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Abstract

Organic solar cells offer the prospect of an entire new class of renewable energy
resource. This thesis aims at addressing the issue of triplet state formation in these
devices, which can contribute to both a reduction in device efficiency and operational
lifetime. Furthermore, triplet states can be exploited to enhance device efficiency via
photophysical processes such as triplet-triplet annihilation upconversion and
thermally activated delayed fluorescence. Transient absorption spectroscopy on a
timescale of ps-ms is employed as the primary investigative technique throughout this

thesis.

In chapter 3 we explore the dynamics of a prototypical small molecule DPP/fullerene
system, which was found to elegantly demonstrate the issue of triplet state formation
stemming from recombination. It was found that ultrafast spin mixing, followed by
subsequent geminate recombination yielded the donor-triplet exciton, the lowest

energy state of the system.

In chapters 4 and 5 novel polymeric materials were investigated, which were designed
with the intention of manipulating/harvesting triplet states such that they no longer
constitute a loss mechanism. In chapter 4 a zinc porphyrin-F8BT hybrid copolymer
solution, F8BT-HAPAPP, was found to undergo a dual energy-transfer mechanism,
whereby the fate of each photogenerated F8BT singlet exciton was found to depend
upon its distance from the porphyrin unit. Intriguingly, the F8BT-HAPAPP triplets
generated were found to possess a lifetime intermediate between the two pristine

materials.

In chapter 5 a donor-orthogonal acceptor low band-gap polymer, Thiro, was found to
exhibit facile triplet formation on a <200 fs timescale. This rapid triplet population was
thought to derive from a spin-orbit charge transfer interaction, afforded by CT states
deriving from the perpendicular substituted spirobifluorene groups. Most peculiarly,
free charge formation was observed in both the solution and pristine Thiro film, as
evidenced via the observation of a radical cation in the ps-TA spectra. This
assignment was further validated via comparison with a Thiro:PCeoBM ps-TA
spectrum, which is the first time a D-0A conjugated polymer has been investigated in

a bulk heterojunction.



Impact Statement

Anthropogenic climate change is the main issue facing mankind in the 21% century,
which necessitates a shift away from fossil fuels and towards renewable energy
sources. A key technology driving this transition has been that of photovoltaic (“solar”)
energy. Organic solar cells (alternatively referred to as plastic solar cells) are a new
promising class of photovoltaic device, which differ fundamentally from their inorganic
counterparts. Whereas traditional photovoltaic cells are overwhelmingly made from
silicon, organic solar cells are typically comprised of polymeric (‘plastic’) materials,
allowing them to be built thin and mechanically flexible. These polymeric materials
also possess physical properties that allows for solution processing to be viable,
offering the prospect of low-cost and large-scale production of solar cells via roll-to-
roll technology. Nonetheless, fundamental issues relating to stability and device
efficiency are still present and must be addressed if organic solar cells are to compete

with the existing energy regime.

One of the main processes that contributes to a reduction in both stability and
efficiency of OSCs is the formation of excited states known as “triplets”. Transient
absorption spectroscopy is used throughout this thesis to elucidate the photophysics
of novel polymeric materials designed such that triplet states no longer constitute a

loss process.

The research presented in thesis represents significant first attempts at implementing
“triplet manipulation” into systems which reflect OSC materials. As such, the findings
of this thesis provide a foundation for further studies into more efficient materials, thus
allowing for OSC devices to become more competitive in the energy market. It should
also be noted that while this thesis discusses its findings in the context of organic

solar cells, its conclusions can be applied to the wider field of organic electronics.
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Chapter 1

Introduction and Overview

1.1 Motivation and Overview

Energy security has become one of the preeminent problems facing humanity in the
21 century. An overreliance on primary fossil fuel sources has led to anthropological
climate change, with the International Panel on Climate Change (IPCC) recently
stating that the global average temperature should not exceed 1.5 °C above pre-
industrial levels to mitigate the worst of these effects.! In addition to this, the finite
nature of fossil fuels in conjunction with an increased energy demand from developing
nations has driven the need to develop and use renewable energy. For example, the
UK seeks to deliver 15% of its total energy consumption from renewable energy
sources by 2020.?2 The most abundant renewable resource available on Earth is that
of solar energy, with it receiving 120 000 TW of electromagnetic radiation from the
Sun. This vast quantity of energy dwarf’'s mankind’s current needs. It is thought that
covering just 0.16 % of Earth’s land mass with 10 % efficient solar-conversion systems
would provide 20 TW of power, more than enough to meet mankind’s energy needs.?
Photovoltaic (PV) cells (colloquially known as solar cells) provide a means to harvest
this near unlimited energy reserve. Since Edmund Becquerel’s discovery of the
photovoltaic effect in 1839, researchers have made great strides in the area of
photovoltaics. A photovoltaic cell is an electrical device that allows for the conversion
of light directly into electrical energy, via the photovoltaic effect. The photovoltaic
effect is the generation of a potential difference in a material, when it is exposed to
light. The most commonly known photovoltaic cells derive from a class known as
‘inorganic’ solar cells. These inorganic solar cells are made predominantly from
semiconducting materials, such as silicon, gallium arsenide, cadmium telluride, or
copper germanium selenide.® The first inorganic photovoltaic device was that of
silicon in 1954, exhibiting a photoconversion efficiency of 6%.° These silicon devices
have now matured to exhibit efficiencies of up to 26.7%.” Photovoltaics have exhibited
rapid growth in recent years, with 2018 yielding a 25% increase in commercial energy
capacity compared to the previous year. Regardless of this, photovoltaics accounted
for just 2.6% of global electricity generated, with it expected to increase to 4% by 2023

according to the International Energy Agency (IEA).2

Silicon solar cells are a mature technology, and with sharp cost reductions globally

over the last decade (>85% for the period of 2009-2019)° they are now among the

1
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cheapest forms of energy available.!® Nonetheless, silicon solar cells are not without
drawbacks. One such disadvantage is that Si-PV production requires the use of
molten elemental silicon, requiring temperatures in excess of 1400 °C, leading to both
wider emission concerns and setting of a lower limit for their production cost.!
Furthermore, silicon solar cells in general display poor mechanical flexibility, resulting
in rigid and often heavy devices, thus limiting their installation potential. A possible
alternative to traditional silicon photovoltaics is that of organic solar cells, which are
solar cells typically comprised of T-conjugated polymeric materials. The organic
nature of these materials makes low-temperature solution processing viable, offering
the prospect for low-cost and large-scale production of solar cells via roll-to-roll
printing technology.?® This is in stark contrast to the energy intensive production
techniques of silicon solar cells. In addition, the polymeric nature of many of these
materials results in relatively low-weight thin films, which also exhibit mechanical
flexibility, thus opening up the potential for flexible electronics (such as textile
compatible solar cells).}* In addition, the narrow band-gaps possessed by some
conjugated materials may result in semi-transparent devices, thus allowing for
integration of solar cell devices into window panes, skylight and building facades —
areas hitherto unreachable by traditional Si-PV.'® Despite the fact that organic solar
cells are similar in nature to organic light emitting diodes (OLEDS) they have only
realised limited commercialisation.’® Fundamental issues relating to stability and
device efficiency must be addressed before OSCs can compete with the existing

energy regime,17:18.19.20
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1.2Historical Context

The ultimate aim of a photovoltaic cell is to absorb radiation and generate electrical
work. This is achieved by using a semiconductor which absorbs photons of light,
generating free charge carrier species. These generated free charges are then sent
to the electrodes via a built-in spatial asymmetry. Under open circuit voltage
conditions, this results in the formation of a photovoltage, whilst at short circuit a
photocurrent is generated. When a load is connected to the external circuit, the PV

cell yields both current and voltage, with the capability to do electrical work.?!

a) Frenkel

0000
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b) Wannier-Mott

Figure 1.1 Schematic representation of a) localised Frenkel exciton, typically
found in low dielectric medium organic semiconductor materials b) non-
localised Wannier-Mott exciton, typically found in high dielectric medium

inorganic semiconductors, such as silicon.

Organic solar cells possess a fundamentally different photogeneration mechanism
when compared to their inorganic counterparts. The primary photoexcitation in an
OSC is that of a coulombically bound electron-hole pair, known as a ‘Frenkel’ exciton
(as opposed to a non-localised Wannier-Mott exciton), which needs to be
subsequently dissociated to yield a free charge carrier.?? A simplified depiction of the
difference between Frenkel and Wannier-Mott excitons is shown in figure 1.1. Organic
solar cells are based upon a charge-transfer mechanism that occurs at the interface
between the predominant light absorbing component, the electron donor (D) and an
electron acceptor (A).2® This interface can be considered analogous to an inorganic
p-n junction, where the electron donor is the p-type material and the electron acceptor
is the n-type. The difference in electron affinity between the donor and acceptor
materials creates a driving force at the interface, that can allow for charge separation

of the photogenerated excitons.?*
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In 1977 Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa demonstrated that
doping polyacetylene with iodine resulted in an increase in conductivity by 12 orders
of magnitude.? This discovery would earn them the Nobel prize in chemistry in 2000
and would usher in a revolution in the field of organic semiconductor materials. The
first efficient organic photovoltaic device would be developed shortly thereafter by
Ching W. Tang in 1986, exhibiting a modest photoconversion efficiency (PCE) of
1%.%% This was achieved via the use of an electron donating copper phthalocyanine
(CuPc) coupled with an electron accepting perylene derivative, with both materials
orientated in a bilayer structure to create a donor-acceptor junction (schematically
shown in figure 1.2 a)). The next significant milestone would be made by Heeger, who
observed ultrafast electron transfer from the conjugated polymer MEH-PPV to Ceo.%’
Although these polymer/fullerene bilayer devices would only yield a PCE of 0.1%, it
would nonetheless lead to fullerene derivatives becoming the universal electron
acceptor in OSCs. The next major leap in the field of OSC design came with the
advent of the bulk heterojunction (BHJ) concept (schematically shown in figure 1.2
b)). It was known that the small diffusion distance (<10 nm) of excitons was
approximately a factor of 10 smaller than the optical absorption depth, which
contributed to initial bilayer devices exhibiting poor photoconversion efficiencies, as
excitons not generated within the diffusion distance of the donaor/acceptor interface
would recombine. A bulk heterojunction structure alleviates this issue by using a
bicontinuous interpenetrating network, which is made by blending the donor and
acceptor materials together (with the term ‘blend’ referring to a mixture of donor and
acceptor materials). This increases the interfacial surface area of the donor acceptor
junction, thereby solving the problem of limited exciton diffusion by reducing the
distance excitons need to travel to the interface, while simultaneously still maintaining

a conducting pathway to the electrodes.?®
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a) Bilayer b) Bulk Heterojunction
Electrode Electrode

D
Electrode Electrode

Figure 1.2 Schematic representation of electron donor (D) and acceptor (A)
materials arranged in a) a heterojunction bilayer structure b) an ideal
interpenetrating bulk heterojunction (BHJ) structure. In the bilayer, excitons not
generated within the diffusion length of the donor/acceptor interface will
recombine. In the BHJ, nanoscale phase separation increases the surface
area between the donor and acceptor, therefore increasing the chance exciton

reach the interface.

In recent years, the field of organic solar cells has made massive strides in improving
the efficiency of devices, which in part can be attributed to the development of non-
fullerene acceptor (NFA) materials. NFAs are more synthetically versatile relative to
fullerene acceptors and concomitantly their electronic properties are more readily
tuneable. NFAs in conjunction with an increased understanding of recombination
losses and morphological control have allowed device efficiencies of 18.2% for single
junction and 17.3% for tandem cells to be attained.?°3° While these values represent
significant milestones for the development of OSCs they still pale in comparison to
the efficiency of state of the art Si-PV.3! As such, more research into the fundamental
mechanisms that govern loss processes in OSCs are needed. Furthermore, as OSCs
approach higher PCEs, they still are fundamentally limited by the thermodynamic
bottleneck proposed by Shockley and Quessier, which restricts the photoconversion
efficiency of single-junction solar cells to 33.7%.323® New materials must be designed
and studied with overcoming this barrier in mind to help herald in the era of so-called

third generation solar cells.®*
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1.3 Electronic Structure of Inorganic and Organic Semiconductors

When two atoms are brought together in a molecule, two atomic orbitals combine to
yield two molecular orbitals that are lower and higher in energy than their original
atomic energy levels. These new molecular orbitals are termed bonding and anti-
bonding orbitals respectively. When a large number of atoms are brought close
together in a solid, their atomic orbitals split into a vast number of energy levels. This
has the effect of the energy levels becoming closer in energy to one another until they
lose their discrete character and effectively become a continuum of states referred to
as a ‘band’. The highest occupied band, where the valence electrons are found, is
termed the valence band. The lowest unoccupied band is termed the conduction
band. If the conduction band is found to overlap energetically with the valance band
the solid will possess metallic character, with the ability to conduct both heat and
electricity. If there is an energetic gap between the valence and conduction band that
is in the range of 0.5 to 3 eV, then the solid is said to be a semi-conductor (shown

schematically in figure 1.3 d).

a) b) c) d)
A
Mo — | T ___ > VB
DOS A
>
5 Eg
[=
Y]
v
HOMO —— | —  — — > CB
Single Polymer Cluster of Polymer Bulk Polymer Semiconductor
Chain Chains Crystal

Figure 1.3 Orbital energy diagram illustrating the effect of energetic disorder
when transitioning from a) a discrete polymer chain to b) a cluster of polymer
chains, such as when aggregated in a concentrated solution to c) bulk polymer,
such as when in a thin film and DOS is the density of states. d) a
semiconducting crystal, where VB is the valence band, CB is the conduction
band and Eg is the energy of the bandgap. It is noted that in a) a single energy
level is represented for simplicity, but will possess a distribution of energies

due to variations in conjugation length, defects and conformation.
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The energy separation between the valence and conduction bands is known as the
bandgap. An electron may be promoted from the valence band to the conduction band
via means of thermal energy or a photon that is greater in energy than the band gap.
When a valence electron is promoted to the conduction band, a positively charged
vacancy is created in the valence band, which is known as a hole. Both the newly
freed conduction band electron and positive hole are able to travel and transport
charge. The conductive behaviour that arises from the absorption of light is known as

photoconductivity.

Unlike inorganic crystals, the electronic properties of organic semiconducting
materials, such as small molecules and polymers stem from their conjugated -
system. The conjugated 1r-system affords the ability for electrons to be delocalised
across the system, allowing for the flow of charge. This conjugated system arises from
sp?-hybridisation of carbon atoms, which yields a series of overlapping p; orbitals, as
shown schematically in figure 1.4. These overlapping p; orbitals result in the formation
of alternating TT-molecular orbitals, which are split into lower energy bonding tr-orbitals
and higher energy anti-bonding 1r*-orbitals. The 1-orbital will therefore be the highest
occupied molecular orbital (HOMO), corresponding to the top of the valence band in
inorganic semiconductors. Conversely, the 1*-orbital will be the lowest unoccupied
molecular orbital (LUMO), corresponding to the bottom of the conduction band in
inorganic semiconductors. Thus, HOMO to LUMO transitions in organic
semiconductors can be considered analogous to transitions between the valence and
conduction band, with the energy difference between the HOMO and LUMO being

approximated as the band gap.*®
» L X
TS S

Figure 1.4 Schematic representation of conjugation in polyacetylene.

Overlapping Pz orbitals results in an extended mr-conjugated network across

the backbone of the polymer.
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An important feature inherent to polymeric materials is the presence of significant
energetic and morphological disorder (schematically presented in figure 1.3). The
conjugated network is not likely to be maintained over the entire backbone, instead
extending over a small chain segment. This inability to maintain long-range order is
the result of kinks, chemical defects and torsion around single covalent bonds, found
on the polymer backbone. This therefore leads to a range of conjugation lengths, and
consequently a distribution of energies (energetic disorder). This energetic disorder
is characterised as a gaussian distribution of energy states for the HOMO and LUMO
(as shown in figure 1.3 c),*® and as such plays an important role in dictating the
transport properties of the material. When in the solid phase, morphological disorder
is also present, stemming from different molecular conformations present in the film,
as well as interchain interactions between polymer chain segments resulting in

different chemical environments.

1.4 Exciton formation in Solar cells

IP

Energy

Figure 1.5 Orbital energy diagram illustrating the formation of a coulombically
bound electron-hole pair known as an exciton. The dashed line enclosing the
positive and negative charges schematically represents the coulombic
attraction that must be overcome to achieve charge dissociation. The density
of states (DOS) reflects the disordered nature of organic materials and

indicates that the energy of the exciton may extend into the bandgap.

A solar cell operates by absorbing incident solar radiation to generate freely
dissociated charge species. These free charges may then be subsequently sent
around a circuit and used to generate electrical power. In an inorganic solar cell initial
absorption of an incident photon of energy equal to or greater than the bandgap
results in an electronic transition, from the occupied valence band to the unoccupied

conduction band of the crystal. This results in the formation of a positively charged
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hole in the valence band and a negatively charged electron located in the conduction
band, which are free to dissociate from one another at room temperature. Organic
solar cells differ from this, in that initial solar excitation of the HOMO of the donor
molecule to its LUMO does not result in the formation of free charge carriers (i.e.
unbound electrons and holes). The initial species generated are subject to a strong
mutual Coulombic interaction, resulting in an electrostatically bound singlet ‘excitonic
state’, where the negative electron is localised on the LUMO and the positive hole on
the HOMO (schematically shown in figure 1.5).2 The degree of this Coulombic
interaction, V, is derived from the electric charge e, permittivity of vacuum ¢, the
dielectric constant of the medium ¢, and the distance between the electron-hole pair
separation r, as shown in equation 1.1.
e2

V=—— Egn. 1.1
dme, 0T

In standard inorganic solar cells this mutual coulombic attraction is easy to overcome
due to their relatively large dielectric constants (for example silicon & = 11.68).%"
Furthermore, inorganic materials possess strong interatomic electronic interactions,
resulting in a more delocalised wave function, which manifests itself as a larger
electron-hole separation distance, r. These properties result in inorganic materials
possessing electron-hole pairs with a small exciton binding energy, which can
overcome their mutual coulombic attraction at room temperature and dissociate into

free charges.

The molecular materials utilised in organic solar cells, in contrast to their inorganic
counterparts possess significantly smaller dielectric constants (g, ~ 2-4). Additionally,
due to their weaker, non-covalent electronic interactions between molecules, the
electron’s wave function is found to be spatially confined. Both of these factors give
rise to a strong coulombic interaction between the electron and hole, typically an order
of magnitude greater than the thermal energy available at room temperature. This
means at RT the main photogenerated product of organic semiconductor materials is

that of bound electron-hole pairs.

These bound excitons are split through ‘blending’ of the electron donor material with
an electron-deficient acceptor molecule. The donor and acceptor materials are
chosen such that an energetic offset between the donor HOMO and acceptor LUMO

exists, to create a driving force, -AGcs, for charge separation.?33824
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1.5 Mechanisms of Exciton Diffusion

When a donor-acceptor blend is excited, excitons are statistically more likely to be
generated in the bulk as opposed to at the D/A interface. This has the consequence
of bulk generated excitons needing to diffuse to the acceptor at the interface to allow
for charge separation. The exciton diffusion distance is therefore an important
parameter when determining the efficiency of an organic photovoltaic device. This is
because if an exciton cannot diffuse to an interface within its lifetime, it will undergo
radiative and non-radiative decay, with that energy being lost and not contributing to
device photocurrent. As such, long diffusion distances are highly desirable, as shown
by Terao et al who demonstrated a linear Jsc dependence on increasing exciton

diffusion length in a series of metal phthalocyanines blended with PCgBM.**

The exciton diffusion distance in fluorescent materials can be determined from steady
state or time-resolved photoluminescence techniques by measuring the fluorescence
of an organic material, in the absence and presence of an exciton quencher (which is
typically a fullerene).*® Organic polymeric materials used in solar cells are usually
found to possess singlet exciton lifetimes of <1 ns,**? which results in a relatively
small diffusion distance of <10 nm.**4445> The most efficient devices will therefore have
domain sizes on the order of this diffusion length to prevent competition with relaxation
to the ground state. It should be noted, however, that if the domain sizes become too
small, free charge recombination can become significant, negatively impacting charge
collection.*® Exciton diffusion is thought to proceed via energy migration (i.e. through
identical chromophores) and follow either Forster or Dexter mechanisms (figure 1.6).

Each of these energy transfer mechanisms will be discussed briefly.

10
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1.5.1 Forster Resonance Energy Transfer (FRET)

©
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Figure 1.6 Schematic representation of the mechanisms involved in a) Forster
resonance energy transfer and b) Dexter energy transfer. The Forster
mechanism is a dipole-dipole interaction whereas Dexter involves electron
exchange. Inthe case of Dexter energy transfer, electron exchange must obey

the laws of spin conservation.

Forster resonance energy transfer (FRET) is a long range, through-space process,
that is mediated via coulombic coupling between the exciton dipole moments of the
donor and acceptor species (schematically shown in figure 1.6 a). It should be noted
that, for conjugated polymers, the donor and acceptor may reside on the same
polymer chain (intramolecular energy transfer) or a different one altogether
(intermolecular energy transfer). The efficiency of the FRET process is found to
strongly depend upon the degree of overlap between the emission spectrum of the
donor species and the absorption spectrum of the acceptor species (hence the term
“resonance”). FRET interactions distances are typically found to be in the range of 1-
5 nm,*” thus allowing for energy transfer on a scale much greater than molecular

diameters. The rate of Forster energy transfer, ki, is given by equation 1.2.

1 /R\°®
ky = _(_0) Eqn. 1.2
Tp\ 1

Where r is the distance between the donor and acceptor, 1p is the lifetime of the donor
in the absence of the acceptor, and Rq is the Férster critical radius, which is the

distance at which energy transfer has 50% efficiency. This observed r-® dependence
11
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in equation 1.2 is a characteristic hallmark of FRET, allowing it to be easily
distinguished from other forms of energy transfer. The Forster radius itself is given by

equation 1.3.

6 9Pp k?

0° = TogmsnilF Egn. 1.3

Where ®p, is the photoluminescence quantum yield, k is an orientation factor to allow
for the directional nature of the dipole-dipole interaction, n is the refractive index, and
Jris the Forster overlap integral between the photoluminescence spectrum of the
donor and the absorption spectrum of the acceptor. The Férster mechanism is thought
to be the predominant method for which singlet excitons diffuse through an organic
semiconductor. Triplet excitons on the other hand are spin forbidden from undergoing
the interaction, as each transfer step would require a change in spin.*’ However,
provided the donor exhibits a high phosphorescence quantum yield, triplets may also
undergo FRET.* It should be noted however, that most organic conjugated materials
used in organic solar cells possess weak spin-orbit interactions, and consequently do

not possess the ability to undergo triplet exciton FRET.*®

Forster theory has been successfully used to determine the diffusion length of small
molecules,>552 put has been less successful when applied to polymeric materials.
The energetic, spatial and orientational disorder inherent to polymeric materials plays
an additional role in exciton diffusion dynamics. A disordered material will possess a
gaussian distribution of excitonic energy states. Upon initial photogeneration, an
exciton will undergo downhill energy migration to sites of lower energy on a timescale
of ps-ns.53%4%5 This energy migration process can manifest itself spectroscopically as
a bathochromic shift in the PL spectrum over time, until thermal equilibrium is
reached.>® In addition to this spectral shift, polymers have also been observed to
exhibit a temperature dependence for exciton diffusion. At room temperature MDMO-
PPV possesses two distinct exciton diffusion regimes, an initial temperature
independent diffusion, followed by a thermally activated one.>®* When the polymer is
cooled from room temperature to ~150 K, activated diffusion becomes significantly
less important, resulting in a decreased exciton diffusion length and diffusion
coefficient. Reducing the temperature <150 K effectively switches off the activated
diffusion mechanism, such that the diffusion length and coefficient become
temperature independent. It should be noted that the observed temperature
dependence cannot be fully explained by equation 1.3, as there is no explicit
temperature term in the expression. Both the parameters ®p_ and Je however, are

affected by temperature to some degree. ®p_ is expected to increase as temperature
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is reduced, as non-radiative decay channels are deactivated. This increase in ®p_ will
be counteracted by the expected decrease in the value of Je from a reduction in
thermal spectral broadening. The observed temperature dependence on exciton
diffusion is thought to be a function of the intermolecular separation, d, between
excitonic sites involved in the energy hopping process. If thermal equilibrium is
established during the lifetime of the exciton, then the distance between the excitonic

sites at that energy level will be given by equation 1.4:

1
deqb = [neqb]3 =

o? 3
Noe(-—zwnz)‘ Eqn. 1.4

Where neqgs is the density of states at equilibrium, No is the total density of available
excitonic states (~10?* cm? for organic semiconductors) and o is the energetic
disorder. When the temperature of MDMO-PPV is reduced below 150 K, the distance
between the donor and acceptor sites becomes greater than the range of Forster

energy transfer (i.e. >1-5 nm).
1.5.2 Dexter Energy Transfer

In contrast to FRET, Dexter energy transfer is a short-range collisional process,
requiring physical overlap of the donor and acceptor orbitals.5” This has the effect of
leading to interaction ranges on the order of <1 nm, which is less than the 1-5 nm
observed for FRET. Dexter energy transfer is considered to involve a two-electron
transfer process, with an excited electron in the donor LUMO being transferred to the
LUMO of the acceptor, whilst simultaneously a ground state electron in the acceptor’s
HOMO is transferred to the HOMO of the donor (schematically represented in figure
1.6 b). For singlet excitons, FRET is thought to outcompete Dexter energy transfer.
As previously mentioned, triplet exciton diffusion via FRET is spin forbidden, as each
transfer step would require a change in spin. Dexter energy transfer on the other hand,
involves no net change in spin, due to it involving the transfer of two electrons and as
such is thought to be the predominant mechanism via which triplet excitons
diffuse.®®*° The overlap between orbitals is found to decrease exponentially as the
separation distance between the donor and acceptor increases. In turn, as the
magnitude of the electron exchange involved in energy transfer depends upon the
degree of orbital overlap, so too will the rate of Dexter energy transfer, kep as shown

in equation 1.5.

kgp = K]De(_Tzr) Eqn. 1.5
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Where r is the separation distance between the donor and acceptor, K is a parameter
related to specific orbital interactions, L is the sum of the Van der Waals radii of the
donor and acceptor and Jp is the Dexter overlap integral between the
photoluminescence spectrum of the donor and the absorption spectrum of the

acceptor.

1.5.3 Triplet Exciton Diffusion

Triplet exciton species are conjectured to possess larger diffusion lengths than their
singlet counterparts, predominantly as a consequence of their much longer lifetimes.
Historically, considerably less attention has been given to triplet excitons, owing to
the fact that they are indirectly generated and are not the primary species in the
charge generation process. This has led to relatively few reports of the triplet diffusion
length in the literature. In some circumstances triplet diffusion lengths have been
reported to be as low as 10-20 nm, which is of the same order of magnitude as that
of singlet diffusion, thus indicating that long triplet lifetimes may be of less relevance
in determining the diffusion distance.®%616263 |n contrast, triplet exciton diffusion
lengths have been found to be on the order of pums for some molecular crystals, such
as, anthracene, pyrene, tetracene and rubrene.® 656667 The triplet exciton diffusion
length has also been determined for some conjugated polymers, such as a ladder
type polymer, PhLPPP, which was found to have a triplet diffusion length of 1.7-3.9
um.%8 Additionally, Wallikewitz et al demonstrated that F8BT (this polymer will be
discussed in chapter 4) possessed a triplet exciton diffusion distance of 178 nm, much

greater than the 8 nm found for the singlet exciton.®5

Recently, a renewed emphasis on research into triplet exciton diffusion dynamics has
been driven by a desire to exploit their photophysics to increase the efficiency of OSC
devices. Photophysical processes such as, singlet fission, thermally activated delayed
fluorescence and triplet-triplet annihilation are all thought to be able to enhance OSC
device efficiency via incorporation of triplet excitons into the charge generation
process.’®’172 For the case of singlet fission, SF, an excited singlet state is split into
two triplet states, with each triplet possessing half the original singlet state energy.”
Both of these triplet states are initially coupled into an overall singlet state, thus
conserving spin and allowing for triplet formation on the sub-100 fs timescale.” This
ability to split one exciton into two, allows for internal quantum efficiencies
approaching 200% and in theory permits the doubling of device photocurrent.”* 757
SF has already been shown to be successful in increasing OSC photocurrent,’
however, the mechanism via which SF proceeds is still debated. SF has been

observed in both solid films and aggregated solutions,”””® however, the relationship
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between the intermolecular geometry, SF rate and yield is not yet fully established,
inhibiting the rational design of new SF materials. It has been shown that in some
cases the formation of a triplet pair state, }(TT), precedes the formation of free triplets
and as such must act as an intermediate in the SF process.’”’®8 |t has also been
shown that additional spatially separated triplet pairs may play an additional role in
the ‘free’ triplet formation process, however, direct optical observation of these states
is difficult.8282#0 |t should also be noted that in aggregated carotenoid solutions, direct
free triplet formation from SF was observed to proceed without the observation of a
Y(TT) intermediate.” One of the main challenges in applying SF to OSC devices is
that the SF triplet excitons formed are half the initial energy of the singlet state. This
therefore places stringent requirements on the donor material, which must be able to
accept these relatively energetically low SF excitons and most importantly, dissociate

them at donor/acceptor interface.
1.6 Exciton Dissociation

1.6.1 Marcus Theory of Electron Transfer

a) Isoenergetic b) Normal c) Barrierless d) Inverted
1p*/A D*/A° 'D*/A 1p*/A p*/A

Dt/A"
D*Y/A"

-AG° =0 AGP <A AAGP = A -AG° > A

Figure 1.7 Parabolic potential energy surfaces of an electron transfer reaction
from an excited donor, D*, to an acceptor, A. The 'D* infers a photogenerated
singlet state on the donor. AGCis the driving force for electron transfer and is
the energy difference between the two surfaces minima. AG'is the activation
energy, which is determined from the difference in energy between the
reactants (*D*/A) minimum and the point of intersection between the two
surfaces. A is the reorganisation energy. a) represents the case for
isoenergetic electron transfer, b) represents the normal region for electron
transfer, c) represents the barrierless region for electron transfer and d)
represents the inverted region for electron transfer. The y-axis is the free
energy and the x-axis is the reaction coordinate, which have been omitted.
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An exciton may be directly photogenerated at, or diffuse to a donor-acceptor interface,
where the electron in the exciton may undergo an electron transfer reaction to the
acceptor molecule. Marcus theory of non-adiabatic electron transfer is often invoked
to describe the process of electron transfer at the interface. Marcus theory considers
that the reactant and product potential energy surfaces as two simple intersecting
parabolas (harmonic oscillator approximation), with the reaction coordinate

corresponding to a change in the nuclear geometry.

The Frank Condon (FC) principle states that electronic transitions are much more
rapid relative to the change in nuclear configuration, such that electron transfer can
be considered to take place in the presence of a fixed nuclear framework. As such,
electron transfer must take place at an intersection to account for both conservation
of energy and the FC principle. At this intersection point, both the initial and final states
will possess the same molecular geometry and potential. Isoenergetic electron
transfer can therefore occur if the geometry of the reactant is brought to this
intersection via vibrational motion. Electron transfer will therefore have an associated
activation energy, AG', which is a function of the Gibbs free energy, AG" (the
thermodynamic driving force), and the reorganisation energy, A, as shown in equation
1.6.

A +46)°
o (AHAG)
AG 4\

Egn. 1.6

The reorganisation energy can be considered to be an additional activation barrier,
corresponding to the energy required to allow the reactant and its surrounding
medium to adopt the equilibrium geometry. This thermal vertical transition can be

considered equivalent to the absorption of a photon, i.e. A = hv.

Marcus theory was derived under the assumption that only a weak electronic
interaction between the reactants is necessary for electron transfer to take place. As
such, the rate of electron transfer, ke, can be formulated in terms of Fermi’s golden
rule, as seen in equation 1.7.

o —(A+AG6°)°
kep = ———=V?e 42ksT Eqn. 1.7

h\4mAkgT
Where V is the electronic coupling between the donor and acceptor wavefunctions,
which depends upon the degree of their overlap. Therefore, under the weak
interaction, V, will display an exponential dependence on the distance between the

donor and acceptor species. kg is the Boltzmann constant and T is the temperature.
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From equations 1.6 and 1.7, several important predictions regarding the rate of
electron transfer can be ascertained. The first is that ke: will be found to increase with
increasing -AG° (provided -AG°<A), until -AG°= A is reached. This regime is known as
the “normal” region for electron transfer and is shown in figure 1.7 a) and d). The
point at which -AG°= A will be a barrierless region, as AG' = 0 and consequently ke
will be at its maximum. From this point, further increases to the free energy, such that
-AG°>A, results in the activation barrier reappearing, and a decrease in Ke: is observed.
This is known as the “inverted” region and has been observed experimentally in
solution.84858687 Marcus type behaviour is best observed on a plot of Inke: against -
AG°, manifesting itself as a downward parabola, exhibiting a maximum at the
barrierless region (i.e. -AG°= A). In addition to solution studies, the Marcus inverted
region has also been observed for a conjugated polymer/fullerene film.88 In this study,
the relative yield of charge generation was measured via time-resolved microwave
conductivity, as a function of the driving force for charge generation, AG°®, which was
calculated according to previous literature methods.®%% It was found that the data
yielded a downward parabola, with continual increases in AG° leading to a reduction
in charge generation. The presence of the Marcus “inverted” region was thought to
be the result of charge transfer not being limited via diffusion, which is in agreement

with the observation of ultrafast electron transfer.91:92

1.6.2 The Charge Transfer State
i) Bulk Heterojunction ii) Exciton Diffusion iii) CT State iv) CS State

Electrode

Electrode

Figure 1.8 Schematic for the process of charge dissociation in a bulk
heterojunction solar cell: i) The bulk heterojunction device architecture ii) The
process of exciton diffusion to the donor/acceptor interface iii) The CT state,
illustrating the electron-hole pair being bound across the interface iv) The
charge separated state, where charges have escaped their mutual coulombic
field.

The prevailing hypothesis is that when a donor exciton diffuses to the donor/acceptor
interface, (or is directly generated at it) it will be quenched by the acceptor molecule
via an electron transfer reaction. This results in the formation of a new intermediate
species termed a charge transfer (CT) state, which has been demonstrated to play a
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crucial role in both free charge generation and recombination.®® It is for this reason
that the necessary formation of the CT state can be considered analogous to an
indirect bandgap, such as that exhibited by silicon. This process of exciton diffusion
CT state formation and subsequent charge separation is schematically shown in
figure 1.8. A CT state is a coulombically bound electron-hole pair (schematically
shown in figure 1.9), whereby the newly transferred electron is located on the LUMO
of the acceptor and the hole is located on the HOMO of the donor. As the electron
and hole are now located on separate adjacent species, they are afforded a greater
degree of spatial separation relative to the initial photogenerated exciton.
Nonetheless, CT states are still believed to be subject to a significant coulombic
interaction, believed to be in the range of 0.1-0.5 eV.%*% This binding energy may
pose a substantial barrier to charge dissociation (~25 meV) at room temperature and
predicts that geminate recombination (this will be discussed in more detail in section
1.7.1) should be a major loss mechanism. The observation of near unity
photoconversion efficiencies for some bulk heterojunction solar cells,*°” however,
contradicts this severely. This calls into question the validity of these CT binding
energies, indeed, the separation distance is thought to be of the same order of
magnitude as the size of the molecular orbitals involved in the transition (0.5 — 1 nm).
However, electron-hole separation distances have been reported to be in some cases
3-5 nm,%% which is greater than the expected molecular distances (< 1nm). These
longer separation distances may also account for the observation of a weak
temperature dependence for charge dissociation, with lower than expected activation
energies of 30 meV.100.101.102 Although CT states are predominantly formed indirectly
from an exciton, there is also evidence of direct CT state absorbance from the donor
ground state via sub bandgap excitation.103194105 However, this ground state
interaction is expected to be weak, owing to the low absorption coefficients exhibited
by CT states.1%

The exact mechanism by which CT states dissociate is currently strongly debated in
the literature. The main point of contention is whether charge dissociation proceeds
via vibrationally excited ‘hot’, or thermally relaxed ‘cold’ CT states. In the case of ‘hot’
CT states, the initial energy is thought to be used to overcome the mutual coulombic
field by accessing excited delocalised band states.0710819° These states are
suggested to afford an increased electron hole separation distance, which allows for
the otherwise dominant coulombic interaction to be overcome. This argument invokes
an Onsager type treatment (see reference 23 for more details), and to some extent

can rationalise the lower than expected charge separation activation energies.

18



Chapter 1

A _____Vacwum ____
A
EA
5 LUMO IEBEXC v
Q - E CcT
HEE N Fo
ot ,//
HoMo —{)—=~
Donor Acceptor

Figure 1.9 Orbital energy diagram illustrating the formation of an interfacial
charge transfer (CT) state. In a CT state the electron-hole pair is bound across
the interface, with the hole being located on the HOMO of the donor and the
electron being located on the LUMO of the acceptor. The dashed line enclosing
the positive and negative charges schematically represents the coulombic
attraction still present in a CT state. IP and EA are the ionisation potential and
electron affinity respectively. Eg¥*° and Eg®" are the binding energies for the

exciton and charge transfer states respectively.

