two lower-energy
triplets. Indeed, upon observing similar results, Auckett and co-workers suggested
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that no such spin-statistical limit exists for TTA in rubrene.” To assess whether such
a spin-statistical limit of TTA should be considered here, we examined the energies of
the low-lying singlet and triplet excitons in crystalline TIPS-Pn (energy level diagram
shown in the Supporting Information). While the S; state of crystalline TIPS-Pn is
approximately isoergic with twice the energy of the T state, the Ty energy is almost
0.4V higher in energy than 2 x T;. This energy difference is greater than kg7 by over
an order of magnitude at room temperature, indicating that high-lying triplet states
should be effectively inaccessible from TTA under ambient conditions. Therefore, crys-
talline TIPS-Pn is likely to behave similarly to anthracene and rubrene, with singlet
encounter states contributing more to TTA than the prediction from the spin-statistical
limit. Annihilation via triplet encounter states may still occur, however the relative
contributions of singlet and triplet encounter states cannot be accurately predicted
for TIPS-Pn purely from the statistics of encounter state spins. Therefore, the best-fit
parameters presented in Table 4.1 represent the limiting case in which all triplet-triplet
encounters result in mutual annihilation of both excitons.

4.6 Conclusions

In summary, by studying TTA in crystalline TIPS-Pn using femtosecond transient
absorption spectroscopy, we have demonstrated that the mobility of triplet excitons is
well-described by diffusion that is spatially anisotropic. While the results show a good
fit to an isotropic, 3D Smoluchowski-type diffusion model, the resulting fit parameters
are not physically representative of crystalline TIPS-Pn, due to the inherent anisotropy
of this structure and the similar functional form of the time dependence of isotropic
and anisotropic diffusion. The results are also well described by a 1D diffusion model,
indicating that early-time bimolecular TTA in crystalline TIPS-Pn is dominated by
exciton diffusion along a single axis. Fits to an anisotropic 3D diffusion model and
computationally predicted diffusion coefficients support this finding, suggesting that
diffusion along the crystallographic a-axis is at least one order of magnitude faster
than any other direction in crystalline TIPS-Pn. Diffusion lengths of 470 nm and
93 nm are predicted for triplet excitons diffusing along the a and b packing directions,
respectively, in single crystal TIPS-Pn. This work therefore demonstrates that triplet
diffusion along is highly anisotropic in crystalline TTPS-Pn, highlighting the importance
of single crystal alignment in promoting efficient exciton transport through TTPS-Pn
films.
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Particle-Size Characterization by Dynamic Light Scattering

Figure 4.4 shows the intensity-weighted particle size distributions determined by DLS
of TIPS-Pn NPs prepared by the same method as those studied by TA here. A rela-
tively monodisperse particle distribution is observed for the as-prepared NPs, with a
Z-average diameter of 72nm. This closely resembles other size distributions reported
previously (by our group and others) for TIPS-Pn NPs prepared by this method, !
indicating that this NP preparation method is highly reproducible. A shift to larger
particle sizes (115 nm Z-average diameter) and slight increase in polydispersity is evi-
dent upon NP crystallization with PVA. As discussed in our previous work, * this change
likely corresponds to the formation of a PVA layer at the NP surface, increasing the ap-
parent hydrodynamic diameter. Therefore, we consider the size of the TIPS-Pn interior
of these NPs to remain unchanged upon PVA addition, with a diameter of 70-80 nm.
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Figure 4.4: Intensity-weighted particle size distribution of TIPS-Pn NPs. TIPS-Pn concen-
tration is 20 ppm.

Normalized Transient Absorption Spectra

Figure 4.5 shows TA spectra of crystalline TIPS-Pn NPs normalized to the triplet
ESA at 523 nm, at four different pump fluences. The overall shape of the triplet ESA
between 450-550 nm changes negligibly beyond 50 ps at all fluences, indicating that
there is minimal singlet fission or triplet pair separation occurring after this time within
the measured time window. However, a red-shift is apparent in the longer wavelength
transient features, which becomes more pronounced at higher pump fluences. This
is most easily observed in Figure 4.5d, with all ESA and GSB signals in the range
600-750 nm shifting to longer wavelengths with increasing time.



64 Chapter 4. Anisotropic Triplet Exciton Diffusion in Crystalline Functionalized . . .

a)l_o_ —— 0.2ps =—— 100 ps b) 1.0 1 — 0.2ps —— 100 ps
— 1ps - 500 ps — 1 ps — 500 ps

T 0s8- — 5ps  —— 1000 ps T 08 — 5ps  —— 1000 ps
< ~—— 10 ps =—— 3000 ps c ~—— 10 ps =—— 3000 ps
P4 0.6 - ~—— 50 ps Y 0.6 4 /A
n . n .
8 8 /
- 04 o 044
9] 9}
N N
© - © -
£ 0.2 £ 0.2
<) <)
Z 0.04 Z 0.0
! !

—0.2 4 —0.2

235 pl/cm? 470 pl/cm?
_0.4 T T T T T _0.4 T T T T T
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
C)I.O —— 0.2ps —— 100ps d) 1.0 —— 0.2ps —— 100ps
— 1ps —— 500 ps — 1ps —— 500 ps

T 0s8- —— 5ps  —— 1000 ps T 0s8- —— 5ps  —— 1000 ps
c —— 10 ps =—— 3000 ps c —— 10 ps = 3000 ps
[32] [sg]
N 0.6 N 0.6
] 2
- 04 o 0.4
[} ()
N N
© © -
E 0.2 E 0.2
<} <}
Z 0.0 Z 0.0
g g

-0.2 -0.2

705 pl/cm? 940 pl/cm?
-0.4 T T T T } -0.4 T T T T Y
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 4.5: TA spectra of crystalline TIPS-Pn NPs (normalized to the triplet ESA at
523nm) at excitation densities of (a) 235, (b) 470, (c) 705 and (d) 940 uJ cm™2.

Determination of Triplet Concentrations from Transient Ab-
sorption Data

The method used here for determining triplet exciton concentrations in TIPS-Pn NPs
is similar to that used in our recent study of singlet fission kinetics in amorphous
TIPS-Pn/poly(methyl methacrylate) (PMMA) composite NPs.” While this procedure
involves assumptions that may introduce uncertainties into the absolute exciton con-
centrations determined, it minimally influences the evolution of the relative triplet
concentrations over time, as the conversion is a largely scalar transformation of the
data. Therefore, the arguments made in the main text regarding the functional form
of the bimolecular annihilation rate constant (k2) versus time will remain valid regard-
less of any potential errors introduced by this concentration fitting process.

Given the lack of spectral evolution in the triplet ESA beyond 50 ps noted above,
at a sufficiently long delay time ¢ we assume that the TA observed are entirely due to
free triplets, with negligible contributions from singlet or triplet-pair states. As these
crystalline NPs are negligibly fluorescent,! the negative signals observed cannot be
attributed to stimulated emission and hence must be solely due to bleaching of ground-
state molecules. Therefore, the magnitude of the GSB signal at 699 nm (AA(699 nm, t))
must correspond to the number of TIPS-Pn molecules that have been bleached from
the ground state and now occupy triplet states. The concentration of triplet excitons



4.7. Supporting Information 65

0.16
0.14 - - 4000
0.12 1

- 3000
0.10

g ;

cC ()

3 0

2 - 2000 5

< 0.06 &
0.04 -

L 1000
0.02 A
0.00 0

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4.6: Steady-state absorption spectrum of crystalline TIPS-Pn nanoparticles in aque-
ous suspension, recorded at a TIPS-Pn concentration of 34.7 pM in a 1-cm path length quartz
cuvette on a Cary Varian 1E UV-Visible spectrophotometer.

at delay time ¢ can therefore be determined by

~ AA(699nm, 1)
 —€i(699nm)!

[T]() (4.10)

where [ is the sample path length, €(699nm) is the molar extinction coefficient of
crystalline TIPS-Pn at this wavelength (determined from the steady-state absorption
spectrum of crystalline TIPS-Pn NPs, Figure 4.6), and we consider spectra at ¢t = 3 ns.
Knowing that the entire TA at this time corresponds only to free triplets, the molar
extinction coefficient er(\) at each wavelength A for triplets in crystalline TIPS-Pn is
hence determined by

AA(699nm, 3ns)

[T](3ns)l

This procedure was undertaken independently for TA spectra collected at pump flu-
ences in the range of 115-600J cm 2. Lower fluences were excluded due to poor
signal-to-noise in the 699 nm GSB signal, and higher excitation densities were not con-
sidered to minimize any influence of the spectral red-shifts noted in Figure 4.5.

The resulting molar extinction coefficients were averaged across these pump flu-
ences, to yield the triplet basis spectrum shown in Figure 4.7a. Then, triplet concen-

trations [T](¢) were solved for by fitting

er(\) = (4.11)

AA(N 1) = [T]()ler(N), (4.12)

to the experimental data across all wavelengths, in the time range of 50-3200 ps. An
example of the resulting fits are shown in Figure 4.7b. Finally, a correction was applied
to account for the excitons not being isotropically distributed throughout the entire
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suspension, but rather localized within the TIPS-Pn nanoparticles. The ratio between
the triplet concentration throughout the suspension ([T]ss) and within the TIPS-Pn
NPs ([T]np) is given by

(4.13)

Tlxe <nT,NP) (nT,NP>_1 _ Vius
[T]sus VNP ‘/sus VNP ’

where Vs and Vyp denote the volumes of the total suspension and the NPs in suspen-
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Figure 4.7: (a) Triplet basis spectrum extracted from 3ns TA data as per Equation 4.11.
(b) Example fits of the triplet basis spectrum to TA data collected at a pump fluence of
470 nJ em 2.
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sion, respectively. Vyxp may be expressed in terms of the nanoparticles’ mass myp and
density pnp, yielding
[T]NP _ ‘/suspNP _ pNPj (414)
[T]sus mnp CNp
where cyp is the mass concentration of TIPS-Pn NPs in suspension. We take the TIPS-
Pn density as pxp = 1.104 g cm ™ here, assuming the crystalline NPs to have the same
density as bulk crystalline TIPS-Pn. As crystalline TIPS-Pn NPs prepared through
this method have been previously shown to closely resemble thin films of crystalline
TIPS-Pn, ' we consider this a reasonable assumption. Knowing the NP concentration

used in these experiments to be 74.2 ppm (116 pM), Equation 4.14 becomes

[T]xp = 14900[T]gus- (4.15)

Equation 4.15 was therefore applied to all concentrations determined through fitting of
the triplet basis spectrum, yielding average triplet concentrations within the TIPS-Pn
NPs.

Fit of Diffusion Models to Transient Absorption Data

Four different diffusive triplet—triplet annihilation models (Equations 4.1-4.3 and 4.5—
4.6) were fit to the exciton concentrations determined by the method outlined in Equa-
tions 4.12-4.15. Resulting fits are shown in Figure 4.8, with global best-fit parameters
(where appropriate) displayed in Table 4.1. Only data with pump fluences in the range
of 100600 1J cm ™2 were considered for fitting; fluences below this range had poor
signal-to-noise ratios and only showed limited bimolecular kinetics, while those above
showed significant spectral shifts over time (Figure 4.5) not accounted for in the triplet
basis spectrum used here. Model fitting was undertaken using a least-squares method
and applied globally to all different pump fluences considered.

At all fluences considered, the isotropic 3D diffusion model (time-dependent k5) fits
the data considerably better than the constant ks form of this model, highlighting the
need to consider the time-dependent nature of the exciton annihilation rate coefficient
on the picosecond timescale. The one-dimensional model also fits the data relatively
well, indicating that triplet diffusion in crystalline TIPS-Pn may be reasonably well
approximated by diffusion only along a single crystallographic axis on the timescale
studied here. The anisotropic 3D model improves this fit relative to the 1D model,
fitting the experimental data equally as well as the isotropic 3D model (time-dependent
ks). This highlights that while triplet exciton diffusion is largely one-dimensional on
the timescales considered here, slower diffusion in other directions cannot be entirely
neglected.
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Figure 4.8: Fits of all exciton diffusion models considered here to the triplet concentrations
in crystalline TIPS-Pn NPs. Note that triplet concentrations here refer to concentration
within the TIPS-Pn NPs (not within the entire suspension) as per Equation 4.15.
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Fit of the Isotropic Three-Dimensional Diffusion Model With-
out a First-Order Decay Term

To assess the importance of the first-order decay term in the models used here, a
modified diffusion model was used to fit the data, in which this first-order term was
neglected:

d[T]

Wy, (116)

ky = 8TRD (1 + (4.17)

R

vV 27rDt> '
Fits of this model to the triplet decay data are shown in Figure 4.9. As is clear, the
model fails to fully account for all triplet decay within the 3.2ns window without a
first-order decay term, underestimating the amount of exciton decay at every fluence
considered. Clearly, this first-order decay term is important in accurately describ-
ing triplet exciton behavior in crystalline TIPS-Pn, even on the picosecond timescale
studied here.

Other Possible First-Order Decay Processes

Dynamic Light Scattering

Here we consider the possibility that the first-order decay triplet observed in the TA
experiments may be influenced by signal fluctuations due to dynamic light scatter-
ing from the nanoparticles. Assuming a monodisperse distribution of particle sizes,
the first-order correlation function ¢, (t) of scattered light reaching a detector can be
described by a single exponential, %"

91(t) = g1(0)exp(—T). (4.18)
I' is the inverse correlation time, given by
I' = D¢, (4.19)

where D is the diffusion coefficient of the suspended particles and ¢ is the momentum
transfer vector (also called the wave vector). ¢ is found by

4 0
q= 7;”0 sin <2> , (4.20)

where ) is the wavelength of light being scattered, ng is the refractive index of the
dispersant and 6 is the scattering angle.'® We approximate the refractive index of the
suspension by that of water (1.33), and consider scattering at 530 nm, where the major
TIPS-Pn triplet ESA is located. We also use the extreme case of § = 180° at which
scattering will be most intense, acknowledging that the scattering angles in the TA
apparatus used here will likely be significantly lower. Using these values, Equation
4.20 predicts a wave vector of 3.15 x 107 m~! for this system. The diffusion coefficient
D of the nanoparticles can be determined from the Stokes-Einstein equation, 6

kT

D = :
6mnr

(4.21)
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Figure 4.9: Fits of the isotropic 3D diffusion model to triplet concentrations without a
first-order decay term. Best-fit parameters for this model are R = 1.83 + 0.02nm and
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Here, r is the nanoparticle radius, 7 is the dynamic viscosity of the dispersant, T = 298 K
is the temperature and kg is the Boltzmann constant. Knowing the dynamic viscosity
of water to be 0.89 mPa s and using the Z-average radius of 36 nm established for these
NPs as r (Figure 4.4), Equation 4.21 gives a diffusion coefficient of 3.4 x107 2 m?s~!
for these nanoparticles. Using these values of ¢ and D in Equation 4.19 yields an
inverse correlation time of 3.4 x10*s™!. This is 2-3 orders of magnitude slower than
the first-order decay fit to the TA data in this work; indeed, it is slower than the ex-
pected natural triplet decay in crystalline TIPS-Pn.!? Therefore, signal fluctuations
due to dynamic light scattering from the NPs can be ruled out as a cause of the rapid

first-order triplet decay observed in the TA experiments.

Triplet—Charge Annihilation

Another alternative first-order decay process that may occur within the TIPS-Pn NPs
studied here is triplet—charge annihilation (TCA). We recently demonstrated that
TIPS-Pn NPs in aqueous suspension acquire a slight negative surface charge upon
re-precipitation,! as has been previously reported for aqueous nanoparticle suspen-
sions of other organic chromophores.!43243 These charges may undergo annihilation
reactions with triplet excitons within the nanoparticles, resulting in a triplet decay
process that is pseudo-first-order with respect to triplet concentration. TCA occurs
over very short separations within other organic semiconductors. 233234 Therefore, if it
is assumed that these surface charges remain stationary, TCA can only occur at the NP
surface. Assuming that every triplet—charge encounter results in triplet annihilation,
the rate of triplet decay is given by the rate at which triplets diffuse to charged sites
at the NP surface, where the fraction of charged surface molecules is given by Nc. To
estimate this rate, we assume for simplicity that the NP is a perfect sphere with radius
R, that exciton diffusion within the nanoparticle is isotropic with diffusion coefficient
D, and that the initial exciton concentration distribution is uniform such that the
concentration distribution of triplets C'(r,¢) has only spatial dependence upon a radial
coordinate r. The time dependence of C(r,t) is given by the diffusion equation,

(f = DV?C =V - (DVC), (4.22)

with the reactive (Robin) boundary condition

-D (if)w = aC(R, 1), (4.23)

where « is the TCA rate at the NP surface. « can be related to the reaction probability
P2 with a &~ DP/a, where a is the exciton hopping distance, which we take to be
the nearest-neighbor spacing in TIPS-Pn, i.e. a = 7.565A. From the assumption that
triplet—charge encounters always lead to annihilation, P = N¢. Integrating Equation
4.22 over the entire nanoparticle volume V' gives

// dvc(fz // dVV - (DVO), (4.24)

which by the divergence theorem results in

C‘lit/// dV(J:// dSh - (DVO), (4.25)



72 Chapter 4. Anisotropic Triplet Exciton Diffusion in Crystalline Functionalized . . .

with n the vector normal to the NP surface dS. Evaluation of the right-hand side
of this equation at the surface (r = R) and identifying [[/ dVC/V with the spatial
average of the triplet concentration within the nanoparticle, [T](¢), then gives
T
vM =47 R*D e : (4.26)
dt dr ) _»

Solving Equation 4.22 with boundary condition Equation 4.23, the concentration dis-
tribution C(r,t) can be shown to be?!

_ 2LRCy & exp(—Dpjit/R?) sin(B,r/R)
CoN == L r -1 sinda

n=1

(4.27)

r

where () is the initial uniform concentration at ¢t = 0, (3, are the roots of [3,cotf3, +
L—-1=0,and L= % R % R~ %. Evaluating the derivative of Equation 4.27 at
r = R gives

<dC> _ 207Gy i exp(—Dp%t/R?) (4.28)
r=R

dr R = {2 +L(L-1)}

Substitution of Equation 4.28 into 4.26 with V' = 47 R3/3 and approximating [T] =~ Cj
(which is reasonable since the rate of change in [T] due to TCA that we estimate below
is small compared with that due to TTA) gives

d[T]  6DL* & exp(=DBit/R?)

- D Ay

1 = R2 2 [T] = —]{ZTCA[T], (429)

where krcya is the pseudo-first-order rate coefficient for triplet decay due to TCA given
by
6DL* X exp(—DpB2t/R?)
krea = —; > 2 :
RSB+ L(L - 1)}
N¢ can be estimated from the charge density at the nanoparticle surface. We previously
measured the zeta potential ¢ of TIPS-Pn NPs in aqueous suspension as —38mV.!

Although not strictly valid for |(| > kgT'/e ~ 26 mV, the Debye-Hiickel model may be
used to estimate the NP surface charge density o by 246

> Ceréo(1+ R/Ap)
— I :

(4.30)

(4.31)

where ¢y is the permittivity of vacuum, €, is the dielectric constant of the aqueous
solution (80.2 for pure water was used here), kg is the Bolzmann constant, 7' = 298 K
is the system temperature, e is the elementary charge and

1/2
Ap = <€°€rkBT> (4.32)

2
€“Cion

is the Debye screening length for a total monovalent ion concentration c;,,. As the
NPs studied here were suspended in MilliQ-grade water, the concentration of most
ions was effectively negligible, and so ¢;,, corresponds to the intrinsic concentration of
hydronium and hydroxide ions. Ultrapure water has pH 6.998, which therefore cor-
responds to cion = 2x10""mol L. Using this concentration, Equation 4.31 yields
o = 7.8x107*Cm™2. Assuming these charges to come from individual charges at
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the NP surface, and estimating the thickness of this surface layer as 7.565 A (nearest-
neighbor separation in crystalline TIPS-Pn) gives a density of charges at the NP sur-
face of 6.5 x1073nm 3. Knowing the density of crystalline TIPS-Pn to be 1.04 nm 2,
N¢ can be simply determined by the ratio of these two densities, and is found to be
6.3 x 1073,

With L ~ % = 0.30, 8, can be obtained as described above, from which it can be
shown that only the n = 1 term in Equation 4.30 contributes significantly to krca. Us-
ing 51 ~ 0.92, taking the nanoparticle radius R to be 36 nm (Figure 4.4) and using D1p
from the one-dimensional diffusion model as the diffusion coefficient D, an upper bound
for kpca can be obtained by Equation 4.30 as krca = (9.3 x107s™!)exp (—m),
which is approximately constant and equal to 9.3 x107s~! over the time scale of our
experiments. This value is of similar magnitude to the first-order triplet decay con-
stant from the fits to the experimental data. On the other hand, using the diffusion
coefficient from the isotropic 3D model as D in Equation 4.30, a lower estimate of
krca = (9.3 x10%s™Hexp (—m) ~ 9.3 x10*s7! is obtained, which is at least an
order of magnitude slower than the first-order triplet decay coefficient from the exper-
imental fits. The actual value of krcy is likely between these two extremes. Therefore,
our calculations indicate that TCA could account for the fast first-order triplet decay
fit to the experimental data. It is worth noting that while both estimates of krca are
time-dependent, the contribution of this time dependence to triplet decay will only be
significant on time scales substantially longer than those studied here experimentally.
This is because only a small fraction of triplets undergo first-order decay on the time
scale of our experiments, and from the above estimates ktca only changes significantly
on longer time scales. Therefore, the time dependence of TCA should not influence
the fitting of bimolecular TTA kinetics.

Fit of the Isotropic Three-Dimensional Diffusion Model with
Constrained Annihilation Radius

As the best-fit value of R for the isotropic 3D diffusion model used here was significantly
larger than what has been previously considered physically reasonably for crystalline
TIPS-Pn, 'Y we considered the possibility that this large value was due to poor sensi-
tivity of the fitting process to variations in R. To test for this, we attempted to fit the
same model to the data with R constrained to several different values within the range
of 0.6-2.3nm, with both k; and D allowed to fit freely. A selection of the resulting fits
are shown in Figure 4.10, with best-fit parameters for all constrained values of R listed
in Table 4.3.

The parameter x?, the sum of the squared residuals between the model and the
data, can be used to assess how well the model fits to the experimental data. As this is
a sum of squares, an increase in x? by a factor of four approximately corresponds to a
doubling of the residuals between the model and the data. A relatively good fit to the
experimental data is obtained upon decreasing R to 1.5nm, with x? increasing by less
than a factor of 2. This may indicate that there is likely some level of variability the
best-fit value of R in this model. However, 1.5 nm is still significantly larger than what
would be expected for triplet—triplet annihilation in the closely slip-stacked packing of
crystalline TIPS-Pn. Further decreasing R results in a significantly poorer fit of the
model to the data, which is visible in Figure 4.10: the model underestimates the triplet
decay at early times and over-estimates at later times. The second term of Equation
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Figure 4.10: Fits of the isotropic 3D diffusion model to triplet concentrations with annihi-
lation radius R constrained to different values.
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Table 4.3: Best-fit parameters to the isotropic 3D diffusion model with constrained annihi-
lation radii.