There is also a plethora of evidence for the countervailing argument of charge
separation predominantly occurring from “cold” CT states.®>°%19 |t has been shown
that for MEH-PPV:PCBM blends, the probability of the CT state dissociating is
independent of whether it was generated “hot” with additional vibrational energy, or
generated cold, through directly exciting the CT manifold to yield the thermally relaxed
CT state (CT1).1° This suggests that excess energy is not necessarily required for
charge separation and most importantly the main dissociating species is that of the
relaxed, localised CT; state, in contrast to a more separated electron-hole pair.
Although many studies agree with charge separation occurring predominantly via
relaxed CT states, there is less consensus on the role of the energetic driving force
(Egap-Ect). For example, a milestone study by Durrant et al. elegantly demonstrated
that for a series of polythiophenes possessing different ionisation energies and
blended with the same PCgBM acceptor, a clear correlation between the yield of free
charges and the energetic driving force could be made.® It was found that even a
modest increase of 200 meV to the driving force could result in a 2 order of magnitude
increase in the yield of charge separation. An additional study involving Si-PCPDTBT,
found that replacing PCBM with progressively higher fullerene adducts (which
reduced the driving force), resulted in a reduction in the yield of free charges.® It was
also found that the morphology of the film did not change upon alteration of the

fullerene and as such the origin of the reduction in charge generation could be
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attributed to a change in the CT state energy. A further study by Jakowetz et al
showed that while altering the driving force did have an effect on the rate of charge
generation, changing the size of the fullerene aggregates by increasing fullerene
content had more of an impact.!** This is consistent with other studies which also
observed that the presence of fullerene crystallites aided charge dissociation. %9112
In one such study, annealing a P3HT:PCgBM blend resulted in a reduction in the
activation energy of charge separation, from 25 to 9 meV.? |t is suggested that the
presence of these ordered fullerene domains might impart an additional entropic gain,
as fullerene clusters possess a greater density of states, and in turn, allow electrons

to bypass localised CT states.!!3

1.7 Charge Recombination

1.7.1 Geminate Recombination
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Figure 1.10 Simplified state diagram for the process of charge
photogeneration and recombination. i) Initial exciton formation by photon
absorption. ii) Non-radiative and radiative relaxation of the singlet exciton to
the ground state. iii) Intersystem crossing to yield a triplet exciton. iv) Electron
transfer to yield a charge transfer state (CT). v) Charge separation to yield a
charge separated state (CS). vi) Free charge carrier diffusion and extraction
at electrodes. vii) Bimolecular recombination of free charges to form both 'CT
and 3CT states. viii) Non-radiative and radiative bimolecular recombination
from the CT state to the ground state. ix) Bimolecular recombination from the
3CT state to the triplet exciton. x) Non-radiative and radiative triplet relaxation
of the triplet exciton to the ground state. If both ix) and viii) occur prior to charge

separation, i.e. pathway v), then recombination will be geminate.
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As described previously, in order for a CT state to dissociate to free charges, it must
overcome its coulombic binding energy. If the CT state is unable to overcome this
barrier it will undergo geminate recombination, which can constitute a significant loss
mechanism in OSC devices.!'*115 Geminate recombination involves the
recombination of an electron and hole that originated from the same exciton
(schematically shown in figure 1.10), and is found to occur on relatively fast timescales
of tens of ps up to hundreds of ns.116.117.1188 Typjcally geminate recombination is used
to refer to recombination of a bound electron and hole in a CT state. However,
geminate recombination can also arise from free charges that manage to escape their
mutual coulombic field but, remain spatially confined due to the physical size of their
respective domains.!® This results in recombination between the electron and original
hole being the only possible relaxation pathway. It is also worth noting that triplet
species in singlet fission materials such as TIPS-tetracene have also been observed
to recombine geminately and as such geminate behaviour cannot just be ascribed to
the recombination of an electron and hole.””'*® In all of these cases recombination
will be a monomolecular decay process that is independent of the excitation energy

used, provided that it is of sufficiently low intensity as to not incur annihilation effects.?®

In geminate recombination, the CT state has several potential decay pathways. One
pathway involves non-radiative or radiative decay to the singlet ground state (figure
1.10 (vi) , with the radiative decay being characterised by a red-shifted emission
relative to the neat donor.’>® A second pathway involves CT state mediated spin-
mixing (:CT — 3CT), followed by subsequent back-transfer to yield the donor triplet
exciton (figure 1.10 (vii) or acceptor triplet exciton, which has been observed for both
fullerene and non-fullerene acceptor systems.'?1122 |t should be noted that triplet
exciton back-transfer is only possible if the donor triplet state energy is less than that
of the CT state (<0.1 ev), which for polymeric materials is likely to be the case due to

the singlet-triplet energy splitting being ~0.7 eV.123124

1.7.2 Bimolecular Recombination

In contrast to geminate recombination, bimolecular recombination takes place
between free charges that did not originate from the same CT state. For optimised
systems which exhibit high quantum efficiencies, geminate recombination is
considered to be negligible, as such bimolecular recombination is thought to be the

predominant loss mechanism in the most efficient OSC devices.1?512¢
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Bimolecular recombination can be formulated in terms of Langevin theory. In
Langevin type recombination, the rate of recombination is dictated by the time taken
for free electrons and holes to diffuse to within the coulomb capture radius (rc) of one
another. As such, Langevin recombination will depend upon the concentration of
electrons and holes (n and p respectively) and their relative mobility. Bimolecular

recombination can be expressed in terms of this Langevin formalism, as shown in

equation 1.8.
R = k(np —n;p;) = kn? Eqgn. 1.8
e
k= Egn. 1.9
Eo&r

Where R is the recombination rate and n; and p; are the intrinsic charge carrier
concentrations for electrons and holes respectively. In OSCS, both n; and p; are
expected to be negligible relative to n and p and so equation 1.8 can be simplified. In
addition, it can be assumed that the concentration of holes is equal to the
concentration of electrons (i.e. n = p). k is the recombination rate constant, which

exhibits a dependence on the charge mobility, as shown in equation 1.9.

Curiously, Langevin theory is often found to overestimate the recombination rate by
up to several orders of magnitude.1?"128129.130 Thjs empirical observation has led to

the inclusion of an additional parameter, ¢,*3! as shown in equation 1.10.

ky; = ¢ —E Eqn. 1.10

Eoér

The term, ¢, is commonly referred to as the Langevin reduction factor, with
polymer:fullerene systems displaying values in the range of 0.01-1.1%! The origin of
this reduction in the bimolecular rate coefficient is currently not yet fully understood,
but initial studies have indicated that it may be a consequence of film morphology.*?
For example, annealed P3HT:PCsBM blends are found to exhibit bimolecular
recombination coefficients that are 3-4 orders of magnitude lower than what the
Langevin model would predict.*?"133 In contrast, both non-annealed and regiorandom
P3HT:PCsBM blends are found to show normal Langevin-type behaviour.3412” This
disparity in bimolecular recombination behaviour has been ascribed to the differences
in morphology, with annealed P3HT:PCBM exhibiting greater phase segregation and
crystallinity than its non-annealed counterpart.'® It should be noted however, that
some literature suggests that the origin of non-Langevin recombination may be more
complex than a simple morphological argument, or that structural features integral to

suppressing recombination are beyond the resolution of current instrumentation. '
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An important factor that needs to be taken into account when discussing bimolecular
recombination is that it takes place at the donor/acceptor interface. This infers that
bimolecular recombination, like that of geminate recombination must take place via a
CT state. Indeed, this has been shown via electroluminescence measurements,
where injected charges are observed to undergo radiative recombination from the CT
state.’*%137 In bimolecular recombination, free electron and hole capture events may
lead to the formation of CT states with either singlet or triplet spin character (!CT or
3CT) and is schematically shown in figure 10 (v).'?* When ICT states are formed from
recombination at the interface they may relax radiatively or non-radiatively back to the
ground state.’CT states on the other hand are spin forbidden from undergoing
relaxation to the singlet ground state, however, recombination to the donor or acceptor
triplet exciton is spin allowed.*® The T, state of the donor material is often found to be
lower in energy than the 3CT state,’?® which results in relaxation to bound triplet
excitons being energetically favourable. This triplet recombination channel is thought
to be a main loss pathway, accounting in some cases for up to 90% of observed
recombination.'*® As such, suppressing this triplet recombination channel should

enhance OSC efficiency.

The idea has also been posed that if recombination occurs via a CT state, it must also
be subject to the same mechanisms that prevent geminate recombination and allow
for efficient charge separation.®! It been observed that CT states formed from
bimolecular recombination, can in some instances re-dissociate to form free charges
again.’*® Rao et al demonstrated that for PIDT-PhanQ:PCsBM (1:3) blends,
bimolecular recombination to the triplet exciton channel could effectively be turned
off, thereby potentially increasing device performance.'# It was observed via transient
absorption spectroscopy that CT states formed upon recombination could re-
dissociate to free charges at room temperature, thus outcompeting relaxation to the
neutral triplet exciton.'#° In stark contrast, blends containing ICMA and ICBA resulted
in CT mediated triplet exciton formation. It was rationalised that the difference in
recombination behaviour was unlikely to arise from energetics, owing to the small
energy difference of 50 meV between the CT states of PCsBM and ICMA.

It was suggested that the CT states observed in the PCgBM blend were ‘weakly’
bound as a consequence of being delocalised into aggregated, well-ordered fullerene
domains, which has the effect of increasing the electron-hole separation and reducing
the CT binding energy.*! These aggregated domains were shown to be much smaller
in the higher fullerene adduct blends, indicating a more localised wavefunction and

thus accounting for a more strongly bound CT state. Complimentary evidence for this
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comes from Nuzzo et al, who found that adding 1, 8- diodooctane (DIO) to
PCPDTBT:PCBM induced the formation of fullerene aggregates, with an
accompanying suppression of recombination to triplet excitons.’*? The idea of
delocalised CT states contributing to bimolecular recombination suppression, is in
essence the same argument that has been invoked for supressing geminate
recombination,®®1®® and may help to explain the presence of non-Langevin

behaviour. 131143
1.8 Spin States in Organic Semiconductors

Electron spin plays an integral role in the photophysics of organic solar cells and as
such will be briefly discussed. In quantum mechanics, spin is the result of the
electron’s angular momentum, which is a fundamental property alongside that of its
mass and charge. A classical model for angular momentum is often invoked, whereby
a rotating sphere is used to describe electron spin. It should be noted however, that
spin is fundamentally a quantum mechanical phenomenon with no corresponding

classical analogue.

One of the features of quantum mechanics is that angular momentum is quantised,
allowing only certain spatial orientations. The total spin angular momentum, S, is the
sum of the spin quantum numbers, with each frontier electron possessing a spin of
1/2. The multiplicity, M, of a given state of spin angular momentum is the number of
quantum mechanically allowed orientations of spin of magnitude S in a magnetic field.

M may be determined from S using equation 1.11.
M=2S+1 Egn. 1.11

Each possible orientation is given a spin orientation quantum number, Ms. When
discussing organic photochemistry multiplicities for single electrons and two coupled
electrons are of most interest to us. For a single electron (such as a spin unpaired
radical) the spin quantum number is 1/2 and consequently the total number of allowed
spin orientations in space are M = (2(1/2)+1)) = 2. As there are two allowed
orientations in a magnetic field (corresponding to Ms = +1/2 and Ms = -1/2), the S =%

state is referred to as that of a “doublet”.

Most of the time in organic photochemistry however, we are dealing with coupled
electron spins that occupy two separate orbitals (such as after excitation). In the case
where the spin vectors are antiparallel (1)), there is a cancelation of the net spin
angular momentum of each of the spin vectors, resulting in zero angular momentum.
The multiplicity of this state is therefore M = (2(0)+1) = 1 and so the S = 0 state is

termed a “singlet”. In the case where the spin vectors are parallel (11) and not
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colinear, the vectors will add vectorially to result in a total spin angular momentum of
S =1, with a corresponding multiplicity of M = (2(1)+1) = 3. There will therefore be
three possible spin orientations allowed in a magnetic field (corresponding to Ms= +1,

Ms= 0 and Ms= -1), with the S = 1 state being referred to as a ‘triplet’.

For organic molecules the ground state is typically found to be that of a singlet. This
is because most organic molecules in their ground state possess two electrons in
each orbital, and the Pauli exclusion principle states that two electrons in the same
orbital must have opposite spin integer. In the case where an organic molecule is
excited, an electron will be promoted to a higher energy LUMO orbital, whereas
another will reside in the initial HOMO. As these electrons now reside in different
orbitals, they are no longer subject to the demands of the Pauli exclusion principle,
and consequently may possess different spins. Excited states can therefore be either

singlet or triplet spin states.

1.8.1 Singlet-Triplet Energy Gap — Role of the exchange energy

S1
AEg; = 2]

Sg ——

Figure 1.11 Energy diagram showing the difference in energy of S1 and T, is

given by AEst which is equal to 2J.

In OSCs, the energy difference between the first singlet and triplet states (also known
as the singlet-triplet energy splitting), AEsr, is an important physical property that must
be considered and is of relevance to all results chapters discussed in this thesis.
Certain photophysical processes, such as triplet-triplet annihilation, thermally
activated delayed fluorescence and singlet fission depend upon the magnitude of this
Est splitting.244145146 |n direct reference to organic solar cell blends, if the donor
material possesses a Ti1 energy level lower than that of the CT state, it can act as a
recombination pathway for the electron-hole pair forming the CT state (see section
1.7.2 for more details), thereby preventing charge dissociation and limiting the
efficiency of the device.'*” The singlet and triplet state energies, Es: and Er1, are

determined from equations 1.12 and 1.13, respectively:
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Es, = Egap + K+] Eqn. 1.12
ETl = EGAP + K —] Eqn 1.13

Where Ecap is the energy difference between the HOMO and the LUMO, K is the
coulomb interaction integral, which is a first order correction for classical electron-
electron correlation and J is the electron exchange energy, the first-order quantum
mechanical correction needed to account for the electron-electron repulsion felt as a
consequence of the Pauli exclusion principle. Both corrections involve negative-
negative electron charge interactions that lead to repulsion, and as such both K and
J are mathematically defined as positive values. The coulomb interaction integral is
found to raise the energy of both the singlet and triplet states, whereas the electron
exchange energy only raises the energy of the singlet state, whilst reducing the
energy of the triplet state. For a given configuration (e.g. n-1*), this has the
consequence of the first singlet excited state, S, nearly always being higher in energy
than that of the first triplet excited state Ti (i.e. Es> Er). The singlet-triplet energy
splitting can therefore be determined by the energy difference between Es and Er, as

shown in equation 1.14.

AEgt = Eg, — Er, = [Egap + K+]] — [Egap + K—]] Eqn. 1.14

1

From equation 1.15, we can see that the AEsr is found to depend on only the
exchange energy, which is shown schematically in figure 1.11. The exchange energy
(and therefore the AEsr) is found to exponentially scale with the overlap between the

ground state and excited state wavefunction orbitals, as shown in equation 1.16.
J=Je™" Egn. 1.16

Where Jo is the coupling matrix and r is the separation between the two orbitals.
Equation 1.16 states that J will decrease exponentially as the separation between the
orbitals increases. In organic materials the electron wave function is found to be
localised, which gives rise to large exchange energies with concomitant large AEsr.
For small molecules the exchange energy is found to be dependent upon the size of
the molecule, whereas in conjugated polymers the exchange energy is determined by
the oligomeric chain length. This is because the additional delocalisation into the 11-
backbone permits greater separation between the electron and hole involved in the
exciton, thereby reducing the exchange energy. It is been found however, that there
is a limit to the reduction of the exchange energy achieved in conjugated polymers,

where for polymeric lengths greater than 25 A the AEsr is systematically found to be
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around 0.7 eV.'%2 This limit has been overcome in some cases through careful
molecular design, where the donor and acceptor units in the polymer have been
spatially separated via orthogonal placement on the polymer backbone. This leads to
an accompanying spatial separation of the HOMO and LUMO molecular orbitals with
a reduction in the exchange energy, leading to AEst <0.1 eV (this will be discussed
further in chapter 5).”* The exchange energy also offers some insight into the binding
energy of excitons. A large exchange energy suggests a small spatial separation
between the HOMO and LUMO orbitals, which implies that the electron and hole
comprising the exciton, will be situated close to one another, with an associated large
binding energy. Conversely, a small exchange energy is indicative of strongly
separated HOMO and LUMO orbitals, with the consequence of the electron and hole
being found further apart from one another and concomitantly exhibiting a lower
binding energy.

1.8.2 Intersystem Crossing, Spin-orbit Coupling and the Heavy Atom
Effect

Intersystem crossing (ISC) plays a key role in the operation of organic solar cell
materials as it often dictates the population of triplet species generated. ISC is a non-
radiative, adiabatic process that allows transitions between states of different
multiplicity. It should be noted that typically ISC is used to refer to crossing from the
singlet to the triplet manifold, whereas reverse intersystem crossing (rISC) implies the
reverse process.'#®149 These transitions are governed by the spin-selection rule,
which states that during an electronic transition the total angular momentum must be
conserved and if a spin-change does occur it must be compensated by a change in

orbital angular momentum.

This has the effect of ISC between the singlet and triplet states being formally spin
forbidden, as there is no change in orbital angular momentum (e.g. }(r-1*) —3(r-1*)
AS =0). However, in some cases where a singlet to triplet transition involves a change
in orbital angular momentum (e.g. }(r-1*) —3(n-11*) AS = 1) the rate of ISC may be

relatively large (known as El-Sayed’s rule).

One method for inducing transitions between spin states is through spin-orbit coupling
(SOC), which is the coupling of the orbital angular momentum and electron spin. The
strength (or alternatively energy) of SOC is directly proportional to the magnitude of
the magnetic moment, which is derived from the electron orbital motion and as such
is variable (unlike spin which is fixed). The magnetic field generated by the movement

of a negatively charged electron (or any charged particle) is proportional to its velocity,
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which in turn is dependent upon the electrons distance from the nucleus. As an
electron approaches the nucleus it experiences an accelerating force from the
electrostatic attraction felt between the negative electron and positive nuclei. This has
the effect of the magnetic moment being greatest when an electron in an orbital is
found near the nucleus of charge Z. The magnetic moment will also be found to be
greater with increasing charge on the nucleus, with the strength of SOC in atoms
being proportional to Z*. It should be noted however, that as organic molecules are
comprised of atoms of varying atomic weight, spin-orbit-coupling will therefore be a
local effect. SOC will be most effective when an excited electron is found to reside
near that of a heavy atom. This Z* dependence is known as the "heavy atom effect”
and provides an explanation for the increased rates of ISC observed in molecules
possessing heavy atoms. An example of the potential for the heavy atom effect is
shown in figure 1.12, which approximates the 1, T * excited state in bromobenzene.
A single electron in a half-filled orbital is now found to reside on the bromine atom,
affording it the possibility to undergo SOC from the large Z.

Br :Br: :Br-
X X
a b

Figure 1.12 Structure of an approximate bromobenzene 1-1m* generated after

excitation. X denotes a 1 or m* electron.

Irrespective of the strength of the SOC, for a transition between singlet and triplet
states to be possible there must be a means of conserving the total angular
momentum of the system. One way of conserving total angular momentum is through
a transition from a p orbital of angular momentum 1 to that of angular momentum O,
corresponding to a px—py transition. This is the basis for “El-Sayed’s rule” which
states that the rate of intersystem crossing between singlet and triplet states is fast,
provided there is a change in orbital angular momentum.**® For example, the rate of
ISC for a Y(1r-1m*) —3(n-11*) transition is much greater than that of a 1(1r-mr*) —3(1r-1*)

transition.
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1.9 Aims of this Thesis

While many studies propose recombination to the neutral triplet exciton as one of the
main loss pathways in OSCs, relatively little attention has been given to exploring
methods to mitigate this. This thesis aims to rectify this issue by spectroscopically
investigating several novel systems, which were designed to alter or introduce new

triplet energy levels to harvest these triplet states.

Chapter 3 focuses upon the spectroscopic investigation of a novel small-molecule
DPP/fullerene blend. This was for the purpose of providing a spectroscopic baseline
for studies into more complex DPP-based systems. This is because small molecule
DPP has been suggested to possess low triplet energy levels and as such provides a
model system for studying charge generation/recombination in the presence of these
deep triplet energy levels. Furthermore, this chapter provides an introduction into how
these systems may be studied via transient absorption spectroscopy, the main

spectroscopic technigue used through this thesis.

Chapter 4 investigates the feasibility of whether covalently incorporating a sensitizer
into a polymer backbone can result in a self-upconverting donor polymer. This concept
was explored via spectroscopically examining a novel system, comprised of a zinc
porphyrin derivative incorporated into the backbone of the well-known polymer F8BT
to yield the system F8BT-HAPAPP. In this scheme, the porphyrin was intended to act
as an intramolecular triplet sensitiser for the F8BT, which would then subsequently
undergo upconversion to yield the F8BT singlet excited state. In the scheme of OSCs,
these upconverted singlet states may then undergo electron transfer and carrier

formation.

Chapter 5 aims at exploring the dynamics of a low-band gap polymer possessing a
donor-orthogonal acceptor (D-0A) architecture. In this novel polymeric system Thiro,
an electron rich CPDT donor backbone is used in conjunction with electron deficient
dicyano substituted spirobifluroene acceptor units, which are located orthogonal along
the polymer backbone. This D-0A architecture results in physical separation of the
donor and acceptor orbitals, which should in turn reduce the singlet-triplet energy
splitting, AEst. Reducing AEsr in such systems can result in the possibility of triplet
recycling back to the singlet state via reverse intersystem crossing (rISC). In the
scheme of OSCs, these regenerated singlet states may then have an additional

chance to undergo electron transfer and carrier formation.
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Chapter 2

Experimental Techniques

2.1 Materials Investigated in this Thesis

All Materials (structures shown in figure 2.1) were used as received without additional
modification or purification. All acceptor molecules ([6,6]-Phenyl-C61-butyric acid
methyl esterPCesBM, [6,6]-Phenyl-C71-butyric acid methyl esterPC70BM) were
purchased from  Solenne  (99.9%  purity). Poly(9,9-dioctylfluorene-alt-
benzothiadiazole), F8BT, (Mw = 376 214 Da) was purchased from Ossila (99.9%
purity). (5,15-bis((4-bromophenyl)ethynyl)-10,20-bis(3,4,5-tris(dodecyloxy)-
phenyl)porphyrin), HAPAPP and  Poly-2,7-(9,9-dioctylfluorene-alt-4,7-2,1,3-
benzothiadiazole)-ran-2,7-(9,9dioctylfluorene-alt-4’,4”-5,15-bis(phenylethynyl)-
10,20-bis(3,4,5tris(dodecyloxy)phenyl)porphyrinato Zinc (1)) , F8BT-HAPAPP (My =
15 000 Da, PDI = 1.5), were both synthesised by David Freeman of the Bronstein
group.!  2,5-bis(2-hexyldecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione, TDPP was synthesised by Anastasia Leventis of the Bronstein group.? poly-2,6-
(4,4-dihexadecyl-4H-cyclopenta[2,1-b:3,4-b"ldithiophene)-alt-2,6-
(spiro[cyclopenta[2,1-b:3,4-bldithiophene-4,9'-fluorene]-2',7'-dicarbonitrile), Thiro (Mx
= 6400 Da and M,, = 8200 Da), was synthesised by Alex Forster of the Bronstein group.
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OC12Hzs n

HAPAPP F8BT

F8BT-HAPAPP OCizHzs

Figure 2.1 Structures of the materials used in this thesis.

2.2 Sample Preparation

A general sample preparation guide is presented in this chapter. More specific
information regarding preparation of samples is presented in each chapter. Films
were prepared by fully dissolving materials in chlorinated solvents (typically
chlorobenzene) and stirring overnight at ~600 rpm, with heat if necessary (60-85°C).
Solution concentrations employed were approximately 10 pg/mL for the donor
material as to allow for a film absorbance of <0.8 after spinning. Ultra-flat Quartz
Coated glass (20 mm quartz layer) purchased from Ossila were used as substrates
for film samples. Glass microscope slides purchased from VWR were also used as
substrates for films by cutting the glass to approximately 1.5x1.5 cm in size. All
substrates were cleaned prior to use by sonicating in water, acetone and isopropanol
for 10 minutes each and left to air dry. Films were spun using an Ossila vacuum less
spin coater located inside a glove box with an N, atmosphere. Typical spin parameters
were 1600 rpm for 90 seconds. Films were kept in a N filled glovebox prior to and

after investigations.
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For solution phase-based studies, concentrations were kept <100 ug/mL. Oxygen
was removed via means of freeze-pump-thaw. This was achieved by placing the
solution in a Schlenk tube fitted with a Young’s tap and subjecting it to three cycles of
freeze pump thaw. Once completed the resulting degassed solution was transferred
via cannulation to a custom made 2 mm path length cuvette fitted with a Young’s tap,

while under Na.

2.3 Steady State UV-Vis Spectroscopy

Steady state UV-vis spectroscopy is a core technique for characterising the light
absorption profile of a material. The absorbance of a monochromatic beam of light by

a given sample is described by the Beer-Lambert law in equation 2.1.

I =1,(1075) Eqn. 2.1
Where | is the intensity of the transmitted light, lois the intensity of the incident light, €
is the molar absorption coefficient (formerly called molar extinction coefficient), c is
the molar concentration of the solution and | is the path length (with a 1 cm pathlength
being common for solution experimental conditions). The absorbance (also
historically referred to as the optical density, OD, and is used interchangeably with

absorbance in this thesis) is given by equation 2.2.

I
A =log (7") = ecl Eqn. 2.2

Where A is the absorbance. In the case where a solution is comprised of a mixture of
absorbers, the total absorbance at a given wavelength will be the result of a
summation of the absorbances of both the individual absorbers at that wavelength. It
should be noted that the Beer-Lambert law is only applicable to low concentrations of
a sample, where solute-solute interactions are limited. Another important point to note
is that € is wavelength dependant, with units of mol* dm® cm™. In highly conjugated
organic semiconducting materials, the main electronic transitions observed typically

derive from strongly absorbing 1-1* transitions, making them ideal light absorbers.

All films and solutions were characterised initially by steady state UV-Vis
spectroscopy. This allowed for observing the optical band gaps of the materials of
interest and choosing the correct pump wavelength. Furthermore, for thin film
samples, the absorption spectra can be used to give an indication of the relative
crystallinity of a morphology. In addition, absorption values may be used to help
correct photoluminescence and transient absorption data (us and ps) for the number

of photons absorbed at the exciting wavelength.
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Ground state absorbance measurements were obtained with a UV-Vis
spectrophotometer (Perkin Elmer, LAMDA 365). Films were recorded in air, while
solution samples were recorded if possible degassed in a Young’s tap cuvette. When
measurements were carried out using the Young's tap cuvette the spectrometer lid
would not fully close. As such, in order to reduce the impact of stray light a black cloth
was used to cover the experiment chamber and in addition the room was dimmed. All
samples were corrected to 100%T using either a quartz glass substrate or the
corresponding path length cuvette with the corresponding solvent. UV-Vis
measurements in this thesis were recorded using a double beam reference.

Presented spectra have been normalised to their peaks.

When measuring UV-Vis data (particularly thin films) artefacts may arise from the
presence of scattering and reflections, often manifesting itself as an increase or
reduction in the background signal (thus leading to an erroneous baseline). As such,
it is sometimes required that the baseline must be corrected to account for these
effects. In this thesis, baseline correction was done via (sensibly) selecting a data
point known to possess nho or limited absorption, which was typically a point at the
furthest red of the spectrum obtained (for this thesis this was typically at 850 nm). One
possible methodology to help reduce the issue of scattering and reflection is through
the use of an integrating sphere (which was not used for absorption measurements

in this thesis).
2.4 Photoluminescence (PL) Spectroscopy

Steady state photoluminescence (PL) spectroscopy is a core experimental technique,
which allows for characterisation of an emissive excited state. Although the term
‘photoluminescence’ encompasses both fluorescence and phosphorescence, in the
literature regarding organic semiconducting materials the term PL is used
interchangeably with fluorescence. A key paradigm in PL spectroscopy is that
according to Kasha, fluorescence is observed from the lowest vibrational level of the
S; state (S1—So), due to the rate of internal conversion between singlet excited states
being much higher than the rate of fluorescence. It should be noted however, that
there are exceptions to Kasha'’s rule, such as in the well documented case of azulene
and its derivatives. Azulene is found to have a relatively large S»>-S: energy gap of
~1.6 eV, resulting in the rate of internal conversion being slow and with the

consequence of emission being observed from the S; state (S2;—So)
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When a small molecule or polymer donor is excited, fluorescence will stem from the
excited singlet excitonic state (S1). However, blending with an acceptor molecule also
opens up the possibility of fluorescence directly from interfacial CT states, which is
typically observed as a broad, structureless emission that is found red-shifted relative
to the donor exciton’s fluorescence.® In addition, provided that the absorption
spectrum of the acceptor sufficiently overlaps with the exciting wavelength, direct
excitation and subsequent fluorescence from the acceptor is possible. In some cases,
the observed fluorescence from the acceptor may also derive from energy transfer

from the donor to the acceptor.*

PL spectroscopy can be used to give an indication of the degree of exciton quenching
in a donor-acceptor blend.®> As any observed quenching is likely to derive from
electron transfer from the donor to the acceptor, the PLQ can be used to infer the
morphological structure of the film and/or the energetics. The PLQ can be determined
from comparing the pristine donor material with its blend with an acceptor, as shown

in equation 2.3.

PL
ﬂ) Eqn. 2.3

PLQ=1- <PLpristine
Where PLpisine and PLpieng are the emission spectrum integrated intensities of the
pristine donor and blend films respectively and have been corrected for the
absorbance. Blend films which exhibit a PLQ close to 100% can be considered to
exhibit highly efficient donor-exciton quenching. This may be indicative that the donor
and acceptor are intimately mixed and/or the exciton possesses a long diffusion
lifetime.® It should be noted that this conclusion relies upon the assumption that the
film morphology does not change with the addition of the quencher, which is likely to
not be the case. Furthermore, this methodology is only valid for materials which
possess a high fluorescence quantum yield. Consequently, materials which exhibit
high intersystem crossing quantum yields, or exhibit low-band gaps (which are more
prone to undergo non-radiative decay processes due to the energy gap law) are less

applicable to this methodology.

PL measurements were recorded on a spectrofluorometer (Horiba, FluoroMax-4). All
films were carried out in air. For solution studies samples were degassed using Ar or
N2 for 30 min in a sealable cuvette. Signals if necessary were corrected for the
absorbance at the exciting wavelength, unless samples possessed the same
absorbance at the exciting wavelength. For presented normalised PL spectra

presented in this thesis, the data has been normalised to the peak.
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2.5 Quantum Yields

A quantum yield (QY) of a process or reaction is defined as the ratio of the number of
excited state processes or reactions to the total number of photons absorbed. As such
quantum yields give a quantitative account of the deactivation of an excited state. The
fluorescence quantum yield (@) is a key photophysical parameter and is defined in
equation 2.4 and 2.5. It should also be noted that fluorescence quantum yield is used
interchangeably with photoluminescence quantum yield (PLQY).

N
br =g - Eqn. 2.4
Abs
k
or = —F Eqgn. 2.5
kg + kisc + kic

Where N is the number of photons emitted by fluorescence and Naps is the total
number of photons absorbed. Assuming steady state excitation conditions, the
quantum yield of a process is given by the ratio of the rate of the process of interest
to the sum of the rates of the processes that deactivate the excited state. For example,
the quantum yield of fluorescence will be the rate of fluorescence divided by the sum
of the rate of fluorescence (kg), rate of intersystem crossing (ISC) and internal
conversion (IC). Several precautions should be taken prior to experimental
measurements. One such precaution is the use of optically diluted solutions (A <0.1),
as to avoid so called ‘inner filter’ effects and allow for a linear relationship between
the photoluminescence intensity and absorbance. A second precaution to make is
that all solvents used should be measured prior to use, to assess their purity, as
spurious bands may result from contamination and contribute to error. It should also

be noted that QY measurements typically possess an error of ~10%.

Quantum yields in chapter 4 were determined with the use of an integrating sphere
(Horiba Jobin Yvon, F3018) in air, on a spectrofluorometer (Horiba, FluoroMax-4).
The integrating sphere allows for quantification of the PLQY, without the need for a
comparative known standard. This is achieved via determining the PLQY relative to
the depletion of the excitation intensity (i.e. the absorption), using the methodology

established by Beeby et al.®
2.6 Transient Absorption Spectroscopy (TAS)

Transient absorption spectroscopy (TAS) is an all-optical experimental technique,
used to measure the absorption and kinetic behaviour of excited species (such as
singlet and triplet states) which possess relatively short lifetimes. These short-lived

species cannot be observed using conventional experimental methods, which require
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detection times longer than the lifetime of the species of interest. This spectroscopic
technique was initially developed by Manfred Eigen, Ronald Norrish and Lord George
Porter in 1949, for which they received the Nobel prize in 1967.” The key principle
employed in TAS is termed ‘pump-probe’. This involves utilising an intense pulse of
light, with a short enough time duration to perturb the equilibrium of the system of
interest and subsequently spectroscopically follow the evolution of the transient
species generated. This is achieved via measuring the change in optical density as a

function of time, as shown in equation 2.6.

AOD ) = 0Dy — 0D, Eqn. 2.6

Where ODg is the transient absorbance as a function of time, and ODy is the
absorbance of the sample when not excited. The transient absorbance can then be
related to the concentration of the excited species via the Beer-Lambert Law (shown
in equation 2.7). After excitation, part of the sample will be placed into an excited state

and as such the absorbance of the sample before and after excitation is given by

equation 2.8.
0Dy = ecl Eqgn. 2.7
OD; = el(c—c") + €*c’l Egn. 2.8
AOD; = &*c*l — ec*l = (" —¢&)lc* Eqn. 2.9

Where ¢ is the molar absorption coefficient, ¢ is the molar concentration of the sample,
I is the path length, €* is the molar absorption coefficient of the excited state, c* is the
molar concentration of the excited state and AOD: is the change in absorbance at
time, t. Equation 2.9 shows us that the measured AOD: is found to be proportional to
the concentration of the excited state, c*, which allows for calculating the lifetime of

the excited state by plotting a graph of AOD; against t.

The duration of the excitation pulse dictates the temporal resolution of the
measurement. The original flash photolysis systems were that of discharge flash
lamps, which gave light pulses with a duration of 10 s. The intense pulses of light
used in modern transient absorption spectroscopic systems derive from lasers, which
are capable of delivering intense enough light pulses in time periods as short as 102
s and 10'*® s. There are two different experimental setups used depending upon the
temporal resolution required, these are nanosecond-microsecond TAS and
picosecond TAS (the details of these will be discussed in the following sections).
Therefore, it is important to match the experimental setup to the timescale of the

species or process that is to be spectroscopically observed.
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2.6.1 TAS with Nanosecond-Microsecond Resolution (us-TAS)

In nanosecond-microsecond TAS (herein referred to as us-TAS) a time domain of 10
9-10 can be covered. us-TAS is therefore useful for studying long-lived transient
species which have derived from previous ultrafast processes of exciton migration,
electron transfer and subsequent free charge generation. All TAS techniques are
based upon ‘pump-probe’ spectroscopy, whereby an initial pulsed laser (the ‘pump’)
excites the sample of interest, populating the excited state(s). At the same time a
continuous wave (CW) broadband light beam (the ‘probe’) is used to take an
absorption profile of the excited state. A general scheme for a ps-TAS experimental

setup is shown in figure 2.2.

In the specific case of pus-TAS, the probe is passed through the sample, with and
without the presence of the exciting pulse and enters a monochromator (which permits
the selecting of the wavelength of interest). Once the transmitted light exits the
monochromator it is then sent to a photodiode (which generates a potential difference
upon exposure to light) and records a change in voltage on the oscilloscope. The
change in probe intensity as a function of time is taken from the reference voltage
prior to the exciting pulse (without excited states present) and at time, t, after the
reference, when the probe may now also be absorbed by the photogenerated excited
states. This observed fractional change in voltage can then be used to calculate the
change in optical density at t, AOD;, (used for convention in TAS instead of

absorbance) using equation 2.10.

I
AOD ; = OD, — OD, = logﬁ Eqn. 2.10
o

Where lo; is the intensity of the transmitted radiation before the pump pulse, and lg; is
the intensity of the transmitted radiation after the sample has been excited with the
pump pulse. The change in absorbance is obtained electronically during TAS
measurements via measuring the voltage made across a photodiode as a function of
time. The voltage generated and displayed on the oscilloscope is directly proportional
to the amount of probe light transmitted through the sample. The change in voltage at
time t, AV,, can therefore be related to the change in optical density using equation
2.11.

Ve—=Vy  1079P — 10790
Vo 10~0Do

Where Vy is the voltage generated by the probe beam when the sample is not excited

= 1079Pc+0Do — 1 Eqn. 2.11

and V: is the voltage generated by the probe beam at time t, after the sample has

been excited. During TAS measurements only a small change in the voltage will be
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observed upon excitation of the sample, corresponding to a small change in the
optical density. This has the consequence of x being small for 10, which results in
10* being ~1, thus simplifying equation 2.11 to 2.12. Subsequent rearrangement to
find AOD yields equation 2.13, which demonstrates that for small changes in the

optical density the voltage remains linearly proportional to it.

AV,
Tt = 1—A0DIn10 — 1 = AODIn10 Eqn. 2.12
0
AOD L AV __1 4% Eqn. 2.13
= T Y T n. 2.
In (10) V, _ 2.303 V, a
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Figure 2.2 A general scheme for a us TAS experimental setup used in this
thesis. The change in the optical density (relative to the ground state
absorbance) after excitation may be plotted as a function of probe wavelength,

A, yielding a transient absorption spectrum.