R (nm) | D (107 %cm?s™1) | &y (s7') | x® (1074 M?)®
0.60 39 440 13.0
1.0 19 80 7.52
1.2 14 2100 5.74
1.5 8.7 6.0 3.34
1.8 6.5 120 2.46
2.1 4.2 1200 1.91
2.3 3.5 6x10° 1.87
@ v% denotes the sum of squared residuals between the model and experimental triplet
concentrations.

4.2, which describes the early-time behavior of ky, has the form R?DY?. As R is
decreased, D must therefore increase quadratically to maintain the same early-time
behavior. However, this then quadratically increases the first term of Equation 4.2
(which governs the late-time bimolecular decay), causing the model to fit more poorly
at later times. The model attempts to minimize residuals from both of these regions
simultaneously, hence resulting in the observed under- and over-estimations at early
and later times, respectively.

However, reduction of R below 2.3nm also results in unreasonably small values of
the first-order rate constant k. As was shown in Figure 4.9, a first-order decay on
the order of tens of nanoseconds is necessary to fully account for the triplet decay
observed here. The best-fit values of k; for R constrained below 2.3nm correspond
to first-order decays on the order of 1072-10"*s, which should not be observable in
the 3-ns time window studied here, and are at least two orders of magnitude longer
than the 2.1 ps triplet lifetime reported by Grieco and co-workers for crystalline TTPS-
Pn. 0 Therefore, these extremely slow first-order rate constants must be an artefact
of the model attempting to compensate for the increasing bimolecular rate coefficient
at long times with decreased R, as identified above. Hence, while the isotropic 3D
diffusion model appears to fit the experimental data well for 2.3 > R > 1.5 nm, it gives
unreasonably small best-fit values for the first-order rate coefficient k;. Clearly then,
variability in the best-fit value of R cannot explain the large annihilation radius fit by
the isotropic 3D diffusion model to crystalline TIPS-Pn.

Calculation of the TIPS-Pn Average Molecular Density

The one-dimensional diffusion model uses a second-order annihilation constant given

by
1 /8D1p
ko = 4.33
2 NoRlD 7t ) ( )

where Ny is the average molecular density of the system.?3¢ Ny can be determined
simply from the molecular weight My and mass density p of TIPS-Pn:

p
No= - 4.34
0= A (4.34)
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Using a molecular weight of 639.07 gmol™! and density of 1.104 gcm™3, this yields an
average molecular density of Ny = 1.73 mol L™ for crystalline TIPS-Pn.

Prediction of Triplet Hopping Rates in Crystalline TIPS-Pn

As per the method reported by Yost and co-workers,®° triplet hopping rates along differ-
ent slip-stacking directions of crystalline TIPS-Pn were determined using the classical

Marcus equation,
2m 1 (AG® + \)?
ko = —|Vaa|*1| ——~ —_ 4.
a0 = 5 Vaal '\ o n @ [ ANk T ] ’ (4.35)

where Vj, is the electronic coupling between donor and acceptor, T is the temperature,
A is the reorganization energy, AG° is the free energy change upon transfer and kg
is the Boltzmann constant.??” AG° was set to zero here, as adjacent molecules in a
TIPS-Pn crystal should be energetically equivalent.'? The PBE/6-31G* theory level
was used for all DF'T and CDF'T calculations here, as Yost et al. found that this showed
the best agreement with experimental data for polyaromatic hydrocarbons similar to
TIPS-Pn.®°

The reorganization energy due to triplet hopping (\) was calculated by the four-
point method, assuming that all molecular reorganization outside of the donor and
acceptor sites is negligible. The reorganization energy A is therefore given by

A= )\donor + )\acceptor = (ET,S - ET,T) + (ES,T - ES,S), (436)

where F; ; denotes the energy of a monomer in electronic state ¢ and geometry of elec-
tronic state j.®° Geometry optimizations of the TIPS-Pn monomer (with the TIPS
group replaced by methyl groups; see below) as singlet and triplet states were used to
determine F;;, with Fj;;.; then found by single-point calculations from these geome-
tries. The energies of these calculations are shown in Table 4.4, and gave a reorgani-
zation energy of A = (0.19¢€V.

Vaa was determined by CDFT-configuration interaction (CDFT-CI) calculations on
pairs of TIPS-Pn molecules in the crystallographic stacking directions of interest. For
each calculation, one molecule was constrained to an overall neutral singlet and the
other a neutral triplet. Three molecular stacking directions were considered: nearest-
neighbor stacking along the a-axis of the crystal, next-nearest-neighbor stacking (not
directed along any single crystallographic axis, but closest to the b-axis), and pack-
ing along the c-axis. TIPS-Pn dimer structures were taken from the crystal structure
of TIPS-Pn published by Anthony and co-workers,!?® and are shown in Figure 4.11.
Tri(isopropylsilyl) (TIPS) groups were replaced by methyl groups in the a and b pair

Table 4.4: Energies of a TIPS-Pn monomer in singlet and triplet states used in determining
the reorganization energy of TIPS-Pn.

State | Geometry | Energy Relative to Esg (eV)

Singlet | Singlet 0
Triplet | Singlet 0.71
Triplet Triplet 0.61

Singlet | Triplet 0.09
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Figure 4.11: (a,b) Side-on and top-down views of the TIPS-Pn nearest-neighbor (crys-
tallographic a-axis) slip-stacked pair. (c,d) Side-on and top-down views of the TIPS-Pn
next-nearest-neighbor (pseudo b-axis) slip-stacked pair. (e,f) Side-on and top-down views of
the TIPS-Pn crystallographic c-axis pair. Arrows denote horizontal displacements of the top
molecule relative to the lower molecule. Carbon atoms are shown in grey, silicon atoms in
orange and hydrogen atoms in white.

calculations to reduce computational expense, as the TIPS groups account for more
than half of the atoms in TIPS-Pn but are highly insulating and should contribute
negligibly to intermolecular electronic couplings. CDFT-CI calculations on the ¢ pair
structure could not be converged without including full TIPS groups upon both molec-
ules. However, this inclusion of TIPS groups should not significantly bias the computed
electronic coupling in this pair for the reasons outlined above. As will be shown below,
this coupling is also several orders of magnitude lower than those of the other molecular
pairs, and so any inconsistencies introduced by using TIPS groups in this calculation
but not others are expected to be negligible.

Table 4.5 shows the resulting triplet electronic couplings between these crystallo-
graphic molecular pairs. The coupling is much stronger between the a pair than the b
pair, differing by a factor of 7, while coupling between the c¢ pair is at least three orders
of magnitude lower. The ¢ pair coupling was lower than the Q-Chem output threshold,
so only an upper bound of this quantity can be estimated. These differences in cou-
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Table 4.5: Triplet electronic couplings and hopping rate constants between different molec-
ular pairs within the TIPS-Pn crystal structure.

Molecular Pair | Vi, (meV) | kg, (ps™h)
a 7.92 3.70 x 107!
b 1.16 7.94 x 1073
c <1x1073 | <7x107°

plings can be rationalized when considering the relative geometries of these pairs. As
shown in Figure 4.11, the a pair shows significantly more overlap between the pentacene
cores than the b pair, while the ¢ pair has no overlap between pentacene cores. The
m—m overlap between the chromophores is therefore strongest along the a-axis, and so a
larger electronic coupling between triplet states results on this geometry relative to the
others. This difference in couplings between the a and b molecular pairs in crystalline
TIPS-Pn is consistent with recent work on charge transfer in crystalline TIPS-Pn by
Grieco et al., who found that the hole and electron transfer integrals across these dimer
structures differed by factors of 6 and 8, respectively. 53

Resulting triplet transfer rate constants between these two molecular pairs are also
shown in Table 4.5. Due to the quadratic dependence of kg, on the coupling as per
Equation 4.35, the difference in electronic couplings between chromophore pairs is
magnified, such that triplet transfer between the a pair is predicted to be almost 50x
faster than between the b pair. Again, the contribution from the c-axis is effectively
negligible, with a triplet transfer rate constant at least 8 orders of magnitude lower
than that along the a-axis.

Triplet—Triplet Annihilation Kinetics Under Solar Irradiation

Under conditions of solar flux, the concentration of triplet excitons in a sample of
crystalline TIPS-Pn would evolve over time according to the differential equation

d[T]

£ =Gl) — ha[T] — TP, (437)

where ki and ko are the first- and second-order decay rate coefficients as described
above, and G(t) is the generation rate of excitons from solar irradiation. To estimate
G(t), the product of the AM1.5 solar spectrum with the crystalline TIPS-Pn NPs’
visible absorption spectrum (Figure 4.12) was integrated over the visible region, giving
a rate of photon absorption by crystalline TIPS-Pn of 4.70 x10% cm?ps~!. Using the
suspension-to-nanoparticle concentration correction factor derived in Equation 4.15,
and assuming that every photoexcitation yields two triplet excitons through singlet
fission (as has recently been demonstrated for crystalline TIPS-Pn!!?), an exciton gen-
eration rate G(t) of 1.16 x10~** mol L 'ps~! results for the NPs used in this study.
While the best-fit parameters of the isotropic 3D diffusion model have been estab-
lished as not physically representative of crystalline TIPS-Pn, this model yields the
best fit to the experimental data of all the models considered here. Therefore, we use
this model to describe the decay of triplet excitons in TIPS-Pn on the longer timescales
representative of solar irradiation. Using the values R, D and k; from this model with
the estimate of G(t) shown above, we solved Equation 4.37 numerically for the NP
triplet population over the first microsecond of solar irradiation. As shown in Figure
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Figure 4.12: Product of the AM1.5 solar spectrum with the visible absorption spectrum of
the crystalline TIPS-Pn NPs used in this study.

4.13, a steady-state concentration of less than 60pmol L™ is reached after approxi-
mately 800ns. This is three orders of magnitude lower than the triplet concentrations
achieved with the pump fluences used here, and as such the natural triplet decay would
be expected to dominate over bimolecular annihilation. Therefore, under solar irra-
diation the lifetime of triplet excitons in crystalline TIPS-Pn should correspond to
the intrinsic triplet lifetime, recently estimated as 2.1ps. % Note that although these
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Figure 4.13: Simulated triplet exciton concentrations in crystalline TIPS-Pn NPs under
solar irradiation (AM1.5 solar spectrum).
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calculations indicate that bimolecular annihilation in crystalline TIPS-Pn is negligible
under solar irradiation, the purpose of the current study is not to emulate solar irradi-
ation conditions, but rather to use these bimolecular annihilation kinetics to study the
diffusion of triplet excitons in crystalline TTPS-Pn.

TIPS-Pn Excited-State Energies

Figure 4.14 shows an approximate energy-level diagram of the excited states of crys-
talline TIPS-Pn, including both singlet and triplet manifolds. A number of studies —
using both experimental and computational methodologies — have estimated the S;
state energy in crystalline TIPS-Pn to lie between 1.7-1.8eV relative to the ground
state. 4757127:188 This agrees with the position of the lowest energy absorption of crys-
talline TIPS-Pn at 699 nm here, corresponding to an energy of approximately 1.77¢eV.
We therefore assign this state to an energy of 1.75¢eV, acknowledging a possible error
in this value of £0.05 eV. Similarly, there is widespread agreement within the liter-
ature that the T, state energy of TIPS-Pn lies between 0.85-0.87 ¢V, 4757184188 and
so we list this energy as 0.86eV. Comparatively less information is available on the
energy of the Ty state, however. Grieco et al. have estimated this energy as 2.04eV,
using the sum of the T; energy and that of the lowest-energy triplet ESA.'%! However,
the value of the T; energy used in those estimations was in fact that of a pentacene
dimer in solution, which does not agree with the T energy observed by Bakulin et
al. in solid-state crystalline TIPS-Pn.%” Therefore, we re-estimated the energy of the
Ty state in crystalline TIPS-Pn as 2.11eV, using the T; energy listed above and the
Ty + T transition energy of 1.25€V listed by Pensack and co-workers. !

A T,(2.11 eV)
S; (1.75 eV) 2T,(1.72 eV)

Energy

T,(0.86 eV)

Sy (0 eV)

Figure 4.14: Energy level diagram of crystalline TTPS-Pn.
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5.1 Abstract

Aqueous nanoparticle (NP) dispersions

are commonly used as model systems dyp=81 nm
for spectroscopic study of singlet fission dnp=33 Nm x—%—x«+

(SF) in acenes such as 6,13-(triisopropyl _L"L_\K j’A \K%
silylethynyl)pentacene (TIPS-Pn). How- &ﬁfb@@ """""""""""""" T4 %Q%
ever, the potential for particle size ef- gee \Ku%n%
fects to complicate interpretation of re- SIOW eorereerrerrriiens Singlet Fission > Fast
sults in such model systems is generally ig- - TripletDecay . > Slow
nored. In this work, we study amorphous  gignificant - Singlet Quenching . >Negligible

TIPS-Pn NP dispersions prepared by the

re-precipitation method over a range of particle sizes. Time-resolved fluorescence and
femtosecond transient absorption spectroscopy show that exciton dynamics in these
systems depend significantly upon particle size. Kinetic analysis reveals that SF be-
comes slower at smaller NP sizes, while triplet exciton decay (through both correlated
triplet pair relaxation and geminate triplet-triplet annihilation) accelerates. These sig-
nificant size-dependent effects are ascribed to increased morphological disorder within
smaller NPs, weakening the intermolecular couplings which control SF and triplet mi-
gration. A non-radiative singlet quenching channel separate from SF is also identified,
which has not been previously reported for NPs of SF-capable chromophores. This
non-radiative singlet decay becomes a significant relaxation pathway at small particle
sizes, substantially reducing SF yields. Interestingly, exciton kinetics in the largest
NPs considered here (81 nm diameter) approach those of bulk amorphous TIPS-Pn,
suggesting that NPs of this size or larger are likely good models for bulk TIPS-Pn.
This work demonstrates that particle-size effects are significant for small NPs of SF
chromophores, and must be accounted for in order to accurately model bulk materials
with such NP dispersions.

5.2 Introduction

Singlet exciton fission (SF) is an exciton multiplication process in which a chromophore
in a singlet excited state (S;) couples to a nearby ground-state chromophore to yield
two lower-energy triplet excited state (T;) chromophores. ' This process is spin-allowed

as it proceeds via a spin-0 correlated triplet pair intermediate ((TT)):20:6

S1+So — (TT) — T, + T;. (5.1)

Interest in SF has risen dramatically in the last decade, as it has been recognized as
a potential mechanism for improving photovoltaic (PV) device efficiencies beyond the
theoretical efficiency limit for single-junction PV devices.?*?3247 By forming two triplet
excitons from every singlet exciton within the SF layer and subsequently harvesting
these excitons, theoretical internal quantum efficiencies (IQEs) of 200% are possible
for SF-sensitized PV devices. However, while SF-sensitized PV devices have been
reported with IQEs surpassing 100%,2%%48 these devices remain much less efficient
than conventional single-junction, inorganic PV architectures.!”"?*9 Significant effort
is therefore being invested into improving understandings of how triplet excitons form
and migrate in SF chromophores.
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The known library of SF-capable compounds is highly diverse and has broadened
substantially in recent years.?3” However, by far the most well-characterized class of
SE' chromophores are the acenes, especially pentacene and its derivatives, for which
SF is exoergic and hence occurs quickly and irreversibly.?!¥0 6 13-(triisopropylsilyl
ethynyl)pentacene (TIPS-Pn) in particular has attracted intensive study, as its bulky
TIPS substituents improve solubility relative to unfunctionalized pentacene and fa-
cilitate an extended m-stacked motif in its predominant crystal polymorph.'? Many
different intermolecular packings for TIPS-Pn have since been reported: some stud-
ies have identified other crystal polymorphs, 0929127 while others have identified an
amorphous phase. 275110119134 TIPS Py is therefore widely considered a model system
for intermolecular SF, as its wide variety of available morphologies allows for study of
the relationship between intermolecular packing and exciton dynamics.

Aqueous dispersions of TIPS-Pn nanoparticles (NPs) are commonly used for spec-
troscopic characterization of SF and associated exciton dynamics. 272133134 Study of
NP dispersions allows solid-state photophysical processes to be probed while using
liquid-phase samples, which minimizes experimental issues associated with the study
of thin films and other solid-phase media such as photo-bleaching or sample opacity.
Such dispersions are generally prepared through the “re-precipitation” or “flash pre-
cipitation” method first reported by Matsuda and co-workers.!#* In this technique a
solution of chromophore in a good solvent is rapidly mixed with a (miscible) poor sol-
vent, inducing fast chromophore aggregation and hence NP nucleation. TIPS-Pn NPs
prepared by the re-precipitation method have been shown to form with amorphous
morphologies, >34 although more recent studies have since demonstrated methods of
converting these to crystalline structures through use of chemical additives. "' Particle
sizes can be readily tuned by control of re-precipitation conditions such as chromophore
concentration or solvent combination, 46147 and TIPS-Pn NPs have been reported with
diameters in the range of 30-160 nm. 334! However, despite this wide range of NP sizes
used to study SF dynamics in TIPS-Pn, the potential influence of NP size upon exciton
dynamics in this system has not yet been considered.

Size-dependent properties of NPs prepared by the re-precipitation method are
known to occur for a variety of chromophore types. Conjugated polymer NPs have
been demonstrated to exhibit strongly size-dependent absorption and emission profiles,
attributed to molecules at the NP surface adopting a more disordered morphology than
those in the particle interior. 43259 More recently, SF in aqueously dispersed diketopy-
rrolopyrrole (DPP) NPs was shown to become substantially faster at smaller particle
sizes.*! This acceleration of SF was ascribed to polar water molecules at the NP surface
stabilizing charge-transfer states, which are thought to act as intermediates in the SF
process for DPP. Therefore, a precedent exists for surface effects and morphological
changes as a function of particle size in NP dispersions of SF chromophores, which
may influence SF and other exciton dynamics. However, the dependence of SF and
related excitonic processes upon particle size within TIPS-Pn is currently unknown.
As NP dispersions are often used to model SF and other exciton dynamics for TTPS-Pn
thin films or other bulk media, it is hence crucial to understand and quantify any such
particle-size effects which may occur in TIPS-Pn NPs.

In this work, we use transient absorption (TA) and time-resolved fluorescence spec-
troscopy to study amorphous TIPS-Pn NPs prepared by the re-precipitation method,
with diameters ranging from 30 nm to 80 nm. Ultrafast exciton kinetics in these sys-
tems are found to vary significantly with NP diameter: smaller particle sizes yield
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slower SF, faster !(TT) non-radiative decay and faster T; decay through geminate
triplet—triplet annihilation (TTA). These results are consistent with the NPs adopting
an increasingly disordered morphology at smaller NP sizes, highlighting that not all
amorphous structures of TIPS-Pn can be considered equivalent. SF yields are also
found to decrease substantially at smaller particle sizes, which we attribute to an ad-
ditional non-radiative singlet decay channel. These results demonstrate that NP size
must be explicitly considered when using TIPS-Pn NP dispersions to study exciton dy-
namics, as morphological constraints and additional decay pathways become significant
at small particle sizes.

5.3 Experimental Methods

Materials

TIPS-Pn was used as received from Ossila. Water was purified by an 18.2-M(2cm
Millipak Milli-Q IQ-7000 Water Purification System fitted with a 0.22-pum filter. HPLC-
grade tetrahydrofuran (THF; RCI Labscan) was freshly distilled before use.

Nanoparticle Preparation and Size Characterization

Aqueous suspensions of amorphous-phase TIPS-Pn NPs were prepared by re-precipitation
from THF solution into water, as has been previously reported by our group and
others. 1,272.119.133,134 \[yltiple parameters in the preparation procedure were carefully
tuned to achieve the broad range of NP sizes studied in this work. However, the over-
all procedure remained similar for the preparation of each NP sample, and so here
we describe this procedure in general terms, with Table 5.1 listing exact quantitative
details of the procedure used for each NP size. A volume Vigp of TIPS-Pn dissolved
in THF at concentration [TIPS-Pn] was rapidly injected into a volume of water Vi, o
upon vigorous stirring, using a syringe needle of diameter ds. This procedure was re-
peated n times, with each fraction stirred for 5 minutes. The n fractions were then
combined and concentrated under reduced pressure to a final TIPS-Pn concentration
of 100ppm. Each NP suspension was then filtered through a 0.2-pm syringe filter
(Sartorius Minisart NML).

NP sizes were characterized by dynamic light scattering (DLS), using a Malvern
Zetasizer Nano ZSP with a 633-nm laser source and a backscattering angle of 173°.
Resulting intensity-weighted size distributions of each NP suspension are shown in the
Supporting Information. To differentiate between NP samples, we hereafter refer to
each sample by its Z-average diameter (dyp) measured by DLS, shown in the final
column of Table 5.1.

Steady-State Spectrophotometric Characterization

Steady-state absorption spectra were collected in a 1-cm path length quartz cuvette
(Starna Cells 21-Q-2), using a Cary Varian 1E UV-visible spectrophotometer. Steady-
state fluorescence spectra were collected in a 1-cm path length quartz cuvette (Starna
Cells 3-Q) on a Shimadzu RF-6000 fluorescence spectrofluorometer, using an excitation
wavelength of 590 nm and excitation/emission slit bandwidths of 5nm. All NP samples
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Table 5.1: Preparation conditions for different-sized TIPS-Pn NPs by re-precipitation of
THF solution into water, with NP Z-average diameters as measured by DLS.

[TIPS-Pn] (ppm) | Veur (mL) | Vio (mL) | ds (mm)?| Fractions (n) | dyp (nm)®
20 3 15 0.55 ) 32.5+0.1

20 3 15 0.55 2 45.1£0.6

510 0.2 10 0.90 3 63.1 +0.3

1020 0.2 10 0.90 1 81.2£04

¢ Exterior diameter of syringe needle.
b Uncertainties are twice the standard error in the mean calculated from triplicate
measurements of each sample.

were diluted to a TIPS-Pn concentration of 2 ppm for fluorescence measurements, such
that sample absorbance across the wavelength range studied was less than 0.1.

Time-Resolved Spectrophotometric Characterization

Time-resolved spectroscopic measurements were made using the output of a Ti:sapphire
regenerative amplifier (Spectra Physics, Spitfire Pro XP 100F), generating laser pulses
centered at 800 nm and 100 fs in duration at a 1kHz repetition rate. An optical para-
metric amplifier (Light Conversion, TOPAS-C) was used to produce 590 nm light from
the second harmonic of the signal. Time-resolved fluorescence measurements were per-
formed using a fluorescence spectrometer (Ultrafast Systems, Halcyone) configured in
upconversion (UC) mode with an estimated instrument response function of 450fs. A
small fraction of the 800-nm amplifier output was used to generate the UC gate, by
focusing onto a 0.4-mm [-barium borate (BBO) crystal for sum-frequency generation.
The 590-nm pump pulses were focused to a full width at half-maximum of 561 pm at
the sample position, with a pulse energy of 0.1 11J.

TA measurements were collected using a transient absorption spectrometer (Ultra-
fast Systems, Helios) with an instrument response function of 150fs. 590-nm pump
pulses had a spot size of 560 pm at the sample position, with pump fluences varying
from 20pJ em™2 to 80 pJ em 2. White-light continuum probe pulses were generated
by focusing the 800 nm amplifier output onto a 3.2-mm sapphire crystal, with a spec-
tral coverage of 440-750 nm and spot size of 130 pm at the sample position. For both
time-resolved fluorescence and absorption experiments, pump and gate/probe pulses
were polarized at 54.7° (magic angle) relative to one another, in order to minimize
polarization biases in the measurements. NP suspensions were constantly stirred while
under irradiation, with negligible photo-degradation or morphological evolution ob-
served throughout the course of these experiments.

5.4 Results and Discussion

5.4.1 Steady-State Spectrophotometric Characterization

Figure 5.1 shows the steady-state absorption spectra of all TIPS-Pn NP sizes studied
here, with the absorption spectrum of TIPS-Pn in THF solution shown for reference.
All NP samples exhibit spectral features closely resembling those of the solution spec-
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Figure 5.1: Steady-state absorption spectra of different-sized amorphous TIPS-Pn NPs,
normalized to the S; <~ Sy 0-0 absorption peak around 645nm. NP samples are labelled
by diameter, and the steady-state absorption spectrum of TIPS-Pn in THF solution (dashed
line) is shown for reference. Inset shows the shift in the position of the S < Sy 0-0 absorption
peak.

trum, displaying a clear series of vibronic transitions within the S; < Sy manifold
from 500 nm to 650 nm and S3 <— Sp and Sy < Sy electronic transitions at 440 nm and
420 nm, respectively.?** The NP absorption spectra differ from the solution spectrum
by only a slight red shift, indicating that only weak inter-chromophore coupling occurs
in these NPs. We therefore assign these NPs as possessing amorphous morphologies,
agreeing with multiple other studies of similar systems. 7234 A raised baseline is appar-
ent at shorter wavelengths for increasing NP size, consistent with increased Rayleigh
scattering for these larger particles. However, a slight red shift is also observed for
all absorption peaks upon increasing NP diameter (inset of Figure 5.1). This minor
spectral shift suggests that the average chemical environment experienced by TIPS-Pn
molecules within the NPs changes subtly with NP size.

Steady-state fluorescence spectra of these NPs upon excitation at 590 nm are shown
in Figure 5.2a, with pronounced 0-0 and 0-1 vibronic peaks evident at 650 nm and
710 nm, respectively. In contrast to the relatively similar absorption spectra displayed
above, significant differences in the fluorescence spectra are observed upon changing
NP size. Smaller TIPS-Pn NPs are much more fluorescent than larger NPs, with
fluorescence intensity varying by over an order of magnitude across the particle sizes
considered here. The 81-nm NPs exhibit a slightly increased emission intensity relative
to the 63-nm NPs, breaking the trend observed across smaller particle sizes. However,
the absolute fluorescence intensity is very low for both of these NP sizes, and so this
apparent change in intensity may be attributable to increased light scattering at larger
particle sizes rather than any increase in NP emission intensity. Negligible changes in
the overall spectral shape are observed upon varying NP size (Supporting Information).
Therefore, decreased emission intensity at larger particle sizes due to self-absorption
within the NPs can be discounted, as self-absorption would result in a change in the
intensity ratio of the 0-0 and 0-1 vibronic emission peaks. Time-resolved fluorescence
can offer insight into the cause of this effective fluorescence quenching at larger NP
sizes.
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Figure 5.2: (a) Steady-state fluorescence spectra of amorphous TIPS-Pn nanoparticles upon
excitation at 590 nm, normalized to sample absorbance at this wavelength. (b) Time-resolved
fluorescence of TIPS-Pn NPs recorded at 700 nm, upon excitation at 590 nm. Dashed lines
show fits of the S; population to the kinetic model described in Figure 5.6. NP samples are
labelled by diameter. Time-resolved fluorescence traces have been smoothed by a Savitzky-
Golay filter, using a 3rd-order polynomial and a 5-datapoint moving window.

5.4.2 Time-Resolved Spectrophotometric Characterization

Time-resolved fluorescence UC, detecting at 700 nm, was used to study the decay of the
0-1 emission band on the picosecond timescale. As is evident in Figure 5.2b, smaller
TIPS-Pn NPs display much longer lived fluorescence at 700 nm than larger particles,
thus accounting for the disparity in steady-state emission intensities. Fluorescence
of larger NPs decays to baseline levels within 10 ps of excitation, whereas for smaller
NPs some fluorescence intensity persists out to 50 ps (Supporting Information). Ra-
diative decay of singlet excitons in TIPS-Pn is known to occur on the order of tens of
nanoseconds, > which is several orders of magnitude too slow to account for the very
rapid decays observed here. Therefore, non-radiative decay of singlet excitons must be
responsible for this variation in emission lifetime.

However, fluorescence detects only emissive singlet excitons here, and gives no in-
formation regarding the nature of the species formed by singlet decay. Therefore, to
determine the cause of the observed rapid singlet exciton decay, a method capable of
detecting non-emissive excitonic species must be used. To this end, we characterized
our NP samples using TA spectroscopy, exciting at 590 nm and detecting over the range
440-750 nm. Figure 5.3a shows representative TA spectra from each NP size at a probe
delay time of 1 ps. Negative signals in the range of 600650 nm mirror the steady-state
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absorption peaks shown in Figure 5.1, and are hence assigned as ground-state bleach
(GSB) signals. The GSB at 650 nm overlaps with a stimulated emission (SE) signal at
650 nm, with another SE feature evident at 710 nm. These SE signals persist for longer
times upon decreasing NP size, consistent with the above observation that singlet exci-
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Figure 5.3: (a) Transient absorption spectra at 1ps delay of amorphous TIPS-Pn NPs.
Excited-state absorption (ESA), ground-state bleach (GSB) and stimulated emission (SE)
features are labelled for clarity. (b) Early-time normalized kinetic traces of the 450-nm ESA,
known to arise from singlet excitons in TIPS-Pn. (c¢) Normalized kinetic traces of the 507-
nm ESA, attributed to triplet and triplet-pair excitons. Inset in (c) shows the 507-nm ESA
kinetics over the first 20 ps after excitation. NP samples are labelled by diameter.
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tons survive longer in smaller NPs. An excited-state absorption (ESA) signal at 450 nm
appears at early times for all NP samples, which decays with kinetics very similar to
the time-resolved fluorescence for these NPs (Figure 5.3b). This peak therefore appears
to arise from a singlet excited state in amorphous TIPS-Pn, which is consistent with
assignments of this peak to an S,, +— S; transition in other studies. ">!1%13% Concurrent
with the decay of the 450-nm peak is the rise of an additional ESA at 507 nm, which
grows on the order of 5-20ps and decays over the 3.2-ns experimental time window
(Figure 5.3c). This signal is well known to correspond to a T,, <— T transition in dis-
ordered TIPS-Pn,'2%!42 and hence indicates the formation of triplet excitons in these
NPs. Intersystem crossing (ISC) occurs in TIPS-Pn on a timescale of 10*-10° ps,!3
which is several orders of magnitude slower than the picosecond-scale rise of the triplet
ESA signal observed here. Such rapid formation of triplet excitons therefore confirms
that SF is responsible for some of the fast non-radiative decay of singlet excitons in
these NPs. This assignment agrees with several previous studies which have reported
SF occurring on timescales of 1-5 ps in amorphous TIPS-Pn.1/72,110,119,134,142

Upon decreasing NP diameter, the slower decay of singlet excitons noted above
(Figures 5.2b and 5.3b) is coincident with a slower formation of the triplet ESA at
507 nm (inset of Figure 5.3c). This trend indicates that the overall rate of SF in these
amorphous TIPS-Pn NPs depends upon NP size, with slower SF' in smaller NPs. The
decay of the triplet ESA signal also appears to vary significantly with NP size, as
shown in Figure 5.3c. Within the observable 3.2-ns window, this ESA decays by only
22% for the 81-nm NPs but almost 40% for the smaller 33-nm sample. Clearly, NP
size has a profound impact upon a number of excitonic processes within amorphous
TIPS-Pn. However, it is difficult to precisely quantify these changes from the raw TA
data shown here, as there is significant spectral overlap between the different exciton
species in the visible region. The ESA at 450 nm also contains a contribution from the
triplet state, as evidenced by this signal not decaying to zero but plateauing at 30% of
its initial intensity (Figure 5.3b). Additionally, several previous studies of amorphous
TIPS-Pn have reported the correlated triplet-pair intermediate *(TT) to have a spectral
signature distinct to that of free triplets in TIPS-Pn, with broad absorption features
in the range of 400-600 nm and 700-800 nm. %2739 Sych absorption would overlap
with the identified ESA signals of both singlet and triplet excitons, as well as the 0-1
SE signal from the singlet state. As identified above, the 0-0 SE signal overlaps with
the GSB at 650 nm, and the 0-1 GSB signal at 590 nm may be biased due to scattering
of the 590-nm pump pulse and therefore unsuitable for analysis. As such, all TA
spectral features identified here have contributions from either multiple exciton species
or signals, and so use of single-wavelength kinetic traces to quantify the dynamics of
SF and other processes in these NPs would be misleading. In order to more accurately
quantify the impact of particle size upon the exciton dynamics in these NPs, the TA
spectra presented above were decomposed into single-component contributions through
the identification of exciton basis spectra.

5.4.3 Spectral Deconvolution of Transient Absorption Data

TA spectra are commonly deconvoluted using global and target analysis (GTA), 3119134

in which species-associated basis spectra may be extracted from a specified kinetic
scheme. While GTA is a powerful analysis technique, the species-associated spectra
generated through this method depend intrinsically upon the input kinetic model. 2!
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As the cause of the particle-size dependence upon singlet and triplet kinetics here
is unclear, we deemed it necessary to deconvolute the TA spectra using a different
method, in which minimal assumptions are made regarding exciton kinetics. Instead
of GTA, we used a method that we recently reported in a study of TIPS-Pn:poly(methyl
methacrylate) (PMMA) composite NPs.™ This method assumes only a basic kinetic
evolution of the system as per Equation 5.1: S; excitons are present at early times, T,
excitons are present at late times, and '(TT) excitons exist at some intermediate time.
The S; basis spectrum was extracted from TA spectra of a 1:90 TIPS-Pn:PMMA NP
sample, for which singlet excitons dominate the spectra at early times, as the TIPS-Pn
molecules are sufficiently dilute that SF is slow. The T, spectrum was determined
from the 63-nm NP TA spectra at a long delay time of 3ns, at which all S; excitons
have undergone complete decay. Resulting basis spectra for the various exciton species
present are shown in Figure 5.4a, and further details on the determination of each basis
spectrum are given in the Supporting Information.

Many previous TA studies of pentacene derivatives have demonstrated that the
intermediate '(TT) state has a spectral signature in the visible region distinct from
free triplets, which must be accounted for in order to accurately describe the shape
of TA spectra on the picosecond timescale.®®?% 727119 We also calculated a !'(TT)
basis spectrum to be used in the spectral deconvolution here. Determination of this
basis spectrum is more complex than for the S; and T, basis spectra, as (TT) is
an intermediate species and therefore always coexists with either singlet or triplet
excitons in our NP samples. Triplet pair states in pentacene derivatives have been
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Figure 5.4: (a) Basis spectra of S, T1 and !(TT) excitons in amorphous TIPS-Pn used to
deconvolute the TA spectra here. (b) Fits to the TA spectra of the 45-nm diameter TIPS-Pn
NPs using these basis spectra, at three representative delay times. The !(TT) basis spectrum
shown in (a) uses p = 0.1, which was used in the deconvolution shown in (b).
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shown to form on timescales of 0.1-10 ps, and persist for up to nanoseconds in some
circumstances. 87%119 Therefore, the !(TT) basis spectrum was determined here from
the 63-nm NP TA spectra at a delay time of 10 ps, at which all S; excitons have decayed
(Figure 5.2b) but both !(TT) and T, excitons are present. This extraction requires
the assumption of a proportion of T4 decay over the experimental time window, which
is denoted p. The 507nm ESA for the 63nm NP sample decays by 25% over the 3.2-
ns window observed here, giving an upper bound of p ~ 0.25. Spectral deconvolution
shown in Figure 5.4 uses an intermediate value of p = 0.1, but fits at p = 0 and p = 0.25
were used as upper and lower bounds for subsequent quantification of SF yields and
kinetic modelling.

TA data for each NP sample were deconvoluted by a linear combination fit of the
three basis spectra ¢;(\) to the data AA(\, t) according to the Beer-Lambert law,

AA ) =1 ([S1](B)es, (V) + (T (ereny(A) + [Ta] (Der, (V) (5.2)

where [ is the path length and square brackets denote concentrations. Figure 5.4b shows
representative spectral fits for the 45-nm NP sample, with fits for all other NP sizes
shown in the Supporting Information. This three-component fit results in excellent
reconstruction of the TA data across the entire time window and range of NP sizes,
capturing all of the GSB, SE and ESA signals identified above. Exciton concentrations
extracted from this deconvolution for 33-nm and 81-nm NPs are shown in Figure 5.5,
with concentrations for all NP samples shown in the Supporting Information. The
trends identified from the TA data are reproduced in these extracted concentrations:
larger NP sizes show faster SF and slower free triplet decay. Additionally, decay of
Y(TT) excitons appears to occur more rapidly in smaller NPs; as shown in Figure 5.5,
the triplet pair population decays almost to zero after 500 ps for the 33-nm NPs,; but
a significant population of '(TT) still exists at this time for the larger 81-nm NPs.
Clearly, NP size has a considerable influence upon the dynamics of S;, T; and (TT)
excitons in amorphous TIPS-Pn.

In addition to the exciton kinetics identified above, another feature of considerable
interest is the yield of the SF process. A SF yield close to 2 (often termed “quantitative
SF”) is frequently identified as one of the most necessary aspects for SF-capable PV
devices to circumvent the detailed-balance limit. %23 However, the precise definition of
the SF yield is not consistent in the literature. Some studies consider only the yield
of the initial S; + So — *(TT) step, 3*13* while others define the SF yield as the total
yield of free triplet excitons.!® We consider both definitions here, defining the overall
SF quantum yield ¢gr as

max ([T4])
= 5.3
while the yield including the first SF step ¢gp is given by
max([Tq] +2 x [}(TT

max([S])

Table 5.2 shows ¢gr and ¢ for all NP sizes considered here, determined from exciton
concentrations extracted from spectral deconvolution. ¢gp is consistently larger than
¢sr for all NP sizes, indicating that not all }(TT) states formed during SF separate
into free triplets. Other studies of various pentacene derivatives have demonstrated
that triplet-pair states formed from SF can undergo non-radiative decay to the ground
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Figure 5.5: Extracted exciton concentrations from spectral deconvolution (solid lines) and
kinetic fits to the model described in Figure 5.6 (dashed lines) for (a) 33-nm and (b) 81-nm
TIPS-Pn NPs. Insets show the same data on a shorter timescale of 100 ps after excitation.
Spectral deconvolution shown here used a !(TT) basis spectrum taken using p = 0.1.

state.?®7%7 A slow decay of the !(TT) population over hundreds of picoseconds is ob-
served here for all NP sizes, as shown in Figure 5.5 and the Supporting Information.
Therefore, it is likely that such non-radiative '(TT) decay also occurs here, reducing
the total yield of T; excitons from SF. This '(TT) decay cannot be explained by recom-
bination of triplet pairs into singlet excitons, as the singlet population fit by spectral
deconvolution remains at zero during the slow decay of correlated triplet pairs. The
1(TT) basis spectrum identified here closely resembles a species-associated-spectrum
previously assigned to short-lived triplet pair excitons in amorphous pentacene deriva-
tives.”™ This prior study also recorded non-radiative decay of the triplet pair state on
a timescale of ~100ps, and attributed this to an efficient internal conversion process.
The non-radiative decay of '(TT) excitons identified here may therefore occur through
a similar mechanism, with vibrational or nuclear motions facilitating relaxation to the
ground state.

Interestingly, a clear trend can be discerned for both ¢gp and ¢gr, with both yields
increasing as a function of NP size. ¢¢p is approximately 2 for the 81-nm NPs, indi-
cating that the first step of SF is quantitative for these larger particles. This result
agrees with previous work that estimated unity yield from the S; + Sy — 1(TT) step
in 70-nm diameter amorphous TIPS-Pn NPs.' Lower ¢4, are observed at smaller
particle sizes, however, indicating that some singlet excitons decay without forming
triplet pairs. Rapid decay of triplet and triplet pair excitons cannot account for such
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Table 5.2: Overall SF quantum yields (¢sr) and yields of the first SF step (¢gp) determined
from spectral deconvolution of TA data. ¢

dnp (nm) OsF /SF
33 1.0340.05 | 1.2640.03
45 1.2+0.1 1.65+0.01
63 1.3£0.1 1.85+0.01
81 1.5+0.1 2.054+0.01 °

* Values are averages for fits at p = 0 and p = 0.25. Uncertainties represent the range
of fit values between p = 0 and p = 0.25.

b SF is sufficiently fast in this sample that the singlet population decays appreciably
within the TA instrument response function of 150fs. This results in an under-
estimate of max([S;]) from spectral deconvolution and hence yields ¢gp slightly
greater than 2.

significant reductions in yield; estimation of the '(TT) decay rate indicates that fast
non-radiative triplet pair decay could reduce ¢gr to a minimum value of 1.64 for the
33-nm NPs (Supporting Information), which is significantly higher than the measured
value of 1.26. Therefore, these results suggest that an additional singlet decay pathway
may exist in parallel to SF, which becomes significant at smaller NP sizes. This path-
way would result in an additional reduction of the singlet population without forming
T; or }(TT) excitons, hence decreasing both ¢§ and ¢sp (vide infra).

5.4.4 Kinetic Analysis of Transient Absorption Data

5.4.4.1 Kinetic Model

In order to explain the complex dependence of exciton dynamics upon NP size observed
here, we used a kinetic model to fit the extracted exciton concentrations, described
schematically in Figure 5.6. This model consists of two populations of singlet excitons,
two populations of triplet pair excitons, and one population of triplet excitons. One
population of singlet excitons (S; gr) undergoes SF through two competing pathways,
forming triplet pair populations !(TT)s and '(TT)g. This split population of triplet
pairs is necessary to describe the non-radiative '(TT) decay identified above, as a
single !(TT) population cannot accommodate both fast separation into T; excitons
and long-lived '(TT) excitons over hundreds of picoseconds. Therefore, the model
used here splits the population of triplet pairs into !(TT),, which do not separate
but decay non-radiatively with rate coefficient kpai; and *(TT)p, which separate into
free triplet excitons with rate constant kgp,. These triplet pair populations are formed
from S; gp with rate coefficients ksp o and kgpp, respectively. T, excitons decay to
the ground state with coefficient k. All of these aspects are consistent with the
model used in our previous study of TIPS-Pn:PMMA composite NPs.”™® However, to
account for the low ¢¢p and ¢gp at small NP sizes shown in Table 5.2 we have also
included an additional singlet population, termed S;ngr. As mentioned above, this
singlet population undergoes non-radiative decay directly to the ground state, with rate
coefficient kyg in the model. The fraction of singlet excitons in this S; xg population
is given by the parameter fyr, which was fit for each NP size. As discussed below,
including this additional singlet population is necessary to obtain a good fit the data.
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Figure 5.6: Schematic diagram of the kinetic model used to fit the TA data.

Radiative decay of the singlet state is ignored in this model; as mentioned above this
process is known to occur on a timescale on the order of 10ns and should therefore
be negligible on the timescale considered here.” We have also disregarded diffusive
transport between singlet populations, as estimated singlet diffusion lengths indicate
that minimal diffusion occurs before the S; state is fully depopulated (Supporting
Information). It should be noted that excitonic processes in the NPs studied here likely
occur with a distribution of rate coeflicients, due to the distribution of intermolecular
packing geometries within their disordered morphologies. The rate coefficients used in
this kinetic model therefore represent the averages of each of these distributions. The
resulting kinetic model can be described by a series of coupled differential equations:

d[S1sr] :

v TE —(ksp.A + ksrB)[S1.57];

d[Sinr] .

1T = _kNR[Sl,NR]a
w = kSF,A[Sl,SF] - kpair[l (TT)al; (5.5)
% = ksr B[S1.87] — ksep[l (TT)s];

d[Ty] 1
5 = 2kl (TT)) — kr[T4).

The system described by Equation 5.5 and Figure 5.6 was solved numerically and
fit to the extracted exciton concentrations by an iterative least-squares method. ksp a,
ksr B, INR, Epair and kp were allowed to vary with NP size. In fitting the data to the
kinetic model, ks, and kng were found to be effectively independent of NP diameter,
and so were fit to constant values across all NP sizes. This invariance of kg, with NP
size is discussed further below. Best-fit parameters to this model are shown in Figure
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5.7, with fits to the 33-nm and 81-nm NP data shown in Figure 5.5. Fits to all NP sizes
are shown in the Supporting Information. A relatively good fit to the data is observed
for all NP sizes, suggesting that this model provides a reasonable description of the
underlying physical processes occurring in these systems. The only discrepancy in this
fit is an over-estimation of the singlet decay at later times in the 33-nm NPs, as evident
in the inset of Figure 5.5a. This discrepancy may be due to the presence of trap sites
in this system (sites at which excitons cannot move or decay), which have previously
been reported for both pentacene and TIPS-Pn but are not taken into account in the
kinetic model used here. 116133 However, this model still adequately describes the
majority of singlet decay in the 33-nm NPs, and so this minor disagreement likely has
an insignificant impact on the conclusions drawn from this analysis.

5.4.4.2 Size-Dependent Exciton Dynamics

Several trends are immediately evident from the fit parameters shown in Figure 5.7,
which agree with the qualitative trends observed in the TA data mentioned above.
On increasing NP diameter, rate coefficients of SF (ksp o and kgpp) increase by over
an order of magnitude, fxr decreases to zero, kp.i; decreases by half, and kt also
decreases substantially. fygr decreases from almost one-third to effectively zero across
the NP sizes studied here, consistent with the increase in ¢gp with NP size shown in
Table 5.2 and the quantitative yield noted for the 81-nm NPs. SF time constants,
7sr = (ksp.a + kspp) ', range from 15ps for the smallest NPs to 1.3 ps for the 81-nm
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Figure 5.7: Best-fit values of (a) ksp o and ksp B, (b) fyr, (¢) Kkpair and (d) Akt from the
kinetic model described in Figure 5.6 for all NP sizes. kgsp and kngr fit to constant values
across all NP sizes of 20.0 = 0.5ps~! and 0.17 & 0.03 ps—!, respectively. Values are averages
for fits at p = 0 and p = 0.25, and uncertainties represent the range of fit values between
p=0and p=0.25.