The ps-TAS measurements in this thesis were acquired with a bespoke setup. The
pump excitation source was generated from a pulsed ND:YAG laser (Quanta-Ray
INDI, Spectra Physics), with a set repetition rate of 10 Hz, a frequency of 1064 nm
and a pulse width of 6 ns. The 1064 nm fundamental is frequency doubled to yield
532 nm light, which is then subsequently mixed with the 1064 nm fundamental to give
an output of 355 nm. The 355 nm output beam is then used to seed a beta barium
borate optical parametric oscillator (OPO) (Versascan, GWU). The OPO via means
of a non-linear optical process outputs two beams, a higher energy ‘signal’ beam in
the range of 410 — 709 nm and a lower energy ‘idler’ beam in the range 710-2630 nm.

The signal and idler output wavelengths are related to one another by equation 2.14.
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! ! ! E 2.14
= - n. 2.
/lidler /Ipump Asignal q

This signal and idler are separated from one another via means of dichroic mirrors
when operating with the spectral range of 400-620 nm. The signal output is used as
the primary excitation source and its energy is varied through the use of neutral
density filters. The probe beam is generated from a tungsten halogen lamp (Bentham,
IL1) with a stabilised current power source (Bentham, 605). The probe beam is
passed through the sample (either solution or thin film) in a quartz cuvette filled with
an inert atmosphere (typically N2) and into a monochromator (Cornerstone, 130),
which is used to select the wavelength of interest. Optical filters, such as short pass,
long pass or band pass may be used in front of the probe beam to prevent noise
originating from undesired sample excitation. In addition to this, long pass filters are
employed in front of the monochromator aperture to reduce noise originating from

pump scatter.

/ Prot:e Lamp

R — —

AL b
27 N | LaserExcitation Port
X /

| 4

1 _Sample Cuvette

Figure 2.3 The us-TAS experimental setup used in this thesis. The OPO is
located inside the black shroud with the laser outlet. The optical transient

detectors are located after the monochromator.

The probe light is then focused onto a visible or near-infrared optical transient detector
preamplifier, which is in turn connected to a main amplifier which converts the signal
into a difference in voltage. The visible detector is comprised of a silicon PIN low noise
photodiode (Hamamatsu, S3071) with a spectral range of 320-1060 nm (shown in
figure 2.4 b)), while the infrared detector is comprised of a InGaAs PIN photodiode
with a spectral detection range of 700-1700 nm (shown in figure 2.4 a)). The detectors
have a rise time of ~80 ns, however, experimental conditions relating to pump noise

from laser scatter typically limits the resolution of the us-TAS system to ~600 ns. The
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main amplifier (figure 5) is connected to a multichannel oscilloscope (DPO 4035B,
Tetronix) which is used to set time zero from the pump scatter using a connected
silicon photodiode (Thor labs). For the main amplifier the background (DC) light level
is given by the LCD screen and is expressed as a voltage that would appear at the
output if the system was a pure DC amplifier. An input of 400 V represents a
preamplifier output of 1 V. The preamplifier is linear up to 1.5 V (600 V on the LCD of
the main amplifier), consequently the TAS optical system must be modified to keep
the light input below this level via adjusting the incident probe intensity (through the
use of ND filters and an iris). When looking for TAS signals generally there is a large
DC component that we do not wish to amplify, and that must be removed to allow the
smaller AC component to be resolved. This is possible via subtracting a DC voltage
from the input, or by sending the signal through a high pass (AC coupled) stage. The
box also contains additional low pass filters, allowing for the filtering of low frequency
noise. The oscilloscope is connected to a computer, which completes data acquisition
via commercial software (Costronics Electronics, TEKAVEUSB). Overall, this system

allows for observing changes in optical density on the order of 10°.

Figure 2.4 a) The infrared transient detector containing an Ingas PIN
photodiode with a spectral range of 700-1700 nm, b) The visible transient
detector containing an Si PIN photodiode with a spectral range of 320-1060

nm.
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Figure 2.5 Costronics transient amplifier and filtering box. The background

(DC) light level is observed on the LCD screen.

2.6.2 TAS with Picosecond Resolution (ps-TAS)

When attempting to do TAS on sub-ns time scales electronic components, such as
photomultipliers often lack the necessary response time and signal to noise to make
accurate measurements (exceptions include that of streak cameras)®. In order to
overcome these limitations, the same femtosecond laser source is used to generate
two light pulses via means of a beam splitter or a partially reflecting mirror. The first
pulse is used to excite the sample of interest and is termed the ‘pump’, whereas the
second pulse is used to ‘probe’ the induced changes in the sample at a set time after
excitation (this is in contrast to a ps-TA setup, which typically uses a second light
source for the probe beam). Although both pulses are generated at the same time,
they are sent along different pathways so that the probe pulse arrives at the sample
at a selected time after it has been excited by the pump. Prior to reaching the sample,
the pump pulse is sent to an optical parametric amplifier (OPA), whereby the desired

excitation wavelength is generated.

The probe pulse is initially sent through a delay stage, consisting of a mobile platform
with reflector mirrors. By varying the distance between the mirrors, the time delay of
the pump-probe technique is now dictated by the pathlength of the light and therefore
no longer requires the use of electronics. For example, increasing the delay stage
path length by 1 mm equates to a delay of 3.33 ps. The probe pulse is then used to
generate ‘white light’ either in the visible or infrared range, depending upon the type

of mixing crystal used. The probe then arrives at a sample at a set time, after the
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sample has been excited by the pump (alignment of the pump and probe beams is
therefore crucial). After the probe has passed through the sample the change in its
intensity (from absorption by an excited state) is then measured by an imaging
detector spectrometer. Imaging spectrometers allow for the collection of an entire
spectrum, as opposed to constructing one individually from the decay data obtained

from probing at each individual wavelength.

The ps-TAS measurements obtained in this thesis were acquired with a commercial
setup, with an instrument resolution of ~200 fs. The fs-TAS system is comprised of a
Ti:Sapphire fs laser (Mai Tai, Spectra Physics) which is used to seed a regenerative
amplifier (Solstice, Spectra Physics), which increases the output energy from 17.5 nJ
to > 2.5 mJ, with a pulse duration of ~100 fs and a wavelength of 800 nm. The initial
~200 fs pulses cannot be directly amplified due to the risk of damaging the Ti:Sapphire
crystal in the regenerative amplifier. In order to circumvent this problem, the ultra-
short laser pulses are time stretched, amplified and then subsequently time

compressed.

Using a beam splitter, part of the regenerative amplifier output is used to seed an
optical parametric amplifier (Topas, Spectra Physics) to generate the exciting ‘pump’
pulse. The OPA uses a non-linear optical process to generate light with varying
frequencies and polarisation. In addition, frequency mixers allow for extension of the
wavelength range into the U.V. and IR, thus allowing for an excitation range of 285-
1600 nm. The energy of this pump pulse is controlled via means of a neutral density
filter wheel. In addition, the pump pulse is also passed through a depolariser, resulting
in an isotropic laser pulse, thus allowing for the observed signal to be free of

polarisation effects.

The rest of the amplifier output is utilised as the probe (Helios, Ultrafast Systems) via
sending it to a delay stage, which allows for data to be taken up to ~6 ns. Once the
probe pulse exits the delay stage, it then enters the spectrometer. In this section, the
probe beam white light is generated, using different crystals. Either visible light (450-
750 nm) or NIR (850-1450 nm) may be generated. The 800 nm fundamental (which
is used to generate the probe) cannot be fully filtered from the probe, which results in
a ~100 nm gap between the visible and NIR detectors, but nonetheless affords a large
enough wavelength range for probing of the ground state bleach (GSB) region, or an
excited state. The visible and IR probe lights are detected via CMOS or InGaAs

detectors respectively.
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The change in signal intensity is measured through reducing the repetition rate of the
pump pulse relative to the probe. This is achieved via employing a chopper, which
reduces the repetition rate from 1 Khz to 500 Hz (i.e. half that of the probe). This
allows for the probe to be detected with and without the presence of the pump pulse.
When the probe pulse is frequency-aligned with that of pump pulse, the probe will be
partly absorbed by the presence of an excited state, however, when the probe pulse
is not frequency aligned with that of the pump, only a ground state absorbance
spectrum will be measured. The corresponding difference in the intensity of the probe
pulse, in conjunction with the initial intensity, allows for determining AOD utilising
equation 2.11. In this fs-TAS setup, in addition to the sample detector a second probe
channel is utilised as a reference to increase the signal-to-noise ratio, thus allowing
for a lower number of averages laser pulses to be taken. This is achieved via splitting
the probe beam in two, prior to it passing through the sample. While one of the probe
beams passes through the sample, the second is sent directly to a reference detector

allowing for measuring any fluctuations in the probe beam intensity.

2.6.3 TAS Data Analysis in the ns-ms Regime

The preliminary step in TAS data analysis involves assignment of the observed
signals/transitions. Both the visible and infrared portions (~500-1600 nm) are probed
in this thesis, with both positive and negative AOD signals typically being observed.
Negative signals generally derive from contributions from ground state bleaching
effects and/or scatter from the pump laser. The ground state bleach (GSB) is found
in the area of the spectrum that corresponds to the ground state absorbance of the
sample. Since the ground state has been depleted by promotion to an excited state
by the pump laser, the number of molecules in the ground state will therefore be less
compared to the non-excited sample. This has the consequence of yielding a negative
signal, that will recover to zero as the excited state decays and ground state is
repopulated. Materials in this thesis predominantly absorb in the visible region, which
has the effect of negative signals typically being observed on the visible detector
(<1000 nm). Positive AOD signals correspond to absorbance of an excited state (e.g
absorbance of a triplet state to an upper excited triplet state, T1—Th). In this thesis the
main excited state products formed are either singlets, triplets or polarons. Singlet
states are typically not long lived, possessing lifetimes on the order of nanoseconds
or less.® This results in singlet species decaying before they can be detected by the
Ms-TAS setup. This infers that any positive signals observed ps-TAS setup must

derive from either that of triplets or polarons.
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Both triplets and polarons exhibit distinctively different kinetic behaviour at timescales
typically >1us, which has the effect of them typically being easily distinguished from
one another. Provided that triplets are excited with sufficiently low excitation energies
to prevent second-order effects and that they decay exclusively to the ground state,
the decay of the triplet is assumed to be monomolecular. This first-order behaviour
gives rise to an monoexponential decay with the corresponding non-integrated

(equation 2.15) and integrated rate laws (equation 2.16):

d[T]
= Eqn. 2.15
5 = KIT] q

T]e = [T]ge ™" Tex»
Tl =1Tlo Eqn. 2.16
Where teyp is the experimental lifetime for the triplet, [T]o and [T]; are the triplet

concentrations at time = 0 and time = t.

A complementary way to determine whether a signal derives from that of a triplet
species is through exposing a sample to oxygen. Oxygen is known to quench triplet
species, provided that the triplet energy level of the species of interest is >0.94 eV.1011
In TAS experiments, oxygen-based quenching of triplets should manifest itself as both
a reduction in signal amplitude (AOD) and triplet lifetime.*?! In solution samples,
signals may also be completely quenched, as shown in figure 2.6. Particular emphasis
must be placed on restoring the initial signal under an inert atmosphere. This is to
confirm that any observed reduction in signal is due to triplet quenching and not

oxygen-based degradation.
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Figure 2.6 Microsecond transient absorption decay kinetics of F8BT
chlorobenzene solution (68 pg/mL). Bubbling O, through the solution results in
a complete quenching of the signal. The sample was re-degassed to check

that the initial signal was recoverable.
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Polarons, as discussed in the introduction, decay via means of recombination with
their oppositely charged polaron. Polarons have been observed to undergo both
geminate (monomolecular/first order) and bimolecular (second order) recombination,
both with their own distinctive kinetic behaviour. Geminate recombination can be
considered to take place via one of two ways. The first case involves recombination
between two charges coulombically bound in a CT state (also referred to as a bound
polaron pair) which have been unable to dissociate to free charge species. In the
second case, the bound polaron pair is able to dissociate to free charge carriers,
however, they remain trapped in their respective domains, where recombination
between the electron and original positive hole is the only possibility. In both cases
recombination involves the same initially excited exciton, indicating a monomolecular
process and giving rise to the same kinetics previously described for that of triplet
states. It should be noted however, that pure monoexponential functions are
sometimes not observed experimentally, with multi or stretched exponential models
often being invoked to describe experimental data. This deviation from first order
decay dynamics is thought to be the consequence of the energetic disorder inherent
to solids, which originate from conformational variation and polydispersity (for
polymeric materials). As excitons will populate a distribution of energetic states
afforded to them by the energetic disorder, the observed experimental decays will be

best fitted by the function which satisfies this distribution of energies.

Bimolecular recombination, in contrast to geminate, occurs between freely separated
charge species which did not originate from the same electron-hole pair. In this form
of recombination, photogenerated free charges must diffuse to within the coulomb
capture radius of one another. This has the effect of significantly slowing the kinetics,
with bimolecular recombination often being observed in the ps-ms regime.'* This
contrasts with geminate recombination which is found to typically occur on timescales
of ps,® to hundreds of ns,**” and consequently is less likely to be observed with the
ps TAS experimental setup used in this thesis. It is noted, however, that there is at
least one report of geminate recombination being observed on the ps timescale in a
P3HT:pyrazolino fullerene derivative blend.!” As bimolecular recombination involves
both a positive and negative charge, it would therefore be expected to exhibit second
order kinetics, with the corresponding non-integrated (equation 2.17) and integrated

rate laws (equation 2.18).
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dn
n_1+n0kt Eqgn. 2.18

Where nis the charge density in cm=at any time, and nois the initial charge density
after excitation. Experimental evidence for donor-acceptor blend films, however,
presents much more complicated kinetics. It has been proposed that bimolecular
recombination takes place in the presence of an exponential distribution of localised
trap states, and that the bimolecular recombination rate constant, k, is also dependant
on a power function of the charge density (shown in equation 2.19). 8% Substituting
equation 2.19 into 2.17 yields the rate law equation 2.20 and its integrated formed

eguation 2.21.

k(n) = konP
() =ko Eqn. 2.19
_d_n = k0n8+2
dt Eqn. 2.20
Ny Ny
n= =
Eqgn. 2.21

(1+ ko(B + 1)ng+1t)% 1+ ut)ﬁ
Where ko is the bimolecular recombination constant independent of charge density
and p = ko(B+1)ne**!. From this we can see that this function tends to no as t
approaches zero, which has the effect of yielding a plateau at the fastest times. In the
condition where ut > 1, the dependency of charge density, n, with respect to t exhibits
a power-law (equation 2.23) and is the regime where trap limited recombination
dominates. This feature is particularly useful in identifying polarons, as bimolecular

recombination will appear linear on a log-log plot of the us-TAS decay kinetics.

-1 -1

n = (nyaf+t1)(t B+1) Egn. 2.22
AOD « n = At™@ Eqgn. 2.23

Where A = noa®'and a = 1/B+1. B can therefore be related to the power law
exponent, a, by using the total order of the reaction f+2 = 1/ a +1, therefore § = 1/ a
-1. As the AOD will be proportional to the charge density, n, the value of a may be
obtained from fitting equation 2.23 to the observed the transient decay. The value of
a will be a rational number, where a value of 1 indicates pure bimolecular
recombination. An important point to note is that the value of a is dependent upon the

distribution of energetic trap states, as such both morphology and crystallinity of a film
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affect the value of a. This has been eloquently shown via annealing studies of
P3HT:PCBM blend films, where annealing increases the ordering of polymer chains.
This increase in crystallinity is found to reduce the depth of the energetic traps,
increasing charge mobility and consequently the rate of bimolecular
recombination.?%2! This observation indicates that this energetic trap distribution is not

the result of chemical defects, but rather film morphology.

TAS can be used to experimentally find the bimolecular recombination rate constant,
as has been shown by Shuttle et al.?? This is done by using the Beer-Lambert law to
relate the AOD to the charge density, as shown in equations 2.24 and 2.25.

_ 20D Eqn. 2.24
= end1000 an. <.
dAOD 2dey 1000

= Eqgn. 2.25

dt AOD? N,

Where d is the film thickness, Na is Avogadro’s constant and ewis the molar extinction

coefficient of the polaron.

2.6.4 TAS Data Analysis in the ps-ns Regime

In ps-TAS, species which are too short-lived to be detected in us-TAS may be probed.
This ability to probe short-lived species is afforded by the time resolution of the
instrument, which spans from ~200 fs to 6 ns for the instrument used in this thesis.
Consequently, the spectra obtained are often more complex than their pus
counterparts, containing contributions from both short and long-lived species. In ps-
TAS, positive signals can now also derive from absorption by the singlet state
(S1—Sy), as well as both triplets (T:—T,), CT states (also known as bound polaron
pairs in the context of D/A blends) and polarons. Additional photophysical processes
for these long-lived species may also be observed, for example population of the

triplet manifold via ISC may be monitored.?

In addition to ground state bleaching effects (shown in figure 2.7 ii), additional
contributions may now stem from stimulated emission (shown in figure 2.7 iii)). This
is the induced emission of a photon from an excited state, via interaction with the
probe light. Stimulated emission typically manifests itself as a negative signal in the
same spectral area as the observed emission, and consequently should be found red-
shifted relative to the GSB. The observed negative stimulated emission signal derives
from the detector measuring a higher light intensity, relative to the reference without
the pump pulse, as the emitted photon will travel in the direction of the probe pulse,

with both being subsequently detected.
57



Chapter 2

0.008

0.006 =
0.004 =

0.002 4y Exciting Laser

Spike

Z

T=—iv)800 nm fundamental

AOD

0.000

.y

-0.004 =

i)

-0.006 o

-0.008

<—ii)Ground State Bleach

Stimulated Emission

600

800 1000 1200 1400

Wavelength / nm

Figure 2.7 ps-TA spectrum of a pristine Thiro film at 1 ps (taken from chapter

5), illustrating multiple signal components that may comprise the spectrum.

Obtained with an excitation wavelength of 520 nm. i) The laser ‘spike’ can be

observed at 520 nm. ii) The ground state bleach corresponds to depletion of

the ground state and results in a negative AOD signal. iii) Stimulated emission

can also result in a negative AOD signal and can be found spectrally situated

in the area of emission. iv) The visible and infrared light probes do encompass

the entire spectrum, and results in a

~100 nm spectral dead zone (represented

by the grey dashed vertical lines in figure 7 v). Excited state absorption results

in a positive AOD, but it is important to note that the obtained signals may

represent contributions from different species.
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Figure 2.8 An example of excitation energy independent ps-TA kinetics for

F8BT solution (50 pg/mL).

58



Chapter 2

For the studies presented in this thesis, the obtained excited state spectra are typically
complex. An overarching feature for all of them, however, is the presence of a short-
lived singlet state that dominates the early ps-timescale. Singlet states observed in
pristine materials should elicit the same kinetic response as described for triplet
species in the preceding section, exhibiting a monomolecular decay at the lowest
excitation energies (shown in figure 2.8). Additional confirmation of an assignment to
a singlet state can also be attained via a comparison with the stimulated emission
kinetics, which should possess the same decay kinetics and therefore lifetime, which
is readily apparent upon normalisation of the two decays (this is discussed in chapter
4). The singlet-state transition can also in some instances undergo a red-shift with
time. This red-shifting is attributed to the singlet state undergoing energetic relaxation
down the density of states (DOS).24% This relaxation process therefore indicates the
presence of energetic disorder, with a large red-shift corresponding to greater
energetic disorder in the material. Triplet species are typically observed upon spectral
evolution, becoming spectrally evident upon the decay of the singlet state. ISC to the
triplet manifold is often observed as a rise in the triplet signal amplitude, which
naturally follows the decay of the singlet state. Further confirmation of a transition in
the ps-TA spectrum to a triplet can be made via comparison with the corresponding

us-TA spectrum, where the long-lived triplet species should still be evident.

Upon blending with a suitable acceptor molecule, singlet states may be quenched via
electron transfer, manifesting as a reduction in both the signal amplitude and lifetime
in the singlet. In addition, a commensurate reduction in the stimulated emission is also
found to accompany quenching,?*?¢ as fluorescence stems from the excited singlet
state (which exhibits a smaller population upon quenching). A further point to note is
that ISC to the triplet manifold is often a much slower process relative to the quenching
of the singlet state by the acceptor, which can take place on the sub-ps timescale.
This can result in negligible triplet formation in blend films, regardless of whether
triplets are formed in the pristine donor ps-TA spectrum.? In D/A blends, polarons
(free charge species) are often the main product of quenching of the excited singlet
state and are formed on a variety of timescales. Polarons often exhibit relatively broad
transitions in the NIR (~900-1200 nm as a rule of thumb)?425-2° and are often found to
overlap with the singlet and triplet transitions. Furthermore, differentiation between
interfacial CT states and ‘free’ polarons is often difficult, as they often exhibit very
similar spectral profiles. Polarons often possess lifetimes that are long enough to
persist into the ps regime (like triplets) and thus a comparison between the ps and ps-

TA spectra can help confirm assignments.
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2.6.5 TAS Data Processing and General Analysis

Post ps-TA data collection processing was performed using surface Xplorer and origin
software packages. Surface Xplorer was used for background subtraction and chirp
correction. Prior to chirp correction the data matrix on the wavelength axis was
trimmed using the crop function to include only the useful data (i.e., only sensible
data). Chirp correction is applied by manually selecting at least 4-time zero
wavelength pairs (where time zero is defined as half the AOD value of the initial rise),
whereby the data is then fit with a polynomial. Smoothing (e.g., adjacent averaging)
and pump subtraction were not performed for the TA data presented in this thesis.
When plotting ps-TA spectra, spectral data prior to absorption is included, which can
show any deviation from the spectral baseline (the background offset). In this thesis
this is shown via including the data at -10 ps in the ps-TA spectra. In addition, prior to
plotting Kinetics, time zero is checked via enhancing the region -1 to 1 ps and allows

for manual correction if necessary.

Origin software was used for data fitting of both ps and us-TA data (unless specified
otherwise) instead of global fitting software. This was possible because in general the
signals obtained were relatively clear and distinct from one another, thus allowing for
unambiguous assignment and analysis. When fitting data, it is assumed that both
singlet and triplet states decay via first order and go to zero, but this is typically not
what is observed, especially when such states undergo multiple decay pathways,
which often leads to multi or stretched exponential decays. For ps-TA data, the
background offset is taken to be zero. Global analysis (GA) for ps-TAS data was
carried out using a previously written programme based on a genetic algorithm. The
genetic algorithm was provided by Dr Artem Bakulin (Imperial College London).
Interested readers can get access to the code by contacting Dr Artem Bakulin or
Nathaniel Gallop (Warwick University). Reference spectra (e.g. singlet or triplet) are
taken from the ps-TA measurement (the raw data matrix, not the Surface Xplorer file)
and used to aid as an initial “guess” for the algorithm, reducing the time needed for
spectral deconvolution. For the GA carried out in chapter 5, a reference spectrum
averaged between 1-6 ns was used, corresponding to the ascribed Thiro triplet. The
algorithm starts with a large ensemble of randomly generated solutions and evaluates
the fitness of each of them. Those solutions which possess the best fits are more
likely to survive and reproduce, yielding a new generation of “children” composed of
linear combinations of high-fithess parents. A degree of randomness is added to
maintain the diversity of the solution ensemble. As successive generations are

combined, the solution converges to an optimum/best-fitted result.°
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Chapter 3

Exploring the Photophysics of a Small-

Molecule DPP/Fullerene system

3.1 Outline

In this chapter a DPP small molecule derivative, 2,5-bis(2-hexyldecyl)-3,6-
di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (TDPP) was
spectroscopically investigated. This was for the purpose of elucidating the
fundamental photophysics of a relatively simple TDPP molecule in both its pristine
and PB&BM/PC;0,BM blend thin films, thus providing a foundation for spectroscopic
investigations into more complex DPP-based systems. This is because DPP-based
polymers and small molecules are commonplace throughout the field of organic
photovoltaics primarily due to their narrow band gaps, which allows for absorbing
photons in the NIR. Furthermore, the high planarity exhibited by the DPP moiety
results in a propensity for these materials to form crystalline aggregates, with

accompanying excellent charge transport properties.*?

In the introduction a brief overview of DPP is provided, including its advantages and
current limitations. A brief description of the methodology employed is given, followed
by the results of the investigation. Ground state absorbance, photoluminescence,
transient electron paramagnetic resonance spectroscopy and transient absorption
spectroscopy results of pristine thin film and its fullerene blends are provided. It was
found that upon excitation of the pristine TDPP thin film the singlet exciton was the
predominant species generated, with limited evidence of triplet species on all time
scales. In contrast to this, upon addition of PCgBM or PC70BM, a much more complex
spectrum was obtained, with three species being observed. These species were that
of the TDPP singlet-exciton, the TDPP triplet-exciton and the fullerene radical anion.
The appearance of the TDPP triplet in only the blend films indicated a mechanism in
which triplet formation was mediated via that of the fullerene CT state. Moreover, the
assigned triplet was found not to be quenched by the presence of oxygen, indicating
a triplet level <0.98 eV. Finally, the proposed mechanism was confirmed through the

use of transient-EPR spectroscopy.
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3.2 Introduction

The diketopyrrolopyrolle (DPP) moiety (figure 3.1) is ubiquitous throughout the field
of organic electronics for its synthetic versatility, thermal and photostability and high
fluorescence quantum yield.3>* DPP polymers have been extensively used in bulk
heterojunction organic cells,® attaining efficiencies in excess of 9%.5 Additionally,
organic solar cells have also been produced using small molecule DPP, achieving
efficiencies of over 7% when using a PC70BM acceptor,” or 9% when coupled with a
non-fullerene acceptor.? One of the main attributes of DPP is that it possesses a low
optical band-gap (<1.5 eV), allowing for extending absorption up to 1000 nm, thus
allowing for increased short-circuit current (Jsc) from increased spectral coverage.
This potential for semitransparency also allows for the possibility for inclusion of DPP
materials into tandem organic solar cells.® This low-band gap observed in DPP
materials is in part attributed to its relatively low-lying LUMO, which has the
consequence of reducing the donor-acceptor LUMO offset. This reduction in energy
offset reduces the driving force for charge generation, with DPP organic solar cells
often yielding external quantum efficiencies (EQE) of ~50%,* which is much lower
than the >80% exhibited by the state of the art.1%-12

R
N_o
H
\
O™™N
R

Figure 3.1 The basic diketopyrrolopyrrole, DPP, moiety used in small

molecules and polymers.

In addition to possessing deep LUMO levels, DPP materials have been speculated to
possess low-lying triplet energy levels. This has been shown to be the case for some
small molecule DPP thin films, which have been found to undergo singlet fission.34
Singlet fission is a photophysical process whereby an excited singlet state is split into
two triplet states on nearby molecules, and offers the prospect of being able to
increase the efficiency of a photovoltaic device beyond the Shockley-Queisser limit to
above 46%.'>1° In order for singlet fission to be energetically favourable the energy
of the excited singlet state must be greater than or equal to twice the excited triplet
state energy.l” It should be noted however, that singlet fission may proceed
endothermically, as is the case observed for derivatives of tetracene.'® If DPP
derivatives do indeed possess low-lying triplet levels, this presents a potential loss

pathway in organic solar cells. This is because if the triplet level of the donor material
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is less than that of the CT state, this may afford an efficient CT state deactivation
channel. However, to our knowledge, no time-resolved spectroscopic studies have
been performed upon simple DPP monomers in bulk heterojunction films blended with
fullerenes. Furthermore, previous TAS investigations have typically focused

predominantly on spectral features situated in the visible region of the spectrum only.

The aim of this chapter is to build upon previous literature work by spectroscopically
examining a relatively simple small molecule DPP derivative, TDPP (structure shown
in figure 3.2), in bulk heterojunction blend films with PCsBM and PC-oBM fullerene
acceptors, with a particular emphasis on transient absorption features in the near-
infrared region. This was for the purpose of providing a spectroscopic baseline for
investigations into more complex DPP-based systems. Importantly, TR-EPR is also
used to complement and validate the results provided by TAS, thus providing insight

into the photophysical mechanisms present.

CeH1s

CgH17

Figure 3.2 Structure of small molecule 2,5-bis(2-hexyldecyl)-3,6-di(thiophen-
2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione, TDPP.

3.3 Experimental

TDPP was synthesised by Anastasia Leventis of the Bronstein group using a known
literature procedure.*® Thin films were prepared via spin-coating from solutions of (~5
mg/mL with respect to TDPP) of chloroform/o-dichlorobenzene (94:6) onto glass,
using a spin speed of 1600 rpm, for a duration of 90 s. All films were spin coated in
air, then stored in a glove box with a nitrogen atmosphere. Glass substrates were
cleaned prior to spin coating via sonication for 15 min in both acetone and

isopropanol.

TR-EPR thin films were prepared via drop casting onto ultra-flat quartz films (1 mm
thickness) and placing into EPR tubes and sealing under vacuum. PC7,BM solution
used in EPR experiments was prepared by dissolving in toluene (100 um). The

solution was placed into an EPR tube and sealed under vacuum after three cycles of
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freeze pump thaw. AFM films were prepared via via spin-coating from solutions onto

ultraflat quartz films (1 mm thickness).

For ps-TA measurements, all thin films were excited with the same pump wavelength

of 510 nm. An excitation density range of 11-91 pJ cm2 was used.

For us-TA measurements, the pristine TDPP thin film and its PCscBM/PC70BM blends
were excited with a pump wavelength of 500 and 510 nm respectively. The pristine
TDPP thin film was excited with an excitation density of 128 pJ cm2. The TDPP:PCBM
blend films were excited with excitation density ranges of 0.5-33 puJ cm for the
PCsBM and PC+oBM blend films. Transient absorption results were collected with the

aid of Nathaniel Luke.

3.4 Ground State Absorbance, Fluorescence and Atomic Force
Microscopy (AFM)

—— TDPP Pristine —— TDPP Solution
—— TDPP:PC,,BM (1:2) —— TDPP Film PL

—— TDPP:PC,,BM (1:2)

1.2 4

Normalised Absorbance
o o o =
= > o o
M x

o
N

0.0 T T T
400 500 600 700 800

Wavelength / nm

Figure 3.3 Normalised ground state absorbance spectra of a pristine TDPP
film, pristine TDPP chloroform solution (~10 pg/mL), TDPP:PCesBM (1:2) and
TDPP:PCesBM blend films and normalised photoluminescence spectrum of a
pristine TDPP film. Pristine TDPP film photoluminescence spectrum was
collected with an excitation wavelength of 510 nm. Spectra have been

normalised to their respective peak maxima.

Figure 3.3 shows the absorbance spectra for pristine TDPP thin film and its 1:2 blends
(by weight) with PCsBM and PC+BM. A 1:2 blend ratio was chosen on the basis that
other DPP-based fullerene systems obtained their highest power conversion
efficiencies using this ratio.?’ The pristine TDPP thin film exhibits a peak maximum at
510 nm, with an additional peak found at 490 nm. A less intense peak can also be
found situated at 565 nm and is assigned to the lowest vibronic 0-0 peak. The peak

at 565 nm is found to increase in relative amplitude upon blending with either fullerene
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acceptor. This behaviour has previously been observed in DPP polymer/fullerene
blends,?! and has been attributed to an enhancement in film crystallinity, afforded via
the high planarity exhibited by the DPP core. This enhancement in crystallinity in turn
promotes 11-1T stacking with a concomitant increased intermolecular overlap, which
manifests as an increase in the intensity of the interchain transition.? If this hypothesis
can be extended to DPP based small molecule films, this is suggestive that the

presence of the fullerene imparts a degree of ordering on the TDPP molecules.

a) Pristine TDPP c) DPP:PC7BM
Figure 3.4 AFM images for a) pristine TDPP, b) TDPP:PCsBM (1:2) and c)
TDPP:PC70BM films. AFM data was provided by Caroline Nowicka-Dyag. AFM
images were taken with peak force tapping mode, using a ScanAsyst-Air

cantilever with a nominal tip radius of 2 nm and Al coated on the back side.
Images were processed win Gwyddion 2.47.

To provide further evidence that the addition of fullerenes enhanced the crystallinity
of the film, atomic force microscopy (AFM) images were collected by Caroline
Nowicka-Dyag and are displayed in figure 3.4. The pristine film (figure 3.4 a)) is found
to exhibit an amorphous morphology, showing little evidence of order. In contrast to
this, addition of either PC¢BM or PC70BM (figure 3.4 b) and c) respectively) results in
the formation of large crystallites with parallel structured domains, with the PCzBM
blend exhibiting larger crystal domains (~0.6 um in width) than that of the PC¢BM
blend (~0.3 pm in width). This increase in crystallisation upon blending is consistent
with the increased amplitude of the 565 nm peak, which was observed in the ground

state absorbance spectrum and ascribed to the presence of an interchain transition.

The pristine thin film is found to exhibit a fluorescence peak maximum at 690 nm
(shown in figure 3.3), with a less intense vibronic shoulder at 635 nm. The sharp peaks
at 750-760 nm is a spurious feature associated with the instrument. Using the
respective fluorescence maxims (corrected for the absorbance at the exciting

wavelength), quenching rates of 97 % were obtained for the 1:2 by weight
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TDPP:fullerene blend films (shown in figure 3.5). This observed reduction in
fluorescence is generally ascribed to quenching of the donor exciton via electron or

energy transfer to the fullerene acceptor.

10° o

10° o

—— Pristine TDPP
—— TDPP:PC4,BM (1:2)
—— TDPP:PC,,BM (1:2)

Intensity Corrected for Abs.

10% o

600 650 700 750 800
Wavelength / nm

Figure 3.5 Photoluminescence spectra of a pristine TDPP thin film and
TDPP:PCeBM/PC70BM (1:2 by weight) blend films. Spectra were obtained
with an excitation wavelength of 510 nm and the data has been corrected for
the absorbance at the exciting wavelength.

3.5 Picosecond Transient Absorption Spectroscopy
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Figure 3.6 Picosecond transient absorption spectrum of a pristine TDPP thin

film. The film was excited at 510 nm with an excitation density of 2.7 uJ cm™.
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Figure 3.7 Picosecond transient absorption decay kinetics of a pristine TDPP
thin film. Sample was excited with a pump wavelength 510 nm, with an
excitation density of 11 pJ cm™. Kinetics were obtained through averaging the
kinetic data in the spectral regions of 800-810 nm, 850-1000 nm and 1590-
1600 nm. The red line is a monoexponential fit.

Following on from the steady state characterisation, picosecond transient absorption
(ps-TA) data was collected for both the pristine TDPP and its PCsBM/PC+0,BM blend
films. Figure 3.6 shows the picosecond transient absorption spectrum obtained for a
pristine TDPP film when exciting at 510 nm. Two transitions from species generated
on sub picosecond timescales can be seen situated at ca. 800 nm and ca. 1600 nm
and dominate the early spectrum. By 1000 ps, the peaks at 800 and 1600 nm have
completely decayed, revealing the presence of an additional absorption feature at
800-1100 nm that is still present at 6 ns, indicating that it is not related to either of the
features found at 800 and 1600 nm. The kinetics of the transitions at 800 nm and
1600 nm were probed by averaging the decay data in the wavelength regions of 800-
810 nm and 1590-1600 nm respectively. As shown in figure 3.7, the kinetics of both
the transitions at 800 and 1600 nm exhibit near-identical monomolecular decay
profiles, thus indicating that both transitions likely belong to a single species. As
shown in figure 3.8 a) and b), both features at 800 and 1600 nm exhibit the same
excitation dependence, which points to a significant bimolecular decay pathway at
energies >11 pJ cm2, Fitting the lowest energy kinetic decays to a monoexponential
function yields the same lifetime (within error) of t =140 + 10 ps and Tt = 150 + 10 ps
(where the error is from fitting) for the 800 and 1600 nm transitions respectively. The
sub-picosecond generation of the peaks at 800 and 1600 nm, coupled with the
observed first order decay kinetics at low excitation energies and relatively short
lifetime of ~150 ps is strongly indicative that the species responsible for these

transitions is that of a singlet state (S1—S,). The observed loss of first order kinetics
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at higher excitation densities is therefore likely to derive from singlet-singlet
annihilation. Furthermore, the relatively short lifetime of ~150 ps is also consistent
with that of singlet excitons reported in other conjugated donor materials.?3242526 The
transition at 800 and 1600 nm are also highly unlikely to be the consequence of triplet
species in a pristine organic material, which can possess lifetimes orders of
magnitude greater.?’* Further evidence for this singlet exciton assignment is found in
previous ps-TAS studies of DPP derivatives, which also identified the presence of a
singlet transition situated at 800 nm,? or the edge of it when only studying the visible
region.?®3° As previously mentioned, a weaker broad absorption feature can be also
observed at 800-1100 nm once the stronger singlet transitions at 800 and 1600 nm
have sufficiently decayed. The dynamics of this feature were probed by averaging the
kinetics in the region 1000-1100 nm, and show that the species obtains a maximum
AOD at approximately 30 ps. This is in contrast to the ascribed singlet exciton, which
is found generated on the sub-picosecond timescale. Extrapolating this decay (under
the assumption that it remains constant) reveals that it will have completely decayed
by ~500 ns, which explains its absence in the pristine TDPP us-TA spectrum (which
will be discussed later). From the ps-TA data alone, however, it is hard to discern the
identity of the species responsible for this 800-1100 nm long-lived species.
Nonetheless, on the basis that the species responsible for this transition is populated
on timescales much later than the singlet (which is formed on ultrafast, instrumented-
limited timescales) the transition at 800-1100 nm is tentatively ascribed to the
presence of short-lived triplet states, which have been generated inefficiently via
direct ISC from the TDPP singlet state.
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Figure 3.8 Normalised picosecond transient absorption decay kinetics of a
pristine TDPP thin film. Obtained with a pump wavelength of 510 nm and at a
probe wavelength (where the kinetic data has been averaged in the spectral
range) of a) 800-810 nm and b) 1590-1600 nm. Both the transitions at 800-810
nm and 1590-1600 nm exhibit near-identical decays, exhibiting the same
excitation dependence. Fitting the lowest energy decay of 11 pJ cm? to a
monoexponential function (red line) yields lifetime of t = 140 £ 10 ps and t =
150 + 10 ps for the 800-810 and 1590-1600 nm transitions respectively, the

same lifetime within error.

71



Chapter 3

15

= -10 ps
— 1ps
10 ps

100 ps

1.0 4 1000 ps
6000 ps

AmOD

0.5+

r y J |
0.0 o T ‘l'l i I

T T
800 1000 1200 1400 1600

Wavelength / nm

Figure 3.9 Picosecond transient absorption spectrum of a TDPP:PCgBM (1:2
by weight) thin film. Sample was excited with a pump wavelength of 510 nm,

with an excitation density of 2.7 pJ cm™.
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Figure 3.10 Picosecond transient absorption decay kinetics of a
TDPP:PCeBM (1:2 by weight) thin film. Sample was excited with a pump
wavelength of 510 nm, with an excitation density of 11 pJ cm™. Kinetics were
obtained through averaging the kinetic data in the spectral regions of 800-810
nm, 860-870 nm, 1110-1150 nm and 1590-1600 m.

Figure 3.9 shows the ps-TAS spectrum obtained for a TDPP:PCgBM (1:2) blend film
excited with 510 nm. From the spectrum, it is clear that the two singlet transitions
found previously at 800 nm and 1600 nm in the pristine TDPP film are present in the
blend. The kinetics of the transitions at 800 nm and 1600 nm were probed by
averaging the decay data in the wavelength regions of 800-810 nm and 1590-1600
nm respectively. As shown in figure 3.10, the kinetics of both the transitions at 800

and 1600 nm exhibit near-identical monomolecular decay profiles, consistent with
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what was observed for the analogous pristine TDPP transitions. Furthermore, the 800
nm transition (shown in figure 3.11 a)) is found to exhibit a similar excitation
dependant behaviour that was observed in the pristine film. Fitting of the lowest
energy decay (11 pJ cm) to a monoexponential function yields a lifetime of T = 350
+ 40 ps (where the error is from fitting), which is more than double the lifetime of the
pristine singlet exciton. This increase in lifetime of the 800 nm singlet exciton is not a
consequence of signal contamination from the 870 nm transition, which can be
demonstrated with the identical decay of the 1600 nm transition which does not
overlap with the 870 nm transition. This is a counterintuitive observation, as one would
expect the singlet lifetime to be reduced following quenching of the singlet exciton via

electron transfer to the fullerene acceptor.
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Figure 3.11 Normalised picosecond transient absorption decay kinetics of
TDPP:PCeBM (1:2 by weight) thin film. Obtained with a pump wavelength of
510 nm and at a probe wavelength (where the kinetic data has been averaged
in the spectral range of a) 800-810 nm, b) 860-870 nm and ¢) 1100-1150 nm.

The red lines are monoexponential fits.
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In addition to the TDPP singlet exciton transitions, two new peaks can be observed
situated at 870 nm and 1030 nm and do not correspond to known fullerene singlet
and triplet transitions.3! Although both peaks are observed at the earliest of
timescales, the one located at 1030 nm has already reached its maximum amplitude
on the sub-picosecond regime, whereas a clear growth can be seen in the 870 nm
peak until ~50 ps (shown in figure 3.10). Interestingly, as shown in figure 3.11 b) the
growth of the 870 nm peak is not observable at higher excitation densities (>11 pJ
cm2), which may indicate that the transient species present may be quenched via
higher order processes. It is possible that the 870 nm transition observed is that of
the TDPP triplet state, as it occurs in the same spectral region as the ‘weak’
absorption band in the pristine TDPP film, which outlives the assigned TDPP singlet

State.

The peak at 1030 nm is also found to have decayed by 6 ns, whereas the one at 870
nm is still found to persist beyond this time, indicating that these transitions must
derive from different species. The peak at 1030 nm is a characteristic transition of the
PCs0BM radical anion,®? and subsequent fitting of the decay (shown in figure 3.11 c))
obtained from averaging the region 1100-1150 (so as to minimise signal
contamination from the peak at 870 nm) yields a lifetime of 350 + 40 ps. The
monomolecular decay profile, in addition to the lifetime of hundreds of picoseconds,
is highly indicative that recombination is occurring geminately at the interface, as
opposed to recombining from free charge carriers, which typically takes place on
much longer timescales.* It is also noted that the lifetime obtained for this 1030 nm
transition is identical to that obtained for the blend’s singlet exciton, which itself is
much longer-lived when compared to its pristine analogue. The origin of this extended
singlet lifetime may plausibly derive from repopulation of the singlet state from
geminate recombination of the proposed PCgBM radical anion. This recombination
mechanism to yield the singlet state is typically not observed in OPV blend films but
is however a prevalent feature in OLED materials, where recombination of electrically
injected free charges leads to a spin-statistical 1:3 population of the singlet and triplet

states.?
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Figure 3.12 Picosecond transient absorption spectrum of a TDPP:PC+:BM
(1:2 by weight) thin film. The film was excited at 510 nm with an excitation

density of 2.7 pJ cm™.

Altering the fullerene acceptor from PCgBM to PC7cBM allows for the confirmation of
previous spectral assignments. This is because the HOMO and LUMO of PCgBM
and PC,,BM differ by only ~0.2 eV, and as such, an analogous TDPP:PC-,BM blend
should elicit similar photophysics to that of the previously measured PCsBM blend.
For example, the previously ascribed CT transition (observed at 1020 nm in the
TDPP:PC¢BM blend) should still be present in a TDPP:PC7BM ps-TA spectrum,
albeit at a different, transition energy. Figure 3.12 shows the ps-TAS spectrum
obtained for the TDPP:PC7BM (1:2) blend film when exciting with a wavelength of
510 nm. The spectrum observed retains certain spectral features of the pristine TDPP
and PCsBM blend, with the TDPP singlet exciton transitions still found at 800 nm and
1600 nm, with both transitions exhibiting near identical decays (shown in figure 3.13).
Once again, the singlet transition at 800 nm is shown to exhibit an excitation
dependent decay (figure 3.14 a)) and fitting of the lowest energy decay (11 pJ cm)
to a monoexponential function yields a lifetime of T = 520 = 30 ps (where the error is
from fitting). This singlet state lifetime is found to be increased when compared to the
pristine TDPP film, which is consistent with the same observation in the analogous
TDPP:PCsBM blend.

Furthermore, the unidentified transition at 870 nm is still found to be present.
Interestingly, the peak seen at 1030 nm is now found to be absent and in its place a
transition at ca. 1320 nm is observed. This transition at 1320 nm correlates well with
literature values for the PC7,BM radical anion.*>*¢ The PC+,BM radical anion kinetics
were probed (shown in figure 3.14 c)) by averaging the region 1250-1300 nm, and

could be fit with a monoexponential decay to yield a lifetime of t = 500 + 30 ps. This
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recombination lifetime is longer than that observed for the PCsBM radical anion (t =
~350 ps), which may be a consequence of the slightly different morphological
environments, as shown in the AFM. Like that of the previous PCgBM blend, the
relatively short lifetime in conjunction with the first order decay kinetics is suggestive
of a recombination pathway that is geminate in nature. Furthermore, the lifetime of
the PC7oBM radical anion is also found to be identical within error to that of the singlet
exciton, consistent with the same behaviour for the corresponding TDPP:PCsBM

singlet.

The peak observed at 870 nm was found to exhibit no spectral shift when altering the
fullerene in the blend film, thus indicating that the species responsible for the transition
is derived from the TDPP donor. The species responsible for the peak at 870 nm is
therefore likely to be either the TDPP triplet or TDPP radical cation (as the TDPP is
the electron donor). If the transition at 870 nm belonged to the TDPP radical cation,
one would expect it to possess identical kinetics to the ascribed fullerene radical anion
if they were decaying geminately. This is because as discussed in section 1.7.1,
geminate recombination implies that both the original positive and negative species

must recombine with one another.
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Figure 3.13 Picosecond transient absorption decay kinetics of a
TDPP:PC7BM (1:2 by weight) thin film. The film was excited at 510 nm with
an excitation density of 11 pJ cm™. Kinetics were obtained through averaging
in the wavelength regions 860-870 nm and 1250-1300 nm. The red line is a

monoexponential fit.

The decay kinetics of the 870 nm transition (shown in figure 3.13) show a clear growth
in the population until ~50 ps, similar to what was observed for the same transition in
the PCsoBM blend. Furthermore, the 870 nm transition is found to exhibit an excitation

dependant decay (figure 3.14 b)), with the growth of the species becoming less
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prominent with increasing excitation density, the same behaviour as what was
observed for the analogous PCesBM blend. Although the decay at 1320 nm also
appears to be sensitive to the excitation energy employed, it clearly exhibits
substantially different kinetic behaviour when compared to the transition at 870 nm.
This is best illustrated in figure 3.13, where a comparison between the normalised
decay kinetics of the 870 and 1320 nm transitions illustrates that the PC;oBM radical
anion is fully populated on an instrument limited timescale, whereas the 870 nm
species only reaches its maximum amplitude on the tens of picosecond timescale.
This points to the 870 nm not deriving from that of the TDPP radical cation, but rather
the TDPP triplet state and as such the observed excitation dependence is likely
attributable to the presence of triplet-triplet annihilation. It is noted, however, that small
molecule DPP exhibits a radical cation transition at 750 nm when in toluene solution,
spectrally close to the observed 870 nm transition. As such, assignment to the DPP
radical cation cannot be completely ruled out on the basis of the ps decay kinetics

presented here.®’
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Figure 3.14 Normalised picosecond transient absorption decay kinetics of

TDPP:PC7BM (1:2 by weight) thin film. Obtained with a pump wavelength of

510 nm and at a probe wavelength (where the kinetic data has been averaged

in the spectral range) of a) 800-810 nm, b) 860-870 nm and c) 1250-1150 nm.
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Continuing on the basis that the 870 nm band does indeed derive from that of the
TDPP triplet state, allows for several important conclusions to be made. It is clear
from the ps-TA data that the TDPP triplet is significantly more prevalent in the blend
film when compared to the pristine TDPP film, and moreover, the triplet in the blend
films appears more longer-lived than the corresponding pristine TDPP triplet. This
observation is suggestive that triplet formation is enhanced via the addition of the
fullerene acceptor, which in and of itself, should not lead to an increased rate of ISC
from the donor TDPP singlet state. A plausible alternative explanation is that the initial
TDPP singlet state is quenched via an electron transfer reaction on ultrafast
timescales, yielding the TDPP/fullerene CT state. This CT state then undergoes spin
mixing, resulting in the triplet CT state (i.e. *CT—3CT). This triplet CT state then
undergoes geminate recombination to generate the TDPP triplet state, which is the
lowest energy state of the system. The observed fullerene anion transitions at 1020
and 1320 nm, can therefore be attributed to the bound CT state as opposed to free
fullerene anions, since the growth in the TDPP triplet population is found to
concurrently follow the decay of the fullerene anion. Further evidence for this CT spin-
mixing hypothesis is provided by the rise in the TDPP state population from the
earliest measurable (ultrafast) timescales, until the maximum AOD is obtained on the
tens of picoseconds, which is in stark contrast to direct ISC which is usually a much
slower process that takes place on the >ns regime. As such, the invoking of a direct
ISC crossing mechanism cannot explain the rapid formation of the triplet species. The
plausibility of the proposed CT spin-mixing mechanism is supported by numerous
reports in the literature regarding the existence of DPP:fullerene CT states.38394041
Importantly, the proposed CT spin-mixing, followed by back recombination to yield the
donor/acceptor triplet species, is now a well-established microscopic phenomena in

organic solar cell blends.?*4?
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3.6 Microsecond Transient Absorption Spectroscopy
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Figure 3.15 Microsecond transient absorption spectrum of a pristine TDPP
thin film. The film was excited at 500 nm with an excitation density of 128 uJ
cm. No spectral response is observed, illustrating that no long-lived species
(triplets or polarons) are generated.

A ps-TAS investigation was carried out to help provide further evidence that the
observed peak at 870 nm belonged to that of a triplet state transition (T:—T,). This is
because the long-lived triplet state should still be evident on the longest timescales,
long after the ascribed TDPP singlet and PCBM radical anion have decayed.
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Figure 3.16 Normalised microsecond transient absorption spectrum of a
TDPP:PC¢BM (1:2 by weight) thin film. The film was excited at 500 nm with
an excitation density of 36 uJ cm™. Inset: Normalised ps-TA and ps-TA spectra
of TDPP:PCgBM (1:2 by weight) thin film. Films have been normalised to their
respective peak maxima at times of 6 ns and 1 us respectively.
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Excitation of the pristine TDPP resulted in no detectable signal on the timescales of
this experiment (~1 — 360 us), as shown in figure 3.15. This suggests that no triplet
or polarons are formed in the pristine thin film, or that their lifetimes are too short to
be detected on the us-TA setup. This is in agreement with the lack of long-lived
features in the respective pristine TDPP film ps-TA spectrum. In contrast to the
pristine film, the TDPP:PCsBM (1:2) blend exhibits a large spectral response when
pumped with the same excitation wavelength (shown in figure 3.16). A strong narrow
transition can be seen situated at 880 nm, with a second weaker transition observed
at 780 nm. This 880 nm transition is unlikely to derive from either the PCsBM triplet
or radical anion, as their respective spectral shapes and positions are well
established, exhibiting transitions at 720 and 1020 nm respectively.*344 Interestingly,
the peak at 880 nm bears a spectral similarity to the tentatively ascribed TDPP triplet
transition seen at 870 nm in the ps-TAS. This similarity is exemplified in the inset of
figure 16, which displays the normalised TA spectra obtained at 6 ns and 1 ps. The
main difference between the two spectra, is that of a 10 nm (0.017 eV) red shift for
the maximum peak and may be attributed to energetic relaxation of the triplet state,
but it is also plausible that the peak shift is a consequence of calibration error. The
transition observed at 780 nm decays at the same rate as the 880 nm transition.
Furthermore, a peak energy difference of 1460 cm™ is found, and as such, the weaker
transition at 780 nm is likely to originate from a higher vibrational excitation of the 880

nm TDPP triplet transition.
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Figure 3.17 Microsecond transient absorption kinetics of a TDPP:PCgBM 1:2
by weight film. Obtained with a pump wavelength of 510 nm and a probe
wavelength of 875 nm. The red line is a monoexponential fit of the type yo +
Ar*exp(-(t/7)).
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The kinetics of the tentatively assigned TDPP triplet state were examined via probing
the peak at 880 nm (as shown in figure 3.17). The kinetics obtained were found to
exhibit an intensity dependant decay at energies > 9 pJ cm2. At the lowest excitation
densities measured (~9 yJ cm?), a first order decay is observed, and fitting a
monoexpential decay to the data, yielded a lifetime of t = 14 + 1 ps (where the error
is from fitting). Such first order decay behaviour is typical of triplet decay or charge
carrier geminate recombination (as discussed in section 2.9). Assignment of this
decay to a TDPP triplet state, however, seems more plausible than that of the TDPP
radical cation (as also discussed for the ps-TA data), given that geminate
recombination in both polymer and small molecule fullerene blends typically does not
persist beyond ~1 us.*>4¢47 The observed second-order behaviour at higher excitation
densities is therefore likely attributed to the presence of triplet-triplet annihilation. It is
noted that no long-lived polaron species are observed, which typically manifest as a
power-law decay, thus providing further evidence that the fullerene radical anion
observed in the ps-TA spectra decayed geminately. This is suggestive that geminate

recombination is a major loss mechanism in this system.
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Figure 3.18 Microsecond transient absorption spectrum of a TDPP:PC7BM
(1:2 by weight) thin film. The film was excited at 510 nm with an excitation

density of 36 puJ cm™.

Figure 3.18 shows the us-TAS spectrum of TDPP:PC7,BM (1:2) blend. The spectrum
observed is near identical to that of the one obtained for the PCgBM blend. This is
further evidence that the transient species responsible for the peaks at 880 nm and
780 nm are derived from the TDPP, as the spectrum does not change when altering
the fullerene acceptor. If the transient species did derive from a fullerene, it would be
expected that the spectrum would exhibit a red-shift upon changing the acceptor in
the blend. This is because literature studies have shown that both the PC7,BM triplet
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and radical anions are distinctively red-shifted relative to their PCgBM
counterparts.®:*¢The TDPP:PC+BM blend, like that of its PCsBM analogue exhibits
a first order decay at low excitation densities (shown in figure 3.19). Fitting a
monoexponential to the decay obtained by probing at 880 nm (5.5 pJ cm?) yields a
lifetime of 20 + 1 ps, slightly longer than the one obtained for the PCs,BM blend. Once
again, the observed spectrum can be assigned to that of the TDPP triplet. Further
evidence of this correct assignment is provided by a study by Karsten el al,* in which
a fullerene-DPP-fullerene triad solution (o-DCB) was used to sensitise the formation
of the TDPP triplet. The photoinduced transient absorption spectra obtained for the
TDPP triplet, indicated transitions at 775 nm and 860 nm, correlating well with the 780
and 880 nm transitions observed in the TDPP blend films. It is noted, however, that
the DPP possessed a slightly different molecular structure and was in the solution

phase, but nonetheless the correlation is apparent.
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Figure 3.19 Microsecond transient absorption kinetics of a TDPP:PC+BM 1:2
by weight film. Obtained with a pump wavelength of 510 nm and a probe
wavelength of 880 nm. The red line is a monoexponential fit of the type yo +
Ar*exp(-(t/1)).

To help confirm that the 880 nm peak belonged to that of the TDPP triplet, the decay
kinetics of both blend films were also measured under a pure oxygen atmosphere. As
stated in section 2.9, the presence of ground state oxygen should selectively quench
excited triplets to the ground state, manifesting as a reduction in both triplet lifetime
and signal amplitude (AOD). As is shown in figure 3.20 a) and b), no quenching is
observed suggesting that either the 880 nm peak belongs to that of the TDPP radical
cation, or that the triplet energy level of TDPP is lower than the 0.98 eV threshold
required for oxygen quenching to take place. Previous studies have conjectured that

DPP-based polymers have a very low-lying T state,’** with the consequence of it
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possibly residing below the 0.98 eV quenching limit. This might account for the

perceived lack of triplet quenching.
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Figure 3.20 Microsecond transient absorption kinetics of a) TDPP:PCgBM 1:2
by weight film and b) TDPP:PC70,BM 1:2 by weight film. Obtained with a pump
wavelength of 510 nm, a probe wavelength of 875 nm and an excitation density
of 11 pJ cm? The measurement was carried out in both Ar and O,

atmospheres, illustrating an O independent decay for both blend films.

From the results attained thus far, it is likely that the long-lived transient observed in
both blend films is either that of the TDPP triplet, as opposed to the radical cation.
The ps lifetime, paired with the first-order decay kinetics and spectral correlation with
literature, is highly indicative of a triplet state. If the transient generated is indeed the
TDPP triplet state this also raises a question as to its formation, due to it not being
generated in significant quantities in the pristine thin film spectra. This implies that a
simple direct intersystem crossing (ISC) mechanism does not contribute measurably,
and that TDPP triplet formation must predominantly be the result of addition of the
fullerene. This would seem to indicate that the TDPP triplet generated is mediated via
CT state spin mixing, followed by back transfer, as suggested in the ps-TAS results.

In lieu of the ability to quench the observed signal with oxygen, time-resolved electron
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paramagnetic resonance (TR-EPR) was carried out to help confirm the proposed

mechanism.

3.7 Time-resolved electron paramagnetic resonance spectroscopy (TR-
EPR)

TR-EPR was carried out by Dr Enrico Salvadori at UCL and a description of his
findings are included in this thesis for completion. TR-EPR was performed on thin
films of pristine TDPP and TDPP:PC-,BM (1:2) and on a toluene solution of PC7BM
(100 uM), with spectra shown in figure 3.21. The pristine TDPP exhibited no signal
response on the timescales of the experiment, thus indicating that ISC was inefficient
and that no photoinduced radicals were formed, which is consistent with the TAS
results. In contrast to this, the neat PC;BM solution exhibited a signal that was
characteristic of a triplet formed via ISC and decaying within 2 ys. The signal obtained
yields an electron spin polarisation pattern of AAEE (where E is emission and A is
enhanced absorption) and can be simulated with zero field splitting (ZFS) parameters
|D| = 337 MHz and E = 0 MHz and zero-field relative populations Px:Py:P, =0:1:1,

consistent with previously reported data for Czo monoadducts.*®

Excitation of the TDPP:PC7BM (1:2 by weight) blend film yields a significantly more
complicated EPR signal relative to the neat PC7BM control. At early time scales (400-
600 ns after excitation) the EPR signal of the blend contains contributions from two
components. The first component is that of PC7,BM triplet states, populated via ISC,
and this is evident when comparing the signal with the PC7,BM control. Based on the
zero field ZFS and electron spin polarisation pattern respectively, the second broader
component can be ascribed to that of a TDPP triplet formation via radical pair
recombination in high magnetic field. The TDPP triplet signal becomes more
pronounced after ~2 us, once the PC+BM triplet has sufficiently decayed. The TR-
EPR spectrum at later times (1800-2800 ns) presents an electron spin polarisation
pattern of AEEAAE, which is characteristic hallmark of selective population of the To
sublevel (S-To mixing) by recombination in the singlet-born weakly coupled radical
pair at all orientations due to conservation of the spin angular momentum in the
recombination process. The polarization pattern is indicative of a positive ZFS
parameter D, which from simulation can be estimated to be D = +1550 MHz, together
with |E| = 340 Mhz. The EPR results are therefore entirely consistent with the
proposed mechanism involving a TDPP:PCesBM charge transfer state that undergoes

ultrafast spin-mixing and recombination to yield the TDPP triplet state.

84



Chapter 3

A
- |
C70 300 - 500 ns
E
3 DPP 300 - 500
- n&
b WWM#WWMM
E
A CTO/DPP 400 - 600 ns
[H
E
A CTO/DPP 1800 - 2600 ns
d
E
(paibaabi i iiasi it LARARRALle) LEARRLARLN RARAARAAR I AaRAiaains LRl iARiinains LAdanadsad]
260 280 300 320 340 360 380 400 420 440
Magnetic Field (mT)

Figure 3.21 a) 50 K TR-EPR spectrum of PC7BM (blue line) in toluene solution
recorded after 300-500 ns after excitation. The PC7,BM spectrum can be
simulated with ZFS parameters D = 337 MHz, |E| = 0 and relative populations
Px:Py:P; = 0:1:1 (red line). b) 50 K TR-EPR spectrum of a pristine TDPP film
recorded after 300-500 ns after excitation. ¢) 50 K TR-EPR spectrum for the
TDPP:PC7BM 1:2 blend film at early times (300-500 ns after excitation), where
two contributions are distinguishable: a broad triplet and a narrower feature
reminiscent of the PC;BM triplet. d) 50 K TR-EPR spectrum for the
TDPP:PC7BM 1:2 blend film at later times (1800-2800 after excitation): only
the recombination triplet on TDPP is visible. The TDPP:PC7,BM spectrum can
be simulated with ZFS parameters D = +1550 MHz, |[E| = 340 MHz and

assuming that only the Ty, sublevel. Data was collected by Dr Enrico Salvidori.
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3.8 Discussion
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Figure 3.22 State diagram for the proposed model of TDDP triplet generation
in TDPP:fullerene film. For the lifetimes given a) is for the blend containing
PCsBM and b) for PC7BM.

The proposed mechanism for the population of the TDPP triplet state by back
recombination (in a TDPP fullerene blend film) is presented in figure 3.22. Initial
excitation of the TDPP generates a singlet exciton (i), which is subsequently
transferred to the PCsoBM/PC70BM acceptor to generate a charge transfer (CT) state
possessing singlet character (ii). The resulting singlet CT state is then able to undergo
facile intersystem crossing to the triplet manifold. This 3CT* then undergoes geminate
recombination (iii) to form the 3TDPP*, which is then free to undergo radiative and

non-radiative recombination (iv) back to the ground state.

Interestingly, the growth of the TDPP triplet state in the blend films is found to occur
on the picosecond time scale, attaining a maximum population at 30-40 ps. This is in
stark contrast to other blend systems, such as SilDT-2FBT.PC+cBM, which exhibits
spin-mixing on the early nanosecond timescale.?® This disparity in triplet population
times is unlikely to derive from greater spin-orbit coupling (SOC), which is suggested
to play little role in CT state intersystem crossing. This is because SOC is a short-
range interaction, requiring the electron to ‘see’ the positive nucleus in order to induce
transitions between different spin states (see chapter 1.8.2). It has been suggested
that intersystem crossing in CT states derives from hyperfine interactions (HFI),*°
which is the interaction between the polaron electron spins and the surrounding
nuclear spin (electron spin-nuclear spin hyperfine interaction). The HFI is distance

independent, unlike that of SOC, but possesses a much weaker interaction on the
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order of 107 eV (for comparison light atoms such as H,C, O, N and F elicit SOC
interactions on the order of 104-102 eV).This therefore requires the spin states to be
near isoenergetic to allow for spin-mixing. CT spin states have been suggested to be
near degenerate in energy, satisfying the energetic requirements of HFI.%° This is a
consequence of an exponential dependence of the exchange energy (which
determines AS-T) on the orbital overlap between the electron and hole, where bound
CT states are able to delocalise within their coulombic attraction field minimising the
exchange energy as they move further apart. This mechanism implies that the
TDPP:fullerene CT state is strongly separated.>* Another possible mechanism that
induces efficient ISC in the CT state is via coupling to a close lying triplet level of the
donor or acceptor,525® which allows for efficiency spin-flipping due to a change in

orbital angular momentum.

Triplet formation in the pristine film was not observed in both the TAS and EPR results,
suggesting that singlet fission is not operative in this material. This is in spite of the
apparent energetic feasibility (i.e. Es1 > 2711). An important consideration to take into
account, however, is that the TDPP studied here possesses a different side chain to
the one reported to undergo singlet fission. This would seem to indicate that side
chain sterics may play a significant role in the electronic coupling necessary for singlet

fission in small molecules.>*

The appearance of the TDPP triplet after photoexcitation in in the TDPP:fullerene
blend films is highly indicative that it is the lowest lying excited state in the system (i.e.
below that of the spin-mixing CT state). Indeed, the absence of O, induced signal
quenching infers that the TDPP triplet energy level is around or below 0.98 eV. This
observation lends credence to previous conjecture that DPP-based polymers may
possess energetically low lying triplet states.*% Although spin-mixing appears to be
an ubiquitous feature of donor:fullerene systems, they do not necessarily constitute a
loss mechanism, provided there are no triplet states lower in energy. These results
presented here, therefore have important ramifications in regard to molecular design,
as the formation of low-lying triplet states must be avoided to eliminate a significant
loss mechanism. Regardless of this, the direct observation of a small
molecule/fullerene CT state via the participating fullerene anion is very rare, which
affords the possibility to further study this elusive excited state in greater detail in the

future.
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3.9 Conclusion

In this investigation, a small molecule DPP derivative, TDPP, was blended with both
PCs0BM and PC7,BM to create bulk heterojunction thin films. This was for the purpose
of establishing reference photophysical data for study into more complex DPP
derivatives. A combination of transient absorption and transient electron
paramagnetic resonance spectroscopy was used to help elucidate the photophysics
of both pristine TDPP and its blends. It was observed that upon excitation of a pristine
TDPP film only the singlet exciton was generated in sufficient yield. Upon blending
with either PCgBM/PC7:BM, however, much richer photophysics were observed. In
addition to the TDPP singlet, a fullerene CT state was directly observed and found to
be generated on ultrafast time scales, shorter than the instrument resolution (<200
fs). This CT state was found to undergo unusually fast spin mixing, with subsequent
geminate recombination to yield the TDPP triplet state. The direct spectroscopic
observation of a small molecule/fullerene CT state via the participating fullerene anion
is also of relevance to the field, as it provides a model system for further studies into

a rarely observed excited state.
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Chapter 4

Investigation into Energy-Transfer
Pathways in a Zinc Porphyrin/F8BT
Hybrid Polymer

4.1 Qutline

Triplet species are ubiquitous throughout the area of organic optoelectronics. Triplet
states have long been found to be a loss mechanism by virtue of them being
energetically low lying relative to CT states and consequently acting as energetic trap
states. Recently however, the intrinsic properties of triplet states are being exploited
to enhance device efficiencies. In spite of their ubiquity, key fundamental aspects of
triplets are not yet fully elucidated, predominantly as a consequence of them being
generated indirectly. Important properties such as triplet diffusion length, absorbance
cross-sections and population density remain largely unknown, and so further
research is critical to establish these fundamental characteristics before the full
advantage of triplet enhanced devices can be exploited. The synthesis and study of
rationally designed triplet sensitised systems is therefore of crucial interest to the field

of organic electronics.

In this chapter a well-known conjugated polymer, F8BT, copolymerised with a zinc
tetraphenyl porphyrin derivative, HAPAPP, was spectroscopically investigated. This
was for the purpose of exploring the feasibility of an intramolecular triplet-triplet
annihilation self-upconverting donor polymer material. In the introduction a brief
overview is given on the principles behind the harvesting of the solar spectrum with
photovoltaic materials, including the current limitations of organic donor polymers.
This is followed by a description of triplet-triplet annihilation upconversion (TTA-UC),
its application to improving solar spectral harvesting, including examples from the
literature. A brief description of the methodology employed is given, followed by the
results of the investigation. Ground state absorbance, photoluminescence and
transient absorption spectroscopic results of F8BT-HAPAPP in chlorobenzene
solution are provided. It was found that F8BT-HAPAPP did not undergo the desired
TTA-UC process, due to the zinc porphyrin possessing a lower energy triplet state
compared to the F8BT. In spite of this a rich photophysical mechanism was
elucidated, whereby a dual singlet/triplet energy transfer process was observed from
the F8BT to the HAPAPP moiety.
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4.2 Introduction

The solar spectrum encompasses wavelengths from 280-4000 nm, however most
energy is found situated in the visible and near-infrared (NIR) regions,* as shown in
figure 4.1. In order to efficiently harvest solar output, one must ensure sufficient
spectral overlap between the light absorbing material and that of the solar spectrum.
While many conjugated donor polymers absorb in the visible region, significantly
fewer do so in the NIR. A good example of this is P3HT, which possesses a band
gap of 1.9 eV, and at most can absorb 27% of the solar spectrum available. This is
illustrated in figure 4.1, where the normalised P3HT absorbance and solar emission
spectrum are overlaid. Shockley and Queisser demonstrated that any photons with
an energy less than the bandgap do not contribute to photocurrent, and in addition
proposed that the optimal band-gap of a light harvesting material should be 1.3-1.4
eV.2 Shifting the absorption spectrum of the polymer to longer wavelengths (i.e.
reducing the bandgap) would therefore allow for greater efficiency in harvesting solar
output. This has the effect of increasing the short circuit photocurrent, Js, as a greater
number of above band gap photons can now be absorbed.® However, it should be
noted that a decrease in the band gap is often accompanied by a reduction in the
U.V.-blue spectral region, limiting potential solar harvesting gains. In order to
counteract this one must simultaneously obtain a broad absorption range whilst
obtaining a reduction in the band-gap. Another issue found is that the open circuit
voltage, Voc, is found to decrease linearly with decreasing bandgap (provided the
acceptor molecule is kept the same).* This is because the Voc is correlated with the
difference between the HOMO of the donor polymer and the LUMO of the acceptor.
This has the effect of reducing the photoconversion efficiency of a device, which as
previously stated is a product of the Vo, Jsc, and FF divided by the input power.
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Figure 4.1 Normalised AM1.5 solar emission spectrum overlaid with the
normalised absorbance spectra of P3HT thin film and chlorobenzene solutions
of F8BT-HAPAPP and HAPAPP.

An alternate method for attaining broad band solar absorption, without having to
reduce the bandgap, is through the inclusion of an additional NIR absorbing triplet
sensitiser species. The intention of the NIR absorber would be to sensitise triplet
formation on the donor conjugated polymer and allow for the increased possibility of
triplet-triplet annihilation upconversion, TTA-UC. In the general case of triplet-triplet
annihilation, TTA (as shown in figure 4.2), two lower energy triplet excited states
undergo an electron exchange interaction to form a higher energy excited singlet
state, and an additional singlet ground state. The newly formed S: state can then
undergo subsequent deactivation via a long-lived fluorescence (provided the system
is fluorescent), with a lifetime on the order of that of the triplet state. This process is
therefore only possible if twice the energy of the triplet state is greater than that of the
singlet state (2xEt: > Esi).° Delayed fluorescence stemming from triplet-triplet
annihilation was first observed in pyrene, and consequently is now referred to as ‘p-
type’ fluorescence.® It is important to also note that TTA has additional nomenclature

in the literature, which includes triplet fusion.”
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Figure 4.2 Schematic representation of the general case of triplet-triplet
annihilation upconversion. Note: the presence of a second molecule has been

omitted for simplicity.

TTA is a bimolecular collisional process and therefore depends upon the
concentration of available triplets. A NIR absorbing triplet sensitiser can be used to
generate the necessary triplet populations to incur TTA in the donor polymer via
triplet-triplet energy transfer (as shown in figure 4.3). The initial step in sensitised TTA-
UC involves the absorption of a photon by the sensitiser molecule, generating a
singlet state. Crucially the absorbed photon has an energy smaller than that of the
donor polymer’s band gap, which would otherwise not contribute to the photocurrent
of the photovoltaic device. The sensitiser singlet state subsequently undergoes
intersystem crossing (ISC) to the triplet manifold, followed by triplet energy transfer to
the conjugated polymer. This is ensured by making the triplet energy of the sensitiser
higher than that of the upconverting polymer’s by at least 0.08-0.12 eV.2 Two
sensitised polymer triplet states then undergo the standard triplet-triplet annihilation
(TTA) mechanism (subject to the same energetic requirements) to yield a higher
energy singlet state and a singlet ground state. In an OPV device, this higher energy
singlet state can then be quenched by an electron acceptor to generate the charge
carriers required for operation. A salient point is that generation of potential charge
carriers from otherwise unused sub-bandgap photons would allow for overcoming the

Shockley-Queisser limit.°
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Figure 4.3 Schematic representation of sensitised triplet-triplet annihilation
upconversion and resulting charge separation. The presence of the acceptor
molecule quenches the ‘delayed’ fluorescence. Note: the presence of a second

sensitised molecule has been omitted for simplicity.

At first glance the annihilation of two triplets to yield one singlet state appears to be a
violation of spin conservation rules, which state that there must be no overall net
change in spin orientation. However, a consideration of the spin statistics reveals that
there are three different permutations in which two triplets may combine, as shown in
table 4.1. For the type 1 triplet encounter complex ((T+(11) T-({])) spin can be
conserved, thus allowing the formation of a singlet state. From this simple spin
statistical analysis, encounter complexes of triplets will have a possible 9 states from
the multiplicity (1+3+5 = 9), and as such will form 5/9 quintets, 3/9 triplets and 1/9
singlets. Taking account that each annihilation process will require two photons to
generate a singlet, the overall annihilation efficiency of TTA-UC will be 5.5%.
However, this analysis is purely predicated upon the basis that any quintet and triplet
encounter complexes will quench directly to the ground state. Experimental evidence
indicates that this may not necessarily be the case. Schmidt et al.'° reported an
efficiency of 12.5% using a Pd porphyrin and rubrene solution, while Kondakov
extended these findings to OLEDSs, establishing an efficiency of 20%.112 Both of
these values were attributed to the potential of triplet encounter complexes not
quenching the available energy, and subsequently repopulating the triplet state (which
can then go on and react again). In addition to this, the formation of quintet states by
TTA has been calculated to be an endothermic process in a number of organic

systems,314 as such rendering this triplet deactivation channel inoperative.
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Table 4.1 Spin statistics for the interaction of two triplet states. The type 1

interaction permits spin conservation.

Type Spin Total Arrow Multiplicity Overall
Configuration Spin Notation = (2S+1) State
1 T-(11) T-(14) 0 1l 1 Singlet
2 T+(11) To(l7) +1 Mt 3 Triplet
3 T+(11) T+(11) +2 m 5 Quintet

In the absence of an electron acceptor the photoluminescence intensity derived from
TTA-UC is typically reported to exhibit a quadratic power dependence, attributed to
the bimolecular annihilation process.'®1® This has been shown not necessarily to be
the case, where a linear regime can be accessed, provided the experimental
conditions are correct.1”*®1° Through rigorous removal of triplet quenching oxygen
via freeze pump thaw, or increasing the concentration of the sensitiser, sufficiently
high concentrations of sensitised triplets are present such that a new linear kinetic
regime is attained. In this linear regime the rate of TTA-UC is much higher than that

of the unimolecular or pseudo first order decay of the triplet.20-%

Initial states Final states

+ o+ -
=

T+(M) T-(W) S1 So

Figure 4.4 Schematic representation of the electron exchange mechanism of

TTA to yield a singlet excited state and singlet ground state.