5.4. Results and Discussion 97

NPs. The latter value agrees closely with SF time constants previously reported for
amorphous TIPS-Pn films, 19142 suggesting that these larger NPs exhibit SF kinetics
similar to those of bulk TIPS-Pn. Best-fit values of kp,; are also of a similar order
of magnitude to rate coefficients of }(TT) decay reported for TIPS-Pn"*! and other
acene materials. 57

The best-fit values of kt correspond to triplet exciton lifetimes appreciably longer
than the 3.2ns experimental time window accessible here. Precise quantification of
these rate coefficients is therefore difficult from the data collected here, and hence a
significant degree of uncertainty is associated with these values of kr. However, the
best-fit parameters presented in Figure 5.7d clearly exhibit a trend of accelerated T,
decay at smaller particle sizes even when these uncertainties are taken into account,
consistent with the clear trend in the decay of T; concentrations (Supporting Informa-
tion). The best-fit values of kt determined here are 2—-3 orders of magnitude larger than
the rate coefficient for natural first-order decay of T, excitons, which has been demon-
strated to be on the order of 1077 ps~.1% Therefore, it is unlikely that the change in
kr with NP size here arises from natural triplet decay. Neither bimolecular TTA nor
triplet-charge annihilation at the NP surface is consistent with this relatively fast T,
decay, as varying either the excitation density or NP surface charge have negligible
effects upon the observed triplet decay kinetics (Supporting Information). Therefore,
the likely cause of this fast triplet decay is geminate TTA, in which pairs of triplet
excitons generated from the same SF event annihilate with pseudo-first-order kinetics.
We stress that is an annihilation process rather than recombination to the S; state,
as neither re-formation of the singlet state in the TA spectra or delayed fluorescence
occur in the results presented here. This lack of singlet re-formation is unsurprising,
given that the T; 4+ Ty — S; + Sp process is endoergic in TIPS-Pn and therefore un-
favorable.!® For geminate annihilation to be the dominant triplet decay pathway here,
separated triplet excitons must remain trapped in relatively close proximity to one
another. A poor triplet exciton mobility is hence expected for these NPs, which is sup-
ported by a previous study of amorphous TIPS-Pn films. 1? Estimated triplet diffusion
coefficients from this previous study correspond to diffusion lengths of less than 1nm
on the timescale of this experiment (Supporting Information). This diffusion length
equates to an intermolecular separation of only 1-2 TIPS-Pn molecules, depending
upon relative molecular orientations.'?® Several recent studies of both amorphous and
crystalline TIPS-Pn have included a spin-correlated but spatially-separated (T- - -T)
state as an intermediate between '(TT) and T; + T} in their description of triplet pair
separation, which is assigned as being spectrally indistinguishable from free triplet exci-
tons. 6275109142 Given the poor triplet mobility and significant geminate TTA observed
here, a significant population of T; excitons here may hence exist as (T- - -T) exciton
pairs, separated only by 1-2 molecules. However, geminate annihilation of either free
triplet excitons or (T---T) pairs would result in first-order decay with respect to triplet
concentration, %252 and so the results presented here cannot distinguish between
these processes. Despite this, these data clearly show that geminate annihilation of
triplet excitons accelerates at smaller particle sizes, concurrent with slower SF and
faster 1(TT) relaxation.

5.4.4.3 Changes in Nanoparticle Morphology

Overall, the results of this kinetic modelling show that SF becomes slower while non-
radiative '(TT) decay and geminate TTA become faster as the diameter of amorphous
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TIPS-Pn NPs decreases. As all of these processes involve intermolecular exciton inter-
actions, it is reasonable to infer that these changes likely arise from variations in NP
morphology with particle size. Previous studies have demonstrated that polymers such
as PMMA, poly(ethylene glycol) (PEG) or poly(vinyl alcohol) (PVA) can disrupt or
alter the morphology of TIPS-Pn NPs, 1725 while the use of other additives as surfac-
tants or emulsifying agents has been shown to alter the intermolecular packing of other
organic nanoaggregates.?4>2** However, as the preparation of the TIPS-Pn NPs stud-
ied here uses only water, THF and TIPS-Pn, these changes in dynamics are unrelated
to other chemical species disrupting or changing the NP morphology. Therefore, any
change in morphology with NP size can only be due to a variation of the inherent TIPS-
Pn intermolecular packing. While all NP sizes show spectral characteristics consistent
with an amorphous morphology, Figure 5.1 shows a slight shift in the 0-0 S; < Sy
steady-state absorption peak upon changing NP size. Similar peak shifts in TIPS-
Pn and other functionalized pentacene derivatives have been previously attributed to
changes in intermolecular packing, with more blue-shifted spectral features ascribed to
a less dense and more disordered or “monomer-like” intermolecular packing in the solid
state. ™7 The peak shift observed here may hence indicate that smaller TIPS-Pn NPs
may have more disordered solid-state packings than larger NPs, which is consistent
with the changes in exciton dynamics noted here. Therefore, while all NP sizes studied
here possess morphologies that can be classed as amorphous, these morphologies con-
tain differing levels of disorder and cannot be considered as equivalent. The first step
of SF, S; + Sy — '(TT), depends strongly upon the electronic coupling strength be-
tween adjacent chromophores,!® and so an increase in molecular disorder would reduce
the coupling between neighboring molecules, slowing the average rate of SF. Greater
disorder would also inhibit long-range separation of triplet excitons, as triplet hopping
through Dexter energy transfer depends strongly upon interchromophore distance. 8023
This restriction of exciton mobility would increase the probability of triplet excitons
formed from the same SF event remaining in close proximity to one another, thereby
increasing the rate of geminate TTA.

Separation of the triplet pair state into free triplets has been shown to be limited
by triplet hopping away from the initial SF site in crystalline®® and amorphous™
TIPS-Pn. As mentioned above, an increase in molecular disorder would significantly
slow triplet mobility in these NPs. Hence, a more disordered intermolecular packing
in these NPs could potentially slow the overall rate of '(TT) separation. However,
the kinetic analysis undertaken here indicates that the rate coefficient of triplet pair
separation is independent of NP size, fitting to a constant value of ks, = 20 ps~*. This
value corresponds to !(TT) separation occurring on a timescale of < 100fs, which is
over an order of magnitude faster than '(TT)g formation (rspp ~ 2 — 20ps). The
model used here is hence relatively insensitive to the value of ks, as the rate-limiting
step for T} formation is the S; + Sy — !(TT) step. Therefore, it is difficult to fit Esep
to a high level of accuracy with the kinetic model used here. Contrasting with this
behavior for Kgep, kpair sShows a strong dependence upon NP size, becoming significantly
larger at smaller NP sizes. The exact mechanism by which the triplet pair state decays
non-radiatively is still unclear, and so it is difficult to justify this accelerated decay at
smaller NP sizes. However, increased morphological disorder at smaller particle sizes
likely corresponds to less rigidity in the intermolecular packing within the NPs. The
corresponding greater degrees of freedom in molecular vibrations and other nuclear
motions may increase mixing of electronic states responsible for this non-radiative
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decay.'® The faster non-radiative *(TT) decay observed here at smaller particle sizes
is therefore likely due to increased morphological disorder allowing greater degrees of
freedom to the nuclear motions which facilitate this decay.

The large value of kgp = 20ps™ fit here implies that the '(TT)p population is
not experimentally observable, as these pair states separate effectively immediately
after formation. The '(TT) excitons observed in TA experiments here must therefore
consist solely of 1(TT), excitons, which cannot separate. The fraction of total !(TT)
excitons formed through the SF, pathway (given by kgpa/(kspa + kspp)) remains
relatively constant at 0.25-0.3 across all NP sizes studied here, thus indicating that
approximately 25-30% of all 1(TT) excitons formed in these amorphous NPs are unable
to separate. Subsequent non-radiative decay of this *(TT)s population hence reduces
the SF yield ¢4y relative to ¢sp, as shown in Table 5.2. The '(TT), population may
therefore be better described as a “trap” species rather than SF intermediates, as
instead of separating to Ty + T4 they provide an additional pathway for relaxation to
the ground state. A similar loss mechanism was recently identified in TIPS-tetracene,
whereby an emissive excimer state was found to form not as an intermediate in the SF
process but through a competing process detrimental to SF yield. 83

5.4.4.4 Singlet Exciton Quenching

The inclusion of a singlet population undergoing non-radiative decay in the kinetic
model used here is intriguing. Kinetic fits to the TA data without this non-radiative
decay pathway resulted in poor fits for the 33- and 45-nm NP samples (Supporting
Information), with the fitted triplet/triplet pair concentrations overly high for these
smaller NPs. Inclusion of this additional non-radiative S; decay mechanism is hence
necessary to adequately describe the Ty and '(TT) kinetics for these smaller NPs.
This result is consistent with the SF yields shown in Table 5.2, as the low values of ¢gp
reported here for smaller NPs suggest that a singlet decay pathway independent of SF
must also be present in these systems. SF in amorphous TTPS-Pn has been extensively
studied, % 75:110:119,133,134,142 1,44 this non-radiative, non-SF related pathway appears to
have been identified here for the first time. However, all of these previous studies
considered either thin films or relatively large NPs (dxp > 70nm). As shown in Figure
5.7b, fnr decreases to nearly zero for the 81-nm NPs,; indicating that this non-radiative
decay pathway is effectively negligible for NPs of this size or larger. Therefore, this
singlet quenching mechanism has likely not been reported before because it is only
significant for relatively small NPs (dyp < 60nm), and was hence absent in the larger
particles or bulk films used in previous studies.

Aqueous colloidal dispersions of acenes and other organic semiconductors are known
to acquire a negative surface charge during the re-precipitation process, %4324 and so
we considered the possibility that this singlet quenching effect arises from singlet—
charge annihilation at the NP surface. However, varying the NP surface charge density
resulted in negligible changes to singlet decay kinetics in these NPs (Supporting Infor-
mation). Hence, it is unlikely that exciton—charge annihilation is the primary cause
of this non-radiative decay. As the TA experiments conducted here were undertaken
under standard atmospheric conditions, it is also possible that dissolved oxygen may
contribute to exciton quenching at the NP surface. However, previous studies of acene
quenching by triplet oxygen have measured rate coefficients on the order of 109100571,
which is 1-2 orders of magnitude lower than the picosecond-scale S; deactivation ob-
served here.?*52% Therefore, singlet quenching by triplet oxygen is also unlikely to
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be the main cause of the non-radiative singlet decay observed here. Picosecond-scale
non-radiative singlet decay in aqueously-dispersed fullerene NPs has previously been
attributed to exciton quenching by water.?%” However, the authors of this prior work
assigned this exciton decay as arising from water—exciton interactions without offering
comment on the underlying mechanism by which this might occur. Relatively strong
exciton—water couplings would be required for water molecules to quench singlet exci-
tons on such a fast timescale, presumably through interactions with the dipole moment
of water molecules. Other studies have previously suggested that increased intermolec-
ular coupling in pentacene derivatives is concurrent with increased charge-transfer (CT)
nature of singlet excitons.!** Such CT character in S; excitons could result in strong
dipolar coupling to water molecules at the NP surface. However, the results presented
here indicate that average TIPS-Pn intermolecular couplings become stronger with
increasing NP size, which would therefore increase the CT character of singlet exci-
tons in larger NPs. If singlet—water interactions were responsible for this non-radiative
quenching, then larger particle sizes would hence be expected to yield stronger water—
exciton couplings and therefore more singlet quenching at larger particle sizes. This is
the opposite of the trend observed here for fyr, and so quenching by water molecules
is unlikely to be the physical cause of this non-radiative singlet exciton decay. The
variation in intermolecular couplings across different-sized NPs here may be too small
to yield any significant changes in the CT character of singlet excitons. Alternatively,
any increase in exciton—water interaction strength may be offset by decreased surface
area:volume ratios at larger particle sizes.

As the non-radiative singlet decay recorded here is unlikely to arise from exciton
quenching by SF, surface charges, dissolved oxygen or water molecules, it is logical to
consider that this process may be due to the inherent morphology of small TIPS-Pn
NPs. The inverse scaling of fygr with particle size could suggest that this morphology
resides at the NP surface, as the NP surface area:volume ratio also scales inversely with
dxp (Supporting Information). Surface morphologies that differ from those of the NP
interior or the bulk material have been previously reported for conjugated polymer NPs,
attributed to the curvature of the NP surface restricting intermolecular packing. 14320
The non-radiative singlet decay observed here could hence be due to morphologies
formed at the NP surface which are conducive to fast non-radiative exciton quenching.
We considered a model in which singlet quenching may occur within a finite depth of
the NP surface (Supporting Information), which may explain the decrease of fyr with
particle size recorded here. However, the good fit of this model is not definitive evidence
of this singlet quenching occurring solely at the NP surface; changes in morphology
throughout the entire NP volume could also explain the scaling of fygr. Therefore, the
exact physical cause of this non-radiative singlet quenching is unclear from the results
presented here.

5.4.4.5 TIPS-Pn Nanoparticles as Models for Bulk Systems

Three pathways of exciton decay to the ground state in amorphous TIPS-Pn NPs
have been identified here: non-radiative quenching of singlet excitons, relaxation of
L(TT) intermediates unable to separate, and geminate annihilation of separated triplet
excitons. All of these processes (illustrated in Figure 5.8) depend strongly on NP size,
with rate coefficients or population fractions that vary by up to an order of magnitude
across the sizes considered here. This apparent dependence upon NP size is likely due
to variations in morphological disorder within the NPs, which becomes more significant
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Figure 5.8: Illustration of the three different exciton decay pathways identified for amor-
phous TIPS-Pn NPs in this work: a) non-radiative singlet decay, b) non-radiative triplet pair
decay, and c) triplet pair separation and subsequent geminate annihilation. Singlet excitons
are shown in blue, triplet pair excitons in green and triplet excitons in red. Solid arrows de-
note exciton hopping and annihilation processes, while dashed arrows indicate non-radiative
decay.

at smaller particle sizes. This behavior may be due to geometric constraints; increased
curvature at the NP surface at smaller sizes may restrict intermolecular packing within
the particle, thus increasing disorder. Growth of NPs to larger sizes may allow for more
reorganization within the NP, hence decreasing disorder in the overall intermolecular
packing.

The strong size dependence of excitonic processes in amorphous TIPS-Pn NPs un-
covered here may help to resolve some discrepancies in the literature. Munson and
co-workers demonstrated that SF in amorphous TIPS-Pn films occurred on a sub-
picosecond timescale,'? but a recent study of small (dyp = 30nm) amorphous NPs
showed no detectable SF within a 500-fs window.'*! Recognizing that the NPs in the
latter study were of comparable size to the smallest NPs used here, these NPs likely
possessed significant morphological disorder due to their small size, causing SF to occur
much more slowly than in the bulk film. Such varying degrees of disorder with NP size
likely also accounts for the wide variety of SF rate coefficients for amorphous TIPS-Pn
NPs in other studies, which vary by up to an order of magnitude. 72119%:133,134,141,142° A q_
ditionally, while the natural triplet lifetime in bulk TTPS-Pn is known to be on the order
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of ps, 0 other studies of amorphous TIPS-Pn NPs have reported first-order triplet de-
cay orders of magnitude faster than this.”!33 Again, this disagreement is likely due
to higher disorder in NPs relative to bulk films, inhibiting triplet mobility and hence
resulting in fast geminate TTA. The results of the present study therefore demonstrate
the need for caution when using NP dispersions as models for bulk systems. Parti-
cle size effects, exciton quenching or other NP-specific processes that are irrelevant in
the bulk may be important in such systems. Although use of NPs as model systems
can yield useful information regarding SF, particle size should be explicitly considered
when designing studies using NP models. For the case of amorphous TIPS-Pn con-
sidered here, singlet exciton quenching and size-dependent exciton dynamics are most
prevalent at smaller NP sizes. As shown in Figure 5.7, rate coefficients of all excitonic
processes begin to converge for dyp = 63-81 nm, and fyg reduces to effectively zero for
the 81-nm NPs. Therefore, it can be reasonably concluded that particle-size-effects for
amorphous TIPS-Pn NPs become negligible in the region of dyp = 63-81 nm, and hence
NPs of this size or larger should be reasonable models for bulk amorphous TIPS-Pn.

5.5 Conclusions

This work has demonstrated that exciton dynamics in amorphous TIPS-Pn NPs depend
significantly upon particle size. While steady-state spectral characteristics indicate
that all NPs possess amorphous morphologies, transient absorption and time-resolved
fluorescence results show substantial variation in the dynamics of both singlet and
triplet excitons with particle size. Spectral deconvolution and kinetic analysis show
that larger NPs exhibit faster SF, slower !(TT) non-radiative decay and slower free
triplet decay through geminate annihilation. These results are consistent with the in-
termolecular packing in these NPs becoming more disordered at smaller particle sizes,
slowing SF and triplet exciton hopping. An additional non-radiative decay pathway of
singlet excitons was identified, in which the S; state forgoes SF and decays directly to
the ground state. This quenching process becomes significant at small particle sizes,
greatly reducing triplet yields from SF. To the best of our knowledge, this is the first
report of such a non-SF singlet quenching mechanism in acene NPs. These significant
variations of exciton dynamics with particle size account for quantitative discrepancies
in the literature for amorphous TIPS-Pn, hence indicating the importance of consid-
ering particle size in interpreting results of NP models for SF-capable chromophores
such as TIPS-Pn.
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5.6 Supporting Information

Particle Size Characterization by Dynamic Light Scattering

Intensity-weighted size distributions of all NP samples as determined by DLS are
shown in Figure 5.9. Each NP sample exhibits a relatively monodisperse size dis-
tribution, but centred at distinctly different sizes. While several variables relating to
the re-precipitation process were varied to achieve these sizes (Table 5.1, main text),
the primary parameter used to adjust NP size was the concentration of the TIPS-Pn
injection stock. Re-precipitation with relatively concentrated stock solutions (500
1000 ppm) yielded Z-average particle sizes on the order of 60-80 nm diameter, agreeing
with several previous studies.*!? Conversely, re-precipitation with a very dilute con-
centration (20 ppm) resulted in relatively small NPs with dyp &~ 30nm in diameter,
consistent with recent work by de la Perrelle. '4!

16

— 33 nm
144 — 45 nm
— 63 nNm
129 — 81 nm

Intensity (%)
(o]

0 ;
10! 102
Size (nm)

Figure 5.9: Intensity-weighted particle size distributions of TIPS-Pn NPs prepared by re-
precipitation with varying injection concentrations. NP samples are labelled by diameter.

Additional Steady-State and Time-Resolved Fluorescence Data

Figure 5.10 shows normalized steady-state emission spectra for all NP samples consid-
ered here, upon excitation at 590 nm. The spectral shapes of emission from the two
smallest NP samples are clearly the same, with the traces effectively coincident. Com-
parison is less straightforward for the larger NP samples, as low signal and increased
scattering due to larger particle sizes result in significantly poorer quality spectra.
However, the overall shape of the spectra do not appear to change dramatically for
these larger NPs, with the ratio of 0-0 and 0-1 peak intensities appearing to be ap-
proximately the same. A slight red shift in the 0-0 peak at 650 nm is evident upon
increasing particle size, concurrent with the red shifts in steady-state absorption shown
in Figure 5.1 of the main text.
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Figure 5.10: Steady-state emission spectra of all NP sizes upon excitation at 590 nm,
normalized to the 0—0 emission peak. 63nm and 81 nm NP spectra have been smoothed by
a Savitzky-Golay filter of polynomial order 3 over a 1-nm window. NP samples are labelled
by diameter.

Time-resolved fluorescence spectra of NP samples are shown only over a 15 ps win-
dow in Figure 5.2b of the main text, in order to highlight the rapid fluorescence decay
for larger NP sizes. However, this small time window does not capture the majority of
fluorescence decay for the smaller NPs; and so Figure 5.11 shows this same data for the
33nm and 45nm NPs over a longer time window of 45ps. Emission from the 45-nm
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Figure 5.11: Long-time fluorescence upconversion of TIPS-Pn NP samples (excitation at
590 nm, detecting at 700nm). Data is shown only for NP samples in which fluorescence
persisted longer the 15ps window shown in Figure 2b of the main text. NP samples are
labelled by diameter.
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NPs decays to baseline levels after approximately 20-25 ps, while around 10% of the
initial intensity remains after 45 ps for the 33-nm NPs.

Extraction of Exciton Basis Spectra

T, Basis Spectrum

The basis spectrum for T; excitons was extracted using the method recently published
by Stuart et al.” Assuming that only free triplet excitons are present at a sufficiently
long delay time ¢, and assuming that there are no SE or ESA features overlapping
with the GSB, the magnitude of the bleach at 645 nm (AA(¢,645nm)) can be used to
determine the concentration of excitons in the sample by

AA(645nm, t)
(Tal(t) = €ss(645nm)!

s t> 7Sy Tl(TT)a (56)

where [ = 2mm is the sample path length, 75, and 71(pr) are lifetimes of the singlet and
triplet-pair states, respectively, and esg(645nm) is the steady-state molar extinction
coefficient at the 645nm absorption peak, known to be 10400 L mol ! em~" for amor-
phous TIPS-Pn NPs as per our previous work.! From this concentration, the molar
extinction coefficient of triplet excitons at each wavelength (er,(\)) can be calculated
from the TA spectrum at time ¢ by

AA(M 1)

er,(A) = W;

U > 78, T (TT)- (5.7)
To extract the T basis spectrum, we consider TA spectra of the 63-nm NPs at a delay
time of ¢ = 3.0ns. The singlet population has entirely decayed away at such a late
delay time, as evidenced by the fast time-resolved fluorescence decay in Figure 5.2b.
We assumed that no other species such as correlated triplet pair excitons persist out to
3ns. This is a reasonable assumption, as the '(TT) state in amorphous TIPS-Pn has
previously been shown to separate on a timescale of 1-10ps or decay on the order of
100 ps. 7?9142 The population of this intermediate after 3ns should be effectively
negligible, and therefore we applied Equations 5.6 and 5.7 to determine the triplet basis
spectrum shown in Figure 5.4a of the main text.

S; Basis Spectrum

The method used to determine the singlet exciton basis spectrum is similar to that
outlined above for calculation of the triplet basis spectrum. However, as SF occurs on
the picosecond timescale for all NP samples studied here, no early time TA data from
these samples can be confidently assigned as arising purely from S; excitons. There-
fore, we prepared a 1:90 TIPS-Pn:PMMA blend NP sample, in which TIPS-Pn was
highly dilute. As reported in our recent work, this dilution causes large intermolecular
separations between TIPS-Pn molecules, and hence results in extremely slow SF.™ TA
spectra over the first 50 ps after excitation (Figure 5.12) show a spectral shape that
corresponds well to the identified S; spectral features in the main text and is invariant
over the first 50 ps after excitation . Therefore, TA spectra from this sample at a 20-ps
delay time were used to calculate the S; basis spectrum.

However, for singlet excitons in TIPS-Pn the negative signal at 645 nm arises not
just from a GSB, but from an overlap of GSB and SE signals. Therefore, in order
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Figure 5.12: TA spectra of a 1:90 TIPS-Pn:PMMA blend NP sample at early times after
excitation at 590 nm.

to determine the singlet exciton concentration from the GSB magnitude, the relative
contributions of the GSB and SE to this signal in the TIPS-Pn:PMMA blend NP must
be estimated. The relative intensities of the 645 nm and 710 nm signals in Figure 5.12
do not change over 50 ps. This is the timescale on which the S; state decays in the neat
TIPS-Pn NPs (Figure 5.11), and so it is reasonable to assume that this intensity ratio
is effectively invariant over time for all neat TIPS-Pn samples studied here. Hence,
we estimated the ratio of 0-0 and 0-1 SE intensities in the TA spectra as the ratio of
peak intensities in the steady-state emission spectra (Iss(A)). From Figure 5.10, we
calculated this ratio as

AAgp(645nm,t)  Iss(645nm)
AAgp(710nm, ) Isg(710nm)

= 2.56. (5.8)

The magnitude of the GSB signal at this wavelength can therefore be estimated as

AAgsp(645nm,t) = AA(645nm, t) — AAgg(645nm,t)

5.9
= AA(645nm,t) — 2.56 AA(710 nm, t). (5.9)

Using the GSB magnitude determined from Equation 5.9, the S; concentration at an
early time t can be determined by

. AAGSB<645 nm, t)

S0 = = S < 50Ps (5.10)

analogously to the determination of [T4] as per Equation 5.6. Using ¢ = 20ps in
Equation 5.10 with the 1:90 TIPS-Pn:PMMA TA data, the S; basis spectrum was

hence determined as
AA(N )

€s,; ()‘) = [S] (t)l

, t=20ps, (5.11)



5.6. Supporting Information 107

Given the somewhat approximate nature of the [S;] calculation above, the accuracy of
this method was tested by comparing exciton concentrations fit by this basis spectrum
to initial exciton densities expected from experimental conditions. At sufficiently early
times after excitation (¢ > 0.5ps) most excitons will remain as singlets, and so the
singlet exciton concentration is expected to match the experimental excitation density,
given by

Coxp = (1 = Th)pe, (5.12)

where T} is the sample transmittance at the excitation wavelength and p. is the ex-
citation density of the laser pulse. Table 5.3 compares Cep with [S1](t = 0.2ps) —
determined by fits of a preliminary basis spectrum calculated as per Equation 5.11 —
for all NP sizes. [S1](0.2 ps) is consistently higher than Cey, for all NP sizes, suggesting
that a systematic error may have occurred in the determination of singlet concentration
here, likely due to the estimation of GSB magnitude in Equation 5.9. This discrepancy
becomes smaller for larger NP sizes, which may be due to faster SF in these larger
particles resulting in some conversion into !(TT) and T; even at t = 0.2 ps. However,
fluctuations in the pump pulse intensity of £10% are also possible with the experimen-
tal system employed here, which may introduce random errors into Ceyp, and hence also
contribute to differences between Cey, and [S;](0.2 ps). Therefore, to correct for this
error in [S;](t) we considered only the average difference between Ceyp, and [S1](0.2 ps)
across all NP sizes, in order to minimize the influence of fluctuations in laser power.
As [S1](0.2 ps) is on average 14.2% higher than Cey, for all NP sizes, we scaled [S](?)
to 85.6% of the value determined by Equation 5.10. This adjusted concentration was
then used in Equation 5.11, yielding the S; basis spectrum shown in Figure 5.4a of the
main text.

While the approximations made here in determining [S;](¢) may introduce some
uncertainty in the magnitude of the resulting singlet basis spectrum, this will have a
minimal impact upon the analysis and interpretation of results presented in this work.
As per Equation 5.11, the value of [S;](f) affects only the magnitude of the S; basis
spectrum, not its spectral shape. Any uncertainty in this value would therefore vary
the absolute concentrations of singlet excitons fit during deconvolution, but would not
change the quality of the fit to the TA data. This could in turn result introduce a
scalar offset in the absolute values of ¢gr and ¢gp, but would not change the trends
observed in these parameters. Additionally, due to the split-singlet population nature
of the kinetic model used to analyse this data (Figure 5.6, main text), any variation in
the absolute singlet concentration would simply shift the magnitude of fyr fit to the
data — without affecting the trend of fygr with dyp — and would have no effect upon
the other parameters in this model.

Table 5.3: Initial exciton concentrations estimated from excitation density (Cexp) and spec-
tral analysis ([S1]).

dxp (nm) | Coyp (1077 mol/L) | [S1](0.2ps) (1077 mol/L) | % Difference

33 6.26 7.89 26.1
45 5.59 6.49 16.1
63 6.28 7.11 13.2
81 5.41 5.49 1.57

Average 14.2
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1(TT) Basis Spectrum

As mentioned above, the singlet population has decayed entirely to zero after only
10 ps in the 63-nm NP sample. Therefore, the only species that can contribute to the
TA spectra at this time are free triplet excitons or correlated triplet pairs. As with
our previous study,” we estimated the concentration of '(TT) excitons at this time
by assuming some proportion p of T4 exciton decay over the 3.2-ns experimental time
window. The triplet pair population at this time is hence given by

AA(645nm, 10 ps) — AA(645 11,3200 ps)
= (5.13)
—2€g5(645nm)] ’

[(TT)](10ps) =

where the factor of 2 accounts for a triplet-pair state bleaching two TTPS-Pn molecules.
From this concentration, the *(TT) basis spectrum can be determined by

E (A)_AA(A,mps)—AA(Aﬁ,OOpS’ 5.14)
(o [L(TT)](10 ps)! ' '

In the 63-nm TIPS-Pn NP sample, the T /!(TT) ESA at 507 nm decays by 25 % over
the 3.2ns TA window. Therefore, p < 0.25 can be applied as a reasonable upper
bound. We used p > 0 as a lower bound, as it is unlikely that the T; concentration
increases from 10 ps to 3.2 ns, given recent reports of ! (TT) separation occurring on the
order of picoseconds. %1% Figure 5.13 shows a series of possible *(TT) basis spectra
determined over the range 0< p < 0.25. The *(TT) basis spectrum and subsequent
spectral deconvolution shown in Figure 5.4a of the main text uses p = 0.1; however,
all quantitative results in this work that arise from spectral deconvolution (SF yields,
kinetic fits etc.) consider the full range of possible p values, reporting uncertainties as
the range of possible best-fit parameters for 0 < p < 0.25.

(x10%)

0.5x1(TT) (p=0.25)
0.5x1(TT) (p=0.2)
0.5x1(TT) (p=0.15)
0.5x(TT) (p=0.1)
0.5x1(TT) (p=0.05)
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Figure 5.13: 1(TT) basis spectra for representative values of 0 < p < 0.25.
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Spectral Deconvolution of Transient Absorption Spectra

TA spectra of all NP samples were deconvoluted by linear combination fits of the basis
spectra identified above, as per Equation 5.2 in the main text. Fits to the TA data for
all NP samples are shown in Figure 5.14, at three representative delay times. The three-
component deconvolution fits the experimental data well, with all GSB, SE and ESA
features in the data well described by these fits. Figure 5.14 shows fits using a '(TT)
basis spectrum extracted using p = 0.1, but it should be noted that deconvolution
using basis spectra across the entire range of possible p values result in identical fits to
the data. We hence only display one set of spectral fits here for brevity.

Figure 5.15 shows extracted exciton concentrations for all NP samples arising from
the spectral deconvolution described in Figure 5.14. Figures 5.16 and 5.17 then show
sample exciton concentrations extracted using basis spectra determined with p = 0
and p = 0.25. While varying the value of p changes the kinetics and concentration
profiles of T} and '(TT) excitons extracted from the spectral deconvolution process,
it does not influence the overall trend in exciton kinetics with NP size. For all values
of p considered, singlet decay is slower and triplet decay is faster for the 33-nm NPs
than for the 81-nm NPs. Therefore, choice of p does not impact the interpretation of
results arising from deconvolution and subsequent kinetic analysis, but instead provides
bounds and uncertainties for quantitative results of these processes.

Estimated SF Yield Losses due to Triplet Pair Decay

Spectral deconvolution of the TA spectra reveals that '(TT) populations in all NP
samples decay on the order of 102103 ps (Figures 5.15-5.17). This is consistent with
previous studies of amorphous TIPS-Pn which identified a sub-population of corre-
lated triplet pairs that cannot separate and instead decay to the ground state non-
radiatively.®®"%!19 Tn order to estimate the possible losses in ¢4 due to this decay, we
approximated this decay as a first-order exponential decay with a lifetime of 7p,i, ~ 250
500 ps. This estimation is made only from observation of the *(TT) decay kinetics in
Figures 5.15-5.17, but it is worth noting that these lifetimes agree with fits to values
of kpair from the subsequent kinetic analysis (Table 5.4). Assuming first-order decay
kinetics, this non-radiative decay of the correlated triplet pairs can be described by

D) = T O)esp (— ! ) , (5.15)

Tpair

where ['(TT)](0) is the '(TT) concentration at ¢ = 0. Singlet exciton decay is slowest
in the 33-nm NPs, for which the S; population decays to zero over approximately
50ps. Within this time, Equation 5.15 shows that triplet pair decay can reduce the
'(TT) concentration to 82-91% of its maximum value, for 7y, = 250ps and 500 ps
respectively. Therefore, the correlated triplet pair population can decay by only 9-18%
before SF reaches completion in the 33-nm NPs. As ¢4 o< (2 x [1(TT)]), (Equation
5.4, main text) non-radiative triplet pair decay may account for a reduction in ¢ of up
to 0.36. This gives a minimum bound of ¢gg > 1.64 for the 33-nm NPs, assuming that
all S; excitons undergo SF. This is still significantly larger than the value of ¢gp = 1.26
determined by spectral deconvolution, indicating that non-radiative triplet pair decay
cannot be the only mechanism contributing to reduced SF yields.
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Estimation of Exciton Diffusion Lengths

The diffusion length Lp of a diffusing species is defined as
Lp =V Dr, (5.16)

where D is the diffusion coefficient of the species in question and 7 is the species’
lifetime or time over which diffusion is relevant.®

Singlet Exciton Diffusion

Previous TA studies of disordered acenes have estimated singlet exciton diffusion co-
efficients to be on the order of 1071075 cm?s~1.7225 Here we take the upper limit
of this range, D = 10™*cm?s™!. We approximate the TIPS-Pn singlet exciton lifetime
in the presence of SF as 7 = 50 ps, noting that this is significantly longer than the SF
timescale for most NP sizes considered here. Using these values of D and 7, Equation
5.16 yields a singlet diffusion length of 0.7nm. This is hence an upper bound on the
possible diffusion length of singlet excitons within the NP systems studied here, which
corresponds to less than one intermolecular separation between TIPS-Pn molecules.

Triplet Exciton Diffusion

The triplet exciton diffusion coefficient in amorphous TIPS-Pn films has been estimated
from nanosecond TA measurements to be in the range of 1.33-10 x10~" cm?s~1. 10
Using these possible diffusion coefficients, Equation 5.16 yields possible triplet exciton
diffusion lengths in the range of 0.21-0.57 A for amorphous TIPS-Pn over the 7 =
3.2ns window accessible experimentally here. Again, these exciton diffusion lengths

are significantly less than one intermolecular separation within TIPS-Pn.

Kinetic Fits to all Nanoparticle Sizes

Table 5.4 lists best-fit parameter values for the kinetic model described by Figure 5.6
and Equation 5.5 of the main text to exciton concentrations for all NP sizes. Figure
5.18 shows fits of this kinetic model to concentrations extracted using a '(TT) basis
spectrum determined with p = 0.1. Figures 5.19 and 5.20 then show fits to exciton
concentrations extracted using basis spectra determined with p = 0 and p = 0.25.

Table 5.4: Best-fit parameters of the kinetic model described in Figure 5.6. %°

dxp (nm) Inr ksea (ps™') | kses (Ps™) | Kpair (107 ps™) | kp (107* ps™!)
33 0.33+0.01 | 0.016£0.002 | 0.051£0.006 3.8£0.5 1.7£0.2
45 0.204+0.02 | 0.0840.01 0.20+0.02 2.6440.06 0.9+0.3
63 0.10£0.06 | 0.26£0.03 0.5%+0.1 2.3+0.1 0.4+0.1
81 0.024+0.02 | 0.23£0.04 0.55+0.08 1.840.1 0.7£0.2

1 and

® ksep and knyg fit to constant values across all samples of 20.0 £ 0.5ps~
0.17 £ 0.03 ps™!, respectively.
b Values are averages for fits at p = 0 and p = 0.25. Uncertainties represent the range

of fit values between p = 0 and p = 0.25.
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Figure 5.18: Fits of the kinetic model described in Figure 5.6 (dashed lines) to spectrally
extracted exciton concentrations (solid lines) for all NP sizes considered here, (left) over the
initial 100 ps after excitation and (right) over the entire 3.2-ns TA time window. Concentra-
tions were extracted from spectral deconvolution using a !(TT) basis spectrum determined
with p = 0.1.
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Figure 5.20: Fits of the kinetic model described in Figure 5.6 (dashed lines) to spectrally
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Excitation Density- and Surface Charge Density-Dependent
Transient Absorption Experiments

Excitation Density-Dependent Experiments

As shown in Figure 5.21, the decay kinetics of both the singlet and triplet/triplet-
pair ESA signals (at 450 nm and 507 nm, respectively) are invariant upon changing
excitation density. While this is shown only for the 33-nm NPs here, all NP sizes
exhibited kinetics that were similarly independent of excitation density. This observa-
tion therefore rules out bimolecular exciton-exciton annihilation pathways as significant
contributors to these decays, as bimolecular processes are second-order with respect to
exciton concentration, and would therefore be expected to occur more quickly upon

increasing pump fluence and hence exciton concentration.
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Figure 5.21: Normalized kinetic traces of the (left) S; ESA at 450 nm and (right) Ty /!(TT)
ESA at 507 nm for 33-nm amorphous TIPS-Pn NPs, at various excitation densities.

Surface Charge Density-Dependent Experiments

To assess whether interactions with charges at the NP surface influence the exciton
dynamics observed here, TA experiments were performed on NPs with differing surface
charge densities. Two fractions of 33-nm diameter NPs were made up to a constant
ionic strength of 10 pM with NaCl/NaOH solution, with the relative proportion of each
salt varied. This NP size was chosen as it has the highest surface area:volume ratio of all
NP sizes studied here, and so would likely be the most sensitive to variations in surface
charge density. As shown in Table 5.5, addition of NaOH solution to a concentration of
only 1 pM resulted in a 3x increase in the zeta potential (¢) magnitude. As this occurs
at a constant ionic strength, this change in { must therefore correspond to a change in
the surface charge density of the NPs. However, as shown in Figure 5.22, this change

Table 5.5: Zeta potentials of 33-nm NPs with added NaOH/NaCl solution.

Ionic Strength (M) | e¢xact (M) | cnaon (M) ¢ (mV)
1x107° 1x107° 0 —17.5+£0.1
1x107° 9%x10~¢ 1x1076 —55 7
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Figure 5.22: Normalized kinetic traces of the (left) S; ESA at 450 nm and (right) Ty /!(TT)
ESA at 507nm for 33-nm NPs with differing zeta potentials.

in NP zeta potential results in negligible changes to the decay kinetics of both singlet
and triplet excitons in the 33nm NPs. Therefore, it is unlikely that singlet—charge
or triplet—charge annihilation processes contribute significantly to the size-dependent
exciton dynamics observed here.

Kinetic Fitting Without Non-Radiative Singlet Decay

As the additional non-radiative decay pathway from the S; state discussed in the main
text has not previously been identified in amorphous TIPS-Pn, we attempted to fit
the experimental data with an alternative kinetic model (described by Figure 5.23) in
which no such non-radiative singlet decay can occur. Only one population of singlet
excitons is used in this model, for which SF is the only deactivation pathway. All
other aspects of this model are identical to that described by Figure 5.6 and Equation
5.5 in the main text. This alternative model is described by following set of coupled
differential equations:

dgstl] = —(kspa + ksr,B)[S1];
IO _ i al81] = i (Tl
o %tT (5.17)
LODB) _ e p181] — kol (T Tl
d[T.] 1
T 2ksep[ (TT)p] — kr[T4].

Figure 5.24 shows fits by the model described by Figure 5.23 and Equation 5.17 to the
TA data for all NP sizes. A relatively good fit is observed for larger particle sizes, but
the quality of this fit decreases significantly at smaller sizes. The model fits a !(TT)
population almost 2x higher than from the experimental data in the 33-nm NPs, which
then decays much too rapidly. A similar trend is also evident for the 45-nm NPs, but
to a lesser extent. This is due to the reduced SF yields at these smaller NP sizes (Table
5.2, main text); ¢tp < 2 for these smaller particles, but this kinetic model assumes
that every singlet exciton formed undergoes SF. This model hence fits too many *(TT)
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Figure 5.23: Schematic diagram of an alternative kinetic model used to fit the TA data,
with SF the only decay pathway for singlet excitons.
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Figure 5.24: Fits of the kinetic model described in Figure 5.23 (dashed lines) to spectrally
extracted exciton concentrations (solid lines) for all NP sizes considered here, over the initial
500 ps after excitation. Concentrations were extracted from spectral deconvolution using a
L(TT) basis spectrum determined with p = 0.1.
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and T excitons for these smaller NPs, and then artificially accelerates '(TT) decay in
an attempt to correct for this. Therefore, the inclusion of non-radiative singlet exciton
decay in the kinetic model used in the main text is vital to accurately describing '(TT)
kinetics in the smaller NPs.

Kinetic Fitting Without Non-Radiative Singlet Decay

The fraction of singlet excitons undergoing non-radiative decay fit by the kinetic model
used in this work (fyr) scales linearly with inverse NP diameter (Figure 5.25), sug-
gesting a dependence upon the NP surface area:volume ratio (Equation 5.19 below).
Therefore, we considered the possibility that this non-radiative S; decay occurs only
within a layer of finite depth a at the NP surface. If a fraction x of excitons in this
surface layer undergo non-radiative decay, and if singlet excitons are initially homoge-
neously distributed within a spherical NP, this results in a model of the form

‘/surf dNP - 2@)3 < ( 2a )3>
_ _ 1— [ =22 =7 — 1—(1—-—" , 5.18
far =X T X ( ( . X . (5.18)
where V¢ and Vyp are the volumes of the surface layer and of the entire NP, re-
spectively. In the limiting case of a < dnp, Equation 5.18 may be further simplified,

expanding in a Taylor series up to first order in ﬂ, to
a

6ya  6d
~N S = 5.19
fNR dNP dNP ) ( )

where a’ is an effective surface thickness defined by
a = xa. (5.20)

In the limit of a < dnp the thickness of this surface layer becomes negligible, and V¢
reduces to the NP surface area. Therefore, Equation 5.19 is proportional to the NP
surface area:volume ratio, yielding the dyp ' scaling of this ratio described above.
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Figure 5.25: Fraction of singlet excitons undergoing non-radiative decay fit by the kinetic
model (fxgr, black dataset) as a function of inverse NP diameter. The red line shows a linear
best-fit to this data.
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Figure 5.26 shows fits of Equation 5.19 to fyr determined from kinetic modelling.
This surface model fits poorly when using a constant value of a’ across all NP sizes.
However, if @’ is allowed to vary with NP size, a significantly improved fit to the data
is observed. Best-fit values of a’ for each NP size are shown in Table 5.6, with a clear
trend of a’ decreasing at larger particle sizes. Due to the coupled nature of a¢ and x in
Equation 5.20, it cannot be determined from this modelling if the scaling of a' arises
from changes in a, x or both of these parameters with NP size. The range of NP
sizes studies is also not sufficiently wide to enable sensitive independent fits of a and
x using Equation 5.18. However, if it assumed that a cannot be less than the width of
one TIPS-Pn molecule (1.0-1.5nm, depending upon molecular orientation), then the
very small value of @’ = 0.22nm fit to the 81-nm NPs must correspond to x < 0.2. If
x remained constant across all NP sizes then o’ = 1.80 nm for the 33-nm NPs would
correspond to a ~ 10nm, resulting in this surface layer constituting almost 95% of
the 33-nm NPs by volume. This is unlikely, and so it can be inferred that the scaling
a’ with dyp observed here is at least in part due to x decreasing at larger particle
sizes. This could be explained by increased curvature at the surface of smaller NPs
constraining the intermolecular packing of a greater number of molecules (relative to
larger NPs), increasing the proportion of surface molecules with morphologies favorable
for this non-radiative decay.

0.35
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0.20 **\
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Figure 5.26: Fits of Equation 5.19 to fng fit from the kinetic model described in Figure 5.6,
using a constant value of a’ across all NP sizes (blue curve; ' = 1.5 + 0.6 nm) and allowing
a’ to fit separately for each NP size (red curve; best-fit values shown in Table 5.6).

Table 5.6: Best-fit values of a’ from Equation 5.19 for all NP sizes.

dxp (nm) | @' (nm)
33 1.80
45 1.53
63 1.09
81 0.22
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6.1 Abstract

Nanoparticle (NP) dispersions are a pop-
ular and convenient medium for the spec-

troscopic study of ultrafast exciton dynam- ‘\ Size-Independent Kinetics
ics within organic semiconductor materi- g \
o CH RN
als. However, size dependent morphology Y N Critical NP Size
changes and exciton kinetics have been re- = o
ported for many organic semiconducting = Tt —— -

NPs, limiting their applicability as model Size-Dependent Kinetics
systems for bulk materials. In this study,
we use time-resolved spectroscopy and ki-
netic Monte Carlo simulations to assess the potential for size-dependent exciton be-
haviour in NPs of crystalline 6,13-(triisopropylsilylethynyl)pentacene (TIPS-Pn), a pro-
totypical material for singlet fission. Femtosecond transient absorption experiments
show negligible size-dependence in the kinetics of singlet fission and triplet—triplet an-
nihilation (TTA) over a range of particle sizes, suggesting that minimal morphological
changes occur with NP size. The simulations predict that triplet decay dominated
by geminate recombination exhibits size-dependent kinetics, but decay becomes size-
independent for sufficiently large domains, in which decay is dominated by bimolecular
TTA. A stochastic model is presented to quantify the timescale of TTA and the NP
size at which size-dependent behavior becomes significant, with good agreement ob-
served between the theory and simulation. However, this model indicates that such
size-dependent triplet dynamics can only occur at either extremely small NP sizes
(< 30nm) or low excitation densities (< 8 x10~*nm™?), which are not achieved un-
der standard experimental conditions. This work therefore demonstrates that NPs
2 30nm in diameter are excellent model systems for bulk crystalline TIPS-Pn, as neg-
ligible particle size effects will be observable under most experimental conditions. The
theory developed here also provides a framework for estimating the range of particle
sizes for which exciton confinement effects will be relevant in other materials.