Parker and Hatchard first discovered TTA-UC phenomena in 1962 using a solution of
phenanthrene with a trace amount of anthracene.?? They observed a long-lived
fluorescence spectrum identical to that of anthracene when the much higher in
concentration phenanthrene was excited. They conjectured that the long-lived decay
was the consequence of TTA-UC stemming from triplet sensitisation from the
phenanthrene, and not from an excited singlet dimer of anthracene. Since then there
have been many other reports of solution based TTA-UC systems such as
[Ru(dmb)s]?* with anthracene,?® Ir(PPy); with pyrene,?* and Pd/PtOEP coupled with
DPA becoming commonplace for investigating TTA-UC fundamentals.?>2¢

Unfortunately the design and implementation of TTA-UC systems applicable to the
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solid state have been less successful. This has predominantly been attributed due to
the lack of translational mobility needed to form encounter complexes, or poor
diffusion. Most systems employed have focused predominantly on the use of an inert
polymeric matrix. Jankus et al successfully demonstrated that doping of super yellow
PPV thin films with a Pd porphyrin derivative sensitizer resulted in an upconversion
efficiency of 6%.’ This efficiency surpasses the 5.5% limit imposed by spin statistics,
but it is lower than what has been previously found in solution studies. This was
attributed to crystalline porphyrin aggregates in the thin film, which were accounting
for up to 99% of sensitizer triplets being quenched from annihilation effects before
they could diffuse to a polymer unit and undergo triplet transfer. This quenching
process was observed in time-resolved emission experiments, manifesting itself as a
power-law at early decay times. It was therefore concluded that if the sensitizer can
be prevented from quenching in the solid phase, then a significant increase in TTA-
UC might be attained. One method of achieving this is by incorporating the sensitizer
into the same polymer backbone, thus potentially removing concerns of phase
segregation associated with processing typically amorphous polymers with highly

crystalline metal complex sensitizers.

The aim of this chapter is to test the hypothesis of whether covalently incorporating a
sensitizer into a polymer backbone can result in efficient TTA-UC. A zinc porphyrin
derivative  (5,15-bis((4-  bromophenyl)ethynyl)-10,20-bis(3,4,5-tris(dodecyloxy)-
phenyl)porphyrin), HAPAPP, was copolymerised with the well-known polymer
poly(9,9-dioctylfluorene-co-benzothiadiazole), F8BT. This system was rationally
designed to undergo intramolecular TTA-UC, whereby the porphyrin would act as an
intramolecular triplet sensitiser for F8BT. Incorporating both the sensitiser and
upconverter also has the added benefit of removing the diffusional problems
associated with two discrete components, allowing for the study of the intrinsic
intramolecular dynamics of the system in the solution phase. Both the pure F8BT and
isolated porphyrin, HAPAPP, were used as control samples. The structures of the

materials involved in this study are displayed in figure 4.5.
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F8BT-HAPAPP

C12H250 OCy2Hazs
OC12H2s

OC1zH2s
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Figure 4.5 Structures of the polymer F8BT, the isolated porphyrin HAPAPP
and porphyrin containing polymer, F8BT-HAPAPP. F8BT-HAPAPP was
synthesised with a weight percentage of 5% porphyrin to benzothiadiazole
moiety (x:y = 19:1).

A ZnTPP derivative was used on the basis of its narrow singlet-triplet energy gap
(AEst = 0.45 eV), with high triplet yields (disc = 0.84-0.88)?"-% derived from the Zn
centres heavy atom influence (see section 1.8.2). This heavy atom effect stems from
the large nuclear charge (2) of the Zn nucleus, which has the effect of increasing the
strength of the spin orbit coupling and in turn increasing the rate of intersystem
crossing (kst). One of the most important features the Zn porphyrin possesses
however, is a set of spectral transitions known as Q-bands, which absorbs at longer
wavelengths where the F8BT does not (this is shown in figure 4.6). The origin of this
Q-band is derived from the ‘four-orbital’ model, as proposed by Gouterman.?® In this
model, the absorption bands observed are the result of transitions between two
degenerate HOMO and two LUMOs. The energies of these transitions are dictated by
the identity of the metal centre and the substituents present on the macrocyclic ring.
The HOMOSs have been calculated to be al, and a2,, and the LUMOs were calculated
to be the result of a degenerate set of ey orbitals. Transitions between these orbitals
will therefore give rise to two excited states. Orbital mixing between these states then

splits the two states in energy, yielding a higher energy state with a stronger oscillator
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strength (known as the Soret band), and a lower energy state with weaker oscillator

strength (known as the Q-band).*

F8BT was chosen as the polymer backbone as it has been shown to undergo TTA in
the solid phase.?'*2 Importantly the energetics obtained from the literature indicates
that triplet energy transfer between the two systems was feasible. The triplet energy
level of F8BT is found to be 1.7-1.8 eV,* which is situated near to that of the Zn
porphyrin triplet energy of > 1.6 eV. It was therefore argued that the greater density
of states available to the polymer, relative to the discrete Zn porphyrin, would
entropically drive energy transfer from the porphyrin to the F8BT, even though the
process was likely to be endothermic.

4.3 Experimental

F8BT was obtained from Ossila (My = 376 214 Da), whilst F8BT-HAPAPP (M, = 15
000 Da, PDI = 1.5) and HAPAPP were synthesised by David Freeman of the Bronstein
group. F8BT, F8BT-HAPAPP and HAPAPP were dissolved in spectroscopic grade
chlorobenzene (Alfa Aesar) at differing concentrations of 68 pg/mL, 0.65 mg/mL and
34 pg/mL respectively. These concentrations were used for transient absorption
studies such that the ground state absorbance of the F8BT at 518 nm (where the
F8BT would be selectively excited) was the same as that of the FBBT-HAPAPP Q-
band at 650 nm. This ensured that the same number of molecules were excited in
both the neat F8BT and F8BT-HAPAPP. The relatively high concentration of F8BT-
HAPAPP was necessitated by the low (~10%) concentration of porphyrin incorporated
into the F8BT polymer backbone, which had the effect of the porphyrin Q-band
absorbance being low. Chlorobenzene was selected as the solvent for this

investigation due to its excellent ability to solvate polymeric materials, such as F8BT.

All solutions were degassed by freeze pump thawing of solutions and sealing under
a nitrogen atmosphere. This was achieved using a custom-made Young's tap quartz
cuvette, with a pathlength of 2 mm. Films of F8BT-HAPAPP were made via drop

casting.
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4.4 Ground State Absorbance and Fluorescence
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Figure 4.6 Normalised ground state absorption spectra of F8BT, F8BT-
HAPAPP and HAPAPP in chlorobenzene solution. The inset enhances the
spectral area of the Q-bands observed in HAPAPP and F8BT-HAPAPP.
Pristine F8BT exhibits negligible absorption in the red and near infrared.

The ground state UV-Vis absorption spectrum of pristine F8BT chlorobenzene
solution is shown in figure 4.6 and exhibits two absorption maxima at 322 and 457
nm, with negligible absorption in the red and near infrared. Theoretical calculations
found in the literature assign the transition at 457 nm to a charge-transfer transition,3
where the electron is found to reside on the acceptor benzothiazole unit, and the hole
located on the fluorene unit. The shorter wavelength absorption at 322 nm is assigned
to a direct 1-11* transition and is found to be delocalised across the polymer chain.
The pure HAPAPP chlorobenzene solution absorption spectrum displays two
prominent absorption bands at 450 and 642 nm respectively. Following the
Gouterman four-orbital model the intense transition at 450 nm known as the Soret
band corresponds to the strongly allowed So-S; transition, whereas the lower energy
transition at 642 nm is known as a Q-band and corresponds to the weakly allowed So-
S; transition. In a chlorobenzene solution of the porphyrin containing polymer, F8BT-
HAPAPP, the absorption spectrum exhibits very little change with respect to the
parent F8BT transitions at 322 and 457 nm, albeit the formation of a new weak
transition at 652 nm. This new transition is assigned to a red-shifted porphyrin Q-band
and can be seen in the inset of figure 4.6. It should be noted that the Soret band seen
in the pure HAPAPP spectra is obscured via the presence of the broad F8BT charge
transfer absorption at 457 nm. The negligible deviation from the parent F8BT
transitions suggests very little electronic perturbation of the F8BT backbone upon
inclusion of the porphyrin moiety into the polymer. In contrast to this the F8BT-

HAPAPP Q-band is found to exhibit a 0.04 eV red shift relative to its isolated porphyrin
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analogue. This observed Q-band red shift is likely to derive from the greater
delocalisation of the porphyrin 11 system into the conjugated polymer backbone, as
has been seen in other cases.* It is noted that introduction of the porphyrin into the
F8BT results in a modest solar spectral coverage increase of 1%, as seen in figure
4.1, however, the purpose of this work is to help elucidate the mechanisms governing

TTA-UC and provide a proof of concept system.
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Figure 4.7 Steady state fluorescence spectra of F8BT, F8BT-HAPAPP and
HAPAPRP, in chlorobenzene solution (3.4 ug/mL) with an excitation wavelength
of 450 nm. F8BT-HAPAPP was also excited at the porphyrin Q-band with 650
nm. F8BT and F8BT-HAPAPP exhibit near identical fluorescence spectra

under the same excitation conditions.

The steady state fluorescence spectra for F8BT, F8BT-HAPAPP and HAPAPP are
shown in figure 4.7. All spectra were obtained with an excitation wavelength of 450
nm, corresponding to excitation of the CT transition in F8BT, or that of the Soret band
in HAPAPP. The pure F8BT exhibits a single emission peak at 544 nm, whereas
excitation of the isolated porphyrin, HAPAPP, results in two emission peaks situated
at 655 and 715 nm. Excitation of FBBT-HAPAPP yields a near identical emission
profile to that of the pure F8BT, with the absence of any porphyrin fluorescence. This
suggests that excitation with 450 nm leads to fluorescence from only the F8BT
component, or that the yield of fluorescence from the porphyrin is so small it cannot
be resolved above the F8BT fluorescence signal. A band gap of 2.5 eV was

approximated for F8BT using the absorbance and emission spectra intersection.
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Figure 4.8 Excitation and emission spectra of F8BT-HAPAPP in
chlorobenzene solution. The lack of upconverted (anti-Stokes) fluorescence,
can be seen when exciting the porphyrin Q-band with 650 nm, and probing for
the fluorescence of F8BT at 550 nm. Emission and excitation spectra were

corrected for instrument response.

To investigate the potential presence of fluorescence upconversion, F8BT-HAPAPP
was excited at the lower energy Q-band at 650 nm, where the F8BT would not absorb.
This would allow for any subsequent detected F8BT fluorescence to be directly
attributed to a photophysical mechanism involving the porphyrin moiety. The
presence of TTA-UC would manifest itself as F8BT fluorescence in the 500-600 nm
region when solely the porphyrin is excited. As previously observed in figure 4.7,
exciting the F8BT backbone of F8BT-HAPAPP with 450 nm yields an emission peak
at 544 nm. Under the conditions of selectively exciting the porphyrin moiety with 650
nm light, no fluorescence is observed from the F8BT (shown in figure 4.8 as the red
line), only a weak porphyrin emission as shown in figure 4.7. This is indicative that
TTA-UC is not occurring or is very inefficient. To further confirm these findings,
excitation spectra were obtained in addition to the standard fluorescence
measurements. Exciting the F8BT-HAPAPP in the range of 300-535 nm and probing
at 550 nm results (shown in figure 4.8 as the green dashed line) in an excitation
spectrum that possesses the same spectral structure as that of the F8BT absorbance
spectra, with peaks situated at 330 and 460 nm. This indicates that the fluorescence
observed is directly emitted from the S state (according to Kasha’s rule) of F8BT.
Conversely, probing at the same wavelength 550 nm, but exciting the porphyrin Q-
band in the range 610-700 nm results (shown in figure 4.8 as the blue dashed line) in

no emissive response from the F8BT component.
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Table 4.2 Photophysical parameters obtained for FBBT-HAPAPP and its
control samples F8BT and HAPAPP. F8BT-HAPAPP was selectively excited
at 400 and 645 nm, corresponding to exciting of the F8BT backbone and
porphyrin Q-band respectively.

F8BT excitation HAPAPP excitation
Parameter F8BT F8BT- HAPAPP  F8BT-HAPAPP
HAPAPP
Dr 0.85° 0.60° 0.035° 0.086°
Ts1 (ns)¢ 1.9 1.9and 0.14 1.0 0.9
11 (MS)° 180 460 and 19 1000 460

a. Excitation at 400 nm, probe 475-700 m; b. Excitation at 645 nm, probe

range 655-800 nm; c. Lifetimes were obtained from TAS data fitting.

The fluorescence quantum yields, ¢r, for chlorobenzene solutions of F8BT, F8BT-
HAPAPP and HAPAPP were also determined via a fluorimeter integrating sphere,
with the results shown in table 4.2. Quantum vyields represent the relative efficiencies
of the various competing excited state deactivation processes. Any discrepancies
between the quantum yields of the pure control samples and F8BT-HAPAP would
therefore be indicative of a newly created photophysical pathway. The pure F8BT and
HAPAPP were found to have have ¢r = 0.85 and 0.035 respectively. The low ¢ found
for the isolated porphyrin is a consequence of its zinc centre, which induces efficient
intersystem crossing to the triplet manifold, due to the heavy atom effect. The heavy
atom effect is the process by which spin-orbit coupling is increased, with increasing
atom size, resulting in an increase in the rate of spin forbidden transitions.3® This has
the effect of increasing the rate of ISC, which in turn depletes the population of the
singlet state and consequently reduces the ®r. When exciting the F8BT backbone of
F8BT-HAPAPP and probing for F8BT emission in the range 475-700 nm a ®r = 0.60
is obtained, which is significantly smaller compared to the pure F8BT of ®r = 0.85.
This reduction in ®¢ is indicative that introduction of the porphyrin into the F8BT
backbone introduces a new singlet decay pathway(s) that can compete effectively on
the timescales of F8BT fluorescence. When directly exciting the porphyrin in F8BT-
HAPAPP with a pump wavelength of 645 nm and probing for HAPAPP fluorescence
in the range 655-800 nm, a ®¢ = 0.086 is acquired, which is slightly higher than the
pure porphyrin’s ®r = 0.035. This change is likely to be attributed to a reduction in
solution aggregation (the change in ®r is much smaller relative to the change from
F8BT to F8BT-HAPAPP), therefore leading to a reduction in self-quenching effects. It
is noted, however, that it is also possible that the measured difference in porphyrin ®¢
is the result of error, especially considering that the values reported are low.
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4.5 Picosecond Transient Absorption Spectroscopy

Fluorescence studies indicated that TTA-UC was likely to not be operative in F8BT-
HAPAPP, as evidenced by a lack of anti-Stokes fluorescence from F8BT, when
exciting the lower energy porphyrin Q-band at 650 nm. Although this seemed to
suggest that the F8BT-HAPAPP system underwent the standard photophysics of both
the polymer and porphyrin constituents, analysis of the ®for F8BT fluorescence in
F8BT-HAPAPP revealed a ®rreduction relative to pure F8BT. This is indicative of a
newly introduced photophysical mechanism that quenches the F8BT singlet state and
may offer some potential insight into why TTA-UC is precluded. It is also possible,
however, that excitation of the porphyrin Q-band is still resulting in TTA-UC, albeit
with some additional deactivation process potentially quenching any formed F8BT*
formed from annihilation events, preventing significant emission. In theory, as any
upconverted F8BT* are derived from corresponding porphyrin triplet states
((HAPAPP*) they should therefore be formed at later timescales relative to *F8BT*
generated from direct excitation of the F8BT component. Picosecond transient
absorption spectroscopy affords the time resolution with which to probe singlet state
dynamics, and so provides an experimental technique with which to elucidate why

F8BT-HAPAPP does not appear to yield an upconverted fluorescence signal.

The dynamics of F8BT-HAPAPP were probed by selectively exciting either its F8BT
backbone at 518 nm, or its porphyrin Q-band at 650 nm. Excitation of the F8BT
component should provide information on the reduction in ®r experienced when
introducing the porphyrin into the polymer. Selective excitation at 518 and 650 nm
ensures that any differences in spectral dynamics could be directly assigned to the
local photophysics of either the F8BT or porphyrin. The pure F8BT and HAPAPP were
used as controls to provide reference data with which to compare F8BT-HAPAPP
against. Neat spectra of F8BT, HAPAPP and F8BT-HAPAPP in chlorobenzene are

presented, with a subsequent description of their relevant decay dynamics.
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Figure 4.9 Picosecond transient absorption spectra of chlorobenzene
solutions a) F8BT b) F8BT-HAPAPP excited at 518 nm with an excitation
energy of 23 uJ cm?. Samples were degassed with argon for 30 min. Solution
concentrations were 3.4 mg/mL for both F8BT and F8BT-HAPAPP. The gap
at ~770-900 nm is from the fundamental pulse that is used to generate the

probe.

When pristine F8BT is excited with an excitation wavelength of 518 nm, the ps-TAS
spectrum is dominated by a broad peak at 975 nm, as shown in figure 4.9 a). The
transient decay obtained from averaging in the range of 900-1000 nm (shown in figure
4.10) can be well fit with that of a monoexponential function to yield a lifetime of 1.9 +
0.1 ns (where the error is the standard deviation). The species responsible for this
decay is too short-lived to be ascribed to that of a triplet state, which for solution based
polymers are typically found to possess lifetimes in the microsecond regime.”* On
the other hand it is of the same order of what has been reported for solution based
donor polymer singlet states.*® Literature values for F8BT thin film suggest a singlet
lifetime of 0.5 ns,3%4° less than that of the 1.9 ns obtained for the chlorobenzene
solution. However, an increased excited state lifetime is often observed in solutions
of a conjugated polymer relative to its thin film, and is rationalised on the basis that
there are fewer interchain interactions in the solution phase that may provide

107



Chapter 4

additional decay pathways to the singlet state, with the consequence of reducing the
singlet state lifetime.*! Interestingly, no subsequent spectral evolution is observed,
even though F8BT is known to form triplet states from ISC.#?3 This could possibly be

attributed to the intense transition at 975 nm obscuring any underlying signal.
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Figure 4.10 Picosecond transient absorption decay kinetics of pristine F8BT
chlorobenzene solution (3.4 mg/mL) obtained with an excitation wavelength of
518 nm. Kinetics traces of the stimulated emission and singlet decay were
obtained via averaging the regions of 550-600 nm and 900-1000 nm
respectively. Kinetics have been normalised at 1 ps to illustrate the similarity

of the F8BT stimulated emission and singlet decay.

Analysis of the ascribed F8BT singlet state dynamics as a function of excitation
intensity (figure 4.11) showed that they were invariant within the energy regimes
employed (2-23 yJ cm™). This is also exemplified by the signal amplitude at 1 ps, as
shown in the inset of figure 4.11, which demonstrates a linear response to increasing
excitation intensity, as expected for a first order decay process. This observation is
consistent with the assignment of the peak at 975 nm to a transition belonging to that

of a singlet state.
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Figure 4.11 Picosecond transient absorption decay kinetics of neat F8BT
chlorobenzene solution (3.4 mg/mL) obtained with an excitation wavelength of
518 nm. Kinetics were obtained through averaging decays in the wavelength
region of 900-1000 nm. Sample was degassed with argon. The red lines are
monoexponential fits. Inset: The transient signal amplitude at 1 ps as a function
of energy density, illustrating the linear signal response. The red line is a linear
fit for the eye.

In addition to the intense absorption located at 975 nm in figure 4.9 a), a weak
negative feature is also found situated below 600 nm, correlating well with the spectral
emission region of F8BT (seen previously in figure 4.7). This is indicative of stimulated
emission, which is the induced emission of a photon from an excited state by the
probe pulse. As the emitted photon will travel in the direction of the probe pulse both
will subsequently be detected, resulting in a higher light intensity on the detector and
manifesting itself as a negative absorption signal. The kinetics of the stimulated F8BT
emission signal should consequently yield the same decay profile (albeit negative in
signal) and therefore lifetime of the singlet state (assuming emission from the lowest
excited, S1), which can be used to confirm the ascribed 'F8BT* at 975 nm. Indeed,
the kinetics obtained from averaging the stimulated emission from 550-600 nm are
near identical to that obtained from the 975 nm transition, as observed in the
normalised kinetics shown in figure 4.10. To further illustrate this, fitting of the
stimulated emission decay results in a lifetime of Tt = 2.0 £ 0.2 ns (where the error is
from fitting), the same lifetime within error of that obtained for the 975 nm species. We
can therefore confirm that the broad transition at 975 nm is likely to derive from that
of a !F8BT* transition (S1 — Sp).
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Figure 4.12 Picosecond transient absorption spectra of chlorobenzene
solutions a) HAPAPP b) F8BT-HAPAPP excited at 650 nm with an excitation
energy of 23 uJ cm. Samples were degassed with argon for 30 min. Solution
concentrations were 34 ug/mL for HAPAPP and 3.4 mg/mL for F8BT-HAPAPP.
The gap at ~770-900 nm is from the fundamental pulse that is used to generate

the probe, whereas the one at 650 nm derives from the exciting 650 nm pulse.

We now turn our attention to investigating the dynamics of the control ‘free’ porphyrin,
HAPAPP. As shown in figure 4.12 a), excitation of the pristine HAPAPP’s Q-band with
a pump wavelength of 650 nm results in the formation of a distinctively different
spectrum to that of the pure F8BT. Focusing in on the visible portion of the spectrum,
a transition band seen situated at the spectral limit of the detector at 480 nm is found
to have been generated on ultrafast time scales (<1 ps), with the absorption band
extending to 560 nm. The peak of an additional ultrafast generated transition is also
found directly inside the laser spike/ground state bleach spectral dark region of 610-
690 nm, as evidenced by absorption on either side of the dark zone. In addition to
this, the growth of a new more longer-lived species can also be observed in the region
between the isosbestic points of 518 and 558 nm at later time scales (>1000 ps), with
its growth initially obscured by the presence of absorption by the ultrafast generated

species. This longer-lived species can be seen most prominently in the region of 730-
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760 nm, where the side of a transition can be observed extending into the detector

gap (caused by the 800 nm fundamental, see section 2.6.4 for more details).
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Figure 4.13 Picosecond transient absorption decay kinetics of pristine
HAPAPP chlorobenzene solution (34 pg/mL) obtained with an excitation
wavelength of 650 nm. Kinetics were obtained through averaging the decays
from averaging decays in the wavelength region of 480-485 nm. Sample was
degassed with argon. The red lines are monoexponential fits. Inset shows the
transient signal amplitude at 1 ps as a function of energy density, illustrating

the linear signal response. The red line is a linear fit for the eye.

The kinetics of the porphyrin’s ultrafast generated species were probed by averaging
the spectral area of 480-485 nm, where overlapping with transition bands from the
later species was minimal, and as such the lifetime of the early species can be more
easily assessed. Fitting to a monoexponential decay yielded a lifetime of t=1.0+ 0.1
ns, with the inset of figure 4.13 illustrates that the lifetime is independent of the
excitation energies utilised (8-23 uJ cm). This lifetime of 1.0 ns is far too short to be
ascribed to that of Zn porphyrin triplet species, which have been found to have
lifetimes on the order of milliseconds.?” The ultrafast generated species responsible
for the transition at 480 nm is therefore likely to be that of the porphyrin singlet state
(S1 — Sn), 'HAPAPP*. The transition located in the laser spike region was also
investigated by averaging the kinetics in the region 600-610 nm. The kinetic decay
obtained (shown in figure 4.14) is near identical to that of the one obtained averaging
480-485 nm, yielding a t = 0.9 + 0.1 ns, and so this transition is assigned to a lower
energy *HAPAPP* transition. These assignments are in agreement with previous ps
transient absorption studies of near structurally identical ZnTPP, which exhibits a
singlet lifetime of 2.0-2.5 ns,*“® close to that obtained for tHAPAPP*. The species

that appears later in time is therefore likely to be that of the SHAPAPP*, which is
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expected to be formed owing to metalated porphyrin’s ability to undergo facile

intersystem crossing to the triplet manifold.

Investigating the near-infrared portion of the spectrum (>900 nm) reveals the
presence of a transition at 1115 nm, which is generated on the same ultrafast
timescales as that of the previously ascribed singlet transition. This feature is
therefore likely to belong to a lower energy *HAPAPP* transition. It should also be
noted that an additional singlet transition appears to be located within the detector
blind spot, as indicated by the signal rise in the region of 900-1000 nm. Interestingly,
as the spectrum evolves in time, the decay of the singlet transition reveals the
presence of an additional, more longer-lived species at 1080 nm. Once again, this
long-lived species is likely to be that of the triplet state. A previous ps TAS study of
ZnTPP that placed emphasis on the infrared also found a porphyrin singlet transition

at 1258 nm,** however, a second triplet transition was not observed.
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Figure 4.14 Picosecond transient absorption decay kinetics of pristine
HAPAPP chlorobenzene solution (34 pg/mL) obtained with an excitation
wavelength of 650 nm and an excitation energy of 23 uJ cm™. Kinetics were
obtained through averaging in the probe wavelength regions of 600-610 nm

and 480-485 nm. The red line is a monoexponential fit.

Now that we have established the baseline dynamics of the pristine control samples,
we will now focus upon the F8BT-HAPAPP. We will start with excitation of the
porphyrin component as shown in figure 4.12 b). Selectively exciting the porphyrin Q-
band with an excitation wavelength of 650 nm yields a spectrum that is similar in
structure to that of the control isolated porphyrin, albeit with some differences. The
prominent visible singlet transition at 485 nm is also found in the F8BT-HAPAPP
spectrum, however, it appears red-shifted with respect to the isolated porphyrin.
Quantifying the extent of this red-shift, however, is difficult, owing to the F8BT-
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HAPAPP porphyrin transition peak residing below the detector’s limit. In addition to
this, the spectral range of the detector of has been reduced from 480 to 510 nm, due
to ground state bleaching effects from the edge of the F8BT absorbance. The
porphyrin triplet transition at 760 nm is still found to be present, but once again
appears red-shifted relative to the isolated porphyrin. Exploring the NIR reveals the
presence of a transition that spans across the entire IR region that was probed and
can be most prominently observed in the region 900-1000 nm. This absorption was
previously observed in the isolated porphyrin, albeit less intense. By 3 ns the 900-
1000 nm transition has sufficiently decayed to reveal the presence of a long-lived
feature at 1150 nm. This feature was previously observed in the neat HAPAPP
spectrum at 1080 nm and was assigned to that of a *HAPAPP* transition. This 0.07
eV reduction in transition energy is consistent with the redshift of 0.04 eV observed in
the ground state absorbance spectra for the porphyrin Q-band upon inclusion into the
F8BT backbone.
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Figure 4.15 Picosecond transient absorption decay kinetics of FBBT-HAPAPP
chlorobenzene solution (3.4 mg/mL) obtained with an excitation wavelength of
650 nm. Kinetics were obtained through averaging the decays in the
wavelength region of 900-1000 nm. Sample was degassed with argon. The
red lines are monoexponential fits. Inset shows the transient signal amplitude
at 1 ps as a function of energy density, illustrating the linear signal response.

The red line is a linear fit for the eye.

To determine the origin of the broad transition that extends from 900 out to 1300 nm,
the kinetics were probed by averaging the decays between 900-1000 nm (figure 4.15),
where spectral contamination from the tentatively assigned triplet transition at 1150
nm would be minimal. Fitting of the early decay component to a monoexponential

yielded a lifetime of t = 1.0 £ 0.1 ns, which is the same (within error) exhibited for the
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pure porphyrin singlet state. The transition at 900 nm is therefore likely to belong
IHAPAPP* state, as even though the !F8BT* transition absorbs in the same spectral

region, it exhibits approximately double the lifetime.

Considering the evidence thus far, exciting the porphyrin component of F8BT-
HAPAPP appears to result in little deviation from the isolated porphyrin’s
photophysics, with only an apparent red shifting of singlet and triplet transitions being
the predominant difference. Importantly, the lack of the 975 nm 'F8BT* transition
confirms that TTA-UC is not operative upon exciting the HAPAPP component, which
agrees with the observed absence of anti-Stokes fluorescence. Furthermore, there is
no evidence for the formation of the 3F8BT* state in the FSBT-HAPAPP spectra (which
would precede the formation of the 'F8BT* via TTA), which strongly indicates that
energy transfer from the SHAPAPP* to the 3F8BT* is not occurring, thus precluding
any possibility of TTA to form the F8BT* state. This observation is consistent with the
SF8BT* energy level residing below that of the SHAPAPP* state, as such the TTA

mechanism can be considered to ‘fail’ once the porphyrin triplet state is formed.
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Figure 4.16 Normalised picosecond transient absorption spectra take at 1 ps
of F8BT and F8BT-HAPAPP chlorobenzene solution (3.4 mg/mL) obtained
with an excitation wavelength of 518 nm (23 pJ cm™). Spectra have been

normalised to their respective peak maxim.

Now that the F8BT-HAPAPP has been shown to undergo the standard porphyrin
photophysics when excited at the Q-band, we will now assess the dynamics obtained
from exciting the F8BT component. Exciting the F8BT backbone of F8BT-HAPAPP
with 518 nm results in the formation of a near-identical transient absorption profile to
that of the F8BT control polymer. This is best shown in figure 4.16 which displays the
normalised spectra of F8BT and F8BT-HAPAPP taken at 1 ps. The dominating

IF8BT* singlet transition (S1 — Sy) is still found identically situated at 975 nm. In
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addition to this, the F8BT stimulated emission is still observed below 600 nm.
However, the stimulated emission is found to be less intense when compared to the
pristine F8BT. By integrating the stimulated emission in the region of 534-580 nm at
1 ps we calculate an observed reduction in intensity of 42%. It is noted that this 42%
reduction in stimulated emission intensity is greater than the 30% reduction in ®¢
when comparing F8BT (®e = 0.85) to F8BT-HAPAPP (®r = 0.60), and possible

reasons for this difference will be discussed later.

Although the spectra of F8BT and F8BT-HAPAPP appear near identical, analysis of
the kinetics at 975 nm, however, reveals that the monoexponential behaviour
previously observed in the pristine F8BT has been replaced by a decay that is
multiexponential in nature. Indeed, the decay data obtained from averaging the
spectral region of 900-1000 nm can be well fitted to a biexponential function of the

type shown in equation 4.1.

t t
AOD(E) = A, + el T 4 A, el B Eqn. 4.1

The first decay component is found to have a lifetime of t; = 140 + 20 ps, significantly
faster than the second component, which possesses the same F8BT* lifetime of t, =
1.9 £ 0.1 ns. The contribution from each component was assessed from their

corresponding fit amplitudes, yielding contributions of t1 = 19 % and of t» = 81 %.
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Figure 4.17 Kinetic decays of F8BT and F8BT-HAPAPP, excited with a pump
wavelength of 518 nm. Kinetic decays obtained from averaging the probe
wavelengths 900-1000 nm. Decays have been normalised to 1 ps to illustrate
the additional decay phase present in F8BT-HAPAPP. The red lines are mono
and biexponential fits for F8BT and F8BT-HAPAPP respectively.
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Figure 4.18 Picosecond transient absorption decay kinetics of FBBT-HAPAPP
in chlorobenzene solution (3.4 mg/mL) obtained with an excitation wavelength
of 518 nm. Kinetics were obtained through averaging decays in the wavelength
region of 900-1000 nm. Sample was degassed with argon. Red lines are
biexponential fits of the type yo + Ai*exp(-(t/t1) + As*exp(-(t/r2). Inset: the
transient signal amplitude at 1 ps as a function of energy density, illustrating
the linear signal response. The red line is a linear fit for the eye. The values for

7, and 2 are given in table 4.3.

To ensure that this additional decay pathway was not the result of a laser induced
second order effects, the FBBT-HAPAPP dynamics were analysed as a function of
excitation energy, as shown in figure 18. The amplitude at 1 ps corresponds to the
kinetics of the fast phase and showed a linear signal amplitude increase with respect
to increasing excitation energy, with the lifetimes observed for both features being
within error (inset of figure 4.18). It is noted that the lowest energy data set provides
anomalous 1 and T lifetimes (which may be a consequence of excessive signal to
noise in the data), however, it is discounted on the basis that all higher energies
exhibit the same lifetimes within error. The discounting of annihilation effects therefore
provides evidence that the introduction of the porphyrin moiety into the F8BT
backbone introduces a new decay channel. It is possible that the fast phase derives
from a singlet-singlet energy transfer process (SET), from the F8BT to the HAPAPP,
which can alternatively be considered as an IC process (i.e. SnEssr)—S1rHararp)). This
hypothesis would explain why there is an observed reduction in ®¢ as ~19%
(established from the contribution of the fast phase) of the photogenerated F8BT*
are quenched by the porphyrin moieties. This raises the question as to why no

IHAPAPP* spectral features are observed in the ps TAS spectrum after energy
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transfer from F8BT has taken place. This can be rationalised on the basis that the
more intense F8BT* transition at 975 nm will obscure any underlying *HAPAPP*
signals observed at 900-1000 nm and 1115 nm, which will be generated in much
lower concentrations. This will have the effect of the 'F8BT* dominating the F8BT-
HAPAPP spectrum. It should be noted that the tHAPAPP* transition seen previously
below 600 nm sits in the region where the F8BT stimulated emission is present. As
such, this may also account for the previously mentioned 42% reduction in stimulated
emission compared to the 30% observed in the ®¢. This is because in addition to the
quenched F8BT fluorescence the positive gain from the *HAPAPP* transition signal
will partially cancel out the negative signal originating from the F8BT emission. If this
SET theory is correct any porphyrin singlets formed from energy transfer should
efficiently intersystem cross over to the triplet manifold (®sc < 0.91 assuming ®,c =
0), and as such should be observable/detectable at the longest timescales. The use
of us TAS should therefore be able to confirm whether SHAPAPP* are indeed present.

Table 4.3 Fitting results of F8BT-HAPAPP chlorobenzene solution (3.2
mg/mL) excited with 518 nm. Decays were obtained by averaging the region
900-1000 nm. Decays were obtained from fits with a biexponential function

shown in equation 4.1.

Energy 1 (pPS) A 2 (NS) Az
Density

(MJ cm?)

23 143+20 5.2E-4 19+01 2.1E-3
8 165+40 1.7E-4 20x0.2 6.9E4
4 180+84 8E-5 1.8+£0.3 3.5E-14
2 39+35 3E-5 14+£02 2.2E-4
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4.6 Microsecond Transient Absorption Spectroscopy

Picosecond transient absorption spectroscopy demonstrated that F8BT-HAPAPP
underwent the standard porphyrin photophysics when exciting the HAPAPP Q-band,
as opposed to F8BT* generation through the TTA-UC process. In addition to this, ps-
TAS had also shown that excitation of the F8BT component with 518 nm revealed the
presence of a new decay pathway, not previously seen in the control pristine F8BT.
In both cases, however, the ultimate dynamics of the triplet states involved were not
elucidated, leaving questions as to their ultimate fate. ps transient absorption
spectroscopy affords the time domain to monitor these triplet states and provide a

clearer photophysical picture as to why TTA-UC was being precluded.
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Figure 4.19 Microsecond transient absorption spectrum of neat F8BT
chlorobenzene solution (68 pg/mL) excited with a pump wavelength of 460 nm
and 650 nm. Obtained with excitation densities of 16 and 25 puJ cm™ for 460
and 650 nm respectively. Solution was degassed via three cycles of freeze
pump thawing and placed under an N, atmosphere. Note: excitation with 650

nm results on negligible spectral response.

As with the ps study, we will initially focus upon the neat F8BT and HAPAPP. As
shown in figure 4.19, excitation of the pure F8BT chlorobenzene solution at 460 nm
results in the formation of a transition peak centred at 780 nm, with a tail extending
out into the NIR, whereas excitation with 650 nm yields no spectral response. This
feature is of a similar spectral shape to other reported photoinduced transient
absorption studies of neat F8BT thin films, although the peak positions are reported
red-shifted at 845 nm owing to characteristic solid state red-shifting.*® This transition
was previously assigned to that of a F8BT triplet transition (T1 — Tn) derived from

intersystem crossing. To demonstrate that the transition observed at 780 nm in F8BT
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belonged to the same F8BT triplet transition previously seen in literature thin film
reports, the solution was bubbled with O,. The presence of O, should selectively
quench triplet states via triplet energy transfer, provided that the energy of the F8BT
triplet was >0.94 eV.84748 This triplet quenching process should manifest itself as a
reduction in both signal amplitude and triplet lifetime. Indeed, the oxygenated solution
results in the complete quenching of signal (shown in figure 4.20), suggesting that the
transition at 780 nm derives from a highly oxygen sensitive 3F8BT*. The complete
guenching of this signal is found to be reversible, therefore discounting the possibility
of oxygen-based degradation, which would otherwise result in an unrecoverable initial

signal.

N,
0,
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Figure 4.20 Microsecond transient absorption decay kinetics of F8BT
chlorobenzene solution (68 pg/mL) under nitrogen, oxygen and nitrogen
restored atmospheres, at a probe wavelength of 800 nm. Obtained with a
pump wavelength of 460 nm with an excitation density of 12.2 puJ cm?.
Bubbling O through the solution results in a complete quenching of the signal,
illustrating the presence of a highly oxygen sensitive species, most likely to be

that of a triplet.

Inspection of the kinetics of the F8BT triplet (shown figure 4.21) reveals that the decay
is not completely monoexponential in nature, with a small contribution (~10%) from
an additional phase apparent at the earliest timescales. Interestingly, the existence of
this second phase does not seem predicated upon the excitation energy employed,
as demonstrated by the very similar t; and t. lifetimes obtained from biexponential
fitting (shown in table 4.4) and consistent ~10% contribution from the initial decay
phase. From biexponential fitting to the F8BT decays, average lifetimes of t; =12 + 3
ps and 1. = 214 + 9 us (where the error is the standard deviation) are obtained. The

origin of this early decay phase is currently not known. It should be noted, however,

119



Chapter 4

that this study was conducted at room temperature and the F8BT triplet lifetime has
been found to increase by approximately two orders of magnitude upon decreasing
temperature (300-77 K).#>5° The reason for this observed temperature dependence
has been suggested to derive from the deactivation of triplet decay channels, which

increases the 3F8BT* lifetime.
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Figure 4.21 Microsecond transient absorption decay kinetics of F8BT
chlorobenzene solution (68 pg/mL), excited with a pump wavelength of 460
nm and probe wavelength of 800 nm. Solution was degassed via three cycles
of freeze pump thawing and placed under an N, atmosphere. Red lines are
biexponential fits of the type yo + Ai*exp(-(t/t1) + Ax*exp(-(t/t2). Inset: the
transient signal amplitude at 1 us as a function of energy density, illustrating
the linear signal response. The red line is a linear fit for the eye. The values for

11 and 12 are given in table 4.4.

Table 4.4 Fitting results of F8BT chlorobenzene solution (68 pg/mL) excited
with 460 nm and a probe wavelength of 800 nm. Decays were obtained from

fits with a biexponential function shown in equation 4.1.

Energy 1 (pPS) A T2 (US) A,
Density

(MJ cm?)

37 13+1 5E-5 226 +1 3.5E-4
16 101 2E-5 2191 19E-4
8 8x1 1E-5 2071 1.0E-4
2 16+2 3E-6 2051 1.9E-5
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Figure 4.22 Microsecond transient absorption spectrum of neat HAPAPP
chlorobenzene solution (32 pg/mL) excited with a pump wavelength of 640 nm.
Obtained with an excitation energy of 10 pJ cm™. Solution was degassed via

three cycles of freeze pump thawing and placed under an N, atmosphere.
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Figure 4.23 Normalised microsecond transient absorption decay kinetics of
neat HAPAPP chlorobenzene solution (32 pg/mL) excited with a pump
wavelength of 640 nm. Probe wavelengths of 800 and 1060 nm were used.
Solution was degassed via three cycles of freeze pump thawing and placed
under an Nz atmosphere.
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Figure 4.24 Microsecond transient absorption decay kinetics of neat HAPAPP
chlorobenzene solution (32 pg/mL) excited with a pump wavelength of 640 nm
and probe wavelength of 800 nm. Solution was degassed via three cycles of
freeze pump thawing and placed under an N, atmosphere

Now that the F8BT triplet's presence has been established we will now assess the
pristine HAPAPP. Exciting the Q-band of the pristine porphyrin with a pump
wavelength of 640 nm results in the formation of two main transition peaks, situated
at 780 and 1060 nm. It is noted that data presented in figure 4.22 only shows the edge
of the transition at 1060 nm, but previous data presented in figure 4.19 shows this
transition fully. These peaks were seen previously in the ps-TA spectrum of HAPAPP,
with both being ascribed to *HAPAPP* transitions. Confirmation that both the 780 and
1060 nm transitions belong to the same species can be observed in the normalised
kinetics (shown in figure 4.23), which demonstrates identical decay dynamics for both
transitions. Literature ns-ps transient absorption studies of ZnTPP solution also place
a triplet transition in the infrared at 850 nm.>! The study did not however, identify the
additional 1060 nm triplet transition, which is consistent with it also not being observed
in the ZnTPP ps-TA spectrum.* Probing the kinetics at 800 nm as a function of
excitation energy as shown in figure 4.24, reveals a decay that is invariant to the
energy employed. The dynamics obtained can be well fitted to a monoexponential
decay, yielding an average triplet lifetime of 1, = 1.2 + 0.1 ms (where the error is the
standard deviation).Overall, the ns-us TAS spectrum of pristine HAPAPP exhibits little
spectral evolution, with the only species observed being that of the *HAPAPP*.
Although it was not identified, it should be noted that the ZnTPP T1r-cation radical
transition has been seen at 500-600 nm when an electron acceptor (such as acyl
chloride or quinone) is present.>? A further point of consideration is that both the
3F8BT* and *HAPAPP* transition peaks (located at 800 and 780 nm respectively) are
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spectrally situated close to one another, indicating that if both species are present at

the same time separation of the two would be difficult.
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Figure 4.25 Microsecond transient absorption spectrum of F8BT-HAPAPP
chlorobenzene solution (0.65 mg/mL) excited with a pump wavelength of 650
nm. Obtained with an excitation energy of 15 uJ cm™. Solution was degassed
by three cycles of freeze pump thawing and placed under an N2 atmosphere.
Inset: the same spectral data normalised to the peak maxima, demonstrating

the absence of spectral evolution.
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Figure 4.26 Microsecond transient absorption decay kinetics of F8BT-
HAPAPP chlorobenzene solution (0.65 mg/mL) excited with a pump
wavelength of 650 nm and probe wavelength of 800 nm. Solution was
degassed by three cycles of freeze pump thawing and placed under an N
atmosphere. Inset: the transient signal amplitude at 1 pus as a function of

excitation density, illustrating a linear signal response.
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Once again, we turn our attention to investigating what effect excitation of the Q-band
has on F8BT-HAPAPP. Selectively exciting the porphyrin Q-band with 650 nm (shown
in figure 4.25) results in a very similar spectrum to that of the isolated porphyrin,
exhibiting little spectral evolution, as shown in the normalized TA spectrum in the inset
of figure 4.25. Although the *F8BT* transition was found to absorb in the same ~800
nm area, it's presence can be discounted on the basis of the different spectral shapes,
with F8BBT-HAPAPP exhibiting a much narrower transition more akin to the spectrum
of the *HAPAPP*, as shown in the normalized spectra in figure 4.27. As such the
spectrum exhibited by F8BT-HAPAPP upon excitation with 650 nm is tentatively
ascribed to absorption by the HAPAPP* state. The main porphyrin triplet transition
previously found situated at 780 nm in the pristine HAPAPP ps-TA spectrum is now
found red-shifted by 0.04 eV to 800 nm. Quantification of this redshift in the ps TAS
spectra was previously impossible, due to both peaks lying within the spectral dead
zone. This red-shift in transition energy is similar in magnitude to the ~0.07 eV
exhibited for the lower energy NIR transition at 1115 nm as observed in the ps TAS
spectra. Focusing in on the infrared region in the ps spectrum reveals that this same
lower energy transition is found conserved from the ps TAS spectrum at 1120 nm.
Probing the kinetics at 800 nm as a function of excitation density (shown in figure
4.26) reveals a decay that is invariant to the excitation energy employed. The kinetics
obtained can be well fit to a monoexponential decay, yielding an average lifetime of
470 £ 30 us (where the error obtained is the standard deviation). Interestingly, this
lifetime does not match either the pristine F8BT or pristine HAPAPP triplet lifetimes
(214 ps and 1.2 ms respectively) and will be addressed in the discussion. From the
ps TAS data we can infer that excitation of the Q-band of FBBT-HAPAPP results in
similar porphyrin photophysics, as suggested by the ps TAS data and is consistent
with the *HAPAPP* being the lowest energy state of the system.
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Figure 4.27 Microsecond transient absorption spectra of F8BT and F8BT-
HAPAPP taken at 1 ps. F8BT-HAPAPP was selectively excited with a pump
wavelength of 518 and 650 nm, corresponding to excitation of F8BT or
HAPAPP respectively. The inset enhances the region of 950-1350 nm for
F8BT-HAPAPP, illustrating the characteristic porphyrin triplet peak present
regardless of excitation of F8BT or the Q-band. Solutions were degassed via

three cycles of freeze pump thawing and placed under an N, atmosphere.
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Figure 4.28 Microsecond transient absorption spectrum of F8BT-HAPAPP
chlorobenzene solution (0.65 mg/mL) excited with a pump wavelength of 518
nm. Obtained with an excitation energy of 21 uJ cm™. Solution was degassed
via three cycles of freeze pump thawing and placed under an N, atmosphere.
Inset: the same spectral data normalised to the peak maxima, demonstrating
the presence of spectral evolution.
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Figure 4.29 Microsecond transient absorption spectra of F8BT and F8BT-
HAPAPP. F8BT-HAPAPP was selectively excited with a pump wavelength of
518 and 650 nm, corresponding to excitation of the F8BT or HAPAPP
respectively. Solution was degassed via three cycles of freeze pump thawing
and placed under an N» atmosphere. Spectra have been normalised to their
respective peak maxima. For F8BT-HAPAPP spectra are taken at 2 and 100
us to illustrate the spectral evolution from the F8BT triplet to that of the
porphyrin, HAPAPP, triplet.

Now that it has been established that excitation of the HAPAPP Q-band in F8BT-
HAPAPP results in photophysics similar to the isolated porphyrin, we will now explore
what happens when the F8BT backbone is excited. Selective excitation of F8BT-
HAPAPP with 518 nm (figure 4.28) results in markedly different behaviour to when
exciting the Q-band with 650 nm, exhibiting a spectrum that evolves over time, which
can be observed in the normalised spectrum in the inset of figure 4.28. At early time
scales up to 100 ps the spectrum strongly resembles that of the F8BT triplet, with this
resemblance being best observed in figure 4.30 which shows the normalised spectra
of both pristine F8BT and F8BT-HAPAPP at 2 us. The main 3F8BT* transition of F8BT-
HAPAPP can be clearly seen at 800 nm, red-shifted by 0.04 eV relative to the pristine
F8BT and in line with the same red-shift seen for the *HAPAPP* transition (as
discussed previously). In addition to the transition seen at 800 nm, the F8BT
absorption tail which extends out into the NIR (seen most prominently in the region of
900-1000 nm) is also found in FBBT-HAPAPP. However, when going towards the blue
side of the 800 nm transition the spectrum is less of a match. This stems from a
contribution from the negative porphyrin Q-band ground state bleach, manifesting
itself as a reduction in signal amplitude in the region of 600-780 nm when compared

to the pristine F8BT. It should be noted that this ground state bleach at 2 us does not
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result in a negative signal like that of the pristine HAPAPP (or exciting the Q-band of
F8BT-HAPAPP), suggesting contribution from the positive signal originating from the
F8BT triplet. However, spectral evolution shows that by 100 ps the spectrum now
clearly resembles that of the porphyrin instead: the spectrum obtained via exciting the
Q-band of FBBT-HAPAPP. This is most evident at 1150 nm, where the less intense
SHAPAPP* triplet transition can be observed only at late timescales once the F8BT
NIR absorption tail has sufficiently decayed. More subtle evidence can be seen in the
form of a narrowing of the 3F8BT* main transition to match that of the *HAPAPP*. In
addition to this, the ground state bleach at 650 nm can be seen to become negative
by 100 us. This is the consequence of a reduction in contribution from the positive

signal, originating from the faster decaying/shorter lived *F8BT*.
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Figure 4.30 Microsecond transient absorption decay kinetics of F8BT-
HAPAPP, probed at 800 nm. Obtained using a pump wavelength of 650 nm,
with excitation densities ranging from 6 — 15 pJ cm™.

Analysis of the decay dynamics of the tentatively ascribed *F8BT*/*HAPAPP*
transition at 800 nm reveals that the decay is not purely monoexponential (shown in
figure 4.30), but rather possesses an early time scale fast phase and a late time scale
slow phase. Indeed, the decay dynamics can be well fit to a biexponential, yielding
average lifetimes of 11 = 15 + 3 pus and 12 = 409 + 19 us (where the error is the standard
deviation) and where the fast phase contributes ~40% to the overall decay. The fast
phase is unlikely to derive from triplet-triplet annihilation, as its magnitude relative to
the slow phase is found to be invariant to the excitation density. This is shown in figure
4.31, where a plot of the normalised signal amplitude at 1.2 and 120 us
(corresponding to the decays at fast and slow phases respectively) demonstrates
almost identical linear signal responses to the range of excitation energies employed
(2-21 pJ cm). As discussed previously, there was spectral evidence for formation of
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the *F8BT* triplet at early time scales, followed by the SHAPAPP* at late time scales:
this spectral evolution is consistent with the presence of two decay phases. This short
lifetime of 11 = 15 ps does appear to be within error of the early decay phase (1, = 12
us) for the pristine F8BT. However, the early decay phase exhibited for F8BT-
HAPAPP contributes substantially more to the overall decay than that of the pristine
F8BT (10 vs 40% respectively), which may suggest that they do not originate from the
same photophysical process. Moreover, the F8BT triplet in F8BT-HAPAPP is found
to decay faster than the one found in the corresponding pristine F8BT solution. This
is readily apparent in the normalised us-TA spectra, where a comparison of the
pristine F8BT and F8BT-HAPAPP solution spectra at 100 us clearly demonstrates
that the F8BT triplet is still present in the pristine F8BT’s spectrum, whereas in F8BT-
HAPAPP it is absent (as can be observed most prominently by reduced absorption in
the regions 750 and 950 nm). This is suggestive that the F8BT triplet formed via ISC
in F8BT-HAPAPP is being quenched. One such process that could account for this
reduction in F8BT triplet lifetime is that of triplet energy transfer, whereby a F8BT
triplet undergoes energy transfer to yield the porphyrin triplet. As such, the t; = 15 ys
decay phase in F8BT-HAPAPP can be ascribed to that of a triplet energy transfer
(TET) process from the F8BT to the porphyrin. Probing the slow phase of the F8BT-
HAPAPP decay reveals that it is excitation density independent (figure 4.31), thus
ruling out contributions from any second-order processes. Interestingly, the lifetime of
the longest phase (12 = 409 ps) is found to be near to that obtained for the *HAPAPP*
(t2 = 470) when exciting the Q-band with 650 nm. This would therefore suggest that
the species responsible for the spectrum observed by 100 us does indeed derive from
that of the *SHAPAPP*, even though the F8BT backbone was excited. The significance

of these findings will be discussed shortly.
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Figure 4.31 Normalised signal amplitudes obtained from the kinetic decays of
F8BT-HAPAPP chlorobenzene solution (0.65 mg/mL) excited with a pump
wavelength of 518 nm. Signal amplitudes were taken at 1.2 and 120 us

corresponding to the decay of the fast and slow phases respectively.
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Figure 4.32 Microsecond transient absorption decay kinetics of F8BT, F8BT-
HAPAPP and HAPAPP, obtained at a probe wavelength of 800 nm. Solution
was degassed via three cycles of freeze pump thawing and placed under an
N, atmosphere. Varying excitation energies were used, with excitation
densities ranging from 6 — 9 pJ cm™. Kinetics decays have been normalised to
the value at 1 ps.

129



Chapter 4

4.7 A note on Oxygen sensitivity and reproducibility
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Figure 4.33 Microsecond transient absorption decay kinetics of F8BT-
HAPAPP, probed at 800 nm and illustrating the difference in kinetics obtained
from degassing via bubbling with N2 or using a freeze pump thaw technique.
Obtained using a pump wavelength of 518 nm, with excitation density of 7 pJ

cm?.

Throughout the course of the solution transient absorption investigation,
reproducibility was found to be a major issue (particularly for ps-TAS) which needed
to be overcome. This was primarily due to the experimental technique of bubbling an
inert gas through a solution in a screw top cuvette being inadequate at removing all
oxygen. The F8BT and HAPAPP triplet signals were found to be extremely sensitive
to the presence of oxygen and as such necessitated the development of a more
rigorous and consistent methodology for removing all O, from the solution. The freeze
pump thaw technique was chosen, in conjunction with a custom made youngs tap
quartz cuvette. This allowed for better removal of oxygen, and resealing under an inert
N2 atmosphere, enhancing reproducibility. Figure 4.32 displays the kinetics of the
F8BT-HAPAPP triplet obtained from either the bubbling method or freeze pump thaw.
The freeze pump thaw method clearly results in a much longer decay when compared
to just bubbling the solution for 30 mins, therefore allowing for determining much more

accurate species (particularly triplet) lifetimes.
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4.8 Discussion
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Figure 4.34 State diagram for the proposed photophysical mechanism of

F8BT-HAPAPP and the controls F8BT and HAPAPP

in chlorobenzene

solution. The figure is not to scale. The green colour denotes excitation of the
F8BT backbone of F8BT-HAPAPP with 518 nm, whereas the red colour

denotes excitation of the porphyrin moieties with 650 nm. Internal conversion

is omitted.
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The initial fluorescence data of F8BBT-HAPAPP suggested that TTA-UC was not
operative upon excitation of the HAPAPP Q-band at 650 nm, as indicated by an
absence of upconverted F8BT fluorescence, which was the initial intention of the
system. The ps TAS data clearly demonstrated that only the porphyrin singlet and
triplet species were generated upon photoexcitation of the Q-band. The presence of
only the *BHAPAPP* was further confirmed by ps TAS, which yielded a near identical
triplet spectrum to that of the control pristine HAPAPP. This *HAPAPP* state can
therefore be assumed to derive from intersystem crossing of the *HAPAPP* state,
which is a ubiquitous feature of porphyrin systems.?” F8BT triplets were not identified
under these conditions, suggesting triplet energy transfer (TET) was not occurring
from the porphyrin moiety to the F8BT backbone, therefore removing the possibility
of TTA-UC.

15
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Figure 4.35 Microsecond transient absorption spectra of F8BT-HAPAPP
chlorobenzene solution, excited with pump wavelengths of 518 and 650 nm.
Spectra are taken at 100 ps and have been normalised to the number of
photons absorbed. The porphyrin triplet peak at 800 nm when exciting at 518

nm is 25% of the value of that obtained when exciting at 650 nm.

In contrast to excitation of the Q-band with 650 nm, exciting the F8BT backbone with
518 nm results in distinctively different photophysics relative to its pristine control, with
the proposed mechanism shown in figure 4.33 (including those for the pristine F8BT
and HAPAPP controls). The ps-TA data obtained when exciting with 518 nm
unambiguously demonstrates the formation of the F8BT* state, by exhibiting a near
identical transition at 975 nm to that of the control pristine F8BT solution. The main
difference between the F8BT-HAPAPP and that of the pristine F8BT was the

introduction of an additional 'F8BT* deactivation channel in the dynamics. This
132



Chapter 4

elucidates why there was an observed reduction in ¢ from 0.85 to 0.60 (for F8BT and
F8BT-HAPAPP respectively) upon inclusion of the porphyrin into the F8BT. This new
decay component was ascribed to the presence of a singlet energy transfer (SET)
process from the F8BT to the HAPAPP, occurring with an efficiency of ~ 19% to yield
the 'HAPAPP* state. The *HAPAPP* formed via SET was then observed to undergo
intersystem crossing (@isc = 0.91) to the triplet manifold, to yield the *HAPAPP* state.
This *HAPAPP* could then be observed in the ps-TA spectrum at long time scales
(>100 ps), once the 3F8BT* signal had sufficiently decayed. In addition to the
SHAPAPP* formed via ISC from the *HAPAPP* state, there was also evidence for
triplet energy transfer (TET) from the 3F8BT* to the S HAPAPP* state in the form of a

fast decay phase, which was only observed when exciting the F8BT.

Correcting the ps-TA spectra of FBBT-HAPAPP (both excitation with 518 and 650 nm)
for the number of photons absorbed (shown in figure 4.34), allows for a direct
comparison of the 3HAPAPP* generation efficiency and to further assess the
plausibility of the proposed energy transfer mechanisms. As expected, direct
excitation of the porphyrin results in the formation of a greater population of
SHAPAPP* when compared to excitation of the F8BT component. Nonetheless,
excitation of the F8BT still results in the formation of a substantial *HAPAPP*
population, suggesting that both SET and TET is relatively efficient. Assuming no
losses, the quantum vyield for 3HAPAPP* generated via energy transfer (ger) should
be the sum of @ser and @rer over the @isc for HAPAPP (as shown in equation 4.2).
The upper limit for @rer (with the assumption of zero IC) can be estimated from the
previously determined @F = 0.60 and ¢ser = 0.19, yielding a maximum theoretical yield
of @rer = 1-(0.60 + 0.19) = 0.21. This value of @rer < 0.21 represents the maximum
theoretical yield for energy transfer to produce the *HAPAPP* state, but it is noted that
the actual yield is likely to be much lower because of the expected poor intersystem
crossing rate for F8BT. This relatively poor ISC is expected to stem from F8BT’s large
S:-T1 gap of ~0.7 eV, lack of heavy atoms to induce spin orbit coupling and relatively
large S1-So gap (which is also indicative that IC will be low). Indeed, a study by Ford

et al. estimated @isc = 0.019 for F8BT.>3
_ bspr+ rer 0194021

= =044
e = T e 091 Eqn. 4.2

As previously discussed, the amplitude/AOD of the *HAPAPP* obtained with 518 nm
was found to be 25% of that exhibited for direct porphyrin excitation with 650 nm,
which indicates that the estimated value of @er = 0.44 is too high. The @rer is therefore

likely to be lower (given that the previous value of 0.21 was approximated as an upper
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limit with the assumption of no IC), with a computed value of @ter = 0.04 to account
for the observed 25% signal, which is close to the reported @isc = ~0.02 for F8BT.%3
This observation is indicative that SET (with subsequent efficient ISC) constitutes the

main porphyrin triplet population pathway when exciting with 518 nm.

We will now further discuss the origin of both the observed SET and TET pathways
in F8BT-HAPAPP. SET was found to occur on a timescale of 140 ps, much shorter
than the 1.9 ns !F8BT* fluorescence lifetime, thereby providing an effective
deactivation pathway for the 'F8BT*. The proposed SET mechanism is expected to
be dominant when 'F8BT* states are generated within the singlet exciton diffusion
distance of the HAPAPP moiety (<8 nm),>* as intersystem crossing (ISC) is less
competitive due to it being a much slower process. On the other hand, *F8BT* which
are generated beyond the exciton diffusion distance of F8BT (>8 nm) will undergo the
standard F8BT radiative and non-radiative relaxation pathways. The TET pathway
derives from those F8BT singlet states which undergo ISC (®sc < 0.21) instead of
fluorescence, to yield the 3F8BT* state. This resulting 3F8BT* state possesses a
diffusion length of 180 nm,3! which is considerably longer when compared to the ~8
nm diffusion length of the *F8BT*. This longer diffusion length is a consequence of
the 3F8BT* longer lifetime relative to the *F8BT*. This allows for the possibility of F8BT
triplets being able to diffuse to a porphyrin centre within their lifetime and subsequently
undergo TET. The hypothesised photophysical mechanism taking place upon
excitation of F8BT or HAPAPP in F8BT-HAPAPP is displayed in figure 4.35.
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F8BT HAPAPP

. -

1F8BT* is generated too far away and SET from F8BT*
decays before reaching HAPAPP to 'HAPAPP*

b)
A
hv
3F8BT* diffuses towards HAPAPP TET from F8BT*

to 'HAPAPP*

Figure 4.36 Schematic representation of a) Singlet energy transfer (SET) from
the initially excited F8BT, to that of the porphyrin HAPAPP. F8BT moieties
excited near the porphyrin may undergo rapid SET and subsequent IC/ISC.
Those F8BT moieties excited beyond the diffusion distance of the porphyrin
may undergo the standard photophysics of the control F8BT. b) Triplet energy
transfer (TET) from F8BT triplets formed from ISC, to that of the porphyrin
HAPAPP. 'F8BT* states initially excited may undergo ISC to yield the 3F8BT*
state. The long lifetime of the *F8BT* permits diffusion towards the porphyrin

with subsequent TET.

Interestingly, the porphyrin triplet lifetime of F8BT-HAPAPP (470 pus) is found to be
less than half of the pure porphyrin (1.2 ms), but still substantially longer than that of
the F8BT (214 ps). Such behaviour has been observed in a Pt-porphyrin-
polythiophene hybrid polymer,® which was attributed to an energy transfer equilibrium
between the porphyrin and polymer triplet populations. However, in that case no
spectral evolution was observed. This is in contrast to the ps-TA spectrum of F8BT-
HAPAPP, which exhibits a clear evolution from the F8BT triplet to that of the porphyrin
triplet on the early microsecond timescale, upon excitation of the F8BT component.
Furthermore, the F8BT-HAPAPP porphyrin triplet decay is found to be
monoexpoenntial and thus no higher order quenching effects arising from clustering

of the porphyrin units together in the polymer chain are evident.
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Theoretical calculations were provided by Dr Tracey Clarke (UCL) and are included
for completion. DFT (B3LYP/6-31G(d)) calculations were performed on a F8BT-
HAPAPP model (shown in figure 4.36) in conjunction with a Mulliken orbital
composition analysis shows that the molecular orbital density of both the HOMO and
LUMO patrtially extend across the F8BT in addition to the porphyrin (6.5 and 7.2% of
the total orbital density, respectively, are located on the F8BT). This greater
delocalisation of the hybrid system’s frontier molecular orbitals is afforded via the
additional alkyne bond, which enhances the planarity of the porphyrin relative to the
polymer chain. The previously reported Pt-porphyrin hybrid polymer was found to
possess a much more distorted structure, thus reducing the possibility of
delocalisation of the porphyrin MOs onto the polymer chain. Another relevant
observation is that the F8BT-HAPAPP is found to possess two isoenergetic
benzothiadiazole-localised unoccupied MOs (LUMO +1/ +2) that are interposed
between the energetically close porphyrin-based LUMO and LUMO +3 (with the latter
being identical to the pristine porphyrin’s LUMO +1). Given that the close proximity in
energy of these benzothiadiazole and porphyrin localised unoccupied MOs, orbital
mixing would be expected to be present. This hypothesis was further investigated via
time dependant density functional theory (TD-DFT) calculations. It is noted that the
triplet energies are unlikely to be highly accurate using this methodology, however,
the transition contributions to each excited state are the parameter of most interest.
As expected, the T, state of the porphyrin unit is calculated to involve a simple HOMO-
LUMO transition. TD-DFT calculations on the F8BT-HAPAPP, however, suggest
multiple transitions contribute to the T state. The expected porphyrin-based HOMO-
LUMO dominates, however, an appreciable contribution from the HOMO—-LUMO +2
transition, which involves the F8BT’s benzothiadiazole, is also present. It is known
from literature that the T, state of F8BT is localised upon the benzothiadiazole unit.
Thus, the T; state of F8BT-HAPAPP appears to possess dual HAPAPP/F8BT
character, yielding a triplet lifetime that is intermediate between the two pristine

materials.

Overall, although the main aim of achieving a self-upconverting polymer was not
achieved, a rich photophysical mechanism was elucidated for F8BT-HAPAPP. The
results of this investigation can therefore be used to establish several fundamental
design principles for realising porphyrin containing intramolecular TTA-UC polymer
materials. The first design principle involves limiting the polymeric host’s band edge
to <2.5 eV, assuming the 0.7 eV singlet-triplet splitting holds true.*? This is to ensure
the polymer triplet level is lower than of the Zn porphyrin’s. However, reducing the
bandgap of the polymer too much will render useless the concept of a polymer that
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absorbs in the visible and a sensitiser that absorbs in the NIR. One possible avenue
would be to synthetically raise the triplet energy level of the ZnTPP, however, this has
yet to be achieved. An alternative method involves utilising a heavier metal porphyrin
congener, such as PdTPP, which possesses a higher triplet energy of 1.82 eV.%® The
use of these heavier metals unfortunately often comes with a blue shift in the

porphyrin Q-band, thereby reducing its effectiveness as an NIR absorber.

LUMO +2

LUMO +3

Figure 4.37 Molecular orbitals of a F8BT-HAPAPP model and HAPAPP
calculated using a B3LYP/6-31G(d). Note that the LUMO +1 and LUMO +2 of
F8BT-HAPAPP are isoenergetic and identical except for inversion of the
wavefunction phase symmetry. Results provided by Dr Tracey Clarke.
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Table 4.5 Selected TD-DFT results for HAPAPP and an F8BT-Model using
B3LYP/6-31G(d). Coefficient represents the transition contribution. Results
provided by Dr Tracey Clarke.

Molecul State Transition Coefficient
e

HAPAPP T, HOMO—LUMO 0.70
F8BT- T HOMO—LUMO 0.68
HAPAPP

F8BT- T HOMO—LUMO -0.12
HAPAPP +2

4.9 Conclusion

In this investigation, a zinc tetraphenyl porphyrin derivative was introduced
(approximately 10% by weight) into the backbone of the polymer F8BT. This was for
the purpose of obtaining a single polymer self-upconverting system. A combination of
ps and us transient absorption spectroscopy was used to reveal that TTA-UC was not
occurring and that the porphyrin triplet was formed irrespective of whether the F8BT
or HAPAPP components were excited. Upon excitation of the F8BT backbone, two
triplet formation pathways were found to be present. This was a consequence of
where the F8BT singlet exciton was initially formed on the polymer backbone. If the
F8BT exciton was formed within the singlet exciton diffusion distance of a HAPAPP
unit, it could undergo singlet energy transfer, followed by ISC to yield the porphyrin
triplet. F8BT excitons which were generated within the bulk of the F8BT polymer were
found to undergo the intrinsic F8BT decay pathways, with a small percentage
intersystem crossing over to the triplet manifold. These F8BT triplet states could then
diffuse to a porphyrin unit and undergo triplet energy transfer. The F8BT-HAPAPP
triplet that resulted was found to possess a lifetime intermediate between the two
control samples. This intermediate lifetime was ascribed to orbital mixing of
energetically close porphyrin and benzothiadiazole-based unoccupied molecular

orbitals, resulting in a mixed F8BT/porphyrin triplet state.

Although TTA-UC was not observed in F8BT-HAPAPP, the observation of triplet
energy transfer from the F8BT to the porphyrin is of significance. This is because if
triplet energy transfer can occur in one direction in F8BT-HAPAPP, it stands to be
reasoned that with optimised energetics, triplet energy transfer could occur from the

porphyrin to a host polymer, thus allowing for a TTA-UC donor polymer.
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Chapter 5

Investigating the Impact of a Donor-
orthogonal Acceptor Architecture on
Reducing the Singlet-Triplet Energy
Splitting in a Low-band Gap Polymer

5.1 Outline

In this chapter a novel donor-orthogonal acceptor conjugated polymer, Thiro, was
spectroscopically investigated. This was for the purpose of further expanding the
donor-orthogonal acceptor concept to a low band gap conjugated polymer, which
better reflects materials utilised in state of art OPV devices. In a step further, Thiro
was also blended with the acceptor molecule PCgBM, to assess whether charge
generation could take place with this unique class of donor conjugated polymers. In
the introduction a brief overview is given for the photophysical processes of reverse
ISC (rISC) and of thermally activated delayed fluorescence (TADF). Furthermore,
recent attempts to extend these photophysical phenomena to conjugated polymeric

materials, via donor-orthogonal acceptor architecture are also explored.

A brief description of the methodology employed is given, followed by the results of
the investigation. Ground state absorbance, photoluminescence, time-correlated
single photon counting and transient absorption (ps-ms range) results of pristine Thiro
solution and its thin film are provided. Furthermore, a microsecond transient
absorption study was also conducted on a bulk heterojunction thin film of
Thiro:PCgBM. It was found that pristine Thiro, be it in solution or thin film, yielded
facile triplet formation on ultrafast timescales. This rapid triplet population was thought
to derive from a spin-orbit charge transfer interaction, afforded by CT states deriving
from the perpendicular substituted spirobifluorene groups. Most peculiarly, free
charge formation was observed in both the solution and pristine Thiro film, as
evidenced via the observation of a radical cation in the ps-TA spectra. This
assignment was further confirmed via comparison with the Thiro:PCeBM in ps-TA
spectra, which is to the best of our knowledge the first time a D-0A conjugated polymer

has been investigated in a bulk heterojunction .
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5.2 Introduction

A theme prevalent throughout this thesis has been the role of triplet states in the field
of organic photovoltaics, both as a potential to act as a loss mechanism or enhance
device efficiency.! However, the photophysics of the triplet state are primarily dictated
by its relative energy level, which itself is governed by the singlet-triplet energy
splitting (see section 1.8.1 for more details).? A simplistic approach to eliminating
donor triplet excitons as a potential loss pathway in OSCs would be to raise the energy
of the triplet above that of the CT state. This could be achieved via reducing AEsr. If
the AEst becomes sufficiently small, the molecule or polymer may exhibit a
photophysical phenomenon known as reverse intersystem crossing (rISC).2 In this
process, photogenerated triplet excitons undergo ISC back to the singlet manifold (T
— 81) in a thermally activated process. In an organic solar cell architecture this would
mean that triplet states formed via geminate or bimolecular recombination would not
constitute a loss process, as singlets formed via rISC could have another chance at
charge separation. In the absence of an acceptor molecule, singlet states formed via
rISC may undergo a thermally activated delayed fluorescence (TADF),* which can
allow for a fluorescence internal quantum efficiency of 100%.%% Investigations into
TADF have typically involved small molecules which possess a donor-acceptor (D-
A),” or donor-acceptor-donor structure (D-A-D),® which are conducive to efficient rISC.
This is because these structures allow for the formation of intramolecular CT states,
whose excited state conformation breaks the conjugation between the D-A unit (and
therefore results in a strong CT interaction). The CT state results in a small overlap
between the HOMO and LUMO molecular orbitals, which helps to minimise the

exchange energy and in turn the singlet-triplet energy gap.
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D-A D-oA

Figure 5.1 Schematic representation of a donor-acceptor (D-A) and a donor-
orthogonal acceptor (D-0A) conjugated polymer. The blue and red rectangles
represent donor and acceptor units respectively.

Conjugated polymeric materials possess strong absorption and emissive properties,
which are largely derived from their extended system of overlapping 1T and 1 orbitals.
These localised and overlapping wavefunctions give rise to a large exchange energy
with a systematic observation of AEsr=~0.7 eV,? which can result in the triplet exciton
being the lowest energy state of an OSC system. In addition, the planarized backbone
exhibited by conjugated polymers is in stark contrast to TADF small molecules, which
exhibit highly distorted conformations. For example, the D-A-D small molecules
DPTZ-DBTO2 and DMePT-TXO2 possess near-orthogonal donor acceptor units,
providing an effective means to separate the HOMO and LUMO orbitals and lower
the exchange energy to permit rISC.%8 It should be noted, however, that merely
reducing the AEst will not necessarily result in efficient rISC in small molecules. As
revealed by Ward et al.,'° for a series of different D-A-D small molecules with very
similar AEsr a wide range of reverse intersystem crossing rates (krisc) were observed.
They found that by sterically hindering the donor and acceptor group the emission
obtained could be switched from TADF to that of phosphorescence. This is indicative
of a mechanism that involves molecular vibrations and not just the electronic coupling.
Furthermore, theoretical and experimental studies on DPTZ-DPTO2 show that rISC
involves spin-orbit coupling between 'CT and CT, which is mediated by a local *mrmr*

on the donor or acceptor.!112
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Figure 5.2 Structures of the donor-orthogonal acceptor conjugated polymers
SFCN and ASFCN. Note the substituted spiro moiety located orthogonal to the
backbone in SFCN and ASFCN. S o and T.o represent local singlet and triplet
states respectively.'?

While previously it was thought that the energy manipulation exhibited in TADF small
molecules were near-impossible to extend to conjugated polymers, recent
breakthroughs in synthetic and structural control have managed to achieve this.
Bronstein et al have recently presented a novel way to effectively reduce the AEsr of
conjugated D-A copolymers.t® D-A copolymers are different to homopolymers (e.g.
P3HT, MDMO-PPV) in that they are comprised of one electron-rich moiety (donor)
and one electron-deficient moiety (acceptor). Importantly, the HOMO and LUMO
energy levels are derived from the HOMO energy of the donor and the LUMO energy
of the acceptor. Thus, the energy levels of conjugated polymers may be elegantly
tuned via engineering the donor and acceptor units independent from one another.*
Bronstein et al realised that by removing the electron acceptor moiety from the main
chain and positioning it physically orthogonal to the donor backbone (shown
schematically in figure 5.1), a significant reduction in the spatial overlap between the
frontier molecular orbitals could be achieved. This donor-orthogonal acceptor (D-0A)
motif therefore permits a reduction in AEsr whilst still maintaining a conjugated

backbone, thus allowing for processability and charge transport.

This D-0A effect was observed in the polymers SFCN and ASFCN, with their
structures shown in figure 5.2. The presence of orthogonal -CN substituted
spirobifluorene groups were found to stabilise the intramolecular CT state below that

of the local singlet state located along the polymer backbone. This has the result of
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localising the LUMO on the orthogonal spiro groups, thus effectively reducing the
spatial overlap between the HOMO and LUMO molecular orbitals. Both SFCN and
ASFCN were found to exhibit the formation of CT states below the energy of the main
optically allowed 1r-1* transition. In SFCN, these CT states were higher in energy that
the local triplet, leading to poor rISC efficiency and facile triplet formation. In contrast,
ASFCN was found to yield CT states that were lower in energy than the local triplet
state, affording TADF via efficient rISC. This TADF was readily apparent via a long-
lived fluorescence, which could also be quenched via reducing the temperature to 77
K. Interestingly, the ps-TA of ASFCN in both solution and thin film showed the
presence of significant excited state spin-mixing, with a dynamic equilibrium between

the ICT and 3(r-1*) states being observed.