Excitation Density (nm~3)

6.2 Introduction

The photophysical process of singlet fission (SF) converts one high energy singlet exci-
ton into two lower energy triplet excitons via a spin-correlated triplet-pair intermediate,
through the process!%2937

S +So — '(TT) — T, + T;. (6.1)

Research interest in SF has risen substantially over the last decade, as it has been
identified as a potential mechanism for improving the performance of single-junction
photovoltaic (PV) devices beyond their theoretical efficiency limit. 2?3 However, ef-
fective improvement of PV device efficiencies by SF-sensitization requires a 200% triplet
yield (two triplets formed from every singlet exciton) and quantitative transfer of ex-
citation energy into a harvesting layer,?® which has so far proved elusive in practi-
cal implementations. 27283932 Therefore, significant research effort is currently focused
upon developing a deeper understanding of the fundamental processes associated with
triplet formation, separation and dissociation in SF-capable materials, such that the
harvestable triplet yield in SF-sensitized PV devices may be improved. 60-259-263
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Pentacene and its derivatives are one of the most widely-studied classes of SF chro-
mophores, as SF in pentacene is slightly exoergic and so occurs very rapidly and with
relatively high triplet yield.'%!6 In particular, 6,13-(triisopropylsilylethynyl)pentacene
(TTIPS-Pn) has attracted significant interest, as its bulky TIPS substituents constrain
its intermolecular packing to an extended, two-dimensional pi-stacked motif thought
to be highly favorable for SF.125:264 Crystalline TIPS-Pn has been shown to undergo
rapid (sub-picosecond) SF with an estimated 200% triplet yield, ™1 and possesses
characteristic singlet and triplet signals that are easily resolvable through experimental
techniques such as transient absorption (TA) or spin resonance spectroscopies. 10%129:131
Therefore, crystalline TIPS-Pn is widely regarded as a model system for intermolecular
SF, and so is commonly used as a benchmark in the characterization of new SF chro-
mophores 3%187:265 o1 a5 a, model to assess the effect of modulating parameters such as
crystal packing distance or polymorphism upon SF kinetics. 109127128

Recently, several studies have used aqueous dispersions of nanoparticles (NPs) to
spectroscopically quantify exciton dynamics within crystalline TIPS-Pn. 12119133 Col-
loidal NP dispersions are convenient for spectroscopic characterization of SE chro-
mophores, as they allow for examination of solid-state excitonic processes while avoid-
ing the effects of photo-bleaching, localized heating, sample opacity and other issues
associated with solid films.?>'** However, small NPs of organic semiconducting ma-
terials may exhibit size-dependent photophysical properties that differ markedly from
the bulk material. **!*® In our previous study, we demonstrated that the SF yield and
the kinetics of both singlet and triplet excitons in amorphous TIPS-Pn NPs varied
dramatically with particle size, which we ascribed to small NP sizes constraining the
intermolecular packing in these systems.® Additionally, recent reports have noted that
size-dependent exciton—exciton annihilation (EEA) kinetics can arise from confinement
of highly mobile excitons within small domains.?66257 Therefore, crystalline TIPS-Pn
NPs have potential to exhibit size-dependent exciton kinetics, through either morpho-
logical changes with NP size or exciton confinement influencing triplet—triplet annihi-
lation (TTA) kinetics. However, the extent to which either of these factors influence
exciton behaviour in small NPs of crystalline TTPS-Pn has not yet been established.

This work presents a combined experimental and computational investigation into
the influence of particle size upon exciton dynamics within NPs of crystalline TTPS-Pn.
Time-resolved spectroscopic measurements show that the kinetics of SF and TTA are
identical for NP sizes ranging from 38 nm to 62 nm, suggesting that these particle sizes
possess largely equivalent intermolecular packings. Kinetic Monte Carlo (KMC) sim-
ulations of triplet exciton dynamics indicate that geminate recombination of triplet
exciton pairs exhibits kinetics that are strongly size-dependent due to confinement of
the exciton pair within small crystalline domains, with accelerated triplet recombina-
tion occurring at smaller particle sizes. However, this size-dependence disappears at
large particle sizes, where decay is dominated by bimolecular TTA and excitons are
much more likely to encounter one another than a domain boundary. The crossover
from size-independent to size-dependent triplet decay kinetics occurs only at either very
low excitation densities or small particle sizes, neither of which are readily accessible
experimentally. Size-dependent exciton dynamics are therefore highly unlikely to be
experimentally observable in crystalline TIPS-Pn NPs, and so this work highlights that
NP dispersions are reasonable model systems for studying excitonic processes within
bulk crystalline TIPS-Pn.
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6.3 Experimental Methods

Materials

TIPS-Pn was used as-purchased from Ossila. Milli-Q purity water was purified by an
18.2-M2 em Millipak Milli-Q 1Q-7000 fitted with a 0.22-um filter. Poly(vinyl alcohol)
(PVA; Merck, average molecular weight 46 kg/mol) was sourced as a solid powder, and
dissolved to a stock concentration of 10 mg/mI by heating at 90 °C in water for 1 hour.
HPLC-grade tetrahydrofuran (THF; RCI Labscan) was freshly distilled before use.

Nanoparticle Preparation

Aqueous dispersions of TIPS-Pn NPs were prepared by re-precipitation from THF into
water, a procedure well established as yielding relatively monodisperse NP suspensions
with good colloidal stability.13%7134 3mI, of TIPS-Pn/THF solution was rapidly in-
jected into 15mL of water upon vigorous stirring (using a 0.55-pm diameter syringe
needle), and stirred for a further 5 minutes. This process was repeated to prepare
n independent fractions, which were then combined and concentrated under reduced
pressure to a final TTPS-Pn concentration of 100 ppm. Resulting NP suspensions were
filtered using a 0.2-pm syringe filter (Sartorius Minisart NML). Variations in NP size
were achieved by adjustment of the injection stock concentration ([TIPS-Pn]), and
Table 6.1 lists the preparation conditions and resulting sizes of all NP samples. Re-
precipitation from THF solution into water is well known to prepare TIPS-Pn NPs with
amorphous morphologies, »!34 but recent work has demonstrated that reorganization
to a crystalline packing can be facilitated by a periodic interaction with PVA. L1119
Therefore, crystallinity in these NPs was induced by addition of PVA solution to a
final concentration of 50 ppm, and confirmed by steady-state spectrophotometric char-
acterization (see below).

Steady-State Nanoparticle Characterization

Particle sizes were quantified here by dynamic light scattering (DLS), using a Malvern
Zetasizer Nano ZSP with a 633-nm laser source and a backscattering angle of 173°
(size distributions are shown in the Supporting Information). NP samples throughout
this work are hereafter referred to by their Z-average diameters as measured by DLS
(dxp), shown in the final column of Table 6.1. Steady-state absorption spectra of NP

Table 6.1: Injection stock concentrations ([TIPS-Pn]) for the preparation of different-sized
TIPS-Pn NPs by re-precipitation of THF solution into water, with NP Z-average diameters
(dxp) as measured by DLS.

[TIPS-Pn| (ppm) | Fractions (n) | dyp (nm)®
20 S 37.8£0.3
20 2 50.8 £ 0.7
100 1 61.6 £ 0.1

¢ Uncertainties are twice the standard error in the mean calculated from triplicate
measurements of each sample.
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samples were collected using a Cary Varian 1E UV-visible spectrophotometer in a 1-cm
path length quartz cuvette (Starna Cells 21-Q-2).

Time-Resolved Spectroscopic Characterization

Time-resolved spectroscopic measurements were made on a transient absorption (TA)
spectrometer (Ultrafast Systems, Helios). The primary light source was the output of a
Ti:sapphire regenerative amplifier (Spectra Physics, Spitfire Pro XP 100F), producing
800-nm, 100-fs laser pulses at a 1-kHz repetition rate. 590-nm pump pulses were
generated using an optical parametric amplifier (Light Conversion, TOPAS-C) from
the second harmonic of the signal. The pump beam had a spot size of 561 pm at the
sample position, and pump fluences ranged from 40 pJem ™2 to 400 cm™ 2. White-
light probe pulses with a spectral range of 450-750 nm were generated by focusing the
800-nm amplifier output onto a 3.2-mm sapphire crystal, with a spot size of 130 pm at
the sample position. Pump and probe were polarized at the magic angle of 54.7° relative
to one another, in order to minimize polarization biases in the measurements. NP
dispersions were held in 2-mm path length quartz cuvettes (Starna Cells 21-Q-2) and
stirred continuously during spectroscopic measurements. Negligible photo-degradation
or photo-bleaching of NP samples was observed during the course of these experiments.

6.4 Computational Methods

Crystalline Nanoparticle Model

TTA simulations in this work used NP models constructed from the TIPS-Pn crystal
packing reported by Anthony and co-workers, 12> with the position of each molecule rep-
resented by its center-of-mass. This crystal packing (shown in Figure 6.1) consisted of a
two-dimensional slip-stacked packing motif, with layers of these slip-stacked molecules
separated through insulating TIPS groups. The crystallographic a-axis corresponded
to the direction of closest molecular slip-stacking, and the c-axis to the direction of
separation through TIPS groups. The b-axis did not correspond to a nearest-neighbour
crystalline separation, and so here we instead considered the direction of next-nearest-
neighbour slip-stacking, denoting it the “b-packing direction” to avoid confusion with
the crystallographic b-axis. As will be discussed below, triplet exciton hopping in the
c-direction is known to be effectively negligible on the timescales considered here,? and
as such was ignored. The NP models used here therefore consisted of a series of in-
dependent ab-planes, between which excitons could not transfer or interact. Excitons
within each NP ab-plane hence evolved in time entirely independently of those in other
planes, and so by symmetry only one-half of the NP required explicit modelling. Two
independent simulations of the same NP hemisphere were equivalent to one simulation
of the full NP, provided that no ab-plane passed through the exact center of the NP.
To ensure that this condition was met, the NP center was selected as lying halfway
between two molecules along the c-axis. A hemisphere of radius ryp was then drawn
from this origin, with the base of the hemisphere perpendicular to the c-axis. All mo-
lecules with centers-of-mass lying inside this hemisphere were cleaved from the bulk
crystal, to yield a half-nanoparticle of crystalline TIPS-Pn. This construction of a NP
model from the TIPS-Pn crystal structure is illustrated in Figure 6.1.
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Figure 6.1: Tlustration of how the TIPS-Pn crystal structure is mapped onto the crystalline
NP model used for kinetic Monte Carlo simulations of triplet—triplet annihilation. a, b and
¢ denote the crystal packing directions of TIPS-Pn (taken from ref. 125), and ryp indicates
the NP radius.

Exciton Hopping and Annihilation

In our recent study,? rate coefficients of triplet exciton hopping in each crystallographic
packing direction of TIPS-Pn were calculated using constrained density functional the-
ory (CDFT) and Marcus theory. This work demonstrated that triplet hopping in the
ab-plane occurred on a picosecond timescale, but triplet transfer along the c-axis was
over four orders of magnitude slower than the natural triplet lifetime within TIPS-Pn.
Therefore, in the present model we neglected triplet hopping along the c-axis, and con-
sidered only two-dimensional (2D) mobility within the ab-plane. Rate coefficients for
hopping in the a- and b-directions were taken from our previous study, and are listed
in Table 6.2.

According to conventional spin-statistical theory, two encountering triplet excitons
may form any one of nine (TT) encounter states of singlet, triplet or quintet multiplic-
ity.% TTA may then occur through subsequent relaxation of (TT) or '(TT) encounter
states (removing one or both triplets, respectively), while *(TT) states generally disso-
ciate back into free triplet excitons due to very high energies of localized quintet pair
states, as indicated in the reaction scheme®?

1(TT) — Sl + SO
T +T — 3(TT) —T,+So—T1+ S (62)
5(TT) — T1 + Tl'

However, annihilation through the triplet channel is only possible if a high-lying triplet
state T, is energetically accessible from 3(TT). The T; + T; — Ty + Sy process is en-
doergic by almost 0.4 €V in crystalline TIPS-Pn, which is effectively inaccessible under
ambient conditions.? Therefore, the singlet channel is expected to dominate TTA in
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crystalline TIPS-Pn, and so in the present model we considered TTA only from pair
states with singlet character.
The effective annihilation rate coefficient through the singlet channel from pair state
[ is calculated as
kann = kQ‘CéF? (63)

where ks is the unimolecular rate coefficient of crossing from the triplet manifold to
the singlet state and C§ is the projection of the pure singlet state onto pair state
.94 |CL? for each state was calculated here by explicit diagonalization of the spin
Hamiltonian matrix, using the method from ref. 95 (details of these calculations are
shown in the Supporting Information). For crystalline TIPS-Pn dimer pairs along both
the a- and b-stacking directions, only 3 encounter states exhibited significant singlet
character. ko has not been previously reported for crystalline TIPS-Pn, but a recent
experimental study determined a SF rate coefficient of 10 ps™*, facilitated by coherent
mixing of the S; and *(TT) states.” Due to this resonance, it is reasonable to assume
that the reverse process may occur on a similar timescale, and so we estimated ko
to be 10ps~!. Therefore, Equation 6.3 yields kann = 3.3-3.6 ps~! for the three pair
states with significant singlet character. This is an order of magnitude larger than the
fastest rate coefficient of triplet hopping (Table 6.2), indicating that annihilation is
effectively instantaneous compared with exciton hopping within crystalline TIPS-Pn.
This is unsurprising, as a number of experimental studies of crystalline acenes have
reported TTA to be diffusion-limited.?63:110:117

In the present model, an encounter of two triplet excitons formed one of the nine
possible (TT) states, chosen at random. Due to the significant spatial localization of
triplet excitons within TIPS-Pn,!%? triplet excitons were considered to “encounter” one
another if one exciton attempted to hop to a site already occupied by the other. If the
formed pair state was one of the three states with singlet character, mutual annihilation
of both excitons occurred instantaneously. If a pair state with no singlet character was
formed, the encounter state dissociated back into separate triplet excitons on adjacent
sites.

Table 6.2: Summary of parameters used for modelling TTA in crystalline TIPS-Pn NPs.

Parameter Symbol Value

a-axis molecular packing ¢ la 7.565 A

b-direction molecular packing ¢ Iy 10.21 A

c-axis molecular packing ¢ le 16.84 A
Triplet hopping rate coefficient along a-axis ° ka 3.70 x10~t ps!
Triplet hopping rate coefficient along b-direction ° ks, 7.94 x107 3 ps!
Natural triplet exciton decay rate coefficient ¢ kq 4.76 x10~ " ps~!

% Taken from ref. 125
b Taken from ref. 2
¢ Taken from ref. 110
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Triplet—Triplet Annihilation Simulations

For a TTA simulation with a specified NP radius (rxp) and excitation density (pex),
the expected number of initial excitations per simulation was given by

2
<nex> - pexVNP - gﬂ-pexTNP:ga (64)

as the NP volume being explicitly modelled was one hemisphere. For each simulation
trajectory, the number of singlet excitons n., was drawn from a Poisson distribution
centered at (ne). These excitons were then randomly assigned to sites within the
NP model, to emulate a pulsed laser excitation. SF in crystalline TIPS-Pn is known
to occur on a sub-picosecond timescale and with quantitative yield,*7119:129:130 and
so every singlet exciton in this model was converted into a pair of triplet excitons.
Recent experimental work has indicated that separation of the correlated !(TT) pair
state in crystalline TIPS-Pn occurs by hopping of one triplet exciton away from the
SF site.? Therefore, every geminate exciton pair in the present model was placed at
an initial next-nearest-neighbour separation, with one triplet exciton residing at the
initially chosen singlet site and the other randomly placed on a next-nearest-neighbour
site in the ab-plane. Other experimental studies have suggested that the resulting pair
of triplets initially retain some level of spin correlation before dephasing to independent
triplets. 264142 However, the timescale over which triplet decorrelation occurs is not
well characterized, and so this model did not attempt to emulate this initial spin
correlation.

After placing all triplet excitons, the system was then allowed to evolve in time
as per the first reaction method KMC algorithm.!"175:268 Time intervals At; were
calculated for all possible processes for all excitons by

Inz;

Atz = )
ki

(6.5)

where k; the rate coefficient of process i and z; € (0,1] is a random uniform variate.
Allowed processes included hopping to neighbouring sites in the ab-plane within the
NP and natural triplet decay with a first-order rate coefficient of 4.76 x10~" ps~! as
measured by Grieco and co-workers.!! The process with the smallest At; was then
chosen and acted upon, with the trajectory time advanced by this value. This was
then repeated, with At; recalculated for every allowed process after each step, until
either all excitons were removed from the system or the simulation reached a trajectory
time of 10ns. Successive trajectories were undertaken until each simulation reached
a cumulative total of 10* triplet excitons sampled. In the event of either TTA or
intrinsic triplet decay, histogram bins corresponding to the time at which the decay
event occurred were populated. The normalized triplet population over time was then
calculated as

N{(t)
Ney
where N, is the total number of triplet excitons sampled during the simulation and
N(t) is the number of excitons surviving at time ¢. To quantify the triplet population
decay, Pr(t) was fit by a stretched exponential function of the form

Pr(t) = (6.6)

t

Pu(t) = exp l— (Tﬂ , (6.7)
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for fit parameters 7 and . Examples of these fits are shown in the Supporting Infor-
mation. The time scale of the decay of Pr(t) can hence be described by the stretched
exponential mean relaxation time (7), defined as

;r (;) , (6.8)

(r)

where I' is the gamma function.

6.5 Results and Discussion

6.5.1 Steady-State Spectrophotometric Characterization

Steady-state absorption spectra of all crystalline TIPS-Pn NPs studied here are shown
in Figure 6.2. All NP sizes possess very similar spectra, exhibiting a broad progression
of visible absorption peaks and lowest energy absorption at 700 nm characteristic of
crystalline TIPS-Pn. 29131205 We therefore assign these NPs as possessing predomi-
nantly crystalline morphologies, agreeing with several previous reports of PVA induc-
ing large-scale crystallinity in TIPS-Pn NPs. 12119141 A rajsed baseline is observed at
shorter wavelengths upon increasing particle size, attributable to increased Rayleigh
scattering from these larger particles. A weak red-shift in the lowest energy absorp-
tion peak also occurs with increasing NP size (inset of Figure 6.2), shifting by 1nm
across the particle sizes considered here. The exact vibronic/phononic nature of the
absorption peaks in crystalline TIPS-Pn is not currently well understood, and so it is
difficult to assign the cause of this minor spectral shift. However, other authors have
hypothesized that the position of the lowest energy absorption band in solid-phase
polyacene materials is influenced by delocalization of the lowest-energy singlet exci-
ton. 134 The spectral shift observed here could therefore indicate a minor change in the
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Figure 6.2: Steady-state absorption spectra of crystalline TIPS-Pn NPs of various sizes,
normalized to the lowest energy absorption peak around 700 nm. NP samples are labelled by
diameter. Inset shows the shift in the lowest-energy absorption peak with NP size.
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delocalization length (and hence the local intermolecular packing) with NP size. We
recently reported a similar bathochromic shift with increasing diameter for amorphous
TIPS-Pn NPs, which was attributed to decreased morphological disorder at larger par-
ticle sizes.® However, the peak shift observed here for crystalline NPs is much smaller
than for the previously reported amorphous NPs, and so any size-dependent changes
in the intermolecular packing within these crystalline NPs are likely to be relatively
minimal. To assess whether this weak spectral shift corresponded to any changes in
exciton behaviour with NP size, we used femtosecond TA spectroscopy to characterize
the kinetics of SF and subsequent triplet decay within these crystalline TIPS-Pn NPs.

6.5.2 Time-Resolved Spectrophotometric Characterization

As shown in Figure 6.3a, TA spectra of all NP sizes considered here are nearly indenti-
cal. A broad excited-state absorption (ESA) centered at 523 nm is the most dominant
spectral feature, with a weaker ESA overlapping ground-state bleach (GSB) features
from 550 nm to 750 nm. A subtle restructuring of the 700-nm GSB is evident with in-
creasing NP size, reflecting the weak shift in the corresponding absorption band shown
in Figure 6.2. Apart from this GSB shift, however, the TA spectra are effectively iden-
tical across all NP sizes. The strong ESA band at 523 nm is well known to arise from a
T, < T transition within crystalline TIPS-Pn, %9129 and its presence is hence indica-
tive of triplet excitons arising from SF within these NPs. All NP sizes exhibit the same
instrument-limited rise in this spectral feature followed by a slow further growth in
intensity (Figure 6.3b), corresponding to formation of !(TT) excitons and subsequent
separation to independent triplets, respectively.'#? These kinetic traces are effectively
coincident for all NP sizes studied here, indicating that particle size has a minimal effect
upon SF dynamics in these NPs. It appears that the origin of the minor steady-state
spectral red-shift with size noted above has a negligible effect upon the SF kinetics
within these NPs. However, SF in bulk crystalline TIPS-Pn is known to occur on a
timescale of 80100 fs,*” which is shorter than the 150-fs instrument response function
of the TA spectrometer used here, and so small variations in the SF rate with particle
size may not be resolvable from these data. Kinetics of the 523-nm triplet ESA over
the full 3.2-ns experimental time window are shown in Figure 6.3(c-f), at four different
excitation densities. The decay of this feature is accelerated at higher pump fluences,
agreeing with previous reports of bimolecular TTA being the predominant triplet decay
pathway in crystalline TIPS-Pn.?11 At all excitation densities, the kinetics of triplet
decay are largely equivalent across all particle sizes studied here. Subtle variations in
kinetics between NP sizes may occur at 40 pJ em™2 and 400 nJ cm ™2, but these changes
lie within the noise level of this data and therefore cannot be confidently assigned.
From the data presented in Figure 6.3, NP size evidently has a negligible effect
upon the dynamics of TTA and SF within the range of particle sizes considered here.
This result contrasts significantly with our recent study of amorphous TIPS-Pn NPs,
in which order-of-magnitude changes in SF and triplet decay kinetics were observed
across a range of particle sizes similar to those considered here.® This size dependence
in amorphous NPs was ascribed to the internal NP morphologies becoming more con-
strained and disordered at smaller particle sizes. The lack of size-dependent exciton
kinetics here hence suggests that such a morphological change with particle size is ab-
sent in crystalline TIPS-Pn NPs. This may be a result of the method used to induce
NP crystallinity, whereby a spatially periodic interaction with PVA at the NP surface
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templates the TIPS-Pn crystal structure.! This interaction is likely independent of NP
size, and so crystallization with PVA may template equivalent intermolecular packings
across a range of particle sizes.

However, different-sized particles with identical morphologies may still exhibit size-
dependent exciton dynamics. Recent studies of small crystalline materials have demon-
strated that exciton confinement effects can strongly influence the kinetics of EEA
when exciton diffusion lengths are similar to or larger than crystal domain sizes.266:267
We previously estimated triplet exciton diffusion lengths in crystalline TIPS-Pn to be
on the order of 100-500nm (depending on crystallographic orientation),? which are
considerably larger than the particle sizes studied here or other reports of crystalline
TIPS-Pn NPs.!'%133 Exciton confinement effects may therefore be relevant for TTA
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Figure 6.3: (a) Transient absorption spectra at 1ps delay of different-sized crystalline
TIPS-Pn NPs, normalized to the 523nm ESA. (b) Early-time normalized kinetics of the
523nm ESA, known to arise from triplet excitons in crystalline TIPS-Pn. (c¢—f) Long-time
normalized kinetics of the 523 nm ESA, at pump fluences of (c¢) 400 nJ em ™2, (d) 162 pnJ cm =2,
(e) 81pJem™2 and (f) 40 pJ em~2. NP samples are labelled by diameter.
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in crystalline TIPS-Pn, and hence have the potential to induce size-dependent triplet
exciton dynamics. While no size-dependent behavior was observed in the data pre-
sented in Figure 6.3, only a relatively limited combination of NP sizes and excitation
densities were considered in these experiments. To comprehensively study all possible
combinations of NP size and excitation density would be experimentally implausible,
and so we instead used higher throughput KMC simulations to explore this parameter
space for possible exciton confinement effects in crystalline TIPS-Pn NPs.