S S
Ci6H33~_C1sHa3 \ O y/
! \
2 -0
CPDT-C16 M-Thiro

Figure 5.3 Structures of the donor-orthogonal acceptor conjugated polymer
Thiro and its monomeric derivatives, CPDT-C16 and M-Thiro. Note the

substituted spiro moiety located orthogonal to the CPDT backbone on Thiro.

The aim of this chapter is to expand on Bronstein el al's previous work by
spectroscopically investigating a novel D-0oA conjugated polymer, poly-2,6-(4,4-
dihexadecyl-4H-cyclopenta[2,1-b:3,4-b"ldithiophene)-alt-2,6-spiro[cyclopenta[2,1-

b:3,4-b']dithiophene-4,9'-fluorene]-2',7'-dicarbonitrile, referred to as Thiro (structure
shown in figure 5.3). This is for the purpose of extending the D-0A architecture to that
of a low-band gap polymer. As discussed previously (see section 4.1), to efficiently
harvest solar energy the absorbing donor polymer should possess good overlap with
the solar emission spectrum, which exhibits a maximum solar flux in the red and near-
infrared region. As such, low band gap polymers with a broad absorption range can
allow for greater efficiency in harvesting solar output. The Thiro D-0A polymer is

comprised of an electron rich CPDT donor backbone in combination with a dicyano
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substituted spirobifluorene, which is located orthogonal along the backbone. This -CN
substituted spiro unit was found to be essential in lowering the CT state energies
below that of the local (11-11*), as shown in the aforementioned study by Bronstein et
al.r®* The TFB and polyfluorene backbones used in that study have been replaced by
the CPDT moiety, which is well known for its role as the donor component in the
intensively studied low band gap D-A polymer PCDTBT.'®6 As such, the resulting
Thiro polymer should be more reflective of low band gap materials utilised in state of

the art devices.

Finally, a Thiro:PCeBM bulk heterojunction film was also studied utilising pus-TA, to
assess whether efficient charge generation occurs for such a D-0A conjugated
polymer. To our knowledge this is the first study that investigates the impact of
blending an acceptor molecule with the D-0A class of conjugated polymers and as
such represents an important step in further developing these unique polymeric

systems.

5.3 Experimental

Thiro, including its monomeric constituents 4,4-dihexadecyl-4H-cyclopenta[2,1-b:3,4-
b'ldithiophene, CPDT-C16, and spiro[cyclopenta[2,1-b:3,4-b"dithiophene-4,9'-
fluorene]-2',7'-dicarbonitrile, M-Thiro (M, = 6400 Da and M, = 8200 Da), were
synthesised by Alex Forster of the Bronstein Group. PCgBM (>99% purity) was
purchased from Ossila. Solutions were prepared via dissolving Thiro in spectroscopic
grade chlorobenzene (Alfa Aesar) and stirring overnight at 65 °C in a glovebox, with
an Nz atmosphere. Thin films were prepared via spin-coating from solution (10 pg/mL)
onto ultra-flat quartz substrates (1 mm thickness) for 90 s and at 1600 rpm. Substrates
were cleaned via separately sonicating in solutions of deionised water, acetone and
isopropanol for 15 min each. The pristine Thiro chlorobenzene solution was prepared
with a concentration of 50 pg/mL. The sample was also degassed by using three
cycles of freeze pump thaw and sealing under a N, atmosphere. This was achieved
using a custom-made Young’s tap quartz cuvette with a pathlength of 2 mm, whereby
the solution was degassed on a Schleck line and transferred to the cuvette via
cannulation. Unless explicitly stated, all measurements were carried out under and

inert atmosphere.

For ps-TA measurements, the pristine Thiro solution and thin film were excited with a
pump wavelength of 520 nm, with an excitation density range of 5-50 pJ cm. Data

was processed using Surface Xplorer.
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For us-TA measurements, the pristine Thiro solution and thin film were excited with a
pump wavelength of 532 nm. Excitation density ranges of 6-81 uJ cm? and 2-61 pJ
cm? were used for the pristine Thiro solution and thin film respectively. The
Thiro:PCesBM 1:1 by weight blend film was exited with a pump wavelength of 530 nm,
using an excitation density range of 2-199 pJ cm.

TC-SPC measurements were carried out on a Lifespec Il Lifetime spectrometer
(Edinburgh Instruments). Measurements for the pristine Thiro solution and thin film
were obtained using a laser diode with a pump wavelength of 445 nm, a pulse width
of ~100 ps, a repetition rate of 50 Mhz and an average power output of ~0.10 mW.
The instrument response function (IRF) was collected using chlorobenzene solution
in a 2 mm pathlength quartz cuvette from Starna scientific for the solution or using

poly(methyl methacrylate) for the pristine film.

Time-resolve photoluminescence measurements were carried out at Cambridge
University using an ICCD (Andor), with a Solstice Ace pulsed laser (Spectra-Physics).
A pump wavelength of 525 nm was used with a power range of 1-10 pW, with a 1 kHz

repetition rate. A 550 nm long pass filter was used.

Global analysis (GA) was carried out using a previously written programme based on
a genetic algorithm. The genetic algorithm was provided by Dr Artem Bakulin (Imperial

College London).

5.4 Ground State Absorbance
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Figure 5.4 Normalised ground state absorbance spectra of pristine Thiro in
chlorobenzene solution (50 ug/mL) and thin film, including its monomeric
constituents mThiro and CPDT-C16 in chlorobenzene solution (10 ug/mL).

Spectra have been normalised to their respective peak maxima.
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Figure 5.4 shows the normalised ground state absorbance of both the pristine Thiro
thin film and its neat chlorobenzene solution. In addition, Thiro’s monomeric
constituents spiro[cyclopenta[2,1-b:3,4-b']dithiophene-4,9'-fluorene]-2',7'-
dicarbonitrile, M-Thiro and 4,4-dihexadecyl-4H-cyclopenta[2,1-b:3,4-b']dithiophene,
CPDT-C16, in chlorobenzene solution are also shown. The orthogonal donor-
acceptor copolymer, Thiro, exhibits a distinctively different spectrum to that of its
monomeric constituents, with a broad peak appearing at 550 nm. Furthermore, the
spectrum differs from the parent CPDT-Polyfluorene backbone spectrum.” This new
550 nm peak is likely to derive from a new lower energy 1-11* transition, which results
from an extension of the 1-system upon conjugation. It is also possible that an
additional charge-transfer absorption peak is found beneath or to the red of the broad
peak at 550 nm, resulting from a transition from the CPDT backbone to the orthogonal

dicyano fluorene unit, but this is likely to possess poor oscillator strength.®

Interestingly, the pristine Thiro is found to exhibit a very similar absorption profile
irrespective of whether it is found in the solution or solid phase. This lack of delineation
between the solid and solution phases is likely imparted by the presence of the
orthogonal structure and the large C16 alkyl chains located on the polymer, which
may inhibit 1T-stacking of the conjugated backbone and therefore inhibit crystallisation.
This behaviour is in contrast to more crystalline systems such as P3HT and DPP,
which vyield greater spectral difference between the solution and film as a
consequence of increased interchain transitions.92921:22 A further point to note is that
the broad transition at 550 nm does not show prominent vibronic structure, illustrating
a large energetic dispersity that may indicate a broad distribution of polymer
conformations. This inhomogeneous broadening is found to be more pronounced in
the film, thus pointing to increased disorder in the solid phase or an increase in the
refractive index, as illustrated by the broadening of the red edge of the 550 nm
transition and the presence of a weakly absorbing tail that extends out to 850 nm.
Nonetheless, the differences between the solution and film pristine Thiro spectra are
relatively small and suggest that polymer aggregates form in solution and are similar
in conformation to that of the thin film, indicating that the Thiro film morphology is
amorphous in nature. This in turn allows a more direct comparison between the

photophsyics of the solution and solid phases.
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5.5 Fluorescence
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Figure 5.5 Normalised ground state photoluminescence spectra of pristine
Thiro in chlorobenzene solution (50 ug/mL) and thin film. Spectra were
obtained with an excitation wavelength of 532 nm and have been normalised

to their respective peak maxima.

Following optical excitation with 532 nm (2.33 eV) the pristine Thiro in chlorobenzene
solution was found to exhibit a relatively broad emission (figure 5.5), with a maxim
situated at 680 nm (1.82 eV) and a vibronic shoulder found at ca. 720 nm
(corresponding to a vibrational separation of ~800 cm™). This equates to a Stokes
shift (given by the energy difference of the respective 0-0 absorption and emission
spectra) of 105 nm (0.34 eV). The presence of apparent vibrational structure is
suggestive that the observed fluorescence is deriving from a ‘local’ Thiro singlet state
(*Th*) and not that of a !CT state, which would otherwise yield a featureless, gaussian
like emission.®'213 Herein the term ’local’ is used to refer to energetic states that
derive from the photophysics of the donor backbone (e.g. (1r- T*) or 3(11- *)) and not
those that stem from a D to A transition. This observation would imply that if a *CT*
state is formed, radiative decay is kinetically outcompeted by intersystem crossing to
a 3CT state, or to a local Thiro triplet state (3Th*). Alternatively, this may also imply

that the local singlet state is lower in energy than the CT state.

The corresponding pristine Thiro film is found to exhibit a very similar profile to the
solution, albeit slightly redshifted, exhibiting a maxim at 685 nm with the additional
vibrational shoulder now found at ca. 730 nm. This results in the pristine Thiro film
displaying a slightly larger Stokes shift of 111 nm (0.36 eV) relative to the solution.
Surprisingly, two additional weaker above-bandgap transitions, not observed in the
solution can be seen at 560 and 585 nm and may help to explain the qualitative

observation of white fluorescence upon excitation. It is noted, however, that these
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transitions were not completely reproducible, but are not likely the result of an
experimental artifact, as will be discussed in section 5.7. The optical bandgap for Thiro
was approximated from the intersection of the absorption and emission edge of the
transitions at 550 and 680 nm and found to be 1.86 and 1.81 eV for the solution and
film respectively. It is important to note that this optical bandgap is likely to derive from

the Sy state, owing to the S; state likely being that of a ‘dark’ CT state.

5.6 Time-Correlated Single Photon Counting
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Figure 5.6 Time-correlated single photon counting obtained for pristine Thiro
in chlorobenzene solution (50 pug/mL). Obtained with a pump wavelength of
467 nm and carried out under and N> atmosphere. Inset: The same spectral
data normalised to the peak maxima, illustrating the presence of a long-lived
transition to the red of the main emission. The black arrow demonstrates the

spectral evolution over time. Data collected at Imperial College London.

Time correlated single photon counting (TC-SPC) measurements were carried out on
both the pristine Thiro solution and thin film to investigate if an appreciable long-lived
fluorescence deriving from TADF could be observed. Preliminary TC-SPC
measurements were initially carried out at Imperial College London, where a time-
resolved emission spectrum (TRES) was obtained for the pristine Thiro solution
(shown figure 5.6). An initial prompt fluorescence is found to dominate the spectrum
with the observed emission maxim at 670 nm, in approximate agreement with the
emission maxim of ~680 nm observed in the corresponding steady state PL. Once
the prompt transition has sufficiently decayed, a new much weaker longer-lived
transition can be observed in the region of ca. 730 nm. This subtle spectral evolution
is best observed in the normalised transient spectrum displayed in the inset of figure

5.6. It is possible that this longer-lived contribution derives from emission of a lower-
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energy CT state, owing to it being found red-shifted to the main emission and
possessing a much weaker transition intensity. Unfortunately, due to material and

time limitations a corresponding TRES spectrum for the thin film could not be

obtained.
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Figure 5.7 Time-correlated single photon counting obtained for a) pristine
Thiro in chlorobenzene solution (50 pg/mL) and b) pristine Thiro thin film.
Obtained with an excitation wavelength of 445 nm and at probe wavelengths
of a) 680 and b) 800 nm. IRF is the instrument response function and yields a

temporal resolution of ~5 ns. Data collected at UCL.

The PL decays obtained for the pristine solution and film are shown in figure 5.7 a)
and b) respectively and illustrate a relatively short-lived decay that is multiexponential
in nature. The PL decay for the pristine Thiro solution at 680 nm may be fit to a
biexponential function, yielding lifetimes of 1 = 0.3 £+ 0.1 nsand t» = 1.4 £ 0.1 ns
(where the error is from fitting). This PL decay is also found to be faster in the pristine
film when compared to its solution, which is a common occurrence due to increased
non-radiative decay pathways in the solid phase.!®?® However, accurate fitting is
difficult, due to the pristine Thiro thin film PL decay possessing contributions from the
IRF. Interestingly, probing to the red of the prompt emission at a wavelength of 800

nm results in an increase in the contribution from the longer lived 1> phase for both
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the pristine solution and film. It is noted, however, that the contribution from the long-
lived decay appears relatively small for both the solution and film and as such it is
highly likely that TADF is not active (or is very inefficient) in the Thiro polymer. This
observation is suggestive that the ‘local’ Thiro triplet exciton lies below that of the CT

state, thus precluding efficient thermal repopulation of the !CT manifold.

5.7 Time-resolved Photoluminescence Spectroscopy (ICCD)
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Figure 5.8 Time-resolved emission spectra of pristine Thiro solution (50
png/mL) and b) the same spectral data normalised. Obtained with a ICCD
camera, using an excitation wavelength of 525 nm at a power of 10 pW. A 550
nm long pass filter was used. Data collected at Cambridge University with the
aid of Saul Jones and Bluebell Drummond. For b), the data from 45-70 ns has

been smoothed via adjacent averaging.

Time-resolved emission photoluminescence spectroscopy using an ICCD camera
was carried out on both the pristine Thiro solution and thin film, to further investigate
the long-lived photoluminescence signals. The pristine Thiro solution’s time-resolved
photoluminescence spectrum (shown in figure 5.8) is found to evolve over time,
revealing the presence of three distinct emissive species that contribute to the overall
signal. An initial prompt, vibrationally resolved emission at 680 nm is found to

dominate the spectrum at the earliest timescales, which rapidly decays on an
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instrument limited timescale. This observation is in agreement with the rapidly
decaying photoluminescence observed in the TS-SPC. Owing to this rapidly decaying
photoluminescence signal and vibrationally structured spectrum, the emission is likely
to derive from that of a ‘local’ singlet state. Interestingly, once the prompt
photoluminescence has sufficiently decayed, a new longer-lived above bandgap
emissive species can be observed at 580 nm. This 580 hm emissive species is found
situated in the same spectral position as the above band gap transition observed in
the steady state PL spectra of the pristine Thin film. It is noted that this feature was
not completely reproducible in the previous steady state spectra, nonetheless, the
appearance of this additional transition on a different experimental apparatus is
indicative that it is not the result of an artefact. It is possible that this transition derives
from short conjugation segments that become isolated and emit at higher frequencies,
or alternatively the result of emission from degradation products, but it is emphasised
that these explanations are purely conjecture. The kinetic decay of the transition at
580 nm could be fit to a monoexponential function (shown in figure 5.9) to yield a
lifetime of t = 5.4 = 0.1 ns. By 70 ns, the emission peak at 580 nm has decayed
sufficiently to reveal the presence of an additional weak transition situated at 730 nm.
This 730 nm emission is found to be broad and unstructured relative to 680 nm prompt
photoluminescence. Fitting the long-lived decay to a monoexponential function
(shown in figure 8) yields a lifetime of t = 28 + 2 ns. This red-shifted feature is
tentatively ascribed to emission from a CT state, which is weakly coupled to the

ground state.
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Figure 5.9 Photoluminescence decay kinetics of pristine thiro solution.

Obtained with an excitation wavelength of 525 nm, at a power of 10 pw.
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Moving to the pristine Thiro thin film time-resolved photoluminescence spectrum
(shown in figure 5.10), the main prompt fluorescence is still found to decay rapidly.
Furthermore, the main transition peak is now found red-shifted to ~715 nm, compared
to 685 nm in the solution. Interestingly, the prompt fluorescence no longer gives way
to an above bandgap, longer-lived contribution, unlike the 580 nm emission observed
in the solution. This observation points towards the reproducibility issues observed
with this feature and unfortunately due to time constraints any further investigation
could not be carried out. Continuing, the red-shifted, unstructured emission observed
in the solution is still found to be present in the thin film spectrum, albeit red-shifted
from ~730 nm to 760 nm. This ~75 meV red-shift is consistent with the observed
energetic difference for the solution and solid prompt fluorescence. This would seem
to infer that when transitioning between the solution and solid phases the relative

ordering between the ‘local’ singlet and CT states remains essentially unchanged.
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Figure 5.10 Time-resolved emission spectra of pristine Thiro thin film.
Obtained with an excitation wavelength of 525 nm, at a power of 10 pW. A 550

nm long pass filter was used.
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5.8 Picosecond Transient Absorption Spectroscopy
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Figure 5.11 Picosecond transient absorption spectrum of Thiro in
chlorobenzene solution (50 pg/mL), excited with a pump wavelength of 520
nm and an excitation density of 50 pJ cm™. Spectrum has been corrected for

the absorbance at the exciting wavelength.

Continuing from the steady state characterisation, ps-TAS data was collected for
pristine Thiro chlorobenzene solution and thin film. Figure 5.11 shows the TA
spectrum obtained for Thiro in solution by exciting with a pump wavelength of 520 nm
(2.38 eV). At early times, a broad transition can be observed in the NIR at 1290 nm,
with an additional less intense shoulder seen at ca. 1000 nm. The transition at 1290
nm is found to undergo a red shift of ~30 meV to 1330 nm by 11 ps. By 6 ns the
transition at 1330 nm has completely decayed, revealing the presence of a transition
from a long-lived species at 960 nm. Interestingly, the species responsible for the
transition at 960 nm appears to also have been fully generated on ultrafast timescales.
The visible detector portion of the spectrum displays a negative signal from 450-780
nm and is the result of contributions from both the ground state bleach and stimulated
emission. The ground state bleach contribution can be seen in the region 450-690
nm, with the pump laser spike situated at 520 nm. The spectrum from 690-780 nm
correlates well with the spectral emission region of Thiro and as such is ascribed to
stimulated emission. In this same spectral region of 690-780 nm a positive signal can
also be seen clearly from 100 ps and is attributed to the absorption from the species
observed at 960 nm. A comparison of the pristine Thiro solution’s ground state bleach
and ground state absorbance spectra at 0.5 and 6000 ps (shown in figure 5.12 a)),
reveals that the ground state bleach is found red shifted relative to its ground state
absorbance. In addition, the spectral shape of the bleach at both timescales does not

fully reproduce the steady state absorbance spectrum. It is possible that this deviation
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from the ground state spectrum may be a manifestation of the Stark effect, which in
donor-acceptor blend films is associated with shifting of energy levels of neighbour
molecules as a consequence of the electric field generated from charge separation.*
Nonetheless, any photoinduced electro absorption signals are difficult to discern,
owing to contributions from both the stimulated emission and absorption from the
long-lived species in the region 690-780 nm. A further possibility is that the observed
absorbance shift is the result of relaxation of the ground state stemming from the

disorder present.

1.0+
0.5+ .
0.0 '
——TA 0.5ps Abs
5 —— TA 6000 ps PL
<
1.0+
0.5+
0.0
——TA 05 ps Abs
TA 6000 ps PL

L] L] L] L] L] L] L]
400 450 500 550 600 650 700 750 800
Wavelength / nm

Figure 5.12 Normalised picosecond transient absorption, ground state
absorbance and steady state photoluminescence spectra of a) pristine Thiro
solution b) pristine Thiro film. Spectra have been normalised to their respective

peak maxima.
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Figure 5.13 Normalised picosecond transient absorption decay kinetics of
Thiro solution excited with a pump wavelength of 520 nm and excitation
energies of 5 and 50 pJ cm™. Dynamics were averaged using the decay data
in the range of 1200-1300 nm. The red line is a biexponential fit of the type yo
+ Ar*exp(-(t/t1) + A*exp(-(t/t2).

Analysis of the pristine Thiro solution kinetics (figure 5.13) obtained by averaging the
spectral region of 1200-1300 nm (where contamination from the species at 960 nm
was minimal) reveals a decay comprised of two phases. An initial multiexponential
decay can be observed from the earliest timescales and is associated with the
dynamics of the 1300 nm transition, and a second longer-lived decay observable from
~2 ns, which is most likely a contribution from the transition at 960 nm. The initial
decay up to ~800 ps can be fit with a biexponential, yielding time constants of 11 = 3
+ 1 psand t; = 110 = 5 ps (where the error is from fitting). Figure 5.13 shows that the
decay obtained at 1200-1300 nm is invariant to the excitation energy between 5 and
50 puJ cm?, therefore discounting the presence of annihilation effects in this fluence
range. This allows us to attribute the observed kinetics to radiative and non-radiative
decay of the Thiro singlet state (1Th*). The need for the biexponential fit for the 1Th*
decay may reflect the energetic dispersity present in the solution and/or multiple
decay processes. The band at 1300 nm is likely to derive from a singlet state transition
(51— Sn) owing to the very short lifetime of the components and formation on ultrafast
timescales. This assignment is consistent with the observed spectral red-shift, which
can therefore be ascribed to energetic migration of the *Th* down the density of states,
afforded by the energetic disorder.® It is possible that the transition at 960 nm belongs
to that of the Thiro triplet state (’Th*), in part due to its much longer lifetime than the
ascribed singlet state at 1300 nm, persisting beyond the resolution of the instrument

(~6 ns). In addition, with the absence of an acceptor molecule, intersystem crossing
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to the triplet manifold would be expected to be more prevalent. The spectral evolution
of this species, however, is found to possess a contribution from the singlet transition
at 1300 nm, which makes kinetic analysis of the raw data more difficult. In order to
overcome this issue, a code based on a genetic algorithm was used for spectral
disassembly, which provides spectra and kinetics of the individual components (i.e.
the excited states) which best reproduce the original transient data set (provided by

Dr Artem Bakulin, Imperial College London).?>%¢
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Figure 5.14 Kinetics obtained by global analysis of the picosecond transient
absorption data of Thiro in chlorobenzene solution (50 ug/mL). Excited with a
pump wavelength of 520 nm and an excitation density of 50 pJ cm™. Inset: the
spectral components obtained from global analysis of the same data used to

obtain the kinetics.

The spectra obtained from global analyses (shown in the inset of figure 5.14) points
to the presence of 3 distinct transitions, situated at 950, 1100 and 1300 nm. The
transitions at 950 and 1300 nm, were observable in the raw spectral data, and
tentatively ascribed to absorption by the Thiro triplet and singlet states respectively.
However, a third transition is now found located at 1100 nm, which was not readily
apparent from the raw spectral data (i.e. data that has not underwent spectral
disassembly via GA). This is assigned to the CT state, as explained below. The singlet
state is found to exhibit a multiexponential decay (shown in figure 5.15 a) that is
excitation independent. The singlet decay kinetics can still be well fit to a biexponential
function, yielding time constants of t1 =5 £ 1 ps and 1, = 110+ 5 ps (where the error
is from fitting). These obtained component lifetimes are of the same within error for
those obtained from fitting of the raw data, thus allowing us to be confident in the
obtained GA results and the fitting parameters for the ascribed Th* state. As a result
of the GA, the kinetics of the tentatively ascribed triplet at 950 nm (shown in figure
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5.14) can be analysed without the presence of a significant contribution from

additional absorbing states.
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Figure 5.15 Normalised excitation dependant kinetics obtained by global

analysis of the picosecond transient absorption data of Thiro in chlorobenzene

solution (50 pg/mL). The kinetic decays correspond to the different spectral

components at a) 1300, b) 950 nm and c¢) 1100 nm. The red lines correspond

to best fits. Data was obtained with a pump wavelength of 520 nm and an

excitation density range of 5-50 uJ cm™.

Formation of the Thiro triplet state is found to occur on the sub-ps timescale, attaining

its maximum population at ~1 ps. Furthermore, the Thiro triplet exhibits an excitation

dependant decay (figure 5.15 b), which plausibly, may originate from triplet-triplet

annihilation. The lowest energy decay measured (5 pJ cm?) may be fit to a

biexponential function, yielding time constants of t; = 100 + 20 ps, t> = 1000 £ 200 ps.

If the transition at 950 nm does indeed derive from that of a triplet state, this would

seem to imply that it is populated on instrument limited timescales (<200 fs), which is

too fast to be accounted for by an ISC process not involving heavy atoms.

Furthermore, the t1 = 100 ps decay time component suggests the presence of a rapid

decay pathway for the Thiro triplet, which is much faster than the typical spin forbidden
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triplet decay. One possibility for the observed rapid triplet formation is that the
presence of CT states energetically close to that of the local singlet state allows for
the possibility of a spin orbit charge transfer ISC mechanism (this will be addressed

in the discussion).

Interestingly, the kinetics show (figure 5.15 c) that the transition at 1100 nm is found
to exhibit a much more pronounced population growth when compared to the Thiro
triplet, including attaining its maximum amplitude at ~20 ps. Furthermore, the decay
dynamics of the 1100 nm species is found to be excitation independent within the
energy range employed, unlike that of the ascribed triplet state. The initial rise of the
1100 nm species can be well fit with a monoexponential function, yielding a time
constant of tise = 5 = 1 ps, which interestingly, is the same as the fastest time
component of for the singlet decay. This is suggestive that the transition at 1100 nm
is populated via the decay of the Thiro singlet state, and the observation that both
decays are excitation independent further supports this. The 1100 nm species is found
to decay monomolecularly, yielding a lifetime of t = 900 £ 20 ps. This 1100 nm
transition may plausibly derive from an intramolecular CT state, formed indirectly via
the decay of the initial excited local singlet state. In addition, the assignment of the
1100 nm transition to a CT state is consistent with the excitation independent,
monomolecular recombination dynamics.?”1¢ In addition, the tentatively assigned CT
state lifetime of t = 900 + 20 ps is reasonably close to that of the long-lived t, = 1.4 ns
emission component of the corresponding TC-SPC decay, thus suggesting that the

long-lived emission derives from the CT state.
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Figure 5.16 ps transient absorption spectrum of Thiro thin film, excited with a
pump wavelength of 520 nm an excitation density of 50 uJ cm™. Spectrum has

been corrected for the absorbance at the exciting wavelength.
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Now that the baseline photophysics has been established for the Thiro solution, we
now turn our attention to its respective thin film to ascertain any differences in the
solid phase. When exciting with a pump wavelength of 520 nm the Thiro film yields a
ps spectrum (figure 5.16) that is similar in appearance to that of the pristine solution.
This indicates that in both the pristine solution and film, the initial excitation derives
from the same transition (be it an inter or intrachain transition). At 0.5 ps a broad
transition can be observed in the NIR at 1290 nm, with the less intense shoulder still
found situated at ca. 1000 nm. Both of these features were observed in the solution
ps spectrum as well and are ascribed to absorption by the excited *Th* and 3Th* states
respectively. The assigned 1Th* state responsible for the transition at 1290 nm is
found to decay significantly faster than its solution counterpart, and in addition exhibits
no spectral red shift. This contrasts with the solution phase, where the singlet
responsible for the transition at 1290 nm is found to exhibit a 30 meV energetic
relaxation within 11 ps. It is possible, however, that in the pristine Thiro film relaxation
is a much faster process, which takes place on earlier timescales that cannot be
resolved. In the pristine film, the singlet at 1290 nm has sufficiently decayed by 6 ns
to reveal the presence of a new-longer lived species at 970 nm, which in the pristine

solution was ascribed to that of the 3Th* state.
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Figure 5.17 Normalised ps transient absorption spectrum of Thiro thin film and
chlorobenzene solution. Obtained with a pump wavelength of 520 nm, at an
excitation density of 50 uJ cm™. Spectra taken at 6 ns. The full width at Half

Maximum were determined from a gaussian fit.

A comparison of the normalised pristine Thiro film and solution spectra at 6 ns (shown
in figure 5.17) reveals that the film triplet exhibits a broader absorption profile with
respect to the solution, exhibiting a FWHM = 238 + 3 and 188 + 2 nm. This spectral
broadening in the pristine film can be attributed to the greater energetic dispersity
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present in the film, which is likely to originate from additional intermolecular
interactions, not present in the solution phase. This greater spectral broadening in the
film is also consistent with what was observed in the ground state absorbance. The
raw kinetics of the ascribed singlet state were difficult to analyse, due to its short-lived
nature, which quickly becomes obscured by the decay of the tentatively assigned
long-lived triplet at 970 nm. In order to overcome this issue, the kinetics of the singlet
were extracted using global analyses. The kinetics extracted from global analysis are
shown in figure 5.18 and the corresponding spectra which they refer to are shown in
the inset. All three species observed in the pristine Thiro solution GA TA spectra are
still present in the pristine thin film, exhibiting transitions at 960, 1060 and 1300 nm,
which were previously ascribed to the absorbance of triplet, CT and singlet states

respectively.
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Figure 5.18 Kinetics obtained by global analysis of the picosecond transient
absorption data of a pristine Thiro film. Excited with a pump wavelength of 520
nm and an excitation density of 50 uJ cm™. The red line is a biexponential fit
of the type yo + Ar*exp(-(t/ty) + Ax*exp(-(t/t2). Inset: the normalised spectral
components obtained from global analysis of the same data used to obtain the

kinetics.

The obtained GA kinetics of the singlet at 1300 nm (figure 5.18) illustrates a decay
that can be well fit with a biexponential, yielding time constants of 11 = 1.2 + 0.1 ps
and 1, = 27 £ 2 ps (where the error is from fitting). A comparison between the film and
solution reveals that the 11 and 1. lifetimes are ~4x less than those obtained for the
solution, in line with the much faster decaying film singlet exciton. It should be noted,
however, that only one excitation density was acquired for the pristine thin film data,

and as such, the presence of an excitation dependence contribution cannot be fully
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ruled out. Nonetheless, the corresponding solution phase singlet transition at 1300

nm was found to be excitation independent.

Interestingly, the ascribed !CT transition at 1060 nm is found to exhibit a much less
overt growth than the analogous pristine solution kinetics and is attributed to
population of the CT state on much earlier timescales. Furthermore, the clear
monoexponential decay in solution is now replaced in the film by a much more long-
lived and complex decay phase. Previously, when analysing the pristine Thiro solution
data, it was suggested that the fastest time component of 11 = 5 ps may be related to
population of the CT state at 1100 nm, as indicated by the identical CT growth time.
In the pristine Thiro film the 1 time component exhibits a contribution of ~83% to the
overall singlet decay, greater than that of the corresponding solution t; time
component, which exhibits just ~55%. This observation would seem to indicate that
the 1100 nm transition should be more prevalent in the film phase if it populated via
the initial singlet decay. Indeed, this is the case as shown in the overlaid solution and

film kinetics in figure 5.19.
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Figure 5.19 Kinetics obtained by global analysis of the picosecond transient
absorption data of pristine Thiro in chlorobenzene solution and its thin film.
Excited with a pump wavelength of 520 nm and an excitation density of51 pJ
cm?,
The kinetics of the triplet transition at 970 nm demonstrate that the Thiro triplet is fully
populated on an instrument limited timescale and exhibits a multiexponential decay,
like that of its solution counterpart. This decay can be fit to a triexponential function,
yielding time components of of t1 =3+ 1 ps, 12 = 60 £ 5 ps and t3= 1200 + 140 ps.
The need for an additional time component when compared to the biexponential
decay exhibited by the solution may be indicative of the presence of a degree of

excitation dependant behaviour. However, as only one excitation energy was
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obtained for the pristine film we cannot say with certainty. The most important
observation, however, is still the presence of rapid triplet decay pathways on the <100

ps timescale, in line with what was observed in the solution.

From the ps-TA results several important observations were made. Firstly, an initial
local singlet state can be observed at ca. 1300 nm in the ps-TA spectra, which decays
within ~100 ps. Interestingly, this singlet decay is multiexponential in nature, exhibiting
an initial rapid T. component of 1-5 ps, followed by a longer-lived t. component of 20-
110 ps. This is suggestive of the presence deactivation pathways for the Thiro singlet
state that are in addition to the standard radiative and non-radiative decay. Secondly,
the tentatively ascribed Thiro triplet species is found rapidly generated on instrument
limited timescales (>200 fs), which is too fast to be accounted for by typical direct ISC
processes. Singlet fission and spin orbit charge transfer ISC are both photophysical
processes that may account for the ultrafast timescales on which the Thiro triplet
occurs, but a definitive assignment to either mechanism is not possible with the ps-
TA data obtained here. To confirm the spectral assignment of the longest lived ps
species to that of the Thiro triplet, the TA investigation was extended into the pus-ms

regime.
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5.9 Microsecond Transient Absorption Spectroscopy
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Figure 5.20 a) Microsecond transient absorption spectrum of Thiro in
chlorobenzene solution (50 pg/mL). Obtained with an excitation wavelength of
532 nm and an excitation density of 40 pJ cm™. b) The same spectral data

normalised to 900 nm, illustrating the presence of a new species at later time
scales.

Following on from the ps-TA, the investigation was extended into the ps-ms regime in
order to further provide evidence for the assignment of the long-lived species to that
of a triplet state. Excitation of the pristine Thiro solution results in the formation of a
broad transient species in the NIR, with its peak situated at 900 nm, as shown in figure
5.20 a). Interestingly the spectral position of this peak is found blue shifted relative to
the tentatively assigned triplet observed at ~950 nm in the ps-TAS spectrum. On the
basis of the spectral similarity the transition is tentatively assigned to the same 3Th*
species, with oxygen quenching evidence presented later in the results (figure 5.24).
By 100 ps the pristine Thiro solution spectrum evolves to reveal the presence of a
new longer-lived species, with its peak centred at 1020 nm. This spectral evolution
can be readily observed in the normalised spectra in figure 5.20 b). A clear isosbestic

point can be observed at 660 nm, indicating that the transition at 900 nm decays

167



Chapter 5

directly back to the ground state and is not related to the growth of the later observed

species at 1020 nm.*® This isosbestic feature was not observed in the ps spectrum.
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Figure 5.21 Microsecond transient absorption kinetics of pristine Thiro in
chlorobenzene solution (50 pg/mL). Obtained with a pump wavelength of 532
nm and a probe wavelength of 980 nm. The red line is a fit from a combination
of a stretched exponential and a power law of the type yo + Ar*exp(-(t/0)f) +
At

To help confirm the presence of the Thiro triplet exciton and identify the species which
appears at later timescales, a description of the kinetics is presented. Probing the
pristine Thiro solution kinetics obtained at 980 nm (figure 5.21) reveals a
multicomponent decay, consisting of an initial exponential component until ~40 ps,
followed by a power law decay at longer times. The presence of two phases is
consistent with the observed spectral evolution with time and the close proximity of
the two transitions, where the initial exponential component is related to the 900 nm

band and the power law component to the 1020 nm band.

The initial exponential component derives from the species responsible for the 900
nm transition, which dominates the spectrum at early times and was analysed by
subtracting the power law from the overall data, revealing the presence of a decay
that could be well fit with a stretched exponential (figure 5.22). To prove that the
dispersive exponential behaviour did not stem from second-order processes, such as
triplet-triplet annihilation, the kinetics were probed as a function of excitation energy.
Figure 5.22 displays the normalised kinetic decays obtained at 980 nm once the
contribution from the power law has been subtracted. The data was fit to a stretched

exponential of the type shown in equation 5.1.

AOD(t) = A, * exp(—t/1,)P Eqn. 5.1
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The lifetimes obtained from the stretched exponential fitting did not change markedly,
with an average tso = 3.4 £ 0.1 us and = 0.87 £ 0.03 (where the error is the standard
deviation) obtained from fitting. It is highly likely that the species responsible for this
long-lived decay is that of the Thiro triplet, due to the close proximity of the 900 nm
transition to the 950 nm triplet transition assigned in the ps-TA spectrum. It should
also be noted that a bi-exponential function could also be fit to the same decays,
however, the t; and t; lifetimes obtained were very similar and possessed near
identical contributions to the overall signal amplitude. As such, it was rationalised that
a bi-exponential fit was resulting in overparameterisation of the data. The requirement
for a ‘stretched’ parameter when describing the Thiro triplet decay is indicative of the
presence of a degree of energetic distribution in the Thiro solution. This is best
observed in figure 5.23 a), which shows the normalised signal amplitude (AOD) at 1
and 100 ps, corresponding to the Thiro triplet and free charge respectively (this
assignment of the 1020 nm species will be discussed shortly), as a function of
excitation density. For a single decay pathway AOD should increase linearly with
increasing excitation density, however, as can be seen for the decays at 1 us for the
pristine Thiro solution (when the contribution from the long-lived decay has been
subtracted), there exists a slight sublinear relationship. This small deviation from
linearity is reflected in the B = 0.87 obtained for the decay of the 3Th*, where a B = 1
indicates a pure monoexponential decay. Interestingly, the long-lived power-law
phase is found to start tending towards saturation with increasing excitation density,
unlike that of the Thiro triplet and may be a consequence of a second order reaction

such as bimolecular recombination.

In order to confirm the assignment of the transition at 900 nm to a triplet species, the
neat Thiro solution was bubbled with O,. As shown in chapter 3 and 4, the presence
of Oz should selectively quench any Thiro triplets present, provided that their energy
is >0.94 eV. As shown in figure 5.24, the presence of O is found to result in a ~30%
reduction in the tso», Of the early decay phase, yielding tsoss = 2.8 ys and a
corresponding ~5 times reduction in signal amplitude. Importantly, the observed
oxygen quenching was found to be reversible when the sample was purged with No,
thus eliminating the possibility of the signal quenching deriving from oxygen-based
degradation of the sample. This evidence therefore supports the assignment of the

transition at 900 nm to the Thiro triplet.
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Figure 5.22 Microsecond transient absorption kinetics of neat Thiro in
chlorobenzene solution (50 pg/mL). Obtained with an excitation wavelength of
532 nm and a probe wavelength of 980 nm. Decays have been obtained via
subtracting a fitted power-law decay (At from the overall decay data. The red
line is a stretched exponential fit of the type yo + A*exp(-(t/t)"B), yielding an

average 3 = 0.87 + 0.03 (where the error is the standard deviation).

Interestingly, the observed transition at 1020 nm is approximately located in the same
spectral area as the tentatively ascribed CT state in the GA resolved ps-TA spectrum.
The transition at 1020 nm is likely to derive from a charge species (i.e. radical cation
or anion) as the power-law decay exhibited at later times (>40 ps) is generally
observed for bimolecular recombination of long-lived, free charges in donor/acceptor
thin films.2”28 Interestingly, this power law behaviour implies that charge generation
is occurring in a relatively dilute solution (50 pug/mL). This charge separation process
may be afforded by the unique donor/orthogonal-acceptor architecture of Thiro, where
an intramolecular CT state bound across the donor CPDT backbone and the
orthogonal acceptor spiro unit, may afford a degree of spatial separation between the
electron and hole. This increased electron and hole separation will thus result in a
reduced exciton binding energy, which may then be overcome at room temperature.
An alternative explanation for charge dissociation in Thiro could be an ‘inter-chain’
transition (i.e. between adjacent polymer chains), or a ‘intra-chain’ transition (i.e.
between a single coiled up polymer chain). In any case, the dissolved Thiro polymer
chains must be adopting aggregate configurations that loosely resemble the
morphology of a thin film, as indicated by the relatively similar ground-state
absorbance spectra. Owing to this fact, one would expect the pristine film phase to

still possess a degree of this charge generation.
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Figure 5.23 a) Excitation density dependant kinetics of a pristine Thiro solution
(50 pg/mL), b) pristine Thiro thin film. Obtained with an excitation wavelength
of 532 nm and at a probe wavelength of 980 nm. The normalised signal
amplitude at 1 and 100 ps is shown as a function of excitation energy, where
the AOD at 1 us for both the solution and film has had the contribution from

the slow phase subtracted from it.

Fitting a power-law to the long-lived component of the pristine Thiro solution kinetic
decays yields an average exponent of a = 0.38 £ 0.10 (where the error is the standard
deviation), where an a = 1 indicates trap-free bimolecular recombination. Further
evidence for the assignment of the 1020 nm transition to free charges can be
observed in the oxygen dependant kinetics, where the power law decay is found to
exhibit indistinguishable kinetics in the presence of O,. In addition, the power law
decay becomes visibly more pronounced in an O, environment due to quenching of
the 3Th* signal, which allows for the underlying power law to become visible from ~3
us, as opposed to ~40 us in the presence of N.. A salient point to note is that in
addition to the expected reduction in both signal amplitude and lifetime of the 3Th*
state, there is also an observed reduction in the charge carrier signal amplitude, but
importantly without a change in the kinetics of the power-law. This reduction in the

charge signal amplitude by ~41% in the presence of O, would seem to infer that a

171



Chapter 5

significant quantity of the observed polaron is generated from a pathway that involves
a triplet intermediate species that is not the ascribed °Th* (as indicated by the
isosbestic point) and the significance of these findings will be discussed later. This
observed recombination behaviour has previously been observed in a study by Ohkita
et al for an amorphous polythiophene derivative, P(T10PhT1o), although it is noted that

this was for a PCsoBM blend film and not a pristine material in solution.?®
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Figure 5.24 Microsecond transient absorption kinetics of pristine Thiro in
chlorobenzene solution (50 pg/mL), excited with an excitation wavelength of
532 nm and at an excitation density of 20 uJ cm?. The initial solution was
degassed for 1h with N». The solution was then bubbled with O, for 30 min,
and then restored with N2 by degassing for 1 h. Inset: the kinetic decays with
the contribution from the long-lived decay removed. The red lines are stretched
exponential fits type yo + A*exp(-(t/t)B).
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Figure 5.25 a) Microsecond transient absorption spectrum of a pristine Thiro
thin film. Obtained with an excitation wavelength of 530 nm and at an excitation
density of 14 pJ cm?. b) The same spectral data normalised to 960 nm,

illustrating the presence of a long-lived species at later time scales.

Now that the pristine Thiro solution has been investigated, we will now elucidate the
dynamics of the pristine Thiro film in the pus-ms regime. Figure 5.25 a) shows the ps-
TA spectrum obtained when the Thiro film was excited with a pump wavelength of
530 nm. The Thiro film is found to exhibit a transition at 980 nm, which dominates the
spectrum and an additional tail that extends out in the NIR. By 100 ps the transition
at 980 nm has sufficiently decayed to reveal the presence of a more longer-lived
feature at 1010 nm, which can be readily seen in the normalised spectrum presented
in figure 5.25 b). As the transition at 980 nm is spectrally situated near the assigned
triplet at 970 nm in the ps-TA spectrum and in addition is close to the assigned triplet
in the solution, it is therefore likely to derive from the same 3Th* species. Like that of
the Thiro solution, the early pus exponential decay in the pristine film is found to be
oxygen dependant, as shown in figure 5.26. The initial decay can therefore be
attributed to the Thiro triplet exciton. Figure 5.27 shows the kinetics obtained from
probing at 980 nm, which reveals a multicomponent decay profile that is similar in
nature to what was observed in the solution phase. An initial exponential decay can

be observed until ~ 30 ps, followed by an additional long-lived decay that appears to
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be close to a power law, but can only be fully described by a stretched-exponential
type fit. Interestingly, this contrasts with the observed ‘pure’ power-law decay
observed in the pristine solution.
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Figure 5.26 Microsecond transient absorption kinetics of pristine Thiro thin
film. Obtained with a pump wavelength of 532 nm and a probe wavelength of
980 nm. Excitation energy 14 pJ cm™. * During the N restored measurement,
the power output of the laser was found to decrease, resulting in a perceived
reduction in AOD. The normalised kinetics of the initial and restored N>

atmospheres are provided in the inset and illustrate near identical decays.
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Figure 5.27 Microsecond transient absorption kinetics of a pristine Thiro thin
film. Obtained with a pump wavelength of 532 nm and a probe wavelength of

980 nm. The red lines are stretched exponential fits of the type yo + A*exp(-

(t9)"B).
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Figure 5.28 Normalised microsecond transient absorption kinetics of pristine
Thiro thin film. Obtained with a pump wavelength of 532 nm and at a probe
wavelength of 980 nm. Decays have been obtained via subtracting a fitted
power-law decay (At) from the overall decay data. The red line is a stretched
exponential fit of the type yo+ A*exp(-(t/t)B).

Using a similar methodology to the solution, whereby the long-lived component is
subtracted from the overall data, the decay dynamics of the ‘pure’ Thiro film triplet
may be extracted. Figure 5.28 shows that the decay of the Thiro triplet is excitation
energy independent within the range of energies employed (2-61 pJ cm?) and can
be well fit with a stretched exponential to yield an average tso» = 9.4 £ 0.5 ys and an
average exponent of B = 0.47 £ 0.05 (where the errors are the standard deviation).
The prevalence of the requirement for an additional ‘stretched’ parameter in
describing both the solution and thin film triplet decays indicates the presence of a
significant energetic distribution in the Thiro material. Moreover, the smaller exponent
of B = 0.47 in the film compared to B = 0.87 in the solution is consistent with the
expected increased disorder in the solid state, which is reflected in the broader ground
state absorbance and excited triplet spectra in figures 5.4 and 5.17 respectively. The
film triplet’s deviation from typical monomolecular behaviour is readily observed in the
excitation density kinetics in figure 5.23 b). The normalised AOD at 1 ps
(corresponding to the amplitude of the Thiro triplet) is found to exhibit an appreciable
sublinear dependence upon the excitation energy, in contrast to the subtle deviation
seen in the solution. This observation may be suggestive of multiple decay pathways

being present, including a second order one.
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We now turn our attention to the assignment of the transition at 1020 nm and the
origin of its long-lived decay. The transition at 1010 nm is likely to stem from the same
polaron species assigned in the pristine Thiro solution us-TA spectrum, owing to its
spectral proximity and similar long-lived dynamics. The long-lived polaron decay
observed after ~30 ps is found to exhibit an excitation dependant signal, which
contrasts with the excitation independent triplet kinetics. At the lowest energies
employed, the long-lived decay can be fit with that of a stretched exponential (the
decay at 4 uJ cm? was used instead of 2 uJ cm?, due to the apparent noise at the
end of the 2 pJ cm decay), yielding a B = 0.1. At the highest energy employed (61
uJ cm2), a stretched exponential may still be fit, however, it is found to exhibit a B =
0.2. One way to provide evidence for the assignment of the long-lived species at 1010
nm to a polaron species is to compare the pristine Thiro spectrum to that of a
Thiro:PCeBM blend film. This is because if the same transition is observed in both
the pristine and blend film spectra, it is highly likely to derive from a Thiro positive
polaron (*Th").
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Figure 5.29 a) Microsecond transient absorption spectrum of a Thiro:PCegBM
1:1 thin film. Obtained with an excitation wavelength of 530 nm and at an
excitation density of 16 puJ cm?. Inset: Microsecond transient absorption
kinetics of a Thiro:PCeBM 1:1 thin film under N> and O, atmospheres,
illustrating an O, independent decay. Obtained with a pump wavelength of
530 nm, an excitation density of 18 uJ cm? and at a probe wavelength of 1020
nm. b) The same spectral data presented in a) normalised to 1020 nm,

illustrating that new species appear at later time scales.

Figure 5.29 a) shows the ps-TA spectrum obtained for a Thiro:PCeBM 1:1 blend. The
spectrum at 1 ps is found to exhibit a photoinduced transition at 1020 nm, however,
in contrast to the pristine Thiro solution or thin film, no additional spectral evolution
over time is observed. This lack of spectral evolution with time can be readily observed
in the normalised ps-TA spectrum of the blend, as shown in figure 5.29 b). This
suggests that the Thiro triplet seen previously in the pristine solution and film at 900
and 960 nm respectively is no longer present. Further evidence for the absence of a
triplet species is bolstered by indistinguishable decay dynamics in the presence of
oxygen, as shown in the inset of figure 5.29 a). The 1020 nm transition observed in
the blend film, however, bears a striking resemblance to the pristine Thiro’s long-lived

(>100 pus) species, which can be apparent in the normalised ps-TA spectra of the
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pristine and blend film, as shown in figure 5.30. The single species observed in the
Thiro:PCeBM blend is likely to be that of a positive polaron, resulting from
photoinduced electron transfer from the Thiro polymer (which is acting as an electron
donor) to the PCgBM acceptor. This helps to explain the absence of the Thiro triplet
species in the blend spectrum, as it must be generated directly from the Thiro singlet,
which in the blend film is likely to be quenched by the PCsBM on ultrafast timescales,
thus precluding ISC from taking place. Importantly, this confirms that the same 1020
nm transitions seen at later timescales in the pristine solution and thin film ps-TA

spectra, does indeed belong to that of the positive polaron.
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Figure 5.30 Normalised microsecond transient absorption spectra of pristine
Thiro in chlorobenzene solution (50 pg/mL), pristine Thiro thin film and a
Thiro:PCeBM 1:1 blend. All spectra have been normalised to their respective
peak maxima. At 1 ps both the pristine solution and thin film exhibit triplet
transitions at 900 and 980 nm respectively. By 100 ps these triplet transitions
have sufficiently decayed to reveal the presence of a new transition at 1020

nm, which is near identical to the solitary transition exhibited by the blend.
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Figure 5.31 Microsecond transient absorption kinetics of a Thiro:PCgBM (1:1)

film. Obtained with an excitation wavelength of 530 nm and at a probe
wavelength of 1020 nm. The red line is a stretched exponential fit of the type
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Figure 5.32 Microsecond transient absorption kinetics of a Thiro:PCgBM (1:1)
film. Obtained with an excitation wavelength of 530 nm and at a probe
wavelength of 1020 nm. The normalised signal amplitude at 0.6 and 100 pus is
shown as a function of excitation energy, where the AOD at 0.6 us has had the

contribution from the slow phase subtracted from it.

The kinetics probed at 1020 nm are shown in figure 5.31 and show a decay profile
that is intensity-dependant, exhibiting both a fast phase that becomes apparent at
higher excitation densities and a slower phase that persists until the ms regime. This
behaviour is consistent with non-geminate recombination, as geminate recombination
exhibits excitation-independent behaviour and subsequently should be observable at

the lowest energies.® It should be noted however, that some degree of contribution
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from geminate recombination to the overall signal cannot be ruled out. The slow phase
of the lowest energy decay obtained can be well fit to a stretched exponential at the
lowest excitation densities (2 uJ cm), yielding a B = 0.24 + 0.01 (where the error is
obtained from fitting). This B = 0.24 indicates a significant deviation from
monoexponential behaviour as would be expected, but nonetheless the stretched
exponential fitting is in contrast to the power law decay dynamics observed in
archetypal polymer blend systems, such as P3HT:PCeBM and MDMO-
PPV:PCsBM.?"3! This implies that the observed Thiro polaron decay may not follow
the typically observed trap-limited recombination behaviour, whereby an exponential
distribution of trap states are progressively filled until a trap free recombination regime
starts to dominate. Interestingly, with increasing excitation energy this slower phase
is found to deviate from the stretched exponential behaviour, as illustrated by the
decrease in exponent from 3 = 0.24 to B = 0.08. Alternatively, the decay becomes
more easier to fit to a power law, with a = 0.49. Figure 5.32 shows the normalised
signal amplitude (AOD) as a function of excitation energy for both the fast (0.6 us)
and slow (100 ps) decay phases. Both phases are found to exhibit a sublinear
dependence on the excitation energy, but a comparison of the two reveals the slow
phase saturates earlier. In addition, the fast phase is apparent even at the lowest
energies employed here (2 pJ cm), suggesting that the energetic distribution of trap
states is ‘shallow’, allowing for facile thermal activation. The origin of this behaviour is

currently unknown.

5.10 Discussion

Upon excitation the main photoproduct of the pristine Thiro, be it in solution or the
solid phase, is that of the 'Th* state (the ‘local’ singlet). Evidence for this is provided
by the vibrationally resolved fluorescence spectra and the strong transition observed
at ca. 1300 nm in the ps-TA spectra at early times, in both the pristine Thiro solution
and thin film. It should also be noted that initial excitation of the lower-lying 'CT state
is also possible, however, direct population is likely to be of low-efficiency due to the
poor oscillator strengths possessed by CT states. In addition to the Thiro singlet, the
3Th* (the ‘local’ triplet) is also found generated on ultrafast timescales beyond the
resolution of the instrument (~200 fs), irrespective of whether it is generated in
solution or thin film and is found to persist into the us regime. This implies that the
observed rapid triplet formation is not the consequence of additional intermolecular or
intramolecular interactions found in the solid phase, for example transitions that may
arise from additional aggregate domains.®?33 The ultrafast timescales on which the
Thiro triplet is found to be generated cannot be fully accounted for by the relatively

slow process of direct intersystem crossing.** The two aforementioned photophysical
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processes that may permit triplet population on these timescales are that of singlet
fission (SF) and spin-orbit charge transfer ISC (SOCT-ISC), with the latter mechanism
most likely being responsible for the observed photophysics.

One of the key features of the donor-orthogonal-acceptor architecture (D-0-A) is the
prevalence of a reduced spatial overlap between the frontier molecular orbitals, which
is a consequence of the physical separation of the donor and acceptor units. As
discussed previously, this reduced spatial overlap has the effect of minimising the
exchange energy, such that the singlet-triplet energy gap may become near
degenerate.®*® To observe the impact of Thiro’s D-0-A structure on its energetics,
theoretical calculations utilising time density functional theory (TDDFT) were carried
out by Dr Tom Penfold (Newcastle University) using a dimeric unit of the Thiro
Polymer, in conjunction with a CAM-B3LYP methodology with a def2-TZVP basis set.
The results from the calculations are shown in figure 5.33 and do indeed show a local
T-r* singlet exciton (S2) at higher energy than the CT state (S1). The calculations
place the S, energy at 2.16 eV, matching well with the experimentally determined
value of ~1.9 eV. Furthermore, the CT state S; energy is calculated to be 2.01 eV,
giving rise to a S1-S; energy gap of 0.15 eV, which is very close to 0.18 eV difference
between the -1m* and weak CT emission observed in the TC-SPC. This is a much
smaller energy difference when compared to the previously mentioned SFCN and
ASFCN orthogonal polymers. This difference stems from a reduction in the optical
bandgap of Thiro, which substantially reduces the m-1* energy, whereas the CT
energy (which is less contingent upon the conjugation length) remains relatively
unperturbed. The calculated triplet manifold indicates the T, state to be a local Tr-11*
triplet, while the T3 state is CT in character and near isoenergetic with the S; (*CT)
state. This is in good agreement with the expected reduction in AEst stemming from
the D-0-A architecture of Thiro. It is noted that calculations were performed on a
dimeric unit and increasing the number of repeating units will likely increase the
energy of the local triplet to an approximate maximum of AEsi.t1 ~0.7 eV,*36 but
nonetheless it is still likely to be located below that of the 3CT state. The presence of
the 3CT state is of particular importance as it affords the possibility of a spin-orbit
charge transfer (SOCT) interaction, which may permit the population of the Thiro
triplet manifold on ultrafast timescales. In the most common SOCT scheme,
intersystem crossing is a second order process, whereby a *CT* state undergoes ISC
to yield the ‘local’ triplet state.!>®”  This SOCT-ISC process is highly efficient,
particularly in the case where the acceptor’'s molecular orbitals are found near
perpendicular to the donor’s,*” as the spin-flip can be coupled to a large change in
orbital angular momentum (analogous to a n—1* transition) and can therefore
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conserve overall system angular momentum.® This SOCT-ISC process has been
observed previously in small molecule and polymeric D-0-A systems and has been
invoked to describe the mechanism via which they undergo thermally activated
delayed fluorescence.>**"3% For the case of Thiro (as shown schematically in figure
5.33), the initial ISC process is likely to occur from the S, Th* to that of the
energetically close-T; CT state, which subsequently undergoes rapid internal
conversion (IC) to that of the local triplet manifold, T, 3Th* (i.e *Th* — 3CT* — 3Th*).

Theoretical arguments were provided by Dr Tim Hele (UCL) to explain the observed
Thiro photophysics in the context of an SOCT-ISC mechanism. The Thiro polymer in
a thin film is expected to be amorphous in nature and as such should exhibit little
symmetry. However, locally the polymer has C,y symmetry, with the C; axis passing
through the quaternary spiro carbon. This uniquely defines the z axis, which allows
us to define the x axis to run along the length of the polymer (such that the thiophene
1T orbitals are in the xz plane) and the y axis to be perpendicular to this (such that the
fluorene 1 system is in the yz plane). Utilising these definitions, the HOMO of the
Thiro is found to transform with A, symmetry, the LUMO of the thiophene units as B>
and the LUMO of the fluorene unit as B;. This means the Si(CT) state is A2 X B1 = B,
which is y-polarised dipole allowed, but very weak due to poor orbital overlap. The
S»(LE) state is Az x B, = B4, so is x-polarised and allowed. This gives rise to the broad
absorption feature observed at 550 nm in the ground state absorption spectrum of
Thiro. The Ti(LE) state, arising from HOMO-LUMO (thiophene) will be B; and the
T3(CT) state, arising from HOMO-LUMO (fluorene) will be B..
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Figure 5.33 Schematic energy diagram for Thiro and density difference plots
for the B;: (S2(LE) and T1(LE)) and B, (S1(CT) and T3(CT)) symmetry states.
Energies displayed were calculated by Dr Tom Penfold (Newcastle university)
using a dimeric unit of the Thiro Polymer, in conjunction with a CAM-B3LYP
methodology with a def2-TZVP basis set. Diagram is not to scale.
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In regard to spin-orbit coupling, the spin-orbit coupling operator transforms as
molecular rotations, which for C,y span Az, B1 and B,. For spin-orbit coupling between
the bright S;(LE) state and T3(CT) state, we have Bi x B2 = Az, which transforms as
Rz, meaning that the direct spin-orbit coupling between the S, and T3 is allowed. Spin-
orbit coupling between the S;(CT) and Ti(LE) is B2 x B:1 = Az and is also allowed,
although is predicted to have a relatively large energy gap of ~0.7 eV and therefore it
may be slow as a consequence of the energy gap law. These results are consistent
with the calculated SOC matrix elements (shown in table 5.1), which exhibit the
greatest value of 2.08 cm™ for the Sy(LE)-T3(CT) transition. As such, ISC from the
initially photogenerated Sx(LE) to the T3(CT) is fully quantum mechanically allowed,
thus accounting for the observed ultrafast triplet formation observed experimentally in
the ps-TA data. In addition, the Sy(LE) and T3(CT) states are separated via only 0.16
eV, which should help to facilitate a high rate of ISC. In addition, the presence of
multiple triplet states that are energetically close lying to the bright So(LE) state should
also promote increased ISC, as indicated by Fermi’s golden rule. These multiple triplet
states should also facilitate a rapid internal conversion (IC) through the triplet manifold
to Ti.

Spin-orbit coupling between the two charge transfer states S1(CT) and T3(CT) is Bz x
B> and is therefore also forbidden. This then raises the question of how the singlet
and triplet CT states couple, given that they have very weak direct spin-orbit coupling.
However, given that these states are virtually isoenergetic (2.01 eV and 2.00 eV for
the S1(CT) and T3(CT) respectively), virtually any perturbation can couple them. This
could be vibronic coupling via any vibration except that of totally symmetric Al, or
alternatively it could also occur via indirect coupling. For example, Si1 could couple to

S, via the non-adiabatic coupling operator, and then S;to Ts.

Table 5.1 Spin orbit couple matrix elements between the excited states
calculated by Dr Tom Penfold (Newcastle university) with TDDFT using by

using quasi-degenerate perturbation theory.

Computation S; S
(cm)

T 2.00 0.00
T2 1.40 0.04
T3 0.02 2.08
T4 0.56 0.04
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We will now specifically consider the internal conversion between the S;(LE) and
S1(CT), which transform as B: and B respectively. This means that direct
nonadiabatic transitions are forbidden. However, B: x Bz = Ay, thus indicating that
non-adiabatic coupling and internal conversion between the S; and S; states could
be mediated via an A; stretching vibration. While electronically excited molecules are
commonly vibrationally excited too, generally only totally symmetric vibrations (A; in
this instance) are excited upon photoexcitation in order to satisfy the symmetry of the
transition matrix element, thus suggesting IC may be slow. An additional factor that
may contribute to slow IC is that the relevant orbitals involved in the transition (17 on
the Thiro and 1* on the fluorene) are found to be spatially disjoint, thus suggesting
that the transition matrix element involved is likely to be small. These predictions are
consistent with the experimental results obtained, which showed a ps-timescale rise

of the CT state, much slower than typical IC.

One of the most peculiar features of the Thiro system is the apparent formation of free
charge species upon excitation in both the solution and solid phases, without the need
for an acceptor. This is pertinent considering that while many polymers, such as P3HT
and PCDTBT are found to exhibit charge generation in their neat pristine films, this
behaviour is not conserved into their respective solution spectra and as such Thiro
appears unique in this regard.'®4%4! This assignment of free charges was confirmed
by comparing the pristine Thiro ps-TA spectra with that of the Thiro:PCsBM (1:1)
blend, which exhibited the same positive polaron transition at 1020 nm. Correcting
the ps-TA data for photons absorbed of all three samples (pristine solution, film and
blend) allows for a direct comparison of the efficiency of both triplet and charge
generation, as shown in figure 5.34. Comparing the corrected decay data of the
pristine Thiro solution and that of its thin film, reveals that the polaron concentration
(measured from the AOD at 100 ps) is found to be 3.4 times greater in the film relative
to the solution, indicating a variation in charge dissociation yield depending upon the
phase. In addition, the pristine solution is found to yield a greater concentration of
triplets (measured from the AOD at 0.6 ps) by ~1.7 times relative to the film. This
suggests that in the pristine thin film there is an increased rate of charge dissociation
from the CT state, outcompeting ISC to the Thiro triplet. This increased charge
dissociation in the film may also be in part responsible for the faster singlet exciton
decay in the film when compared to its solution. This is exemplified by the Thiro
pristine film exhibiting a biphasic singlet exciton decay, which contrasts with the
triphasic decay exhibited by the solution which also possesses an additional time
constant on the order of hundreds of ps. Nonetheless, it is still noted that a reduction
in the singlet exciton lifetime and fluorescence quantum yield is a commonly observed
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feature when comparing a conjugated polymer’s solution to its thin film, with these
concentration based quenching effects typically being ascribed to an increase in non-

radiative processes.*?43
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Figure 5.34 Normalised microsecond transient absorption kinetics of pristine
Thiro solution (50 pg/mL), pristine Thiro film and a Thiro:PCeBM 1:1 blend
film. The decay data has been normalised to the number of photons absorbed

at the exciting wavelength.

Spontaneous charge generation in pristine films has been observed previously in a
variety of materials, such as PCgBM, PC70BM, MEH-PPV and P3HT,4445:46:47.19
however, the exact mechanism via which charge dissociation proceeds remains
controversial.*® It should also be noted that the overwhelming evidence for charge
generation in pristine polymer films derives from homopolymers, which do not
necessarily reflect the intramolecular charge-transfer nature of D-A copolymers, such
as Thiro. A good example of this is the copolymer PCDTBT, which in chlorobenzene
solution is found to exhibit relaxed excitons with strong CT character within a
timescale of ~200 fs.#>*° The strong CT character of the equilibrium excited state was
suggested to aid in charge separation, due to a decreased electron-hole correlation
and may provide some insight into why the formation of polarons in neat PCDTBT

films is relatively efficient.*

For both the pristine Thiro solution and film, the presence of oxygen is found to result
in a reduction in the polaron signal amplitude, but importantly without a change in the
kinetics. This observation provides indirect evidence regarding the charge
dissociation pathway in the Thiro polymer. The amplitude of the polaron signal (at 100
ps) is found to be quenched by ~29 and 41 % for the solution and film respectively,

indicating an oxygen quenchable intermediate state that contributes significantly to
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the population of the charge species. For pristine Thiro there are two possible
pathways for charge dissociation in lieu of an additional acceptor molecule. The first
involves autoionization upon direct excitation, which is unlikely due to the large
binding energy possessed by the initially generated Thiro local singlet exciton.>! The
second pathway involves charge dissociation from an intramolecular 'CT or °CT dark
state, formed as a result from relaxation of the initially generated Th* state. This
generated CT state will afford a degree of intramolecular separation between the
electron and hole, effectively reducing the binding energy, which is also consistent
with the proposed SOCT-ISC pathway for *Th* generation. In addition, the small
spatial overlap between the HOMO and LUMO is expected to result in near
degenerate 'CT/°CT state energies, as discussed previously. This presents the
energetic possibility of an equilibrium between the CT states (:CT = 3CT) at room
temperature, accounting for the observed reduction in polaron yield, as 3CT states
may be selectively quenched by O, before they can undergo charge dissociation. It is
noted that some studies have indicated that transitions between *CT and 3CT states
are spin forbidden, as the orbital occupation does not change, therefore precluding
the proposed CT spin state equilibria.>?* Nonetheless, this supposition contradicts
the ubiquitous reports of CT mediated geminate recombination to the local triplet state
(i.e. before charge separation can occur).>3>* A significant implication of this :CT/CT
equilibrium is that it must be acting as a reservoir for charge carrier formation,
enabling charge carriers to generate and exist in a pristine polymer long after typically
expected in standard conjugated polymers. While the existence of such a !CT/*CT is
not new, this is, to our knowledge, the first time it has been successfully combined
with an orthogonal acceptor to enhance charge photogeneration. As such, this
pathway may provide a promising new strategy to enhance charge carrier generation

and lifetimes in organic photovoltaics.

An alternative explanation for the oxygen dependant polaron signal is that bimolecular
recombination of free charges to an oxygen quenchable °CT state is a reversible
process. This described bimolecular recombination behaviour is now a well-
established feature in organic solar cell blends,®>° ¢ with this model of re-separation
of CT states being invoked to explain the origin of reduced Langevin recombination
(see section 1.7.2) in donor-acceptor blends.®” It was suggested that free charge
carrier species are in equilibrium with CT states,*” which in turn gives rise to a
temperature dependence for the recombination rate and Voc.®"*%° Regardless of the
mechanism, charge separation must be occurring via a CT state, which is shown

schematically in figure 5.33.
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Upon blending Thiro with PCgBM, the oxygen dependency for the polaron decay is
found to disappear, which can be rationalised for either of the two previously proposed
mechanisms. If we take the proposed mechanisms involving an equilibrium of CT
states (!CT s 3CT) prior to initial charge separation, the absence of an oxygen
dependant signal can be attributed to the formation of a new dissociation pathway
involving the PCsoBM acceptor. This is because polarons can now be generated on
ultrafast timescales, without having to be involved in the intramolecular CT spin state
equilibrium, thus no oxygen dependence is observed. The presence of a new ultrafast
charge generation process afforded by the PCgBM acceptor molecule is also
consistent with the increased (~5x) polaron signal amplitude observed in the blend
relative to the pristine film. This increase in polaron signal amplitude upon blending,
however, is smaller than that for P3HT, which is found to exhibit an increase in signal
amplitude by at least an order of magnitude for the equivalent (1:1) PC¢BM blend
film.2” Unfortunately, a direct comparison of polaron yields between Thiro and P3HT
cannot be made, as the extinction coefficient for the Thiro polaron is not currently

known.

Orthogonal donor-acceptor “push-pull” copolymers have previously been utilised to
reduce the spatial overlap between the HOMO and LUMO orbitals.'® This had the
intended effect of minimising the exchange energy, yielding near isoenergetic S; and
T1 energy levels depending upon the substituents employed and, in some cases,
displaying thermally activated delayed fluorescence (TADF) effects. The effects from
orthogonally positioning the acceptor moiety also now appear to extend to charge
separation, via means of an intramolecular charge separation process. Direct efficient
charge generation from a single polymeric system would be a major milestone in the
field of organic photovoltaics. The ability to directly produce charges from a single
photoactive layer alleviates the need for blending with a suitable acceptor molecule.
Mixing of donor and acceptor components is normally essential to overcome the large
exciton binding energy found in organic donor materials and achieve charge
generation,*® however, this also results in the formation of complex geometrical
structures. These blend morphologies often play a critical role in dictating the device
performance,®® with additional pathways to charge generation and unwanted
recombination becoming available depending upon the nanoscale geometrical
structure present.®1%2 Furthermore, the energetic offset required to initiate charge
separation provides an intrinsic energy loss to any discrete donor acceptor
system.>>%% The use of a single molecule which can overcome its own exciton
coulomb binding energy inherently, instantly eliminates all the detrimental aspects of
blending with an acceptor material.
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5.11 Conclusion

In this investigation, the photophysics of a donor-orthogonal-acceptor (D-0-A)
copolymer comprised of a CPDT backbone and a dicyanofluorene acceptor unit was
spectroscopically investigated. Using ps and us transient absorption spectroscopy, it
was shown that upon excitation the Thiro polymer readily formed local singlet and
triplet excitons on ultrafast timescales. When investigated using ps-TA, local triplet
excitons in both the solution and film were found to exhibit a stretched exponential
decay, indicative of a highly energetically dispersive system. This ultrafast triplet
formation could not be countenanced by a relatively slow ISC process, which typically
takes place on the ns timescale in lieu of heavy atom effects. Furthermore, this
ultrafast triplet formation behaviour was observed in both chlorobenzene solution and
thin film, thus indicating that this process was not the consequence of additional
interactions found in the solid phase but as a result of the polymer’s intrinsic
photophysics. A spin obit charge transfer (SOCT) ISC process was made possible by
the D-0-A architecture and invoked to explain this ultrafast triplet formation, whereby
the initially generated Thiro singlet exciton undergoes facile ISC to a dark 3CT* state,
followed by IC to the local Thiro triplet state. Although no absolute quantitative data
for the 3Th* was obtained due to limited knowledge of cross sections and quantum
yields, the Thiro triplet was still thought to be generated in large concentrations, as
inferred from the strong triplet signal in both the ps and ps-TA spectrum. The most
pertinent observation for the pristine Thiro polymer system was the apparent
formation of free charge species in both the pristine solution and thin film, as
evidenced by the appearance of a positive polaron transition at late time scales in the
us-TA spectrum. This assignment to free charges was confirmed via blending Thiro
with the acceptor molecule PCsBM, which upon photoexcitation underwent ultrafast
charge dissociation to yield the same positive polaron species. The Thiro polymer is
unique among photovoltaic materials in that charge dissociation appears to occur in
both its thin film and most importantly its solution, which points towards an
intramolecular charge separation process. Although direct observation of this charge
separation process was not observed, the most parsimonious explanation is that it
occurs via a CT state on ultrafast timescales, beyond the resolution of the ps-TA
setup. This CT state likely affords a degree of intramolecular separation between the
electron and hole, thus effectively reducing the binding energy of the exciton and
allowing for charge separation. The finding of a pristine polymer which undergoes
charge separation has profound implications for the field or organic photovoltaics. The
ability for a conjugated polymeric material to undergo intramolecular charge

separation in the absence of an acceptor molecule, may in principle allow for the
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circumventing of the intrinsic energy loss associated with driving electron transfer in
a donor-acceptor blends.®* In addition, the stringent morphological requirements of
thin films to attain their highest efficiencies would be simplified. The observations
presented in this chapter therefore demand additional investigation into D-0-A

polymeric materials.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

An overarching theme throughout this thesis has been the ubiquitous presence of
triplet species in organic solar cell materials, and how they can potentially decrease
OSC device efficiency via acting as a loss channel. Chapter 3 elegantly demonstrated
this point by presenting a study into a small molecule DPP derivative blended with the
prototypical acceptor molecules PCsBM and PC7BM. It was shown that ultrafast -
spin mixing in a CT state, followed by subsequent geminate recombination, yielded

the donor-triplet exciton, the lowest energy excited state of the system.

Chapter 4 represents a significant first attempt to create a single ‘self triplet
upconverting polymer, through the inclusion of a NIR absorbing porphyrin into an
F8BT backbone. Although the desired TTA-UC was not observed, the F8BT-HAPAPP
copolymer presented a fascinating insight into the dynamics of such systems,
including their ability to manipulate triplet state lifetimes. Furthermore, several
fundamental design principles were established for realising self-upconverting donor
polymers utilising metal porphyrin sensitizers. One principle involves limiting the
polymeric host’s band edge to <2.5 eV, under the assumption that the 0.7 eV singlet-
triplet splitting for polymers holds true, thus allowing triplet energy transfer from the

porphyrin to that of the host polymer to be energetically favourable.

Chapter 5 explored the concept of a donor-orthogonal acceptor copolymer and its
impact on triplet dynamics. It was found that the D-0A structure promoted ultrafast
(<200 fs) triplet formation, which can only be accounted for by the processes of singlet
fission or SOCT-ISC mechanisms. The experimental data and subsequent theoretical
work pointed towards SOCT-ISC being the most probable mechanism for ultrafast
triplet formation. Although this form of triplet manipulation has been observed in small
molecules and existing D-0A polymers (and attributed to the SOCT-ISC process),
here it is extended toward to a low-band gap polymer, which is more reflective of
state-of-the-art OSC donor materials. Moreover, it was shown that this type of D-0A
polymer readily underwent charge separation upon blending with the acceptor
PCs0BM, the first time this has been achieved to our knowledge. This observation is
indicative that this class of D-0A copolymers may be readily used in organic solar cell
devices. The most important observation, however, was the apparent formation of

charge species, in both the pristine solution and neat thin film. This was conjectured

194



Chapter 6

to be a function of the orthogonal position of the acceptor moiety, which affords a
degree of intramolecular separation, thus eliminating the need for an additional

acceptor molecule.
6.2 Further Work

While the main aim of chapter 5 was to explore the triplet dynamics of D-0A systems,
the most interesting observation made was that of charge generation in the pristine
Thiro film and importantly also its solution. This points towards and intramolecular
charge separation process, which is afforded via the unique D-oA architecture. It was
proposed that the CT state originating from the orthogonal donor and acceptor units,
most likely affords a degree of intramolecular separation between the electron and
hole, thus effectively reducing the binding energy of the exciton and allowing for
charge separation. The finding of a pristine polymer which undergoes charge
separation has significant implications for the field of organic photovoltaics. This is
because if a single photoactive material can both absorb and generate free charge
species independent of an acceptor molecule, one can in principle circumvent the
intrinsic energy loss associated with driving electron transfer in donor-acceptor
blends. Furthermore, the stringent morphological requirements needed for thin films
to attain their highest efficiencies would not be needed, thus in theory simplifying
device fabrication. Since this charge generation process appears specific to Thiro, it
also brings with it a host of questions. Can charge generation be observed in other D-
0A polymer systems? What is the impact of macroscopic electric fields on the charge
generation process? What is the mobility of free charge species in the film? Do pristine
Thiro deliver non-negligible efficiencies? Many intriguing questions remain regarding

this unique class of polymer, and as such it demands additional investigation.
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