6.5.3 Triplet—Triplet Annihilation Simulations

6.5.3.1 Geminate Recombination

Figure 6.4a shows normalized triplet population kinetics from KMC simulations con-
taining only a single pair of triplet excitons per NP model. Under such conditions, gem-
inate recombination of the exciton pair is expected to dominate the decay of triplet
excitons on the ps—ns timescale. The triplet decay kinetics obtained here exhibit a
marked dependence upon NP size, with the rate of triplet decay decreasing signifi-
cantly at larger particle sizes. This is reflected in the mean relaxation times fit to these
decay profiles: as shown in Figure 6.4b, (7) increases by 3 orders of magnitude upon
increasing dyp from 6 nm to 100 nm. This dependence of decay kinetics upon dyp can
be rationalized as an exciton confinement effect: excitons in a smaller NP have fewer
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Figure 6.4: (a) Normalized triplet population kinetics from simulations of a geminate pair
of triplet excitons in crystalline TIPS-Pn NPs of varying size. (b) Mean relaxation times
((1)) fit from the traces shown in (a), with the first-passage time () shown for reference.
Traces in (a) are labelled by NP diameter.
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sites which they can occupy relative to a larger NP. Therefore, the probability of the
exciton pair re-encountering one another is higher in smaller NPs than in larger parti-
cles, and so the rate of geminate decay is faster at smaller particle sizes. To quantify
this dependence of geminate recombination kinetics upon NP size, we considered the
average time taken for the exciton pair to recombine through diffusion-limited motion.
This is known as the “first-passage time” or “first-hitting time” (denoted 7),2%*?™ and
for the case here of a geminate pair of triplet excitons undergoing 2D diffusion within
a circular domain may be estimated as?™

32

Tg ~ @dl\]p27 (69)
for D the effective triplet exciton diffusion coefficient (derivation shown in the Sup-
porting Information). Triplet exciton hopping in the model here is limited to the ab-
plane, and so D = Dop = 4.32 x10~* cm?s™! (calculation in Supporting Information).
This model describes the average time taken for a geminate pair of triplet excitons
to encounter and recombine through diffusion-limited TTA when confined within an
average-size ab-domain for a given NP diameter. Equation 6.9 makes a number of
approximations; it assumes that one exciton starts in the exact center of the domain,
that excitons in this system diffuse isotropically in two dimensions, and that both the
initial pair separation and annihilation radius of TTA are negligible in comparison to
the domain size. Despite this, 7, agrees reasonably with mean relaxation times fit
from geminate KMC simulations across all NP sizes considered here (Figure 6.4b).
Slight disagreement between (7) and 7, occurs for 7 > 10* ps; however these lifetimes
are longer than the simulation time window and so cannot be fit to a high degree of
accuracy. The first passage time therefore provides a quantitative estimate of how
exciton confinement effects influence the kinetics of geminate triplet recombination in
crystalline TIPS-Pn NPs.

6.5.3.2 Bimolecular Annihilation

Under most experimentally relevant conditions, NPs will contain many pairs of excitons
arising from SF. We therefore extended our KMC modelling to consider NP systems
with multiple geminate pairs of triplet excitons. For each simulation, the number of
exciton pairs within the NP was determined from the input excitation density pe, and
the NP volume (as per Equation 6.4). Resulting triplet population kinetics and fitted
relaxation times are shown in Figure 6.5, at three different values of p.. The triplet
kinetics show some dependence on NP size at all excitation densities considered, with
faster decay again occurring at smaller particle sizes. Unlike the kinetics of geminate
TTA discussed above, however, in these many-exciton simulations the triplet decay
kinetics eventually reach a plateau with increasing dyp. The NP size at which triplet
decay kinetics become size-independent appears to vary inversely with excitation den-
sity, occurring at smaller NP sizes upon increasing p... To both quantify the time
scale of bimolecular TTA and understand this transition from size-dependent to size-
independent triplet exciton kinetics, we considered a simple model of diffusion-limited
TTA. In the limit of triplet decay occurring only through diffusion-limited bimolecular
TTA, the rate-limiting step of exciton decay is the diffusive encounter of any two triplet
excitons. For a 2D system containing many excitons, the average time taken for two
triplets to encounter one another through diffusive motion (“mean encounter time”,
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denoted 7,) can be estimated as

[ /R\ 9
~ — |In| — — Nl
T ZD[H(a>+4}’ (6.10)

where R = (chpex)_l/ 2 and a is the annihilation radius, set here to the average nearest-

neighbour crystallographic separation in the ab-plane. The derivation of Equation 6.10
is shown in the Supporting Information. Notably, 7, is entirely independent of NP size
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Figure 6.5: (Left) Normalized triplet population kinetics and (right) fitted mean relaxation
times for crystalline NPs of varying size, from KMC simulations of TTA at excitation densities
of (a) 1x1072nm ™3, (b) 2x 1073 nm 3 and (c) (a) 5 x 1073 nm~3. Kinetic traces are labelled
by NP diameter. Horizontal dashed lines correspond to mean encounter times as per Equation
6.10, vertical dash-dot lines correspond to critical NP sizes as per Equation 6.12, and solid
black curves show the geminate first-passage time for triplet exciton pairs as per Equation
6.9.
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(unlike 7, for geminate recombination), as this model assumes an infinite 2D domain
containing a homogeneous exciton distribution. Despite this assumption, Equation 6.10
is expected to be a reasonable description of the TTA timescale for large NPs, as the
inter-exciton separation in such systems will be considerably smaller than the average
domain size. Therefore, for sufficiently large NP size an exciton will be much more
likely to encounter another exciton and annihilate than to reach the domain boundary,
and so the triplet decay dynamics would resemble those of the bulk material. As
shown in Figure 6.5, (1) fit from the KMC simulations plateau at values very close to
the corresponding mean encounter time predicted by Equation 6.10 at all excitation
densities considered here. The mean encounter time is therefore a reasonable estimate
of the triplet relaxation time through bimolecular TTA at large particle sizes.

The transition in these simulations from size-dependent decay kinetics at small par-
ticle sizes to size-independent dynamics at larger NP sizes thus corresponds to a shift
in the dominant mode of exciton decay. Geminate recombination dominates triplet
decay at smaller NP sizes and exhibits size-dependent kinetics, while bimolecular TTA
is the major exciton decay pathway at larger particle sizes and is size-independent for
sufficiently large NPs. To quantify the threshold size at which crossover from gem-
inate recombination to bimolecular annihilation occurs, we considered the minimum
NP size required for an exciton to encounter another triplet exciton before reaching a
domain boundary. The average radius of a 2D ab-domain (denoted (rsp)) is signifi-
cantly smaller than the NP diameter in the crystalline models used here, and is equal
to (m/8)dnp (calculation in Supporting Information). The average 2D inter-exciton
distance (denoted 7.x) can be calculated from the average 2D triplet density prop as

1
 /PTap (6.11)
:(2lcpex)7l/27

/rex

(assuming quantitative SF') where [ is the crystallographic c-axis spacing. The NP size
at which triplet decay begins to switch from size-dependent geminate recombination
to size-independent bimolecular TTA (termed the “critical size” here, denoted de)
is expected to occur when the average inter-exciton separation is on the order of the
average domain size, i.e. 7o, = (rop). Using Equation 6.11, this critical NP size can
therefore be estimated as g

dopis = = (2lepex) 2. (6.12)

Critical NP sizes calculated by Equation 6.12 are shown as vertical dash-dotted lines
in the right panels of Figure 6.5. For every excitation density considered, d.;; predicts
with reasonable accuracy the particle size at which the size-dependent triplet kinetics
begin to plateau. For dyp < dui each crystalline domain contains very few excitons,
and so a given exciton is more likely to encounter the domain boundary than an exciton
from a different geminate pair. The decay kinetics in this region are hence governed
by geminate recombination and are strongly size-dependent, following the expected
first-passage time for geminate recombination. However, for dyp > d.;; domains may
contain multiple exciton pairs, and the mean inter-exciton separation is smaller than
the average distance from any exciton to the domain boundary. Bimolecular TTA
therefore becomes significant in this size region, and so the time scale of triplet decay
in this region begin to converge to 7,. Note that Equations 6.11 and 6.12 refer to
the average 2D domain size, but each NP possesses domains larger or smaller than
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this size. Therefore, NPs slightly larger than d.; will still contain some domains
which are sufficiently small that only geminate recombination can occur. Despite this,
the agreement between theory and simulation shown in Figure 6.5 indicates that dc
provides a reasonable, quantitative estimate of NP sizes at which size-dependent triplet
decay kinetics become significant for NPs of crystalline TIPS-Pn.

6.5.4 Size-Dependent Region of Triplet Kinetics

Figure 6.6 shows the parameter spaces predicted by Equation 6.12 to give strongly
size-dependent and size-independent triplet decay kinetics on a plot of de; versus pey,
along with the experimental conditions corresponding to the data presented in Figure
6.3. All experimental data here lie within the size-independent regime of triplet exci-
ton kinetics, which agrees with the lack of size-dependent exciton dynamics observed
in Figure 6.3. To observe size-dependent geminate recombination kinetics due to ex-
citon confinement, experiments would have to be performed either at lower excitation
densities or with significantly smaller NPs. Ultra-small particle sizes for aqueously-
dispersed acene NPs are not impossible: a previous study of diphenyltetracene NPs
prepared by re-precipitation reported particle diameters as low as 11 nm.3* However,
the smallest reported particle sizes for TIPS-Pn NPs were 33nm in diameter,®*! only
slightly smaller than the 38-nm NPs studied experimentally here. It is unclear whether
particle sizes smaller than 33nm are experimentally achievable for TIPS-Pn NPs; to
the best of our knowledge, no attempts have been made at preparing NPs smaller than
this. Therefore, while we cannot rule out the possibility of TIPS-Pn NPs smaller than
33 nm being achievable through re-precipitation, such small particle sizes are certainly
not relevant within the existing body of literature on crystalline TIPS-Pn NPs.
Additionally, excitation densities cannot be made arbitrarily small for ultrafast
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Figure 6.6: Critical NP size (dit; solid curve) as a function of excitation density (pex),
separating regions of size-dependent (shaded region) and size-independent (unshaded region)
triplet decay kinetics in crystalline TIPS-Pn NPs. Minimum NP size experimentally achiev-
able to date for crystalline TIPS-Pn314! (33 nm; horizontal dashed line) and lowest excita-
tion density experimentally achievable here (8 x10~* nm™3; vertical dotted line) are shown
for reference. Experimental conditions corresponding to data shown in Figure 6.3 are shown
as coloured crosses.
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spectroscopy measurements, as the signal intensity is directly proportional to pex. This
is evident in the data presented in Figure 6.3: the signal-to-noise ratio of the data col-
lected at the two lowest excitation densities is significantly poorer than at higher pump
fluences. Further reduction of p.x would decrease the data quality even more, likely
to a point where any size-dependent triplet kinetics would not be resolvable. For the
apparatus used here, we estimate the minimum excitation density required for a resolv-
able triplet signal from these NPs to be approximately 8 x10~*nm™ (calculation in
the Supporting Information), corresponding to a pump fluence of 15-20 pJ cm ™2 in the
experiments undertaken here. Pump fluences as low as 5-10pJ cm ™2 have previously
been reported in other studies of crystalline TIPS-Pn, %19 hut after accounting
for excitation wavelength and sample absorbance these are equivalent to the lowest
excitation density used here. Therefore, excitation densities below 8 x10~*nm=3 are

unlikely to be experimentally accessible for most ultrafast spectroscopic investigations
of crystalline TIPS-Pn NPs.

The region of experimentally relevant conditions hence corresponds to the upper-
right section of Figure 6.6, bounded by dxp = 33nm (horizontal dashed line) and
Pex = 8 1074 nm 3 (vertical dotted line). As is clearly evident, this parameter space
sits almost entirely within the domain of size-independent triplet exciton kinetics.
Therefore, it is highly unlikely that any size-dependent exciton dynamics due to con-
fined geminate recombination will be relevant in experimental studies of crystalline
TIPS-Pn NPs. This is not to say that such effects cannot be observed; higher sensi-
tivity TA apparatus may be able to resolve triplet signals at sufficiently low excitation
densities, or preparation of very small TTPS-Pn NPs may prove experimentally possible.
Rather, size-dependent triplet dynamics due to confined geminate recombination will
be largely negligible in crystalline TIPS-Pn NPs under typical experimental conditions.
The results presented here therefore indicate that relatively small (dyp = 30-50nm)
NPs are appropriate model systems for studying the bulk exciton dynamics of crys-
talline TTIPS-Pn, as minimal size-dependent kinetic effects will occur under typical
experimental conditions.

The KMC model and subsequent analysis presented here assumes TIPS-Pn NPs to
be perfectly singly crystalline, containing no polycrystallinity or crystal grain bound-
aries. High levels of polycrystallinity could potentially accelerate geminate recombi-
nation of triplets, due to increased spatial confinement of exciton pairs within small
crystalline domains. However, non-equilibrium packing geometries at grain boundaries
may also enable triplet transfer in the c-direction, breaking the 2D confinement of ex-
citon pairs in single-crystal TIPS-Pn. This could facilitate greater separation of triplet
exciton pairs and slow their geminate recombination, hence minimizing size-dependent
triplet dynamics. It is unclear to what extent each of these effects contribute to triplet
decay kinetics in the NPs studied here, as the degree of polycrystallinity and average
crystallite size in TIPS-Pn NPs has not previously been quantified. However, previous
studies of TIPS-Pn films have observed significant crystalline alignment, with aver-
age domain sizes ranging from tens of nanometers to hundreds of microns. 119:120:228 Tf
crystal domain sizes within NPs are similar to these films, then relatively large-scale
crystal alignment is likely present within the particles studied here. Additionally, the
absence of amorphous TIPS-Pn spectral features in both steady-state and ultrafast
measurements indicates that the NPs studied here are almost entirely crystalline, with
negligible levels of amorphous TIPS-Pn remaining within the NP interior. We have
previously demonstrated that the crystallization of TIPS-Pn NPs with PVA occurs
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through an auto-catalytic mechanism, whereby crystallinity nucleated at the NP sur-
face induces a rearrangement of neighbouring molecules, spreading crystallinity into
the NP interior.! The significant crystallinity within the NPs studied here implies
that this auto-catalytic process spreads throughout the entirety of these NPs, which
hence necessitates a substantial level of crystalline alignment throughout the particles.
Therefore, we anticipate a high level of single-crystal alignment within the NPs studied
here, and so the effects of polycrystallinity and crystal grain boundaries are expected
to be minimal.

While this study has focused on the specific example of crystalline TIPS-Pn NPs,
the theory presented here regarding size-dependent exciton kinetics arising from exciton
confinement may be more broadly applicable to any small NPs of crystalline organic
materials in which diffusion-limited EEA is the dominant decay process. d.; depends
on only the excitation density and average domain size within the NP, and analogous
derivations of Equation 6.12 can be made for one- or three-dimensional triplet exci-
ton diffusion by making adjustments for the effective domain size. In general, small
crystalline domains will begin to exhibit size-dependent exciton dynamics when each
domain contains sufficiently few excitations that an exciton is on average more likely
to encounter the domain boundary than another exciton. For SF chromophores, this
will result in confined geminate triplet—triplet recombination accelerating the triplet
population decay, as demonstrated here for crystalline TIPS-Pn. However, this theory
is also relevant for materials which do not undergo SF, as confinement of a sole singlet
exciton to a domain will inhibit EEA entirely. In such circumstances, the exciton decay
will instead be limited by the natural exciton lifetime or other decay processes such as
exciton—charge annihilation. Therefore, the theory developed here may be a powerful
tool when designing spectroscopic experiments using NP dispersions. Calculation of
the critical NP size for a given material can inform the choice of experimental con-
ditions, to avoid any potential size-dependent exciton dynamics and ensure that the
NPs are a reasonable model of the bulk material. Alternatively, it may be desirable to
tune conditions into the size-dependent region of kinetics, to study processes such as
geminate recombination or natural exciton decay that may be difficult to observe in
the bulk due to rapid bimolecular EEA.

We previously estimated the triplet concentration in crystalline TIPS-Pn NPs un-
der solar irradiation to be on the order of 60 pM (Figure 4.13), corresponding to an
excitation density of 2 x 107> nm 3.2 Using Equation 6.12, such a low excitation density
would yield a critical NP size greater than 300 nm, which is larger than any previously-
reported TIPS-Pn NPs, 19133 and indeed larger than the thicknesses of many TIPS-Pn
thin-film systems. 128142 The confinement-induced exciton behavior identified in this
work may therefore be relevant for PV devices using small NPs or thin films to harness
solar energy. Accelerated geminate recombination at small domain sizes may compete
with triplet dissociation or interfacial charge transfer and hence reduce device perfor-
mance, and so should be taken into consideration when designing PV devices employing
nanoscale sensitization layers.

6.6 Conclusions

This work has demonstrated that particle-size effects have a negligible effect upon ex-
citon kinetics within crystalline TTPS-Pn NPs. Transient absorption characterization
of NPs ranging from 38 nm to 62nm in diameter shows no changes in the dynamics
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of SF or TTA with particle size, suggesting that there are negligible morphological
differences across these NP sizes. Kinetic Monte Carlo modelling predicts that size-
dependent triplet kinetics will emerge when exciton decay becomes dominated by gemi-
nate recombination of triplet pairs, due to confinement of exciton pair within crystalline
domains. However, such effects are unlikely to be observed experimentally, as they re-
quire very small particle sizes or low excitation densities that are either not practical
or experimentally irrelevant. These results therefore indicate that small NPs are ex-
cellent model systems for studying the exciton dynamics of bulk crystalline TIPS-Pn,
as particle size effects within such systems are expected to be negligible.
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6.7 Supporting Information

Dynamic Light Scattering Characterization of Nanoparticle Size

Figure 6.7 shows intensity-weighted particle size distributions of all NP samples used in
this work. A relatively monodisperse distribution is observed for the smallest particles
size studied here, with a Z-average diameter of 38 nm. However, the larger particle
sizes exhibit progressively broader distributions with higher polydispersity, possibly
due to the relatively high injection concentrations used in their preparation (Table 6.1)
inducing a wider range of initial nucleation conditions. However, this polydispersity
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Figure 6.7: Intensity-weighted particle size distributions of TIPS-Pn NPs prepared by re-
precipitation from varying injection concentrations. NP samples are labelled by Z-average
diameter.
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is unlikely to significantly impact the results obtained from experiments undertaken
here, as the particle size distributions are centered at different sizes.

It should also be noted that the size distributions shown in Figure 6.7 and Z-
average diameters quoted throughout this work correspond to as-prepared NPs, before
addition of PVA to induce crystallinity. Previous work by our group suggested that
the amorphous-to-crystalline phase transition in TIPS-Pn induced by PVA occurs with
a negligible change in particle size, but PVA then coats the NP surface to a depth
of tens of nanometers.! This coating is measured by DLS as an increase in the NP
hydrodynamic diameter, which has potential to complicate interpretation of this data
and hinder accurate quantification of particle sizes. Therefore, we consider particle size
distributions recorded before addition of PVA to be the most accurate measure of NP
size here.

Singlet Projections onto Triplet-Pair Encounter States

The spin Hamiltonian for an interacting pair of triplet excitons localized on molecules
A and B may be approximated as?

f{total - f{magnetic + E[SSA + IA{SSB + [A{ABa (613)

where ]flmagnetic denotes the Zeeman magnetic field effect on the triplets, H Ap the inter-
molecular coupling between triplets and ﬁssi the intramolecular spin—spin interaction
on molecule 7. f[magnetic was set to zero here, as TTA considered in this work occurs
under no external magnetic field. ﬁssi was calculated as

~ ~ 1 A ~ ~
flss, = D <s2 _ 3ysi|2) LB (82 -52), (6.14)

where D and E are the molecular zero-field splitting parameters foi" crystalline TIPS-
Pn (0.0383cm™! and 0.0056 cm ™!, respectively'%?) and S; = (Sx“ Syis SZZ.) is the two-

electron spin operator on molecule 7. H p was assumed to be a dipole—dipole interaction
of the form
Hap = =X [3(8a - #)(85 - #) — Sa - S5, (6.15)

for # the unit vector joining molecules A and B, and X a constant describing the spin-
spin coupling strength (assumed to be equal to D/100 here; the specific form of this
intermolecular coupling term is not important so this term is relatively weak). The
Schrodinger equation with Hamiltonian in Equation 6.13 can be solved to give nine
eigenvectors for the triplet-pair states (denoted 1)y, [ = 1-9), and the projection of each
of these onto the pure singlet state of the system (CY) is given by

Cs = 37 2({alalzls + (ylalyln + (zla(zlp)), (6.16)

where (x|;, (y|;, (z|; are two-electron spin states on molecule i defined with respect to
the molecular symmetry axes of one of the molecules such that S; |k) = ihe;x |1), where
€ is the permutation symbol and j, k, 1 = z,y or 2.9 Equation 6.16 was evaluated
for triplet pair states in crystalline TIPS-Pn by diagonalizing If[total in the zero-field
basis (using the method from ref. 95) for pair geometries taken from the TIPS-Pn
crystal structure.?® Resulting values of |C}|? for each state are listed in Table 6.3.



142 Chapter 6. Confinement Effects Upon Triplet Exciton Dynamics in Crystalline. ..

Table 6.3: Singlet projections onto triplet-pair states for crystalline TIPS-Pn dimer pairs.

112

State (1) . G5 .

a-pair b-pair

1 0.330 0.329
2 1.73 x 107% | 1.45x 107
3 1.99 x 1073 | 1.10 x 1073°
4 2.84 x 10732 | 1.12 x 1072
5 7.21 x 107* | 3.65 x 10~*

6 0.346 0.355
7 9.34 x 1073 | 7.15 x 107
8 852 x 1076 | 1.29 x 107°

9 0.323 0.317

Stretched Exponential Fits to Simulated Triplet Decays

Pr(t)
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Figure 6.8: Triplet population kinetics from KMC simulations of a single pair of triplet
excitons (solid curves), and fits to these traces by stretched exponential functions (dashed
curves). Traces are labelled by NP diameter. Best-fit parameters are: 7 = 113.9 4 0.1 ps,
B = 0.755 + 0.001 ((r) = 134.9 +0.2ps) for the 6-nm NP; 7 = 779.4 £ 0.7ps, f = 0.474 +

0.001 ((r) = 1733 £ 2ps) for the 20-nm NP; and 7 = 7210 + 20ps, § = 0.269 + 0.001
({r) = 115000 % 400 ps) for the 100-nm NP.

Average Radius of a 2D Plane Within a Hemisphere

The crystalline TIPS-Pn NP model used in KMC modelling here consists of a series
of stacked, parallel 2D domains in a hemisphere. As shown in Figure 6.9, for a plane
of radius rop at height h above the hemisphere base, rop and h form two sides of a
right-angled triangle, with the hemisphere radius ryp as the hypotenuse. The plane
radius may hence be written as

oD = 7”Np2 — h2. (617)
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Figure 6.9: Diagram of a 2D plane of radius rop within a hemisphere of radius ryp, at a
height h above the hemisphere base.

The average radius of planes within the NP model (rop) is therefore given by
1/2
> (TNP2 - hiQ)
2t ’

for ¢ planes of height h; within the NP hemisphere. In the limit of the inter-plane
spacing becoming infinitesimally small, Equation 6.18 may be rewritten as

[ ey A VS
(rap) = 22 e == /0 Jrap? — h2dh, (6.19)

(rop) = (6.18)

which has solution
T T

(rap) = e = ngP- (6.20)

It is worth noting that the inter-plane spacing in crystalline TIPS-Pn (I, = 1.684 nm)
is finite and not insignificant when considering some of the smaller NPs modelled here.
Therefore, to verify the accuracy of the analytical solution shown in Equation 6.20,
(rop) was also computed through numerical evaluation of Equation 6.18 for all NP
sizes considered here. As shown in Figure 6.10, values of (rop) determined from both
the analytical solution and numerical evaluation agree closely across the entire range of
NP diameters considered in this work. Equation 6.20 is therefore valid for determining
the average size of ab-planes within the crystalline TIPS-Pn NP models considered
here.

First-Passage Time for Geminate Triplet Recombination

The “first-passage time” 7, for diffusion-controlled recombination of a neutral geminate
pair within a circular 2D domain (with one exciton initially residing at the domain
center) has the form?2™

T, :Eln (TO> —i(r 2—a2)—|—i(r 2 —a?) (6.21)
e~ 92D \a/) 4D""° 2ar ¢ ’ ‘

for domain radius rq, annihilation radius a, initial pair separation ry and effective

diffusion coefficient D. &k is the “association constant” which describes the rate of
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Figure 6.10: Analytical solution (Equation 6.20) and numerical evaluation (Equation 6.18)
of (rgp) for the range of NP diameters considered here.

exciton recombination at r = a, defined by the reactive boundary condition

D (?;)T:a = rp(a,t), (6.22)

for p(r,t) the exciton probability distribution. Here, we assume?#*

DP
R = (a>

, (6.23)

a

for P(a) the reaction probability at r = a, which we take to be 1/3 as only 3/9
encounter states may undergo TTA in the present model. Therefore, Equation 6.21
may be rewritten as

Ty = leln <7"0) — L(7‘ 2 —a®) + i(7“ 2 —a?) (6.24)
& 2D \a/ 4D 2D ¢ ' ‘

In the limit of @ ~ ry < rq (as is the case here for geminate triplet pairs within
crystalline TIPS-Pn NPs), Equation 6.24 simplifies to

3Td2
Ty R ——.
£ 72D
As shown in the previous section, the average radius of a 2D plane within the NPs

considered here is given by (rxp) = mdyp/8. Therefore, the first passage time for a
geminate triplet pair within an average-sized NP domain may be written as

(6.25)

3<TNP>2 3W2 9
— dnp?. 2
2D 128D NP (6.26)

Tg ~

It should be noted that these equations for geminate first-passage times are derived
from a model which assumes 2D diffusion of a geminate pair with a circular domain
centered at the initial position of one exciton.?”™ The KMC simulations here allowed for
initial exciton placement at any site within a NP, not just at the center of a 2D domain.
Therefore, Equation 6.26 is only an approximation of the geminate first-passage time
for the systems considered in this work.
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Calculation of the Triplet Exciton Diffusion Coefficient

One-dimensional diffusion coefficients D; can be determined from exciton hopping co-
efficients k; and intermolecular separations /; by 238

1
D; = 5k;,-zf. (6.27)

For anisotropic diffusion in two dimensions, the effective two-dimensional diffusion co-
efficient is given by the geometric mean of the relevant one-dimensional coefficients: 2"

Dap = /Dy Ds. (6.28)

Using the TIPS-Pn lattice spacings and triplet hopping rate coefficients listed in Table
6.2, the effective two-dimensional diffusion coefficient of a single triplet exciton in the
model used here can hence be calculated as Dy, = 2.16 x10~* cm?s™!'. The effective
diffusion coefficient for the relative motion of two equivalent particles is equal to twice
the individual diffusion coefficient, and so the effective diffusion coefficient for triplet

annihilation and recombination here is Doy = 4.32 x10™% cm?s~ .

Mean Encounter Time for Bimolecular Annihilation

To estimate the mean encounter time for triplet decay through diffusion-limited bi-
molecular TTA, we considered the annihilation of two triplet excitons undergoing 2D
diffusion relative to one another, with the distance between the excitons restricted to
lie between » = a and r = R for R > a, where a is again the annihilation radius and
the outer radius R is defined such that the two excitons in this domain is consistent
with the average number of excitons in a domain of this size for the specified triplet ex-
citon density. Assuming that the initial exciton distribution is homogeneous, the mean
passage time for the two excitons to encounter and annihilate through diffusion-limited

TTA in such a model is given by 272273
R 11 2 2 R? R D ) )
Tb:wlw(“ _3R)+R2_a21n<a)+m€32 (R*=a%)], (6.29)

where « is the association constant defined in Equation 6.23. Assuming again that
P(a) = 1/3, Equation 6.29 may be rewritten as

R? 1 9 9 R? R
which in the limit of R > a reduces to
R? R 9

Defining R such that the average number of excitons within a circle of this radius is
equal to 2 gives
propTR? =2, (6.32)

where prop is the 2D triplet exciton density given by praop = 2lcpex. This may hence
be rearranged to give

R = (mlepex) V2. (6.33)
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Lowest Experimentally Achievable Excitation Density

For the experimental apparatus used in this work, the minimum signal required to
resolve a TA spectrum is approximately AA =~ 0.001. By the Beer-Lambert law, the
minimum resolvable triplet concentration in this apparatus is hence given by

_AAWY
= T

(6.34)

for path length [ and molar extinction coefficient er(\) at wavelength A. Previous
work by our group determined that ep(523nm) = 22000 L mol 'dm ™ for aqueously-
dispersed crystalline TIPS-Pn NPs.? Therefore, Equation 6.34 yields a minimum ob-
servable triplet concentration of 2.27 x10~" mol dm™>. However, this value corresponds
to the triplet concentration across the entire aqueous dispersion ([T]sus), and does not
consider that these excitons are localized only inside the solid NPs contained within
this suspension. As shown previously, this may be corrected for by

[T)xp = ZEPS=Pu gy (6.35)
CNP

where prips_pn = 1.104 g cm ™3 is the density of crystalline TIPS-Pn and cxp is the mass
concentration of TIPS-Pn in suspension.?!?® Assuming cxp = 100 ppm, the lowest de-
tectable triplet concentration within the NPs is therefore equal to 2.51 x10~% mol dm ™>.
For quantitative SF (as has been shown to be the case in crystalline TIPS-Pn'!?) the
excitation density is equal to half of this. Therefore, the lowest excitation density at
which triplet excitons will be experimentally observable is equal to

1
pex =5 X 2.51 %1073 mol dm™*

_3 -3

—1.25 x10"% mol dm (6.36)
=7.55x10% dm™

=7.55x10"* nm—3.
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CHAPTER 7
Conclusions and Future Directions

This thesis presented a series of investigations into the how the morphology and in-
termolecular packing within 6,13-(triisopropylsilylethynyl)pentacene (TIPS-Pn) influ-
ences the exciton dynamics associated with singlet fission (SF). These studies focused
specifically upon aqueous dispersions of TIPS-Pn nanoparticles (NPs), but many of
the key findings may be generalized to bulk TIPS-Pn or other small-molecule SF' chro-
mophores.

Chapter 3 studied a novel process of morphological control for TIPS-Pn NPs,
whereby poly(vinyl alcohol) (PVA) induced an amorphous-to-crystalline structural
reorganization throughout these particles. X-ray diffraction experiments confirmed
that the resulting NPs possessed significant long-range crystalline order, and steady-
state spectroscopic characterization demonstrated that this molecular rearrangement
occurred on a timescale of seconds under ambient conditions. Dynamic light scatter-
ing (DLS) studies indicated that this morphological transformation was preceded by
adsorption of PVA at the NP surface, suggesting that some form of surface-mediated
interaction was responsible for templating crystallinity within TITPS-Pn. This effect was
found to be highly specific to TIPS-Pn and PVA: using other water-soluble polymers
in place of PVA did not reproduce this phase transition, nor did PVA induce crys-
tallinity in any other substituted acenes. Density functional theory (DFT) modelling
suggested that this structural reorganization may be facilitated by a periodic inter-
action between TIPS groups and PVA hydroxyl groups at the NP surface. Transient
absorption (TA) spectroscopy experiments then demonstrated that this PVA-induced
phase transition accelerated SEF within TIPS-Pn NPs by over an order of magnitude.
This work therefore provides a framework for understanding the mechanism by which
PVA induces crystallinity in amorphous TIPS-Pn, which had been previously reported
in the literature but not well understood.

This study appears to be the first report of such a spatially periodic interaction
between polymer and organic material inducing a solid-state structural reorganiza-
tion. It is currently unknown how widely applicable this effect may be, and future
work should investigate other polymer:substrate combinations which exhibit spatially
periodic alignment for their potential to influence substrate morphology. For such a
structural templating effect to be observed, the substrate material should have amor-
phous and crystalline phases which are both metastable under ambient conditions and
readily distinguishable from one another through techniques such as steady-state spec-
troscopy. The polymer should contain side-chains or some structural motif capable of
undergoing localized intermolecular interactions (such as the hydroxyl groups on PVA)
spaced periodically along the backbone, and be readily soluble in the medium used to
suspend the substrate. To search for possible combinations of polymer and substrate
material which satisfy these conditions, computational screening of structural databases
would likely be the most effective starting point. A recent study reported an algorithm
for high-throughput screening of epitaxial alignment between metal-organic framework
materials and crystalline substrates,?™ and a similar approach may be suitable here.
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Further experiments could also investigate the nature of this surface-mediated in-
teraction, and test the level of periodic matching required to induce crystallinity in
TIPS-Pn. Testing PVA analogues such as poly(vinyl thiol) or poly(vinyl amine) for
their ability to crystallize TIPS-Pn would shed light on how the sterics and electron
density of the polymer side chains influence this structural templating effect. Addi-
tionally, experiments using small vinyl alcohol oligomers in place of extended PVA
chains could be used to determine the minimum interaction length required for this
periodic interaction to induce crystallinity. Similarly, extending the spacing between
hydroxyl groups upon the polymer chain (i.e. using propenol or butenol monomers in
place of vinyl alcohol) or varying PVA tacticity would yield information regarding the
length scale and sensitivity of the periodic interaction. Finally, it would be instructive
to extend these experiments from small NPs to thin films, to ascertain whether this
structural reorganization is also applicable to bulk TIPS-Pn.

Chapter 4 quantified the kinetics of triplet exciton diffusion in crystalline TIPS-Pn,
revealing that triplet mobility is highly anisotropic throughout this crystal structure.
TA spectroscopy of crystalline TIPS-Pn NPs observed highly fluence-dependent de-
cay kinetics of triplet excitons, indicative of exciton decay occurring primarily through
diffusion-limited triplet—triplet annihilation (TTA). Kinetic models allowing for either
isotropic or anisotropic three-dimensional (3D) triplet diffusion fit these triplet dynam-
ics equally well, but only the latter yielded best-fit parameters that were physically rea-
sonable. This equivalence in model fits arose from both models having the same math-
ematical form despite representing very different physical systems, thus highlighting
that goodness of fit is not always a reliable indicator of model suitability. Other experi-
mental studies have used this isotropic model to describe triplet diffusion in crystalline
pentacene''” and TIPS-Pn,''? but this work demonstrated that best-fit parameters
arising from this model are not physically representative of materials with anisotropic
crystal packing, and may therefore give misleading predictions regarding exciton mo-
bility. Fits of the TA data here with anisotropic 3D or one-dimensional (1D) diffusion
models indicated that triplet exciton diffusion is highly anisotropic within crystalline
TIPS-Pn. Triplet hopping rates calculated by constrained DFT and Marcus theory
agreed with this, predicting triplet mobilities that differed by over 7 orders of magni-
tude along the three crystallographic axes of TIPS-Pn. These results hence suggest
that triplet exciton mobility in device-relevant TIPS-Pn films is highly sensitive to
crystallographic orientation, and favorable crystalline alignment may facilitate rapid
and long-range exciton transport in single-crystal device films.

Poor triplet exciton mobility is often cited as a significant source of efficiency losses
in SF-sensitized PV devices with pentacene or TIPS-Pn active layers.?”2° However,
the impact of anisotropic exciton diffusion and crystal orientation upon triplet mobility
within PV devices has not yet been explicitly considered. Estimated triplet diffusion
lengths from this work suggested that exciton transport of up to 0.5 pm may be possible
along the crystallographic a-axis, but that negligible transfer occurs along the c-axis
within the triplet lifetime. Techniques exist for the large-scale alignment of single-
crystal TIPS-Pn films, with one study reporting millimeter-scale crystalline alignment
by using a specialized solution coating method.??® Future attempts to construct SF-
sensitized PV devices with crystalline TIPS-Pn as the sensitising layer should therefore
focus upon ensuring large-scale crystallographic alignment within the film, with the a-
axis aligned perpendicular to the device interface. This architecture would maximize
the transport of triplet excitons to any harvesting layer, and may hence improve the
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efficiencies of SF-sensitized PV devices.

Triplet exciton diffusion coefficients within crystalline TIPS-Pn were quantified here
by kinetic modelling of experimental data and from constrained DFT configuration-
interaction (CDFT-CI) calculations. While these methods likely give reasonable order-
of-magnitude estimates, both of these techniques rely upon significant assumptions that
likely introduce some level of error into the computed diffusion coefficients. Further
experiments should therefore aim to quantify the anisotropic triplet exciton diffusion
coefficients in crystalline TIPS-Pn to a higher level of accuracy. Transient absorption
microscopy or similar techniques would be well suited for this, as such experiments
spatially map the evolution of exciton distributions over time and may hence allow for
direct imaging of the anisotropy in triplet exciton diffusion within crystalline TIPS-Pn.

The kinetic modelling presented in Chapter 4 assumed that TTA in crystalline
TIPS-Pn occurred only through the singlet channel, but no spectroscopic evidence was
observed for the re-formation of singlet excitons following TTA. It was inferred that
these singlets relaxed to the ground state very rapidly and were hence undetectable
within the experimental resolution here. However, a recent study of crystalline penta-
cene demonstrated that TTA formed a !(TT) pair state capable of radiative decay via a
Herzberg-Teller mechanism.® This possibility was not considered in the present work,
but may explain the lack of observable singlet excitons arising from TTA. Additionally,
the data presented here observed a spectral red-shift in the negative TA signal between
700nm and 750 nm over time, which was attributed to a shift in the TIPS-Pn ground-
state bleach (GSB) due to trapping of triplet excitons at low-energy sites. However,
emission from the pentacene '(TT) state also occurs in this spectral range,”® and so
this shift may instead be due to stimulated emission (SE) from radiative '(TT) excitons
formed from TTA. Future experiments could hence investigate the possibility of TTA
in TIPS-Pn forming emissive '(TT) excitons, using time-resolved photoluminescence
methods to probe for delayed fluorescence in the red or near-infrared spectral regions.

Chapter 5 investigated the effect of particle size on the photophysical properties of
amorphous TIPS-Pn NPs, and observed significant size-dependencies in both SF yield
and exciton dynamics. Time-resolved fluorescence experiments demonstrated that the
singlet exciton lifetime increased by over an order of magnitude upon decreasing NP
diameter from 81 nm to 33nm. TA spectroscopy measurements showed that this longer
singlet lifetime was concurrent with a slower formation of triplet excitons in amorphous
TTPS-Pn, indicating that this change in singlet lifetime arose from a slower SF rate at
smaller particle sizes. Faster decay of both triplet and triplet-pair excitons was also
observed for smaller NPs, attributed to accelerated geminate triplet recombination
and faster non-radiative '(TT) relaxation. Spectral deconvolution and kinetic mod-
elling of this TA data identified that SF yield decreased for smaller NPs, attributed to
an additional non-radiative singlet decay pathway becoming significant at small par-
ticle sizes. This alternative relaxation channel for singlet excitons within amorphous
TIPS-Pn had not previously been identified, and may represent a significant efficiency
loss mechanism for SF in disordered acene materials. The size-dependent exciton dy-
namics and SF yields observed here were ascribed to the NP morphologies becoming
more disordered at smaller sizes, possibly due to intermolecular packing constraints
imposed by the curvature at the NP surface. This study was the first identification
of size-dependent exciton behaviour in amorphous TIPS-Pn NPs, which rationalized
quantitative disagreements in the literature regarding exciton dynamics in amorphous
TIPS-Pn and therefore highlighted that size-dependent properties must be accounted
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for when using small NPs as model systems for bulk materials. However, the exciton
kinetics of 81-nm NPs studied here agreed with those previously reported for TIPS-Pn
films, indicating that NPs of this size or larger are likely reasonable models for bulk
amorphous TIPS-Pn.

A key result of this study was that while all NP sizes studied here exhibited
steady-state spectral features that were characteristic of amorphous TIPS-Pn, their
size-dependent exciton behavior indicated that they actually possessed significantly
different morphologies. Therefore, TIPS-Pn morphologies that are classed as “amor-
phous” may exhibit significant heterogeneity, as they may contain varying degrees of
disorder within their intermolecular packing. A similar effect was recently observed in
thin films of disordered rubrene, with SF kinetics that varied dramatically with film
thickness. ! This was attributed to the chromophore morphology changing with film
thickness, despite all film thicknesses exhibiting steady-state spectral features highly
characteristic of amorphous rubrene. Such morphological variation with rubrene film
thickness is presumably similar to the size-dependent morphology changes observed
here for TIPS-Pn NPs, with small thicknesses or particle sizes constraining the inter-
molecular packing. Future experiments should attempt to verify this by testing for
both film-thickness and particle-size effects in the same material, either TIPS-Pn or
rubrene. Any such correlation of film-thickness and particle-size effects could help to
develop a deeper understanding of the exact morphological changes occurring, as films
are more suitable than NP dispersions for characterization through imaging methods
such as electron microscopy (EM) or atomic force microscopy (AFM). Additionally,
if size-dependent NP properties are found to correspond to similar film-thickness ef-
fects, small NPs such as those studied here may prove useful in modelling the exciton
dynamics within thin films.

Further work could also explore the nature of the non-radiative, non-SF decay
pathway for singlet excitons identified here in small TIPS-Pn NPs. The exact mech-
anism of this singlet quenching was unclear from the data presented here, but the
most likely cause is internal conversion through nuclear motions enabled by morpholo-
gies formed at small NP sizes. Identification of any vibrational modes associated with
this non-radiative exciton decay may be possible through two-dimensional electronic
spectroscopy (2DES) or other multidimensional spectroscopic techniques. 2DES has
previously been used to identify the nuclear motions associated with rapid exciton
decay in polymer blends,?™ and a recent study used this technique to characterize
the vibronic couplings associated with the lowest-energy singlet excitons in solvated
TIPS-Pn molecules.?”® Understanding the exact role of molecular vibrations in singlet
deactivation may have implications beyond the study of TIPS-Pn NPs, as it could influ-
ence the design of future SF chromophores to minimize such undesirable efficiency-loss
pathways.

Chapter 6 extended this examination of particle-size effects to include crystalline
TIPS-Pn NPs, presenting the first systematic investigation into size-dependent NP
properties due to both morphological changes and exciton confinement effects. No
changes in the kinetics of either SF or TTA were observed for NPs ranging in diameter
from 38 nm to 62nm, despite the previous chapter demonstrating considerable size-
dependent behaviour in amorphous TIPS-Pn NPs over this size range. These results
therefore indicated that negligible morphological changes occur over this range of par-
ticle sizes in crystalline TIPS-Pn. Kinetic Monte Carlo (KMC) simulations were used
to model triplet exciton dynamics over a wide range of NP sizes and excitation densi-
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ties, and predicted that geminate recombination of triplet pairs would exhibit strongly
size-dependent kinetics in crystalline TIPS-Pn NPs due to exciton confinement effects.
However, these simulations also indicated that these triplet decay kinetics would be-
come size-independent at sufficiently large particle sizes, at which excitons are much
more likely to encounter one another than a domain boundary and so bimolecular TTA
dominates triplet decay, with kinetics that resemble those of bulk crystalline TIPS-Pn.
A stochastic theory was constructed to predict the critical NP size at which size-
dependent geminate recombination kinetics converged to size-independent bimolecular
TTA dynamics in crystalline TIPS-Pn NPs, with good agreement observed between
theory and KMC models. However, this theory indicated that size-dependent triplet
dynamics due to exciton confinement occurred only at very low excitation densities or
extremely small NP sizes, neither of which were experimentally achievable here. This
region of size-dependent triplet kinetics is therefore largely irrelevant for experimental
studies of crystalline TIPS-Pn NPs and so minimal size-dependent exciton behavior
can complicate the interpretation of results from such systems, therefore demonstrat-
ing that NP suspensions are good models for bulk crystalline TIPS-Pn. The theory
developed here can also be generalized to other organic semiconducting materials, and
may therefore inform the design of future experiments by predicting NP sizes at which
confinement effects are relevant.

No size-dependent triplet exciton dynamics due to exciton confinement were ex-
perimentally observable in this work, due to the limited range of excitation densities
accessible with the TA spectrometer used here. Future work should aim to conduct
similar experiments at significantly lower laser fluences, to access this size-dependent
region dominated by geminate triplet recombination and hence probe for these exciton
confinement effects. TA spectrometers with higher sensitivity and signal-to-noise than
the apparatus employed here do exist, and so careful experimentation should be able to
record TA spectra of crystalline TIPS-Pn NPs in the region of size-dependent kinetics.

It would also be informative to extend this study of exciton confinement effects
to materials permitting triplet mobility in a different number of dimensions. The re-
sults obtained here are strongly influenced by the two-dimensional (2D) restriction of
triplet excitons within crystalline TIPS-Pn, but other SF chromophores possess crys-
tallographic packings that allow for triplet mobility in one or three dimensions. As
an example, 6,13-(triethylsilylethynyl)pentacene (TES-Pn) contains the same penta-
cene core as TIPS-Pn, but its smaller TES-substituents constrain its crystal structure
to a 1D slip-stacked geometry.!?42%9 1D triplet mobility within crystalline TES-Pn
would hence be expected, which may yield more pronounced exciton confinement ef-
fects than for 2D diffusion. Future experiments could therefore be designed to test for
size-dependent exciton behavior in crystalline TES-Pn NPs, which may be easier to
observe under standard experimental conditions than the studies here with TIPS-Pn.
Exciton confinement may also be influenced by varying the NP shape, using anisotropic
architectures such as nanorods or nanoplatelets. Preparation of high-aspect-ratio struc-
tures could increase the level of domain confinement relative to the spherical NPs used
here, resulting in more pronounced size-dependent exciton behavior. To the best of
our knowledge there are currently no reports of non-spherical TIPS-Pn nanostructures,
but nanorod morphologies have been previously described for pentacene and other pen-
tacene derivatives,?”” 2™ and so preparation of analogous TIPS-Pn materials may be
possible.

It is worth noting that the materials considered in this thesis are model systems for
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studying intermolecular SF, and are unlikely to be incorporated into any commercial
photovoltaic (PV) devices. The T state of TIPS-Pn (0.86¢V; Figure 4.14) is lower in
energy than the silicon band-gap (1.1eV?3), and so TIPS-Pn triplets formed through
SF cannot transfer into the conduction band of any silicon-based PV device. How-
ever, many of the conclusions presented in this thesis may have significant implications
for the design of PV devices sensitized with other SF chromophores. The findings
presented in Chapter 4 regarding anisotropic triplet exciton diffusion will likely be
applicable to any organic chromophore, and may hence guide the alignment of SF sen-
sitizer layers. Similarly, the size-dependent exciton dynamics uncovered in Chapters 5
& 6 may be relevant for films of other chromophores, and so understanding these effects
could hence inform decisions regarding layer thickness in SF-sensitized PV devices. Fi-
nally, the periodicity-induced crystallization investigated in Chapter 3 presents a novel
means of morphological control for small organic molecules, which may prove useful in
constructing chromophore layers with a desired morphology or crystal alignment for
SF-sensitized PV devices.
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